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Preface

This manual presents the basic principles and concepts relating towater/wastewater engineering and provides illustrative examples ofthe subject covered. To the extent possible, examples rely on practicalfield data and regulatory requirements have been integrated into theenvironmental design process. Each of the calculations provided hereinis solved step-by-step in a streamlined manner that is intended to facil-itate understanding. Examples (step-by-step solutions) range from cal-culations commonly used by operators to more complicated calculationsrequired for research or design. For calculations provided herein usingthe US customary units, readers who use the International System mayapply the conversion factors listed in Appendix E. Answers are also gen-erally given in SI units for most of problems solved by the US custom-ary units. This book has been written for use by the following readers: studentstaking coursework relating to “Public Water Supply,” “Waste-WaterEngineering,” or “Stream Sanitation”; practicing environmental (sani-tary) engineers; regulatory officers responsible for the review andapproval of engineering project proposals; operators, engineers, andmanagers of water and/or wastewater treatment plants; and other pro-fessionals, such as chemists and biologists, who need some knowledgeof water/wastewater issues. This work will benefit all operators andmanagers of public water supply and of wastewater treatment plants,environmental design engineers, military environmental engineers,undergraduate and graduate students, regulatory officers, local publicworks engineers, lake managers, and environmentalists.Advances and improvements in many fields are driven by competitionor the need for increased profits. It may be fair to say, however, thatadvances and improvements in environmental engineering are driveninstead by regulation. The US Environmental Protection Agency (US EPA)sets up maximum contaminant levels, which research and projectdesigns must reach as a goal. The step-by-step solution examples pro-vided in this book are guided by the integration of rules and regulations
ix
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on every aspect of water and wastewater. The author has performed anextensive survey of literature on surface water and groundwater per-taining to environmental engineering and compiled them in this book.Rules and regulations are described as simply as possible, and practicalexamples are given.The text includes calculations for surface water, groundwater, drink-ing water treatment, and wastewater engineering. Chapter 1 comprisescalculations for river and stream waters. Stream sanitation had beenstudied for nearly 100 years. By mid-twentieth century, theoretical andempirical models for assessing waste-assimilating capacity of streamswere well developed.  Dissolved oxygen and biochemical oxygen demandin streams and rivers have been comprehensively illustrated in thisbook. Apportionment of stream users and pragmatic approaches forstream dissolved oxygen models also first appeared in this manual.From the 1950s through the 1980s, researchers focused extensively onwastewater treatment. In the 1970s, rotating biological contactorsbecame a hot subject. Design criteria and examples for all of these areincluded in this volume. Some treatment and management technologiesare no longer suitable in the United States. However, they are still ofsome use in developing countries.Chapter 2 is a compilation of adopted methods and documentedresearch. In the early 1980s, the US EPA published Guidelines forDiagnostic and Feasibility Study of Public Owned Lakes (Clean LakesProgram, or CLP). This was intended to be as a guideline for lake man-agement. CLP and its calculation (evaluation) methods are presentedfor the first time in this volume. Hydrological, nutrient, and sedimentbudgets are presented for reservoir and lake waters. Techniques forclassification of lake water quality and assessment of the lake trophicstate index and lake use support are also presented.  Calculations for groundwater are given in Chapter 3. They includegroundwater hydrology, flow in aquifers, pumping and its influence zone,setback zone, and soil remediation. Well setback zone is regulated by thestate EPA. Determinations of setback zones are also included in thebook. Well function for confined aquifers is presented in Appendix B.Hydraulics for environmental engineering is included in Chapter 4.This chapter covers fluid (water) properties and definitions, hydrostat-ics, fundamental concepts of water flow in pipes, weirs, orifices, and inopen channels, and flow measurements. Pipe networks for water supplydistribution systems and hydraulics for water and wastewater treatmentplants are also included.Chapters 5 and 6 cover the unit process for drinking water and waste-water treatment, respectively. The US EPA developed design criteria andguidelines for almost all unit processes. These two chapters depict theintegration of regulations (or standards) into water and wastewater
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design procedures. Drinking water regulations and membrane filtrationare updated in Chapter 5. In addition, three new sections on pellet soft-ening, disinfection by-products (DBP), and health risks, also are incor-porated in Chapter 5. The DBP section provides concise information fordrinking water professionals. Although the pellet softening process isnot accepted in the United States, it has been successfully used in manyother countries. It is believed that this is the first presentation of pelletsoftening in US  environmental engineering books. Another new sectionof constructed wetlands is included in Chapter 6. These two chapters(5 and 6) are the heart of the book and provide the theoretical consid-erations of unit processes, traditional (or empirical) design concepts, andintegrated regulatory requirements. Drinking water quality standards,wastewater effluent standards, and several new examples have alsobeen added. The current edition corrects certain computational, typographical,and grammatical errors found in the previous edition. Charles C. C. Lee initiated the project of Handbook of Environmental
Engineering Calculations. Gita Raman of ITC (India) did excellentediting of the final draft. The author also wishes to acknowledge MeilingLin, for typing the corrected manuscript. Ben Movahed, President ofWATEK Engineering, reviewed the section of membrane filtration.Alex Ya Ching Wu, Plant Manager of Cheng-Ching Lake AdvancedWater Purification Plant in Taiwan, provided the operational manualfor pellet softening. Mike Henebry of Illinois EPA reviewed the sectionof health risks. Jessica Moorman, Editor of Water & Waste Digest, pro-vided 2006 drinking water regulatory updates. Thanks to Dr. Chuan-juiLin, Dr. C. Eddie Tzeng, Nancy Simpson, Jau-hwan Tzeng, Heather Lin,Robert Greenlee, Luke Lin, Kevin Lin, and Lucy Lin for their assistance.Any reader suggestions and comments will be greatly appreciated.

SHUN DAR LIN
Peoria, Illinois
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1 General

This chapter presents calculations on stream sanitation. The main por-tion covers the evaluation of water assimilative capacities of rivers orstreams. The procedures include classical conceptual approaches andpragmatic approaches: the conceptual approaches use simulation mod-els, whereas Butts and his coworkers (1973, 1974, 1981) of the IllinoisState Water Survey use a pragmatic approach. Observed dissolved oxy-gen (DO) and biochemical oxygen demand (BOD) levels are measuredat several sampling points along a stream reach. Both approaches areuseful for developing or approving the design of wastewater treatmentfacilities that discharge into a stream.In addition, biological factors such as algae, indicator bacteria, diver-sity index, and macroinvertebrate biotic index are also presented.

2 Point Source Dilution

Point source pollutants are commonly regulated by a deterministicmodel for an assumed design condition having a specific probabilityof occurrence. A simplistic dilution and/or balance equation can bewritten as
(1.1)

where Cd � completely mixed constituent concentration downstreamof the effluent, mg/L
Qu � stream flow upstream of the effluent, cubic feet persecond, cfs
Cu � constituent concentration of upstream flow, mg/L
Qe � flow of the effluent, cfs
Ce � constituent concentration of the effluent, mg/L

Cd 5
QuCu 1 QeCe

Qu 1 Qe

2 Chapter 1



Under the worst case, a 7-day, 10-year low flow is generally used forstream flow condition, for design purposes.
Example: A power plant pumps 27 cfs from a stream, with a flow of 186 cfs.The discharge of the plant’s ash-pond is 26 cfs. The boron concentrations forupstream water and the effluent are 0.051 and 8.9 mg/L, respectively.Compute the boron concentration in the stream after completely mixing.
solution: By Eq. (1.1)

3 Discharge Measurement

Discharge (flow rate) measurement is very important to provide thebasic data required for river or stream water quality. The total dis-charge for a stream can be estimated by float method with wind andother surface effects, by die study, or by actual subsection flow meas-urement, depending on cost, time, manpower, local conditions, etc. Thedischarge in a stream cross section can be measured from a subsectionby the following formula:

Q � Sum (mean depth � width � mean velocity)
(1.2)Q 5 �

n

n51
1
2 shn 1 hn21dswn 2 wn21d 3

1
2 svn 1 vn21d

  w4
w3

w2
   w1

h1 h2 h3                    
h4

 5 1.29 smg/Ld
 5 s186 2 27ds0.051d 1 26 3 8.9

s186 2 27d 1 26

Cd 5
QuCu 1 QeCe

Qu 1 Qe
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If equal width w
(1.2a)

where Q � discharge, cfs
wn � nth distance from initial point 0, ft
hn � nth water depth, ft
vn � nth velocity, ft/s

Velocity v is measured by a velocity meter, of which there are severaltypes.
Example: Data obtained from the velocity measurement are listed in thefirst three columns of Table 1.1. Determine the flow rate at this cross section.
solution: Summarized field data and complete computations are shown inTable 1.1. The flow rate is 1559 cfs.

4 Time of Travel

The time of travel can be determined by dye study or by computation.The river time of travel and stream geometry characteristics can becomputed using a volume displacement model. The time of travel is

Q 5 �
n

n51
w
4  shn 1 hn21dsvn 1 vn21d

4 Chapter 1

TABLE 1.1 Velocity and Discharge Measurements

(1) (5) (6) (7) �Distance (2) (3) (4) Mean Mean (4) � (5) � (6)from 0, ft Depth, ft Velocity, ft/s Width, ft depth, ft velocity, ft/s Discharge, cfs
0 0 02 1.1 0.52 2 0.55 0.26 0.34 1.9 0.84 2 1.50 0.68 2.07 2.7 1.46 3 2.30 1.15 7.910 3.6 2.64 3 3.15 2.05 19.414 4.5 4.28 4 4.05 3.46 56.118 5.5 6.16 4 5.00 5.22 104.423 6.6 8.30 5 6.05 7.23 349.929 6.9 8.88 6 6.75 8.59 302.335 6.5 8.15 6 6.70 7.52 302.340 6.2 7.08 5 6.35 6.62 210.244 5.5 5.96 4 5.85 6.52 152.248 4.3 4.20 4 4.90 5.08 99.650 3.2 2.22 2 3.75 3.21 24.152 2.2 1.54 2 2.70 1.88 10.254 1.2 0.75 2 1.45 1.15 3.355 0 0 1 0.35 0.38 0.1

1559.0∗

∗ The discharge is 1559 cfs.



determined at any specific reach as the channel volume of the reachdivided by the flow as follows:
(1.3)

where t � time of travel at a stream reach, days
V � stream reach volume, ft3 or m3
Q � average stream flow in the reach, ft3/s(cfs) or m3/s86,400 � a factor, s/d

Example: The cross-sectional areas at river miles 62.5, 63.0, 63.5, 64.0,64.5, and 64.8 are, respectively, 271, 265, 263, 259, 258, and 260 ft2 at a sur-face water elevation. The average flow in 34.8 cfs. Find the time of travel fora reach between river miles 62.5 and 64.8.
solution:

Step 1. Find average area in the reach

Step 2. Find volume

Step 3. Find t

5 Dissolved Oxygen and Water Temperature

Dissolved oxygen (DO) and water temperature are most commonly insitu monitored parameters for surface waters (rivers, streams, lakes,reservoirs, wetlands, oceans, etc.). DO concentration in milligrams per

 5 1.06 days
 5 3,190,000 ft3

34.8 ft3/s 3 86,400 s/d

t 5 V
Q 3

1
86,400

 5 3,190,000 ft3
V 5 262.7 ft2

3 12,144 ft
 5 12,144 ft
 5 2.3 miles 3 5280 ft

mile

Distance of the reach 5 s64.8 2 62.5d miles

 5 262.7 ft2

Average area 5 1
6 s271 1 265 1 263 1 259 1 258 1 260d ft2

t 5 V
Q 3

1
86,400
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liter (mg/L) is a measurement of the amount of oxygen dissolved in water.It can be determined with a DO meter or by a chemical titration method.The DO in water has an important impact on aquatic animals andplants. Most aquatic animals, such as fish, require oxygen in the waterto survive. The two major sources of oxygen in water are from diffusionfrom the atmosphere across the water surface and the photosyntheticoxygen production from aquatic plants such as algae and macrophytes.Important factors that affect DO in water (Fig. 1.1) may include watertemperature, aquatic plant photosynthetic activity, wind and wave mix-ing, organic contents of the water, and sediment oxygen demand.Excessive growth of algae (bloom) or other aquatic plants may providevery high concentration of DO, so called supersaturation. On the otherhand, oxygen deficiencies can occur when plant respiration depletesoxygen beyond the atmospheric diffusion rate. This can occur especiallyduring the winter ice cover period and when intense decomposition oforganic matter in the lake bottom sediment occurs during the summer.These oxygen deficiencies will result in fish being killed.

6 Chapter 1

Figure 1.1 Factors affecting dissolved oxygen concentration inwater.



5.1 Dissolved oxygen saturation

DO saturation (DOsat) values for various water temperatures can be com-puted using the American Society of Civil Engineers’ formula (AmericanSociety of Civil Engineering Committee on Sanitary EngineeringResearch, 1960):
DOsat � 14.652 � 0.41022T � 0.0079910T2

� 0.000077774T 3 (1.4)
where DOsat � dissolved oxygen saturation concentration, mg/L

T � water temperature, �C
This formula represents saturation values for distilled water (b� 1.0)at sea level pressure. Water impurities can increase the saturation level(b � 1.0) or decrease the saturation level (b � 1.0), depending on thesurfactant characteristics of the contaminant. For most cases, b isassumed to be unity. The DOsat values calculated from the above formulaare listed in Table 1.2 (example: DOsat � 8.79 mg/L, when T � 21.3�C)for water temperatures ranging from zero to 30�C (American Society ofEngineering Committee on Sanitary Engineering Research, 1960).
Example 1: Calculate DO saturation concentration for a water temperatureat 0, 10, 20, and 30�C, assuming b � 1.0.
solution:

(a) At T � 0�C
DOsat � 14.652 � 0 � 0 � 0

� 14.652 (mg/L)
(b) At T � 10�C
DOsat � 14.652 – 0.41022 � 10 � 0.0079910 � 102 – 0.000077774 � 103

� 11.27 (mg/L)
(c) At T � 20�C

DOsat � 14.652 – 0.41022 � 20 � 0.0079910 � 202 – 0.000077774 � 203

� 9.02 (mg/L)
(d) At T � 30�C
DOsat � 14.652 � 0.41022 � 30 � 0.0079910 � 302

� 0.000077774 � 303

� 7.44 (mg/L)
The DO saturation concentrations generated by the formula must be cor-rected for differences in air pressure caused by air temperature changes and
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for elevation above the mean sea level (MSL). The correction factor can be cal-culated as follows:
(1.5)

where f � correction factor for above MSL
A � air temperature, �C
E � elevation of the site, feet above MSL

Example 2: Find the correction factor of DOsat value for water at 620 ft abovethe MSL and air temperature of 25�C. What is DOsat at a water temperatureof 20�C?

f 5 2116.8 2 s0.08 2 0.000115AdE
2116.8

8 Chapter 1

TABLE 1.2 Dissolved Oxygen Saturation Values in mg/L

Temp,
�C 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0 14.65 14.61 14.57 14.53 14.49 14.45 14.41 14.37 14.33 14.291 14.25 14.21 14.17 14.13 14.09 14.05 14.02 13.98 13.94 13.902 13.86 13.82 13.79 13.75 13.71 13.68 13.64 13.60 13.56 13.533 13.49 13.46 13.42 13.38 13.35 13.31 13.28 13.24 13.20 13.174 13.13 13.10 13.06 13.03 13.00 12.96 12.93 12.89 12.86 12.825 12.79 12.76 12.72 12.69 12.66 12.62 12.59 12.56 12.53 12.496 12.46 12.43 12.40 12.36 12.33 12.30 12.27 12.24 12.21 12.187 12.14 12.11 12.08 12.05 12.02 11.99 11.96 11.93 11.90 11.878 11.84 11.81 11.78 11.75 11.72 11.70 11.67 11.64 11.61 11.589 11.55 11.52 11.49 11.47 11.44 11.41 11.38 11.35 11.33 11.3010 11.27 11.24 11.22 11.19 11.16 11.14 11.11 11.08 11.06 11.0311 11.00 10.98 10.95 10.93 10.90 10.87 10.85 10.82 10.80 10.7712 10.75 10.72 10.70 10.67 10.65 10.62 10.60 10.57 10.55 10.5213 10.50 10.48 10.45 10.43 10.40 10.38 10.36 10.33 10.31 10.2814 10.26 10.24 10.22 10.19 10.17 10.15 10.12 10.10 10.08 10.0615 10.03 10.01 9.99 9.97 9.95 9.92 9.90 9.88 9.86 9.8416 9.82 9.79 9.77 9.75 9.73 9.71 9.69 9.67 9.65 9.6317 9.61 9.58 9.56 9.54 9.52 9.50 9.48 9.46 9.44 9.4218 9.40 9.38 9.36 9.34 9.32 9.30 9.29 9.27 9.25 9.2319 9.21 9.19 9.17 9.15 9.13 9.12 9.10 9.08 9.06 9.0420 9.02 9.00 8.98 8.97 8.95 8.93 8.91 8.90 8.88 8.8621 8.84 8.82 8.81 8.79 8.77 8.75 8.74 8.72 8.70 8.6822 8.67 8.65 8.63 8.62 8.60 8.58 8.56 8.55 8.53 8.5223 8.50 8.48 8.46 8.45 8.43 8.42 8.40 8.38 8.37 8.3524 8.33 8.32 8.30 8.29 8.27 8.25 8.24 8.22 8.21 8.1925 8.18 8.16 8.14 8.13 8.11 8.10 8.08 8.07 8.05 8.0426 8.02 8.01 7.99 7.98 7.96 7.95 7.93 7.92 7.90 7.8927 7.87 7.86 7.84 7.83 7.81 7.80 7.78 7.77 7.75 7.7428 7.72 7.71 7.69 7.68 7.66 7.65 7.64 7.62 7.61 7.5929 7.58 7.56 7.55 7.54 7.52 7.51 7.49 7.48 7.47 7.4530 7.44 7.42 7.41 7.40 7.38 7.37 7.35 7.34 7.32 7.31
SOURCE: American Society of Civil Engineering Committee on Sanitary EngineeringResearch, 1960



solution:

Step 1. Using Eq. (1.5)

Step 2. Compute DOsat
From Example 1, at T � 20�C

DOsat � 9.02 (mg/L)
With an elevation correction factor of 0.977

DOsat � 9.02 mg/L � 0.977 � 8.81 (mg/L)

5.2 Dissolved oxygen availability

Most regulatory agencies have standards for minimum DO concentra-tions in surface waters to support indigenous fish species in surfacewaters. In Illinois, for example, the Illinois Pollution Control Board stip-ulate that dissolved oxygen shall not be less than 6.0 mg/L during at least16 h of any 24-h period, nor less than 5.0 mg/L at any time (IEPA, 1999).The availability of dissolved oxygen in a flowing stream is highly vari-able due to several factors. Daily and seasonal variations in DO levelshave been reported. The diurnal variations in DO are primarily inducedby algal productivity. Seasonal variations are attributable to changes intemperature that affect DO saturation values. The ability of a streamto absorb or reabsorb oxygen from the atmosphere is affected by flow fac-tors such as water depth and turbulence, and it is expressed in termsof the reaeration coefficient. Factors that may represent significantsources of oxygen use or oxygen depletion are biochemical oxygendemand (BOD) and sediment oxygen demand (SOD). BOD, includingcarbonaceous BOD (CBOD) and nitrogenous BOD (NBOD), may be theproduct of both naturally occurring oxygen use in the decomposition oforganic material and oxygen depletion in the stabilization of effluentsdischarged from wastewater treatment plants (WTPs). The significanceof any of these factors depends upon the specific stream conditions. Oneor all of these factors may be considered in the evaluation of oxygen useand availability.

 5 0.977
 5 2116.8 2 47.8

2116.8

 5 2116.8 2 s0.08 2 0.000115 3 25d620
2116.8

f 5 2116.8 2 s0.08 2 0.000115AdE
2116.8
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6 Biochemical Oxygen Demand Analysis

Laboratory analysis for organic matter in water and wastewaterincludes testing for biochemical oxygen demand, chemical oxygendemand (COD), total organic carbon (TOC), and total oxygen demand(TOD). The BOD test is a biochemical test involving the use of micro-organisms. The COD test is a chemical test. The TOC and TOD tests areinstrumental tests.The BOD determination is an empirical test that is widely used formeasuring waste (loading to and from wastewater treatment plants),evaluating the organic removal efficiency of treatment processes, andassessing stream assimilative capacity. The BOD test measures: (1) themolecular oxygen consumed during a specific incubation period for thebiochemical degradation of organic matter (CBOD); (2) oxygen used tooxidize inorganic material such as sulfide and ferrous iron; and (3)reduced forms of nitrogen (NBOD) with an inhibitor (trichloromethylpyri-dine). If an inhibiting chemical is not used, the oxygen demand measuredis the sum of carbonaceous and nitrogenous demands, so-called totalBOD or ultimate BOD.The extent of oxidation of nitrogenous compounds during the 5-dayincubation period depends upon the type and concentration of micro-organisms that carry out biooxidation. The nitrifying bacteria usuallyare not present in raw or settleable primary sewage. These nitrifyingorganisms are present in sufficient numbers in biological (secondary)effluent. A secondary effluent can be used as “seeding” material for anNBOD test of other samples. Inhibition of nitrification is required for aCBOD test for secondary effluent samples, for samples seeded with sec-ondary effluent, and for samples of polluted waters.The result of the 5-day BOD test is recorded as carbonaceous bio-chemical oxygen demand, CBOD5, when inhibiting nitrogenous oxygendemand. When nitrification is not inhibited, the result is reported asBOD5 (incubation at 15�C for 5 days).The BOD test procedures can be found in Standard Methods for the
Examination of Water and Wastewater (APHA, AWWA, and WEF, 1995).When the dilution water is seeded, oxygen uptake (consumed) isassumed to be the same as the uptake in the seeded blank. The differ-ence between the sample BOD and the blank BOD, corrected for theamount of seed used in the sample, is the true BOD. Formulas for cal-culation of BOD are as follows (APHA, AWWA, and WEF, 1995):
When dilution water is not seeded:

(1.6)BOD, mg/L 5 D1 2 D2
P

10 Chapter 1



When dilution water is seeded:
(1.7)

where D1, Di � DO of diluted sample immediately afterpreparation, mg/L
D2, De � DO of diluted sample after incubation at 20�C, mg/L

P � decimal volumetric fraction of sample used; mL ofsample/300 mL for Eq. (1.6)
Bi � DO of seed control before incubation, mg/L
Be � DO of seed control after incubation, mg/L

f � ratio of seed in diluted sample to seed in seed control
P � percent seed in diluted sample/percent seed in seedcontrol for Eq. (1.7)

If seed material is added directly to the sample and to control bottles:
f � volume of seed in diluted sample/volume of seed in seed control

Example 1: For a BOD test, 75 mL of a river water sample is used in the300 mL of BOD bottles without seeding with three duplications. The initialDO in three BOD bottles read 8.86, 8.88, and 8.83 mg/L, respectively. TheDO levels after 5 days at 20�C incubation are 5.49, 5.65, and 5.53 mg/L,respectively. Find the 5-day BOD (BOD5) for the river water.
solution:

Step 1. Determine average DO uptake

Step 2. Determine P

Step 3. Compute BOD5

BOD5 5
x
P 5

3.30 mg/L
0.25 5 13.2 smg/Ld

P 5 75
300 5 0.25

 5 3.30smg/Ld
 5 [s8.86 2 5.49d 1 s8.88 2 5.65d 1 s8.83 2 5.53d]

3

x 5 �sD1 2 D2d3

BOD, mg/L 5  sDi 2 Ded 2 sBi 2 Bedf
P
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Example 2: The wastewater is diluted by a factor of 1/20 using seeded con-trol water. DO levels in the sample and control bottles are measured at 1-dayintervals. The results are shown in Table 1.3. One milliliter of seed materialis added directly to diluted and to control bottles. Find daily BOD values.
solution:

Step 1. Compute f and P

Step 2. Find BODs using Eq. (1.7)
Day 1:

Similarly
Day 2:

 5 74.4 smg/Ld
BOD2 5

s7.98 2 4.13d 2 s8.25 2 8.12d1
0.05

 5 57.2 smg/Ld
 5 s7.98 2 5.05d 2 s8.25 2 8.18d1

0.05

BOD1 5
sDi 2 Ded 2 sBi 2 Bedf

P

P 5 1
20 5 0.05

f 5 1 mL
1 mL 5 1.0
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TABLE 1.3 Change in Dissolved Oxygen and Biochemical Oxygen Demand
with Time

Dissolved oxygen, mg/L
Time, Diluted Seeded BOD,days sample control mg/L

0 7.98 8.25 —1 5.05 8.18 57.22 4.13 8.12 74.43 3.42 8.07 87.64 2.95 8.03 96.25 2.60 7.99 102.46 2.32 7.96 107.47 2.11 7.93 111.0



For other days, BOD can be determined in the same manner. The resultsof BODs are also presented in the above table. It can be seen that BOD5 forthis wastewater is 102.4 mg/L.

7 Streeter–Phelps Oxygen Sag Formula

The method most widely used for assessing the oxygen resources instreams and rivers subjected to effluent discharges is the Streeter–Phelpsoxygen sag formula that was developed for the use on the Ohio River in1914. The well-known formula is defined as follows (Streeter andPhelps, 1925):

(1.8a)
or

(1.8b)
where Dt � DO saturation deficit downstream, mg/L or lb(DOsat – DOa) at time t

t � time of travel from upstream to downstream, days
Da � initial DO saturation deficit of upstream water,mg/L or lb
La � ultimate upstream BOD, mg/L

e � base of natural logarithm, 2.7183
K1 � deoxygenation coefficient to the base e, per day
K2 � reoxygenation coefficient to the base e, per day
k1 � deoxygenation coefficient to the base 10, per day
k2 � reoxygenation coefficient to the base 10, per day

In the early days, K1 or K2 and k1 or k2 were used classically for valuesbased on e and 10, respectively. Unfortunately, in recent years, manyauthors have mixed the usage of K and k. Readers should be aware ofthis. The logarithmic relationships between k and K are K1 � 2.3026k1and K2 � 2.3026k2; or k1 � 0.4343K1 and k2 � 0.4343K2.The Streeter–Phelps oxygen sag equation is based on two assump-tions: (1) at any instant, the deoxygenation rate is directly proportionalto the amount of oxidizable organic material present; and (2) the reoxy-genation rate is directly proportional to the DO deficit. Mathematicalexpressions for assumptions (1) and (2) are
(1.9)dD

dt 5 K1sLa 2 Ltd

Dt 5
k1La

k2 2 k1
 [102k1t 2 10k2t] 1 Da102k2t

Dt 5
K1La

K2 2 K1
 [e2K1t 2 e2K2t] 1 Dae2K2t
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and
(1.10)

where � the net rate of change in the DO deficit, or the absolutechange of DO deficit (D) over an increment of time dtdue to stream waste assimilative capacity affected bydeoxygenation coefficient K1 and due to an atmosphericexchange of oxygen at the air/water interface affected bythe reaeration coefficient K2
La � ultimate upstream BOD, mg/L
Lt � ultimate downstream BOD at any time t, mg/L

Combining the above two differential equations and integrating betweenthe limits Da, the initial upstream sampling point, and t, any time of flowbelow the initial point, yields the basic equation devised by Streeter andPhelps. This stimulated intensive research on BOD, reaction rates, andstream sanitation.There are some shortcomings in the Streeter–Phelps equation. The twoassumptions are likely to generate errors. It is assumed that: (1) wastesdischarged to a receiving water are evenly distributed over the river’scross section; and (2) the wastes travel down the river as a plug flow with-out mixing along the axis of the river. These assumptions only applywithin a reasonable distance downstream. Effluent discharge generallytravels as a plume for some distance before mixing. In addition, it isassumed that oxygen is removed by microbial oxidation of the organicmatter (BOD) and is replaced by reaeration from the surface. Some fac-tors, such as the removal of BOD by sedimentation, conversion of sus-pended BOD to soluble BOD, sediment oxygen demand, and algalphotosynthesis and respiration are not included.The formula is a classic in sanitary engineering stream work. Itsdetailed analyses can be found in almost all general environmental engi-neering texts. Many modifications and adaptations of the basic equationhave been devised and have been reported in the literature. Manyresearches have been carried out on BOD, K1, and K2 factors. Illustrationsfor oxygen sag formulas will be presented in the latter sections.
8 BOD Models and K1 Computation

Under aerobic conditions, organic matter and some inorganics can beused by bacteria to create new cells, energy, carbon dioxide, and residue.The oxygen used to oxidize total organic material and all forms of nitro-gen for 60 to 90 days is called the ultimate BOD (UBOD). It is commonthat measurements of oxygen consumed in a 5-day test period called

dD
dt

dD
dt 5 2K2D
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5-day BOD or BOD5 are practiced. The BOD progressive curve is shownin Fig. 1.2.
8.1 First-order reaction

Phelps law states that the rate of biochemical oxidation of organic mat-ter is proportional to the remaining concentration of unoxidized sub-stance. Phelps law can be expressed in differential form as follows(monomolecular or unimolecular chemical reaction):

(1.11)
by integration

or

or
or (1.12)

where Lt � BOD remaining after time t days, mg/L
La � first-stage BOD, mg/L

Lt 5 La # 102k1tLt 5 La # e2K1t

Lt
La
5 102k1tLt

La
5 e2K1t

log Lt
La
5 20.434K1t 5 2k1tln Lt

La
5 2K1t

3
Lt

La

d Lt
Lt

5 2K1 3
t

0dt1

dLt
Lt

5 2K1dt

2
dLtdt 5 K1Lt
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K1 � deoxygenation rate, based on e, K1 � 2.303k1, per day
k1 � deoxygenation rate, based on 10,

k1 � 0.4343K1(k1 � 0.1 at 20�C), per day
e � base of natural logarithm, 2.7183

Oxygen demand exerted up to time t, y, is a first-order reaction (seeFig. 1.2):

(1.13a)
or based on log10

(1.13b)
When a delay occurs in oxygen uptake at the onset of a BOD test, a lag-time factor t0 should be included and Eqs. (1.13a) and (1.13b) become

(1.14a)
or

(1.14b)
For the Upper Illinois Waterway study, many of the total and NBODcurves have an S-shaped configuration. The BOD in waters from poolsoften consists primarily of high-profile second-stage or NBOD, andthe onset of the exertion of this NBOD is often delayed 1 or 2 days. Thedelayed NBOD and the total BOD (TBOD) curves, dominated by theNBOD fraction, often exhibit an S-shaped configuration. The generalmathematical formula used to simulate the S-shaped curve is (Butts
et al., 1975)

(1.15)
where m is a power factor, and the other terms are as previously defined.Statistical results show that a power factor of 2.0 in Eq. (1.15) bestrepresents the S-shaped BOD curve generated in the Lockport andBrandon Road areas of the waterway. Substituting m � 2 in Eq. (1.15)yields

(1.15a)
Example 1: Given K1 � 0.25 per day, BOD5 � 6.85 mg/L, for a river watersample. Find La when t0 � 0 days and t0 � 2 days.

y 5 La[1 2 e2K1st2t0d2]

y 5 La[1 2 e2K1st2t0dm]

y 5 La[1 2 102k1st2t0d]

y 5 La [1 2 e2K1st2t0d]

y 5 Las1 2 102k1td

y 5 Las1 2 e2K1td

y 5 La 2 Lt
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solution:

Step 1.
When t0 � 0

Another solution using k1: Since

Step 2.
When t0 � 2 days, using Butts et al.’s equation (Eq. (1.15a)):

or

Example 2: Compute the portion of BOD remaining to the ultimate BODfor k1 � 0.10 (or K1 � 0.23).s1 2 e2K1t or 1 2 102k1td

 5 7.65 smg/Ld
 5 6.85

1 2 0.105

 5 6.85
1 2 e22.25

 5 6.85
1 2 e20.25s522d2

La 5
y

1 2 e2K1st2t0d2

y 5 La[1 2 e2K1st2t0d2]

 5 9.60 smg/Ld
La 5

6.85
1 2 0.286

6.85 5 Las1 2 1020.10935d

y 5 Las1 2 102k1td

k1 5 0.4343K1 5 0.4343 3 0.25 per day 5 0.109 per day

 5 9.60 smg/Ld
La 5

6.85
1 2 0.286

6.85 5 Las1 2 e20.2535d

y 5 Las1 2 e2K1td
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solution: By Eq. (1.13b)

When t � 0.25 days

Similar calculations can be performed as above. The relationship between tand is listed in Table 1.4.

8.2 Determination of deoxygenation rate

and ultimate BOD

Biological decomposition of organic matter is a complex phenomenon.Laboratory BOD results do not necessarily fit actual stream conditions.BOD reaction rate is influenced by immediate demand, stream or riverdynamic environment, nitrification, sludge deposit, and types and con-centrations of microbes in the water. Therefore, laboratory BOD analy-ses and stream surveys are generally conducted for raw and treatedwastewaters and river water to determine BOD reaction rate.Many investigators have worked on developing and refining methodsand formulas for use in evaluating the deoxygenation (K1) and reaera-tion (K2) constants and the ultimate BOD (La). There are several meth-ods proposed to determine K1 values. Unfortunately, K1 values determinedby different methods given by the same set of data have considerable

s1 2 102k1td

y
La
5 1 2 1020.1030.25

5 1 2 0.944 5 0.056

y
La
5 1 2 102k1t� � or� � 1 2 e2K1t

y 5 Las1 2 102k1td
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TABLE 1.4 Relationship between t and the Ultimate
BOD (1 � 10

�k1t
or 1 � e

�K1t
)

t t
0.25 0.056 4.5 0.6460.50 0.109 5.0 0.6840.75 0.159 6.0 0.7491.00 0.206 7.0 0.8001.25 0.250 8.0 0.8421.50 0.291 9.0 0.8741.75 0.332 10.0 0.9002.0 0.369 12.0 0.9372.5 0.438 16.0 0.9753.0 0.500 20.0 0.9903.5 0.553 30.0 0.9994.0 0.602 	 1.0

1 2 e2K1tor 1 2 e2K1t
1 2 102k1t or1 2 102k1t



variations. Reed–Theriault least-squares method published in 1927 (USPublic Health Service, 1927) gives the most consistent results, but it istime consuming and tedious. Computation using a digital computer wasdeveloped by Gannon and Downs (1964).In 1936, a simplified procedure, the so-called log-difference methodof estimating the constants of the first-stage BOD curve, was presentedby Fair (1936). The method is also mathematically sound, but is also dif-ficult to solve.Thomas (1937) followed Fair et al. (1941a, 1941b) and developed the“slope” method, which, for many years, was the most used procedure forcalculating the constants of the BOD curve. Later, Thomas (1950) pre-sented a graphic method for BOD curve constants. In the same year,Moore et al. (1950) developed the “moment” method that was simple, reli-able, and accurate to analyze BOD data; this soon became the mostused technique for computing the BOD constants.Researchers found that K1 varied considerably for different sourcesof wastewaters and questioned the accepted postulate that the 5-dayBOD is proportional to the strength of the sewage. Orford and Ingram(1953) discussed the monomolecular equation as being inaccurate andunscientific in its relation to BOD. They proposed that the BOD curvecould be expressed as a logarithmic function.Tsivoglou (1958) proposed a “daily difference” method of BOD datasolved by a semigraphical solution. A “rapid ratio” method can be solvedusing curves developed by Sheehy (1960). O’Connor (1966) modified theleast-squares method using BOD5.This book describes Thomas’s slope method, method of moments, log-arithmic function, and rapid methods calculating K1 (or k1) and La.
Slope method. The slope method (Thomas, 1937) gives the BOD con-stants via the least-squares treatment of the basic form of the first-order reaction equation or

(1.16)
where dy � increase in BOD per unit time at time t

K1 � deoxygenation constant, per day
La � first stage ultimate BOD, mg/L
y � BOD exerted in time t, mg/L

This differential equation (Eq. (1.16)) is linear between dy/dt and y. Let
y
 � dy/dt to be the rate of change of BOD and n be the number of BODmeasurements minus one. Two normal equations for finding K1 and La are

(1.17)na 1 b�y 2 �yr 5 0

dy
dt 5 K1sLa 2 yd 5 K1La 2 K1y
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and
(1.18)

Solving Eqs. (1.17) and (1.18) yields values of a and b, from which K1and La can be determined directly by following relations:
K1 � –b (1.19)

and
La � –a/b (1.20)

The calculations include first determinations of y
, y
y, and y2 foreach value of y. The summation of these gives the quantities of �y
,
�y
y, and �y2 which are used for the two normal equations. The valuesof the slopes are calculated from the given data of y and t as follows:

(1.21)

For the special case, when equal time increments ti�1 – ti � t3 – t2 �
t2 –t1 � �t, y
 becomes

(1.21a)

A minimum of six observations (n � 6) of y and t are usually requiredto give consistent results.
Example 1: For equal time increments, BOD data at temperature of 20�C,
t and y, are shown in Table 1.5. Find K1 and La.
solution:

Step 1. Calculate y
, y
y, and y2

Step 2. Determine a and b
Writing normal equations (Eqs. (1.17) and (1.18)), n � 9

(1)a 1 96.2b 2 9.96 5 0
9a 1 865.8b 2 89.6 5 0

na 1 b�y 2 �yr 5 0

dyidt 5
yi11 2 yi212�t � or yi11 2 yi21

ti11 2 ti21

dyidt 5yri5
syi2 yi21dati11 2 ti

ti 2 ti21
b 1 syi112yidati2 ti21

ti112 ti
b

ti112 ti21

a�y 1 b�y2
2 � yyr 5 0
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and

(2)
Eq. (2) – Eq. (1)

From Eq. (2)

Step 3. Calculate K1 and La with Eqs. (1.19) and (1.20)

 5 115.3 smg/Ld
 5 259.97/s20.52d

La 5 2a /b
 5 0.52 sper dayd

K1 5 2b 5 2s20.52d

a 5 59.97
a 1 99.97s20.52d 2 8.0 5 0

b 5 20.52
3.77b 1 1.96 5 0

a 1 99.97b 2 8.0 5 0
865.8a 1 86,555b 2 6926 5 0

a�y 1 b�y2
2 �yyr 5 0
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TABLE 1.5 Calculations for y �, y �y, and y
2

Values

t, day y y
 y
y y2
(1) (2) (3) (4) (5)
0 01 56.2 37.2∗ 2090.64 3158.442 74.4 15.7 1168.08 5535.363 87.6 10.9 954.84 7673.764 96.2 7.4 711.88 9254.445 102.4 5.6 573.44 10485.766 107.4 4.3 461.82 11534.767 111.0 3.3 366.30 12321.008 114.0 2.8 319.20 12996.009 116.6 2.4 279.84 13595.5610 118.8
� 865.8† 89.6 6926.04 86555.08

†Sum of first nine observations.
∗yr1 5 y3 2 y1

t3 2 t1
5

74.4 2 0
2 2 0 5 37.2



Example 2: For unequal time increments, observed BOD data, t and y aregiven in Table 1.6. Find K1 and La.
solution:

Step 1. Calculate �t, �y, y
, yy
, and y2; then complete Table 1.6
From Eq. (1.21) (see Table 1.6)

yr1 5
s28.8da0.6

0.4b 1 s27.4da0.4
0.6b

0.4 1 0.6 5 61.47

 5
s�yi21da�ti11

�ti21
b 1 s�yi11da�ti21

�ti11
b

s�ti21d 1 s�ti11d

∗yri 5
syi 2 yi21dati11 2 ti

ti 2 ti21
b 1 syi11 2 yidati 2 ti21

ti11 2 ti
b

ti11 2 ti21
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TABLE 1.6 Various t and y Values

t �t y �y y
 yy
 y2

0 00.4 28.80.4 28.8 61.47∗ 1770.24 829.440.6 27.41 56.2 30.90 1736.75 3158.440.5 9.31.5 65.5 19.48 1276.00 4290.250.7 14.52.2 80.0 15.48 1238.48 6400.000.8 7.63 87.6 9.10 797.16 7673.761 8.64 96.2 7.40 711.88 9254.441 6.25 102.4 5.57 570.03 10485.762 8.67 111.0 3.55 394.05 12321.002 5.69 116.6 2.43 282.95 13595.563 5.612 122.2
Sum 744.3 155.37 8777.53 68008.65

∗See text for calculation of this value.



Step 2. Compute a and b; while n � 9

(1)
and

(2)
Eq. (2) – Eq. (1)

with Eq. (2)

Step 3. Determine K1 and La

Moment method. This method requires that BOD measurements mustbe a series of regularly spaced time intervals. Calculations are neededfor the sum of the BOD values, �y, accumulated to the end of a seriesof time intervals and the sum of the product of time and observed BODvalues, �ty, accumulated to the end of the time series.The rate constant K1 and the ultimate BOD La can then be easilyread from a prepared graph by entering values of �y/�ty on the appro-priate scale. Treatments of BOD data with and without lag phase willbe different. The authors (Moore et al., 1950) presented three graphs for

 5 110.1 smg/Ld
 5 269.35/20.63

La 5 2a /b
K1 5 2b 5 0.63 sper dayd

a 5 69.35
a 1 91.37s20.63d 2 11.79 5 0

b 5 20.63
8.67b 1 5.47 5 0

a 1 91.37b 2 11.79 5 0
744.3a 1 68,008.65b 2 8777.53 5 0

a�y 1 b�y2
2 �yyr 5 0

a 1 82.7b 2 17.26 5 0
9a 1 744.3b 2 155.37 5 0

na 1 b�y 2 �yr 5 0
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3-, 5-, and 7-day sequences (Figs. 1.3, 1.4, and 1.5) with daily intervalsfor BOD value without lag phase. There is another chart presented fora 5-day sequence with lag phase (Fig 1.6).
Example 1: Use the BOD (without lag phase) on Example 1 of Thomas’slope method, find K1 and La.
solution:

Step 1. Calculate �y and �ty (see Table 1.7)

24 Chapter 1

Figure 1.3 �y/L and �y/�ty for various values of k1 in a 3-day sequence.



Step 2. Compute �y/ �ty

Step 3. Find K1 and La
On the 7-day time sequence graph (Fig. 1.5), enter the value 0.288 on the
�y/�ty scale, extend a horizontal line to the curve labeled �y/�ty, and fromthis point, follow a vertical line to the k1 scale. A value of k1 � 0.264.

 5 0.608 sper dayd
K1 5 2.3026 3 k1 5 2.3026 3 0.264

�y/�ty 5 635.2/2786 5 0.228
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Figure 1.4 �y/L and �y/�ty for various values of k1 in a 5-daysequence.



Extend the same vertical line to the curve labeled �y/La, obtaining a valueof 5.81. Since

The technique of the moment method for analyzing a set of BOD data con-taining a lag phase is as follows:
1. Compute �t, �y, and �ty
2. Compute t2 and t2y and take the sum of the values of each quantity as �t2

and �t2y
3. Compute the derived quantity:

in which n is the number of observations

�ty/�t 2 �y/n
�st2yd/�t2

2 �y/n

 5 109.3 smg/Ld
La 5 �y/5.81 5 635.2/5.81

26 Chapter 1

Figure 1.5 �y/L and �y/�ty for various values of k1 in a 7-daysequence.



4. Enter the above quantity on appropriate curve to find k1
5. Project to other curves for values and solve equations for C and La. TheBOD equation with log phase is expressed as

(1.14b)
(1.14c)

in which t0 is the lag period and 
Example 2: With a lag phase BOD data, BOD values are shown in Table 1.8.Find K1 and La, and complete an equation of the curve of best fit for the BODdata.

C 5 10k1t0

y 5 La[1 2 C102k1t]
y 5 L[1 2 102k1st2t0d]
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Figure 1.6 Curves for BOD computation with lag phase, based ona 5-day time sequence.



solution:

Step 1. Compute �t, �y, �ty, �t2, and �t2y (Table 1.8)
Step 2. Compute some quantities

and

Step 3. Enter in Fig. 1.6 on the vertical axis labeled

with the value 0.640, and proceed horizontally to the diagonal straight line.Extend a vertical line to the axis labeled k1 and read k1 � 0.173 per day (K1 �0.173 per day � 2.3026 � 0.398 per day). Extend the vertical line to curve labeled
�ty/�t 2 �y/n

CL

�ty/�t 2 �y/n
�t2y/�t2

2 �y/n

�ty/�t 2 �y/n
�t2y/�t2

2 �y/n 5
113.13 2 91.8
125.14 2 91.8 5 0.640

�t2y/�t2
5 6883/55 5 125.14

�y/n 5 459/5 5 91.8
�ty/�t 5 1697/15 5 113.13
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TABLE 1.8 Computations of �t, �y, �ty, �t
2
, and �t

2
y

t y ty t2 t2y
1 12 12 1 122 74 148 4 2963 101 303 9 9094 126 504 16 20165 146 730 25 3650

15 459 1697 55 6883

TABLE 1.7 Calculation of �y and �ty

t y ty
1 56.2 56.22 74.4 148.83 87.6 262.84 96.2 384.85 102.4 512.06 107.4 644.47 111.0 777.0

Sum 635.2 2786.0



and proceed horizontally from the intersection to the scale at the far right;read

Step 4. Find CL

Step 5. Find La, La � L for this case
Continue to the same vertical line to the curve labeled

and read horizontally on the inside right-hand scale

Then

Also
and lag period

Step 6. Write complete equation of the best fit for the data

or
y 5 177.6[1 2 e20.398st20.787d]

y 5 177.6[1 2 1020.173st20.787d]

 5 0.787 sdaysd
 5 1

0.173 log101.368

t0 5
1
k1

 log10C

C 5
CL
L 5

242.94
177.6 5 1.368

 5 177.6 smg/Ld
L 5 La 5 0.353s242.94d 1 91.8

L 2 �y/n
CL 5 0.353

L 2 �y/n
CL

CL 5 113.13 2 91.8
0.0878 5 242.94

�ty/�t 2 �y/n
CL 5 0.0878

Streams and Rivers 29



Logarithmic formula. Orford and Ingram (1953) reported that there isa relationship between the observed BOD from domestic sewage and thelogarithm of the time of observation. If the BOD data are plotted againstthe logarithm of time, the resultant curve is approximately a straightline. The general equation is expressed as
yt � m logt � b (1.22)

where m is the slope of the line and b is a constant (the intercept).The general equation can be transformed by dividing each side by the5-day BOD5 intercept of the line to give

(1.22a)
or

yt � s(M log t � B) (1.22b)
where s � BOD5 intercept of the line

M � m/s, BOD rate parameter
B � b/s, BOD rate parameter

For domestic sewage oxidation at 20�C, the straight line through theobserved plotted points, when extrapolated to the log t axis, interceptsthe log t axis at 0.333 days. The general equation is
yt � s(0.85 log t � 0.41) (1.23a)

where 0.41 is the BOD rate parameter for domestic sewage.For any observed BOD curve with different oxidation time, the aboveequation may be generalized as
yt � S(log at � 0.41) (1.23b)

where S � BOD intercept (y-axis) of the line at 5/a days
� 5-day BOD at the standardizeddomestic sewage oxidation rate, when a � 1
� strength factor

a � log t at x-axis intercept of normal domesticsewage BOD curve divided by the x-axis intercept of
�

� 1 for a standardized domestic sewage BOD5 curve
0.333

x-axis intercept

yt
s 5 M logt 1 B

yt
s 5

m
s  logt 1 b

s
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The oxidation rate
(1.24a)

or
(1.24b)

For the logarithmic formula method, you need to determine the twoconstants S and a. Observed BOD data are plotted on semilogarithmicgraph paper. Time in days is plotted on a logarithmic scale on the x-axis and percent of 5-day BOD on a regular scale on the y-axis. Thestraight line of best fix is drawn through the plotted points. The timevalue of the x-axis intercept is then read, x1 (for a standardized domes-tic sewage sample, this is 0.333). The a value can be calculated by
a � 0.333/x1.

Example: At 20�C, S � 95 mg/L and x1 � 0.222 days. What is the BODequation and K1 for the sample?
solution:

Step 1. Compute a

Step 2. Determine the simplified Eq. (1.23b)

Step 3. Compute the oxidation rate at t � 5 days, using Eq. (1.24a)

Step 4. Determine La when t � 20 days from Step 2

 5 158 smg/Ld
La 5 y20 5 95s0.85 logs1.5 3 20d 1 0.41d

 5 16.15[mg/sL # dd]

dy
dt 5

0.85S
t 5

0.85 3 95 mg/L
5 days

 5 95s0.85 log 1.5t 1 0.41d
yt 5 Ss0.85 log at 1 0.41d

 5 1.5
a 5 0.333/x1 5 0.333/0.222

0.85S
2.303t 5 k1sLa 2 ytd

dy
dt 5

0.85S
t 5 K1sLa 2 ytd
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Step 5. Compute K1

Rapid methods. Sheehy (1960) developed two rapid methods for solv-ing first-order BOD equations. The first method, using the “BOD sliderule,” is applicable to the ratios of observations on whole day intervals,from 1 to 8 days, to the 5-day BOD. The second method, the graphicalmethod, can be used with whole or fractional day BOD values.The BOD slide rule consists of scales A and B for multiplication anddivision. Scales C and D are the values of and plottedin relation to values of k1t on the B scale. From given BOD values, the
k1 value is easily determined from the BOD slide rule. Unfortunately,the BOD slide rule is not on the market.The graphical method is based on the same principles as the BOD sliderule method. Two figures are used to determine k1 values directly. Onefigure contains k1 values based on the ratios of BOD at time t (BODt) tothe 5-day BOD for t less than 5 days. The other figure contains k1 val-ues based on the ratio of BODt to BOD5 at times t greater than 5 days.The value of k1 is determined easily from any one of these figures basedon the ratio of BODt to BOD5.
8.3 Temperature effect on K1

A general expression of the temperature effect on the deoxygenationcoefficient (rate) is
(1.25)

where K1a � reaction rate at temperature Ta, per day
K1b � reaction rate at temperature Tb, per day
u � temperature coefficient

On the basis of experimental results over the usual range of river tem-perature, u is accepted as 1.047. Therefore the BOD reaction rate at any
T in Celsius (working temperature), deviated from 20�C, is

(1.26)K1sTd 5 K1s208Cd 3 1.047sT220d

K1a
K1b

5 usTa2Tbd

102k1t1 2 102k1t

 5 0.256 sper dayd
K1 5

16.15 mg/sL # dd
s158 2 95d mg/L

dy
dt 5 K1sLa 2 y5d
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or
(1.26a)

Thus
(1.27)

or
(1.28)

Example 1: A river water sample has k1 � 0.10 (one base 10) and La �280 mg/L at 20�C. Find k1 and La at temperatures 14�C and 29�C.
solution:

Step 1.
Using Eq. (1.26a)

at 14�C

at 29�C

Step 2. Find La(T), using Eq. (1.28)

at 14�C

 5 246 smg/Ld
 5 280s0.6 1 0.02 3 14d

Las148Cd 5 Las208Cds0.6 1 0.02T d

LasTd 5 Las208Cds0.6 1 0.02T d

 5 0.15 sper dayd
 5 0.10 3 1.0479

k1s298Cd 5 k1s208Cd 3 1.047s29220d

 5 0.076 sper dayd
 5 0.10 3 1.04726

k1s148Cd 5 k1s208Cd 3 1.047s14220d

k1sTd 5 k1s208Cd 3 1.047sT220d

LasTd 5 Las208Cds0.6 1 0.2Td

LasTd 5 Las208Cd[1 1 0.02sT 2 20d]

k1sTd 5 k1s208Cd 3 1.047sT220d
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at 29�C

The ultimate BOD and K1 values found in the laboratory at 20�C have tobe adjusted to river temperatures using the above formulas. Three types ofBOD can be determined: i.e. total, carbonaceous, and nitrogenous. TBOD(uninhibited) and CBOD (inhibited with trichloromethylpyridine for nitrifi-cation) are measured directly, while NBOD can be computed by subtractingCBOD values from TBOD values for given time elements.
Example 2: Tables 1.9 and 1.10 show typical long-term (20-day) BODdata for the Upper Illinois Waterway downstream of Lockport (Butts andShackleford, 1992). The graphical plots of these BOD progressive curvesare presented in Figs. 1.7 to 1.9. Explain what are their uniquecharacteristics.

 5 330 smg/Ld
Las298Cd 5 280s0.6 1 0.02 3 29d
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TABLE 1.9 Biochemical Oxygen Demand at 20�C in the Upper Illinois
Waterway

Station sample: Lockport 18 Station sample: Lockport 36Date: 01/16/90 Date: 09/26/90pH: 7.03 pH: 6.98Temp: 16.05�C Temp: 19.10�C
Time, TBOD, CBOD, NBOD, Time, TBOD, CBOD, NBOD,days mg/L mg/L mg/L days mg/L mg/L mg/L

0.89 1.09 0.98 0.11 0.72 0.19 0.18 1.011.88 1.99 1.73 0.25 1.69 0.66 0.18 0.482.87 2.74 2.06 0.68 2.65 0.99 0.92 0.073.87 3.39 2.25 1.14 3.65 1.38 1.25 0.134.87 4.60 3.08 1.52 4.72 1.81 1.25 0.565.62 5.48 3.45 2.04 5.80 2.74 1.62 1.126.58 7.41 4.17 3.24 6.75 3.51 2.09 1.437.62 9.87 4.83 5.04 7.79 4.17 2.53 1.648.57 12.62 5.28 7.34 8.67 4.65 2.92 1.749.62 16.45 6.15 10.30 9.73 5.59 2.92 2.6710.94 21.55 6.62 14.94 10.69 6.22 3.08 3.1411.73 25.21 6.96 18.25 11.74 6.95 3.08 3.8812.58 29.66 7.26 22.40 12.66 7.28 3.12 4.1613.62 34.19 7.90 26.29 13.69 7.79 3.56 4.2314.67 35.68 8.14 27.55 14.66 7.79 3.56 4.2315.67 36.43 8.38 28.05 15.65 8.36 3.56 4.8016.58 37.08 8.75 28.33 16.64 8.56 3.57 4.9917.81 37.45 8.92 28.53 17.76 8.80 3.82 4.9918.80 37.64 9.16 28.47 17.67 8.80 3.82 4.9819.90 38.19 9.39 28.79 19.66 8.92 3.87 5.0520.60 38.56 9.55 29.01



solution:These three sets of data have several unique characteristics and considera-tions. Figure 1.7 demonstrates that S-shaped NBOD, and TBOD curves existat Lockport station (Illinois) that fit the mathematical formula representedby Eq. (1.8). These curves usually occur at Lockport during cold weather peri-ods, but not always.
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TABLE 1.10 Biochemical Oxygen Demand at 20�C in the Kankakee River

Station sample: Kankakee 11Date: 08/13/90pH: 8.39Temp: 23.70�C
Time, days TBOD, mg/L CBOD, mg/L NBOD, mg/L

0.78 0.81 0.44 0.372.79 1.76 1.13 0.633.52 2.20 1.26 0.936.03 2.42 1.62 0.796.77 2.83 1.94 0.897.77 3.20 2.22 0.988.76 3.54 2.49 1.069.49 3.83 2.81 1.0210.76 4.19 3.09 1.1013.01 4.85 3.76 1.1013.43 5.08 3.94 1.1414.75 5.24 4.02 1.2215.48 5.57 4.42 1.1517.73 6.64 5.30 1.1719.96 7.03 5.85 1.19

Figure 1.7 BOD progressive curves for Lockport 18, January 16, 1990(Butts and Shackleford, 1992).



Figure 1.8 illustrates Lockport warm weather BOD progression curves.In comparisons with Figs. 1.7 and 1.8, there are extreme differencesbetween cold and warm weather BOD curves. The January NBOD20 rep-resents 75.3% of the TBOD20, whereas the September NBOD20 contains
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Figure 1.8 BOD progressive curves for Lockport 36, September 26, 1990(Butts and Shackleford, 1992).

Figure 1.9 BOD progressive curves for Kankakee 10, August 13, 1990(Butts and Shackleford, 1992).



only 56.6% of the TBOD20. Furthermore, the September TBOD20 is only23.3% as great as the January TBOD20 (see Table 1.9).Figure 1.9 shows most tributary (Kankakee River) BOD characteris-tics. The warm weather TBOD20 levels for the tributary often approachthose observed at Lockport station (7.03 mg/L versus 8.92 mg/L), but thefraction of NBOD20 is much less (1.19 mg/L versus 5.05 mg/L) (Tables 1.9and 1.10). Nevertheless, the TBOD20 loads coming from the tributariesare usually much less than those originating from Lockport since the trib-utary flows are normally much lower.

8.4 Second-order reaction

In many cases, researchers stated that a better fit of BOD data canbe obtained by using a second-order chemical reaction equation, i.e. theequation of a rotated rectangular hyperbola. A second-order chemicalreaction is characterized by a rate of reaction dependent upon theconcentration of two reactants. It is defined as (Young and Clark,1965):
(1.29)

When applying this second-order reaction to BOD data, K is a con-stant; C becomes the initial substance concentration; La, minus theBOD; y, at any time, t; or

(1.30)
rearranging

Integrating yields

or
(1.31)1

La
2

1
La 2 y 5 2Kt

3
y5y

y50   
dsLa 2 yd
sLa 2 yd2 5 3

t5t

t502K dt

dsLa 2 yd
sLa 2 yd2 5 2K dt

2
dsLa 2 yd

dt 5 KsLa 2 yd2

2
dC
dt 5 KC2
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Multiplying each side of the equation by La and rearranging,

(1.32)

(1.33)

or
(1.34)

where a is 1/KLa2 and b represents 1/La. The above equation is in the formof a second-order reaction equation for defining BOD data. The equa-tion can be linearized in the form
(1.35)

in which a and b can be solved by a least-squares analysis. The simul-taneous equations for the least-squares treatment are as follows:

at 1 b�t 2 �t
y 5 0

� aa 1 bt 2 t
ybt 5 0

� aa 1 bt 2 t
yb 5 0

t
y 5 a 1 bt

y 5 t
a 1 bt

y 5 t
1

KL2a
1

1
La

t

y 5 KL2a1 1 KLat
 t

s1 1 KLatdy 5 KL2at
y 5 KL2at 2 KLaty
y 5 KLatsLa 2 yd

2y
La 2 y 5 2KLat

La 2 y 2 La
La 2 y 5 2KLat

1 2 La
La 2 y 5 2KLat
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To solve a and b using five data points, t � 5, �t � 15, and �t2
� 55; then

Solving for b

or
(1.36)

Solving for a, by substituting b in the equation

(1.37)

a 5 1
5a

�t
y 2 15bb

5
1
5 c

�t
y 2 15 3 0.1a�t2

y 2
3�t
y b d

5
1
5a

5.5�t
y 2

1.5�t2
y b

5 1.1a�t
y b 2 0.3a�t2

y b

b 5 0.10a�t2
y 2

3�t
y b

a55
15 2

15
5 bb 2 c a

�t2/y
15 b 2 a

�t/y
5 b d 5 0

a55 2 45
15 bb 2 1

15a
�t2
y 2

3�t
y b 5 0

                         10b 5 �t2
y 2

3�t
y

a 1 ba15
5 b 2 a

�t/y
5 b 5 0

a 1 ba55
15b 2 a

�t2/y
15 b 5 0

a 1 ba�t2
�t b 2 a

�t2/y
�t b 5 0

a 1 ba�t
t b 2 a

�t/y
t b 5 0

a�t 1 b�t2
2

�t2
y 5 0
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The velocity of reaction for the BOD curve is y/t. The initial reactionis 1/a [in mg/(L � d)] and is the maximum velocity of the BOD reactiondenoted as vm.The authors (Young and Clark, 1965) claimed that a second-orderequation has the same precision as a first-order equation at both 20�Cand 35�C.Dougal and Baumann (1967) modified the second-order equation forBOD predication as
(1.38)

where
La � 1/b (1.39)
K
 � b/a (1.40)

This formula has a simple rate constant and an ultimate value of BOD.It can also be transformed into a linear function for regression analy-sis, permitting the coefficients a and b to be determined easily.
Example: The laboratory BOD data for wastewater were 135, 198, 216, 235,and 248 mg/L at days 1, 2, 3, 4, and 5, respectively. Find K, La, and vm for thiswastewater.
solution:

Step 1. Construct a table for basic calculations (Table 1.11)
Step 2. Solve a and b using Eqs. (1.36) and (1.37)

b 5 0.10a�t2
y 2

3�t
y b

5 0.10s0.238167 2 3 3 0.068579d
5 0.003243

y 5 t
a 1 bt 5

t/bt
a
bt 1 1

5
1/b

a
bt 1 1

5
La1

K rt 1 1
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TABLE 1.11 Data for Basic Calculations for Step 1

t y t/y t2/y
1 135 0.007407 0.0074072 198 0.010101 0.0202023 216 0.013889 0.0416674 235 0.017021 0.0680855 248 0.020161 0.100806

Sum 0.068579 0.238167



Step 3. Calculate La, K, vm, and K
 using Eqs. (1.38) to (1.40)

or

9 Determination of Reaeration Rate

Constant K2

9.1 Basic conservation

For a stream deficient in DO but without BOD load, the classical for-mula is
(1.41)

where dD/dt is the absolute change in DO deficit D over an incrementof time dt due to an atmospheric exchange of oxygen at air/water inter-face; K2 is the reaeration coefficient, per day; and D is DO deficit, mg/L.

dD
dt 5 2K2D

 5 0.813 sper dayd
 5 0.003243/0.003987

K r 5 b/a
 5 10.5 mg/sL # hd
 5  250.8 [mg/sL # dd]
 5 1/0.003987 [mg/sL # dd]

vm 5 1/a
 5 0.00264 [per mg/sL # dd]
 5 1/0.003987s308d2

K 5 1/aL2a

 5 308 smg/Ld
 5 1/0.003243

La 5 1/b

a 5 1.1a�t
y b 2 0.3a�t2

y b
5 1.1 3 0.068579 2 0.3 3 0.238167
5 0.003987
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Integrating the above equation from t1 to t2 gives
or

or

or

(1.42)
The K2 values are needed to correct for river temperature accordingto the equation.

(1.43)
where K2(@T ) � K2 value at any temperature T �C and K2(@20) � K2 valueat 20�C.

Example: The DO deficits at upstream and downstream stations are 3.55 and2.77 mg/L, respectively. The time of travel in this stream reach is 0.67 days.The mean water temperature is 26.5�C. What is the K2 value for 20�C?
solution:

Step 1. Determine K2 at 26.5�C

Step 2. Calculate K2(@20)

therefore

 5 0.33 sper dayd 
K2s@20d 5 0.37/s1.02d26.5220

5 0.37/1.137

K2s@Td 5 K2s@20ds1.02dT220

 5 0.37 sper dayd
 5 2s20.248d/0.67
 5 2aln2.77

3.55b^0.67

k2s@26.5d 5 2 
lnD2

D1
�t

K2s@Td 5 K2s@20ds1.02dT220

K2 5 2

ln D2
D1

�t

Dt 5 Dae2K2tln D2
D1

5 2K2 �t

ln Dt
Da

5 2K2tln D2
D1

5 2K2st2 2 t1d

3
Dt

Da

 dD
D 5 2K2 3

t

0 dt3
D2

D1

 dD
D 5 2K2 3

t2

t1
dt� � � �
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9.2 From BOD and oxygen sag constants

In most stream survey studies involving oxygen sag equations (dis-cussed later), the value of the reoxygenation constant (K2) is of utmostimportance. Under different conditions, several methods for determin-ing K2 are listed below:
I. K2 may be computed from the oxygen sag equation, if all otherparameters are known; however, data must be adequate to support theconclusions. A trial-and-error procedure is generally used.
II. The amount of reaeration (rm) in a reach (station A to station B)is equal to the BOD exerted (LaA �LaB) plus oxygen deficiency from sta-tion A to station B, (DA � DB). The relationship can be expressed as 

(1.44)
(1.45)

where rm is the amount of reaeration and Dm is the mean (average) deficiency.
Example: Given La for the upper and lower sampling stations are 24.6 and15.8 mg/L, respectively; the DO concentration at these two stations are 5.35and 5.83 mg/L, respectively; and the water temperature is 20�C; find the K2value for the river reach.
solution:

Step 1. Find DA, DB, and Dm at 20�C

Step 2. Calculate rm and K2

III. For the case, where DO � 0 mg/L for a short period of time andwithout anaerobic decomposition (O’Connor, 1958),
(1.46)K2Dmax 5 K2Cs

rm 5 sLaA 2 LaBd 1 sDA 2 DBd   5 s24.6 2 15.8d 1 s3.67 2 3.19d
   5 9.28 smg/Ld
K2 5 rm/Dm 5 9.28/3.43
    5 2.71 sper dayd

DOsat at 208C 5  9.02 mg/L sTable 1.2d
                   DA 5 9.02 2 5.35 5 3.67 smg/Ld
                   DB 5 9.02 2 5.83 5 3.19 smg/Ld
                   Dm 5 s3.67 1 3.19d/2 5 3.43 smg/Ld

  K2 5 rm/Dm

rm 5 sLaA 2 LaBd 1 sDA 2 DBd
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where Dmax is the maximum deficit, mg/L, and Cs is the saturation DOconcentration, mg/L. The maximum deficiency is equal to the DO satu-ration concentration and the oxygen transferred is oxygen utilized byorganic matter.Organic matter utilized � LaA � LaB, during the time of travel t;therefore
rate of exertion � (LaA � LaB)/t � K2Dmax

and
(LaA � LaB)/t � K2Cs

then
K2 � (LaA � LaB)/Cst (1.47)

Example: Given that the water temperature is 20�C; LaA and LaB are 18.3and 13.7 mg/L, respectively; and the time of travel from station A to stationB is 0.123 days. Compute K2.
solution: At 20�C,

IV. At the critical point in the river (O’Connor, 1958)
(1.48)

and
(1.49)
(1.50)

where Kd is the deoxygenation rate in stream conditions, Lc is the first-stage ultimate BOD at critical point, and Dc is the DO deficit at the crit-ical point. These will be discussed in a later section.
V. Under steady-state conditions, at a sampling point (O’Connor, 1958)

(1.48)dD
dt 5 0

K2 5 KdLc/Dc

KdLc 5 K2Dc

dD
dt 5 0

Cs 5 9.02 smg/Ld
K2 5 sLaA 2 LaBd/Cst    5 s18.3 2 13.7d/s9.02 3 0.123d
    5 4.15 sper dayd
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or at this point
K2D � KdL (1.51)

The value of D can be obtained from a field measurement. The value of
KdL can be obtained by measuring oxygen uptake from a sample takenfrom a given point on a river. Thus, K2 can be computed from the aboveequation.
9.3 Empirical formulas

The factors in the Streeter–Phelps equation has stimulated muchresearch on the reaeration rate coefficient K2. Considerable controversyexists as to the proper method of formulas to use. Several empiricaland semi-empirical formulas have been developed to estimate K2, almostall of which relate stream velocity and water depth to K2, as first pro-posed by Streeter (1926). Three equations below are widely known andemployed in stream studies:
O’Connor and Dobbins (1958) (1.52)

Churchill et al. (1962) (1.53)

Langbein and Durum (1967) (1.54)
where K2 � reaeration rate coefficient, per day

V � average velocity, ft/s (fps)
H � average water depth, ft

On the basis of K2-related physical aspects of a stream, O’Connor(1958) and Eckenfelder and O’Connor (1959) proposed K2 formulas asfollows:For an isotropic turbulence (deep stream)
(1.55)

For a nonisotropic stream
(1.56)

where DL � diffusivity of oxygen in water, ft2/d
H � average depth, ft

K2 5
480DL0.5S0.25

H1.25

K2 5
sDLV d0.5
2.3H1.5

K2 5
7.63V
H1.33

K2 5
11.57V 0.969

H1.673

K2 5
13.0V 0.5

H1.5
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S � slope
V � velocity of flow, fps � B (HS) (nonisotropic if B � 17;isotropic if B � 17)

The O’Connor and Dobbins equation, Eq. (1.52), is based on a theorymore general than the formula developed by several of the other investi-gators. The formula proposed by Churchill et al. (Eq. (1.53)) appears to bemore restrictive in use. The workers from the US Geological Survey(Langbein and Durum, 1967) have analyzed and summarized the work ofseveral investigators and concluded that the velocities and cross sectioninformation were the most applicable formulation of the reaeration factor.
Example: A stream has an average depth of 9.8 ft (3.0 m) and velocity of flowof 0.61 ft/s (0.20 m/s). What are the K2 values determined by the first threeempirical formulas in this section (Eqs. (1.52) to (1.54))? What is K2 at 25�Cof water temperature (use Eq. (1.54) only).
solution:

Step 1. Determine K2 at 20�C
(a) by the O’Conner and Dobbins formula (Eq. (1.52))

(b) by the Churchill et al. formula (Eq. (1.53))

(c) by the Langbein and Durum formula (Eq. (1.54))

Step 2. For a temperature of 25�C

9.4 Stationary field monitoring procedure

Larson et al. (1994) employed physical, biochemical, and biological fac-tors to analyze the K2 value. Estimations of physical reaeration and the

K2s@25d 5 K2s@20ds1.02dT220
          5 0.22s1.02d25220
           5 0.24 sper dayd

K2 5
7.63 3 0.61
s9.8d1.33 5 0.22 sper dayd

K2 5
11.57 3 s0.61d0.969

s9.8d1.673 5 0.16 sper dayd

K2 5
13.0V 0.5

H1.5 5
13.0 3 s0.61d0.5

s9.8d1.5
    5 0.33 sper dayd

!
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associated effects of algal photosynthetic oxygen production (primaryproductivity) are based on the schematic formulations as follows:
Physical aeration � ambient DO � light chamber DO � SOD

Algal productivity:
Gross � light chamber DO � dark chamber DO

Net � light chamber DO at end � light chamber DO at beginning
The amount of reaeration (REA) is computed with observed data fromDataSonde as

REA � C2 � C1 � POP � PAP � TBOD � SOD (1.57)
where REA � reaeration (�D2 � D1 � dD), mg/L

C2 and C1 � observed DO concentrations in mg/L at t2 and t1,respectivelyPOP � net periphytonic (attached algae) oxygenproduction for the time period (t2 � t1 � �t), mg/LPAP � net planktonic algae (suspended algae) oxygenproduction for the time period t2 � t1, mg/LTBOD � total biochemical oxygen demand (usage) for thetime period t2 � t1, mg/LSOD � net sediment oxygen demand for the time period
t2 � t1, mg/L

The clear periphytonic chamber is not used if periphytonic productivity/respiration is deemed insignificant, i.e. POD � 0. The combined effectof TBOD – PAP is represented by the gross output of the light chamber,and the SOD is equal to the gross SOD chamber output less than darkchamber output.The DO deficit D in the reach is calculated as
(1.58)

where S1 and S2 are the DO saturation concentration in mg/L at t1 and
t2, respectively, for the average water temperature (T ) in the reach.The DO saturation formula is given in the preview section (Eq. (1.4)).Since the Hydrolab’s DataSondes logged data at hourly intervals, theDO changes attributable to physical aeration (or deaeration) are avail-able for small time frames, which permits the following modification ofthe basic natural reaeration equation to be used to calculate K2 values(Broeren et al., 1991)

(1.59)�
24

i51
sRi11 2 Rid 5 2K2�

24
i51
aSi 1 Si112 2

Ci 1 Ci112 b

D 5
S1 1 S22 2

C1 1 C22
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where Ri � an ith DO concentration from the physical aerationDO-used “mass diagram” curve
Ri�1 � a DO concentration 1 hour later than Ri on the physicalreaeration DO-used curve

Si � an ith DO saturation concentration
Si�1 � a DO saturation concentration 1 hour later than Si

Ci � an ith-observed DO concentration
Ci�1 � an observed DO concentration 1 hour later than Ci

Note: All units are in mg/L.Thus, the reaeration rate can be computed by
(1.60)

Both the algal productivity/respiration (P/R) rate and SOD are biolog-ically associated factors which are normally expressed in terms of gramsof oxygen per square meter per day (g/(m2
� d)). Conversion for these arealrates to mg/L of DO usage for use in computing physical aeration (REA)is accomplished using the following formula (Butts et al., 1975):

(1.61)
where U � DO usage in the river reach, mg/L

G � SOD or P/R rate, g/(m2
� d)

t � time of travel through the reach, days
H � average depth, ft

Example: Given that C1 � 6.85 mg/L, C2 � 7.33 mg/L, POP � 0, at T � 20�C,gross DO output in light chamber � 6.88 mg/L, dark chamber DO output �5.55 mg/L, gross SOD chamber output � 6.15 mg/L, and water temperatureat beginning and end of field monitoring � 24.4 and 24.6�C, respectively,
t2 � t1 � 2.50 days, calculate K2 at 20�C.
solution:

Step 1. Determine REA
TBOD � PAP � gross � 6.88 mg/L � 5.55 mg/L � 1.33 mg/L

SOD � 6.15 mg/L � 5.55 mg/L � 0.60 mg/L
From Eq. (1.57)

REA � C2 � C1 � POP � (�PAP � TBOD) � SOD
� 7.33 � 6.85 � 0 � 1.33 � 0.60
� 2.41 mg/L

U 5
3.28Gt

H

K2 5
REA

Dst2 2 t1d
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Step 2. Calculate S1, S2, and D
S1 at T � 24.4�C

S1 � 14.652 � 0.41022(24.4) � 0.007991(24.4)2
� 0.00007777(24.4)3

� 8.27 (mg/L) or from Table 1.2
S2 at T � 24.6�C, use same formula

S2 � 8.24 mg/L
Note: The elevation correction factor is ignored, for simplicity.
From Eq. (1.58)

Step 3. Compute K2 with Eq. (1.60)

10 Sediment Oxygen Demand

Sediment oxygen demand (SOD) is measure of the oxygen demand char-acteristics of the bottom sediment which affects the dissolved oxygenresources of the overlying water. To measure SOD, a bottom sample isespecially designed to entrap and seal a known quantity of water at theriver bottom. Changes in DO concentrations (approximately 2 h, or untilthe DO usage curve is clearly defined) in the entrapped water arerecorded by a DO probe fastened in the sampler (Butts, 1974). The testtemperature should be recorded and factored for temperature correctionat a specific temperature.SOD curves can be plotted showing the accumulated DO used (y-axis)versus elapsed time (x-axis). SOD curves resemble first-order car-bonaceous BOD curves to a great extent; however, first-order kineticsare not applicable to the Upper Illinois Waterway’s data. For the mostpart, SOD is caused by bacteria reaching an “unlimited” food supply.Consequently, the oxidation rates are linear in nature.

K2 5
REA

Dst2 2 t1d
    5 2.41 mg/L

1.17 mg/L 3  2.50 days
    5 0.82 per day

D 5
S1 1 S22 2

C1 1 C22
   5 1

2 s8.27 1 8.24 2 6.85 2 7.33d
   5 1.17 smg/Ld
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The SOD rates, as taken from SOD curves, are in linear units of mil-ligrams per liter per minute (mg/(L � min)) and can be converted intograms per square meter per day (g/(m2
� d)) for practical application. Abottle sampler SOD rate can be formulated as (Butts, 1974; Butts andShackleford, 1992):

(1.62)
where SOD � sediment oxygen demand, g/(m2

� d)
S � slope of stabilized portion of the curve, mg/(L � min)
V � volume of sampler, L
A � bottom area of sampler, m2

Example: An SOD sampler is a half-cylinder in shape (half-section of steel pipe). Its diameter and length are ft (14 in) and 2.0 ft, respectively.
(1) Determine the relationship of SOD and slope of linear portion of usagecurve.(2) What is SOD in g/(m2

� d) for S � 0.022 mg/(L � min)?
solution:

Step 1. Find area of the SOD sampler

Step 2. Determine the volume of the sampler

Step 3. Compute SOD with Eq. (1.62)

 5 195S       ignoring the volume of two union connections
 5 1400 3 S 3 30.27

103
3 0.217

SOD 5
1440SV
103A

 5 30.27 L
V 5

1
2 3 3.14 3 s7/12 ftd2 3 s1.0 ftd 3 s28.32 L/ft3d

V 5
1
2pr2l

 5 0.217 m2

A 5 11
6  sftd 3 2.0 sftd 3 0.0929 sm2/ft2d

11
6

SOD 5 1440 SV
103A
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Note: If two union connections are considered, the total volume of water con-tained within the sampler is 31.11 L. Thus, the Illinois State Water Survey’sSOD formula is
SOD � 206.6S

Step 4. Compute SOD

10.1 Relationship of sediment

characteristics and SOD

Based on extensive data collections by the Illinois State Water Survey,Butts (1974) proposed the relationship of SOD and the percentage ofdried solids with volatile solids.The prediction equation is
SOD � 6.5(DS)�0.46 (VS)0.38 (1.63)

where SOD � sediment oxygen demand g/(m2
� d)DS � percent dried solids of the decanted sample by weightVS � percent volatile solids by weight

Example: Given DS � 68% and VS � 8%, predict the SOD value of thissediment.
solution:

10.2 SOD versus DO

An SOD–DO relationship has been developed from the data given byMcDonnell and Hall (1969) for 25-cm deep sludge. The formula is
SOD/SOD1 � DO0.28 (1.64)

where SOD � SOD at any DO level, g/(m2
� d)SOD1 � SOD at a DO concentration of 1.0 mg/L, g/(m2

� d)DO � dissolved oxygen concentration, mg/L

SOD 5  6.5sDSd20.46sVSd0.38

         5 6.5 3 s8d0.38
s68d0.46 5

6.5 3 2.20
6.965

         
5 2.05 [g/sm2 # dd]

SOD 5 206.6 3 0.022
        

5 4.545 [g/sm2 # dd]
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This model can be used to estimate the SOD rate at various DO con-centration in areas having very high benthic invertebrate populations.
Example: Given SOD1 � 2.4 g/(m2

� d), find SOD at DO concentrations of5.0 and 8.0 mg/L.
solution:

Step 1. For DO � 5.0 mg/L, with Eq. (1.64)

Step 2. For DO � 8.0 mg/L

Undisturbed samples of river sediments are collected by the test lab-oratory to measure the oxygen uptake of the bottom sediment: theamount of oxygen consumed over the test period is calculated as a zero-order reaction (US EPA, 1997):
(1.65)

where dC/dt � rate change of oxygen concentration, g O2/(m2
� d)SOD � sediment oxygen demand, g O2/(m2

� d)
H � average river depth, m

11 Organic Sludge Deposits

Solids in wastewaters may be in the forms of settleable, flocculation orcoagulation of colloids, and suspended. When these solids are being car-ried in a river or stream, there is always a possibility that the velocityof flow will drop to some value at which sedimentation will occur. Thelimiting velocity at which deposition will occur is probably about 0.5 to0.6 ft/s (15 to 18 cm/s).Deposition of organic solids results in a temporary reduction in theBOD load of the stream water. Almost as soon as organic matter isdeposited, the deposits will start undergoing biological decomposition,

dC
dt 5 2 SOD

H

SOD8 5 2.4 3 80.28
         5 2.4 3 1.79
        5 4.30 smg/Ld

SOD5 5 SOD1 3 DO0.28
         5 2.4 3 50.28
         5 2.4 3 1.57
          5 3.77 smg/Ld 
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which results in some reduction in the DO concentration of the wateradjacent to the sediment material. As the deposited organic matterincreases in volume, the rate of decomposition also increases. Ultimately,equilibrium will be established. Velz (1958) has shown that at equilib-rium the rate of decomposition (exertion of a BOD) equals the rate ofdeposition.In order to properly evaluate the effects of wastewater on the oxygenresources of a stream, it may be necessary to account for the contribu-tion made by solids being deposited or by sediments being scoured andcarried into suspension.From field observations, Velz (1958) concluded that enriched sedi-ments will deposit and accumulate at a stream velocity of 0.6 ft/s (18 cm/s)or less, and resuspension of sediments and scouring will occur at a flowvelocity of 1.0 to 1.5 ft/s (30 to 45 cm/s). Velz (1958) has reported thatthe effect of sludge deposits can be expressed mathematically. The accu-mulation of sludge deposition (Ld) is
(1.66)

where Ld � accumulation of BOD in area of deposition, lb/d
Pd � BOD added, lb/d
k � rate of oxidation of deposit on base 10
t � time of accumulation, days

Example: Given (A) k � 0.03; t � 2 days
(B) k � 0.03; t � 30 days
(C) k � 0.03; t � 50 days

Find the relationship of Ld and Pd.
solution for A: (with Eq. (1.66))

This means that in 2 days, 188% of daily deposit (Pd) will have been accu-mulated in the deposit area, and 13% of Pd will have been oxidized. The rateof utilization is about 6.9% per day of accumulated sludge BOD.

 5 1.88Pd

 5 Pd0.0691 s0.13d

 5 Pd2.303 3 0.03 s1 2 1020.0332d

Ld 5
Pd2.303k s1 2 102ktd

Ld 5
Pd2.303k s1 2 102ktd
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solution for B:

In 30 days, 1265% of daily deposit will have been accumulated and the rateof utilization is about 87.4% of daily deposit.
solution for C:

In 50 days, 1403% of daily deposit will have been accumulated and the rateof utilization is about 97% of daily deposit (98% in 55 days, not shown). Thissuggests that equilibrium is almost reached in approximately 50 days, ifthere is no disturbance from increased flow.

12 Photosynthesis and Respiration

Processes of photosynthesis and respiration by aquatic plants such asphytoplankton (algae), periphyton, and rooted aquatic plants (macro-phytes) could significantly affect the DO concentrations in the water col-umn. Plant photosynthesis consumes nutrients and carbon dioxideunder the light, and produces oxygen. During dark conditions, and dur-ing respiration, oxygen is used. The daily average oxygen production andreduction due to photosynthesis and respiration can be expressed inthe QUALZE model as (US EPA, 1997):
(1.67)
(1.68)

where dC/dt � rate of change of oxygen concentration, mg O2/(L � d)
P � average gross photosynthesis production, mg O2/(L � d)
R � average respiration, mg O2/(L � d)
a3 � stoichiometric ratio of oxygen produced per unit ofalgae photosynthesis, mg/mg

dC
dt 5 sa3m 2 a4rdAg

dC
dt 5 P 2 R

Ld 5
Pd0.0691 s1 2 1020.03350d

    5 Pd0.0691 s0.97d
    5 14.03Pd

Ld 5
Pd0.0691 s1 2 1020.03330d

    5 Pd0.0691 s0.874d
    5 12.65Pd
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a4 � stoichiometric ratio of oxygen uptake per unit of algaerespired, mg/mg
m � algal growth rate coefficient, per day
r � algal respiration rate coefficient, per day

Ag � algal mass concentration, mg/L

13 Natural Self-Purification in Streams

When decomposable organic waste is discharged into a stream, a seriesof physical, chemical, and biological reactions are initiated and there-after the stream ultimately will be relieved of its pullutive burden. Thisprocess is so-called natural self-purification. A stream undergoing self-purification will exhibit continuously changing water quality charac-teristics throughout the reach of the stream.Dissolved oxygen concentrations in water are perhaps the most impor-tant factor in determining the overall effect of decomposable organicmatters in a stream. It is also necessary to maintain mandated DO lev-els in a stream. Therefore, the type and the degree of wastewater treat-ment necessary depend primarily on the condition and best usage of thereceiving stream.Recently the US Environmental Protection Agency has revised thewater quality model QUALZE for total maximum daily loads to riversand streams (US EPA, 1997). Interested readers may refer to an excel-lent example of total maximum daily load analysis in Appendix B of theUS EPA technical guidance manual.
13.1 Oxygen sag curve

The dissolved oxygen balance in a stream which is receiving waste-water effluents can be formulated from a combination of the rate of oxy-gen utilization through BOD and oxygen transfer from the atmosphereinto water. Many factors involved in this process are discussed in theprevious sections. The oxygen sag curve (DO balance) is as a result ofDO added minus DO removed. The oxygen balance curve or oxygen pro-file can be mathematically expressed (Streeter–Phelps, 1925) as previ-ously discussed:
(1.8b)

where k1 and k2 are, respectively, deoxygenation and reoxygenation ratesto the base 10 which are popularly used. Since k1 is determined under lab-oratory conditions, the rate of oxygen removed in a stream by oxidationmay be different from that under laboratory conditions. Thus, a term kd

Dt 5
k1La

k2 2 k1
 s102k1t 2 102k2td 1 Da 3 102k2t
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is often substituted. Likewise, the rate of BOD removal in a stream maynot equal the deoxygenation rate in a laboratory bottle and the oxidationrate in a stream, so the term kr is used to reflect this situation. Applyingthese modified terms, the oxygen sag equation becomes

(1.69)

If deposition occurs, kr will be greater than k1; and if scour of sedimentorganic matter occurs, kr will be less then k1.Computation of organic waste load-capacity of streams or rivers maybe carried out by using Eq. (1.69) (the following example), the Thomasmethod, the Churchill–Buckingham method, and other methods.
Example: Station 1 receives a secondary effluent from a city. BOD loading atstation 2 is negligible. The results of two river samplings at stations 3 and 4(temperature, flow rates, BOD5, and DO) are adopted from Nemerow (1963) andare shown below. Construct an oxygen sag curve between stations 3 and 4.

Flow Q BOD5 DO, mg/L DO deficit
Station Temp �C cfs mg/L lb/d Measure Saturated mg/L lb/d(1) (2) (3) (4) (5) (6) (7) (8) (9)

3 20.0 60.1 36.00 11662 4.1 9.02 4.92 1594
17.0 54.0 10.35 3012 5.2 9.61 4.41 1284

Mean 7337 1439
4 20.0 51.7 21.2 5908 2.6 9.02 6.42 1789

16.5 66.6 5.83 2093 2.8 9.71 6.91 2481
Mean 4000 2135

solution:

Step 1. Calculation for columns 5, 7, 8, and 9
Col. 5: lb/d � 5.39 � col. 3 � col. 4Col. 7: taken from Table 1.2

1

2

3

3.6 miles

4

v=1 mph

Dt 5
kdLa

k2 2 kr
 s102krt 2 102k2td 1 Da 3 102k2t
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Col. 8: mg/L � col. 7 � col. 6Col. 9: lb/d � 5.39 � col. 3 � col. 8
Note: 5.39 lb/d � 1 cfs � 62.4 lb/ft3

� 86,400 s/d � (1 mg/106 mg)
Step 2. Determine ultimate BOD at stations 3 (La3) and 4 (La4)
Under normal deoxygenation rates, factor of 1.46 is used as a multiplier toconvert BOD5 to the ultimate first-stage BOD.

Step 3. Compute deoxygenation rate kd

Step 4. Compute average BOD load , average DO deficit , and the dif-ference in DO deficit �D in the reach (Stations 3 and 4) from above

Step 5. Compute reaeration rate k2

f 5 k2/kd 5 5.9/1.76 5 3.35
 5 5.90 sper dayd
 5 1.76 3 8276

1787 2
1392

2.303 3 0.15 3 1787

k2 5 kd LD 2
�D

2.303�tD

 5 1392slb/dd
�D 5 s1789 1 2481d 2 s1594 1 1284d

 5  1787 lb/d
D 5

1
2 s1439 1 2135d lb/d

 5  8276 lb/d
L 5 1

2 sLa3 1 La4d 5
1
2 s10,712 1 5840d lb/d

DL
 5 1.76 sper dayd

kd 5
1
�t log La3

La4
5

1
0.15 days log 10,712

5840

�t 5 3.6 miles
1.0 mph 3 24 h/d 5 0.15 days

La4 5 4000 lb/d 3 1.46 5  5840 lb/d
La3 5 7337 lb/d 3 1.46 5  10,712 lb/d
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Step 6. Plot the DO sag curve
Assuming the reaction rates kd (kd � kr) and k2 remain constant in the reach(stations 3–4), the initial condition at station 3:

Using Eq. (1.69)

When t � 0.015

D values at various t can be computed in the same manner. We get D valuesin lb/d as below. It was found that the critical point is around t � 0.09 days.The profile of DO deficit is depicted as below (Fig. 1.10):
D0 � 1439 D0.09 � 2245
D0.015 � 1745 D0.105 � 2227
D0.03 � 1960 D0.12 � 2190
D0.045 � 2104 D0.135 � 2137
D0.06 � 2192 D0.15 � 2073
D0.075 � 2235

D0.015 5
1.76 3 10,712

5.9 2 1.76  s1021.7630.015
2 1025.930.015d 1 1439 3 1025.930.015

5 1745 slb/dd

Dt 5
kdLa

k2 2 kr
 s102krt 2 102k2td 1 Da 3 102k2t

La 5 10,712 lb/d
Da 5 1439 lb/d
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Thomas method. Thomas (1948) developed a useful simplification of theStreeter-Phelps equation for evaluating stream waste–assimilativecapacity. His method presumes the computation of the stream deoxy-genation coefficient (k1) and reoxygenation coefficient (k2) as defined inprevious sections (also example). He developed a nomograph to calcu-late the DO deficit at any time, t (DO profile), downstream from asource of pollution load. The nomograph (not shown, the interestedreader should refer to his article) is plotted as D/La versus k2t for var-ious ratios of k2/k1. In most practical applications, this can be solvedonly by a tedious trial-and-error procedure. Before the nomograph isused, k1, k2, Da, and La must be computed (can be done as in the pre-vious example). By means of a straightedge, a straight line (isopleth)is drawn, connecting the value of Da/La at the left of the point repre-senting the reaeration constant � time of travel (k2t) on the appropri-ate k2/k1 curve (a vertical line at k2t and intercept on the k2/k1 curve).The value Da/La is read at the intersection with the isopleth. Then, thevalue of the deficit at time t(Dt) is obtained by multiplying La with theinterception value.Nemerow (1963) claimed that he had applied the Thomas nomographin many practical cases and found it very convenient, accurate, andtimesaving. He presented a practical problem-solving example for anindustrial discharge to a stream. He illustrated three different DO pro-files along a 38-mile river: i.e. (1) under current loading and flow con-ditions; (2) imposition of an industrial load at the upstream stationunder current condition; and (3) imposition of industrial load under 5-year low-stream conditions.
Churchill–Buckingham method. Churchill and Buckingham (1956)found that the DO values in streams depend on only three variables:temperature, BOD, and stream flow. They used multiple linear corre-lation with three normal equations based on the principle of leastsquares:

(1.70)
(1.71)
(1.72)

where y � DO dropped in a reach, mg/L
x1 � BOD at sag, mg/L
x2 � temperature, �C
x3 � flow, cfs (or MGD)

a, b, and c � constants

�x3y 5 ax1x3 1 bx2x3 1 cx23

�x2y 5 ax1x2 1 bx22 1 cx2x3

�x1y 5 ax12 1 bx1x2 1 cx1x3
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By solving these three equations, the three constants a, b, and c can beobtained. Then, the DO drop is expressed as
(1.73)

This method eliminates the often questionable and always cumbersomeprocedure for determining k1, k2, kd, and kr. Nemerow (1963) reportedthat this method provides a good correlation if each stream sample iscollected during maximum or minimum conditions of one of the threevariables. Only six samples are required in a study to produce practi-cal and dependable results.
Example: Data obtained from six different days’ stream surveys duringmedium- and low-flow periods showed that the DO sag occurred between sta-tions 2 and 4. The results and computation are as shown in Table 1.12.Develop a multiple regression model for DO drop and BOD loading.
solution:

Step 1. Compute elements for least-squares method (see Table 1.13)
Step 2. Apply to three normal equations by using the values of the sum oraverage of each element

229.84a � 326.7b � 122.81c � 39.04
326.7a � 474.42b � 179.77c � 56.98
122.81a � 179.77b � 92.33c � 23.07

Solving these three equations by dividing by the coefficient of a:
a � 1.421b � 0.534c � 0.1699
a � 1.452b � 0.550c � 0.1744
a � 1.464b � 0.752c � 0.1879

y 5 ax1 1 bx2 1 cx3 1 d
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TABLE 1.12 DO Sag between Stations 2 and 4

Observed DO, mg/L DO drop, BOD @ Temperature, Flow,mg/L sag, mg/L °C 1000 cfsStation 2 Station 4 y x1 x2 x3
7.8 5.7 2.1 6.8 11.0 13.218.2 5.9 2.3 12.0 16.5 11.886.1 4.8 1.9 14.8 21.2 9.216.0 3.2 2.8 20.2 23.4 6.675.5 2.3 3.2 18.9 28.3 5.766.2 2.9 3.3 14.3 25.6 8.71

Sum 15.6 87.0 126.0 55.44Mean 2.6 14.5 21.0 9.24



Subtracting one equation from the other:
0.043b � 0.218c � 0.0180
0.012b � 0.202c � 0.0135

Dividing each equation by the coefficient of b:
b � 5.07c � 0.4186

b � 16.83c � 1.125
Subtracting one equation from the other:

11.76c � 0.7064
c � 0.0601

Substituting c in the above equation:

Similarly

Check on to the three normal equations with values of a, b, and c:

The preceding computations yield the following DO drop:
Y � �0.0241x1 � 0.1139x2 � 0.0601x3

Step 3. Compute the DO drop using the above model
The predicted and observed DO drop is shown in Table 1.14.

d 5 Y 2 sax1 1 bx2 1 cx3d 5 39.04 2 s2229.84 3 0.0241 1 326.7 3 0.1139 1 122.81 3 0.0601d
5 0

a 5 0.1699 2 1.421 3 0.1139 2 0.534 3 0.0601
  5 20.0241

b 1 5.07 3 0.0601 5 0.4186
                             b 5 0.1139
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TABLE 1.13 Elements for Least-Squares Method

y2 yx1 yx2 yx3 x21 x1x2 x1x3 x22 x2x3 x23
4.41 14.28 23.10 27.74 46.24 74.8 89.83 121.00 145.31 174.505.29 27.60 37.95 27.32 144.00 198.0 142.56 272.25 176.02 141.133.61 28.12 40.28 17.50 219.04 313.76 136.31 449.44 195.25 84.827.84 56.56 65.52 18.68 408.04 472.68 134.74 547.56 196.08 44.4910.24 60.48 90.56 18.43 357.21 534.87 108.86 800.89 163.01 33.1810.89 47.19 84.48 28.74 204.49 366.08 124.55 655.36 222.98 75.86

Sum 42.28 234.23 341.89 138.42 1379.02 1960.19 736.85 2846.50 1078.64 553.99Mean 7.05 39.04 56.98 23.07 229.84 326.70 122.81 474.42 179.77 92.33



It can be seen from Table 1.14 that the predicted versus the observed DOdrop values are reasonably close.
Step 4. Compute the allowable BOD loading at the source of the pollution
The BOD equation can be derived from the same least-squares method by cor-relating the upstream BOD load (as x1) with the water temperature (as x2),flow rate (as x3), and resulting BOD (as z) at the sag point in the stream.Similar to steps 1 and 2, the DO drop is replaced by BOD at station 4 (notshown). It will generate an equation for the allowable BOD load:

z � ax1 � bx2 � cx3 � d
Then, applying the percent of wastewater treatment reduction, the BOD inthe discharge effluent is calculated as x1. Selecting the design temperatureand low-flow data, one can then predict the BOD load (lb/d or mg/L) from theabove equation. Also, applying z mg/L in the DO drop equation gives the pre-dicted value for DO drop at the sag.

13.2 Determination of kr

The value kr can be determined for a given reach of stream by deter-mining the BOD of water samples from the upper (A) and lower (B) endsof the section under consideration:

(1.74)

(1.75a)
or

(1.75b)kr 5
1
t  slogLaA 2 log LaB d

kr 5 2
1
t  log LaB

LaA
5

1
t  log LaA

LaB

log LaB
LaA

5 2krt
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TABLE 1.14 Predicted and Observed DO Drop

Dissolved oxygen drop, mg/L
Sampling date Calculated Observed

1 1.93 2.12 2.35 2.33 2.61 1.94 2.62 2.85 3.07 3.26 3.04 3.3



While the formula calls for first-stage BOD values, any consistent BODvalues will give satisfactory results for kr.
Example 1: The first-stage BOD values for river stations 3 and 4 are 34.6and 24.8 mg/L, respectively. The time of travel between the two stations is0.99 days. Find kr for the reach.
solution:

Example 2: Given
LaA � 32.8 mg/L, LaB � 24.6 mg/L
DA � 3.14 mg/L, DB � 2.58 mg/L

t � 1.25 days
Find k2 and kr
solution:

Step 1. Determine k2 using Eqs. (1.44) and (1.45)
Reaeration

Mean deficit

Step 2. Compute kr

kr 5
1
t  slog LaA 2 log LaBd

   5 1
1.25 slog 32.8 2 log 24.6d

   5 0.1sper dayd

Dm 5 s3.14 1 2.58d/2 5 2.86
K2 5

rm
Dm

5
8.76
2.86 5 3.06 sper dayd or k2 5

3.06
2.303 5 1.33 sper dayd

rm 5 sLaA 2 LaBd 1 sDA 2 DBd    5 s32.8 2 24.6d 1 s3.14 2 2.58d
    5 8.76 smg/Ld

 kr 5
1
t  slog LaA 2 log LaBd

    5 1
0.99 slog 34.6 2 log 24.8d

    5 0.15 sper day for base 10d
 Kr 5 2.3026kr 5 0.345 per day for log base e
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13.3 Critical point on oxygen sag curve

In many cases, only the lowest point of the oxygen sag curve is of inter-est to engineers. The equation can be modified to give the critical valuefor DO deficiency (Dc) and the critical time (tc) downstream at the crit-ical point. At the critical point of the curve, the rate of deoxygenationequals the rate of reoxygenation:
(1.76)

Thus

(1.77a)
or

(1.77b)
where Lt � BOD remaining.

Use Kd if deoxygenation rate at critical point is different from K1.Since

then
(1.78a)

or
(1.78b)

Let
(1.79)

or
(1.80)Dc 5

1
f  sLa 3 e2Krtcd

f 5 k2
kd
5

K2
Kd

Dc 5
kd
k2

 sLa 3 102krtcd

Dc 5
Kd
K2

 sLa 3 e2Krtcd

Lt 5 La 3 e2Krtc

Dc 5
Kd
K2

 Lt

Dc 5
K1
K2

 Lt

K1Lt 5 K2Dc

dD
dt 5 K1Lt 2 K2Dc 5 0
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and from Thomas (1948)
(1.81)

then
(1.82)

Substitute tc in Dc formula (Thomas, 1948):

(1.83)
or

(1.84)
Thomas (1948) provided this formula which allows us to approximate
La: the maximum BOD load that may be discharged into a stream with-out causing the DO concentration downstream to fall below a regulatorystandard (violation).

Example 1: The following conditions are observed at station A. The watertemperature is 24.3�C, with k1 � 0.06, k2 � 0.24, and kr � 0.19. The streamflow is 880 cfs. DO and La for river water is 6.55 and 5.86 mg/L, respectively.The state requirement for minimum DO is 5.0 mg/L. How much additionalBOD (Q � 110 cfs, DO � 2.22 mg/L) can be discharged into the stream andstill maintain 5.0 mg/L DO at the flow stated?
solution:

Step 1. Calculate input data with total flow Q � 880 � 110 � 990 cfs; at
T � 24.3�C
Saturated DO from Table 1.2

After mixing

DOa 5
6.55 3 880 1 2.22 3 110

990
5 6.07 smg/Ld

DOs 5 8.29 smg/Ld

log La 5 log Dc 1 c1 1 kr
k2 2 kr

 a1 2 Da
Dc
b

0.418
d

 log ak2
kr
b

La 5 Dc ak2
kr
b c1 1 kr

k2 2 kr
 a1 2 DaDc

b
0.418
d

tc 5
1

krsf 2 1d log e f c1 2 sf 2 1d Da
La
d f

tc 5
1

k2 2 kr
 log k2

kr
 c1 2 Dask2 2 krd

kdLa
d
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Deficit at station A

Deficit at critical point

Rates

Step 2. Assume various values of La and calculate resulting Dc

Let La � 10 mg/L

Similarly, we can develop a table

Therefore, maximum La, max � 6.40 mg/L

La, mg/L Tc, days Dc, mg/L10.00 1.32 4.459.00 1.25 4.138.00 1.17 3.807.00 1.06 3.48
6.40 0.98 3.296.00 0.92 3.17

 5 4.45 mg/L
 5 0.792s10 3 0.561d
 5 0.19

0.24  s10 3 1020.1931.32d

Dc 5
kd
k2

 sLa 3 102krtcd

tc 5 10.53 log s1.5 2 0.1665d 5 1.32 days

tc 5
1

krsf 2 1d log e f c1 2 sf 2 1d DaLa
d f

5
1

0.19s0.5d log e1.5 c1 2 s0.5d 2.22
La
d f

5 10.53 log a1.5 2 1.655
La
b

 
       kd 5 kr 5 0.19 sper dayd
       f 5 k2

k1
5

0.24
0.16 5 1.5

f 2 1 5 0.5

Dc 5 DOs 2 DOmin 5 8.29 mg/L 2 5.00 mg/L 5 3.29 smg/Ld 

Da 5 DOs 2 DOa 5 8.29 mg/L 2  6.07 mg/L 5  2.22 smg/Ld
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Step 3. Determine effluent BOD load (Ye) that can be added
BOD that can be added � maximum load – existing load

This means that the first-stage BOD of the effluent should be less than10.72 mg/L.
Example 2: Given: At the upper station A of the stream reach, under stan-dard conditions with temperature of 20�C, BOD5 � 3800 lb/d, k1 � 0.14, k2 �0.25, kr � 0.24, and kd � kr. The stream temperature is 25.8�C with a veloc-ity 0.22 mph. The flow in the reach (A S B) is 435 cfs (including effluent) witha distance of 4.8 miles. DOA � 6.78 mg/L, DOmin � 6.00 mg/L. Find how muchadditional BOD can be added at station A and still maintain a satisfactoryDO level at station B?
Step 1. Calculate La at T � 25.8�C

When t � 5 days, T � 20�C (using loading unit of lb/d):

Convert to T � 25.8�C:

Step 2. Change all constants to 25.8�C basis
At 25.8�C,

k1sTd 5 k1s20d 3 1.047T220
k1s25.8d 5 0.14 3 1.047s25.8220d
         

5 0.18 sper dayd
  k2sTd 5 k2s20d 3 s1.02dT220
k2s25.8d 5 0.25 3 s1.02d25.8220
          

5 0.28 sper dayd
krs25.8d 5 0.24 3 1.047s25.8220d
          

5 0.31 sper dayd
kds25.8d 5 0.31 sper dayd

LasTd 5 Las20d[1 1 0.02sT 2 20d]
Las25.8d 5 4750[1 1 0.02s25.8 2 20d]
          

5 5300slb/dd

3800 5 Las1 2 1020.1435d
La 5 3800/0.80 5 4750slb/dd 5  Las20d

y 5 Las1 2 102k1td

110Ye 5 6.40 3 990 2 5.86 3 880
Ye 5 10.72 smg/Ld
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Step 3. Calculate allowable deficit at station B
At 25.8�C,

Step 4. Determine the time of travel (t) in the reach

Step 5. Compute allowable La at 25.8�C using Eq. (1.69)

Here Dt � DB and Da � DA

Allowable load:

Step 6. Find load that can be added at station A

Step 7. Convert answer back to 5-day 20�C BOD
3680 5 Las20d[1 1 0.02s25.8 2 20d]
Las20d 5 3297slb/dd

Added 5 allowable 2 existing
           5  8980 lb/d 2 5300 lb/d
           5  3680 slb/dd

lb/d 5 5.39 3  La # Q
       5 5.39s3.83 mg/Lds435 cfsd
       5 8980

2.05 5 0.31La0.28 2 0.31 s1020.3130.9
2 1020.2830.9d 1 1.27 3 1020.2830.9

2.05 5 s210.33dLas0.526 2 0.560d 1 0.71
La 5 1.34 /0.35 5 3.83 smg/Ld

Dt 5
kdLa

k2 2 kr
 s102krt 2 102k2td 1 Da 3 102k2t

t 5 distance
V 5

4.8 miles
0.22 mph 3  24 h/d 5 0.90 days

DOsat 5 8.05 mg/L
DOB 5 6.00 mg/L

DB 5 8.05 mg/L 2 6.00 mg/L 5 2.05 mg/L
DA 5 8.05 mg/L 2 6.78 mg/L 5 1.27 mg/L
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Example 3:

Given: The following data are obtained from upstream station A.
k1 � 0.14 @ 20�C BOD5 load at station A � 3240 lb/d
k2 � 0.31 @ 20�C Stream water temperature � 26°C
kr � 0.24 @ 20�C Flow Q � 188 cfs
kd � kr Velocity V � 0.15 mph

DOA � 5.82 mg/L A–B distance � 1.26 miles
Allowable DOmin � 5.0 mg/L

Find: Determine the BOD load that can be discharged at downstreamstation B.
solution:

Step 1. Compute DO deficits
At T � 26°C

DOs � 8.02 mg/L and Da at station A
Da � DOs � DOA � 8.02 mg/L � 5.82 mg/L � 2.20 mg/L

Critical deficit at station B.
Dc � 8.02 � DOmin � 8.02 mg/L� 5.0 mg/L � 3.02 mg/L

Step 2. Convert all constants to 26�C basis
At 26°C,

k1s26d 5 k1s20d 3 1.047s26220d
        5 0.14 3 1.0476
        5 0.18 sper dayd
k2s26d 5 k2s20d 3 s1.02d26220
        5 0.31 3 s1.02d6
        5 0.34 sper dayd
krs26d 5 0.24 3 1.0476
        5 0.32 sper dayd
k2s26d
krs26d

5
0.34
0.32 5 1.0625

A

B
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Step 3. Calculate allowable BOD loading at station B at 26�C
From Eq. (1.84):

Allowable BOD loading at station B:
lb/d � 5.39 � LaB (mg/L) � Q (cfs)

� 5.39 � 5.52 � 188
� 5594

Step 4. Compute ultimate BOD at station A at 26�C

Step 5. Calculate BOD at 26�C from station A oxidized in 1.26 miles
Time of travel,

 5 1030 slb/dd
 5 4536 3 0.227
 5 4536s1 2 1020.3230.35d

yB 5 LaAs1 2 102krtd

t 5 1.26 miles
0.15 mph 3 24 h/d 5 0.35 days

 5 4536 slb/dd
 5 4050s1 1 0.12d

LaAs26d 5 LaA[1 1 0.02 3 s26 2 20d]
 5 4050 slb/d, at 208Cd
 5 3240/s1 2 1020.1435d

LaA 5 BOD5 loading/s1 2 102k1td

log LaB 5 log Dc 1 c1 1 kr
k2 2 kr

 a1 2 Da
Dc
b

0.418
d  log ak2

kr
b

log LaB 5 log 3.02 1 c1 1 0.32
0.34 2 0.32 a1 2 2.2

3.02b
0.418
d log 1.0625

            
5 0.480 1 [1 1 16 3 s0.272d0.418]0.0263

            5 0.480 1 10.28 3 0.0263
            5 0.750
      LaB 5 5.52 smg/Ld
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Step 6. Calculate BOD remaining from station A at station B

Step 7. Additional BOD load that can be added in stream at station B (�x)

This is first-stage BOD at 26°C.
At 20°C,

For BOD5 at 20�C (y5)

Example 4: Given: Stations A and B are selected in the main stream, justbelow the confluences of tributaries. The flows are shown in the sketch below.Assume there is no significant increased flow between stations A and B, andthe distance is 11.2 miles (18.0 km). The following information is derivedfrom the laboratory results and stream field survey:
k1 � 0.18 per day @ 20�C stream water temperature � 25�C
k2 � 0.36 per day @ 20�C DO above station A � 5.95 mg/L
kr � 0.22 per day @ 20�C La just above A � 8.870 lb/d @ 20�C
kd � kr La added at A � 678 lb/d @ 20�C

Velocity, V � 0.487 mph DO deficit in the tributary above
A � 256 lb/d

Find: Expected DO concentration just below station B.
118.9 MGD

11.2 miles
8.9 MGD

98.6 MGD

A

B
107.5 MGD

DO = 7.25 mg/L

11.4 MGD

y5 5 x20 s1 2 1020.1435d
5 1864 s1 2 1020.7d
5 1492 slb/dd

xs26d 5 xs20d[1 1 0.02 3 s26 2 20d]
xs20d 5 2088/1.12 lb/d 5  1864 slb/dd

xs26d 5 allowable BOD 2 Lt      
5 5594 lb/d 2 3506 lb/d

      5  2088slb/dd 

Lt 5 4536 lb/d 2 1030 lb/d 5 3506 slb/dd
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solution:

Step 1. Calculate total DO deficit just below station A at 25°C
DO deficit above station A DA � 8.18 mg/L � 5.95 mg/L � 2.23 mg/L

lb/d of DO deficit above A � DA (mg/L) � Q (MGD) � 8.34 (lb/gal)
� 2.23 � 98.6 � 8.34
� 1834

DO deficit in tributary above A � 256 lb/d
Total DO deficit below A � 1834 lb/d � 256 lb/d � 2090 lb/d

Step 2. Compute ultimate BOD loading at A at 25�C
At station A at 20�C, LaA � 8870 � 678 � 9548 lb/d
At station A at 25�C, LaA � 9548[1 � 0.02(25 � 20)]

� 10,503 lb/d
Step 3. Convert rate constants for 25�C

Step 4. Calculate DO deficit at station B from station A at 25�C
Time of travel t � 11.2/(0.487 � 24) � 0.958 days

Convert the DO deficit into concentration.
DB 5 amount, lb/d/s8.34 lb/gal 3 flow, MGDd
     5  2208/s8.34 3 107.5d
     5  2.46 smg/Ld 

DB 5
kdLa

k2 2 kr
 s102krt 2 102k2td 1 Da 3 102k2t

     5 0.28 3 10,503
0.40 2 0.28  s1020.2830.958

2 1020.430.958d 1 2090 3 1020.430.958

    5 24,507s0.5392 2 0.4138d 1 2090 3 0.4138
     5 3073 2 865
    5 2208slb/dd

k1s25d 5 k1s20d 3 1.047s25220d
        5 0.18 3 1.258
        5 0.23 sper dayd
k2s25d 5 k2s20d 3 1.02425220
        5 0.36 3 1.126
        5 0.40 sper dayd
krs25d 5 krs20d 3 1.04725220
        5 0.22 3 1.258
        5 0.28 sper dayd 5 kds25d

72 Chapter 1



This is DO deficiency at station B from BOD loading at station A.
Step 5. Calculate tributary loading above station B

DO deficit � 8.18 mg/L � 7.25 mg/L � 0.93 mg/L
Amount of deficit � 0.93 � 8.34 � 11.4 � 88 (lb/d)

Step 6. Compute total DO deficit just below station B
Total deficit

or

Step 7. Determine DO concentration just below station B
DO � 8.18 mg/L � 2.23 mg/L � 5.95 (mg/L)

Example 5: A treated wastewater effluent from a community of 108,000 per-sons is to be discharged into a river which is not receiving any other significantwastewater discharge. Normally, domestic wastewater flow averages 80 gal(300 L) per capita per day. The 7-day, 10-year low flow of the river is 78.64 cfs.The highest temperature of the river water during the critical flow period is26.0�C. The wastewater treatment plant is designed to produce an average car-bonaceous 5-day BOD of 7.8 mg/L; an ammonia–nitrogen concentration of2.3 mg/L, and DO for 2.0 mg/L. Average DO concentration in the river upstreamof the discharge is 6.80 mg/L. After the mixing of the effluent with the riverwater, the carbonaceous deoxygenation rate coefficient (KrC or KC) is estimatedat 0.25 per day (base e) at 20�C and the nitrogenous deoxygenation coefficient(KrN or KN) is 0.66 per day at 20�C. The lag time (t0) is approximately 1.0 day.The river cross section is fairly constant with mean width of 30 ft (10 m) andmean depth of 4.5 ft (1.5 m). Compute DO deficits against time t.
solution:

Step 1. Determine total flow downstream Q and V

 5 0.681 sft/sd
Velocity V 5 Qd /A 5 91.95 ft2/s s30 3 4.5d ft3

 5 91.95 cfs
Downstream flow Qd 5 Qe 1 Qu 5 13.31 cfs 1 78.64 cfs

Upstream flow Qu 5 78.64 cfs
 5 13.31 cfs
 5 8.64 3 106 gpd 3 1.54/106 cfs/gpd

Effluent flow Qe 5 80 3 108,000 gpd

DB 5 2208 lb/d 1 88 lb/d 5 2296 lb/d
     5 2296/s8.34 3 118.9d
     5 2.23 smg/Ld
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Step 2. Determine reaeration rate constant K2
The value of K2 can be determined by several methods as mentioned previ-ously. From the available data, the method of O’Connor and Dobbins (1958),Eq. (1.52) is used at 20�C:

Step 3. Correct temperature factors for coefficients

Zanoni (1967) proposed correction factors for nitrogenous KN in wastewatereffluent at different temperatures as follows:
(1.85)

and
(1.86)

For 26°C,

Step 4. Compute ultimate carbonaceous BOD (LaC)
At 20°C,

At 26°C, using Eq. (1.28)

Step 5. Compute ultimate nitrogenous oxygen demand (LaN)
Reduced nitrogen species (NH�4, NO3, and NO�2) can be oxidized aerobicallyby nitrifying bacteria which can utilize carbon compounds but always

LaCs26d 5 10.93 mg/Ls0.6 1 0.02 3 26d
          

5  12.24 smg/Ld 

    K1C 5 0.25 per day
BOD5 5 7.8 mg/L
     LaC 5 BOD5/s1 2 e2K1C35d
          

5 7.8 mg/L/s1 2 e20.2535d
          5 10.93smg/Ld

KNs26d 5 0.66 per day 3 0.87726222
         5 0.39 sper dayd

KNsTd 5 KNs20d 3 0.877T222 for 22 to 308C

KNsTd 5 KNs20d 3 1.097T220 for 10 to 228C

K2s26d 5 1.12 per day 3 1.02426220
5 1.29 sper dayd

KCs26d 5 0.25 per day 3 1.0476
5 0.33 sper dayd

K2 5 13.0V1/ 2H23/2
    5 13.0s0.681d1/2 s4.5d23/2
    5 1.12 sper dayd
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require nitrogen as an energy source. The two-step nitrification can beexpressed as
(1.87)

and
(1.88)
(1.89)

Overall 2 moles of O2 are required for each mole of ammonia; i.e. the N : O2ratio is 14 : 64 (or 1 : 4.57). Typical domestic wastewater contains 15 to 50 mg/Lof total nitrogen. For this example, effluent NH3 � 2.3 mg/L as N; therefore,the ultimate nitrogenous BOD is
LaN � 2.3 mg/L � 4.57 � 10.51 (mg/L)

Step 6. Calculate DO deficit immediately downstream of the wastewater load

From Table 1.2, the DO saturation value at 26�C is 8.02 mg/L.
The initial DO deficit Da is

Step 7. Compute Dt and DO values at various times t
Using

(1.90)
and at 26�C

K2 � 1.29 per day
KC � 0.33 per day
KN � 0.39 per day
LaC � 12.24 mg/L
LaN � 10.51 mg/L
Da � 1.92 mg/L
t0 � 1.0 day

Dt 5
KCLaC

K2 2 KC
se2KCt

2 e2K2td 1 Dae2K2t 1
KNLaN

K2 2 KN
[e2KNst2t0d 2 e2K2st2t0d]

Da 5 8.02 mg/L 2 6.10 mg/L 5  1.92 mg/L

 5 6.10 smg/Ld
DO 5

13.31 3 2 1 78.64 3 6.8
13.31 1 78.64

NH41 1 2O2 S NO32 1 2H1
1 H2O

NO22 1
1
2 O2 h

Nitrobacter NO32

NH41 1 3
2 O2 h

Nitrosomonas NO22 1 2H1
1 H2O

Streams and Rivers 75



Fot t  1.0 day:
When t � 0.1 days

� 4.2075(0.9675 � 0.8790) � 1.6876
� 2.060 (mg/L)

D0.2 � 2.17 mg/L and so on
For t � 1.0 day

� 4.2075(0.6956 � 0.2420) � 0.4646 
� 4.5543(0.9618 � 0.8790)

� 2.75 (mg/L) 
D1.2 � 3.04 mg/L and so on

Step 8. Produce at table for DO sag
Table 1.15 gives the results of the above calculations for DO concentrationsin the stream at various locations.

Step 9. Explanation
From Table 1.15, it can be seen that minimum DO of 5.60 mg/L occurred at
t � 0.8 days due to carbonaceous demand. After this location, the streamstarts recovery. However, after t � 1.0 day, the stream DO is decreasing dueto nitrogenous demand. At t � 2.0, it is the critical location (22.22 miles belowthe outfall) with a critical DO deficit of 3.83 mg/L and the DO level in thewater is 4.19 mg/L.

 5 1.11 miles
Distance 5 0.463 mph 3 24 h/d 3 0.1 days

When t 5 0.1 days
 5 0.463 mph

V 5 0.681 ft/s 5 0.681 ft/s 3 3600 s/h 3 1 mile
5280 ft

1
0.39 3 10.51
1.29 2 0.39 [e20.39s1.121d

2 e21.29s1.121d]

D1.1 5 4.2075se20.3331.1
2 e21.2931.1d 1 1.92e21.2931.1

D0.1 5
0.33 3 12.24
1.29 2 0.33 se20.3330.1

2 e21.2930.1d 1 1.92e21.2930.1
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13.4 Simplified oxygen sag computations

The simplified oxygen sag computation was suggested by Le Bosquet andTsivoglou (1950). As shown earlier at the critical point
(1.48)

and (1.49)
Let the lb/d of first-stage BOD be C

or
(1.91)La 5

C
5.39Q 5

C1
Q

 5 5.39LaQ

Cslb/dd 5  Lasmg/Ld Q scfsd 3 62.38 slb/cfd 3 86,400 ss/dd
1,000,000

KdLc 5 K2Dc

dD
dt 5 0
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TABLE 1.15 DO Concentrations at Various Locations

Distance below DO deficit, Expected DO,∗

t, days outfall, miles mg/L mg/L
0.0 0.00 1.92 6.100.1 1.11 2.06 5.960.2 2.22 2.17 5.850.3 3.33 2.26 5.740.4 4.44 2.32 5.700.5 5.55 2.37 5.64
0.6 6.67 2.40 5.620.7 7.78 2.41 5.61
0.8 7.89 2.42 5.600.9 10.00 2.41 5.611.0 11.11 2.40 5.62
1.1 12.22 2.75 5.271.2 13.33 3.04 4.981.3 14.44 3.27 4.751.4 15.55 3.45 4.571.5 16.67 3.59 4.43
1.6 17.78 3.69 4.331.8 18.89 3.81 4.21
2.0 22.22 3.83 4.192.1 23.33 3.81 4.212.2 24.44 3.79 4.23

∗ Expected DO � saturated DO (8.02 mg/L) � DO deficit



where C1 � constant
If Da � 0, then Dc is a function of La, or

(1.92)
where C2, C3 � constants

(1.93)
Since KdLc � K2Dc

(1.94)
Hence the minimum allowable DO concentration at the critical point(DOC) is the DO saturation value (S, or DOsat) minus Dc. It can be writ-ten as

(1.95)
(1.95a)

From the above equation, there is a linear relationship between DOCand 1/Q. Therefore, a plot of DOC versus 1/Q will give a straight line,where S is the y-intercept and C3 is the slope of the line. Observed val-ues from fieldwork can be analyzed by the method of least squares todetermine the degree of correlation.
14 SOD of DO Usage

The SOD portion of DO usage is calculated using the following formula:
(1.96)

where DOsod � oxygen used per reach, mg/L
G � the SOD rate, g/(m2 � d)
t � the retention time for the reach

H � the average water depth in the reach, ft
All biological rates, including BOD and SOD, have to be corrected fortemperature using the basic Arrhenius formula:

(1.97)RT 5 RAsuT2Ad

DOsod 5
3.28Gt

H

 5 S 2 C3a1
Qb

DOC 5 S 2 Dc

Dc 5
Kd
K2

Lc 5 LaC2 5
C3
Q

DQ 5 C3

D 5 LaC2 5
C1
Q 3 C2 5

C3
Q
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where RT � biological oxygen usage rate at a temperature, T �C
RA � biological oxygen usage rate at ambient or standard temperature (20�C as usual), A�C
u � proportionality constant, 1.047 for river or stream

Example: A stream reach has an average depth of 6.6 ft. Its SOD ratewas determined as 3.86 g/(m2 � d) at 24�C. The detention time for the reachis 0.645 days. What is the SOD portion of DO usage at the standard tem-perature of 20�C?
solution:

Step 1. Determine SOD rate G at 20�C

Step 2. Calculate DOsod

15 Apportionment of Stream Users

In the United States, effluent standards for wastewater treatmentplants are generally set for BOD, total suspended solids (TSS), andammonia-nitrogen (NH3-N) concentrations. Each plant often shouldmeet standards of 10–10–12 (mg/L for BOD, TSS, and NH3-N, respec-tively), right or wrong. It is not like classically considering the maximumuse of stream-assimilative capacity. However, in some parts of the world,maximum usage of stream natural self-purification capacity may be avaluable tool for cost saving of wastewater treatment. Thus, some con-cepts of apportionment of self-purification capacity of a stream amongdifferent users are presented below.The permissible load equation can be used to compute the BOD load-ing at a critical point Lc, as previously stated (Eq. (1.84); Thomas, 1948):

(1.98)log Lc 5 log Dc 1 c1 1 kr
k2 2 kr

a1 2 Da
Dc
b

0.418
d logak2

kr
b

 5 1.03 smg/Ld
 5 3.28 3 3.21 3 0.645

6.6

DOsod 5
3.28Gt

H

G20 5 G24/s1.047d4 5 3.86/1.2017 5 3.21[g/sm2 # dd]
G24 5 G20s1.04724220d
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where Lc � BOD load at the critical point
Dc � DO deficit at the critical point
Da � DO deficit at upstream pollution point
kr � river BOD removal rate to the base 10, per day
k2 � reoxygenation rate to the base 10, per day

Lc also may be computed from limited BOD concentration and flow.Also, if city A and city B both have the adequate degree of treatment tomeet the regulatory requirements, then
(1.99)

where p � part or fraction of LA remaining at river point B
a � fraction of LA discharged into the stream
b � fraction of LB discharged into the stream

LA � BOD load at point A, lb/d or mg/L
LB � BOD load at point B, lb/d or mg/L

If LA � LB � L
Lc � paL � bL (1.99a)

A numerical value of Lc is given by Eq. (1.98) and a necessary relation-ship between a, b, p, LA, and LB is set up by Eq. (1.99). The value p canbe computed from

Since

Therefore
(1.100)

or
(1.100a)

The apportionment factors a and b can be determined by the followingmethods.

p 5 102krt

log p 5 2krt

log Lt
La
5 2krt 5 log sfraction remainingd

log p 5 2krt

B
C

t
t

L
c

A

Lc 5 paLA 1 bLB
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15.1 Method 1

Assume: City A is further upstream than city B, with time of travel tgiven, by nature, a larger degree of stream purification capacity. Thetime from city B to the lake inlet is also t. Since

(1.101)
The proportion removed by the stream of BOD added by city A is

(1.102)
(1.102a)

The proportion removed by the stream of BOD added by city B is
(1.102b)

Then the percent amount removed BOD from cities A and B, given as
PA and PB, respectively, are

(1.103)

(1.104)
Calculate the degree of BOD removal proportion:

(1.105)a 5 s1 1 pdb

a

b
5

PA
PB

5
s1 1 pd/s2 1 pd

1/s2 1 pd 5
1 1 p

1

PB 5
1

2 1 p

PB 5
1 2 p

s1 2 p2d 1 s1 2 pd 5
s1 2 pd

s1 2 pds1 1 p 1 1d

PA 5
1 1 p
2 1 p

 5 s1 2 pds1 1 pd
s1 2 pds1 1 p 1 1d

PA 5
1 2 p2

s1 2 p2d 1 s1 2 pd 5
s1 2 pds1 1 pd

s1 2 pds1 1 pd 1 s1 2 pd

y
LB

5 1 2 102krt 5 1 2 p

 5 1 2 p2

y
LA

5 1 2 102krt32
5 1 2 1022krt

y
La
5 1 2 102krt 5 1 2 p

y 5 Las1 2 102krtd

Streams and Rivers 81



Solving Eqs. (1.99a) and (1.105) simultaneously for a and b:

(1.106)

(1.107)
The required wastewater treatment plant efficiencies for plants A andB are 1 – a and 1 – b, respectively. The ratio of cost for plant A to plantB is (1 – a) to (1 – b).

Example 1: Assume all conditions are as in Method 1. The following dataare available: kr � 0.16 per day; t � 0.25 days; flow at point C, QC � 58 MGD
L � 6910 lb/d; and regulation required Lc  10 mg/L. Determine the appor-tionment of plants A and B, required plant BOD removal efficiencies, andtheir cost ratio.
solution:

Step 1. Compute allowable Lc

Step 2. Compute p

Step 3. Calculate a and b by Eqs. (1.106) and (1.107)

 5 0.49
 5 0.70 3 0.697
a 5

Lc
L a

1 1 p
1 1 p 1 p2b 5

4837
6910a

1 1 0.912
1 1 0.912 1 0.9122b

 5 0.912
p 5 102krt 5 1020.1630.25

 5 4837 slb/dd
Lc 5 10 mg/L 3 8.34 lb/d MGD # mg/L 3 58 MGD

 5 Lc
L # 1 1 p

1 1 p 1 p2

a 5 s1 1 pdb

b 5
Lc
L a

1
1 1 p 1 p2b

Lc
L 5 ps1 1 pdb 1 b 5 sp 1 p2

1 1db

Lc
L 5 pa 1 b

Lc 5 paL 1 bL
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Step 4. Determine percent BOD removal required
For plant A:

1 – a � 1 – 0.49 � 0.51 i.e. 51% removal needed
For plant B:

1 – b � 1 – 0.255 � 0.745 i.e. 74.5% removal needed
Step 5. Calculate treatment cost ratio

15.2 Method 2

Determine a permissible BOD load for each city as if it were the onlycity using the river or stream. In other words, calculate maximum BODload LA for plant  A so that dissolved oxygen concentration is main-tained above 5 mg/L (most state requirements), assuming that plant Bdoes not exist. Similarly, also calculate maximum BOD load LB for plantB under the same condition. It should be noted that LB may be largerthan LA and this cannot be the case in Method 1.The BOD removed by the stream from that added
at point A: referring to Eq. (1.102a)

(1 – p2)LA
at point B: referring to Eq. (1.102b)

(1 – p)LB
The percentage removed isat point A,

(1.108)
at point B,

(1.109)PB 5
s1 2 pdLB

s1 2 p2dLA 1 s1 2 pdLB

PA 5
s1 2 p2dLA

s1 2 p2dLA 1 s1 2 pdLB

Cost, plant A
Cost, plant B 5

1 2 a
1 2 b 5

0.51
0.745 5

0.68
1 5

1
1.46

 5 0.255
b 5

Lc
L a

1
1 1 p 1 p2b 5 0.70 3 1

2.744
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The degree of BOD removal is
(1.105)

Solve Eqs. (1.99), (1.105), (1.108), and (1.109) for a and b. Also determine(1 – a) and (1 – b) for the required wastewater treatment efficiencies andcost ratios as (1 – a)/(1 – b).
Example 2: All conditions and questions are the same as for Example 1,except using Method 2.
solution:

Step 1. Compute allowable LA and LB
For point B, using Eq. (1.100)

For point A,

Step 2. Calculate PA and PB, using Eq. (1.108)

PB 5 1 2 0.677 5 0.323
 5 0.677
 5 978.4

978.4 1 466.8

 5 s1 2 0.9122d5815
s1 2 0.9122d5815 1 s1 2 0.912d5304

PA 5
s1 2 p2dLA

s1 2 p2dLA 1 s1 2 pdLB

 5 5815 slb/dd
LA 5 4837 lb/d/0.8318

Lc
LA

5 1020.1630.2532
5 1020.08

5 0.8318

 5 5304 lb/d
 5 4837/0.912

LB 5 Lt/0.912 sLt 5 Lc in this cased
p 5 Lt

LB
5 1020.04

5 0.912

log p 5 log Lt
LB

5 2krt 5 20.16 3 0.25 5 20.04

a

b
5

PA
PB
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Step 3. Determine a and b

Step 4. Determine degree of BOD removal
For plant A

1 – a � 1 � 0.61 � 0.39 i.e. 39% removal efficiency
For plant B

1 – b � 1 – 0.29 � 0.71 i.e. 71% removal efficiency
Step 5. Determine cost ratio

15.3 Method 3

The principle of this method is to load the river to the utmost so as tominimize the total amount of wastewater treatment. The proportion of
PA and PB can be computed by either Method 1 or Method 2. The cost oftreatment can be divided in proportion to population.There are two cases of initial BOD loading:
Case 1. LA � L (L is the BOD load of plant A influent)
■ Let plant A discharge L without a treatment.
■ Have plant B treat an amount equal to L – Lc.
■ City A is assessed for PA (L – Lc).
■ City B is assessed for PB(L – Lc).

Plant A
Plant B 5

1 2 a
1 2 b 5

0.39
0.71 5

1
1.82 or 0.55

1

a 5 2.1 3 0.29 5 0.61
b 5 4837/16,441 5 0.29

4837 5 11,137b 1 5304b
4837 5 0.912 3 s1.1bd 3 5815 1 b 3 5304

Lc 5 paLA 1 bLB

a 5 2.1b
a/b 5 PA/PB 5 0.677/0.323 5 2.1/1
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Case 2. LA � L
■ Let plant A discharge LA and treat L – LA.
■ Have plant B treat an amount equal to (L – Lc) – pLA.
■ Then the total treatment will remove (L – LA) � (L – Lc – pLA) �2L – (1 � p)LA – Lc.
■ City A is assessed for PA[2L – (1 � p)LA – Lc].
■ City B is assessed for PB[2L – (1 � p)LA – Lc].

Example 3: Using data listed in Examples 1 and 2, determine the cost ratioassessed to plants A and B by Method 3.
solution:

Step 1. Select case
Since LA � 5815 lb/d � L � 6910 lb/dCase 2 will be applied
Step 2. Determine amounts needed to be treated
For plant A

For plant B

Total treatment � 1095 � 1074 � 2169 (lb/d)
Step 3. Compute cost assessments
For Example 2,

For plant A
Cost � 0.677 � treatment cost of 2169 lb/d

For plant B
Cost � 0.323 � treatment cost of 2169 lb/d

PB 5 0.323
PA 5 0.677

5 1074 slb/dd
L 2 Lc 2 pLA 5 6910 2 4837 2 0.912 3 1095

5815 5 lb/d discharged without treatment
6910 2 5815 5 1095 slb/dd treated
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16 Velz Reaeration Curve (a Pragmatic

Approach)

Previous sections discuss the conceptual approach of the relationshipsbetween BOD loading and DO in the stream. Another approach fordetermining the waste-assimilative capacity of a stream is a methodfirst developed and used by Black and Phelps (1911) and later refined andused by Velz (1939). For this method, deoxygenation and reoxygenationcomputations are made separately, then added algebraically to obtain thenet oxygen balance. This procedure can be expressed mathematically as
(1.110)

where DOnet � dissolved oxygen at the end of a reachDOa � initial dissolved oxygen at beginning of a reachDOrea � dissolved oxygen absorbed from the atmosphereDOused � dissolved oxygen consumed biologically
All units are in lb/d or kg/d.
16.1 Dissolved oxygen used

The dissolved oxygen used (BOD) can be computed with only field-observed dissolved oxygen concentrations and the Velz reoxygenationcurve. From the basic equation, the dissolved oxygen used in pounds perday can be expressed as:

The terms DOa and DOnet are the observed field dissolved oxygen val-ues at the beginning and end of a subreach, respectively, and DOrea isthe reoxygenation in the subreach computed by the Velz curve. If the dis-solved oxygen usage in the river approximates a first-order biologicalreaction, a plot of the summations of the DOused versus time of travel canbe fitted to the equation:
(1.111)

and La and K1 are determined experimentally in the same manner asfor the Streeter–Phelps method. The fitting of the computed values tothe equations must be done by trial and error, and a digital computeris utilized to facilitate this operation.
16.2 Reaeration

The reaeration term (DOrea) in the equation is the most difficult to deter-mine. In their original work, Black and Phelps (1911) experimentally

DOused 5 La[1 2 exps2K1td]

DOused 5 sDOa 2 DOnetd 1 DOrea sin lb/dd

DOnet 5 DOa 1 DOrea 2 DOused
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derived a reaeration equation based on principles of gas transfer of dif-fusion across a thin water layer in acquiescent or semiquiescent system.A modified but equivalent form of the original Black and Phelps equa-tion is given by Gannon (1963):
(1.112)

where R � percent of saturation of DO absorbed per mix
B0 � initial DO in percent of saturation
K � p2 am/4L2 in which m is the mix or exposure time inhours, L is the average depth in centimeters, and a is thediffusion coefficient used by Velz

The diffusion coefficient a was determined by Velz (1947) to vary withtemperature according to the expression:
aT � a20(1.1T�20) (1.113)

where aT � diffusion coefficient at T �C
a20 � diffusion coefficient at 20�C

when the depth is in feet,
a20 � 0.00153

when the depth is in centimeters,
a20 � 1.42

Although the theory upon which this reaeration equation was devel-oped is for quiescent conditions, it is still applicable to moving, andeven turbulent, streams. This can be explained in either of two ways(Phelps, 1944):
(1) Turbulence actually decreases the effective depth through whichdiffusions operate. Thus, in a turbulent stream, mixing brings lay-ers of saturated water from the surface into intimate contact withother less oxygenated layers from below. . . The actual  extent of suchmixing is difficult to envision, but it clearly depends upon the fre-quency with which surface layers are thus transported. In thischange-of-depth concept, therefore, there is a time element involved.
(2) The other and more practical concept is a pure time effect. It isassumed that the actual existing conditions of turbulence can bereplaced by an equivalent condition composed of successive periodsof perfect quiescence between which there is instantaneous and

R 5 100a1 2 B0100 b s81.06dae2K
1

e29K

9 1
e225K

25 1cb
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complete mixing. The length of the quiescent period then becomes thetime of exposure in the diffusion formula, and the total aeration perhour is the sum of the successive increments or, for practical purposes,the aeration period multiplied by the periods per hour.
Because the reaeration equation involves a series expansion in itssolution, it is not readily solved by desk calculations. To facilitate thecalculations, Velz (1939, 1947) published a slide-rule curve solution tothe equation. This slide-rule curve is reprinted here as Fig. 1.11 (for itsuse, consult Velz, 1947). Velz’s curve has been verified as accurate by twoindependent computer checks, one by Gannon (1963) and the other byButts (1963).Although the Velz curve is ingenious, it is somewhat cumbersome touse. Therefore, a nomograph (Butts and Schnepper, 1967) was developedfor a quick, accurate desk solution of R at zero initial DO(B0 in theBlack and Phelps equation). The nomograph, presented in Fig. 1.12, wasconstructed on the premise that the exposure or mix time is character-ized by the equation

M � (13.94)loge (H) – 7.45 (1.114)
in which M is the mix time in minutes and H is the water depth in feet.This relationship was derived experimentally and reported by Gannon(1963) as valid for streams having average depths greater than 3 ft. For
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Figure 1.12 Oxygen absorption nomograph (Butts and Schnepper, 1967).



an initial DO greater than zero, the nomograph value is multiplied by(1 – B0) expressed as a fraction because the relationship between B0 andthe equation is linear.The use of the nomograph and the subsequent calculations requiredto compute the oxygen absorption are best explained by the example thatfollows:
Example: Given that H � 12.3 ft; initial DO of stream � 48% of saturation;
T � 16.2�C; DO load at saturation at 16.2�C � 8800 lb; and time of travel inthe stream reach � 0.12 days. Find the mix time (M) in minutes; the percentDO absorbed per mix at time zero initial DO (R0); and the total amount of oxy-gen absorbed in the reach (DOrea).
solution:

Step 1. Determine M and R0
From Fig. 1.12, connect 12.3 ft on the depth-scale with 16.2�C on thetemperature scale. It can be read that:

M � 27.5 min on the mix timescale, and
R0 � 0.19% on the R0-scale

Step 2. Compute DOrea
Since R0 is the percent of the saturated DO absorbed per mix when the ini-tial DO is at 100% deficit (zero DO), the oxygen absorbed per mix at 100%deficit will be the product of R0 and the DO load at saturation. For this exam-ple, lb/mix per 100% deficit is

However, the actual DO absorbed (at 48% saturation) per mix is only

Because the amount absorbed is directly proportional to the deficit, the num-ber of mixes per reach must be determined:
The time of travel

The mix time
M � 27.5 min

Consequently, the number of mixes in the reach � 173/27.5 � 6.28.

 5 173 min
 5 0.12 days 3 1440 min/d

t 5 0.12 days

16.72 3 [1 2 s48/100d] 5 8.7slb/mix per 100% deficitd

8800 lb 3 0.19
100 5 16.72 slb/mix per 100% deficitd
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Reaeration in the reach is therefore equal to the product of the DO absorbedper mix � the number of mixes per reach. DOrea is computed according to theexpression:
(1.115)

17 Stream DO Model (a Pragmatic

Approach)

Butts and his coworkers (Butts et al., 1970, 1973, 1974, 1975, 1981;Butts, 1974; Butts and Shackleford, 1992) of the Illinois State WaterSurvey expanded Velz’s oxygen balance equation. For the pragmaticapproach to evaluate the BOD/DO relationship in a flowing stream, itis formulated as follows:
(1.116)

where DOn � net dissolved oxygen at the end of a stream reachDOa � initial dissolved oxygen at the beginning of a reachDOu � dissolved oxygen consumed biologically within a reachDOr � dissolved oxygen derived from natural reaerationwithin a reachDOx � dissolved oxygen derived from channel dams,tributaries, etc.
Details of computation procedures for each component of the aboveequation have been outlined in several reports mentioned above.Basically the above equation uses the same basic concepts as employedin the application of the Streeter–Phelps expression and expands theVelz oxygen balance equation by adding DOx. The influences of dams andtributaries are discussed below.
17.1 Influence of a dam

Low head channel dams and large navigation dams are very impor-tant factors when assessing the oxygen balance in a stream. There arecertain disadvantages from a water quality standpoint associatedwith such structures but their reaeration potential is significantduring overflow, particularly if a low DO concentration exists in the

DOn 5 DOa 2 DOu 1 DOr 1 DOx

 5 54.6 slbd
 5 8.7 3 6.28
 5 a1 2 48

100b a
0.19
100 b a

173
27.5b s8800d

DOrea 5 a1 2 % DO saturation
100 b a R0100b a

t
Mb sDO saturation loadd
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upstream pooled waters. This source of DO replenishment must beconsidered.Procedures for estimating reaeration at channel dams and weirs havebeen developed by researchers in England (Gameson, 1957; Gameson
et al., 1958; Barrett et al., 1960; Grindrod, 1962). The methods are eas-ily applied and give satisfactory results. Little has been done in devel-oping similar procedures for large navigation and power dams. Preul andHoller (1969) investigated larger structures.Often in small sluggish streams, more oxygen may be absorbed bywater overflowing a channel dam than in a long reach between dams.However, if the same reach were free flowing, this might not be thecase; i.e. if the dams were absent, the reaeration in the same stretch ofriver could conceivably be greater than that provided by overflow at adam. If water is saturated with oxygen, no uptake occurs at the damoverflow. If it is supersaturated, oxygen will be lost during dam over-flow. Water, at a given percent deficit, will gain oxygen.The basic channel dam reaeration formula takes the general form

(1.117)
where r � dissolved oxygen deficit ratio at temperature T

q � water quality correction factor
b � weir correction factor
T � water temperature, �C
h � height through which the water falls, ft

The deficit dissolved oxygen ratio is defined by the expression
(1.118)

where CA � dissolved oxygen concentration upstream of the dam, mg/L
CB � dissolved oxygen concentration downstream of thedam, mg/L
Cs � dissolved oxygen saturation concentration, mg/L
DA � dissolved oxygen deficit upstream of the dam, mg/L
DB � dissolved oxygen deficit downstream of the dam, mg/L

Although Eqs. (1.117) and (1.118) are rather simplistic and do notinclude all potential parameters which could affect the reaeration ofwater overflowing a channel dam, they have been found to be quite reli-able in predicting the change in oxygen content of water passing over adam or weir (Barrett et al., 1960). The degree of accuracy in using theequations is dependent upon the estimate of factors q and b.For assigning values for q, three generalized classifications of waterhave been developed from field observations. They are q � 1.25 for cleanor slightly polluted water; q � 1.0 for moderately polluted water; and
q � 0.8 for grossly polluted water. A slightly polluted water is one in

r 5 sCs 2 CAd/sCs 2 CBd 5 DA/DB

r 5 1 1 0.11qbs1 1 0.46T dh
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which no noticeable deterioration of water quality exists from sewagedischarges; a moderately polluted stream is one which receives a sig-nificant quantity of sewage effluent; and a grossly polluted stream is onein which noxious conditions exist.For estimating the value of b, the geometrical shape of the dam istaken into consideration. This factor is a function of the ratio of weir coef-ficients W of various geometrical designs to that of a free weir where
W � (r – 1)/h (1.119)

Weir coefficients have been established for a number of spillway types,and Gameson (1957) in his original work has suggested assigning b val-ues as follows:
Spillway type bFree 1.0Step 1.3Slope (ogee) 0.58Slopping channel 0.17

For special situations, engineering judgment is required. For example,a number of channel dams in Illinois are fitted with flashboards duringthe summer. In effect, this creates a free fall in combination with someother configuration. A value of b, say 0.75, could be used for a flashboardinstallation on top of an ogee spillway (Butts et al., 1973). This combi-nation would certainly justify a value less than 1.0, that for a free weir,because the energy dissipation of the water flowing over the flashboardsonto the curved ogee surface would not be as great as that for a flat sur-face such as usually exists below free and step weirs.Aeration at a spillway takes place in three phases: (1) during the fall;(2) at the apron from splashing; and (3) from the diffusion of oxygen dueto entrained air bubbles. Gameson (1957) has found that little aerationoccurs in the fall. Most DO uptake occurs at the apron; consequently, thegreater the energy dissipation at the apron, the greater the aeration.Therefore, if an ogee spillway is designed with an energy dissipater, suchas a hydraulic jump, the value of b should increase accordingly.
Example: Given CA � 3.85 mg/L, T � 24.8�C, h � 6.6 ft (1.0 m), q � 0.9,and b � 0.30 (because of hydraulic jump use 0.30).Find DO concentration below the dam CB.
solution:

Step 1. Using dam reaeration equation to find r
r � 1 � 0.11qb(1 � 0.046T )h

� 1 � 0.11 � 0.9 � 0.30(1 � 0.046 � 24.8) � 6.6
� 1.42
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Step 2. Determine DO saturation value
From Table 1.2, or by calculation, for Cs at 24.8�C this is 

Cs � 8.21 mg/L
Step 3. Compute CB
Since

r � (Cs – CA)/(Cs – CB)
therefore

17.2 Influence of tributaries

Tributary sources of DO are often an important contribution in deriv-ing a DO balance in stream waters. These sources may be tributarystreams or outfalls of wastewater treatment plants. A tributary con-tribution of DOx can be computed based on mass balance basis of DO,ammonia, and BOD values from tributaries. The downstream effectof any DO input is determined by mass balance computations: interms of pounds per day the tributary load can simply add to themainstream load occurring above the confluence. The following twoexamples are used to demonstrate the influence of tributary sourcesof DO. Example 1 involves a tributary stream. Example 2 involves thedesign of an outfall structure to achieve a minimum DO at the pointof discharge.
Example 1: Given: Tributary flow Q1 � 123 cfsTributary DO � 6.7 mg/LMainstream flow Q2 � 448 cfsMainstream DO � 5.2 mg/L
Find: DO concentration and DO load at the confluence.
solution:

Step 1. Determine DO concentration
Assuming there is a complete mix immediately below the confluence, the DOconcentration downstream on the confluence can be determined by massbalance.

 5 5.14 smg/Ld
 5 8.21 2 3.07
 5 8.21 2 s8.21 2 3.85d/1.42

CB 5 Cs 2 sCs 2 CAd/r
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Step 2. Compute DO loadings
Since

Note: The factor 5.39 is the same as that in Eq. (1.91).
Similarly,

Example 2: The difference in elevation between the outfall crest and the 7-day,10-year low flow is 4.0 ft (1.22 m). Utilizing this head difference, determine if afree-falling two-step weir at the outfall will insure a minimum DO of 5.0 mg/Lat the point of discharge. The flow of wastewater effluent and the stream are,respectively, 6.19 and 14.47 cfs (175 and 410 L/s, or 4 and 10 MGD). DO for theeffluent and stream are 1.85 and 6.40 mg/L, respectively. The temperature ofthe effluent is 18.9�C. The stream is less than moderately polluted. Determinethe stream DO at the point of effluent discharge and the oxygen balance.
solution:

Step 1. The water quality correction factor is selected as q � 1.1

 5 16,999 slb/dd
Total DO load 5 4442 lb/d 1 12,557 lb/d

 5 12,557 slb/dd
Mainstream load 5 5.39 3 5.2 3 448

 5 4442 lb/d
Tributary load 5 5.39 3 6.7 3 123

or 5 5.39 lb/sd # mg/L # cfsd 3 DO mg/L 3 Q cfs
 5 5.39 3 DO 3 Q lb/d
 5 28.32 3 DO 3 Qamg

s 3
1 lb

454,000 mg 3
86,400 s

d b

 5 DO 3 Qamg
L 3 cfs 3 28.32 L/s

cfs b
DO load 5 sDO, mg/Ld 3 sQ, cfsd

 5 5.5 smg/Ld
 5 s123 3 6.7 1 448 3 5.2d/s123 1 448d

DO 5  Q1  3 DO1 1 Q2 3 DO2
Q1 1 Q2
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b � 1.3 for free-fall step-weir
Cs � 9.23 mg/L, when T � 18.9�C from Table 1.2
CA � 1.85 mg/L as effluent DO
h � 4.0 ft

Step 2. Determine r with the channel dam reaeration model

Step 3. Compute CB

Note: CB is the effluent DO as it reaches the stream.
Step 4. Compute the resultant DO in the stream
Assuming there is a complete mixing with the stream water, the resultant DOat the point of discharge is

Step 5. Calculate oxygen mass balance

DO load in stream above the point of effluent discharge

The total amount of oxygen below the point of discharge is 694 (195 � 499) lb/d.
 5 499 slb/dd
 5 5.39 3 6.40 3 14.47
 5 5.39 3 DO 3 Q

 5 195 slb/dd
 5 5.39 3 5.85 3 6.19

DO load from effluent 5 5.39 3 DO 3 Q

 5 6.23 smg/Ld
DO 5

5.85 3 6.19 1 6.40 3 14.47
6.19 1 14.47

 5 5.85 smg/Ld
 5 9.23 2 s9.23 2 1.85d/2.18

CB 5 Cs 2 sCs 2 CAd/r
r 5 sCs 2 CAd/sCs 2 CBd

 5 2.18
 5 1 1 0.11 3 1.1 3 1.3s1 1 0.046 3 18.9d 3 4

r 5 1 1 0.11qbs1 1 0.046Tdh
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17.3 DO used

The term DOused (DOu) in Eq. (1.111) represents the oxygen consumedbiologically within a stream reach. This term can be determined bythree methods (Butts et al., 1973): (1) observed DO concentrations in con-junction with reaeration estimate; (2) bottle BOD and deoxygenationrate determinations of river water samples; and (3) long-term bottleBOD progression evaluation of a wastewater effluent. The method usedwill probably be dictated by the existing data or the resources availablefor collecting usable data.The term DOu includes DO usage due to carbonaceous and nitrogenousBOD and to SOD, as stated previously. The ratio of DO contribution by algalphotosynthesis to DO consumption by algal respiration is assumed to beunity, although it can handle values greater or less than one when derivedon a diurnal basis. For a series of stream reaches, each incremental DOuvalue is added and the accumulated sums, with the corresponding time oftravel in the stream, are fitted to the first-order exponential expression
(1.120)

where y � oxygen demand exerted (DOu)
La � ultimate oxygen demand, including carbonaceous andnitrogenous
Kd � in-stream deoxygenation coefficient to the base e, per day

t � time of travel, days
Note: The coefficient Kd is comparable to the composite of the terms KCand KN previously defined in the discussion regarding the conceptualapproach to waste-assimilative analysis.The use of field DO values in estimating the waste-degradation char-acteristics of a stream has certain advantages: the need for laboratoryBOD tests is eliminated which saves time and cost; the reliability of theresults should be better since the measurement of DO is far more preciseand accurate than the BOD test; also, stream measured DO concentrationstake into account the in situ oxygen demand in the stream, which includesboth dissolved and benthic demand, whereas laboratory BOD results gen-erally reflect only the oxygen demand exerted by dissolved matter.
Estimations of Kd and La. The data obtained from steam survey, a sum-mation of DOu values and corresponding time of travel t at an observedwater temperature, have to be computed along the reach of a stream.Nowadays, for determinations of Kd and La, one can simplify the calcu-lation by using a computer or a programmable calculator. However, thefollowing example illustrates the use of the Thomas slope method fordetermining Kd and La.

y 5 Las1 2 e2Kdtd
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17.4 Procedures of pragmatic approach

The steps of the pragmatic approach involved in estimating the waste-assimilative capacity of a stream based upon a pragmatic approach canbe summarized as follows (Butts et al., 1973):
1. Develop a full understanding of the stream length, its channel geom-etry, water stage and flow patterns, and the general hydrologic fea-tures of the watershed.
2. Determine the 7-day, 10-year flow of the stream and select a designwater temperature.
3. Define the location of all dams and their physical features; definealso the location of all tributary flows and relevant data regardingthem.
4. Divide the stream into reaches consistent with significant changesin cross sections and determine the volumes and average depth ineach reach.
5. At the beginning and end of each reach, during low-flow conditionsand summer temperatures, undertake a series of field determina-tions for at least water temperature and DO concentrations and, ifdesired, collect water samples for BOD determinations.
6. Compute the time of travel within each reach at stream flowsobserved during the time of sampling as well as that during 7-day,10-year low flow.
7. From the observed DO values, flow, and time of travel, computeDOa – DOn, as demonstrated in Table 1.17 (see later).
8. Select DO saturation values from Table 1.2 for observed streamtemperature conditions, and compute the natural reaeration foreach reach using Figs. 1.12 and 1.13 in conjunction with appropri-ate equations for finding the mix time M and the percent absorptionat 100% deficit R0. They are determined as the same manner of theexample in Section 16.2. Keep in mind the need to make adjustmentsin accordance with weir and mass balance formulas where dams andtributaries are encountered.
9. Calculate, by summation, the DOu for each reach as demonstratedin Table 1.18 (see later).

10. From an array of the DOu versus t data, determine La and Kd,preferably by the methods of Read–Theriault, steepest descent,or least squares. For a graphical solution, the Thomas slopemethod is satisfactory. Adjust the values for La and Kd for theselected design water temperature by the use of Eqs. (1.26) and(1.28).
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11. Apply the removal efficiency anticipated to the computed ulti-mate oxygen demand La and develop the required expression DOu �
La(1 – e–Kt).

12. From the values developed in step 6 for time of travel and depth at7-day, 10-year low flow, use the observed DO just upstream of thedischarge point (Da at the beginning of the reach) as a starting-point, and follow the computation.
13. Note whether or not the removal efficiency selected will permit pre-dicted DO concentrations in the stream compatible with water qual-ity standards.

Example: A long reach of a moderately sized river is investigated. There isan overloaded secondary wastewater treatment plant discharging its efflu-ent immediately above sampling station 1 (upstream). The plant, correctly,has BOD removal efficiency of 65%. A total of 12 sampling stations are estab-lished in reaches of the study river. Downstream stations 3 and 4 are aboveand below an ogee channel dam, respectively. Stations 10 and 11 are imme-diately above and below the confluence of the main stream and a tributarywhich has relatively clean water. The 7-day, 10-year low flow of the mainreceiving stream and the tributary are 660 and 96 cfs, respectively. The designwater temperature is selected as 27�C.A stream field survey for flow, water temperature, DO, average depth, andtime of travel is conducted during summer low-flow conditions. During the
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Figure 1.13 Modified Velz curve (Butts et al., 1973).



field survey, the receiving stream in the vicinity of the effluent discharge was822 cfs and the tributary flow was 111 cfs. The DO values are 5.96 and 6.2mg/L, respectively. Data obtained from field measurements and subsequentcomputations for DO values are presented in Tables 1.16, 1.17, and 1.18. TheDO levels in the stream are not less than 5.0 mg/L, as required.
Question: Determine the DO concentrations along the reach of the stream atdesign temperature and design flow conditions, if the efficiency of sewagetreatment plant is updated to at least 90% BOD removal.
Answer: The solution is approached in two sessions: (1) the deoxygenationrate coefficients Kd and La should be determined under the existing condi-tions; this involves steps 1 to 5; (2) a predictive profile of DO concentrationswill be calculated under 7-day, 10-year low flow and 27ºC design conditions(steps 6 and 7).
solution:

Step 1. Compute DO values
In Table 1.16, data are obtained from fieldwork and subsequent DO compu-tations for other purposes. The term DOa � DOn (lb/d) will be used in the equa-tion for Table 1.18. A plot of DO measured and time of travel t can be made(not shown). It suggests that a profound DO sag exists in the stream belowthe major pollution source of effluent discharge.
Step 2. Compute the natural reaeration, DOr
In Table 1.17, values of saturated DO (DOs) at the specified water tempera-ture are obtained from Table 1.2. The values of M and R0 are taken from Figs.1.12 and 1.13 on the basis of the physical dimension of the stream listed inTable 1.16 or calculated from Eq. (1.114) (M � 13.94 In H � 745).
Step 3. Calculate DO used, DOu
The DOu is calculated from equation DOu � (DOa � DOn) � DOr � DOx.Without consideration of DOx, the values of DOu for each reach of the streamare given in Table 1.18. It should be noted that DOx does not apply yet.
Step 4. Determine Kd(23) and Ld(23) for T � 23ºC (during the field survey)
Using the Thomas (1950) slope method, the factor (�t/�DOu)1/3 is plottedon arithmetic graph paper against �t as shown in Fig. 1.14. A line of bestfit is then drawn, often neglecting the first two points. The ordinate inter-cept b is read as 0.0338; and the slope of the line S is computed as 0.00176[i.e. (0.0426 � 0.0338)/5]. The determine Kd and La at 23ºC.

 5 83,500 slb/dd
Las23d 5 1/sKd # b3d 5 1/s0.31 3 0.03383d

Kds23d 5 6S/b 5 6 3 0.00176/0.0338 5 0.31 sper dayd

Streams and Rivers 101



The curve is expressed as

Step 5. Compute Kd(27) and La(27) for design temperature 27�C 
Using Eq. (1.26)

Similarly, using Eq. (1.28)

Next step goes to design phase.
 5 89,800 slb/dd
 5 83,500 3 1.14/1.06

Las27d 5 Las23d 3 s0.6 1 0.02 3 27d/s0.6 1 0.02 3 23d
LasT d 5 Las20d 3 s0.6 1 0.02T d

 5 0.37 sper dayd
 5 0.31 3 1.3792/1.1477

Kds27d 5 Kds23d 3 1.0477/1.0473
Kds23d 5 Kds20d 3 1.04723220
Kds27d 5 Kds20d 3 1.04727220

y 5 83,500s1 2 e20.31td
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TABLE 1.16 Field Data and DO Computations

Flow, cfs DOa observed† DO averagedDOa � DOn,Station at station mean mg/L lb/d∗ lb/d mg/L lb/d
1 822 5.96 264062 830 826 3.44 15390 11016 4.70 209253 836 833 2.40 10814 4575 2.92 13110Dam4 836 3.96 178445 844 840 3.90 17741 103 3.93 177936 855 849 3.70 17051 690 3.80 173897 871 863 3.60 16900 151 3.65 169788 880 875 3.90 18498 �1598 3.75 176869 880 880 4.04 19163 �665 3.97 1883110 888 884 4.44 21251 �2288 4.27 20202Tributary11 999 5.18 27892 �6641 4.81 2447412 1010 1005 5.28 28743 �851 5.23 28330

∗DO (lb/d) � 5.39 � flow (cfs) � DO (mg/L).†DOa at the end of a reach is the DOn of that reach.



TABLE 1.17 Computations of Natural Reaeration

Temp, DOs Mean Ds, Mean D†a, Depth h, M, t
, 5.39Q � DOs DOr,∗

Station ºC mg/L mg/L mg/L ft min min lb/d lb/d
1 22.8 8.532 22.9 8.52 8.53 4.70 6.6 18.8 846.7 0.449 0.0042 45.0 37977 32253 23.0 8.50 8.51 2.92 6.8 19.4 1201.0 0.657 0.0041 61.9 38209 63704 23.0 8.505 23.0 8.50 8.50 3.93 2.9 4.4 396.0 0.538 0.0046 90.0 38485 85666 23.1 8.48 8.49 3.80 3.8 11.2 792.0 0.552 0.0052 70.7 38851 78927 23.1 8.48 8.48 3.65 5.2 15.5 1591.2 0.57 0.0049 102.7 39445 113018 23.2 8.46 8.47 3.75 6.1 17.6 1630.0 0.557 0.0045 92.6 39946 92779 23.2 8.46 8.46 3.97 6.3 18.2 1118.9 0.531 0.0044 61.5 40127 576110 23.3 8.45 8.46 4.24 6.5 18.6 911.5 0.499 0.0043 49.0 40310 423711 23.1 8.48 8.47 4.81 0.43212 23.1 8.48 8.48 5.23 7.2 19.9 656.6 0.383 0.0040 33.0 45936 2324

∗ and it is calculated as the same manner of Example in Section 16.2.
†Mean Da is from Table 1.16.
DOr 5 a1 2 DOaDOs

b a R0100b a
tr
Mb a5.39Q 3 DOsb

tr
M

R01001 2 DOaDOs

1
0
3
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TABLE 1.18 Calculation of DO Used

t, �t, DOa � DOn, DOr, DOu,∗ �DOu,Station days days lb/d lb/d lb/d lb/d (�t/�DOu)1/3

12 0.588 0.588 11016 3225 14241 14241 0.034563 0.834 1.422 4575 6370 10945 25186 0.038364 251865 0.275 1.697 103 8566 8669 33855 0.036876 0.550 2.247 690 7892 8582 42437 0.037557 1.105 3.352 151 11301 11452 53889 0.039628 1.132 4.484 �1598 9277 7679 61568 0.041769 0.777 5.261 �665 5761 5096 66664 0.0428910 0.633 5.894 �2888 4237 1349 68013 0.0442511 6801312 0.456 6.350 �851 2324 1473 69486 0.04504
∗DOu � DOa � DOn � DOr

Step 6. Calculate the design BOD loading after plant improvement
Since the current overloaded wastewater treatment plant only removes 65%of the incoming BOD load, the raw wastewater BOD load is

89,800 lb/d/(1 � 0.65) � 256,600(lb/d)
The expanded (updated) activated-sludge process may be expected to remove90% to 95% of the BOD load from the raw wastewater. For the safe side, 90%removal is selected for the design purpose. Therefore, the design load La at27�C to the stream will be 25,660 lb/d (256,600 � 0.1).
Step 7. Gather new input data for DO profile
In order to develop the predictive profile for DO concentration in the receiv-ing stream after the expanded secondary wastewater treatment plant is func-tioning, the following design factors are obtained from field survey data andthe results computed:

Stream flow � 660 cfs At the dam q � 1.1
Tributary flow � 96 cfs b � 0.58
Tributary DO � 6.2 mg/L h � 6.1 ft
DO at station 1 � 5.90 mg/L Kd(27) � 0.37 per day
Water temperature � 27�C La(27) � 25,660 lb/d

H and t are available from cross-sectional data.
Step 8. Perform DO profile computations
Computations are essentially the same as previous steps with some minormodifications (Table 1.19).
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Figure 1.14 Plot of (�t/�DOu)1/3 versus �t.

TABLE 1.19 DO Profile Computation at 27�C and a 7-Day, 10-Year Low Flow

(1) (2) (3) (4) (5) (6) (7) (8)Flow, cfs Total Subreach
t, �t, DOu, DOu,Station at station mean days days lb/d lb/d

1 660 02 666 663 0.750 0.750 0.242 6218 62183 670 668 1.076 1.826 0.491 12603 6385Dam4 6705 674 672 0.345 2.171 0.551 14168 15656 682 678 0.626 2.797 0.645 16544 23767 696 689 1.313 4.110 0.781 20052 35088 702 699 1.370 5.48 0.868 22282 22309 704 703 0.938 6.418 0.907 23272 99010 708 706 0.845 7.263 0.932 23913 941Tributary 9611 80412 810 806 0.608 7.871 0.946 24265 351
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TABLE 1.19 (contd.)

(10) (11) (12) (13) (14)(9) Mean DOs Mean (15)
DOa – DOu, DOa, depth M,Station lb/d lb/d mg/L lb/d H, ft min

1 210842 14866 17975 7.87 28124 0.361 5.9 17.43 11977 15170 7.87 28336 0.465 6.1 17.5Dam45 21584 22366 7.87 28506 0.215 2.5 4.16 23895 25083 7.87 28760 0.128 3.4 9.67 22908 24662 7.87 29227 0.165 4.6 13.88 24556 25671 7.87 29651 0.134 5.5 16.29 26367 26862 7.87 29821 0.099 5.7 16.610 27093 27404 7.87 29948 0.085 6.0 17.4Tributary1112 30924 31100 7.87 34190 0.090 6.5 18.6

TABLE 1.19 (concluded)

(16) (20) (21)
t
 � (19) DOn (or DOa)1440t, (17) (18) DOr,Station min t
/M R0/100 lb/d lb/d Remark

1 21084 5.902 1080 62.1 0.00555 3696 18362 5.143 1549 88.5 0.00545 6353 18330 5.09 Above damDam4 23148 6.41 Below dam5 497 121.2 0.00630 4687 26271 7.256 901 93.9 0.00730 2521 26416 7.237 1891 137.0 0.00620 3878 26786 7.218 1973 121.8 0.00578 2802 27357 7.269 1351 81.4 0.00568 1367 27734 7.3210 1217 69.9 0.00550 975 28067 7.38 Above trib.Tributary11 31276 Below trib.12 876 47.1 0.00521 788 31682 7.29
Notes: Col 7 � La � Col 6 � 25,660 � Col 6Col 8n � Col 7n – Col 7n–1Col 9n � Col 20n–1 –Col 8nCol 10n � (Col 20n–1 � Col 9n)/2Col 11 � DOs at T of 27�CCol 12 � 5.39 � Col 3 � Col 11Col 15 � Calculated or from monogram Fig. 1.12Col 18 � Calculated or from monogram Fig. 1.12Col 19 � Col 12 � Col 13 � Col 17 � Col 18Col 20 � initial value is 663 � 5.90 � 5.39 and thereafter � col 9 � col 19Col 21 � Col 20/Col 3/5.39trib. � tributary

1 2 DOaDOs



For columns 9, 10, 13, 19, 20, and 21, calculate iteratively from station bystation from upstream downward. The other columns can be calculated inde-pendently. At station 4 (below the dam), the dam aeration ratio is given asEqs. (1.117) and (1.118)

This DO value of 6.45 mg/L is inserted into column 21 at station 4. The cor-responding DOn (in lb/d) is computed by multiplying 5.39Q to obtain 23,148lb/d, which is inserted into column 20 at station 4.At station 11, immediately below the tributary, DO contribution is 3208lb/d (i.e. 5.39 � 6.2 � 96). This value plus 28,068 lb/d (31,276 lb/d) is insertedinto column 20. Then computations continue with iterative procedures forstation 12.It should be noted that the parameters H, M, t
, t
/M, and R/100 can be com-puted earlier (i.e. in earlier columns). Therefore, the other DO computationswill be in the latter part of Table 1.19. It seems easier for observation. Also,these steps of computation can be easily programmed using a computer.The results of computations for solving equation, DOn � DOa �DOu �DOr � DOx are given in Table 1.19, and the DO concentrations in column 21of Table 1.19 are the predictive DO values for 7-day, 10-year low flow with sec-ondary wastewater treatment. All DO values are above the regulatory stan-dard of 5.0 mg/L, owing to expanded wastewater treatment and dam aeration.

18 Biological Factors

18.1 Algae

Algae are most commonly used to assess the extent that primary pro-ductivity (algal activity) affects the DO resources of surface waters.Many factors affect the distribution, density, and species composition ofalgae in natural waters. These include the physical characteristics of thewater, length of storage, temperature, chemical composition, in situreproduction and elimination, floods, nutrients, human activities, traceelements, and seasonal cycles.Of the many methods suggested for defining the structure of a bio-logical community, the most widely used procedure has been the diver-sity index. A biological diversity index provides a means of evaluating

CB 5 22.78/1.96 1 7.87 5 6.45 smg/Ld
1.96 5 s7.87 2 5.09d/s7.87 2 CBd

r 5 sCs 2 CAd/sCs 2 CBd
 5 1.960
 5 1 1 0.11 3 1.1 3 0.58s1 1 0.046 3 27d 3 6.1

r 5 1 1 0.11qbs1 1 0.046Tdh
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the richness of species within a biological community using a mathe-matical computation. Although different formulas have been used, theone determined by the information theory formula, the Shannon�Weinerdiversity index, is widely used for algal communities or communities ofother organisms. The formula is (Shannon and Weaver, 1949):
(1.121)

where D � diversity index
Pi � ni/N
ni � the number (density) of the ith genera or species
N � total number (density) of all organisms of the sample
i � 1, 2,..., m

m � the number of genera or specieslog2 Pi � 1.44 ln Pi

or
(1.122)

The index D has a minimum value, when a community consistingsolely of one (m � 1) species has no diversity or richness and takes ona value of unity. As the number of species increases and as long as eachspecies is relatively equal in number, the diversity index increasesnumerically. It reaches a maximum value when m � N.
Example: Seven species of algae are present in a stream water sample. Thenumbers of seven species per mL are 32, 688, 138, 98, 1320, 424, and 248,respectively. Compute the diversity index of this algal community.
solution: Using formula (Eq. (1.122))

and construct a table of computations (Table 1.20). Answer: D � 2.15

18.2 Indicator bacteria

Pathogenic bacteria, pathogenic protozoan cysts, and viruses have beenisolated from wastewaters and natural waters. The sources of thesepathogens are the feces of humans and of wild and domestic animals.Identification and enumeration of these disease-causing organisms inwater and wastewater are not recommended because no single technique

D 5 21.44�
m

i21
sni/Nd lnsni/Nd

D 5 21.44�
m

i21
sni/Nd lnsni /Nd

D 5 2�
m

i51
Pi log2 Pi
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is currently available to isolate and identify all the pathogens. In fact,concentrations of these pathogens are generally low in water and waste-water. In addition, the methods for identification and enumeration ofpathogens are labor-intensive and expensive.Instead of direct isolation and enumeration of pathogens, total coliform(TC) has long been used as an indicator of pathogen contamination of awater that poses a public health risk. Fecal coliform (FC), which is morefecal-specific, has been adopted as a standard indicator of contamina-tion in natural waters in Illinois, Indiana, and many other states. BothTC and FC are used in standards for drinking-water and natural waters.Fecal streptococcus (FS) is used as a pollution indicator in Europe.FC/FS ratios have been employed for identifying pollution sources in theUnited States. Fecal streptococci are present in the intestines of warm-blooded animals and of insects, and they are present in the environment(water, soil, and vegetation) for long periods of time. Escherichia coli bac-teria have also been used as an indicator.
Calculation of bacterial density. The determination of indicator bacteria,total coliform, fecal coliform, and fecal streptococcus or enterococcus isvery important for assessing the quality of natural waters, drinking-waters, and wastewaters. The procedures for enumeration of theseorganisms are presented elsewhere (APHA et al., 1995). Examinationsof indicator bacterial density in water and in wastewater are generallyperformed by using a series of four-decimal dilutions per sample, with3 to 10, usually 5, tubes for each dilution. Various special broths are usedfor the presumptive, confirmation, and complete tests for each of the bac-teria TC, FC, and FS, at specified incubation temperatures and periods.

MPN method. Caliform density is estimated in terms of the most prob-able number (MPN). The multiple-tube fermentation procedure is oftencalled an MPN procedure. The MPN values for a variety of inoculationseries are listed in Table 1.21. These values are based on a series of fivetubes for three dilutions. MPN values are commonly determined using
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TABLE 1.20 Values for Eq. (2.122)

i ni ni/N �1.44 ln (ni/N) �1.44(ni/N) ln (ni/N)
1 32 0.0109 6.513 0.0712 688 0.2334 2.095 0.4893 138 0.0468 4.409 0.2064 98 0.0332 4.902 0.1635 1320 0.4478 1.157 0.5186 424 0.1438 2.792 0.4027 248 0.0841 3.565 0.300
� 2948(N ) 1.0000 2.149



Table 1.21 and are expressed as MPN/100 mL. Only two significant fig-ures are used for the reporting purpose. Other methods are based on five20 mL or ten 10 mL of the water sample used.Table 1.21 presents MPN index for combinations of positive and neg-ative results when five 10-mL, five 1-mL, and five 0.1-mL volumes ofsample are inoculated. When the series of decimal dilution is differentfrom that in the table, select the MPN value from Table 1.21 for the com-bination of positive tubes and compute the MPN index using the fol-lowing formula:
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TABLE 1.21 MPN Index for Various Combinations of Positive Results When Five
Tubes Are Used per Dilution (10, 1.0, 0.1 mL)

Combination of MPN index Combination of MPN indexpositives 100 mL positives 100 mL
4-2-0 220-0-0 �2 4-2-1 260-0-1 2 4-3-0 270-1-0 2 4-3-1 330-2-0 4 4-4-0 34
5-0-0 231-0-0 2 5-0-1 301-0-1 4 5-0-2 401-1-0 4 5-1-0 301-1-1 6 5-1-1 501-2-0 6 5-1-2 60

2-0-0 4 5-2-0 502-0-1 7 5-2-1 702-1-0 7 5-2-2 902-1-1 9 5-3-0 802-2-0 9 5-3-1 1102-3-0 12 5-3-2 140
3-0-0 8 5-3-3 1703-0-1 11 5-4-0 1303-1-0 11 5-4-1 1703-1-1 14 5-4-2 2203-2-0 14 5-4-3 2803-2-1 17 5-4-4 350

5-5-0 2404-0-0 13 5-5-1 3004-0-1 17 5-5-2 5004-1-0 17 5-5-3 9004-1-1 21 5-5-4 16004-1-2 26 5-5-5 �1600
SOURCE: APHA, AWWA, and WEF (1995)



(1.123)

For the MPN index for combinations not appearing in Table 1.21 or forother combinations of dilutions or numbers of tubes used, the MPN canbe estimated by the Thomas equation:

(1.124)
Although the MPN tables and calculations are described for use in thecoliform test, they are equally applicable for determining the MPN ofany other organisms for which suitable test media are available.
Example 1: Estimate the MPN index for the following six samples.
solution:

Positive/five tubes, mL used Combination of MPN index/Sample 1 0.1 0.01 0.001 positive 100 mL
A-raw 5/5 5/5 3/5 1/5 5-3-1 11000B � 10�3 5/5 5/5 3/5 1/5 5-3-1 11000000C 5/5 3/5 2/5 0/5 5-3-2 1400D 5/5 3/5 1/5 1/5 5-3-2 1400E 4/5 3/5 1/5 0/5 4-3-1 330F 0/5 1/5 0/5 0/5 0-1-0 20

Step 1. For sample A
For 5-3-1; from Table 1.21, MPN � 110. Using Eq. (1,123) 

Step 2. For sample B
Same as sample A; however, it is a polluted water and a 10�3 dilution is used.Thus,

MPN � 11,000 � 103
� 11,000,000

Step 3. For sample C

For sample: MPN 5 110 3 10
0.1 5 11,000

MPN
100 mL 5

No. of positive tubes 3 100
2smL sample in negative tubesdsmL sample in all tubesd

 3 10
largest volume tested in dilution series used

 MPN
100 mL 5 MPN value from table
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From Table 1.21, MPN � 140 for 5-3-2 combination

Step 4. For sample D
Since one is positive at 0.001 mL used, add 1 positive into 0.01 dilution.Therefore, the combination of positive is 5-3-2.
Thus, MPN � 1400
Step 5. For sample E with a 4-3-1 combination

Step 6. For sample F, 0-1-0 positive

Note: Unit for MPN is the number per 100 mL sample.
Example 2: Calculate the MPN value by the Thomas equation with datagiven in Example 1.
solution:

Step 1. For sample ANumber of positive tubes for the last two dilutions � 3 � 1 � 4mL sample in negative tubes � 2 � 0.01 � 4 � 0.001 � 0.024mL sample in all tubes � 5 � 0.01 � 5 � 0.001 � 0.055
With the Thomas equation:

Step 2. For sample B
As Step 1, in addition multiply by 103

MPN
100 mL 5 11,000 3 103

5 11,000,000

 5 11,000 sfor 10, 1, and 0.1 mLd
 5 4 3 100
20.024 3 0.055 

MPN
100 mL 5

No. of positive tubes 3 100
2smL sample in negative tubesdsmL sample in all tubesd

MPN 5 2 3 10
1 5 20

MPN 5 33 3 10
1 5 330

For sample: MPN 5 140 3 10
1 5 1400

112 Chapter 1



Step 3. For sample C

Note: Use only two significant figures for bacterial count.
Step 4. For sample D
The answer is exactly the same as for sample C

Step 5. For sample E

Step 6. For sample F

Example 3: The results of positive tubes of 4 tubes with five dilutions (100,10, 1, 0.1, and 0.01 mL) are 4/4, 3/4, 1/4, 1/4, and 0/4. Estimate the MPN valueof the sample.
solution:

Step 1. Adjust the combination of positive tubesIt will be 4-3-2 at 100, 10, and 1 mL dilutions.
Step 2. Find MPN by the Thomas formula:

 5 22
 MPN
100 mL 5

s3 1 2d 3 100
2s10 1 2 3 1d 3 4s10 1 1d

 5 18
 MPN
100 mL 5

100
2s5.45 3 5.55d

 5 310
 5 305

MPN
100 mL 5

s4 1 3 1 1d 3 100
21.24 3 5.55

MPN
100 mL 5 1400

 5 1400
 5 1406

MPN
100 mL 5

s3 1 2d 3 100
20.23 3 0.55
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Membrane filter method. The membrane filtration (MF) method is themost widely used method. Calculations of MF results for these indica-tors or other organisms are presented here (Illinois EPA, 1987):
Step 1. Select the membrane filter with the number of colonies in theacceptable rangeThe acceptable range for TC is 20 to 80 TC colonies and no more than 200colonies of all types per membrane. Sample quantities producing MF countsof 20 to 60 colonies of FC or FS are desired.
Step 2. Compute count per 100 mL, according to the general formula:

Example 1: Counts with the acceptable limits:Assume that filtration of volumes 75, 25, 10, 3, and 1 mL produced FC colonycounts of 210, 89, 35, 11, and 5, respectively. What is the FC density for thesample?
solution:

The MF with 35 FC colonies is the best MF for counting.Thus, the FC density is

which will be recorded as 350 FC/100 mL.It should be noted that an analyst would not count the colonies on all fivefilters. After inspection of five membrane filters, the analyst would select theMF(s) with 20 to 60 FC colonies and then limit the actual counting to such amembrane. If there are acceptable counts on replicate filters, count colonieson each MF independently and determine final reporting densities. Thencompute the arithmetic mean of these densities to obtain the final recordeddensity.
Example 2: For duplicate samples:A duplicate filtration of 2.0 mL of water sample gives plate counts of 48 and53 TC colonies. Compute the recorded value.
solution:

Step 1. Determine FS densities for two membranes independently, with thegeneral formula:
TC

100 mL 5
48 3 100

2 5 2400

FC
100 mL 5

35 3 100
10 5 350

Colonies
100 mL 5

No. colonies counted 3 100
Volume of sample, mL
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and

Step 2. Taking the average

The FS density for the water sample is reported as 2500 A/100 mL. Code A rep-resents two or more filter counts within acceptable range and same dilution.
Note: Use two significant figures for all reported bacteria densities.If more than one dilution is used, calculate the acceptable range results tofinal reporting densities separately; then average for final recorded value.
Example 3: More than one dilution:Volumes of 1.00, 0.30, 0.10, 0.03, and 0.01 mL generate TC colony counts ofTNTC (too numerous to count), 210, 78, 33, and 6. What is the TC density inthe water?
solution:

Step 1. In this case, only two volumes, 0.10 and 0.03 mL, produce TC coloniesin the acceptable limit. Calculate each MF density, separately,

and

Step 2. Compute the arithmetic mean of these two densities to obtain thefinal recorded TC density

which would be recorded as 94,000 TC per 100 mL C. Code C stands for thecalculated value from two or more filter colony counts within acceptable rangebut different dilution.If all MF colony counts are below the acceptable range, all counts shouldbe added together. Also, all mL volumes should be added together.
Example 4: All results below the desirable range:Volumes of 25, 10, 4, and 1 mL produced FC colony counts of 18, 10, 3, and0, respectively. Calculate the FC density for the water sample.

TC
100 mL 5

78,000 1 110,000
2 5 94,000

TC
100 mL 5

33 3 100
0.03 5 110,000

TC
100 mL 5

78 3 100
0.10 5 78,000

2400 1 2650
2 5 2525 [ reporting 2500A]

TC
100 mL 5

53 3 100
2 5 2650
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solution:

which would be recorded as 77 FC per 100 mL B, where code B representsresults based on colony counts outside the acceptable range.If colony counts from all membranes are zero, there is no actual calcula-tion possible, even as an estimated result. If there had been one colony on themembrane representing the largest filtration volume, the density is esti-mated from this filter only.If all MF counts are above the acceptable limit, calculate the density asshown in Example 4.
Example 5: Filtration volumes 40, 15, 6, and 2 mL produced FC colonycounts of 1, 0, 0, and 0, respectively. Estimate the FC density for the sample.
solution:

which would be recorded as 2.5 FC per 100 mL K1, where K1 means less than2.5/100 mL using one filter to estimate the value.
Example 6: Membrane filtration volumes of 0.5, 1.0, 3.0, and 10 mL producedFC counts of 62, 106, 245, and TNTC, respectively. Compute the FC density.
solution:

which would be reported as 9200 FC per 100 mL B.If bacteria colonies on the membrane are too numerous to count, use acount of 200 colonies for the membrane filter with the smallest filtration vol-ume. The number at which a filter is considered TNTC is when the colonycount exceeds 200 or when the colonies are too indistinct for accurate counting.
Example 7: Given that filtration volumes of 2, 8, and 20 mL produce TCcolony counts of 244, TNTC, and TNTC, respectively, what is the TC densityin the sample?
solution:

Using the smallest filtration volume, 2 mL in this case, and TC for 200 perfilter, gives a better representative value. The estimated TC density is
TC

100 mL 5
200 3 100

2 5 10,000 L

FC
100 mL 5

s62 1 106 1 245d 3 100
0.5 1 1 1 3 5 9180 sreporting 9200Bd

FC
100 mL 5

1 3 100
40 5 2.5

 5 77.5

FC
100 mL 5

s18 1 10 1 3 1 0d 3 100
25 1 10 1 4 1 1
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Code L, for bacterial data sheet description, has to be changed to greater
than; i.e. all colony counts greater than acceptable range, calculated as whensmallest filtration volume had 200 counts.If some MF colony counts are below and above the acceptable range andthere is a TNTC, use the useable counts and disregard any TNTCs and itsfiltration volume.
Example 8: Assume that filtration volumes 0.5, 2, 5, and 15 mL of a sam-ple produced FC counts of 5, 28, 67, and TNTC. What is the FC density?
solution:

The counts of 5 and TNTC with their volume are not included forcalculation.

Bacterial standards. Most regulatory agencies have stipulated stan-dards based on the bacterial density for waters. For example, in Illinois,the Illinois Department of Public Health (IDPH) has promulgated theindicator bacteria standards for recreational-use waters as follows:
■ A beach will be posted “Warning—Swim At Your Own Risk” whenbacterial counts exceed 1000 TC per 100 mL or 100 FC per 100 mL.
■ A beach will be closed when bacterial densities exceed 5000 TC per100 mL or 500 FC per 100 mL in water samples collected on two con-secutive days.
The Illinois Pollution Control Board (IEPA, 1999) has adopted rulesregarding FC limits for general-use water quality standards applicableto lakes and streams. The rules of Section 302.209 are

a. During the months May through October, based on a minimum of fivesamples taken over not more than a 30-day period, FCs (STORET number31616) shall not exceed a geometric mean of 200 per100 mL, nor shallmore than 10% of the samples during any 30-day period exceed 400 per100 mL in protected waters. Protected waters are defined as waters that,due to natural characteristics, aesthetic value, or environmental signifi-cance, are deserving of protection from pathogenic organisms. Protectedwaters must meet one or both of the following conditions:
(1) They presently support or have the physical characteristics to supportprimary contact.(2) They flow through or adjacent to parks or residential areas.

 5 [reporting 1400 B]

FC
100 mL 5

s28 1 67d 3 100
2 1 5 5 1357
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Example: FC densities were determined weekly for the intake water froma river. The results are listed in Table 1.22. Calculate the 30-day moving geo-metric mean of FC densities and complete the table.
solution:

Step 1. Check the minimum sampling requirement: Five samples were col-lected in less than a 30-day period
Step 2. Calculate geometric means (Mg) from each consecutive five samples

Bacterial die-off in streams. There have been many studies on the die-off rate of bacteria in streams. Most of the work suggests that Chick’slaw, one of the first mathematics formulations to describe die-off curves,remains quite applicable for estimating the survival of pathogens andnonpathogens of special interest in stream sanitation investigations.Chick’s law is
N � N010�kt (1.125)

or
logN/N0 � �kt (1.126)

where N � bacterial density at time t, days
N0 � bacterial density at time 0

k � die-off or death rate, per day

Mg 5 25 42 3 20 3 300 3 50 3 19 5 47
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TABLE 1.22 Fecal Coliform Densities

FC density/100 mL
Date, 1997 Observed Moving geometric mean

5 May 4212 May 2019 May 30026 May 502 June 19 479 June 20 4116 June 250 6823 June 3000 11030 June 160 1407 July 240 22014 July 20 22021 July 130 20028 July 180 110



Before Chick’s law is applied, the river data are generally transformedto bacterial population equivalents (BPE) in the manner proposed byKittrell and Furfari (1963). The following expressions were used for TCand FC data:
(1.127)
(1.128)

Here the FC : TC ratio is assumed to be 0.964, as reported by Geldreich(1967).Average stream flows and geometric means for each stream samplingstation are used for BPE calculation. The relationship of BPE versustime of travel are plotted on semilog paper for both TC and FC.Reasonably good straight lines of fit can be developed. The decay ordeath rates for TC and FC can be estimated from the charts.
Example: TC density in the effluent is 9800 per 100 mL. Its densities aredetermined to be 5700, 2300, and 190 TC/100 mL, respectively, after the timeof travel for 8, 24, and 60 h. Determine the die-off rate of TC in the stream.
solution:

Step 1. Calculate k for each stream reach using Eq. (1.126); t � 1/3, 1.0, and2.5 days

Similarly

Also

The average
Note: This problem also can be solved by graphic method. Plot the data onsemilogarithmic paper and draw a straight line. The slope of the line is thedie-off rate.

k 5 0.673sper dayd

 k 5 0.685 sper dayd
2 ks2.5d 5 logs190/9800d 5 21.712

 k 5 0.629 sper dayd
2 ks1d 5 log s2300/9800d 5 20.629

k 5 0.706 sper dayd
2ks1/3d 5 logs5700/9800d 5 20.235

2kt 5 logsN/N0d

BPE 5 Qscfsd 3 FC/100 mL 3 6.1 3 0.964 3 1025
BPE 5 Qscfsd 3 TC/100 mL 3 6.1 3 1025
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18.3 Macroinvertebrate biotic index

The macroinvertebrate biotic index (MBI) was developed to provide arapid stream-quality assessment. The MBI is calculated at each streamstation as a tool to assess the degree and extent of wastewater dis-charge impacts. The MBI is an average of tolerance rating weighted bymacroinvertebrate abundance, and is calculated from the formula(IEPA, 1987):
(1.129)

where ni � number of individuals in each taxon i
ti � tolerance rating assigned to that taxon i
N � total number of individuals in the sediment sample

Most macroinvertebrate taxa known to occur in Illinois have beenassigned a pollution tolerance rating, ranging from 0 to 11 based on lit-erature and field studies. A 0 is assigned to taxa found only in unalteredstreams of high water quality, and an 11 is assigned to taxa known tooccur in severely polluted or disturbed streams. Intermediate ratings areassigned to taxa that occur in streams with intermediate degrees ofpollution or disturbance. Appendix A presents a list of these toleranceratings for each taxon.
Example: The numbers of macroinvertebrates in a river sediment sampleare 72, 29, 14, 14, 144, 445, 100, and 29 organisms/m2 for Corbicula, Perlesta
placida, Stenonema, Caenis, Cheumatopsyche, Chironomidae, Stenelmis,and Tubificidae, respectively. The tolerance values for these organisms are,respectively, 4, 4, 4, 6, 6, 6, 7, and 10 (Appendix A). Compute MBI for thissample.
solution:

 > 6.0
 5 5.983
3 6 1 100 3 7 1 29 3 10d

 5 1
847 s72 3 4 1 29 3 4 1 14 3 4 1 14 3 6 1 144 3 6 1 445

MBI 5 �
8

n51
snitid/N

N 5 72 1 29 1 14 1 14 1 144 1 445 1 100 1 29 5 847
n 5 8

MBI 5 �
n

i51
snittd/N
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This chapter includes mainly lake morphometry, evaporation, and theClean Lakes Program (CLP). Since most lake management programs inthe United States are based on the CLP, the CLP is discussed in detail.Regulatory requirements and standardization of research and applica-tion are provided with a focus on the Phase 1, diagnostic/feasibility study.
1 Lakes and Impoundment Impairments

Lakes are extremely complex systems whose conditions are a functionof physical, chemical, and biological (the presence and predominance of
125
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the various plants and organisms found in the lake) factors. Lakesinherently function as traps or sinks for pollutants from tributaries,watersheds (drainage basins) or from atmospheric deposits andprecipitation.Like streams, lakes are most often impaired by agricultural activ-ities (main sources in the United States), hydrologic/habitat modifi-cation (stream channelization), and point pollution sources. Theseactivities contribute to nutrient and sediment loads, suspended solids,and organic matter, and subsequently cause overgrowth of aquaticplants. The resulting decline in water quality limits recreation,impairs other beneficial uses, and shortens the expected life span ofa lake.Common lake problems are eutrophication, siltation, shoreline ero-sion, algal bloom, bad taste and/or odor, excessive growth of aquaticvegetation, toxic chemicals, and bacterial contamination. Eutrophication,or aging, the process by which a lake becomes enriched with nutrients,is caused primarily by point and nonpoint pollution sources fromhuman activities. Some man-made lakes and impoundments maybe untrophic from their birth. These problems impact esthetic andpractical uses of the lake. For example, the growth of planktonic algaein water supply impoundments may cause taste and odor problems,shortened filter runs, increased chlorine demand, increased turbidity,and, for some facilities, increased trihalomethane precursors. The effectsultimately lead to increased water treatment costs and, in someinstances, even to abandonment of the lake as a public water supplysource.Lakes and reservoirs are sensitive to pollution inputs because theyflush out their contents relatively slowly. Even under natural condi-tions, lakes and reservoirs undergo eutrophication, an aging processcaused by the inputs of organic matters and siltation.

2 Lake Morphometry

Lake morphometric data can be calculated from either a recent hydro-graphic map or a pre-impoundment topographic map of the basin. Ingeneral, pre-impoundment maps may be obtainable from the designengineering firm or local health or environmental government agencies.If the map is too old and there is evidence of significant siltation, sec-tions of the lake, such as the upper end and coves with inflowingstreams, will need to be remapped.In some cases, it is necessary to create a new lake map. The proce-dures include the following:
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1. The outline of the shoreline is drawn either from aerial photographsor from United States Geological Survey (USGS) 7.5-minute topo-graphic maps.
2. The water depth for transacts between known points on the shore-line of the lake is measured by a graphing sonar.
3. The sonar strip chart of the transacts is interpreted and drawn onto an enlarged copy of the lake outline.
4. Contours may be drawn by hand or with a computer on the map.
5. All maps are then either digitized or scanned and entered into a geo-graphic information system (GIS).
6. Coverages are then converted into sea level elevations by locatingthe map on a 7.5-minute USGS topographic map and digitizing ref-erence points both on the map and on the quadrangle for known sealevel elevations.
7. Depths are assigned to the contour. The GIS gives the length ofeach contour and areas between adjacent contour lines.

From this data, surface area, maximum depth of the lake, and shore-line length can be computed. Lake volume (V ), shoreline developmentindex (SDI) or shoreline configuration ratio, and mean depth ( ) canbe calculated by the formula in Wetzel (1975):
1. Volume

(2.1)

where V � volume, ft3, acre � ft, or m3
h � depth of the stratum, ft or m
i � number of depth stratum

Ai � area at depth i, ft2, acre, or m2

2. Shoreline development index

(2.2)

where L � length of shoreline, miles or m
A0 � surface area of lake, acre, ft2, or m2

SDI 5 L
2!p 3 A0

V 5 �
n

i50
h
3 sAi 1 Ai11 1 2Ai 3 Ai11d

D
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3. Mean depth

(2.3)

where � mean depth, ft or m
V � volume of lake, ft3, acre � ft, or m3

A0 � surface area, ft2, acre, or m2

Other morphometric information also can be calculated by the follow-ing formulas:
4. Bottom slope

(2.4)

where S � bottom slope
� mean depth, ft or m

Dm � maximum depth, ft or m
5. Volume development ratio, Vd (Cole, 1979)

(2.5)
6. Water retention time

(2.6)
where RT � retention time, year

7. Ratio of drainage area to lake capacity R

(2.7)
Example: A reservoir has a shoreline length of 9.80 miles. Its surface area is568 acres. Its maximum depth is 10.0 ft. The areas for each foot depth are 480,422, 334, 276, 205, 143, 111, 79, 30, and 1 acres. Annual rainfall is 38.6 in. Thewatershed drainage is 11,620 acres. Calculate morphometric data with the for-mulas described above.
solution: Compute the following parameters:

R 5
drainage area, acre or m2

storage capacity, acre # ft or m3

RT 5 storage capacity, acre # ft or m3
annual runoff, acre # ft/yr or m3/yr

Vd 5 3 3
D

Dm

D

S 5 D
Dm

D

D 5
V
A0
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1. The volume of the lake

2. Shoreline development index or shoreline configuration ratio

� 2.93
3. Mean depth

� 4.14 ft
4. Bottom slope

5. Volume development ratio
Vd 5 3 3 D

Dm
5 3 3 0.41 5 1.23 sor 1.23:1d

S 5 D
Dm

5
4.13 ft
10.0 ft 5 0.41

 5 2354 acre # ft
568 acres

D 5
V
A0

 5 9.80
3.34

 5 9.80 miles
2!3.14 3 0.8875 sq. miles

 SDI 5 L
2!p 3 A0

A0 5 568 acres 5 568 acres 3 1 sq. miles
640 acres 5 0.8875 sq. miles

 5 2,902,000m3
 5 2354sacre # ftd
 5 1

3 [7062]
1 s422 1 324 1 2422 3 324d 1 c 1 s30 1 1 1 230 3 1d]

 5 1
3 [s568 1 480 1 2568 3 480d 1 s480 1 422 1 2480 3 422d

V 5 �
10

i50
h
3 sAi 1 Ai11 1 2Ai 3 Ai11d
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6. Water retention time
Storage capacity V � 2354 acre � ft

� 0.063 years
7. Ratio of drainage area to lake capacity

3 Water Quality Models

Lakes and reservoirs are usually multipurpose, serving municipal andindustrial water supplies, recreation, hydroelectric power, flood control,irrigation, drainage, and/or agriculture, due to the importance of pro-tecting these natural resources. Water quality involves the physical,chemical, and biological integrity of water resources. Water quality stan-dards promulgated by the regulatory agencies define the water qualitygoals for protection of water resources in watershed management.Modeling the water quality in lakes and reservoirs is very differentfrom that in rivers (Chapter 1) or estuaries. A variety of models arebased on some of physical, chemical, and biological parameters and/orcombinations. Physical models deal with temperature, dissolved oxygen(DO), energy budget diffusion, mixing, vertical and horizontal aspects,seasonal cycles, and meteorological data setting. Chemical modelsinvolve mass balance and toxic substances. Biological models deal withnutrients and the food chain, biological growth, perdition, oxygen bal-ance, and tropical conditions, etc.

 5 4.94 acres
1 acre # ft   or 5 4.94 acres/sacre # ftd

 5 11,620 acres
2354 acre # ft

R 5
drainage area

storage capacity

 5 2354 acre # ft
37,378 acre # ft/yr

RT 5 storage capacity
annual runoff  

 5 37,378 acre # ft/yr
 5  38.6 in/yr 3 1 ft

12 in 3 11,620 acres
Annual runoff 5  38.6 in/yr 3 11,620 acres
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A detailed modeling of lake water quality is given in a book by Chapraand Reckhow (1983). Clark et al. (1977), Tchobanoglous and Schroeder(1985), and James (1993) also present modeling water quality in lakesand reservoirs. However, most of those models are not used for lakemanagement practices.For construction of a new lake or reservoir, it is required that theowner submit the prediction of water quality in the future new laketo the US Army Corps of Engineers. For example, Borah et al. (1997)used the US Army Corps of Engineers’ HEC-5Q model (US Army Corpsof Engineers, 1986, 1989) for a central Illinois lake and two proposednew lakes. The model was calibrated and verified on the existing watersupply lake used monitored data in the draft years of 1986 and 1988.Eight water quality constituents were simulated. Calibration, verifi-cation, and predictions were made only for water temperature, DO,nitrate nitrogen, and phosphate phosphorus. The calibrated and ver-ified model was used to predict water surface elevations and con-stituent concentrations in the three lakes, individually and incombination, with meteorological and estimated flow data for a 20-month period from May 1953 through December 1954, the most severedrought of record. The HEC-5Q model provided a useful tool in thewater quality evaluation of the three lakes. The HEC-5Q model wasdeveloped by the Hydraulic Engineering Center in Davis, California,for simulation of flood control and conservation systems with waterquality analysis. The details of these models are beyond the scope ofthis book.The major portion of this chapter will cover evaporation and lakemanagement programs in the Clean Lakes Program. Because thesesubjects are general, they are not usually included in environmentalengineering textbooks.

4 Evaporation

Evaporation converts water in its liquid or solid state into water vaporwhich mixes with the atmosphere. The rate of evaporation is controlledby the availability of energy at the evaporating surface, and the easewith which water vapor can diffuse into the atmosphere.Shuttleworth (1993) presented a detailed description with modelingof evaporation and transpiration from soil surfaces and crops. Modelingsinclude fundamental and empirical equations. Measurements of evap-oration and methods for estimating evaporation are also given.Evaporation of water from a lake surface uses energy provided by thesun to heat the water. The rate of evaporation is controlled primarilyby the water temperature, air temperature, and the level of moisturesaturation in the air. Knowledge of evaporative processes is important
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in understanding how water losses through evaporation from a lake orreservoir are determined. Evaporation increases the storage require-ment and decreases the yield of lakes and reservoirs.Determination of evaporation from a lake surface can be modeled bythe water budget method, the mass transfer method, and the energybudget method (Robert and Stall, 1967). Many empirical equations havebeen proposed elsewhere (Fair et al., 1966, Linsley and Franzinni, 1964).

4.1 Water budget method

The water budget method for lake evaporation depends on an accuratemeasurement of the inflow and outflow of the lake. The simple mathe-matical calculation shows that the change in storage equals the inputminus output. It is expressed as
(2.8)

where �S � change in lake storage, mm (or in)
P � precipitation, mm
R � surface runoff or inflow, mm

GI � groundwater inflow, mm
GO � groundwater outflow, mm

E � evaporation, mm
T � transpiration, mm
O � surface water release, mm

For the case of a lake with little vegetation and negligible groundwaterinflow and outflow, lake evaporation can be estimated by
(2.9)

The water budget method has been used successfully to estimate lakeevaporation in some areas.

4.2 Energy budget method

The principal elements in energy budget of the lake evaporation areshown in Fig. 2.1. The law of conservation of energy suggests that thetotal energy reaching the lake must be equal to the total energy leav-ing the lake plus the increase in internal energy of the lake. The energybudget in Fig. 2.1 can be expressed as (US Geological Survey, 1954)
(2.10)Qe 5 Qs 2 Qr 2 Qb 2 Qh 2 Qu 6 Qv

E 5 P 1 R 2 O 6 �S

�S 5 P 1 R 1 GI 2 GO 2 E 2 T 2 O
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where Qe � energy available for evaporation
Qs � solar radiation energy
Qr � reflected solar radiation
Qb � net long-wave radiation
Qh � energy transferred from the lake to the atmosphereQ� � increase in energy stored in the lake
Qv � energy transferred into or from the lake bed

The energy budget shown in Fig. 2.1 can be applied to evaporationfrom a class A pan (illustrated in Fig. 2.2). The pan energy budget(Fig. 2.2) contains the same elements as the lake budget (Fig. 2.1) exceptthat heat is lost through the side and the bottom of the pan. Equation (2.10)is also applied to pan energy budget calculation.A pioneering and comprehensive research project centered on tech-niques for measuring evaporation was conducted at Lake Hefner,Oklahoma, in 1950–51 with the cooperation of five federal agencies (USGeological Survey, 1954). The energy budget data from a WeatherBureau class A evaporation pan was used to evaluate the study. Growingout of that project was the US Weather Bureau nomograph, a four-gradient diagram (Fig. 2.3) for general use for lake evaporation (Kohler
et al., 1959). Subsequently, the formula for a mathematical solutionof the nomograph was adapted from computer use (Lamoreux, 1962).
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Figure 2.1 Elements of energy budget method for determininglake evaporation (Robert and Stall, 1967).
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Figure 2.2 Energy budget method applied to class Apan (Robert and Stall, 1967).

Figure 2.3 Lake evaporation nomograph (Kohler et al., 1959).



These procedures allow lake and pan evaporation to be computed fromfour items of climate data, i.e. air temperature, dew point temperature,wind movement, and solar radiation. Since long-term climate data aremostly available, these techniques permit extended and refined evapo-ration determination.Although the nomograph (Fig. 2.3) was developed for the use withdaily values, it is also usable with monthly average values and gives rea-sonably reliable results with annual average values. The four-quadrantdiagram can be used to determine a lake’s evaporation rate as illustratedin Fig. 2.3. For example, at the upper left quadrant, a horizontal linepasses from the mean daily air temperature 81°F to the first intersec-tion at the solar radiation 600-langley curve, and projects toward theright to intersection of the 55°F mean daily dew point curve. At this stop,a vertical line runs downward to the line of 120-miles per day windmovement from where a horizontal line projects toward to the left tointersect a vertical line from the first intersection. The average daily lakeevaporation, 0.27/in, is read at this point. The following two equations for evaporation can be computed by com-puter (Lamoreux, 1962) as exemplified by the Weather Bureau compu-tational procedures for the United States.For pan evaporation:
Ep � {exp[(Ta � 212)(0.1024 � 0.01066 ln R)] � 0.0001

� 0.025(es � ea)
0.88

(0.37 � 0.0041 Up)} � {0.025 � (Ta � 398.36)�2

� 4.7988 � 1010 exp[�7482.6/(Ta � 398.36)]}�1
(2.11)

For lake evaporation, the expression is
EL � {exp[(Ta � 212)(0.1024 � 0.01066 ln R)] � 0.0001 � 0.0105(es � ea)0.88

� (0.37 � 0.0041Up)} � {0.015 � (Ta � 398.36)�2 6.8554 � 1010
� exp[�7482.6/(Ta � 398.36)]}�1 (2.12)

where Ep � pan evaporation, in
EL � lake evaporation, in
Ta � air temperature, °F
ea � vapor pressure, inches of mercury at temperature Ta
es � vapor pressure, inches of mercury at temperature Td

Td � dew point temperature, °F
R � solar radiation, langleys per day

Up � wind movement, miles per day
Pan evaporation is used widely to estimate lake evaporation in theUnited States. The lake evaporation EL is usually computed for yearly
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time periods. Its relationship with the pan evaporation Ep can beexpressed as
(2.13)

where pc is the pan coefficient. The pan coefficient on an annual basishas been reported as 0.65 to 0.82 by Kohler et al. (1955).Robert and Stall (1967) used Eqs. (2.9) and (2.10) for 17 stations in andnear Illinois over the May–October season for a 16-year period to developthe general magnitudes and variability of lake evaporation in Illinois.Evaporation loss is a major factor in the net yield of a lake or reser-voir. The net evaporation loss from a lake is the difference between amaximum expected gross lake evaporation and the minimum expectedprecipitation on the lake surface for various recurrence intervals and forcritical periods having various durations. This approach assumes max-imum evaporation and minimum precipitation would occur simultane-ously. The following example illustrates the calculation of net draft ratefor a drought recurrence interval of 40 years.
Example: Calculate the net yield or net draft for the 40-year recurrenceinterval for a reservoir (333 acres, 135 ha). Given: drainage area � 15.7 miles2,unit reservoir capacity (RC) � 2.03 in, draft � 1.83 MGD, E � 31 in/acre.
solution:

Step 1. Compute reservoir capacity in million gallons (Mgal)
RC � 2.03 in � 15.7 miles2

� 2.03 in � (1 ft/12 in) � 15.7 miles2
� (640 acres/miles2)

� 1700 acre � ft
� 1700 acre � ft � 43,560 ft2/acre � 7.48 gal/ft3

� 554 Mgal � 2,097,000 m3

Note: 1 Mgal � 3785 m3

Step 2. Compute the total gross draft, the duration of critical drawdownperiod for 40-year recurrence interval is 16 months
16 months � 365 days/12 � 16 � 486 days

Draft � 1.83 MGD � 486 days
� 888 Mgal

Step 3. Compute the inflow to the reservoir (total gross draft minus RC)
Inflow � draft � RC � 888 Mgal � 554 Mgal

� 334 Mgal

EL 5 pcEp
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Step 4. Compute the evaporation loss E
Effective evaporation surface area of the lake is 333 acres � 0.65 � 216 acres

E � 31 in � (1 ft/12 in) � 216 acres
� 558 acre � ft
� 182 Mgal

Step 5. Compute the net usable reservoir capacity (the total reservoir capac-ity minus the evaporation loss)
RC � E � 554 Mgal � 182 Mgal

� 372 Mgal
Step 6. Compute the total net draft which the reservoir can furnish (the netusable reservoir capacity plus the inflow)

Net draft � 372 Mgal � 334 Mgal
� 706 Mgal

Step 7. Compute the net draft rate, or the net yield, which the reservoir canfurnish (the total net draft divided by total days in the critical period)
Net draft rate � 706 Mgal/486 days

� 1.45 MGD
� 5490 m3/d

Note: 1 MGD � 3785 m3/d

5 The Clean Lakes Program

In the 1960s, many municipal wastewater treatment plants were con-structed or upgraded (point source pollution control) in the UnitedStates. However, the nation’s water quality in lakes and reservoirs hasnot been improved due to nonpoint sources of pollution. In 1972, theUS Congress amended Section 314 of the Federal Water PollutionControl Act (Public Law 92-500) to control the nation’s pollutionsources and to restore its freshwater lakes. In 1977, the Clean LakesProgram (CLP) was established pursuant to Section 314 of the CleanWater Act. Under the CLP, publicly owned lakes can apply and receivefinancial assistance from the US Environmental Protection Agency(US EPA) to conduct diagnostic studies of the lakes and to develop fea-sible pollution control measures and water quality enhancement tech-niques for lakes. This is the so-called Phase 1 diagnostic/feasibility(D/F) study.
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The objectives of the CLP are to (US EPA, 1980):
1. classify publicly owned freshwater lakes according to trophicconditions;
2. conduct diagnostic studies of specific publicly owned lakes, anddevelop feasible pollution control and restoration programs for them;and
3. implement lake restoration and pollution control projects.

5.1 Types of funds

The CLP operates through four types of financial assistance by cooper-ative agreements. They are
State lake classification survey
Phase 1—diagnostic/feasibility study
Phase 2—implementation
Phase 3—post-restoration monitoring

Funding is typically provided yearly for the state lake classificationsurvey, but on a long-term basis for Phases 1, 2, and 3. Phase 1 fundsare used to investigate the existing or potential causes of decline in thewater quality of a publicly owned lake; to evaluate possible solutions toexisting or anticipated pollution problems; and to develop and recom-mend the most “feasible” courses of action to restore or preserve thequality of the lake. Activities typically associated with sample collection,sample analyses, purchase of needed equipment, information gathering,and report development are eligible for reimbursement. During Phase1, total project costs cannot exceed $100,000. Fifty percent of this fund-ing will come from the CLP, while the rest must come from nonfederalor local sources.
5.2 Eligibility for financial assistance

Only states are eligible for CLP financial assitance, and cooperativeagreements will be awarded to state agencies. A state may in turnmake funds available to a substate agency or agencies for all or anyportion of a specific project. The D/F study is generally carried out bya contracted organization, such as research institutes or consultingengineers.For nearly two decades, 46% of the US lake acres were assessed fortheir water qualities and impairments (US EPA, 1994). Since theearly 1990s, federal funds for CLP were terminated due to the budgetcuts. Some states, such as Illinois, continued the CLP with statefunds.
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5.3 State lake classification survey

In general, most states use state lake classification survey funding tooperate three types of lake survey activities. These include the volun-teer lake monitoring program (VLMP), the ambient lake monitoringprogram (ALMP), and lake water quality assessment (LWQA) grant. Allthree programs are partially supported by a Section 314 Federal CLPLWQA grant. State funds matched equally with federal grant funds areused to improve the quantity and quality of lake information reportedin the annual 305(b) report to the US Congress.
Volunteer lake monitoring program. The VLMP is a statewide cooperativeprogram which volunteers to monitor lake conditions twice a monthfrom May through October and transmit the collected data to the stateagency (EPA or similar agency) for analysis and report preparation. InIllinois, the VLMP was initiated by Illinois Environmental ProtectionAgency (IEPA) in 1981 (IEPA, 1984). The volunteers can be personnelemployed by the lake owner (a water treatment plant, Department ofConservation or other state agency, city, lake association, industry, etc.),or they can be local citizens. (The lakes monitored are not limited to pub-licly owned lakes.) Volunteers must have a boat and an anchor in orderto perform the sampling. Volunteers receive a report prepared by thestate EPA, which evaluates their sampling results.Volunteers measure Secchi disc transparencies and total depths atthree sites in the lake. For reservoirs, site 1 is generally located at thedeepest spot (near the dam); site 2 is at midlake or in a major arm; andsite 3 is in the headwater, a major arm, or the tributary confluence. Thedata are recorded on standard forms. In addition, the volunteers alsocomplete a field observation form each time the lake is sampled andrecord the number that best describes lake conditions during samplingfor each site on the lake. Observations include color of the water, theamount of sediment suspended in the water, visible suspended algae,submerged or floating aquatic weeds, weeds near the shore, miscella-neous substances, odors, cloudiness, precipitation, waves, air tempera-ture at the lake, lake water levels, recreational usage, and lakemanagement done since the last sampling (IEPA, 1983).
Ambient lake monitoring program. The ALMP is also a statewide regularwater quality monitoring program. Water quality samples are collectedand analyzed annually by IEPA personnel on selected lakes throughoutthe state. The major objectives of the ALMP are to (IEPA, 1992):
� characterize and define trends in the condition of significant lakes inthe state;
� diagnose lake problems, determine causes/sources of problems, andprovide a basis for identifying alternative solutions;
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� evaluate progress and success of pollution control/restorationprograms;
� judge effectiveness of applied protection/management measures anddetermine applicability and transferability to other lakes;
� revise and update the lake classification system; and
� meet the requirements of Section 314 CLP regulation and/or grantagreements.
The ALMP provides a much more comprehensive set of chemical analy-ses on the collected water samples than does the VLMP.In Illinois, the ALMP was initiated in 1977. Water samples are ana-lyzed for temperature, dissolved oxygen, Secchi disc transparency, alka-linity, conductivity, turbidity, total and volatile suspended solids,dissolved and total phosphorus, and nitrogen (ammonia, nitrite/nitrate,and total kjeldahl). In addition, 9 metals and 11 organics analyses areperformed on water and sediment samples.
Lake water quality assessment. The LWQA grant is focused on non-routinely monitored lakes to gather basic data on in-lake water qualityand sediment quality. This information increases the efficiency, effec-tiveness, and quality of the state EPA’s lake data management and305(b) report.LWQA fieldwork involves two major tasks: namely, collection of lakeassessment information and in-lake water and sediment sampling.Lake assessment information collected includes lake identificationand location, morphometric data, public access, designated uses andimpairments, lake and shoreline usages, watershed drainage area usage,water quality and problems, status of fisheries, causes and sources ofimpairment (if any), past lake protection and management techniques,and lake maps.In general, only one sampling trip per lake is made in order toevaluate a maximum number of lakes with the limited resources. Thewater and sediment samples are collected in summer by contractedagencies and analyzed by the state EPA laboratory. Chemical analysesfor water and sediment samples are the same as in the ALMP.

5.4 Phase 1: Diagnostic/feasibility study

Adiagnostic/feasibility study is a two-part study to determine a lake’s cur-rent condition and to develop plans for its restoration and management.Protocol for the D/F study of a lake (Lin, 1994) is a digest from the CLP
Guidance Manual (US EPA, 1980).
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For a Phase 1 D/F study, the following activities should be carried outand completed within 3 years (US EPA, 1980):
1. Development of a detailed work plan
2. Study of the natural characteristics of the lake and watershed
3. Study of social, economic, and recreational characteristics of thelake and watershed
4. Lake monitoring
5. Watershed monitoring
6. Data analysis
7. Development and evaluation of restoration alternatives
8. Selection and further development of watershed managementplans
9. Projection of benefits

10. Environmental evaluation
11. Public participation
12. Public hearings (when appropriate)
13. Report production
Activities 1 through 6 are part of the diagnostic study; the other activ-ities pertain to the feasibility study.
Diagnostic study. The diagnostic study is devoted to data gatheringand analysis. It involves collecting sufficient limnological, morphologi-cal, demographic, and socioeconomic information about the lake and itswatershed.The study of lake and watershed natural characteristics, and most ofthe social, economic, and recreational information of the lake regioncan often be accomplished by obtaining and analyzing secondary data,i.e. data already available from other sources.Baseline limnological data include a review of historical data and1 year of current limnological data. Lake monitoring is expensive.Monthly and bimonthly samples are required for assessing physicaland chemical characteristics. At least three sites are chosen for eachlake, as mentioned in the discussion of the ALMP (Section 5.3). Inaddition, biological parameters, such as chlorophylls, phytoplankton,zooplankton, aquatic macrophytes, indicator bacteria, benthic macroin-vertebrate, and fish surveys, must be assessed at different specifiedfrequencies. At least one surficial and/or core sediment sample and
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water sample at each site must be collected for heavy metals and organiccompounds analyses. Water quality analyses of tributaries and ground-water may also be included, depending on each lake’s situation.Watershed monitoring is done by land-use stream monitoring manu-ally or automatically to determine the nutrient, sediment, and hydraulicbudget for a lake.Primary and secondary data collected during the diagnostic studyare analyzed to provide the basic information for the feasibility portionof the Phase 1 study. Data analysis involves:
1. inventory of point source pollutant discharges;
2. watershed land use and nonpoint nutrient/solids loading;
3. analyses of lake data—water and sediment quality;
4. analyses of stream and groundwater data;
5. calculating the hydrologic budget of the watershed and lake;
6. calculating the nutrient budget of the lake;
7. assessing biological resources and ecological relationships—lakefauna, terrestrial vegetation, and animal life;
8. determining the loading reductions necessary to achieve water qual-ity objectives.

The following analyses of lake data are typically required: (1) identifi-cation of the limiting nutrient based on the ratio of total nitrogen to totalphosphorus; (2) determination of the trophic state index based on totalphosphorus, chlorophyll a, Secchi depth, and primary productivity;(3) calculation of the fecal coliform to fecal streptococcus ratios to iden-tify causes of pollution in the watershed; and (4) evaluation of the sed-iment quality for the purpose of dredging operations.A description of the biological resources and ecological relationshipsis included in the diagnostic study based on information gathered fromsecondary sources. This description generally covers lake flora (terres-trial vegetation, such as forest, prairie, and marsh) and fauna (mam-mals, reptiles and amphibians, and birds).
Feasibility study. The feasibility study involves developing alternativemanagement programs based on the results of the diagnostic study.First, existing lake quality problems and their causes should be identi-fied and analyzed. Problems include turbid water, eroding shorelines,sedimentation and shallow water depths, low water levels, low dissolvedoxygen levels, excessive nutrients, algal bloom, unbalanced aquatic veg-etative growth (excessive growth of macrophytes), nonnative exoticspecies, degraded or unbalanced fishery and aquatic communities, bad
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taste and odor, acidity, toxic chemicals, agricultural runoff, bacterialcontamination, poor lake esthetics, user conflicts, and negative humanimpacts.Once the lake problems have been defined, a preliminary list of cor-rective alternatives needs to be established and discussed. Commonlyadopted pollution control and lake restoration techniques can be foundin the literature (US EPA, 1980, 1990). The corrective measures includein-lake restoration and/or best management practices in the watershed.Each alternative must be evaluated in terms of cost; reliability; techni-cal feasibility; energy consumption; and social, economic, and environ-mental impacts. For each feasible alternative, a detailed description ofmeasures to be taken, a quantitative analysis of pollution control effec-tiveness, and expected lake water quality improvement must beprovided.There are usually many good methods of achieving specific objectivesor benefits. The Phase 1 report should document the various alterna-tives by describing their relative strengths and weaknesses and show-ing how the one chosen is superior. Final selection should be discussedin a public meeting.Once an alternative has been selected, work can proceed on develop-ing other program details required as part of Phase 1. These includedeveloping the Phase 2 monitoring program, schedule and budget, andsource of nonfederal funds; defining the relationship of Phase 2 plansto other programs; developing an operation and maintenance plan; andobtaining required permits. In other words, the feasibility study portionof the Phase 1 report actually constitutes the proposal for Phase 2 study.The report also must include the projection of the project benefits, envi-ronmental evaluations, and public participation.
Final report. The final report will have to follow strictly the format andprotocol stipulated in the Clean Lakes Program Guidance Manual.Requirements for diagnostic feasibility studies and environmental eval-uations are at a minimum, but not limited, as follows:

1. Lake identification and location
2. Geologic and soils description of drainage basins

a. Geologic descriptionb. Groundwater hydrologyc. Topographyd. Soils
3. Description of public access
4. Description of size and economic structure of potential userpopulation
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5. Summary of historical lake uses
6. Population segments adversely affected by lake degradation
7. Comparison of lake uses to uses of other lakes in the region
8. Inventory of point-source pollution discharges
9. Land uses and nonpoint pollutant loadings

10. Baseline and current limnological data
a. Summary analysis and discussion of historical baseline limno-logical datab. Presentation, analysis, and discussion of 1 year of current lim-nological datac. Tropic condition of laked. Limiting algal nutriente. Hydraulic budget for lakef. Nutrient sediment budget

11. Biological resources and ecological relationships
12. Pollution control and restoration procedures
13. Benefits expected from restoration
14. Phase II monitoring program
15. Schedule and budget
16. Source of matching funds
17. Relationship to other pollution control programs
18. Public participation summary
19. Operation and maintenance plan
20. Copies of permits or pending applications
21. Environmental evaluation

a. Displacement of peopleb. Defacement of residential areac. Changes in land use patternsd. Impacts on prime agricultural lande. Impacts on parkland, other public land and scenic resourcesf. Impacts on historic, architectural, archaeological, or culturalresourcesg. Long range increases in energy demandh. Changes in ambient air quality or noise levelsi. Adverse effects of chemical treatmentsj. Compliance with executive order 11988 on floodplain manage-mentk. Dredging and other channel bed or shoreline modifications
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l. Adverse effects on wetlands and related resourcesm. Feasible alternatives to proposed projectn. Other necessary mitigative measures requirements

5.5 Phase 2: Implementation

A Phase 1 D/F study identifies the major problems in a lake and rec-ommends a management plan. Under the CLP, if funds are available,the plan can then be implemented and intensive monitoring of the lakeand tributaries conducted either by the state EPA or a contractedagency.The physical, chemical, and biological parameters monitored and thefrequencies of monitoring are similar to those for Phase 1 D/F study (ormore specific, depending on the objectives). One year of water qualitymonitoring is required for post-implementation study. Non-federal cost-share (50%) funds are usually provided by state and local landowners.A comprehensive monitoring program should be conducted to obtainpost-implementation data for comparison with pre-implementation(Phase 1) data.The implementation program may include keeping point- andnonpoint-source pollutants from entering a lake, implementing in-lakerestoration measures to improve lake water quality, a monitoringprogram, environmental impact and cost evaluation, and publicparticipation.

5.6 Phase 3: Post-restoration monitoring

The CLP has recently begun setting up a system for managing andevaluating lake project data, designed to derive benefit from past proj-ects. Quantitative scientific data on long-term project effectivenesswill become increasingly available through post-restoration monitor-ing studies being conducted under Phase 3 CLP grants instituted in1989.Several years after Phase 2 implementation, a lake may be selectedfor Phase 3 post-restoration monitoring with matching funds. For Phase 3monitoring, the water quality parameters monitored and the frequencyof sampling in the lake and tributaries are similar to that for Phases 1and 2. However, the period of monitoring for Phase 3 is generally 3years with a total project period of 4 to 5 years. The purpose is to buildupon an extensive database of information gathered under Phases 1 and2 investigations.Data gathered from Phase 1 are compared with Phases 2 and 3 data-bases to determine the long-term effectiveness of watershed protection
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measures and in-lake management techniques implemented during andsince Phase 2 completion.
5.7 Watershed protection approach

The watershed protection approach (WPA) is an integrated strategy formore effective restoration and protection of aquatic ecosystems andhuman health; i.e. drinking water supplies and fish consumption(US EPA, 1993). The WPA focuses on hydrologically defined drainagebasins (“watersheds”) rather than on areas arbitrarily defined by polit-ical boundaries. Local decisions on the scale of geographic units considermany factors including the ecological structure of the basin, the hydro-logic factors of groundwaters, the economic lake uses, the type and scopeof pollution problems, and the level of resources available for protectionand restoration projects (US EPA, 1991, 1993).The WPA has three major principles (US EPA, 1991, 1993):
1. Problem identification—identify the primary risk to human healthand ecosystem within the watershed;
2. Stakeholder involvement—involve all parties most likely to be con-cerned or most able to take action for solution;
3. Integrated actions—take corrective actions in a manner that pro-vides solutions and evaluates results.

The WPA is not a new program, and any watershed planning is notmandated by federal law. It is a flexible framework to achieve maximumefficiency and effect by collaborative activities. Everyone—individual cit-izens, the public and private sectors—can benefit from a WPA.The US EPA’s goal for the WPA is to maintain and improve the healthand integrity of aquatic ecosystems using comprehensive approachesthat focus resources on the major problems facing these systems withinthe watershed (US EPA, 1993).For more than two decades, the CLP has emphasized using the water-shed protection approach. A long-standing program policy gives greaterconsideration to applicants who propose restoration and protection tech-niques that control pollutants at the source through watershed-widemanagement rather than dealing with symptoms in the lake.
5.8 In-lake monitoring

In Phase 1, 2, and 3 studies, in-lake water quality parameters that needto be monitored generally include water temperature, dissolved oxygen,turbidity, Secchi transparency, solids (total suspended and volatile),conductivity, pH, alkalinity, nitrogen (ammonia, nitrite/nitrate, andtotal kjeldahl), phosphorus (total and dissolved), total and fecal coliforms,
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fecal streptococci, algae, macrophytes, and macroinvertebrates. Exceptfor the last two parameters, samples are collected bimonthly (April toOctober) and monthly (other months) for at least 1 year. At a minimum,three stations (at the deepest, the middle, and upper locations of thelake) are generally monitored (Lin et al., 1996, 1998).
Lake water quality standards and criteria. The comprehensive informationand data collected during Phase 1, 2, or 3 study are evaluated withstate water quality standards and state lake assessment criteria. Moststates in the United States have similar state standards and assessmentcriteria. For example, Illinois generally uses the water quality stan-dards applied to lake water listed in Table 2.1; and Illinois EPA’s lakeassessment criteria are presented in Table 2.2.The data obtained from Phase 1, 2, and 3 of the study can be plottedfrom temporal variations for each water quality parameter, as shown inthe example given in Fig. 2.4. Similarly, the historical data also can beplotted in the same manner for comparison purposes.Indicator bacteria (total and fecal coliforms, and fecal streptococcus)densities in lakes and reservoirs should be evaluated in the samemanner as that given for rivers and streams in Chapter 1. The densityand moving geometric mean of FC are usually stipulated by the state’s
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TABLE 2.2 Illinois EPA Lake Assessment Criteria

Parameter Minimal Slight Moderate High Indication
Secchi depth � 79 49–79 18–48 � 18 lake use impairmentTSS, mg/L � 5 5–15 15–25 � 25 lake use impairmentTurbidity, NTU � 3 3–7 7–15 � 15 suspended sedimentCOD, mg/L � 10 10–20 20–30 � 30 organic enrichment

SOURCE: IEPA, 1987

TABLE 2.1 Illinois General Use Water Quality Standards

1. Dissolved oxygen: � 5 mg/L at any time
� 6 mg/L at 16 h/24 h2. Temperature: � 30�C3. Total dissolved solids: 100 mg/L(conductivity: 1700 ��

–1/cm)4. Chloride: � 500 mg/L for protection of aquatic life5. pH: 6.5–9.0, except for natural causes(alkalinity in Illinois lakes 20–200 mg/L as CaCO3)6. NH3-N: � 1.5 mg/L at 20�C (68�F) and pH of 8.0
� 15 mg/L under no conditions7. NO3-N: � 10 mg/L in all waters
� 1.0 mg/L in public water supply8. Total P: � 0.05 mg/L in any lake � 8.1 ha (20 acres)

SOURCE: IEPA, 1987



bacterial quality standards. The ratio of FC/FS is used to determine thesource of pollution.
Temperature and dissolved oxygen. Water temperature and dissolvedoxygen in lake waters are usually measured at 1 ft (30 cm) and 2 ft (60 cm)intervals. The obtained data are used to calculate values of the percent
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Figure 2.4 Temporal variations of surface water characteristics at RHA-2 (Lin et al., 1996).
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Figure 2.5 Temperature and dissolved oxygen profiles at station 2 (Lin and Raman, 1997).

DO saturation using Eq. (1.4) or from Table 1.2. The plotted data isshown in Fig. 2.5: observed vertical DO and temperature profiles onselected dates at a station. Data from long-term observations can alsobe depicted in Fig. 2.6 which shows the DO isopleths and isothermalplots for a near-bottom (2 ft above the bottom station).
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Figure 2.6 Isothermal and iso-dissolved oxygen plots for the deep stations (Lin et al., 1996).



Algae. Most algae are microscopic, free-floating plants. Some are fila-mentous and attached ones. Algae are generally classified into fourmajor types: blue-greens, greens, diatoms, and flagellates. Throughtheir photosynthesis processes, algae use energy from sunlight andcarbon dioxide from bicarbonate sources, converting it to organic matterand oxygen (Fig. 2.7). The removal of carbon dioxide from the waterresults in an increase in pH and a decrease in alkalinity. Algae areimportant sources of dissolved oxygen in water. Phytoplanktonic algaeform at the base of the aquatic food web and provide the primary sourceof food for fish and other aquatic insects and animals.Excessive growth (blooms) of algae may cause problems such as badtaste and odor, increased color and turbidity, decreased filter run at awater treatment plant, unsightly surface scums and esthetic problems,and even oxygen depletion after die-off. Blue-green algae tend to causethe worst problems. To prevent such proliferation (upset the ecologicalbalance), lake and watershed managers often try to reduce the amountsof nutrients entering lake waters, which act like fertilizers in promot-ing algal growth. Copper sulfate is frequently used for algal control, andsometimes it is applied on a routine basis during summer months,whether or not it is actually needed. One should try to identify the
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Figure 2.7 Photosynthesis and its chemical processes (Illinois
State Water Survey, 1989).
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causes of the particular problems and then take corrective measuresselectively rather than on a shot-in-the-dark basis.Copper sulfate (CuSO4 · 5H2O) was applied in an Illinois impound-ment at an average rate of 22 pounds per acre (lb/acre); in some lakes,as much as 80 lb/acre was used (Illinois State Water Survey, 1989).Frequently, much more copper sulfate is applied than necessary.Researchers have shown that 5.4 lb of copper sulfate per acre of lakesurface (6.0 kg/ha) is sufficient to control problem-causing blue-greenalgae in waters with high alkalinity (�40 mg/L as CaCO3). The amountis equivalent to the rate of 1 mg/L of copper sulfate for the top 2 ft(60 cm) of the lake surface (Illinois State Water Survey, 1989). The lit-erature suggests that a concentration of 0.05 to 0.10 mg/L as Cu2� iseffective in controlling blue-green algae in pure cultures under labo-ratory conditions.
Example 1: What is the equivalent concentration of Cu2� of 1 mg/L of coppersulfate in water?
solution:

Example 2: Since 0.05 to 0.10 mg/L of Cu2� is needed to control blue-greenalgae, what is the theoretical concentration expressed as CuSO4 � 5H2O?
solution:

Answer: This is equivalent to 0.20 to 0.4 mg/L as CuSO4 � 5H2O.
Note: For field application, however, a concentration of 1.0mg/L asCuSO4 � 5H2O is generally suggested.

 > 0.20 mg/L
Copper sulfate 5 0.05 mg/L 3 249.5

63.5

 5 0.255 mg/L
 Cu21

5 0.255 3 1 mg/L 

Cu21, mg/L
CuSO4 # 5H2O, mg/L 5

63.5
249.5 5 0.255

 MW of Cu21
5 63.5

 5 249.5
MW of CuSO4 # 5H2O 5 63.5 1 32 1 16 3 4 1 5s2 1 16d
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Example 3: For a lake with 50 acres (20.2 ha), 270 lb (122 kg) of copper sul-fate is applied. Compute the application rate in mg/L on the basis of the top2 ft of lake surface.
solution:

Step 1. Compute the volume (V ) of the top 2 ft
V � 2 ft � 50 acres

� 2 ft � 0.3048 m/ft � 50 acres � 4047 m2/acre 
� 123.350 m3

� 123.3 � 106 L
Step 2. Convert weight (W ) in pounds to milligrams

W � 270 lb � 453,600 mg/lb 
� 122.5 � 106 mg

Step 3. Compute copper sulfate application rate

� 0.994 mg/L
≅ 1.0 mg/L

Secchi disc transparency. The Secchi disc is named after its Italianinventor Pietro Angelo Secchi, and is a black and white round plateused to measure water clarity. Values of Secchi disc transparency areused to classify a lake’s trophic state.Secchi disc visibility is a measure of a lake’s water transparency,which suggests the depth of light penetration into a body of water (itsability to allow sunlight to penetrate). Even though Secchi disc trans-parency is not an actual quantitative indication of light transmission,it provides an index for comparing similar bodies of water or the samebody of water at different times. Since changes in water color and tur-bidity in deep lakes are generally caused by aquatic flora and fauna,transparency is related to these entities. The euphotic zone or region ofa lake where enough sunlight penetrates to allow photosynthetic pro-duction of oxygen by algae and aquatic plants is taken as two to threetimes the Secchi disc depth (US EPA, 1980).Suspended algae, microscopic aquatic animals, suspended matter(silt, clay, and organic matter), and water color are factors that inter-fere with light penetration into the water column and reduce Secchidisc transparency. Combined with other field observations, Secchi disc

Rate 5 W
V 5

122.5 3 106 mg
123.3 3 106 L
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readings may furnish information on (1) suitable habitat for fish andother aquatic life; (2) the lake’s water quality and esthetics; (3) the stateof the lake’s nutrient enrichment; and (4) problems with and potentialsolutions for the lake’s water quality and recreational use impairment.
Phosphorus. The term total phosphorus (TP) represents all forms of phos-phorus in water, both particulate and dissolved forms, and includes threechemical types: reactive, acid-hydrolyzed, and organic. Dissolved phos-phorus (DP) is the soluble form of TP (filterable through a 0.45-�m filter).Phosphorus as phosphate may occur in surface water or groundwa-ter as a result of leaching from minerals or ores, natural processes ofdegradation, or agricultural drainage. Phosphorus is an essential nutri-ent for plant and animal growth and, like nitrogen, it passes throughcycles of decomposition and photosynthesis.Because phosphorus is essential to the plant growth process, it hasbecome the focus of attention in the entire eutrophication issue. Withphosphorus being singled out as probably the most limiting nutrient andthe one most easily controlled by removal techniques, various facets ofphosphorus chemistry and biology have been extensively studied in thenatural environment. Any condition which approaches or exceeds thelimits of tolerance is said to be a limiting condition or a limiting factor.In any ecosystem, the two aspects of interest for phosphorus dynam-ics are phosphorus concentration and phophorus flux (concentration �flow rate) as functions of time and distance. The concentration aloneindicates the possible limitation that this nutrient can place on vege-tative growth in the water. Phosphorus flux is a measure of the phos-phorus transport rate at any point in flowing water.Unlike nitrate-nitrogen, phosphorus applied to the land as a fertilizeris held tightly to the soil. Most of the phosphorus carried into streams andlakes from runoff over cropland will be in the particulate form adsorbedto soil particles. On the other hand, the major portion of phosphate-phosphorus emitted from municipal sewer systems is in a dissolved form.This is also true of phosphorus generated from anaerobic degradation oforganic matter in the lake bottom. Consequently, the form of phosphorus,namely, particulate or dissolved, is indicative of its source to a certainextent. Other sources of dissolved phosphorus in the lake water mayinclude the decomposition of aquatic plants and animals. Dissolved phos-phorus is readily available for algae and macrophyte growth. However,the DP concentration can vary widely over short periods of time as plantstake up and release this nutrient. Therefore, TP in lake water is the morecommonly used indicator of a lake’s nutrient status.From his experience with Wisconsin lakes, Sawyer (1952) concludedthat aquatic blooms are likely to develop in lakes during summer monthswhen concentrations of inorganic nitrogen and inorganic phosphorus
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exceed 0.3 and 0.01mg/L, respectively. These critical levels for nitrogenand phosphorus concentrations have been accepted and widely quotedin scientific literature.To prevent biological nuisance, the IEPA (1990) stipulates,“Phosphorus as P shall not exceed a concentration of 0.05 mg/L in anyreservoir or lake with a surface area of 8.1 ha (20 acres) or more or inany stream at the point where it enters any reservoir or lake.”
Chlorophyll. All green plants contain chlorophyll a, which constitutesapproximately 1% to 2% of the dry weight of planktonic algae (APHA
et al., 1992). Other pigments that occur in phytoplankton include chloro-phyll b and c, xanthophylls, phycobilius, and carotenes. The importantchlorophyll degration products in water are the chlorophyllides, pheophor-bides, and pheophytines. The concentration of photosynthetic pigmentsis used extensively to estimate phytoplanktonic biomass. The presence orabsence of the various photosynthetic pigments is used, among other fea-tures, to identify the major algal groups present in the water body.Chlorophyll a is a primary photosynthetic pigment in all oxygen-evolving photosynthetic organisms. Extraction and quantification ofchlorophyll a can be used to estimate biomass or the standing crop ofplanktonic algae present in a body of water. Other algae pigments, par-ticularly chlorophyll b and c, can give information on the type of algaepresent. Blue-green algae (Cyanophyta) contain only chlorophyll a,while both the green algae (Chlorophyta) and the euglenoids(Euglenophyta) contain chlorophyll a and c. Chlorophyll a and c arealso present in the diatoms, yellow-green and yellow-brown algae(Chrysophyta), as well as dinoflagellates (Pyrrhophyta). These accessorypigments can be used to identify the types of algae present in a lake.Pheophytin a results from the breakdown of chlorophyll a, and a largeamount indicates a stressed algal population or a recent algal die-off.Because direct microscopic examination of water samples is used toidentify and enumerate the type and concentrations of algae present inthe water samples, the indirect method (chlorophyll analyses) of makingsuch assessments may not be employed.Nutrient in lake water will impact the aquatic community in the sur-face water during summer. Dillon and Rigler (1974) used data fromNorth American lakes to drive the relationship between spring phos-phorus and chlorophyll a concentration in summer as follows:

CHL � 0.0731 (TP)1.449 (2.14)
where CHL � summer average chlorophyll a concentration at lakesurface water, mg/m3

TP � spring average total phosophorus concentration at lakesurface water, mg/m3
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Example: Estimate the average chlorophyll a concentration in a NorthAmerican lake during the summer if the average spring total phosphorus is0.108 mg/L.
solution:

TP � 0.108 mg/L
� 0.108 mg/L � 1000 L/m3

� 108 mg/m3

Estimate summer CHL using Eq. (2.14)
CHL � 0.0731 (TP)1.449

� 0.0731 (108)1.449 mg/m3

� 64.6 mg/m3

5.9 Trophic state index

Eutrophication is a normal process that affects every body of waterfrom its time of formation (Walker, 1981a, 1981b). As a lake ages, thedegree of enrichment from nutrient materials increases. In general, thelake traps a portion of the nutrients originating in the surroundingdrainage basin. Precipitation, dry fallout, and groundwater inflow arethe other contributing sources.A wide variety of indices of lake trophic conditions have been proposedin the literature. These indices have been based on Secchi disc trans-parency; nutrient concentrations; hypolimnetic oxygen depletion; andbiological parameters, including chlorophyll a, species abundance, anddiversity. In its Clean Lake Program Guidance Manual, the US EPA(1980) suggests the use of four parameters as trophic indicators: Secchidisc transparency, chlorophyll a, surface water total phosphorus, andtotal organic carbon.In addition, the lake trophic state index (TSI) developed by Carlson(1977) on the basis of Secchi disc transparency, chlorophyll a, and sur-face water total phosphorus can be used to calculate a lake’s trophicstate. The TSI can be calculated from Secchi disc transparency (SD) inmeters (m), chlorophyll a (CHL) in micrograms per liter (�g/L), andtotal phosphorus (TP) in �g/L as follows:
on the basis of SD, TSI � 60 � 14.4 ln (SD) (2.15)

on the basis of CHL, TSI � 9.81 ln (CHL) � 30.6 (2.16)
on the basis of TP, TSI � 14.42 ln (TP) � 4.15 (2.17)
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The index is based on the amount of algal biomass in surface water, usinga scale of 0 to 100. Each increment of 10 in the TSI represents a theoret-ical doubling of biomass in the lake. The advantages and disadvantagesof using the TSI were discussed by Hudson et al. (1992). The accuracyof Carlson’s index is often diminished by water coloration or suspendedsolids other than algae. Applying TSI classification to lakes that are dom-inated by rooted aquatic plants may indicate less eutrophication thanactually exists.Lakes are generally classified by limnologists into one of three trophicstates: oligotrophic, mesotrophic, or eutrophic (Table 2.3). Oligotrophiclakes are known for their clean and cold waters and lack of aquatic weedsor algae, due to low nutrient levels. There are few oligotrophic lakes in theMidwest. At the other extreme, eutrophic lakes are high in nutrientlevels and are likely to be very productive in terms of weed growth andalgal blooms. Eutrophic lakes can support large fish populations, but thefish tend to be rougher species that can better tolerate depleted levels ofDO. Mesotrophic lakes are in an intermediate stage between oligotrophicand eutrophic. The great majority of Midwestern lakes are eutrophic.A hypereutrophic lake is one that has undergone extreme eutrophicationto the point of having developed undesirable esthetic qualities (e.g. odors,algal mats, and fish kills) and water-use limitations (e.g. extremely densegrowths of vegetation). The natural aging process causes all lakes toprogress to the eutrophic condition over time, but this eutrophicationprocess can be accelerated by certain land uses in the contributing water-shed (e.g. agricultural activities, application of lawn fertilizers, and ero-sion from construction sites, unprotected areas, and streams). Givenenough time, a lake will grow shallower and will eventually fill in withtrapped sediments and decayed organic matter, such that it becomes ashallow marsh or emergent wetland.
Example 1: Lake monitoring data shows that the Secchi disc transparencyis 77 in; total phosphorus, 31�g/L; and chlorophyll a 3.4 �g/L. Calculate TSIvalues using Eqs. (2.15) to (2.17).
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TABLE 2.3 Quantitative Definition of a Lake Trophic State

Secchi disc transparency Total phosphorus,Chlorophyll a lake surfaceTrophic state in m (�g/L) (�g/L) TSI
Oligotrophic �157 �4.0 �2.6 �12 �40Mesotrophic 79–157 2.0–4.0 2.6–7.2 12–24 40–50Eutrophic 20–79 0.5–2.0 7.2–55.5 24–96 50–70Hypereutrophic �20 �0.5 �55.5 �96 �70



solution:

Step 1.
Using Eq. (2.15)

SD � 77 in � 2.54 cm/in � 0.01 m/cm � 1.956 m
TSI � 60 � 14.4 ln (SD) � 60 � 14.4 ln (1.956)

� 50.3
Step 2.
Using Eq. (2.16)

TSI � 9.81 ln (CHL) � 30.6 � 9.81 ln (2.4) � 30.6
� 42.6

Step 3.
Using Eq. (2.17)

TSI � 14.42 ln (TP) � 4.15 � 14.42 ln (31) � 4.15
� 53.7

Example 2: One-year lake monitoring data for a Secchi disc transparency,total phosphorus, and chlorophyll a in a southern Illinois lake (at the deep-est station) are listed in Table 2.4. Determine the trophic condition of the lake.
solution:

Step 1. Calculate TSI values:
As in Example 1, the TSI values for the lake are calculated using Eqs. (2.15)to (2.17) based on SD, TP, and chlorophyll a concentration of each sample. TheTSI values are included in Table 2.4.
Step 2. Determine trophic stage
a. Calculate average TSI based on each parameter.b. Classify trophic state based on the average TSI and the criteria listed inTable 2.3.c. Calculate overall mean TSI for the lake.d. Determine overall trophic state. For this example, the lake is classified as

eutrophic. The classifications are slightly different if based on each of thethree water quality parameters.

5.10 Lake use support analysis

Definition. An analysis of a lake’s use support can be carried out employ-ing a methodology (similar to Federal and other states) developed by the
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IEPA (1994). The degree of use support identified for each designateduse indicates the ability of the lake to (1) support a variety of high-quality recreational activities, such as boating, sport fishing, swim-ming, and esthetic enjoyment; (2) support healthy aquatic life and sportfish populations; and (3) provide adequate, long-term quality and quan-tity of water for public or industrial water supply (if applicable).Determination of a lake’s use support is based upon the state’s waterquality standards as described in Subtitle C of Title 35 of the State ofIllinois Administrative Code (IEPA, 1990). Each of four established use-designation categories (including general use, public and food process-ing water supply, Lake Michigan, and secondary contact and indigenousaquatic life) has a specific set of water quality standards.For the lake uses assessment, the general use standards—primarilythe 0.05 mg/L TP standard—should be used. The TP standard has beenestablished for the protection of aquatic life, primary-contact (e.g. swim-ming), fish consumption, and secondary-contact (e.g. boating) recre-ation, agriculture, and industrial uses. In addition, lake use support isbased in part on the amount of sediment, macrophytes, and algae in the

Lakes and Reservoirs 159

TABLE 2.4 Trophic State Index and Trophic State of an Illinois Lake

Secchi disc trans Total phosphorus Chlorophyll a
Date in TSI �g/L TSI �g/L TSI
10/26/95 77 50.3 31 53.7 3.4 42.611/20/95 104 46.0 33 54.6 4.7 45.812/12/95 133 42.5 21 48.1 3 41.41/8/96 98 46.9 29 52.72/14/96 120 44.0 26 51.1 2.1 37.93/11/96 48 57.1 22 48.7 6.2 48.54/15/96 43 58.7 49 60.3 10.4 53.65/21/96 52 56.0 37 56.2 12.4 55.36/6/96 51 56.3 36 55.8 7.1 49.86/18/96 60 53.9 30 53.2 14.6 56.97/1/96 60 53.9 21 48.1 7.7 50.67/16/96 42 59.1 38 56.6 12.4 55.38/6/96 72 51.3 19 46.6 6 48.28/20/96 48 57.1 20 47.3 1.7 35.89/6/96 54 55.4 32 54.1 9.8 53.09/23/96 69 51.9 22 48.9 11.3 54.410/23/96 42 59.1 42 58.0
Mean 52.9 52.6 48.6Trophic state eutrophic eutrophic mesotrophic
Overall mean 51.4Overall trophic eutrophicstate

SOURCE: Bogner et al. (1997)



lake and how these might impair designated lake uses. The followingis a summary of the various classifications of use impairment:
� Full � full support of designated uses, with minimal impairment.
� Full/threatened � full support of designated uses, with indications ofdeclining water quality or evidence of existing use impairment.
� Partial/minor � partial support of designated uses, with slightimpairment.
� Partial/moderate � partial support of designated uses, with moder-ate impairment, only Partial is used after the year of 2000.
� Nonsupport � no support of designated uses, with severe impairment.
Lakes that fully support designated uses may still exhibit some impair-ment, or have slight-to-moderate amounts of sediment, macrophytes, oralgae in a portion of the lake (e.g. headwaters or shoreline); however,most of the lake acreage shows minimal impairment of the aquatic com-munity and uses. It is important to emphasize that if a lake is rated as
not fully supporting designated uses, it does not necessarily mean that
the lake cannot be used for those purposes or that a health hazard exists.Rather, it indicates impairment in the ability of significant portions ofthe lake waters to support either a variety of quality recreational expe-riences or a balanced sport fishery. Since most lakes are multiple-usewater bodies, a lake can fully support one designated use (e.g. aquaticlife) but exhibit impairment of another (e.g. swimming).Lakes that partially support designated uses have a designated usethat is slightly to moderately impaired in a portion of the lake (e.g.swimming impaired by excessive aquatic macrophytes or algae, or boat-ing impaired by sediment accumulation). So-called nonsupport lakeshave a designated use that is severely impaired in a substantial portionof the lake (e.g. a large portion of the lake has so much sediment thatboat ramps are virtually inaccessible, boating is nearly impossible, andfisheries are degraded). However, in other parts of the same nonsupportlake (e.g. near a dam), the identical use may be supported. Again, non-
support does not necessarily mean that a lake cannot support any uses,
that it is a public health hazard, or that its use is prohibited.Lake-use support and level of attainment shall be determined foraquatic life, recreation, swimming, drinking water supply, fish con-sumption, secondary contact, and overall lake use, using methodolo-gies described in the IEPA’s Illinois Water Quality Report 1994–1995(IEPA, 1996).The primary criterion in the aquatic life use assessment is an aquaticlife use impairment index (ALI), while in the recreation use assessmentthe primary criterion is a recreation use impairment index (RUI). Whileboth indices combine ratings for TSI (Carlson, 1977) and degree of use
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impairment from sediment and aquatic macrophytes, each index isspecifically designed for the assessed use. ALI and RUI relate directlyto the TP standard of 0.05mg/L. If a lake water sample is found to havea TP concentration at or below the standard, the lake is given a “full sup-port” designation. The aquatic life use rating reflects the degree ofattainment of the “fishable goal” of the Clean Water Act, whereas therecreation use rating reflects the degree to which pleasure boating,canoeing, and esthetic enjoyment may be obtained at an individual lake.The assessment of swimming use for primary-contact recreation wasbased on available data using two criteria: (1) Secchi disc transparencydepth data and (2) Carlson’s TSI. The swimming use rating reflects thedegree of attainment of the “swimmable goal” of the Clean Water Act.If a lake is rated “nonsupport” for swimming, it does not mean that thelake cannot be used or that health hazards exist. It indicates thatswimming may be less desirable than at those lakes assessed as fullyor partially supporting swimming.Finally, in addition to assessing individual aquatic life, recreation, andswimming uses, and drinking water supply, the overall use support ofthe lake is also assessed. The overall use support methodology aggre-gates the use support attained for each of the individual lake usesassessed. Values assigned to each use-support attainment category aresummed and averaged, and then used to assign an overall lake useattainment value for the lake.
Designated uses assessment. Multiple lakes designated are assessed foraquatic life, recreation, drinking water supply, swimming, fish con-sumption, and overall use. Specific criteria for determining attainmentof these designated lake uses are described below. The degree of use sup-port attainment is described as full, full/threatened, partial/minorimpairment, partial/moderate impairment, or nonsupport.

Aquatic life. An aquatic life use impairment index (ALI) which com-bines ratings for trophic state index and the amount of use impairmentsfrom aquatic macrophytes and sediment is used as the primary criteriafor assessing aquatic life lake use (Table 2.5). The higher the ALInumber, the more impaired the lake. Specific criteria used for each levelof aquatic life use support attainment are presented in Table 2.6.
Recreation. A recreation use impairment index (RUI), which com-bines TSI and the amount of use impairments from aquatic life andfrom sediment is utilized as the primary criteria for assessing recreationlake use (Table 2.7). Lake uses include pleasure boating, canoeing,skiing, sailing, esthetic enjoyment, and fishing. The higher the RUInumber, the more impaired the lake. Specific criteria used for each levelof attaining recreation use support are listed in Table 2.8.
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TABLE 2.6 Assessment Criteria for Aquatic Life and Overall Use in Illinois Lakes

Degree of use support Criteria
Full a. Total ALI points are � 75b. Direct field observations of minimal aquatic life impairment
Full/threatened a. Total ALI point are � 75 and evidence of a declined water qualitytrend existsb. Specific knowledge of existing or potential threats to aquatic lifeimpairment
Partial/minor a. 75  total ALI points � 85 b. Direct field observations of slight aquatic life impairment
Partial/moderate a. 85  total ALI points � 95 b. Direct field observations of moderate aquatic life impairment
Nonsupport a. Total ALI points � 95b. Direct field observation of substantial aquatic life impairment

SOURCE: Modified form Illinois EPA (1996)

TABLE 2.5 Aquatic Life Use Impairment Index (ALI)

Evaluation factor Parameter Weighting criteria Points
1. Mean trophic Mean TSI value a. TSI � 60 a. 40state index between b. 60  TSI � 85 b. 50(Carson, 30 and 100 c. 85  TSI � 90 c. 601977) d. 90 � TSI d. 70
2. Macrophyte Percent of lake a. 15  % � 40; or minimal (1) a. 0 impairment surface area b. 10  % � 15 & � 40  % � 50; b. 5covered by weeds, or slight (2)or amount of c. 5  % � 10 & 50  % � 70; or c. 10weeds recorded moderate (3)on form d. % � 5 & 70  %; or substantial (4) d. 15
3. Sediment Concentration of a. NVSS � 12; or minimal (1) a. 0 impairment nonvolatile b. 12  NVSS � 15; or slight (2) b. 5suspended solids c. 15  NVSS � 20; or moderate (3) c. 10(NVSS); or amount d. 20  NVSS; or substantial (4) d. 15of sediment valuereported on form

SOURCE: Modified from Illinois EPA (1996)

Swimming. The assessment criteria for swimming use is based pri-marily on the Secchi disc transparency depth and on the fecal coliform(FC) density-percent that exceed the 200 FC/100mL standard. If FCdata are not available, a TSI is calculated and used to make the assess-ment. The degree of swimming use support attainment is presentedin Table 2.9.



Drinking water supply. Drinking water supply use assessment for a lakeis determined on the basis of water supply advisories or closure issuedthrough state regulatory public water supply programs. For example,in Illinois, the primary criteria used is the length of time (greater than30 days) nitrate and/or atrazine concentration exceeding the public
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TABLE 2.7 Recreation Use Impairment Index (RUI)

Evaluation factor Parameter Weighting criteria Points
1. Mean trophic Mean TSI value a. Actual TSI value Actual TSIstate index (30–110) value(Carlson, 1977)
2. Macrophyte Percent of lake surface a. % � 5; or minimal a. 0impairment area covered by weeds; (1)or amount of weeds b. 5 � % � 15; or slight b. 5value reported on form (2)c. 15 � % � 25; or moderate c. 10(3)d. 25 � %; or substantial d. 15(4)
3.  Sediment Concentration of a. NVSS % � 3; or a. 0impairment nonvolatile suspended minimal (1)solid (NVSS); or amount b. 3  NVSS � 7; or slight b. 5of sediment value (2)reported on form c. 7  NVSS � 15; or c. 10moderate (3)d. 15  %; or d. 15substantial (4)

SOURCE: Modified form Illinois EPA (1996)

TABLE 2.8 Assessment Criteria for Recreation Use in Illinois Lakes

Degree of use support Criteria
Full a. Total RUI points are less than 60b. Direct field observation of minor recreation impairment
Full/threatened a. Total RUI points are � 60, and evidence of a decline inwater quality trend existsb. Specific knowledge or potential threats to recreationimpairment
Partial/minor moderate a. 60  total RUI points � 75b. Direct field observation of slight impairment
Partial/moderate a. 75  total RUI points � 90b. Direct field observation of moderate recreationimpairment
Nonsupport a. Total RUI points � 90b. Direct field observation of substantial recreationimpairment

SOURCE: Illinois EPA (1996)



water supply standards of 10mg/L and 3 �g/L, respectively. Other prob-lems which affect the quality of finished waters, such as chemical or oilspills or severe taste and odor problems requiring immediate attention,are also included in assessing use support. Specific criteria used forassessing the drinking water supply and the degree of use support areshown in Table 2.10.
Fish consumption. The assessment of fish consumption use is based onfish tissue data and resulting sport fish advisories generated by the
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TABLE 2.10 Assessment Criteria for Drinking Water Supply in Illinois Lakes

Degree of use support Criteria
Full No drinking water closures or advisories in effectduring reporting period; no treatment necessarybeyond “reasonable levels” (copper sulfate mayoccasionally be applied for algae/taste and odorcontrol).
Partial/minor One or more drinking water supply advisory(ies)lasting 30 days or less; or problems not  requiringclosure or advisories but adversely affectingtreatment costs and quality of treated water, such astaste and odor problems, color, excessive turbidity,high dissolved solids, pollutants requiring activatedcarbon filters.
Partial/moderate One or more drinking water supply advisories lastingmore than  30 d/yr.
Nonsupport One or more drinking water supply closures per year.

SOURCE: Illinois EPA (1996)

TABLE 2.9 Assessment Criteria for Swimming Use in Illinois Lakes

Degree of use support Criteria
Full a. No Secchi depths are � 24 inb. 10% � fecal coliforms (FC) samples exceed the standard c. TSI  50
Partial/minor a.  50% of Secchi depths were � 24 inb. 10% � FC  25% exceed the standardc. TSI  65
Partial/moderate a. 50–100% of Secchi depths were � 24 inb. 10% � FC sample  25% exceed the standard c. TSI  75
Nonsupport a. 100% of Secchi depths were � 24 inb. 25% � FC sample exceed the standardc. TSI � 75

SOURCE: Modified from Illinois EPA (1996)



state fish contaminant monitoring program. The degree of fish con-sumption use support attainment can be found in Table 2.11.
Overall use. After assessing individual lake uses, the overall use sup-port of a lake can be determined. The overall use support methodologyaggregates the use support attained for each of the individual lake usesassessed (i.e. aquatic life, recreation, swimming, drinking water supply,and fish consumption). The aggregation is achieved by averaging indi-vidual use attainments for a lake. For instance, individual uses meet-ing full, full/threatened, partial/minor, partial/moderate, or nonsupportare assigned values from five (5) to one (1), respectively. The valuesassigned to each individual use are subsequently summed and averaged.The average value is rounded down to the next whole number, which isthen applied to assign an overall lake use attainment. Full supportattainment is assigned to an average value of 5; full/threatened, 4; partial/minor, 3; partial/moderate, 2; and nonsupport, 1.
Example: The mean TSI is determined by averaging 18 months’ SD-TSI, TP-TSI, and CHL-TSI values at station 1-surface (deepest station) and station2-surface (midlake station) of a central Illinois lake, for values of 54.3 and 58.9,respectively. All Secchi disc readings were greater than 24 in. The mean ofnonvolatile suspended solids concentrations observed during 1996–97 at sta-tions 1-surface and 2-surface are 5 and 7 mg/L, respectively. Estimated macro-phyte impairment and other observed data are given in Table 2.12. Determinesupport of designated uses in the lake based on Illinois lake-use supportassessment criteria.
solution: Solve for station 1 (Steps 1 to 5); then station 2 (Step 6) can besolved in the same manner
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TABLE 2.11 Assessment Criteria for Fish Consumption Use in Illinois Lakes

Degree of use support Criteria
Full No fish advisories or bans are in effect.
Partial/moderate Restricted consumption fish advisory or ban in effect forgeneral population or a subpopulation that could be atpotentially greater risk (pregnant women, children).Restricted consumption is defined as limits on the number ormeals or size of meals consumed per unit time for one ormore fish species. In Illinois, this is equivalent to a Group IIadvisory.
Nonsupport No consumption fish advisory or ban in effect for generalpopulation for one or more fish species; commercial fishingban in effect. In Illinois, this is equivalent to a Group IIIadvisory.

SOURCE: Illinois EPA (1996)



Step 1. Assess aquatic life use
1. Find ALI points for TSISince mean TSI � 54.3, TSI points � 40 is obtained from Table 2.5,section 1.
2. Determine macrophyte impairment (MI) point of ALI pointsThe estimated macrophyte impairment is 5% of the lake surface area.From section 2 of Table 2.5, the MI point is 10.
3. Determine mean nonvolatile suspended solids (NVSS) of ALI point The NVSS � 5 mg/L. From section 3 of Table 2.5, we read NVSS point � 0.
4. Calculate total ALI points

Total ALI points � TSI points � MI points � NVSS points
� 40 � 10 � 0
� 50
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Table 2.12 Use Support Assessment for Otter Lake, 1996–97

Station 1 Station 2
value ALI points* value ALI points

I. Aquatic life use1. Mean trophic state index 54.3 40 58.9 402. Macrophyte impairment � 5% 10 � 5% 103. Mean NVSS 5 mg/L 0 7 mg/L 5
Total points: 50 55Criteria points: � 75 � 75
Use support: Full Full

Value RUI points* Value RUI points
II. Recreation use1. Mean trophic state index 54.3 54 58.9 592. Macrophyte impairment � 5% 0 � 5% 03. Mean NVSS 5 mg/L 5 7 mg/L 5

Total points: 59 64Criteria points: � 60 65  R  75
Use support: Full Partial

Degree of Degree of Value use support Value use support
III. Swimming use1. Secchi depth � 24 in 0% Full 0% Full2. Fecal coliform � 200/100 mL 0% Full 0% Full3. Mean trophic state index 54.3 Full 58.9 Full

Use support: Full Full
IV. Drinking water supply Full Full
V. Overall use 5 4

Use support: Full Full/threatened
*ALI, aquatic life use impairment index; RUI, recreation use impairment index.



5. Determine the degree of aquatic life index use supportSince ALI points � 50 (i.e. � 75) of the critical value, and there are poten-tial threats to aquatic life impairment, the degree of use support is full fromTable 2.6.
Step 2. Assess recreation use
1. Determine the mean TSI of RUI pointSince mean TSI value is � 54.3, then RUI points for TSI � 54, fromsection 1 of Table 2.7.
2. Determine macrophyte impairment of RUI pointSince � 5% of the lake’s surface area is covered by weeds, from section 2of Table 2.7, the RUI point for MI � 0.
3. Determine sediment impairmentThe mean NVSS is 5 mg/L. From section 3 of Table 2.7, for sedimentimpairment (NVSS), RUI � 5.
4. Compute total RUI points

Total RUI points � TSI value � MI points � NVSS points
� 54 � 0 � 5
� 59

5. Determine the degree of recreation use supportTotal RUI points � 60, therefore the degree of recreation use is consideredas Full from Table 2.8.
Step 3. Assess swimming use
1. Based on Secchi disc transparencySince no Secchi depth is less than 24 in, from Table 2.9, the degree of usesupport is classified as Full.
2. Fecal coliform criteriaNo fecal coliform density is determined
3. Based on trophic state indexMean TSI � 54.3. From Table 2.9, it can be classified as Full.
4. Determine swimming use supportBased on the above use analysis, it is assessed as Full for swimming usesupport.
Step 4. Assess drinking water supply use

There was no drinking water supply closure or advisories during the1996–97 study period. Also no chemicals were applied to the lake. It is con-sidered as Full use support for drinking water supply.
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Step 5. Assess overall use for station 1
On the basis of overall use criteria, the assigned score values for each indi-vidual use are as follows:

Aquatic life use 5
Recreation use 5
Swimming use 5
Drinking water use 5
Total 20

The average value is 5. Then the overall use for station 1 is attained as Full(Table 2.12).
Step 6. Assess for station 2
Most assessments are as for station 1 except the following:
1. Recreation use:From Table 2.12, we obtain RUI points � 64 which is in the critical range60 ; RUI � 75; therefore, the degree of research on use is considered aspartial/minor from Table 2.8.
2. The assigned scores for overall use are

Aquatic life use 5
Recreation use 3
Swimming use 5
Drinking water supply 5
Total 18

The average is 4.5, which is rounded down to the next whole number, 4. Then,the overall use for station 2 is attained as full /threatened.
5.11 Lake budgets (fluxes)

Calculation of lake budgets (fluxes) usually includes the hydrologicbudget, nutrients (nitrogen and phosphorus) budgets, and the sedimentbudget. These data should be generated in Phases I, II, and III studies.
Hydrologic budget. A lake’s hydrologic budget is normally quantified onthe basis of the height of water spread over the entire lake surface areaentering or leaving the lake in a year period. The hydrologic budget ofa lake is determined by the general formula:

Storage change � inflows � outflows (2.18)
or

�S � P � I � U � E � O � R (2.18a)
(Equations. (2.18) and (2.18a) are essentially the same.)
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In general, inflow to the lake includes direct precipitation (P ), watershedsurface runoff ( I ), subsurface groundwater inflow through lake bottom(U ), and pumped input, if any. Outflows include lake surface evaporation(E), discharge through surface outlet (O), outflow through lake bottom(groundwater recharge, R), and pumped outflow for water supply use, if any.The storage term is positive if the water level increases in the periodand negative if it decreases. The unit of the storage can be, simply, in(or mm) or acre � ft (or ha � cm). The hydrologic budget is used to com-pute nutrient budgets and the sediment budget and in selecting anddesigning pollution control and lake restoration alternatives.
Example: Table 2.13 illustrates the hydrologic analysis from ViennaCorrectional Center Lake, a water supply lake (Bogner et al., 1997). Dateneeded for evaluating various parameters (Eq. (2.8)) to develop a hydrologicbudget for the lake were collected for a 1-year period (October 1995 toSeptember 1996). Table 2.13 presents monthly and annual results of thismonitoring. Data sources and methods are explained as below:
solution:

Step 1. Determine lake storage change
Lake storage change was determined on the basis of direct measurementof the lake level during the study period. Lake-level data were collected by
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TABLE 2.13 Summary of Hydrologic Analysis for Vienna Correction Center Lake,
October 1995–September 1996

Ground- WaterDirect water Monthly supplyStorage preci- inflow Surface evapo- Spillway with-change pitation outflow (�) inflow ration discharge drawalDate (acre � ft) (acre � ft) (acre � ft) (acre � ft) (acre � ft) (acre � ft) (acre � ft)
1995October �56 9 7 3 14 0 61November �14 16 �13 40 7 0 49December �13 14 �2 31 4 0 52
1996January 40 19 18 63 4 0 55February �11 4 24 19 6 0 51March 153 27 36 154 12 0 52April 74 34 31 221 20 142 50May �8 33 24 262 28 244 55June �37 21 �3 76 30 42 59July �55 30 �6 11 33 0 58August �76 3 4 4 29 0 59September �36 34 �18 27 21 0 58
Annual �39 244 102 911 208 428 658



automatic water-level recorder at 15-min intervals and recorded at 6-h inter-vals or less. On the basis of water-level record frequency, changes in storagewere estimated by multiplying the periodic change in lake storage from thewater-level recorder by the lake surface area (A) to determine net inflow oroutflow volume.
Step 2. Compute direct precipitation
Direct precipitation was obtained from the precipitation record at theUniversity of Illinois’ Dixon Spring Experiment Station. The volume of directprecipitation input to the lake was determined by multiplying the precipita-tion depth by A .
Step 3. Compute spillway discharge Q
The general spillway rating equation was used as below:

Q � 3.1 LH1.5
� 3.1(120)(H1.5)

Where L � spillway length, ft
H � the height or water level exceeding the spillway

Step 4. Estimate evaporation
Evaporation was estimated using average monthly values for Carbondale inLake Evaporation in Illinois (Robert and Stall, 1967). Monthly evaporationrates were reduced to daily rates by computing an average daily value for eachmonth. The daily lake surface evaporation volume was determined for thestudy period by multiplying the daily average evaporation depth by A.
Step 5. Obtain water supply withdraw rate
The daily water supply withdraw rates were taken directly from the monthlyreports of the water treatment plant.
Step 6. Estimate groundwater inflow and surface inflow
Groundwater inflow and surface water inflow could not be estimated fromdirect measurements and instead were determined on the basis of a series ofsorting steps:
a. If the daily spillway discharge was zero and no rainfall occurred duringthe preceding 3 days, all inflow was attributed to seepage from the ground-water system.
b. If there was precipitation during the preceding 3-day period, or if therewas discharge over the spillway, the groundwater input was not deter-mined in Step 6a. In this case, a moving average was used for the ground-water parameter based on the Step 6a values determined for thepreceding 5-day and following 10-day periods.
c. If the daily balance indicated an outflow from the lake, it was attributedto seepage into the groundwater inflow/outflow to the lake; the surfacewater inflow to the lake was determined to be any remaining inflowvolume needed to achieve a daily balance.
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Step 7. Summary
Table 2.14 summarizes the hydrologic budget for the 1-year monitoring period.The inflows and outflows listed in Table 2.14 are accurate within the limitsof the analysis. During the study period, 18.9, 70.4, 7.8, and 2.9% of the inflowvolume to the lake were, respectively, direct precipitation on the lake surface,watershed surface runoff, groundwater inflow, and decrease in storage.Outflow volume was 50.9% water supply withdrawal, 33.0% spillway over-flow, and 16.1% evaporation.

Nutrient and sediment budgets. Although nitrogen and phosphorus arenot the only nutrients required for algal growth, they are generally con-sidered to be the two main nutrients involved in lake eutrophication.Despite the controversy over the role of carbon as a limiting nutrient,the vast majority of researchers regard phosphorus as the most fre-quently limiting nutrient in lakes.Several factors have complicated attempts to quantify the relationshipbetween lake trophic status and measured concentrations of nutrientsin lake waters. For example, measured inorganic nutrient concentra-tions do not denote nutrient availability but merely represent what isleft over by the lake production process. A certain fraction of the nutri-ents (particularly phosphorus) becomes refractory while passing throughsuccessive biological cycles. In addition, numerous morphometric andchemical factors affect the availability of nutrients in lakes. Factorssuch as mean depth, basin shape, and detention time affect the amountof nutrients a lake can absorb without creating nuisance conditions.Nutrient budget calculations represent the first step in quantifying the
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TABLE 2.14 Annual Summary of the Hydrologic Budget for Vienna Correction Center
Lake, October 1995–Septmber 1996

Inflow volume Outflow volume Inflow OutflowSource (acre � ft) (acre � ft) (%) (%)
Storage change 37.1 2.9Direct 243.8 18.9precipitationSurface inflow 910.2 70.4Groundwater 100.6 7.8inflowSpillway 426.9 33.0dischargeEvaporation 207.8 16.1Water supply 656.9 50.9withdrawal
Totals 1291.7 1291.7 100.0 100.0

Note: Blank spaces—not applicable; 1 acre � ft � 1233 m3.



dependence of lake water quality on the nutrient supply. It is oftenessential to quantify nutrients from various sources for effective man-agement and eutrophication control.A potential source of nitrogen and phosphorus for lakes is watersheddrainage, which can include agricultural runoff, urban runoff, swampand forest runoff, domestic and industrial waste discharges, septic tankdischarges from lakeshore developments, precipitation on the lake sur-face, dry fallout (i.e. leaves, dust, seeds, and pollen), groundwaterinfluxes, nitrogen fixation, sediment recycling, and aquatic bird andanimal wastes. Potential sink can include outlet losses, fish catches,aquatic plant removal, denitrification, groundwater recharge, and sed-iment losses.The sources of nutrients considered for a lake are tributary inputsfrom both gaged and ungaged streams, direct precipitation on the lakesurface, and internal nutrient recycling from bottom sediments underanaerobic conditions. The discharge of nutrients from the lake throughspillway is the only readily quantifiable sink.The flow weighted-average method of computing nutrient transportby the tributary are generally used in estimating the suspended sedi-ments, phosphorus, and nitrogen loads delivered by a tributary duringnormal flow conditions. Each individual measurement of nitrogen andphosphorus concentrations in a tributary sample is used with the meanflow values for the period represented by that sample to compute thenutrient transport for the given period. The total amount of any specificnutrient transported by the tributary is given by the expression(Kothandaraman and Evans, 1983; Lin and Raman, 1997):
(2.19a)
(2.19b)

where T � total amount of nutrient (nitrogen or phosphorus) or TSS,lb or kg
qi � average daily flow in cfs for the period represented by the

ith sample
ci � concentration of nutrient, mg/L
ni � number of days in the period represented by the ithsample

A similar algorithm with appropriate constant (0.0255) can be used fordetermining the sediment and nutrient transport during storm events.For each storm event, ni is the interval of time represented by the ithsample and qi is the instantaneous flow in cfs for the period represented

T kg 5 2.446�qicini

T lb 5 5.394�qicini
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by the ith sample. The summation is carried out for all the samples col-lected in a tributary during each storm event. An automatic sampler canbe used to take stormwater samples.The level of nutrient or sediment input is expressed either as a con-centration (mg/L) of pollutant or as mass loading per unit of land areaper unit time (kg/ha � yr). There is no single correct way to express thequantity of nutrient input to a lake. To analyze nutrient inputs to a lake,the appropriate averaging time is usually 1 year, since the approximatehydraulic residence time in a lake is of this order of magnitude and theconcentration value is a long-term average.
5.12 Soil loss rate

Specific soil loss rate from the watershed (for agricultural land, largeconstruction sites, and other land uses of open land) due to rainfall canbe estimated through the universal soil loss equation or USLE(Wischmeier and Smith, 1965):
A � R � LS � K � C � P (2.20)

where A � average soil loss rate, tons/(acre � yr)
R � rainfall factor
L � slope length, ft
S � slope steepness, %

LS � length-slope factor or topographic factor (not L times S)
K � soil erodibility
C � cropping and management factor
P � conservation practice factor

The slope steepness, slope length, cropping factors, and erodibility ofeach soil type cropping factor can be determined for various land usesin consultation with the local (county) USDA Soil and Water ConservationService.The R � P factor value is assigned as 135 for Illinois agricultural crop-land and 180 for other land uses. Wischmeier and Smith (1965) andWischmeier et al. (1971) are useful references. The value of P is one forsome CRP (Conservation Reserve Program) implementations after 1985.Based on the soil information compiled in the watershed or sub-watersheds (for example, Table 2.15), the soil loss rates can be computed.The soil loss for each soil type for each subwatershed is obtained by mul-tiplying the rate and soil acreage. The total soil loss for the watershedis the sum of soil loss in all subwatersheds expressed as tons per year.Excluding the lake surface area, the mean soil erosion rate for the water-shed is estimated in terms of tons/(acre � yr).
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The USLE accounts for a series of factors that are the most signifi-cant influences on the erosion of soil by precipitation. The USLE is a cal-culation of in-field soil losses and does not account for deposition fromthe field to the stream or lake. Redeposition within the field or drainagesystem is accounted for by a sediment delivery ratio that defines the pro-portion of the upstream soil losses that actually pass through the streamthen to the lake.The RUSLE (Revised Universal Soil Loss Equation) is an updated ver-sion of the USLE and was adopted recently by the USDA and manystates. The original USLE has been retained in RUSLE; however it hasbeen put into a computer program to facilitate calculations, the tech-nology for factor evaluation has been altered, and new data has beenintroduced to evaluate each factor under more specific conditions. Thereare three tables for LS value determinations.For the following example, taking the sum of annual loss for each soiltype, the total annual soil loss in the Nashville City Reservoir water-shed (984.3 acres) is 2.953 tons (Table 2.16). This analysis shows thatthe average annual soil loss in the watershed is 3.5 tons/(acre � yr).
Example: Estimate the watershed soil loss rate for the Nashville CityReservoir watershed in Washington County, Illinois (southern). Use USLEinstead of RUSLE, since new factors are not yet available. 
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TABLE 2.15 Soil Classifications in the Nashville City Reservoir Watershed

Soil type Soil name Slope Area (acres)
2 Cisne silt loam – 38.03A Hoyleton silt loam 0–2 14.93B Hoyleton silt loam 2–5 11.95C2 Blair silt loam, eroded 5–10 36.15C3 Blair silt loam, severely eroded 5–10 31.05D3 Blair silt loam, severely eroded 10–15 9.88D2 Hickory silt loam 10–15 6.212 Wynoose silt loam – 186.013A Bluford silt loam 0–2 208.413B Bluford silt loam 2–5 73.713B2 Bluford silt loam, eroded 2–5 17.514B Ava silt loam 2–5 14.248 Ebbert silt loam – 7.5912A Dartstadt-Hoyleton complex 0–2 61.4912B2 Dartstadt-Hoyleton complex, eroded 2–5 164.7991 Huey-Cisne complex – 32.61334 Birds silt loam – 10.93415 Orian silt loam, wet – 17.5Water 42.0
Total 984.3

Note: – means flat, using 0.5% for calculation
SOURCES: USDA, 1998; J. Quinn, personal communication, 2000



The following values are given for each of these factors for Nashville CityReservoir:
� The rainfall factor (R) is set to 200, the value applicable for southern Illinois.
� The soil classifications for the watershed and related information are pre-sented in Table 2.15.
� The soil erodibility factor (K ), the slope length (L), slope steepness (S),and the cropping factor (C ) are provided in Table 2.16 by the WashingtonCounty Soil and Water Conservation District.
� The conservation factor (P ) is one.
solution: (Assistance in developing these estimates can be obtained throughthe county conservation district or directly from the Soil and Water ConservationDistrict of US Department of Agriculture. Both are in the same office.)
Step 1. Determine watershed boundary
The watershed boundary of the lake can be determined from a 7.5-minute USGeological Survey topographic map and digitized into a GIS coverage.

Lakes and Reservoirs 175

TABLE 2.16 Summary of Soil Losses in the Nashville City Reservoir Watershed Due
to Precipitation Runoff

Annual TotalAreal soil loss annualSoil coverage rate loss type (acres) K L (ft) S (%) LS C (tons/acre) (tons)
2 38.0 0.37 175 0.5 0.11 0.37 3.0 1143A 14.9 0.32 175 1.1 0.24 0.20 3.1 463B 11.9 0.32 125 3.5 0.37 0.13 3.1 375C2 36.1 0.37 100 7.5 0.91 0.06 4.0 1465C3 31.0 0.37 100 7.0 0.82 0.05 3.0 945D3 9.8 0.37 75 12.5 1.67 0.02 2.5 248D2 6.2 0.37 75 12.5 1.67 0.04 4.9 3112 186.0 0.43 175 0.5 0.11 0.32 3.0 56313A 208.4 0.43 175 1.1 0.24 0.15 3.1 64513B 73.7 0.43 125 3.5 0.37 0.09 2.9 21113B2 17.5 0.43 100 4.0 0.40 0.09 3.1 5414B 14.2 0.43 125 3.5 0.37 0.13 4.1 5948 7.5 0.32 175 0.5 0.11 0.71 5.0 37912A 61.4 0.37 175 1.1 0.24 0.17 3.0 185912B2 164.7 0.37 125 3.5 0.37 0.11 3.0 496991 32.6 0.43 175 0.5 0.11 0.21 2.0 651334 10.9 0.43 175 0.5 0.11 0.57 5.4 593415 17.5 0.37 175 0.5 0.11 0.61 5.0 87Water 42.0
Total 984.3 2953Average 0.38 3.5

Note: Blank spaces—not applicable
SOURCE: Lin, 2001



Step 2. Obtain the values for, K, L, S, and C
Obtain “Soil Survey of Washington County, Illinois’’ from the USDA office. Thesoil types, values of K and S, and soil classifications, etc. are listed in the book.Values for L and C can be obtained by consultation with USDA or the county’sSoil and Water Conservation District personnel. These values for each typeof soil are presented in Table 2.16.
Step 3. Measure the area coverage for each type of soil
The area coverage for each type of soil in the watershed can be directly meas-ured from “Soil Survey of Washington County, Illinois.” The area coverage foreach type of soil is listed in Table 2.15.
Step 4. Find LS value
The LS value can be determined from tables of topographic factor based on
L, S, R, and land use; and then listed in Table 2.16 for calculations.
Step 5. Calculate annual soil loss rate for a type of soil
For soil type 2: Using Eq. (2.20), A � R � K � LS � C � P

� 200 � 0.37 � 0.11 � 0.37 � 1.0
� 3.0 (tons/acre � yr) (see Table 2.16)

Step 6. Calculate total annual soil loss for each type of soil
The total annual soil loss for each type of soil is calculated from annual soilloss rates for that soil type multiplying by the area coverage, such as
For soil type 2: Total soil loss � 3.0 tons/acre � yr � 38 acres 

� 114 tons/yr 
Step 7. The total annual soil loss for other soil types can be determined inthe same manner as above and listed in Table 2.16.
Step 8. Calculate the total annual soil loss (2.953 tons from Table 2.16) inthe watershed
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1 Definition

1.1 Groundwater and aquifer

Groundwater is subsurface water which occurs beneath the earth’s sur-face. In a hydraulic water cycle, groundwater comes from surface waters(precipitation, lake, reservoir, river, sea, etc.) and percolates into theground beneath the water table. The groundwater table is the surfaceof the groundwater exposed to an atmospheric pressure beneath theground surface (the surface of the saturated zone). A water table mayfluctuate in elevation.An aquifer is an underground water-saturated stratum or formationthat can yield usable amounts of water to a well. There are two differ-ent types of aquifers based on physical characteristics. If the saturatedzone is sandwiched between layers of impermeable material and thegroundwater is under pressure, it is called a confined aquifer (Fig. 3.1).If there is no impermeable layer immediately above the saturated zone,that is called an unconfined aquifer. In an unconfined aquifer, the topof the saturated zone is the water table defined as above.Aquifers are replenished by water infiltrated through the earth abovefrom the upland area. The area replenishing groundwater is called therecharge area. In reverse, if the groundwater flows to the lower landarea, such as lakes, streams, or wetlands, it is called discharge.On the earth, approximately 3% of the total water is freshwater. Ofthis, groundwater comprises 95%, surface water 3.5%, and soil moisture1.5%. Out of all the freshwater on earth, only 0.36% is readily availableto use (Leopold, 1974).Groundwater is an important source of water supply. Fifty-threepercent of the population of the United States receives its water supplyfrom groundwater or underground sources (US EPA, 1994). Groundwateris also a major source of industrial uses (cooling, water supply, etc.) andagricultural uses (irrigation and livestock). The quantity of groundwa-ter available is an important value. The so-called safe yield of an aquiferis the practicable rate of withdrawing water from it perennially. Sucha safe amount does not exist, however.The quantity of groundwater is also affected by water engineering. Fordecades and centuries, through improper disposal of wastes (solid, liquid,and gaseous) to the environment and subsurface areas, many ground-waters have become contaminated. Major sources of contaminants arepossibly from landfill leachate, industrial wastes, agricultural chemicals,wastewater effluents, oil and gasoline (underground tanks, animalwastes, acid-mine drainage, road salts, hazardous wastes spillage,household and land chemicals, etc.). Illegal dumping of wastes and toxicchemicals to waterways and to lands are major environmental problemsin many countries. Water quality problem is grown in the United Statesand in global.
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Efforts to protect the quantity and quality of groundwater have beenmade by cooperation between all government agencies, interested par-ties, and researchers. Most states are responsible for research, educa-tion, establishment of minimum setback zones for public and privatewater supply wells, and contamination survey and remediation.

Figure 3.1 Drawdown, cone of depression, and radius of influence in unconfinedand confined aquifers (Illinois EPA, 1995).



1.2 Zones of influence and capture

The withdrawal of groundwater by a pumping well causes a loweringof the water level. Referring to Fig. 3.2, the difference between waterlevels during nonpumping and pumping is called drawdown. The patternof drawdown around a single pumping well resembles a cone. The area
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affected by the pumping well is called the cone of depression, the radiusof influence, or lateral area of influence (LAI). Within the LAI, the flowvelocity continuously increases as it flows toward the well due to grad-ually increased slope or hydraulic gradient.As a well pumps groundwater to the surface, the groundwater with-drawn from around the well is replaced by water stored within theaquifer. All water overlaid on the nonpumping potentiometric surfacewill eventually be pulled into the well. This area of water entering thearea of influence of the well is called the zone of capture (ZOC), zone ofcontribution, or capture zone (Fig. 3.2). The ZOC generally extendsupgradient from the pumping well to the edge of the aquifer or to agroundwater divide. The ZOC is usually asymmetrical. It is importantto identify the ZOC because any pollution will be drawn toward thewell, subsequently contaminating the water supply.A ZOC is usually referred to the time of travel as a time-related cap-ture zone. For instance, a “10-year” time-related capture zone is thearea within which the water at the edge of the zone will reach the wellwithin 10-years. The state primacy has established setback zones forwells which will be discussed later.
Example 1: Groundwater flows into a well at 4 in/d (10 cm/d) and is 365 ft(111 m) from the well. Estimate the capture time.
solution:

Time � 365 ft/(4/12 ft/d)
� 1095 days

or � 3-year time-related capture zone
Example 2: Calculate the distance from a well to the edge of the 3-year cap-ture zone if the groundwater flow is 2 ft/d (0.61 m/d).
solution:

Distance � 2 ft/d � 3 years � 365 d/yr
� 2190 ft 

or � 668 m
1.3 Wells

Wells are classified according to their uses by the US EnvironmentalProtection Agency (EPA). A public well is defined as having a minimumof 15 service connections or serving 25 persons at least 60 d/yr.Community public wells serve residents the year round. Noncommunitypublic wells serve nonresidential populations at places such as schools,factories, hotels, restaurants, and campgrounds. Wells that do not meetthe definition of public wells are classified as either semiprivate or private.
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Semiprivate wells serve more than one single-family dwelling, but fewerthan 15 connections or serving 25 persons. Private wells serve an owner-occupied single-family dwelling.Wells are also classified into types based on construction. The mostcommon types of wells are drilled and bored dependent on the aquiferto be tapped, and the needs and economic conditions of the users (Babbitt
et al., 1959; Forest and Olshansky, 1993).

2 Hydrogeologic Parameters

There are three critical aquifer parameters: porosity, specific yield (orstorativity for confined aquifers), and hydraulic conductivity (includinganisotropy). These parameters required relatively sophisticated fieldand laboratory procedures for accurate measurement.Porosity and specific yield/storativity express the aquifer storageproperties. Hydraulic conductivity (permeability) and transmissivitydescribe the groundwater transmitting properties.
2.1 Aquifer porosity

The porosity of soil or fissured rock is defined as the ratio of void volumeto total volume (Wanielista, 1990; Bedient and Huber, 1992):
(3.1)

where n � porosity
Vv � volume of voids within the soil
V � total volume of sample (soil)

Vs � volume of the solids within the soil
� dry weight of sample/specific weight

The ratio of the voids to the solids within the soil is called the void ratio
e expressed as

e � Vv /Vs (3.2)
Then the relationship between void ratio and porosity is

(3.3)
or

(3.4)n 5 e
1 1 e

e 5 n
1 2 n

n 5 Vv
V 5

sV 2 Vsd
V 5 1 2 Vs

V
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The porosity may range from a small fraction to about 0.90. Typicalvalues of porosity are 0.2 to 0.4 for sands and gravels depending on thegrain size, size of distribution, and the degree of compaction; 0.1 to 0.2for sandstone; and 0.01 to 0.1 for shale and limestone depending on thetexture and size of the fissures (Hammer, 1986).When groundwater withdraws from an aquifer and the water table islowered, some water is still retained in the voids. This is called the spe-cific retention. The quantity drained out is called the specific yield. Thespecific yield for alluvial sand and gravel is of the order of 90% to 95%.
Example: If the porosity of sands and gravels in an aquifer is 0.38 and thespecific yield is 92%, how much water can be drained per cubic meter ofaquifer?
solution:

Volume � 0.38 � 0.92 � 1 m3

� 0.35 m3

2.2 Storativity

The term storativity (S ) is the quantity of water that an aquifer willrelease from storage or take into storage per unit of its surface area perunit change in land. In unconfined aquifers, the storativity is in prac-tice equal to the specific yield. For confined aquifers, storability isbetween 0.005 and 0.00005, with leaky confined aquifers falling in thehigh end of this range (US EPA, 1994). The smaller storativity of con-fined aquifers, the larger the pressure change throughout a wide areato obtain a sufficient supply from a well. However, this is not the casefor unconfined aquifers due to gravity drainage.

2.3 Transmissivity

Transmissivity describes the capacity of an aquifer to transmit a water.It is the product of hydraulic conductivity (permeability) and theaquifer’s saturated thickness:
T � Kb (3.5)

where T � transmissivity of an aquifer, gpd/ft or m3/(d � m)
K � permeability, gpd/ft2 or m3/(d � m2)
b � thickness of aquifer, ft or m

A rough estimation of T is by multiplying specific capacity by 2000 (USEPA, 1994).

Groundwater 185



Example: If the aquifer’s thickness is 50 ft, estimate the permeability of theaquifer using data in the example of the specific capacity (in Section 2.7).
solution:

T � 2000 � specific capacity � 2000 � 15 gpm/ft
� 30,000 gpm/ft

Rearranging Eq. (3.5)
K � T/b � (30,000 gpm/ft)/50 ft

� 600 gpm/ft2

2.4 Flow nets

Many groundwater systems are two or three dimensional. Darcy’s lawwas first derived in a one dimensional equation. Using Darcy’s law canestablish a set of streamlines and equipotential lines to develop a twodimensional flow net. The details of this concept are discussed else-where in the text (Bedient et al., 1994).A flow net is constructed by flow lines that intersect the equipoten-tial lines or contour lines at a right angle. Equipotential lines are devel-oped based on the observed water levels in wells penetrating an isotropicaquifer. Flow lines are then drawn orthogonally to indicate the flowdirection.Referring to Fig. 3.3, the horizontal flow within a segment in a flownet can be determined by the following equation (US EPA, 1994):
qa � Ta �HaWa/La (3.6)
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where qa � groundwater flow in segment A, m3/d or ft3/d
Ta � transmissivity in segment A, m3/d or ft3/d

�Ha � drop in groundwater level across segment A, m or ft
Wa � average width of segment A, m or ft
La � average length of segment A, m or ft

The flow in the next segment, B, is similarly computed as Eq. (3.7)
qb � Tb �HbWb/Lb (3.7)

Assuming that there is no flow added between segments A and B byrecharge (or that recharge is insignificant), then
qb � qa

or Tb �HbWb/Lb � Ta�HaWa/La
solving Tb computation of which allows Tb from Ta

Tb � Ta (Lb�HaWa/La�HbWb) (3.8)
Measurement or estimation of transmissivity (T ) for one segmentallows the computation of variations in T upgradient and downgradi-ent. If variations in aquifer thickness are known, or can be estimatedfor different segments, variation in hydraulic conductivity can also becalculated as

K � T/b (3.9)
where K � hydraulic conductivity, m/d or ft/d

T � transmissivity, m2/d or ft2/d
b � aquifer thickness, m or ft

Equation (3.9) is essentially the same as Eq. (3.5).
2.5 Darcy’s law

The flow movement of water through the ground is entirely differentfrom the flow in pipes and in an open channel. The flow of fluids throughporous materials is governed by Darcy’s law. It states that the flowvelocity of fluid through a porous medium is proportional to thehydraulic gradient (referring to Fig. 3.4):
v � Ki (3.10a)

or
(3.10b)v 5 K sh1 1 z1d 2 sh2 1 z2d

L
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where v � Darcy velocity of flow, mm/s or ft/s
K � hydraulic conductivity of medium or coefficient ofpermeability, mm/s or ft/s
i � hydraulic gradient, mm or ft/ft

h1, h2 � pressure heads at points 1 and 2, m or ft
z1, z2 � elevation heads at points 1 and 2, m or ft

L � distance between points (piezometers) 1 and 2,m or ft
The pore velocity vp is equal to the Darcy velocity divided by porosity asfollows:

vp � v/n (3.11)
Darcy’s law is applied only in the laminar flow region. Groundwaterflow may be considered as laminar when the Reynolds number is lessthan unity (Rose, 1949). The Reynolds number can be expressed as

(3.12)

where R � Reynolds number
V � velocity, m/s or ft/s
D � mean grain diameter, mm or in
� � kinematic viscosity, m2/d or ft2/d

Example 1: Determine the Reynolds number when the groundwater tem-perature is 10�C (from Table 4.1a, � � 1.31 � 10�6 m2/s); the velocity of flowis 0.6 m/d (2 ft/d); and the mean grain diameter is 2.0 mm (0.079 in).

R 5  VD
n
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solution:

V � 0.6 m/d � (0.6 m/d)/(86,400 s/d) 
� 6.94 � 10–6 m/s

D � 2 mm � 0.002 m

� 0.011
Note: It is a laminar flow (R � 1).
Example 2: If the mean grain diameter is 0.12 in (3.0 mm), its porosity is40%, and the groundwater temperature is 50�F (10�C). Determine theReynolds number for a flow 5 ft (1.52 m) from the centerline of the well witha 4400 gpm in a confined aquifer depth of 3.3 ft (1 m) thick.
solution:

Step 1. Find flow velocity (V )
Q � 4400 gpm � 0.002228 cfs/gpm
Q � 9.80 cfs
n � 0.4
r � 5 ft
h � 3.3 ft

Since Q � nAV � n(2�rh)V
V � Q/n(2�rh)

� 9.8 cfs/(0.4 � 2 � 3.14 � 5 ft � 3.3 ft)
� 0.236 fps

Step 2. Compute R
� � 1.41 � 10–5 ft2/s (see Table 4.1b at 50�F)

D � 0.12 in � 0.12 in/(12 in/ft) � 0.01 ft

� 167
Example 3: The slope of a groundwater table is 3.6 m per 1000 m. The coef-ficient of permeability of coarse sand is 0.51 cm/s (0.2 in/s). Estimate the flowvelocity and the discharge rate through this aquifer of coarse sand 430 m(1410 ft) wide and 22 m (72 ft) thick.

R 5
VD
n
5

0.236 fps 3 0.01 ft
1.41 3 1025 ft2/s

R 5 VD
n
5

6.94 3 1026m/s 3 0.002 m
1.31 3 1026m2/s
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solution:

Step 1. Determine the velocity of flow, v, using Eq. (3.10a)
i � 3.6 m/1000 m � 0.0036
v � Ki � 0.51 cm/s(0.0036)

� 0.00184 cm/s (86,400 s/d)(0.01 m/cm)
� 1.59 m/d
� 5.21 ft/d 

Step 2. Compute discharge
Q � �A � 1.59 m/d � 430 m � 22 m

� 15,040 m3/d 
� 15,040 m3/d � 264.17 gal/m3

� 3.97 MGD (million gallons per day)
Example 4: The difference in water level between two wells 1.6 miles(2.57 km) apart is 36 ft (11 m), and the hydraulic conductivity of the mediais 400 gpd/ft2 (16,300 L/(d � m2)). The depth of the media (aquifer) is 39 ft(12 m). Estimate the quantity of groundwater flow moving through the crosssection of the aquifer.
solution:

i � 36 ft/1.6 miles � 36 ft/(1.6 miles � 5280 ft/miles) 
� 0.00426

A � 1.6 � 5280 ft � 39 ft 
� 329,500 ft2

then Q � KiA � 400 gpd/ft2
� 0.00426 � 329,500 ft2

� 561,400 gpd
� 0.561 MGD
� 2,123 m3/d

Example 5: If the water moves from the upper to the lower lake through theground. The following data are given:
difference in elevation �h � 25 m (82 ft)
length of low path L � 1500 m (4920 ft)
cross-sectional area of flow A � 120 m2 (1290 ft2)
hydraulic conductivity K � 0.15 cm/s
porosity of media n � 0.25

Estimate the time flow between the two lakes.
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solution:

Step 1. Determine the Darcy velocity v
v � Ki � K�h/L � 0.0015 m/s (25 m/1500 m)

� 2.5 � 10–5m/s
Step 2. Calculate pore velocity

vp � v/n � (2.5 � 10–5 m/s)/0.25
� 1.0 � 10–4 m/s

Step 3. Compute the time of travel t
t � L/vp � 1500 m/(1 � 10–4 m/s)

� 1.5 � 107 s � (1 day/86,400 s) 
� 173.6 days

2.6 Permeability

The terms permeability (P) and hydraulic conductivity (K ) are often usedinterchangeably. Both are measurements of water moving through thesoil or an aquifer under saturated conditions. The hydraulic conductiv-ity, defined by Nielsen (1991), is the quantity of water that will flowthrough a unit cross-sectional area of a porous media per unit of timeunder a hydraulic gradient of 1.0 (measured at right angles to the direc-tion of flow) at a specified temperature.
Laboratory measurement of permeability. Permeability can be determinedusing permeameters in the laboratory. Rearranging Eq. (3.5) and Q �
vA, for constant head permeameter, the permeability is

(3.13)

where K � permeability, m/d or ft/d
L � height of sample (media), m or ft
Q � flow rate at outlet, m3/d or ft3/d
H � head loss, m or ft
R � radius of sample column

The permeability measure from the falling-head permeameter is

(3.14)K 5 aLt b a
r
Rb

2 ln ah1
h2
b

K 5
LQ

HpR2
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where r � radius of standpipe, m or ft
h1 � height of water column at beginning, m or ft
h2 � height of the water column at the end, m or ft

t � time interval between beginning and end, dayOther parameters are the same as Eq. (3.13).
Groundwater flows through permeable materials, such as sand,gravel, and sandstone, and is blocked by less permeable material, suchas clay. Few materials are completely impermeable in nature. Evensolid bedrock has fine cracks, so groundwater can flow through.Groundwater recharge occurs when surface water infiltrates the soilfaster than it is evaporated, used by plants, or stored as soil moisture.

Field measurement of permeability. Ideal steady-state flow of ground-water is under the conditions of uniform pump withdrawal, a stabledrawdown curve, laminar and horizontal uniform flow, a flow velocityproportional to the tangent of the hydraulic gradient, and a homoge-neous aquifer. Assuming these ideal conditions, the well flow is a func-tion of the coefficient of permeability, the shape of the drawdown curve,and the thickness of the aquifer. For an unconfined aquifer the welldischarge can be expressed as an equilibrium equation (Steel andMcGhee, 1979; Hammer and Mackichan, 1981):
(3.15)

where Q � well discharge, L/s or gpm
� � 3.14
K � coefficient of permeability, mm/s or fps
H � saturated thickness of aquifer before pumping, m or ft (see Fig. 3.1)

hw � depth of water in the well while pumping, m or ft
� h � well losses in Fig. 3.1

r � radius of influence, m or ft
rw � radius of well, m or ft

Also under ideal conditions, the well discharge from a confined aquifercan be calculated as
(3.16)

where m is the thickness of the aquifer, m or ft. Other parameters arethe same as Eq. (3.15). Values of Q, H, and r may be assumed or meas-ured from field well tests, with two observation wells, often establishing

Q 5 2pKm H 2 hwln sr/rwd

Q 5 pK H2
2 h2wln sr/rwd
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a steady-state condition for continuous pumping for a long period. Thecoefficient of permeability can be calculated by rearranging Eqs. (3.14)and (3.15). The K value of an unconfined aquifer is also computed by theequation:
(3.17)

and for a confined aquifer:

(3.18)
where h1, h2 � depth of water in observation wells 1 and 2, m or ft

r1, r2 � centerline distance from the well and observationwells 1 and 2, respectively, m or ft
Example 1: A well is pumped to equilibrium at 4600 gpm (0.29 m3/s) in anunconfined aquifer. The drawdown in the observation well at 100 ft (30.5 m)away from the pumped well is 10.5 ft (3.2 m) and at 500 ft (152 m) away is2.8 ft (0.85 m). The water table is 50.5 ft (15.4 m). Determine the coefficientof permeability.
solution:

h1 � 50.5 ft – 10.5 ft � 40.0 ft
h2 � 50.5 ft – 2.8 ft � 47.7 ft
r1 � 100 ft
r2 � 500 ft
Q � 4600 gpm � 4600 gmp � 0.002228 cfs/gpm

� 10.25 cfs
Using Eq. (3.17)

� 0.00778 ft/s
or � 0.00237 m/s

Example 2: Referring to Fig. 3.1, a well with a diameter of 0.46 m (1.5 ft) isin a confined aquifer which has a uniform thickness of 16.5 m (54.1 ft). The

5
s10.25 cfsd ln s500 ft/100 ftd
3.14[s47.7 ftd2 2 s40 ftd2]

K 5
Qlnsr2/r1d
psh22 2 h21d

K 5
Q ln sr2/r1d2mpsh2 2 h1d

K 5
Q ln sr2/r1d
psh22 2 h21d
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depth of the top impermeable bed to the ground surface is 45.7 m (150 ft). Fieldpumping tests are carried out with two observation wells to determine thecoefficient of permeability of the aquifer. The distances between the test welland observation wells 1 and 2 are 10.0 and 30.2 m (32.8 and 99.0 ft), respec-tively. Before pumping, the initial piezometric surface in the test well and theobservation wells are 10.4 m (34.1 ft) below the ground surface. After pump-ing at a discharge rate of 0.29 m3/s (4600 gpm) for a few days, the waterlevels in the wells are stabilized with the following drawdowns: 8.6 m(28.2 ft) in the test well, 5.5 m (18.0 ft) in the observation well 1, and 3.2 m(10.5 ft) in the observation well 2. Compute (a) the coefficient of permeabil-ity and transmissivity of the aquifer and (b) the well discharge with the draw-down in the well 10 m (32.8 ft) above the impermeable bed if the radius ofinfluence (r) is 246 m (807 ft) and ignoring head losses.
solution:

Step 1. Find K
Let a datum be the top of the aquifer, then

H � 45.7 m – 10.4 m � 35.3 m
hw � H – 8.6 m � 35.3 m – 8.6 m � 26.7 m
h1 � 35.3 m – 5.5 m � 29.8 m
h2 � 35.3 m – 3.2 m � 32.1 m
m � 16.5 m

Using Eq. (3.18)

� 0.00134 m/s � 115.8 m/d
or � 0.00441 ft/s
Step 2. Find T using Eq. (3.5)

T � Kb � 115.8 m/d � 16.5 m
� 1910 m2/d

Step 3. Estimate well discharge
hw � 10 m, rw � 0.46 m
H � 35.3 m, r � 246 m

 5 0.29 m3/s ln s30.2 m/10 md
2 3 3.14 3 16.5 m 3 s32.1 m 2 29.8 md

K 5
Q ln sr2/r1d2pmsh2 2 h1d
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Using Eq. (3.16)

� 2 � 3.14 � 0.00134 m/s � 16.5 m � (35.3 –10) m/ln(264/0.46)
� 0.553 m3/s

or � 8765 gpm

2.7 Specific capacity

The permeability can be roughly estimated by a simple field well test. Thedifference between the static water level prior to any pumping and thelevel to which the water drops during pumping is called drawdown(Fig. 3.2). The discharge (pumping) rate divided by the drawdown is thespecific capacity. The specific capacity gives the quantity of water producedfrom the well per unit depth (ft or m) of drawdown. It is calculated by
Specific capacity � Q/wd (3.19)

where Q � discharge rate, gpm or m3/s
wd � well drawdown, ft or m

Example: The static water elevation is at 572 ft (174.3 m) before pumping.After a prolonged normal well pumping rate of 120 gpm (7.6 L/s), the waterlevel is at 564 ft (171.9 m). Calculate the specific capacity of the well.
solution:

Specific capacity � Q/wd � 120 gpm/(572 – 564)ft
� 15 gpm/ft

or Specific capacity � (7.6 L/s)/(174.3 – 171.9)m
� 3.17 L/s � m

3 Steady Flows in Aquifers

Referring to Fig. 3.3, if z1 � z2, for an unconfined aquifer,
Q � KAdh/dL (3.20)

and let the unit width flow be q, then
q � Khdh/dL

qdL � Khdh (3.21)

Q 5 2pKm H 2 hwln sr/rwd
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By integration:

(3.22)

This is the so-called Dupuit equation.For a confined aquifer, it is a linear equation

(3.23)

where q � unit width flow, m2/d or ft2/d
K � coefficient of permeability, m/d or ft/d

h1, h2 � piezometric head at locations 1 and 2, m or ft
L � length of aquifer between piezometric measurements, m or ft
D � thickness of aquifer, m of ft

Example: Two rivers are located 1800 m (5900 ft) apart and fully penetratean aquifer. The water elevation of the rivers are 48.5 m (159 ft) and 45.6 m(150 ft) above the impermeable bed. The hydraulic conductivity of the aquiferis 0.57 m/d. Estimate the daily discharge per meter of width between the tworivers, neglecting recharge.
solution:

This case can be considered as an unconfined aquifer:
K � 0.57 m/d
h1 � 48.5 m
h2 � 45.6 m
L � 1800 m

Using Eq. (3.22) the Dupuit equation:

� 0.0432 m2/d
q 5 Ksh12 2 h22d2L 5

0.57 m/d[s48.5 md2 2 s45.6 md2]
2 3 1800 m

q 5 KDsh1 2 h2d
L

q 5 Ksh21 2 h22d2L

qL 5 sK/2dsh21 2 h22d

q 3
L

0 dL 5 K 3
h1

h2
hdh

196 Chapter 3



4 Anisotropic Aquifers

Most real geologic formations tend to have more than one direction forthe movement of water due to the nature of the material and its orien-tation. Sometimes, a soil formation may have a hydraulic conductivity(permeability) in the horizontal direction, Kx, radically different fromthat in the vertical direction, Kz. This phenomenon (Kx � Kz), is calledanisotropy. When hydraulic conductivities are the same in all direc-tions, (Kx � Kz), the aquifer is called isotropic. In typical alluvial deposits,
Kx is greater than Kz. For a two-layered aquifer of different hydraulicconductivities and different thicknesses, applying Darcy’s law to hori-zontal flow can be expressed as

(3.25)
or, in general form

(3.26)
where Ki � hydraulic conductivity in layer i, mm/s or fps

zi � aquifer thickness of layer i, m or ft
For a vertical groundwater flow through two layers, let qz be the flowper unit horizontal area in each layer. The following relationship exists:

(3.27)
Since

(dh � dh2)kz � (z1 � z2)qz
then

(3.28)
where Kz is the hydraulic conductivity for the entire aquifer. Comparisonof Eqs. (3.27) and (3.28) yields

(3.29)
Kz 5

z1 1 z2
z1/K1 1 z2/K2

z1 1 z2
Kz

5
z1
K1

1
z2
K2

dh1 1 dh2 5 az1 1 z2
K2

b qz

dh1 1 dh2 5 a z1
K1

1
z2
K2
b qz

Kx 5
�Kizi
�zi

Kx 5
K1z1 1 K2z2

z1 1 z2
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or, in general form
(3.30)

The ratios of Kx to Kz for alluvium are usually between 2 and 10.

5 Unsteady (Nonequilibrium) Flows

Equilibrium equations described in the previous sections usually over-estimate hydraulic conductivity and transmissivity. In practical situa-tions, equilibrium usually takes a long time to reach. Theis (1935)originated the equation relations for the flow of groundwater into wellsand was then improved on by other investigators (Jacob, 1940, 1947;Wenzel 1942; Cooper and Jacob, 1946).Three mathematical/graphical methods are commonly used for esti-mations of transmissivity and storativity for nonequilibrium flow con-ditions. They are the Theis method, the Cooper and Jacob (straight-line)method, and the distance-drawdown method.

5.1 Theis method

The nonequilibrium equation proposed by Theis (1935) for the idealaquifer is

(3.31)
and

(3.32)

where d � drawdown at a point in the vicinity of a well pumpedat a constant rate, ft or m
Q � discharge of the well, gpm or m3/s
T � Transmissibility, ft2/s or m2/s
r � distance from pumped well to the observation well,ft or m
S � coefficient of storage of aquifer
t � time of the well pumped, min

W(u) � well function of u

u 5 r2S
4Tt

d 5 Q
4pT 3

`

m
e2u

u du 5 Q
4pTWsud

Kz 5
�zi

�zi/Ki
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The integral of the Theis equation is written as W(u), and is theexponential integral (or well function) which can be expanded as aseries:

(3.33a)
� –0.5772 – lnu � u � u2/4 � u3/18 � u4/96 � � � �

(3.33b)
Values of W(u) for various values of u are listed in Appendix B, whichis a complete table by Wenzel (1942) and modified from Illinois EPA(1990).If the coefficient of transmissibility T and the coefficient of storage Sare known, the drawdown d can be calculated for any time and at anypoint on the cone of depression including the pumped well. Obtainingthese coefficients would be extremely laborious and is seldom completelysatisfied for field conditions. The complete solution of the Theis equa-tion requires a graphical method of two equations (Eqs. (3.31) and (3.32))with four unknowns.Rearranging as:

(3.31)
and

(3.34)
Theis (1935) first suggested plotting W(u) on log-log paper, called a

type curve. The values of S and T may be determined from a series ofdrawdown observations on a well with known times. Also, prepareanother plot, of values of d against r2/t on transparent log-log paper, withthe same scale as the other figure. The two plots (Fig. 3.5) are super-imposed so that a match point can be obtained in the region of whichthe curves nearly coincide when their coordinate axes are parallel. Thecoordinates of the match point are marked on both curves. Thus, valuesof u, W(u), d, and r2/t can be obtained. Substituting these values intoEqs. (3.31) and (3.32), values of T and S can be calculated.
Example: An artesian well is pumped at a rate of 0.055 m3/s for 60 h.Observations of drawdown are recorded and listed below as a function of

r2
t 5

4T
S u

d 5 Q
4pT Wsud

1 s21dn21 un

n # n!

Wsud 5 20.5772 2 lnu 1 u 2 u2
2 # 2! 1

u3
3 # 3! 2

u4
4 # 4! 1c
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time at an observation hole 90 m away. Estimate the transmissivity andstorativity using the Theis method.
Time t, min Drawdown d, m r2/t, m2/min

1 0.12 81002 0.21 40503 0.33 27004 0.39 20255 0.46 16206 0.5 135010 0.61 81015 0.75 54020 0.83 40530 0.92 27040 1.02 20350 1.07 16260 1.11 13580 1.2 10190 1.24 90100 1.28 81200 1.4 40.5300 1.55 27600 1.73 13.5900 1.9 10
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solution:

Step 1. Calculate r2/t and construct a table with t and d
Step 2. Plot the observed data d versus r2/t on log-log (transparency) paperin Fig. 3.5
Step 3. Plot a Theis type curve W(u) versus u on log-log paper (Fig. 3.5)using the data listed in Appendix B (Illinois EPA, 1988)
Step 4. Select a match point on the superimposed plot of the observed dataon the type curve
Step 5. From the plots, the coordinates of the match points on the two curvesare

Observed data: r2/t � 320 m2/min
d � 0.90 m

Type curve: W(u) � 3.5
u � 0.018

Step 6. Substitute the above values to estimate T and S
Using Eq. (3.31)

Using Eq. (3.34)

5.2 Cooper–Jacob method

Cooper and Jacob (1946) modified the nonequilibrium equation. It isnoted that the parameter u in Eq. (3.32) becomes very small for large

 5 2.30 3 1024

S 5 4Tu
r2t 5

4 3 0.017 m2/s 3  0.018
320 m2/min 3 s1 min/60 sd

r2
t 5

4Tu
S

 5 0.017 m2/s
T 5

QWsud
4pd 5

0.055 m3/s 3  3.5
4p 3 0.90 m

d 5 Q
4pTWsud
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values of t and small values of r. The infinite series for small u, W(u),can be approximated by

(3.35)
Then

(3.36)

Further rearrangement and conversion to decimal logarithms yields
(3.37)

Therefore, the drawdown is to be a linear function of log t. A plot of dversus the logarithm of t forms a straight line with the slope Q/4pT andan intercept at d � 0, when t � t0, yielding

(3.38)
Since log(1) � 0

(3.39)
If the slope is measured over one log cycle of time, the slope will equalthe change in drawdown �d, and Eq. (3.37) becomes

then
(3.40)

The Cooper and Jacob modified method solves for S and T whenvalues of u are less than 0.01. The method is not applicable to periodsimmediately after pumping starts. Generally, 12 h or more of pumpingare required.

T 5
2.303Q
4p�d

�d 5 2.303Q
4pT

S 5 2.25Tt0
r2

1 5 2.25Tt0
r2S

0 5 2.3Q
4pT  log 2.25Tt0

r2S

d 5 2.303Q
4pT  log 2.25Tt

r2S

d 5 Q
4pT W sud 5 Q

4pT  a20.5772 2 ln r2S
4Ttb

Wsud 5 20.5772 2 ln u 5 20.5772 2 ln r2S
4Tt
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Example: Using the given data in the above example (by the Theis method)with the Cooper and Jacob method, estimate the transmissivity and stora-tivity of a confined aquifer.
solution:

Step 1. Determine t0 and �d
Values of drawdown (d) and time (t) are plotted on semilog paper with the tin the logarithmic scale as shown in Fig. 3.6. A best-fit straight line is drawnthrough the observed data. The intercept of the t-axis is 0.98 min. The slopeof the line �d is measured over 1 log cycle of t from the figure. We obtain:

t0 � 0.98 min
� 58.8 s

and for a cycle (t � 10 to 100 min)
�d � 0.62 m

Step 2. Compute T and S
Using Eq. (3.40)

 5 0.016 m2/s
T 5

2.303Q
4p�d 5

2.303 3 0.055 m3/s
4 3 3.14 3 0.62 m
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Using Eq. (3.39)

5.3 Distance-drawdown method

The distance-drawdown method is a modification of the Cooper andJacob method and is applied to obtain quick information about theaquifer characteristics while the pumping test is in progress. The methodneeds simultaneous observations of drawdown in three or more obser-vation wells. The aquifer properties can be determined from pumpingtests by the following equations (Watson and Burnett, 1993):

(3.41)

(3.42)
and

(3.43)

(3.44)

where T � transmissivity, m2/d or gpd/ft
Q � normal discharge rate, m3/d or gpm

�(h0 – h) � drawdown per log cycle of distance, m or ft
S � storativity, unitless
t � time since pumping when the simultaneous readingsare taken in all observation wells, days or min

r0 � intercept of the straight-line plot with the zero-drawdown axis, m or ft
The distance-drawdown method involves the following procedures:

1. Plot the distance and drawdown data on semilog paper; drawdownon the arithmetic scale and the distance on the logarithmic scale.
2. Read the drawdown per log cycle in the same manner for the Cooperand Jacob method: this gives the value of �(h0 – h).

S 5 Tt
4790r20

            for English units

S 5 2.25Tt
r20

            for SI units

T 5
528Q

� sh0 2 hd           for English units

T 5
0.366Q

� sh0 2 hd          for SI units

 5 2.61 3 1024

S 5 2.25Tt0
r2 5

2.25 3 0.016 m2/s 3 58.8 s
s90 md2
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3. Draw a best-fit straight line.
4. Extend the line to the zero-drawdown and read the value of theintercept, r0.

Example: A water supply well is pumping at a constant discharge rate of1000 m3/d (11,000 gpm). It happens that there are five observation wellsavailable. After pumping for 3 h, the drawdown at each observation well isrecorded as below. Estimate transmissivity and storativity of the aquiferusing the distance-drawdown method.

solution:

Step 1. Plot the distance-drawdown data on semilog paper as shown inFig. 3.7
Step 2. Draw a best-fit straight line over the observed data and extend theline to the x-axis
Step 3. Read the drawdown value for one log cycle
From Fig. 3.7, for the distance for a cycle from 4 to 40 m, the value of the draw-down, then �(h0 – h) is read as 2.0 m (2.8 m – 0.8 m).
Step 4. Read the intercept on the X axis for r0

r0 � 93 m
Step 5. Determine T and S by Eqs. (3.41) and (3.43)

� 183 m2/d
Time of pumping: t � 3 h/24 h/d

� 0.125 days

� 0.006
S 5

2.25Tt
r20

5
2.25 3 183 m2/d 3  0.125 days

s93 md2

T 5
0.366Q

� sh0 2 hd 5
0.366 3 1000 m3/d

2.0 m

Distance
m ft Drawdown, m

3 10 3.227.6 25 2.2120 66 1.4250 164 0.6370 230 0.28
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5.4 Slug tests

In the preceding sections, the transmissivity T and storativity S of theaquifer and permeability K of the soil are determined by boring one ortwo more observation wells. Slug tests use only a single well for thedetermination of those values by careful evaluation of the drawdowncurve and information of screen geometry. The tests involve either rais-ing or lowering the water level in the well and measuring the return toa static water level as a function of time.

206 Chapter 3
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A typical test procedure requires introducing an object to record thevolume (the slug) of the well. The Hvorslev (1951) method using apiezometer in an confined aquifer is widely used in practice due to itbeing quick and inexpensive. The procedures of conducting and ana-lyzing the Hvorslev test (Fig. 3.8) are as follows:
1. Record the instantaneously raised (or lowered) water level to thestatic water level as H0.
2. Read subsequently changing water levels with time as h. Thus h �

H0 at t � 0.
3. Measure the final raised head as H at infinite time.
4. There is a relationship as

(3.45)
where

(3.46)
� Hvorslev-defined basic time lag

F � shape factor

T0 5
pr2
Fk

H 2 h
H 2 H0

5 e2t/T0
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Figure 3.8 Hvorslev slug test.



5. Calculate ratios (H – h)/(H – H0) as recovery.
6. Plot on semilogarithmic paper (H – h)/(H – H0) on the logarithmicscale versus time on the arithmetic scale.
7. Find T0 at recovery equals 0.37 (37% of the initial change caused bythe slug).
8. For piezometer intake length divided by radius (L/R) greater than 8,Hvorslev evaluated the shape factor F and proposed an equation forhydraulic conductivity K as

(3.47)

where K � hydraulic conductivity, m/d or ft/d
r � radius of the well casing, cm or in

R � radius of the well screen, cm or in
L � length of the well screen, cm or in

T0 � time required for water level to reach 37% of the initialchange, s
Other slug test methods have been developed for confined aquifers(Cooper et al., 1967; Papadopoulous et al., 1973; Bouwer and Rice, 1976).These methods are similar to Theis’s type curves in that a curve-matchingmethod is used to determine T and S for a given aquifer. A family of typecurves Ht/H0 versus Tr/r2c were published for five values of the variable,(defined as (r2s /r2c ) S, to estimate transmissivity, storativity, and hydraulicconductivity.The Bouwer and Rice (1976) slug test method is most commonly usedfor estimating hydraulic conductivity in groundwater. Although themethod was originally developed for unconfined aquifers, it can also beapplied for confined or stratified aquifers if the top of the screen is somedistance below the upper confined layer. The following formula is usedto compute hydraulic conductivity:

(3.48)

where K � hydraulic conductivity, cm/s
r � radius of casing, cm

y0, yt � vertical difference in water levels between inside andoutside the well at time t � 0, and t � t, m
R � effective radius distance over which y is dissipated, cm

K 5
r2 ln sR/rwd2L  1t  ln y0

yt

K 5
r2 lnsL/Rd

2LT0
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rw � radius distance of undisturbed portion of aquifer from wellcenterline (usually r plus thickness of gravel).
L � length of screen, m
t � time, s

Example 1: The internal diameters of the well casing and well screen are10 cm (4 in) and 15 cm (6 in), respectively. The length of the well screen is 2m (6.6 ft). The static water level measured from the top of the casing is 2.50m (8.2 ft). A slug test is conducted and pumped to lower the water level to 3.05m (10 ft). The time-drawdown h in the unconfined aquifer is recorded every3 s as shown in the following table. Determine the hydraulic conductivity ofthe aquifer by the Hvorslev method.
solution:

Step 1. Calculate (h – H0)/(H – H0)
Given: H0 � 2.50 m, H � 3.05 mThen H – H0 � 3.05 m – 2.50 m � 0.55 m.

Step 2. Plot t versus (h – H0)/(H – H0) on semilog paper as shown in Fig. 3.9,and draw a best-fit straight line
Step 3. Find T0
From Fig. 3.9, read 0.37 on the (h – H0)/(H – H0) scale and note the time forthe water level to reach 37% of the initial change T0 caused by the slug. Thisis expressed as T0. In this case T0 � 16.2 s
Step 4. Determine the L/R ratio

R � 15 cm/2 � 7.5 cm
L/R � 200 cm/7.5 cm � 26.7 � 8

Thus Eq. (3.47) can be applied

Time t, s h, m h – H0, m (h – H0)/0.55
0 3.05 0.55 1.003 2.96 0.46 0.846 2.89 0.39 0.719 2.82 0.32 0.5812 2.78 0.28 0.5115 2.73 0.23 0.4218 2.69 0.19 0.3421 2.65 0.15 0.2724 2.62 0.12 0.2227 2.61 0.10 0.1830 2.59 0.09 0.16
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Step 5. Find K by Eq. (3.47)
r � 10 cm/2 � 5 cm

� (5 cm)2 ln 26.7/(2 � 200 cm � 16.2 s)
� 0.0127 cm/s
� 0.0127 cm/s � (1 m/100 cm) � 86,400 s/d
� 11.0 m/d
� 36 ft/d

Example 2: A screened, cased well penetrates a confined aquifer with gravelpack 3.0-cm thickness around the well. The radius of casing is 5.0 cm and thescreen is 1.2 m long. A slug of water is injected and water level raised by m. Theeffective radial distance over which y is dissipated is 12 cm. Estimate hydraulicconductivity for the aquifer. The change of water level with time is as follows:

t, s yt, cm t,s yt, cm
1 30 10 4.02 24 13 2.03 17 16 1.14 14 20 0.65 12 30 0.26 9.6 40 0.18 5.5

K 5  r2 ln sL/Rd
2LT0
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solution:

Step 1. Plot values of y versus t on semilog paper as shown in Fig. 3.10
Draw a best-fit straight line. The line from y0 � 36 cm to yt � 0.1 cm covers2.5 log cycles. The time increment between the two points is 26 s.
Step 2. Determine K by Eq. (3.48), the Bouwer and Rice equation

r � 5 cm
R � 12 cm
rw � 5 cm � 3 cm � 8 cm

� 9.56 � 10–3 cm/s
6 Groundwater Contamination

6.1 Sources of contamination

There are various sources of groundwater contamination and varioustypes of contaminants. Underground storage tanks, agricultural activity,municipal landfills, abandoned hazardous waste sites, and septic tanks

 5 s5 cmd2 lns12 cm/8 cmd
2s120 cmd  1

26 s ln 36 cm
0.1 cm

K 5
r2 ln sR/rwd2L  1t  lny0

yt
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are the major threats to groundwater. Other sources may be from indus-trial spill, injection wells, land application, illegal dumps (big problemin many countries), road salt, saltwater intrusion, oil and gas wells,mining and mine drainage, municipal wastewater effluents, surfaceimpounded waste material stockpiles, pipelines, radioactive waste dis-posal, and transportation accidents.Large quantities of organic compounds are manufactured and used byindustries, agriculture, and municipalities. These man-made organiccompounds are of most concern. The inorganic compounds occur innature and may come from natural sources as well as human activities.Metals from mining, industries, agriculture, and fossil fuels also maycause groundwater contamination.Types of contaminants are classified by chemical group. They aremetals (arsenic, lead, mercury, etc.), volatile organic compounds(VOCs) (gasoline, oil, paint thinner), pesticides and herbicides, andradionuclides (radium, radon). The most frequently reported ground-water contaminants are the VOCs (Voelker, 1984; Rehfeldt et al.,1992).Volatile organic compounds are made of carbon, hydrogen, and oxygenand have a vapor pressure less than one atmosphere. Compounds suchas gasoline or dry cleaning fluid evaporate when left open to the air.They are easily dissolved in water. There are numerous incidences ofVOCs contamination caused by leaking underground storage tanks.Groundwater contaminated by VOCs poses cancer risks to humans eitherby ingestion of drinking water or inhalation.

6.2 Contaminant transport pathways

The major contaminant transport mechanisms in groundwater areadvection, diffusion, dispersion, adsorption, chemical reaction, andbiodegradation. Advection is the movement of contaminant(s) with theflowing groundwater at the seepage velocity in the pore space and isexpressed as Darcy’s law:

(3.49)

where vx � seepage velocity, m/s or pps
K � hydraulic conductivity, m/s or fps
n � porosity

dh � pressure head, m or ft
L � distance, m or ft

Equation (3.49) is similar to Eq. (3.10b).

vx 5
K
n  dh

L
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Diffusion is a molecular-scale mass transport process that movessolutes from an area of higher concentration to an area of lower con-centration. Diffusion is expressed by Fick’s law:

(3.50)

where Fx � mass flux, mg/m2
� s or lb/ft2

� s
Dd � diffusion coefficient, m2/s or ft2/s

dc/dx � concentration gradient, mg/(m3
� m)or lb/(ft3

� ft)
Diffusive transport can occur at low or zero flow velocities. In a tight soilor clay, typical values of Dd range from 1 to 2 � 109 m2/s at 25�C (Bedient
et al. 1994). However, typical dispersion coefficients in groundwater areseveral orders of magnitude greater than that in clay.Dispersion is a mixing process caused by velocity variations in porousmedia. Mass transport due to dispersion can occur parallel and normalto the direction of flow with two-dimensional spreading.Sorption is the interaction of a contaminant with a solid. It can bedivided into adsorption and absorption. An excess concentration of con-taminants at the surfaces of solids is called adsorption. Absorption refersto the penetration of the contaminants into the solids.Biodegradation is a biochemical process that transforms contami-nants (certain organics) into simple carbon dioxide and water by microor-ganisms. It can occur in aerobic and anaerobic conditions. Anaerobicbiodegradation may include fermentation, denitrification, iron reduction,sulfate reduction, and methane production.Excellent and complete coverage of contaminant transport mecha-nisms is presented by Bedient et al. (1994). Theories and examples arecovered for mass transport, transport in groundwater by advection, dif-fusion, dispersion, sorption, chemical reaction, and bio-degradation.Some example problems of contaminant transport are also given byTchobanoglous and Schroeder (1985). Mathematical models that analyzecomplex contaminant pathways in groundwater are also discussed else-where (Canter and Knox, 1986; Willis and Yeh, 1987; Canter et al., 1988;Mackay and Riley, 1993; Smith and Wheatcraft, 1993; Watson andBurnett, 1993; James, 1993; Gupta, 1997).The transport of contaminants in groundwater involves adsorption,advection, diffusion, dispersion, interface mass transfer, biochemicaltransformations, and chemical reactions. On the basis of mass balance,the general equation describing the transport of a dissolved contaminantthrough an isotropic aquifer under steady-state flow conditions can bemathematically expressed as (Gupta, 1997).

Fx 5 2Dd dc
dx
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(3.51)
where c � solute (contaminant in liquid phase)concentration, g/m3

S � concentration in solid phase as mass ofcontaminant per unit mass of dry soil, g/g
t � time, day

�b � bulk density of soil, kg/m3
x

� � effective porosity
kl, ks � first-order decay rate in the liquid and soil phases,respectively, day–1

x, y, z � Cartesian coordinates, m
Dx, Dy, Dz � directional hydrodynamic dispersion coefficients, m2/d
Vx, Vy, Vz � directional seepage velocity components, m/d

There are two unknowns (c and S) in Eq. (3.51). Assuming a linearadsorption isotherm of the form
S � Kdc (3.52)

where Kd � distribution coefficient due to chemical reactions and bio-logical degradation, and substituting Eq. (3.52) into Eq. (3.51), we obtain

(3.53)
where R � 1 � kd (�b/�)

� retardation factor which slows the movement ofsolute due to adsorption
k � k l � ksKd(�b/�)

� overall first-order decay rate, day–1

The general equation under steady-state flow conditions in the x direc-tion, we modify from Eq. (3.53).
6.3 Underground storage tank

There are 3 to 5 million underground storage tanks (USTs) in the UnitedStates. It is estimated that 3% to 10% of these tanks and their associ-ated piping systems may be leaking (US EPA 1987). The majority of
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USTs contain petroleum products (gasoline and other petroleum prod-ucts). When the UST leaks and is left unattended, and subsequently con-taminates subsurface soils, surface and groundwater monitoring andcorrective actions are required.The migration or transport pathways of contaminants from the USTdepend on the quantity released, the physical properties of the con-taminant, and characteristics of the soil particles.When a liquid contaminant is leaked from a UST below the groundsurface, it percolates downward to the unconfined groundwater sur-face. If the soil characteristics and contaminant properties are known,it can be estimated whether the contaminant will reach the groundwater.For hydrocarbons in the unsaturated (vadose) zone, it can be estimatedby the equation (US EPA 1987):
(3.54)

where D � maximum depth of penetration, m
Rv � a coefficient of retention capacity of the soil and theviscosity of the product (contaminant)
V � volume of infiltrating hydrocarbon, m3
A � are of spell, m2

The typical values for Rv are as follows (US EPA, 1987):

Retention (attenuative) capacities for hydrocarbons vary approximatelyfrom 5 L/m3 in coarse gravel to more than 40 L/m3 in silts. Leaked gaso-line can travel 25 ft (7.6 m) through unsaturated, permeable, alluvial,or glacial sediments in a few hours, or at most a few days, which isextremely site specific.The major movement of nonaqueous-phase liquids that are less densethan water (such as gasoline and other petroleum products) in the cap-illary zone (between unsaturated and saturated zones) is lateral. Theplume will increase thickness (vertical plane) and width depending onleakage rates and the site’s physical conditions. The characteristic shapeof the flow is the so-called “oil package.” Subsequently, it will plug thepores of the soil or be diluted and may be washed out into the water table.

Soil Gasoline Kerosene Light fuel oil
Coarse gravel 400 200 100Gravel to coarse sand 250 125 62Coarse to medium sand 130 66 33Medium to fine sand 80 40 20Fine sand to silt 50 25 12

D 5
RvV
A
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The transport of miscible or dissolved substances in saturated zonesfollows the general direction of groundwater flow. The transport path-ways can be applied to the models (laws) of advection and dispersion.The dispersion may include molecular diffusion, microscopic dispersion,and macroscopic dispersion.Immiscible substances with a specific gravity of less than 1.0 (lighterthan water) are usually found only in the shallow part of the saturatedzone. The transport rate depends on the groundwater gradient and theviscosity of the substance.Immiscible substances with a specific gravity of more than 1.0 (denserthan water) move downward through the saturated zone. A denseimmiscible substance poses a greater danger in terms of migrationpotential than less dense substances due to its deeper penetration intothe saturated zone. When the quantity of released contaminant exceedsthe retention capacity of the unsaturated and saturated zones, thedenser nonaqueous-phase liquid continues its downward migrationuntil it reaches an impermeable boundary. A liquid substance leakingfrom a UST enters the vapor phase in the unsaturated zone accordingto its specific vapor pressure. The higher the vapor pressure of the sub-stance, the more it evaporates. The contaminant in the vapor phasemoves by advection and by diffusion. Vapor moves primarily in a hor-izontal direction depending on the slope of the water table and thelocation of the impermeable bedrock. If the vapor, less dense than air,migrates in a vertical direction, it may accumulate in sewer lines, base-ments, and such areas.
6.4 Groundwater treatment

Once a leaking UST is observed, corrective action should be carried out,such as tank removal, abandonment, rehabilitation, removal/excavationof soil and sediment, on-site and/or off-site treatment and disposal ofcontaminants, product and groundwater recovery, groundwatertreatment, etc.Selection of groundwater treatment depends on the contaminants tobe removed. Gasoline and volatile organic compounds can be removedby air stripping and stream stripping processes. Activated carbonadsorption, biological treatment, and granular media filtration can beused for removal of gasoline and other organics. Nonvolatile organics areremovable by oxidation/reduction processes. Inorganic chemicals canbe treated by coagulation/sedimentation, neutralization, dissolved airflotation, granular media filtration, ion exchange, resin adsorption, andreverse osmosis.These treatment processes are discussed in detail in Chapter 5, PublicWater Supply, and in Chapter 6, Wastewater.
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7 Setback Zones

Section 1428 of the Safe Drinking Water Act (SDWA) requires each stateto submit a wellhead protection program to the US EnvironmentalProtection Agency (EPA). For example, Illinois EPA promulgated theIllinois Groundwater Protection Act (IGPA) in 1991. The Act assignedthe responsibilities of existing state agencies and established ground-water classifications. On the basis of classification, different water qual-ity standards, monitoring, and remedial requirements can be applied.Classifications are based on the PCB levels which may be associatedwith hazardous wastes.Groundwater used as a public water supply source is called potablegroundwater. This requires the highest degree of protection with themost stringent standards. The groundwater quality standards forpotable groundwater are generally equal to the US EPA’s maximumcontamination levels applicable at the tap pursuant to the SDWA. Therationale is that potable groundwater should be safe for drinking watersupply without treatment.The state primacy agency establishes a comprehensive program forthe protection of groundwater. Through interagency cooperation, localgroundwater protection programs can help to prevent unexpected andcostly water supply systems. An Illinois community experienced a leak-ing gasoline underground tank, operated by the city-owned garage. Itcontaminated one well and threatened to contaminate the entire wellfield. The city has spent more than $300,000 in an attempt to replacethe water supply.Some parts of the groundwater protection programs, such as mini-mum and maximum setback zones for wellhead protection, are used toprotect public and private drinking water supplies from potential sourcesof groundwater contamination. Each community well must have a set-back zone to restrict land use near the well. The setback zone providesa buffer between the well and potential contamination sources androutes. It will give time for cleanup efforts of contaminated groundwa-ter or to obtain an alternative water supply source before the existinggroundwater source becomes unfit for use.A minimum setback zone is mandatory for each public well. Siting fornew potential primary or secondary pollution sources or potential routesis prohibited within the setback zone. In Illinois, the minimum setbackzone is a 200-ft (61-m) radius area around the wellhead for every watersupply well. For some vulnerable aquifers, the zone may be 400 ft inradius.The maximum setback zone is a second level of protection from pol-lution. It prohibits the siting of new potential primacy pollution sourceswithin the area outside the minimum setback zone up to 1000 ft (305 m)
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from a wellhead in Illinois (Fig. 3.11). Maximum setback zones allow thewell owners, county or municipal government, and state to regulateland use beyond the minimum setback zone.The establishment of a maximum setback zone is voluntary. A requestto determine the technical adequacy of a maximum setback zone deter-mination must first be submitted to the state by a municipality orcounty. Counties and municipalities served by community water supplywells are empowered to enact maximum setback zone ordinances. Ifthe community water supply wells are investor or privately owned, acounty or municipality served by that well can submit an application onbehalf of the owner.
7.1 Lateral area of influence

As described in the previous section, the lateral radius of influence(LRI) is the horizontal distance from the center of the well to the outerlimit of the cone of depression (Figs. 3.1 and 3.12). It is the distance fromthe well to where there is no draw of groundwater (no reduction inwater level). The lateral area of influence (LAI) outlines the extent ofthe cone of depression on the land surface as shown in the hatched areain Fig. 3.12.
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The LAI in a confined aquifer is generally 4000 times greater than theLAI in an unconfined aquifer (Illinois EPA, 1990). If a pollutant is intro-duced within the LAI, it will reach the well faster than other waterreplenishing the well. The slope of the water table steepens toward thewell within the LAI. Therefore, it is extremely important to identifyand protect the LAI. The LAI is used to establish a maximum setbackzone.

7.2 Determination of lateral radius 

of influence

There are three types of determination methods for the LRI. They arethe direct measurement method, the use of the Theis equation or volu-metric flow equation, and the use of a curve-matching technique withthe Theis equation. The third method involves the interpretation ofpump test data from observation wells within the minimum setback zoneusing a curve-matching technique and the Theis equation to determinethe transmissivity and storativity of the aquifer. Once these aquiferconstants have been obtained, the Theis equation is then used to com-pute the LRI of the well. It should be noted that when the observation
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well or piezometer measurement was made outside of the minimumsetback zone, the determination could have been conducted by the directmeasurement method.Volumetric flow equations adopted by the Illinois EPA (1990) are asfollows. For unconfined unconsolidated or unconfined nonfracturedbedrock aquifers, the LRI can be calculated by

(3.55)

where r � lateral radius of influence, ft
Q � daily well flow under normal operationalconditions, cfs
t � time that the well is pumped under normal operationalconditions, min

H � open interval or length of well screen, ft
n � aquifer porosity, use following data unless moreinformation is available:

If pump test data is available for an unconfined/confined unconsoli-dated, or nonfractured bedrock aquifer, the LRI can be calculated by

(3.56)
where r � lateral radius of influence, ft

T � aquifer transmissivity, gpd/ft
t � time that well is pumped under normal operationalconditions, min

S � aquifer storativity or specific yield, dimensionless
u � a dimensionless parameter related to the well function W(u)

and
(3.57)Wsud 5 Tsh0 2 hd

114.6Q

r 5 Å u T t
2693S

Sand 0.21Gravel 0.19Sand and gravel 0.15Sandstone 0.06Limestone primary dolomites 0.18Secondary dolomites 0.18

r 5 Å Qt
4524nH
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where W(u) � well function
h0 – h � drawdown in the piezometer or observation well, ft

Q � production well pumping rate under normaloperational conditions, gpm
Direct measurement method. The direct measurement method involvesdirect measurement of drawdown in an observation well piezometer orin an another production well. Both the observation well and anotherproduction well should be located beyond the minimum setback zone ofthe production well and also be within the LAI.

Example: A steel tape is used to measure the water level of the observationwell located 700 ft from a drinking water well. The pump test results showthat under the normal operational conditions, 0.58 ft of drawdown comparedto the original nonpumping water level is recorded. Does this make the welleligible for applying maximum setback zone?
Answer: Yes. A municipality or county may qualify to apply for a maximumsetback zone protection when the water level measurements show that thedrawdown is greater than 0.01 ft and the observation well is located beyond(700 ft) the minimum setback zone (200 to 400 ft). It is also not necessary toestimate the LRI of the drinking water well.

Theis equation method. The Theis equation (Eqs. (3.56) and (3.57))can be used to estimate the LRI of a well if the aquifer parameters,such as transmissivity, storativity, and hydraulic conductivity, areavailable or can be determined. The Theis equation is more useful ifthe observation well is located within the minimum setback zone whenthe direct measurement method cannot be applied. Equations (3.52) and(3.53) can be used if pump test data are available for an unconfined/confined, unconsolidated or nonfractured bedrock aquifer (IllinoisEPA,1990).
Example: An aquifer test was conducted in a central Illinois county by theIllinois State Water Survey (Walton 1992). The drawdown data from one ofthe observations located 22 ft from the production well was analyzed to deter-mine the average aquifer constants as follows:

Transmissivity: T � 340,000 gpd/ft of drawdown
Storativity: S � 0.09

The pumping rate under normal operational conditions was 1100 gpm. Thevolume of the daily pumpage was 1,265,000 gal. Is this aquifer eligible for amaximum setback zone protection?
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solution:

Step 1. Determine the time of pumping, t

Step 2. The criteria used to represent a minimum level of drawdown (h0 – h)is assumed to be
h0 – h � 0.01 ft

Step 3. Calculate W(u) using Eq. (3.57)

Step 4. Find u associated with a W(u) � 0.027 in Appendix B
u � 2.43

Step 5. Compute the lateral radius of influence r using Eq. (3.56)

Answer: Yes. The level of drawdown was estimated to be 0.01 ft at a distanceof 1980 ft from the drinking water wellhead. Since r is greater than the min-imum setback distance of 400 ft from the wellhead, the well is eligible for amaximum setback zone.

7.3 The use of volumetric flow equation

The volumetric flow equation is a cost-effective estimation for the radiusof influence and is used for wells that pump continuously. It is an alter-native procedure where aquifer constants are not available and wherethe Theis equation cannot be used. The volumetric flow equation

 5 1980 ft
 5 Å2.43 3 340,000 gpd/ft 3 1150 min

2693 3 0.09

r 5 Å u T t
2693S

 5 0.027
 5 340,000 gpm/ft 3 0.01 ft

114.6 3 1100 gpm

Wsud 5 Tsh0 2 hd
114.6Q

 5 1150 min
t 5 v

Q 5
1,265,000 gal
1100 gal/min
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(Eq. (3.55)) may be utilized for wells in unconfined unconsolidated orunconfined nonfractured bedrock aquifers.
Example: A well in Peoria, Illinois (Illinois EPA, 1995), was constructed ina sand and gravel deposit which extends from 40 to 130 ft below the land sur-face. The static water level in the aquifer is 65 ft below the land surface.Because the static water level is below the top of the aquifer, this would beconsidered an unconfined aquifer. The length of the well screen is 40 ft. Welloperation records indicate that the pump is operated continuously for 30 daysevery other month. The normal discharge rate is 1600 gpm (0.101 m3/s). Isthe well eligible for a maximum setback zone protection?
solution

Step 1. Convert discharge rate from gpm to ft3/d
Q � 1600 gpm

� 308,021 ft3/d
� 8,723 m3/d

Step 2. Calculate t in min
t � 30 days

� 30 days � 1440 min/d
� 43,200 min

Step 3. Find the aquifer porosity n
n � 0.15 for sand and gravel

Step 4. Calculate r using Eq. (3.55)

Yes, the well is eligible for maximum setback zone.
Note: The volumetric flow equation is very simple and economical.

 5 213.4 m
 5 700 ft
 5 Å308,021 ft3/d 3 43,200 min

4524 3 0.15 3 40 ft

r 5 Å Qt
4524n H

H 5 40 ft

5 1600 gal
min 3

1 ft3
7.48 gal 3

1440 min
1 day
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1 Definitions and Fluid Properties

1.1 Weight and mass

The weight (W ) of an object, in the International System of Units (SI),is defined as the product of its mass (m, in grams, kilograms, etc.) andthe gravitational acceleration ( g � 9.81 m/s2 on the earth’s surface) byNewton’s second law of motion: F � ma. The weight is expressed as
W � mg (4.1a)

The unit of weight is kg ⋅ m/s2 and is usually expressed as newton (N).In the SI system, 1N is defined as the force needed to accelerate 1kgof mass at a rate of 1m/s2. Therefore
1N � 1 kg ⋅ m/s2

� 1 � 103g ⋅ 102cm/s2

� 105 g ⋅ cm/s2

� 105 dyn
In the US customary units, mass is expressed in slugs. One slug isdefined as the mass of an object which needs one pound of force to accel-erate to one ft/s2, i.e.

(4.1b)

Example: What is the value of the gravitational acceleration ( g) in the UScustomary units?
solution:

g � 9.81 m/s2 
� 9.81 m/s2 

� 3.28 ft/m
� 32.174 ft/s2

Note: This is commonly used as g � 32.2 ft/s2.
1.2 Specific weight

The specific weight (weight per unit volume) of a fluid such as water, �,is defined by the product of the density (�) and the gravitational accel-eration ( g), i.e.
� � �g (in kg/m3 ⋅ m/s2)

� �g (in N/m3) (4.2)

m 5
Wslbd

g sft/s2d 5
w
g  sin slugsd
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Water at 4�C reaches its maximum density of 1000 kg/m3 or 1.000 g/cm3.The ratio of the specific weight of any liquid to that of water at 4�C iscalled the specific gravity of that liquid.
Example: What is the unit weight of water at 4�C in terms of N/m3 anddyn/cm3?
solution:

Step 1. In N/m3, � � 1000 kg/m3

� � �g � 1000 kg/m3
� 9.81 m/s2

� 9810 N/m3

Step 2. In dyn/cm3, � � 1.000 g/cm3

� � 1 g/cm3
� 981 cm/s2

� 981 (g ⋅ cm/s2)/cm3

� 981 dyn/cm3

1.3 Pressure

Pressure (P) is the force (F ) applied to or distributed over a surfacearea (A) as a measure of force per unit area:
(4.3a)

In the SI system, the unit of pressure can be expressed as barye, bar,N/m2, or pascal. One barye equals one dyne per square centimeter(dyn/cm2). The bar is one megabarye, 106 dynes per square centime-ter (106 barye). One pascal equals one newton per square meter(N/m2). In the US customary units, the unit of pressure is expressedas pounds per square inch, lb/in2 (psi), or lb/ft2, etc.Pressure is also a measure of the height (h) of the column of mer-cury, water, or other liquid which it supports. The pressure at theliquid surface is atmospheric pressure (Pa). The pressure at any pointin the liquid is the absolute pressure (Pab) at that point. The absolutepressure is measured with respect to zero pressure. Thus, Pab can bewritten as
(4.3b)

where � � specific weight of water or other liquid.
Pab 5 gh 1  Pa

P 5 F
A
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In engineering work, gage pressure is more commonly used. The gagepressure scale is designed on the basis that atmospheric pressure (Pa )is zero. Therefore, the gage pressure becomes:
P � �h (4.3c)

and pressure head
(4.3d)

According to Pascal’s law, the pressure exerted at any point on a con-fined liquid is transmitted undiminished in all directions.

Example: Under normal conditions, the atmospheric pressure at sea levelis approximately 760-mm height of mercury. Convert it in terms of m of water,N/m2, pascals, bars, and psi,
solution:

Step 1. Solve for m of water
Let �1 and �2 be specific weights of water and mercury, respectively, and h1and h2 be column heights of water and mercury, respectively; thenapproximately

�1 � 1.00, �2 � 13.5936
From Eq. (4.3c):

Step 2. Solve for N/m2

Since �1 � 9810 N/m3

P � �1h1 � 9810 N/m3
� 10.33 m � 101,337 N/m2

� 1.013 � 105 N/m2

Step 3. Solve for pascals
Since 1 pascal (Pa) � 1 N/m2, from Step 2:

P � 1.013 � 105 N/m2
� 1.013 � 105 Pa

Note: 1 atm approximately equals 105 N/m2 or 105 Pa.

 5 10.33 m sof waterd
h1 5

g2
g1h2 5 13.5936

1 3 760 mm 5 10,331 mm
P  5 g1h1 5 g2h2

h 5 P
g
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Step 4. Solve for bars
Since approximately �1 � 981 dyn/cm3

P � �1h1 � 981 dyn/cm3
� 1033 cm

� 1,013,400 dyn/cm2

� 1.013 bars
Note: 1 atm pressure is approximately equivalent to 1 bar.
Step 5. Solve for lb/in2 (psi)
From Step 1,

h1 � 10.33 m � 10.33 m � 3.28 ft/m 
� 33.88 ft of water 

P � 33.88 ft � 1(lb/in2)/2.31 ft
� 14.7 lb/in2

1.4 Viscosity of water

All liquids possess a definite resistance to change of their forms, andmany solids show a gradual yielding to force (shear stress) tending tochange their forms. Newton’s law of viscosity states that, for a given rateof angular deformation of liquid, the shear stress is directly propor-tional to the viscosity. It can be expressed as
(4.4a)

where � � shear stress
m� proportionality factor, viscosity

du/dy � velocity gradient
u � angular velocity
y � depth of fluid

The angular velocity and shear stress change with y.The viscosity can be expressed as absolute (dynamic) viscosity or kine-matic viscosity. From Eq. (4.4a), it may be rewritten as
(4.4b)

The viscosity m is frequently referred to as absolute viscosity, or massper unit length and time. In the SI system, the absolute viscosity m is

� 5
t

du/dy

t 5 �
du
dy

5 1.013 3 106 dyn/cm2
3

1 bar
1 3 106 dyn/cm2
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expressed as poise or in dyne ⋅ second per square centimeter. One poiseis defined as the tangent shear force (�) per unit area (dyn/cm2) requiredto maintain unit difference in velocity (1 cm/s) between two parallelplanes separated by 1 cm of fluid. It can be written as

or

Also
1 poise � 100 centipoise

The usual measure of absolute viscosity of fluid and gas is the cen-tipoise. The viscosity of fluids is temperature dependent. The viscosityof water at room temperature (20�C) is one centipoise. The viscosity ofair at 20�C is approximately 0.018 centipoise.The British system unit of viscosity is 1 lb ⋅ s/ft2 or 1 slug/ft ⋅ s.
Example 1: How much in British units is 1 poise absolute viscosity?
solution:

On the other hand:
1 lb ⋅ s/ft2

� 479 poise
� 47.9 N ⋅ s/m2

 5 0.00209 lb # s>ft2
 5 0.02248 lb # s>10.758 ft2

 5 0.1 N 3
1 lb

4.448 N #  s/m2^ s3.28 ftd2
m2

1 poise 5 0.1 N # s/m2

 5  0.1 N # s/m2

 5 1 dyn # s/cm2
3

1 N
105 dyn^ 1 m2

104 cm2

1 poise 5 1 dyn # s/cm2

 5 1 g/cm # s
 5 1 dyn # s/cm2

3
1g # cm/s2

1 dyn

1 poise 5 1 dyn # s/cm2
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The kinematic viscosity � is the ratio of viscosity (absolute) to massdensity �. It can be written as
� � m/� (4.5)

The dimension of � is length squared per unit time. In the SI system, theunit of kinematic viscosity is the stoke. One stoke is defined as 1 cm2/s. However, the standard measure is the centistoke (�10�2 stoke or10�2 cm2/s). Kinematic viscosity offers many applications, such as theReynolds number R � VD/�. For water, the absolute viscosity and kine-matic viscosity are essentially the same, especially when the tempera-ture is less than 10�C. The properties of water in SI units and British unitsare respectively given in Tables 4.1a and 4.1b.
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TABLE 4.1b Physical Properties of Water—British Units

Absolute KinematicSpecific viscosity viscosity Surface VaporTemperature Density �, weight m� 105
� � 105 tension pressure

T, �F slug/ft3
�, lb/ft3 lb ⋅ s/ft2 ft2/s �, lb/ft Pv, psia

32 1940 62.42 3.746 1.931 0.00518 0.0940 1938 62.43 3.229 1.664 0.00514 0.1250 1936 62.41 2.735 1.410 0.00509 0.1860 1934 62.37 2.359 1.217 0.00504 0.2670 1931 62.30 2.050 1.059 0.00498 0.3680 1927 62.22 1.799 0.930 0.00492 0.5190 1923 62.11 1.595 0.826 0.00486 0.70100 1918 62.00 1.424 0.739 0.00480 0.95120 1908 61.71 1.168 0.609140 1896 61.38 0.981 0.514160 1890 61.00 0.838 0.442180 1883 60.58 0.726 0.385200 1868 60.12 0.637 0.341212 1860 59.83 0.593 0.319
SOURCES: Benefield et al. (1984) and Metcalf & Eddy, Inc. (1972)

TABLE 4.1a Physical Properties of Water—Sl Units

Specific Absolute Kinematic Surface VaporTemperature Specific weight viscosity �, viscosity tension pressure
T, °C gravity �, N/m3 N ⋅ s/m2

�, m2/s �, N/m2 Pv, N/m2

0 0.9999 9805 0.00179 1.795 � 10�6 0.0756 6084 1.0000 9806 0.00157 1.568 � 10�6 0.0750 80910 0.9997 9804 0.00131 1.310 � 10�6 0.0743 122615 0.9990 9798 0.00113 1.131 � 10�6 0.0735 176221 0.9980 9787 0.00098 0.984 � 10�6 0.0727 250427 0.9966 9774 0.00086 0.864 � 10�6 0.0718 349538 0.9931 9739 0.00068 0.687 � 10�6 0.0700 651293 0.9630 9444 0.00030 0.371 � 10�6 0.0601 79,002
SOURCE: Brater et al. (1996)



Example 2: At 21�C, water has an absolute viscosity of 0.00982 poise and aspecific gravity of 0.998. Compute (a) the absolute (N ⋅ s/m2) and kinematicviscosity in SI units and (b) the same quantities in British units.
solution:

Step 1.
For (a), at 21�C (69.8�F)

Step 2.
For (b), from Step 1 and Example 1

1.5 Perfect gas

A perfect gas is a gas that satisfies the perfect gas laws, such as theBoyle–Mariotte law and the Charles–Gay-Lussac law. It has internalenergy as a function of temperature only. It also has specific heats withvalues independent of temperature. The normal volume of a perfect gasis 22.4136 liters/mole (commonly quoted as 22.4 L/mol).Boyle’s law states that at a constant temperature, the volume of agiven quantity of any gas varies inversely as the pressure applied to

n 5 1.059 3 1025 ft2/s

n 5 0.984 3 1026 m2/s 3 a3.28 ft
1 m b

2

 5 2.05 3 1025 slug/ft # s
m 5 0.000982 N # s/m2

3
1 slug/ft # s

47.9 N # s/m2

 5 0.984 3 1026m2/s

n 5
�

r
5

0.000982 kg/m # s
0.998 3 1000 kg/m3

 5 0.000982 kg/m # s
 5 0.000982, N # s/m2

3
1  kg # m/s2

1  N

 5 0.000982 N # s/m2� � or
� 5 0.00982 poise 5 0.00982 poise 3 0.1 N # s/m2

1 poise
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the gas. For a perfect gas, changing from pressure P1 and volume V1 to
P2 and V2 at constant temperature, the following law exists:

P1V1 � P2V2 (4.6)
According to the Boyle–Mariotte law for perfect gases, the product ofpressure P and volume V is constant in an isothermal process.

PV � nRT (4.7)
or

where P � pressure, pascal (Pa) or lb/ft2
V � volume, m3 or ft3
n � number of moles
R � gas constant
T � absolute temperature, K � �C � 273, or �R � �F � 459.6
� � density, kg/m3 or slug/ft3

On a mole (M) basis, a pound mole (or kg mole) is the number ofpounds (or kg) mass of gas equal to its molecular weight. The product
MR is called the universal gas constant and depends on the units used.It can be

The gas constant R is determined as
(4.8a)

or, in slug units
(4.8b)

For SI units
(4.8c)

Example: For carbon dioxide with a molecular weight of 44 at a pressure of12.0 psia (pounds per square inch absolute) and at a temperature of 70�F(21�C), compute R and its density.

R 5
8312

M  n N/kg # K

R 5
1545 3 32.2

M  ft # lb/slug # 8R

R 5
1545

M  ft # lb/lb # 8R

MR 5 1545 ft # lb/lb # 8R

P 5 1
V RT 5 rRT
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solution:

Step 1. Determine R from Eq. (4.8b)

Step 2. Determine density �

Based on empirical generation at constant pressure in a gaseoussystem (perfect gas), when the temperature varies, the volume of gaswill vary approximately in the same proportion. If the volume is exactlyone mole of gas at 0�C (273.15 K) and at atmosphere pressure, then,for ideal gases, these are the so-called standard temperature andpressure, STP. The volume of ideal gas at STP can be calculated fromEq. (4.7) (with R � 0.08206 L ⋅ atm/K ⋅ mol):

Thus, according to Avogadro’s hypothesis and the ideal-gas equation,one mole of any gas will occupy 22.4l L at STP.
2 Water Flow in Pipes

2.1 Fluid pressure

Water and wastewater professionals frequently encounter some funda-mentals of hydraulics, such as pressure, static head, pump head, veloc-ity of flow, and discharge rate. The total force acting on a certain entirespace, commonly expressed as the force acting on unit area, is calledintensity of pressure, or simply pressure, p. The US customary of unitsgenerally uses the pound per square inch (psi) for unit pressure. Thisquantity is also rather loosely referred to simply as pounds pressure; i.e.“20 pounds pressure” means 20 psi of pressure. The InternationalSystem of Units uses the kg/cm2 (pascal) or g/cm2.To be technically correct, the pressure is so many pounds or kilo-grams more than that exerted by the atmosphere (760 mm of mercury).However, the atmospheric pressure is ignored in most cases, since it isapplied to everything and acts uniformly in all directions.

V 5
nRT

P 5
s1 moleds0.08206 L # atm/mol # Kds273.15 Kd

1 atm
 5 22.41  L

r 5
P

RT 5
12 lb/in2 # 144  in2/ft2

s1130 ft # lb/slug # 8Rds460 1 708Rd
 5 0.00289 slug/ft3

R 5
1545 3 32.2

M  ft # lb/slug # 8R
 5 1545 3 32.2

44
 5 1130 ft # lb/slug # 8R
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2.2 Head

The term head is frequently used, such as in energy head, velocity head,pressure head, elevation head, friction head, pump head, and loss of head(head loss). All heads can be expressed in the dimension of length, i.e.ft � lb/lb � ft, or m � kg/kg � m, etc.The pump head equals the ft ⋅ lb (m ⋅ kg) of energy put into eachpound (kg) of water passing through the pump. This will be discussedlater in the section on pumps.Pressure drop causes loss of head and may be due to change of veloc-ity, change of elevation, or friction loss. Hydraulic head loss may occurat lateral entrances and is caused by hydraulic components such asvalves, bends, control points, sharp-crested weirs, and orifices. Thesetypes of head loss have been extensively discussed in textbooks andhandbooks of hydraulics. Bend losses and head losses due to dividingand combining flows are discussed in detail by James M. Montgomery,Consulting Engineers, Inc. (1985).

Velocity head. The kinetic energy (KE) of water with mass m is itscapacity to do work by reason of its velocity V and mass and isexpressed as .For a pipe with mean flow velocity V (m/s or ft/s) and pipe cross-sectional area A (cm2 or sq. in), the total mass of water flowing throughthe cross section in unit time is m � �VA, where � is the fluid density.Thus the total kinetic energy for a pipe flow is
(4.9)

The total weight of fluid W � mg � �AVg, where g is the gravitationalacceleration. It is commonly expressed in terms of energy in a unitweight of fluid. The kinetic energy in unit weight of fluid is
(4.10)

This is the so-called velocity head, i.e. the height of the fluid column.
Example 1: Twenty-two pounds of water are moving at a velocity of 2 ft/s.What are the kinetic energy and velocity head?
solution:

Step 1.

 5 44  lb # ft2/s2
5 44  slug # ft/s ssince 1 slug 5 1  lb # ft/s2d

KE 5
1
2mV 2

5
1
2 3 22  lb 3 s2 ft/sd2

KE
W 5

12rAV 3
rgAV 5

V 2
2 g

KE 5
1
2 mV 2

5
1
2 srVAdV 2

5
1
2 rAV 3

1
2 mV 2
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Step 2.

Example 2: Ten kilograms of water are moving with a velocity of 0.61 m/s.What are the kinetic energy and velocity head?
solution:

Step 1.

Step 2.

Note: Examples 1 and 2 are essentially the same.
Pressure head. The pressure energy (PE) is a measure of work done bythe pressure force on the fluid mass and is expressed as

PE � pAV (4.11)
where P � pressure at a cross section

A � pipe cross-sectional area, cm2 or in2
V � mean velocity

The pressure head (h) is the pressure energy in unit weight of fluid. Thepressure is expressed in terms of the height of the fluid column h. Thepressure head is
(4.12)

where � is the weight per unit volume of fluid or its specific weight inN/m3 or lb/ft3. The general expression of unit pressure is
P � �h (4.13)

and the pressure head is hp � p/� in ft or m.

h 5 PE
W 5

pAV
rgAV 5

p
rg 5

p
g
5

pressure
sp # wt.

 5 0.062 ft
 5 0.019 m 3 3.28  ft/m
 5 0.019  m

hv 5
V 2
2g 5

s0.61  m/s2d
2 3 9.81  m/s2

 5 1.86 N # m, since 1 N 5 1 kg # m/s2
 5 1.86 kg # m2/s2

5 1.86 m # kg #  m/s2
KE 5

1
2 mV 2

5
1
2s10 kgds0.61 m/sd2

hv 5
V 2
2g 5

s2 ft/sd2
2 3 32.2 ft/s2 5 0.062 ft
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Example: At the bottom of a water storage tank, the pressure is 31.2 lb/in2.What is the pressure head?
solution:

Step 1. Convert the pressure to lb/ft2

Step 2. Determine hp; for water

Elevation head. The elevation energy (EE) of a fluid mass is simply theweight multiplied by the height above a reference plane. It is the workto raise this mass W to elevation h and can be written as
(4.13a)

The elevation head, z, is EE divided by the total weight W of fluid:
(4.13b)

Example: (1) Ten kilograms and (2) 1 lb of water are at 50 ft above theearth’s surface. What are their elevation heads?
solution:

Step 1.
For 10 kg

Step 2.
For 1 lb

Both have 50 ft of head.
he 5

Wh
W 5

1 lb 3 50 ft
1 lb 5 50 ft

he 5
Wh
W 5

10  kg 3 50 ft
10 kg

 5 50 ft

Elevation head 5 EE
W 5

Wz
W 5 z

EE 5 W z

hp 5
p
g
5

31.2 3 144  lb/ft2
62.4  lb/ft3

 5 72  ft

g 5 62.4  lb/ft3

P 5 31.2  lb/in2
5 31.2  lb/in2

3 144  in2/ft2
5 31.2 3 144  lb/ft2
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Bernoulli equation. The total energy (H ) at a particular section of waterin a pipe is the algebraic sum of the kinetic head, pressure head, andelevation head. For sections 1 and 2, they can be expressed as
(4.14)

and
(4.15)

If water is flowing from section 1 to section 2, friction loss (hf) is the majorloss. The energy relationship between the two sections can be expressedas the Bernoulli equation
(4.16)

where hf is the friction head. This is also called the continuity equation.
Example: A nozzle of 12-cm diameter is located near the bottom of a storagewater tank. The water surface is 3.05 m (10 ft) above the nozzle. Determine(a) the velocity of effluent from the nozzle and (b) the discharge.
solution:

Step 1. (a) Determine V2
Let point 1 be at the water surface and point 2 at the center of the nozzle. Bythe Bernoulli equation

Since and 

Step 2. (b) Solve for flow
Q 5 A2V2 5 pr2V2 5 3.14 s0.06 md2 3 7.73 m/s

 
5 0.087 m3/s

 5 7.73 m/s
V2 5 22gH 5 22 3 9.806 3 3.05

V 222g 5 z1 2 z2 5 H 5 3.05  m
V 215 0P1 5 P2 5 0,

  V 212g 1
P1
g
1 z1 5

V 222g 1
P2
g
1 z2

 V 212g 1
p2
g
1 z1 5

V 222g 1
p2
g
1 z2 5 hf

H2 5
V 222g 1

p2
g
1 z2

H1 5
V 212g 1

p1
g
1 z1
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Friction head. Friction head (hf) equals the loss of energy by each unitweight of water or other liquid through friction in the length of a pipe,in which the energy is converted into heat. The values of friction headsare usually obtained from the manufacturer’s tables.
Darcy–Weisback equation. The Darcy–Weisback formula can be calcu-lated from the friction head:

(4.17)

where hf � head of friction loss, cm or ft
f � friction factor, dimensionless

L � length of pipeline, cm or ft
D � diameter of pipe, cm or ft

� velocity head, cm or ft
V � average velocity of flow, cm/s or ft/s

Example 1: Rewrite the Darcy–Weisback formula for hf in terms of flowrate Q instead of velocity V.
solution:

Step 1. Convert V to Q
In a circular pipe,

The volumetric flow rate may be expressed in terms of velocity and area (A) as
Q � VA

then

Step 2. Substitute in the formula

(4.18) 5 f a L
D5b 8Q2

p2g

hf 5 f aLDb 
V 2
2g 5 f aLDb 

16Q2
2gp2D4

V 2
5 16Q2/p2D 4

V 5
Q
A 5 4Q/pD 2

A 5 psD/2d2 5 pD2/4 5 0.785 D2

V 2
2g

hf 5 f aLDb
V 2
2g

Fundamental and Treatment Plant Hydraulics 241



The head of loss due to friction may be determined in three ways:
1. The friction factor f depends upon the velocity of flow and the diam-eter of the pipe. The value of f may be obtained from a table in many hydraulic textbooks and handbooks, or from the Moodychart (Fig. 4.1) of Reynolds number R versus f for various grades andsizes of pipe R � DV/�, where � is the kinematic viscosity of the fluid.
2. The friction loss of head hf per 1000 ft of pipe may be determinedfrom the Hazen-Williams formula for pipe flow. A constant C for aparticular pipe, diameter of pipe, and either the velocity or thequantity of flow should be known. A nomograph chart is most com-monly used for solution by the Hazen-Williams formula.
3. Another empirical formula, the Manning equation, is also a popu-lar formula for determining head loss due to free flow.
The friction factor f is a function of Reynolds number R and the rel-ative roughness of the pipe wall e/D. The value of e (Table 4.2), theroughness of the pipe wall (equivalent roughness), is usually deter-mined from experiment.For laminar pipe flow (R < 2000) f is independent of surface rough-ness of the pipe. The f value can be determined from

f � 64/R (4.19)
When R > 2000 then the relative roughness will affect the f value. The
e/D values can be found from the manufacturer or any textbook. Therelationship between f, R, and e/D are summarized in graphical expres-sion as the Moody diagram (Fig. 4.1).
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TABLE 4.2 Values of Equivalent Roughness e for
New Commercial Pipes

Type of pipe e, in
Asphalted cast iron 0.0048Cast iron 0.0102Concrete 0.01–0.1Drawn tubing 0.00006Galvanized iron 0.006PVC 0.00084Riveted steel 0.04–0.4Steel and wrought iron 0.0018Wood stave 0.0070.04

SOURCE: Benefield et al. (1984)



2
4
3

Figure 4.1 Moody diagram (Metcalf and Eddy, Inc., Wastewater Engineering Collection and Pumping of Wastewater, Copyright 1990, McGraw-Hill,
New York, reproduced with permission of McGraw-Hill).



Example 2: A pumping station has three pumps with 1 MGD, 2 MGD, and4 MGD capacities. Each pumps water from a river at an elevation of 588 ft abovesea level to a reservoir at an elevation of 636 ft, through a cast iron pipe of24 in. diameter and 2600 ft long. The Reynolds number is 1600. Calculate thetotal effective head supplied by each pump and any combinations of pumping.
solution:

Step 1. Write Bernoulli’s equation
Let stations 1 and 2 be river pumping site and discharge site at reservoir,respective; hp is effective head applied by pump in feet.

Since V1 � V2,
p1 is not given (usually negative), assumed zero
p2 � zero, to atmosphere

then z1 � hp � z2 � hf
hp � (z2 � z1) � hf

� (636 � 588) � hf
� 48 � hf

Step 2. Compute flow velocity (V ) for 1  MGD pump

Step 3. Find f, hf and hp

From Eqs. (4.19) and (4.17),

 5 0.04a2600
2 b s0.493d2

2 3 32.2

hf 5 f  aLDb 
V 2
2g

f 5 64/R 5 64/1600 5 0.04

 5 0.493 ft/s
V 5

Q
A 5

1.547 cfs
3.14 ft2

 5 1.547 ft3/s scfsd
 5 106 gal 3 0.1337 ft3/gal

1 day 3 24 3 60 3 60 s/d

Q 5 1 MGD
A 5 pr2

5 3.14s1 ftd2 5 3.14 ft2

V 212g 1
p1
g
1 z1 1 hp 5

V 222g 1
p2
g
1 z2 1 hf
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Step 4. Similar calculations for the 2-MGD pump

Step 5. For the 4-MGD pump

Step 6. For the 3 MGD: using the 1- and 2-MGD capacity pumps

Step 7. For the 5 MGD: using the 1- and 4-MGD capacity pumps

Step 8. For the 6 MGD: using the 2- and 4-MGD capacity pumps

Step 9. For the 7 MGD: using all 3 pumps simultaneously

Hazen–Williams equation. Due to the difficulty of using the Darcy–Weisback equation for pipe flow, engineers continue to make use of an expo-nential equation with empirical methods for determining friction losses inpipe flows. Among these the empirical formula of the Hazen–Williamsequation is most widely used to express flow relations in pressure conduits,while the Manning equation is used for flow relations in free-flow conduitsand in pipes partially full. The Hazen-Williams equation, originally devel-oped for the British measurement system, has the following form:
(4.20a)V 5 1.318 CR0.63S0.54

hp 5 s48.2 1 48.8 1 51.2d ft 5 148.2 ft
hf 5 s0.2 1 0.8 1 3.2d ft 5 4.2 ft

hp 5 s48.8 1 51.2d ft 5 100.0 ft
hf 5 s0.8 1 3.2d ft 5 4.0 ft

hp 5 s48.2 1 51.2d ft 5 99.4 ft
hf 5 s0.2 1 3.2d ft 5 3.4 ft

hp 5 s48.2 1 48.8d ft 5 97 ft
hf 5 s0.2 1 0.8d ft 5 1.0 ft

hp 5 48 ft 1 3.2 ft 5 51.2 ft
hf 5 0.2 ft 3 42

5 3.2 ft
V 5 0.493  ft/s 3 4 5 1.972  ft2/s

hp 5 48 ft 1 0.8 ft 5 48.8 ft
hf 5 0.2 ft 3 22

5 0.8 ft
V 5 0.493 ft/s 3 2 5 0.986 ft/s

hp 5 48  ft 1 0.2  ft 5 48.2  ft
 5 0.20  ft
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where V � average velocity of pipe flow, ft/s
C � coefficient of roughness (see Table 4.3)
R � hydraulic radius, ft
S � slope of the energy gradient line or head loss per unitlength of the pipe (S � hf /L)

The hydraulic radius R is defined as the water cross-sectional area Adivided by the wetted perimeter P. For a circular pressure pipe, if D isthe diameter of the pipe, then R is
(4.21)

The Hazen–Williams equation was developed for water flow in large pipes(D � 2 in, 5 cm) with a moderate range of velocity (V  10 ft/s or 3 m/s).The coefficient of roughness C values range from 140 for very smooth(new), straight pipe to 90 or 80 for old, unlined tuberculated pipe. Thevalue of 100 is used for the average conditioned pipe. It is not a functionof the flow condition (i.e. Reynolds number R). The major limitation of thisequation is that the viscosity and temperature are considered. A nomo-graph (Fig. 4.2) can be used to solve the Hazen-Williams equation.

R 5
A
P 5

pD2/4
pD 5

D
4
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TABLE 4.3 Hazen–Williams Coefficient of Roughness C for
Various Types of Pipe

Pipe material C value
Brass 130–140Brick sewer 100Cast irontar coated 130new, unlined 130cement lined 130–150uncertain 60–110Cement–asbestos 140Concrete 130–140Copper 130–140Fire hose (rubber lined) 135Galvanized iron 120Glass 140Lead 130–140Plastic 140–150Steelcoal tar enamel lined 145–150corrugated 60new unlined 140–150riveted 110Tin 130Vitrified clay 110–140Wood stave 110–120

SOURCES: Perry (1967), Hwang (1981), and Benefield et al. (1984)
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Figure 4.2 Nomograph for Hazen–Williams formula.
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In the SI system, the Hazen–Williams equation is written as
(4.20b)

The units are R in m, S in m/1000 m, V in m/s, and D in m, and discharge
Q in m3/s (from chart).

Manning equation. Another popular empirical equation is the Manningequation, developed by the Irish engineer Robert Manning in 1889, andemployed extensively for open channel flows. It is also commonly usedfor pipe free-flow. The Manning equation is
(4.22a)

where V � average velocity of flow, ft/s
n � Manning’s coefficient of roughness (see Table 4.4)
R � hydraulic radius (ft) (same as in the Hazen–Williamsequation)
S � slope of the hydraulic gradient, ft/ft

V 5
1.486

n R2/3S1/2

V 5 0.85 C R0.63S0.54

TABLE 4.4 Manning’s Roughness Coefficient n for Various
Types of Pipe

Type of pipe n
Brickopen channel 0.014–0.017pipe with cement mortar 0.012–0.017brass copper or glass pipe 0.009–0.013Cast ironpipe uncoated 0.013tuberculated 0.015–0.035Cement mortar surface 0.011–0.015Concreteopen channel 0.013–0.022pipe 0.010–0.015Common clay drain tile 0.011–0.017Fiberglass 0.013Galvanized iron 0.012–0.017Gravel open channel 0.014–0.033Plastic pipe (smooth) 0.011–0.015Rock open channel 0.035–0.045Steel pipe 0.011Vitrified claypipes 0.011–0.015liner plates 0.017–0.017Wood, laminated 0.015–0.017Wood stave 0.010–0.013Wrought iron 0.012–0.017

SOURCES: Perry (1967), Hwang (1981), and ASCE & WEF (1992)
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This equation can be easily solved with the nomograph shown in Fig. 4.3. Figure 4.4 is used for partially filled circular pipes with vary-ing Manning’s n and depth.The Manning equation for SI units is
(4.22b)

where V � mean velocity, m/s
n � same as above
R � hydraulic radius, m
S � slope of the hydraulic gradient, m/m

Example 1: Assume the sewer line grade gives a sewer velocity of 0.6 m/swith a half full sewer flow. The slope of the line is 0.0081. What is the diam-eter of the uncoated cast iron sewer line?
solution:

Step 1. Using the Manning equation to solve R

From Table 4.4, n � 0.013

Step 2. Compute diameter of sewer line using Eq. (4.21)

Example 2: Determine the energy loss over 1600 ft in a new 24-in cast ironpipe when the water temperature is 60�F and the flow rate is 6.25 cfs using(1) the Darcy–Weisback equation, (2) the Hazen–Williams equation, and (3) the Manning equation.

 5 4  in
 5 0.102 smd

D 5 4R 5 4 3 0.0254

R 5 0.0254
 5 0.0864
 5 0.6 3 0.013/0.00811/2

R2/3  5 V  n/S1/2

R2/3
5 Vn/S1/2

V 5
1
nR2/3S1/2

V 5
1
n R2/3S1/2
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Figure 4.3 Nomograph for Manning formula.
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Figure 4.4 Hydraulic elements graph for circular sewers (Metcalf and Eddy, Inc.,
Wastewater Engineering: Collection and Pumping of Wastewater, Copyright, 1990, McGraw-
Hill, New York, reproduced with permission of McGraw-Hill).

solution:

Step 1. By the Darcy–Weisback equation
From Table 4.2, e � 0.0102 in
(a) Determine e/D, D � 24 in � 2 ft

(b) Compute velocity V, r � 1 ft

 5 1.99 ft/s
V 5

Q
A 5

6.25  ft3/s
ps1  ftd2

e
D 5

0.0102
24 5 0.000425



(c) Compute Reynolds number R
From Table 4.1b, � � 1.217 � 10�5ft2/s for 60�F

(d) Determine f value from the Moody diagram (Fig. 4.1)
f � 0.018

(e) Compute loss of head hf

Step 2. By the Hazen–Williams equation
(a) Find C
From Table 4.3, for new unlined cast pipe

C � 130
(b) Solve S
Eq. (4.21): R � D/4 � 2/4 � 0.5
Eq. (4.20a): V � 1.318CR0.63S0.54

Rearranging

(c) Compute hf

hf � S � L � 0.000586 ft/ft � 1600 ft
� 0.94 ft

Step 3. By the Manning equation
(a) Find n
From Table 4.4, for unlined cast iron pipe

n � 0.013

S 5 c V
1.318CR 0.63d

1.852

5 c 1.99
1.318 3 130 3 s0.5d0.63 d

1.852

5 0.000586  ft/ft

 5 0.885 sftd
hf 5 f aLDb

V 2
2g 5 0.018a1600

2 b s1.99d2
2 3 32.2

 5 3.27 3 105
R 5

VD
n
5

1.99 ft/s 3 2 ft
1.217 3 1025 ft2/s
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(b) Determine slope of the energy line S

Rearranging

(c) Compute hf

Example 3: The drainage area of the watershed to a storm sewer is 10,000acres (4047 ha). Thirty-eight percent of the drainage area has a maximumrunoff of 0.6 ft3/s � acre (0.0069 m3/s ⋅ ha), and the rest of the area has arunoff of 0.4 ft3/s � acre (0.0046 m3/s. ha). Determine the size of pipe neededto carry the storm flow with a grade of 0.12% and n � 0.011.
solution:

Step 1. Calculate the total runoff Q
Q � 0.6 cfs/acre � 0.38 � 10,000 acre � 0.4 ft3/(s ⋅ acre) � 0.62 � 10,000 acre

� 4760 ft3/s
Step 2. Determine diameter D of the pipe by the Manning formula

Minor head losses due to hydraulic devices such as sharp-crested orifices,weirs, valves, bend, construction, enlargement, discharge, branching, etc.have been extensively covered in textbooks and handbooks elsewhere.Basically they can be calculated from empirical formulas.

D 5 20.78 sftd
3265 5 D8/3
4760 5 0.785D2

3
1.486
0.011 aD4 b

2/3
s0.0012d1/2

Q 5 AV 5 A 
1.486

n R2/3S1/2

R 5 D/4
A 5

p

4D2
5 0.785D2

hf 5 S 3 L 5 0.000764 ft/ft 3 1600 ft
 5 1.22  ft

S 5 a Vn
1.486R2/3b

2
5 c 1.99 3 0.013

1.486 3 s0.5d2/3 d
2
5 0.000764  sft/ftd

From Eq. s4.22ad, V 5
1.486

n R2/3S1/2

From Eq. s4.21d,  R 5 D/4 5 2/4 5 0.5
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2.3 Pipeline systems

There are three major types of compound piping system: pipes con-nected in series, in parallel, and branching. Pipes in parallel occur in apipe network when two or more paths are available for water flowingbetween two points. Pipe branching occurs when water can flow to orfrom a junction of three or more pipes from independent outlets orsources. On some occasions, two or more sizes of pipes may be connectedin series between two reservoirs. Figure 4.5 illustrates all three cases.The flow through a pipeline consisting of three or more pipes connectedin various ways can be analyzed on the basis of head loss concept withtwo basic conditions. First, at a junction, water flows in and out shouldbe the same. Second, all pipes meeting at the junction have the same waterpressure at the junction. The general procedures are to apply the Bernoullienergy equation to determine the energy line and hydraulic gradientmainly from friction head loss equations. In summary, using Fig. 4.5:
1. For pipelines in series

Energy: H � hf1 � hf2
Continuity: Q � Q1 � Q2
Method: (a) Assume hf
(b) Calculate Q1 and Q2
(c) If Q1 � Q2, the solution is correct
(d) If Q1 � Q2, repeat step (a) 

2. For pipelines in parallel
Energy: H � hf1 � hf2
Continuity: Q � Q1 � Q2
Method: Parallel problem can be solved directly for Q1 and Q2

3. For branched pipelines
Energy: hf1 � z1 � HJ

hf2 � z2 � HJ
hf3 � HJ � z3

where HJ is the energy head at junction J.
Continuity: Q3 � Q1 � Q2
Method: (a) Assume HJ
(b) Calculate Q1, Q2, and Q3
(c) If Q1 � Q2 � Q3, the solution is correct
(d) If Q1 � Q2 � Q3, repeat step (a)
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Pipelines in series

Example: As shown in Fig. 4.5a, two concrete pipes are connected in seriesbetween two reservoirs A and B. The diameters of the upstream and down-stream pipes are 0.6 m (D1 � 2 ft) and 0.45 m (D2 � 1.5 ft); their lengths are300 m (1000 ft) and 150 m (500 ft), respectively. The flow rate of 15�C water
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Figure 4.5 Pipeline system for two reservoirs.



from reservoir A to reservoir B is 0.4 m3/s. Also given are coefficient ofentrance Ke � 0.5, coefficient of contraction Kc � 0.13, and coefficient of dis-charge Kd � 1.0. Determine the elevation of the water surface of reservoir Bwhen the elevation of the water surface of reservoir A is 100 m.
solution:

Step 1. Find the relative roughness e/D, from Fig. 4.1 for a circular concretepipe, assume e � 0.003 ft � 0.0009 m
then

e/D1 � 0.0009/0.60 � 0.0015
e/D2 � 0.0009/0.45 � 0.0020

Step 2. Determine velocities (V ) and Reynolds number (R)

From Table 4.1a, � � 1.131 � 10�6m2/s for T � 15�C

Step 3. Find f value from Moody chart (Fig. 4.1) corresponding to R and e/Dvalues
f1 � 0.022
f2 � 0.024

Step 4. Determine total energy loss for water flow from A to B

hf2 5 f2 
L2
D2

 V 222g 5 0.024 
150
0.45 V 222g 5 8 V 222g

hc 5 Kc
V 222g 5 0.13V 222g

hf1 5 f1
L1
D1

 V 212g 5 0.022 3 300
0.6  V 212g 5 11V 212g

he 5 Ke
V 212g 5 0.5V 212g

R2 5
V2D2
n

5
2.51 3 0.45

1.131 3 1026 5 9.99 3 105

R1 5
V1D1
n

5
1.41 m/s 3 0.6 m
1.131 3 1026m2/s 5 7.48 3 105

V2 5
Q
A2
5

0.4
p

4 s0.45d2 5 2.52  m/s

V1 5
Q
A1
5

0.4 m3
 / s

p

4 s0.6 md2 5 1.41  m/s
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Step 5. Calculate total energy head H

Step 6. Calculate the elevation of the surface of reservoir B
Ele. � 100 m � H � 100 m � 4.12 m

� 95.88 m
Pipelines in parallel

Example: Circular pipelines 1, 2, and 3, each 1000 ft (300 m) long and of 6,8, and 12 in (0.3 m) diameter, respectively, carry water from reservoir A andjoin pipeline 4 to reservoir B. Pipeline 4 is 2 ft (0.6 m) in diameter and 500 ft(150 m) long. Determine the percentages of flow passing pipelines 1, 2, and3 using the Hazen–Williams equation. The C value for pipeline 4 is 110 and,for the other three, 100.

 5 4.12 smd
 5 11.5 3 s1.41d2

2 3 9.81 1 9.13 s2.52d2
2 3 9.81

 5 s0.5 1 11d V 212g 1 s0.13 1 8 1 1d V 222g

H 5 he 1 hf1 1 hc 1 hf2 1 hd

hd 5 Kd
V 222g 5 1 3 V 222g
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solution:

Step 1. Calculate velocity in pipelines 1, 2, and 3
Since no elevation and flow are given, any slope of the energy line is OK.Assuming the head loss in the three smaller pipelines is 10 ft per 1000 ft ofpipeline:

S � 10/1000 � 0.01



For a circular pipe, the hydraulic radius is

then, from the Hazen–Williams equation, Eq. (4.20a)

Step 2. Determine the total flow Q4

Step 3. Determine percentage of flow in pipes 1, 2, and 3
For pipe 1 � (Q1/Q4) � 100% � 0.58 � 100/5.42

� 10.7%
pipe 2 � 1.24 � 100%/5.42 � 22.9%
pipe 3 � 3.60 � 100%/5.42 � 66.4%

2.4 Distribution networks

Most waterline or sewer distribution networks are complexes of loopingand branching pipelines (Fig. 4.6). The solution methods described forthe analysis of pipelines in series, parallel, and branched systems are

 5 5.42 sft3/sd
Q4 5 Q1 1 Q2 1 Q3 5 1.58 1 1.24 1 3.60

 5 3.60 sft3/sd
Q3 5 A3V3 5 0.785s1d2 3 4.58

 5 1.24 sft3/sd
Q2 5 A2V2 5 0.785s0.667d2 3 3.54

 5 0.58 sft3/sd
Q1 5 A1V1 5

p

4D21V1 5 0.785s0.5d2 3 2.96

V3 5 10.96 a14b
0.63

5 4.58 sft/sd

V2 5 10.96 a0.667
4 b

0.63
5 3.54 sft/sd

 5 2.96 sft/sd
 5 10.96 3 a0.5

4 b
0.63

V1 5 1.318 CR0.63S0.54
5 1.318 3 100 3 a0.5

4 b
0.63
s0.01d0.54

R 5
D
4
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not suitable for the more complex cases of networks. A trial and errorprocedure should be used. The most widely used is the loop methodoriginally proposed by Hardy Cross in 1936. Another method, the nodalmethod, was proposed by Cornish in 1939 (Chadwick and Morfett, 1986).For analysis flows in a network of pipes, the following conditionsmust be satisfied:
1. The algebraic sum of the pressure drops around each circuit mustbe zero.
2. Continuity must be satisfied at all junctions; i.e. inflow equals out-flow at each junction.
3. Energy loss must be the same for all paths of water.

Using the continuity equation at a node, this gives
(4.23)

where m is the number of pipes joined at the node. The sign conven-tionally used for flow into a joint is positive, and outflow is negative.Applying the energy equation to a loop, we get
(4.24)

where n is the number of pipes in a loop. The sign for flow (qi) and headloss (hfi) is conventionally positive when clockwise.Since friction loss is a function of flow
(4.25)hfi 5 fsq1d

�
n

i51
hfi 5 0

�
m

i51
qi 5 0
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Figure 4.6 Two types of pipe network.



Equations (4.23) and (4.24) will generate a set of simultaneous non-linear equations. An iterative solution is needed.
Method of equivalent pipes. In a complex pipe system, small loops withinthe system are replaced by single hydraulically equivalent pipes. Thismethod can also be used for determination of diameter and length of areplacement pipe; i.e. one that will produce the same head loss as theold one.

Example 1: Assume QAB � 0.042 m3/s (1.5 ft3/s), QBC � 0.028 m3/s (1.0 ft3/s),and a Hazen–Williams coefficient C � 100. Determine an equivalent pipe forthe network of the following figure.
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solution:

Step 1. For line BCE, Q � 1 ft3/s. From the Hazen–Williams chart (Fig. 4.2)with C � 100, to obtain loss of head in ft per 1000 ft, then compute the totalloss of head for the pipe length by proportion.
(a) Pipe BC, 4000 ft, 14 in 	

(b) Pipe CE, 3000 ft, 10 in 	

(c) Total
hBCE � 1.76 ft � 7.20 ft � 8.96 ft

(d) Equivalent length of 10-in pipe: 
Step 2. For line BDE, Q � 1.5 � 1.0 � 0.5 ft3/s or 0.014 m3/s

1000 ft 3 8.96
2.4 5 3733 ft

hCE 5
2.40
1000 3 3000 ft 5 7.20 ft

hBC 5
0.44
1000 3 4000 ft 5 1.76 ft



(a) Pipe BD, 2500 ft, 12 in 	

(b) Pipe DE, 5000 ft, 8 in 	

(c) Total
hBDE � hBD � hDE � 9.725 ft

(d) Equivalent length of 8-in pipe: 
Step 3. Determine equivalent line BE from results of Steps 1 and 2, assum-ing hBE � 8.96 ft
(a) Line BCE, 3733 ft, 10 in 	

(b) Line BDE, 5403 ft, 8 in 	

From Fig. 4.2 QBDE � 0.475 ft3/s � 0.013 m3/s
(c) Total

QBE � 1 ft3/s � 0.475 ft3/s � 1.475 ft3/s � 0.0417 m3/s
(d) Using Q � 1.475 ft3/s, select 12-in pipe to find equivalent lengthFrom chart

S � 1.95
Since assumed total head loss HBE � 8.96

Answer: Equivalent length of 4600 ft of 12-in pipe.
Example 2: The sewer pipeline system below shows pipe diameter sizes (	),grades, pipe section numbers, and flow direction. Assume there is no surcharge

L 5 8.96
1.95 3 1000 < 4600 sftd

S 5 8.96
5403 5 1.66/1000

QBCD 5 1.0 ft3/s
S 5 8.96

3733 5 2.4/1000 5 24%

1000 ft 3 9.725
1.80 5 5403 ft

hDE 5
1.80
1000 3 5000 ft 5 9.0 ft

hBD 5
0.29
1000 3 2500 ft 5 0.725 ft
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solution:

Step 1. Compute cross-sectional areas and hydraulic radius
Section Diameter, D (ft) A (ft) R � D/4 (ft)

1 1.167 1.068 0.2922 0.667 0.349 0.1673 0.833 0.545 0.2084 1.0 0.785 0.250BC 1.5 1.766 0.375CD 1.667 2.180 0.417

Step 2. Compute flows with Manning formula

 5 3.82  sft3/sd
QAB 5 Q1 1 Q2 5 3.22 1 0.60

 5 0.60 sft3/sd
Q2 5 0.349 3 114.3s0.167d2/3s0.0025d1/2

 5 3.22 sft3/sd
Q1 5 1.068 3 1.486

0.013  s0.292d2/3s0.0036d1/2

Q 5 A1.486
n R2/3S1/2
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and full flow in each of sections 1, 2, 3, and 4. All pipes are fiberglass with 
n � 0.013. A, B, C, and D represent inspection holes. Determine(a) the flow rate and minimum commercial pipe size for section AB;(b) the discharge, sewage depth, and velocity in section BC; and(c) the slope required to maintain full flow in section CD.



Step 3. Compute DAB

Use 18-in commercially available pipe for answer (a).
Step 4. Determine Q3, QBC, QBC/Qf

Q3 � 0.545 � 114.3 � (0.208)2/3 (0.0049)1/2

� 1.53 (ft3/s)
QBC � QAB � Q3 � 3.82 ft3/s � 1.53 ft3/s

� 5.35 ft3/s
At section BC: velocity for full flow

Vf � 114.3 � (0.375)2/3 (0.0036)1/2

� 3.57 (ft/s)
Qf � AVf � 1.766 � 3.57

� 6.30 (ft3/s)
Percentage of actual flow

Step 5. Determine sewage depth d and V for section BC from Fig. 4.4
We obtain d/D � 0.70Then

d � 0.70 � 18 in � 12.6 in
� 1.05 ft

and
V/Vf � 1.13

Then
V � 1.13 � Vf � 1.13 � 3.57 ft/s

� 4.03 ft/s
Step 6. Determine slope S of section CD

Q4 � 0.785 � 114.3 � (0.25)2/3(0.0025)1/2

� 1.78 (ft3/s)

QBC
Qf

5
5.35 ft3/s
6.30  ft3/s 5 0.85

 5 15.9 in
D 5 1.33 ft

D8/3
5 2.146

QAB 5 3.82 5 0.785D2
3 114.3aD4 b

2/3
3 s0.0025d1/2
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QCD � Q4 � QBC � 1.78 ft3/s � 5.35 ft3/s
� 7.13 ft3/s

Section CD if flowing full:
7.13 � 2.18 � 114.3(0.417)2/3S1/2
S1/2

� 0.05127
S � 0.00263

Hardy–Cross method. The Hardy–Cross method (1936) of network analy-sis is a loop method which eliminates the head losses from Eqs. (4.24)and (4.25) and generates a set of discharge equations. The basics of themethod are:
1. Assume a value for Qi for each pipe to satisfy �Qi � 0.
2. Compute friction losses hfi from Qi; find S from Hazen–Williamsequation.
3. If the solution is correct.
4. If apply a correction factor �Q to all Qi, then repeat step 1.
5. A reasonable value of �Q is given by Chadwick and Morfett (1986)

(4.26)
This trial and error procedure solved by digital computer program isavailable in many textbooks on hydraulics (Hwang 1981, Streeter andWylie 1975).

The nodal method. The basic concept of the nodal method consists ofthe elimination of discharges from Eqs. (4.23) and (4.25) to generatea set of head loss equations. This method may be used for loops orbranches when the external heads are known and the heads withinthe networks are needed. The procedure of the nodal method is asfollows:
1. Assume values of the head loss Hj at each junction.
2. Compute Qi from Hj.
3. If �Qi � 0, the solution is correct.
4. If �Qi � 0, adjust a correction factor �H to Hj, then repeat step 2.
5. The head correction factor is

(4.27)�H 5
2�Qi

�Qi>hfi

�Q 5
�hfi2�hfi>Qi

�fi 2 0,
�hfi 5 0,
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2.5 Sludge flow

To estimate every loss in a pipe carrying sludge, the Hazen–Williamsequation with a modified C value and a graphic method based on fieldexperience are commonly used. The modified C values for various totalsolids contents are as follows (Brisbin 1957):
Total solids (%) 0 2 4 6 8.5 10
C 100 81 61 45 32 25

2.6 Dividing-flow manifolds and multiport diffusers

The related subjects of dividing-flow manifolds and multiport diffusersare discussed in detail by Benefield et al. (1984). They present basic the-ories and excellent design examples for these two subjects. In addition,there is a design example of hydraulic analysis for all unit processes ofa wastewater treatment plant.
3 Pumps

3.1 Types of pump

The centrifugal pump and the displacement pump are most commonlyused for water and wastewater works. Centrifugal pumps have a rotatingimpeller which imparts energy to the water. Displacement pumps are oftenof the reciprocating type in which a piston draws water or slurry into a closedchamber and then expels it under pressure. Reciprocating pumps are widelyused to transport sludge in wastewater treatment plants. Air-lift pumps,jet pumps, and hydraulic rams are also used in special applications.
3.2 Pump performance

The Bernoulli equation may be applied to determine the total dynamichead on the pump. The energy equation expressing the head betweenthe suction(s) and discharge(d) nozzles of the pumps is as follows:

where H � total dynamic head, m or ft
Pd, Ps � gage pressure at discharge and suction, respectively, N/m2 or lb/in2

� � specific weight of water, N/m3 or lb/ft3
Vd, Vs � velocity in discharge and suction nozzles, respectively, m/s or ft/s

g � gravitational acceleration, 9.81 m/s2 or 32.2 ft/s2
zd, zs � elevation of discharge and suction gage above the datum,m or ft

H 5
Pd
g 1

V 2d2g 1 zd 2 aPs
g 1

V 2s2g 1 zsb
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The power Pw required to pump water is a function of the flow Q and thetotal head H and can be written as
Pw � jQH (4.28a)

where Pw � water power, kW (m ⋅ m3/min) or hp (ft ⋅ gal/min)
j � constant, at 20�C

� 0.163 (for SI units)
� 2.525 � 10�4 (for British units)

Q � discharge, m3/min or gpm
H � total head, m or ft

Example 1: Calculate the water power for a pump system to deliver 3.785 m3/min (1000 gpm) against a total system head of 30.48 m (100 ft) ata temperature of 20�C.
solution:

Pw � jQH
� 0.163 � 3.785 m3/min � 30.48 m
� 18.8 kW

or � 25.3 hp (Po � rQH for SI units)
The power output (Po � QrH for SI units) of a pump is the workdone to lift the water to a higher elevation per unit time. The theo-retical power output or horsepower (hp) required is a function of aknown discharge and total pump lift. For US customary units, it maybe written as

(4.28b)
For SI units: Po (in N ⋅ m/s or Watt) � Q�H

where Q � discharge, ft3/s (cfs) or m3/s
� � specific weight of water or liquid, lb/ft3 or N/m3

H � total lift, ft or m550 � conversion factor from ft ⋅ lb/s to hp

Example 2: Determine how many watts equal one horsepower.
solution:

1hp � 550 ft ⋅ lb/s
� 550 ft � 0.305 m/ft ⋅ 1 lb � 4.448 N/(lb ⋅ s)

posin hpd 5 QgH
550
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� 746 N ⋅ m/s (J/s � watt)
� 746 watts (W) or 0.746 kilowatts (kW)

Conversely, 1 kW � 1.341 hpThe actual horsepower needed is determined by dividing the the-oretical horsepower by the efficiency of the pump and driving unit.The efficiencies for centrifugal pumps normally range from 50% to85%. The efficiency increases with the size and capacity of thepump.The design of a pump should consider total dynamic head whichincludes differences in elevations. The horsepower which should bedelivered to a pump is determined by dividing Eq. (4.28b) by the pumpefficiency, as follows:
(4.28c)

The efficiency of a pump (ep) is defined as the ratio of the poweroutput (Po � �QH/550) to the input power of the pump (Pi � 
�). It canbe written as:for US customary units

(4.28d)
for SI units

(4.28e)

where ep � efficiency of the pump, %
� � specific weight of water, kN/m3 or lb/ft3
Q � capacity, m3/s or ft3/s
hp � brake horsepower550 � conversion factor for horsepower to ft ⋅ lb/s

 � angular velocity of the turbo-hydraulic pump
� � torque applied to the pump by a motor

The efficiency of the motor (em) is defined as the ratio of the powerapplied to the pump by the motor (Pi) to the power input to the motor(Pm), i.e.

(4.29)em 5
Pi
Pm

ep 5
gQH

Pi
5
gQH
vt

ep 5
Po
Pi
5

gQH
hp 3 550

hp 5 gQH
550 3 efficiency
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The overall efficiency of a pump system (e) is combined as
(4.30)

Example 3: A water treatment plant pumps its raw water from a reservoirnext to the plant. The intake is 12 ft below the lake water surface at eleva-tion 588 ft. The lake water is pumped to the plant influent at elevation 611 ft.Assume the suction head loss for the pump is 10 ft and the loss of head in thedischarge line is 7 ft. The overall pump effiency is 72%. The plant serves44,000 persons. The average water consumption is 200 gal per capita perday (gpcpd). Compute the horsepower output of the motor.
solution:

Step 1. Determine discharge Q
Q � 44,000 � 200 gpcpd � 8.8 Mgal/d (MGD)

� 8.8 Mgal/d � 1.547 (ft3/s)/(Mgal/d)
� 13.6 ft3/s

Step 2. Calculate effective head H
H � (611 � 588) � 10 � 7 � 40 (ft)

Step 3. Compute overall horsepower output
Using Eq. (4.28c),

Example 4: A water pump discharges at a rate of 0.438 m3/s (10 Mgal/d). Thediameters of suction and discharge nozzles are 35 cm (14 in) and 30 cm (12in), respectively. The reading of the suction gage located 0.3m (1 ft) above thepump centerline is 11 kN/m2 (1.6 lb/in2). The reading of the discharge gagelocated at the pump centerline is 117 kN/m2 (17.0 lb/in2). Assume the pumpefficiency is 80% and the motor efficiency is 93%; water temperature is 13�C.Find (a) the power input needed by the pump and (b) the power input to themotor.
solution:

Step 1. Write the energy equation
H 5 aPd

g
1

V 2d2g 1 zdb 2 aPs
g
1

V 2s2g 1 zsb

 5 85.7 hp
hp 5 QgH

550ep
5

13.6 ft3/s 3 62.4 lb/ft3
3 40 ft

550 ft # lb/hp 3 0.72

e 5 ePem 5
Po
Pi
3

Pi
Pm

5
Po
Pm
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Step 2. Calculate each term in the above equation
At T � 13�C, � � 9800 N/m3, refer to table 4.1a

Let zd � 0 be the datum at the pump centerline

Step 3. Calculate the total head H
H � [11.94 � 1.96 � 0 � (1.12 � 1.06 � 0.30)] m

� 11.42 m or 34.47 ft
Step 4. Compute power input Pi by Eq. (4.28e) for question (a)

Step 5. Compute power input to the motor (Pm) for question (b)

or  5 � 88.4 hp
 5 65.88 kW

Pm 5
Pi
em
5

61.27 kW
0.93

 5 82.2 hp
 5 61.27 kW 3

1.341 hp
1 kW

 5 61.27 kW
Pi 5

Pq
ep
5
gQH

ep
5
s9.8 kNds0.438 m3/sds11.42 md 

0.80

zs 5 10.30 m

V 2s2g 5
s4.55 m/sd2

2s9.81 m/s2d 5 1.06 m

 Vs 5
0.438 m3/s

sp/4ds0.35 md2 5 4.55 m/s

Ps
g
5

11,000 N/m2
9800 N/m3 5 1.12 m

V 2d2g 5
s6.20 m/sd2

2s9.81 m/s2d 5 1.96 m

Vd 5
Qd
Ad

5
0.438 m3/s

sp/4ds0.30 md2 5 6.20 m/s

Pd
g
5

117,000 N/m2
9800 N/m3 5 11.94 m
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3.3 Cost of pumping

The cost of pumping through a pipeline is a function of head loss, flowrate, power cost, and the total efficiency of the pump system. It can beexpressed as (ductile Iron Pipe Research Association, 1997)
CP � 1.65 HQ$/E (4.31)

where CP � pumping cost, $/(yr ⋅ 1000 ft) (based on 24 h/d operation)
H � head loss, ft/1000 ft
Q � flow, gal/min$ � unit cost of electricity, $/kWh
E � total efficiency of pump system, %

Velocity is related to flow by the following equation
(4.32a)

where V � velocity, ft/s
Q � flow, gal/min
d � actual inside diameter, in

Head loss is determined by the Hazen–Williams formula
(4.32b)

where C � a coefficient, and other symbols are as above.
Example: Water is pumped at a rate of 6300 gal/min (0.40 m3/s) through a24-in pipeline of 10,000 ft (3048 m) length. The actual inside diameters forductile iron pipe and PVC pipe are respectively 24.95 and 22.76 in. Assumethe unit power cost is $0.058/kWh; the total efficiency of pump system is75%; the pump is operated 24 h per day. Estimate: (a) the cost of pumping foreach kind of pipeline, (b) the present value of the difference of pumping cost,assuming 50-year  design pipe life (n), 6.6% annual rate (r) of return on theinitial investment, and 3.5% annual inflation rate of power costs.
solution:

Step 1. Compute the velocity of flow for each pipeline.
Let Vd and Vp represent velocity for ductile and PVC pipe, respectively, using Eq. (4.32a)

 5 4.13 ft/s
Vd 5

Q
2.448 d2 5

6300 gal/min
2.448s24.95 ind2

H 5 1000a V
0.115 Cd0.63b

1.852

V 5
Q

2.448d2
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Step 2. Compute head losses (Hd and Hp) for each pipe flow using Eq. (4.32b).
Coefficients C for ductile and PVC pipes are 140 and 150, respectively.

Step 3. Compute the costs of pumping, CPd and CPp

CPd � 1.65 HdQ$/E � 1.65 � 1.89 � 6300 � 0.058/0.75
�1519 ($/1000 ft/yr)

CPp � 1.65 � 2.59 � 6300 � 0.058/0.75
� 2082 ($/1000 ft/yr)

Step 4. Compute the difference of total cost for 10,000 ft annually (A)
A � (2082�1519) $/(1000 ft/yr) � (10,000 ft)

� 5630 $/yr
Step 5. Compute the present worth (PW) of A adjusting for inflation usingthe appropriate equation below
When g � r

PW � An (4.33a)

When g ≠ r

(4.33b)

(4.33c)i 5 r 2 g
1 1 g

PW 5 A c s1 1 idn 2 1
is1 1 idn d

 5 2.59 sft/1000 ftd
Hp 5 1000 a 4.96

0.115 3 150 3 22.760.63b
1.852

 5 1.89 sft/1000 ftd
 5 1000a 4.13

0.115 3 140 3 24.950.63b
1.852

Hd 5 1000a Vd0.115Cd0.63b
1.852

 5 4.96 ft/s
Vp 5

6300
2.448s22.76d2
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where PW � present worth of annual difference in pumping cost, $
A � annual difference in pumping cost, $
i � effective annual investment rate accounting for inflation, %

n � design life of pipe, yr
g � inflation (growth) rate of power cost, %
r � annual rate of return on the initial investment, %

In this example, g ≠ n

4 Water Flow in Open Channels

4.1 Che’zy equation for uniform flow

In 1769, the French engineer Antoine Che’zy proposed an equation for uniform open channel flow in which the average velocity is a func-tion of the hydraulic radius and the energy gradient. It can be written as
(4.34)

where V � average velocity, ft/s
C � Che’zy discharge coefficient, ft1/2/s
R � hydraulic radius, ft

� cross-sectional area A(ft2) divided by the wetted perimeterP (ft)
� A/P

S � energy gradient (slope of the bed, slope of surface water foruniform flow)
� head loss (hf) over the length of channel (L) divided by L
� hf /L

The value of C can be determined from

(4.35a)
where g � gravity constant, ft/s

f � Darcy–Weisback friction factor

C 5 Å8g
f

V 5 C2RS

 5 144,855s$d
PW 5 A c s1 1 idn 2 1

is1 1 idn d 5 5630 c s1 1 0.03d50
2 1

0.03s1 1 0.03d50 d

i 5 r 2 g
1 1 g 5

0.066 2 0.035
1 1 0.035 5 0.030
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Example: A trapezoidal open channel has a bottom width of 20 ft and sideslopes of inclination 1:1.5. Its friction factor f � 0.056. The depth of the chan-nel is 4.0 ft. The channel slope is 0.025. Compute the flow rate of the channel.
solution:

Step 1. Determine C value from Eq. (4.34)

Step 2. Compute A, P, and R
Width of water surface � 20 ft � 2 � 6 ft � 32 ft

Step 3. Determine the flow rate Q

4.2 Manning equation for uniform flow

As in the previous section, Eq. (4.22) was proposed by Robert Manningin 1889. The well-known Manning formula for uniform flow in openchannel of nonpressure pipe is 
(4.22a)
(4.22b)

The flow rate (discharge) Q can be determined by
(4.36)Q 5 AV 5 A 

1.486
n R2/3S1/2

V 5
1
nR2/3S1/2   sfor SI unitsd

V 5
1.486

n R2/3S1/2   sfor British unitsd

 5 1937 ft3/s
 5 104 ft2

3 67.8 ft1/2/s 3 23.02 ft 3 0.025
Q 5 AV 5 AC2RS

 5 3.02 ft
R 5 A/P 5 104 ft2/34.42 ft

 5 34.42 ft
P 5 2 ft 3 242

1 62
1 20 ft

 5 104 ft2
A 5

1
2s20 1 32d ft 3 4 ft

C 5 Å8g
f 5 Å8 3 32.2

0.056
5 67.8 sft1/2/sd
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All symbols are the same as in the Che’zy equation. The Manning rough-ness coefficient (n) is related to the Darcy–Weisback friction factor asfollows:
(4.37)

Manning also derived the relationship of n (in s/ft1/3) to the Che’zy coef-ficient C by the equation
(4.35b)

Typical values of n for various types of channel surface are shown inTable 4.4.
Example 1: A 10-ft wide (w) rectangular source-water channel has a flowrate of 980 ft3/s at a uniform depth (d) of 3.3 ft. Assume n � 0.016 s/ft1/3 forconcrete. (a) Compute the slope of the channel. (b) Determine the dischargeif the normal depth of the water is 4.5 ft.
solution:

Step 1. Determine A, P, and R for question (a)
A � wd � 10 ft � 3.3 ft � 33 ft2

P � 2d � w � 2 � 3.3 ft � 10 ft � 16.6 ft
R � A/P � 33 ft2/16.6 ft � 1.988 ft

Step 2. Solve S by the Manning formula

Rewrite

Answer for (a), S � 0.041
Step 3. For (b), determine new A, P, and R

A � wd � 10 ft � 4.5 ft � 45 ft2

P � 2d � w � 2(4.5 ft) � 10 ft � 19 ft
R � A/P � 45 ft2/19 ft � 2.368 ft

Step 4. Calculate Q for answer of question (b)
Q 5 A 

1.486
n  R2/3S1/2

S 5 a Qn
1.486AR2/3b

2
5 a 

980 cfs 3 0.016 s/ft1/3
1.486 3 33 ft2

3 s1.988 ftd2/3b
2
5 0.041

Q 5 A 1.486
n R2/3S1/2

C 5
1
nR1/6

n 5 0.093f1/2R1/6
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Example 2: A rock trapezoidal channel has bottom width 5 ft (1.5 m), waterdepth 3 ft (0.9 m), side slope 2:1, n � 0.044, 5 ft wide. The channel bottomhas 0.16% grade. Two equal-size concrete pipes will carry the flow down-stream. Determine the size of pipes for the same grade and velocity.
solution:

Step 1. Determine the flow Q

By the Manning formula, Eq. (4.36)

Step 2. Determine diameter of a pipe D
For a circular pipe flowing full, a pipe carries one-half of the total flow

67.9 5 1.424 D8/3

135.8
2 5

pD2
4 3

1.486
0.013a

D
4 b

2/3
s0.0016d1/2

R 5
D
4

Q 5 A 
1.486

n  R2/3S1/2

5 19.5 3 1.486
0.044  s11.71d2>3s0.0016d1/2

5 135.8 sft3/sd

 5 11.71 ft
R 5 5 ft 1 221.52

1 32  ft
 5 19.5 ft2

A 5
5 1 8

2  ft 3 3 ft

 5 1500 s  ft3/sd
 5 45 3 1.486

0.016  s2.368d2/3s0.041d1/2
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Note: Use 48-in pipe, although the answer is slightly over 48 in.
Step 3. Check velocity of flow
Cross-sectional area of pipe Ap

This velocity is between 2 and 10 ft/s; it is thus suitable for a storm sewer.

4.3 Partially filled conduit

The conditions of partially filled conduit are frequently encountered inenvironmental engineering, particularly in the case of sewer lines. In aconduit flowing partly full, the fluid is at atm pressure and the flow isthe same as in an open channel. The Manning equation (Eq. (4.22)) isapplied.A schematic pipe cross section is shown in Fig. 4.7. The angle �, flowarea A, wetted perimeter P and hydraulic radius R can be determinedby the following equations:For angle
(4.38a)
(4.38b) u 5 2 cos 21a1 2 2d

D b

cos u2 5
BC
AC 5

r 2 d
r 5 1 2 d

r 5 1 2 2d
D

 5 5.4 ft/s
V 5

Q
Ap
5

67.9 ft3/s
12.56 ft2

Ap 5
ps4 ftd2

4 5 12.56 ft2

 5 51.1 in
D 5 4.26 sftd
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Area of triangle ABC, a

Flow area A

(4.39)
For wetted perimeter P

(4.40)
For hydraulic radius R

R � A/P
Thus we can mathematically calculate the flow area A, the wettedperimeter P, and the hydraulic radius R. In practice, for a circular con-duit, a chart is generally used which is available in hydraulic textbooksand handbooks (Chow, 1959; Morris and Wiggert, 1972; Zipparo andHasen, 1993; Horvath, 1994).
Example 1: Assume a 24-in diameter sewer concrete pipe (n � 0.012) isplaced on a slope of 2.5 in 1000. The depth of the sewer flow is 10 in. What isthe average velocity and the discharge? Will this grade produce a self-cleansing velocity for the sanitary sewer?
solution:

P 5 pD u360

A 5
D2
4 a
pu

360 2
 sin u

2 b

 5 pD2
4  u360 2 2 a12 D2

4   sin u
2 b

A 5
pD2

4  u360 2 2a

 5 1
2 D2

4   sin u
2

a 5  
1
2 AB BC 5

1
2 r sin u2 r  cos u2 5

1
2 r2  sin u

2
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Step 1. Determine � from (Eq. (4.38a), referring to Fig. 4.7 and to the figure above

Step 2. Compute flow area A from Eq. (4.39)

Step 3. Compute P from Eq. (4.40)

Step 4. Calculate R
R � A/P � 1.24 ft2/2.805 ft

� 0.442 ft
Step 5. Determine V from Eq. (4.22a)

 5 3.591 sft/sd
 5 123.83 3 0.58 3 0.05
 5 1.486

0.012  s0.442d2/3s2.5/1000d1/2

V 5
1.486

n  R2/3S1/2

P 5 pD u360 5 3.14 3 2 ft 3 160.8
360

5 2.805 ft

 5 1.24  sft2d

 5 1.40 2 0.16
 5 22

4  a3.14 3 160.8
360 2

1
2  sin 160.88b

A 5
D2
4  ap 

u

360 2
 sin u

2 b

D 5 24 in 5 2  ft

 u 5 160.88
 u2 5  cos 21s0.1667d 5 80.4+

 5 0.1667
cos u2 5 1 2 2d

D 5 1 2 2 3 10
24
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Step 6. Determine Q
Q � AV � 1.24 ft2

� 3.591 ft/s
� 4.453 ft3/s

Step 7. It will produce self-cleaning since V > 2.0 ft/s
Example 2: A concrete circular sewer has a slope of 1 m in 400 m. (a) Whatdiameter is required to carry 0.1 m3/s (3.5 ft3/s) when flowing six-tenths full?(b) What is the velocity of flow? (c) Is this a self-cleansing velocity?
solution: These questions are frequently encountered in sewer design engi-neering. In the partially filled conduit, the wastewater is at atm pressure andthe flow is the same as in an open channel, which can be determined with theManning equation (Eq. (4.22)). Since this is inconvenient for mathematical cal-culation, a chart (Fig. 4.4) is commonly used for calculating area A, hydraulicradius R, and flow Q for actual values (partly filled), as opposed to full-flowvalues.
Step 1. Find full-flow rate Qf (subscript “f ” is for full flow)
Given:

From Fig. 4.4

Step 2. Determine diameter of pipe D from the Manning formula
For full flow

Rf 5
D
4

Af 5
p

4  D2

 5 0.147 m3/s
Qf 5

Q
0.68 5

0.1 m3/s
0.68

Q
Qf
5 0.68

d
D 5 0.60
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For concrete n � 0.013Slope S � 1/400 � 0.0025From Eq. (4.22b):

Answer (a)
D � 0.455 (m)

� 1.5 ft
Step 3. Calculate Vf

From Fig. 4.4

Answer (b)
V � 1.07 Vf � 1.07 � 0.903 m/s

� 0.966 m/s
� 3.17 ft/s

Step 4. For answer (c)
Since

V � 3.27 ft/s > 2.0 ft/s
it will provide self-cleansing for the sanitary sewer.

V
Vf
5 1.07

 5 2.96 ft/s
 5 0.903 sm/sd

Vf 5
1

0.013 a0.455
4 b

2/3
s0.0025d1/2

0.147 5 1.20 D8/3

 5 p4  D2
3

1
0.013 3 a

D
4 b

2/3
3 s0.0025d1/2

Q 5 AV 5 A1
n  R2/3S1/2

V 5
1
nR2/3S1/2
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Example 3: A 12-in (0.3 m) sewer line is laid on a slope of 0.0036 with n valueof 0.012 and flow rate of 2.0 ft3/s (0.057 m3/s). What are the depth of flow andvelocity?
solution:

Step 1. Calculate flow rate in full, Qf
From Eq. (4.22a)

Step 2. Determine depth of flow d

From Fig. 4.4

Step 3. Determine velocity of flow V
From chart (Fig. 4.4)

V � 1.13 � 2.96 ft/s
� 3.34 ft/s

or � 1.0 m/s

4.4 Self-cleansing velocity

The settling of suspended mater in sanitary sewers is of great concernto environmental engineers. If the flow velocity and turbulent motionare sufficient, this may prevent deposition and resuspend the sedimentand move it along with the flow. The velocity sufficient to prevent

V
Vf
5 1.13

d
D 5 0.72
d 5 0.72 3 1 ft
5 0.72 ft

Q
Qf
5

2.0
2.32 5 0.862

Vf 5 2.96 ft/s
 5 2.32 sft3/sd
 5 0.785 3 123.8 3 0.397 3 0.06

Qf 5 AV 5
p

4  D2 1.486
0.012  aD4 b

2/3
s0.0036d1/2

D 5 1 ft
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deposits in a sewer is called the self-cleansing velocity. The self-cleansingvelocity in a pipe flowing full is (ASCE and WEF 1992):for SI units

(4.41a)
for British units

(4.41b)
where V � velocity, m/s or ft/s

R � hydraulic radius, m or ft
n � Manning’s coefficient of roughness
B � dimensionless constant

� 0.04 to start motion
� 0.8 for adequate self-cleansing

s � specific gravity of the particle
Dp � diameter of the particle

f � friction factor, dimensionless
g � gravitational acceleration

� 9.81 m/s2 or 32.2 ft/s2

Sewers flowing between 50% and 80% full need not be placed onsteeper grades to be as self-cleansing as sewers flowing full. The reasonis that velocity and discharge are functions of attractive force whichdepends on the friction coefficient and flow velocity (Fair et al. 1966).Figure 4.8 presents the hydraulic elements of circular sewers that pos-sess equal self-cleansing effect.Using Fig. 4.8, the slope for a given degree of self-cleansing of partlyfull pipes can be determined. Applying Eq. (4.41) with the Manningequation (Eq. (4.22)) or Fig. 4.3, a pipe to carry a design full discharge
Qf at a velocity Vf that moves a particle of size Dp can be selected. Thissame particle will be moved by a lesser flow rate between Qf and somelower discharge Qs.Figure 4.8 suggests that any flow ratio Q/Qf that causes the depth ratio
d/D to be larger than 0.5 requires no increase in slope because Ss is lessthan Sf. For smaller flows, the invert slope must be increased to Ss toavoid a decrease in self-cleansing.

 5 c8B
f gss 2 1dDp d

1/2
V 5

1.486R1/6
n  [Bss 2 1dDp]1/2

 5 c8B
f gss 2 1dDp d

1/2
V 5

R1/6
n  [Bss 2 1dDp]1/2
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Example: A 10 in (25 cm) sewer is to discharge 0.353 ft3/s (0.01m3/s) at a self-cleansing velocity. When the sewer is flowing full, its velocity is 3 ft/s (0.9m/s).Determine the depth and velocity of flow and the required sewer line slope.Assume N � n � 0.013.
solution:

Step 1. Determine the flow Qf and slope Sf during full flow

Using the Manning formula

1.64 5 1.486
0.013 a0.833

4 b
2/3

S1/2f

Qf 5
1.486

n R2/3S1/2f

Qf 5
pr2
4  Vf 5 0.785 s10/12  ftd2 3 3.0  ft/s

5 1.64  sft3/sd
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Rearranging

Step 2. Determine depth d, velocity Vs,and slope S for self-cleansing
From Fig. 4.8For N � n and Qs/Qf � 0.353/1.64�0.215, we obtain

d/D � 0.28
Vs/Vf � 0.95

and
S/Sf � 1.50

Then
d � 0.33D � 0.28 � 10 in � 2.8 in

Vs � 0.95 V � 0.95 � 3 ft/s � 2.85 ft/s
S � 1.5 Sf � 1.5 � 1.67‰ � 2.50‰

4.5 Specific energy

For a channel with small slope (Fig. 4.9) the total energy head at any sec-tion may be generally expressed by the general Bernoulli equation as
(4.15)

where z is the elevation of the bed. For any stream line in the section,
P/� � z � D (the water depth at the section).When the channel bottom is chosen as the datum (z � 0), the totalhead or total energy E is called the specific energy (He). The specificenergy at any section in an open channel is equal to the sum of thevelocity head (kinetic energy) and water depth (potential energy) at thesection. It is written as

(4.42a)
Since V � Q/A � flow/area, then

(4.42b)He 5
Q2

2gA2 1 D

He 5
V 2
2g 1 D

E 5
V 2
2g 1

P
g 1 z

 5 1.67‰
Sf 5 0.00167

S1/2f 5 0.04084
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For flow rate in a rectangular channel, area A is
A � WD (4.43)

where W is the width of the channel.
4.6 Critical depth

Given the discharge (Q) and the cross-sectional area (A) at a particularsection, Eq. (4.42a) may be rewritten for specific energy expressed interms of discharge
(4.42b)

If the discharge is held constant, specific energy varies with A and
D (Fig. 4.10). At the critical state the specific energy of the flow is at aminimum value. The velocity and depth associated with the criticalstate are called the critical velocity and critical depth, respectively. At

He 5 Q2
2gA2 1 D
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the critical state, the first derivative of the specific energy with respectto the water depth should be zero:

(4.44)

Since near the free surface
dA � WdD

then

Where W is the top width of the channel section (Fig. 4.10). For openchannel flow, Dm � A/W is known as the hydraulic depth (or meandepth, Dm) for rectangular channels.Hence for nonrectangular channels

(4.45)
or

Q2W � gA3 (4.45a)
Then the general expression for flow at the critical depth is

(4.46)
and the critical velocity Vc is

(4.47)
(4.48)

(4.49)
Where Hm is the minimum specific energy.

Hm 5 Dc 1
Dm2

Dm 5
Q2
gA2

Vc 5 2gA/W 5 2gDm

Q 5 A2gDm

Q 5 2gA3/W 5 A2gA/W

2 Q2W
gA3 1 1 5 0

W 5
dA
dD

dE
dD 5 2 Q2

gA3 dA
dD 1 1 5 0

dE
dD 5

d
dDa

Q2
2gA2 1 Db 5 0
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For the special case of a rectangular channel, the critical depth
(4.50)

where q � discharge per unit width of the channel, m3/s/m.For rectangular channels, the hydraulic depth is equal to the depthof the flow. Equation (4.45) can be simplified as

(4.51)
The quantity is dimensionless. It is the so-called Froude number,
F. The Froude number is a very important factor for open channel flow.It relates three states of flow as follows:

F Velocity Flow state
1 critical flow (V � speed of surface wave)

< 1 subcritical (V < speed of surface wave)
> 1 supercritical (V > speed of surface wave)

Example: Determine the critical depth of a channel when the water is flow-ing in a trapezoidal channel with a base width of 1.5 m (5.0 ft) and side slopeof 2 on 1. The flow is 4.0 m3/s (63,400 gpm).
solution: Let h � the critical depth of the channel
Then base � 1.5 m

W � 1.5 m � 2 � (1/2 h) m
� (1.5 � h) m

A � � [1.5 m � (1.5 � h) m] � h m
� (1.5 h � 0.5 h2 ) m2

Q � 4.0 m3/s
g � 9.806 m/s2

Solve h using Eq. (4.45a)
Q2W � gA3
(4.0)2

� (1.5 � h) � 9.806 � (1.5h � 0.5h2)3
(1.5h � 0.5h2)3/(1.5 � h) � 1.63by trial h � 0.818 m

� 2.68 ft

1
2

V . 2gD
V , 2gD
V 5 2gD

V/!gD
 V!gD 5 1

 V 2
gD 5 1

Q2
A2  W

Ag 5 1

Dc 5 a Q2
gW2b

1/3
5 aq

2
g b

1/3
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4.7 Hydraulic jump

When water flows in an open channel, an abrupt decrease in velocitymay occur due to a sudden increase of water depth in the downstreamdirection. This is called hydraulic jump and may be a natural phenom-enon. It occurs when the depth in an open channel increases from adepth less than the critical depth Dc to one greater than Dc. Under theseconditions, the water must pass through a hydraulic jump, as shown inFig. 4.11.The balance between the hydraulic forces P1 and P2, represented bythe two triangles and the momentum flux through sections 1 and 2, perunit width of the channel, can be expressed as
P1 � P2 � �q (V2 � V1) (4.52)

where q is the flow rate per unit width of the channel. Substituting thefollowing quantities in the above equation

we get

since
 r
g
5

1
g

1
2  sD1 1 D2dsD1 2 D2d 5

r

g
 q2 aD1 2 D2

D1D2
b

g

2 sD21 2 D22d 5 rq a q
D2

2
q

D1
b

V1 5
q

D1
;      V2 5

q
D2

P1 5
g

2D21;     P2 5
g

2D22
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then
(4.53)

This equation may be rearranged into a more convenient from asfollows:
(4.54)

where F1 is the upstream Froude number and is expressed by
(4.55)

If the hydraulic jump is to occur, F1 must be greater than one; i.e. theupstream flow must be supercritical. The energy dissipated (�E) in ahydraulic jump in a rectangular channel may be calculated by the equation
(4.56)

Example 1: A rectangular channel, 4 m wide and with 0.5 m water depth,is discharging 12 m3/s flow before entering a hydraulic jump. Determine thecritical depth and the downstream water depth.
solution:

Step 1. Calculate discharge per unit width q

Step 2. Calculate critical depth Dc from Eq. (4.50)

Step 3. Determine upstream velocity V1

Step 4. Determine the upstream Froude number
F1 5

V1!gD1
5

6.0!9.81 3 0.5 5 2.71

V1 5
q

D1
5

3  m2/s
0.5  m 5 6.0  m/s

 5 0.972  m
Dc 5 aq

2
g b

1/3
5 a3  m2/s 3 3  m2/s

9.81  m/s2 b
1/3 

q 5 Q
W 5

12 m3/s
4 m 5 3sm3/m # s or m2/sd

�E 5 E1 2 E2 5
sD2 2 D1d34D1D2

F1 5
V1!gD1

D2
D1

5 a14 1 2F 21b
1/2
2

1
2

q2
g 5 D1D2aD1 1 D22 b
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Step 5. Compute downstream water depth D2 from Eq. (4.54)

Example 2: A rectangular channel 9 ft (3 m) wide carries 355 ft3/s (10.0 m3/s)of water with a water depth of 2 ft (0.6 m). Is a hydraulic jump possible? If so,what will be the depth of water after the jump and what will be the horsepowerloss through the jump?
solution:

Step 1. Compute the average velocity in the channel

Step 2. Compute F1 from Eq. (4.55)

Since F1 > 1, the flow is supercritical and a hydraulic jump is possible.
Step 3. Compute the depth D2 after the hydraulic jump

Step 4. Compute velocity V2 after jump

Step 5. Compute total energy loss �E (or �h)
E1 5 D1 1

V 212g 5 2 1 19.722
2 3 32.2 5 8.04 sftd

V2 5
Q
A2
5

355 ft3/s
9 ft 3 6.03 ft

5  6.54 ft/s

 5 6.03 ft
 5 2 c A0.25 1 2 3 2.462 B1/2

2 0.5 d

D2 5 D1 c A0.25 1 2F 21 B1/2
2 0.5 d

F1 5
V1!gD1

5
19.72 ft/s!32.2 ft/s2 3 2 ft

5 2.46

V1 5
Q
A1
5

355 ft3/s
9 ft 3 2 ft

5 19.72 ft/s

D2 5 D1 c a14 1 2F 21b
1/2
2

1
2 d

5 0.5 c a14 1 2 3 2.712b
1/2
2

1
2 d

5 1.68smd
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Step 6. Compute horsepower (hp) loss

5 Flow Measurements

Flow can be measured by velocity methods and direct discharge meth-ods. The measurement flow velocity can be carried out by a currentmeter, Pitot tube, U-tube, dye study, or salt velocity. Discharge is theproduct of measured mean velocity and cross-sectional area. Directdischarge methods include volumetric gravimeter, Venturi meter, pipeorifice meter, standardized nozzle meter, weirs, orifices, gates,Parshall flumes, etc. Detail flow measurements in orifices, gates,tubes, weirs, pipes, and in open channals are discussed by Brater 
et al. (1996).

5.1 Velocity measurement in open channel

The mean velocity of a stream or a channel can be measured with a cur-rent meter. A variety of current meters is commercially available. Anexample of discharge calculation with known mean velocity in sub-crosssection is presented in Chapter 1.

5.2 Velocity measurement in pipe flow

Pitot tube. A Pitot tube is bent to measure velocity due to the pressuredifference between the two sides of the tube in a flow system. The flowvelocity can be determined from
(4.57)

where V � velocity, m/s or ft/s
g � gravitational acceleration, 9.81 m/s2 or 32.2 ft/s2

�h � height of the fluid column in the manometer or a differentheight of immersible liquid such as mercury, m or ft

V 5 22g�h

 5 54.4 hp
Loss 5  �EgQ

550 5
1.35 ft 3 62.4  lb/ft3

3 355 ft3/s
550  ft # lb/hp

�E 5 E1 2 E2 5 8.04 ft 2 6.69  ft 5 1.35 ft
E2 5 D2 1

V 222g 5 6.03  1   
6.542

2 3 32.2 5 6.69 sftd

Fundamental and Treatment Plant Hydraulics 291



Example: The height difference of the Pitot tube is 5.1 cm (2 in). The specificweight of the indicator fluid (mercury) is 13.55. What is the flow velocity ofthe water?
solution 1: For SI units
Step 1. Determine the water column equivalent to �h

�h � 5.1 cm � 13.55 � 69.1 cm � 0.691 m of water 
Step 2. Determine velocity

solution 2: For British units
Step 1.

�h � 2/12 ft � 13.55 � 2.258 ft
Step 2.

5.3 Discharge measurement of water flow in pipes

Direct collection of volume (or weight) of water discharged from a pipedivided by time of collection is the simplest and most reliable method.However, in most cases it cannot be done by this method. A change ofpressure head is related to a change in flow velocity caused by a suddenchange of pipe cross-sectional geometry. Venturi meters, nozzle meters,and orifice meters use this concept.
Venturi meter. A Venturi meter is a machine-cased section of pipe witha narrow throat. The device, in a short cylindrical section, consists ofan entrance cone and a diffuser cone which expands to full pipe diam-eter. Two piezometric openings are installed at the entrance (section 1)and at the throat (section 2). When the water passes through thethroat, the velocity increases and the pressure decreases. The decreaseof pressure is directly related to the flow. Using the Bernoulli equa-tion at sections 1 and 2, neglecting friction head loss, it can be seenthat 

(4.16)V 212g 1
P1
g
5 z1 5

V 222g 1
P2
g
1 z2

V 5 22g�h 5 22 3 32.2 ft/s2
3 2.258 ft

5 12.06  ft/s
5 12.06 ft/s 3 0.304  m/ft
5 3.68  m/s

V 5 22g�h 5 22 3 9.81 m/s2
3 0.691  m

5 3.68  m/s
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For continuity flow between sections 1 and 2, Q1 � Q2

AlVl � A2V2
Solving the above two equations, we get

(4.58a)
where Q � discharge, m3/s or ft3/s

A1, A2 � cross-sectional areas at pipe and throat, respectively, m2 or ft2
g � gravity acceleration, 9.81 m/s2 or 32.2 ft/s2

H � h1 � h2 � pressure drop in Venturi tube, m or ft
Z � z1�z2 � difference of elevation head, m or ft

Cd � coefficient of discharge
For a Venturi meter installed in a horizontal position, Z � 0

(4.58b)
where

(4.59)

Example: A 6-cm throat Venturi meter is installed in an 18-cm diameter hor-izontal water pipe. The reading of the differential manometer is 18.6 cm ofmercury column (sp gr � 13.55). What is the flow rate in the pipe?
solution:

Step 1. Determine A1/A2

A1 5 ps18/2d2 5 254.4 cm2
5 0.2544 m2

A2 5 ps6/2d2 5 28.3 cm2
5 0.0283  m2

A1
A2
5

254.4
28.3 5 8.99

Cd 5
A2!A21 2 A22

5
1

Ä aA1A2b
2
2 1

Q 5
A1A222gH
2A21 2 A22

5 CdA122gH

 5 CdA122gsH 1 Z d

 5 A1A222gsH 1 Z d!A21 2 A22

Q 5
A1A222g[sh1 2 h2d 1 sz1 2 z2d]!A21 2 A22
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Step 2. Calculate Cd

Step 3. Calculate H

Step 4. Calculate Q

Nozzle meter and orifice meter. The nozzle meter and the orifice meterare based on the same principles as the Venturi meter. However, nozzleand orifice meters encounter a significant loss of head due to a nozzleor orifice installed in the pipe. The coefficient (Cv) for the nozzle meteror orifice meter is added to the discharge equation for the Venturi meter,and needs to be determined by on-site calibration. The discharge for thenozzle meter and orifice meter is
(4.60)

or, for horizontal installation
(4.61)

The nozzle geometry has been standardized by the American Society ofMechanical Engineers (ASME) and the International StandardsAssociation. The nozzle coefficient Cv is a function of Reynolds number(R � V2d2/�) and ratio of diameters (d2/d1). A nomograph (Fig. 4.12) is available. Values of Cv range from 0.96 to 0.995 for R ranging from 5 � 104 to 5 � 106.
Example: Determine the discharge of a 30-cm diameter water pipe. AnASME nozzle of 12-cm throat diameter is installed. The attached differentialmanometer reads 24.6 cm of mercury column. The water temperature in thepipe is 20�C.

Q 5 CvCdA122gH

Q 5 CvCdA122gsH 1 Z d

 5 0.20 sm3/sd
Q 5 CdA122gH 5 0.112 3 0.2544 3 22 3 9.81 3 2.52

 5 2.52 m
H 5 gy 5 13.55 3 18.6

100   m

 5 0.112
Cd 5 1/Å aA1

A2
b

2
2 1 5 1/2s8.99d2 2 1
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solution:

Step 1. Determine ratio A1 : A2

Step 2. Calculate Cd

Step 3. Calculate H
� � 13.55 at 20�C
H � �y � 13.55 � 24.6 cm � 333 cm

� 3.33 m
Step 4. Estimate discharge Q
Assuming Cv � 0.98

 5 0.091sm3/sd
 5 0.98 3 0.162 3 0.0707 22 3 9.81 3 3.33

Q 5 CvCdA122gH

Cd 5 1/2sA1>A2d2 2 1 5 1/2s6.25d2 2 1
5 0.162

A1
A2
5

302
122 5 6.25

A2 5 p1 s12  cmd2 5 113  cm2
5 0.0113  m2

A1 5
p

4 s30  cmd2 5 707 cm2
5 0.0707 m2
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This value needs to be verified by checking the corresponding Reynoldsnumber R of the nozzle.
Step 5. Calculate R

V2 � Q/A2 � 0.091 m3/s/0.0113 m2

� 8.053 m/s
The kinematic viscosity at 20�C is (Table 4.1a)

� � 1.007 � 10�6 m2/s

then 

Using this R value, with d1/d2 � 0.4, the chart in Fig. 4.12 gives
Cv � 0.977

Step 6. Correct Q value 

5.4 Discharge measurements

Orifices. The discharge of an orifice is generally expressed as
(4.62)

where Q � flow rate
Cd � coefficient of discharge
A � area of orifice
g � gravity acceleration

H � water height above center of orificeAll units are as Eq. (4.58a)
Example: The water levels upstream and downstream are 4.0 and 1.2 m,respectively. The rectangular orifice has a sharp-edged opening 1 m high and1.2 m wide. Calculate the discharge, assuming Cd � 0.60.

Q 5 CdA22gH

 5 0.0907 m3/s
Q 5

0.977298
0.98 3 0.091 m3/s

 5 9.6 3 105

R 5
V2d2
n

5
8.053 m/s 3 0.12 m
1.007 3 1026 m2/s
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solution:

Step 1. Determine area A
A � 1 m � 1.2 m � 1.2 m2

Step 2. Determine discharge Q

Weirs. The general discharge equation for a rectangular, horizontalweir is
(4.63a)

where Q � flow rate, ft3/s or m3/s
L � weir length, ft or m
H � head on weir, ft or m

� the water surface above the weir crest
Cd � coefficient of discharge

In the US customary units, let y be the weir height in feet.
(US customary units) (4.64a)
(SI units) (4.64b)

The theoretical equation for a rectangular streamlined weir is (ASCE& WEF, 1992)

(4.63b)Q 5
2
3 LÅ2

3 gH3

Cd 5  1.78 1  0.24 Hy

Cd 5  3.32 1  0.40 Hy

Q 5 CdLH3/2

 5 5.34  m3/s
 5 0.60 3 1.2 m222 3 9.81 m/s2

3 s4 2 1.2d m
Q 5 CdA22gsh1 2 h2d
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where g is the gravitational acceleration rate. This formula reduces to
Q � 3.09 LH3/2 (for U.S. customary units) (4.63c)

or Q � 1.705 LH3/2 (for SI units) (4.63d)
Example 1: A rectangular flow control tank has an outflow rectangular weir1.5 m (5 ft) in length. The inflow to the box is 0.283 m3/s (10 ft3/s). The crestof the weir is located 1.2 m above the bottom of the tank. Find the depth ofwater in the tank.
solution:

Step 1. Determine head on weir H
Using Eq. (4.63d)

Q � 1.705 LH3/2

0.283 � 1.705(1.5)H3/2

H3/2
� 0.111

H � 0.23 (m)
Step 2. Calculate water depth D

D � 1.2 m � H � 1.2 m � 0.23 m
� 1.43 m

Example 2: In a rectangular channel 4 m (13 ft) high and 12 m (40 ft) wide,a sharp-edged rectangular weir 1.2 m (4 ft) high without end contraction willbe installed. The flow of the channel is 0.34 m3/s (12 ft3/s). Determine thelength of the weir to keep the head on the weir 0.15 m (0.5 ft).
solution:

Step 1. Compute velocity of approach at channel, V

Head due to velocity of approach

Step 2. Use weir formula (Eq. (4.63d))
(a) Without velocity of approach

Q � 1.705 LH3/2

0.34 � 1.705 LH3/2

h 5 V 2
2g snegligibled

V 5
Q
A 5

0.34 m3/s
12 3 4 5 0.007 m/s snegligibled

298 Chapter 4



0.34 �1.705 L (0.15)1.5

L � 3.43(m)
� 11.2 ft

(b) Including velocity of approach

For freely discharging rectangular weirs (sharp-crested weirs), theFrancis equation is most commonly used to determine the flow rate. TheFrancis equation is 
Q � 3.33 LH3/2 (4.63e)

where Q � flow rate, ft3/s
L � weir length, ft
H � head on weir, ft

� the water surface above the weir crest
For constracted rectangular weirs

Q � 3.33 (L � 0.1nH )H3/2 (US customary units) (4.63f)
Q � 1.705 (L � 0.1 nH ) H3/2 (SI units) (4.63g)

where n � number of end constractions.
Example 3: Conditions are the same as in Example 2, except that the weirhas two-end constractions. Compute the width of the weir.
solution:

Step 1. For constracted weir, without velocity of approach
Q � 1.705 (L � 0.2H)H3/2

0.34 � 1.705 (L � 0.2 � 0.15) �(0.15)1.5

L � 3.40 (m)
� 11.1 ft

Step 2. Discharge including velocity of approach

Since velocity head is negligible
L � 3.4 m

Q 5 1.075 sL 2 0.2Hd[ sH 1 hd3/2
2 h3/2]

L 5 3.4 m
Q 5 1.705 L [ s0.15 1 hd1.5

2 h1.5]
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Example 4: Estimate the discharge of a weir 4 ft long where the head on theweir is 3 in.
solution:

By the Francis equation
Q � 3.33 LH3/2

� 3.33 � 4 � (3/12)3/2

� 1.66 (ft3/s)
For the triangular weir and V-notch weir, the flow is expressed as

(4.65)
where � � weir angle

Cd � discharge coefficient, calibrated in place
� 1.34 for SI units
� 2.50 for US customary units Different values have been proposed

The triangular weir is commonly used for measuring small flow rates.Several different notch angles are available. However, the 90� V-notchweir is the one most commonly used. The discharge for 90� V-notch withfree flow is
Q � 2.5 H2.5 (4.66)

where � � discharge, ft3/s
H � head on the weir, ft

Detailed discussion of flow equations for SI units for various types ofweir is presented by Brater et al. (1996).
Example 5: A rectangular control tank has an outflow rectangular weir 8 ft (2.4 m) in length. The crest of the weir is 5 ft (1.5 m) above the tank bottom.The inflow from a pipe to the tank is 10 ft3/s (0.283 m3/s). Estimate the waterdepth in the tank, using the Francis equation.
solution:

Q � 3.33 LH3/2
Rewrite equation for H

Example 6: A rectangular channel 6 ft (1.8 m) wide has a sharp-crested weiracross its whole width. The weir height is 4 ft (1.2 m) and the head is 1 ft(0.3 m). Determine the discharge.

H 5 a Q
3.33Lb

2/3
5   a 10

3.33 3 8b
2/8

5 0.52 sftd

Q 5 Cda tan u2bH5/2
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solution:

Step 1. Determine Cd using Eq. (4.64)

Step 2. Compute discharge Q
Q � Cd LH3/2

� 3.32 � 6 � (1)3/2

� 19.92 (ft3/s)
Example 7: A circular sedimentation basin has a diameter of 53 ft (16m).The inflow from the center of the basin is 10 MGD (0.438 m3/s). A circulareffluent weir with 90� V-notches located at 0.5 ft (0.15 m) intervals isinstalled 1.5 ft (0.45 m) inside the basin wall. Determine the water depthon each notch and the elevation of the bottom of the V-notch if the watersurface of the basin is at 560.00 ft above mean sea level (MSL).
solution:

Step 1. Determine the number of V-notches
Diameter of the weir

d � 53 ft � 2 � 1.5 ft � 50 ft
Weir length

l � �d � 3.14 � 50 ft � 157 ft
No. of V-notches

Step 2. Compute the discharge per notch

 5 0.0493 sft3/sd notch
 5 31,847 gal/d

notch 3
1 ft3

7.48 gal 3
1 day

86,400 s

Q 5
10,000,000 gal/d

314 notches 5 31,847 sgal/dd/notch 

n 5 157 ft 3 2 notches
ft

5 314 notches

Cd 5 3.22 1 0.40  
H
y 5 3.22 1 0.40 3 1

4
5 3.32
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Step 3. Compute the head of each notch from Eq. (4.66)
Q � 2.5 H 2.5

H � (Q/2.5)1/2.5
� (Q/2.5)0.4

� (0.0493/2.5)0.4

� 0.21 (ft)
Step 4. Determine the elevation of the bottom of the V-notch

Elevation � 560.00 ft � 0.21 ft
� 559.79 ft MSL

Parshall flume. The Parshall flume was developed by R. L. Parshall in1920 for the British measurement system. It is widely used for meas-uring the flow rate of an open channel. It consists of a converging sec-tion, a throat section, and a diverging section. The bottom of the throatsection is inclined downward and the bottom of the diverging section isinclined upward. The dimensions of the Parshall flume are specified inthe British system, not the metric system. The geometry creates a crit-ical depth to occur near the beginning of the throat section and also gen-erates a back water curve that allows the depth Ha to be measured fromobservation well a. There is a second measuring point Hb located at thedownstream end of the throat section. The ratio of Hb to Ha is definedas the submergence of the flume.Discharge is a function of Ha. The discharge equation of a Parshallflume is determined by its throat width, which ranges from 3 in to 50 ft.The relationship between the empirical discharge and the gage reading
Ha for various sizes of flume is given below:
Throat width W, ft Discharge equation, ft3/s Flow capacity, ft3/s
3 in (0.25 ft) Q � 0.992 0.03–1.9
6 in (0.5 ft) Q � 2.06 0.05–3.9
9 in (0.75 ft) Q � 3.07  0.09–8.9
1–8 ft Q � 4 W up to 140
10–50 ft Q � (3.6875 W � 2.5) 

SOURCE: R. L. Parshall (1926)
When the ratio of Ha to Hb exceeds the following values:
0.5 for flumes of 1, 2, and 3 in width,
0.6 for flumes of 6 and 9 in width,
0.7 for flumes of 1 to 8 ft width,
0.8 for flumes of 8 to 50 ft width.

The flume is said to be submerged. When a flume is submerged, theactual discharge is less than that determined by the above equations.The diagram presented in Figs. 4.13 and 4.14 can be used to determine

H1.6a
H1.522W0.26

a
H1.53a
H1.58a
H1.547a
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discharges for submerged Parshall flumes of 6 and 9 in width, respec-tively. Figure 4.15 shows the discharge correction for flumes with 1 to 8ft throat width and with various percentages of submergence. The cor-rection for the 1-ft flume can be applicable to larger flumes by multiplyingby a correction factor of 1.0, 1.4, 1.8, 2.4, 3.1, 4.3, and 5.4 for flume sizesof 1, 1.5, 2, 3, 4, 6, and 8 ft width, respectively. Figure 4.16 is used fordetermining the correction to be subtracted from the free-flow value fora 10-ft Parshall flume. For larger sizes, the correction equals the valuefrom the diagram multiplied by the size factor M. Figures. 4.13–4.16are improved curves from earlier developments (Parshall 1932, 1950).
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Figure 4.13 Diagram for determining rate of submerged flow through a 6-in Parshallflume (US Department of the Interior, 1997 ).

ft

Figure 4.14 Diagram for determining rate of submerged flow through a 9-in Parshallflume (US Department of the Interior, 1997).

ft



Example 1: Calculate the discharge through a 9-in Parshall flume for thegage reading Ha of 1.1 ft when (a) the flume has free flow, and (b) the flumeis operating at 72% of submergence.
solution:

Step 1. Calculate Q for free flow for (a)
Q � 3.07 � 3.07 (1.1)1.53

� 3.55 (ft3/s)
H1.53a
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Figure 4.15 Diagram for determining correction to be subtracted from the free dischargeto obtain rate of submerged flow through 1- to 8-ft Parshall flumes (US Department of the
Interior, 1997).

Figure 4.16 Diagram for determining correction to be subtracted from discharge flow toobtain rate of submerged flow through 10-to 50- ft Parshall flumes (US Department of the
Interior, 1997 ).



Step 2. Determine discharge with 0.72 submergence for (b)
From Fig. 4.14, enter the plot at Hb/Ha � 0.72 and proceed horizontally to theline representing Ha � 1.1. Drop downward and read a discharge of

Qs � 3.33 ft3/s
Example 2: Determine the discharge of a 2-ft Parshall flume with gagereadings Ha�1.55 ft and Hb � 1.14 ft.
solution:

Step 1. Compute Hb/Ha ratio

This ratio exceeds 0.7, therefore the flume is submerged.
Step 2. Compute the free discharge of the 2-ft flume

Step 3. Determine the correction discharge for a 1-ft flume from Fig. 4.15,enter the plot at a value of Ha�1.55 ft and proceed horizontally to the linerepresenting the submergence curve of 74 %. Then drop vertically downwardand read a discharge correction for the 1-ft flume of
Qcl � 0.40 ft3/s

Step 4. Compute discharge correction for the 2-ft flume
Qc2 � 1.8 � 0.40 ft3/s (factor M � 1.8, Fig. 4.15)

� 0.72 ft3/s
Step 5. Compute the actual discharge

Q � Q (at Step 2 � at Step 4)
� 17.78 ft3/s � 0.72 ft3/s
� 17.06 ft3/s

 5 17.78 sft3/sd
 5 8 3 2.223
 5 4s2ds1.55d1.522 3 20.26

Q 5 4WH1.522W 0.26
a

Hb
Ha

5
1.14 ft
1.55 ft 5 0.74  or 74%
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1 Sources and Quantity of Water

The sources of a water supply may include rainwater, surface waters,and groundwater. During the water cycle, rainwater recharges the sur-face waters and groundwater. River, stream, natural pond, impoundment,reservoir, and lake waters are major surface water sources. Some com-munities use groundwater, such as galleries, wells, aquifers, and springsas their water supply sources.Water supplies may be drawn from a single source or from a numberof different ones. The water from multiple sources could be mixedbefore distribution or separately distributed. Any new source waterhas to be approved by the federal, state, and related authorities. Thequantity of water needed varies with season, geography, size and typeof community, and culture. A water supply system may provide fordomestic, industrial and commercial, public services, fire demands,unaccounted losses as well as farm uses. The design flow for a watersupply system is discussed in the sections of water requirements andfire demands. The design engineers should examine the availabilities
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of water sources and quantities in the area. The prediction of thenature population should be made for design purpose. Based on long-term meteorological data, the amount of water stored in the lake orreservoirs can be estimated.Runoff refers to the precipitation that reaches a stream or river.Theoretically, every unit volume of water passing the observationstation should be measured and the sum of all these units passing ina certain period of time would be the total runoff. However, it is notavailable due to cost. Observations should be carried out at reason-ably close intervals so that the observed flow over a long period of timeis the sum of flows for the individual shorter periods of observationand not the sum of the observed rates of flow multiplied by the totalperiod.
Example 1: Records of observations during a month (30 days) periodshow that a flow rate 2.3 cfs (0.065 m3/s) for 8 days, 3.0 cfs (0.085 m3/s) for10 days, 56.5 cfs (16.0 m3/s) for 1 day, 12.5 cfs (0.354 m3/s) for 2 days, 5.3 cfs(0.150 m3/s) for 6 days, and 2.65 cfs (0.075 m3/s) for 3 days. What is themean flow rate?
solution:

Example 2: If the mean annual rainfall is 81 cm (32 in). A horizontal pro-jected roof area is 300 m2 (3230 ft2). Make a rough estimate of how much watercan be caught.
solution:

Step 1. Calculate annual gross yield, Vy

Step 2. Estimate net yield Vn
According to Fair et al. (1966), Vn � Vy

Vn 5
2
3Vy 5

2
3 s243 m3/yrd 5 162 m3/yr

5  0.444 m3/d

2
3

Vy 5 300 m2
3 0.81 m/yr 5 243 m3/yr

5  0.666 m3/d

Q 5
2.3 3 8 1 3.0 3 10 1 56.5 3 1 1 12.5 3 2 1 5.3 3 6 1 2.65 3 3

30
5 5.66 ft3/s
5 0.160 m3/s
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Step 3. Estimate the water that can be stored and then be used, Vu

or

or
Example 3: Determine the rainfall-runoff relationship.
Using a straight line by method of average. The given values are as follows:
Year Rainfall, in Runoff, cfs/miles2

1988 15.9 26.51989 19.4 31.21990 23.9 38.61991 21.0 32.51992 24.8 37.41993 26.8 40.21994 25.4 38.71995 24.3 36.41996 27.3 39.61997 22.7 34.5

solution:

Step 1. Write a straight line equation as y � mx � b in which m is the slopeof the line, and b is the intercept on the Y axis.
Step 2. Write a equation for each year in which the independent variable is
X (rainfall) and the dependent variable is Y (runoff). Group the equations, intwo groups, and alternate the years. Then total each group.

5 7.83 ft3/d
5 0.5s0.444 m3/dd 5 0.222  m3/d
5 2860 ft3/yr

Vu 5 0.5Vn 5 0.5s162  m3/yrd 5 81 m3/yr
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1988 26.5 � 15.9 m � b 1989 31.2 � 19.4 m � b1990 38.6 � 23.9 m � b 1991 32.5 � 21.0 m � b1992 37.4 � 24.8 m � b 1993 40.2 � 26.8 m � b1994 38.7 � 25.4 m � b 1995 36.4 � 24.3 m � b1996 39.6 � 27.3 m � b 1997 34.5 � 22.7 m � b
180.8 � 117.3 m � 5b 174.8 � 114.2 m � 5b

Step 3. Solve the total of each group of equations simultaneously for m and b
180.8 5 117.3m 1 5b

2 s174.8 5 114.2m 1 5bd
6.0 5 3.1m
m 5 1.94



Step 4. Substituting for m and solving for b

Step 5. The equation of straight line of best fit is 
Y � 1.94X � 9.35

where X � rainfall, in
Y � runoff, cfs/miles2

Example 4: A watershed has a drainage area of 1000 ha (2470 acres). Theannual rainfall is 927 mm (36.5 in). The expected evaporation loss is 292 mm(11.5 in) per year. The estimated loss to groundwater is 89 mm (3.5 in) annu-ally. Estimate the amount of water that can be stored in a lake and howmany people can be served, assuming 200 L(c ⋅ d) is needed.
solution:

Step 1. Using a mass balance
R (rainfall excess) � P (precipitation) � E (evaporation) �
G (loss to groundwater)
R � 927 mm � 292 mm � 89 mm

� 546 mm
Step 2. Convert R from mm to m3 (volume) and L

Step 3. Compute the people that can be served
Annual usage per capita � 200 L/(c ⋅ d) � 365 days

� 7.3 � 104 L/c

2 Population Estimates

Prior to the design of a water treatment plant, it is necessary to forecastthe future population of the communities to be served. The plant shouldbe sufficient generally for 25 to 30 years. It is difficult to estimate the

 5 74,800 capita
No. of people served 5 5.46 3 109 L

7.3 3 104 L/c

R 5 564  mm 3
1  m

1000  mm 3 1000  ha 3 10,000  m2
1  ha

5 5.46 3 106 m3
5 5.46 3 106 m3

3 103  L/1  m3
5 5.46 3 109 L

180.8 5 117.3s1.94d 1 5b
5b 5 246.76

b 5 29.35
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population growth due to economic and social factors involved. However,a few methods have been used for forecasting population. They include thearithmetic method and uniform percentage growth rate method (Clark andViessman, 1966; Steel and McGhee, 1979; Viessman and Hammer, 1993).The first three methods are short-term (<10 years) forecasting.
2.1 Arithmetic method

This method of forecasting is based upon the hypothesis that the rateof increase is constant. It may be expressed as follows:
(5.1)

where p � population
t � time, year

ka � arithmetic growth rate constant
Rearrange and integrate the above equation, p1 and p2 are the popula-tions at time t1 and t2, respectively.

We get

(5.2a)or
pt � p0 � kat (5.2b)

where pt � population at future time
p0 � present population, usually use p2 (recent censused)

2.2 Constant percentage growth rate method

The hypothesis of constant percentage or geometric growth rate assumesthat the rate increase is proportional to population. It can be written as
(5.3a)

Integrating this equation yields

(5.3b)
ln p2 2 ln p1 5 kpst2 2 t1d

 kp5
ln p2 2 ln p1

t2 2 t1

dp
dt 5 kp  p

p2 2 p1 5 kast2 2 t1d
ka 5

p2 2 p1
t2 2 t1

5
�p
�t

3
p2

p1
dp 5 3

t2

t1
kadt

dp
dt 5 ka
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The geometric estimate of population is given by
ln p � ln p2 � kp (t � t2) (5.3c)

2.3 Declining growth method

This is a decreasing rate of increase on the basis that the growth rateis a function of its population deficit. Mathematically it is given as 
(5.4a)

where ps � saturation population, assume valueIntegration of the above equation gives

Rearranging
(5.4b)

The future population P is
(5.4c)

where P0 � population of the base year
2.4 Logistic curve method

The logistic curve-fitting method is used for modeling population trendswith an S-shape for large population center, or nations for long-termpopulation predictions. The logistic curve form is
(5.5a)

where Ps � saturation population
a, b � constants

They are
(5.5b)Ps 5

2p0 p1p2 2 p21sp0 1 p2d
p0 p2 2 p21

P 5 Ps1 1 ea1b�t

P 5 P0 1 sPs 2 P0ds1 2 e2kdtd

kd 5 2
1

t2 2 t1 ln ps 2 p2
ps 2 p1

3
p2

p1

dp
ps 2 p 5 kd 3

t2

t1
dt

 2 lnps 2 p2
ps 2 p1 5 kdst2 2 t1d

dp
dt 5 kdsps 2 pd
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(5.6)
(5.7)

where n � time interval between successive censuses
Substitution of these values in Eq. (5.5a) gives the estimation of futurepopulation on P for any period ∆t beyond the base year correspondingto P0.

Example: A mid size city recorded populations of 113,000 and 129,000 in theApril 1980 and April 1990 census, respectively. Estimate the population inJanuary 1999 by comparing (a) arithmetic method, (b) constant percentagemethod, and (c) declining growth method.
solution:

Step 1. Solve with the arithmetic method
Let t1 and t2 for April 1980 and April 1990, respectively

∆t � t2 � t1 � 10 years

Using Eq. (5.2 a)

Predict pt for January 1999 from t2, using Eq. (5.2b)
t � 8.75 years

pt � p2 � kat
� 129,000 � 1600 � 8.75
� 143,000

Step 2. Solve with constant percentage method, using Eq. (5.3b)

� 0.013243
Then using Eq. (5.3c) ln P � ln P2 � kp (t � t2)

� ln 129,000 � 0.013243 � 8.75
� 11.8834

p � 144,800

kp 5
lnp2 2 lnp1

t2 2 t1
5

ln 129,000 2 ln 113,000
10

ka 5
p2 2 p1
t2 2 t1

5
129,000 2 113,000

10 5 1600

b 5 1
n ln p0sps 2 p1d

p1sps 2 p0d

a 5 ln ps 2 p0
p0
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Step 3. Solve with declining growth methodAssuming
ps � 200,000

Using Eq. (5.4b)

� 0.02032
From Eq. (5.4c)

3 Water Requirements

The uses of water include domestic, commercial and industrial, publicservices such as fire fighting and public buildings, and unaccountedpipeline system losses and leakage. The average usage in the UnitedStates for the above four categories are 220, 260, 30, and 90L per capitaper day (L/(c ⋅ d)), respectively (Tchobanoglous and Schroeder 1985).These correspond to 58, 69, 8, and 24 gal/(c ⋅ d), respectively. Total munic-ipal water use averages 600 L/(c ⋅ d) or 160 gal/(c ⋅ d) in the United States.The maximum daily water use ranges from about 120% to 400% of theaverage daily use with a mean of about 180%. Maximum hourly use isabout 150% to 12,000% of the annual average daily flow; and 250% to270% are typically used in design.
3.1 Fire demand

Fire demand of water is often the determining factor in the design ofmains. Distribution is a short-term, small quantity but with a largeflow rate. According to uniform fire code, the minimum fire flow require-ment for a one- and two-family dwelling shall be 1000 gal per min (gpm).For the water demand for fire fighting based on downtown businessdistricts and high-value area for communities of 200,000 people or less,the National Board of Fire Underwriters (1974) recommended the fol-lowing fire flow rate and population relationship:
(SI units) (5.8a)
(US customary units) (5.8b)Q 5 1020!p s1 2 0.01!pd

Q 5 3.86!p s1 2 0.01!pd

P 5 P0 1 sPs 2 P0ds1 2 e2kdtd
5 129,000 1 s200,000 2 129,000ds1 2 e20.02032 3 8.75d
5 129,000 1 71,000 3 0.163
5 140,600

5 2
1

10 ln 200,000 2 129,000
200,000 2 113,000

kd 5 2
1

t22t1
 ln ps2 p2

ps2 p1
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where Q � discharge, m3/min or gal/min (gpm)
P � population in thousands

The required flow rate for fire fighting must be available in additionto the coincident maximum daily flow rate. The duration during therequired fire flow must be available for 4 to 10 h. National Board of FireUnderwriters recommends providing for a 10-h fire in towns exceeding2500 in population.The Insurance Services Office Guide (International Fire ServiceTraining Association, 1993) for determination of required fire flow rec-ommends the formula
(US customary units) (5.9a)
(SI units) (5.9b)

where F � required fire flow, gpm or m3/d
C � coefficient related to the type of construction
A � total floor area, ft2 or m2

F 5  320 C2A
F 5 18 C2A 
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C value Construction Maximum flow, gpm (m3/d)
1.5 wood frame 8000 (43,600)1.0 ordinary 8000 (43,600)0.9 heavy timber type building0.8 noncombustible 6000 (32,700)0.6 fire-resistant 6000 (32,700)

Example 1: A 4-story building of heavy timber type building of 715 m2
(7700 ft2) of ground area. Calculate the water fire requirement.
solution: Using Eq. (5.9b)

� 15,400 (m3/d)
or � 2800 (gpm)
Example 2: A 5-story building of ordinary construction of 7700 ft2 (715 m2)of ground area communicating with a 3-story building of ordinary construc-tion of 9500 ft2 (880 m2) ground area. Compute the required fire flow.

 5  320 3  0.924 3  715
F 5 320 C2A



solution: Using Eq. (5.9a)
Total area A � 5 � 7700 � 3 � 9500 � 67,000 ft2

� 4,660 (gpm)
4,750 gpm rounded to nearest 250 gpm for design purpose

or � 25,900 (m3/d)
Example 3: Assuming a high-value residential area of 100 ha (247 acres) hasa housing density of 10 houses/ha with 4 persons per household, determinethe peak water demand, including fire, in this residential area.
solution:

Step 1.    Estimate population P
P � (4 capita/house) (10 houses/ha) (100 ha)

� 4000 capita
Step 2.    Estimate average daily flow Qa

Qa � residential � public service � unaccounted
� (220 � 30 � 90)
� 340 (L/(c ⋅ d))

Step 3.    Estimate maximum daily flow Qmd for the whole area
Using the basis of Qmd is 180% of Qa

Qmd � (340 L/(c ⋅ d))(1.8) (4000 c)
� 2,448,000 L/d

2400 m3/d
Step 4.    Estimate the fire demand, using Eq. (5,8a)

Step 5.    Estimate total water demand Q

Note: In this area, fire demand is a control factor. It is measured to compare
Q and peak daily demand.

Q  5  Qmd 1  Qf
5  2400 m3/d 1  4540 m3/d
5  6940 m3/d

Qf 5  3.86!ps1 2 0.01!pd m3/min
5  3.86!4s1 2 0.01!4d
5  7.57 m3/min
5 7.57 m3/min 3  60 min/h 3  10 h/d
5  4540 m3/d

>

>

F 5  18 3  1.0267,000
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Step 6. Check with maximum hourly demand Qmh
The Qmh is assumed to be 250% of average daily demand.

Qmh � 2400 m3/d � 2.5
� 6000 m3/d

Step 7.    Compare Q versus Qmh

Q � 6940 m3/d > Qmh � 6000 m3/d
Use Q � 6940 m3/d for the main pipe to this residential area.

Example 4: Estimate the municipal water demands for a city of 225,000persons.
solution:

Step 1. Estimate the average daily demand Qavg

Qavg � 600 L/(c⋅d) � 225,000 c
� 135,000,000 L/d
� 1.35 � 105 m3/d
� 25.7 MGD

Step 2. Estimate the maximum daily demand Qmd ( f � 1.8)
Qmd � 1.35 � 105 m3/d � 1.8

� 2.43 � 105 m3/d
� 64.2 MGD

Step 3. Calculate the fire demand Qf , using Eq. (5.8a)

For 10-h duration of daily rate
Qf � 49.215 m3/min � 60 min/h � 10 h/d � 0.30 � 105 m3/d

Step 4.    Sum of Qmd and Qf (fire occurs coincident to peak flow)
Qmd � Qf � (2.43 � 0.30) � 105 m3/d

� 2.73 � 105 m3/d
� 72.1 MGD

Qf 5  3.86!p s1 2 0.01!pd  m3/min
5  3.86!225 s1 2 0.01!225d sm3/mind
5  49.215 m3/min
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Step 5. Estimate the maximum hourly demand Qmh ( f � 2.7)
Qmh � f Qavg

� 2.7 � 1.35 � 105 m3/d
� 3.645 � 105 m3/d
� 96.3 MGD

Step 6. Compare Steps 4 and 5
Qmh � 3.645 � 105 m3/d > Qmd � Qf � 2.73 � 105 m3/d

Use Qmh � 3.65 � 105 m3/d (96.4 MGD) to design the plant’s storage capacity.
Fire flow tests. Fire flow tests involve discharging water at a knownflow rate from one or more hydrants and examining the correspondingpressure drop from the main through another nearby hydrant. Thedischarge from a hydrant nozzle can be determined as follows(Hammer, 1975):

Q � 29.8C d2 (5.10)
where Q � hydrant discharge, gpm

C � coefficient, normally 0.9
d � diameter of outlet, in
p � pitot gage reading, psi

The computed discharge at a specified residual pressure can be com-puted as
(5.11a)

or (5.11b)
where Qp � computed flow rate at the specified residual pressure, gpm

Qf � total discharge during fire flow test, gpm
Hp � pressure drop from beginning to special pressure, psi
Hf � pressure drop during fire flow test, psi

Example: All four hydrant numbers 2, 4, 6, and 8, as shown in the fol-lowing figure, have the same nozzle size of 2.5 in and discharge at the samerate. The pitot tube pressure at each hydrant during the test is 25 psi. Atthis discharge the residual pressure at hydrant #5 dropped from the original

�
�

Qp 5  Qf a�Hp
�Hf
b

0.54

Qp
Qf

 5  a�Hp
�Hf
b

0.54

!p
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solution:

Step 1.   Determine total discharge during the test
Using Eq. (5.10)

Step 2. Compute Qp at 30 psi by using Eq. (5.11b)

3.2 Leakage test

After a new main is installed, a leakage test is usually required. The test-ing is generally carried out for a pipe length not exceeding 300 m (1000 ft).The pipe is filled with water and pressurized (50% above normal oper-ation pressure) for at least 30 min. The leakage limit recommended bythe American Water Work Association is determined as:
for SI units (5.12a)
for English units (5.12b)L 5  sND!Pd/1850

L 5  sND!pd/326

Qp 5  Qf a�Hp
�Hf
b

0.54
 5  3353 3  a100 2 30

100 2 65b
0.54

5  4875 sgpmd

Qf 5  4 3  29.8 C d2 !p 5  4 3  29.8 3  0.9 3  s2.5d2 3  !25
5  3353 sgpmd
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100 to 65 psi. Compute the flow rate at a residual pressure of 30 psi basedon the test.



where L � allowable leakage, L/(mm diameter � km � h) or gal/(in � mi � h)
N � number of joints in the test line
D � normal diameter of the pipe, mm or in
P � average test pressure

Leakage allowed in a new main is generally specified in the design. Itranges from 5.6 to 23.2 L/mm diameter per km per day (60 to 250 gal/indiameter/miles/d). Nevertheless, recently, some water companies are notallowing for any leakage in a new main due to the use of better sealers.
4 Regulations for Water Quality

Water quality is a term used to describe the physical, chemical, and bio-logical characteristics of water with respect to its suitability for a par-ticular use. In the United States, all federal drinking water standardsare set under the Safe Drinking Water Act (SDWA).
4.1 Safe drinking water act

The Safe Drinking Water Act  was originally passed by the Congress in1974. The SDWA gives the US Environmental Protection Agency (EPA)the authority to set drinking water standards to protect public healthby regulating public drinking water supply. It was amended in 1986(interim) and 1996. There are two categories of federal drinking water standards: NationalPrimary Drinking Water Regulations (Table 5.1) and National SecondaryDrinking Water Regulations (Table 5.1a). The Maximum ContaminantLevel Goals (MCLGs) for chemicals suspected or known to cause cancerin humans are set to zero. If a chemical is carcinogenic and a safe doseis determined, the MCLG is set at a level above zero that is safe. Formicrobial concentrations (Giardia, Legionella, TC, FC, E. coli, and
ciruses) the MCLGs are set at zero.The SDWA regulates every public water supply in the United States(160,000 plants) with some variances and does not apply to water systemsthat serve fewer than 25 individuals. The SDWA established a multiplebarrier protection for drinking water. It starts watershed managementto protect drinking water as well as its water sources (lakes, reservoirs,rivers, streams, springs, and groundwater). It also requires assessingand protecting collection systems, properly treated by qualified operators,the integrity of the distribution systems, monitoring for the regulated andunregulated contaminants, providing information available to the publicon the drinking water quality, and submitting the required operationalreports to the state EPA. The state EPA is responsible for enforcement,technical assistances, granting variances, and even financial assistance
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TABLE 5.1 National Primary Drinking Water Regulations

MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
MicroorganismsCryptosporidium zero TT 3 Gastrointestinal illness (e.g. Human and fecal diarrhea, vomiting, cramps) animal waste
Giardia lamblia zero TT3 Gastrointestinal illness (e.g. Human anddiarrhea, vomiting, cramps) animal fecalwaste
Heterotrophic n/a TT3 HPC has no health effects; HPC measures a plate count it is an analytic method used range of bacteria to measure the variety of that are naturallybacteria that are common present in the in water. The lower the environmentconcentration of bacteria in drinking water, the better maintained the water system is
Legionella zero TT3 Legionnaire’s disease, a type Found naturally of pneumonia in water; multiplies inheating systems
Total coliforms zero 5.0%4 Not a health threat in itself; Coliforms are (including fecal it is used to indicate whether naturally coliform and other potentially harmful present in the 
E. Coli) bacteria may be present5 environment; aswell as feces; fecal coliforms and E. coli only come from humanand animal fecal waste
Turbidity n/a TT3 Turbidity is a measure of the Soil runoffcloudiness of water. It is used to indicate water quality and filtration effectiveness (e.g. whether disease-causing organisms are present). Higher turbidity levels are often associated with higher levels of disease-causing microorganisms such as viruses, parasites, and some bacteria. These organisms can cause symptoms such as nausea, cramps, diarrhea, and associated headaches 
Viruses (enteric) zero TT3 Gastrointestinal illness (e.g. Human and diarrhea, vomiting, cramps) animal fecalwaste

322 Chapter 5



MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Disinfection ByproductsBromate zero 0.010 Increased risk of cancer By-product of drinking water disinfection
Chlorite 0.8 1.0 Anemia; infants and young By-product of children: nervous system drinking water effects disinfection
Haloacetic acids n/a6 0.060 Increased risk of cancer By-product of (HAA5) drinking water disinfection
Total none7 0.10 Liver, kidney, or central By-product of Trihalomethanes — — nervous system problems; drinking water (TTHMs) n/a6 0.080 increased risk of cancer disinfection

Potential health Sources of 
MRDLG1 MRDL1 effects from contaminant in 

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
DisinfectantsChloramines MRDLG=41 MRDL=4.01 Eye/nose irritation; Water additive (as Cl2) stomach discomfort, used to control anemia microbes
Chlorine (as MRDLG=41 MRDL=4.01 Eye/nose irritation; Water additive Cl2) stomach discomfort used to control microbes 
Chlorine MRDLG=0.81 MRDL=0.81 Anemia; infants and Water additive dioxide (as young children: used to control ClO2) nervous system microbeseffects

MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Inorganic ChemicalsAntimony 0.006 0.006 Increase in blood cholesterol; Discharge from decrease in blood sugar petroleum refineries; fire retardants; ceramics; electronics; solder
Arsenic 07 0.010 Skin damage or problems Erosion of naturalas of with circulatory systems, deposits; runoff 01/23/06 and may have increased risk from orchards, of getting cancer runoff from glass,and electronics-productionwastes
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TABLE 5.1 (continued )

MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Asbestos 7 million 7 MFL Increased risk of developing Decay of asbestos(fiber >10 fibers per benign intestinal polyps cement in water 
�m) liter mains; erosion ofnatural deposits
Barium 2 2 Increase in blood pressure Discharge of drilling wastes; discharge from metal refineries; erosion of natural deposits
Beryllium 0.004 0.004 Intestinal lesions Discharge from metal refineries and coal-burning factories;discharge fromelectrical,aerospace, anddefenseindustries
Cadmium 0.005 0.005 Kidney damage Corrosion ofgalvanized pipes;erosion ofnatural deposits;discharge frommetal refineries;runoff fromwaste batteriesand paints
Chromium (total) 0.1 0.1 Allergic dermatitis Discharge fromsteel and pulpmills; erosion ofnatural deposits
Copper 1.3 TT8; Short term exposure: Corrosion of Action Gastrointestinal distress householdLevel=1.3 plumbing Long-term exposure: Liver systems; erosionor kidney damage of natural deposits

People with Wilson’s disease should consult their personal doctor if the amount of copper in their water exceeds the action level 
Cyanide (as 0.2 0.2 Nerve damage or thyroid Discharge from free cyanide) problems steel/metalfactories;discharge fromplastic andfertilizer factories
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MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Fluoride 4.0 4.0 Bone disease (pain and Water additive tenderness of the bones); which promotes Children may get mottled strong teeth; teeth erosion ofnatural deposits;discharge fromfertilizer andaluminumfactories
Lead zero TT8; Infants and children: Delays Corrosion of Action in physical or mental household Level development; children could plumbing =0.015 show slight deficits in systems; erosion attention span and learning of natural abilities deposits

Adults: Kidney problems; high blood pressure 
Mercury 0.002 0.002 Kidney damage Erosion of (inorganic) natural deposits;discharge fromrefineries andfactories; runofffrom landfillsand croplands
Nitrate 10 10 Infants below the age of Runoff from (measured as 6 months who drink water fertilizer use; nitrogen) containing nitrate in excess leaching from of the MCL could become septic tanks, seriously ill and, if untreated, sewage; erosion may die. Symptoms include of natural shortness of breath and depositsblue-baby syndrome
Nitrite 1 1 Infants below the age of Runoff from (measured 6 months who drink water fertilizer use; as nitrogen) containing nitrite in excess leaching from of the MCL could become septic tanks, seriously ill and, if untreated, sewage; erosion may die. Symptoms include of natural shortness of breath and depositsblue-baby syndrome
Selenium 0.05 0.05 Hair or fingernail loss; Discharge from numbness in fingers or petroleum toes; circulatory problems refineries; erosionof naturaldeposits;discharge frommines
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TABLE 5.1 (continued )

MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Thallium 0.0005 0.002 Hair loss; changes in blood; Leaching from kidney, intestine, or liver ore-processing problems sites; dischargefrom electronics,glass, and drugfactories
Organic ChemicalsAcrylamide zero TT9 Nervous system or blood Added to water problems; increased risk during sewage/of cancer wastewatertreatment
Alachlor zero 0.002 Eye, liver, kidney, or spleen Runoff from problems; anemia; increased herbicide used risk of cancer on row crops
Atrazine 0.003 0.003 Cardiovascular system or Runoff from reproductive problems herbicide usedon row crops
Benzene zero 0.005 Anemia; decrease in blood Discharge from platelets; increased risk factories; leachingof cancer from gas storagetanks andlandfills
Benzo(a)pyrene zero 0.0002 Reproductive difficulties; Leaching from (PAHs) increased risk of cancer linings of waterstorage tanksand distributionlines
Carbofuran 0.04 0.04 Problems with blood, Leaching of soil nervous system, or fumigant used reproductive system on rice and alfalfa
Carbon zero 0.005 Liver problems; increased Discharge from tetrachloride risk of cancer chemical plantsand otherindustrialactivities
Chlordane zero 0.002 Liver or nervous system Residue of problems; increased risk banned of cancer termiticide
Chlorobenzene 0.1 0.1 Liver or kidney problems Discharge fromchemical andagriculturalchemicalfactories
2,4-D 0.07 0.07 Kidney, liver, or adrenal Runoff from gland problems herbicide usedon row crops
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MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Dalapon 0.2 0.2 Minor kidney changes Runoff fromherbicide usedon rights of way
1,2-Dibromo-3- zero 0.0002 Reproductive difficulties; Runoff/leaching chloropropane increased risk of cancer from soil (DBCP) fumigant used onsoybeans, cotton,pineapples, andorchards
o-Dichlorobenzene 0.6 0.6 Liver, kidney, or circulatory Discharge from system problems industrialchemicalfactories
p-Dichlorobenzene 0.075 0.075 Anemia; liver, kidney, or Discharge from spleen damage; changes industrial in blood chemical factories
1,2-Dichloroethane zero 0.005 Increased risk of cancer Discharge fromindustrialchemical factories
1,1- 0.007 0.007 Liver problems Discharge from Dichloroethylene industrialchemical factories
cis-1,2- 0.07 0.07 Liver problems Discharge from Dichloroethylene industrialchemical factories
trans-1,2- 0.1 0.1 Liver problems Discharge from Dichloroethylene industrialchemical factories
Dichloromethane zero 0.005 Liver problems; increased Discharge from risk of cancer drug andchemical factories
1,2- zero 0.005 Increased risk of cancer Discharge from Dichloropropane industrialchemical factories
Di(2-ethylhexyl) 0.4 0.4 Weight loss, liver problems, Discharge from adipate or possible reproductive chemical factoriesdifficulties
Di(2-ethylhexyl) zero 0.006 Reproductive difficulties; Discharge from phthalate liver problems; increased rubber and risk of cancer chemical factories
Dinoseb 0.007 0.007 Reproductive difficulties Runoff fromherbicide usedon soybeans andvegetables
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TABLE 5.1 (continued )

MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Dioxin zero 0.00000003 Reproductive difficulties; Emissions from (2,3,7,8-TCDD) increased risk of cancer waste inciner-ation and othercombustion;discharge fromchemical factories
Diquat 0.02 0.02 Cataracts Runoff fromherbicide use
Endothall 0.1 0.1 Stomach and intestinal Runoff from problems herbicide use
Endrin 0.002 0.002 Liver problems Residue ofbannedinsecticide
Epichlorohydrin zero TT9 Increased cancer risk, and Discharge from over a long period of time, industrial stomach problems chemicalfactories; animpurity of somewater treatmentchemicals
Ethylbenzene 0.7 0.7 Liver or kidneys problems Discharge frompetroleumrefineries
Ethylene dibromide zero 0.00005 Problems with liver, stomach, Discharge from reproductive system, or petroleum kidneys; increased risk refineriesof cancer
Glyphosate 0.7 0.7 Kidney problems; Runoff from reproductive difficulties herbicide use
Heptachlor zero 0.0004 Liver damage; increased Residue of risk of cancer bannedtermiticide
Heptachlor zero 0.0002 Liver damage; increased Breakdown of epoxide risk of cancer heptachlor
Hexachlorobenzene zero 0.001 Liver or kidney problems; Discharge from reproductive difficulties; metal refineries increased risk of cancer and agricul-tural chemicalfactories
Hexachloro- 0.05 0.05 Kidney or stomach problems Discharge from cyclopentadiene chemical factories
Lindane 0.0002 0.0002 Liver or kidney problems Runoff/leachingfrom insecticideused on cattle,lumber, gardens
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MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Methoxychlor 0.04 0.04 Reproductive difficulties Runoff/leachingfrom insecticideused on fruits,vegetables,alfalfa, livestock
Oxamyl (Vydate) 0.2 0.2 Slight nervous system effects Runoff/leachingfrom insecticideused on apples,potatoes, andtomatoes
Polychlorinated zero 0.0005 Skin changes; thymus Runoff from biphenyls (PCBs) gland problems; immune landfills; deficiencies; reproductive or discharge of nervous system difficulties; waste chemicalsincreased risk of cancer
Pentachlorophenol zero 0.001 Liver or kidney problems; Discharge from increased cancer risk wood preservingfactories
Picloram 0.5 0.5 Liver problems Herbicide runoff
Simazine 0.004 0.004 Problems with blood Herbicide runoff
Styrene 0.1 0.1 Liver, kidney, or circulatory Discharge from system problems rubber andplastic factories;leaching fromlandfills
Tetrachloroethylene zero 0.005 Liver problems; increased Discharge from risk of cancer factories and drycleaners
Toluene 1 1 Nervous system, kidney, or Discharge from liver problems petroleumfactories
Toxaphene zero 0.003 Kidney, liver, or thyroid Runoff/leaching problems; increased risk from insecticide of cancer used on cottonand cattle
2,4,5-TP (Silvex) 0.05 0.05 Liver problems Residue ofbanned herbicide
1,2,4- 0.07 0.07 Changes in adrenal glands Discharge from Trichlorobenzene textile finishingfactories
1,1,1- 0.20 0.2 Liver, nervous system, or Discharge from Trichloroethane circulatory problems metal degreasingsites and otherfactories
1,1,2- 0.003 0.005 Liver, kidney, or immune Discharge from Trichloroethane system problems industrialchemical factories
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TABLE 5.1 (continued )

MCL Potential health Sources of
MCLG1 or TT1 effects from contaminant in

Contaminant (mg/L)2 (mg/L)2 ingestion of water drinking water
Trichloroethylene zero 0.005 Liver problems; increased Discharge from risk of cancer metal degreasingsites and otherfactories
Vinyl chloride zero 0.002 Increased risk of cancer Leaching fromPVC pipes;discharge fromplastic factories
Xylenes (total) 10 10 Nervous system damage Discharge frompetroleumfactories;discharge fromchemical factories
RadionuclidesAlpha particles none7 15 Increased risk of cancer Erosion of natural— picocuries deposits of certainzero per Liter minerals that are (pCi/L) radioactive andmay emit a formof radiationknown as alpharadiation
Beta particles none7 4 Increased risk of cancer Decay of naturaland photon — millirems and man-madeemitters zero per year deposits ofcertain mineralsthat areradioactive andmay emit forms ofradiation knownas photons andbeta radiation
Radium 226 and none7 5 pCi/L Increased risk of cancer Erosion of Radium 228 — natural deposits(combined) zero
Uranium zero 30 mg/L Increased risk of cancer, Erosion of as of kidney toxicity natural deposits12/08/03
NOTES1 Definitions:Maximum Contaminant Level (MCL)—The highest level of a contaminant that is allowed indrinking water. MCLs are set as close to MCLGs as feasible using the best available treatmenttechnology and taking cost into consideration. MCLs are enforceable standards.Maximum Contaminant Level Goal (MCLG)—The level of a contaminant in drinking waterbelow which there is no known or expected risk to health. MCLGs allow for a margin of safetyand are nonenforceable public health goals.Maximum Residual Disinfectant Level (MRDL)—The highest level of a disinfectant allowedin drinking water. There is convincing evidence that addition of a disinfectant is necessary forcontrol of microbial contaminants.

330 Chapter 5



Maximum Residual Disinfectant Level Goal (MRDLG)—The level of a drinking waterdisinfectant below which there is no known or expected risk to health. MRDLGs do not reflectthe benefits of the use of disinfectants to control microbial contaminants.Treatment Technique—A required process intended to reduce the level of a contaminant indrinking water.2 Units are in milligrams per liter (mg/L) unless otherwise noted. Milligrams per liter areequivalent to parts per million.3 EPA’s surface water treatment rules require systems using surface water or groundwaterunder the direct influence of surface water to: (1) disinfect their water, and (2) filter their wateror meet criteria for avoiding filtration so that the following contaminants are controlled at thefollowing levels:
■ Cryptosporidium: (as of 1/1/02 for systems serving >10,000 and 1/14/05 for systems serving<10,000) 99% removal. 
■ Giardia lamblia: 99.9% removal/inactivation. 
■ Viruses: 99.99% removal/inactivation. 
■ Legionella: No limit, but EPA believes that if Giardia and viruses are removed/inactivated,

Legionella will also be controlled. 
■ Turbidity: At no time can turbidity (cloudiness of water) go above 5 nephelolometric turbidityunits (NTU); systems that filter must ensure that the turbidity go no higher than 1 NTU(0.5 NTU for conventional or direct filtration) in at least 95% of the daily samples in anymonth. As of January 1, 2002, turbidity may never exceed 1 NTU, and must not exceed 0.3 NTU in 95% of daily samples in any month. 
■ HPC: No more than 500 bacterial colonies per milliliter. 
■ Long Term 1 Enhanced Surface Water Treatment (Effective Date: January 14, 2005): Surfacewater systems or (GWUDI) systems serving fewer than 10,000 people must comply with theapplicable Long Term 1 Enhanced Surface Water Treatment Rule provisions (e.g. turbiditystandards, individual filter monitoring, Cryptosporidium removal requirements, updatedwatershed control requirements for unfiltered systems). 
■ Filter Backwash Recycling: The Filter Backwash Recycling Rule requires systems that recycle to return specific recycle flows through all processes of the system’s existing conventional or direct filtration system or at an alternate location approved bythe state.4 More than 5.0% samples total coliform-positive in a month. (For water systems that collectfewer than 40 routine samples per month, no more than one sample can be total coliform-positive per month.) Every sample that has total coliform must be analyzed for either fecalcoliforms or E. coli if two consecutive TC-positive samples, and one is also positive for E.coli fecalcoliforms, system has an acute MCL violation. 5 Fecal coliform and E. coli are bacteria whose presence indicates that the water may becontaminated with human or animal wastes. Disease-causing microbes (pathogens) in thesewastes can cause diarrhea, cramps, nausea, headaches, or other symptoms. These pathogensmay pose a special health risk for infants, young children, and people with severely compromisedimmune systems.6 Although there is no collective MCLG for this contaminant group, there are individual MCLGsfor some of the individual contaminants:
■ Trihalomethanes: Bromodichloromethane (zero); bromoform (zero); dibromochloromethane(0.06 mg/L). Chloroform is regulated with this group but has no MCLG. 
■ Haloacetic acids: Dichloroacetic acid (zero); trichloroacetic acid (0.3 mg/L). Monochloroaceticacid, bromoacetic acid, and dibromoacetic acid are regulated with this group but have noMCLGs. 7 MCLGs were not established before the 1986 Amendments to the Safe Drinking Water Act.Therefore, there is no MCLG for this contaminant.8 Lead and copper are regulated by a treatment technique that requires systems to control thecorrosiveness of their water. If more than 10% of tap water samples exceed the action level,water systems must take additional steps. For copper, the action level is 1.3 mg/L, and for leadis 0.015 mg/L.9 Each water system must certify, in writing, to the state (using third-party or manufacturer’scertification) that when acrylamide and epichlorohydrin are used in drinking water systems,the combination (or product) of dose and monomer level does not exceed the levels specified, asfollows:
■ Acrylamide = 0.05% dosed at 1 mg/L (or equivalent) 
■ Epichlorohydrin = 0.01% dosed at 20 mg/L (or equivalent) 
SOURCE: www.epa.gov/OGWDW/regs.html, 2007
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for treatment process improvements. The SDWA Amendments prohibitthe uses of lead pipes, lead solder, and lead flux.Under the SDWA, the National Drinking Water ContaminantCandidate List (CCL) originally published on March 2, 1998 that listed60 contaminants (50 chemicals or chemical groups and 10 microbialcontaminants). The SDWA also requires the US EPA to review each pri-mary standard at least once every 6 years for revision if needed. On April2, 2004, the US EPA listed 50 contaminants (41 chemicals or chemicalgroups plus 9 microbials) as a draft CCL2. 
How MCLGs are developed. MCLGs are set at concentration levels atwhich no known or anticipated adverse health effects would occur, allow-ing for an adequate margin of safety. Establishment of a specific MCLGdepends on the evidence of carcinogenicity from drinking water expo-sure or the US EPA’s reference dose (RfD), which is calculated for eachspecific contaminant. The drinking water standards are developed as fol-lows (Federal Register, 1991).The RfD is an estimate, with an uncertainty spanning perhaps anorder of magnitude of a daily exposure to the human population (includ-ing sensitive subgroups) that is likely to be without an appreciable riskof deleterious health effects during a lifetime. The RfD is derived froma no- or lowest-observed-adverse-effect level (called a NOAEL or LOAEL,respectively) that has been identified from a subchronic or chronic sci-entific study of humans or animals. The NOAEL or LOAEL is thendivided by the uncertainty factor to derive the RfD.
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TABLE 5.1a National Secondary Drinking Water Regulations

Contaminants Concentration
Aluminium 0.05 to 0.2 mg/LChloride 250 mg/LColor 15 (color units)Copper 1.0 mg/LCorrosivity Non-corrosiveFluride 2.0 mg/LFoaming Agents 0.5 mg/LIron 0.3 mg/LManaganese 0.05 mg/LOdor 3 threshold odor numberpH 6.5–8.5Silver 0.10 mg/LSilfate 250 mg/LTotal dissolved solids 500 mg/LZinc 5 mg/L
NOTE: National Secondary Drinking Water Regulations (NSDWRs or secondary standards)are non-enforceable guidelines regulating contaminants that may cause cosmetic effects(such as skin or tooth discoloration) or aesthetic effects (such as taste, odor, or color) indrinking water. EPA recommends secondary standards to water systems but does not requiresystems to comply. However, states may choose to adopt them as enforceable standards.
SOURCE: US EPA, 2000



The use of an uncertainty factor is important in the derivation of theRfD. The US EPA has established certain guidelines (shown below) todetermine which uncertainty factor should be used:
10—Valid experimental results for appropriate duration of humanexposure.
100—Human data not available. Extrapolation from valid long-termanimal studies.
1000—Human data not available. Extrapolation from animal stud-ies of less than chronic exposure.
1 to 10—Additional safety factor for use of a LOAEL instead of a NOAEL.
Other—Other uncertainty factors are used according to scientificjudgment when justified. 

In general, an uncertainly factor is calculated to consider intra- and inter-species variations, limited or incomplete data, use of subchronic studies,significance of the adverse effect, and the pharmacokinetic factors.From the RfD, a drinking water equivalent level (DWEL) is calculatedby multiplying the RfD by an assumed adult body weight (generally 70 kg)and then dividing by an average daily water consumption of 2 L/d. TheDWEL assumes the total daily exposure to a substance is from drinkingwater exposure. The MCLG is determined by multiplying the DWEL bythe percentage of the total daily exposure contributed by drinking water,called the relative source contribution. Generally, EPA assumes that therelative source contribution from drinking water is 20% of the total expo-sure, unless other exposure data for the chemical are available. The cal-culation below expresses the derivation of the MCLG:
(5.13a)

or

(5.13b)  
MCLG � DWEL � drinking water contribution (5.13c)
For chemicals suspected as carcinogens, the assessment for nonthresholdtoxicants consists of the weight of evidence of carcinogenicity in humans,using bioassays in animals and human epidemiological studies as well asinformation that provides indirect evidence (i.e. mutagenicity and othershort-term test results). The objectives of the assessment are (1) todetermine the level or strength of evidence that the substance is ahuman or animal carcinogen and (2) to provide an upper-bound estimate

DWEL 5 NOAEL or LOAEL 3 body weight, kg
sUFd 3 sWC, L/dd 5 mg/L

DWEL 5 RfD 3 body weight, kg
daily water consumption sWCd, L/d 5 mg/L

RfD5
NOAEL or LOAEL

uncertainty factor sUFd 5 mg/kg body weight/d
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of the possible risk of human exposure to the substance in drinking water.A summary of US EPA’s carcinogen classification scheme is:
Group A—Human carcinogen based on sufficient evidence for epi-demiological studies.
Group B1—Probable human carcinogen based on at least limited evi-dence of carcinogenicity to humans.
Group B2—Probable human carcinogen based on a combination of suf-ficient evidence in animals and inadequate data in humans.
Group C—Possible human carcinogen based on limited evidence ofcarcinogenicity in animals in the absence of human data.
Group D—Not classifiable due to lack of data or inadequate evidenceof carcinogenicity from animal data.
Group E—No evidence of carcinogenicity for humans (no evidence forcarcinogenicity in at lease two adequate animal tests in differentspecies or in both epidemiological and animal studies).
Establishing the MCLG for a chemical is generally accomplished inone of three ways depending upon its categorization (Table 5.2). Thestarting point in EPA’s analysis is the EPA’s cancer classification (i.e. A,B, C, D, or E). Each chemical is analyzed for evidence.EPA’s policy is to set MCLGs for Category I contaminants at zero. TheMCLG for Category II contaminants is calculated by using theRfD/DWEL with an added margin of safety to account for cancer effects,or is based on a cancer risk range of 10�5 to 10�6 when noncancer dataare inadequate for deriving an RfD. The MCLG for Category III con-taminants is calculated using the RfD/DWEL approach.The MCLG for Category I contaminants is set at zero because it isassumed, in the absence of other data, that there is no known thresh-old. Category I contaminants are those contaminants for which EPA hasdetermined that there is strong evidence of carcinogenicity from drinking

TABLE 5.2 EPA’s Three�Category Approach for Establishing MCLGs

Category Evidence of carcinogenicity via ingestion MCLG setting approach
I Strong evidence considering weight of Zeroevidence, pharmacokinetics, and exposure
II Limited evidence considering weight of RfD approach with evidence, pharmacokinetics, and exposure added safety margin or 10�5 to 10�6 cancer risk range
III Inadequate or no animal evidence RfD approach
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water ingestion. If there is no additional information to consider onpotential cancer risk from drinking water ingestion, chemicals classi-fied as A or B carcinogens are placed in Category I.Category II contaminants include those contaminants for which EPAhas determined that there is limited evidence, pharmacokinetics, andexposure. If there is no additional information to consider on potentialcancer risks from drinking water ingestion, chemicals classified by theAgency as Group C carcinogens are placed in Category II. For CategoryII contaminants, two approaches are used to set the MCLGs—either (1) setting the goal based upon noncarcinogenic endpoints (the RfD)and then applying an additional uncertainty (safety) factor of up to 10or (2) setting the goals based upon a normal lifetime cancer risk calcu-lation in the range of 10�5 to 10�6, using a conservative calculationmodel. The first approach is generally used. However, the second isused when valid noncarcinogenicity data are not available and ade-quate experimental data are available to quantify the cancer risk. EPAis currently evaluating the approach to establishing MCLGs forCategory II contaminants.Category III contaminants include those contaminants for which thereis inadequate evidence of carcinogenicity via ingestion. If there is noadditional information to consider, contaminants classified as Group Dor E carcinogens are placed in Category III. For these contaminants, theMCLG is established using the RfD approach.
Maximum contamination level or treatment technique. Once the MCLG isdefined, the US EPA sets an enforceable standard. In most cases, it isas maximum contamination level (MCL). The MCL is the maximumpermissible concentration of a contaminant in water that is deliveredto any user of a public water system. The MCL is set as close to theMCLG as feasible that the contaminant level may be achieved with theuse of the best available technology, treatment techniques, and othermeans of corrections and improvement.If there is no reliable method that is technically and economicallyfeasible to measure a contaminant at particularly low levels, a TT (treat-ment technique) is set rather than an MCL. The TT is an enforceableprocedure or level of technical performance that public water treatmentsystems must follow to ensure control of a contaminant.The US EPA must conduct a cost-benefit analysis, after MCL or TTis determined. Based on the results of the cost-benefit analysis, the USEPA may justify any variances and exemptions from standards for somewater utilities.The SDWA required the US EPA to review each primary standard atleast once every 6 years for revision if needed. The primary standardswent onto effect 6 years after they were finalized. 
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4.2 Two major rules updated in 2006

Over the past 8 years, the US EPA has worked collaboratively withstakeholders to develop regulations that will provide a balance betweenthe needs to disinfect drinking water and to protect citizens from poten-tially harmful contaminants. Two of the most recent major rules final-ized and published in 2006 are:
1. The Stage 2 Disinfectants and Disinfection By-products Rule (Stage 2DBP rule or DBPR, Stage 2). 
2. The Long Term 2 Enhanced Surface Water Treatment Rule (LT2 ruleor LT2ESWTR).
More information about the US EPA drinking water regulations can befound at www.epa.gov/OGWDW/regs.html. This site, developed by theEPA’s Office of Ground Water and Drinking Water, lists current drink-ing water rules, proposed rules, the code of federal regulations, drink-ing water standards, and a wealth of other information, such as factsheets, guidance manuals, and more. Moorman (2006) summarized infor-mation below from various EPA documents helping to understand theimmediate requirements and the overall purposes of these two new rules.

Cryptosporidium has caused serious disease outbreak and are resist-ant to traditional water disinfection practices. Consumption of waterthat contains Cryptosporidium can cause gastrointestinal illness thatcan be fatal for people with weakened immune systems. In addition,water chlorination can react with naturally occurring organic mattersto form disinfection by-products (DBPs), which also pose health concerns.To respond to these new threats, amendments to the SDWA in 1996require the US EPA to develop rules to balance the risks betweenpathogens and DBPs. As the first phase of this requirement, the Stage 1Disinfectants and Disinfection By-products Rule (Stage 1 DBP rule) waspromulgated in December 1998 to reduce exposure to DBPs for customersof community water systems and nontransient noncommunity systems,including those serving fewer than 10,000 people, that add a disinfectantto the drinking water during any part of the treatment process.The Interim Enhanced Surface Water Treatment Rule (IESWTR) wasalso promulgated in December 1998, but this rule was made to improve con-trol of microbial contaminants, particularly Cryptosporidium, in systemsusing surface water, or groundwater under the direct influence (GWUDI)of surface water, that serve 10,000 or more persons. As the small-systemcounterpart to the IESWTR, the Long Term 1 Enhanced Surface WaterTreatment Rule was finalized in January 2002 and strengthens control ofmicrobial contaminants for systems serving fewer than 10,000 people.
The Stage 2 DBP rule. The Stage 2 DBP rule building upon the Stage 1DBP rule was published in the Federal Register on January 4, 2006. This

www.epa.gov/OGWDW/regs.html
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rule is intended to reduce potential cancer and reproductive and devel-opmental health risks from DBPs in drinking water through more strin-gent methods for determining compliance.
Requirements. Under the Stage 2 DBP rule, community and nontran-sient noncommunity water systems that add and/or deliver water thatis treated with a primary or residual disinfectant other than ultravio-let light must conduct an evaluation of their distribution systems, calledan Initial Distribution System Evaluation (IDSE), to identify locationswith high DBP concentrations. These locations must then be used by thesystems as the sampling sites for Stage 2 DBP rule compliance moni-toring. The rule requires two steps for the IDSE. First, the system mustdevelop a plan of how they will approach the IDSE. There are fouroptions: a very small system waiver, 40/30 certification, standard mon-itoring program (SMP), and system specific study (SSS). This plan mustbe submitted to the state or primary agency with proposed DBP moni-toring sites. After receiving approval, the system must conduct the IDSEwith 1 year of DBP monitoring if the standard option is used.Compliance with the MCLs for trihalomethanes (THMs) and fivehaloacetic acids (HAA5) will be calculated as an average at each compli-ance-monitoring location (instead of as a system-wide average as in pre-vious rules). This approach is referred to as the locational runningannual average (LRAA).The Stage 2 DBP rule also establishes operational evaluation levels. Asystem that exceeds this level must conduct an operational evaluation (a review of operational practices) to determine ways to reduce DBP con-centrations. This provides an early warning of possible future MCL viola-tions, and allows the system to take proactive steps to remain in compliance.The Stage 2 DBP rule and the LT2 rule are the second phase of rulesrequired by the Congress to help balance the risks between pathogensand DBPs. These rules strengthen protection against microbial con-taminants, especially Cryptosporidium, and at the same time, reducepotential health risks of DBPs.
Time frame. The time frame of the Stage 2 DBP rule is a multiyearprocess for water systems to determine where higher levels of DBPs occurin their distribution systems. These locations will become the new DBPmonitoring sites, and corrective action will be taken if DBP levels areabove the MCL. These actions could include small operational changesup to major facility construction. Depending on system size and the extentof needed construction, systems will begin the first year of compliancemonitoring between 2012 and 2015, and must be in compliance with theStage 2 DBP rule MCLs at the end of a full year of monitoring (Table 5.3).
Costs. The Stage 2 DBP rule will result in increased costs to publicwater utilities and states. Although the rule applies to nearly 75,000 sys-tems, only a small portion will be required to make treatment changes.
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The average cost of the rule is estimated at $79 million annually (usinga 3% discount rate), according to the US EPA.
The LT2 rule. The LT2 rule was published in the Federal Register onJune 5, 2006. This rule is intended to improve public health by reduc-ing waterborne outbreaks due to Cryptosporidium and other pathogensin drinking water.

Requirements. The LT2 rule requires large public water systems (serv-ing at least 10,000 people) that are supplied by surface water or GWUDIof surface water to conduct 2 years of monthly sampling for
Cryptosporidium (and E. coli and turbidity for filtered systems). Toreduce the cost of these monitoring, small water systems will monitorfor E. coli for 1 year only because it is less expensive to analyze. The

TABLE 5.3 Timeframes for the Stage 2 DBP Rule and the Long Term 2 Enhanced
Surface Water Treatment Rule

DBPR, Stage 2 Year LT2ESWTR
Proposed rules 20042005Final rules 2006IDSE∗ Plan to Primary Agency: ← A – 7/1/06, Crypto sample schedule duePerson served† A –10/1/06 ← A – 10/1/06, Monitoring starts

B – 4/1/07 2007 ← B – 1/1/07, Crypto sample schedule dueC – 10/1/07 ← B – 4/1/07, Monitoring starts
D – 4/1/08 2008 ← C – 1/1/08, Crypto sample schedule due

← C – 4/1/08, Monitoring starts
IDSE Report due: A – 1/1/09 2009 ← D – 7/1/09, Crypto sample schedule dueB – 7/1/09 ← D – 10/1/09, Monitoring starts

C – 1/1/10 2010D – 7/1/10 2011
Stage 2 LRAA starts (80/60 �g/L) Additional Cryptosporidium treatment at sampling site for: required if > 0.75 oocysts/L2012A – 4/1/12 ← A – 4/1/12B – 10/1/12 ← B – 10/1/12

C – 10/1/13 2013 ← C – 10/1/13
2014D – 10/1/14 ← D – 10/1/142015

∗Other abbreviations—See the text†Person served – A: ≥100,000;   B: 50,000–99,999;    C: 10,000–49,999;   D: <10,000

←

←

←
←

←
←

←
←

←

←
←

←
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systems will only monitor for Cryptosporidium if their E. coli resultsexceed specified concentrations.After monitoring is complete, filtered water systems will be classifiedin one of four treatment categories (bins) based on their monitoringresults. The EPA expects the majority of systems to be placed in thelowest bin, and require no additional treatment. Systems placed in thehigher bins will be required to provide additional treatment to reduce
Cryptosporidium levels. Water systems in the higher bins and systemsthat do not filter their water will choose additional treatment optionsfrom a “microbial toolbox” of treatment and management processes.Because of contamination risks, the LT2 rule also addresses uncov-ered finished water storage facilities, such as reservoirs. The rulerequires systems that store treated water in uncovered facilities toeither cover the facility or treat discharge to inactivate 4-log virus, 3-log
Giardia lamblia, and 2-log Cryptosporidium. The LT2 rule also establishes disinfection benchmarking, in which sys-tems are required to review their current level of microbial treatmentbefore making significant changes in disinfection practices. This willhelp systems maintain protection against microbial pathogens as theystrive to reduce DBPs under the Stage 2 DBP rule.

Time frame. System-monitoring start dates correspond to system size.Approximately 3 months before the monitoring start date, systems mustsubmit a sampling schedule and sampling location description. Systemsserving at least 100,000 people should begin monitoring in October2006. Those serving 50,000 to 99,000 people will begin monitoring inApril 2007. Systems serving 10,000 to 49,000 people will begin moni-toring in April 2008. The smallest systems (serving less than 10,000people) will begin monitoring for E. coli in October 2008. If needed,additional Cryptosporidium treatment will start in April 2012 throughOctober 2014 depending on the size of the system (Table 5.3.).When these 2 years of monitoring are complete and bin classificationis determined, systems will have approximately 3 years to implementany additional treatment requirements. Systems will then conduct asecond round of monitoring 6 years after completing the initial roundto determine if source water conditions have changed significantly. 
Costs. The LT2 rule also will result in increased costs to publicwater utilities and states. The US EPA estimates that the averageannualized present-value costs of the LT2 rule range from $92 to $133million (using a 3% discount rate). Public water systems will beresponsible for nearly all of the total cost (99%), and states will pickup the remaining 1%. The LT2 rule will also result in increased costsfor households, with the US EPA estimating an average annual house-hold cost of $1.67 to $2.59.
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Remark. Singer (2006) stated that accordingly, all utilities shouldmodify their monitoring programs to measure all nine bromine- andchlorine-containing HAA species. Even though they are only required(sum of five HAA) species, they will have a much better understandingof their system and the interrelationships among source water quality,treatment practices, and DBP formation if all nine species are measured.Furthermore, it is that in future versions of the DBP regulations—andmost assuredly, there will be future versions—US EPA will regulate allnine bromine- and chlorine-containing THMs. 
4.3 Compliance with standards

The US EPA has established a maximum contaminant level (MCL) ofdrinking water for a number of biological, physical, and chemical (inor-ganics and organics) parameters, and radioactivity (Table 5.1, NationalPrimary Drinking Water Regulations). All the primary standards arebased on health effects to the customers, and they are mandatory stan-dards. The National Secondary Drinking Water Regulations (Table 5.1a)pertain to those contaminants such as taste, odor, and color and somechemicals that may adversely affect the aesthetic quality of drinkingwater. They are intended as guidelines for the states. The states mayestablish higher or lower values as appropriate to their particular cir-cumstances to adequately protect public health and welfare.The design engineer should be thoroughly familiar with and integratethe various regulatory requirements into a water treatment design. Inaddition to the federal regulations stated above, the other rules and reg-ulations pertaining to drinking water are the Surface Water TreatmentRule (SWTR), the revised Total Coliform Rule, the Lead and CopperRule, consumer confidence report, Interim Enhanced SWTR, and theGroundwater Rule. It is necessary to obtain a permit from the state reg-ulatory agency. Meetings with the representatives of the necessary reg-ulatory agencies and related parties are recommended. The state reviewof the designs is based on considerations of minimum design require-ments or standards, local conditions, and good engineering practice andexperience. The most widely used standards are the RecommendedStandards for Water Works promulgated by the Great Lakes-UpperMississippi River Board of State Sanitary Engineers (GLUMRB)  thatare called the Ten-State Standards. This board includes representativesfrom the states of Illinois, Indiana, Iowa, Michigan, Minnesota, Missouri,New York, Ohio, Pennsylvania, and Wisconsin. Recently, the Province ofOntario (Canada) has joined the board. Many other states have used iden-tical or similar versions of the Ten-State Standards.The operational personnel at the drinking waterworks also have to befamiliar and compliant with the regulations (especially the two rulesupdated in 2006) related to the system. They have to take more aggressive
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sive management and technical approaches to produce drinking waterthat meets all standards and requirements. For these safeguards totheir water supply, consumers are expected to pay more than the cur-rent very low price. Maximum contaminant level goal (MCLG) for water quality is set by theUS Environmental Protection Agency (EPA). For agents in drinking waternot considered to have carcinogenic potential, i.e. no effect levels forchromic and/or lifetime period of exposure including a margin of safety, arecommonly referred to as reference dosages (RfDs). Reference dosages arethe exposure levels estimated to be without significant risk to humanswhen received daily over a lifetime. They are traditionally reported asmg/(kg⋅d). For MCLG purposes, however, no effect level in drinking wateris measured by mg/L which has been in terms of the drinking water equiv-alent level (DWEL). The DWEL is calculated as (Cotruvo and Vogt, 1990)

(5.13)
where NOAEL � no observed adverse effect level, mg/(kg�d)(70) � assumed weight of an adult, kgUF � uncertainty factor (usually 10, 100, or 1000)(2) � assumed quantity of water consumed by an adult, L/d

When sufficient data is available on the relative contribution from othersources, i.e. from food and air, the MCLG can be determined as follows:
MCLG � Rf D � contribution from (food � air)

In fact, comprehensive data on the contributions from food and airare generally lacking. Therefore, in this case, MCLG is determined asMCLG � DWEL. The drinking water contribution often used in theabsence of specific data for food and air is 20% of RfD. This effectivelyprovides an additional safety factor of 5.
Example: The MCLG for nitrate–nitrogen is 10 mg/L. Assume UF � 100.What is the “no observed adverse effect level for the drinking water?”
solution: Using Eq. (5.13)

since DWEL � MCLG � 10 mg/L
10 mg/L 5  sNOAEL, mg/kg # ddd 3  s70 kgd

100 3  2 L/d
NOAEL 5  2000

70
5  28.6 smg/skg # ddd

DWEL 5  sNOAELd 3  70
sUFd 3  2

DWEL 5  sNOAELds70d
sUFds2d
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4.4 Atrazine

Atrazine is a widely used organic herbicide due to its being inexpensivecompared to other chemicals. Often, excessive applications are used. Whensoil and climatic conditions are favorable, atrazine may be transported tothe drinking water sources by runoff or by leaching into groundwater.Atrazine has been shown to affect offspring of rats and the hearts ofdogs. The US EPA has set the drinking water standard for atrazine con-centration to 0.003 mg/L (or 3 �g/L) to protect the public against the riskof the adverse health effects. When atrazine or any other herbicide or pes-ticide is detected in surfacewater or groundwater, it is not meant as ahuman health risk. Treated (finished) water meets the EPA limits withlittle or no health risk and is considered safe with respect to atrazine.
Example: The lifetime health advisory level of 0.003 mg/L for atrazine is setat 1000 times below the amount that causes no adverse health effects in lab-oratory animals. The no observed adverse effect level is 0.086 mg/(kg � d). Howis the 0.003 mg/L of atrazine in water derived?
solution: As previous example,
Using Eq. (5.13)

5 Water Treatment Processes

As the raw surface water comes to the treatment plant, physical screeningis the first step to remove coarse material and debris. Thereafter, followingthe basic treatment process of clarification, it would include coagulation, floc-culation, and sedimentation prior to filtration, then disinfection (mostly bythe use of chlorination). With a good quality source, the conventional treat-ment processes may be modified by removing the sedimentation process andto just have the coagulation and flocculation processes followed by fil-tration. This treatment process scheme is called direct filtration.Groundwater is generally better quality; however, it is typically asso-ciated with high hardness, iron, and manganese content. Aeration or airstripping is required to remove volatile compounds in groundwater.Lime softening is also necessary to remove the impurities and recar-bonation is used to neutralize excess lime and to lower the pH value. Ionexchange processes can also be employed for the softening of water andthe removal of other impurities, if low in iron, manganese, particulates,

DWEL 5  sNOAELds70d
sUFds2d

5  s0.086 mg/skg # ddds70 kgd
s1000ds2 L/dd

5  0.003 mg/L



and organics. For a groundwater source high in ion and manganese, butwith acceptable hardness, the aeration process and/or chemical oxida-tion can be followed by filtration to remove these compounds.The reverse osmosis process is used to remove chemical constituentsand salts in water. It offers the promise of conversion of saltwater to fresh-water. Other membrane processes, such as microfiltration, ultrafiltration,nanofilteration, and electrodialysis, are also applied in the water industry.
6 Aeration and Air Stripping

Aeration has been used to remove trace volatile organic compounds(VOCs) in water either from surface water or groundwater sources. It hasalso been employed to transfer a substance, such as oxygen, from air ora gas phase into water in a process called gas adsorption or oxidation(to oxidize iron and/or manganese). Aeration also provides the escape ofdissolved gases, such as carbon dioxide and hydrogen sulfide.Air stripping has also been utilized effectively to remove ammonia gasfrom wastewater and to remove volatile tastes and other such sub-stances in water.The solubility of gases which do not react chemically with the solventand the partial pressure of the gases at a given temperature can beexpressed as Henry’s law:
p � Hx (5.14)

where x � solubility of a gas in the solution phase
H � Henry’s constant
p � partial pressure of a gas over the solution

In terms of the partial pressure, Dalton’s law states that the total pres-sure (Pt) of a mixture of gases is just the sum of the pressures that eachgas (Pi) would exert if it were present alone:
(5.15)

Since PV � nRT

(5.16)

P 5  naRT
V b

Pt 5  RT
V sn1 1  n2 1   # # #  njd

P1 5  n1Ptn1 1  n2 1   # # #  nj

Pt 5  P1 1  P2 1  P3 1   # # #  1  Pj
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Combining Henry’s law and Dalton’s law, we get
(5.17)

where Yi � mole fraction of ith gas in air
xi � mole fraction of ith gas in fluid (water)

Hi � Henry’s constant for ith gas
Pt � total pressure, atm

The greater the Henry’s constant, the more easily a compound can beremoved from a solution. Generally, increasing temperature wouldincrease the partial pressure of a component in the gas phase. TheHenry’s constant and temperature relationship is (James M.Montgomery Consulting Engineering, 1985; American Society of CivilEngineers and American Water Works Association, 1990):
(5.18)

where H � Henry’s constant
∆H � heat absorbed in evaporation of 1 mole of gas fromsolution at constant temperature and pressure, kcal/kmol

R � universal gas constant � 1.9872 kcal/kmol � �k
� 0.082057 atm � L/mol � k

T � temperature, Kelvin
J � empirical constant

Values of H, ∆H, and J of some gases are given in Table 5.4.
Example 1: At 20°C the partial pressure (saturated) of chloroform CHC13is 18 mm of mercury in a storage tank. Determine the equilibrium concen-tration of chloroform in water assuming that gas and liquid phases are ideal.
solution:

Step 1.    Determine mole fraction (x) of CHC13
From Table 5.4, at 20°C and a total pressure of 1 atm, the Henry’s constantfor chloroform is

H � 170 atm 
Partial pressure of CHC13, p, is

p 5  18 mm
760 mm  3  1 atm 5  0.024 atm

logH 5  2�H
RT  1  J

Yi  5  Hixi
Pt
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Using Henry’s law
p � Hx
x � p/H � 0.024 atm/170atm

� 1.41 � 10�4

Step 2. Convert mole fraction to mass concentration
In 1 L of water, there are 1000/18 mol/L � 55.6 mol/L.Thus

where n � number of mole for CHC13 
nw � number of mole for water

Then nx � nwx � n

Molecular weight of CHC13 � 12 � 1 � 3 � 35.45 � 119.4Concentration (C ) of CHC13 is
C � 119.4 g/mol � 7.84 � 10�3 mol/L

� 0.94 g/L
� 940 mg/L

n 5  nwx
1 2 x  5  55.6 3  1.41 3  1024

1 2 1.41 3  1024
5  7.84 3  1023 mol/L

x 5  n
n 1  nw

TABLE 5.4 Henry’s Law Constant and Temperature Correction Factors

Henry’s constant atGas 20°C, atm ∆H, 103 kcal/kmol J
Ammonia 0.76 3.75 6.31Benzene 240 3.68 8.68Bromoform 35 — —Carbon dioxide 1.51 � 102 2.07 6.73Carbon tetrachloride 1.29 � 103 4.05 10.06Chlorine 585 1.74 5.75Chlorine dioxide 54 2.93 6.76Chloroform 170 4.00 9.10Hydrogen sulflde 515 1.85 5.88Methane 3.8 � 104 1.54 7.22Nitrogen 8.6 � 104 1.12 6.85Oxygen 4.3 � 104 1.45 7.11Ozone 5.0 � 103 2.52 8.05Sulfur dioxide 38 2.40 5.68Trichloroethylene 550 3.41 8.59Vinyl chloride 1.21 � 103 — —
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Note: In practice, the treated water is open to the atmosphere. Thereforethe partial pressure of chloroform in the air is negligible. Therefore theconcentration of chloroform in water is near zero or very low.
Example 2: The finished water in an enclosed clear well has dissolvedoxygen of 6.0 mg/L. Assume it is in equilibrium. Determine the concentrationof oxygen in the air space of the clear well at 17°C.
solution:

Step 1.    Calculate Henry’s constant at 17°C (290 K)
From Table 5.4 and Eq. (5.18)

Step 2.    Compute the mole fraction of oxygen in the gas phaseOxygen (M.W. � 32) as gas i in water
Ci � 6 mg/L � 10�3 g/mg � 103 L/m3

� 32 g/mol
� 0.1875 mol/m3

At 1 atm for water, the molar density of water is
Cw � 55.6 kmol/m3

From Eq. (5.17)

Step 3.    Calculate partial pressure Pi

Pi � yiPt � 0.131 � 1
� 0.131 atm

 5  0.131
yi 5

Hixi
Pt

5
38,905  atm 3 3.37 3 1026

1 atm

xi 5  Ci
Cw

 5  0.1875 mol/m3
55.6 3  103 mol/m3

5 3.37 3  1026
Pt 5  1 atm

log H 5  2�H
RT  1  J

5  21.45 3  103  kcal/kmol
s1.987  kcal/kmol Kds290 Kd  1  7.11

5  4.59
H 5  38,905 atm 3  103.3 kPa

1 atm
5  4.02 3  106  kPa



Step 4.    Calculate oxygen concentration in gas phase Cg � ni/V
Using the ideal gas formula

6.1 Gas transfer models

Three gas-liquid mass transfer models are generally used. They are two-film theory, penetration theory, and surface renewal theory. The firsttheory is discussed here. The other two can be found elsewhere(Schroeder, 1977).The two-film theory is the oldest and simplest. The concept of thetwo-film model is illustrated in Fig. 5.1. Flux is a term used as the masstransfer per time through a specified area. It is a function of the driv-ing force for diffusion. The driving force in air is the difference betweenthe bulk concentration and the interface concentration. The flux gas

ni
V  5  Pi

RT  5  0.131 atm
0.08206 atm L/mol K 3  s290 Kd

5  5.50 3  1023 mol/L
5  5.50 3  1023 mol/L 3  32 g/mol
5  0.176 g/L
5  176 mg/L

PiV 5  niRT
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Ci

Cl
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Bulk liquid

Cl

Liquid film

Bulk liquid

(b)

Ci

Pi

Pg

Air film

Bulk air

Figure 5.1 Schematic diagram of two-film theory for (a) gas absorption; (b) gas stripping.
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through the gas film must be the same as the flux through the liquid film.The flux relationship for each phase can be expressed as:
(5.19)

where F � flux
W � mass transfer
A � a given area gas-liquid transferal
t � time

kg � local interface transfer coefficient for gas
Pg � concentration of gas in the bulk of the air phase
Pi � concentration of gas in the interface
kl � interface transfer coefficient for liquid
Ci � local interface concentration at equilibrium
Cl � liquid-phase concentration in bulk liquid

Since Pi and Ci are not measurable, volumetric mass transfer coefficientsare used, which combine the mass transfer coefficients with the inter-facial area per unit volume of system. Applying Henry’s law and intro-ducing P * and C* which correspond to the equilibrium concentrationthat would be associated with the bulk-gas partial pressure Pg and bulk-liquid concentration C1, respectively, we can obtain
F � KG(Pg �P*) � KL (C* � C1) (5.20)

The concentration differences of gas in air and water is plotted in Fig. 5.2.From this figure and Eq. (5.19), we obtain

From Eq. (5.20)

Thus
F

KG
5

F
kg
1

s1F
k11

KG
5

1
kg
1

s1
k1

F
KG

5 Pg 2 P*

Pg 2 P*5 sPg 2 Pid 1 sPi 2 P*d
 5 Pg 2 Pi 1 s1sCi 2 C1d
 5 F

kg
1

s1F
k1

F 5  dW
dtA  5  kgsPg 2 Pid 5  klsCi 2 Cld
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Similarly, we can obtain

In dilute conditions, Henry’s law holds, the equilibrium distributioncurve would be a straight line and the slope is the Henry’s constant:
s1 � s2 � H

Finally the overall mass transfer coefficient in the air phase can bedetermined with
(5.21)

For liquid phase mass transfer
(5.22)

where 1/k1 and 1/kg are referred to as the liquid-film resistance andthe gas-film resistance, respectively. For oxygen transfer, l/kl is con-siderably larger than l/kg, and the liquid film usually controls theoxygen transfer rate across the interface.The flux equation for the liquid phase using concentration of mg/L is 
(5.23a)

mass transfer rate:
(5.23b)

or (5.23c)dc
dt 5 KLasC*2 Ctd

dc
dt 5 KL AV sCs 2 Ctd

F 5 dc
dt  VA 5 KLsCs 2 Ctd

1
KL

5
1
k1
1

H
Hkg

1
KG

5
1
k1
1

H
k1

1
KL

5
1

s2kg
1

1
k1

Pg

Pi

P*

Cl Ci

s2

s1

Mole

fraction

of gas

in air

Concentration

Figure 5.2 Concentration differences of gas in air and  water phases.
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where KL � overall mass-transfer coefficient, cm/h 
A � interfacial area of transfer, cm2
V � volume containing the interfacial area, cm3
Ct � concentration in bulk liquid at time t, mg/L
C* � equilibrium concentration with gas at time t as

Pt � HCs mg/L
a � the specific interfacial area per unit system volume, cm�1 

KLa � overall volumetric mass transfer coefficient in liquid h�1,or [g ⋅ mole/(h ⋅ cm3 · atm)]
the volumetric rate of mass transfer M is

(5.24)
(5.25)

where N � rate at which solute gas is transferred between phases,g ⋅ mol/h
Example 1: An aeration tank has the volume of 200 m3 (7060 ft3) with 4 m(13 ft) depth. The experiment is conducted at 20°C for tap water. The oxygentransfer rate is 18.7 kg/h (41.2 lb/h). Determine the overall volumetric masstransfer coefficient in the liquid phase.
solution:

Step 1.    Determine the oxygen solubility at 20°C and 1 atm
Since oxygen in air is 21%, according to Dalton’s law of partial pressure, P is

P � 0.21 � 1 atm � 0.21 atm
From Table 5.3, we find

H � 4.3 � 104 atm
The mole fraction x from Eq. (5.14) is

In 1L of solution, the number of moles of water nw is

Let n � moles of gas in solution
x 5 n

n 1 nw

nw 5  1000
18 5 55.6 g #  mol/L

x 5 P
H 5

0.21
4.3 3 104 5 4.88 3 1026

5 KGa sP 2 P *2d
M 5

A
V N 5 KLasC * 2 Cd
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Since n is so small

Step 2. Determine the mean hydrostatic pressure on the rising air bubbles
Pressure at the bottom is pb
1 atm � 10.345 m of water head

Pressure at the surface of aeration tank is ps � 1 atm 
Mean pressure p is

Step 3. Compute C* � C
C* � 2.71 � 10�4 g ⋅ mol/L ⋅ atm � 1.193 atm 

� 3.233 � 10�4 g ⋅ mol/L
The percentage of oxygen in the air bubbles decrease, when the bubbles riseup through the solution, assuming that the air that leaves the water containsonly 19% of oxygen.Thus

Step 4. Compute KLa

Using Eq. (5.24)

Equation (5.23c) is essentially the same as Fick’s first law:
(5.23d)dC

dt 5 KLasCs 2 Cd

 5 9.98 h21

 5 584 g # mol/h
200 m3

3 1000 L/m3
3 2.925 3 1024 g # mol/L

KLa 5 N
VsC*2 Cd

N 5 18,700 g/h 4  32/mole 5  584 g # mol/h

 5 2.925 3 1024 g # mol/L
C * 2 C 5 3.223 3 1024 g # mol/L 3 19

21

p 5 ps 1 pb2 5
1  atm 1 1.386  atm

2 5 1.193  atm

 5 1.386 atm
pb 5 1 atm 1  4m 3

1 atm
10.345 m 5 s1 1 0.386d atm

 5 2.71 3 1024 g # mol/L
 5 55.6 g #  mol/L 3 4.88 3 1026

n >nwx
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where � rate of change in concentration of the gas in solution, mg/L ⋅ s
KLa � overall mass transfer coefficient, s�1

Cs � saturation concentration of gas in solution, mg/L
C � concentration of solute gas in solution, mg/L

The value of Cs can be calculated with Henry’s law. The term Cs � C isa concentration gradient. Rearrange Eq. (5.23d) and integrating thedifferential form between time from 0 to t, and concentration of gasfrom C0 to Ct in mg/L, we obtain

(5.24a)

or (5.24b)
When gases are removed or stripped from the solution, Eq. (5.24b)becomes

Similarly, Eq. (5.25) can be integrated to yield
(5.25a)

KLa values are usually determined in full-scale facilities or scaled upfrom pilot-scale facilities. Temperature and chemical constituents inwastewater affect oxygen transfer. The temperature effects on overallmass transfer coefficient KLa are treated in the same manner as theywere treated in the BOD rate coefficient (section 8.3 of Chapter 1.2). Itcan be written as
(5.26)

where KLa(T ) � overall mass transfer coefficient at temperature T ºC,s�1
KLa(20) � overall mass transfer coefficient at temperature 20ºC,s�1

Values of � range from 1.015 to 1.040, with 1.024 commonly used.

KLasTd 5 KLas20duT220

ln pt 2 p *
p0 2 p * 5 KGaRTt

C0 2 Cs
Ct 2 Cs

5 e2sKLatd

Cs 2 Ct
Cs 2 C 5 e2KLat

ln Cs 2 Ct
Cs 2 C 5 2KLat

3
Ct

C0

dC
Cs 2 C 5 KLa 3

t

0
dt

dC
dt



Mass transfer coefficient are influenced by total dissolved solids in theliquid. Therefore, a correction factor � is applied for wastewater(Tchobanoglous and Schroeder, 1985):
(5.27)

Value of � range from 0.3 to 1.2. Typical values for diffused and mechan-ical aeration equipment are in the range of 0.4 to 0.8 and 0.6 to 1.2.The third correction factor () for oxygen solubility is due to particu-late, salt, and surface active substances in water (Doyle and Boyle, 1986):
(5.28)

Values of  range from 0.7 to 0.98, with 0.95 commonly used for waste-water.Combining all three correction factors, we obtain (Tchobanoglous andSchroeder 1985)
(5.29)

where AOTR � actual oxygen transfer rate under field operatingconditions in a respiring system, kg ⋅ O2/kW ⋅ hSOTR � standard oxygen transfer rate under test conditions at20ºC and zero dissolved oxygen, kg ⋅ O2/kW ⋅ h
�, , � � defined previously

Cs � oxygen saturation concentration for tap water at fieldoperating conditions, g/m3
Cw � operating oxygen concentration in wastewater, g/m3

Cs20 � oxygen saturation concentration for tap water at 20ºC, g/m3

Example 2: Aeration tests are conducted with tap water and wastewater at16ºC in the same container. The results of the tests are listed below. Assumethe saturation DO concentrations (Cs) for tap water and wastewater are thesame. Determine the values of KLa for tap water and wastewater and a valuesat 20ºC.Assume � � 1.024
solution:

Step 1. Find DO saturation concentration at 16ºC
From Table 1.2

Cs � 9.82 mg/L

AOTR 5 SOTRsadsbdsuT220daCs 2 Cw
Cs20

b

b 5
C *swastewaterd
C *stap waterd

a 5
KLa swastewaterd
KLa stap waterd
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Step 2. Calculate � ln(Cs � Ct )/(Cs � C0), C0 � 0
The values of � ln(Cs � Ct)/(Cs � C0) calculated are listed with the raw test data
Step 3. Plot the calculated results in Step 2 in Fig. 5.3.
Step 4. Find the KLa at the test temperature of 16ºC, (T ), from the above table

For tap water

For wastewater

 5 0.64 h21
KLa 5 1.28

120 min 3
60 min

1 h

 5 1.00 h21

KLa 5 2.01
120 min 3

60 min
1 h
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DO concentration, mg/L
Contact time, min Tap water Wastewater Tap water Wastewater

0 0.0 0.0 0 020 3.0 2.1 0.36* 0.2440 4.7 3.5 0.65 0.4460 6.4 4.7 1.05 0.6580 7.2 5.6 1.32 0.84100 7.9 6.4 1.69 1.05120 8.5 7.1 2.01 1.28
*ln (Cs � Ct)/(Cs � C0) � ln(9.82 � 3.0)/(9.82 �0) � 0.36

2 ln Cs 2 Ct
Cs 2 C0

0

0.5

1

1.5

2

2.5

0 20 40 60 80 100 120

TIME, min

−
ln

 (
C

s
−

C
t
)/

(C
s

−
C

0
)

Tap water

Wastewater

Figure 5.3 Functional plot of the data from aeration test.



Step 5. Convert the values of KLa at 20ºC using � �1.024
Using Eq. (5.26)For tap water

KLa(T) � KLa(20ºC)�20�T

or

For wastewater

Step 6. Compute the � value using Eq. (5.27)

6.2 Diffused aeration

Diffused aeration systems distribute the gas uniformly through thewater or wastewater, in such processes as ozonation, absorption, activated-sludge process, THM removal, and river or lake reaeration, etc. It is morecostly using diffused aeration for VOC removal than the air strippingcolumn.The two-resistance layer theory is also applied to diffused aeration.The model proposed by Mattee-Müller et al. (1981) is based on masstransfer flux derived from the assumption of diffused bubbles risingin a completely mixed container. The mass transfer rate for diffusedaeration is
(5.30)

where F � mass transfer rate
QG � gas (air) flow rate, m3/s or ft3/s
QL � flow rate of liquid (water), m3/s or ft3/s

F 5 QGHuCea1 2 expKLaV
HuQL

b

 5 0.64
 5 0.70 h21

0.10 h21

a 5 KLa for wastewater
KLa for tap water

 5 0.70 h21
KLas20d 5 0.64 h21s1.024d20216

 5 1.10 h21
 5 1.00 h21s1.024d20216

KLas20d 5 KLasT  du
202T
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Hu � unitless Henry’s constant (see, Section of Design of PackedTower)
Ce � effluent (exit) gas concentration, µg/L

KLa � overall mass transfer coefficient, per time
V � reaction volume (water), m3 or ft3

Assuming that the liquid volume in the reactor is completely mixedand the air rises as a steady state plug flow, the mass balance equationcan be expressed as
(5.31a)

or
(5.31b)

where Ci � initial concentration, µg/L

If � >> 1, the transfer of a compound is with very low Henry’s constantsuch as ammonia. Air bubbles exiting from the top of the liquid surfaceis saturated with ammonia in the stripping process. Ammonia removalcould be further enhanced by increasing the air flow. Until � < 4, theexponent term becomes essentially zero. When the exponent term iszero, the air and water have reached an equilibrium condition and thedriving force has decreased to zero at some point within the reactorvessel. The vessel is not fully used. Thus the air-to-water ratio could beincreased to gain more removal.On the other hand, if � << 1, the mass transfer efficiency could beimproved by increasing overall mass transfer coefficient by eitherincreasing the mixing intensity in the tank or by using a finer diffuser.In the case for oxygenation, � < 0.1, the improvements are required.
Example: A groundwater treatment plant has a capacity of 0.0438 m3/s(1 MGD) and is aerated with diffused air to remove trichloroethylene with90% design efficiency. The detention time of the tank is 30 min. Evaluate thediffused aeration system with the following given information.

T � 20ºC
Ci �131 µg/L , (expected Ce � 13.1 µg/L)

Hu � 0.412
KLa � 44 h�1

u 5
KLaV
HuQG

Ce
Ci
5

1
11 HuQG/QL [1 2 exp s2ud]

Ce
Ci
5

1
1 1 HuQG/QL [1 2 exp s2KLaV/HuQG]
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solution:

Step 1. Compute volume of reactor V

Step 2. Compute QG, let QG � 30 QL � 30V

Step 3. Compute �

Step 4. Compute effluent concentration Ce with Eq (5.31b)

This exceeds the expected 90%.
6.3 Packed towers

Recently, the water treatment industry used packed towers for strippinghighly volatile chemicals, such as hydrogen sulfide and VOCs fromwater and wastewater. It consists of a cylindrical shell containing asupport plate for the packing material. Although many materials canbe used as the packing material, plastic products with various shapesand design are most commonly used due to less weight and lower cost.Packing material can be individually dumped randomly into the cylin-der tower or fixed packing. The packed tower or columns are used formass transfer from the liquid to gas phase.Figure 5.4 illustrates a liquid-gas contacting system with a down-ward water velocity L containing c1 concentration of gas. The flows arecounter current. The air velocity G passes upward through the packedmaterial containing influent p1 and effluent p2. There are a variety ofmixing patterns, each with a different rate of mass transfer. Removalof an undesirable gas in the liquid phase needs a system height of z anda selected gas flow rate to reduce the mole fraction of dissolved gas from
c1 to c2. If there is no chemical reaction that takes place in the packed

% removal  5 s131 2 10d 3 100
131 5 92.4

 5 10.0 mg/L
 5 131 mg/L

1 1 0.412 3 30[1 2 exps 2 3.56d]

Ce 5
Ci1 1 HuQG/QL[1 2 exps 2 ud]

u 5
KLaV
HuQG

5
44 3 79

0.412 3 2370 5 3.56

QG 5 30 3 79 m3
5 2370 m3

 5 79 m3
V 5 0.0438 m3/s 3 60 s/min 3 30 min
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tower, the gas lost by water should be equal to the gas gained by air. Ifthe gas concentration is very dilute, then
(5.32)

where L � liquid velocity, m/s, m3/(m2 ⋅ s), or mol/(m2 ⋅ s)
G � gas velocity, same as above

� change of gas concentration in water
� change in gas fraction in air

From Eq. (5.23d), for stripping (c and cs will be reversed):
(5.23e)

then (5.33)
Multiplying each side by L, we obtain

(5.34)
where dz is the differential of height.The term (c � cs) is the driving force (DF) of the reaction and is constantlychanging with the depth of the column due to the change of c with time.Integrating the above equation yields

(5.35)z 5 L
KLa 3

c2

c1
3

DF

dc
dsDFd

3dz 5 L
KLa 3

c2

c1

dc
dsc 2 csd

Ldt 5 dz 5 Ldc
KLasc 2 csd

dt 5 dc
KLasc 2 csd

dc
dt 5 KLasc 2 csd

�p
�c

L�c 5 G�p

G
p2

       L
          c1 dz

Partial

z p1
Pressure

p

    L G

p2

        c2 p1
c2 c c1

Concentration

Figure 5.4 Schematic diagram of packed column.
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The integral of DF is the same as the log mean (DFlm) of the influent(DFi) and effluent driving forces (DFe). Therefore
(5.36)

and
(5.37)

where z � height of column, m
L � liquid velocity, m3/m2 ⋅ h

ci, ce � gas concentration in water at influent and effluent,respectively, mg/L
KLa � overall mass transfer coefficient for liquid, h�1

DFi, DFe � driving force at influent and effluent, respectively, mg/LDFlm � log mean of DFi and DFe, mg/L
Example 1: Given

T � 20ºC � 293 K
L � 80 m3 water (m2 ⋅ h)
G � 2400 m3 air/(m2 ⋅ h)
ci � 131 �g/L trichloroethylene concentration in water atentrance
ce � 13.1 �g/L CCHCl3 concentration at exit

KLa � 44 h�1

Determine the packed tower height to remove 90% of trichloroethyleneby an air stripping tower.
solution:

Step 1. Compute the molar fraction of CCHCl3 in air p2
Assuming no CCHCl3 present in the air the entrance, i.e.

pi � 0
MW of CCHCl3 � 131, 1 mole �131g of CCHCl3 per liter.

ce 5 13.1 mg/L 5 0.1 3 1023 mol/m3swith 90% removald
 5 1 3 1023 mol/m3

ci 5 131 mg/L 5 131mg
L 3

1 mol/g
131 3 106 mg/g 3

103 L
1 m3

DFlm 5
DFe 2 DFiln sDFe>DFi

z 5 Lsci 2 ced
KLaDFlm
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Applying Eq. (5.32)

80 m3 air/(m2 ⋅ h)(1 � 0.1) � 10�3 mol gas/m3 air � 2400 m3/(m2 ⋅ h)( pe � 0)
pe � 3.0 � 10�5 mol gas/m3 air

Step 2. Convert pe in terms of mol gas/mol air
Let V � volume of air per mole of air

From Step 1

Step 3. Compute DF for gas entrance and exitAt gas influent (bottom)
pi � 0
ce � 13.1 �g/L � 0.0131 mg/L
cs � 0

DFi � ce � cs � 0.0131 mg/L
At gas effluent (top)

From Table 5.3, Henry’s constant H at 20ºC
H � 550 atm

Convert atm to atm L/mg, Hd

5 7.55 3 1025 atm # L/mg
Hd 5

H
55,600 3 MW 5

550 atm
55,600 3 131 mg/L

pe 5 7.2 3 1027 mol gas/mol air
ci 5 131 mg>L 5 0.131 mg/L
cs 5 to be determined

pe 5 3.0 3 1025 mol gas/m3air
5 3.0 3 1025 mol gas

m3 air 3
0.024 m3 air

1 mol air
5 7.2 3 1027 mol gas/mol air

V 5
nRT

P 5
s1 moleds0.08206 L atm/mol Kd 3 s293 Kd

1 atm
5 24.0 L
5 0.024 m3

L�c 5 G�p
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Step 4. Compute DFlm
From Eq. (5.37)

Step 5. Compute the height of the tower z
From Eq. (5.36)

Example 2 In a groundwater remediation study, volatile organic  carbonremoval through the vapor phase, the total hydrocarbons analyzer  measured1,1,1,-trichloroethane (Jones et al., 2000). The extraction pump and air strip-per combined air flow averaged 0.40m3/min (14ft3/min). The concentration of1,1,1,-trichloroethane averaged 25 parts per million by volume (ppmv) of air.Determine the amount of 1,1,1,-trichloroethane removed daily. Temperatureis 20ºC.
solution

Step 1. Calculate 1,1,1,-trichloroethane concentration using the ideal gas law
T � 20°C � (20 � 273)K � 293 K 

� 41.6 mol/m3

This means 41.6 mole of total gases in lm3 of the air.The MW of 1,1,1,-trichloroethane (CH3CC13) � 133One ppmv of 1,1,1,-trichloroethane � 41.6 � 10�6 mol/m3
� 133g/mol

� 1000 mg/g
� 5.53 mg/m3

25 ppmv of 1,1,1,-trichloroethane � 5.53 mg/m3
� 25

� 138 mg/m3

n 5 PV
RT 5

s1 atmd s1000 L/mg3d
0.082sL # atm/mol-Kd 3 293 K

z 5 Lsci 2 ced
KLaDFlm

5
80 m/h 3 s0.131 2 0.0131d  mg/L

44 h21
3 0.0487 mg/L

5 4.4 m

DFlm 5
DFe 2 DFiln sDFe/DFid

5
0.1215 mg/L 2 0.0131 mg/L

ln s0.1215/0.0131d
5 0.0487  mg/L

 5 0.1215  mg/L
DFe 5 ci 2 cs 5 0.131 mg/L 2 0.0095 mg/L

 5 0.0095 mg/L
cs 5

pept
Hd

5
7.2 3 1027 mol gas/mol air 3 1 atm

7.55 3 1025 atm # L/mg



Step 2. Calculate the daily removal
Daily removal � 138 mg/m3

� 0.40 m3/min � l440 min/d
� 79500 mg/d
� 79.5 g/d

Design of packed tower. Process design of packed towers or columns isbased on two quantities: the height of the packed column, z, to achievethe designed removal of solute is the product of the height of a transferunit (HTU) and the number of transfer unit (NTU). It can be expressedas (Treybal, 1968):
z � (HTU)(NTU) (5.38)

The HTU refers the rate of mass transfer for the particular packingmaterials used. The NTU is a measure of the mass transfer drivingforce and is determined by the difference between actual and equilib-rium phase concentrations. The height of a transfer unit is the constantportion of Eq. (5.35):

(5.39)

The number of transfer units is the integral portion of Eq. (5.35). Fordiluted solutions, Henry’s law holds. Substituting the integral expres-sion for NTU with p1 � 0, the NTU is
(5.40)

where (5.41)
� stripping factor, unitless when Hu is unitless

c1, c2 � mole fraction for gas entrance and exit, respectively
Convert Henry’s constant from terms of atm to unitless:

(5.42)
� H/4.56T
a1 L of water

55.6 mole b

Hu 5 cH atmsmol gas/mol aird
mol gas/mol water d  a

1 mol air
0.082T atm L of airb

R 5
HuG

L

NTU 5
R

R 2 1 ln sc1/c2dsR 2 1d 1 1
R

HTU 5
L

KLa
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When T � 20ºC � 293 K
Hu � H/4.56 � 293 � 7.49 � 10�4H, unitless (5.42a)
G � superficial molar air flow rate (k mol/s ⋅ m2)
L � superficial molar water flow rate (k mol/s ⋅ m2)

The NTU depends upon the designed gas removal efficiency, the air-water velocity ratio, and Henry’s constant. Treybal (1968) plotted theintegral part (NTU) of Eq. (5.35) in Fig. 5.5. By knowing the desiredremoval efficiency, the stripping factor, and Henry’s constant, theNTU in a packed column can be determined for any given strippingfactor of the air to water flow rate ratios. It can be seen from Fig. 5.5that when the stripping factor, R, is greater than 3, little improvementfor the NTU occurs.
Example: Using the graph of Fig. 5.5 to solve Example 1 above. Given:

T � 20°C � 293 K
L � 80 m3 water/(m2 column cross section h) 
G � 2400 m3 air/(m2 column cross section h)
c1 � 131 �g/L of CCHCl3
c2 � 13.1 �g/L of CCHCl3

KLa � 44 h�1

solution:

Step 1. Compute HTU with Eq. (5.39)

Step 2. Compute Hu, the unitless Henry’s constant at 20°C 
From Table 5.3

H � 550 atm
Using Eq. (5.42a)

Hu � 7.49 � 10�4H � 7.49 � 10�4
� 550 

� 0.412
Step 3. Compute the stripping factor R using Eq. (5.41)

� 12.36
R 5

HuG
L 5

0.412 3 2400  m/h
80  m/h

HTU 5
L

KLa 5
80 m/h
44 h21 5 1.82 m
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Figure 5.5 Number of transfer units for absorbers or strippers with constantabsorption or stripping factors (D. A. Cornwell, Air Stripping and aeration. In:
AWWA, Water Quality and Treatment. Copyright 1990, McGraw-Hill, New York,
reprinted with permission of McGraw-Hill).

Step 4. Find NTU from Fig. 5.5
Since 

Using R � 12.36 and c2 �c1 � 0.1, from the graph in Fig. 5.5, we obtain
NTU � 2.42

c2
c1
5

13.1 mg/L
131 mg/L 5 0.1
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Step 5. Compute the height of tower z by Eq. (5.38)
z � (HTU) (NTU) � 1.82 m � 2.42

� 4.4 m

6.4 Nozzles

There are numerous commercially available spray nozzles. Nozzles andtray aerators are air-water contact devices. They are used for iron andmanganese oxidation, removal of carbon dioxide and hydrogen sulfidefrom water, and removal of taste and odor causing materials.Manufacturers may occasionally have mass transfer data such as KLand a values. For an open atmosphere spray fountain, the specific inter-facial area a is (Calderbrook and Moo-Young, 1961):

(5.43)

where d is the droplet diameter which ranges from 2 to 10,000 µm.Under open atmosphere conditions, Cs remains constant because thereis an infinite air-to-water ratio and the Lewis and Whitman equationcan express the mass transfer for nozzle spray (Fair et al., 1968;Cornwell, 1990)
Ce � Ci � (Cs � Ci )[1 � exp(�KLat)] (5.44)

where ci, ce � solute concentrations in bulk water and in droplets, respectively, �g/L
t � time of contact between water droplets and air

� twice the rise time, tr
(5.45a)

or tr � V Sin	/g (5.45b)
where 	 � angle of spray measured from horizontal

V � velocity of the droplet from the nozzle
(5.46)

where Cv � velocity coefficient, 0.40 to 0.95, obtainable fromthe manufacturer
g � gravitational acceleration, 9.81 m/s2

V 5 Cv22 gh

5
2V sin  f

g

a 5 6
d
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Combine Eq. (5.45b) and Eq. (5.46) 

The driving head h is
(5.47)

Neglecting wind effect, the radius of the spray circle is
r � Vtr cos 	

� V(V sin 	/g ) cos 	
� (V 2/g ) sin 	 cos 	
� C2v ⋅ 2gh/g ⋅ sin 2	

� 2C2vh sin 2	 (5.48)
and the vertical rise of the spray is

From Eq. (5.47) (5.49) 
Example 1: Determine the removal percentage of trichloroethylene from anozzle under an operating pressure of 33 psi (22.8 kPa).
The following data is given:

d � 0.05 cm
Cv � 0.50
	 � 30°

KL � 0.005 cm/s
Ci � 131 �g/L

solution:

Step 1. Determine the volumetric interfacial area a by Eq. (5.43):

Step 2. Compute the velocity of the droplet V by Eq. (5.46)
The pressure head

h 5 33  psi 3 70.3  cm  of  waterhead
1 psi

5 2320 cm  

a 5 6
d 5

6
0.05  cm 5 120  cm21

hr 5
1
2hs2C2v sin2fd 5 C2vh sin2f

hr 5
1
2 gt2r

h 5 gt2r/s2C2v sin2fd

gtr 5 Cv22 gh sinf



Using Eq. (5.46)

Step 3. Compute the time of contact by Eq. (5.45a)

Step 4. Compute the mass transfer Ce � Ci by Eq. (5.44)

� 68.1 (�g/L) � 52% remained
� 48% removal

Example 2: Calculate the driving head, radius of the spray circle, and ver-tical rise of spray for (a) a vertical jet and (b) a jet at 45° angle. Given theexpose time for water droplet is 2.2 s and Cv is 0.90.
solution:

Step 1. For question (a), using Eq. (5.45b)

	 � 90º
sin 	 � sin 90 � 1

sin 2 	 � sin 180 � 0
Using Eq. (5.47)

� 9.81 m/s2 (1.1s)2/(2 � 0.92
� 12)

� 7.33 m
Using Eq. (5.48)

 5 0
r 5 2C2vh  sin  2f

h 5 gt2r/s2C2v sin2 fd

tr 5
1
2 3 2.2  s 5 1.1 s

Ce 5 131 2 131 3 0.48
Ce 2 131 5 s0 2 131d[1 2 exp s 2 0.005 3 120 3 1.09d]

Ce 2 Ci 5 sCs 2 Cid[1 2 exp s2KLatd]

 5 1.09 s
 5 2 3 1067 3 0.5

981   s

t 5 2V   sin  f
g 5

2 3 1067   cm/s  sin  30
981   cm/s2

 5 1067  cm/s
V 5 Cv22 gh 5 0.522 3 981 3 2320
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Since sin 2	 � 0, and using Eq. (5.49)

Step 2. For question (b)
tr � 1.1 s 
	 � 45º

sin 2 	 � sin 90 � 1
Using Eq. (5.47)

� 9.81 m/s2
� (1.1 s)2/(2 � 0.92

� 0.7072)
� 14.66 m

Using Eq. (5.48)

and using Eq. (5.49)

7 Solubility Equilibrium

Chemical precipitation is one of the most commonly employed methodsfor drinking water treatment. Coagulation with alum, ferric sulfate, orferrous sulfate, and lime softening involve chemical precipitation. Mostchemical reactions are reversible to some degree. A general chemicalreaction which has reached equilibrium is commonly written by the lawof mass action as
aA � bB ↔ cC � dD (5.50a)

where A, B � reactantsC, D � products
a, b, c, d � stoichiometric coefficients for A, B, C, D, respectively

hr 5 C2vh  sin 2f
5 s0.9d2 3 14.66 m 3 s0.707d2
5 5.93  m

r 5 2C2vh  sin  2f
5 2s0.9d2s14.66 mds1d
5 23.7 m

h 5 gt2r/s2C2v sin fd

 sin f 5  sin  45 5 1/22 5 0.707

 5 5.93  m
hr 5

1
2   gt2r 5

1
2 3 9.81 m/s2

3 s1.2 sd2
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The equilibrium constant Keq for the above reaction is defined as

(5.50b)

where Keq is a true constant, called the equilibrium constant, and thesquare brackets signify the molar concentration of the species withinthe brackets. For a given chemical reaction, the value of equilibriumconstant will change with temperature and the ionic strength of thesolution.For an equilibrium to exist between a solid substance and its solu-tion, the solution must be saturated and in contact with undissolvedsolids. For example, at pH greater than 10, solid calcium carbonatein water reaches equilibrium with the calcium and carbonate ions insolution: consider a saturated solution of CaCO3 that is in contact withsolid CaCO3. The chemical equation for the relevant equilibrium canbe expressed as
CaCO3 (s) ↔ Ca2� (aq) � CO23� (aq) (5.50c)

The equilibrium constant expression for the dissolution of CaCO3 canbe written as

(5.50d)

Concentration of a solid substance is treated as a constant called Ks inmass-action equilibrium, thus [CaCO3] is equal to ks. Then
(5.50e)

The constant Ksp is called the solubility product constant. The rulesfor writing the solubility product expression are the same as thosefor the writing of any equilibrium constant expression. The solubil-ity product is equal to the product of the concentrations of the ionsinvolved in the equilibrium, each raised to the power of its coefficientin the equilibrium equation. For the dissolution of a slightly solublecompound when the (brackets) concentration is denoted in moles,the equilibrium constant is called the solubility product constant.The general solubility product expression can be derived from thegeneral dissolution reaction
(5.50f )AxByssd 4 xAy1

1 yBx2

Keq Ks 5 [Ca21][Co223 ] 5 Ksp

Keq 5
[Ca21][CO223 ]

[CaCo3]

Keq 5
[C]c[D]d

[A]a[B]b
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and is expressed as
(5.50g)

Solubility product constants for various solutions at or near room tem-perature are presented in Appendix C.If the product of the ionic molar concentration [Ay�]x [Bx�]y is less thanthe Ksp value, the solution is unsaturated, and no precipitation will occur.In contrast, if the product of the concentration of ions in solution is greaterthan Ksp value, precipitation will occur under supersaturated condition.
Example 1: Calculate the concentration of OH� in a 0.20 mole (M) solutionof NH3 at 25°C. Keq � 1.8 � 10�5

solution:

Step 1. Write the equilibrium expression

Step 2. Find the equilibrium constant

Step 3.    Tabulate the equilibrium concentrations involved in the equilibrium:
Let x � concentration (M) of OH�

NH3 (aq) � H2O (1) ↔ NH�4(aq) � OH�(aq)
Initial: 0.2M 0 M 0 MEquilibrium: (0.20 � x) M xM xM
Step 4.   Inserting these quantities into Step 2 to solve for x

or
Neglecting x term, then approximately

Example 2: Write the expression for the solubility product constant for (a)A1(OH)3 and (b) Ca3(PO4)2.

x 5 1.9 3 1023 M
x2 > 0.2 3 1.8 3 1025

Keq 5
[NH14 ][OH2]

[NH3]
5

sxdsxd
s0.20 2 xd 5 1.8 3 1025

x2
5 s0.20 2 xds1.8 3 1025d

Keq 5
[NH14 ][OH2]

[NH3] 5 1.8 3 1025

NH3saqd 1 H2Os1d 4 NH14 saqd 1 OH2saqd

Ksp 5 [Ay1]x [Bx2]y
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solution:

Step 1.    Write the equation for the solubility equilibrium
(a) A1(OH)3 (s) ↔ Al3�(aq) � 3OH�(aq)
(b) Ca3 (PO4)2 (s) ↔ 3Ca2� (aq) � 2PO34� (aq)

Step 2.    Write Ksp by using Eq. (5.50g) and from Appendix C
(a) Ksp � [Al3�] [OH�]3

� 2 � 10�32

(b) Ksp � [Ca2�]3 [PO43�]2
� 2.0 � 10�29

Example 3: The Ksp for CaCO3 is 8.7 � 10�9 (Appendix C). What is the sol-ubility of CaCO3 in water in g/L?
solution:

Step 1.    Write the equilibrium equation
CaCO3 (s) ↔ Ca2�(aq) � CO32�(aq)

Step 2.    Set molar concentrations
For each mole of CaCO3 that dissolves, 1 mole of Ca2� and 1 mole of CO32�

enter the solution.Let x be the solubility of CaCO3 in mol/L. The molar concentrations of Ca2�

and CO32� are
[Ca2�] � x   and   [CO32�] � x

Step 3.    Solve solubility x in M/L

1 mole of CaCO3 � 100 g/L of CaCO3
then

8 Coagulation

Coagulation is a chemical process to remove turbidity and color pro-ducing material that is mostly colloidal particles (1 to 200 millimi-crons, mm) such as algae, bacteria, organic and inorganic substances,

x 5 9.3 3 1025s100 g/Ld
5 0.0093 g/L
5 9.3 mg/L

Ksp 5 [Ca21][CO322] 5 8.7 3 1029
sxdsxd 5 8.7 3 1029

x 5 9.3 3 1025 M/L
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and clay particles. Most colloidal solids in water and wastewater arenegatively charged. The mechanisms of chemical coagulation involvethe zeta potential derived from double-layer compression, neutral-ization by opposite charge, interparticle bridging, and precipitation.Destabilization of colloid particles is influenced by the Van der Waals
force of attraction and Brownian movement. Detailed discussion of thetheory of coagulation can be found elsewhere (American Society of CivilEngineers and American Water Works Association, 1990). Coagulationand flocculation processes were discussed in detail by Amirtharajah andO’Melia (1990).Coagulation of water and wastewater generally add either aluminum,or iron salt, with and without polymers and coagulant aids. The processis complex and involves dissolution, hydrolysis, and polymerization. pHvalues play an important role in chemical coagulation depending onalkalinity. The chemical coagulation can be simplified as the followingreaction equations: Aluminum sulfate (alum):

Al2 (SO4) ⋅ 18H2O � 3Ca(HCO3)2 → 2A1(OH)3 ↓ � 3CaSO4�

6CO2 � 18H2O (5.51a)
When water does not have sufficient total alkalinity to react withalum, lime, or soda ash is usually also dosed to provide the required alka-linity. The coagulation equations can be written as below:

Al2 (SO4 )3 ⋅ 18H2O � 3Ca(OH)2 → 2A1(OH)3 ↓

� 3CaSO4 � 18H2O (5.51b)
A12(SO4)3 ⋅ 18H2O � 3Na2CO3 � 3H2O → 2A1(OH)3 ↓ 

� 3Na2SO4 � 3CO2 � 18H2O (5.51c)
Ferric chloride:

2FeCl3 � 3Ca(HCO3)2 → 2Fe(OH)3 ↓ � 3CaCl2 � 6CO2 (5.51d)
Ferric sulfate:
Fe(SO4)3 � 3Ca(HCO3)2 → 2Fe(OH)3 ↓ � 3CaSO4 � 6CO2 (5.51e)

Ferrous sulfate and lime:
FeSO4 ⋅ 7H2O � Ca(OH)2 → Fe(OH)2 � CaSO4 � 7H2O (5.51f)

followed by, in the presence of dissolved oxygen
4Fe(OH)2 � O2 � 2H2O → 4Fe(OH)3 ↓ (5.51g)
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Chlorinated copperas:
3FeSO4 ⋅ 7H2O � 1.5 Cl2 → Fe2(SO4)3 � FeCl3 � 21H2O (5.51h)

followed by reacting with alkalinity as above
Fe2(SO4)3 � 3Ca(HCO3)2 → 2Fe(OH)3 ↓ �3CaSO4 � 6CO2 (5.51i)

and
2FeCl3 � 3Ca(HCO3)2 → 2Fe(OH)3 ↓ �3CaCl2 � 6CO2 (5.5lj)

Each of the above reaction has an optimum pH range.
Example 1: What is the amount of natural alkalinity required for coagula-tion of raw water with dosage of 15.0 mg/L of ferric chloride?
solution:

Step 1.   Write the reactions equation (Eq. 5.51j) and calculate MW
2FeCl3 � 3Ca(HCO3)2 → 2Fe(OH)3 � 3CaCl2 � 6CO2
2(55.85 � 3 � 35.45)   3[40.08 � 2(1 � 12 � 48)] 
� 324.4 � 486.3

The above equation suggests that 2 moles of ferric chloride react with3 moles of Ca(HCO3)2.
Step 2.    Determine the alkalinity needed for X

X � 1.50 � mg/L FeCl2 � 1.50 � 15.0 mg/L
� 22.5 mg/L as Ca(HCO3)2

Assume Ca(HCO3)2 represents the total alkalinity of the natural water.However, alkalinity concentration is usually expressed in terms of mg/L asCaCO3. We need to convert X to a concentration of mg/L as CaCO3.
MW of CaCO3 � 40.08 � 12 � 48 � 100.1 
MW of Ca(HCO3)2 � 162.1

Then
X 5 22.5 mg/L 3 100.1

162.1 5 13.9 mg/L as CaCO3

mg/L CasHCO3d2mg/L FeCl2
5

486.2
324.4 5 1.50
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Example 2: A water with low alkalinity of 12 mg/L as CaCO3 will be treatedwith the alum-lime coagulation. Alum dosage is 55 mg/L. Determine the limedosage needed to react with alum.
solution:

Step 1. Determine the amount of alum needed to react with the natural alkalinity
From Example 1

� 19.4 mg/L as Ca(HCO3)2

MW of A12(SO4)3 ⋅ 18H2O � 27 � 2 � 3(32 � 16 � 4) � 18(2 � 16)
� 666

MW of Ca(HCO3)2 � 162.1
Equation (5.51a) suggests that 1 mole of alum reacts with 3 moles ofCa(HCO3)2.Therefore, the quantity of alum to react with natural alkalinity is Y:

� 26.6 mg/L as alum
Step 2.    Calculate the lime required
The amount of alum remaining to react with lime is (dosage �Y )

55 mg/L � 26.6 mg/L � 28.4 mg/L
MW of Ca(OH)2 � 40.1 � 2(16 � 1) � 74.1

MW of CaO � 40.1 � 16 � 56.1
Equation (5.51b) indicates that 1 mole of alum reacts with 3 moles ofCa(OH)2. Ca(OH)2 required:

� 9.48 mg/L as Ca(OH)2

Let dosage of lime required be Z
Z 5 9.48 mg/L as CasOHd2 3 56.1 as CaO

74.1 as CasOHd2
5 7.2 mg/L as CaO

28.4 mg/L alum 3 3 74.1 as CasOHd2666 alum

Y 5 19.4 mg/L as CasHCO3d2 3
666 as alum

3 3 162.1 as CasHCO3d2

Alkalinity 5 12 mg/L as CaCO3 162.1 as CasHCO3d2100.1 as CaCO3
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8.1 Jar test

For the jar test, chemical (coagulant) is added to raw water sample formixing in the laboratory to simulate treatment-plant mixing conditions.Jar tests may provide overall process effectiveness, particularly tomixing intensity and duration as it affects floc size and density. It canalso be used for evaluating chemical feed sequence, feed intervals, andchemical dilution ratios. A basic description of the jar test procedure andcalculations is presented elsewhere (APHA 1995).It is common to use six 2 L Gator jars with various dosages of chemi-cal (alum, lime, etc); and one jar as the control without coagulant.Appropriate coagulant dosages are added to the 2 L samples before therapid mixing at 100 revolution per minute (rpm) for 2 min. Then the sam-ples and the control were flocculated at 20 rpm for 20 or more minutesand allow to settle. Water temperature, floc size, settling characteristics(velocity, etc.), color of supernatant, pH, etc. should be recorded.The following examples illustrate calculations involved in the jartests; prepare stock solution, jar test solution mixture.
Example 1: Given that liquid alum is used as a coagulant. Specific gravityof alum is 1.33. One gallon of alum weighs 11.09 pounds (5.03 kg) and contains5.34 pounds (5.42 kg) of dry alum. Determine: (a) the alum concentration,(b) mL of liquid alum required to prepare a 100 mL solution of 20,000 mg/Lalum concentration, (c) the dosage concentration of 1 mL of stock solution ina 2000 mL Gator jar sample.
solution:

Step 1. Determine alum concentration in mg/mL

Step 2. Prepare 100 mL stock solution having a 20,000 mg/L alum concentration
Let x � mg of alum required to prepare 100 mL stock solution

Step 3. Calculate mL (y) of liquid alum to give 2000 mg

y 5 3.125 mL
y mL
1 mL 5

2000 mg
640 mg

x 5 2000 mg

x
100 mL 5

20,000 mg
1000 mL

 5 640 mg/mL
Alum smg/Ld 5 s5.34 lbd s453,600 mg/lbd

s1 galds3785 mL/gald



Note: Or add 6.25 mL of liquid alum into the 200 mL stock solution, since3.125 mL is difficult to accurately measure.
Step 4. Find 1 mL of alum concentration (z) in 2000 mL sample ( jar)

Note: Actual final volume is 2001 mL; using 2000 mL is still reasonable.

Example 2: Assuming that 1 mL of potassium permanganate stock solu-tion provides l mg/L dosage in a 2 L jar, what is the weight of potassium permanganate required to prepare 100 mL of stock solution? Assume 100% purity.
solution:

Step 1. Find concentration (x mg/L) of stock solution needed

Step 2. Calculate weight ( y mg) to prepare 100 mL (as 2000 mg/L)

Add 200 mg of potassium permanganate into 100 mL of deionized water togive 100 mL stock solution of 2000 mg/L concentration.

Example 3: Liquid polymer is used in a 2 L Gator jar test. It weighs 8.35 lb/gal. One mL of polymer stock solution provides 1 mg/L dosage.Compute how many mL of polymer are required to prepare 100 mL of stocksolution.
solution:

Step 1. Calculate (x) mg of polymer in l mL

 5 1000 mg/mL
x 5 s8.35 lbds453,600 mg/lbd

s1 galds3785 mL/gald

y 5 200 mg

y mg
100 mL 5

2000 mg
1000 mL

x 5 2000 mg/L
sx mg/Ld s1 mLd 5 s1 mg/Ld sas 2000 mLd

 5 10 mg/L
z 5 20,000

2000  smg/Ld
sz mg/Ld s2000 mLd 5 s20,000 mg/Lds1 mLd
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Step 2. As in Example 2, find the weight (y mg) to prepare 100 mL of 2000mg/L stock solution

Step 3. Compute volume (z mL) of liquid polymer to provide 200 mg

Note: Use 0.20 mL of polymer in 100 mL of distilled water. This stock solu-tion has 2000 mg/L polymer concentration. One mL stock solution added toa 2 L jar gives 1 mg/L dosage.

8.2 Mixing

Mixing is an important operation for the coagulation process. In prac-tice, rapid mixing provides complete and uniform dispersion of a chem-ical added to the water. Then follows a slow mixing for flocculation(particle aggregation). The time required for rapid mixing is usually 10to 20 s. However, recent studies indicate the optimum time of rapidmixing is a few minutes.Types of mixing include propeller, turbine, paddle, pneumatic, andhydraulic mixers. For a water treatment plant, mixing is used for coag-ulation and flocculation, and chlorine disinfection. Mixing is also usedfor biological treatment processes for wastewater. Rapid mixing forcoagulant in raw water and activated-sludge process in wastewatertreatment are complete mixing. Flocculation basins after rapid mixingare designed based on an ideal plug flow using first-order kinetics. It isvery difficult to achieve an ideal plug flow. In practice, baffles areinstalled to reduce short-circuiting. The time of contact or detentiontime in the basin can be determined by:For complete mixing

(5.52a)
For plug flow

(5.52b)t 5 V
Q 5

L
v 5

1
K  aln

Ci
Ce
b

t 5 V
Q 5

1
K aCi 2 Ce

Ce
b

 5 0.20 mL
z 5 200 mg

x 5
200 mg 3 1 mL

1000 mg

y 5 200 mg sof polymer in 100 mL distilled waterd

y mg
100 mL 5

2000 mg
1000 mL
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where t � detention time of the basin, min
V � volume of basin, m3 or ft3
Q � flow rate, m3

�s or cfs
K � rate constant
Ci � influent reactant concentration, mg�L
Ce � effluent reactant concentration, mg�L
L � length of rectangular basin, m or ft
v � horizontal velocity of flow, m/s or ft�s

Example 1: Alum dosage is 50 mg�L, 379 � 90 per day based on laboratorytests. Compute the detention times for complete mixing and plug flow reac-tor for 90% reduction.
solution:

Step 1. Find Ce

Step 2. Calculate t for complete mixing
Using Eq. (5.52a)

Step 3. Calculate t for plug flow
Using Eq. (5.52b)

Power requirements. Power required for turbulent mixing is tradition-ally based on the velocity gradient or G values proposed by Camp andStein (1943). The mean velocity gradient G for mechanical mixing is
(5.53)G 5 a P

�Vb
1/2

 5  36.8 min
t 5 1

K alnCi
Ce
b 5 1440 min

90  aln 50
5 b

 5  144 min
 5 1day

90 3
1440 min

1 day 3 9

t 5 1
K aCi 2 Ce

Ce
b 5 1

90/day a50 mg/L 2 5 mg/L
5 mg/L b

 5 5 mg/L
Ce 5 s1 2 0.9dCi 5  0.1 3 Ci 5 0.1 3 50 mg/L
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where G � mean velocity gradient; velocity (ft/s)/distance (ft) is equalto per second 
P � power dissipated, ft � lb/s or N � m/s (W)
m � absolute viscosity, lb � s/ft2 or N � s/m2 

V � volume of basin, ft3 or m3

The equation is used to calculate the mechanical power required tofacilitate rapid mixing. If a chemical is injected through orifices withmixing times of approximately 1.0 s, the G value is in the range of 700to 1000/s. In practice, G values of 3000 to 5000/s are preferable for rapidmixing (ASCE and AWWA, 1990).Eq. (5.53) can be expressed in terms of horsepower (hp) as

(5.54a)

For SI units the velocity gradient per second is:

(5.54b)

where kW � energy input, kW
V � effective volume, m3
m � absolute viscosity, centipoise, cp

� 1 cp at 20°C (see Table 4.1a, 1cp � 0.001 N ⋅ s/m2)
The equation is the standard design guideline used to calculate themechanical power required to facilitate rapid mixing. Camp (1968)claimed that rapid mixing at G values of 500 to 1000/s for 1 to 2 min pro-duced essentially complete flocculation and no further benefit for pro-longed rapid mixing. For rapid mixing the product of Gt should be 30,000to 60,000 with t (time) generally 60 to 120 s.

Example 2: A rapid mixing tank is l m � l m � 1.2 m. The power input is746 W (1 hp). Find the G value at a temperature of 15°C.
solution: At 10°C, m � 0.00113 N � s/m2 (from Table 4.1a)

V � 1m � 1m � 1.2 m � 1.2 m3

P � 746 W � 746 N ⋅ m/s

G 5 akW 3 10
mV b

1/2

G 5 a550 hp
mV b

1/2
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Using Eq. (5.53):

9 Flocculation

After rapid mixing, the water is passed through the flocculation basin.It is intended to mix the water to permit agglomeration of turbidity set-tled particles (solid capture) into larger floes which would have a meanvelocity gradient ranging 20 to 70 s�1 for a contact time of 20 to 30 mintaking place in the flocculation basin. A basin is usually designed in fourcompartments (ASCE and AWWA 1990).The conduits between the rapid mixing tank and the flocculationbasin should maintain G values of 100 to 150 s�1 before entering thebasin.For baffled basin, the G value is
(5.55)

where G � mean velocity gradient, s�1
Q � flow rate, ft3/s
� � specific weight of water, 62.4 lb/ft3

H � head loss due to friction, ft
� � absolute viscosity, lb ⋅ s/ft2
V � volume of flocculator, ft3
t � detention time, s

For paddle flocculators, the useful power input of an impeller isdirectly related to the drag force of the paddles (F). The drag force is theproduct of the coefficient of drag (Cd) and the impeller force (Fi). The dragforce can be expressed as (Fair et al., 1968):
(5.56a)

(5.57)
then

(5.56b)F 5  0.5 Cd rAv2

Fi 5  rAv2
2

F 5  CdFi

G 5 aQgH
mV b

0.5
5 a62.4H

mt b
0.5

 5  742 s21

 5 a 746 N # m/s
0.00113 N # s/m2

3 1.2 m3b
0.5

G 5 sP/mVd0.5
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where F � drag force, lb
Cd � dimensionless coeffiicient of drag

r � mass density, lb ⋅ s2/ft4
A � area of the paddles, ft2
v � velocity difference between paddles and water, fps

The velocity of paddle blades (vp) can be determined by
(5.58)

where vp � velocity of paddles, fps
n � number of revolutions per minute, rpm
r � distance from shaft to center line of the paddle, ft

The useful power input is computed as the product of drag force andvelocity difference as below:
(5.59)

Example 1: In a baffled basin with detention time of 25 min. Estimate headloss if G is 30/s, m � 2.359 � 10�5 lb � s/ft2 at T � 60°F (Table 4.1b).
solution: Using Eq. (5.55)

Example 2: A baffled flocculation basin is divided into 16 channels by 15around-the-end baffles. The velocities at the channels and at the slots are0.6 and 2.0 fps (0.18 and 0.6 m/s), respectively. The flow rate is 12.0 cfs (0.34 m3/s).Find (a) the total head loss neglecting channel friction; (b) the power dis-sipated; (c) the mean velocity gradient at 60°F (15.6°C); the basin size is16 � 15 � 80 ft3; (d) the Gt value, if the detention (displacement) time is20 min, and (e) loading rate in gpd/ft3.
solution:

Step 1. Estimate loss of head H

Loss of head in a slot 5 22
64.4 5 0.0621 sftd

Loss of head in a channel 5 v212g 5
0.62

2 3 32.2 5 0.00559 sftd

 5  0.51 ft
H 5  G2mt

62.4  5  s30s21d2s2.359 3 1025 lb # s/ft2d 3 s25 3 60 sd
62.4 lb/ft3

G 5  a62.4H
mt b

1/2

P 5  Fv 5  0.5 Cd r Av3

vp 5
2p r n

60
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(a)

Step 2. Compute power input P
(b)

Note: g � 62.37 lb/ft3 at 60°F (Table 5.1b)
Step 3. Compute G
From Table 4.1b

At 60°F, 

Using Eq. (5.53)
(c) 

Step 4. Compute Gt
(d)

Step 5. Compute loading rate
Q � 12 cfs � 12 cfs � 0.646 MGD/cfs

� 7.75 MGD
� 7.75 � 106 gpd

(e) Loading rate � Q/V � 7.76 � 106 gpd/19,200 ft3

� 404 gpd/ft3

Example 3: A flocculator is 16 ft (4.88 m) deep, 40 ft (12.2 m) wide, and 80 ft(24.4 m) long. The flow of the water plant is 13 MGD (20 cfs, 0.57 m3/s).Rotating paddles are supported parallel to four horizontal shafts. The rotat-ing speed is 2.0 rpm. The center line of the paddles is 5.5 ft (1.68 m) from theshaft (mid-depth of the basin). Each shaft equipped with six paddles. Eachpaddle blade is 10 in (25 cm) wide and 38 ft (11.6 m) long. Assume the meanvelocity of the water is 28% of the velocity of the paddles and their drag coef-ficient is 1.9. Estimate:

 5 49.200
Gt 5 41 s21

3 20 min 3 60 s/min

 5 41.0 s21

G 5 a P
mVb

1/2
5 a 763 f t”

# lb/s
2.359 3 1025lb # s/f t2

3 19,200 f t3b
1/2

V 5 16 ft 3 15 ft 3 80 ft 5 19,200 ft3
m 5 2.359 3 1025lb # s/ft2

 5 763 ft # lb/s
P 5 QgH 5 12 ft3/s 3 62.37 lb/ft3

3 1.02 ft

 5 1.02 sftd
H 5 16 3 0.00559 1 15 3 0.0621
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(a) the difference in velocity between the paddles and water(b) the useful power input(c) the energy consumption per million gallons (Mgal)(d) the detention time(e) the value of G and Gt at 60°F(f ) the loading rate of the flocculator
solution:

Step 1. Find velocity differential v
Using Eq. (5.58)

(a)
� 0.83 fps

Step 2. Find P
A � paddle area � 4 shaft � 6 pads/shaft �38 ft � 10/12 ft/pad � 760 ft2

Using Eq. (5.59):
(b) P � 0.5Cd �A�

3

� 0.5 � 1.9 � 1.938 lb � s2/ft4
� 760 ft2

� (0.83 fps)3
� 800 ft ⋅ lb/sor � (800/550) hp
� 1.45 hpor � 1.45 � 0.746 kW
� 1.08 kW

Step 3. Determine energy consumption E
(c)

or
 5 1.99 kW # h/Mgal

E 5
1.08  kW

13  Mgal/d 3
24  h

d

5 2.68  hp # h/Mgal
E 5

1.45 hp
13  Mgal/d 3

24  h
d

r 5
g

g 5
62.4  lb/f t3
32.2  f t/s2 5 1.938  lb # s2/f t4

v 5 vps1 2 0.28d 5 1.15  fps 3 0.72

 5 1.15  fps
vp 5

2prn
60 5

2 3 3.14 3 5.5 ft 3 2
60 s
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Step 4. Determine detention time t
Basin volume, V � 16 ft � 40 ft � 80 ft � 5.12 � 104 ft3

� 5.12 � 104 ft3
� 7.48 gal/ft3

� 3.83 � 105 gal

(d)
� 0.0295 day � 1440 min/d
� 42.5 min

Step 5. Compute G and Gt
Using Eq. (5.53):
(e) G � (P/mV)0.5

� (800/2.359 � 10�5
� 5.12 � 104)0.5

� 25.7 (fps/ft, or s�1)
Gt � (25.7s�1) (42.5 � 60 s)

� 65,530
Step 6. Compute the loading rate

(f )
� 254 gpd/ft3

10 Sedimentation

Sedimentation is one of the most basic processes of water treatment.Plain sedimentation, such as the use of a presedimentation basin (gritchamber) and sedimentation tank (or basin) following coagulation—flocculatiaon, is the most commonly used in water treatment facilities.The grit chamber is generally installed upstream of a raw water pump-ing station to remove larger particles or objects. It is usually a rectan-gular horizontal-flow tank with a contracted inlet and the bottom shouldhave at minimum a 1:100 longitudinal slope for basin draining andcleaning purposes. A trash screen (about 2-cm opening) is usuallyinstalled at the inlet of the grit chamber.

Loading rate 5 Q
V 5

13 3 106 gpd
5.12 3 104  ft3

t 5 V
Q 5

3.83 3 105 gal
13 3 106 gal/d 5 0.0295  day
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Sedimentation is a solid—liquid separation by gravitational settling.There are four types of sedimentation: discrete particle settling (type 1),flocculant settling (type 2), hindered settling (type 3), and compressionsettling (type 4). Sedimentation theories for the four types are discussedin Chapter 6 and elsewhere (Gregory and Zabel, 1990).The terminal settling velocity of a single discrete particle isderived from the forces (gravitational force, buoyant force, and dragforce) that act on the particle. The classical discrete particle set-tling theories have been based on spherical particles. The equationis expressed as

(5.60)

where u � settling velocity of particles, m/s or ft/s
g � gravitational acceleration, m/s2 or ft/s2

rp � density of particles, kg/m3 or lb/ft3
r � density of water, kg/m3 or lb/ft3
d � diameter of particles, m or ft

CD � coefficient of drag
The values of drag coefficient depend on the density of water (�), rel-ative velocity ( µ), particle diameter (d), and viscosity of water (µ), whichgives the Reynolds number R as:

(5.61)

The value of CD decreases as the Reynolds number increases. For Rless than 2 (or 1), CD is related to R by the linear expression as follows:

(5.62)
At low values of R, substituting Eq. (5.61) and (5.62) into Eq. (5.60)gives

(5.63)
This expression is known as the Stokes’ equation for laminar flowconditions.

u 5 gsrp 2 rdd2
18 m

CD 5
24
R

R 5
rud
m

u 5 a4gsrp 2 rdd3CDr
b

1/2
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In the region of higher Reynolds numbers (2 < R < 500�1000), CDbecomes (Fair et al., 1968):

(5.64)
In the region of turbulent flow (500�1000 < R < 200,000,) the CDremains approximately constant at 0.44. The velocity of settling parti-cles results in Newton’s equation (ASCE and AWWA 1990):

(5.65)
When the Reynolds number is greater than 200,000, the drag forcedecreases substantially and CD becomes 0.10. No settling occurs at thiscondition.

Example: Estimate the terminal settling velocity in water at a temperatureof 15°C of spherical silicon particles with specific gravity 2.40 and averagediameter of (a) 0.05 mm and (b) 1.0 mm.
solution:

Step 1. Using the Stokes’ equation (Eq. (5.63)) for (a)
From Table 4.1a, at T � 15°C

� � 999 kg/m3, and m � 0.00113 N ⋅ s/m2
d � 0.05 mm � 5 � 10�5 m

(a)

Step 2. Check with the Reynolds number (Eq. (5.61))

(a) The Stokes’ law applies, since R < 2.
 5 0.075

R 5
rud
m

5
999 3 0.00169 3 5 3 1025

0.00113

 5 0.00169  m/s
 5 9.81 m/s2s2400 2 999d kg/m3s5 3 1025md2

18 3 0.00113 N # s/m2 

u 5 gsrp 2 rdd2
18  m

u 5 1.74 c srp 2 rdgd
r

d
1/2

CD 5
24
R 1

3!R 1 0.34
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Step 3. Using the Stokes’ law for (b), d � 1 mm � 0.001 m

Step 4. Check the Reynold number
Assume the irregularities of the particles � 0.85

Since R > 2, the Stokes’ law does not apply. Use Eq. (5.60) to calculate u.
Step 5. Using Eqs. (5.64) and (5.60)

Step 6. Recheck R

Step 7. Repeat Step 5 with new R

u 5 0.155 sm/sd
u2  5 4 3 9.81 3 1401 3 0.001

3 3 0.76 3 999

 5 0.76
CD 5

24
141 1

3!141 1 0.34

 5 141
R 5

frud
m

5
0.85 3 999 3 0.188 3 0.001

0.00113

u 5 0.188 sm/sd
u2
5

4 3 9.81 3 s2400 2 999d 3 0.001
3 3 0.52 3 999

u2
5

4gsrp 2 rdd
3CDr

 5 0.52
CD 5

24
R 1

3!R 1 0.34 5 24
508 1

3!508 1 0.34

 5 508
R 5

frud
m

5
0.85 3 999 3 0.676 3 0.001

0.00113

f

 5 0.676  sm/sd
u 5 9.81s2400 2 999ds0.001d2

18 3 0.00113
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Step 8. Recheck R

Step 9. Repeat Step 7

(b) The estimated velocity is around 0.15 m/s, based on Steps 7 and 9.

10.1 Overflow rate

For sizing the sedimentation basin, the traditional criteria used arebased on overflow rate, detention time, weir loading rate, and horizon-tal velocity. The theoretical detention time is computed from the volumeof the basin divided by average daily flow (plug flow theory):
(5.66)

where t � detention time, h24 � 24 h/d
V � volume of basin, m3 or million gallon (Mgal)
Q � average daily flow, m3/d or Mgal/d (MGD)

The overflow rate is a standard design parameter which can be deter-mined from discrete particle settling analysis. The overflow rate or sur-face loading rate is calculated by dividing the average daily flow by thetotal area of the sedimentation basin as follows:
(5.67)

where u � overflow rate, m3/(m2 ⋅ d) or gpd/ft2
Q � average daily flow, m3/d or gpd
A � total surface area of basin, m2 or ft2

l and w � length and width of basin, respectively m or ft

u 5 Q
A 5

Q
lw

t 5 24V
Q

u 5 0.149  sm/sd
u2
5

4 3 9.81 3 1401 3 0.001
3 3 0.83 3 999

 5 0.83
CD 5

24
116 1

3!116 1 0.34

 5 116
R 5

0.85 3 999 3 0.155 3 0.001
0.00113
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For alum coagulation, u is usually in the range of 40 to 60 m3/(m2 ⋅ d)(or m/d) (980 to 1470 gpd/ft2) for turbidity and color removal. For limesoftening, the overflow rate ranges 50 to 110 m/d (1230 to 2700gpm/ft2). The overflow rate in wastewater treatment is lower, rang-ing from 10 to 60 m/d (245 to 1470 gpm/ft2). All particles having a set-tling velocity greater than the overflow rate will settle and be removed.It should be noted that rapid particle density changes due to tem-perature, solid concentration, or salinity can induce density currentwhich can cause severe short-circuiting in horizontal tanks (Hudson,1972).
Example: A water treatment plant has four clarifiers treating 4.0 MGD(0.175 m3/s) of water. Each clarifier is 16 ft (4.88 m) wide, 80 ft (24.4 m) long,and 15 ft (4.57 m) deep. Determine: (a) the detention time, (b) overflow rate,(c) horizontal velocity, and (d) weir loading rate assuming the weir length is2.5 times the basin width.
solution:

Step 1. Compute detention time t for each clarifier, using Eq. (5.66)

(a)

Step 2. Compute overflow rate u, using Eq. (5.67)
(b)

Step 3. Compute horizontal velocity v

(c)
5 0.387 ft/min 5 11.8 cm/min

v 5 Q
wd 5

92.83 ft3/min
16  ft 3 15  ft

 5 781 gpd/ft2
5 31.83 m3/m2 # d

u 5 Q
lw 5

1,000,000 gpd
16 ft 3 80 ft

 5 3.447 h
t 5 V

Q 5
16 ft 3 80 ft 3 15 ft

 5570 ft3/h

 5 92.83 ft3/min
 5 5570 ft3/h

Q 5
4 MGD

4 5
1,000,000 gal

d 3
1  ft3

7.48 gal 3
1 day
24 h
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Step 4. Compute weir loading rate uw

(d)

10.2 Inclined settlers

Inclined (tube and plate) settlers are sedimentation units that havebeen used for more than two decades. A large number of smaller diam-eter (20 to 50 mm) tubes are nested together to act as a single unit andinclined with various angles (7� to 60�). The typical separation distancebetween inclined plates for unhindered settling is 2 in (5 cm) withinclines of 3 to 6 ft (1 to 2 m) height. The solids or flocs settle by gravi-tational force. It is not necessary to use tubes and can take variousforms or plates also. The materials are lightweight, generally PVC orABC plastic (1 m � 3 m in size).Tube settlers have proved as effective units. However, there is a ten-dency of clogging.Inclined settling systems can be designed as cocurrent, countercur-rent, and cross-flow. Comprehensive theoretical analyses of various flowgeometries have been discussed by Yao (1976). The flow velocity of thesettler module (v) and the surface loading rate for the inclined settler(u) (Fig. 5.6) are calculated as (James M. Montgomery ConsultingEngineering, 1985):
(5.68)

(5.69)

where v � velocity of the water in settlers, m/s or ft/s
Q � flow rate, m3/s or MGD
A � surface area of basin, m2 or ft2
� � inclined angle of the settlers
u � settling velocity, m/s or ft/s
w � width of settler, m or ft
H � vertical height, m or ft.

Example: Two flocculators treat 1.0 m3/s (22.8 MGD) and remove flocs largethan 0.02 mm. The settling velocity of the 0.02 mm flocs is measured in thelaboratory as 0.22 mm/s (0.67 in/min) at 15°C. Tube settlers of 50.8 mm (2in) square honeycombs are inclined at a 50° angle, and its vertical height is

u 5 Qw
AsH cos u 1 w cos 2ud

v 5 Q
A sin u

 5 25,000 gpd/ft 5 310 m3/m # d
uw 5

Q
2.5w 5

1,000,000 gpd
2.5 3 16  ft

390 Chapter 5



1.22 m (4 ft). Determine the basin area required for the settler module andthe size of each flocculator at 15°C.
solution:

Step 1. Determine the area needed for the settler modules
Q � (1 m3/s)/2 � 0.5 m3/s � 30 m3/min
w � 50.8 mm � 0.0508 m
H � 1.22 m
� � 50°

Using Eq. (5.69)

Step 2. Determine A
In practice, the actual conditions in the settlers are not as good as under con-trolled laboratory ideal conditions.A safety factor of 0.6 may be applied to determine the designed settlingvelocity. Thus

suse 240 m2d
A 5 238.6 m2

u 5 0.6 3 0.00022   m/s 5 0.0315
A

 5 0.0315
A

 5 0.5s0.0508d
As1.22 3 0.643 1 0.0508 3 0.6432d

u 5 Qw
AsH cos u 1 w cos 2ud
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Step 3. Find surface loading rate Q/A
Q/A � (0.5 � 24 � 60 � 60 m3/d)/240 m2

� 180 m3 /(m2 ⋅ d)
� 3.07 gpm/ft2 (Note: 1m3/(m2 ⋅ d) � 0.017 gpm/ft2

Step 4. Compute flow velocity in the settlers, using Eq. (5.68)
v � Q/A sin� � 180/0.766

� 235 (m/d)
� 0.163 m/min
�0.0027 m/s

Step 5. Determine size of the basin
Two identical settling basins are designed. Generally, the water depth of thebasin is 4 m (13.1 ft). The width of the basin is chosen as 8.0 m (26.2 ft). Thecalculated length of the basin covered by the settler is

l � 240 m2/8 m � 30 m � 98 ft
In practice, one-fourth of the basin length is left as a reserved volume forfuture expansion. The total length of the basin should be

Step 6. Check horizontal velocity
Q/A � (30 m3/min)/(4 m � 8 m)

� 0.938 m/min � 3 ft/min
Step 7. Check Reynolds number (R) in the settler module

11 Filtration

The conventional filtration process is probably the most importantsingle unit operation of all the water treatment processes. It is an oper-ation process to separate suspended matter from water by flowing it

 5 30 , 2000, thus it is in a lamella flow
R 5

vR
m
5
s0.0027 m/sds0.0127 md

0.000001131 m2/s

Hydraulic radius R 5
0.05082

4 3 0.0508 5 0.0127 m

30   m 3
4
3 5 40  ms131 ftd
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through porous filter medium or media. The filter media may be silicasand, anthracite coal, diatomaceous earth, garnet, ilmenite, or finelywoven fabric.In early times, a slow sand filter was used. It is still proved to beefficient. It is very effective for removing flocs containing microor-ganisms such as algae, bacteria, virus, Giardia, and Cryptosporidium.Rapid filtration has been very popular for several decades. Filtrationusually follows the coagulation–flocculation–sedimentation processes.However, for some water treatment, direct filtration is used due to thehigh quality of raw water. Dual-media filters (sand and anthracite,activated carbon, or granite) give more benefits than single-media fil-ters and became more popular; even triple-media filters have beenused. In Russia, up-flow filters are used. All filters need to clean outthe medium by backwash after a certain period (most are based onhead loss) of filtration.The filters are also classified by allowing loading rate. Loading rateis the flow rate of water applied to the unit area of the filter. It is thesame value as the flow velocity approaching the filter surface and canbe determined by
v � Q/A (5.67a)

where v � loading rate, m3 /(m2 ⋅ d) or gpm/ft2
Q � flow rate, m3/d or ft3/d or gpm
A � surface area of filter, m2 or ft2

On the basis of loading rate, the filters are classified as slow sand fil-ters, rapid sand filters, and high-rate sand filters. With each type of filtermedium or media, there are typical design criteria for the range of load-ing rate, effective size, uniform coefficient, minimum depth require-ments, and backwash rate. The typical loading rate for rapid sand filtersis 120 m3/(m2 ⋅ d) [83 L/(m2 ⋅ min) or 2 gpm/ft2]. For high-rate filters, theloading rate may be four to five times this rate.
Example: A city is to install rapid sand filters downstream of the clarifiers.The design loading rate is selected to be 160 m3/(m2 ⋅ d) (2.7 gpm/ft2). Thedesign capacity of the waterworks is 0.35 m3/s (8 MGD). The maximum sur-face per filter is limited to 50 m2. Design the number and size of filters and cal-culate the normal filtration rate.
solution:

Step 1. Determine the total surface area required
A 5

Q
v 5

0.35 m3/s s86,400 s/dd
160 m3/m2 # d

5 189 m2
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Step 2. Determine the number (n) of filters

Select four filters.
The surface area (a) for each filter is

a � 189 m2/4 � 47.25 m2

We can use 7 m � 7 m or 6 m � 8 m, or 5.9 m � 8 m (exact)
Step 3. If a 7 m � 7 m filter is installed, the normal filtration rate is

11.1 Filter medium size

Before a filter medium is selected, a grain size distribution analysisshould be performed. The sieve size and percentage passing by weightrelationships are plotted on logarithmic-probability paper. A straightline can be drawn. Determine the geometric mean size (mg) and geo-metric standard deviation size (�g). The most common parametersused in the United States to characterize the filter medium are effec-tive size (ES) and uniformity coefficient (UC) of medium size distri-bution. The ES is that the grain size for which 10% of the grain (d10)are smaller by weight. The UC is the ratio of the 60-percentile (d60)to the 10-percentile. They can be written as (Fair et al., 1968; Cleasby,1990):
(5.70)
(5.71)

The 90-percentile, d90, is the size for which 90% of the grains are smallerby weight. It is interrelated to d10 as (Cleasby 1990)
d90 � d10 (101.67 log UC) (5.72)

The d90 size is used for computing the required filter backwash rate fora filter medium.
Example: A sieve analysis curve of a typical filter sand gives d10 � 0.54 mmand d60 � 0.74 mm. What are its uniformity coefficient and d90?

UC 5 d60/d10 5 s1.535g

ES 5 d10 5 mg/s1.282g

v 5 Q
A 5

0.35 m3/s 3 86,400  s/d
4 3 7 m 3 7 m

5 154.3 m3/sm2 # dd

n 5 189  m2
50  m 5 3.78
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solution:

Step 1. UC � d60/d10 � 0.74 mm/0.54 mm
� 1.37

Step 2. Find d90 using Eq. (5.72)
d90 � d10 (101.67 log UC)

� 0.54 mm(101.67 log 1.37 )
� 0.54 mm(100.228 )
� 0.91 mm

11.2 Mixed media

Mixed media are popular for filtration units. For the improvementprocess performance, activated carbon or anthracite is added on the topof the sand bed. The approximate specific gravity (s) of ilmenite sand,silica sand, anthracite, and water are 4.2, 2.6, 1.5, and 1.0, respectively.For equal settling velocities, the particle sizes for media of differentspecific gravity can be computed by
(5.73)

where d1, d2 � diameter of particles 1 and 2, respectively
s1; s2, s � specific gravity of particles 1, 2, and water,respectively

Example: Estimate the particle sizes of ilmenite (specific gravity � 4.2) andanthracite (specific gravity � 1.5) which have same settling velocity of silicasand 0.60 mm in diameter (specific gravity � 2.6)
solution:

Step 1. Find the diameter of anthracite by Eq. (5.73)

Step 2. Determine diameter of ilmenite sand

 5 0.38  mm
d 5 s0.6  mmda2.6 2 1

4.2 2 1b
2/3

 5 1.30 mm
d 5 s0.6 mmda2.6 2 1

1.5 2 1b
2/3

d1
d2
5 as2 2 s

s1 2 sb
2/3
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11.3 Hydraulics of filter

Head loss for fixed bed flow. The conventional fixed-bed filters use agranular medium of 0.5 to 1.0 mm size with a loading rate or filtrationvelocity of 4.9 to 12.2 m/h (2 to 5 gpm/ft2). When the clean water flowsthrough a clean granular (sand) filter, the loss of head (pressure drop)can be estimated by the Kozeny equation (Fair et al., 1968):

(5.74)

where h � head loss in filter depth L, m, or ft
k � dimensionless Kozeny constant, 5 for sieveopenings, 6 for size of separation
g � acceleration of gravity, 9.81 m/s or 32.2 ft/s
m � absolute viscosity of water, N ⋅ s/m2 or lb � s/ft2
� � density of water, kg/m3 or lb/ft3
� � porosity, dimensionless

A/V � grain surface area per unit volume of grain
� specific surface S (or shape factor � 6.0 to 7.7)
� 6/d for spheres
� 6/�deq for irregular grains

� � grain sphericity or shape factor
deq � grain diameter of spheres of equal volume

v � filtration (superficial) velocity, m/s or fps
The Kozeny (or Carmen–Kozeny) equation is derived from the fun-damental Darcy–Waeisback equation for head loss in circular pipes(Eq. (4.17)). The Rose equation is also used to determine the head lossresulting from the water passing through the filter medium.The Rose equation for estimating the head loss through filter mediumwas developed experimentally by Rose in 1949 (Rose, 1951). It is appli-cable to rapid sand filters with a uniform near spherical or sphericalmedium. The Rose equation is

(5.75)
where h � head loss, m or ft

� � shape factor (Ottawa sand 0.95, round sand 0.82, angular sand 0.73, pulverized coal 0.73) 
CD � coefficient of drag (Eq. (5.64))

Other variables are defined previously in Eq. (5.74) 

h 5 1.067 CDLv2
�gde4

h
L 5

kms1 2 ed2
gre3 aAVby

396 Chapter 5



Applying the medium diameter to the area to volume ratio for homo-geneous mixed beds the equation is

(5.76)

For a stratified filter bed, the equation is

(5.77)

where x � percent of particles within adjacent sizes 
dg � geometric mean diameter of adjacent sizes

Example 1: A dual medium filter is composed of 0.3 m (1 ft) anthracite(mean size of 2.0 mm) that is placed over a 0.6 m (2 ft) layer of sand (meansize 0.7 mm) with a filtration rate of 9.78 m/h (4.0 gpm/ft2). Assume the grainsphericity is � � 0.75 and a porosity for both is 0.40. Estimate the head lossof the filter at 15°C.
solution:

Step 1. Determine head loss through anthracite layer
Using the Kozeny equation (Eq. (5.74))

where k � 6
g � 9.81 m/s2
m/r � � � 1.131 � 10�6 m2 ⋅ s (Table 4.1a) at 15°C


 � 0.40
A/V � 6/0.75d � 8/d � 8/0.002

v � 9.78 m/h � 0.00272 m/s
L � 0.3 m

then

 5 0.0508 smd
h 5 6 3 1.131 3 1026

9.81 3
s1 2 0.4d2

0.43 3 a 8
0.002b

2
s0.00272ds0.3d

h
L 5

kms1 2 ed2
gre3 aAVb

2
�

h 5 1.067Lv2
�ge4 �

CDx
dg

h 5 1.067CDLv2
�ge4 �

x
dg
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Step 2. Compute the head loss passing through the sand
Most input data are the same as in Step 1, except

k � 5
d � 0.0007 m
L � 0.6 m

then

Step 3. Compute total head loss
h � 0.0508 m � 0.6918 m

� 0.743 m

Example 2: Using the same data given in Example 1, except the average sizeof sand is not given. From sieve analysis, d10 (10-percentile of size diameter) �0.53 mm, d30 � 0.67 mm, d50 � 0.73 mm, d70 � 0.80 mm, and d90 � 0.86 mm,estimate the head of a 0.6 m sand filter at 15°C.
solution:

Step 1. Calculate head loss for each size of sand in the same manner as
Step 2 of Example 1

h10 � 0.3387 � 10�6/d2
� 0.3387 � 10�6/(0.00053)2

� 1.206 (m)
h30 � 0.3387 � 10�6/(0.00067)2

� 0.755 (m)
Similarly h50 � 0.635 m

h70 � 0.529 m 
h90 � 0.458 m

Step 2. Taking the average of the head losses given above
h � (1.206 � 0.755 � 0.635 � 0.529 � 0.458)�5 

� 0.717 (m)

h 5 5 3 1.131 3 1026
9.81 3

0.62
0.43 a

8
db

2
s0.00272ds0.6d

5 0.3387 3 1026/d2

5 0.3387 3 1026/s0.0007d2
5 0.6918 smd
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Note: This way of estimation gives slightly higher values thanExample 1.
Head loss for a fluidized bed. When a filter is subject to back wash-ing, the upward flow of water travels through the granular bed at asufficient velocity to suspend the filter medium in the water. This isfluidization. During normal filter operation, the uniform particles ofsand occupy the depth L. During backwashing the bed expands to adepth of Le. When the critical velocity (�c) is reached, the pressuredrops (�p � h�g � �c) and is equal to the buoyant force of the grain.It can be expressed as

h� � (�s � �) (1 � �e) Le

or
h � Le(1 � �e) (�s � �)/� (5.78)

The porosity of the expanded bed can be determined by using (Fair
et al., 1963)

�e � (u/vs)0.22 (5.79)
where u � upflow (face) velocity of the water

vs � terminal settling velocity of the particles
A uniform bed of particles will expand when

(5.80)
The depth relationship of the unexpanded and expanded bed is

(5.81)

The minimum fluidizing velocity (umf) is the superficial fluid velocityneeded to start fluidization. The minimum fluidization velocity is impor-tant in determining the required minimum backwashing flow rate. Wenand Yu (1966) proposed the Umf equation excluding shape factor andporosity of fluidization:

(5.82)Umf 5
m

rdeq
s1135.69 1 0.0408Gnd0.5

2
33.7 m

rdeq

Le 5 La 1 2 e
1 2 eeb

u 5 vse4.5e
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where

(5.83)
Other variables used are expressed in Eq. (5.74).In practice, the grain diameter of spheres of equal volume deq is notavailable. Thus the d90 sieve size is used instead of deg. A safety factorof 1.3 is used to ensure adequate movement of the grains (Cleasby andFan, 1981).
Example: Estimate the minimum fluidization velocity and backwash ratefor the sand filter at 15°C. The d90 size of sand is 0.88 mm. The density of sandis 2.65 g/cm3.
solution:

Step 1. Compute the Galileo number
From Table 4.1a, at 15°C

� � 0.999 g/cm3

m� 0.00113 N ⋅ s/m2
� 0.00113 kg/m ⋅ s � 0.0113 g/cm ⋅ s

m /r � 0.0113 cm2/s
g � 981 cm/s2 

d � 0.088 cm
�s � 2.65 g/cm3

Using Eq. (5.83)

Step 2. Compute Umf by Eq. (5.82)

 5 0.627 scm/sd
Umf 5 0.0113

0.999 3 0.088 s1135.69 1 0.0408 3 8635d0.5
2

33.7 3 0.0113
0.999 3 0.088

 5 8635
 5 s0.088d3s0.999ds2.65 2 0.999ds981d/s0.0113d2

Gn 5 d3eqrsrs 2 rdg/m2

 5 d3eqrsrs 2 rdg/m2
Gn 5 Galileo number
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Step 3. Compute backwash rate
Apply a safety factor of 1.3 to Umf as backwash rate

Backwash rate � 1.3 � 0.627 cm/s � 0.815 cm/s
� 0.00815 m/s 
� 0.00815 m/s � 86,400 s/d
� 704.16 m/d or (m3/m2 ⋅ d)
� 704 m/d/(0.01705 gpm/ft2) � l (d/m)
� 12.0 gpm/ft2

11.4 Washwater troughs

In the United States, in practice washwater troughs are installed at evenspaced intervals (5 to 7 ft apart) above the gravity filters. The washwatertroughs are employed to collect spent washwater. The total rate of dis-charge in a rectangular trough with free flow can be calculated by (Fair
et al., 1968; ASCE and AWWA, 1990)

Q � Cwh1.5 (5.84a)
where Q � flow rate, cfs

C � constant (2.49)
w � trough width, ft
h � maximum water depth in trough, ft

For rectangular horizontal troughs of such a short length frictionlosses are negligible. Thus the theoretical value of the constant C is2.49. The value of C may be as low as 1.72 (ASCE and AWWA, 1990).In European practice, backwash water is generally discharged to theside and no troughs are installed above the filter. For SI units, the rela-tionship is
Q � 0.808 wh1.5 (5.84b)

where Q � flow rate, m3/(m2 ⋅ s) 
w � trough width, m 
h � water depth in trough, m

Example 1: Troughs are 20 ft (6.1 m) long, 18-in (0.46 m) wide, and 8 ft (2.44 m) to the center with a horizontal flat bottom. The backwash rate is 24 in/min (0.61 m/min). Estimate: (1) the water depth of the troughs with freeflow into the gullet, and (2) the distance between the top of the troughs andthe 30-in sand bed. Assuming 40% expansion and 6 in of freeboard in thetroughs and 8 in of thickness.
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solution:

Step 1. Estimate the maximum water depth ( h) in trough
v � 24 (in/min) � 2 ft/60 s � 1/30 fps 
A � 20 ft � 8 ft � 160 ft2 

Q � VA � 160/30 cfs 
� 5.33 cfs

Using Eq. (5.84a)
Q � 2.49wh1.5, w � 1.5 ft
h � (Q/2.49w)2/3

� [5.33/(2.49 � 1.5)]2/3

� 1.27 (ft)
Say h � 16 in � 1.33 ft
Step 2. Determine the distance ( y) between the sand bed surface and the toptroughs

Depth of sand bed � 30 in � 2.5 ft
Height of expansion � 2.5 ft � 0.4

Freeboard � 6 in � 0.5 ft
Thickness � 8 in � 0.67 ft (the bottom of the trough) 

y � 2.5 ft � 0.4 � 1.33 ft � 0.5 ft � 0.67 ft 
� 3.5 ft

Example 2: A filter unit has surface area of 16 ft (4.88 m) wide and 30 ft(9.144 m) long. After filtering 2.88 Mgal (10,900 m3) for 50 h, the filter is back-washed at a rate of 16 gpm/ft2 (0.65 m/min) for 15 min. Find: (a) the averagefiltration rate, (b) the quantity of washwater, (c) percent of washwater totreated water, and the flow rate to each of the four troughs.
solution:

Step 1. Determine flow rate Q

say � 120 m/d

Q 5
2,880,000   gal

50  h 3 60  min/h 3 16  ft 3 30  ft
5 2.0 gpm/ft2

5
2  gal 3 0.0037854  m3

3 1440  min 3 10.764  ft2
min 3 ft2

3 1 gal 3 1 day 3 1 m2
5 117.3 m/d
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Step 2. Determine quantity of washwater q
q � (16 gal/min ft2) � 15 min � 16 ft � 30 ft 

� 115,200 gal
Step 3. Determine percentage (%) of washwater to treated water

% � 115,200 gal � 100%/2,880,000 gal 
� 4.0%

Step 4. Compute flow rate (r) in each trough
r � 115,200 gal/(15 min � 4 troughs) 

� 1920 gpm
11.5 Filter efficiency

The filter efficiency is defined as the effective filter rate divided by theoperation filtration rate as follows (AWWA and ASCE, 1998):
(5.84c)

where E � filter efficiency, %
Re � effective filtration rate, gpm/ft2 or m3/m2/h (m/h)
Ro � operating filtration rate, gpm/ft2 or m3/m2/h (m/h)

UFRV � unit filter run volume, gal/ft2 or L/m2 
UBWV � unit backwash volume, gal/ft2 or L/m2

Example: A rapid sand filter operating at 3.7gpm/ft2 (9.0 m/h) for 46 h. Afterthis filter run, 295 gal/ft2 (12,000 L/m2) of backwash water is used. Find thefilter efficiency.
solution:

Step 1. Calculate operating filtration rate, Ro
Ro � 3.7 gal/min/ft2

� 60 min/h � 46 h
� 10,212 gal/ft2

Step 2. Calculate effective filtration rate, Re
Re � (10212 � 295) gal/ft2

� 9917 gal/ft2

Step 3. Calculate filter efficiency, E, using Eq (5.84c)
E � 9917/10212 � 0.97

� 97%

E 5
Re
Ro
5

UFRV 2 UBWV
UFRV
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12 Water Softening

Hardness in water is mainly caused by the ions of calcium and magne-sium. It may also be caused by the presence of metallic cations of iron,sodium, manganese, and strontium. These cations are present withanions such as Cl–, , and The carbonates andbicarbonates of calcium, magnesium, and sodium are called carbonatehardness or temporary hardness since it can be removed and settled byboiling of water. Noncarbonate hardness is caused by the chloride andsulfate slots of divalent cations. The total hardness is the sum of car-bonate and noncarbonate hardness.The classification of hardness in water supply is shown in Table 5.5.Although hard water has no health effects, using hard water wouldincrease the amount of soap needed and would produce scale on bathfixtures, cooking utensils. Hardness also causes scale and corrosionin hot-water heaters, boilers, and pipelines. Moderate hard waterwith 60 to 120 mg/L as CaCO3 is generally publicly acceptable (Clark
et al., 1977).
12.1 Lime-soda softening

The hardness in water can be removed by precipitation with lime,Ca(OH)2 and soda ash, Na2CO3 and by an ion exchange process. Ionexchange is discussed in another section. The reactions of lime-sodaash precipitation for hardness removal in water and recarbonation areshown in the following equations:Removal of free carbon dioxide with lime
(5.85)

Removal of carbonate hardness with lime
(5.86)Ca21

1 2HCO23 1 CasOHd2 S 2CaCO3 T 1 2H2O

c CO2H2CO3
d 1 CasOHd2 S CaCO3 T 1 H2O

SiO224 .NO23SO224 ,HCO23 ,

TABLE 5.5 Classification of Hard water

mg/L as CaCO3
Hardness classification US International

Soft 0�60 0–50Moderate soft 51–100Slightly hard 101–150Moderate hard 61–120 151–200Hard 121–180 201–300Very hard >180 >300



(5.87)
Removal of noncarbonate hardness with soda ash and lime

(5.88)

(5.89)
Recarbonation for pH control (pH � 8.5)

(5.90)
Recarbonation for removal of excess lime and pH control (pH � 9.5)

(5.91)
(5.92)

Based on the above equations, the stoichiometric requirement forlime and soda ash expressed in equivalents per unit volume are as fol-lows (Tchobanoglous and Schroeder, 1985):
(5.93)
(5.94)

Approximately 1 eq/m3 of lime in excess of the stoichiometric require-ment must be added to bring the pH to above 11 to ensure Mg(OH)2 com-plete precipitation. After the removal of precipitates, recarbonation isneeded to bring pH down to a range of 9.2 to 9.7.The treatment processes for water softening may be different depend-ing on the degree of hardness and the types and amount of chemicaladded. They may be single stage lime, excess lime, single stage lime-soda ash, and excess lime-soda ash processes.Coldwell—Lawrence diagrams are based on equilibrium principles forsolving water softening. The use of diagrams is an alternative to the sto-ichiometric method. It solves simultaneous equilibria equations andestimates the chemical dosages of lime-soda ash softening. The inter-ested reader is referred to the American Water Works Association (1978)publication: Corrosion Control by Deposition of CaCO3 Films, and toBenefield and Morgan (1990).
Example 1: Water has the following composition: calcium � 82 mg/L,magnesium � 33 mg/L, sodium � 14 mg/L, bicarbonate � 280 mg/L, sul-fate � 82 mg/L, and chloride � 36 mg/L. Determine carbonate hardness,noncarbonate hardness, and total hardness, all in terms of mg/L of CaCO3.

Soda ash required seq/m3d 5 Ca21
1 Mg21

2 alkalinity
Lime required seq/m3d 5 CO2 1 HCO23 1 Mg21

1 excess

MgsOHd2 1 CO2 S MgCO3 1 H2O
CasOHd2 1 CO2 S CaCO3 T 1 H2O

CO223 1 CO2 1 H2O S 2HCO23

Mg21
1 c 2Cl2

SO224
d 1 CasOHd2 S MgsOHd2 T 1 Ca21

1 c 2Cl2
SO224

d

Ca21
1 c 2Cl2

SO224
d 1 Na2CO3 S CaCO3 T 1 2Na1 1 c 2Cl2

SO224
d

Mg21
1 2HCO23 1 2CasOHd2 S 2CaCO3 T 1 MgsOHd2 T 1 2H2O
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solution:

Step 1. Convert all concentration to mg/L of CaCO3 using the followingformula:
The species concentration in milliequivalents per liter (meq/L) is computedby the following equation

The species concentration expressed as mg/L of CaCO3 is calculated from

Step 2. Construct a table for ions in mg/L as CaCO3

ConcentrationMolecular EquivalentIon species weight weight mg/L meq/L mg/L as CaCO3
Ca2� 40 20.0 82 4.0 200Mg2� 24.3 12.2 33 2.7 135Na� 23 23.0 14 0.6 30Total: 7.3 36561 61 280 4.6 230Cl– 35.5 35.5 36 1.0 5096.1 48 82 1.7 85Total: 7.3 365

Step 3. Construct an equivalent bar diagram for the cationic and anionicspecies of the water
The diagram shows the relative proportions of the chemical species importantto the water softening process. Cations are placed above anions on the graph.The calcium equivalent should be placed first on the cationic scale and be fol-lowed by magnesium and other divalent species and then by the monovalentspecies sodium equivalent. The bicarbonate equivalent should be placed firston the anionic scale and immediately be followed by the chloride equivalentand then by the sulfate equivalent.

SO224

HCO23

mg/L as CaCO3 5 meq/L of species 3 50
 5

smg/L of speciesd 3 50
equivalent weight of species

meq/L 5 mg/L
equivalent weight 5

100
2 5 50 for CaCO3
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Step 4. Compute the hardness distribution
Total hardness � 200 � 135 � 335 (mg/L as CaCO3) 

Alkalinity (bicarbonate) � 230 mg/L as CaCO3 
Carbonate hardness � alkalinity

� 230 mg/L as CaCO3
Noncarbonate hardness � 365 – 230 � 165 (mg/L as CaCO3)

or � Na�
� Cl–

�

Example 2: (single-stage lime softening): Raw water has the following com-position: alkalinity � 248 mg/L as CaCO3, pH � 7.0, �1 � 0.77 (at T � 10°C),calcium � 88 mg/L, magnesium � 4 mg/L. Determine the necessary amountof lime to soften the water, if the final hardness desired is 40 mg/L as CaCO3.Also estimate the hardness of the treated water.
solution:

Step 1. Calculate bicarbonate concentration

At pH � 7.0, assuming all alkalinity is in the carbonate form

Step 2. Compute total carbonate species concentration CT (Snoeyink andJenkins, 1980)

Step 3. Estimate the carbonate acid concentration 

Rearranging, and 
[H2CO3] � (6.44 � 4.96) � 10–3 mol/L

� 1.48 � 10�3 mol/L
� 1.48 � 10�3 mol/L � 1000 � 62 mg/mol
� 92 mg/L

or � 148 mg/L as CaCO3 (92 � 50/32)

[CO223 ] 5 0
CT 5 [ H2CO3] 1 [ HCO23 ] 1 [CO223 ]

CT 5 [ HCO23 ]/a1
5 4.96 3 1023/0.77
5 6.44 3 1023  mol/L

HCO23 5 248 
mg
L 3

1 g
1000 mg 3

1 mole
61 g 3

61  eq wt of HCO350 eq wt of alkalinity
 5 4.96 3 1023 mol/L

Alkalinity 5 [HCO23 ] 1 [CO223 ] 1 [OH2] 1 [H2]

SO224



Step 4. Construct a bar diagram for the raw water converted concentrationof Ca and Mg as CaCO3

Ca � 88 � 100/40 � 220 mg/L as CaCO3 
Mg � 4 � 100/24.3 � 16 mg/L as CaCO3
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Step 5. Find hardness distribution
Calcium carbonate hardness � 220 mg/L

Magnesium carbonate hardness � 16 mg/L
Total hardness � 220 � 16 � 236 (mg/L)

Step 6. Estimate the lime dose needed
Since the final hardness desired is 40 mg/L as CaCO3, magnesium hardnessremoval would not be required. The amount of lime needed (x) would be equalto carbonic acid concentration plus calcium carbonate hardness:

x � 148 � 220
� 368 mg/L as CaCO3

or
� 272 mg/L as Ca(OH)2

or
� 206 mg/L as CaO

The purity of lime is 70%. The total amount of lime needed is 
206/0.70 � 294 mg/L as CaO

Step 7. Estimate the hardness of treated water
The magnesium hardness level of 16 mg/L as CaCO3 remains in the softenedwater theoretically. The limit of calcium achievable is 30 to 50 mg/L of CaCO3and would remain in the water unless using 5% to 10% in excess of lime. Hardnesslevels less than 50 mg/L as CaCO3 are seldom achieved in plant operation.
Example 3: (excess lime softening): Similar to Example 2, except for concen-trations of calcium and magnesium: pH � 7.0, �1 � 0.77 (at T � 10°C). Alkalinity,calcium, and magnesium concentrations are 248, 158, and 56 mg/ L as CaCO3,respectively. Determine the amount of lime needed to soften the water.

5 368 3 56
100 mg/L as CaO

5 368 mg/L as CaCO3 3
74 as CasOHd2100 as CaCO3



solution:

Step 1. Estimate H2CO3 as Example 2
H2CO3 � 148 mg/L as CaCO3

Step 2. Construct a bar diagram for the raw water 
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Step 3. Find hardness distribution
Calcium carbonate hardness � 158 mg/L

Magnesium carbonate hardness � 66 mg/L
Total carbonate hardness � 158 � 66 � 224 (mg/L)

Comment: Sufficient lime (in excess) must be dosed to convert all bicarbon-ate alkalinity to carbonate alkalinity and to precipitate magnesium as mag-nesium hydroxide (needs 1 eq/L excess lime).
Step 4. Estimate lime required (x) is the sum for carbonic acid, total alka-linity, magnesium hardness, and excess lime (say 60 mg/L as CaCO3) to raisepH � 11.0

x � (148 � 248 � 66 � 60) mg/L as CaCO3
� 522 mg/L as CaCO3 
� 522 � 74/100 mg/L as Ca(OH)2
� 386 mg/L as Ca(OH)2

or � 522 � 0.56 mg/L as CaO
� 292 mg/L as CaO

Example 4: (single stage lime-soda ash softening): A raw water has the fol-lowing analysis: pH � 7.01, T � 10°C, alkalinity � 248 mg/L, Ca � 288 mg/L,Mg � 12 mg/L, all as CaCO3. Determine amounts of lime and soda ashrequired to soften the water.
solution:

Step 1. As in previous example, construct a bar diagram



Step 2. Find the hardness distribution
Total hardness � 288 � 12 � 300 (mg/L as CaCO3)

Calcium carbonate hardness, CCH � 248 mg/L CaCO3
Magnesium carbonate hardness � 0

Calcium noncarbonate hardness, CNH � 288 – 248 � 40 (mg/L as CaCO3)
Magnesium noncarbonate hardness, MNH � 12 mg/L

Step 3. Determine lime and soda ash requirements for the straight lime-sodaash process, refer to Eq. (5.85) and Eq. (5.86)
Lime dosage � H2CO3 � CCH � (148 � 248) mg/L as CaCO3

� 396 mg/L as CaCO3
or � 396 � 0.74 mg/L as Ca(OH)2

� 293 mg/L as Ca(OH)2
and soda ash dosage � CNH (Refer to Eq. (6.88))

� 40 mg/L as CaCO3
� (40 � 106/100) mg/L as Na2CO3
� 42.4 mg/L as Na2CO3

Example 5: (excess lime-soda ash process): Raw water has the followinganalysis: pH � 7.0, T � 10°C, alkalinity, calcium, and magnesium are 248,288, and 77 mg/L as CaCO3, respectively. Estimate the lime and soda ashdosage required to soften the water.
solution:

Step 1. Construct a bar diagram for the raw water. Some characteristics arethe same as the previous example.
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Step 2. Define hardness distribution
Total hardness � 288 � 77 � 365 (mg/L as CaCO3)

Calcium carbonate hardness, CCH � 248 mg/L as CaCO3
Magnesium carbonate hardness, MCH � 0
Calcium noncarbonate hardness, CNH � 288 – 248 � 40 (mg/L)

Magnesium noncarbonate hardness, MNH � 77 mg/L



Step 3. Estimate the lime and soda ash requirements by the excess lime-sodaash process
Lime dosage � carb. acid � CCH � 2(MCH) � MNH � excess lime

� (148 � 248 � 2(0) � 77 � 60) mg/L as CaCO3
� 533 mg/L as CaCO3 

or � 533 � 74/100 
� 394 mg/L as Ca(OH)2

and soda ash dosage for excess lime-soda ash (Y ) is
Y � CNH � MNH 

� (40 � 77) mg/L as CaCO3
� 117 mg/L as CaCO3

or � 87 mg/L as Ca(OH)2

12.2 Pellet softening

Pellet softening has been used for softening in the Netherlands for manyyears. Pellet softening reactors have been installed at a number of loca-tions in North America. The world’s largest pellet softening plant,450,000 m3/d (119 MGD) of the design capacity, was installed in 2004at the Cheng-Ching Lake Advanced Water Purification Plant inKaohsiung, Taiwan. The pellet softening process reactors consist ofsquare (or rectangular) or inverted conical tanks where calcium crys-tallizes on a suspended bed of fine sand.Advantages of the pellet softening reactor are its small size and lowinstallation cost. Residuals consist of small pellets that dewater read-ily, minimizing residuals volume. The pellet can be used for steel man-ufacture. However, pellet reactors should not be considered for systemshigh in magnesium content because magnesium hydroxide is notaffected and may foul in the reactor.Pellet softening is not proved and is not widely accepted as a treat-ment system in the United States. Pilot testing is advisable. Designshould be carefully coordinated with the equipment manufacturer. Pelletsoftening processes should be designed cautiously.
Design and operation considerations. The pellet softening process is usedfor removal of only calcium carbonate (CaCO3) hardness. The processis based on the crystallization of calcium carbonate on seeded sand(0.2 to 0.63 mm in size, fixed-bed height � 1.2 to 1.5 m) media. The chem-ical reaction is described as below:

(5.94a)Ca21
1 HCO23 1 NasOHd S Na1 1 CaCO3 T 1 H2O
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Flocculated-settled water or raw water and caustic soda (NaOH) areinjected (pumped) into the pressure chamber of pellet reactor througha nozzle system. Water muzzles should be used to ensure a proper dis-tribution of the water across the surface of the reactor.The reactor is filled with a bed of sand material (automatically seeded)that is fluidized by the water flow. The precipitated CaCO3 will form afixed layer first on the surface of the seeded sand grain and later on thecreated pellet surface itself. The pH value and the magnesium hardnesswill not influence the process. The NaOH is mixed intensively with the water to avoid locally highsupersaturation, which would lead to spontaneous nucleation of CaCO3instead of crystal growth on the sand. The chemical feed installation(NaOH dosing pumps) is controlled by the digital control system accord-ing to the calculated NaOH dosage, which is a function of the amountof calcium hardness to be removed.Due to the growth of CaCO3 on the sand, the size of the individual pel-lets will grow. This causes the increase in the fluidized bed height (atleast height � 10 m at 100 m/h flow). To balance the height of the flu-idized bed, pellets must be discharged from the reactor; also, a specificamount of new sand must be supplied to the pellet bed. The sizes of thepellets can be controlled by the equilibrium of pellet extraction andsand supply.A small amount of supersaturated CaCO3 may be carried in the out-flow of the reactor. Sulfuric acid is dosed at the outflow of the reactorfor the pH (7.5 to 7.9) adjustment. After softening in the pellet reactors,the softened water and the bypass raw water may be blended and thenflow by gravity to the rapid sand filters.A pellet-reactor design should comply with the following criteria:
■ The water and NaOH in the pellet reactor should be properly dis-tributed to avoid short-circuiting and to obtain plug-flow conditionsin the pellet reactor.
■ The water and NaOH should be mixed intensively in the presence ofseed grains with a high specific surface area to achieve immediatecrystallization.
■ The turbulence in the reactor should be sufficiently high to preventscaling of inlet nozzles and the reactor wall, and low enough to reducepellet erosion.

Sizing for reactors. The design overflow rate is between 80 and 100 m/h(m3/m2 ⋅ h). The height of the reactor is generally about 8 m. Thus, thetotal area of the reactors can be easily determined with the softeningwater flow divided by the overflow rate.
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Example: Determine the size of pellet reactor for a plant flow of 45,400 m3/dor 12 MGD.
solution:

Step 1. Convert the flow unit
Q � 45,400 m3/d � 45400 m3/d � 24 h/d

� 1892 m3/h
Step 2. Determine the total area, A, for the reactors, using 80 m3/m2 ⋅ h 

A � Q/overflow rate
� 1892 m3/h � 80 m3/m2 · h
� 23.66 m2

Using 2 square softening reactors, for each reactor would have an area of 11.83 m2 

The length, L, is for a side of the square reactor, then
L2 

� 11.83 m2

L � 3.44 m
Step 3. The height of a reactor is usually 8 m; thus 

The size of each of the 2 reactors is 3.44 m � 3.44 m � 8.00 m.

Caustic soda demand. For calculation purposes, the purity of causticsoda is used as 100%. The estimation of NaOH demand for the total rawwater flow rate is calculated as follows:
NaOH demand, mg/L � (Ci – Ce) 40/100 � excess

� 0.4 (Ci – Ce) � 20 (5.94b)
where Ci � influent hardness, mg/L

Ce � effluent hardness, mg/L40 � molecular weight of NaOH as g/mol100 � molecular weight of CaCO3 as g/mol20 � 0.5 mol/ NaOH, is the correction factor (f ) for CO2neutralization and softening efficiency. 40 mg/L of NaOH are required for the neutralization of44 mg/L.
Softening efficiency is greatly reduced by too large pellet diameter, insuf-ficient sand seeding, and high operation velocity in the reactor. The effi-
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ciency (E) of the NaOH dosage (demand) without considering the NaOHdemand for CO2 can be computed as:
E � 100% � (NaOH dosage � 0.4(Ci � Ce))% (5.94c)

Example 1: Estimate the NaOH demand for pellet softening of the entireraw water flow rate and softening efficiency without considering the NaOHdemand for CO2. The calcium hardness in influent and effluent are 250 and80 mg/L as CaCO3, respectively.
solution:

Step 1. Estimation of NaOH demand by using Eq. (5.94b)
NaOH demand, mg/L � 0.4(Ci – Ce) � 20

� 0.4(250 – 80) � 20
� 88

Step 2. Calculate softening efficiency, E, using Eq. (5.94c)
E � 100% – (NaOH dosage – 0.4(Ci – Ce))%

� 100% – (88 – 0.4 (250 – 80))%
� 100% – 20% (� 100% – correction factor, f, 20%)
� 80%

If the softened water is blended with flocculated /settled water at the soft-ening reactor bypass and is blended additionally at postozonation withflocculated and filtered water, both blended waters shall increase the totalhardness. Therefore, the water at softening must be softened further toallow final treated water hardness within the desired concentration. TheNaOH dosage for the blended water can be calculated as:
Dosage � NaOH demand � Qi/(Qi– Qb – Qf) (5.94d)

where Dosage � NaOH dosage for the blended water, mg/LNaOH demand � calculated by using Eq. (5.94b), mg/L
Qi � flow rate to the softening reactor
Qb � flow rate softening bypass
Qf � flow rate from filtration

Example 2: Estimate the NaOH dosage for the blended water. Given: Qi, Qb,and Qf as 1890, 105, and 95 m3/h, respectively. The NaOH demand is 88 mg/L.
solution: Using Eq. (5.94d), 

Dosage � NaOH demand � Qi / (Qi– Qb – Qf)
� 88 mg/L � 1890 / (1890 – 105 – 95)
� 98 mg/L
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Estimation of the expected softener hardness. Since 40 mg/L NaOHreduces 100 mg/L of the total hardness, the expected total hardness ofat the softener, THs, can be estimated as:
THs � THr – (NaOHcal – f ) � 100/40 (5.94e)

where THr � raw water total hardness, mg/L as CaCO3NaOHcal � calculated average NaOH dose, mg/L
f � correction factor, 20 mg/L NaOH40 � molecular weight of NaOH, g/mol100 � molecular weight of CaCO3, g/mol

Example: Given: THr � 250 mg/L as CaCO3; NaOHcal � 98 mg/L. Determinethe total hardness at the softener, THs.
solution: Using Eq. (5.94e) 

THs � THr – (NaOHcal – f ) � 100/40
� 250 mg/L – (98 – 20) mg/L � 2.5 
� 55 mg/L

Estimation of the expected treated water hardness. The expected treatedwater hardness, THw, can be estimated by the following formula:
THw � THr – (NaOHavg – f ) �100/40 (5.94f )

where NaOHavg � calculated average NaOH dose for entire waterflow including bypass and filtration flow rate, mg/LOthers � as previously mentioned
Example: Given: THr � 250 mg/L as CaCO3; NaOHavg � 88 mg/L. Determinethe expected total hardness in the treated water, THw.
solution: Using Eq. (5.94f ) 

THw � THr – (NaOHavg – f ) �100/40
� 250 mg/L – (88 – 20) mg/L � 2.5
� 80 mg/L

NaOH dosing pumps. The actual delivery rate of a NaOH dosing pumpis estimated as follows:
Pump rate � maximum pump capacity � efficiency 

� % stroke adjustment (5.94g)
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Example: Given: maximum pump capacity � 720 L/h, speed effic-iency � 0.85, and stroke adjustment � 50%. Estimate the actual deliveryrate of the NaOH dosing pump.
solution: Using Eq. (5.94g)

Actual pumping rate � 720 L/h � 0.85 � 0.50
� 306 L/h

Sulfuric acid dose rate. Sulfuric acid is dosed into the treated water toneutralize the excess of NaOH. The dose rate is calculated as:
H2SO4 dose rate � acid flow rate � concentration / treated water flow rate (5.94h)

Example: Given: required H2SO4 flow rate � 60 L/h; H2SO4 (50%) concen-tration � 690 g/L; and the treated water flow rate � 1900 m3/h. Compute thedose rate in mg/L of H2SO4.
solution: Using Eq. (5.94h)

1900 m3/h � 1,900,000 L/h
H2SO4 dose rate � 60 L/h � 690 g/L / 1,900,000 L/h

� 0.0218 g/L
� 21.8 mg/L

Seeding sand demand. A lack of sand supply for crystallization has anegative impact on the efficiency of the softening (then more NaOH isneeded to get the desired total hardness). This excess dosage of NaOHto be neutralized triggers an additional sulfuric acid demand.The seeding sand is added according to the demanded ratio betweeneffective sand size and pellet size. If the effective sand size or pellet sizeis altered, the sand dosing rate also must be altered.It is essential that very fine, fine, and smaller sand particles shouldbe removed from sand prior feeding to the reactors. If not, the fine par-ticles would be flushed out from the reactor due to up to 100 m/h oper-ation velocity there and enter the rapid filtration units, causingadditional permanent head losses. Those fine particles will not beremoved during the rapid filter backwash sequence from the filter, asthe filter backwash velocity is only 40 to 50 m/h. The separation of thevery fine, fine, and smaller sand particles from large particles is effec-tive by washing the sand with a velocity of 120 m/h for a set time. Sand can be fed (must be dry from a silo with free flow) to a reactorbatchwise at a time. The expected sand dosing rates range from 3 to 7 mg
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of sand per liter of water treated. Using the pellet-to-sand weight ratio,the demanded dosage of seeding sand can be calculated as:
Required sand dosage, mg/L � (THr – THw)/pellet-to-sand ratio (5.94i)

where THr and THw are stated previously.
Example: Determine the required sand dosage and sand butch per volumeunder the following conditions: The total hardness of the raw water andtreated water are respective 250 and 88 mg/L as CaCO3; the pellet-to-sandratio is 25 to 1. The surface area of the sand washer is A � 0.2 m2. Specificdensity of sand � � 1.55 g/L.
solution: Using Eq. (5.94i)
Step 1. Determine the required sand dosage, using Eq. (5.94i)

Required sand dosage � (THr � THw)/pellet-to-sand ratio
� (250 mg/L � 88 mg/L)/25
� 6.48 mg/L

Step 2. Determine sand butch per volume
Sand dosing is effected batchwise with fixed amount of sand per batch.The height of sand after washing in the sand washer should be measuredfrequently. 
Washer (nozzle bottom) depth measured from the top � 235 cm

Sand level after washing measured from the top �173 cm
Difference, D � 62 cm � 0.62 m

Volume of washed sand, V � A � D � 0.2 m2
� 0.62 m � 0.124 m3

� 124 L
Weight of sand, W � V � � � 124 L � 1.55 kg/L �192.2 kg 

� 192.2 � 106 mg
Step 3. Calculate the water can be treated with one batch of sand

Effected volume � W/sand dosage � 192.2 � 106 mg/6.48 mg/L
� 29.66 � 106 L
� 29,660 m3

13 Ion Exchange

Ion exchange is a reversible process. Ions of a given species are dis-placed from an insoluble solid substance (exchange medium) by ions ofanother species dissolved in water. In practice, water is passed through
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the exchange medium until the exchange capacity is exhausted andthen it is regenerated. The process can be used to remove color, hard-ness (calcium and magnesium), iron and manganese, nitrate and otherinorganics, heavy metals, and organics.Exchange media which exchange cations are called cationic or acidexchangers, while materials which exchange anions are called anionicor base exchangers.Common cation exchangers used in water softening are zeolite, green-sand, and polystyrene resins. However, most ion exchange media arecurrently in use as synthetic materials.Synthetic ion exchange resins include four general types used in watertreatment. They are strong- and weak-acid cation exchangers andstrong- and weak-base anion exchangers. Examples of exchange reac-tions as shown below (Schroeder, 1977):
Strong acidic

2R—SO3H � Ca2� ↔ (R—SO3)2Ca � 2H� (5.95)
2R—SO3Na � Ca2� ↔ (R—SO3)2Ca � 2Na� (5.96)

Weak acidic
2R—COOH � Ca2� ↔ (R—COO)2Ca � 2H� (5.97)
2R—COONa � Ca2� ↔ (R—COO)2Ca � 2Na� (5.98)

Strong-basic
2R—X3NOH �  ↔ (R—X3N)2SO4 � 2OH– (5.99)
2R—X3NCl �  ↔ (R—X3N)2SO4 � 2Cl– (5.100)

Weak-basic
2R—NH3OH � ↔ (R—NH3)2SO4 � 2OH– (5.101)
2R—NH3Cl � ↔ (R—NH3)2SO4 � 2Cl– (5.102)

where in each reaction, R is a hydrocarbon polymer and X is a specificgroup, such as CH2.The exchange reaction for natural zeolites (Z ) can be written as

(5.103)Na2Z 1 • Ca21 Ca21
Mg21 4 Mg21
Fe21 Fe21

¶Z 1 2Na1

SO224

SO224

SO224
SO224
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In the cation-exchange water softening process, the hardness-causingelements of calcium and magnesium are removed and replaced withsodium by a strong-acid cation resion. Ion-exchange reactions for soft-ening may be expressed as

(5.104)

where R represents the exchange resin. They indicate that when a hardwater containing calcium and magnesium is passed through an ionexchanger, these metals are taken up by the resin, which simultaneouslygives up sodium in exchange. Sodium is dissolved in water. The normalrate is 6 to 8 gpm/ft2 (350 to 470 m/d) of medium.After a period of operation, the exchanging capacity would beexhausted. The unit is stopped from operation and regenerated by back-washing with sodium chloride solution and rinsed. The void volume forbackwash is usually 35% to 45% of the total bed volume.The exchange capacity of typical resins are in the range of 2 to 10 eq/kg.Zeolite cation exchangers have the exchange capacity of 0.05 to 0.1 eq/kg(Tchobanoglous and Schroeder, 1985). During regeneration, the reactioncan be expressed as:
(5.105)

The spherical diameter in commercially available ion exchange resinsis of the order of 0.04 to 1.0 mm. The most common size ranges used inlarge treatment plant are 20 to 50 mesh (0.85 to 0.3 mm) and 50 to 100mesh (0.3 to 0.15 mm) (James M. Montgomery Consulting Engineering,1985). Details on the particle size and size range, effective size, anduniform coefficient are generally provided by the manufacturers.The affinity of exchanges is related to charge and size. The higher thevalence, the greater affinity and the smaller the effective size the greaterthe affinity. For a given sense of similar ions, there is a general order ofaffinity for the exchanger. For synthetic resin exchangers, relative affini-ties of common ions increase as shown in Table 5.6.The design of ion exchange units is based upon ion exchange equilibria.The generalized reaction equation for the exchange of ions A and on acation exchange resin can be expressed as
nR�A�

� Bn� ↔ Rn�Bn�nA� (5.106)
where R�

� an anionic group attached to exchange resinA�, Bn�
� ions in solution

Ca
Mg fR 1 2NaCl S Na2R 1

Ca
Mg fCl2

Na2R 1
Ca
Mg f

sHCO3d2SO4Cl2
S

Ca
Mg fR 1 •2 NaHCO3Na2SO42 NaCl
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The equilibrium expression for this reaction is

(5.107)

where KA → B � � selectivity coefficient, a function ofionic strength and is not a true constant[R– A�], [R– Bn�] � mole fraction of A� and B� exchange resin,respectively, overbars represent the resinphase, or expressed  as and [A�], [Bn�] � concentration of A� and B� in solution,respectively, mol/L
qA, qB � concentration of A and B on resin site,respectively, eg/L

CA, CB � concentration of A and B in solution,respectively, mg/L

[B][A],

KBA

KA S B 5
[R2n Bn1][A1]n

[R2A1]n[Bn1] 5
qBCA
qACB
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TABLE 5.6 Selectivity Scale for Cations on Eight Percent Cross-
Linked Strong-Acid Resin and for the Anions on Strong-Base Resins

Cation Selectivity Anion Selectivity
Li� 1.0 HPO2�4 0.01H� 1.3 CO2�3 0.03Na� 2.0 OH� (type I) 0.06UO2� 2.5 F� 0.12.6 0.15K� 2.9 CH3COO� 0.2Rb� 3.2 0.4Cs� 3.3 OH� (type II) 0.65Mg2� 3.3 1.0Zn2� 3.5 Cl� 1.0Co2� 3.7 CN� 1.3Cu2� 3.8 1.3

3.9 1.6Ni2� 3.9 Br� 3Be2� 4.0 4Mn2� 4.1 I� 8Pb2� 5.0 9.1
Ca2� 5.2 17
Sr2� 6.5 100Ag� 8.5Pb2� 9.9Ba2� 11.5Ra2� 13.0
SOURCES: James M. Montgomery Consulting Engineering (1985), Clifford (1990)

CrO224
SeO224
SO224

NO23

HSO24Cd21
NO22

BrO23

HCO23

SO224NH14



The selectivity constant depends upon the valence, nature, and con-centration of the ion in solution. It is generally determined in labora-tory of specific conditions measured.For monovalent/monovalent ion exchange process such as

The equilibrium expression is (by Eq. (5.107))
(5.108)

and for divalent/divalent ion exchange processes such as

then using Eq. (5.107)
(5.109)

Anderson (1975) rearranged Eq. (5.107) using a monovalent/monovalentexchange reaction with concentration units to equivalent fraction asfollows:
1. In the solution phase: Let C � total ionic concentration of the solu-tion, eq/L. The equivalent ionic fraction of ions  A� and B� in solu-tion will be

(5.110)
(5.111)

then

or (5.112)
2. In the resin phase: Let � total exchange capacity of the resin perunit volume, eq/L. Then we get

(5.113)
� equivalent fraction of the A� ion in the resin

and
(5.114)XB1 5 [R2B1]/C  or  [R2B1] 5 C  XB1

XA1 5 [R2A1]/C or [R2A1] 5 C  XA1

C
[A1] 5 1 2 [B1]
[A1] 1 [B1] 5 1

XB1 5 [B1]>C  or  [B1] 5 CXB1
XA1 5 [A1]>C  or  [A1] 5 CXA1

KNaR S CaR 5
[Ca21R][Na1]2
[Na1R]2[Ca21] 5

qCaC2Na
q2NaCCa

2sNa1R2d 1 Ca214 Ca21R22
1 2Na1

KHR S NaR 5
[Na1R2][H1]
[H1R2][Na1] 5

qNaCH
qHCNa

H1R2 1 Na1 4 Na1R2 1 H1
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also

or (5.115)
Substitute Eqs. (5.110), (5.111), (5.113), and (5.114) into Eq. (5.107)which yields

or

(5.116)
Substituting for Eqs. (5.112) and (5.115) in Eq. (5.116) gives

(5.117)
If the valence is n, Eq. (5.117) will become

(5.118)
Example 1: Determine the meq/L of Ca2� if Ca2� concentration is 88 mg/Lin water.
solution:

Step 1. Determine equivalent weight (EW)
EW � molecular weight/electrical charge

� 40/2
� 20 g/equivalent weight (or mg/meq)

Step 2. Compute meq/L
meq/L � (mg/L)/EW

� (88 mg/L)/(20 mg/meq)
� 4.4

Example 2: A strong-base anion exchange resin is used to remove nitrate ionsfrom well water which contain high chloride concentration. Normally bicar-bonate and sulfate is presented in water (assume they are negligible). The total

XBn1

s1 2 XBn1dn
5K BAaCCb

n21 XBn1

s1 2 XBn1dn

XB11 2 XB1
5K BA 

XB11 2 XB1

XB1
XA1

5K BA  
XB1
XA1

KBA 5
sCXB1dsCXA1d
sCXA1dsCXB1d

KBA 5
[CXB1][CXA1][CXA1][CXB1]

XA1 5 1 2 XB1
XA1 1 XB1 5 1
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resin capacity is 1.5 eq/L. Find the maximum volume of water that can betreated per liter of resin. The water has the following composition in meq/L:
Ca2�

� 1.4 CI�
� 3.0

Mg2�
� 0.8 � 0.0

Na�
� 2.6 � 1.8

Total cations � 4.8 Total anions � 4.8
solution:

Step 1. Determine the equivalent fraction of nitrate in solution

Step 2. Determine selective coefficient for sodium over chloride from Table 5.5

Step 3. Compute the theoretical resin available for nitrate ion by Eq. (5.117)

It means that 71% of resin sites will be used
Step 4. Compute the maximum useful capacity Y

Step 5. Compute the volume of water (V ) that can be treated per cycle

Example 3: A strong-acid cation exchanger is employed to remove calciumhardness from water. Its wet-volume capacity is 2.0 eq/L in the sodium form.If calcium concentrations in the influent and effluent are 44 mg/L (2.2 meq/L)and 0.44 MG/l, respectively, find the equivalent weight (meq/L) of the com-ponent in the water if given the following:

 5 4429 gal of water/ft3 of resin
 5 592L

L 3
1 gal

3.785 L 3
28.32 L

1 ft3

 5 592 L of water/L of resin
V 5

1065 meq/L of resin
1.8 meq/L of water

Y 5 1.5 eq/L 3 0.71 5 1.065 eq/L 5 1065 meq/L

 XNO23 5 0.71

X NO231 2 XNO23
5 4 3 0.38

1 2 0.38 5 2.45

KNO3Cl 5 4/1 5 4

XNO23 5 1.8/4.8 5 0.38

NO23

SO224
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Cations Anions
Ca2� 2.2 2.9Mg2� 1.0 Cl– 3.1Na� 3.0 0.2Total cations 6.2 Total anions 6.2

solution:

Step 1. Determine the equivalent fraction of Ca2�

Step 2. Find the selectivity coefficient K for calcium over sodium fromTable 5.5

Step 3. Compute the theoretical resin composition with respect to the cal-cium ion

Using Eq. (5.118), n � 2

This means that a maximum of 51% of the resin sites can be used with cal-cium ions from the given water. At this point, the water and resin are atequilibrium with each other.
Step 4. Compute the limiting useful capacity of the resin (Y )

Step 5. Compute the maximum volume (V ) of water that can be treated per cycle

 5 3472 gal of water/ft3of resin
 5 464 L of water/L of resin

V 5
1020 meq/L of resin sfor Cad

2.2 meq/L of calcium in water

 5 1.02 eq/L sor 1020 meq/Ld
Y 5 2.0 eq/L 3 0.51

XCa21 5 0.51
XCa21

s1 2 XCa21d2 5 2.6 0.35
s1 2 0.35d2 5 2.15

C/C 5 6.2/6.2 5 1.0

K CaNa 5 5.2/2.0 5 2.6

XCa21 5 2.2/6.2 5 0.35

SO24

HCO23
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13.1 Leakage

Leakage is defined as the appearance of a low concentration of the unde-sirable ions in the column effluent during the beginning of the exhaus-tion. It comes generally from the residual ions in the bottom resins dueto incomplete regeneration. Leakage will occur for softening process. Awater softening column is usually not fully regenerated due to inefficientuse of salt to completely regenerate the resin on the sodium form. Theleakage depends upon the ionic composition of the bed bottom and thecomposition of the influent water.A detailed example of step-by-step design method for a fix bed ionexchange column for water softening is given by Benefield et al. (1982).
Example: The bottom of the water softener is 77% in the calcium form afterregeneration. The strong-acid cation resin has a total capacity of 2.0 eq/L andselective coefficient for calcium over sodium is 2.6. Determine the initial cal-cium leakage the water composition has as follows (in meq/L):

Ca2�
� 0.4 CI–

� 0.4
Mg2�

� 0.2 � 0.4
Na�

� 1.2 � 1.0
Total cations � 1.8 Total anions � 1.8

solution:

Step 1. Determine the equivalent fraction of calcium ion from the given:

Using Eq. (5.118)

Step 2. Calculate the initial calcium leakage y

 5 0.010 meq/L
y 5 0.0056 c 5 0.0056 3 1.8 meq/L

0.77
s1 2 0.77d2 5 2.6a 2

0.002b c
XCa

s1 2 XCad2
d

 XCa
s1 2 XCad2

5 0.0056

K CaNa 5 2.6
C 5 2 meq/L 5 0.002 eq/L
C 5 2.0 eq/L

XCa21 5 0.77

HCO23

SO224
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13.2 Nitrate removal

Nitrate, is a nitrogen–oxygen ion that occurs frequently in natureas the result of interaction between nitrogen in the atmosphere andliving things on earth. It is a portion of the nitrogen cycle. When plantand animal proteins are broken down, ammonia and nitrogen gas arereleased. Ammonia is subsequently oxidized to nitrite and nitrateby bacterial action (Fig. 1.1).High concentration of nitrate in drinking water may cause methe-moglobinemia, especially for infants. Nitrates interfere with the body’sability to take oxygen from the air and distribute it to body cells. TheUnited States EPA’s standard for nitrate in drinking water is 10 mg/L.In Illinois, the water purveyor must furnish special bottle water (lownitrate) to infants if the nitrate level of the finished water exceeds thestandard.The sources of nitrates to water are due to human activities.Agricultural activities, such as fertilizer application and animal feed-lots, are major contributors of nitrate and ammonia to be washed off(runoff ) and percolate to soil with precipitation. The nitrates that arepolluted can subsequently flow into surface waters (streams and lakes)and into groundwater. Municipal sewage effluents improperly treatdomestic wastewaters, and draining of septic tanks may cause nitratecontamination in the raw water source of a waterworks. Identificationof pollution sources and protective alternatives should be taken.If the nitrate concentration in the water supply is excessive, there aretwo approaches for solving the problem, i.e. treatment for nitrateremoval and nontreatment alternatives. Nontreatment alternativesmay include (1) use new water source, (2) blend with low nitrate waters,(3) connect to other supplier(s), and (4) organize in a regional system.Nitrate is not removed by the conventional water treatment processes,such as coagulation–flocculation, sedimentation, filtration, activatedcarbon adsorption, and disinfection (chlorination and ozonation). Sometreatment technologies, such as ion exchange, reverse osmosis, electro-dialysis, microbial denitrification, and chemical reduction, can removenitrates from drinking water. An ion exchange process design is givenas the following examples.

sNO22 d

NO23 ,

 5 0.50 mg/L as CaCO3

 5 0.20 mg/L as Ca100 as CaCO340 as Ca

 5 0.20 mg/L as Ca
 5 0.010 meq

L 3
20 mg as Ca

meq
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Two types (fixed bed and continuous) of ion exchangers are used. Thefixed bed exchange is used mostly for home and industry uses and is con-trolled by a flow totalizer with an automatic regeneration cycle atapproximately 75% to 80% of the theoretical bed capacity. Continuousion exchangers are employed by larger installations, such as water-works, that provide continuous product water and require minimum bedvolume. A portion of the resin bed is withdrawn and regenerated out-side of the main exchange vessel.In the design of an ion exchange system for nitrate removal, raw waterquality analyses and pilot testing are generally required. The type ofresin and resin capacity, bed dimensions, and regenerant requirementmust be determined. Basic data, such as the design flow rate through theexchanger, influent water quality, total anions, and suggested operatingconditions for the resin selected (from the manufacturer) must be known.Analysis of water quality may include nitrate, sulfate, chloride, bicar-bonate, calcium carbonate, iron, total suspended solids, and total organiccarbon. For Duolite A-104, for example, the suggested design parametersare listed below (Diamond Shamrock Co., 1978):
Parameters Recommended values
Minimum bed depth 30 inBackwash flow rate 2–3 gpm/ft2
Regenerant dosage 15–18 lb sodium chloride (NaCl) per ft3 resinRegenerant concentration 10–12% NaCl by weightRegenerant temperature Up to 120°F or 49°CRegenerant flow rate 0.5 gpm/ft3
Rinse flow rate 2 gpm/ft3
Rinse volume 50–70 gal/ft3
Service flow rate Up to 5 gpm/ft3
Operating temperature Salt form, up to 180°F or 85°CpH limitation None

In design processes, resin capacity, bed dimensions, and regenerantrequirements must be computed. Resin capacity determines the quan-tity of resin needed in the ion exchanger and is computed from a pilotstudy. Data is provided by the manufacturer. For example, the operat-ing capacity of Duloite A-104 resin for nitrate removal is quite depend-ent upon the nitrate, sulfate, and total anion concentrations to calculatethe corrected resin capacity. The raw or uncorrected resin capacity isdetermined by using the manufacturer’s graph (Fig. 5.7). This capacitymust be adjusted downward to reflect the presence of sulfate in thewater (Fig. 5.8), because sulfate anions will be exchanged before nitrate(US EPA, 1983).Once the adjusted resin capacity is determined for the water to betreated, the required bed volume of the ion exchange resin can be
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Figure 5.7 Relationship of NO3/TA and unadjusted resin capacity for A-104 resin (US
EPA, 1983).

Figure 5.8 Correction factor for A-104 resin (US EPA, 1983).



calculated. The bed volume is the amount of nitrate that must beremoved in each cycle divided by the adjusted resin capacity. Using thisbed volume and minimum depth requirement, the surface area of resincan be calculated. A standard size containment vessel can be selectedwith the closest surface area. Using this standard size, the depth of theresin can be recalculated. The final height of the vessel should be addedto a bed expansion factor during backwashing with a design tempera-ture selected (Fig. 5.9).Once the bed volume and dimensions are computed, the regenera-tion system can be designed. The regeneration system must deter-mine: (1) the salt required per generation cycle, (2) the volume of brineproduced per cycle, (3) the total volume of the brine storage tank, and(4) the time needed for the regeneration process. The design of an ionexchanger for nitrate removal is illustrated in the following threeexamples.

Example 1: A small public water system has the maximum daily flow rateof 100,000 gal/d, maximum weekly flow of 500,000 gal/week, and maximumnitrate concentration of 16 mg/L. The plant treats 100,000 gal of water andoperates only 7 h/d and 5d/week (assume sufficient storage capacity for week-end demand). Finished water after ion exchange process with 0.6 mg/L ofnitrate–nitrogen (NO3-N) will be blended with untreated water 16 mg/L ofNO3-N to produce a finished water of 8 mg/L or less of NO3-N. The NO3-N stan-dard is 10 mg/L. Determine the flow rate of ion exchanger in gpm and theblending rate.
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solution:

Step 1. Compute the quantity of water that passes the ion exchanger, q1
Let untreated flow � q2 and c, c1, and c2 � NO3-N concentrations in finished,treated (ion exchanger) and untreated waters, respectively.
Then

c � 8 mg/L
c1 � 0.6 mg/L
c2 � 16 mg/L

by mass balance

(a)
since

(b)
Substituting (b) into (a)

Step 2. Compute flow rate in gpm to the exchanger (only operates 7 h/d)

Step 3. Compute blending ratio, br

Example 2: The given conditions are the same as in Example 1. The anionconcentration of the influent of the ion exchanger are: NO3-N � 16 mg/L,SO4 � 48 mg/L, Cl � 28 mg/L, and HCO3 � 72 mg/L. Determine the totalquantity of nitrate to be removed daily by the ion exchanger and the ratiosof anions.

 > 0.52
br 5 51,950 gpd

100,000 gpd

 5 124 gpm
q1 5 51,950 gal

d 3
24 h
7 h 3

1 day
1440 min

q1 5 51,950 sgpdd
15.4q1 5 800,000

06q1 1 16s100,000 2 q1d 5 800,000

q2 5 100,000 2 q1

0.6q1 1 16q2 5 100,000 3 8
 c1q1 1 c2q2 5 100,000c
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solution:

Step 1. Compute total anions and ratios
Concentration, Milliequivalent Concentration,Anions mg/L weight, mg/meq meq/L Percentage

NO3-N 16 14.0 1.14 27.7SO4 48 48.0 1.00 24.4Cl 28 35.5 0.79 19.2HCO3 72 61.0 1.18 28.7Total 4.11

In the last column above for NO3-N

Step 2. Determine nitrate to be removed daily
The total amount of nitrates to be removed depends on the concentrations ofinfluent and effluent, ci and ce and can be determined by

nitrates removed (meq/d) � [(ci � ce) meq/L] � q1(L/d)
Since

If the ion exchanger is going to operate with only one cycle per day, the quan-tity of nitrate to be removed per cycle is 215,700 meq.
Example 3: Design a 100,000 gpd ion exchanger for nitrate removal usingthe data given in Examples 1 and 2. Find resin capacity, resin bed dimension,and regenerant requirements (salt used, brine production,  the total volumeof the brine storage tank, and regeneration cycle operating time) for the ionexchanger.
solution:

Step 1. Determine the uncorrected (unadjusted) volume of resin needed
(a) In Example 2, the nitrate to total anion ratio is 27.7%. Using 27.7% in Fig.5.7, we obtain the uncorrected resin capacity of 0.52 meq/(NO3 mL) resin.
(b) In Example 2, the sulfate to total anion ratio is 24.4%. Using 25% inFig. 5.8, we obtain the correction factor of resin capacity due to sulfate is 0.70.

 5 215,700 meq/d
Nitrates removed 5 s1.14 2 0.043d meq/L 3 51,950 gpd 3 3.785 L/gal

 5 0.043 meq/L
ce 5 0.6 mg/L 4 14 mg/meq 
ci 5 1.14 meq/L

% 5 1.14 3 100/4.11 5 27.7
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(c) The adjusted resin capacity is downward to
0.52 meq/mL � 0.70 � 0.364 meq/mL

(d) Convert meq/mL to meq/ft3

Step 2. Determine the bed volume, BV
In Example 2, nitrate to be removed in each cycle is 215,700 meq

Step 3. Check the service flow rate, SFR
In Example 1, the ion exchange unit flow rate �124 gpm 

This value exceeds the manufacturer’s maximum SFR of 5 gpm/ft3. Inorder to reduce the SFR, we can modify it either by: (a) increasing theexchanger operating time per cycle, or (b) increasing the bed volume.
(a) Calculate adjusted service time, AST

Calculate the adjusted flow rate for the new cycle
In Example 1, q1 � 51,950 gpd or 51,950 gal/cycle

Alternatively
(b) Increase the bed volume and retain the initial unit flow rate

say  5 25 ft3
 5 24.7 ft3

Adjusted BV 5  20.93 ft3
3 s5.9 gpm/ft3/5.0 gpm/ft3d

 5 104 gpm
 5 51,950 gal/cycle/s8.3 h/cycle 3 60 min/hd

then, flow rate 5 q1/AST

 5 8.3 h/cycle
AST 5 7 h

cycle 3
5.9 gpm/ft3
5.0 gpm/ft3

 5 5.9 gpm/ft3
SFR 5 124 gpm/BV 5 124 gpm/20.93 ft3

 5 20.93 ft3
BV 5 215,700 meq 4 10,305 meq>ft3

5 10,305 meq/ft3
0.364 meq/mL 3 3785 mL/gal 3 7.48 gal/ft3
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In comparison between alternatives (a) and (b), it is more desirable toincrease BV using 7 h/d operation. Thus BV � 25 ft3 is chosen.
Step 4. Determine bed dimensions.
(a) Select the vessel size

Based on the suggested design specification, the minimum bed depth (z)is 30 in or 2.5 feet. The area, A, would be

For a circular vessel, find the diameter

The closest premanufactured size is 3.5 ft in diameter with a correspon-ding cross-sectional area of 9.62 ft2. The resin height, h, would then berecalculated as

(b) Adjusting for expansion during backwash
Since allowable backwash flow rate is 2 to 3 gpm/ft2. If the backwashrate is selected as 2.5 gpm/ft2 with the backwash water temperature of50°F, the percent bed expansion would be 58% as read from the curve inFig. 5.9. Thus, the design height (H ) of the vessel should be at least

Note: We use 3.5 ft diameter and 4.11 ft (at least) height vessel.
Step 5. Determine regenerant requirements
(a) Choice salt (NaCl) required per regeneration cycle since regenerant dosageis 15 to 18 lb of salt per cubic foot of resin. Assume 16 lb/ft3 is selected.

The amount of salt required is

We need 400 lb of salt per cycle.
 5 400 lb

Salt 5 16 lb/ft3
3 25 ft3

 5 4.11 ft
H 5 2.6 ft 3 s1 1 0.58d

 5 2.6 ft
h 5 25 ft3/9.62 ft2

 5 3.57 ft
D 5 24A/p 5 24 3 10.0 ft2/3.14
A 5 pD2/4

 5 10.0 ft2
A 5 BV/z 5 25 ft3/2.5 ft
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(b) Calculate volume of brine used per cycle
On the basis of the specification, the regenerant concentration is 10% to12% NaCl by weight. Assume it is 10%, then

(c) Calculate total volume of brine

The specific weight of salt is 2.165

Note: The total volume of brine generated is 454 gal per cycle. The totalvolume of the brine storage tank should contain sufficient capacity for 3 to 4generations. Assume 3 cycles of brine produced should be stored, then the totalbrine tank volume (V ) would be

(d) Calculate time required for regeneration cycle
The regeneration flow rate (Q) is 0.5 gpm/ft3resin specified by the manu-facturer. Then

The regeneration time (t) is the volume of the brine per cycle divided bythe flow rate Q, thus
t 5 454 gal/12.5 gal/min
 5 36.3 min

Q 5 0.5 gpm/ft3
3 25 ft3

 5 12.5 gpm

V 5 454 gal/cycle 3 3 cycle
 5 1362 gal

 5 454 gal
Total volume in gallons 5 60.65 ft3

3 7.48 gal/ft3
 5 60.65 ft3

Total volume of the brine 5 57.69 ft3
1 2.96 ft3

 5 2.96 ft3
Volume of salt 5 400 lb/s62.4 lb/ft3

3 2.165d

 5 57.69 ft3

Volume of water 5 wt. of water
density of water 5

3600 lb
62.4 lb/ft3

 5 3600 lb
Weight of water 5 s4000 2 400d lb/cycle

 5 4000 lb
 total wt. of brine 5 400 lb 3 100/10

Salt concentration, % 5
wt. of salt 3 100
total wt. of brine
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14 Iron and Manganese Removal

Iron (Fe) and manganese (Mn) are abundant elements in the earth’scrust. They are mostly in the oxidized state (ferric, Fe3�, and Mn4�) andare insoluble in natural waters. However, under reducing conditions (i.e.where dissolved oxygen is lacking and carbon dioxide content is high),appreciable amounts of iron and manganese may occur in surface water,groundwater, and in water from the anaerobic hypolimnion of stratifiedlakes and reservoirs. The reduced forms are soluble divalent ferrous(Fe2�) and manganous (Mn2�) ions that are chemically bound withorganic matter. Iron and manganese get into natural water from disso-lution of rocks and soil, from acid mine drainage, and from corrosion ofmetals. Typical iron concentrations in groundwater are 1.0 to 10 mg/L,and typical concentrations in oxygenated surface waters are 0.05 to 0.2mg/L. Manganese exists less frequently than iron and in smalleramounts. Typical manganese values in natural water range from 0.1 to1.0 mg/L (James M. Montgomery Consulting Engineers, 1985). Voelker(1984) reported that iron and manganese levels in groundwaters in theAmerican Bottoms area of southwestern Illinois ranged from <0.01 to82.0 mg/L and <0.01 to 4.70 mg/L, respectively, with mean concentra-tions of 8.4 mg/L and 0.56 mg/L, respectively.Generally, iron and manganese in water are not a health risk.However, in public water supplies they may discolor water, and causetaste and odors. Elevated iron and manganese levels also can causestains in plumbing, laundry, and cooking utencils. Iron and manganesemay also cause problems in water distribution systems because metaldepositions may result in pipe encrustation and may promote the growthof iron bacteria which may in turn cause tastes and odors. Iron andmanganese may also cause difficulties in household ion exchange unitsby clogging and coating the exchange medium.To eliminate the problems caused by iron and manganese, the USEnvironmental Protection Agency (1987) has established secondary drink-ing water standards for iron at 0.3 mg/L and for manganese at 0.05 mg/L.The Illinois Pollution Control Board (IPCB, 1990) has set effluent stan-dards of 2.0 mg/L for total iron and 1.0 mg/L for total manganese.It is considered that iron and manganese are essential elements forplants and animals. The United Nation Food and Agriculture Organizationrecommended maximum levels for iron and manganese in irrigation watersare 0.5 and 0.2 mg/L, respectively.The techniques for removing iron and manganese from water arebased on the oxidation of relatively soluble Fe(II) and Mn(II) to theinsoluble Fe(III) and Mn(III,IV) and the oxidation of any organic-complexcompounds. This is followed by filtration to remove the Fe(III) andprocesses for iron and manganese removal are discussed elsewhere(Rehfeldt et al., 1992).
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Four major techniques for iron and manganese removal from waterare: (1) oxidation–precipitation–filtration, (2) manganese zeoliteprocess, (3) lime softening–settling–filtration, and (4) ion exchange.Aeration–filtration, chlorination–filtration, and manganese zeoliteprocess are commonly used for public water supply.
14.1 Oxidation

Oxidation of soluble (reduced) iron and manganese can be achieved byaeration, chlorine, chlorine dioxide, ozone, potassium permanganate(KMnO4) and hydrogen peroxide (H2O2). The chemical reactions can beexpressed as follows:For aeration (Jobin and Ghosh, 1972; Dean, 1979)
(5.119)
(5.120)

In theory, 0.14 mg/L of oxygen is needed to oxidize 1 mg/L of iron and0.29 mg/L of oxygen for each mg/L of manganese.For chlorination (White, 1972):
(5.121)
(5.122)

The stoichiometric amounts of chlorine needed to oxidize each mg/L ofiron and manganese are 0.62 and 1.3 mg/L, respectively.For potassium permanganate oxidation (Ficek, 1980):
(5.123)
(5.124)

In theory, 0.94 mg/L of KMnO4 is required for each mg/L of soluble ironand 1.92 mg/L for 1 mg/L of soluble manganese. In practice, a 1 to 4%solution of KMnO4 is fed in at the low-lift pump station or at the rapid-mix point. It should be totally consumed prior to filtration. However, therequired KMnO4 dosage is generally less than the theoretical values(Humphrey, and Eikleberry, 1962; Wong, 1984). Secondary oxidationreactions occur as
(5.125)
(5.126)

and
(5.127a)

or (5.127b)MnO #  Mn2O3 #  XsH2Od
2Mn21

1 MnO2 S Mn3O4 #  XsH2Od

Mn21
1 MnO2 #  2H2O S Mn2O3 #  XsH2Od

Fe21
1 MnO S Fe31

1 Mn2O3

3Mn21
1 2MnO4 1 2H2O S 5MnO2 1 4H1

3Fe21
1 MnO4 1 4H1 S MnO2 1 2Fe31

1 2H2O

MnSO4 1 Cl2 1 4NaOH S MnO2 1 2NaCl 1 Na2SO4 1 2H2O
2FesHCO3d2 1 Cl2 1 CasHCO3d2 S 2FesOHd3 1 CaCl2 1 6CO2

Mn21
1 O2 S MnO2 1 2e

Fe21
1

1
4O2 1 2OH2

1
1
2H2O S FesOHd3
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For hydrogen peroxide oxidation (Kreuz, 1962):
1. Direct oxidation

(5.128)
2. Decomposition to oxygen

(5.129)
followed by oxidation

(5.130)
In either case, 2 moles of ferrous iron are oxidized per mole of hydrogenperoxide, or 0.61 mg/L of 50% H2O2 oxidizes l mg/L of ferrous iron.For oxidation of manganese by hydrogen peroxide, the following reac-tion applies (H.M. Castrantas, FMC Corporation, Princeton, NJ, per-sonal communication).

(5.131)
To oxidize 1 mg/L of soluble manganese, 1.24 mg/L of 50% H2O2 isrequired.Studies on groundwater by Rehfeldt et al. (1992) reported that oxidantdosage required to meet the Illinois recommended total iron standardfollow the order of Na, O, Cl as Cl2 > KMnO4 > H2O2. The amount ofresidues generated by oxidants at the critical dosages follow the orderof KMnO4 > NaOCl > H2O2, with KMnO4 producing the largest,strongest, and densest flocs.For ozonation: It is one of the strongest oxidants used in the waterindustry for disinfection purposes. The oxidation potential of commonoxidants relative to chlorine is as follows (Peroxidation Systems, 1990):

Fluoride 2.32Hydroxyl radical 2.06Ozone 1.52Hydrogen peroxide 1.31Potassium permanganate 1.24Chlorine 1.00
Ozone can be very effective for iron and manganese removal. Becauseof its relatively high capital costs and operation and maintenance costs,the ozonation process is rarely employed for the primary purpose of oxi-dizing iron and manganese. Since ozone is effective in oxidizing tracetoxic organic matter in water, preozonation instead of prechlorination

Mn21
1 H2O2 1 2H1

1 2e S  Mn31
1 e 1 H2O

2Fe21
1

1
2O2 1 H2O S 2Fe31

1 2OH2

H2O2 S
1
2O2 1  H2O

2Fe21
1 H2O2 1 2H1 S 2Fe31

1 2H2O
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is becoming popular. In addition, many water utilities are using ozonefor disinfection purposes. Ozonation can be used for two purposes: dis-infection and metal removal.
Manganese zeolite process. In the manganese zeolite process, iron andmanganese are oxidized to the insoluble form and filtered out, all in oneunit, by a combination of sorption and oxidation. The filter medium canbe manganese greensand, which is a purple-black granular materialprocessed from glauconitic greens, and/or a synthetic formulated prod-uct. Both of these compositions are sodium compounds treated with amanganous solution to exchange manganese for sodium and then oxi-dized by KMnO4 to produce an active manganese dioxide. The greensandgrains in the filter become coated with the oxidation products. The oxi-dized form of greensand then adsorbs soluble iron and manganese,which are subsequently oxidized with KMnO4. One advantage is thatthe greensand will adsorb the excess KMnO4 and any discoloration ofthe water.
Regenerative-batch process. The regenerative-batch process uses man-ganese-treated greensand as both the oxidant source and the filtermedium. The manganese zeolite is made from KMnO4-treated greensandzeolite. The chemical reactions can be expressed as follows (Humphreyand Eikleberry, 1962; Wilmarth, 1968):
Exchange:

NaZ � Mn2� → MnZ � 2Na� (5.132)
Generation:

MnZ � KMnO4 → Z ⋅ MnO2 � K� (5.133)
Degeneration:

(5.134)

Regeneration:
(5.135)

where NaZ is greensand zeolite and Z � MnO2 is manganese zeolite. Asthe water passes through the mineral bed, the soluble iron and man-ganese are oxidized (degeneration). Regeneration is required after themanganese zeolite is exhausted.

Z #  MnO3 1 KMnO4 S Z #  MnO2

Z #  MnO2 1
Fe21
Mn21 S Z #  MnO3 1

Fe31
Mn31
Mn41
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One of the serious problems with the regenerative-batch process is thepossibility of soluble manganese leakage. In addition, excess amountsof KMnO4 are wasted, and the process is not economical for water highin metal content. Manganese zeolite has an exchange capacity of 0.09 lbof iron or manganese per cubic foot of material, and the flow rate to theexchanger is usually 3.0 gpm/ft3. Regeneration needs approximately0.18 lb KMnO4 /ft3 of zeolite.
Continuous process. For the continuous process, 1% to 4% KMnO4 solu-tion is continuously fed ahead of a filter containing anthracite be (6- to 9-in thick), manganese-treated greensand (24 to 30 in), and gravel. Thesystem takes full advantage of the higher oxidation potential of KMnO4as compared to manganese dioxide. In addition, the greensand can act asa buffer. The KMnO4 oxidizes iron, manganese, and hydrogen sulfide tothe insoluble state before the water reaches the manganese zeolite bed.Greensand grain has a smaller effective size than silica sand used infilters and can result in comparatively higher head loss. Therefore, a layerof anthracite is placed above the greensand to prolong filter runs by fil-tering out the precipitate. The upper layer of anthracite operates basi-cally as a filter medium. When iron and manganese deposits build up,the system is backwashed like an ordinary sand filter. The manganesezeolite not only serves as a filter medium but also as a buffer to oxidizeany residual soluble iron and manganese and to remove any excess unre-acted KMnO4. Thus a KMnO4 demand test should be performed. The con-tinuous system is recommended for waters where iron predominates, andthe intermittent regeneration system is recommended for groundwaterwhere manganese predominates (Inversand Co., 1987).
Example 1: Theoretically, how many mg/L each of ferrous iron and solublemanganese can be oxidized by 1 mg/L of potassium permanganate?
solution:

Step 1. For Fe2�, using Eq. (5.123)
3Fe2�

� 4H�
� KMnO4 → MnO2 � 2Fe3�

� K�
� 2H2O

MW 3 � 55.85 39.1 � 54.94 � 4 � 16
� 167.55 � 158.14
X mg/L 1 mg/L

By proportion
X
1 5

167.55
158.14

 X 5 1.06 mg/L
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Step 2. For Mn2�, using Eq. (5.124)
3Mn2�

� 2H2O � 2KMnO4 → 5MnO2 � 4H�
� 2K�

M1W1 3 � 54.94 2 � 158.14
� 164.82 � 316.28

y 1 mg/L
then

Example 2: A groundwater contains 3.6 mg/L of soluble iron and 0.78 mg/Lof manganese. Find the dosage of potassium permanganate required to oxi-dize the soluble iron and manganese.
solution: From Example 1 the theoretical potassium permanganate dosageare 1.0 mg/L per 1.06 mg/L of ferrous iron and 1.0 mg/L per 0.52 mg/L of man-ganese. Thus

15 Activated Carbon Adsorption

15.1 Adsorption isotherm equations

The Freundlich isotherm equation is an empirical equation, which givesan accurate description of adsorption of organic adsorption in water. Theequation under constant temperature equilibrium is (US EPA, 1976;Brown and LeMay, 1981; Lide, 1996)
(5.136)

or
(5.136a)

where qe � quantity of absorbate per unit of absorbent, mg/g
Ce � equilibrium concentration of adsorbate in solution, mg/L
K� Freundlich absorption coefficient, (mg/g) (L/mg)1/n
n� empirical coefficient

The constant K is related to the capacity of the absorbent for theabsorbate. 1/n is a function of the strength of adsorption. The moleculethat accumulates, or adsorbs, at the surface is called an adsorbate; and

log qe 5 log K 1 s1/ndlogCe

qe 5 KC1/ne  

KMnO4 dosage 5 1.0 3 3.6 mg/L
1.06 1

1.0 3 0.78 mg/L
0.52

 5 4.9 mg/L

y 5 164.82
316.28 5 0.52 mg/L
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the solids on which adsorption occurs is called adsorbent. Snoeyink(1990) compiled the values of K and 1/n for various organic compoundsfrom the literature which is listed in Appendix D.From the adsorption isotherm, it can be seen that, for fixed values of
K and Ce, the smaller the value of 1/n, the stronger the adsorption capac-ity. When 1/n becomes very small, the adsorption tends to be inde-pendent to Ce. For fixed values of Ce and 1/n, the larger the K value, thegreater the adsorption capacity qe.Another adsorption isotherm developed by Langmuir assumed thatthe adsorption surface is saturated when a monolayer has beenabsorbed. The Langmuir adsorption model is

(5.137)
or (5.138)
where a � empirical coefficient

b � saturation coefficient, m3/g
Other terms are the same as defined in the Freundlich model. Thecoefficient a and b can be obtained by plotting Ce/qe versus Ce on arith-metic paper from the results of a batch adsorption test with Eq. (5.138).Adsorption isotherm can be used to roughly estimate the granularactivated carbon (GAC) loading rate and its GAC bed life. The bed life

Z can be computed as
(5.139)

where Z � bed life, L H2O/L GAC(qe)0 � mass absorbed when Ce � C0, mg/g of GAC
� � apparent density of GAC, g/L

C0 � influent concentration, mg/L
C1 � average effluent concentration for entire column run, mg/L

C1 would be zero for a strongly absorbed compound that has a sharpbreakthrough curve, and is the concentration of the nonadsorbable com-pound presented.The rate at which GAC is used or the carbon usage rate (CUR) is cal-culated as follows:
(5.140)CURsg/Ld 5 C0 2 C1

sqed0

Z 5 sqed0 3 r
sC0 2 C1d

Ce
qe
5

1
ab 1

Ce
a

qe 5
abCe1 1 bCe
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Contact time. The contact time of GAC and water may be the mostimportant parameter for the design of a GAC absorber. It is commonlyused as the empty-bed contact time (EBCT) which is related to the flowrate, depth of the bed and area of the GAC column. The EBCT is cal-culated by taking the volume (V ) occupied by the GAC divided by theflow rate (Q):
(5.141)

or
(5.142)

where EBCT � empty-bed contact time, s
V � HA � GAC volume, ft3 or m3
Q � flow rate, cfs or m3 /s

Q/A � surface loading rate, cfs/ft2 or m3/(m2 ⋅ s)
The critical depth of a bed (Hcr) is the depth which creates the immedi-ate appearance of an effluent concentration equal to the breakthroughconcentration, Cb. The Cb for a GAC column is designated as the maxi-mum acceptable effluent concentration or the minimum datable con-centration. The GAC should be replaced or regenerated when theeffluent quality reaches Cb . Under these conditions, the minimum EBCT(EBCTmin) will be:

(5.143)
The actual contact time is the product of the EBCT and the inter-particle porosity (about 0.4 to 0.5).Powdered activated carbon (PAC) has been used for taste and orderremoval. It is reported that PAC is not as effective as GAC for organiccompounds removal. The PAC minimum dose requirement is

(5.144)
where D � dosage, g/L

Ci � influent concentration, mg/L
Ce � effluent concentration, mg/L
qe � absorbent capacity � KCe

1/n, mg/g
Example 1: In a dual media filtration unit, the surface loading rate is 3.74gpm/ft2. The regulatory requirement of EBCTmin is 5.5 min. What is the crit-ical depth of GAC?

D 5
Ci 2 Ce

qe

EBCTmin 5
Hcr
Q/A

EBCT 5 H
Q/A 5

The depth of GAC bed
Loading rate

EBCT 5 V
Q
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solution:

From Eq. (5.143), the minimum EBCT is

and rearranging
Hcr � EBCTmin(Q/A)

� 5.5 min � 0.5 ft/min
� 2.75 ft

Example 2: A granular activated carbon absorber is designed to reduce 12 �g/L of chlorobenzene to 2 �g/L. The following conditions are given: 
K � 100 (mg/g) (L/mg)1/n, 1/n � 0.35 (Appendix D), and .Determine the GAC bed life and carbon usage rate.
solution:

Step 1. Compute equilibrium adsorption capacity, (qe)0

(qe)0 � KC1/n

� 100 (mg/g) (L/mg)1/n
� (0.002 mg/L)0.35 

� 11.3 mg/g
Step 2. Compute bed life, Z
Assume:

Step 3. Compute carbon usage rate, CUR

5 0.00088 g GAC/L water

CUR 5
sC0 2 C1d
sqed0

 5 s0.012 2 0.002d mg/L
11.3 mg/g

5
11.3 mg/g 3 480 g/L of GAC
s0.012 2 0.002d mg/L of water

5 542,400 L of water/L of GAC

               CT 5 0 mg/L
 Z 5 sqed0 3 r

sC0 2 C1d

rGAC 5 480 g>L

EBCTmin 5
Hcr
Q/A

Q/A 5 0.5 ft3/min/1 ft2
5 0.5 ft/min

Q 5 3.74 gpm 5 3.74 gal
min 3

1 ft3
7.48 gal

 5 0.5 ft3/min
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Example 3: The maximum contaminant level (MCL) for trichloroethyleneis 0.005 mg/L. K � 28 (mg/g) (L/mg)1/n, and 1/n � 0.62. Compute the PAC min-imum dosage needed to reduce trichloroethylene concentration from 33 �g/Lto MCL.
solution:

Step 1. Compute qe assuming PAC will equilibrate with 0.005 mg/L (Ce)trichloroethylene concentration

� 28 (mg/g) (L/mg)0.62
� (0.005 mg/L)0.62

� 1.05 mg/g
Step 2. Compute required minimum dose, D

� 0.027 g/L
or � 27 mg/L

16 Membrane Processes

In the water industry, the membrane systems have generally been uti-lized in water and for higher quality water production. Membranesalso are being used for municipal and industrial wastewater appli-cations, for effluent filtration to achieve high-quality effluent for sen-sitive receiving waters, for various water reuse applications, as aspace-saving technology, and for on-site treatment. In the last decade,tremendous improvements of equipment developments, more strin-gent effluent limit, and market economics have led to membranesbecoming a mainstream treatment technology. There has been sig-nificant growth and increase in application of membrane technologies,and it is expected that membrane processes will be used even morein the future as more stringent drinking water quality standards willlikely become enforced.The use of semipermeable membranes having pore size as small as3 Å (1 angstrom � 10�8 cm) can remove dissolved impurities in wateror wastewater. Desalting of seawater is an example. The process thatallows water to pass through the membranes is called “osmosis” orhyperfiltration. On the other hand, the process in which ions and solutethat pass through a membrane is called “dialysis” which is also used inthe medical field.

D 5
sC0 2 Ced

qe
 5 0.033 mg/L 2 0.005 mg/L

1.05 mg/g

qe 5 KC1/ ne
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16.1 Process description and operations  

The membrane processes were originally developed based on the theoryof reverse osmosis. Osmosis is the natural passage of water through asemipermeable membrane from a weaker solution to a stronger solution,to equalize the concentration of solutes in both sides of the membrane.Osmotic pressure is the driving force for osmosis to occur. In reverseosmosis, an external pressure greater than the osmotic pressure isapplied to the solution. This high pressure causes water to flow againstthe natural direction through the membrane, thus producing high-qualitydemineralized water while rejecting the passage of dissolved solids.The driving force for a membrane process can be pressure, electricalvoltage, concentration gradient, temperature, or combinations of theabove. The first two driving forces are employed for water and waste-water membrane filtrations. Membrane processes driven by pressure aremicrofiltration (MF), utrafiltration (UF), nanofiltration (NF), and reverseosmosis (RO); while processes driven by electric current are electro-dialysis (ED) and electrodialysis reversal (EDR). ED is originally usedfor medical purposes. EDR is generally used for water and wastewatertreatments. The vacuum-driven process typically applies to MF and UFonly.
Microfiltration. Microfiltration uses microporous membranes thathave effective pore sizes in the range of 0.07 to1.3 �m and typicallyhave actual pore size of 0.45 �m (Bergman, 2005). The particle-removal range is between 0.05 and 1 �m. Flow through a microp-orous membrane can occur without the application of pressure on thefeed side of the membrane, but in most water and wastewater appli-cants, a small pressure difference across the membrane produces sig-nificant increases in flux, which is required for water production. MFmembranes are capable of removing particles with sizes down to 0.1to 0.2 �m. As granular filtration, MF system filters out turbidity,algae, bacteria, Giardia cysts, Cryptosporidium oocysts, and all par-ticulate matters in water treatment (Bergman, 2005; Movahed, 2006a,2006b). It is also most often used to separate suspended and colloidalsolids from wastewater.
Ultrafiltration. Ultrafiltration uses membranes that have effectivepore sizes of 0.005 to 0.25 �m (Bergman, 2005). UF units are capableof separating some large-molecular-weight dissolved organics, col-loids, macromolecules, asbestos, and some viruses from water andwastewater by pressure (Qasim et al., 2000; Bergman, 2005, Movahed,2006b). The UF process is designed to remove colloidalized particles,in the range from 0.005 to 0.1 �m (Movahed, 2006a). It is not effec-tive for demineralization purposes; however, most turbidity-causing

Public Water Supply 445



particles, viruses, and most organic substances such as large molec-ular NOMs (natural organic matters, with coagulation) and proteinsare within the removal range of UF. In the case of food processing, UF units can be used to separate pro-teins and carbohydrates from the wastewater. The proteins and carbo-hydrates may then be reused in the process or sold as a by-product.Another use of UF units is the separation of emulsified fats, oils, andgrease from wastewater (Alley, 2000). The UF process retains nonionicmaterial and generally passes most ionic matter depending on molecu-lar weight cutoff of the membrane. Both MF and UF membrane systems generally use hollow fibers thatcan be operated in the outside-in or inside-out direction of flow. Low pres-sure (5 to 35 psi or 34 to 240 kPa) or vacuum (–1 to –12 psi or –7 to –83 kPa for outside-in membranes only) can be used as the drivingforce across the membrane (Movahed, 2006a; Bergman, 2005). MF andUF membranes are most commonly made from various organic polymerssuch as cellulose derivatives, polysulfones, polypropylene, and polyvinyli-dene fluoride (PVDF). Physical configurations of MF and UF mem-branes include hollow fiber, spiral wound, cartridge, and tubularconstructions. Membrane technologies are also widely used for waste-water treatment (Movahed, 2006a).Most MF and UF facilities operate with high recoveries of 90% to98%. Full-scale systems have demonstrated the efficient performanceof both MF and UF as feasible treatment alternatives to conventionalgranular media filtrations. Both MF and UF units can also be used asa pretreatment for NF or RO or to replace the conventional mediafiltration.
Nanofiltration. “Nano” means one-thousandth of a million (10�9). Onenanometer (1 nm) � 10�9 m � 10�3

�m. Nanofiltration uses membranesthat have a larger effective pore size (0.0009 to 0.005 �m or about 1 to5 nm) than that of RO membranes (Qasim et al., 2000; Bergman, 2005).NF and RO separation properties are typically expressed in molecularweight cutoff (MWCO) as the unit of mass in daltons. The typical massesused for NF and RO are 200 to 1000 daltons and <100 daltons, respec-tively (Movahed, 2006c).  The typical feed pressures for NF system are 50 to 150 psi (340 to 1030kPa) (Bergman, 2005). The osmotic pressure equation still applies to NF,but the osmotic pressure difference across the membrane will be lower.It could be 10 to 20 psi (Movahed, 2006c). The osmotic pressure differ-ential across the membrane is taken into account in the equation forwater transport through the membrane.The major equipment for an NF process is similar to that for an ROsystem, and includes a membrane module with support system, a
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high-pressure pump and piping, and a concentrate-handling and dis-posal system. The NF is only periodically backwashed by using eitherwater or air as with a granular filtration system. Membranes areusually cleaned automatically as required. 
New development. NF processes reject molecules in the range from0.001 to 0.01 �m. Such a process can be used for softening and for reduc-tion of total dissolved solids (TDS) and TOC. A lower-pressure RO tech-nology called nanofiltration, also known as “membrane softening,” hasalso been widely used for treatment of hard, high-color, and high-organic-content feedwater (Movahed, 2006a). NF also removes NOM, disinfec-tion by-products (DBPs), and radionuclides (Movahed, 2006a; Crittenden

et al., 2005). Cregorski (2006) reported that in early 2006, researchers at theLawrence Livermore National Laboratory created a membrane made ofcarbon nanotubes and silicon which may offer an even less-expensivedesalination technology. The nanotubes, special molecules made ofcarbon atoms in a unique arrangement, are hollow and more than 50,000times thinner than a human hair. Billions of these tubes act as pores inthe membrane allowing liquids and gases to rapidly pass through whilethe tiny pore size blocks larger molecules. The research team was able to measure flows of liquids by making amembrane on a silicon chip with carbon nanotube pores, ideal for desali-nation. The membrane was created by filling with a ceramic matrixmaterial into the gaps between aligned carbon nanotubes. The pores areso small that only six water molecules could fit across their diameter.According to Olgica Bakajin, lead scientist for the National Laboratorynanotube membrane research project, “The gas and water flows that wemeasured are 100 to 10,000 times faster than what classical modelspredict. In regards to desalination, the process is usually performedusing an RO membrane process, which does require a large amount ofpressure and energy. According to the research team, the more perme-able nanotube membranes could reduce energy costs of desalination byup to 75% compared to current RO technology. We hope that this tech-nology will be ready for the market soon”.
Reverse osmosis. Reverse osmosis is a membrane separation process,which through the application of pressure, reverses the natural phe-nomenon of osmosis. Osmosis is the flow of water from an area of lowionic concentration to an area of high ionic concentration. Under anapplied pressure, water is forced through a semipermeable membranefrom an area of high concentration to one of low concentration. Thesemipermeable membrane rejects the solutes in the water while allow-ing the clean water to pass through.

Public Water Supply 447



The effective pore sizes of RO membranes range from 0.1 to 1.2 nm(0.0001 to 0.0012 �m) (Qasim et al., 2000; Bergman, 2005). This poresize allows the passage of only water. In order for RO to take place,the applied pressure must be greater than the naturally occurringosmotic pressure. Osmotic pressure is a characteristic of the solutionand is a function of the molar concentration of the solute, the numberof ions formed when the solute dissociates, and the solutiontemperature. Reverse osmosis modules have been developed in four different typesof designs: plate and frame, large tube, spiral wound, and hollow fiber.Many types of membranes for RO have been developed, but celluloseacetate and polyamide are currently the most widely used membranematerials in RO systems. Typical membranes are approximately 100 �m-thick having a surface skin of about 0.2-�m thickness that serves as therejecting surface. The remaining layer is porous and spongy, and servesas backing material. The hollow fine fibers have outer and inner diam-eters of 50 and 25 �m, respectively (Qasim et al., 2000). Reverse osmosis processes are mostly used for demineralization inindustrial water supply or for desalinization of seawater and brackishwater in drinking water supply. The RO cartridges have been widelyinstalled for tap water at homes and offices in Asian countries, such asTaiwan and Japan. Even coin-operated RO water supplies are popularon streets.Reverse osmosis membrane technology has been successfully usedsince the 1970s for brackish and seawater desalination. In comparisonwith other membranes, the RO membrane rejects most solute ions andmolecules, while allowing water of vary low mineral content to passthrough (Movahed, 2006b). Of course, this process also works as a bar-rier for cysts, bacteria, viruses, NOMs, DBPs, etc. In the RO process, the feedwater is forced by hydrostatic pressurethrough membranes while impurities remain behind. The purified water(permeable or product water) emerges at near atmospheric pressure. Thewaste (as concentrate) remains at its original pressure and is collectedin a concentrated mineral stream. The pressure difference is calledosmotic pressure that is a function of the solute concentration, charac-teristics, and temperature. The operating pressure ranges from 800 to1200 psi (5520 to 8270 kPa or 54.4 to 81.6 atm) for desalting seawaterand from 300 to 600 psi (2400 to 4100 kPa or 20.4 to 40.8 atm) for brack-ish water desaltation (Montgomery Consulting Engineers, 1985;Bergman, 2005).The RO process produces a concentrated reject stream in additionto the clean permeate product. By-product water or the “concentrate”may range from 10% to 60% of the raw water pumped to the RO unit.For most brackish water and ionic contaminant removal applications,
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the concentrate is in the 10% to 25% range, while for seawater, it couldbe as high as 50%. Typical RO/NF elements are in spiral wound ele-ment configuration, while EDR is in stacks containing membranesheets.

Electrodialysis reversal. Electrodialysis is an electrochemical sepa-ration process in which ions are transferred through ion exchangemembrane by means of an electrical driving force. When a DC volt-age is applied across a pair of electrodes, positively charged ions movetoward the cathode, while negatively charged ions move toward theanode. Membranes are placed between the electrodes to form severalcompartments. Flow spacers are placed between the membranes tosupport the membranes and to create turbulent flow. Water flowsalong the spacers’ flow paths across the surface of the membranes,rather than through the membranes as in RO (von Gottberg, 1999).Impurities are electrically removed from the water. EDR is an EDprocess, except by reversing polarity two to four times per hour; thesystem provides constant, automatic self-cleaning that enablesimproving treatment efficiency and less downtime for periodiccleaning.The configuration of EDR is in stacks containing membrane sheets.The nonpressure EDR has also been widely used for removal of dis-solved substances and contaminants. In the United States, RO andEDR first have been used for water utilities ranging from 0.5 to 12 MGD(1.94 to 45.4 m3/d); most are located in the East Coast and West Coast(Ionic, 1993).

16.2 Design considerations 

Membrane filtration technologies have emerged as viable options foraddressing current and future drinking water regulations related to thetreatment of surface water, groundwater under the influence, and waterreuse applications for microbial, turbidity, NOM, and DBP removal.Membrane systems are now available in several different forms andsizes, each uniquely fitting a particular need and application.The basic theory, process fundamentals, membrane fouling, andprocess design for membrane filtration are given elsewhere (Crittenden
et al., 2005; Bergman, 2005). The design engineer must understand thefundamentals of membrane material, modules, fouling, scaling, and per-formance to evaluate new technologies with the objective of the project.Design assistance is often available from the equipment manufacturers.Membrane processes that satisfy treatment objectives at the lowestpossible life-cycle cost should be selected. The following procedures
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should be considered in membrane system selection (Bergman, 2005;Crittenden et al., 2005; Qasim et al., 2000):
■ Review the historical water quality data. 
■ Identify overall project goals and define the correct treatment.
■ Evaluate source water quality characteristics and select pretreat-ment processes.
■ Assess the need for bench or pilot testing.
■ Select membrane system after consultation with the equipment man-ufacturers and pilot testing.
■ Select feedwater pretreatment or disinfection requirements (methodsto control fouling).
■ Select the basic performance criteria: plant capacity, salinity of feed-water, flux rate, recovery rate, rejection, applied pressure, systemlife, performance level, feedwater temperature, and permeate soluteconcentration based on the best and worst conditions.
■ Determine product water quality and quantity requirements andblending options (for example, split-flow treatment). 
■ Establish process design criteria and develop specifications for majorsystem components.
■ Calculate system size. 
■ Select the type of membrane and determine the array configuration. 
■ Determine ancillary and support facilities, such as transfer piping,pumping facilities, chemical storage facilities, laboratory space, build-ings, energy recovery system, and electrical systems.
■ Determine power requirement.
■ Evaluate hydraulic grade line and waste wash water disposal options.
■ Select permeate posttreatment requirements.
■ Estimate system economics, including amortization of capital andoperation and maintenance cost, supplies and chemicals, and con-centrate disposal.
■ Select equipment and procedures for process monitoring.
16.3 Membrane performance

The osmotic pressure theoretically varies in the same manner as thepressure of an ideal gas (James Montgomery Consulting Engineers,1985; Conlon, 1990):
(5.145a)p 5

nRT
n
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or (Applegate, 1984):
� � 1.12 T � m (5.145b)

where � � osmotic pressure, psi
n � number of moles of solute
R � universal gas constant
T � absolute temperature, �C � 273
� � molar volume of water

�m � sum of molarities of all ionic and nonionic constituent insolution
At equilibrium, the pressure difference between the two sides of theRO membranes equals the osmotic pressure difference. In low solute con-centration, the osmotic pressure (�) of a solution is given by the followingequation (US EPA, 1996):

� � CsRT (5.145c)
where � � osmotic pressure, psi

Cs � concentration of solutes in solution, mol/cm3 or mol/ft3
R � ideal gas constant, ft ⋅ lb/mol K
T � absolute temperature, K � �C � 273

When dilute and concentrated solutions are separated by a mem-brane, the liquid tends to flow through the membrane from the diluteto the concentrated side until equilibrium reaches sides of the membrane.The liquid and water passages (flux of water) through the membrane area function of pressure gradient (Allied Signal, 1970):
Fw � W (�P � ��) (5.146)

and for salt and solute flow through a membrane:
FS � S (C1 � C2) (5.147)

where Fw, FS � liquid and salt fluxes across the membrane,respectively, g/cm2/s or lb/ft2/s; cm3/cm2/s or gal/ft2/d
W � flux rate coefficients, empirical, depend onmembrane characteristics, solute type, salt type,and temperature, s/cm or s/ft

�P � drop in total water pressure across a membrane,atm or psi
�� � osmotic pressure gradient, atm or psi

�P � �� � net driving force for liquid pass throughmembrane
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C1, C2 � salt concentrations on both sides of membrane,g/cm3 or lb/ft3
C1 � C2 � concentration gradient, g/cm3 or lb/ft3

The liquid or solvent flow depends upon the pressure gradient. Thesalt or solute flow depends upon the concentration gradient. Also, bothare influenced by the membrane types and characteristics.The terms “water flux” and “salt flux” are the quantities of waterand salt that can pass through the membrane per unit area per unit time. The percent of feedwater recovered terms water recoveryfactor, R:
(5.148)

where Qp � product water flow, m3/d or gpm
Qf � feedwater flow, m3/d or gpm

Water recovery for most RO plants is designed in the range of 75% to 90%for brackish water and of 30% to 50% for seawater (Movahed, 2006c).The percent of salt rejection (Rej) is:

(5.149)

(5.149a)

(5.149b)

where Cp and Cf � TDS concentrations in permeate and feedwater,respectively.
Salt rejection is commonly measured by the total dissolved solids (TDS).Measurements of conductivity are sometimes used in lieu of TDS. In ROsystem, salt rejection can be achieved at 9% or more for seawaters; whileNF could be as low as 60% to 70% (Movahed, 2006c). Solute rejectionvaries with feedwater concentration, membrane types, water recoveryrate, chemical valance of the ions in the solute, and other factors.

Example 1: A city’s water demand is 26,500 m3/d (7 MGD). What is thesource water (feedwater) flow required for a brackish water RO, if the plantrecovery rate is 98%?

Cp 5
Cf s1 2 Rejd

R  sQasim et al., 2000d

SP 5 Cp
Cf
3 100%

 5 a1 2 product concentration
feedwater concentrationb 3 100%

Rej 5  100 2  salt passage sSPd

Recovery, R 5
Qp
Qf
3 100%
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solution:

rearranging:

or
Example 2: For a brackish water RO treatment plant, the feedwater appliedis 53,000 m3/d (14 MGD) to the membrane and the product water yields42,400 m3/d (11.2 MGD). What is the percentage of concentrate rate?
solution:

Example 3: At a brackish water RO treatment plant, the total dissolvedsolids concentrations for the pretreated feedwater and the product water are2860 and 89 mg/L, respectively. Determine the percentages of salt rejectionand salt passage.
solution:

Step 1: Compute salt rejection using Eq. (5.149)

Step 2. Compute salt passage
Salt passage � 100% � salt rejection

� (100 � 96.9)%
� 3.1 %

 5 96.9%
 5  a1 2 89

2860b 3 100

Salt rejection 5 a1 2 product conc.
feedwater conc.b 3 100%

 5  20%
Percentage of concentrate rate 5 10,600 m3/d

53,000 m3/d 3 100%
 5 10,600 m3/d
 5 s53,000 2 42,400d m3/d
 5 Qf 2 Qp

Rate of concentrate produced 5  feedwater rate 2 product rate

 5 7.13 MGD
 5 27,000 m3/d

Qf 5 s26,500 m3/dd 3 100/98
Recovery 5 Qp

Qf
3 100%
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Example 4: A pretreated feedwater to a brackish water RO process con-tains 2600 mg/L of TDS. The flow is 0.25 m3/s (5.7 MGD). The designed TDSconcentration of the product water is no more than 450 mg/L. The net pres-sure is 40 atm. The membrane manufacturer provides that the membrane hasa water flux rate coefficient of 1.8 � 10�6 s/m and a solute mass transfer rateof 1.2 � 10�6 m/s. Determine the membrane area required.
solution:

Step 1. Compute flux of water
Given: �P � �� � 40 atm � 40 atm � 101.325 kPa/atm

� 4053 kPa
� 4053 kg/m ⋅ s2

W � 1.8 � 10�6 s/m
Using Eq (6.146)

Fw � W (�P � ��) � 1.8 � 10�6 s/m (4053 kg/m ⋅ s2)
� 7.3 � 10�3 kg/m2 ⋅ s

Step 2. Estimate membrane area 
Q � Fw A

rearranging:
A � Q/Fw � (0.25 m3/s) � (1000 kg/m3)/(7.3 �10�3 kg/m2 ⋅ s)

� 34,250 m2

Step 3. Determine permeate TDS (Cp ) with above area

The TDS concentration of the product water is lower than the limit desired.For the purpose of economy, blending some feedwater to the product watercan reduce membrane area.

 5 367 mg/L
 5 367 g/m3
 5 0.367 kg/m3

Cp 5
SCfA

Q 1 SA 5
1.2 3 1026 m/s 3 2.6 kg/m3

3 34,250 m2
0.25 m3/s 1 1.2 3 1026 m/s 3 34,250 m2

QCp 5 FsA5 SsCf 2 CpdA
Fs 5 SsCf 2 Cpd
Cf 5  2600 mg/L 5 2600 g/m3

5 2.6 kg/m3
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Step 4. Estimate blended flows 
Using Cp � 0.367 kg/m3, estimate TDS concentration of the product water.The TDS in the blended water is limited to 0.45 kg/m3.
Mass balance equation would be 

(Qf � Qp) (0.45 kg/m3) � Qf (2.6 kg/m3) � Qp (0.367 kg/m3)
2.15Qf � 0.083Qp � 0 (1)

and
Qf � Qp � 0.25 m3/s

Qp � 0.25 � Qf (2)
Substituting (2) into (1)

2.15Qf � 0.083 (0.25 � Qf) � 0
2.067Qf � 0.02075

Qf � 0.010 (m3/s)
then Qp� (0.25 � 0.01) m3/s � 0.24 m3/s
The water supply will use blending 0.24 m3/s of RO product water and 0.01 m3/sof feedwater (4%).
Step 5. Compute the required membrane area

Example 5: Determine the sizes of a 4 MGD (15,140 m3/d) RO system to pro-duce a final blended water TDS of <300 mg/L. The design average TDS in feed-water is 1100 mg/L. The other design criteria (Crittenden et al., 2005) andconditions are given below: 

 5 32,880 m2

 5 0.24 m3/s 3 1000 kg/m3
7.3 3 1023 kg/m2 # s

A 5
Qp
fw
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Stage 1                                                 Stage 2
2400 m

3
/d 480 m

3
/d

12,000 m
3
/d

9600 m
3
/d 1920 m

3
/d

Bypass 3100 m
3
/d

14,620 m
3
/d



Plant average flow rate, Q 15,100 m3/dFeedwater pressure 1035 kN/m2 (150 psi, 10.3 bar)Feedwater temperature 20ºCSystem recovery factor, R 80% for both stages 1and 2Salt rejection, Rej 96%System design criteriaNumber of RO skids 3Capacity per skid 5040 m3/dMembrane area per element 32.5 m2
Element per pressure vessel 7 maximumNumber of stages per skid 2Average permeate flux for stage 1 22 L/m2 ⋅ hAverage permeate flux for stage 2 17 L/m2 ⋅ h

solution:

Step1. Calculate expected permeate TDS concentration in stage 1, Cp1, usingEq. (5.194b)

Step 2. For stage 1 per skid:  Calculate permeate flow rate (Qp1), concentrateflow rate Qc, and TDS in concentrate Cc (by mass balance)
Qp1 � QR � 5040 m3/d � 0.80 � 4030 m3/d
Qc1 � 5040 m3/d � 4030 m3/d � 1010 m3/d

then 1010 m3/d � Cc � 4030 m3/d � 55 mg/L � 5040 m3/d � 1100 mg/L
Cc � (5040 � 1100�4030 � 55)/1010

� 5270 (mg/L)
Step 3. For stage 2 per skid:  Same as Steps 1 and 2, but using feedwaterflow rate of 1010 m3/d and TDS of 5270 mg/L (which is actual feed to secondstage), we calculate TDS concentration and flow rate, for both permeate (Cp2and Qp2) and concentrate (Cc2 and Qc2) for the stage 2 

Cp2 � 5270 mg/L � 0.04/0.8 � 264 mg/L
Qp2 � 1010 m3/d � 0.8 � 808 m3/d   (say 810 m3/d )  
Qc2 � 1010 m3/d � 810 m3/d � 200 m3/d

and 200 m3/d � Cc2 � 810 m3/d � 264 mg/L � 1010 m3/d � 5270 mg/L
Cc2 � 25,540 mg/L

Step 4. Compute combined permeate flow rate Qp, and its TDS concentra-tion Cp

Qp � Qp1 � Qp2 � 4030 m3/d � 810 m3/d � 4840 m3/d

 5 55 mg/L
Cp1 5 Cfs1–Rejd/R 5 1100 mg/L s1–0.96d/0.80
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and QpCp � Qp1Cp1 � Qp2Cp2
4840 m3/d � Cp � 4030 m3/d � 55 mg /L � 810 m3/d � 264 mg /L

Cp � 90 mg /L
Step 5. Determine the fraction (F) of the plant flow rate for bypass flow Qbfrom feedwater to blend with the final permeate and to meet finished waterTDS <300 mg /L requirement (same Qfinal)

F � 1100 mg /L � (1� F) � 90 mg/L � 1 � 300 mg/L
F � 0.208

Qb � 0.208 � 5040 m3/d � 1050 m3/d
Step 6. Compute feedwater flow rate to be treated (Qt) by RO system tomeet the TDS <300 mg/L requirement

Qt � 5040 m3/d � 1050 m3/d � 3990 m3/d    (say 4000 m3/d )  
Step 7. Determine RO system per skid

Feedwater flow rate � 4000 m3/d
Permeate flow rate � 3200 m3/d
Concentrate flow rate � 800 m3/d
System recovery � 80%
Number of RO skids � 3
Permeate capacity per skid � 3200 m3/d

Step 8. Sizing RO for stage 1 per skid
Capacity per skid � 4000 m3/d � 4000 m3/d � 1000 L/m3 ÷ 24 h/d

� 167,000 L/h
Permeate flow for each element � 32.5 m2

� 22 L/m2 ⋅ h � 715 L/h
Number of elements � (167,000 L/h) / (715 L/h) � 237

Provide 240 elements. Using 6 elements per pressure vessel, 40 pressure ves-sels are needed.
Step 9. Sizing RO for stage 2 per skid

Capacity per array � 4000 m3/d � 0.2 � 800 m3/d � 1000 L/m3 ÷ 24 h/d
� 33,300 L/h

Flux rate for each element � 32.5 m2
� 17 L/m2 ⋅ h � 552.5 L/h

Number of elements � (33,300 L/h)/(552.5 L/h) � 60
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Provide 60 elements. There will be 10 pressure vessels that use 6 elementsper pressure vessel.

16.4 Silt density index

Silt density index (SDI) test involves water filtering in the dead endmode with no cross-flow at a constant pressure of 207 kPa (30 psig). Ituses disc membranes rated at 0.45 �m for a 15-min test with a 500-mLwater sample. The SDI is calculated as (Chellam et al., 1997):

(6.150)

where SDI � silt density index
ti � time initially needed to filter 500 mL of sample
tf � time needed to filter 500 mL at the end of the 15-mintest period

The SDI has been widely used as a rough estimation of the potentialfor colloidal fouling of NF and RO systems. Generally, the feedwatersfor NF and RO should have SDI of 4 or less. (Most manufacturers havea 4 as warranty limit.)
Example: The time initially required to filter 500 mL of dual-media filtereffluent is 14.5 s. The time required to filter 500 mL of the same water sampleat the end of the 15-min test period is 35 s. Calculate the SDI.
solution:

17 Residual from Water Plant

A water treatment plant not only produces drinking water, but is alsoa solids generator. The residual (solids or wastes) comes principallyfrom clarifier basins and filter backwashes. These residuals containsolids which are derived from suspended and dissolved solids in theraw water with the addition of chemicals and chemical reactions.Depending on the treatment process employed, waste from watertreatment plants can be classified as alum, iron, or polymer sludge fromcoagulation and sedimentation; lime sludge or brine waste from water

 5 3.9
SDI 5 a1 2 ti

tf
b100

15 5 a1 2 14.5 s
35 s b 3

100
15

SDI 5 a1 2 ti
tf
b  100

15
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softening; backwash wastewater and spent granular activated carbonfrom filtration; and wastes from iron and manganese removal process,ion exchange process, diatomaceous earth filters, microstrainers, andmembranes.The residual characteristics and management of water plant sludgeand environmental impacts are discussed in detail elsewhere (Lin andGreen, 1987).Prior to the 1970s, residuals from a water treatment plant were dis-posed of in a convenient place, mostly in surface water. Under the 1972Water Pollution Control Act, the discharge of a water plant residualsrequires a National Pollution Discharge Elimination System (NPDES)permit. Residuals directly discharged into surface water is prohibitedby law in most states. Proper residual (solids) handling, disposal, and/orrecovery is necessary for each waterwork nowadays. Engineers mustmake their best estimate of the quantity and quality of residuals gen-erated from the treatment units.
Example 1: A conventional water treatment plant treats an average flowof 0.22 m3/s (5.0 MGD). The total suspended solids (TSS) concentration inraw (river) water averages 88 mg/L. The TSS removal through sedimenta-tion and filtration processes is 97%. Alum is used for coagulation/sedimen-tation purpose. The average dosage of alum is 26 mg/L. Assume thealuminum ion is completely converted to aluminum hydroxide, (a) Computethe average production of alum sludge. (MW: Al � 27, S � 32, O � 16, andH � 1). (b) Estimate the volume of residual produced daily, assuming thespecific gravity of 4.0% solids is 1.02.
solution:

Step 1. Determine quantity (q1) settled for TSS
TSS � 88 mg/L � 88 g/m3 

ql � flow � TSS � % removal
� 0.22 m3/s � 88 g/m3

� 0.97
� 18.8 g/s

Step 2. Determine A1(OH)3 generated, q2
The reaction formula for alum and natural alkalinity in water using Eg. (5.51a):

A12(SO4)3 ⋅ 18H2O � 3Ca(HCO3)2 → 2A1(OH)3 � 3CaSO4 � 6CO2 � 18H2O
27 � 2 � 3(32 � 16 � 4) � 18(18)    2(27 � 17 � 3)
� 666 � 156
The above reaction formula suggests that each mole of dissolved Al3� dosedwill generate 2 moles of A1(OH)3
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Step 3. Compute total residual generated q for (a)

or

or

Step 4. Compute the volume generated daily for (b)
Volume � 1740 kg/d ÷ (1000 kg/m3

� 1.02 � 0.04) 
� 42.6 m3/d

or Volume � 3818 lb/d ÷ (62.4 lb/ft3
� 1.02 � 0.04)

� 1500 ft3/d
Example 2: A river raw water is coagulated with a dosage of 24 mg/L of fer-rous sulfate and an equivalent dosage of 24 mg/L of ferrous sulfate and an equiv-alent dosage of lime. Determine the sludge generated per m3 of water treated.
solution: From Eqs. (5.51 f) and (5.51 g), 1 mole of ferrous sulfate reacts with1 mole of hydrated lime and this produces 1 mole of Fe(OH)3 precipitate.

MW of FeSO4 ⋅ 7H2O � 55.85 � 32 � 4 � 16 � 7 � 18
� 277.85

MW of Fe(OH)3 � 55.85 � 3 � 17 
� 106.85

By proportion
sludge

F.S. dosage 5
106.85
277.85 5 0.3846

 5 3817 lb/d
 5 1740 kg

d 3
2.194 lb

1 kg

 5 1740 kg/d

 5 20.14 gs 3 1 kg
1000 g 3

86,400 s
1 day

 5 20.14 g/s
q 5 q1 1 q2 5 18.8 g /s1 1.34 g/s

 5 1.34 g/s
 5 26 g/m3

3 0.22 m3/s 3 156
666

q2 5 alum dosage 3 flow 3 c156 g AlsOHd3666 g alum d
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or

Note: Mgal � million gallons.
Example 3: A 2-MGD (0.088 m3/s) water system generates 220 lb/Mgal(26.4 mg/L) solids in dry weight basis. The residual solids concentration byweight is 0.48%. Estimate the rate of residual solids production and pump-ing rate if the settled residual is withdrawn every 5 min/h.
solution:

Step 1. Calculate residual production

Step 2. Calculate pump capacity required
7.63 gpm � 60/5 � 92 gpm

17.1 Residual production and density

The quantity of residuals (called sludge) generated from clarifiers arerelated to coagulants used, raw water quality, and process design. Theresidual production for whole water plant as the weight per unit volumetreated (g/m3 or lb/Mgal) and its solids concentration should be deter-mined. These values with the average flow rate will be used for the esti-mation of daily residual production. Then the residual production ratecan be employed for the design of residual (sludge) treatment units,commonly intermitted sand drying bed. The density of residuals (poundsper gallon) can be estimated using the following equation:
(5.151a)w 5

8.34
Cs/rs 1 c/r    sUS customary unitsd

s220 lb/Mgalds2 MGDd
s8.34 lb/galds0.0048d 5 10,990 gpd 5 7.63 gpm

 5 77.0 lb/Mgal
 5 9.23 g

m3 3
0.0022 lb

1 g 3
1 m3

2.642 3 1024 Mgal

 5 9.23 g/m3

 5 9.23 mg
L 3

1g
1000 mg 3

1000 L
1m3

 5 9.23 mg/L
 5 24 mg/L3 0.3846

Sludge 5 F.S. dosage 3 0.3846
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(5.151b)

where w � density of residuals, lb/gal or kg/L
cs � weight fractional percent of solids
c � weight fractional percent of water

�s � specific gravity of solid
� � specific gravity of water (approximately 1.0)

Example 1: Calculate the sludge density (lb/gal) for a 6% sludge composedof solids with a specific gravity of 2.48.
solution:

Step 1. Find specific gravity of 6% residual (sludge) �r
Weight fraction of sludge, solids, and water are 1.0, 0.06, and 0.94, respectively. Using mass balance, we obtain

Step 2. Determine the density of the residue

or
Note: This solution is a kind of proof of Eq. (5.151).

Example 2: A water plant treats 4.0 MGD (0.175m3/s) and generates 240 lbof residuals per million gallons (Mgal) treated (28.8 g/m3). The solid concen-tration of the residuals is 0.5%. Estimate: (a) the daily production of residu-als, (b) the pump capacity, if the pump operates for 12 min each hour, and (c)the density of the residuals, assuming the specific density of the residual is2.0 with 4% solids.
solution:

Step 1. Determine residual production rate q

(a)
 5 16.0 gpm
 5 23,020 gpd

q 5 s4 MGDds240 lb/Mgald
s0.005ds8.34 lb/gald

 5 1037 g/L
 5 8.65 lb/gal

Density 5 rr 3 8.34 lb/gal 5 1.037 3 8.34 lb/gal

rr 5 1.037

1
rr
5

0.06
rs

1
0.94
r

5
0.06
2.48 1

0.94
1.0

w 5
1

cs/rs 1 c/r    sSI unitsd
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Step 2. Find pump capacity qp

(b)
Step 3. Estimate residual density w, using Eq. (5.151)

(c)

Example 3: In a 1 MGD (0.0438 m3/s) waterworks, 1500 lb of dry solidsare generated per million gallons of water treated. The sludge is concen-trated to 3% and then applied to an intermittent sand drying bed at a 18-indepth, with 24 beds used per year. Determine the surface area needed forthe sand drying bed.
solution:

Step 1. Calculate yearly 3% sludge volume, v
v � 1500 lb/Mgal � 1 Mgal/d/0.03

� 50,000 lb/d
� 50,000 lb/d � 365 d/(62.41b/ft3)
� 292,500 ft3

� 8,284 m3

Step 2. Calculate area A (D � depth, n � number of applications/year)
v � ADn

or A � v/Dn � 292,500 ft3/(1.5 ft � 24)
� 8125 ft2 

� 755 m2

18 Disinfection

Disinfection is a process to destroy disease-causing organisms, orpathogens. Disinfection of water can be done by boiling the water,ultraviolet radiation, and chemical inactivation of the pathogen. In thewater treatment processes, pathogens and other organisms can bepartly physically eliminated through coagulation, flocculation, sedi-mentation, and filtration, in addition to the natural die-off. After fil-tration, to ensure pathogen-free water, the chemical addition of

 5 8.51 lb/gal
w 5

8.34
0.04/2.0 1 0.96/1.0

 5 80 gpm
qp 5 16 gpm 3

60 min
12 min
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chlorine (so called chlorination), rightly or wrongly, is most widely usedfor disinfection of drinking water. This less expensive and powerful dis-infection of drinking water provides more benefits than its short comingdue to disinfection by-products (DBPs). DBPs have to be controlled. Theuse of ozone and ultraviolet for disinfection of water and wastewateris increasing in the United States.Chlorination serves not only for disinfection, but as an oxidant forother substances (iron, manganese, cyanide, etc.) and for taste and odorcontrol in water and wastewater. Other chemical disinfectants includechlorine dioxide, ozone, bromine, and iodine. The last two chemicals aregenerally used for personal application, not for the public water supply.
18.1 Chemistry of chlorination

Free available chlorine. Effective chlorine disinfection depends upon itschemical form in water. The influencing factors are temperature, pH, andorganic content in the water. When chlorine gas is dissolved in water, it rapidly hydrolyzes to hydrochloric acid (HCl) and hypochlorous acid (HOCl)
Cl2 � H2O ↔ H�

� Cl�
� HOCl (5.152)

The equilibrium constant is

(5.153)
The dissolution of gaseous chlorine, Cl2(g), to form dissolved molecu-lar chlorine, Cl2(aq) follows Henry’s law and can be expressed as (Downsand Adams, 1973)

(5.154)
where [Cl2(aq)] � molar concentration of Cl2

PCl2 � partial pressure of chlorine in atmosphere
The distribution of free chlorine between HOCl and OCl� is presentedin Fig. 5.10. The disinfection capabilities of HOCl is generally higherthan that of OCl� (Water, 1978).

(5.155) 5 4.805 3 1026expa2818.48
T b

H 5 Henry’s law constant, mol/L atm

Cl2sgd 5
Cl2saqdHsmol/L atmd 5

[Cl2saqd]
PCl2

 5 4.48 3 1024 at 258C sWhite, 1972d

KH 5
[H1][Cl2][HOCl]

[Cl2saqd]
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Hypochlorous acid is a weak acid and subject to further dissociationto hypochlorite ions (OCl�) and hydrogen ions:
HOCl ↔ OCl� 

� H� (5.156)
and its acid dissociation constant Ka is

(5.157)

The values of Ka for hypochlorous acid is a function of temperature inkelvins as follows (Morris, 1966):
ln Ka � 23.184 � 0.058T � 6908/T (5.158)

Example 1: The dissolved chlorine in the gas chlorinator is 3900 mg/L at pH4.0. Determine the equilibrium vapor pressure of chlorine solution at 25°C(use KH � 4.5 � 10�4).
solution:

Step 1.
Since pH � 4.0 < 5, from Fig. 5.10, the dissociation of HOCl to OCl� is notoccurring. The available chlorine is [Cl2] � [HOCl]:

� 0.055 mol/L
[HOCl] � 0.055 � [Cl2]

[Cl2] 1 [HOCl] 5 3900 mg/L 5 3.9 g/L
70.9 g/mol

 5 2.61 3 1028 at 208C
 5 3.7 3 1028 at 258C

Ka 5
[OCl2][H1]

[HOCl]
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Figure 5.10 Distribution of chlorine species (Snoeyink and Jenkins, 1980).
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Step 2. Compute [H�]

Step 3. Apply KH at 25°C

Substitute [H�] from Step 2

From Eq. (5.152), it can be expected that, for each mole of HOCl produced,one mole of Cl� will also be produced. Assuming there is no chloride in thefeedwater, then
[Cl�] � [HOCl] � 0.055 � [Cl2]

Step 4. Solve the above two equation

Step 5. Compute H using Eq. (5.155)

Note: [HOCl] in negligible
 5 0.062 mol/L #  atm

H 5 4.805 3 1026expa 2818.48
25 1 273b

[Cl2] 5 0.055 3 10211smol/Ld
 5 0.2345 3 1026

[Cl2]1/2
5
20.0002/2 ± 20.0002122

1 0.22
2

[Cl2] 1 0.0002/2[Cl2]1/2
2 0.055 5 0

0.0002/2[Cl2]1/2
5 0.055 2 [Cl2]

4.5 3 108
5
s0.055 2 [Cl2]d2[Cl2]

4.5 3 1028
5

[Cl2][HOCl]
[Cl2]

KH 5  4.5 3 1024
5

[H1][Cl2][HOCl]
[Cl2]

[H1] 5 1024

pH 5 4.0 5 log 1
[H1]
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Step 6. Compute the partial pressure of chlorine gas
PCl2 � [Cl2]/H � (0.055 � 10�11 mol/L) (0.062 mol/(L ⋅ atm))

� 0.89 � 10�11 atm
or � 8.9 � 10�12 atm � 101,325 Pa/atm

� 9.0 � 10�7 Pa

Example 2: A water treatment plant uses 110 lb/d (49.9 kg/d) of chlorine totreat 10.0 MGD (37,850 m3/d or 0.438 m3/s) of water. The residual chlorineafter 30 min contact time is 0.55 mg/L. Determine the chlorine dosage andchlorine demand of the water.
solution:

Step 1. Calculate chlorine demand
Since l mg/L � 8.341b/Mgal

or solve by SI units:
Since 1 mg/L � 1 g/m3

Chlorine dosage � (49.9 kg/d) � (1000 g/kg)/(37,850 m3/d)
� 1.32 g/m3 

� 1.32 mg/L
Step 2. Calculate chlorine demand

Chlorine demand � chlorine dosage � chlorine residual
� 1.32 mg/L � 0.55 mg/L
� 0.77 mg/L

Example 3: Calcium hypochlorite (commercial high-test calcium hypochlo-rite, HTH) containing 70% available chlorine is used for disinfection of anew main. (a) Calculate the weight (kilograms) of dry hypochlorite powderneeded to prepare a 2.0% hypochlorite solution in a 190-L (50 gal) con-tainer. (b) The volume of the new main is 60,600 L (16,000 gal). How muchof the 2 percent hypochlorite solution will be used with a feed rate of 55 mg/L of chlorine?

 5 1.32 mg/L
Chlorine dosage 5 110 lb/d

10.0 Mgal/d 3
1 mg/L

8.34 lb/Mgal
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solution:

Step 1. Compute kg of dry calcium hypochlorite powder needed

Step 2. Compute volume of 2% hypochlorite solution needed
2% solution � 20,000 mg/L �20 g/LLet X � 2% hypochlorite solution neededThen (20,000 mg/L) (X L) � (55 mg/L) (60,600 L)

X � 167 L

Combined available chlorine. Chlorine reacts with certain dissolved con-stituents in water, such as ammonia and amino nitrogen compounds toproduce chloramines. These are referred to as combined chlorine. Inthe presence of ammonium ions, free chlorine reacts in a stepwisemanner to form three species: monochloramine, NH2Cl; dichloramine,NHCl2; and trichloramine or nitrogen trichloride, NCl3.
(5.159)

or (5.160)
(5.161)
(5.162)

At high pH, the reaction for forming dichloramine from monochlo-ramine is not favored. At low pH, other reactions occur as follows:
(5.163)
(5.164)

Free residual chlorine is the sum of [HOCl] and [OCl�]. In practice,free residual chlorine in water is 0.5 to 1.0 mg/L. The term “total avail-able chlorine” is the sum of “free chlorine” and “combined chlorine.”Chloramines are also disinfectants, but they are more slower to actthan that of hypochlorite.Each chloramine molecule reacts with two chlorine atoms. Therefore,each mole of mono-, di-, and trichloramine contains 71, 142, and 213 gof available chlorine, respectively. The molecular weight of these three

NH3Cl1 1 NH2Cl 4 NHCl2 1 NH14

NH2Cl 1 H1 4 NH3Cl1

NHCl2 1 HOCl 4 NCl3 1 H2O
NH2Cl 1 HOCl 4 NHCl2 1 H2O
NH3saqd 1 HOCl 4 NH2C1 1 H2O

NH14 1 HOCl 4 NH2Cl 1 H2O 1 H1

 5 5.42 kg
Weight 5 190 L 3 1.0 kg/L 3 0.02

0.70
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chloramines are respectively 51.5, 85.9, and 120.4. Therefore, the chlo-ramines contain 1.38, 1.65, and 1.85 g of available chlorine per gram ofchloramine, respectively.The pH of the water is the most important factor on the formation ofchloramine species. In general, monochloramine is formed at pH above7. The optimum pH for producing monochloramine is approximately 8.4.
Breakpoint chlorination. When the molar ratio of chlorine to ammoniais greater than 1.0, there is a reduction of chlorine and oxidation ofammonia. A substantially complete oxidation—reduction process occursin ideal conditions by a 2:1 ratio and results in the disappearance of allammonium ions with excess free chlorine residual. This is called thebreakpoint phenomenon. As shown in Fig. 5.11, chlorine reacts witheasily oxidized constituents, such as iron, hydrogen sulfide, and someorganic matter. It then continues to oxidize ammonia to form chlo-ramines and chloroorganic compound below a ratio of 5.0(which is around the peak). The destruction of chloramines and chloroor-ganic compounds are between the ratio of 5.0 and 7.6. The ratio at 7.6is the breakpoint. All chloramines and other compounds are virtuallyoxidized. Further addition of chlorine becomes free available chlorine,HOCl, and OCl�. At this region, it is called breakpoint chlorination.The breakpoint chlorination can be used as a means of ammonianitrogen removal from waters and wastewaters. The reaction is:

2NH3 � 3HOCl ↔ N2 ↑ � 3H�
� 3Cl�

� 3H2O (5.165)
or 2NH3 � 3Cl2 ↔ N2 ↑ � 6HCl (5.166)

NH3 � 4Cl2 � 3H2O ↔ NO�3 � 8Cl�
� 9H� (5.167)

Cl2:NH14
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In practice, the breakpoint does not occur at a Cl2: NH�4 mass ratio ofaround 10:1, and mass dose ratio of 15:1 or 20:1 is applied (White, 1972;Hass, 1990).McKee et al. (1960) developed the relationship of available chlorinein the form of dichloramine to available chlorine in the form of mono-chloramine as follows:

(5.168)

where A � ratio of available chlorine in di- to monochloramine 
M � molar ratio of chlorine (as Cl2) added to ammonia-N present
B � 1 � 4Keq[H�] (5.169)

where the equilibrium constant keq is from
H�

� 2NH2Cl ↔ NH�4 � NHCl2 (5.170)
(5.171)

� 6.7 � 105 L/mol at 25°C
The relationship (Eq. (5.168)) is pH dependent. When pH decreasesand the Cl:N dose ratio increases, the relative amount of dichloraminealso increases.
Example: The treated water has pH of 7.4, a temperature of 25°C, and a freechlorine residual of 1.2 mg/L.Chloramine is planned to be used in the distribution system. How muchammonia is required to keep the ratio of dichloramine to monochloramine of0.15, assuming all residuals are not dissipated yet.
solution:

Step 1. Determine factor B by Eq. (5.171)
Keq � 6.7 � 105 L/mol at 25°C
pH � 7.4, [H�] � 10�7.4

From Eq. (5.169)
B � 1 � 4Keq [H�] � 1 � 4 (6.7 � 105) (10–7.4) 

� 0.893
Step 2. Compute molar ratio M

A � 0.15

Keq 5
[NH14 ][NHCl2][H1][NH2Cl]2

A 5
BM

1 2 [1 2 BMs2 2 Md]1/2 2 1
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Using Eq. (5.168)

Step 3. Determine the amount of ammonia nitrogen (N) to be added

Chlorine dioxide. Chlorine dioxide (ClO2) is an effective disinfectant (1.4times that of the oxidation power of chlorine). It is an alternative disin-fectant of potable water, since it does not produce significant amounts oftrihalomethanes (THMs) which chlorine does. Chlorine dioxide has notbeen widely used for water and wastewater disinfection in the UnitedStates. In western Europe, the use of chlorine dioxide is increasing.Chlorine dioxide is a neutral compound of chlorine in the �IV oxida-tion state, and each mole of chlorine dioxide yields five redox equivalents(electrons) on being reduced to chlorine ions. The chemistry of chlorinedioxide in water is relatively complex. Under acid conditions, it isreduced to chloride:
ClO2 � 5e � 4H� ↔ Cl�

� 2H2O (5.172)

 5  0.30 mg/L as N
 5 2.12 3 1025 mol/L 3  14 g of N/mol
 5  2.12 3 1025 mol/L

NH3 5 1.7 3 1025smol/Ld/0.80
M 5

1.7 3 1025 mol/L
NH3

 5  1.7 3  1025 mol/L
1.2 mg/L of Cl2 5 1.2 mg/L

70.9 g/mol 3 0.001 g/mg
Mole wt. of Cl2 5 70.9 g

M 5 0.80
0.29M2

2 0.232M 5 0
 s1 2 0.777M d2 5 1 2 0.893Ms2 2 Md

1 2 [1 2 0893Ms2 2 M d]1/2
5 0.777M

0.15 5 0.893M
1 2 [1 2 0.893M s2 2 Md]21/2 2 1

A 5
BM

1 2 [1 2 BM s2 2 Md]1/2 2 1
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Under reactively neutral pH found in most natural water it is reducedto chlorite:
ClO2 � e ↔ ClO2� (5.173)

In alkaline solution, chlorine dioxide is disproportioned into chlorite,ClO�2, and chlorate, ClO3:
2ClO2 � 2OH– ↔ ClO�2 � ClO�3 � H2O (5.174)

Chlorine dioxide is generally generated at the water treatmentplant prior to application. It is explosive at elevated temperatures andon exposure of light or in the presence of organic substances. Chlorinedioxide may be generated by either the oxygeneration of lower-valencecompounds (such as chlorites or chlorous acid) or the reduction of amore oxidized compound of chlorine. Chlorine dioxide may be gener-ated by oxidation of sodium chlorite with chlorine gas by the followingreaction.
2NaClO2 � Cl2 ↔ 2NaCl � 2ClO2 (5.175)

The above equation suggests that 2 moles of sodium chlorite react with1 mole of chlorine to produce 2 moles of chlorine dioxide.Chlorine dioxide is only 60% to 70% pure (James M. MontgomeryConsulting Engineering, 1985). Recent technology has improved it toin excess of 95%. It is a patented system that reacts gaseous chlorinewith a concentrated sodium chlorite solution under a vacuum. Thechlorine dioxide produced is then removed from the reaction chamberby a gas ejector, which is very similar to the chlorine gas vacuum feedsystem. The chlorine dioxide solution concentration is 200 to 1000 mg/Land contains less than 5% excess chlorine (ASCE and AWWA, 1990).
Example: A water treatment plant has a chlorination capacity of 500 kg/d(1100 lb/d) and is considering the switch to using chlorine dioxide for disin-fection. The existing chlorinator would be employed to generate chlorine diox-ide. Determine the theoretical amount of chlorine dioxide that can begenerated and the daily requirement of sodium chlorite.
solution:

Step 1. Find ClO2 generated by Eq. (5.175)
2NaClO2 � Cl2 ↔ 2NaCl � 2ClO2

MW 180.9 70.9 134.9
y 500 kg/d x
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Step 2. Determine NaClO2 needed

18.2 Ozonation

Ozone (O3) is a blue (or colorless) unstable gas at the temperature andpressure encountered in water and wastewater treatment processes. Ithas a pungent odor. Ozone is one of the most powerful oxidizing agents.It has been used for the purposes of disinfection of water and wastewaterand chemical oxidation and preparation for biological processing, suchas nitrification.Ozonation of water for disinfection has been used in France, Germany,and Canada. Interest in ozonation in water treatment is increasing inthe US due to THMs problems of chlorination. Ozone is an allotrope ofoxygen and is generated by an electrical discharge to split the stableoxygen–oxygen covalent bond as follows:
3O2 � energy ↔ 2O3 (5.176)

The solubility of ozone in water follows Henry’s law. The solubility con-stant H is (ASCE and AWWA, 1990):
H � (1.29 � 106/T ) � 3721 (5.177)

where T is temperature in Kelvin.
The maximum gaseous ozone concentration that can be generatedis approximately 50 mg/L (or 50 g/m3). In practice, the maximum solu-tion of ozone in water is only 40mg/L (US EPA, 1986). Ozone produc-tion in ozone generators from air is from 1% to 2 % by weight, andfrom pure oxygen ranges from 2% to 10% by weight. One percent byweight in air is 12.9 g/m3 (� 6000 ppm) and 1% by weight in oxygenis 14.3 g/m3 (� 6700 ppm). Residual ozone in water is generally 

5  2810 lb/d
 5 1276 kg/d

y 5 500 kg/d
70.9 g 3 18.9 g

 5  2100 lb/d
 5  951 kg/d

x 5 500  kg/d
70.9  g 3 134.9 g
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0.1 to 2 g/m3 (mg/L) of water (Rice, 1986). The ozone residual presentin water decays rapidly

18.3 Disinfection kinetics

Although much research has been done on modeling disinfection kinet-ics, the classical Chick’s law or Chick–Watson model is still commonlyused. Basic models describing the rate of microorganism destruction ornatural die-off is Chick’s law, a first-order chemical reaction:
ln(N/N0) � �kt (5.178a)

or �dN/dt � kt (5.178b)
where N � microbial density present at time t

N0 � microbial density present at time 0 (initial)
k � rate constant
t � time

�dN/dt � rate of decrease in microbial density
Watson refined Chick’s equation and develop an empirical equationincluding changes in the concentration of disinfectant as the followingrelationship:

k � k′Cn (5.179)
where k′ � corrected die-off rate, presumably independent of 

C and N
C � disinfection concentration
n � coefficient of dilution

The combination of Eqs. (5.178a) and (5.179) yields
ln(N/N0) � �k′Cnt (5.180a)

or �dN/dt � k′tCn (5.180b)
The disinfection kinetics is influenced by temperature, and theArrhenius model is used for temperature correction as (US EPA, 1986):

k′T � k′20�
(T�20) (5.181)

where k′T � rate constant at temperature T, °C
k′20 � rate constant at 20°C 

� � empirical constant
The Chick–Watson relationship can plot the disinfection data of thesurvival rate (N/N0) on a logarithmic scale against time, and a straight

474 Chapter 5



line can be drawn. However, in practice, most cases do not yield astraight line relationship. Hom (1972) refined the Chick–Watson modeland developed a flexible, but highly empirical kinetic formation as fol-lows:
�dN/dt � k′NtmCn (5.182)

where m � empirical constant
� 2 for E. coli

Other variables are as previous statedFor changing concentrations of the disinfectant, the disinfection effi-ciency is of the following form (Fair et al., 1968):
Cntp � constant (5.183)

where tp is the time required to produce a constant percent of kill or die-off. This approach has evolved into a “CT” (concentration � contact time)regulation to ensure a certain percentage kills of Crypotosporidium,
Giardia, and viruses. The percentage kills are expressed in terms of logremovals.

18.4 CT values

On June 29, 1989, the US Environmental Protection Agency (1989b)published the final Surface Water Treatment Regulations (SWTR),which specifies that water treatment plants using surface water as asource or groundwater under the influence of surface water, and with-out filtration, must calculate CT values daily. The CT value refers to thevalue of disinfectant content or disinfectant residual, C (mg/L), multi-plied by the contact time, T (minutes, or min). Disinfectants include chlo-rine, chloramines, ozone, and chlorine dioxide.
Regulations. The US EPA reaffirms its commitment to the current SafeDrinking Water Act, which includes regulations related to disinfectionand pathogenic organism control for water supplies. Public water supplyutilities must continue to comply with current rules while new rules formicroorganisms and disinfectants/disinfection by-products are beingdeveloped.The Surface Water Treatment Rule requires treatment for Giardiaand viruses of all surface water and groundwater under the direct influ-ence of surface water. Public water systems are required to comply witha new operating parameter, the so-called CT value, an indicator of theeffectiveness of the disinfection process. This parameter depends on pHand temperature to remove or inactivate Giardia lamblia (a protozoan)and viruses that could pass through water treatment unit processes.
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Requirements (US EPA, 1999) for treatment (using the best availabletechnology) such as disinfection and filtration are established in placeof a maximum contaminant level (MCL) for Giardia, Legionella, het-erotrophic plate count (HPC), and turbidity. Total treatment of thesystem must achieve at least 99.9% (3-log) removal or inactivation of 
G. lamblia cysts and 99.99% (4-log) removal of inactivation of viruses.To avoid nitration, a system must demonstrate that its disinfection con-ditions can achieve the above efficiencies every day of operation exceptduring any one day each month. Filtered water turbidity must at no timeexceed 5 NTU (nephelo-metric turbidity units), and 95 percent of the tur-bidity measurements must meet 0.5 NTU for conventional and direct fil-tration and 1.0 NTU for slow sand filtration and diatomaceous earthfiltration. Turbidity must be measured every 4 h by grab sampling orcontinuous monitoring. Cryptosporidium was not regulated by theSWTR in 1989 because sufficient data about the organism were lackingat the time.The residual disinfectant in finished water entering the distributionsystem should not be less than 0.2 mg/L for at least 4 h. The residualdisinfectant at any distribution point should be detectable in 95% of thesamples collected in a month for any two consecutive months. A waterplant may use HPC in lieu of residual disinfectant. If HPC is less than500 per 100 mL, the site is considered to have a detectable residual forcompliance purposes (US EPA, 1989a).There are some criteria for avoiding filtration. The water plant mustcalculate the CT value daily. The water plant using filtration may or maynot need to calculate CT values, depending on state primary require-ments. The primary agency credits the slow sand filter, which produceswater with turbidity of 0.6 to 0.8 NTU, with 2-log Giardia and virusremoval. Disinfection must achieve an additional 1-log Giardia and2-log virus removal/inactivation to meet the overall treatment objective.The Interim Enhanced Surface Water Treatment Rule (US EPA,1999a) defines a disinfection profile as a compilation of daily Giardiaand/or virus log inactivations over a period of a year or more (may be 3 years). Inactivation of pathogens is typically reported in orders ofmagnitude inactivation of organisms on a logarithmic scale.The disinfection profile is a graphical representation of the magnitudeof daily Giardia or virus log inactivation that is developed, in part,based on daily measurements of operational data (disinfectant residualconcentration, contact time, pH, and temperature). A plot of daily loginactivation values versus time provides a visual representation of thelog inactivation the treatment system achieved over time. Changes inlog inactivation due to disinfectant residual concentrations, tempera-ture, flow rate, or other changes can be seen from this plot (US EPA,1999b).
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Determination of CT values. Calculation of CT values is a complicatedprocedure depending on the configuration of the whole treatmentsystem, type and number of point applications, and residual concen-tration of disinfectant (Pontius, 1993).A water utility may determine the inactivation efficiency based on onepoint of disinfectant residual measurement prior to the first customer,or on a profile of the residual concentration between the point of disin-fectant application and the first customer. The first customer is thepoint at which finished water is first consumed. To determine compli-ance with the inactivation (Giardia and viruses) requirements, a watersystem must calculate the CT value(s) for its disinfection conditionsduring peak hourly flow once each day that it is delivering water to itsfirst customers. To calculate CT value, T is the time (in minutes) thatthe water moves, during the peak hourly flow, between the point of dis-infectant application and the point at which C, residual disinfectant con-centration, is measured prior to the first customer. The residualdisinfectant concentration, C, pH, and temperature should be meas-ured each day during peak hourly flow at the effluents of treatmentunits (each segment or section) and at the first customer’s tap. The seg-ments may include the inflow piping system, rapid mixer, flocculators,clarifiers, filters, clearwells, and distribution systems.The contact time, T, is between the application point and the point ofresidual measured or effective detention time (correction factor fromhydraulic retention time, HRT). The contact time in pipelines can beassumed equivalent to the hydraulic retention time and is calculated bydividing the internal volume of the pipeline by the peak hourly flow ratethrough the pipeline. Due to short circuiting, the contact time in mixingtanks, flocculators, settling basins, clearwells, and other tankages shouldbe determined from tracer studies or an equivalent demonstration. Thetime determined from tracer studies to be used for calculating CT is T10.In the calculation of CT values, the contact time, designated by T10, isthe time needed for 10% of the water to pass through the basin or reser-voir. In other words, T10 is the time (in minutes) that 90% of the water(and microorganisms in the water) will be exposed to disinfectant in thedisinfection contact chamber.The contact time T10 is used to calculate the CT value for each sec-tion. The CTcal is calculated for each point of residual measurement.Then the inactivation ratio, CTcal/CT99.9 or CTcal/CT99 should be calcu-lated for each section. CT99.9 and CT99 are the CT values to achieve99.9% and 99% inactivation, respectively. Total inactivation ratio isthe sum of the inactivation ratios for each section (sum CTcal/CT99.9). Ifthe total inactivation ratio is equal to or greater than 1.0, the systemprovides more than 99.9% inactivation of Giardia cysts and meets thedisinfection performance requirement. In fact, many water plants meet
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the CT requirement for 3-log Giardia inactivation because the plant con-figurations allow for adequate contact time.Calculation of CT values is a complicated procedure and depends onthe configuration of the entire treatment system, type and number ofpoint applications, and residual concentration of disinfectant (US EPA,1999). The water temperature, pH, type and concentration of disinfec-tant, and effective retention time (ERT) determine the CT values. Flowpatterns and tank configurations of flocculators, clarifiers, and clearwells(location of influent and effluent pipe, and the baffling condition) affectthe ERT. The ERT is different from the HRT in most instances.The theoretical contact time, Ttheo, can be determined as (assumingcompletely mixed tank):
Ttheo � V/Q (5.184)

where Ttheo � time (� HRT), minutes (min)V � volume of tank or pipe, gallons or m3
Q � flow rate, gallons per minute, gpm or m3/s

The flow rate can be determined by a theoretical calculation or by usingtracer studies. An empirical curve can be developed for T10 against Q.For the distribution pipelines, all water passing through the pipe isassumed to have detention time equal to the theoretical (Eq. (5.184)) ormean residence time at a particular flow rate, i.e., the contact time is100% of the time the water remains in the pipe.In mixing basins, storage reservoirs, and other treatment plantprocess units, the water utility is required to determine the contacttime for the calculation of the CT value through tracer studies or othermethods approved by the primacy agency, such as the state EPA.The calculation of contact time T for treatment units is not astraightforward process of dividing the volume of tank or basin by theflow through rate (Eq. 5.184). Only a partial credit is given to take intoaccount short circuiting that occurs in tanks without baffles. Theinstructions on calculating the contact time (out of the scope of thismanual) are given in Appendix C of the Guidance Manual (US EPA,1989a).Baffling is used to maximize utilization of basin volume, increase theplug flow zone in the basin, and to minimize short circuiting. Some formof baffling is installed at the inlet and outlet of the basin to evenly dis-tribute flow across the basin. Additional baffling may be installed withinthe interior of the basin. Baffling conditions generally are classified aspoor, average, or superior and are based on results of tracer studies foruse in determining T10 from the theoretical detention time of a tank. The
T10/T fractions associated with various degrees of baffling conditions are
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shown in Table 5.7. In practice, theoretical T10/T values of 1.0 for plugflows and 0.1 for mixed flow are seldom achieved due to the effect of deadspace. Superior baffling conditions consist of at least a baffled inlet andoutlet, and possibly some intrabasin baffling to redistribute the flowthroughout the basin’s cross section. Average baffling conditions includeintrabasin baffling and either a baffled inlet or outlet. Poor baffling con-ditions refer to basins without intrabasin baffling and unbaffled inletsand outlets.The procedure to determine the inactivation capability of a water plantis summarized as follows (US EPA, 1989a, 1990, 1999; IEPA, 1992):
1. Determine the peak hourly flow rate (Q in gpm) for each day frommonitoring records.
2. Determine hydraulic detention time: HRT � T � V/Q.
3. Calculate the contact time (T10) for each disinfection segment basedon baffling factors or tracer studies.
4. Find correction factor, T10/T, look at the actual baffling conditionsto obtain T10 from Table 5.6.
5. Compute effective retention time (ERT) � HRT � (T10/T).
6. Measure the disinfectant residual: C in mg/L (with pH, and tem-perature in °C) at any number of points within the treatment trainduring peak hourly flow (in gpm).
7. Calculate CT value (CTcal) for each point of residual measurement(using ERT for T) based on actual system data.
8. Find CT99.9 or CT99.99 value from Tables 5.7 or 5.9 (from Appendix Eof the Manual, US EPA, 1989a) based on water temperature, pH,residual disinfectant concentration, and log10 removal � 3 or 4.
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TABLE 5.7 Classification of Baffling and T10 /T Values

Condition of baffling Description of baffling T10/T
Unbaffled (mixed flow) No baffle, agitated basin, very low length-to-width 0.1ratio, high inlet and outlet flow velocities
Poor Single or multiple unbaffled inlets and outlet, no 0.3intrabasin baffles
Average Only baffled inlet or outlet, with some intrabasin 0.5baffles
Superior Perforated inlet baffle, serpentine or perforated 0.7intrabasin baffles, outlet weir, or perforated launders
Perfect (plug flow) Very high length-to-width ratio (pipeline flow), 1.0perforated inlet, outlet, and intrabasin baffles

SOURCE: Table C-5 of the US EPA Guidance Manual (US EPA, 1989a)



9. Compute the inactivation ratio, CTcal/CT99.9 and CTcal/CT99.99 for
Giardia and viruses, respectively.

10. Calculate the estimated log inactivation by multiplying the ratioof step 9 by 3 for Giardia and by 4 for viruses, because CT99.9and CT99.99 are equivalent to 3-log and 4-log inactivations, respectively.
11. Sum the segment log inactivation of Giardia and viruses (such asrapid mixing tanks, flocculators, clarifiers, filters, clearwell, andpipelines) to determine the plant total log inactivations due todisinfection.
12. Determine whether the inactivations achieved are adequate. If thesum of the inactivation ratios is greater than or equal to one, therequired 3-log inactivation of Giardia cysts and 4-log viruses inac-tivation have been achieved.
13. The total percent of inactivation can be determined as:

y � 100 � 100/10x (5.185)
where y � % inactivation

x � log inactivation
Tables 5.8 and 5.9 present the CT values for achieving 99.9% and99% inactivation of G. lamblia. Table 5.10 presents CT values forachieving 2-, 3-, and 4-log inactivation of viruses at pH 6 through 9(US EPA, 1989b). The SWTR Guidance Manual did not include CTvalues at pH above 9 due to the limited research results available atthe time of rule promulgation. In November 1997, a new set of pro-posed rules was developed for the higher pH values, up to pH of 11.5(Federal Register, 1997).
Example 1: What are the percentages of inactivation for 2- and 3.4-logremoval of Giardia lamblia?
solution: Using Eq. (5.185)

y � 100 � 100/10x

as x � 2
y � 100 � 100/102

� 100 � 1 � 99(%)
as x � 3.4

y � 100 � 100/103.4
� 100 � 0.04 � 99.96(%)

Example 2: A water system of 100,000 gpd (0.0044 m3/s) using a slow sandfiltration system serves a small town of 1000 persons. The filter effluent turbidity
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values are 0.4 to 0.6 NTU and pH is about 7.5. Chlorine is dosed after filtra-tion and prior to the clearwell. The 4-in (10 cm) transmission pipeline to thefirst customer is 1640 ft (500 m) in distance. The residual chlorine concen-trations in the clearwell and the distribution main are 1.6 and 1.0 mg/L,respectively. The volume of the clearwell is 70,000 gal (265 m3). Determine
Giardia inactivation at a water temperature of 10°C at the peak hour flow of100 gpm.
solution:

Step 1.An overall inactivation of 3 logs for Giardia and 4 logs for viruses isrequired. The Primacy Agency can credit the slow sand filter process, whichproduces water with turbidity ranging from 0.6 to 0.8 NTU, with a 2-log
Giardia and virus inactivation. For this example, the water system meetsthe turbidity standards. Thus, disinfection must achieve an additional 
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TABLE 5.8 CT Values [(mg/l)min] for Achieving 99.9% (3 log) Inactivation 
of Giardia lamblia

Disinfectant, Temperature, °C
mg/L pH 0.5  or <1 5 10 15 20 25
Freechlorine≤0.4 6 137 97 73 49 36 247 195 139 104 70 52 358 277 198 149 99 74 509 390 279 209 140 105 701.0 6 148 105 79 53 39 267 210 149 112 75 56 378 306 216 162 108 81 569 437 312 236 156 117 781.6 6 157 109 83 56 42 287 226 155 119 79 59 408 321 227 170 116 87 589 466 329 236 169 126 822.0 6 165 116 87 58 44 297 236 165 126 83 62 418 346 263 182 122 91 619 500 353 265 177 132 883.0 6 181 126 95 63 47 327 261 182 137 91 68 468 382 268 201 136 101 679 552 389 292 195 146 97ClO2 6–9 63 26 23 19 15 11Ozone 6–9 2.9 1.9 1.43 0.95 0.72 0.48Chloramine 6–9 3800 2200 1850 1500 1100 750

SOURCE: Abstracted from Tables E-1 to E-6, E-8, E-10, and E-12 of the US EPA GuidanceManual (US EPA, 1989a)
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TABLE 5.9 CT Values [(mg/L) min] for Achieving 90% (1 log) Inactivation 
of Giardia lamblia

Disinfectant, Temperature, °C
mg/L pH 0.5 or <1 5 10 15 20 25

Free chlorine≤ 0.4 6 46 32 24 16 12 87 65 46 35 23 17 128 92 66 50 33 25 179 130 93 70 47 35 231.0 6 49 35 26 18 13 97 70 50 37 25 19 128 101 72 54 36 27 189 146 104 78 52 39 261.6 6 52 37 28 19 14 97 75 52 40 26 20 138 110 77 58 39 29 199 159 112 84 56 42 282.0 6 55 39 29 19 15 107 79 55 41 28 21 148 115 81 61 41 30 209 167 118 88 59 46 293.0 6 60 42 32 21 16 117 87 61 46 30 23 158 127 89 67 45 36 229 184 130 97 65 49 32Chlorine 6–9 21 8.7 7.7 6.3 5.0 3.7dioxideOzone 6–9 0.97 0.63 0.48 0.32 0.24 0.16Chloramine 6–9 1270 735 615 500 370 250
SOURCE: Abstracted from Tables E-l to E-6, E-8, E-10, and E-12 of the US EPA GuidanceManual (US EPA, 1989a)

1-log Giardia and 2-log virus removal/inactivation to meet the overalltreatment efficiency.
Step 2. Calculate T10 at the clearwell (one-half of volume used, see Step 7(a)of Example 5)
T10 can be determined by the trace study at the peak hour flow or by calculation

T10 � V10/Q � 0.1 � (70,000gal/2)/(100gal/min)
� 35 min

Step 3. Calculate CTcal in the clearwell
CTcal � 1.6 mg/L � 35 min � 56 (mg/L) min



Step 4. Calculate CTcal/CT99.9
From Table 5.8, for 3-log removal for 1.6 mg/L chlorine residual at 10°C andpH 7.5

CT99.9 � 145 (mg/L) min (by linear proportion between pH 7 and 8)
then

CTcal/CT99.9 � 56/145 � 0.38
Step 5. Calculate contact time at transmission main

where A is the cross-sectional area of the 4-in pipe, and v is the flow velocity.
 5  15.5 min

T 5  length/v 5 1640 ft/106 ft/min
 5  106 ft/min

v 5 Q
A 5

9.28 ft3/min
0.0872 ft2

A 5 3.14s4 in/2/12 in/ftd2 5  00872 ft2
 5  9.28 ft3/min

Q 5 100,000 gal/d 3  1 ft3/7.48 gal 3 1 day/440 min
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TABLE 5.10 CT Values [(mg/L) min] for Achieving Inactivation of Viruses 
at pH 6 through 9

Disinfectant Log Temperature, °C
mg/L inactivation ≤ 1 5 10 15 20 25

Free chlorine 2 6 4 3 2 1 13 9 6 4 3 2 14 12 8 6 4 3 2
Chlorine 2 8.4 5.6 4.2 2.8 2.1 1.4dioxide 3 25.6 17.1 12.8 8.6 6.4 4.34 50.1 33.4 25.1 16.7 12.5 8.4

Ozone 2 0.9 0.6 0.5 0.3 0.25 0.153 1.4 0.9 0.8 0.5 0.4 0.254 1.8 1.2 1.0 0.6 0.5 0.3
Chloramine 2 1243 857 643 428 321 2143 2063 1423 1067 712 534 3654 2883 1988 1491 994 746 497

SOURCE: Modified from Tables E-7, E-9, E-ll, and E-13 of the US EPA Guidance Manual (US EPA, 1989a)



Step 6. Calculate CTcal and CTcal/CT99.9 for the pipeline
CTcal � 1.0 mg/L � 15.5 min

� 15.5 (mg/L) min
From Table 5.8, for 3-log removal of 1.0 mg/L chlorine residual at 10°C andpH 7.5

CT99.9 � 137 (mg/L) min
then CTcal/CT99.9 � 15.5/137 � 0.11 (log)
Step 7. Sum of CTcal/CT99.9 from Steps 4 and 6

Total CTcal/CT99.9 � 0.38 � 0.11 � 0.49 (log)
Because this calculation is based on a 3-log removal, the ratio needs tobe multiplied by 3. The equivalent Giardia inactivation then is

3 � total CTcal/CT99.9 � 3 � 0.49 log � 1.47 log
The 1.47-log Giardia inactivation by chlorine disinfection in this systemexceeds the 1-log additional inactivation needed to meet the overall treatmentobjectives. If a system uses chloramine and is able to achieve CT values for99.9% inactivation of Giardia cysts, it is not always appropriate to assumethat 99.99% or greater inactivation of viruses also is achieved.

Example 3: For a 2000-ft long, 12-in transmission main with a flow rate of600 gpm, what is the credit of inactivation of Giardia and viruses using chlo-rine dioxide (ClO2) residual � 0.6 mg/L, at 5°C and pH 8.5.
solution:

Step 1. Calculate CTcal/CT99.9 for transmission pipe
T � �r2L/Q

� 3.14 (0.5 ft)2 (2000 ft) (7.48 gal/ft3)/(600 gal/min)
� 19.6 min

where r is the radius of the pipe and L is the length of the pipe.
CTcal � 0.6mg/L � 19.6 min

� 11.7 (mg/L) min
At 5°C and pH of 8.5, using ClO2, from Table 5.7

CT99.9 � 26 (mg/L) min
Clcal/CT99.9 � 11.7/26 � 0.45 (log)
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Step 2. Calculate log inactivation for Giardia (X ) and viruses (Y )
X � 3(CTcal/CT99.9) � 3 � 0.45 log

� 1.35 log 
Y � 4 (CTcal/CT99.9) � 4 � 0.45 log

� 1.8 log
Example 4: A water system pumps its raw water from a remote lake. No fil-tration is required due to good water quality. Chlorine is dosed at the pump-ing station near the lake. The peak pumping rate is 320 gpm (0.02 m3/s). Thedistance from the pumps to the storage reservoir (tank) is 3300 ft (1000 m);the transmission pipe is 10 in in diameter. The chlorine residual at the outletof the tank is 1.0 mg /L (C for the tank). The T10 for the tank is 88 min at thepeak flow rate determined by a tracer study. Assuming the inactivation forthe service connection to the first customer is negligible, determine the min-imum chlorine residue required at the inlet of the tank (C at the pipe) to meet
Giardia 3-log removal at 5°C and pH 7.0.
solution:

Step 1. Calculate CTcal for the pipe
Q � 320 gpm � 320 gal/min � 0.1337 ft3/gal

� 42.8 ft3/min
T � �r2L/Q � 3.14 (0.417 ft)2

� 3300 ft/(42.8 ft3/min)
� 42 min

CTcal (pipe) � 42 Cp(mg/L)min
where Cp is chlorine residual at the end of the pipe.
Step 2. Calculate CTcal for the tank, CTcal (tank)

CTcal (tank) � 1.0 mg/L � 88 min � 88 (mg/L) min
Step 3. Find CT99.9 for Giardia removal
At water temperature of 5°C, pH 7.0, and residual chlorine of 1.0 mg/L, fromTable 5.7:

CT99.9 � 149 (mg/L) min
Step 4. Calculate chlorine residue required at the end of the pipe (tankinlet), Cp

CTcal (pipe) � CTcal (tank) � CT99.9
From Steps 1 to 3, we obtain

42 min � Cp(mg/L) � 88(mg/L)min � 149(mg/L)min
Cp � 1.45 mg/L (minimum required)
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Example 5: In a 1-MGD water plant (1 MGD � 694 gpm � 0.0438 m3/s),water is pumped from a lake and prechlorinated with chlorine dioxide at thelake site. The source water is pretreated with chlorine at the intake near theplant. The peak flow is 600 gpm. The worst conditions to be evaluated are at5°C and pH 8.0. Gaseous chlorine is added at the plant after filtration (clear-well inlet). The service connection to the first customer is located immediatelynext to the clearwell outlet. The following conditions also are given:
Treatment unit Volume, gal Outlet residual Cl2, mg/L Baffling conditions

Rapid mixer 240 0.4 Baffled at inlet and outlet
Flocculators 18,000 0.3 Baffled at inlet and outlet

and with horizontal paddles
Clarifiers 150,000 0.2 Only baffled at outlet
Filters 6600 0.1
Clearwell 480,000 0.3 (free)1.6 (combined)
Chlorine and ammonia are added at the clearwell inlet. Residual free andcombined chlorine measured at the outlet of the clearwell are 0.3 and 1.6mg/L, respectively. Estimate the inactivation level of Giardia and virusesat each treatment unit.

soution:

Step 1. Calculate CTcal for the rapid mixer

Assuming average baffling condition and using Table 5.6, we obtain the cor-rection factor (T10/T) � 0.5 for average baffling.
Thus

ERT � HRT (T10/T ) � 0.4 min � 0.5
� 0.2 min

Use this ERT as T for CT calculation
CTcal � 0.4 mg/L � 0.2 min 

� 0.08 (mg/L) min
Step 2. Determine CTcal/CT99.9 for the rapid mixer
Under the following conditions:

pH � 8.0
T � 5°C

 5 0.4 min
HRT 5 V

Q 5
240 gal

600 gal/min
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residual chlorine � 0.4 mg/L
log inactivation � 3

From Table 5.7, we obtain:
CT99.9 � 198 (mg/L) min

CTcal/CT99.9 � (0.08 (mg/L) min)/(198 (mg/L) min)
� 0.0004

Step 3. Calculate the log inactivation of Giardia for the rapid mixer
log removal � 3 (CTcal/CT99.9) 

� 0.0012
Step 4. Similar to Steps 1 to 3, determine log inactivation of Giardia for theflocculators

with a superior baffling condition from Table 5.6, the correction T10/T � 0.7
ERT � HRT (T10/T) � 30 min � 0.7

� 21 min
then

CTcal � 0.3 mg/L � 21 min
� 6.3 (mg/L) min

log removal � 3 [6.3 (mg/L) min]/[198 (mg/L) min]
� 0.095

Step 5. Similarly, for the clarifiers

Baffling condition is considered as poor, thus
T10/T � 0.3
ERT � 250 min � 0.3 � 75 min
CTcal � 0.2 mg/L � 75 min � 15 (mg/L) min

HRT 5 150,000 gal
600 gpm 5 250 min

 5 30 min
HRT 5 V

Q 5
18,000 gal
600 gpm
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log removal � 3 � 15/198
� 0.227

Step 6. Determine Giardia removal in the filters

T10/T � 0.5(Teefy and Singer, 1990. The volume of the filtermedia is subtracted from the volume of filters withgood-to-superior baffling factors.)
ERT � 11 min � 0.5 � 5.5 min 
CTcal � 0.1 mg/L � 5.5 min

� 0.55 (mg/L) min
log removal � 3 � 0.55/198 

� 0.008
Step 7. Determine Giardia removal in the clearwell
There are two types of disinfectant; therefore, similar calculations should beperformed for each disinfectant.
(a) Free chlorine inactivation.In practice, the minimum volume available in the clearwell during thepeak demand period is approximately one-half of the working volume(Illinois EPA, 1992). Thus, one-half of the clearwell volume (240,000 gal)will be used to calculate the HRT:

HRT � 240,000 gal/600 gpm
� 400 min

The clearwell is considered a poor baffling condition, because it has no inlet,interior, or outlet baffling.
T10 /T � 0.3 (Table 5.6), calculate ERT
ERT � HRT � 0.3 � 400 min � 0.3

� 120 min
The level of inactivation associated with free chlorine is

CTcal � 0.3 mg/L � 120 min
� 36 (mg/L) min

From Table 5.7, CT99.9 � 198 (mg/L) min

HRT 5 6600 gal
600 gpm 5 11 min
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The log inactivation is
log removal � 3 � CTcal/CT99.9 � 3 � 36/198

� 0.545
(b) Chloramines inactivation

CTcal � 1.6 mg/L � 120 min
� 192 (mg/L) min

For chloramines, at pH � 8, T � 5°C, and 3-log inactivation
CT99.9 � 2200 (mg/L) min (from Table 5.7)

Log inactivation associated with chloramines is
log removal � 3 � 192/2200 

� 0.262
The log removal at the clearwell is

log removal � 0.545 � 0.262 
� 0.807

Step 8. Summarize the log Giardia inactivation of each unit in the watertreatment plant
Unit Log inactivation
Rapid mixing 0.0012 (Step 3)Flocculators 0.095 (Step 4)Clarifiers 0.227 (Step 5)Filters 0.008 (Step 6)Clearwell 0.807 (Step 7)
Total 1.138

The sum of log removal is equal to 1.138, which is greater than 1. Therefore,the water system meets the requirements of providing a 3-log inactivation of
Giardia cysts. The viruses inactivation is estimated as follows.
Step 9. Estimate viruses inactivation in the rapid mixer 
Using CTcal obtained in Step 1

CTcal � 0.08 (mg/L) min
Referring to Table 5.9 (T � 5°C, 4 log),

CT99.99 � 8 (mg/L) min

Public Water Supply 489



The level of viruses inaction in the rapid mixer is
log removal � 4 � CTcal/CT99.99 � 4 � 0.08/8

� 0.04
Step 10. Estimate viruses inactivation in the fiocculators

CTcal � 6.3 (mg/L) min (Step 4)
log removal � 4 � 6.3/8

� 3.15
Step 11. Estimate viruses inactivation in the clarifiers

CTcal � 15 (mg/L) min (Step 5)
log removal � 4 � 15/8

� 7.5
Step 12. Estimate viruses inactivation in the filters

CTcal � 0.55 (mg/L) min (Step 6) 
log removal � 4 � 0.55/8

� 0.275
Step 13. Estimate viruses inactivation in the clearwell 
For free chlorine

CTcal � 36 (mg/L) min (Step 6(a))
log removal � 4 � 36/8

� 18
For chloramines

CTcal � 192 (mg/L) min (Step 6(b)) 
CT99.99 � 1988 (mg/L) min (Table 5.9)

log removal � 4 � 192/1988
� 0.39

Total log removal � 18 � 0.39 � 18.39
Step 14. Sum of log inactivation for viruses in the plant is

Plant log removal � sum of Steps 9 to 13
� 0.04 � 3.15 � 7.5 � 0.275 � 18.39 
� 29.35

Note: Total viruses inactivation is well above 1.The water system meets the viruses inactivation requirement.
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In summary, a brief description of regulations in the United States anddetermination of CT values are presented. Under the SWTR, all surfacewater supplies and groundwater supplies that are under the influenceof surface water must calculate CT values daily during peak hourlyflow. A minimum of 3-log Giardia lamblia and 4-log virus removal and/orinactivation performance must be achieved at all times to comply withthe existing SWTR. The CT values are used to evaluate the achievementof disinfection and to determine compliance with the SWTR. They alsoare used to compute the log inactivation of Giardia and viruses duringwater treatment and to construct a disinfection profile.To calculate the CT value, operation data, e.g. disinfectant concen-tration, water pH, and water temperature, should be measured dailyduring the peak hourly flow. Contact time (T10), actual calculated CTvalue (CTcal), 3-log Giardia inactivation (CT99.9 from Table 5.7), and/or4-log virus inactivation (from Table 5.9), CTcal/CT99.9, and CTcal/CT99.99should be calculated for the estimated segment log inactivations. Thetotal plant log inactivation is the sum of all segment log inactivations.The daily log inactivation values can be used to develop a disinfectionprofile for the treatment system.

18.5 Disinfection by-products

Water disinfection and its by-products. Chlorine has been widely used asa disinfectant in water treatment process to kill or inactivate waterbornepathogens. Chlorine disinfection of public drinking water had dramati-cally reduced outbreaks of illness. In 1974, chloroform (trichloromethane)was discovered as a disinfection by-product (DBP) resulting from theinteraction of chlorine with natural organic matter in water. This find-ing raised a serious dilemma that water chlorination clearly reduced therisk of infectious diseases and might also result in the formation of poten-tially harmful DBP with this exposure in drinking water. DBP problemis currently most concerned by water supply professionals.Chlorine, chlorine dioxide, chloramines, ozone, and potassium per-manganate are used in US water treatment plants as a disinfectant.Table 5.11 lists some of the microorganisms targeted by disinfectionpractice and some of more appropriate disinfectants for each microor-ganism. Based on the types of disinfectants used, the numbers of watersupplies are roughly (keep changing) 22,000 (91.6%), 360 (1.5%), 140(0.6%), 300 (1.3%), and 1200 (5.0%), respectively. The disinfectants areoften so powerful that they nonselectively react with other substancesin the water. There are actually thousands of DBPs. When naturalwaters are disinfected, more than 100 potentially toxic halogenatedcompounds can be created (Gray et al., 2001). The compounds of concernare halogenated methanes, haloacetic acids, and nitrosamines.
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Two classes of DBPs that dominate the identifiable organic matter;trihalomethanes (THMs) and haloacetic acids (haloacetates, HAAs) areof regulatory interest. THMs are a group of compounds with three halo-gen atoms. Only chlorinated and brominated ones are routinely foundin potable water. Chloroform (CHCl3) is one of a class of compounds ofTHMs. In the United States, since 1974, additional DBPs have beenidentified in potable water and concerns have intensified about healthrisks resulting from exposures to them. Along with chloroform, threespecies that are of most concern are bromodichloromethane (CHBrCl2),dibromochloromethane (CHBr2Cl), and tribromomethane (bromoform,CHBr3). The above four species are called trihalomethanes. The sum ofthese four species is expressed as total trihalomethanes (TTHMs). THMsare regulated under the Stage 2 DBP rule (Table 5.11).HAAs (Table 5.12) are also formed during chlorination of water. LikeTHMs, HAAs are also linked with increased incidence of cancer in lab-oratory animals (Herren-Freund et al., 1987; Xu et al., 1995). UnlikeTHMs, HAAs are capable of dissociating in water. HAAs are >99% ion-ized (deprotonated) to the haloacetate anions under drinking water con-ditions. However, they are regulated and usually reported in terms ofthe parent acids rather than the carboxylate anions (US EPA, 2001).HAAs account for about 13% of the halogenated organic matter after dis-infection (Weinberg, 1999). Bromate is formed from the ozonation of source waters that containbromide. In ozonated water supplies, a variety of aldehydes and ketonesabound as well as some carboxylic acids. In addition to these organicproducts, inorganic species are also found. These include oxyanions ofhalogens, such as chlorite, chlorate, and bromate, which can be formedby a variety of oxidizing disinfectants. Bromate is of particular interestsince it is suspected of posing one of the highest cancer risks of any DBP(US EPA, 2001).
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TABLE 5.11 Effects of Disinfectants on Waterborne Pathogens

Bacteria, such as Giardia Cryptosporidiumcoliform (E. coli), lamblia parvumDisinfectants Legionella cysts oocysts Viruses
(Health effects) Legionnaire’s disease, GI,* death GI, death GI, death GI, death
Chlorine X X X
Chlorine dioxide X X X X
Ozone X X X X
Chloramine X

*astroenteric disease



Due to concern about these DBPs for more than 3 decades, some DBPshave been regulated and/or subjected to monitoring rules aimed to meetthe simultaneous goal of disinfecting water and controlling DBPs. Table5.13 presents regulated compounds along with their important infor-mation. It should be noted that only a very small subset of the muchlarger list of substances have been identified as DBPs.The Stage 2 DBP rule issued in January 2006, had (1) lowered theTTHMs MCL 0.10 to 0.08 mg/L; (2) established an MCL of 0.06 mg/Lfor five haloacetic acids (HAA5), including, monochloroacetic acid,dichloroacetic acid, trichloroacetic acid, monobromoacetic acid, and dibro-moacetic acid; (3) added an MCLG of 0.07 mg/L for (mono)chloroaceticacid; (4) established an MCL of 0.010 mg/L for bromate; and (5) establishedan MCL of 1.0 mg/L for chlorite.
Control of DBPs and pathogens. US EPA’s current drinking water researchprogram (in-house/contracted) is more sophisticated than it was in the1980s. For example, when the treatment technology manual was pub-lished in 1981, it reported primarily on treatment-oriented research.Twenty-five years later, the technology research program includes sourcewater protection, treatment technology, and distribution system studies.The research also reflects a concern over balancing the risks of potentialcarcinogenic exposure against the risks from microbial infection.Techniques for controlling DBPs and waterborne pathogens below havemostly followed the US EPA (2001) report.  The controlling techniquesinclude source protection, treatment process modification (enhancedcoagulation), alternative disinfectants, activated carbon, other granu-lar filtration, membrane filtration process, control in drinking waterdistribution system, etc.
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TABLE 5.12 Haloacetic Acids Found in Potable Water

Haloacetic acids Chemical formula Grouping*
Chloroacetic acid ClCH2COOH HAA5, 6, 9Dichloroacetic acid Cl2CHCOOH HAA5, 6, 9Trichloroacetic acid Cl3CCOOH HAA5, 6, 9Bromoacetic acid BrCH2COOH HAA5, 6, 9Dibromoacetic acid Br2CHCOOH HAA5, 6, 9Tribromoacetic acid Br3CCOOH HAA9Bromochloroacetic acid BrClCHCOOH HAA6, 9Bromodichloroacetic acid BrCl2CCOOH HAA9
Dibromochloroacetic acid BrClCCOOH HAA9

NOTES: *HAA5 is the sum of the concentrations of mono-, di-, and trichloroacetic acids andmono- and dibromoacetic acids. HAA5 concentrations (as the sum) are regulated under theStage 2 DBP Rule. HAA6 data must be obtained and reported under the InformationCollection Rule (ICR). HAA9 data are encouraged to obtain and report under the ICR, butnot required.
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Compound
Total trihalomethanes(TTHMs)
Chloroform

Bromodichloromethane

Bromoform

Dibromochloromethane

Haloacetic acids (HAA5)

(Mono)chloroacetic acid

Dichloroacetic acid

Trichloroacetic acid

BromateChlorite
Residual disinfectant
ChlorineChloraminesChlorine dioxide

MCLG,mg/L

0.07

0

0

0.06

0.07

0

0.02

00.8
MRDLG,mg/L4.04.00.8

MCL,mg/L
0.080LRAA

0.060LRAA

0.0101.0
MRDL,mg/L440.8

By-products of
Chlorinationandchloramination
Chlorinationandchloramination
Chlorinationandchloramination
Ozonation,chlorination,andchloramination
Chlorinationandchloramination
Chlorination,andchloramination
Chlorinationandchloramination
Chlorinationandchloramination
Chlorinationandchloramination
OzonationChlorinedioxide

Potential health effect
Cancer and othereffects
Cancer, liver, kidney,and reproductiveeffects
Cancer, liver, kidney,and reproductiveeffects
Cancer, nervoussystem, liver, andkidney effects
Nervous system,kidney, liver, andreproductive effects
Cancer and othereffects
Cancer and othereffects
Cancer and othereffects
Possible cancer andother effects
CancerHemolytic anemia

TABLE 5.13 National Primary Drinking Water Regulations Regulated Levels for DBP
and Residual Disinfectants

NOTE: MCLG � maximum contaminant level goal, MCL � maximum contaminant level, TTHMs � the sum of the concentrations of chloroform, bromodichloromethane,dibromochloromethane, and bromoform, LRAA � a locational runningannual average, HAA5 � the sum of the concentrations of mono-, di-, and trichloroacetic acids andmono- and dibromoacetic acids, MRDLG � maximum residual disinfectant level goal, MRDL � maximum residualdisinfectant level.
SOURCE: US EPS, 2001; www.epa.gov/OGWDW/regs.html, 2007

www.epa.gov/OGWDW/regs.html


Source water protection. Many of the drinking water utilities in theUnited States had invested a great deal of time, energy, and capitalinto source water protection (SWP). In addition, efforts were made todevelop mechanisms for protection against the impact of suddenchanges in influent water quality. Some of these mechanisms includeinvestment in excess capacity and development of emergencyprocedures. Source water protection measures are the important step to preventcontamination and reduce the need for treatment of drinking watersupplies. SWP includes managing potential contamination sourcesand developing contingency plans that identify alternate drinkingwater sources. A community may decide to develop an SWP programbased on the results of a source water assessment, which includesdelineation of the area to be protected and an inventory of the poten-tial contaminants within that area. SWP from quality degradation bymicrobial contaminants (i.e. bacteria, protozoa, viruses, helminthes,and fungi) is any activity undertaken to minimize the frequency, mag-nitude, and duration of occurrence of pathogens or indicators (e.g.indicator microorganisms, such as TC, FC, and FS (Lin, 2002); or tur-bidity) in source waters. SWP may also, by reducing the concentra-tion of natural organic matter (NOM), a DBP precursor, reduce theformation of DBP.SWP strategies comprise the first stage in the multiple-barrierapproach to protecting the quality of drinking water. Other majordrinking-water-quality protection barriers include water quality mon-itoring and selective source withdrawal, water treatment processes forremoval or inactivation of pathogens and control of DBP formation,water distribution practices for preventing intrusion or regrowth ofpathogens, and point-of-use treatment where required. SWP strategies are a specific subset of a large watershed protectionstrategy applied when the protected receiving water is used as a watersupply. Conceptually, watershed protection is heavily linked to pollutionprevention, contaminant source identification, and risk management.Although watershed management does not have a universally accepteddefinition and connotes alternate approaches, each interpretation hasan underpinning of holistic approaches to prevent or mitigate threatsto the receiving water over a geographic region defined by a commonhydrology. Many groundwater supplies have proven to be vulnerable as well, result-ing in various states implementing wellhead protection programs. The1986 amendments included provisions for Protection of Ground WaterSources of Water. Two programs were set up under this requirement: the“Sole Source Aquifer Demonstration program,” to establish demonstrationprograms to protect critical aquifer areas from degradation; and the
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“Wellhead Protection Program,” which required states to develop pro-grams for protecting areas around public water supply wells to prevent con-tamination from residential, industrial, and farming-use activities.In the 1996 amendments to the SDWA, protection of source waterswas given greater emphasis to strengthen protection against microbialcontaminants, particularly Cryptosporidium, while reducing potentialhealth risks due to DBPs. Two major threats to source water quality withrespect to DBP control and microbial protection are natural organicmatter and microbial  pathogens. From a waterborne outbreak andpublic health viewpoint, both Giardia and Cryptosporidium are cur-rently of primary concern. Managing microbial contaminant risks in watersheds requires iden-tification and quantification of organisms. Because of difficulties in asso-ciation with assaying for specific pathogens, monitoring programs havebeen tested for indicator organisms, including total coliform (TC), fecalcoliform (FC), and fecal streptococcus (FS), to identify possible fecalcontamination in water. The analytical methods for indicators are easier,faster, and more cost effective than methods for specific pathogenicorganisms. The limitations of relying on indicator organisms for deter-mining the presence of pathogens include the occurrence of false posi-tives and the fact that indicators measure bacteria that live not only inhuman enteric tracts, but also in the enteric tracts of other animals(Toranzos and McFeters, 1997; Lin, 2002). The potential sources of microbial pathogens in source water are manyand varied, including nonpoint runoff, discharges from treated anduntreated wastewaters, storm water runoff, and combined sewer over-flows. Animal feed lot is the main source of Cryptosporidium. Many fac-tors affect the types of organisms found and the concentrations at whichthey are detected. These include watershed contributions, treatment plantefficiency, and length of antecedent dry weather period. These treatmenttechnologies can be both sources of contamination as well as protection ofsource water quality. In addition to the installation of wastewater treat-ment and combined overflow systems, there are passive pollution pre-vention and mitigation techniques called BMPs. The BMP techniques canbe found elsewhere (US EPA, 1990, 1992) and vary dramatically in appli-cation, ranging from social practices to engineering applications.In summary, long-term and effective management for pathogens andDBP is source water protection to control NOM, the DBP precursor.SWP includes effective watershed protection and water resources man-agement strategies. It involves controlling algal growth and the pro-duction of organic carbon precursors in our raw water sources (lakes andrivers) by limiting nutrient discharges into these bodies of water. Once NOM is controlled, there would be benefits to the water treatmentsystem, such as less pretreatment and easier down-stream treatment,
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more effective unit process, and cheaper water treatment costs. Coagulantdosage requirements will be reduced and then less sludge will be producedif there is less dissolved organic carbon (DOC) in the raw water, because,for most waters, the concentration of DOC controls coagulant dosagerequirements. Chlorine dioxide doses will be lowered if there is less DOCin the raw water to consume chlorine dioxide and generate chlorite.Powdered and/or granular activated carbon dosage rates for the controlof taste- and odor-causing organic compounds will be reduced if there isless DOC in the raw water to compete with these target tracing organicpollutants for adsorption sites on the activated carbon. Membrane foul-ing will be lowered and ultraviolet irradiation for microbial inactivationwill be more effective if there are less DOC and ultraviolet-adsorbingorganics in the raw water. Less chlorine will be required for disinfection,and lower concentrations of all halogenated organic by-products—notjust the THMs and HAAs—will be formed (Singer, 2006).
Use of alternative disinfectants. As discussed previously, chlorination ofdrinking water results in the formation of numerous DBPs, several ofwhich are regulated. Water systems seeking to meet MCLs for regulatedDBPs might consider various approaches to limiting DBPs such asremoving precursor compounds before the disinfectant is applied, usingless chlorine, using alternative disinfectants to chlorine, or removingDBPs after their formation. Combinations of these approaches mightalso be considered. As mentioned previously, removing DBPs after theirformation is a method that is generally not considered, but no matterwhich approach is selected, the effectiveness of the disinfection processmust not be jeopardized.Studies have been conducted by or funded by the US EPA’s Office ofResearch and Development in Cincinnati to examine the use of threealternative oxidants: chloramines, chlorine dioxide (ClO2), and ozone.
Chloramines. Based on the researches cited (Steven et al., 1989;Miltner, 1990), the formation of halogen-containing DBPs by chlo-ramines is significantly lower than by free chlorine. An exception is theformation of cyanogens chloride with chloramination. Formation of non-halogenated DBPs such as aldehydes and assimilable organic carbon(AOC) is found to be minimal with chloramination.Chloramines are the second most commonly used final disinfectant indrinking water treatment after free chlorine. Although generally not aseffective a disinfectant as free chlorine, an advantage of chloraminationis minimization of the formation of DBPs.
Chlorine dioxide. Chlorine dioxide is another widely used disinfec-tant in drinking water treatment. It has long been used for taste andodor control and for iron and manganese control, and has gained inacceptance as an effective disinfectant. 
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An advantage of ClO2 treatment is minimization of the formation ofDBPs; it does this by oxidation of DBP precursors and by relativelyminimal formation of DBPs themselves. The formation of DBPs by ClO2is also significantly lower than with free chlorine and with chloramines(Stevens et al., 1989). ClO2 oxidizes DBP precursors in the treated waterto the extent that lower concentrations of DBPs are formed with sub-sequent chlorination. Using ClO2 results in the formation of nonhalo-genated DBPs such as aldehydes, ketones, and AOC.The use of ClO2 can result in the formation of chlorite and chlorate.Chlorite can be controlled by GAC and through the use of reducingagents. Sulfite and metabisulfite can reduce chlorite, but may form chlo-rate. Thiosulfate can reduce chlorite without forming chlorate. Ferrousion can reduce chlorate, but pH adjustment is required to minimizechlorate formation. The use of a reducing agent like thiosulfate or fer-rous ion can complicate the application of postdisinfectants.
Ozone. Ozone is a less commonly used disinfectant in drinking watertreatment in the United States. Among the many benefits of ozonationof drinking water are effective inactivation of microbes, taste and odorcontrol, iron and manganese control, oxidation of DBP precursors, andthe enhancement of biological oxidation in filters. However, ozoneresults in the formation of bromate and of biodegradable organic matter(BOM). Bromate is regulated under the D/DBP Rule. BOM includesozonation by-products (OBPs) like aldehydes, keto acids, carboxylicacids, AOC, and biodegradable dissolved organic carbon (BDOC). TheseOBPs may be responsible for regrowth of bacteria in distribution sys-tems and can be controlled in-plant if biological oxidation is allowed tooccur in downstream filters. (Refer to the section of DBP control throughbiological filtration.) The formation of halogen-containing DBPs by ozone is significantlylower than that by free chlorine. Ozone can form bromo-DBPs like bro-moform (CHBr3), bromoacetic acid, and dibromoacetic acid, but at rel-atively low concentrations. Ozone oxidizes DBP precursors such thatlower concentrations of TTHM, HAA6, HAN4 (haloacetonitrile 4), andTOX (total organic halide) are formed with subsequent chlorination.However, preozonation alters the nature of the precursors to the extentthat higher concentrations of chloral hydrate, chloropicrin, and 1,1,1-TCPare formed with subsequent chlorination (Miltner, 1990).Ozone converts portions of the humic fraction to nonhumic com-pounds and converts portions of the higher-molecular-weight fractionto lower-molecular-weight compounds. Examples of lower-molecular-weight materials formed by ozone are aldehydes, keto acids, AOC, andBDOC. Concentrations of these may be appreciable and necessitatecontrol to ensure distribution system biostability. Generally, much of
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the formation of these OBPs occurs at lower ozone doses. Ozone stag-ing (when it is applied in the treatment plant) can influence OBP for-mation. Ozonation of raw water results in higher OBP formation thanozonation of downstream waters in which some ozone demand has beenremoved (Miltner, 1993).NOM and bromide are the two principal precursors of DBPs in rawwater supplies. Bromate can result from the use of ozone. Bromate con-centration increases with increasing dissolved ozone residual and withincreasing bromide. Bromide control strategies may involve more energy-intensive membrane processes, such as RO. Singer (2006) pointed outthat source water protection involves creative solutions to minimizingsaltwater intrusion into our raw (surface and ground) water suppliesbecause such saltwater intrusion is the primary source of bromide.
Ultraviolet (UV) irradiation. Carlson et al. (1985) reported that cystsof Giardia muris were significantly more resistant to UV treatmentthan E. coli or Yersinia spp. Results suggested that hydraulic short cir-cuiting and entrapped air in UV reactors may decrease the efficiency ofinactivation. G. lamblia cysts were found to be resistant to high dosesof germicidal UV irradiation (Rice and Hoff, 1981). There has beenrenewed interest in the use of UV light for inactivating waterborne pro-tozoan parasites. A study suggested that UV irradiation is an effectivetreatment option for inactivating oocysts of Crytosporidium (Clancy et al.,1998). UV irradiation was not considered for controlling DBP. Currently,due to the improvement of technology, UV has been commercially avail-able to be used to control DBP.
Enhanced coagulation. Coagulation has historically been used for thecontrol of particulates in drinking water, while simultaneously con-trolling organic carbon. With the D/DBP Rule, many water systemswill move from conventional to enhanced coagulation and expand theircoagulation objectives from removing turbidity to removing totalorganic carbon (TOC) as well. It is anticipated that many systems willbe able to meet the requirements of enhanced coagulation for TOCremoval with only moderate changes in conventional coagulation.Making the change from conventional to TOC-optimized coagulationgenerally results in improved removal of heterotrophic plate count(HPC) bacteria, TC, FC, FS, viruses, Cryptosporidium parvum oocysts(3.1 to 7.0 µm), Cryptosporidium oocyst-sized particles, Giardia cyst-sized particles (8.2 to 13.2 µm), total plate count (TPC) organisms, andbacterial endospores.The removal of TOC results in improved removal of precursors forTTHM, HAA6, CH, HAN4, CP, the surrogate TOX, and chlorine demand(Miltner, 1994; Dryfuse et al., 1995). When coagulated, raw waters
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higher in TOC and in specific ultraviolet absorbance tend to have higherpercent removals of DBP precursors. As a treatment technique,enhanced coagulation to remove TOC can result in the removal of pre-cursors for these DBPs. As a BAT, enhanced coagulation can result inthe control of TTHM and HAA5. Many systems should be able to meetthe requirements of enhanced coagulation for TOC removal with mod-erate changes to conventional coagulation.Most DOC and DBP precursors are in the larger-molecular-size rangeand are in the humic fraction. Conventional coagulation removes agreater percentage of the >3K MS (molecular size) fraction than thesmaller-sized fractions. Enhancing coagulation brings about smallimprovements in the >3K MS range and the <0.5K MS range; the great-est improvement with enhanced coagulation is in the 0.5K to 3K MSrange (Dryfuse et al., 1995). Conventional coagulation removes a greaterpercentage of the humic fraction than the nonhumic fraction. Enhancingcoagulation brings about similar improvement in the removal of bothfractions.A general concern associated with coagulation is that, although itlowers the concentrations of DBP precursor, it shifts the distribution ofthe DBPs formed by chlorination toward the more brominated species.This shift becomes even greater when enhanced or optimized coagula-tions practiced.Water systems switching from conventional to enhanced coagulationmay achieve longer filter run times (FRTs), but the trade-off will begreater amounts of sludge production. Systems practicing enhancedcoagulation should also consider pH adjustment ahead of the filter toachieve longer FRTs. The disadvantage with enhanced coagulation isthat when alum is the coagulant, higher levels of dissolved aluminumwill enter the distribution system.
Filtration. The US EPA researches have been conducted with the useof bench-, pilot-, and field-scale studies to investigate various aspects ofsurface water filtration for microbiological removal with various gran-ular media. Studies found that two of these technologies, slow sand fil-tration (SSF) and diatomaceous earth (DE) filtration, are especiallyapplicable to small systems. In addition, the application of granular fil-tration, which is utilized by medium to large systems, has been inves-tigated for removal of Giardia and Cryptosporidium. These studies haveconsidered the various operational conditions that enhance removalefficiency as well as the conditions under which removal efficiencydeteriorates.In the period between 1980 and 1990, Giardia cysts and

Cryptosporidium oocysts were the primary organisms being considered.The effect of various water quality conditions and particle and pathogen
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loadings were evaluated. It was shown that, in combination with effec-tive chemical addition and coagulation, these processes are capable ofefficiently removing efficiency in SSF and conventional filtration, but hadlittle effect n DE performance. Filtration processes are capable of remov-ing high levels of those organisms, but that removal is dependent on theoperation of those processes. Poor chemical addition and coagulationreduced the treatment efficiency for removing microorganism and otherparticles. Temperature was another factor that affected removal. The fil-tration studies conducted by US EPA concluded that good turbidityreduction and good particle removal paralleled good microorganismremoval.One measure of filtration efficiency developed by Water Supply andWater Resources Division (WSWRD), and now widely used, was that ofmeasuring aerobic endospore removal in a water treatment process.Although not a surrogate for removal of a specific organism, endosporeremoval was seen as a measure of the overall filtration performance.Studies conducted by the WSWRD showed that endospore removaltracked particle removal, turbidity reduction, and pathogen removal. Instudies, if good removal of endospores was achieved, good removal of par-ticle and pathogens was observed. In some cases, good removal ofpathogens occurred when poor removal of endospores was demonstrated,but no studies showed poor removal of pathogens when good removalof spores was achieved. Thus, removal of spores may be considered a con-servative measure of particle and pathogen removal.
Biological filtration for DBP control. DBP control through biological filtra-tion or biofiltration is defined as the removal of DBP precursor mate-rial (PM) by bacteria attached to the filter media. Dissolved organicmatter (DOM), which is a part of the PM, is utilized by the filter bacte-ria as a substrate for cell maintenance, growth, and replication. Thiseffect makes the PM utilized by bacteria unavailable to react with chlo-rine to form DBPs. The prerequisite for maximizing bacterial substrateutilization in filters is the absence of chlorine in the filter influent orbackwash water.Sand, anthracite, or GAC can be colonized by bacteria. Sinceanthracite and sand are considered inert because neither interactschemically with PM, removal of PM is due solely to biological activity.GAC will initially remove DOM through adsorption and biological sub-strate utilization until its adsorptive capacity has been exhausted. Afterthat point, PM removal is achieved only through substrate utilization,and the GAC is defined as biological activated carbon (BAC). All drink-ing water filters will become biologically active in the absence of applieddisinfectant residuals. The process of biological colonization and sub-strate utilization is enhanced by ozonating filter influent water.
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Data collected, to date, indicate that biologically active filters removesignificant amounts of PM and that preozonated biofilters remove morePM than do nonozonated filters. The resulting reductions in tri-halomethane formation potential (THMFP) and haloacetic acid forma-tion potential (HAAFP) should help many drinking water utilities meetthe 80 (THM) and 60 (HAA) �g/L limits mandated under the Stage IID/DBP Rule (US EPA, 2001).
Use of GAC. GAC can be used as part of a multimedia filter to removeparticulates (filter adsorber) or a postfilter to remove specific contami-nants (postfilter adsorber). When used in a filter adsorber mode, the fil-ters are backwashed periodically to alleviate head loss, but the carbonitself is regenerated infrequently, it at all. When used in a postfiltermode, the carbon bed is rarely backwashed and is regenerated as oftenas needed to control the contaminant(s) of interest.Activated carbon in a filter adsorber application removes pathogens bythe same mechanisms as any other filter media. It does not remove par-ticulates/pathogens to any greater degree than other filter media types;so, it is never recommended for particulate/pathogen removal alone. Activated carbon is an effective process for removing DBP precur-sors. It is not designed for pathogen removal. The effectiveness for pre-cursor removal is dependent on a number of design issues such as carbontype, filter location, filter depth, filter flow rate, and blending choices.It is also dependent on a number of water quality issues such as initialprecursor concentration, precursor adsorbility, precursor adsorptionkinetics, temperature, dissolved oxygen levels, pH, and bromide con-centration. Although much progress has been made on the modelingof GAC system performance, the applicability of this technology to anydrinking water utility will need to be determined by pilot testing (US EPA, 2001).
Use of membranes. Certain type of membranes can be very effective forcontrolling DBPs, while others are specifically designed to remove par-ticulates/pathogens. For example, reverse osmosis (RO) membranes arevery tight and are typically used to remove salts from seawater andbrackish waters. Due to their tight membrane structure, they requirehigh pressures to operate effectively.Nonofiltration (NF) membranes are not as tight as RO membranes,but have been found to remove a large percentage of DBP precursors.Because they are not as tight, they can be operated at lower pressures(typically 5 to 9 bars) than RO membranes while achieving the same,or greater, flux. Ultrafiltration (UF) and microfiltration (MF) mem-branes are typically used for particulate/pathogen removal only. Detailsof MF, UF, NF, and RO are discussed in the membrane filtration section.
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Speth (1998) concludes that activated carbon is an effective processfor removing DBP precursors, but is not effective for pathogen removal.RO and NF are effective processes for removing DBP precursors, andUF and MF membranes are excellent for removing pathogens and par-ticulates and, under some conditions, could be considered as a replace-ment for conventional filtration.Membrane technologies are effective processes for removing DBP pre-cursors. As stated above, MF and UF membranes are excellent for remov-ing pathogens. NF and RO membranes are excellent for removing DBPprecursors, but are not counted on as a pathogen barrier due to blendingand glue-line-failure issues. These problems have been overcome by newmembrane technologies. Reducing the effect of membrane foulants is amain consideration in the design of NF and RO plants, especially for plantstreating surface waters. Although much progress has been made on mod-eling and scaling up small-membrane results, the applicability of thistechnology will need to be determined by pilot testing (US EPA, 2001).
For small systems. Small water supply systems have many problemsthat make compliance with drinking water standards more difficultthan for medium and large systems. The pilot- and full-scale researchefforts have been made to address some of these needs. Because smallsystems often lack of the financial, technical, and managerial capabili-ties of larger systems and are responsible for the majority of the SDWAviolations, they have been targeted in several federal rules andregulations.Filtration and disinfection of water supplies are highly effectivepublic health practices. EPA’s in-house research has focused prima-rily on filtration and disinfection technologies that are considered tobe viable alternatives to conventional package plants (flocculation,coagulation, media filtration, postchlorination). Conventional packageplants are site-specific and require a high level of operator skill toproperly maintain appropriate chemical dosage and flow rates, espe-cially when used to treat surface water. These difficulties, in con-junction with the other small system problems, have results. Fielddemonstration projects have been used to characterize some of theproblems that can occur for even the best technology when conditionsare not optimal. The remote monitoring and control research effortsresult from the fact that many rural systems are located in topo-graphically difficult areas or separated by large distances from othersystems, thus precluding any consolidation or regionalization efforts.The software and sensing systems developed as a product of thisresearch will allow individual treatment units to be monitored andoperated from a certain location. This approach is called the electric

circuit rider concept. One technique that has promise for improving
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the effectiveness of systems in the field is the use of supervisory con-trol and data acquisition system (US EPA, 2001).Results from the EPA research indicate that MF, UF, and RO sys-tems are effective technologies for the removal of pathogens while stillbeing affordable for small systems. New disinfection technologiesappear to provide improvements over current systems in handlingchemicals and consistency of performance. This is an area undergoingrapid change. Many organisms are readily removed and inactivated inthe laboratory, but under field conditions, the same effectivenesscannot be taken for granted.
Control in distribution system. Virtually for any surface contact with thewater in a distribution system, one can find bioflilms. Biofilms are formedin distribution system pipelines when microbial cells attach to pipe sur-face and multiply to form a film or slime layer on the pipe. Probablywithin seconds of entering the distribution system, large particles, includ-ing microorganisms, adsorb to the clean pipe surface. Some microor-ganisms can adhere directly to the pipe surface via appendages thatextend from the cell membrane; other bacteria form a capsular materialof extracellular polysaccharides (EPS), sometimes called a glycocalyx,that anchors the bacteria to the pipe surface (Geldreich, 1988). Theorganisms take advantage of the macromolecules attached to the pipesurface for protection and nourishment. The water flowing past carriesnutrients (carbon-containing molecules, as well as other elements) thatare essential for the organisms’ survival and growth (US EPA, 1992).Biofilms are complex and dynamic microenvironments, encompassingprocesses such as metabolism, growth, and product formation, andfinally detachment, erosion, or “soughing” of the biofilm from the sur-face. The rate of biofilm formation and its release into a distributionsystem can be affected by many factors, including surface layers beginto slough off into the water (Geldreich and Rice, 1987). The pieces ofbiofilm released into the water may continue to provide protection forthe organisms until they can colonize a new section of the distributionsystem.The most common organisms found in biofilms are nonpathogenic het-erotrophic bacteria. Some bacteria that live in biofilms may cause estheticproblems with water quality, including off-tastes, odors, and colored waterproblems. Few organisms living in distribution system biofilms pose athreat to the average consumer. Bacteria, viruses, fungi, protozoa, andother invertebrates have been isolated from drinking water biofilms (USEPA, 1992). The fact that such organisms are present within distributionsystem biofilms shows that, although water treatment is intended toremove all pathogenic bacteria, treatment does not produce a sterilewater. Consequently, if opportunistic pathogens survive in biofilms, they

504 Chapter 5



could potentially cause disease in individuals with low-immunity or com-promised immune systems. Factors related to increased survival of bac-teria in chlorinated water include attachment to surfaces, encapsulation,aggregation, low-nutrient growth conditions, and strain variation.Research has been conducted using the simulators to determine theeffect of water quality changes on biofilms in the distribution systems.Results have indicated that biofilms are resistant to disinfection regard-less of the agent used. Other work has demonstrated that lowering systempH can reduce biofilm densities; however, such an effect is transient ifsystem pHs are returned to normal operating ranges (US EPA, 2001). Itis reported that, recently, the Denver City Water developed an uncommonprocedure—ozone disinfection of water mains for common field operation. 
Cost of control. Chapter 14 (US EPA, 2001) discusses  the conditionsand causes of the formation of DBPs, and compares the various treat-ment techniques and associated costs for both controlling DBPs andensuring microbial safety. Making direct comparisons among the vari-ous alternatives is difficult. For example, moving the point-of-disinfection (chlorination) would seem to be the lowest cost option. NF,although the most expensive technology for precursor removal, has theadvantage of removing other contaminants such as total dissolved solidsand various inorganics. Therefore, it might be used for achieving othertreatment goals in addition to removing DBP precursors. For example,NF effectively removed microorganisms, thus serving as an alternativefor chemical disinfection. Although the cost of enhanced coagulationwas not evaluated, it could be very effective if a utility is only slightlyout of compliance. However, in addition to increased coagulation costs,an additional cost may be associated with sludge handling. Clearly,modifying the disinfection process is the lowest cost option for control-ling DBPs, but as noted, there are by-products and problems associatedwith the use of some of the alternate disinfectants. For example, chlo-ramination is not as good a disinfectant as chlorine, and ozone mayenhance regrowth of some organisms.Retrofitting may be fairly easy with chloramination. For example, toswitch from chlorine to chloramines may only require the addition ofammonia feed equipment. However, the use of ozone will require con-struction of expensive ozone contactors. The use of chlorine dioxide willprobably require the use of a reducing agent such as ferrous chloride,which was not included in this costing analysis. The technologies dis-cussed would normally be applied incrementally to a utility’s existingtreatment. Therefore, the base cost associated with an assumed conven-tional treatment system and the incremental costs associated with vari-ous DBP control alternatives have been summarized in Table 5.14 (USEPA, 2001). 

Public Water Supply 505



Regulations to control contaminants in drinking water in the UnitedStates are expected to become more and more stringent. ForthcomingDBP regulations will affect virtually every community water system inthe United States. There are various ways to control DBPs, one of whichis to use an alternative to chlorine to control halogenated by-products.However, when this is done, one has to consider the consequences. Theunit processes considered are those that are effective for precursorremoval or for the use of alternate disinfectants. More efficient treat-ment will be required to meet future regulations. Also, water treatmentmanagers will have to become more knowledgeable about various treat-ment options that are cost-effective in order for them to meet presentand future regulations. Although essentially exempt in the past, smallwater systems will be required to comply with future regulations. Singer(2006) claimed that the ultimate solution to DBPs will be more expen-sive and will necessitate the use of more aggressive management andcontrol strategies.
19 Water Fluoridation

Fluoride occurs naturally in water at low concentrations. Water fluori-dation is the intentional addition of fluoride to drinking water. Duringthe past 5 decades, water fluoridation has been proven to be both wise
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TABLE 5.14 Incremental Costs of Disinfection By-Product Control in c/m
3

(c/1000 gal)

Design flow in m3/d (average flow)[design flow in MGD (average flow)]
378,500387.5 (189) 3785 (1890) 37,850 (26,495) (264,950)

Treatment process [0.10 (0.05)] [1.0 (0.50)] [10,0 (7.0)] [100 (70)]
Conventional treatment 142 (539) 47.5 (180) 12.6 (48) 8.51 (32)
Conventional treatmentand nanofiltration 205 (778) 88.7 (336) 40.4 (882) 32.1 (122)
Conventional treatment plus 203 (772)– 70.8 (268)– 28.3 (101)– 15.7 (150)–GAC (Ce � 100 mg/L)* 216 (818) 82.1 (311) 32.7 (124) 19.2 (73)
Conventional treatment plus 206 (781)– 73.1 (276)– 29.4 (111)– 16.2 (61)–GAC (Ce � 50 mg/L) 226 (856) 91.2 (345) 36.0 (136) 22.5 (85)
Conventional treatment plus-chlorine/chloramines 147 (556) 47.8 (181) 12.6 (48) 8.5 (32)-ozone/chlorine 163 (619) 49.7 (188) 14.0 (53) 9.3 (35)-ozone/chloramines 168 (636) 50.0 (189) 14.0 (53) 9.3 (35)-chlorine dioxide/chlorine 167 (633) 48.9 (185) 12.6 (48) 8.5 (32)-chlorine dioxide/chloramine 172 (651) 49.1 (186) 12.9 (49) 8.5 (32)

*GAC: granular activated carbon, Ce: effluent concentration
SOURCE: US EPA, 2001



and a most cost-effective method to prevent dental decay. The ratio ofbenefits (reductions in dental bills) to cost of water fluoridation is 50:1(US Public Health Service, 1984). In order to prevent decay, the optimumfluoride concentration has been established at 1mg/L (American DentalAssociation, 1980). The benefits of fluoridation last a lifetime. While itis true that children reap the greatest benefits from fluoridation, adultsbenefit also. Although there are benefits, the opponents of water fluor-idation exist. The charges and the facts are discussed in the manual (USPHS, 1984).Fluoride in drinking water is regulated under section 1412 of the SafeDrinking Water Act (SDWA). In 1986, US EPA promulgated an enforce-able standard, a Maximum Contamination Level (MCL) of 4  mg/L forfluoride. This level is considered as protective of crippling skeletal flu-orosis, an adverse health effect. A review of human data led the EPA(1990) to conclude that there was no evidence that fluoride in water pre-sented a cancer risk in humans. A nonenforceable Secondary MaximumContamination Level (SMCL) of 2 mg/L was set to protect against objec-tionable dental fluorisis, a cosmetic effect.

19.1 Fluoride chemicals

Fluoride is a pale yellow noxious gaseous halogen. It is the thirteenthmost abundant element in the earth’s crust and is not found in a freestate in nature. The three most commonly used fluoride compounds inthe water system are hydrofluosilicic acid (H2SiF6), sodium fluoride(NaF), and sodium silicofluoride (Na2SiF6). Fluoride chemicals, likechlorine, caustic soda, and many other chemicals used in water treat-ment can cause a safety hazard. The operators should observe the safehandling of the chemical.The three commonly used fluoride chemicals have virtually 100 %dissociation (Reeves, 1986, 1990):
(5.186)
(5.187)

The SiF6 radical will be dissociated in two ways: hydrolysis mostly dis-sociates very slowly
(5.188)

and/or
(5.189)SiF226   4  2F2 1  SiF4c

SiF226 1  2H2O  4  4H1 1  6F2 1  SiO2 T

Na2SiF6 4 2Na1 1  SiF226

NaF 4 Na1 1 F2
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Silicon tetrafluoride (SiO4) is a gas which will easily volatilize out ofwater when present in high concentrations. It also reacts quickly withwater to form silicic acid and silica (SiO2):
(5.190)

and
(5.191)

then
(5.192)

Hydrofluosilicic acid has a dissociation very similar to sodium silico-fluoride:
(5.193)

then it follows Eqs. (5.190), (5.191), and (5.192).Hydrofluoric acid (HF) is very volatile and will attack glass and elec-trical parts and will tend to evaporate in high concentrations.

19.2 Optimal fluoride concentrations

The manual (Reeves, 1986) presents the recommended optimal fluoridelevels for fluoridated water supply systems based on the average and themaximum daily air temperature in the area of the involved school andcommunity. For community water system in the United States the rec-ommended fluoride levels are from 0.7 mg/L in the south to 1.2 mg/L tothe north of the country. The recommended fluoride concentrations forschools are from four to five times greater than that for communities.The optimal fluoride concentration can be calculated by the followingequation:
F (mg/L) � 0.34/E (5.194)

where E is the estimated average daily water consumption for childrenthrough age 10, in ounces of water per pound of body weight. The valueof E can be computed from
E � 0.038 � 0.0062 T (5.195)

where T is the annual average of maximum daily air temperature indegrees Fahrenheit.

H2SiF6 4 2HF 1 SiF4c

HF 4 H1
1 F2

SiF4 1 2H2O  4 4HF 1 SiO2 T

SiF4 1 3H2O  4 4HF 1 H2SiO3
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Example 1: The annual average of maximum daily air temperature of acity is 60.5°F (15.8°C). What should be the recommended optimal fluorideconcentration?
solution:

Step 1. Determine E by Eq. (5.195)

Step 2. Calculate recommended F by Eq. (5.194)
F � 0.34/E � 0.34/0.413 � 0.82 (mg/L)

Example 2: Calculate the dosage of fluoride to the water plant in Example 1,if the naturally occurring fluoride concentration is 0.03 mg/L.
solution: The dosage can be obtained by subtracting the natural fluoridelevel in water from the desired concentration:

Dosage � 0.82 mg/L � 0.03 mg/L � 0.79 mg/L
As for other chemicals used in water treatment, the fluoride chemicals arenot 100% pure. The purity of a chemical is available from the manufactur-ers. The information on the molecular weight, purity ( p), and the availablefluoride ion (AFI) concentration for the three commonly used fluoride chem-icals are listed in Table 5.15. The AFI is determined by the weight of fluorideportion divided by the molecular weight.

Example 3: What is the percent available fluoride in the commercialhydrofluosilicic acid (purity, p � 23%)?
solution: From Table 5.15

% available F � p � AFI � 23 � 0.792 
� 18.2 (5.196)

19.3 Fluoride feed rate (dry)

Fluoride can be fed into treated water by (1) dry feeders with a mixingtank (for Na2SiF6), (2) direct solution feeder for H2SiF6, (3) saturated

E 5 0.038 1 0.0062T 5 0.038 1 0.0062 3 60.5 5 0.413
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TABLE 5.15 Purity and Available Fluoride Ion (AFI) Concentrations for the
Three Commonly Used Chemicals for Water Fluoridation

Chemical Molecular weight Purity, % AFI
Sodium fluoride, NaF 42 98 0.452Sodium silicofluoride, Na2SiF6 188 98.5 0.606Hydrofluosilicic acid, H2SiF6 144 23 0.792



solution of NF, and (4) unsaturated solution of NF or Na2SiF6. The feedrate, FR, can be calculated as follows:
(5.197a)

or
(5.197b)

Example 1: Calculate the fluoride feed rate in lb/d and g/min, if 1.0 mg/Lof fluoride is required using sodium silicofluoride in a 10 MGD (6944 gpm,0.438 m3/s) water plant assuming zero natural fluoride content.
solution: Using Eq. (5.197a) and data from Table 5.15, feed rate FR is

� 139.7 lb/d
or � 139.7 lb/d � 453.6 g/lb � (1 d/1440 min)

� 44.0 g/min
Example 2: A water plant has a flow of 1600 gpm (0.1m3/s). The fluoride con-centration of the finished water requires 0.9 mg/L using sodium fluoride in adry feeder. Determine the feed rate if 0.1 mg/L natural fluoride is in the water.
solution: Using Eq. (5.197), and data from Table 5.15

� 0.024 lb/min
or � 10.9 g/min

Example 3: If a water plant treats 3500 gpm (5 MGD, 0.219 m2/s) of waterwith a natural fluoride level of 0.1 mg/L. Find the hydrofluosilicic acid feedrate (mL/min) with the desired fluoride level of 1.1 mg/L.
solution:

Step 1. Calculate FR in gal/min

FR 5
s1.1 2 0.1d mg/L 3 3500 gpm

1,000,000 3 0.23 3 0.792
 
5 0.0192 gpm

F 5 s0.9 2 0.1dmg/L 3 1600 gpm 3 8.34  lb/gal
1,000,000 3 0.98 3 0.452

FR 5
1.0 mg/L 3 10 MGD 3 8.34 lb/gal

0.985 3 0.606

FR slb/mind 5 smg/Ld 3 gpm 3 8.34  lb/gal
1,000,000 3 p 3 AFI

FR slb/dd 5 dosage smg/Ld 3 plant flow sMGDd 3 8.34  lb/gal
p 3 AFI
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Step 2. Convert gpm into mL/min
FR � 0.0192 gpm

� 0.0192 gal/min � 3785 mL/gal
� 72.7 mL/min

19.4 Fluoride feed rate for saturator

In practice 40 g of sodium fluoride will dissolve in 1 L of water. It gives40,000 mg/L (4% solution) of NF. The AFI is 0.45. Thus the concentra-tion of fluoride in the saturator is 18,000 mg/L (40,000 mg/L � 0.45). Thesodium fluoride feed rate can be calculated as
(5.198)

Example 1: In a 1 MGD plant with 0.2 mg/L natural fluoride, what wouldthe fluoride (NF saturator) feed rate be to maintain 1.2 mg/L of fluoride inthe water?
solution: By Eq. (5.198)

Note: Approximately 56 gal of saturated NF solution to treat 1 Mgal of waterat 1.0 mg/L dosage.
Example 2: Convert the NF feed rate in Example 1 to mL/min.
solution:

FR � 55.6 gal/d � 3785 mL/gal � (1d/1440 min)
� 146 mL/min

or � 2.5 mL/s
Note: Approximately 2.5 mL/s (or 150 mL/min) of saturated sodium fluoridesolution to 1 MGD flow to obtain 1.0 mg/L of fluoride concentration.

19.5 Fluoride dosage

Fluoride dosage can be calculated from Eqs. (5.196) and (5.198) by rear-ranging those equations as follows:
(5.199)Dosage smg/Ld 5 FRslb/dd 3 p 3 AFI

plant  flowsMGDd 3 8.34  lb/sMgal # mg/Ld

FR 5
s1.2 2 0.2d mg/L 3 1,000,000 gpd

18,000  mg/L
 5 55.6 gpd

FRsgpm or L/mind 5 dosagesmg/Ld 3 plant flowsgpm  or  L/mind
18,000  mg/L
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and for the saturator:
(5.200)

For a solution concentration, C, of unsaturated NF solution
(5.201)

Example 1: A water plant (1 MGD) feeds 22 lb/d of sodium fluoride into thewater. Calculate the fluoride dosage.
solution: Using Eq. (5.199) with Table 5.15:

Example 2: A water plant adds 5 gal of sodium fluoride from its saturatorto treat 100,000 gal of water. Find the dosage of the solution.
solution: Using Eq. (5.200)

Example 3: A water system uses 400 gpd of a 2.8% solution of sodium fluo-ride in treating 500,000 gpd of water. Calculate the fluoride dosage.
solution:

Step 1. Find fluoride concentration in NF solution using Eq. (5.201)

Step 2. Calculate fluoride dosage by Eq. (5.200)

Example 4: A water system adds 6.5 lb/d per day of sodium silicofluoride tofluoridate 0.5 MGD of water. What is the fluoride dosage?

Dosage 5 400 gpd 3 12,600 mg/L
500,000 gpd

 5 10.08 mg/L

C 5
18,000  mg/L 3 2.8%

4%
 5 12,600  mg/L

Dosage 5 5 gal 3 18,000 mg/L
100,000 gal

 5 0.9  mg/L

Dosage 5 22 lb/d 3 0.98 3 0.452
1,000,000 gal/d 3 8.34lb/sMgal # mg/Ld

 5 1.17 mg/L

C 5
18,000 mg/L 3  solution strengths%d 

4%

Dosagesmg/Ld 5
FRsgpmd 3 18,000  mg/L

plant  flowsgpmd
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solution: Using Eq. (5.199), p � 0.985, and AFI � 0.606

Example 5: A water plant uses 2.0 lb of sodium silicofluoride to fluoridate160,000 gal water. What is the fluoride dosage?
solution:

Example 6: A water plant feeds 100 lb of hydrofluosilicic acid of 23%purity during 5 days to fluoridate 0.437 MGD of water. Calculate the fluoridedosage.
solution:

(obtain AFI� 0.792from Table 5.15)

Example 7: A water system uses 1200 lb of 25% hydrofluosilicic acid intreating 26 Mgal of water. The natural fluoride level in the water is 0.1 mg/L.What is the final fluoride concentration in the finished water.
solution:

20 Health Risks

Human health risk is the probability that a given exposure or a seriesof exposures may have or will damage the health of individuals exposed.This section discusses the possible risk of drinking water, and assessing

 5 1.2 mg/L
Final floride 5 s1.1 1 0.1d mg/L

 5 1.1 mg/L
Plant dosage 5 1200 lb 3 0.25 3 0.792

26 3 106gal 3 8.34 lb/sMgal # mg/Ld

 5 1.0 mg/L
 5 20 lb/d 3 0.23 3 0.792

0.437 MGD 3 8.34 lb/sMgal # mg/Ld

Dosage 5 FR 3 p 3 AFI
sMGDd 3 8.34 lb/sMgal # mg/Ld

FR 5 100lb/5 d 5 20 lb/d

Dosage 5 2.0 lb 3 0.985 3 0.606 3 0.606 3 106 mg/L
0.16 Mgal/d 3 8.34  lb/sMgal # mg/Ld

 5 0.9  mg/L

Dosage 5 6.5 lb/d 3 0.985 3 0.606
0.5 MGD 3 8.34 lb/sMgal # mg/Ld

 5 0.93 mg/L 
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and managing risks by the public water suppliers through the rules andguidelines of the US EPA. This section specifically covers assessingand managing risks, radionuclides, and the value of health advisoriesconcerning drinking water.
20.1 Risk

Risk is the potential for realization of unwanted adverse consequences orevents. In general terms, human health risk is the probability of injury,disease, or death under a given chemical or biological exposure or underseries of exposures. Risk may be expressed in quantitative term (zero toone). In many cases, it can only be described as, high, low, or trivial.We do not live in a risk-free world, but in a chemical world. There aremore than 65,000 chemicals produced, and they are increasing innumber every year. Through use and abuse, many of those chemicalproducts will end up in our environment—water, air, and land. Thesechemicals include organics and inorganics that are used in industries(including water treatment plants), pharmaceuticals, agricultures(insecticides), home, personal cosmic purposes, etc. Even terrorism maythreaten our drinking water with chemical contamination.Certain areas on the earth’s crest and rocks contain high levels of somenaturally occurring chemical elements, such as lead, mercury, fluoride,and sulfur. In addition, radionuclides such as natural radium, Ra226,Ra228; radon, Rn; uranium, U, etc.; and man-made radioactive sub-stances occur throughout the world. Many contaminants may end up insource waters. Trace amounts of these contaminants might be presentin the drinking water.All human activities involve some degree of risk. Table 5.16 lists therisks of some common activities. In addition, pathogen contamination infood and drinking liquids poses risks. Waterborne disease outbreaks
(Giardia, Cryptosporidium, acute gastroenteritis, E. Coli, etc.) haveoccurred in the past and can threaten at anytime (Hass, 2002; Lin, 2002).Sand filtration, disinfection, and application of drinking water stan-dards reduce waterborne diseases to protect public health. It was dis-covered that DBPs result from the reaction of chlorine with naturalorganic matter (NOM) in source water. The risk of carcinogenic DBPsis a dilemma for water utilities. Alternative treatment measures andmicrobial control have to be properly managed (see Section 19). The term “safe,” in its common usage, means “without risk.” In tech-nical terms, however, this common usage is misleading because sciencecannot ascertain the conditions under which a given chemical exposureis likely to be absolutely without a risk of any type.Human health risk is the likelihood (or probability) that a given chem-ical exposure or series of exposures may damage the health of exposedindividuals. Chemical risk assessment involves the complex analysis of
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exposures that have taken place in the past, the adverse health effectsof which may or may not have already occurred. It also involves predic-tion of the likely consequences of exposures that have not yet occurred. 
20.2 Risk assessment

Risk assessment is a quantitative evaluation process of health or/andenvironmental risks determining the potential risks associated withexposure to a type of human hazard—physical, chemical, or biological.There are four components to every (complete) risk assessment (US EPA,1986):
1. Hazard identification:

■ Review and analyze toxic data (animal and human studies, andnegative epidemiological studies).
■ Weigh the evidence that a substance causes various toxic effects.
■ Evaluate whether toxic effects in one setting will occur in othersettings.

2. Dose-response evaluation:
■ Perform an estimate of the quantitative relationship between theamount of exposure to a hazardous identified substance and theextent of toxic injury or disease.
■ Extrapolate from high dose to low dose.
■ Extrapolate test animals to humans.
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TABLE 5.16 Annual Risk of Death from Selected Common Human Activities

Activities Individual risk, per year Lifetime risk*
Automobile accident 1/4500 1/65Lightening 1/2000,000Coal miningAccident 1/770 1/17Black lung disease 1/125 1/3Truck driving accident 1/10,000 1/222Falls 1/13,000 1/186Home accidents 1/83,000 1/130
Others 1/1,000,000SmokingFlyingDrinking diet sodaLiving near nuclear power plantLiving in stone or brick buildingUse of microwavesEating 100 charcoal broiled steaks

*Calculated based on 70-year lifetime and 45-year work exposure
SOURCE: US EPA, 1986; R. Begole, State Farm Insurance, personal communication



3. Human exposure evaluation:
■ Investigate the inhalation, ingestion, and skin contact of a toxicchemical.
■ Conduct case studies: how many people are exposed and throughwhich routes; what is the magnitude, duration, and time of exposure.
■ Perform epidemiological studies within different geographic areas.

4. Risk characterization:
■ Integrate the data and analyses of the above three evaluations to esti-mate potential carcinogenic risk and noncarcinogenic health effects.

Example: In most public health evaluations, it is assumed that an individ-ual adult or child consumes 2 or 1 L of water, respectively, each day throughall uses. The average body weights for a men, women, and children areassumed to be 70 kg (154 lb), 50 kg (110 lb), and 10 kg (22 lb), respectively.A toxic substance is present at 0.7 mg/L in water. Determine the daily doseof the three groups for toxicological purposes.
solution:

Step 1. Calculate daily intake (DI) of toxic substance
For an adult

DI � 0.7 mg/L � 2 L/d
� 1.4 mg/d

For a child 
DI � 0.7 mg/L � 1 L/d

� 0.7 mg/d
Step 2. Compute daily dose (DD) per unit weight
For a man

DD � (1.4 mg/d)/70 kg
� 0.02 mg/kg ⋅ d

For a woman
DD � (1.4 mg/d)/50 kg

� 0.028 mg/kg ⋅ d
For a child

DD � (0.7 mg/d)/10 kg
� 0.07 mg/kg ⋅ d

Note: A child gets the highest dose.
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Dose-response models. The dose-response models for cancer death esti-mation have been summarized (IUPAC, 1933; Klaassen, 2001). Themost frequently used ones are one-hit, Weibull, and multistage modelsshown as follows:
One-hit (one-stage) model. The one-hit mechanistic model is based on thesomatic mutation theory in which only one hit of some minimum criti-cal amount of a carcinogen at a cellular target for critical cellular inter-action is required for a cell to be altered (become cancerous). Theprobability statement for this model is

P(d) � 1 � exp(�bd ) (5.202)
where P(d) � the probability of cancer death from a continuous doserate, unitless

b � constant
d � dose rate, �g/L

bd � the number of hits occurring during a minute
Weibull model. The Weibull model is expressed as

P(d ) � 1 � exp(� bdk ) (5.203)
where k � critical number of hits for the toxic cellular responseOthers are the same as the above.

Multistage model. Armitage and Doll (1957) developed a multistage modelfor carcinogenesis that was based on these equations and on the hypoth-esis that a series of ordered stages was required before a cell could undergomutation, initiation, transformation, and progression to form a tumor.This relationship was generalized by Crump (1980) by maximizing the like-lihood function over polynomials so that the probability statement is
P(d) � 1 � exp(� (b0 � b1d1

� b2d2
� . . . . . . . . . � bndk)) (5.204)

where P(d) � the probability of cancer death from a continuous doserate, unitless
b’s � constants, (mg/kg ⋅ d)–1

k � the number of dose groups (biological stages)
d � dose rate, �g/L

If the true value of b1 is replaced with b1* (the upper confidence limitof b1), then a linearized multistage model can be derived where the expres-sion is dominated by (bd*)d at low doses. The slope on this confidence
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interval, q1*, is used by US EPA for quantitative cancer assessment. Toobtain an upper 95% confidence interval on risk, the q1* value (risk/�dose in (mg/kg ⋅ d)�1) is multiplied by the amount of exposure (mg/kg ⋅ d).Thus, the upper-bound estimate on risk R is calculated as
R � q1* (mg/kg ⋅ d)�1 

� exposure (mg/kg ⋅ d) (5.205)
This relationship has been used to calculate a “virtually safe dose”(VSD), which represents the lower 95% confidence limit on a dose thatgives an “acceptable level” of risk (e.g. upper confidence limit for 10�6
excess risk). The integrated risk information system (IRIS) developedby the US EPA gives q* values for many environmental carcinogens(US EPA, 2000a). Because both the q1* and VSD values are calculatedusing 95% confidence intervals, the values are believed to representconservative, protective estimates.The US EPA has utilized the linearized multistage model to calculate“unit risk estimates” in which the upper confidence limit on increasedindividual lifetime risk of cancer for 70-kg human, breathing 1 �g/m3 ofcontaminated air or drinking 2 L/d of water containing 1 ppm (1 mg/L),is estimated over a 70-year life span.The human equivalent dosages are derived by multiplying the corre-sponding animal dosages by (Wh/Wa)1/3. Where Wh and Wa are averagebody weight of men and test animals, respectively.When the response and human equivalent dose data are fit to the lin-earized multistage model, the 95% upper limit on the largest linearterm is q1*. Then,

q1* � q1a* (Wh/Wa)1/3

To estimate the 95% lower level of dose concentration, d, correspondingto a 95% confidence level of risk R, 
R � 1 � exp(– dq1*) (5.206)
exp (– dq1*) � 1 � R

then d (in mg/kg ⋅ d) � (1/q1*) � ln(1 � R) (5.207)
To solve for d in �g/L with a 70-kg man drinking 2 L/d of water, a factoris applied.
1 mg/kg ⋅ d �1 mg/kg ⋅ d � 1000 �g/mg � 70 kg ÷ 2 L/d � 35,000 �g/L
then 
d (in �g/L) � 35,000 �g(mg/kg ⋅ d)–1 ÷ q1*(mg/kg ⋅ d)�1

� ln(1 � R) (5.208)
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Example: The highest value of q1* for a dose-response study for vinyl chlo-ride in the diet is 2.3 (mg/kg ⋅ d)�1. Determine the corresponding lowest con-centration, d, when R is set as 10�4, 10�5, and 10�6. 
solution: Using Eq. (5.208)
Step 1. Setting R � 10�4

d (in �g/L) � (�35,000/2.3) � ln(1 � 10�4)
� 6.09

Step 2. Setting R � 10�5

d (in �g/L) � (�35,000/2.3) � ln(1 � 10�5)
� 0.61

Step 3. Setting R � 10�6

d (in �g/L) � (�35,000/2.3) � ln(1 � 10�6)
� 0.061

Radionuclides in drinking water. Radionuclides may occur naturallyand may be man-made (about 200% in number more than naturalones). Natural radionuclides in drinking water supplies includeradium (Ra-226 and Ra-228), radon (Rn-222), uranium (U-238), lead(Pb-210), polonium (Po-210), and thorium (Th-230 and Th-232). Theyomit one or more of the three types of nuclear radiation, i.e. alpha,beta, and gamma rays in air, food, and drinking water. The radiationattacks bone, red bone marrow, gonads, breast, kidney, lung, skin(burn), etc. Most radionuclides have long decay half-lives. For exam-ple, the half-lives for U-238 and Ra-228 are respectively of 4.5 � 109
and 6.7 years. The radioactivity is expressed in curies (Ci). One curieis the number of particles per second from one gram of radium. Doseis the energy of a particle. One rad of dose is 100 ergs per gram ofenergy deposited.The MCLGs for radionuclides are set as zero. The MCLs for grossalpha particle activity, combined with Ra-226 and Ra-228, and man-made (approximately 200) radionuclides are 15 pCi/L, 5 pCi/L, and 4 millirem/yr. respectively. One pCi (pico Curie) is 10�12 Ci. The drinking water equivalent level (DWEL, in pCi/L) for radionu-clides is defined as (US EPA, 1986)

(5.209)DWEL 5 sNOAELd sanimalfactor, f1dsBWd
sUFdsWCdshumanfactor, f2d
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where NOAEL � no observed adverse effect levelBW � body weight, 70 kg for adult maleUF � uncertainty factor, 10, 100, or 100WC � daily water consumption, 2L/d for adult
Example: Determine DWEL of natural uranium for a man.Given: NOAEL � 1 mg/kg ⋅ d, f1 � 0.01, f2 � 0.05, and UF � 100.
solution: Usually, BW � 70 kg and WC � 2 L/d are used for assessing risks.
Using Eq. (5.209)

20.3 Risk management

Risk management is defined as decisions about whether an assessed riskis sufficiently high to present a public health concern and about theappropriate methods for control of a risk judged to be significant. In otherwords, it is the process of deciding what to do about the problems.Risk management involves the following:
■ find and decide the problems from risk assessment (type and concen-tration of contaminants),
■ assume knowledge of health risks,
■ factor in the hydrology feasibility study and capital and operating(site-specific) cost analyses,
■ decide and evaluate the measures (alternative control strategies) forsolving the problems,
■ reexamine exposure issues previously dealt with in risk assess-ment, and
■ evaluate and monitor the results for the corrective measures formeeting drinking water standards control strategies. 

The basic categories of alternative control strategies may include sourcecontrol, treatment, combination of the above two, and short-term strate-gies. The short-term control strategies are the use of bottled water, point-of-use treatment (RO or ion exchange), or issuance of a boil water order.The disadvantages of point-of-use units (in-home and workplace watertreatment) are maintenance upkeep problems and higher cost.

 5 70 �g/L
 5 0.07 mg/L 3 1000 �g/mg
 5 s1 mg/kg # dds0.01ds70 kgd

s100ds2 L/dds0.05d

DWEL 5 sNOAELd sanimalfactor, f1dsBWd
sUFdsWCdshumanfactor, f2d
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Some bottled waters have questionable water quality (although mostmeet MCLs) and are not labeled as to sources and treatment processes.In foreign countries and even in the United States, some are bottled fromthe tap water (public drinking water systems).Several best management practices for performing in the watershedmay be used for controlling raw water source to reduce or eliminate con-taminants. Water supply utilities may locate new sources of supply. Ifso, the new sources can be blended with or replace the existing watersource. Interceptor well(s) upstream of the source water may be used toprotect water supply wells. The wastewaters from the interceptor wellsneed proper disposal or treatment.If the contaminant source is a leaking storage tank, fix or remove thetank; pump the well until contaminant levels drop, and then treat thecontaminated soil.
Treatment strategies. Treatment involves best available treatment tech-niques to reduce contaminant to meet MCLs. Conventional treatmentprocesses combined with additional techniques can reduce contaminantlevels (Table 5.16; see US EPA, 1986):

a. Processes for inorganic removal
■ Conventional treatment
■ Lime softening
■ Iron exchange
■ Reverse osmosis
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TABLE 5.16 Treatment Processes for Removal of Harmful Contaminants

Process Removes
Conventional As (V) at pH <7.5; Cd at pH > 8.5; Cr (III); Pb; Ag at pH <8.0, pathogens, turbidity
Lime softening As ( V) at pH � 10 – 10.8; Ba at pH � 9.5 – 10.8 ; Cd; Cr(III) at pH >10.5 ; Pb; Ag; F; V
Reverse osmosis All inorganics; commonly used for As (III), As(V); Ba, Cd, Cr(III)’ Cr(VI); F, Pb, Hg, NO3, Se (IV), Se( VI); Ag, Ra, U
Ion exchange, cation Ba, Cd, Cr(III), Ag, Ra
Ion exchange, anion As(V), Cr(VI); NO3, Se(IV), Se( VI ), U
Activated carbon Volatile organics (benzene, vinyl chloride, carbon tetrachloride, TCE, PCE, etc.), chlorinated aromatics (PCB,dichlorobenzene), pesticides (aldicarb, chlordane, DBCP), DBP
Activated alumina As(V ), F, Se(IV)
Aeration Volatile organics, Rn
Air stripping Volatile organics, Rn
Boiling Pathogens, bacterias
Membrane (nano-) Pathogens, bacterias, DBP



■ Activated alumina
■ Electrodialysis

b. Processes for organic removal
■ Conventional treatment
■ Aeration (diffused air, packed column, slate-tray)
■ Adsorption (granular or powder activated carbon, resins)
■ Oxidation (disinfection)
■ Reverse osmosis
■ Biodegradation
■ Boiling
The specific processes can be added to the existing treatmentprocesses. An excellent overview and case studies, including capital andoperating costs of the above processes used for risk management andhealth advisories, are presented in the US EPA (1986).
Example 1: Based on lack of significant decrease in cholinesterase activityin rats, the NOAEL for aldicarb sulfoxide in rats is 0.125 mg/kg ⋅ d. For HAcalculation purpose, EPA assumes: 

Body weight, BW � 70 kg for a man
BW � 10 kg for a child

Daily water consumed, WC � 2 L/d for man
WC � 1 L/d for 10-kg child

Uncertainty factor, UF � 100 for use with animal NOAEL
This example illustrates how the US EPA determines the HA numbers forpesticide aldicarb.
solution:

Step 1. Calculate 1-day health advisory (HA)
For the 10-kg child: Using Eq. (5.13)

Step 2. Determine 10-day health advisory
Since aldicarb is metabolized and excreted rapidly (>90% in urine alonein a 24-h period following a single dose), the 1- and 10-day HA values would

 5 0.012 mg/L or 12 �g/L
 5 s0.125 mg/kg # dd s10 kgd

s100ds1 L/dd

One- day HA 5
sNOAELd sBWd
sUFd sWCd
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not be expected to differ to any extent. Therefore, the 10-day HA will be thesame as the 1-day HA (12 �g/L).
Step 3. Longer-term health advisory
For the 10-kg child:

Step 4. Determine lifetime health advisory
a. Calculate RfD using Eq. (5.13a)

*RRfD � risk reference dose: estimate of daily exposure to the humanpopulation that appears to be without appreciable risk of deleteriousnoncarcinogenic effects over a lifetime of exposure. The lifetime health advisory proposed above reflects the assumptionthat 100 % of the exposure to aldicarb residues is via drinking water.Since aldicarb is used on food crops, the potential exists for dietaryexposure also, lacking compound-specific data on actual relative sourcecontribution; it may be assumed that drinking water contributes 20%of an adult’s daily exposure to aldicarb. The lifetime health advisory forthe 70-kg adult would be 9 �g/L, taking this relative source contribu-tion into account. 
Example 2: There are no suitable data available to estimate 1-day, 10-day,and long-term health advisories. The study of the subacute exposure to trichloroethylene (TTC) via inhalation 5 days a week for 14 weeks by adult rats identified a LOAEL 55 ppm (300 mg/m3). Derive the DWELfor TTC.
Solution:

Step 1: Determine total absorbed dose (TAD)

where 300 mg/m3
� LOAEL

8 m3/d � volume of air inhaled during the exposure period

TAD 5 s300 mg/m3d s8 m3/dd s5/7d s0.3d
s70 kgd 5  7.35 mg/kg # d

 5 0.00125 mg/kg # d
RfD* 5 NOAEL

UF 5
0.125 mg/kg # d

100

 5 0.012 mg/L s12 �g/Ld
Longer-term HA 5

s0.125 mg/kg # dd s10 kgd
s100d s1 L/dd

Public Water Supply 523



5/7 � conversion factor for adjusting from 5 d/week exposure
to a daily dose  

0.3 � ratio of the dose absorbed.
70 kg � assumed weight of adult

Step 2: Determine RfD

where 7.35 mg/kg ⋅ d � TAD
100 � uncertainty factor appropriate for use with data

from an animal study
10 � uncertainty factor appropriate for use in conversion

of LOAFL to NOAEL
Step 3: Determine DWEL

where 0.00735 mg/kg ⋅ d � RRfD
70 kg � assumed weight of protected individual
2 L/d � assumed volume of water ingested by 70-kg

adult
The estimated excess cancer risk associated with lifetime exposure todrinking water containing trichloroethylene at 260 �g/L is approxi-mately 1 � 10�4. This estimate represents the upper 90% confidencelimit from extrapolations prepared by EPA’s Carcinogen AssessmentGroup using the linearized multistage model. The actual risk is unlikelyto exceed this value, but there is considerable uncertainty as to theaccuracy of risk calculated by using this methodology.
Example 3: A subchronic toxicity study of vinyl chloride monomer (VCM)dissolved in soybean oil was administrated 6 days a week for 13 weeks, byaverage to male and female wister rats. The NOAEL in the study was iden-tified as 30 mg/kg ⋅ d. Estimate the values of HA for VCM.
solution:

Step 1. Estimate 1-day HA
There are insufficient data for estimation of a 1-day HA. The 10-day HA isproposed as a conservative estimate for a 1-day HA.

DWEL 5 s0.00735 mg/kg # dds70 kgd
L/d 5 0.26 mg/L  s260 �g/Ld

Rfd 5 s7.35 mg/kg # dd
s100ds10d 5 0.00735 mg/kg # d
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Step 2. Determine 10-day HA (as well as 1-day HA)
For a 10-kg child:

where 6/7 � expansion of 6 d/week treatment in the study 
to 7 d/week to represent daily exposure

Others � as previous examples
Note: This HA is equivalent to 2.6 mg/d or 0.26 mg/kg ⋅ d.
Step 3. Determine the longer-term HA
Using Eq. (5.13),
for a child

for an adult

Note: This HA is equivalent to 92 �g/d or 1.3 �g/kg ⋅ d.
Step 4. Determine the lifetime HA
Because vinyl chloride is classified as a human carcinogen (Group A of USEPA, Group 1 of International Agency for Research on Cancer), a lifetime HAis not recommended.
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1 What Is Wastewater?

“Wastewater,” also known as “sewage,” originates from householdwastes, human and animal wastes, industrial wastewaters, stormrunoff, and groundwater infiltration. Wastewater, basically, is the flowof used water from a community. It is 99.94% water by weight (WaterPollution Control Federation, 1980). The remaining 0.06% is materialdissolved or suspended in the water. It is largely the water supply of acommunity after it has been fouled by various uses.
2 Characteristics of Wastewater

An understanding of physical, chemical, and biological characteristicsof wastewater is very important in design, operation, and managementof collection, treatment, and disposal of wastewater. The nature of waste-water includes physical, chemical, and biological characteristics whichdepend on the water usage in the community, the industrial and com-mercial contributions, weather, and infiltration/inflow.
2.1 Physical properties of wastewater

When fresh, wastewater is gray in color and has a musty and not unpleas-ant odor. The color gradually changes with time from gray to black. Fouland unpleasant odors may then develop as a result of septic sewage.The most important physical characteristics of wastewater are its tem-perature and its solids concentration.Temperature and solids content in wastewater are very importantfactors for wastewater treatment processes. Temperature affects chem-ical reaction and biological activities. Solids, such as total suspendedsolids (TSS), volatile suspended solids (VSS), and settleable solids, affectthe operation and sizing of treatment units.
Solids. Solids comprise matter suspended or dissolved in water andwastewater. Solids are divided into several different fractions and theirconcentrations provide useful information for characterization of waste-water and control of treatment processes.
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Total solids. Total solids (TS) is the sum of total suspended solids andtotal dissolved solids (TDS). Each of these groups can be further dividedinto volatile and fixed fractions. Total solids is the material left in theevaporation dish after it has dried for at least 1h or overnight (prefer-ably) in an oven at 103 to 105�C and is calculated according to Standard
Methods (APHA et al., 1995)

(6.1)
where A � weight of dried residue plus dish, mg

B � weight of dish, mg1000 � conversion of 1000 mL/L
Note: Samples can be natural waters, wastewaters, even treated water.
Total suspended solids. Total suspended solids (TSS) are referred to asnonfilterable residue. The TSS is a very important quality parameterfor water and wastewater and is a wastewater treatment effluent stan-dard. The TSS standards for primary and secondary effluents are usu-ally set at 30 and 12 mg/L, respectively. TSS is determined by filteringa well-mixed sample through a 0.2 mm pore size, 24 mm diameter mem-brane; the membrane filter is placed in a Gooch crucible, and the residueretained on the filter is dried in an oven for at least 1h at a constantweight at 103 to 105°C. It is calculated as

(6.2)
where C � weight of filter and crucible plus dried residue, mg

D � weight of filter and crucible, mg
Total dissolved solids. Dissolved solids are also called filterable residues.Total dissolved solids in raw wastewater are in the range of 250 to850 mg/L.TDS is determined as follows. A well-mixed sample is filtered througha standard glass fiber filter of 2.0 mm normal pore size, and the filtrateis evaporated for at least 1h in an oven at 180 � 2�C. The increase indish weight represents the total dissolved solids, which is calculated as

(6.3)
where E � weight of dried residue plus dish, mg

F � weight of dish, mg

mg TDS/L 5 sE 2 F d 3 1000
sample volume, mL

mg TSS/L 5 sC 2 Dd 3 1000
sample volume, mL

mg TS/L 5 sA 2 Bd 3 1000
sample volume, mL
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Fixed and volatile solids. The residue from TS, TSS, or TDS tests isignited to constant weight at 550�C. The weight lost on ignition is calledvolatile solids, whereas the remaining solids represent the fixed total,suspended, or dissolved solids. The portions of volatile and fixed solidsare computed by
(6.4)

(6.5)
where G � weight of residue plus crucible before ignition, mg

H � weight of residue plus crucible or filter after ignition, mg
I � weight of dish or filter, mg

The determination of the volatile portion of solids is useful in control-ling wastewater treatment plant operations because it gives a rough esti-mation of the amount of organic matter present in the solid fraction ofwastewater, activated sludge, and in industrial waste.Determination of volatile and fixed solids does not distinguish pre-cisely between organic and inorganic matter. Because the loss on igni-tion is not confined only to organic matter, it includes losses due todecomposition or volatilization of some mineral salts. The determina-tion of organic matter can be made by tests for biochemical oxygendemand (BOD), chemical oxygen demand (COD), and total organiccarbon (TOC).
Settleable solids. Settleable solids is the term applied to material set-tling out of suspension within a defined time. It may include floatingmaterial, depending on the technique. Settled solids may be expressedon either a volume (mL/L) or a weight (mg/L) basis.The volumetric method for determining settleable solids is as follows.Fill an Imhoff cone to the 1-L mark with a well-mixed sample. Settle for45 min, gently agitate the sample near the sides of the Imhoff cone witha rod or by spinning, then continue to settle for an additional 15 min andrecord the volume of settleable solids in the cones as mL/L.Another test to determine settleable solids is the gravimetricmethod. First, determine total suspended solids as stated above.Second, determine nonsettleable suspended solids from the super-natant of the same sample which has settled for 1 h. Then determineTSS (mg/L) of this supernatant liquor; this gives the nonsettleablesolids. The settleable solids can be calculated as

mg settleable solids/L � mg TSS/L � mg nonsettleable solids/L (6.6)

mg fixed solids/L  5 sH 2 I d 3 1000
sample volume, mL

mg volatile solids/L 5 sG 2 H d 3 1000
sample volume, mL



Example: A well-mixed 25 mL of raw wastewater is used for TS analyses.A well-mixed 50 mL of raw wastewater is used for suspended solids analy-ses. Weights (wt.) of evaporating dish with and without the sample eitherdried, evaporated, or ignited were determined to constant weight accordingto Standard Methods (APHA et al., 1998). The laboratory results are
Tare wt. of evaporating dish � 42.4723 g
Wt. of dish plus residue after evaporation at 105°C � 42.4986 g
Wt. of dish plus residue after ignition at 550°C � 42.4863 g
Tare wt. of filter plus Gooch crucible � 21.5308 g
Wt. of residue and filter plus crucible after drying at 105°C � 21.5447 g
Wt. of residue and filter plus crucible after ignition at 550°C � 21.5349 g
Compute the concentrations of total solids, volatile solids, fixed solids, totalsuspended solids, volatile suspended solids, and fixed suspended solids.
solution:

Step 1. Determine total solids by Eq. (6.1)

Step 2. Determine total volatile solids by Eq. (6.4)
G � 42,498.6 mg
H � 42,486.3 mg

VS � (42,498.6 � 42,486.3) � 1000/25
� 492 mg/L

Step 3. Determine total fixed solids
FS � TS � VS � (1052 � 492) mg/L � 560 mg/L

Step 4. Determine total suspended solids by Eq. (6.2)
C � 21,544.7 mg 
D � 21,530.8 mg

Sample size � 50 mL
TSS � (C – D) � 1000/50

� (21,544.7 � 21,530.8) � 20
� 278 mg/L

 5 1052 mg/L
 5 s42,498.6 2 42,472.3d 3 40 mg/L

TS 5 sA 2 Bd mg 3 1000 mL/L
25 mL

B 5 42,472.3 mg
A 5 42,498.6 mg

Sample size 5 25 mL
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Step 5. Determine volatile suspended solids by Eq. (6.4)
G � 21,544.7 mg 
H � 21,534.9 mg

VSS � (G � H) � 1000/50
� (21,544.7 – 21,534.9) � 20
� 196 mg/L

Step 6. Determine fixed suspended solids by Eq. (6.5)
H � 21,534.9 mg 
I � 21,530.8 mg

FSS � (H � I ) � 1000/50
� (21,534.9 � 21,530.8) � 20
� 82 mg/L

or
FSS � TSS – VSS � (278 – 196) mg/L

� 82 mg/L

2.2 Chemical constituents of wastewater

The dissolved and suspended solids in wastewater contain organic andinorganic material. Organic matter may include carbohydrates, fats,oils, grease, surfactants, proteins, pesticides and other agriculturalchemicals, volatile organic compounds, and other toxic chemicals (house-hold and industrial). Inorganics may include heavy metals, nutrients(nitrogen and phosphorus), pH, alkalinity, chlorides, sulfur, and otherinorganic pollutants. Gases such as carbon dioxide, nitrogen, oxygen,hydrogen sulfide, and methane may be present in a wastewater.Normal ranges of nitrogen levels in domestic raw wastewater are25 to 85 mg/L for total nitrogen (the sum of ammonia, nitrate, nitrite,and organic nitrogen); 12 to 50 mg/L ammonia nitrogen; and 8 to35 mg/L organic nitrogen (WEF 1996a). The organic nitrogen con-centration is determined by a total kjeldahl nitrogen (TKN) analysis,which measures the sum of organic and ammonia nitrogen. Organicnitrogen is then calculated by subtracting ammonia nitrogen fromthe TKN measurement.Typical total phosphorus concentrations of raw wastewater rangefrom 2 to 20 mg/L, which includes 1 to 5 mg/L of organic phosphorus and1 to 15 mg/L of inorganic phosphorus (WEF 1996a). Both nitrogen andphosphorus in wastewater serve as essential elements for biologicalgrowth and reproduction during wastewater treatment processes andin the natural water.
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The strength (organic content) of a wastewater is usually measured as5-days biochemical oxygen demand (BOD5), chemical oxygen demand,and total organic carbon. The BOD5 test measures the amount of oxygenrequired to oxidize the organic matter in the sample during 5 days of bio-logical stabilization at 20°C. This is usually referred to as the first stageof carbonaceous BOD (CBOD), not nitrification (second phase). Secondarywastewater treatment plants are typically designed to remove CBOD, notfor nitrogenous BOD (except for advanced treatment). The BOD5 of rawdomestic wastewater in the United States is normally between 100 and250 mg/L. It is higher in other countries. In this chapter, the term BOD5represents 5-days BOD, unless stated otherwise.The ratio of carbon, nitrogen, and phosphorus in wastewater is veryimportant for biological treatment processes, where there is normallya surplus of nutrients. The commonly accepted BOD/N/P weight ratiofor biological treatment is 100/5/1; i.e. 100 mg/L BOD to 5 mg/L nitro-gen to 1 mg/L phosphorus. The ratios for raw sanitary wastewater andsettled (primary) effluent are 100/17/5 and 100/23/7, respectively.
Example 1: Calculate the pounds of BOD5 and TSS produced per capita perday. Assume average domestic wastewater flow is 100 gallons (378 L) percapita per day (gpcpd), containing BOD5 and TSS concentrations in waste-water of 200 and 240 mg/L, respectively.
solution:

Step 1. For BOD
BOD � 200 mg/L � 1 L/106 mg � 100 gal/(c � d) � 8.34 lb/gal

� 0.17 lb/(c � d)
� 77 g/(c � d)

Step 2. For TSS
TSS � 240 mg/L � 10–6 L/mg � 100 gal/(c � d) � 8.34 lb/gal

� 0.20 lb/(c � d)
� 90 g/(c � d)

Note: 100 gal/(c � d) of flow and 0.17 lb BOD5 per capita per day are commonlyused for calculation of the population equivalent of hydraulic and BOD load-ings for other wastewaters.In newly developed communities, generally designed wastewater flow is120 gpcpd. With the same concentrations, the loading rate for design purposewould be
BOD � 0.20 lb/(c � d)

� 90 g/(c � d)
TSS � 0.24 lb/(c � d) 

� 110 g/(c � d)
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Example 2: An example of industrial waste has an average flow of 1,230,000gpd (4656 m3/d) with BOD5 of 9850 lb/d (4468 kg/d). Calculate BOD concen-tration and the equivalent populations of hydraulic and BOD loadings.
solution:

Step 1. Determine BOD concentration

Note: MGD � million gallons per dayMgal � million gallons
Step 2. Calculate equivalent populations, E. P.

For the SI units calculations:
Step 3. Compute BOD concentration

Step 4. Compute E.P., refer to Example 1

Chemical oxygen demand. Concept and measurement of BOD are fullycovered in Chapter 1. Since the BOD5 test is time consuming, chemicaloxygen demand is routinely performed for wastewater treatment opera-tions after the relationship between BOD5 and COD has been developedfor a wastewater treatment plant. Many regulatory agencies accept theCOD test as a tool of the wastewater treatment operation. The total

 5 12,300 persons
Hydraulic E.P. 5 4656 m3/d 3 1000 L/m3

378.5/c/d

 > 58,000 capitasspersonsd
BOD E.P. 5 4468 kg/d 3 1000 g/kg

77 g/c/d

BOD 5
4468 kg/d 3 106 mg/kg
4656 m3/d 3 103 L/m3

        5 960 mg/L

 5 12,300 persons
Hydraulic E.P. 5 1,230,000 gpd

100 g/c/d

 5 57,940 persons scapitasd
BOD E.P. 5 9850 lb/d

0.17 lb/c/d

     Q 5 1.23 MGD
BOD 5

9850 lb/d
1.23 Mgal/d 3 8.34 lb/sMgal ? mg/Ld

        5 960 mg/L
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organic carbon test is also a means for defining the organic content inwastewater.The chemical oxygen demand is a measurement of the oxygen equiv-alent of the organic matter content of a sample that is susceptible to oxi-dation by a strong chemical oxidant, such as potassium dichromate.For a sample, COD can be related empirically to BOD, organic carbon,or organic matter.After the correlation of BOD5 and COD has been established, theCOD test is useful for controlling and monitoring wastewater treat-ment processes. The COD test takes 3 to 4 h rather than 5 days for BODdata. The COD results are typically higher than the BOD values. Thecorrelation between COD and BOD varies from plant to plant. The BOD:COD ratio also varies across the plant from influent to process units toeffluent. The ratio is typically 0.5:1 for raw wastewater and may dropto as low as 0.1:1 for well-stabilized secondary effluent. The normalCOD range for raw wastewater is 200 to 600 mg/L (WEF 1996a).
COD test. Most types of organic matter in water or wastewater are oxi-dized by a boiling mixture of sulfuric and chromic acids with excess ofpotassium dichromate (K2Cr207). After 2-h refluxing, the remainingunreduced K2Cr207 is titrated with ferrous ammonium sulfate to meas-ure the amount of K2Cr207 consumed and the oxidizable organic matteris calculated in terms of oxygen equivalent. The COD test can be per-formed by either the open reflux or the closed reflux method. The openreflux method is suitable for a wide range of wastewaters, whereas theclosed reflux method is more economical but requires homogenizationof samples containing suspended solids to obtain reproducible results.The COD test procedures (open reflux) are (APHA et al., 1998):

■ Place appropriate size of sample in a 500-mL refluxing flask use50 mL if COD � 900 mg/Luse less sample and dilute to 50 mL if COD �900 mg/Luse large size of sample if COD �50 mL
■ Add 1 g of HgSO4 and several glass beads
■ Slowly add 5 mL sulfuric acid reagent and mix to dissolve HgSO4
■ Cool the mixture
■ Add 25.0 mL of 0.0417 mole K2Cr207 solution and mix
■ Attach the refluxing flask to condenser and turn on cooling water
■ Add 70 mL sulfuric acid reagent through open end of condenser, thenswirl and mix
■ Cover open end of condenser with a small beaker
■ Reflux for 2 h (usually 1 blank with several samples)
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■ Cool and wash down condenser with distilled water to about twicevolume
■ Cool to room temperature
■ Add 2–3 drops ferroin indicator
■ Titrate excess K2Cr207 with standard ferrous ammonium sulfate (FAS)
■ Take as the end point of the titration of the first sharp color changefrom blue-green to reddish brown
■ Calculate COD result as (APHA et al., 1998)

(6.7)

where A � mL FAS used for blank
B � mL FAS used for sample
M � molarity of FAS to be determined daily against standardK2Cr207 solution � 0.25 mole

Example: The results of a COD test for raw wastewater (50 mL used) aregiven. Volumes of FAS used for blank and the sample are 24.53 and 12.88 mL,respectively. The molarity of FAS is 0.242. Calculate the COD concentrationfor the sample.
solution: Using Eq. (6.7)

2.3 Biological characteristics 

of wastewater

The principal groups of microorganisms found in wastewater are bac-teria, fungi, protozoa, microscopic plants and animals, and viruses. Mostmicroorganisms (bacteria, protozoa) are responsible and are beneficialfor biological treatment processes of wastewater. However, some path-ogenic bacteria, fungi, protozoa, and viruses found in wastewater are ofpublic concern.
Indicator bacteria. Pathogenic organisms are usually excreted byhumans from the gastrointestinal tract and discharge to wastewater.Water-borne diseases include cholera, typhoid, paratyphoid fever,

 5 451
 5 s24.53 2 12.88d 3 0.242 3 8000/50

COD as mg O2/L 5 sA 2 Bd 3 M 3 8000
mL sample
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diarrhea, and dysentery. The number of pathogenic organisms in waste-waters is generally low in density and they are difficult to isolate andidentify. Therefore, indicator bacteria such as total coliform (TC), fecalcoliform (FC), and fecal streptococcus (FS) are used as indicator organ-isms. The concept of indicator bacteria and enumeration of bacterial den-sity are discussed in Chapter 1.Tests for enumeration of TC, FC, and FS can be performed by multiple-tube fermentation (most probable number, MPN) or membrane filtermethods; the test media used are different for these three groups ofindicators. Most regulatory agencies have adopted fecal coliform densityas an effluent standard because FC is mostly from fecal material.

3 Sewer Systems

Sewers are underground conduits to convey wastewater and storm-water to a treatment plant or to carry stormwater to the point of dis-posal. Sewers can be classified into three categories: sanitary, storm, andcombined. Community sewer systems, according to their dischargingtypes, can be divided into separated and combined sewer systems.
3.1 Separated sewer system

Separated sewers consist of sanitary sewers and stormwater sewernetworks separately. Sanitary sewers carry a mixture of household andcommercial sewage, industrial wastewater, water from groundwaterinfiltration/inflow, basement and foundation drainage connections, andcross-connections between sanitary sewers and stormwater drainage.Separated sanitary sewers should be free of stormwater, but theyseldom are.Storm sewers are commonly buried pipes that convey storm drainage.They may include open channel elements and culverts, particularlywhen drainage areas are large.Storm sewer networks convey mainly surface storm runoff from roofs,streets, parking lots, and other surfaces toward the nearest receivingwater body. An urban drainage system with separated sewers is moreexpensive than a combined sewer system because it uses two parallelconduits. Sanitary and storm sewers are usually designed to operateunder gravity flow conditions. Pressure or vacuum sewers are rare.Storm sewers are dry much of the time. When rainfalls are gentle, thesurface runoffs are usually clear and low flows present no serious prob-lem. However, flooding runoffs wash and erode unprotected areas andcreate siltation.Illicit connections from roofs, yards, and foundations drain flow tosanitary sewers through manhole covers that are not tight. The flow
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rates vary and are as high as 70 gal/(c � d) and average 30 gal/(c � d). Arainfall of 1 in (2.54 cm)/ h on 1200 ft2 (111 m2) of roof produces a flow of12.5 gal/min (0.788 L/s) or 18,000 gal/d. Spreading over an acre (0.4047 ha),1 in/h equals 1.008 ft3/s (28.5 L/s) of runoff. Leakage through manholecovers can add 20 to 70 gal/min (1.26 to 4.42 L/s) to the sewer whenthere is as much as 1 in of water on the streets (Fair et al., 1966).
Example: A house has a roof of 30 ft by 40 ft (9.14 m � 12.19 m) and is occu-pied by four people. What is the percentage of rainfall of 1 in/h, using a rateof leakage through manholes of 60 gal/(c � d)?
solution:

Step 1. Compute stormwater runoff
Runoff � 30 ft � 40 ft � 1 in/h � (1 ft/12 in) � (24 h/d) 

� 7.48 gal/ft3
� 4 c � 4488 gal/(c � d)

Say � 4500 gal/(c � d)
Step 2. Determine percent of leakage

% � 60 gal/(c � d) � 100/4500 gal/(c � d)
� 1.33

3.2 Combined sewers

Combined sewers are designed for collection and conveyance of bothsanitary sewage, including industrial wastewaters, and storm surfacerunoff in one conduit. Combined sewer systems are common in old USand European urban communities. In the United States, there has beena trend to replace combined sewers by separate sewer systems. Thedry-weather flow (sanitary and industrial wastewaters, plus streetdrainage from washing operations and lawn sprinkling and infiltra-tion) is intercepted to the treatment facility. During storm events, whenthe combined wastewater and stormwater exceed the capacity of thetreatment plant, the overflow is bypassed directly to the receiving waterbody without treatment or is stored for future treatment. The overflowis the so-called combined sewer overflow (CSO).The average BOD5 in stormwater is approximately 30 mg/L. The aver-age BOD5 in combined sewer overflows is between 60 and 120 mg/L(Novotny and Chesters, 1981). Since the CSO bypass may result in sig-nificant pollution, even during high river flows, it will create a hazardousthreat to downstream water users. Thus, proper management of CSO isrequired (e.g. storage and later treatment). One obvious solution is toreplace combined sewers by separate sewers; however, costs and legali-ties of shifting are major concerns.
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Example: The following information is given:
Separate sanitary sewer flow � 250 L/(c � d)
Population density � 120 persons/ha
BOD5 of raw wastewater � 188 mg/L
BOD5 of plant effluent or stormwater � 30 mg/L
A storm intensity � 25 mm/d (1 in/d)
Impervious urban watershed � 72%
Compare flow and BOD5 pollution potential produced by wastewater aftertreatment and by the stormwater.
solution:

Step 1. Compute flow and BOD5 loads for wastewater
Flow � 250 L/(c � d) � 120 c/ha

� 30,000 L/(d � ha)
� 30 m3/(d � ha)

Raw wastewater BOD5 � 30,000 L/(d � ha) � 188 mg/L
� 5,640,000 mg/(d � ha)
� 5640 g/(d � ha)

Effluent BOD5 � 30,000 L/(d � ha) � 30 mg/L
� 900 g/(d � ha)

BOD5 removed � (5640 � 900) g/(d � ha)
� 4740 g/(d � ha) (84% removal)

Step 2. Compute flow and BOD5 load for stormwater
Flow � 25 mm/d � 10,000 m2/ha � 0.72 � 0.001 m/mm � 1000 L/m3

� 180,000 L/(d � ha) 
� 180 m3/(d � ha)

BOD5 load � 180,000 L/(d � ha) � 30 mg/L
� 5,400,000 mg/(d � ha)
� 5,400 g/(d � ha)

Step 3. Compare BOD5 load
Storm water BOD5: effluent BOD5 � 5400 : 900

� 6 : 1
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4 Quantity of Wastewater

The quantity of wastewater produced varies in different communitiesand countries, depending on a number of factors such as water uses,climate, lifestyle, economics, etc. Metcalf and Eddy, Inc. (1991) lists typ-ical municipal water uses and wastewater flow rates in the UnitedStates including domestic, commercial, institutional, and recreationalfacilities and various institutions.A typical wastewater flow rate from a residential home in the UnitedStates might average 70 gal (265 L) per capita per day (gal/(c � d) or gpcpd).Approximately 60% to 85% of the per capita consumption of water becomeswastewater. Commonly used quantities of wastewater flow rates that formmiscellaneous types of facilities are listed in Table 6.1 (Illinois EPA, 1997).Municipal wastewater is derived largely from the water supply. Somewater uses, such as for street washing, lawn watering, fire fighting,and leakage from water supply pipelines, most likely do not reach thesewers. The volume of wastewater is added to by infiltration and inflows.Wastewater flow rates for commercial developments normally rangefrom 800 to 1500 gal/(acre � d) (7.5 to 14 m3/(ha � d)), while those for indus-tries are 1000 to 1500 gal/(acre � d) (9.4 to 14 m3/(ha � d)) for light indus-trial developments and 1500 to 3000 gal/(acre � d) (14 to 28 m3/(ha � d))for medium industrial developments.Water entering a sewer system from ground through defective con-nections, pipes, pipe joints, or manhole wells is called infiltration. Theamount of flow into a sewer from groundwater, infiltration, may rangefrom 100 to 10,000 gal/(d � in � mile) (0.093 to 9.26 m3/(d � cm � km)) ormore (Metcalf and Eddy, Inc. 1991). Construction specifications com-monly permit a maximum infiltration rate of 500 gal/(d � in � mile)(0.463 m3/(d � cm � km)) of pipe diameter. The quantity of infiltration maybe equal to 3 to 5% of the peak hourly domestic wastewater flow, orapproximately 10% of the average daily flow. With better pipe jointmaterial and tight control of construction methods, infiltration allowancecan be as low as 200 gal/(d � mile � in) of pipe diameter (Hammer, 1986).Inflow to a sewer includes steady inflow and direct inflow. Steadyinflow is water drained from springs and swampy areas, dischargedfrom foundation, cellar drains, and cooling facilities, etc. Direct inflowis from stormwater runoff direct to the sanitary sewer.
Example 1: Convert to the SI units for the construction allowable infiltra-tion rate of 500 gal/(d � mile) per in of pipe diameter.
solution:

500 gal/sd # mile # ind 5 500 gal/d 3 0.003785 m3/gal
1 mile 3 1.609 km/mile 3 1 in 3 2.54 cm/in

5 0.463 m3/sd # kmd per cm of pipe diameter    
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TABLE 6.1 Typical Wastewater Flow Rates for Miscellaneous Facilities

Gallons per person per day (unless otherwise Type of establishment noted)
Airports (per passenger) 5Bathhouses and swimming pools 10Camps:Campground with central comfort station 35With flush toilets, no showers 25Construction camps (semipermanent) 50Day camps (no meals served) 15Resort camps (night and day) with limited plumbing 50Luxury camps 100Cottages and small dwellings with seasonal occupancy 75Country clubs (per resident member) 100Country clubs (per nonresident member present) 25Dwellings:Boarding houses 50(additional for nonresident boarders) 10Rooming houses 40Factories (gallons per person, per shift, exclusive of 35industrial wastes)Hospitals (per bed space) 250Hotels with laundry (two persons per room) per room 150Institutions other than hospitals including nursing 125homes (per bed space)Laundries—self service (gallons per wash) 30Motels (per bed) with laundry 50Picnic parks (toilet wastes only per park user) 5Picnic parks with bathhouses, showers and flush 10toilets (per park user)Restaurants (toilet and kitchen wastes per patron) 10Restaurants (kitchen wastes per meal served) 3Restaurants (additional for bars and cocktail lounges) 2Schools:Boarding 100Day, without gyms, cafeterias, or showers 15Day, with gyms, cafeterias, and showers 25Day, with cafeterias, but without gyms or showers 20Service stations (per vehicle served) 5Swimming pools and bathhouses 10Theaters:Movie (per auditorium set) 5Drive-in (per car space) 10Travel trailer parks without individual water 50and sewer hook-ups (per space)Travel trailer parks with individual water 100and sewer hook-ups (per space)Workers:Offices, schools and business establishments 15(per shift)

SOURCE: Illinois EPA (1997)
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Example 2: The following data are given:
Sewered population � 55,000
Average domestic wastewater flow � 100 gal/(c � d)
Assumed infiltration flow rate � 500 gal/(d � mile) per in of pipe diameter
Sanitary sewer systems for the city:

4-in house sewers � 66.6 miles
6-in building sewers � 13.2 miles
8-in street laterals � 35.2 miles
12-in submains � 9.8 miles
18-in mains � 7.4 miles

Estimate the infiltration flow rate and its percentage of the average daily andpeak hourly domestic wastewater flows.
solution:

Step 1. Calculate the average daily flow (Q) and peak hourly flow (Qp)
Assuming Qp � 3Q

Q � 100 gal/(c � d) � 55,000 persons
� 5500,000 gal/d

Qp � 5500,000 gal/d � 3
� 16,500,000 gal/d

Step 2. Compute total infiltration flow, I
I � infiltration rate � length � diameter

� 500 gal/(d � mile � in)
� (66.6 � 4 � 13.2 � 6 � 35.2 � 8 � 9.8 � 12 � 7.4 � 18) mile � in

� 439,000 gal/d
Step 3. Compute percentages of infiltration to daily average and peakhourly flows

I/Q � (439,000 gal/d)/(5,500,000 gal/d) � 100%
� 8.0%

I/Qp � (439,000 gal/d)/(16,500,000 gal/d) � 100%
� 2.66%

4.1 Design flow rates

The average daily flow (volume per unit time), maximum daily flow, peakhourly flow, minimum hourly and daily flows, and design peak flow aregenerally used as the basis of design for sewers, lift stations, sewage



(wastewater) treatment plants, treatment units, and other wastewaterhandling facilities. Definitions and purposes of flow are given as follows.The design average flow is the average of the daily volumes to bereceived for a continuous 12-month period of the design year. The aver-age flow may be used to estimate pumping and chemical costs, sludgegeneration, and organic-loading rates.The maximum daily flow is the largest volume of flow to be receivedduring a continuous 24-hour period. It is employed in the calculation ofretention time for equalization basin and chlorine contact time.The peak hourly flow is the largest volume received during a 1hperiod, based on annual data. It is used for the design of collection andinterceptor sewers, wet wells, wastewater pumping stations, waste-water flow measurements, grit chambers, settling basins, chlorine con-tact tanks, and pipings. The design peak flow is the instantaneousmaximum flow rate to be received. The peak hourly flow is commonlyassumed as three times the average daily flow.The minimum daily flow is the smallest volume of flow received duringa 24-h period. The minimum daily flow is important in the sizing of con-duits where solids might be deposited at low flow rates.The minimum hourly flow is the smallest hourly flow rate occurringover a 24-h period, based on annual data. It is important to the sizingof wastewater flowmeters, chemical-feed systems, and pumping systems.
Example: Estimate the average and maximum hourly flow for a communityof 10,000 persons.
Step 1. Estimate wastewater daily flow rate
Assume average water consumption � 200 L/(c � d)
Assume 80% of water consumption goes to the sewer

Average wastewater flow � 200 L/(c � d) � 0.80 � 10,000 persons
� 0.001 m3/L

� 1600 m3/d
Step 2. Compute average hourly flow rate

Average hourly flow rate � 1600 m3/d � 1 d/24 h
� 66.67 m3/h

Step 3. Estimate the maximum hourly flow rate
Assume the maximum hourly flow rate is three times the average hourlyflow rate, thus

Maximum hourly flow rate � 66.67 m3/h � 3
� 200 m3/h
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5 Urban Stormwater Management

In the 1980s, stormwater detention or retention basin became one of themost popular and widely used best management practices (BMPs) forquality enhancement of stormwater. In the United States, Congressmandated local governments to research ways to reduce the impact ofseparate storm sewer systems and CSO discharges on all receiving waterbodies. In Europe, most communities use combined sewer systems, withsome separate storm sewer systems in newer suburban communities. TheCSO problem has received considerable attention in Europe.Both quality and quantity of stormwater should be considered whenprotecting water quality and reducing property damage and traffic delayby urban flooding. Stormwater detention is an important measure forboth quality and quantity control. Temporarily storing or detainingstormwater is a very effective method. Infiltration practices are themost effective in removing stormwater pollutants (Livingston, 1995).When stormwater is retained long enough, its quality will be enhanced.Several publications (US EPA 1974c, 1983a, (NIPC) 1992, WEF andASCE 1992, Wanielista and Yousef, 1993, Urbonas and Stahre, 1993,Pitt and Voorhees, 1995, Shoemaker et al., 1995, Terstriep and Lee,1995, Truong and Phua, 1995) describe stormwater management plansand design guidelines for control (e.g. detention or storage facilities) indetail. Storage facilities include local disposal, inlet control at source(rooftops, parking lots, commercial or industrial yards, and other sur-faces), on-site detention (swales or ditches, dry basins or ponds, wetponds, concrete basins, underground pipe packages or clusters), in-linedetention (concrete basins, excess volume in the sewer system, pipepackages, tunnels, underground caverns, surface ponds), off-line stor-age (direct to storage), storage at treatment plant, and constructedwetland.Two of the largest projects for urban stormwater management aregiven. Since the early 1950s, Toronto, Canada, has expanded with urbandevelopment. The city is located at the lower end of a watershed. In 1954,Hurricane Hazel brought a heavy storm (6 in. in 1 hour). Subsequently,overflow from the Don River flooded the city. Huge damage and lossesoccurred. Thereafter, an urban management commission was formedand two large flood control reservoirs were constructed. Natural tech-niques were applied to river basin management.After Hurricane Hazel in 1954, the Government of Ontario created“Conservation Authorities” to manage water quality in major drainagebasins in the province. Their initial focus was on flood control. It grad-ually expanded to what we now call integrated watershed management.In the late 1960s, the Government of Canada initiated federal-provincialcomprehensive river basin planning exercises in various basins acrossthe country. The results of these comprehensive river basin, or “aquatic
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ecosystem” planning exercises were mixed, but much was learned abouttechnical matters, public participation, and combining technical, eco-nomic, environmental, and social issues.In Chicago, USA, before the 1930s combined sewers were built, as inother older municipalities. About 100 storms per year caused a combi-nation of raw wastewater and stormwater to discharge into Chicagolandwaterways. Approximately 500,000 homes had chronic flooding problems.Based on the need for pollution and flood controls, the mass $3.66 billionTunnel and Reservoir Plan (TARP) was formed. Also known as Chicago’sDeep Tunnel, this project of intergovernmental efforts has undergonemore than 25 years of planning and construction. The two-phased planwas approved by the water district commissions in 1972. Phase 1 aimedto control pollution and included 109 miles (175.4 km) of tunnels andthree dewatering pumping stations. Phase 2 was designed for flood con-trol and resulted in construction of three reservoirs with a total capacityof 16 billion gal (60.6 billion L) (Carder, 1997).The entire plan consisted of four separate systems—Mainstream,Calumet, Des Plaines, and O’Hare. TARP has a total of 130 miles (209 km)of tunnels, 243 vertical drop shafts, 460 near-surface collecting struc-tures, three pumping stations, and 126,000 acre � ft (155,400,000 m3) ofstorage in three reservoirs. The reservoir project began in the middle ofthe 1990s (F. W. Dodge Profile, 1994; Kirk, 1997).The tunnels were excavated through the dolomite rock strata, usingtunnel boring machines. The rough, excavated diameter of the tunnelis about 33 ft (10 m). Tunnel depths range from 150 to 360 ft (45.7 to110 m) below the ground surface and their diameter ranges from 9 to33 ft (2.7 to 10 m). The construction of the Mainstream tunnel startedin 1976 and it went into service in 1985.The TARP’s mainstream pumping station in Hodgkins, Illinois, is thelargest pumping station in the United States. It boasts six pumps: fourwith a combined capacity of 710 Mgal/d (31.1 m3/s) and two with a com-bined capacity of 316 Mgal/d (13.8 m3/s). The stored wastewater ispumped to wastewater treatment plants. The TARP system received the1986 Outstanding Civil Engineering Achievement award from theAmerican Society of Civil Engineers (Robison, 1986) and the 1989Outstanding Achievement in Water Pollution Control award from theWater Pollution Control Federation (current name, Water EnvironmentFederation). It is now one of the important tour sites in Chicago.

5.1 Urban drainage systems

Urban drainage systems or storm drainage systems consist of floodrunoff paths, called the major system. Major (total) drainage systemsare physical facilities that collect, store, convey, and treat runoff that
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exceeds the minor systems. It is composed of paths for runoff to flow toa receiving stream. These facilities normally include detention andretention facilities, street storm sewers, open channels, and specialstructures such as inlets, manholes, and energy dissipators (Metcalfand Eddy, Inc. 1970; WEF and ASCE, 1992).The minor or primary system is the portion of the total drainagesystem that collects, stores, and conveys frequently occurring runoff, andprovides relief from nuisance and inconvenience. The minor systemincludes streets, sewers, and open channels, either natural or con-structed. It has traditionally been carefully planned and constructed,and usually represents the major portion of the urban drainage infra-structure investment. The major drainage system is usually less con-trolled than the minor system and will function regardless of whetheror not it has been deliberately designed and/or protected againstencroachment, including when the minor system is blocked or otherwiseinoperable (WEF and ASCE, 1992). The minor system is traditionallyplanned and designed to safely convey runoff from storms with a spe-cific recurrence interval, usually 5 to 10 years (Novotny et al., 1989). Inthe United States, flood drainage systems are included in flood insur-ance studies required by the Office of Insurance and Hazard Mitigationof the Federal Emergency Management Agency.
6 Design of Storm Drainage Systems

Urban drainage control facilities have progressed from crude drainditches to the present complex systems. The systems start from surfacerunoff management control facilities, such as vegetation covers, deten-tion or storage facilities, sedimentation basin, filtration, to curbs, gutters,inlets, manholes, and underground conduits.Managing surface runoff in urban areas is a complex and costly task.Hydrology, climate, and physical characteristics of the drainage areashould be considered for design purposes. Hydrologic conditions ofprecipitate–runoff relationship (such as magnitude, frequency, and dura-tion of the various runoffs, maximum events) and local conditions (soiltypes and moisture, evapotranspiration, size, shape, slope, land-use, etc.)of the drainage (watershed) should be determined.Clark and Viessman (1966) presented an example of hydraulic designof urban storm drainage systems to carry 10-year storm runoffs fromeight inlets. A step-by-step solution of the problem was given.
7 Precipitation and Runoff

Precipitation includes rainfall, snow, hail, and sleet. It is one part of thehydrologic cycle. Precipitation is the primary source of water in springs,streams and rivers, lakes and reservoirs, groundwater, and well waters.
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The US National Weather Service maintains observation stationsthroughout the United States. The US Geological Survey operatesand maintains a national network of stream-flow gage stationsthroughout the country’s major streams. State agencies, such as theIllinois State Water Survey and the Illinois Geological Survey, alsohave some stream flow data similar to the national records. In othercountries, similar governmental agencies also maintain long-termprecipitation, watershed runoff, stream flow data, and groundwaterinformation.Upon a catchment area (or watershed), some of the precipitation runsoff immediately to streams, lakes or lower land areas, while some evap-orates from land to air or penetrates the ground (infiltration). Snowremains where it falls, with some evaporation. After snow melts, thewater may run off as surface and groundwater.Rainwater or melting snow that travels as overland flow across theground surface to the nearest channel is called surface runoff. Somewater may infiltrate into the soil and flow laterally in the surface soilto a lower land water body as interflow. A third portion of the water maypercolate downward through the soil until it reaches the ground-water.Overland flows and interflow are usually grouped together as directrunoff.

7.1 Rainfall intensity

The rainfall intensity is dependent on the recurrence interval andthe time of concentration. The intensity can be determined from thecumulative rainfall diagram. From records of rainfall one canformat the relationship between intensity, and frequency as well asduration. Their relationship is expressed as (Fair et al., 1966,Wanielista, 1990)

(6.8)

where i � rainfall intensity, in/h or cm/h
t � frequency of occurrences, yr
d � duration of storm, min

a, b,m,n � constants varying from place to place
By fixing a frequency of occurrence, the intensity–duration of n-yearrainstorm events can be drawn. For many year storm events, theintensity–duration–frequency curves (Fig. 6.1) can be formatted forfuture use. The storm design requires some relationship betweenexpected rainfall intensity and duration.

i 5 atm

sb 1 ddn
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Let A � atm and n � 1. Eliminating t in Eq. (6.8) the intensity–durationrelationship (Talbot parabola formula) is

(6.9)
where i � rainfall intensity, mm/h or in/h

d � the duration, min or h 
A, B � constants

Rearrange the Talbot equation for a straight line

Use the following two equations to solve constants A and B:

From the data of rainfall intensity and duration, calculate �d, �(1/i),
�(1/i2), �(d/i;) then A and B will be solved. For example, for a city of5-year storm, i(mm/h) � 5680/[42 � d (min)]. Similarly, a curve such asthat in Fig. 6.1 can be determined (42 � d (min)).

dad 5 Aa1
i 2 nB

ad
i 5 Aa 1

i2 2 nBa1
i

d 5 A
i 2 B

i 5 A
B 1 d
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7.2 Time of concentration

The time for rainwater to flow overland from the most remote area ofthe drainage area to an inlet is called the inlet time, ti. The time for waterto flow from this inlet through a branch sewer to the storm sewer inletis called the time of sewer flow, ts. The time of concentration for a par-ticular inlet to a storm sewer, t, is the sum of the inlet time and time ofsewer flow, i.e.
t � ti� ts (6.10)

The inlet time can be estimated by
ti � C(L/S i2)1/3 (6.11)

where ti� time of overland flow, min
L � distance of overland flow, ft
S � slope of land, ft/ft
i � rainfall intensity, in/h

C � coefficient
� 0.5 for paved areas
� 1.0 for bare earth
� 2.5 for turf

The time of concentration is difficult to estimate since the differenttypes of roof, size of housing, population density, land coverage, topog-raphy, and slope of land are very complicated. In general, the time of con-centration may be between 5 and 10 min for both the mains and thesubmains.
Example: The subdrain sewer line to a storm sewer is 1.620 km (1 mile). Theaverage flow rate is 1 m/s. Inlet time from the surface inlet through the over-land is 7 min. Find the time of concentration to the storm sewer.
solution:

Step 1. Determine the time of sewer flow, ts

Step 2. Find t
t 5 ti 1 ts 5 7 min 1 27 min  
 5 34 min

ts 5
L
v 5

1620 m
1 m/s 5 1620 s 5 27 min
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7.3 Estimation of runoff

The quantity of stormwater runoff can be estimated by the rational methodor by the empirical formula. Each method has its advantages. The rationalformula for the determination of the quantity of stormwater runoff is
Q � CIA (6.12a)

where Q � peak runoff from rainfall, ft3/s
C � runoff coefficient, dimensionless
I � rainfall intensity, in rain/h

A � drainage area, acres
The formula in SI units is

Q � 0.278 CIA (6.12b)
where Q � peak runoff, m3/s

C � runoff coefficient, see Table 6.2
I � rainfall intensity, mm/h

A � drainage area, km2

The coefficient of runoff for a specific area depends upon the charac-ter and the slope of the surface, the type and extent of vegetation, andother factors. The approximate values of the runoff coefficient are shownin Table 6.2. There are empirical formulas for the runoff coefficient.However, the values of C in Table 6.2 are most commonly used.
Example: In a suburban residential area of 1000 acres (4.047 km2), therainfall intensity–duration of a 20-min 25-year storm is 6.1 in/h (155 mm/h).Find the maximum rate of runoff.
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TABLE 6.2 Coefficient of Runoff for Various Surfaces

Flat Rolling HillyType of surface slope �2% slope 2–10% slope �10%
Pavements, roofs 0.90 0.90 0.90City business areas 0.80 0.85 0.85Dense residential areas 0.60 0.65 0.70Suburban residential areas 0.45 0.50 0.55Earth areas 0.60 0.65 0.70Grassed areas 0.25 0.30 0.30Cultivated landclay, loam 0.50 0.55 0.60sand 0.25 0.30 0.35Meadows and pasture lands 0.25 0.30 0.35Forests and wooded areas 0.10 0.15 0.20

SOURCE: Perry (1967)



solution: From Table 6.2, C � 0.50 (for rolling suburban)Using Eq. (6.12a)
Q � CIA

� 0.5 � 6.1 in/h � 1000 acre

Note: In practice, a factor of 1.0083 conversion is not necessary. The answercould be just 3050 ft3/s.

8 Stormwater Quality

The quality and quantity of stormwaters depend on several factors—intensity, duration, and area extent of storms. The time interval betweensuccessive storms also has significant effects on both the quantity andquality of stormwater runoff. Land contours, urban location perme-ability, land uses and developments, population densities, incidence andnature of industries, size and layout of sewer systems, and other factorsare also influential.Since the 1950s, many studies on stormwater quality indicate thatrunoff quality differs widely in pattern, background conditions, andfrom location to location. Wanielista and Yousef (1993) summarizedrunoff quality on city street, lawn surface, rural road, highway, and byland-use categories. Rainwater quality and pollutant loading rates arealso presented.
8.1 National urban runoff program

In 1981 and 1982, the US EPA’s National Urban Runoff Program(NURP) collected urban stormwater runoff data from 81 sites locatedin 22 cities throughout the United States. The data covered morethan 2300 separate storm events. Data was evaluated for solids,oxygen demand, nutrients, metals, toxic chemicals, and bacteria. Themedian event mean concentrations (EMC) and coefficients of vari-ance for ten standard parameters for four different land use cate-gories are listed in Table 6.3 (US EPA 1983a). It was found that lead,copper, and zinc are the most significant heavy metals found in urbanrunoff and showed the highest concentrations. The EMC for a stormis determined by flow-weighted calculation.
8.2 Event mean concentration

Individual pollutants are measured on the flow-weighted composite todetermine the event mean concentrations. The event mean concentration

5 3050 acre # in
h 3

1 h
3600 s 3

1 ft
12 in 3

43,560 ft2
1 acre 5 3075 ft3/s
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is defined as the event loading for a specific constituent divided by theevent stromwater volume. It is expressed as 
(6.13)

where C � event mean concentration, mg/L
W � total loading per event, mg
V � volume per event, L

The total loading for a storm event is determined by the sum of theloadings during each sampling period, the loading being the flow rate(volume) multiplied by the concentration. The loading per event is 
(6.14)

where W � loading for a storm event, mg
n � total number of samples taken during a storm event

Vi � volume proportional to flow rate at time i, L
Ci � concentration at time i, mg/L

Example: An automatic sampler was installed at the confluence of the maintributary of a lake. The following sampling time and tributary flow rate weremeasured in the field and the laboratory. The results are shown in Table 6.4.

W 5 �
n

i51
ViCi

C 5
W
V
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TABLE 6.3 Mean EMCS and Coefficient of Variance for all NURP Sites by Land 
Use Category

Residential Mixed Commercial Open/Nonurban
Pollutant Median CV Median CV Median CV Median CV
BOD (mg/L 10.0 0.41 7.8 0.52 9.3 0.31 – –COD (mg/L) 73 0.55 65 0.58 57 0.39 40 0.78TSS (mg/L) 101 0.96 67 1.14 69 0.35 70 2.92Total lead (�g/L) 144 0.75 114 1.35 104 0.68 30 1.52Total copper (�/L) 33 0.99 27 1.32 29 0.81 – –Total zinc (�g/L) 135 0.84 154 0.78 226 1.07 195 0.66Total kjeldahl 1900 0.73 1288 0.50 1179 0.43 965 1.00nitrogen (�g/L)NO2�N�NO3�N 736 0.83 558 0.67 572 0.48 543 0.91(�g/L)Total P (�g/L) 383 0.69 263 0.75 201 0.67 121 1.66Soluble P (�g/L) 143 0.46 56 0.75 80 0.71 26 2.11

Notes: EMC � event mean concentrationNURP � National urban runoff programCV � coefficient of variance
SOURCE: US EPA (1983a)



The watershed covers mainly agricultural lands. The flow rate and totalphosphorus (TP) concentrations listed are the recorded values subtracted bythe dry flow rate and TP concentration during normal flow period. Estimatethe EMC and TP concentration for this storm event.
solution:

Step1. Calculate sampling interval �t � time intervals of 2 successive sam-plings in column 1 of Table 6.5.
Step 2. Calculate mean flow q (col. 2 of Table 6.5)

q � average of 2 successive flows measured in column 2 of Table 6.4
Step 3. Calculate mean runoff volume, �V
In Table 6.5, col. 3 � col. 1 � 60 � col. 2
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TABLE 6.4 Data Collected from Stormwater Sampling

Time of collection Creek flow, L/s Total phosphorus, mg/L(1) (2) (3)
19:30 0 019:36 44 5219:46 188 12919:56 215 17920:06 367 23820:16 626 28820:26 752 30220:36 643 26520:46 303 18920:56 105 8921:06 50 44

TABLE 6.5 Calculations for Total Phosphorus Loading

Sampling interval, Mean flow, Mean runoff Mean TP, Loading
�t min L/s volume �V, L �g/L �W, mg(1) (2) (3) (4) (5)

6 22 7,920 26 20610 116 69,600 90.5 6,30010 202 121,200 153.5 18,60410 291 174,600 288 50,28510 497 298,200 263 78,42710 689 413,400 295 121,95310 638 382,800 283.5 108,52410 473 283,800 227 64,42310 204 122,400 139 17,01410 78 46,800 66.5 2,713
� � 1,920,720 � � 468,449



Step 4. Calculate total volume of the storm
V � ��V � 1,920,720 L

Step 5. Calculate mean total phosphorus, TP (col. 4 of Table 6.5)
TP � average of 2 successive TP values in Table 6.4

Step 6. Calculate loading (col. 5 of Table 6.5)
�W � (�V in L)(TP in mg/L)(1 mg/1000 mg)

Step 7. Calculate total load by Eq. (6.14)
W � ��W � 468,449 mg

Step 8. Calculate EMC
C � W/V � 468,449 mg/1,920,720 L

� 0.244 mg/L
Note: If the TP concentrations are not flow weighted, the mathematic meanof TP is 0.183 mg/L which is less than the EMC.

8.3 Street and road loading rate

Rainfall will carry pollutants from the atmosphere and remove depositson impervious surfaces. The rainfall intensity, duration, and stormrunoff affect the type and the amount of pollutants removed. Accordingto the estimation by the US EPA (1974a), the times required for 90% par-ticle removal from impervious surfaces are 300, 90, 60, and 30 min,respectively for 0.1, 0.33, 0.50, and 1.00 in/h storms. Average loading ofcertain water quality parameters and some heavy metals from citystreet, highway, and rural road are given in Table 6.6. Loading rates vary
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TABLE 6.6 Average Loads (kg/curb � km � d) of Water Quality Parameters and Heavy
Metals on Streets and Roads

Parameter Highway City street Rural road
BOD5 0.900 0.850 0.140COD 10.000 5.000 4.300PO4 0.080 0.060 0.150NO3 0.015 0.015 0.025N (total) 0.200 0.150 0.055Cr 0.067 0.015 0.019Cu 0.015 0.007 0.003Fe 7.620 1.360 2.020Mn 0.134 0.026 0.076Ni 0.038 0.002 0.009Pb 0.178 0.093 0.006Sr 0.018 0.012 0.004Zn 0.070 0.023 0.006

SOURCE: Wanielista and Youset (1993).



with local conditions. Loads from highways are larger than those fromcity streets and rural roads. Loading is related to daily traffic volume.
Example: A storm sewer drains a section of a downtown city street 260 m(850 ft) and 15 m (49 ft) wide with curbs on both sides. Estimate the BOD5level in the stormwater following a 60-min storm of 0.5 in/h. Assume there isno other source of water contribution or water losses; also, it has been 4 dayssince the last street cleansing.
solution:

Step 1. Determine BOD loading
From Table 6.6, average BOD loading for a city street is 0.850 kg/(curb km � d)

� 850,000 mg/(curb km � d)
Total street length � 0.26 km � 2 curb � 0.52 km � curb 
Total BOD loading � 850,000 mg/(curb km � d) � 0.52 km � curb � 4d

� 1,768,000 mg
A 0.5 in/h storm of 60 min duration will remove 90% of pollutant; thus

Runoff BOD mass � 1,768,000 mg � 0.9
� 1,591,000 mg

Step 2. Determine the volume of runoff
Area of street � 260 m � 15 m � 3900 m2

Volume � 0.5 in/h � 1 h � 0.0254 m/in � 3900 m2 

� 49.53 m3 

� 49,530 L
Step 3. Calculate BOD concentration

BOD � 1,591,000 mg � 49,530 L
� 32.1 mg/L

8.4 Runoff models

Several mathematical models have been proposed to predict water qual-ity characteristics from storm runoffs. A consortium of research con-structions proposed an urban runoff model based on pollutants depositedon street surfaces and washed off by rainfall runoff. The amount of pol-lutants transported from a watershed (dP) in any time interval (dt) isproportional to the amount of pollutants remaining in the watershed (P).This assumption is a first-order reaction (discussed in Chapter 1):
(6.15)2

dP
dt 5 kP
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Integrating Eq. (6.15) to form an equation for mass remaining
P � P0e�kt (6.16)

The amount removed (proposed model) is
P0 � P � P0(1 � e�kt) (6.17)

where P0 � amount of pollutant on the surface initially present, lb
P � amount of pollutant remaining after time t, lb

P0 � P � amount of pollutant washed away in time t, lb
k � transport rate constant, per unit time
t � time

The transport rate constant k is a factor proportional to the rate ofrunoff. For impervious surfaces,
k � br

where b � constant
r � rainfall excess

To determine b, it was assumed that a uniform runoff of 0.5 in/h wouldwash 90% of the pollutant in 1 h (as stated above). We can calculate bfrom Eq. (6.16)
P/P0 � 0.1 � e�brt

� e�b(0.5 in/h) (1h)
� e�0.5b

2.304 � 0.5b (in)
b � 4.6 in

Substituting b into Eq. 6.17 leads to the equation for impervioussurface areas
P0 � P � P0 (1 � e�4.6rt) (6.18)

Certain modifications to the basic model (Eq. (6.18)) for predicting totalsuspended solids and BOD have been proposed to refine the agreementbetween the observed and predicted values for these parameters. TheUniversity of Cincinnati Department of Civil Engineering (1970) devel-oped a mathematical model for urban runoff quality based essentiallyon the same principles and assumptions as in Eq. (6.18). The major dif-ference is that an integral solution was developed by this group insteadof the stepwise solution suggested by the consortium. The amount of apollutant remaining on a runoff surface at a particular time, the rate ofrunoff at that time, and the general characteristics of the watershedwere found to be given by the following relationship
P � P0e�kVt (6.19)
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where P0 � amount of pollutant initially on the surface, lb
P � amount of pollutant remaining on the surface at time t, lb 
Vt � accumulated runoff water volume up to time t

q � runoff intensity at time t
k � constant characterizing the drainage area

Many computer simulation models for runoff have been proposed andhave been discussed by McGhee (1991).

9 Sewer Hydraulics

The fundamental concepts of hydraulics can be applied to both sanitarysewers and stormwater drainage systems. Conservation of mass,momentum, energy, and other hydraulic characteristics of conduits arediscussed in Chapter 4 and elsewhere (Metcalf and Eddy, Inc. 1991;WEF and ASCE, 1992) WEF and ASCE, (1992) also provide the designguidelines for urban stormwater drainage systems, including systemlayout, sewer inlets, street and intersection, drainage ways (channels,culverts, bridges), erosion control facilities, check dams, energy dissi-pators, drop shaft, siphons, side-overflow weirs, flow splitters, junc-tions, flap gates, manholes, pumping, combined sewer systems,evaluation and mitigation of combined sewer overflows, stormwaterimpoundments, and stormwater management practices for water qual-ity enhancement, etc.

10 Sewer Appurtenances

The major appurtenances used for wastewater collection systems includestreet (stormwater) inlets, catch basins, manholes, building connection,flushing devices, junctions, transitions, inverted siphons, vertical drops,energy dissipators, overflow and diversion structure, regulators, outlets,and pumping stations.

10.1 Street inlets

Street inlets are structures to transfer stormwater and street cleansingwastewater to the storm sewers. The catch basin is an inlet with a basinwhich allows debris to settle. There are four major types of inlet, andmultiple inlets. Location and design of inlets should consider trafficsafety (for both pedestrian and vehicle) and comfort. Gutter inlet ismore efficient than curb inlet in capturing gutter flow, but clogging by

5 3
t

0
qdt
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debris is a problem. Combination inlets are better. Various manufacturedinlets and assembled gratings are available.Street inlets are generally placed near the corner of the street, depend-ing on the street length. The distance between inlets depends on theamount of stormwater, the water depth of the gutter, and the depres-sion to the gutter. The permissible depth of stormwater in most U.S.cities is limited to 6 in (15 cm) on residential streets.Flow in the street gutter can be calculated by the Manning formula,modified for a triangular gutter cross section (McGhee, 1991):
Q � K(z/n)s1/2y8/3 (6.20)

where Q � gutter flow, m3/s or ft3/s
K � constant � 22.61 m3/(min � m) � 0.38 m3/(s � m)or � 0.56 ft3/(s � ft)
z � reciprocal of the cross transverse slope of the gutter
n � roughness coefficient

� 0.015 for smooth concrete gutters
s � slope of the gutter
y � water depth in the gutter at the curb

The water depth at the curve can be calculated from the flow and thestreet cross section and slope. The width over which the water willspread is equal to yz.

Example 1: A street has a longitudinal slope of 0.81%, a transverse slope of3.5%, a curb height of 15 cm (6 in), and a coefficient of surface roughness (n)of 0.016. The width of the street is 12 m (40 ft). Under storm design condi-tions, 4 m of street width should be kept clear during the storm. Determinethe maximum flow that can be carried by the gutter.
solution:

Step 1. Calculate the street spread limit, w
w � (12 m � 4 m)/2 � 4 m

Step 2. Calculate the curb depth (d) with the spread limit for a transverseslope of 3.5%
d � 4 m � 0.035 � 0.14 m � 14 cm

The street gutter flow is limited by either the curb height (15 cm) or the curbdepth with the spread limit. Since
d � 14 cm

a curb height of 14 cm is the limit factor for the gutter flow.
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Step 3. Calculate the maximum gutter flow Q by Eq. (6.20)
z � 1/0.035 � 28.57

Q � K(z/n)s1/2y8/3

� 0.38 m3/(s � m)(28.57/0.016) (0.0081)1/2(0.14 m)8/3

� 0.323 m3/s
� 11.4 ft3/s

Example 2: The stormwater flow of a street gutter at an inlet is 0.40 m3/s(14.1 ft3/s). The longitudinal slope of the gutter is 0.01 and its cross transverseslope is 0.025. The value of roughness coefficient is 0.016. Estimate the waterdepth in the gutter at the curb.
solution:

Step 1. Calculate the value of z
z � 1/0.025 � 40

Step 2. Find y by Eq. (6.20)
0.40 m3/s � 0.38 m3/(s � m) (40/0.016) (0.01)1/2 ( y m)8/3

y8/3
� 0.00421 m

y � 0.129 m
� 5.06 in

10.2 Manholes

Manholes provide an access to the sewer for inspection and mainte-nance operations. They also serve as ventilation, multiple pipe inter-sections, and pressure relief. Most manholes are cylindrical in shape.The manhole cover must be secured so that it remains in place andavoids a blow-out during peak flooding period. Leakage from around theedges of the manhole cover should be kept to a minimum.For small sewers, a minimum inside diameter of 1.2 m (4 ft) at thebottom tapering to a cast-iron frame that provides a clear opening usu-ally specified as 0.6 m (2 ft) has been widely adopted (WEF and ASCE,1992). For sewers larger than 600 mm (24 in), larger manhole bases areneeded. Sometimes a platform is provided at one side, or the manholeis simply a vertical shaft over the center of the sewer. Various sizes andtypes of manholes are available locally.Manholes are commonly located at the junctions of sanitary sewers,at changes in grades or alignment except in curved alignments, and atlocations that provide ready access to the sewer for preventive mainte-nance and emergency service. Manholes are usually installed at streetintersections (Parcher, 1988).
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Manhole spacing varies with available sanitary sewer maintenancemethods. Typical manhole spacings range from 90 to 150 m (300 to 500ft) in straight lines. For sewers larger than 1.5 m (5 ft), spacings of 150to 300 m (500 to 1000 ft) may be used (ASCE and WPCF, 1982).Where the elevation difference between inflow and outflow sewersexceeds about 0.5 m (1.5 ft), sewer inflow that is dropped to the eleva-tion of the outflow sewer by an inside or outside connection is called adrop manhole (or drop inlet). Its purpose is to protect workers from thesplashing of wastewater, objectionable gases, and odors.

10.3 Inverted siphons (depressed sewers)

A sewer that drops below the hydraulic gradient to pass under anobstruction, such as a railroad cut, subway, highway, conduit, or stream,is often called an inverted siphon. More properly, it should be called adepressed sewer. Because a depressed sewer acts as a trap, the veloc-ity of sewer flow should be greater than 0.9 m/s (3 ft/s) or more fordomestic wastewater, and 1.25 to 1.5 m/s (4 to 5 ft/s) for stormwater, toprevent deposition of solids (Metcalf and Eddy, Inc. 1991). Thus, some-times, two or more siphons are needed with an inlet splitter box.In practice, minimum diameters for depressed sewers are usually thesame as for ordinary sewers: 150 or 200 mm (6 or 8 in) in sanitarysewers, and about 300 mm (12 in) in storm sewers (Metcalf and Eddy,Inc. 1991).The determination of the pipe size for depressed sewers is the sameas for water and wastewater mains. The size depends upon the maxi-mum wastewater flow and the hydraulic gradient.Due to high velocities in depressed sewers, several pipes in parallelare commonly used. For example, it may be that a small pipe may bedesigned large enough to carry the minimum flow; a second pipe carriesthe difference between the minimum and average flow (or maximumdry-weather flow); and a third pipe carries peak flow above the averageflow. Depressed sewers can be constructed of ductile iron, concrete, PVC,or tile.
Example: Design a depressed sewer system using the following givenconditions:
■ Diameter of gravity sewer to be connected by depressed sewer � 910 mm(36 in)
■ Slope of incoming sewer, S � 0.0016 m/m (ft/ft)
■ Minimum flow velocity in depressed sewer � 0.9 m/s (3 ft/s)
■ Length of depressed sewer � 100 m (328 ft)
■ Maximum sewer deression � 2.44 m (8 ft)
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■ Design flows:
minimum flow � 0.079 m3/s (2.8 ft3/s)
average flow � 0.303 m3/s (10.7 ft3/s) � maximum dry-weather flow
full (maximum) flow � capacity of gravity sanitary sewer

■ Design three inverted siphons from the inlet chamber
(1) to carry minimum flow
(2) to carry flows from minimum to average
(3) to carry all flows above the average flow

■ Available fall from invert to invert � 1.0 m (3.3 ft)
■ Available head loss at inlet � 125 mm (0.5 ft)
■ Available head loss for friction in depressed sewer � 1.0 m (3.3 ft)
■ Available hydraulic grade line � 1 m/100 m � 0.01 m/m
■ n � 0.015 (ductile-iron pipe)
Note: The above information is required to design a depressed sewer system.
solution:

Step 1. Design the depressed sewer
(a) Calculate velocity and flow of the 910 mm (D) sewer for full flow

by Eq. (4.21) R � D/4 � 910 mm/4 � 227.5 mm
� 0.2275 m

by Eq. (4.22) V � (1/n)R2/3S1/2

� (1/0.015) (0.2275)2/3(0.0016)1/2 

� 0.994 (m/s)
Flow Q � AV � 3.14 (0.455 m)2 (0.994 m/s)

� 0.646 m3/s
(b) Determine the size of the small depressed sewer pipe to carry the mini-mumflow (d � diameter of the pipe)

Q � �(d/2)2(1/n)(d/4)2/3S1/2

� (0.3115/n) d8/3 S1/2

� 0.079 (m3/s)
and

S � 0.01 m/m
then

0.079 � (0.3115/0.015) d8/3(0.01)1/2

0.079 � 2.077d8/3
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d8/3
� 0.038

d � 0.293 (m)
> 300 mm
� 12 in

Using a 12-in (300 mm) pipe will just carry the 0.079 m3/s flow Check velocity
V � (0.397/n) d2/3S1/2

� (0.397/0.015) (0.304)2/3(0.01)1/2

� 2.647 (0.304)2/3

� 1.20 (m/s) (verified, �0.9 m/s)
Note: A nomograph for the Manning equation can be used without calculation.

0.397 �1/42/3

(c) Determine the size of the second depressed sewer pipe for maximum dry-weather flow above the minimum flow
Q � (0.303 � 0.079) m3/s

� 0.224 m3/s
0.224 � 2.077 d8/3 (refer to step (b))

d8/3
� 0.1078

d � 0.434 (m)
� 17.1 in

A standard 18-in (460 mm) pipe would be used. Check velocity of 460 mm pipe,from Step 1b
V � 2.647 (0.460)2/3

� 1.58 (m/s)
The capacity of the 460 mm pipe would be (refer to step (b))

Q � 2.077 (0.46)8/3

� 0.262 (m3/s)
(d) Determine the size of the third pipe to carry the peak flow, from steps (a)and (c). The third pipe must carry (0.646 � 0.079 � 0.262) m3/s

� 0.305 m3/s
The size (d) required would be

d8/3
� 0.305/2.077

d8/3
� 0.1468

d � 0.487 (m)
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The size of 500-mm (20-in) diameter standard is chosen.The capacity and velocity of a 500-mm pipe with 0.01 hydraulic slope is
Q � 2.077 (0.50)8/3

� 0.327 (m3/s)
V � 2.647 (0.50)2/3

� 1.67 (m/s)
(e) Calculate total capacity of the three pipes (300, 460, and 500 mm)

Q � (0.079 � 0.262 � 0.327) m3/s
� 0.668 m3/s (0.646 m3/s is needed)

Step 2. Design the inlet and outlet chambers
These depressed sewer pipes are connected from the inlet chamber andoutlet chamber. Weirs (2 m in length) are installed to divide the chamber intothree portions. The design detail can be found elsewhere (Metcalf and Eddy,Inc. 1981).

11 Pumping Stations

The pumping station must be able to adjust to the variations of waste-water flows. The smallest capacity pump should be able to pump fromthe wet well and discharge at a self-cleansing velocity of about 0.6 m/s(2 ft/s). It should be connected to a 100-mm (4-in) force main whichwould have a capacity of approximately 280 L/min or 74 gal/min. Thewet well capacity should contain sufficient wastewater to permit thepump to run for at least 2 min and restart not more than once in 5 min(Steel and McGhee, 1979). The pump running time (tr) and the fillingtime (tf ) in the wet well are computed as

(6.21)
and

tf � (6.22)
where tr � pump running time, min

V � storage volume of wet well, L or gal
D � pump discharge, at peak flow, L/min (m3/s) or gpm, L/minor gpm
Q � average daily, L/min (m3/s) or gpm inflow, m3/s or gpd
tf � filling time with the pump off, min

V
Q

tr 5
V

D 2 Q
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and the total cycle time (t) is
(6.23)

The starting limitations on pump motors usually dictate the minimumsize of a well. The wet well should be large enough to prevent pumpmotors from overheating due to extensive cycling, but small enough toaccommodate cycling times that will reduce septicity and odor problems.Typically, submersible pumps can cycle four to ten times per hour. A max-imum storage volume for a cycling time should be no more than 30 min.If the selected pumps have a capacity equal to the peak (maximum)flow rate, the volume of a wet well is calculated as (WEF, 1993a)
V � TQ/4 (6.24)

where V � storage volume of wet well, gal
T � pump cycle time, min
Q � peak flow, gal/min

Example 1: A subdivision generates an average daily wastewater flow of144,000 L/d (38,000 gal/d). The minimum hourly flow rate is 20,000 L/d (5300gal/d) and the peak flow is 500,000 L/d (132,000 gal/d). Determine the pump-ing conditions and the size of a wet well.
solution:

Step 1. Determine pump capacity for peak flow
D � 500,000 L/day � 1 day/1440 min

� 347 L/min
Step 2. Calculate the minimum volume (V1) for 2-min running time

V1 � 347 L/min � 2 min
� 694 L

Step 3. Calculate volume (V2) for 5-min cycle using Eq. (6.23)
Average flow Q � 144,000 L/d � 100 L/min

V2 5 356 L
100V2 1 247V2 5 5 3 247 3 100

5 min 5 V2
s347 2 100dL/min 1

V2100L/min

t 5 V2
D 2 Q 1

V2
Q

t 5 tr 1 tf 5
V

D 2 Q 1
V
Q
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Step 4. Determine the control factor
Since V1 � V2, therefore the pump running time is the control factor. Say V1 �700 L for design.
Step 5. Calculate the actual time of the pumping cycle

Step 6. Determine size of wet well
A submergence of 0.3 m (1 ft) above the top of the suction pipe is required foran intake velocity of 0.6 m/s (2 ft/s). The depth between the well bottom andthe top of submergence is 0.5 m (1.6 ft). If a 1.2-m (4-ft) diameter of wet wellis chosen, surface area is 1.13 m2 (12.2 ft2).For storage

V2 � 700 L � 0.7 m3

the depth would be
d � 0.7/1.13 � 0.62 (m)

Typically, 0.6 m (2 ft) of freeboard is required
Thus total depth of the wet well � (0.50 � 0.62 � 0.60) m

� 1.72 m
� 5.6 ft

Example 2: Wastewater is collected from a subdivision of 98.8 acre (40.0 ha)area that consists of 480 residential units and 2.2 acres (0.89 ha) of commercialcenter. Each of the two pumps will be cycled, alternately, four times per hour.Determine the volume of wet well needed.
solution:

Step 1. Determine domestic sewer flow q1
Assume the residential units have 3.5 persons (United States) and eachproduces 100 gal/d (378 L/d)

q1 � 100 gal/(c � d) � 3.5 person/unit � 480 unit
� 168,000 gal/d

Step 2. Estimate commercial area contribution q2 
Assume 1500 gal/d � per acre (468 m3/d)

q2 � 1500 gal/(d � a) � 2.2 a
� 3300 gpd

t 5 700 L
s347 2 100dL/min 1

700 L
100 L/min

 5 9.83 min
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Step 3. Estimate infiltration/inflow (I/I) q3
Assume I/I is 1000 gal/(d � a) or (9.35 m3/(d � ha))

q3 � 1000 gal/(d � a) � 98.8 a
� 98,800 gal/d

Step 4. Determine total sewer flow q
This average daily flow

q � q1 � q2 �q3
� (168,000 � 3300 � 98,800) gal/d
� 270,100 gal/d
� 188 gal/min

Step 5. Estimate population equivalent (PE) and peak flow (Q)
PE � 270,100 gal/d/100 gal/(c � d)

� 2700 persons
Take

Q � 3.5q for the peak flow
Q � 188 gal/min � 3.5

� 658 gal/min
Note: The selected pump should be able to deliver 658 gal/min. The pipediameter that will carry the flow and maintain at least 2.0 ft/s (0.6 m/s) ofvelocity should be selected by the manufacturer’s specification. For this exam-ple a 10-in (254-mm) pressure class ductile iron pipe will be used.
Step 6. Determine the volume of the wet well, V
The selected pumps can cycle four times per hour. Alternating each pumpbetween starts gives 8 cycles per hour. The time between starts, T, is

T � 60 min/8 � 7.5 min
It means that one pump is capable of starting every 7.5 min. Using Eq. (6.24)

V � TQ/4
� 7.5 min � 658 (gal/min)/4
� 1230 gal (�4662 L)
� 164 ft3

Wet wells are typically available in cylindrical sections of various sizes. In thisexample, a 6-ft (1.8-m) diameter gives 28.3 ft2 of surface area. 
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The depth D of the wet well is
D � 164/28.3

� 5.8 ft
Note: One foot of freeboard should be added. Thus the well is 6 ft indiameter and 6.8 ft in depth.

12 Sewer Construction

Conduit material for sewer construction consists of two types: rigid pipeand flexible pipe. Specified rigid materials include asbestos–cement,cast iron, concrete, and vitrified clay. Flexible materials include ductileiron, fabricated steel, corrugated aluminum, thermoset plastic (rein-forced plastic mortar and reinforced thermosetting resin), and thermo-plastic. Thermoplastic consists of acrylonitrile–butadiene–styrene (ABS),ABS composite, polyethylene (PE), and polyvinyl chloride (PVC). Theiradvantages, disadvantages, and applications are discussed in detailelsewhere (ASCE and WPCF, 1982, WEF, and ASCE, 1993a).Nonpressure sewer pipe is commercially available in the size rangefrom 4 to 42 in (102 to 1067 mm) in diameter and 13 ft (4.0 m) in length.Half-length sections of 6.5 ft (2 m) are available for smaller size pipes.
12.1 Loads and buried sewers

Loads on sewer lines are affected by conditions of flow, groundwater,adjacent earth, and superimposed situation. Loads include hydraulicloads, earth loads, groundwater loads, and superimposed loads (weightand impact of vehicles or other structure). Crushing strength of thesewer material, type of bedding, and backfill load are important factors.
Marston’s equation. Figure 6.2 illustrates common cuts used for sewerpipe installations. Marston’s equation is widely used to determine thevertical load on buried conduits caused by earth forces in all of the most
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Figure 6.2 Common trench cuts for sewer pipes.



commonly encountered construction conditions (Marston, 1930). Thegeneral form of Marston’s formula is
W � CwB2 (6.25)

where W � vertical load on pipe as a result of backfill, lb per linear ft
C � dimensionless load coefficient based on the backfill andratio of trench depth to width; a nomograph can be used
w � unit weight of backfill, lb/ft3 
B � width of trench at top of sewer pipe, ft (see Fig. 6.2)

The load coefficient C can be calculated as
(6.26)

where e � base of natural logarithms
k � Rankine’s ratio of lateral pressure to vertical pressure

m �
� coefficient of internal friction of backfill material
� coefficient of friction between backfill material and thesides of the trench  �

H � height of backfill above pipe, ft (see Fig. 6.2)
Load on sewer for trench condition. The load on a sewer conduit for thetrench condition is affected directly by the soil backfill. The load varieswidely over different soil types, from a minimum of approximately 100lb/ft3 (1600 kg/m3) to a maximum of about 135 lb/ft3 (2160 kg/m3) (WEFand ASCE, 1992). The unit weight (density) of backfill material is as fol-lows (McGhee, 1991):

100 lb/ft3 (1600 kg/m3 ) for dry sand, and sand and damp topsoil;
115 lb/ft3 (1840 kg/m3 ) for saturated topsoil and ordinary sand;
120 lb/ft3 (1920 kg/m3) for wet sand and damp clay; and 
130 lb/ft3 (2080 kg/m3) for saturated clay.
The average maximum unit weight of soil which will constitute thebackfill over the sewer pipe may be determined by density measure-ments in advance of the structural design of the sewer pipe. A designvalue of not less than 120 or 125 lb/ft3 (1920 or 2000 kg/m3) is recom-mended (WEF and ASCE, 1992).

mr 5  tan �r

 tan �

k 5 !m2 1 1 2 m!m2 1 1 1 m 5
1 2  sin �
1 1 sin �

C 5
1 2 e22kmrsH/Bd
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The load on a sewer pipe is also influenced by the coefficient of fric-tion between the backfill and the side of the trench (�′) and by the coef-ficient of internal friction of the backfill soil (�). For most cases thesetwo values are considered the same for design purposes. But, if thebackfill is sharp sand and the sides of the trench are sheeted with fin-ished lumber, � may be substantially greater than �′. Unless specificinformation to the contrary is available, values of the products k� and
k�′ may be assumed to be the same and equal to 0.103. If the back-fill soil is slippery clay, k�′ and k�′ are equal to 0.110 (WEF andASCE, 1992).The values of the product k�′ in Eq. (6.26) range from 0.10 to 0.16 formost soils; specifically, 0.110 for saturated clay, 0.130 for clay, 0.150 forsaturated top soil, 0.165 for sand and gravel, and 0.192 for cohesionlessgranular material (McGhee, 1991). Graphical solutions of Eq. (6.26) arepresented elsewhere (ASCE and WPCF, 1982).

Example: A 20-in (508-mm) ductile iron pipe is to be installed in an ordi-nary trench of 10 ft (3.05 m) depth at the top of the pipe and 4 ft (1.22 m) wide.The cut will be filled with damp clay. Determine the load on the sewer pipe.
solution:

Step 1. Compute load coefficient C by Eq. (6.26)

Step 2. Compute the load W by Eq. (6.25)
w � 120 lb/ft3

� 1920 kg/m3

W � CwB2
� 1.92 � 1920 kg/m3

� (1.22 m)2

� 5487 kg/m
� 3687 lb/ft

13 Wastewater Treatment Systems

As discussed in Chapters 1 and 2, the natural waters in streams, rivers,lakes, and reservoirs have a natural waste assimilative capacity toremove solids, organic matter, even toxic chemicals in the wastewater.However, it is a long process.

 5 1.92
C 5

1 2 e22kmrH/B
2kmr 5

1 2 e22s0.11ds2.5d
2s0.11d

H/B 5 3.05 m/1.22 m 5  2.5
kmr 5 0.11
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Wastewater treatment facilities are designed to speed up the naturalpurification process that occurs in natural waters and to remove con-taminants in wastewater that might otherwise interfere with the nat-ural process in the receiving waters.Wastewater contains varying quantities of suspended and floatingsolids, organic matter, and fragments of debris. Conventional waste-water treatment systems are combinations of physical and biological(sometimes with chemical) processes to remove its impurities.The alternative methods for municipal wastewater treatment aresimply classified into three major categories: (1) primary (physicalprocess) treatment, (2) secondary (biological process) treatment, and (3)tertiary (combination of physical, chemical, and biological process) oradvanced treatment. As can be seen in Fig. 6.3, each category shouldinclude previous treatment devices (preliminary), disinfection, and sludgemanagement (treatment and disposal). The treatment devices shown inthe preliminary treatment are not necessarily to be included, dependingon the wastewater characteristics and regulatory requirements.For over a century, environmental engineers and aquatic scientistshave developed wastewater treatment technologies. Many patentedtreatment process and package treatment plants have been developedand applied. The goal of wastewater treatment processes is to produceclean effluents and to protect public health, natural resources, and theambient environment.The Ten States Recommended Standards for Sewage Works, adoptedby the Great Lakes—Upper Mississippi River Board (GLUMRB), wasrevised five times as a model for the design of wastewater treatmentplants and for the recommended standards for other regional and stateagencies. The original members of the ten states were Illinois, Indiana,Iowa, Michigan, Minnesota, Missouri, New York, Ohio, Pennsylvania,and Wisconsin. Recently, Ontario, Canada was added as a new member.The new title of the standards is “Recommended Standards forWastewater Facilities—Policies for design, review, and approval of plansand specifications for wastewater collection and treatment facilities,”1996 edition, by Great Lakes—Upper Mississippi River Board of Stateand Provincial Public Health and Environmental Managers.

13.1 Preliminary treatment systems

Preliminary systems are designed to physically remove or cut up thelarger suspended and floating materials, and to remove the heavy inor-ganic solids and excessive amounts of oil and grease. The purpose of pre-liminary treatment is to protect pumping equipment and the subsequenttreatment units. Preliminary systems consist of flow measurement devicesand regulators (flow equalization), racks and screens, comminuting
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devices (grinders, cutters, and shredders), flow equalization, grit cham-bers, preaeration tanks, and (possibly) chlorination. The quality of waste-water is not substantially improved by preliminary treatment.
13.2 Primary treatment systems

The object of primary treatment is to reduce the flow velocity of thewastewater sufficiently to permit suspended solids to settle, i.e. to
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Figure 6.3 Flow chart for wastewater treatment processes.



remove settleable materials. Floating materials are also removed byskimming. Thus, a primary treatment device may be called a settlingtank (or basin). Due to variations in design and operation, settling tankscan be divided into four groups: plain sedimentation with mechanicalsludge removal, two story tanks (Imhoff tank, and several patentedunits), upflow clarifiers with mechanical sludge removal, and septictanks. When chemicals are applied, other auxiliary units are needed.Auxiliary units such as chemical feeders, mixing devices, and floccula-tors (New York State Department of Health, 1950) and sludge (biosolids)management (treatment and dispose of) are required if there is no fur-ther treatment.The physical process of sedimentation in settling tanks removesapproximately 50% to 70% of total suspended solids from the wastewater.The BOD5 removal efficiency by primary system is 25% to 35%. Whencertain coagulants are applied in settling tanks, much of the colloidal aswell as the settleable solids, or a total of 80% to 90% of TSS, is removed.Approximately 10% of the phosphorus corresponding insoluble is nor-mally removed by primary settling. During the primary treatmentprocess, biological activity in the wastewater is negligible.Primary clarification is achieved commonly in large sedimentationbasins under relatively quiescent conditions. The settled solids arethen collected by mechanical scrapers into a hopper and pumped to asludge treatment unit. Fats, oils, greases and other floating matterare skimmed off from the basin surface. The settling basin effluent isdischarged over weirs into a collection conduit for further treatment,or to a discharging outfall.In many cases, especially in developing countries, primary treatmentis adequate to permit the wastewater effluent discharge, due to properreceiving water conditions or to the economic situation. Unfortunately,many wastewaters are untreated and discharged in many countries. Ifprimary systems only are used, solids management and disinfectionprocesses should be included.

13.3 Secondary treatment systems

After primary treatment the wastewater still contains organic matterin suspended, colloidal, and dissolved states. This matter should beremoved before discharging to receiving waters, to avoid interferingwith subsequent downstream users.Secondary treatment is used to remove the soluble and colloidalorganic matter which remains after primary treatment. Although theremoval of those materials can be effected by physicochemical meansproviding further removal of suspended solids, secondary treatment iscommonly referred to as the biological process.
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Biological treatment consists of application of a controlled naturalprocess in which a very large number of microorganisms consume sol-uble and colloidal organic matter from the wastewater in a relativelysmall container over a reasonable time. It is comparable to biologicalreactions that would occur in the zone of recovery during the self-purification of a stream.Secondary treatment devices may be divided into two groups: attachedand suspended growth processes. The attached (film) growth processesare trickling filters, rotating biologic contactors (RBC) and intermit-tent sand filters. The suspended growth processes include activatedsludge and its modifications, such as contact stabilization (aeration)tanks, sequencing batch reactors, aerobic and anaerobic digestors,anaerobic filters, stabilization ponds, and aerated lagoons. Secondarytreatment can also be achieved by physical–chemical or land applica-tion systems.Secondary treatment processes may remove more than 85% of BOD5and TSS. However, they are not effective for the removal of nutrients(N and P), heavy metals, nonbiodegradable organic matter, bacteria,viruses, and other microorganisms. Disinfection is needed to reducedensities of microorganisms. In addition, a secondary clarifier is requiredto remove solids from the secondary processes. Sludges generated fromthe primary and secondary clarifiers need to undergo treatment andproper disposal.

13.4 Advanced treatment systems

Advanced wastewater treatment is defined as the methods and processesthat remove more contaminants from wastewater than the conventionaltreatment. The term advanced treatment may be applied to any systemthat follows the secondary, or that modifies or replaces a step in the con-ventional process. The term tertiary treatment is often used as a syn-onym; however, the two are not synonymous. A tertiary system is thethird treatment step that is used after primary and secondary treatmentprocesses.Since the early 1970s, the use of advanced wastewater treatmentfacilities has increased significantly in the United States. Most of theirgoals are to remove nitrogen, phosphorus, and suspended solids (includ-ing BOD5) and to meet certain regulations for specific conditions. In someareas where water supply sources are limited, reuse of waste-water isbecoming more important. Also, there are strict rules and regulationsregarding the removal of suspended solids, organic matter, nutrients,specific toxic compounds and refractory organics that cannot be achievedby conventional secondary treatment systems as well as some industrialwastewater; thus, advanced wastewater treatment processes are needed.
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In the U.S. federal standards for secondary effluent are BOD 30 mg/Land TSS 30 mg/L. In Illinois, the standards are more stringent: BOD20 mg/L and TSS 25 mg/L for secondary effluent. In some areas, 10 to12 (BOD � 10 mg/L and TSS � 12 mg/L) standards are implied. Forammonia nitrogen standards, very complicated formulas depending onthe time of the year and local conditions are used.In the European Community, the European Community Commissionfor Environmental Protection has drafted the minimum effluent stan-dards for large wastewater treatment plants. The standards include:BOD5 �25 mg/L, COD �125 mg/L, suspended solids �35 mg/L, totalnitrogen �10 mg/L, and phosphorus �1 mg/L. Stricter standards arepresented in various countries. The new regulations were expected tobe ratified in 1998 (Boehnke et al., 1997).TSS concentrations less than 20 mg/L are difficult to achieve by sed-imentation through the primary and secondary systems. The purposeof advanced wastewater treatment techniques is specifically to reduceTSS, TDS, BOD, organic nitrogen, ammonia nitrogen, total nitrogen, orphosphorus. Biological nutrient removal processes can eliminate nitro-gen or phosphorus, and any combination.Advanced processes use some processes for the drinking water treat-ment. These include chemical coagulation of wastewater, wedge-wirescreens, granular media filters, diatomaceous earth filters, micro-screening, and ultrafiltration and nanofiltration, which are used toremove colloidal and fine-size suspended solids.For nitrogen control, techniques such as biological assimilation, nitri-fication (conversion of ammonia to nitrogen and nitrate), and denitrifi-cation, ion exchange, breakpoint chlorination, air stripping are used.Soluble phosphorus may be removed from wastewater by chemical pre-cipitation and biological (bacteria and algae) uptake for normal cellgrowth in a control system. Filtration is required after chemical and bio-logical processes. Physical processes such as reverse osmosis and ultra-filtration also help to achieve phosphorus reduction, but these areprimarily for overall dissolved inorganic solids reduction. Oxidationditch, Bardenpho process, anaerobic/oxidation (A/O) process, and otherpatented processes are available.The use of lagoons, aerated lagoons, and natural and constructedwetlands is an effective method for nutrients (N and P) removal.Removal of some species of groups of toxic compounds and refractoryorganics can be achieved by activated carbon adsorption, air stripping,activated sludge powder, activated-carbon processes, and chemical oxi-dation. Conventional coagulation–sedimentation–filtration and biolog-ical treatment (trickling filter, RBC, and activated sludge) processesare also used to remove the priority pollutants and some refractoryorganic compounds.
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13.5 Compliance with standards

The National Pollutant Discharge Elimination System (NPDES) haspromulgated discharge standards to protect and preserve beneficialuses of receiving water bodies based on water quality criteria, ortechnology-based limits, or both. The receiving water quality criteria aretypically established for a 7-day, 10-year, low-flow period.Table 6.7 shows the national minimum performance standards for sec-ondary treatment and its equivalency for public owned treatment works
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TABLE 6.7 Minimum National Performance Standards for Public Owned Treatment
Works (Secondary Treatment and Its Equivalency)

30-day average 7-day averageParameter shall not exceed shall not exceed
Conventional secondary treatment processes5-day biochemical oxygen demand,∗ BOD5Effluent, mg/L 30 45Percent removal† 85 –5-day carbonaceous biochemical oxygen demand,∗ CBOD5Effluent, mg/L 25 40Percent removal† 85 –Suspended solids, SSEffluent, mg/L 30 45Percent removal† 85 –pH 6.0 to 9.0 at all –timesWhole effluent toxicity Site specific –Fecal coliform, MPN/100 mL 200 400
Stabilization ponds and other equivalent of secondary treatment

5-day biochemical oxygen demand,∗ BOD5Effluent, mg/L 45 65Percent removal† 65 –5-day carbonaceous biochemical oxygen demand,∗ CBOD5Effluent, mg/L 40 60Percent removal† 65 –Suspended solids, SSEffluents, mg/L 45 65Percent removal† 65 –pH 6.0 to 9.0 at all –timesWhole effluent toxicity Site specific –Fecal coliform, MPN/100 mL 200 400
Notes: ∗Chemical oxygen demand (COD) or total organic carbon (TOC) may be substituted forBOD5 when a long-term BOD5: COD or BOD5:TOC correlation has been demonstrated. †Percent removal may be waived on a case-by-case basis for combined sewer service areas andfor separated sewer areas not subject to excessive inflow and infiltration (I/I) where the baseflow plus infiltration is  120 gpd/capita and the base flow plus I/I is  275 gpd/capita.
SOURCE: Federal Register, 1991 (40 CFR 133; 49FR 37006, September 20, 1984; revisedthrough July 1, 1991. http/www.access.gpo.gov/nara/cfr/index.htm/, 1999)

http://www.access.gpo.gov/nara/cfr/index.htm/


(POTW) (Federal Register, 1991). The secondary treatment regulation wasestablished from 40 Code of Regulation, Part 133, 49 Federal Register37006, on September 20, 1984; and revised through July 1, 1991.The values in Table 6.7 are still relevant as far as national standardsgo; however, they really do not have much applicability in Illinois andmany other states because state standards for most facilities are morestringent than the national standards. For example, in Illinois, mostPOTWs must meet monthly averages of 10/12 (10 mg/L of BOD5 and12 mg/L of SS) effluent standards if the dilution factor is less than 5:1.The daily maximum effluent concentrations are 20/24. For lagoon efflu-ents, the standards are 30/30 if the dilution factor is greater than 5:1.The NPDES applies to each facility of interest because most have somewater quality based effluent limits, especially for ammonia. The Illinoisstate effluent standards are in Title 35, Subtile C, Chapter II, Part 370(IEPA, 1997) which can be found on the Illinois Pollution Control Board’sweb site at http:/www.state.il.us/title35/35conten.htm.

14 Screening Devices

The wastewater from the sewer system either flows by gravity or ispumped into the treatment plant. Screening is usually the first unitoperation at wastewater treatment plants. The screening units includeracks, coarse screens, and fine screens. The racks and screens used inpreliminary treatment are to remove large objects such as rags, plastics,paper, metals, dead animals, and the like. The purpose is to protectpumps and to prevent solids from fouling subsequent treatment facilities.

14.1 Racks and screens

Coarse screens are classified as either bar racks (trash racks) or barscreens, depending on the spacing between the bars. Bar racks haveclear spacing of 5.08 to 10.16 cm (2.0 to 4.0 in), whereas bar screens typ-ically have clear spacing of 0.64 to 5.08 cm (0.25 to 2.0 in). Both consistof a vertical arrangement of equally spaced parallel bars designed to trapcoarse debris. The debris captured on the bar screen depends on the barspacing and the amount of debris caught on the screen (WEF, 1996a).Clear openings for manually cleaned screens between bars should be
from 25 to 44 mm (1 to ). Manually cleaned screens should be
placed on a slope of 30 to 45 degrees to the horizontal. For manually ormechanically raked bar screens, the maximum velocities during peakflow periods should not exceed 0.76 m/s (2.5 ft/s) (Ten States Standards(GLUMRB) 1996; Illinois EPA, 1998).Hydraulic losses through bar racks are a function of approach(upstream) velocity, and the velocity through the bars (downstream),

13
4 in
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with a discharge coefficient. Referring to Fig. 6.4, Bernoulli’s equationcan be used to estimate the headloss through bar racks:
(6.28)

and
(6.29)

where h1 � upstream depth of water, m or ft
h2 � downstream depth of water, m or ft
h � headloss, m or ft
V � flow velocity through the bar rack, m/s or ft/s
v � approach velocity in upstream channel, m/s or ft/s
g � acceleration due to gravity, 9.81 m/s2 or 32.2 ft/s2

The headloss is usually incorporated into a discharge coefficient C; a typ-ical value of C � 0.84, thus C2
� 0.7. Equation (6.29) becomes (for bar racks)

(6.30)

Kirschmer (1926) proposed the following equation to describe the head-loss through racks:
(6.31)

where H � headloss, m
w � maximum width of the bar facing the flow, m
b � minimum clear spacing of bars, m
v � velocity of flow approaching the rack, m/s
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Figure 6.4 Profile for wastewater flowing through a bar screen.



g � gravitational acceleration, 9.81 m/s2
u � angle of the rack to the horizontal
B � bar shape factor, as follows

The maximum allowable headloss for a rack is about 0.60 to 0.70 m.Racks should be cleaned when headloss is more than the allowablevalues.
Example 1: Compute the velocity through a rack when the approach veloc-ity is 0.60 m/s (2 ft/s) and the measured headloss is 38 mm (0.15 in)
solution: Using Eq. (6.30)

Example 2: Design a coarse screen and calculate the headloss through therack, using the following information:
Peak design wet weather flow � 0.631 m3/s (10,000 gal/min)
Velocity through rack at peak wet weather flow � 0.90 m/s (3 ft/s)
Velocity through rack at maximum design dry weather flow � 0.6 m/s (2 ft/s)
u � 60�, with a mechanical cleaning device
Upstream depth of wastewater � 1.12 m (3.67 ft)
solution:

Step 1. Calculate bar spacing and dimensions

 5 3.08  ft/s
V 5 0.94 m/s

V 2
5 0.882

0.038 m 5
V2

2 s0.6 m/sd2
0.7s2 3 9.81 m/sd2

h 5 V2
2 v2

0.7s2gd

Bar type B
Sharp-edged rectangular 2.42Rectangular with semicircular face 1.83Circular 1.79Rectangular with semicircular upstream anddownstream faces 1.67
Tear shape 0.76
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(a) Determine total clear area (A) through the rack

(b) Calculate total width of the opening at the rack, w
w � A/d � 0.70 m2/l.12 m

� 0.625 m
(c) Choose a 25-mm clear opening
(d) Calculate number of opening, n

n � w/opening � 0.625 m/0.025 m
� 25

Note: Use 24 bars with 10 mm (0.01 m) width and 50 mm thick.
(e) Calculate the width (W ) of the chamber

width � 0.625 m � 0.01 m � 24
� 0.865 m

(f ) Calculate the height of the rack
height � 1.12 m/sin 60� � 1.12 m/0.866

� 1.29 m
Allowing at least 0.6 m of freeboard, a 2-m height is selected.

(g) Determine the efficiency coefficient, EC

Note: The efficiency coefficient is available from the manufacturer.
Step 2. Determine headloss of the rack by Eq. (6.31)
Select rectangular bars with semicircular upstream face, thus

B � 1.83 
w/b � 1

sinu � sin 60� � 0.866

 5 0.72
 5 0.625 m/0.865 m

EC 5
clear opening

width of the chamber 

 5 0.70 m2

 5 0.631 m3/s
0.90 m/s

A 5
peak flow

v
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� 1.83 � 1 � [(0.9 m/s)2/(2 � 9.81 m)] � 0.866
� 0.065 m

Note: If we want to calculate the headloss through the rack at 50% clog-ging, many engineers use an approximate method. When the rack becomeshalf-plugged, the area of the flow is reduced to one half, and velocitythrough the rack is doubled. Thus the headloss will be 0.260 m (four times0.065 m).

14.2 Fine screens

Fine screens are used more frequently in wastewater treatment plantsfor preliminary treatment or preliminary/primary treatment purposes.Fine screens typically consist of wedge-wire, perforated plate, or closelyspaced bars with openings 1.5 to 6.4 mm (0.06 to 0.25 in). Fine screensused for preliminary treatment are rotary or stationary-type units(US EPA 1987a).The clean water headloss through fine screens may be obtained frommanufacturers’ rating tables, or may be computed by means of thecommon orifice equation

(6.32)
where h � headloss, m or ft

v � approach velocity, m/s or ft/s
C � coefficient of discharge for the screen
g � gravitational acceleration, m/s2 or ft/s2
Q � discharge through the screen, m3/s or ft3/s
A � area of effective opening of submerged screen, m2 or ft2

Values of C depend on the size and milling of slots, the diameter andweave of the wire, and the percentage of open area. They must be deter-mined experimentally. A typical value of C for a clean screen is 0.60. Theheadloss of clean water through a clean screen is relatively less.However, the headloss of wastewater through a fine screen during oper-ation depends on the method and frequency of cleaning, the size andquantity of suspended solids in the wastewater, and the size of thescreen opening.The quantity of screenings generated at wastewater treatment plantsvaries with the bar opening, type of screen, wastewater flow, charac-teristics of served communities, and type of collection system. Roughly,
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3.5 to 35 L (0.93–9.25 gal) of screenings is produced from 1000 m3
(264, 200 gal) wastewater treated. Screenings are normally 10% to 20%dry solids, with bulk density of 640 to 1120 kg/m3 (40 to 70 lb/ft3) (WEFand ASCE, 1991a).
15 Comminutors

As an alternative to racks or screens, a comminutor or shredder cuts andgrinds up the coarse solids in the wastewater to about 6 to 10 mm (1/4to 3/8 in) so that the solids will not harm subsequent treatment equip-ment. The chopped or ground solids are then removed in primary sedi-mentation basins. A comminutor consists of a fixed screen and a movingcutter. Comminution can eliminate the messy and offensive screeningsfor solids handling and disposal. However, rags and large objects causeclogging problems.Comminutors are installed directly in the wastewater flow channeland are equipped with a bypass so that the unit can be isolated for serv-ice maintenance. The sizes, installations, operation, and maintenanceof the comminutors are available from the manufactures.
16 Grit Chamber

Grit originates from domestic wastes, stormwater runoff, industrialwastes, pumpage from excavations, and groundwater seepage. It con-sists of inert inorganic material such as sand, cinders, rocks, gravel,cigarette filter tips, metal fragments, etc. In addition grit includesbone chips, eggshells, coffee grounds, seeds, and large food wastes(organic particles). These substances can promote excessive wear ofmechanical equipment and sludge pumps, and even clog pipes bydeposition.Composition of grit varies widely, with moisture content ranging from13% to 63%, and volatile content ranging from 1% to 56%. The specificgravity of clean grit particles may be as high as 2.7 with inert material,and as low as 1.3 when substantial organic matter is agglomerated withinert. The bulk density of grit is about 1600 kg/m3 or 100 lb/ft3 (Metcalfand Eddy, Inc. 1991).Grit chambers should be provided for all wastewater treatment plants,and are used on systems required for plants receiving sewage from com-bined sewers or from sewer systems receiving a substantial amount ofground garbage or grit. Grit chambers are usually installed ahead ofpumps and comminuting devices.Grit chambers for plants treating wastewater from combined sewersusually have at least two hand cleaned units, or a mechanically cleanedunit with bypass. There are three types of grit settling chamber: hand
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cleaned, mechanically cleaned, and aerated or vortex-type degrittingunits. The chambers can be square, rectangular, or circular. A velocityof 0.3 m/s (1 ft/s) is commonly used to separate grit from the organicmaterial. Typically, 0.0005 to 0.00236 m3/s (1 to 5 ft3/min) of air per footof chamber length is required for a proper aerated grit chamber; or 4.6to 7.7 L/s per meter of length. The transverse velocity at the surfaceshould be 0.6 to 0.8 m/s or 2 to 2.5 ft/s (WEF, 1996a).Grit chambers are commonly constructed as fairly shallow longitu-dinal channels to catch high specific gravity grit (1.65). The units aredesigned to maintain a velocity close to 0.3 m/s (1.0 ft/s) and to pro-vide sufficient time for the grit particle to settle to the bottom of thechamber.
Example: The designed hourly average flow of a municipal wastewaterplant is 0.438 m3/s (10 Mgal/d). Design an aerated grit chamber where thedetention time of the peak flow rate is 4.0 min (generally 3 to 5 min).
solution:

Step 1. Determine the peak hourly flow Q
Using a peaking factor of 3.0

Step 2. Calculate the volume of the grit chamber
Two chambers will be used; thus, for each unit

Volume � 1.314 m3/s � 4 min � 60 s/min � 2
� 157.7 m3 

� 5570 ft3

Step 3. Determine the size of a rectangular chamber
Select the width of 3 m (10 ft), and use a depth-to-width ratio of 1.5:1 (typi-cally 1.5:1 to 2.0:1)

Depth � 3 m � 1.5 � 4.5 m
� 15 ft

Length � volume/(depth � width) � 157.7 m3/(4.5 m � 3m)
� 11.7 m 
� 36 ft

 5 30 Mgal/d
 5 1.314 m3/s

Q 5 0.438 m3/s 3 3
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Note: Each of the two chambers has a size of 3 m � 4.5 m � 11.7 m or10 ft � 15 ft � 36 ft.
Step 4. Compute the air supply needed
Use 5 std ft3/min (scfm) or (0.00236 m3/s per ft (0.3 m) length.

Air needed � 0.00236 m3/(s � ft) � 36 ft
� 0.085 m3/s

or � 5 ft3/min � ft � 36 ft
� 180 ft3/min

Step 5. Estimate the average volume of grit produced
Assume 52.4 mL/m3 (7 ft3/Mgal) of grit produced

Volume of grit � 52.4 mL/m3
� 0.438 m3/s � 86,400 s/d

� 1,980,000 mL/d
� 1.98 m3/d

or � 7 ft3/Mgal � 10 Mgal/d
� 70 ft3/d

17 Flow Equalization

The Parshall flume is commonly used in wastewater treatment plants.Methods of flow measurement are discussed in Chapter 4.The incoming raw wastewater varies with the time of the day, the so-called diurnal variation, ranging from less than one half to more than200% of the average flow rate. A storm event increases the flow. Flowequalization is used to reduce the sudden increase of inflow and to bal-ance the fluctuations in the collection system or in the in-plant storagebasins. This benefits the performance of the downstream treatmentprocesses and reduces the size and cost of treatment units.Flow equalization facilities include the temporary storage of flows inexisting sewers, the use of in-line or on-line separate flow-equalizationfacilities or retention basins.The volume for a flow equalization basin is determined from mass dia-grams based on average diurnal flow patterns.
Example: Determine a flow equalization basin using the following diurnalflow record:
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solution 1:

Step 1. Compute the average flow rate Q

Step 2. Compare the observed flows and average flow from the data shownabove
The first observed flow to exceed Q is at 8 a.m.
Step 3. Construct a table which is arranged in order, beginning at 8 a.m.
See Table 6.8. Calculations of columns 3 to 6 are given in the following steps.
Step 4. For col. 3, convert the flows to volume for 1 h time interval

Volume � 0.072 m3/s � 1 h � 3600 s/h
� 259.2 m3

Step 5. For col. 4, for each row, calculate average volume to be treated
Volume � Q � 1 h � 3600 s/h

� 0.0655 m3/s � 1 h � 3600 s/h
� 235.8 m3

Step 6. For col. 5, calculate the excess volume needed to be stored
col. 5 � col. 3 � col. 4 

Example: 259.2 m3
� 235.8 m3

� 23.4 m3

Step 7. For col. 6, calculate the cumulative sum of the difference (col. 5)

Q 5 �q/24 5 0.0655 m3/s

Time Flow, m3/s Time Flow, m3/s
Midnight 0.0492 Noon 0.10331 0.0401 1 p.m. 0.09752 0.0345 2 0.08893 0.0296 3 0.08104 0.0288 4 0.07775 0.0312 5 0.07556 0.0375 6 0.07407 0.0545 7 0.07008 0.0720 8 0.06889 0.0886 9 0.064410 0.0972 10 0.054211 0.1022 11 0.0513
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Example: For the second time interval, the cumulative storage (cs) is
cs � 23.4 m3

� 83.16 m3
� 106.56 m3

Note: The last value for the cumulative storage should be zero. Theoretically,it means that the flow equalization basin is empty and ready to begin the nextday’s cycle.
Step 8. Find the required volume for the basin
The required volume for the flow equalization basin for this day is themaximum cumulative storage. In this case, it is 882.72 m3 at 8 p.m.(col. 6, Table 6.8). However, it is common to provide 20% to 50% excesscapacity for unexpected flow variations, equipment, and solids deposition.In this case, we provide 35% excess capacity. Thus the total storage volumeshould be

Total basin volume � 882.72 m3
� 1.35

� 1192 m3

590 Chapter 6

TABLE 6.8 Analysis of Flow Equalization

(1) (2) (3) (4) (5) (6)Time Flow Volume in, Volume out, Storage � storage,m3/s m3 m3 m3 m3

8 a.m. 0.072 259.2 235.8 23.4 23.49 0.0886 318.96 235.8 83.16 106.5610 0.0972 349.92 235.8 114.12 220.6811 0.1022 367.92 235.8 132.12 352.812 0.1033 371.88 235.8 136.08 488.881 p.m. 0.0975 351 235.8 115.2 604.082 0.0889 320.04 235.8 84.24 688.323 0.081 291.6 235.8 55.8 744.124 0.0777 279.72 235.8 43.92 788.045 0.0755 271.8 235.8 36 824.046 0.0740 266.4 235.8 30.6 854.647 0.0700 252 235.8 16.2 870.848 0.0688 247.68 235.8 11.88 882.729 0.0644 231.84 235.8 –3.96 878.7610 0.0542 195.12 235.8 –40.68 838.0811 0.0513 184.68 235.8 –51.12 786.9612 0.0492 177.12 235.8 –58.68 728.281 a.m. 0.0401 144.36 235.8 –91.44 636.842 0.0345 124.2 235.8 –111.6 525.243 0.0296 106.56 235.8 –129.24 3964 0.0288 103.68 235.8 –132.12 263.885 0.0312 112.32 235.8 123.48 140.46 0.0375 135 235.8 –100.8 39.67 0.0545 196.2 235.8 –39.6 0



solution 2: Graphic method (Fig. 6.5).
Step 1. Calculate cumulative volumes as in solution 1
Step 2. Plot time of day at X-axis (starting at midnight) versus cumulativevolume at Y-axis to produce a mass curve
Step 3. Connect the origin and the final point on the mass curve
This gives the daily average flow rate (m3/d or Mgal/d).
Step 4. Draw two lines parallel to the average flow rate and tangent to themass curve at the highest and lowest points
Step 5. Determine the required volume for the flow equalization basin
The vertical distance between two parallels drawn in Step 4 is the requiredbasin capacity.
Note: In the above example, the storage starts to fill in at 8 a.m. and it is empty24 h later. At the highest point of the cumulative volume draw a tangent line(Fig. 6.5b). The distance between this tangent line and the average flow line isthe storage volume required.
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18 Sedimentation

Sedimentation is the process of removing solid particles heavier thanwater by gravity settling. It is the oldest and most widely used unit oper-ation in water and wastewater treatments. The terms sedimentation,settling, and clarification are used interchangeably. The unit sedimen-tation basin may also be referred to as a sedimentation tank, clarifier,settling basin, or settling tank.In wastewater treatment, sedimentation is used to remove both inor-ganic and organic materials which are settleable in continuous-flow con-ditions. It removes grit, particulate matter in the primary settling tank,and chemical flocs from a chemical precipitation unit. Sedimentation isalso used for solids concentration in sludge thickeners.Based on the solids concentration, and the tendency of particle inter-action, there are four types of settling which may occur in waste-water set-tling operations. The four categories are discrete, flocculant, hindered(also called zone), and compression settlings. They are also known as types1, 2, 3, and 4 sedimentation, respectively. Some discussion of sedimenta-tion is covered in Chapter 5. The following describes each type of settling.
18.1 Discrete particle sedimentation (type 1)

The plain sedimentation of a discrete spherical particle, described byNewton’s law, can be applied to grit removal in grit chambers and sed-imentation tanks. The terminal settling velocity is determined as (alsoin Chapter 5, Eq. (5.60))
(6.33)

where vs� terminal settling velocity, m/s or ft/s
rs � mass density of particle, kg/m3 or lb/ft3
r � mass density of fluid, kg/m3 or lb/ft3
g � acceleration due to gravitation, 9.81 m/s2 or 32.2 ft/s2
d � diameter of particle, mm or in

CD � dimensionless drag coefficient
The drag coefficient CD is not constant. It varies with the Reynoldsnumber and the shape of the particle. The Reynolds number R � vdr/m,where m is the absolute viscosity of the fluid, and the other terms aredefined as above.
CD varies with the effective resistance area per unit volume and shapeof the particle. The relationship between R and CD is as follows

(6.34)1. R:� � CD 5
24
R 5

24m
vrd

vs 5 c4gsrs 2 rdd3CDr
d

1/2
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(6.35)
(6.36)
(6.37)

For small R (�1 or 2) with laminar flow. Equation (6.34) is applied.Equation (6.35) or (6.36) is applicable for R up to 1000, which includesall situations of water and wastewater treatment processes. For fullydeveloped turbulent settling use CD � 0.34 to 0.40 (Eq. (6.37)).When the Reynolds number is less than 1, substitution of Eq. (6.34)for CD in Eq. (6.33) yields Stoke’s law (Eq. (5.63))

(6.38)
Discrete particle settling refers to type 1 sedimentation. Under qui-escent conditions, suspended particles in water or wastewater exhibita natural tendency to agglomerate, or the addition of coagulant chem-icals promotes flocculation. The phenomenon is called flocculation–sedimentation or type 2 sedimentation. For flocculated particles theprinciples of settling are the same as for a discrete particle, but settlingmerely occurs at a faster rate.

18.2 Scour

The horizontal velocity in grit chambers or in sedimentation tanks mustbe controlled to a value less than what would carry the particles in trac-tion along the bottom. The horizontal velocity of fluid flow just sufficientto create scour is described as (Camp, 1946)

(6.39)

where V � horizontal velocity, m/s
b � constant for the type of scoured particles

� 0.04 for unigranular material
� 0.06 for sticky interlocking material

s � specific gravity of particle
g � acceleration due to gravity, 9.81 m/s2
d � diameter of particle, m
f � Darcy–Weisbach friction factor, 0.02 to 0.03

V 5 c8bss 2 1dgd
f d

1/2

vs 5
gsrs 2 rdd2

18m

R .1000:� � CD 5  0.34 to 0.40
or 5 18.5

R0.5

1 , R ,1000:� � CD 5
24
R 1

3
R0.5 1 0.34
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The f values are a function of the Reynolds number and surface char-acteristics of the settled solids. The horizontal velocity in most sedi-mentation tanks is well below that which would cause scour. In gritchambers, scour is an important factor for design.
Example: Determine the surface overflow rate and horizontal velocity of agrit chamber to remove the grit without removing organic material. Assumethat grit particles have a diameter of 0.2 mm (0.01 in) and a specific gravityof 2.65 (sand, silt, and clay); and organic material has the same diameter anda specific gravity of 1.20. Assume CD � 10.
solution:

Step 1. Compute the terminal settling velocity, using Eq. (6.33)
CD � 10

d � 0.2 mm � 0.02 cm
vs �

� 

�

Note: This will be the surface overflow rate to settle grit, not organic matter.
Step 2. Compute the horizontal velocity (V1) just sufficient to cause the gritparticles to scour
Use b � 0.06 and f � 0.03. Using Eq. (6.39)

Step 3. Compute the scouring velocity V2 for organic material, usingEq. (6.39)

 5 7.9 scm/sd

V2 5 c8 3 0.06s1.20 2 1d 3 981 3 0.02
0.03 d

1/2

 5 22.8 scm/sd
 5 c8 3 0.06 3 s2.65 2 1d 3 981 3 0.02

0.03 d
1/2

V1 5 c8bss 2 1dgd
f d

1/2

2.08 scm/sd
c4 3 981 3 s2.65 2 1d 3 0.02

3 3 10 3 1 d
1/2

c4gsrs 2 rdd3CDr
d

1/2
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Note: The grit chamber is designed to have a surface overflow rate (settlingvelocity) of 2.1 cm/s and a horizontal velocity less than 22.8 cm/s but greaterthan 7.9 cm/s. Under these conditions, the grit will be removed and organicmatter will not. If the horizontal velocity is close to the scour velocity, the gritwill be reasonably clean.

18.3 Sedimentation tank (basin)

configuration

Sedimentation tanks can be rectangular, square or circular. Imhofftanks perform the dual function of settling and aerobic treatment withtwo-story chambers; however, the Imhoff tank is old technology and isno longer allowed in the developed countries.For a continuous flow sedimentation tank, the shape can be either rec-tangular or circular. Camp (1953) divided the ideal sedimentation tankinto four zones which affect settling, namely the inlet zone, theoreticaleffective settling zone, sludge zone (beneath the settling zone), andoutlet zone (Fig. 6.6). The inlet and outlet condition and tank geometryinfluence short circuiting, which can be minimized in narrow rectangularhorizontal flow basins. Short circuiting is a common problem in circu-lar radial flow clarifiers.Figure 6.6 illustrates an ideal rectangular continuous horizontal flowsettling tank. The inlet zone uniformly distributes wastewater flowsand solids over the cross-sectional area of the tank in such a manner thatflow through the settling zone follows horizontal paths to prevent shortcircuiting. In the settling zone, a uniform concentration of particles set-tles at terminal settling velocity to the sludge zone at the bottom of thetank. In the real world, there is no theoretical effective settling zone.Particle settling vectors are difficult to predict. However, it is usuallyassumed that the flow of wastewater through the settling zone is steady
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and that the concentration of each sized particle is uniform throughoutthe cross section normal to the flow direction. The sludge zone is aregion for storing the settled sediments below the settling zone. Thiszone may be neglected for practical purposes, if mechanical equipmentcontinually removes the sediment. In the outlet zone, the supernatant(clarified effluent) is collected through an outlet weir and discharged tofurther treatment units or to the outfall.In the design of clarifiers, a particle terminal velocity V0 is used as adesign overflow settling velocity, which is the settling velocity of theparticle which will settle through the total effective depth H of the tankin the theoretical detention time. All particles that have a terminalvelocity (Vs) equal to or greater than V0 will be removed. The surfaceoverflow rate of wastewater is (Stoke’s law)
(6.40)
(6.41)

where Q � flow, m3/d or gal/d 
A � surface area of the settling zone, m2 or ft2

V0 � overflow rate or surface loading rate, m3/(m2
� d)or gal/(ft2

� d)
W, L � width and length of the tank, m or ft

This is called type 1 settling. Flow capacity is independent of the depthof a clarifier. Basin depth H is a product of the design overflow velocityand detention time t
H � V0t (6.42)

The flow through velocity Vf is
Vf � Q/HW (6.43)

where H is the depth of the settling zone. The retention time t is
t � Volume/Q (6.44)

The removal ratio r (or fraction of removal) of particles having asettling velocity equal to Vs will be h/H. Since depth equals the productof the settling velocity and retention time t (Fig. 6.6)

(6.45)r 5 h
H 5

Vst
V0t 5

Vs
V0

 5 gsrs 2 rdd2
18m

V0 5 Q/A 5 Q/WL
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where r is the fraction of the particles with settling velocity Vs that areremoved. This means that in a horizontal flow particles with settlingvelocity Vs less than V0 will also be removed if they enter the settlingzone at a depth less than H.The settling velocity distribution for a suspension sample can bedetermined from a column settling test. The data obtained from thetest can be used to construct a cumulative settling velocity frequency dis-tribution curve, as shown in Fig. 6.7.For a given clarification flow rate Q, only those particles having set-tling velocity � V0 (� Q/A) will be completely removed. Let y0 representthe portion of particles with a settling velocity �V0; then the percent-age removed will be 1 � y0. Also, for each size particle with Vs � V0 itsproportion of removal, expressed as Eq. (6.45), is equal to r � Vs/V0.When considering various particle sizes in this group, the percentageof removal is

3
y0

0
Vs
V0

 dy
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The overall fraction of particles removed, F, would be

(6.46)
Approximation:

(6.47)

where y0 � fraction of particles by weight with Vs � V0
i � ith particle

Example: (type 1): A clarifier is designed to have a surface overflow rateof 28.53 m3/(m2
� d) (700 gal/(ft2

� d)). Estimate the overall removal with thesettling analysis data and particle size distribution in columns 1 and 2 ofTable 6.9. The wastewater temperature is 15�C and the specific gravity ofthe particles is 1.20.
solution:

Step 1. Determine settling velocities of particles by Stoke’s law, Eq. (6.41)
From Table 4.1a, at 15�C

where d is in m
Step 2. Calculate V for each particle size (col. 3 of Table 6.9)

 5 96,942 d2 m/s
 5 9.81 m/s2s1200 2 999d  kg/m3

3 d2
18 3 0.00113  kg/ss # md

V 5
gsrs 2 rdd2

18m

r 5 0.9990
m 5 0.00113 N # s/m2

5 0.00113  kg/ss # md

F 5 1 2 y0 1
1
V0�V �y

1
Vi 1 Vi112V0

 sy1 2 yi11d

F 5 1 2 y0 1
V0 1 V12V0

 sy0 2 y1d 1
V1 1 V22V0

 sy1 2 y2d 1 c

F 5 s1 2 y0d 1
1
V0 3

y0

0
Vsdy
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For d � 0.1 mm � 0.0001 m
V � 96,942 (0.0001)2 

� 0.000969 (m/s)
� 0.968 mm/s

Similarly, calculate the settling velocities for other particle sizes
Step 3. Construct the settling velocities versus cumulative distributioncurve shown in Fig. 6.7
Step 4. Calculate designed settling velocity V0

V0 � 28.53 m/d
� 28,530 mm/d � 1 d/86,400 s
� 0.33 mm/s

Note: All particles with settling velocities greater than 0.33 mm/s (700 gal/(d � ft2 )) will be removed.
Step 5. Find the fraction (1 � y0)
From Fig. 6.7 we read 
then
Step 6. Graphical determination of �V�y
Referring to Fig. 6.7

�V�y 5 0.0569

�y 0.04 0.04 0.04 0.04 0.04 0.04 0.01
V 0.09 0.17 0.23 0.26 0.28 0.31 0.33 

V�y 0.0036 0.0068 0.0092 0.0104 0.0112 0.0124 0.0033

1 2 y0 5 1 2 0.25 5 0.75
y0 5 0.25 at V0 5 0.33 mm/s
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TABLE 6.9 Results of Settling Analysis Test and
Estimation of Overall Solids Removal

Particle size Weight fraction Settling velocitymm < size, % V, mm/s
0.10 12 0.9680.08 18 0.6200.07 35 0.4750.06 72 0.3490.05 86 0.2420.04 94 0.1550.02 99 0.0390.01 100 0.010



Step 7. Determine overall removal R
Using Eq. (6.47)

18.4 Flocculant settling (type 2)

In practice, the actual settling performance cannot be adequately pre-dicted because of unrealistic assumptions on ideal discrete particlesettling. Under quiescent conditions, suspended particles in water orwastewater exhibit a natural tendency to agglomerate. Also, sus-pended solids in wastewater are not discrete particles and vary morethan light and small particles, as they contact and agglomerate andgrow in size. As coalescence of flocculation occurs, including chemi-cal coagulation and biological flocs, the mass of the particles increasesand they settle faster. This phenomenon is called flocculant or type 2sedimentation.The flocculation process increases removal efficiency but it cannot beadequately expressed by equations. Settling-column analysis is usuallyused to determine the settling characteristics of flocculated particles. Acolumn can be of any diameter and equal in length to the proposed clar-ifier. Satisfactory results can be achieved with 15 cm (6 in) diameter plas-tic tube 3 m (10 ft) in height (Metcalf and Eddy, Inc. 1991). Samplingports are uniformly spaced (45 to 60 cm or 1.5 to 2 ft) along the lengthof the column. The test suspension is placed in the settle-column andallowed to settle in a quiescent manner. The initial suspended solids con-centration is measured. Samples are withdrawn from the samplingports at various selected time intervals from different depths. Analysesof SS are performed for each sample, and the data used to calculate thepercentage of removal is plotted as a number against time and depth.Between the plotted points, curves of equal percent removal are drawn.The results of settling-column analyses are presented in Fig. 6.8. Useof the curves in Fig. 6.8 is illustrated in the following example.
Example: Using the settling curves of Fig. 6.8, determine the overall removalof solids in a sedimentation basin (type 2 flocculant settling) with a depthequal to the test cylinder and at a detention time of 25 min. The total depthis 2.5 m.

 5 92%
 5 0.92
 5 0.75 1 0.0569/0.33

F 5 s1 2 y0d 1
1
V0�V�y
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solution:

Step 1. From Fig. 6.8, 40% of the particles will have a settling velocity of0.1 m/min (2.5 m/25 min)
At t � 25 min, the volume of the test cylinder within �h6 has 40% removal.
Step 2: Determine percent removal of each volume of the tank
In the volume of the tank corresponding to �h5 between 50% and 40% removalwill occur. Similarly, in the tank volume corresponding to �h4 between 60% and50% will be removed. In like fashion, this is applied to other tank volumes.
Step 3. Calculate the overall removal
Since 1/h � 1/2.5 � 0.4

�h4 5 0.32 m
�h3 5 0.20 m
�h2 5 0.14 m
�h1 5 0.23 m
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18.5 Hindered sedimentation (type 3)

In systems with high concentrations of suspended solids, the velocityfields of closely spaced particles are obstructed, causing an upward dis-placement of the fluid and hindered or zone settling (type 3) and com-pression settling (type 4). In addition, discrete (free) settling (type 1) andflocculant settling (type 2) occur. This settling phenomenon of concen-trated suspensions (such as activated sludge) is illustrated in a gradu-ated cylinder, as shown in Fig. 6.9.

 5 73.7%  removal
1 0.14 3 75 1 0.23 3 90d

 5 40 1 0.4s0.5 3 45 1 0.32 3 55 1 0.20 3 65
1

�h2
h  a70 1 80

2 b 1 �h1
h  a80 1 100

2 b

F 5 40 1 �h5
h  a40 1 50

2 b 1 �h4
h  a50 1 60

2 b 1 �h3
h  a60 1 70

2 b

�h5 5 0.50 m
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Figure 6.9 Schematic drawing of settling regions for concentrated suspensions.



Hindered (zone) settling occurs in sludge thickeners and at the bottomof a secondary clarifier in biological treatment processes. The velocityof hindered settling is estimated by (Steel and McGhee, 1979)
vh/v � (1 � Cv)4.65 (6.48)

where vh � hindered settling velocity, m/s or ft/s
v � free settling velocity, calculated by Eq. (6.33) or (6.38)

Cv � volume of particles divided by the volume of thesuspension
Equation (6.48) is valid for Reynolds numbers less than 0.2, which is gen-erally the situation in hindered settling.A typical curve of interface height versus time for activated sludge isshown in Fig. 6.10. From A to B, there is a hindered settling of the par-ticles and this is called liquid interface. From B to C there is a deceler-ation marking the transition from hindered settling into the compression
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zone. From C to D there is a compression zone where settling dependson compression of the sludge blanket.The system design for handling concentrated suspensions for hin-dered settling must consider three factors: (1) the area needed for dis-crete settling of particles at the top of the clarifier; (2) the area neededfor thickening (settling of the interface between the discrete and hin-dered settling zones); and (3) the rate of sludge withdrawal. The settlingrate of the interface is usually the controlling factor.Column settling tests, as previously described, can be used to deter-mine the area needed for hindered settling. The height of the interfaceis plotted against time, as shown in Fig. 6.10. The area needed for clar-ification is
A � Q/vs (6.49)

where A � surface area of the settling zone, m2 or ft2 
Q � overflow rate, m3/s or gal/min 
vs � subsidence rate in the zone of hindering settling, mm/sor in/s

A value of vs is determined from batch settling column test data by com-puting the slope of the hindered settling portion of the interface heightversus time curve (Fig. 6.10). The area needed for thickening is obtainedfrom the batch settling test of a thick suspension. The critical arearequired for adequate thickening is (Rich, 1961)
(6.50)

where A � area needed for sludge thickening, m2 or ft2
Q � flow into settling tank, m3/s or ft3/s
tu � time to reach a desired underflow or solids concentration, s

H0 � depth of the settling column (initial interface height), mor ft
From Fig. 6.10, the critical concentration (C2) is determined by extend-ing the tangent from the hindered and compression settling lines totheir point of intersection and bisecting the angle formed. The bisectorintersects the subsidence curve at C2 which is the critical concentration.The critical concentration controls the sludge-handling capacity of thetank at a height of H2.A tangent is drawn to the subsidence curve at C2 and the intersec-tion of this tangent with depth Hu, required for the desired underflow(or solids concentration Cu), will yield the required retention time tu.Since the total weight of solids in the system must remain constant, i.e.

A 5
Qtu
H0
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C0H0A � CuHuA, the height Hu of the particle–liquid interface at theunderflow desired concentration Cu is
(6.51)

The time tu can be determined as:Draw a horizontal line through Hu and draw a tangent to the subsidencesettling curve at C2. Draw a vertical line from the point of intersectionof the two lines drawn above to the time axis to find the value of tu. Withthis value of tu, the area needed for thickening can be calculated usingEq. (6.50). The area required for clarification is then determined. Thelarger of the two calculated areas is the controlling factor for design fromEqs. (6.49) and (6.50).
Example: The batch-settling curve shown in Fig. 6.10 is obtained for anactivated sludge with an initial solids concentration C0 of 3600 mg/L. The ini-tial height of the interface in the settling column is 900 mm. This continu-ous inflow to the unit is 380 m3/d (0.10 Mgal/d). Determine the surface arearequired to yield a thickened sludge of 1.8 percent by weight. Also determinesolids and hydraulic loading rate.
solution:

Step 1. Calculate Hu by Eq. (6.51)

Step 2. Determine tu
Using the method described above to find the value of tu

tu � 41 min � 41 min/1440 min/d
� 0.0285 day

Step 3. Calculate the area required for the thickening, using Eq. (6.50)

 5 129  ft2
 5 12.02  m2

A 5 Qtu
H0

5
380  m3/d 3 0.0285  day

0.90  m

 5 180  mm
Hu 5

C0H0
Cu

5
3600  mg/L 3 900  mm

18,000  mg/L

Cu 5 1.8% 5 18,000  mg/L

Hu 5
C0H0
Cu

Wastewater Engineering 605



Step 4. Calculate the subsidence velocity vs in the hindered settling portionof the curve
In 10 min

Step 5. Calculate the area required for clarification 
Using Eq. (6.49)

A � Q/vs � 380 m3/d � 40.6 m/d
� 9.36 m2

Step 6. Determine the controlling area
From comparison of areas calculated from Steps 3 and 5, the larger area isthe controlling area. Thus the controlling area is the thickening area of12.02 m2 (129 ft2)
Step 7. Calculate the solids loading

C0 � 3600 mg/L � 3600 g/m3
� 3.6 kg/m3 

Solids weight � QC0 � 380 m3/d � 3.6 kg/m3

� 1368 kg/d
� 3016 lb/d

Solids loading rate � 1368 kg/d � 12.02 m2 

� 114 kg/(m2
� d)

� 23.3 lb/(ft2
� d)

Step 8. Determine the hydraulic (overflow) loading rate
Hydraulic loading rate � 380 m3/d � 12.02 m2

� 31.6 m3/(m2
� d) � 31.6 m/d 

or � 100,000 gal/d ÷ 129 ft2 

� 776 gal/(ft2
� d)

18.6 Compression settling (type 4)

When the concentration of particles is high enough to bring the parti-cles into physical contact with each other, compression settling willoccur. Consolidation of sediment at the bottom of the clarifier is

 5 40.6  m/d
 5 0.47  mm/s

vs 5
s900 2 617d  mm

10  min 3 60  s/min
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extremely slow. The rate of settlement decreases with time due toincreased resistance to flow of the fluid.The volume needed for the sludge in the compression region (thick-ening) can also be estimated by settling tests. The rate of consolidationin this region has been found to be approximately proportional to thedifference in sludge height H at time t and the final sludge height H	obtained after a long period of time, perhaps 1 day. It is expressed as(Coulson and Richardson, 1955)
(6.52)

where H � sludge height at time t
i � constant for a given suspension 

H	 � final sludge height
Integrating Eq. (6.52) between the limits of sludge height Ht at time

t and H1 at time t1, the resulting expression is
(6.53)

or
(6.54)

A plot of ln versus (t – t1) is a straight linehaving the slope –i. The final sludge height H	 depends on the liquidsurface film which adheres to the particles.It has been found that gentle stirring serves to compact sludge in thecompression region by breaking up the floc and permitting water toescape. The use of mechanical rakes with 4 to 5 revolutions per hour willserve this purpose. Dick and Ewing (1967) reported that gentle stirringalso helped to improve settling in the hindered settling region.

19 Primary Sedimentation Tanks

Primary treatment has traditionally implied a sedimentation process toseparate the readily settleable and floatable solids from the waste-water. The treatment unit used to settle raw wastewater is referred toas the primary sedimentation tank (basin), primary tank (basin), orprimary clarifier. Sedimentation is the oldest and most widely usedprocess in the effective treatment of wastewater.After the wastewater passes the preliminary processes, it enters sed-imentation tanks. The suspended solids that are too light to fall out inthe grit chamber will settle in the tank over a few hours. The settled

[sHt 2 H`] 2 lnsH1 2 H`d

ist 2 t1d 5 lnsHt 2 H`d 2 lnsH1 2 H`d

Ht 2 H` 5 sH1 2 H`de2ist2t1d

dH
dt 5 isH 2 H`d
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sludge is then removed by mechanical scrapers, or pumped. The float-able substances on the tank surface are removed by a surface skimmerdevice. The effluent flows to the secondary treatment units or is dis-charged off (not in the United States and some countries).The primary sedimentation tank is where the flow velocity of thewastewater is reduced by plain sedimentation. The process commonlyremoves particles with a settling rate of 0.3 to 0.6 mm/s (0.7 to 1.4 in/min).In some cases, chemicals may be added. The benefits of primary sedimen-tation are reduced suspended solids content, equalization of sidestreamflow, and BOD removal. The overflow rate of the primary sedimentationtanks ranges from 24.5 to 49 m3/(m2
� d) (600 to 1200 gal/(d � ft2)). Thedetention time in the tank is usually 1 to 3 h (typically 2 h). Primarytanks (or primary clarifiers) should remove 90% to 95% of settleablesolids, 50% to 60% of total suspended solids, and 25% to 35% of theBOD5 (NY Department of Health, 1950).Settling characteristics in the primary clarifier are generally charac-terized by type 2 flocculant settling. The Stokes formula for settling veloc-ity cannot be used because the flocculated particles are continuouslychanging in shape, size, and specific gravity. Since no mathematical equa-tion can describe flocculant settling satisfactorily, laboratory analyses ofsettling-column tests are commonly used to generate design information.Some recommended standards for the design of primary clarifiers areas follows (GLUMRB–Ten States Standards, 1996; Illinois EPA, 1998).Multiple tanks capable of independent operation are desirable and shallbe provided in all plants where design average flows exceed 380 m3/d(100,000 gal/d). The minimum length of flow from inlet to outlet shouldbe 3.0 m (10 ft) unless special provisions are made to prevent short cir-cuiting. The side depth for primary clarifiers shall be as shallow aspracticable, but not less than 3.0 m (10 ft). Hydraulic surface settlingrates (overflow rates) of the clarifier shall be based on the anticipatedpeak hourly flow. For normal domestic wastewater, the overflow rate,with some indication of BOD removal, can be obtained from Fig. 6.11.If waste-activated sludge is returned to the primary clarifier, the designsurface settling rate shall not exceed 41 m3/(m2

� d) (1000 gal/(d � ft2)).The maximum surfaced settling rate for combined sewer overflow andbypass settling shall not exceed 73.3 m3/(m2
� d) (1800 gal/(d � ft2)), basedon peak hourly flow. Weir loading rate shall not exceed 250 m3/d linearmeter (20,000 gal/(d � ft)), based on design peak hourly flow for plantshaving a design average of 3785 m3/d (1 Mgal/d) or less. Weir loadingrates shall not exceed 373 m3/(d2 

� m) (30,000 gal/(d � ft)), based on peakdesign hourly flow for plants having a design average flow greater than3785 m3/d (1.0 Mgal/d). Overflow rates, side water depths, and weirloading rates recommended by various institutions for primary settlingtanks are listed elsewhere (WEF and ASCE, 1991a).
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In cases where a reliable loading–performance relationship is notavailable, the primary tank design may be based on the overflow ratesand side water depths listed in Table 6.10. The design surface settlingis selected on the basis of Fig. 6.11 and Table 6.10. The hydraulic
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Figure 6.11 BOD5, removal in primary settling tank (source: Illinois EPA 1998).

TABLE 6.10 Typical Design Parameters for Primary Clarifiers

Surface settling rate,m3/(m2
� d) (gal/(d � ft2))

Type of treatment Source Average Peak Depth, m (ft)
Primary settling US EPA, 1975a 33–19 81–122 3–3.7followed by (800–1200) (2000–3000) (10–12)secondarytreatment GLUMEB–Ten States 600 Figure 6.11 minimum 2.1Standards and Illinois (7)EPA, 1998
Primary settling US EPA, 1975a 24–33 49–61 3.7–4.6with waste (600–800) (1200–1500) (12–15)activated sludgereturn Ten States Standards,  41  61 3.0GLUMRB, 1996 ( 1000) ( 1500) (10)minimum



detention time t in the primary clarifier can be calculated fromEq. (6.44). The hydraulic detention times for primary clarifier designrange from 1.5 to 2.5 h, typically 2 h. Consideration should be made forlow flow period to ensure that longer detention times will not causeseptic conditions. Septic conditions may cause a potential odor problem,stabilization and loading to the downstream treatment processes. In thecold climatic region, a detention time multiplier should be includedwhen wastewater temperature is below 20�C (68�F). The multiplier canbe calculated by the following equation (Water Pollution ControlFederation, 1985a)
M � 1.82e�0.03T (6.55)

where M � detention time multiplier
T � temperature to wastewater, �C

In practice, the linear flow-through velocity (scour velocity) is limitedto 1.2 to 1.5 m/min (4 to 5 ft/min) to avoid resuspension of settled solidsin the sludge zone (Theroux and Betz, 1959). Camp (1946) suggested thatthe critical scour velocity can be computed by Eq. (6.39). Scouring veloc-ity may resuspend settled solids and must be avoided with clarifierdesign. Camp (1953) reported that horizontal velocities up to 18 ft/min(9 cm/s) may not create scouring; but design horizontal velocities shouldstill be designed substantially below 18 ft/min. As long as scouring veloc-ities are not approached, solids removal in the clarifier is independentof the tank depth.
Example 1: Determine the detention time multipliers for wastewater tem-peratures of 12 and 6�C.
solution: Using Eq. (6.55), for T � 12°C

M � 1.82e�0.03�12
� 1.82 � 0.70

� 1.27 (6.56)
For T � 6�C

M � 1.82 � e�0.03�6
� 1.82 � 0.835

� 1.52

Example 2: Two rectangular settling tanks are each 6 m (20 ft) wide, 24 m(80 ft) long, and 2.7 m (9 ft) deep. Each is used alternately to treat 1900 m3
(0.50 Mgal) in a 12-h period. Compute the surface overflow (settling) rate,detention time, horizontal velocity, and outlet weir loading rate using H-shaped weir with three times the width.
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solution:

Step 1.   Determine the design flow Q

Step 2. Compute surface overflow rate v0
v0 � Q/A � 3800 m3/d � (6 m � 24 m) 

� 26.4 m3/(m2
� d)

� 650 gal/(d � ft2)
Step 3. Compute detention time t

Tank volume V � 6 m � 24 m � 2.1m � 2
� 604.8 m3

t � V/Q � 604.8 m3/(3800 m3/d)
� 0.159 day
� 3.8 h

Step 4. Compute horizontal velocity vh

Step 5. Compute outlet weir loading, wl

19.1 Rectangular basin design

Multiple units with common walls shall be designed for independentoperation. A bypass to the aeration basin shall be provided for emergencyconditions. Basin dimensions are to be designed on the basis of surface

 5 17,000 gal /sd # ftd
 5 211 m3/sd # md

wl 5 3800 m3/d
6 m 3 3

 5 0.686 ft/min
 5 0.209 m/min
 5 301 m/d

vh 5
3800 m3/d

6 m 3 2.1 m

 5 3800 m3/d
Q 5

1900 m3
12 h 3

24 h
1 day
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overflow (settling) rate to determine the required basin surface area. Thearea required is the flow divided by the selected overflow rate. An over-flow rate of 36 m3/(m2
� d) (884 gal/(ft2

� d)) at average design flow is gen-erally acceptable.Basin surface dimensions, the length (l ) to width (w) ratio (l/w), canbe increased or decreased without changing the volume of the basin. Thegreater the l/w ratio, the better the basin conforms to plug flow condi-tions. Also, for greater l/w ratio, the basin has a proportionally largereffective settling zone and smaller percent inlet and outlet zones.Increased basin length allows the development of a more stable flow.Best conformance to the plug flow model has been reported by a basinwith l/w ratio of 3:1 or greater (Aqua-Aerobic Systems, 1976).Basin design should be cross-checked for detention time for confor-mance with recommended standards by the regulatory agencies.For bean bridge (cross the basin) design, a commercially available eco-nomical basin width can be used, such as 1.5 m (5 ft), 3.0 m (10 ft), 5.5 m(18 ft), 8.5 m (28 ft) or 11.6 m (38 ft).The inlet structures in rectangular clarifiers are placed at one end andare designed to dissipate the inlet velocity to diffuse the flow equallyacross the entire cross section of the basin and to prevent short circuit-ing. Typical inlets consist of small pipes with upward ells, perforated baf-fles, multiple ports discharging against baffles, a single pipe turnedback to discharge against the headwall, simple weirs, submerged weirssloping upward to a horizontal baffle, etc. (Steel and McGhee, 1979;McGhee, 1991). The inlet structure should be designed not to trap scumor settling solids. The inlet channel should have a velocity of 0.3 m/s(1 ft/s) at one half design flow (Ten States Standards, GLUMRB, 1996).Baffles are installed 0.6 to 0.9 m (2 to 3 ft) in front of inlets to assistin diffusing the flow and submerged 0.45 to 0.60 m (1.5 to 2 ft) with 5 cm(2 in) water depth above the baffle to permit floating material to pass.Scum baffles are placed ahead of outlet weirs to hold back floating mate-rial from the basin effluent and extend 15 to 30 cm (6 to 12 in) below thewater surface (Ten States Standards, GLUMRB, 1971). Outlets in a rec-tangular basin consist of weirs located toward the discharge end of thebasin. Weir loading rates range from 250 to 373 m3/(d � m) (20,000 to30,000 gal/(d � ft)) (Ten State Standards, GLUMRB, 1996).Walls of settling tanks should extend at least 150 mm (6 in) abovethe surrounding ground surface and shall provide not less than 300 mm(12 in) freeboard (GLUMRB, 1996).Mechanical sludge collection and withdrawal facilities are usuallydesigned to assure rapid removal of the settled solids. The minimumslope of the side wall of the sludge hopper is 1.7 vertical to 1 horizon-tal. The hopper bottom dimension should not exceed 600 mm (2 ft). Thesludge withdrawal line is at least 150 mm (6 in) in diameter and has a
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static head of 760 mm (30 in) or greater with a velocity of 0.9 m/s (3 ft/s)(Ten States Standards, GLUMRB, 1996).
Example: Design a primary clarification system for a design average waste-water flow of 7570 m3/d (2.0 Mgal/d) with a peak hourly flow of 18,900 m3/d(5.0 Mgal/d) and a minimum flow of 4540 m3/d (1.2 Mgal/d). Design a multi-ple units system using Ten States Standards for an estimated 35% BOD5removal at the design flow.
solution:

Step 1. List Ten States Standards
Referring to Fig. 6.11, for 35% BOD removal:

Surface settling rate v � 28.5 m3 /(m2
� d) or (700 gal/(d � ft2))

Minimum depth � 3.0 m (10 ft)
Maximum weir loading � 124 m3/(d � m) or (10,000 gal/(d � ft))

for average daily flow
Step 2. Determine tank dimensions

1. Surface area needed
Use two settling tanks, each with design flow of 3785 m3/d(1.0 Mgal/d)

Surface area A � Q/v � 3785 m3/d � 28.5 m3/(m2
� d)

� 132.8 m2

2. Determine length l and width w using l/w ratio of 4/1
(w)(4w) � 132.8

w2
� 33.2

w � 5.76 (m)
Standard economic widths of bean bridge are: 1.52 m (5 ft), 3.05 m(10 ft), 5.49 m (18 ft), 8.53 m (28 ft), and 11.58 m (38 ft).Select standard 5.49 m (18 ft width); w � 5.49 m

5.49l � 132.8
l � 24.19 (m)

� 79.34 ft
Say area is 5.5 m � 24 m (18 ft � 79 ft)Compute tank surface area A

A � 132 m2
� 1422 ft2
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3. Compute volume V with a depth of 3 m
V � 132 m2

� 3 m
� 396 m3 

� 14,000 ft3

Step 3. Check detention time t
At average design flow

t � V/Q � 396 m3/(3785 m3/d)
� 0.105 day � 24 h/d
� 2.5 h

At peak flow
t � 2.5 h � (2/5)

� 1.0 h
Step 4. Check overflow rate at peak flow

v � 28.5 m3/(m2
� d) � (5/2)

� 71.25 m3/(m2
� d)

Step 5. Determine the length of outlet weir
Length � flow � weir loading rate

� 3785 m3/d � 124 m3/(d � m)
� 30.5 m

It is 5.5 times the width of the tank.

19.2 Circular basin design

Inlets in circular or square basins are typically at the center and theflow is directed upward through a baffle that channels the wastewater(influent) toward the periphery of the tank. Inlet baffles are 10% to 20%of the basin diameter and extend 0.9 to 1.8 m (3 to 6 ft) below thewastewater surface (McGhee, 1991).Circular basins have a higher degree of turbulence than rectangularbasins. Thus circular basins are more efficient as flocculators.A typical depth of sidewall of a circular tank is 3 m (10 ft). As shownin Fig. 6.12, the floor slope of the tank is typically 300 mm (12 in) hor-izontal to 25 mm (1 in) vertical (Aqua-Aerobic Systems, 1976).Outlet weirs extend around the periphery of the tank with bafflesextending 200 to 300 mm (8 to 12 in) below the wastewater surface toretain floating material (McGhee, 1991). Overflow weirs shall be locatedto optimum actual hydraulic detention time and minimize short circuiting.
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Peripheral weirs shall be placed at least 300 cm (1 ft) from the well (TenStates Standards, GLUMRB, 1996).
Example 1: Design circular clarifiers using English system units with thesame given information as in the example for rectangular clarifiers design.
solution:

Step 1. Calculate surface area A
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Figure 6.12 Typical circular basin design-plan view and cross section.



Design 2 circular clarifiers, each treating 1.0 Mgal/d with an overflow rateof 700 gal/(d � ft2).
A � 1,000,000 (gal/d)/700 gal/(d � ft2)

� 1429 ft2 
� 132.8 m2

Step 2. Determine the tank radius r
pr2

� 1429
r2

� 1429/3.14 � 455
r � 21.3 ft

Use d � 44 ft (13.4 m) diameter tank
Surface area � 1520 ft2 (141 m2)
Step 3. Check overflow rate

Overflow rate � 1,000,000 (gal/d)/1520 ft2 

� 658 gal/(d � ft2)
� 26.8 m3/(m2

� d)
From Fig. 6.11, BOD5 removal for an overflow rate of 658 gal/(d � ft2)is 35%.
Step 4. Determine detention time t
Use a wastewater side wall depth of 10 ft and, commonly, plus 2-ft freeboardfor wind protection

Step 5. Calculate weir loading rate
Use an inboard weir with diameter of 40 ft (12.2 m)

Length of periphery � p � 40 ft � 125.6 ft
Weir loading � 1,000,000 (gal/d)/125.6 ft 

� 7960 gal/(d � ft)�98.8 m3/m � d
Step 6. Calculate the number (n) of V notches

 5 2.73 h
 5 0.114 day

t 5 1520 ft2
3 10 ft 3 7.48 gal/ft3
1,000,000  gal
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Use 90� standard V notches at rate of 8 in center-to-center of the launders.
n � 125.6 ft � 12 in/ft � 8 in

� 188
Step 7. Calculate average discharge per notch at average design flow q

q � 1,000,000 gal/d � (1 d/1440 min) � 188
� 3.7 gal/min � 14 L/min

Example 2: If the surface overflow rate is 40 m3/(m2
� d) [982 gal/(d � ft2)] andthe weir overflow rate is 360 m3/(d � m) [29,000 gal/(d � ft)], determine the max-imum radius for a circular primary clarifier with a single peripheral weir.

solution

Step 1. Compute the area (A) required with a flow (Q)
Let r � the radius of the clarifier

A � pr2
� Q/40 m3/(m2

� d) or Q � 40 pr2

Step 2. Compute the weir length (� 2pr)
2pr � Q/360 m3/(d � m) 

or
Q � 720pr m3/(d � m)

Step 3. Compute r by solving the equations in Steps 1 and 2
pr2

� 720pr [m3/(d � m)]/40 [m3/(m2
� d)]

r � 18 m (59 ft)

20 Biological (Secondary) Treatment

Systems

The purpose of primary treatment is to remove suspended solids andfloating material. In many situations in some countries, primary treat-ment with the resulting removal of approximately 40% to 60% of the sus-pended solids and 25% to 35% of BOD5, together with removal ofmaterial from the wastewater, is adequate to meet the requirement ofthe receiving water body. If primary treatment is not sufficient to meetthe regulatory effluent standards, secondary treatment using a biolog-ical process is mostly used for further treatment due to its greaterremoval efficiency and less cost than chemical coagulation. Secondarytreatment processes are intended to remove the soluble and colloidalorganics (BOD) which remain after primary treatment and to achievefurther removal of suspended solids and, in some cases, also to remove
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nutrients such as phosphorus and nitrogen. Biological treatmentprocesses provide similar biological activities to waste assimilation,which would take place in the receiving waters, but in a reasonablyshorter time. Secondary treatment may remove more than 85% of BOD5and suspended matter, but is really not effective for removing nutrients,nonbiodegradable organics, heavy metals, and microorganisms.Biological treatment systems are designed to maintain a large activemass and a variety of microorganisms, principally bacteria (and fungi,protozoa, rotifers, algae, etc.), within the confined system under favor-able environmental conditions, such as dissolved oxygen, nutrient, etc.Biological treatment processes are generally classified mainly as sus-pended growth processes (activated sludge, Fig. 6.13), attached (film)growth processes (trickling filter and rotating biological contactor,RBC), and dual-process systems (combined). Other biological waste-water treatment processes include the stabilization pond, aeratedlagoon, contaminant pond, oxidation ditch, high-purity oxygen acti-vated sludge, biological nitrification, denitrification, and phosphorusremoval units.In the suspended biological treatment process, under continuoussupply of air or oxygen, living aerobic microorganisms are mixed thor-oughly with the organics in the wastewater and use the organics asfood for their growth. As they grow, they clump or flocculate to form anactive mass of microbes. This is so-called biologic floc or activated sludge.
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20.1 Cell growth

Each unicellular bacterium grows and, after reaching a certain size,divides to produce two complete individuals by binary fission. The periodof time required for a growing population to double is called the gener-ation time. With each generation, the total number increases as thepower (exponent) of 2, i.e. 20, 21, 22, 23 . . . The exponent of 2 correspon-ding to any given number is the logarithm of that number to the base2 (log2). Therefore, in an exponentially growing culture, the log2 of thenumber of cells increasing in proportion to time, is often referred to aslogarithmic growth.The growth rate of microorganisms is affected by environmental con-ditions, such as DO levels, temperature, nutrient levels, pH, micro-bialcommunity, etc. Exponential growth does not normally continue for along period of time. A general growth pattern for fission-reproductionbacteria in a batch culture is sketched in Fig. 6.14. They are the lagphase, the exponential (logarithmic) growth phase, the maximum(stationary) phase, and the death phase.When a small number of bacteria is inoculated into a fixed volume ofvessel with culture medium, bacteria generally require time to accli-matize to their environmental condition. For this period of time, calledthe lag phase, the bacterial density is almost unchanged. Under excess
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Figure 6.14 Bacterial density with growth time.



food supply, a rapid increase in number and mass of bacteria occurs inthe log growth phase. During this maximum rate of growth a maxi-mum rate of substrate removal occurs. Either some nutrients becomeexhausted, or toxic metabolic products may accumulate. Subsequently,the growth rate decreases and then ceases. For this period, the cellnumber remains stationary at the stationary phase. As bacterial den-sity increases and food runs short, cell growth will decline. The totalmass of protoplasm exceeds the mass of viable cells, because bacteriaform resistant structures such as endospores.In the endogenous growth period, the microorganisms compete forthe limiting substrate even to metabolize their own protoplasm. Therate of metabolism decreases and starvation occurs. The rate of deathexceeds the rate of reproduction; cells also become old, die exponen-tially, and lysis. Lysis can occur in which the nutrients from the deadcells diffuse out to furnish the remaining living cells as food. Theresults of cell lysis decrease both the population and the mass ofmicroorganisms.In the activated-sludge process, the balance of food to microorganismsis very important. Metabolism of the organic matter results in anincreased mass of microorganisms in the process. The excess mass ofmicroorganisms must be removed (waste sludge) from the system tomaintain a proper balance between mass of microorganisms and sub-strate concentration in the aeration basin.In both batch and continuous culture systems the growth rate of bac-terial cells can be expressed as
rg � mX (6.57)

where rg � growth rate of bacteria, mg/(L � d)
m � specific growth rate, per day
X � mass of microorganism, mg/L

since
(6.58)

Therefore
(6.59)

Substrate limited growth. Under substrate limited growth conditions,or for an equilibrium system, the quantity of solids produced is equal

dX
dt 5 mX

dX
dt 5 rg

620 Chapter 6



to that lost, and specific growth rate (the quantity produced per day) canbe expressed as the well-known Monod equation

(6.60)
where m � specific growth rate, per day

mm � maximum specific growth rate, per day
S � concentration for substrate in solution, mg/L

Ks � half velocity constant, substrate concentration atone-half the maximum growth rate, mg/L
kd � cell decay coefficient reflecting the endogenous burn-upof cell mass, mg/(mg � d)

Substituting the value of � from Eq. (6.60) into Eq. (6.57), the resultingequation for the cell growth rate is

(6.61)

21 Activated-Sludge Process

The activated-sludge process was first used in Manchester, England.This process is perhaps the most widely used process for secondarytreatment of wastewaters. Recently, the activated-sludge process hasbeen applied as a nitrification and denitrification process, and modifiedwith an anoxic and anaerobic section for phosphorus removal.A basic suspended-growth (activated-sludge) process is depicted inFig. 6.13. The wastewater continuously enters an aeration tank wherepreviously developed biological flocs are brought into contact with theorganic material of the wastewater. Air or oxygen-enriched air is con-tinuously injected into the aeration tank as an oxygen source to keep thesystem aerobic and the activated sludge in suspension. Approximately8 m3 of air is required for each m3 of wastewater.The microbes in the activated sludge consist of a gelatinous matrix offilamentous and unicellular bacteria which are fed on protozoa. Thepredominant bacteria, such as Pseudomonas, utilize carbohydrate andhydrocarbon wastes, whereas Bacillus, Flavobacterium, and Alcaligenesconsume protein wastes. When a new activated-sludge system is firststarted, it should be seeded with activated sludge from an existing oper-ating plant. If seed sludge is not available, activated sludge can be pre-pared by simply continuously aerating, settling, and returning settledsolids to the wastewater for a few weeks (4 to 6 weeks) (Alessi et al, 1978;Cheremisinoff, 1995).

rg 5
mmSX

Ks 1 S 2 kd

m 5 mm 
S

Ks 1 S 2 kd
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The microorganisms utilize the absorbed organic matter as a carbonand energy source for cell growth and convert it to cell tissue, water, andoxidized products (mainly carbon dioxide, CO2). Some bacteria attackthe original complex substance to produce simple compounds as theirwaste products. Other bacteria then use these waste products to producesimpler compounds until the food is used up.The mixture of wastewater and activated sludge in the aeration basisis called mixed liquor. The biological mass (biomass) in the mixed liquoris called the mixed liquor suspended solids (MLSS) or mixed liquorvolatile suspended solids (MLVSS). The MLSS consists mostly ofmicroorganisms, nonbiodegradable suspended organic matter, and otherinert suspended matter. The microorganisms in MLSS are composed of70% to 90% organic and 10% to 30% inorganic matter (Okun, 1949;WEF and ASCE, 1996a). The types of bacterial cell vary, depending onthe chemical characteristics of the influent waste-water tank conditionsand the specific characteristics of the microorganisms in the flocs.Microbial growth in the mixed liquor is maintained in the declining orendogenous growth phase to insure good settling properties.After a certain reaction time (4 to 8 h), the mixed liquor is dischargedfrom the aeration tank to a secondary sedimentation basin (settlingtank, clarifier) where the suspended solids are settled out from thetreated wastewater by gravity. However, in a sequencing batch reactor(SBR), mixing and aeration in the aeration tank are stopped for a timeinterval to allow MLSS to settle and to decant the treated wastewater;thus a secondary clarifier is not needed in an SBR system. Most con-centrated biological settled sludge is recycled back to the aeration tank(so-called return activated sludge, RAS) to maintain a high populationof microorganisms to achieve rapid breakdown of the organics in thewastewater. The volume of RAS is typically 20% to 30% of the wastewaterflow. Usually more activated sludge is produced than return sludge.The treated wastewater is commonly chlorinated and dechlorinated,then discharged to receiving water or to a tertiary treatment system(Fig. 6.3). The preliminary, primary, and activated-sludge (biological)processes are included in the so-called secondary treatment process.

21.1 Aeration periods and BOD loadings

The empirical design of activated sludge is based on BOD loading, food-to-microorganism ratio (F/M), sludge age, and aeration period. Empiricaldesign concepts are still acceptable. The Ten States Standards statesthat when activated-sludge process design calculations are not submit-ted, the aeration tank capacities and permissible loadings for the sev-eral adoptions of the processes shown in Table 6.11 are used as simpledesign criteria. Those values apply to plants receiving diurnal load
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ratios of design peak hourly BOD5 to design BOD5 ranging from 2:1 to4:1 (GLUMRB, 1996).The aeration period is the retention time of the influent wastewaterflow in the aeration basin and is expressed in hours. It is computed fromthe basin volume divided by the average daily flow excluding the returnsludge flow. For normal domestic sewage, the aeration period commonlyranges from 4 to 8 h with an air supply of 0.5 to 2.0 ft3/gal (3.7 to 15.0 m3/m3)of wastewater. The return-activated sludge is expressed as a percentageof the wastewater influent of the aeration tank.The organic (BOD5) loading on an aeration basin can be computedusing the BOD in the influent wastewater without including thereturn sludge flow. BOD loadings are expressed in terms of lb BODapplied per day per 1000 ft3 or [kg/(d � m3)] of liquid volume in theaeration basin and in terms of lb BOD applied per day per lb of mixedliquid volatile suspended solids. The latter is called the food-to-microorganism ratio.BOD loadings per unit volume of aeration basin vary widely from 10to more than 100 lb/1000 ft3 (0.16 to 1.6 kg/(d � m3)), while the aerationperiods correspondingly vary from 2.5 to 24 h (Clark et al., 1977). Therelationship between the two parameters is directly related to the BODconcentration in the wastewater.

21.2 F/M ratio

The F/M ratio is used to express BOD loadings with regard to the micro-bial mass in the process. The value of the F/M ratio can be calculated
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TABLE 6.11 Permissible Aeration Tank Capacities and Loadings

Organic (BOD5) F/M ratio, lb loading lb/(d � 1000 ft3) BOD5/d per lbProcess (kg/d � m3)∗ MLVSS MLSS, mg/L‡

Conventional step aeration 40(0.64) 0.2–0.5 1000–3000complete mix
Contact stabilization† 50† (0.80) 0.2–0.6 1000–3000
Extended aeration single-stage 15(0.24) 0.05–0.1 3000–5000nitrification

Note: Loadings are based on the influent organic load to the aeration tank at plant designaverage BOD5.† Total aeration capacity includes both contact and reaeration capacities; normally thecontact zone equals 30% to 35% of the total aeration capacity.‡The values of MLSS are dependent on the surface area provided for secondary settlingand the rate of sludge return as well as the aeration processes.
SOURCE: GLUMRB (Ten States Standards) (1996)



by the following equation:
(6.62)

(6.63)
or

(6.64)

where F/M � food-to-microorganism ratio, kg (lb) of BOD per dayper kg (lb) of MLSS
Q � wastewater flow, m3/d or Mgal/dBOD � wastewater 5-day BOD, mg/L
V � liquid volume of aeration tank, m3 or MgalMLSS � mixed liquor suspended solids in the aerationtank, mg/L

In Eqs. (6.62) and (6.63), some authors use mixed liquor volatile sus-pended solids instead of MLSS. The MLVSS is the volatile portion of theMLSS and ranges from 0.75 to 0.85. Typically they are related, fordesign purposes, by MLVSS � 0.80 � MLSS. The use of MLVSS maymore closely approximate the total active biological mass in the process.The F/M ratio is also called the sludge loading ratio (SLR). The equa-tion for the calculation of the SLR is (Cheremisinoff, 1995)

(6.65)

where SLR � sludge loading, g of BOD/d per g of MLVSSBOD � wastewater BOD, mg/LMLVSS � mixed liquor volatile suspended solids, mg/L
t � retention time, d

R � recyle ratio

Example 1: An activated-sludge process has a tank influent BOD con-centration of 140 mg/L, influent flow of 5.0 Mgal/d (18,900 m3/d) and35,500 lb (16,100 kg) of suspended solids under aeration. Calculate theF/M ratio.
solution:

Step 1. Calculate BOD in lb/d

SLR 5
24 BOD

MLVSS stds1 1 Rd

F/M 5  BOD, kg/d
MLSS, kg

 5 Q sMgal/dd 3 BOD smg/Ld 3 8.34 slb/gald
V sMgald 3 MLSS smg/Ld 3 8.34 slb/gald

F/M 5 BOD, lb/d
MLSS, lb
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BOD � Q � BOD � 8.34
� 5.0 Mgal/d � 140 mg/L � 8.34 lb/gal
� 5838 lb/d

Step 2. Calculate the volatile SS under aeration
Assume VSS is 80% of TSS

MLVSS � 35,500 lb � 0.8 
� 28,400 lb

Step 3. Calculate F/M ratio
Using Eq. (6.62)

F/M � (5838 lb/d)/(28,400 lb)
� 0.206 lb BOD/d per lb MLVSS

Example 2: Convert the BOD concentration of 160 mg/L in the primaryeffluent into BOD loading rate in terms of kg/m3 and lb/1000 ft3. If this is usedfor 24 h high rate aeration, what is the rate for 6 h aeration?
solution:

Step 1.    Calculate BOD loading in kg/m3

Step 2. Calculate BOD loading in lb/1000 ft3

Thus 1 lb/1000 ft3 5  0.016 kg/m3
 5 10 lb/1000 ft3

 5 0.01 lb 3 1000
1000 ft3

 5 0.01 lb/ft3

0.16 kg/m3
5

0.16 kg 3 2.205 lb/kg
1 m3

3 35.3147 ft3/m3

 5 0.16 kg/m3
 5 160 g/m3

160 mg/L 5 160 mg 3 s1 g/1000 mgd
1 L 3 s1 m3/1000 Ld
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Step 3. Calculate loading for 6-h aeration

and

Note: Refer to Table 6.11 to meet Ten States Standards.
The influent BOD to the conventional activated-sludge process is limited to160 mg/L for 6-h aeration.

21.3 Biochemical reactions

The mechanism of removal of biodegradable organic matter in aerobicsuspended-growth systems can be expressed by the energy productionor respiration equation
Organic matter � bacteria � O2 → CO2 � H2O � NH�4 � new cells

(CHONS) (heterotrophic) (energy)(6.66)
Further nitrification process can take place by selected autotrophs withoxidation of ammonia to nitrate and protoplasm synthesis

Bacteria
NH�4 � O2 � CO2 � HCO3 NO�3 � H2O � H� new cells (6.67)

Energy (protoplasm)
The oxidation of protoplasm is a metabolic reaction which breaks downthe protoplasm into elemental constituents, so that cells die. This iscalled endogenous respiration or cell maintenance, as follows:
Protoplasm � O2 CO2 � NH3 � H2O � dead cells (6.68)

21.4 Process design concepts

The activated-sludge process has been used extensively in its originalbasic form as well as in many modified forms. The process design con-siderations include hydraulic retention time (HRT) for reaction kinet-ics; wastewater characteristics; environmental conditions, such astemperature, pH, and alkalinity; and oxygen transfer.Single or multiple aeration tanks are typically designed for completedmixed flow, plug flow, or intermediate patterns and sized to provide anHRT in the range of 0.5 to 24 h or more (WEF and ASCE, 1991a).

S

h

10.0 lb/d/1000 ft3
3

24 h
6 h 5 40 lb/sd # m3d

0.16 kg/sd ? m3d 3 24 h
6 h 5 0.64 kg/sd # m3d
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In the past, designs of activated-sludge processes were generallybased on empirical parameters such as BOD5 (simplified as BOD) load-ings and aeration time (hydraulic retention time). In general, shortHRTs were used for weak wastewaters and long HRTs for strongwastewaters. Nowadays, the basic theory and design parameters for theactivated-sludge process are well developed and generally accepted.The different design approaches were proposed by researchers on thebasis of the concepts of BOD5, mass balance, and microbial growth kinet-ics (McKinney, 1962; Eckenfelder, 1966; Jenkins and Garrison, 1968;Eckenfelder and Ford, 1970; Lawrence and McCarty, 1970; Ramanathanand Gaudy, 1971; Gaudy and Kincannon, 1977; Schroeder, 1977;Bidstrup and Grady, 1988).Solution of the theoretical sophisticated design equations and com-puter models requires knowledge of microbial metabolism and growthkinetics, with pilot studies to obtain design information. Alternativesto such studies are: (1) to assume certain wastewater characteristicsand embark on a semiempirical design; and (2) to use an entirely empir-ical approach relying on regulatory recommended standards (WEF andASCE, 1991a).
21.5 Process mathematical modeling

For almost half a century, numerous design criteria utilizing empiricaland rational parameters based on biological kinetic equations have beendeveloped for suspended-growth systems. A survey of major consultingfirms in the United States indicates that the basic Lawrence andMcCarty (1970) model is most widely used. Details of its developmentcan be obtained in the references (Lawrence and McCarty, 1970; Gradyand Lim, 1980; Qasim, 1985; Metcalf and Eddy, Inc. 1991). The basicLawrence and McCarty design equations used for sizing suspended-growth systems are listed below.
Complete mix with recycle. The flow in a reactor is continuously stirred.The contents of the reactor are mixed completely. It is called thecomplete-mix reactor or continuous flow stirred tank reactor. Ideally, itis uniform throughout the tank. If the mass input rate into the reactorremains constant, the content of the effluent remains constant. For a complete-mix system, the mean hydraulic retention time (HRT)
u for the aeration tank is

u � V/Q (6.69)
where u � hydraulic retention time, day

V � volume of aeration tank, m3
Q � influent wastewater flow, m3/d
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Referring to Fig. 6.15a, the mean cell residence time uc (or sludge ageor SRT) in the system is defined as the mass of organisms in the aerationtank divided by the mass of organisms removed from the system per day,and is expressed as

(6.70)

(6.71)uc 5
VX

QwaX 1 QeXe
5

total mass SS in reactor
SS wasting rate

uc 5
X

s�X/�td
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Figure 6.15 Schematic chart of complete-mix activated sludge reactor: (a) sludging wast-ing from the aeration tank; (b) sludge wasting from return sludge line.



where uc � mean cell residence time based on solids in the tank,day
X � concentration of MLVSS maintained in the tank, mg/L

�X/�t � growth of biological sludge over time period �t,mg/(L � d)
Qwa � flow of waste sludge removed from the aerationtank, m3/d
Qe � flow of treated effluent, m3/d
Xe � microorganism concentration (VSS) in effluent, mg/L

For system-drawn waste sludge from the return sludge line (Fig. 6.15b),the mean cell residence time would be
(6.72)

where Qwr � flow of waste sludge from return sludge line, m3/d
Xr � microorganism concentration in return sludge line, mg/L

Microorganism and substrate mass balance. Because the term V � MLSSin Eq. (6.63) is a function of SRT or uc and not HRT or return sludge ratio,the F/M ratio is also a function only of SRT. Therefore, operation of anactivated-sludge plant at constant SRT will result in operation at a con-stant F/M ratio.The mass balance for the microorganisms in the entire activated sludgesystem is expressed as the rate of accumulation of the micro-organismsin the inflow plus net growth, minus that in the outflow. Mathematically,it is expressed as (Metcalf and Eddy, Inc. 1991)
(6.73)

where V � volume of aeration tank, m3
dX/dt � rate of change of microorganisms concentration (VSS),mg/(L � m3

� d)
Q � influent flow, m3/d
X0 � microorganisms concentration (VSS) in influent, mg/L
X � microorganisms concentration in tank, mg/L
r
g � net rate of microorganism growth (VSS), mg/(L � d)Other terms are as in the above equations.

The net rate of bacterial growth is expressed as
(6.74)rrg 5 Yrsu 2 kdX

V dX
dt 5 QX0 1 Vsrrgd 2 sQwaX 1 QeXed

uc 5
VX

Qwr Xr 1 QeXe

Wastewater Engineering 629



where Y � maximum yield coefficient over finite period of loggrowth, mg/mg
rsu � substrate utilization rate, mg/(m3

� d)
kd � endogenous decay coefficient, per day

Substituting Eq. (6.74) into Eq. (6.73), and assuming the cell con-centration in the influent is zero and steady-state conditions, thisyields
(6.75)

The left-hand side of Eq. (6.75) is the inverse of the mean cell residencetime uc as defined in Eq. (6.71); thus
(6.76)

The term 1/uc is the net specific growth rate.The term rsu can be computed from the following equation
(6.77)

where S0 � S � mass concentration of substrate utilized, mg/L
S0 � substrate concentration in influent, mg/L
S � substrate concentration in effluent, mg/L
u � hydraulic retention time (Eq. (6.69)), day

Effluent microorganism and substrate concentrations. The mass con-centration of microorganisms X in the aeration tank can be derived bysubstituting Eq. (6.77) into Eq. (6.76)
(6.78)

where mm � maximum specific growth rate, per day
k � maximum rate of substrate utilization per unit mass ofmicroorganism, per day

Substituting for u from Eq. (6.69) for (6.78) and solving for the reactor(aeration tank) volume yields
(6.79)V 5

ucQYsS0 2 Sd
Xs1 1 kducd

X 5
ucYsS0 2 Sd
us1 1 kducd

5
mmsS0 2 Sd
ks1 2 kducd

rsu 5
Q
V  sS0 2 Sd 5 S0 2 S

u

1
uc
5 2Y rsu

X 2 kd

QwaX 1 QeXe
VX 5 2Y rsu

X 2 kd
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The substrate concentration in effluent S can also be determined fromthe substrate mass balance by the following equation
(6.80)

where S � effluent substrate (soluble BOD5) concentration, mg/L
Ks � half-velocity constant, substrate concentration at onehalf the maximum growth rate, mg/LOther terms are as mentioned in previous equations.

The ranges of typical biological kinetic coefficients for activated-sludgesystems for domestic wastewater are given in Table 6.12. When thekinetic coefficients are available, Eqs. (6.78) and (6.80) can be used topredict densities of effluent microorganisms and substrate (solubleBOD5) concentrations, respectively. They do not take into account influ-ent suspended solids concentrations (primary effluent). They can beused to evaluate the effectiveness of various treatment system changes.Substituting the value of X given by Eq. (6.78) for r
g in Eq. (6.74), anddividing by the term S0 � S which corresponds to the value of rsuexpressed as concentration value, the observed yield in the system withrecycle is
(6.81)

whereYobs � observed yield in the system with recycle, mg/mg
uct � mean of all residence times based on solids in theaeration tank and in the secondary clarifier, dayOther terms are defined previously.

Process design and control relationships. To predict the effluent bio-mass and BOD5 concentration, the use of Eqs. (6.78) and (6.80) is difficult

Yobs 5  Y
1 1  Kduc or uct

S 5 Kss1 1 uckdd
ucsYk 2 kdd 2 1
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TABLE 6.12 Ranges and Typical Biological Kinetic Coefficients
for the Activated-Sludge Process for Domestic Wastewater

Coefficient Range Typical value
k, per day 11–20 5
kd, per day 0.025–0.075 0.06
Ks, mg/L BOD5 25–100 60mg/L COD 15–70 40
Y, mg VSS/mg BOD5 0.4–0.8 0.6

SOURCE: Metcalf and Eddy, Inc. (1991), Techobanoglous and Schroeder(1985)



because many coefficients have to be known. In practice, the relation-ship between specific substrate utilization rate, mean cell residencetime, and the food to microorganism (F/M) ratio is commonly used foractivated-sludge process design and process control.In Eq. (6.76), the term (�rsu /X) is called the specific substrate utiliza-tion rate (or food to microorganisms ratio), U. Applying rsu in Eq. (6.77),the specific substrate utilization rate can be computed by
(6.82)

(6.83)
The term U is substituted for the term (–rsu/X) in Eq. (6.76). The result-ing equation becomes

(6.84)

The term 1/uc is the net specific growth rate and is directly relatedto U, the specific substrate utilization rate.In order to determine the specific substrate utilization rate, the sub-strate utilized and the biomass effective in the utilization must be given.The substrate utilized can be computed from the difference betweenthe influent and the effluent BOD5 or COD.In the complete-mix activated-sludge process with recycle, wastesludge (cells) can be withdrawn from the tank or from the recyclingline. If waste sludge is withdrawn from the tank and the VSS in theeffluent Xe is negligible (QeXe � 0), Eq. (6.71) will (if Xe is very small)be approximately rewritten as
(6.85)

or
(6.86)

The flow rate of waste sludge from the sludge return line will beapproximately
(6.87)

where Xr is the concentration (in mg/L) of sludge in the sludge return line.
Qwr 5  VX

ucXr

Qwa <  V
uc

uc <  V X
QwaX

1
uc

 5  YU 2  kd

U 5  QsS0 2 Sd
V X  5  S0 2 S

uX

U 5  2rsu
X
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In practice, the food-to-microorganism (F/M) ratio is widely used andis closely related to the specific substrate utilization rate U. The F/M(in per day) ratio is defined as the influent soluble BOD5 concentration(S0) divided by the product of hydraulic retention time u and MLVSS con-centration X in the aeration tank

(6.88)

F/M and U are related by the efficiency E of the activated-sludge processas follows:
(6.89)

The value of E is determined by

(6.90)

where E � process efficiency, %
So � influent substrate concentration, mg/L
S � effluent substrate concentration, mg/L

Sludge production. The amount of sludge generated (increased) per dayaffects the design of the sludge treatment and disposal facilities. It canbe calculated by
(SI units) (6.91)
(British system) (6.92)

where Px � net waste activated sludge (VSS), kg/d or lb/d
Yobs � observed yield (Eq. (6.81)), g/g or lb/lb

Q � influent wastewater flow, m3/d or Mgal/d
S0 � influent soluble BOD5 concentration, mg/L
S � effluent soluble BOD5 concentration, mg/L8.34 � conversion factor, lb/(Mgal) � (mg/L)

Oxygen requirements in the process. The theoretical oxygen require-ment in the activated sludge is determined from BOD5 of the waste-water and the amount of microorganisms wasted per day from the

Px 5  YobsQsS0 2 Sd  s8.34d
Px 5  YobsQsS0 2 Sd 4  s1000 g/kgd

E 5  S0 2 S
S0

 3  100

U 5  sF/MdE
100

F/M 5  S0
uX  5  QS0

VX  5  mg BOD5/dmg MLVSS
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process. The biochemical reaction can be expressed as below

organism cells (6.93)1 1.42
Equation (6.93) suggests that the BODu (ultimate BOD) for one moleof cells requires 1.42 (160/113) moles of oxygen. Thus the theoreticaloxygen requirement to remove the carbonaceous organic matter inwastewater for an activated-sludge process is expressed as (Metcalfand Eddy, Inc. 1991).

Mass of O2/d � total mass of BODu used � 1.42
(mass of organisms wasted, px)

(SI units) (6.94a)

(6.94b)

(US customary units) (6.95)
where Q � influent flow, m3/d or Mgal/d

S0 � influent soluble BOD5 concentration, mg/L
S � effluent soluble BOD5 concentration, mg/L
f � conversion factor for converting BOD5 to BODu

Yobs � observed yield, g/g or lb/lb8.34 � conversion factor, lb/(Mgal � (mg/L))
When nitrification is considered, the total oxygen requirement is themass of oxygen per day for removal of carbonaceous matter and fornitrification. It can be calculated as

(SI units) (6.96)

(US customary units) (6.97)
where N0 � influent total kjeldahl nitrogen concentration, mg/L

N � effluent total kjeldahl nitrogen concentration, mg/L4.75 � conversion factor for oxygen requirement for completeoxidation of TKN

1  4.75sN0 2 Nd]
lb O2/d 5  8.34[QsS0 2 Sds1/f 2 1.42Yobsd

kg O2/d 5  QsS0 2 Sd
1000 g/kg  a1f 2 1.42 Yobsb  1  QsN0 2 N d

1000 g/kg

lb O2/d 5  QsS0 2 Sd 3  8.34a1f 2 1.42Yobsb

kg O2/d 5  QsS0 2 Sd
1000 g/kg  a1f 2 1.42Yobsb

kg O2/d 5  QsS0 2 Sd
s1000 g/kgd f 2  1.42Px

C5H7NO2113  1  5O25 3 32 5 160 S  5CO2 1 2H2O 1 NH3 1 energy

634 Chapter 6



Oxygen requirements generally depend on the design peak hourlyBOD5, MLSS, and degree of treatment. Aeration equipment must be ableto maintain a minimum of 2.0 mg/L of dissolved oxygen concentrationin the mixed liquor at all times and provide adequate mixing. Thenormal air requirements for all activated-sludge systems, exceptextended aeration, are 1.1 kg of oxygen (93.5 m3 of air) per kg BOD5 or1.1 lb of oxygen (1500 ft3 of air) per lb BOD5, for design peak aerationtank loading. That is 94 m3 of air per kg of BOD5 (1500 ft3/lb BOD5) atstandard conditions of temperature, pressure, and humidity. For theextended aeration process, normal air requirements are 128 m3/kg BOD5or 2050 ft3/lb BOD5 (GLUMRB, 1996).For F/M ratios greater than 0.3 d�1, the air requirements for con-ventional activated-sludge systems amount to 31 to 56 m3/kg (500 to900 ft3/lb) of BOD5 removed for coarse bubble (nonporous) diffusersand 25 to 37 m3/kg (400 to 600 ft3/lb) BOD5 removal for fine bubble(porous) diffusers. For lower F/M ratios, endogenous respiration, nitri-fication, and prolonged aeration increase air use to 75 to 112 m3/kg(1200 to 1800 ft3/lb) of BOD5 removal. In practice, air requirementsrange from 3.75 to 15.0 m3 air/m3 water (0.5 to 2 ft3/gal) with a typicalvalue of 7.5 m3/m3 or 1.0 ft3/gal (Metcalf and Eddy, Inc. 1991).
Example 1a: Design a complete-mix activated-sludge system.
Given:
Average design flow � 0.32 m3/s (6.30 Mgal/d)
Peak design flow � 0.80 m3/s (18.25 Mgal/d)
Raw wastewater BOD5 � 240 mg/L
Raw wastewater TSS � 280 mg/L
Effluent BOD5  20 mg/L
Effluent TSS  24 mg/L
Wastewater temperature � 20�C
Operational parameters and biological kinetic coefficients:

Design mean cell residence time uc � 10 d
MLVSS � 2400 mg/L (can be 3600 mg/L)

VSS/TSS � 0.8
TSS concentration in RAS � 9300 mg/L

Y � 0.5 mg VSS/mgBOD5
kd � 0.06/d

BOD5/ultimate BODu � 0.67
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Assume:
1. BOD (i.e. BOD5) and TSS removal in the primary clarifiers are 33% and67%, respectively.
2. Specific gravity of the primary sludge is 1.05 and the sludge has 4.4% ofsolids content.
3. Oxygen consumption is 1.42 mg per mg of cell oxidized.
solution:

Step 1. Calculate BOD and TSS loading to the plant
Design flow Q � 0.32 m3/s � 86,400 s/d

� 27,648 m3/d
Since 1 mg/L � 1 g/m3

� 0.001 kg/m3

BOD loading � 0.24 kg/m3
� 27,648 m3/d

� 6636 kg/d
TSS loading � 0.28 kg/m3

� 27,648 m3/d
� 7741 kg/d

Step 2. Calculate characteristics of primary sludge

Step 3. Calculate flow, BOD, and TSS in primary effluent (secondary influent)

 5  4446 kg/d 3  1000 g/kg
27,536  m3/d

 5 4446 kg/d
BOD 5 6636 kg/d 2 2190 kg/d

 5 27,536 m3/d 5 Q for Step 6
Flow 5 design flow, 27,648 m3/d 2 112 m3/d

 5  112 m3/d
Sludge flow rate 5 5186 kg/d

1.05 3  1000 kg/m3  4  0.044 kg/kg
Solids concentration 5 4.4% 5 0.044 kg/kg

Specific gravity of sludge 5 1.05
TSS removed 5 7741 kg/d 3 0.67 5 5186 kg/d

BOD removed 5 6636 kg/d 3 0.33 5 2190 kg/d
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Step 4. Estimate the soluble BOD5 escaping treatment, S, in the effluent
Use the following relationship

Effluent BOD � influent soluble BOD escaping treatment,
S � BOD of effluent suspended solids

(a) Determine the BOD5 of the effluent SS (assuming 63% biodegradable)
Biodegradable effluent solids � 24 mg/L � 0.63 � 15.1 mg/L

Ultimate BODu of the
biodegradable effluent solids � 15.1 mg/L � 1.42 mg O2/mg cell

� 21.4 mg/L
BOD5 � 0.67 BODu � 0.67 � 21.4 mg/L

� 14.3 mg/L

(b) Solve for influent soluble BOD5 escaping treatment
20 mg/L � S � 14.3 mg/L

S � 5.7 mg/L
Step 5. Calculate the treatment efficiency E using Eq. (6.90)
(a) The efficiency of biological treatment based on soluble BOD is

 5 96.5%
E 5

S0 2 S
S0

3 100 5 s161.5 2 5.7 mg/Ld 3 100%
161.5 mg/L

 5 92.8 mg/L
 5 92.8 g/m3

 5  2555 kg/d 3  1000 g/kg
27,536 m3/d

 5 2555 kg/d
TSS 5 7741 kg/d 2 5186 kg/d

 5 161.5 mg/L 5 S0

 5 161.5 g/m3
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(b) The overall plant efficiency including primary treatment is

Step 6. Calculate the reactor volume using Eq. (6.79)

Step 7. Determine the dimensions of the aeration tank
Provide 4 rectangular tanks with common walls. Use width-to-length ratioof 1:2 and water depth of 4.4 m with 0.6 m freeboard

w � 2w � (4.4 m) � 4 � 5586 m3

w � 12.6 m
width � 12.6 m

length � 25.2 m
water depth � 4.4 m (total tank depth � 5.0 m)

Note: In the Ten States Standards, liquid depth should be 3 to 9 m (10 to30 ft). The tank size would be smaller if a higher design value of MLVSSwere used.
Step 8. Calculate the sludge wasting flow rate from the aeration tank

 5 1.48 Mgal
 5 5586 m3

V 5
s10 daysds27,536 m3/dds0.5ds161.5 2 5.7d mg/L

s2400 mg/Lds1 1 0.06 day21
3 10 daysd

kd 5 0.06 d21
X 5 2400 mg/L
S 5 5.7 mg/L sfrom Step 4bd

S0 5 161.5 mg/L sfrom Step 3d
Y 5 0.5 mg/mg
Q 5 27,536 m3/d sfrom Step 3d
uc 5 10 d
V 5

ucQYsS0 2 Sd
Xs1 1 kducd

 5 91.7%
E 5

s240 2 20d mg/L 3 100%
240 mg/L
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Using Eq. (6.71), also V � 5586 m3 and VSS � 0.8 SS

Step 9. Estimate the quantity of sludge to be wasted daily
(a) Calculate observed yield Using Eq. (6.81)

(b) Calculate the increase in the mass of MLVSS for Eq. (6.91)
px � YobsQ(S0 – S ) � (1 kg/1000 g)

� 0.3125 � 27,536 m3/d � (161.5 – 5.7) g/m3
� 0.001 kg/g

� 1341 kg/d
Note: A factor of 8.34 lb/Mgal is used if Q is in Mgal/d.
(c) Calculate the increase in MLSS (or TSS), pss

pss � 1341 kg/d � 0.8
� 1676 kg/d

(d) Calculate TSS lost in the effluent, pe

pe � (27,536 � 270) m3/d � 24 g/m3
�1000 g/kg

� 654 kg/d
Note: Flow is less sludge wasting rate from Step 8.
(e) Calculate the amount of sludge that must be wasted

Wastewater sludge � pss � pe
� 1676 kg/d � 654 kg/d
� 1022 kg/d

 5 0.3125
Yobs 5

Y
1 1 Kduc

5
0.5

1 1 0.06 3 10

 5 0.0715 Mgal/d
Qwa 5 270 m3/d

10 days 5 s5586 m3ds2400 mg/Ld
Qwas3000 mg/Ld 1  s27,536 m3/dds24 mg/L 3  0.8d

uc 5
VX

QwaX 1 QeXe
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Step 10. Estimate return activated sludge rate
Using a mass balance of VSS, Q and Qr are the influent and RAS flow rates,respectively.

VSS in aerator � 2400 mg/L
VSS in RAS � 9300 mg/L � 0.8 � 7440 mg/L

2400 (Q � Qr) � 7440 Qr
Qr / Q � 0.4762

Qr � 0.4762 � 27,536 m3/d
� 13,110 m3/d
� 0.152 m3/s

Step 11. Check hydraulic retention time (HRT � u )
u � V/Q � 5586 m3/(27,536 m3/d)

� 0.203 d � 24 h/d
� 4.87 h

Note: The preferred range of HRT is 5–15 h.
Step 12. Check F/M ratio using U in Eq. (6.83)

Step 13. Check organic loading rate and mass of ultimate BODu utilized

Step 14. Compute theoretical oxygen requirements
The theoretical oxygen required is calculated from Eq. (6.94a)

 5 6403 kg/d
 5 27,536 m3/d 3  s161.5 2 5.7d g/m3

0.67 3 1000 g/kg

BODu used 5 QsS0–Sd/0.67
BOD5 5 0.67 BODu� � sgivend

Loading 5  QS0
V 5

27,536 m3/d 3  161.5 g/m3
5586 m3

3  1000 g/kg 5  0.80 kg BOD5/sm3 # dd

 5 0.32 day21

U 5
S0 2 S
uX 5

161.5 mg/L 2 5.7 mg/L
s0.203 dayds2400 mg/Ld
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Step 15. Compute the volume of air required
Assume that air weighs 1.202 kg/m3 (0.075 lb/ft3) and contains 23.2% oxygenby weight; the oxygen transfer efficiency for the aeration equipment is 8%;and a safety factor of 2 is used to determine the actual volume for sizing theblowers.
(a) The theoretical air required is

(b) The actual air required at an 8% oxygen transfer efficiency
Air � 16,200 m3/d � 0.08

� 202,000 m3/d
� 140 m3/min
� 4950 ft3/min

(c) The design air required (with a factor of safety 2) is
Air � 140 m3/min � 2

� 280 m3/min
� 9900 ft3/min
� 165 ft3/s or (cfs)

Step 16. Check the volume of air required per unit mass BOD5 removed, andper unit volume of wastewater and aeration tank, using the actual valueobtained in Step 15b
(a) Air supplied per kg of BOD5 removed

 5 754 ft3/lb
 5 47.1 m3 of air/kg BOD5

Air 5 202,000 m3/d 3  1000 g/kg
27,536 m3/d 3  s161.5 2  5.7d g/m3

 5 16,200 m3/d
Air 5 4499 kg/d

1.202 kg/m3 3  0.232 g O2/g air

 5 4499 kg/d
 5  6403 kg/d sfrom Step 13d 2 1.42 3 1341 kg/d sfrom Step 9bd

O2 5
QsS0 2 Sd
s1000 g/kgd f 2 1.42px

Wastewater Engineering 641



(b) Air supplied per m3 of wastewater treated

(c) Air supplied per m3 of aeration tank

Example 1b: Design secondary clarifiers using the data in Example la andthe MLSS settling test results. The MLSS setting data is derived from a pilotplant study and is shown below:
MLSS, mg/L 1200 1800 2400 3300 4000 5500 6800 8100Initial settling 4.1 3.1 2.1 1.2 0.77 0.26 0.13 0.06velocity, m/h

solution:

Step 1. Plot the MLSS settling curve (Fig. 6.16) on log-log paper from theobserved data
Step 2. Construct the gravity solid-flux curve from Fig. 6.17
Data in columns 1 and 2 of the following table is adopted from Fig. 6.16.Values in col. 3 are determined by col. 1 � col. 2. Plot the solids–flux curveusing MLSS concentration and calculate solids flux as shown in Fig. 6.17.

(1) (2) (3)MLSS concentration X, Initial settling velocity Solids flux XV1,mg/L or g/m3 V1, m/h kg/(m2 � h)
1000 4.2 4.201500 3.7 5.552000 2.8 5.602500 2.0 5.003000 1.5 4.504000 0.76 3.045000 0.41 2.056000 0.22 1.327000 0.105 0.748000 0.062 0.509000 0.033 0.30

 5 36.2 ft3/sft3 # dd
 5 36.2 m3/sm3 # dd

Air 5 202,000 m3/d
5586 m3

 5 0.98 ft3 air/gal wastewater
 5 7.34 m3 air/m3 wastewater

Air 5 202,000 m3/d
27,536 m3
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Figure 6.16 Solids settling rate: experimental results for design of secondary clarifier.

Step 3. Determine the limiting solids flux value
From Fig. 6.17, determine the limiting solids flux (SF) for an underflow con-centration of 9300 mg/L. This is achieved by drawing a tangent to the solidsflux curve from 9300 mg/L (the desired underflow) solids concentration. Thelimiting solids flux value is

1.3 kg/(m2
� h) ; 31.2 kg/(m2

� d) ; 6.4 lb/(ft2
� d)

Step 4. Calculate design flow to the secondary clarifiers, Q
From Steps 8 and 10 of Example 1a

Q � average design flow � return sludge flow � MLSS wasted
� (27,563 � 12,942 � 270) m3/d
� 40,235 m3/d
� 0.466 m3/s

Use two clarifiers, each one with flow of 20,200 m3/d.
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Step 5. Compute the area A and diameter d of the clarifier
(6.98)

where A � area of the secondary clarifier, m2 or ft2
Q � influent flow of the clarifier, m3/h or gal/h
X � MLSS concentration, kg/m3 or lb/ft3

SF � limiting solids flux, kg/(m2
� h) or lb/(ft2

� h)
From Eq. (6.98), for each clarifier

Q � 20,200 m3/d � 841.7 m3/h
MLSS � (2400/0.8) mg/L � 3.0 kg/m3

SF � 1.3 kg/(m2
� h) (from Step 3)

Therefore

A 5 psd/2d2 5 1942 m2
 5 1942 m2

A 5
QX
SF 5

841.7 m3/h 3 3.0 kg/m3
1.3 kg/sm2 #  hd

A 5
QX
SF
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Step 6. Check the surface overflow rate at average design flow

Note: This is less than the design criteria of 15 m3/(m2
� d)

Step 7. Check the clarifier’s area for clarification requirements
From Step 6, the calculated surface overflow rate

Q/A � 10.4 m3/(m2
� d) � 0.433 m/h

From Fig. 6.16, the MLSS concentration corresponding to a 0.433 m/h ofsettling rate is 4700 mg/L. The design MLSS is only 2400 mg/L. The area issufficient.
Step 8. Check the surface overflow rate at peak design flow

Step 9. Determine recycle ratio required to maintain MLSS concentra-tion at 3000 mg/L
(Q � Qr) � 3000 � QX � Qr Xu

where Q � influent flow, m3/d or Mgal/d
Qr � recycle flow, m3/d or Mgal/d
X � influent SS concentration, mg/L

Xu � underflow SS concentration, mg/L

Qr
Q 5

3000 2 X
Xu 2 3000 5 a 5 recycle ratio

Qs3000 2 X d 5 QrsXu 2 3000d

 5 21.2 m3/sm2 # dd
Overflow rate 5 82,062 m3/d

1942 m2
3 2

 5 82,232 m3/d
Peak flow 5 0.80 m3/s 3 86,400 s/d 1 13,112 m3/d

 5 255 gal/sd # ft2d

 5 10.4 m3/sm2 # dd
Overflow rate 5 Q

A 5
20,200 m3/d

1942 m2

 5  164 ft
 5 49.7 m < 50 m

d  5 21942 m2
3 4 4 3.14
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when Xu � 9300 mg/L (from Step 3) and

Step 10. Estimate the depth required for the thickening zone
The total depth of the secondary clarifier is the sum of the required depthsof the clear water zone, the solids thickening zone, and the sludge storagezone. In order to estimate the depth of the thickening zone, it is assumed that,under normal conditions, the mass of solids retained in the secondary clari-fier is 30% of the mass of solids in the aeration basin, and that the averageconcentration of solids in the sludge zone is 7000 mg/L (Metcalf and Eddy, Inc.1991). The system has 4 aeration tanks and 2 clarifiers.
(a) Compute total mass of solids in each aeration basin

MLSS � 3000 mg/L � 3.0 kg/m3

Refer to Step 7 of Example 1a
Solids in each aeration tank � 3.0 kg/m3

� 4.4 m � 12.6 m � 25.2 m
� 4191 kg

(b) Compute the mass of solids in a clarifier for 2 days (see Step 11)
Solids in each clarifier � 4191 kg � 0.3 � 2

� 2515 kg
(c) Compute depth of sludge zone

Step 11. Estimate the depth of the sludge storage zone
This zone is provided to store excess solids at peak flow conditions or at aperiod over which the sludge-processing facilities are unable to handle thesludge quantity. Assume storage capacity for 2 days’ sustained peak flow (of2.5 average flow) and for 7 days’ sustained peak BOD loading (of 1.5 BODaverage).

 < 0.2 m
 5 0.19 m

Depth 5 mass
area 3 concentration 5

2515 kg 3  1000 g/kg
1942 m2

3 7000 g/m3

 5 0.46
a 5

3000 mg/L 2 93 mg/L
9300 mg/L 2 3000 mg/L

X 5 93 mg/L sfrom Step 3 of Example 1a, 92.8 mg/Ld
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(a) Calculate total volatile solids generated under sustained BOD loading.Using Eq. (6.91)
Px � YobsQ(S0 � S ) � (1000 g/kg)

Yobs � 0.3125 (from Step 9(a) of Example 1a)
Q � 2.5 (0.32 m3/s) � 0.8 m3/s � 69,120 m3/d
S0 � 161.5 mg/L � 1.5 � 242 mg/L
S � 5.7 mg/L � 1.5 � 9 mg/L

Px � 0.3125 � 69,120 m3/d � (242 � 9) g/m3 
� (1000 g/kg)

� 5033 kg/d
(b) Calculate mass of solid for 2-day storage

Total solids stored � 5033 kg/d � 2 d � 0.8
� 12,580 kg

(c) Calculate stored solids per clarifier
Solids to be stored � 12,580 kg � 2

� 6290 kg
(d) Calculate total solids in each secondary clarifier

Total � 6290 kg � 2515 kg (from Step 10b)
� 8805 kg

(e) Calculate the required depth for sludge storage in the clarifier

Step 12. Calculate total required depth of a clarifier
The depth of clear water and settling zone is commonly 1.5 to 2 m. Provide2 m for this example.

Total required depth of a clarifier � 2 m � 0.2 m � 0.63 m
� 2.83 m
< 3 m

With addition of 0.65 m freeboard,
the total water depth of the clarifier � 3.65 m

� 12 ft

 5 0.63 m
Depth 5 8505 kg 3 1000 g/kg

7000 g/m3
3 1942 m2
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Step 13. Check hydraulic retention time of the secondary clarifier
Diameter � 50 m (from Step 5)

Volume � 3.14 (50 m/2)2
� 3.0 m

� 5888 m3

Under average design flow plus recirculation, from Step 4

� 3.5 h
At peak design flow with recirculation, from Step 8

� 1.72 h

Plug-flow with recycle. Conventional and many modified activated-sludge processes are designed approximately like the plug-flow model(Fig. 6.18). In a time plug-flow reactor, all fluid particles entering thereactor stay in the reactor for an equal amount of time and pass throughthe reactor in sequence. Those that enter first leave first. It is assumedthat there is no mixing in the lateral direction. In practice, a time plug-flow reactor is difficult to obtain because of longitudinal dispersion. Ina real plug-flow, some particles may make more passes through thereactor as a result of recycling.The mathematical modeling for the plug-flow process is difficult. Themost accepted useful kinetic model of the plug-flow reactor for the activated-sludge process was developed by Lawrence and McCarty (1969). They

HRT 5  5888 m3 3  24 h/d
82,062 m3/d sfrom Step 8d

HRT 5  5888 m3 
3  24 h/d

40,400 m3/d sfrom Step 4d

Figure 6.18 Conventional activated-sludge process and DO in aeration tank.
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made two assumptions: (1) The concentration of microorganisms in theinfluent of the reactor is approximately the same as that in the effluentof the reactor. This assumption is valid only when �c/� �5. (2) The rateof substrate utilization rsu as wastewater flows through the aerationtank is expressed as
(6.99)

The reverse of the mean cell residence time is
(6.100)

and
(6.101)

where rsu � substrate utilization rate, mg/L
S � effluent concentration of substrate, mg/L

S0 � influent concentration of substrate, mg/L
X � average concentration of microorganisms in thereactor, mg/L

k, Ks, Y � kinetic coefficients as defined previously
uc � mean cell residence time, day
a � recycle ratio
Si � influent concentration in reactor after dilution withrecycle flow

21.6 Operation and control of 

activated-sludge processes

The aeration basin is the heart of the activated-sludge process. Processoperation and system controls usually need well trained operators, withoperational parameters such as air or oxygen supply, F/M ratio, andmass balance to return activated sludge. However, some nontheoreticalindexes such as sludge volume index, sludge density index, sludge set-tleability, and sludge age are widely used and valuable tools for thedaily process of operation and control.
Sludge volume index. The sludge volume index (SVI) is the volume of mLoccupied by 1 g of suspension after 30 min of settling. Although SVI is nottheoretically supported, experience has shown it is useful in routine processcontrol. SVI typically is used to monitor the settling characteristics of acti-vated sludge and can impact on return sludge rate and MLSS.

Si 5  S0 1  aS
1 1  a

1
uc

 5  YksS0 2 Sd
sS0 2 Sd 1  s1 1  adKs lnsSi/Sd  2  kd

rsu 5  kSX
Ks 1  S



SVI is calculated from the laboratory test results of the suspendedsolids concentration of a well mixed sample of the suspension and the30-min settled sludge volume. The sludge volume is measured by fill-ing a 1-liter graduated cylinder to the 1.0-liter mark, allowing settlingfor 30 min, and then reading the volume of settled solids. The mixedliquid suspended solids is determined by filtering, drying, and weigh-ing a sample of the mixed liquor as stated in the previous section in thischapter. The value of SVI can be calculated by the following formula(Standard Methods—APHA et al., 1998).

(6.102)
or

(6.102a)

where SVI � sludge volume index, mL/gSV � settled sludge volume, mL/LMLSS � mixed liquor suspended solids, mg/L1000 � milligrams per gram, mg/g
Typical values of SVI for domestic activated-sludge plants operatingwith an MLSS concentration of 2000 to 3500 mg/L range from 80 to 150mL/g (Davis and Cornwell, 1991).The SVI is an important factor in process design. It limits the tankMLSS concentration and return sludge rate.
Sludge density index. Sludge density index is used in a way similar tothe sludge volume index to indicate the settleability of a sludge in a sec-ondary clarifier or effluent. The weight in grams of 1 mL of sludge, aftersettling for 30 min, is calculated as

SDI � 100/SVI (6.103)
where SDI � sludge density index, g/mLSVI � sludge volume index, mL/g
A sludge with good settling characteristics has an SDI of between 1.0and 2.0, whereas an SDI of 0.5 indicates a bulky or nonsettleable sludge(Cheremisinoff, 1995).
Return activated sludge. Return activated sludge is the settled acti-vated sludge that is collected in the secondary clarifier and returned tothe aeration tank to mix with the influent wastewater.

SVI 5 Wet settled sludge, mL/L
Dry sludge solid, mg/L

SVI 5 SV 3 1000 mg/g
MLSS
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The efficiency of the activated-sludge process is measured by BODremoval, which is directly related to the volatile activated-sludge solidsin the aeration basin. The purpose of sludge return is to maintain a suf-ficient concentration of activated sludge in the aeration tank. The RASmakes it possible for the microorganisms to be in the treatment systemlonger than the flowing wastewater. The RAS flow for a conventionalactivated-sludge system is usually 20% to 40% of the tank influent flowrate. Table 6.13 lists typical ranges of RAS flow rates for some of the acti-vated-sludge processes. Sludge volume index (Eq. (6.102)) is empirical andis used to control the rate of return sludge. The minimum percentage ofreturn activated sludge is related to SVI and the solids concentration inthe mixed liquor and is expressed as (Clark and Viessman, 1966)
(6.104)

where SVI � sludge volume index, mL/g
P � percentage of solids in the mixed liquor

Example 1: Determine the aeration basin dimensions for a town of 20,000 pop-ulation. Assume the mixed liquor suspended solids is 2600 mg/L; BOD loadingrate is 0.48 kg/(d � m3) or 0.03 lb/(d � ft3); SVI � 110 mL/g; and P � 2600 mg/L.
solution:

Step 1. Calculate total BOD loading (L) on aeration basin
Using average BOD contribution of 0.091 kg/(person � d) or 0.20 lb/(c � d)

Total BOD load to the wastewater 
treatment plant � 20,000 person � 0.091 kg/(person � d) 

� 1820 kg/d

% of return sludge 5 100
100/sSVIdP 2 1

TABLE 6.13 Guidelines for Return Activated Sludge Flow Rate

Percent of design average flow
Type of process Minimum Maximum
Conventional 15 100Carbonaceous stage of 15 100separate-stage nitrificationStep-feed aeration 15 100Complete-mix 15 100Contact stabilization 50 150Extended aeration 50 150Nitrification stage of 50 200separate stage nitrification

SOURCE: GLUMRB (Ten States Standards) (1996)
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Assume 30% BOD removal in the primary clarifiers. 
The total daily BOD load on aeration basin would be

L � 1820 kg/d � (1.0 – 0.3) � 1274 kg/d
Step 2. Calculate percentage return activated sludge
Using Eq. (6.104)

SVI � 110 mL/g
P � 2600 mg/L � 0.26%

� 40 
Step 3. Determine the total BOD loading on the basin
Assume the BOD concentration for both the RAS and the influent are thesame.

Allowing an additional 40% of return sludge, the total BOD loadingwould be
1274 kg/d � 1.40 � 1784 kg/d

Step 4. Determine the volume V required for the aeration tank

� 3717 m3

Step 5. Determine the dimensions of the aeration tank
Select eight tanks, the water depth of 4.4 m, and add 0.6 m for the freeboard,and width of 7 m. The length of a tank is

� 15 m
Note: Each tank measures 5 m � 7 m � 15 m.

Example 2: Determine the aeration tank based on 6 h of aeration period,using the data given in Example 1. Assume 0.53 m3/(person � d) or 140gal/(c � d) of waste flow.

length 5 3717 m3
8 3 4.4 m 3 7 m

5
1784 kg/d

0.48 kg/sd # m3d

V 5
Total BOD loading

Allowed loading per m3

% return 5 100
100/sSVIdP 2 1 5

100
100/s100 3 0.26d 2 1
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solution:

Step 1. Calculate plant flow rate Q
Q � 0.53 m3/(person � d) � 20,000 persons

� 10,600 m3/d
Step 2. Plus 40% of Qr

Q � Qr � 1.4 � 10,600 m3/d 
� 14,840 m3/d

Step 3. Calculate the required volume V of a tank
V � 14,840 m3/d � (1 day/24 h) � 6 h 

� 3710 m3

Note: For these two examples, the tank volume determined is based on eitherorganic loading or hydraulic loading; these give almost identical results.
Step 4. Determine tank dimensions
Use eight tanks with depth of 5 m, width of 7 m, and length of 15 m, as inExample 1.
Return activated-sludge flow rate. The RAS, at a constant flow rate, isindependent of the tank influent flow rate and changes the MLSS in thetank continuously. The MLSS concentration will be at a maximumduring low influent flows and at a minimum during peak influent flows.The secondary clarifier must constantly change the depth of the sludgeblanket. To maintain a good F/M ratio, a programmed control deviceshould be installed to maintain a constant percent of RAS flow to thetank influent flow. However, any change in the activated-sludge qual-ity will require a different RAS flow rate because of the changing set-tling characteristics of the sludge.The relationship between maximum RAS concentration (Xr) and SVI canbe derived from Eq. (6.69) using settled sludge volume SV � 1000 mL/L.The suspended solids concentration in RAS can be calculated by

(6.105)

Xr 5
106
SVI mg/L

 5 1000 mL/L 3 1000 mg/g
SVI mL/g

Xr 5 a
SV 3 1000 mg/g

SVI b
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Sludge settleability. Another method of calculating RAS flow rate isbased on the settleability approach. The settleability is defined as thepercentage of volume occupied by the sludge after settling for 30 min.The RAS flow rate is related to settled sludge volume as follows:
1000Qr � (SV)(Q � Qr) (6.106)

or
(6.107)

where 1000 � factor mg/L
Qr � flow of return activated sludge, m3/s or Mgal/d
Q � flow of tank influent, m3/s or Mgal/dSV � settled sludge volume (30-min settling), mL/L

Example: In practice, the operator checks the VSS concentration in the returnactivated sludge at least once every shift and makes the appropriate RAS flowrate adjustment. The previous operator recorded that RAS flow was 44 gal/min(240 m3/d) with the VSS in RAS of 5800 mg/L. The on-duty operator determinesthe VSS in RAS as 5500 mg/L. What should the RAS flow rate be adjusted to?
solution: Since the VSS in the RAS is decreasing, the sludge wasting flowshould be increased proportionally to waste the amount of VSS.

Qadj � 5550 mg/L � 44 gal/min � 5800 mg/L
Qadj � 44 � 5800/5550 gal/min

� 46 gal/min
� 250 m3/d

Aeration tank mass balance. In practice, the maximum RAS pumpingcapacity is commonly designed as 100% of design average flow (use 150%for oxidation ditch). The required RAS pumpage can be determined by aer-ation tank mass balance. Assume new cell growth is negligible and thereis no accumulation in the aeration tank. Also, the solids concentration inthe tank influent is negligible compared to the MLSS, X, in the tank. Thusmass of inflow is equal to that of outflow. This can be expressed as
XrQr � X(Q � Qr) (6.108)

or
(6.109)

(6.110)Xr 5
XsQ 1 Qrd

Qr
5

MLSSsQ 1 Qrd
Qr

Qr 5
X

Xr 2 X  Q

Qr 5
sSVdQ

1000 2 SV
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where Xr � return activated-sludge suspended solids, mg/L
Qr � flow of RAS, m3/s or Mgal/d
X � mixed liquor suspended solids (MLSS), mg/L
Q � flow of secondary influent (or plant flow),m3/s or Mgal/d

The values of X and Xr include both the volatile and nonvolatile (inert)fractions. Equations (6.106) and (6.110) assume no loss of suspendedsolids in the basin. Equation (6.109) is essentially the same as Eq. (6.107).
Example 1: Determine the return activated-sludge flow as a percentage ofthe influent flow 10.0 Mgal/d (37,850 m3/d). The sludge settling volume in30 min is 255 mL.
solution:

Step 1. Compute RAS flow Qr in % 
Using Eq. (6.107)

Step 2. Compute RAS flow rate in Mgal/d
Qr � 0.34 Q � 0.34 � 10 Mgal/d

� 3.40 Mgal/d
� 12,900 m3/d

Example 2: The MLSS concentration in the aeration tank is 2800 mg/L. Thesludge settleability test showed that the sludge volume, settled for 30 minin a 1-L graduated cylinder, is 285 mL. Calculate the sludge volume indexand estimate the SS concentration in the RAS and the required return sludgeratio.
solution:

Step 1. Calculate SVI
Using Eq. (6.102)

� 102 mL/g
This is in the typical range of 80 to 150 mL/g

SVI 5 SV 3 1000 mg/g
MLSS 5

285 mL/L 3 1000 mg/g
2800 mg/L

 5 34%
Qr, % 5

SV
1000 2 SV 5

255 mL/L 3 100%
1000 mL/L 2 255 mL/L
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Step 2. Calculate SS in RAS
Using Eq. (6.105)

� 9804 mg/L
� 0.98%

Step 3. Calculate Qr/Q
Using Eq. (6.107)

� 0.40 
� 40% return

Example 3: Compute the return activated-sludge flow rate in m3/d and asa percentage of the influent flow of 37,850 m3/d (10 Mgal/d). The laboratoryresults show that the SVI is 110 mg/L and the MLSS is 2500 mg/L.
solution:

Step 1. Compute the suspended solids in RAS based on the SVI 
Using Eq. (6.105)

� 9090 mg/L
Step 2. Compute RAS flow rate Qr, based on SVI 
Using Eq. (6.109)

� 14,360 m3/d
� 3.79 Mgal/d

Step 3. Compute RAS flow as percentage of influent flow

� 37.9%
Say � 38% of influent flow

RAS flow, % 5
Qr 3 100%

Q 5
3.79 Mgal/d 3 100%

10.0 Mgal/d

Qr 5
X

Xr 2 X Q 5
2500 mg/L 3 37,850 m3/d
9090 mg/L 2 2500 mg/L

Xr in RAS 5 1,000,000 mg/L
SVI 5

1,000,000 mg/L
110

Qr
Q 5

SV
1000 2 SV 5

285 mg/L
s1000 2 285d mg/L

Xr 5
1,000,000

SVI 5
1,000,000 smL/Ldsmg/gd

102 mL/g
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Waste activated sludge. The excess of activated sludge generated fromthe secondary clarifier must be wasted, usually from the return sludgeline. The waste activated sludge (WAS) is discharged to either the pri-mary clarifiers or to sludge thickeners. Withdrawing mixed liquordirectly from the aeration basin or from the basin effluent line is analternative method of sludge wasting. The amount of WAS removedaffects mixed liquor settleability, oxygen consumption, growth rate of themicroorganisms, nutrient quantities, input occurrence of foaming andsludge bulking effluent quality, and possibility of nitrification.The purpose of WAS is to maintain a given food-to-microorganismsratio or mean cell residence time of the system. It should remove justthe amount of microorganisms that grow in excess of the microorganismdeath rate.Sludge wasting can be accomplished on an intermittent or continu-ous basis. The parameters used for control guidelines are F/M ratio,mean cell residence time, MLVSS, and sludge age.
Secondary clarifier mass balance. Although it assumes the sludge blan-ket is level in the secondary clarifier, the secondary clarifier mass bal-ance approach is a useful tool to determine the RAS flow rate. Thecalculations are based on the secondary clarifier (Fig. 6.15). Assumingthe sludge blanket in the clarifier is not changed and the effluent sus-pended solids are negligible, the SS entering the clarifier is equal to theSS leaving. The relationship can be written as

(Q � Qwr) (MLSS) � Qwa(WAS) � Qwr(RAS)
Q(MLSS) � Qwa(WAS) � Qwr(RAS � MLSS)

(6.111)

where Q � flow of tank influent, m3/d
Qwr � return activated-sludge flow, m3/d
Qwa � waste activated-sludge flow rate, m3/dMLSS � mixed liquor suspended solids, mg/LWAS � SS of waste activated sludge, mg/LRAS � SS of return activated sludge, mg/L

Note: WAS is equal to RAS (Fig. 6.15a).
Sludge age. Sludge age is a measure of the length of time a particle ofsuspended solids has been retained in the activated-sludge process. Itis also referred to as mean cell residence time and is an operationalparameter related to the F/M ratio. Sludge age is defined as that of the

Qwr 5
QsMLSSd 2 QwasWASd

RAS 2 MLSS
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suspended solids under aeration (kg or lb) divided by the suspendedsolids added (kg/d or lb/d) and is calculated by the following equationwhich relates MLSS in the system to the influent suspended solids

(6.112)

where Sludge age � mean cell residence time, dayMLSS � mixed liquor suspended solids, mg/L
V � volume of aeration basin, m3 or MgalSSw � suspended solids in waste sludge, mg/L

Qw � flow of waste sludge, m3/d or Mgal/dSSe � suspended solids in wastewater effluent, mg/L
Qe � flow of wastewater effluent, m3/d or Mgal/d

Note: Equations (6.112) and (6.72) are the same.
Sludge age can also be expressed in terms of the volatile portion ofsuspended solids, which is more representative of biological mass.Solids retention time in an activated-sludge system is measured indays, whereas the liquid aeration period is in hours. In most activated-sludge plants, sludge age ranges from 3 to 8 days (US EPA, 1979). Theliquid aeration periods vary from 3 to 30 h (Hammer, 1986). Wastewaterpasses through the aeration tank only once and rather quickly, whereasthe resultant biological growths and extracted waste organics arerepeatedly recycled from the secondary clarifier back to the aerationbasin.
Example 1: An activated-sludge system has an influent flow of 22,700 m3/d(6.0 Mgal/d) with suspended solids of 96 mg/L. Three aeration tanks hold1500 m3 (53,000 ft3) each with MLSS of 2600 mg/L. Calculate the sludge agefor the system.
solution:

Step 1. Calculate the SS under aeration, MLSS � V

MLSS � 2600 mg/L � 2600 g/m3
� 2.6 kg/m3

MLSS � V � 2.6 kg/m3
� 1500 m3

� 3
� 11,700 kg
� 25,800 lb

Sludge age 5 MLSS 3 V
SSw 3 Qw 1 SSe 3 Qe

Sludge age 5 SS under aeration, kg or lb
SS added, kg/d or lb/d
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Step 2. Calculate the SS added
SS added � Influent flow � SS conc.

� 22,700 m3/d � 0.096 kg/m3 

� 2180 kg/d
� 4800 lb/d

Step 3. Calculate sludge age 
Using Eq. (6.112)

� 5.4 days
Note: It is in the typical range of 3 to 8 days.
Example 2: In an activated-sludge system, the solids under aeration are13,000 kg (28,700 lb); the solids added are 2200 kg/d (4850 lb/d); the returnactivated-sludge SS concentration is 6600 mg/L; the desired sludge age is 5.5days; and the current waste activated sludge (WAS) is 2100 kg/d (4630 lb/d).Calculate the WAS flow rate using the sludge age control technique.
solution:

Step 1. Calculate the desired SS under aeration for the desired sludge ageof 5.5 days
SS � solid added � sludge age

� 2200 kg/d � 5.5 days
� 12,100 kg
� 26,800 lb

Step 2. Calculate the additional suspended solids removed per day
SS aerated – SS desired � 13,000 kg – 12,100 kg  � 900 kg

Step 3. Calculate the additional WAS flow (q) to maintain the desired sludge age
q (SS in RAS) � 900 kg/d

q � (900 kg/d)/(6.6 kg/m3)
� 136.4 m3/d � 0.095 m3/min 
� 25.0 gal/min

Step 4. Calculate total WAS flow
Current flow � (2100 kg/d)/(6.6 kg/m3)

� 318.2 m3/d � 0.221 m3/min 
� 58.4 gal/min

Sludge age 5 SS under aeration
SS added 5

11,700 kg
2180 kg/d
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Total WAS flow � (0.095 � 0.221) m3/min 
� 0.316 m3/min 
� 83.4 gal/min

Example 3: The aeration basin volume is 6600 m3 (1.74 Mgal). The influ-ent flow to the basin is 37,850 m3/d (10.0 Mgal/d) with BOD of 140 mg/L. TheMLSS is 3200 mg/L with 80% volatile portion. The SS concentration in thereturn activated sludge is 6600 mg/L. The current waste activated-sludge flowrate is 340 m3/d (0.090 Mgal/d). Determine the desired WAS flow rate usingthe F/M ratio control technique with a desired F/M ratio of 0.32.
solution:

Step 1. Calculate BOD loading
BOD � 140 mg/L � 140 g/m3

� 0.14 kg/m3 

Loading � BOD � flow
� 0.14 kg/m3

� 37,850 m3/d 
� 5299 kg/d 
� 11,680 lb/d

Step 2. Calculate the desired MLVSS with the desired F/M � 0.32
Desired MLVSS � BOD loading/(F/M) ratio

� (5299 kg/d)/(0.32 kg/(d � kg)) 
� 16,560 kg

Step 3. Calculate the desired MLSS
Desired MLSS � MLVSS/0.80 � 16,560 kg/0.80

� 20,700 kg
Step 4. Calculate actual MLSS under aeration

Actual MLSS � concentration � basin volume 
� 3.2 kg/m3

� 6600 m3 

� 21,120 kg
Step 5. Calculate the additional solids to be removed daily

(actual � desired) MLSS � 21,120 kg/d � 20,700 kg/d
� 420 kg/d

Step 6. Calculate the additional WAS flow q required
q � additional SS removed/SS in RAS 

� (420 kg/d)/(6.6 kg/m3) 
� 63.6 m3/d
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Step 7. Calculate the total WAS flow Q
Q � (340 � 63.6) m3/d

� 403.6 m3/d � 0.28 m3/min 
� 74 gal/min

Example 4: Calculate the waste activated-sludge flow rate using the meancell residence time (MCRT) method. The given conditions are the same asthose in Example 3. In addition, the desired MCRT is 7.5 days and the SS levelin the effluent is 12 mg/L.
solution: (use English system)
Step 1. Calculate SS concentration in the aeration tank

MLSS � 3200 mg/L
V � 1.74 Mgal

SS � 1.74 Mgal � 3200 mg/L � 8.34 lb/(Mgal � mg/L) 
� 46,440 lb � 21,070 kg

Step 2. Determine SS lost in the effluent
SSe � 12 mg/L
Qe � 10 Mgal/d

SSe � Qe � 10 Mgal/d � 12 mg/L � 8.34 lb/(Mgal � mg/L) 
� 1000 lb/d � 453 kg/d

Step 3. Calculate the desired SS in waste sludge 
Using Eq. (6.113)

SS wasted � (46,440 lb – 7500 lb)/7.5 days
� 5192 lb/d � 2355 kg/d

Step 4. Calculate the WAS flow rate Qw

SSw � 6600 mg/L
SS wasted � Qw � SSw � 8.34

� 0.0943 Mgal/d
Qw 5

SS wasted
SSw 3 8.34 5

5192 lb/d
6600 mg/L 3 8.34 lb/sMgal # mg/Ld

7.5 days 5 46,440 lb
SS wasted, lb/d 1 1000 lb/d

MCRT, day 5 SS in aerator, lb
SS wasted, lb/d 1 SS in effluent, lb/d
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� 0.0943 Mgal/d � 694(gal/min)/(Mgal/d) 
� 65.4 gal/min 
� 356 m3/d

Example 5: The given operating conditions are the same as in Example 3.The desired MLVSS is 16,500 kg (36,400 lb). The SS concentration in RAS is6600 mg/L. Using MLVSS as a control technique, calculate the desired WASflow rate. The current WAS flow rate is 420 m3/d (0.11 Mgal/d)
solution:

Step 1. Calculate actual MLVSS
Tank volume � 6600 m3

VSS/TSS � 0.80
MLSS � 3200 mg/L � 3.2 kg/m3

Actual MLVSS � tank volume � volatiles � MLSS 
� 6600 m3

� 0.8 � 3.2 kg/m3

� 16,900 kg
Step 2. Calculate additional VSS to be wasted daily

Wasted � actual � desired (Step 3 of Example 3)
� (16,900 � 16,500) kg/d 
� 400 kg/d

Step 3. Calculate additional WAS flow, q
VSS in RAS � 6600 mg/L � 0.8 � 5280 mg/L

� 5.28 kg/m3

q � (400 kg/d)/(5.28 kg/m3) 
� 75.8 m3/d � 13.9 gal/min

Step 4. Calculate the desired WAS flow rate
Q � current � additional flow 

� (420 � 75.8) m3/d 
� 495.8 m3/d 
� 91 gal/min

Sludge bulking. A desirable activated sludge is one which settles rap-idly leaving a clear, odorless, and stable supernatant. The efficiency oftreatment achieved in an activated-sludge process depends directly onsettleability of the sludge in the secondary clarifier. At times, poorly
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settling sludge and foam formation cause the most common operationalproblems of the activated-sludge process. Sludge with poorly flocculated(pin) particles or buoyant filamentous growths increases its volume anddoes not settle well in the clarifier. Light sludge in the clarifier then spillsover the weirs and is carried away in the effluent. The concentrationsof BOD and suspended solids increase in the effluent. This phenomenonis called sludge bulking and it frequently occurs unexpectedly.Sludge bulking is caused by: (1) the growth of filamentous organisms,or organisms that can grow in filamentous form under adverse conditions,and (2) adverse environmental conditions such as excessive flow, insuf-ficient aeration, short circulating of aeration tanks, lack of nutrients,septic influent, presence of toxic substances, or overloading. Nocardia
amarae, Microthrix parvicella, N. amarae-like organisms, N. pinensis-likeorganisms, and type 0092 were most commonly found in foam and bulksludge. Nocardia growth is supported by high sludge age, low F/M ratio,and higher rather than lower wastewater temperature (Droste, 1997).Fungi are mostly filamentous microorganisms. Some bacteria such as
Beggiatoa, Thiotrix, and Leucothrix grow in filamentous sheaths.There are no certain rules for prevention and control of sludge bulking.If bulking develops, the solution is to determine the cause and then eithereliminate or correct it or take compensatory steps in operation control.Some remedial steps may be taken, e.g. changing parameters such aswastewater characteristics, BOD loading, dissolved oxygen concentra-tion in the aeration basin, return sludge pumping rate, microscopic exam-ination of organisms (check for protozoa, rotifers, filamentous bacteria,and nematodes) in clarifiers’ and other operating units. Chlorination ofRAS in the range of 2 to 3 mg/L of chlorine per 1000 mg/L of MLVSS issuggested (Metcalf and Eddy, Inc. 1991). Hydroperoxide also can be usedas an oxidant. Reducing the suspended solids in the aeration basin,increasing air supply rate, or increasing the BOD loading (which maydepress filamentous growth), and addition of lime to the mixed liquor forpH adjustment are the remedial methods which have been used. TheF/M ratio should be maintained at 0.5 to 0.2.
21.7 Modified activated-sludge processes

Numerous modifications (variations) of the conventional activated-sludgeplug flow process have been developed and proved effective for removalof BOD and/or nitrification. The modified processes include tapered aer-ation, step-feed aeration, complete-mix extended aeration, modified aer-ation, high-rate aeration, contact stabilization, Hatfield process, Krausprocess, sequencing batch reactor, high-purity oxygen, oxidation ditch,deep shaft reactor, single-stage nitrification, and separate stage nitrifi-cation. Except for a few processes, most modified processes basicallydiffer on the range of the F/M ratio maintained and in the introduction
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locations for air supply and wastewater. The design parameters andoperational characteristics for various activated-sludge processes arepresented elsewhere (Metcalf and Eddy, Inc. 1991, WEF and ASCE,1991a). Standard and modified processes are discussed below.
Conventional process. The earliest activated-sludge process was con-tained in long narrow tanks with air for oxygen supply and mixingthrough diffusers at the bottom of the aeration tank. A conventionalplug-flow process consists of a primary clarifier, an aeration tank withair diffusers for mixing the wastewater and the activated sludge in thepresence of dissolved oxygen, a secondary settling basin for solidsremoval, and a sludge-return line from the clarifier bottom to the influ-ent of the aeration tank (Fig. 6.18). The return activated sludge is mixedwith the incoming wastewater and passes through the aeration tank ina plug-flow fashion. High organics concentration and high microbialsolids at the head end of the aeration tank lead to a high oxygen demand.The conventional process is more susceptible to upset from shock loadsand toxic materials, and is used for low-strength domestic wastewaters.The conventional process is designed to treat 0.3 to 0.6 kg BOD5applied/(m3

� d) (20 to 40 lb/(1000 cu � ft � d)) in the United States withMLSS of 1500 to 3000 mg/L. The aeration period ranges between 4 and8 h with return activated-sludge flow ratios of 0.27 to 0.75. The cell res-idence time (uc) is 5 to 15 days and the F/M ratio is 0.2 to 0.4 per day.The process generally removed 85% to 95% of BOD5 and produces highlynitrified effluent (WEF and ASCE, 1991a).
Example: The operational records at a conventional activated-sludge plantare shown as average values as below.

Calculate the following operational parameters: (1) volumetric BOD loadingrate; (2) F/M ratio; (3) hydraulic retention time u; (4) cell residence time uc; (5)return activated-sludge ratio; and (6) removal efficiencies for BOD, TSS, andtotal solids.

Wastewater flow Q 7570 m3/d (2.0 Mgal/d)Wastewater temperature 20�CVolume of aeration tanks 2260 m3 (79,800 ft3)Influent BOD5 (say BOD) 143 mg/LInfluent total suspended solids 125 mg/LInfluent total solids 513 mg/LEffluent total solids 418 mg/LEffluent TSS 24 mg/LEffluent BOD 20 mg/LReturn sludge flow Qr 3180 m3/d (0.84 Mgal/d)MLSS 2600 mg/LTSS in waste sludge 8900 mg/LVolume of waste sludge 200 m3/d (0.053 Mgal/d)
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solution:

Step 1. Calculate volumetric BOD loading rate
Influent BOD � 143 mg/L � 143 g/m3 

� 0.143 kg/m3

� 0.48 kg/(m3
� d)

Note: It is in the range of 0.3 to 0.6 kg/(m3
� d). 

Step 2. Calculate F/M ratio using Eq. (6.64)
Assume MLVSS � 0.8 MLSS � 0.8 � 2600 mg/L

� 2080 mg/L

� 0.23 kg BOD applied/(kg MLVSS � d) 
� 0.23 lb BOD applied/(lb MLVSS � d)

Note: 0.2 � F/M � 0.4.
Step 3. Calculate aeration time HRT

HRT � V/Q � 2260 m3
� 7570 m3/d 

� 0.30 day 
� 7.17 h

Note: 4 h � HRT � 8 h.
Step 4. Calculate cell residence time uc

TSS in the aeration tank � 7570 m3/d � 2.6 kg/m3

� 19,682 kg/d
TSS in sludging wasting � 200 m3/d � 8.9 kg/m3

� 1780 kg/d
TSS in effluent � 7570 m3/d � 0.024 kg/m3 

� 182 kg/d

� 10.0 days
Note: 5 days � uc � 15 days.

uc 5
19,682 kg/d

1780 kg/d 1 182 kg/d

F/M 5  7570 m3/d 3 143 mg/L BOD applied
2260 m3

3 2080 mg/L MLVSS

BOD load 5 amount
volume 5

7570 m3/d 3 0.143 kg/m3
2260 m3
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Step 5. Calculate RAS ratio
Qr/Q � 3180 m3/d � 7570 m3/d 

� 0.42
� 42%

Note: 0.25 � Qr/Q � 0.75.
Step 6. Calculate removal efficiencies

� 86%

� 82%

� 19%
Tapered aeration. Since oxygen demands decrease along the lengthof the plug-flow reactor, the tapered aeration process attempts to matchthe oxygen supply to demand by adding more air at the influent end ofthe aeration tank than at the effluent end (Fig. 6.19). This is obtainedby varying the diffuser spacing. The best results can be achieved bysupplying 55% to 75% of the total air supply to the first half of the tank(Al-Layla et al., 1980). Advantages of tapered aeration are those of

TS 5 s513 2 418d mg/L 3 100%
513 mg/L

TSS 5  s125 2 22dmg/L 3  100%
125 mg/L

BOD 5  s143 2 20d mg/L 3  100%
143 mg/L

Figure 6.19 Conventional process with tapered aeration.
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reducing below-capacity and operational costs, providing better opera-tional control, and inhibiting nitrification if desired.
Step aeration. In step (step-feed) aeration activated-sludge systems,the incoming wastewater is distributed to the aeration tank at a number(3 to 4) of points along the plug-flow tank, and the return activatedsludge is introduced at the head of the aeration tank. The organic loadis distributed over the length of the tank (Fig. 6.20), thus avoiding the

Figure 6.20 Step aeration activated-sludge process.
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locally lengthy oxygen demand encountered in conventional and taperedaeration. This process leads to shorter retention time and lower acti-vated-sludge concentrations in the mixed liquor. The process is used forgeneral application.The BOD5 loading rates are higher, 0.6 to 1.0 kg/(m3
� d) (40 to 60 lb/(1000 ft3

� d)) and MLSS are also higher, 2000 to 3500 mg/L. The hydraulicretention time is shorter by 3 to 5 h. The following parameters for the stepaeration process are the same as for a conventional plant: uc � 5 to 15 days;F/M � 0.2 to 0.4 per day; Qr/Q � 0.25 to 0.75; and BOD removal � 85%to 95%.This process, with treatment efficiency practically equivalent to that ofthe conventional activated-sludge process, can be carried out in about one-half of the aeration time while maintaining the sludge age within properlimits of 3 to 4 days. The construction cost and the area required for stepaeration are less than for the conventional process. Operational costs areabout the same for both the conventional and step aeration processes.
Complete-mix process. Complete-mix processes disperse the influentwastewater and return activated sludge uniformly throughout the aer-ation tank. The shape of the reactor is not important. With careful selec-tion of aeration and mixing equipment, the process should providepractically complete mixing. The oxygen demand is also uniform through-out the tank (Fig. 6.21).Complete-mix processes protect against hydraulic and organic shockloadings commonly encountered in the process. Toxic materials are usuallydiluted below their threshold concentration. The treatment efficiency of thecomplete-mix process is comparable to that of the conventional process(85% to 95% BOD removal). The complete-mix process has increased in pop-ularity for the treatment of industrial wastewaters. The process is used forgeneral application, but is susceptible to filamentous growths.

Figure 6.21 Complete-mix activated-sludge process.
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The design criteria for the complete-mix process are: 0.45 to 2.0 kgBOD5/(m3
� d) (28 to 125 lb/(1000 ft3

� d)), F/M � 0.2 to 0.6 per day, uc � 5to 15 days, MLSS � 2500 to 6500 mg/L, HRT � 3 to 5 h, Qr/Q � 0.25 to1.0 (Metcalf and Eddy, Inc. 1991). A design example for the complete-mixactivated-sludge process is given in the section on mathematical modeling.
Extended aeration. The extended aeration process is a complete-mixactivated-sludge process operated at a long HRT (u � 16 to 24 or 36 h)and a high cell residence time (sludge age uc � 20 to 30 days). Theprocess may be characterized as having a long aeration time, high MLSSconcentration, high RAS pumping rate, and low sludge wastage.Extended aeration is typically used in small plants for plant flows of3780 m3/d (1 Mgal/d) or less, such as schools, villages, subdivisions,trailer parks, etc. Many extended aeration plants are prefabricatedunits or so-called package plants (Guo et al., 1981). The process is flex-ible and is also used where nitrification is required.The influent wastewater may be only screened and degritted withoutprimary sedimentation. The extended aeration system allows the plantto operate effectively over widely varying flows and organic loadingswithout upset. Organic loading rates are designed as 0.1 to 0.4 kgBOD5/(m3

� d) (6 to 25 lb/(1000 ft3
� d)). The other design parameters are:MLSS � 1500 to 5000 mg/L, and Qr/Q � 0.5 to 1.50 (WEF and ASCE,1992). The extended aeration process has a food to microorganisms ratio(F/M) from 0.05 to 0.20 kg BOD5 per kg MLSS-day. It is developed tominimize waste activated sludge production by providing a large endoge-nous decay of the sludge mass. The process is so designed that the massof cells synthesized per day equals the mass of cells endogenous decayedper day. Therefore there is theoretically no cell mass production.The extended aeration process has a food to microorganism ratio from0.05 to 0.20 kg BOD5 per kg MLSS pre day. It is developed to minimizewaste activated sludge production by providing a large endogenousdecay of the sludge mass. The process is so designed that the mass ofcells synthesized per day equals the mass of cells endogenous decay perday. Therefore there is theoretically no cell mass products.Secondary clarifiers must be designed to handle the variations inhydraulic loadings and high MLSS concentration associated with thesystem. The overflow rates range from 8 to 24 m3/(m2

� d) (200 to 600 gal/(d � ft2)) and with long retention time. Sludge may be returned to theaeration tank through a slot opening or by an air-lift pump (Hammer,1986). Floating materials and used sludge on the surface of the clari-fier can be removed by a skimming device.Since the process maintains a high concentration of microorganismsin the aeration tank for a long time, endogenous respiration plays amajor role in activated sludge quality. More dissolved oxygen (DO) is
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required. Nitrification may occur in the system. The volatile portionof the sludge remaining is not degraded at the same rate as normalactivated sludge and thereby results in a lower BOD exertion rate. Theeffluent of extended aeration often meets BOD standards (75% to95% removal) but does not meet TSS standards due to continuousloss of pinpoint flocs (rising sludge). To overcome TSS loss, periodicsludge wasting is required. It has been suggested that the averageMLSS concentration should not fall below 2000 mg/L (Guo et al.,1981). In cold climates, heat lost in the extended aeration systemmust be controlled. However, Guo et al. (1981) pointed out that insuf-ficient staff, inadequate training, or both are the most common causesof poor performance of the extended aeration process, especially insmall package plants.
Example: An extended aeration activated-sludge plant without sludge wast-ing has a BOD5 loading rate of 0.29 kg/(m3 � d) (18 lb/(1000 ft3 � d)) with aer-ation for 24 h. The daily MLSS buildup in the aeration basin is measured as55 mg/L. Determine the percentage of the influent BOD5 that is converted toMLSS and retained in the basin. Estimate the time required to increase theMLSS from 1500 to 5500 mg/L (this range is in the design criteria).
solution:

Step 1. Calculate influent BOD concentration in mg/L
BOD � 0.29 kg/(m3

� d) � 1 day
� 290 g/m3 

� 290,000 mg/1000 L
� 290 mg/L

Step 2. Determine the percentage

� 19%
Thus 81% of the influent BOD retained in the basin
Step 3. Estimate buildup time required, t

� 72.7 days
t 5 5500 mg/L 2 1500 mg/L

55 mg/sL # dd

MLSS buildup
influent BOD 5

55 mg/L 3 100%
290 mg/L
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Short-term aeration. Short-term aeration or modified aeration is a plug-flow pretreatment process. The process has extremely high loading ratesof 1.2 to 2.4 kg BOD5/(m3
� d) (75 to 150 lb/(1000 ft3

� d)) with an F/Mratio of 1.5 to 5.0 kg BOD/d per kg MLVSS. The volumetric loadings arelow, ranging from 200 to 1000 mg/L of MLSS. The HRT (u) are 1.5 to3 h; sludge age uc � 0.2 to 0.5 days; and Qr/Q � 0.05 to 0.25. Shortretention time and low sludge age lead to a poor effluent quality and rel-atively high solids production. This process can be used as the firststage of a two-stage nitrification process and is used for an intermediatedegree of treatment.The short-term aeration process offers cost savings of construction byincreasing BOD loading rates and reducing the required volume of aer-ation tank. The process produces a relatively large amount of MLVSSwhich may cause disposal problems. If the sludge is allowed to remainin the system, the BOD5 removal efficiency ranges from 50% to 75%(Chermisinoff, 1995).
High rate aeration. For some cases it may not be necessary to treat thewastewater to the high degree of effluent quality achieved by conven-tional or other improved processes. High rate aeration is an applicationof the complete-mix activated-sludge process with a short HRT (u� 0.5to 2.0 h), a short sludge age (uc � 5 to 10 days), a high sludge recycleratio (Qr/Q � 1.0 to 5.0), and an organic loading rate of 1.6 to 16 kgBOD5/m3 � d (100 to 1000 lb/(1000 ft3

� d)). The MLSS concentration in theaeration tanks ranges from 4000 to 10,000 mg/L, and the F/M ratios are0.4 to 1.5 per day which are higher than those for the conventional process(WEF and ASCE, 1991a). The process reduces the cost of construction.Complete-mix aeration and the hydraulic thickening action of a rapidsludge return are mandatory to offset decreased sludge settleability ofthe biological flocs (Bruce and Merkens, 1973). It is designed to main-tain the biomass in the growth phase. Poor performance of a high-rateaeration system is usually due to insufficient aeration capacity to supplyadequate dissolved oxygen during peak loading periods. Subsequently,suspended flocs are carried over to the secondary clarifier effluent. Also,inadequate RAS flow rates and high solids flux may cause sludge to bewashed out through the clarifier.Well-operated high-rate aeration processes can produce effluent qual-ity comparable to that of a conventional plant. A BOD5 removal efficiencyof 75% to 90% can be achieved. A high-rate single-stage aeration systemcan be used for general application and to partially remove carbonaceousBOD5 at the first stage of a two-stage nitrification system.
Contact stabilization. The contact stabilization process or biosorption wasdeveloped to take advantage of the adsorptive properties of activatedsludge. A schematic flow diagram of the contact stabilization system is
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shown in Fig. 6.22. Returned sludge which has been aerated (3 to 6 h) inthe stabilization basin (44,000 to 10,000 mg/L of MLSS) for stabilizationof previously adsorbed organic matter is mixed with influent wastewaterfor a brief period (20 to 40 min). BOD removal from wastewater takesplace on immediate contact with a high concentration (1000 to 4000 mg/Lof MLSS in contact tank) of stabilized activated sludge. This adsorbs sus-pended and colloidal solids quickly, but not dissolved organic matter.Following the contact period, the activated sludge is separated from themixed liquor in a clarifier. A small portion of the sludge is wasted whilethe remainder flows to the stabilization tank. During the stabilizationperiod, the stored organic matter is utilized for cell growth and respira-tion; as a result, it becomes stabilized or activated again, then is recycled.Contact stabilization was initially used to provide a partial treat-ment (60% to 75% BOD5 removal) at larger coastal plants. It has beendesigned for package systems for industrial waste application and isused for expansion of existing systems and package plants.The process is a plug-flow system and is characterized by relativelyshort retention times (0.5 to 3 h) with very high organic loading of 1.0to 1.2 kg BOD5/(m3
� d) (62 to 75 lb/(1000 ft3

� d)). Compared to the con-ventional activated-sludge process, oxygen requirements are lower butwaste sludge quantities are higher. Designs may either include or omitprimary treatment. In general, the process has a BOD5 removal effi-ciency of 80% to 90% (WEF and ASCE, 1992). This process can be effec-tively used as the first stage of a multiple system.The disadvantages of the process are:
1. Sensitive to variations in organic and hydraulic loadings due to itsshort HRT and low MLSS concentration;
2. Neither as economical nor as efficient in BOD removal.

These shortcomings may result in noncompliance with effluent qualitystandards.

Figure 6.22 Schematic flow diagram of contact stabilization process.
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Hatfield process. The Hatfield process (developed by William Hatfieldof the Decatur Sanitary District, Illinois) differs from the contact sta-bilization process. The process aerates anaerobic digester supernatantor sludge (rich in nitrogen), with (all) return sludge from the secondaryclarifier then fed back to the aeration tank (Fig. 6.23). The process isused to treat wastewater with low nitrogen levels and high carbonaceousmaterial levels, such as some industrial wastewaters. Supplying an aer-obic digester effluent to the aeration tank fortifies the MLSS with aminoacids and other nitrogenous substances.The Hatfield process has the advantage, as in the contact stabilizationsystem, of being able to maintain a large amount of microorganismsunder aeration in a relatively small aeration tank. Heavier types of solidsare produced in the aeration tank, which can prevent bulking problems.However, the Hatfield process is not widely used in the United States.
Kraus process. The conventional activated-sludge plant at Peoria,Illinois, was found to be operated improperly due to sludge bulkingbecause of a heavy load of carbohydrates from breweries, packinghouses, and paper mills. Kraus (1955) improved the process performanceby aerating the mixture of anaerobic digester supernatant and a smallportion of the return activated sludge in a separate aeration basin(Fig. 6.23). Some portion of the return activated sludge bypasses thesludge aeration basin and is introduced directly to the mixed liquor aer-ation tank. This is a modification of the Hatfield process and lies betweenthe conventional system and the Hatfield process.

Figure 6.23 Schematic flow diagram of Hatfield activated-sludge process and Kraus process.
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The MLSS become highly nitrified materials which are brought intocontact with the influent wastewater in the aeration tank. The BOD5loading is 1.8 kg/(m3
� d) (112 lb/(1000 ft3

� d)) with 90% removal.The specific gravity of the digester solids is greater than that of theactivated sludge, and the settling characteristics are thus improved.Since high dissolved oxygen is required for the Kraus process, in orderto cope with high oxygen demand, Kraus applied a dual system in thesludge reaeration basin in which there was a combination of coarse-bubble aeration at the top of the basin and fine-bubble aeration at thebottom of the basin. The process is used for high-strength wastewaterswith low nitrogen levels.The design criteria for the Kraus process are: BOD5 loading � 0.6 to 1.6kg/(m3
� d) (40 to 100 lb/(1000 ft3

� d)), F/M � 0.3 to 0.8 per day, MLSS �2000 to 3000 mg/L, HRT � 4 to 8 days, Qr/Q � 0.5 to 1.0.
Sequencing batch reactor. A sequencing batch reactor (SBR) is a peri-odically operated, fill-and-draw activated-sludge system. The unitprocess used in the SBR and the conventional activated-sludge systemare essentially the same. Both have aeration and sedimentation. In theactivated-sludge plant, the processes are taking place simultaneouslyin separate basins, whereas in the SBR the aeration and clarificationprocesses are carried out sequentially in the same basin. The system isused for small communities with limited land.Each reactor in an SBR system has five discrete periods (steps) in eachcycle: fill, react (aeration), settle (sedimentation/clarification), draw(decant), and idle (Herzbrun et al., 1985). Biological activities areinitiated as the influent wastewater fills the basin. During the fill andreact period, the wastewater is aerated in the same manner as in aconventional activated-sludge system. After the reaction step, the mixedliquor suspended solids are allowed to settle in the same basin. Thetreated supernatant is withdrawn during the draw period. The idleperiod, the time between the draw and fill, may be zero or some certainperiod (days). The process is flexible and can remove nitrogen and phos-phorus. Since the development of SBR technology in the early 1960s, anumber of process modifications have been made to achieve specifictreatment objectives.In an SBR operation, sludge wasting is an important task relating tosystem performance. It usually takes place during the settle and idlephases. There is no return activated-sludge system in the SBR system.
High-purity oxygen system. The pure oxygen activated-sludge processwas first studied by Okun in 1947 (Okun, 1949). The process achievedcommercial status in the 1970s. Currently a large number of high-purityoxygen activated-sludge plants have been put into operation.
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The process has been developed in an attempt to match oxygen supplyand oxygen demand and to use a high-rate process through mainte-nance of high concentrations of biomass. The major components of theprocess are an oxygen generator, using high-purity oxygen in lieu ofair, a specially compartmented aeration basin, a clarifier, pumps forrecirculating activated sludge, and sludge disposal facilities. Oxygen isgenerated by manufacturing liquid oxygen cryogenically on-site for largeplants and by pressure swing adsorption for small plants. Standardcryogenic air separation involves liquefaction of air followed by fractionaldistillation to separate the major components of oxygen and nitrogen.The aeration basin is divided into compartments by baffles and iscovered with a gastight cover. An agitator is included in each compart-ment (Fig. 6.24). High-purity oxygen is fed concurrently with waste-water flow. Influent wastewater, return activated sludge, and oxygen gasunder slight pressure are introduced to the first compartment. A dis-solved oxygen concentration of 4 to 10 mg/L is normally maintained inthe mixed liquor. Successive aeration compartments are connected toeach other through submerged ports. Exhausted waste gas is a mixtureof nitrogen, carbon dioxide, and approximately 10% of oxygen suppliedand vented from the last stage of the system. Effluent mixed liquor isthen settled in a secondary clarifier. Settled activated sludge is recir-culated to the aeration basin, with some wasted. The process is used forgeneral application with high-strength wastes with limited space.Design parameters of high-purity oxygen systems are: BOD5 loading �1.6 to 3.2 kg/(m3
� d) (100 to 200 lb/(1000 ft3

� d)), MLSS � 3000 to 8000mg/L, F/M � 0.25 to 1.0 per day, HRT � 1 to 3 days, uc � 8 to 20 days,and Qr/Q � 0.25 to 0.5. The BOD5 removal efficiency for the process is85% to 95% (WEF and ASCE, 1992).

Figure 6.24 Schematic flow diagram of a high-purity activated-sludge system.
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Advantages of the high-purity oxygen activated-sludge process includehigher oxygen transfer gradient and rates, smaller reaction chambers,improved biokinetics, the ability to treat high-strength soluble waste-water, greater tolerance for peak organic loadings, reduced energyrequirements, reduction in bulking problems, a better settling sludge(1% to 2% solids), and effective odor control.In a comparison of air and pure oxygen systems, researchers reportedlittle or no significant difference in carbonaceous BOD5 removal kinet-ics with DO concentration about 1 to 2 mg/L. Lower pH values (6.0 to 6.5)occur with high-purity oxygen and loss of alkalinity, with nitrate pro-duction. Covered aeration tanks have a potential explosion possibility.
Example: The high-purity oxygen activated-sludge process is selected fortreating a high-strength industrial wastewater due to limited space.Determine the volume of the aeration tank and check with design parame-ters, using the following data.

solution:

Step 1. Determine the tank volume 
Using Eq. (6.88)

F/M � 0.7/day
where X � 5500 mg/L � 0.8 � 4400 mg/L8.34 � conversion factor, lb/(Mgal � (mg/L))

Therefore V 5
1 Mgal/d 3 280 mg/L 3 8.34
s0.7/dayd 3 4400 mg/L 3 8.34

 V 5
QS0

sF/Md X

 F/M 5
S0
uX 5

QS0
VX

Design average flow 1 Mgal/d (3785 m3/d)Influent BOD 280 mg/LInfluent TSS 250 mg/LF/M 0.70 lb BOD applied/(lb MLVSS � d)MLSS 5500 mg/LVSS/TSS 0.8Maximum volumetric BOD loading 200 lb/(1000 ft3
� d)

� 3.2 kg/(m3
� d)Minimum aeration time 2 hMinimum mean cell residence time 3 days
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� 0.0909 Mgal
� 344 m3

� 12,150 ft3

Step 2. Check the BOD loading

� 192 lb/(1000 ft3
� d)

� 200 lb/(1000 ft3
� d) (OK)

� 3.08 kg/(m3
� d)

Step 3. Check the aeration time

� 0.0909 day � 24 h/d 
� 2.2 h
� 2.0 h (OK)

Step 4. Check mean cell residence time (sludge age)
Influent VSS Xi � 0.8 � 250 mg/L

� 200 mg/L

� 2.0 days
� 3.0 days (OK)

Oxidation ditch. The oxidation ditch process was developed by Pasveer(1960) in Holland and is a modification of the conventional activated-sludge plug-flow process. The system is especially applicable to smallcommunities needing low-cost treatment. The oxidation ditch is typicallyan extended aeration mode. It consists typically of a single or closed-loopelongated oval channel with a liquid depth of 1.2 to 1.8 m (4 to 6 ft) and45-degree sloping sidewalls (Fig. 6.25).Wastewater is given preliminary treatment such as screening, com-minution, or grit removal (usually without primary treatment). Thewastewater is introduced into the ditch and is aerated using mechanicalaerator(s) (Kessener brush) which are mounted across the channel foran extended period of time with long HRT of 8 to 36 h (typically 24 h)and SRT (solids residence time) of 20 to 30 days (WEF and ASCE, 1992).

uc 5
VX
QXi

5
0.0909 Mgal 3 4400 mg/L

1 Mgal/d 3 200 mg/L

HRT 5 V
Q 5

0.0909 day 3 24 h/d
1

BOD loading 5 1.0 Mgal/d 3 280 mg/L 3 8.34 lb/sMgal # smg/Ldd
12.15 3  1000 ft3



678 Chapter 6

The aerators provide mixing and circulation in the ditch, and oxygentransfer. The mechanical brush operates in the 60 to 110 rev/min rangeand keeps the liquid in motion at velocities from 0.24 to 0.37 m/s (0.8 to1.2 ft/s), sufficient to prevent deposition of solids. A large fraction of therequired oxygen is supplied by transfer through the free surface of thewastewater rather than by aeration. As the wastewater passes the aer-ator, the DO concentration rises and then falls while the wastewatertraverses the circuit.The BOD5 loading in the oxidation ditch is usually as low as 0.08 to0.48 kg/(m3
� d) (5 to 30 lb/(1000 ft3

� d)). The F/M ratios are 0.05 to 0.30per day. The MLSS are in the range of 1500 to 5000 mg/L. The activatedsludge in the oxidation ditch removes the organic matter and convertsit to cell protoplasm. This biomass will be degraded for long solids res-idence time.Separate or interchannel clarifiers are used for separating and return-ing MLSS to the ditch. Recommendations for unit size and powerrequirements are available from equipment manufacturers.The oxidation ditch is popular because of its high BOD5 removal effi-ciency (85% to 95%) and easy operation. Nitrification occurs also in thesystem. The oxidation ditch is a flexible process and is used for smallcommunities where large land area is available. However, the surface

Figure 6.25 Schematic diagram of oxidation ditch activated-sludge process.
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aerators may become iced during the winter months. Electrical heatingmust be installed at the critical area. During cold weather the opera-tion must prevent loss of efficiency, mechanical damage, and danger tothe operators.
Example 6: Estimate the effluent BOD5 to be expected of an oxidation ditchtreating a municipal wastewater with an influent BOD of 220 mg/L. Use thefollowing typical kinetic coefficients: k � 5/d; Ks � 60 mg/L of BOD; Y � 0.6 mgVSS/mg BOD; kd � 0.06/d; and uc � 20 d.
solution:

Step 1. Estimate effluent substrate (soluble BOD5) concentration From Eq. (6.80)

� 2.3 mg/L
Step 2. Estimate TSS in the effluent 
Using Eq. (6.78)

� 59.4 mg/L
Step 3. Estimate the effluent BOD
It is commonly used that 0.63 mg BOD will be exerted (used) for each mg ofTSS. Then, the effluent total BOD is

BOD � 2.3 mg/L � 0.63 � 59.4 mg/L
� 39.7 mg/L

Deep shaft reactor. A new variation of the activated-sludge process,developed in England, the deep shaft reactor is used where costs of landare high. It is used for general application with high-strength wastes.There are a number of installations in Japan. It has been marketed inthe United States and Canada.The deep shaft reactor consists of a vertical shaft about 120 to 150 m(400 to 500 ft) deep, utilizing a U-tube aeration system (Fig. 6.26). The

 5 20 days 3 0.6s220 2 2.3d mg/L
20 dayss1 1 0.06/day 3 20 daysd

X 5
ucYsS0 2 Sd
us1 1 kd ucd

5
60 mg/Ls1 1 20 days 3 0.06/dayd

20 dayss0.6 3 5/days 2 0.06/dayd 2 1

S 5 Kss1 1 uckdd
ucsYk 2 kdd 2 1
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shaft replaces the primary clarifiers and aeration tanks. The deepshaft is lined with a steel shell and fitted with a concentric pipe to forman annular reactor. Wastewater, return activated sludge, and air isforced down the center of the shaft and allowed to rise upward throughthe annulus (riser). The higher pressures obtained in the deep shaftimprove the oxygen transfer rate and more oxygen can be dissolved,with beneficial effects on substrate utilization. DO concentration canrange from 25 to 60 mg/L (Droste, 1997). Microbial reaction rates arenot affected by the high pressures. Temperature in the system is fairlyconstant throughout the year. The flow in the shaft is a plug-flowmode. The F/M ratios are 0.5 to 5.0 per day and the HRT ranges from0.5 to 5 h.A flotation tank serves for the separation of the biomass (solids) fromthe supernatant. Most of the solids are recirculated to the deep shaftreactor, and some are wasted to an aerobic digester. The effluent of thereactor is supersaturated with air when exposed to atmospheric pres-sure. The release of dissolved air from the mixed liquor forms bubblesthat float suspended solids to the surface of the flotation tank.

Figure 6.26 Schematic diagram of deep shaft activated-sludge system.
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The advantages of the deep shaft reactor include lower constructionand operational costs, less land requirement, capability to handle bigorganic loads, and suitability for all climatic conditions.
Biological nitrification. Conversion of ammonia to nitrite and nitrate canbe achieved by biological nitrification. Biological nitrification is performedeither in single-stage activated-sludge carbon oxidation and ammoniareduction or in separate continuous-flow stir-tank reactors or plug-flow.The single-stage nitrification process is used for general applicationfor nitrogen control where inhibitory industrial wastes are not present.The process also removes 85% to 95% of BOD.The design criteria for single-stage activated-sludge nitrification are:volumetric BOD loading � 0.08 to 0.32 kg/(m3

� d) (5 to 20 lb/(1000ft3
� d)); MLSS � 1500 to 3500 mg/L; u � 6 to 15 h; uc � 8 to 12 days;F/M � 0.10 to 0.25 per day; and Qr/Q � 0.50 to 1.50 (Metcalf and Eddy,Inc. 1991; WEF and ASCE, 1991a).The advantage of the separate-stage suspended-growth nitrificationsystem is its flexibility to be optimized to conform to the nitrificationneeds. The separate-stage process is used to update existing systemswhere nitrogen standards are stringent or where inhibitory industrialwastes are present and can not be removed in the previous stages.The design criteria for the separate-stage nitrification process are: vol-umetric BOD loading � 0.05 to 0.14 kg/(m3

� d) (3 to 9 lb/1000 (ft3
� d)),very low; F/M � 0.05 to 0.2 per day; MLSS � 1500 to 3500 mg/L; HRT �3 to 6 h; uc � 15 to 100 days (very long); and Qr /Q � 0.50 to 2.00. Moredetails on single-stage and separate-stage biological nitrification aregiven under advanced treatment for nitrogen removal in a later section.

21.8 Aeration and mixing systems

The treatment efficiency of an activated-sludge process depends on theoxygen dissolved in the aeration tank and the transfer of oxygen supplyfrom the air and from pure oxygen. Oxygen is transferred to the mixedliquor in an aeration tank by dispersing compressed air bubbles throughsubmerged diffusers with compressors or by entraining air into themixed liquor by surface aerators. A combination of the above has alsobeen used. An air diffusion system consists of air filters and otherconditioning equipment, blowers, air piping, and diffusers, including dif-fuser cleaning devices.A large number of combinations of mixing/aeration equipment andtank configuration have been developed.
Oxygen transfer and utilization. Oxygen transfer is a two-step process.Gaseous oxygen is first dissolved in the mixed liquor by diffusion or
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mechanical aeration or both. The dissolved oxygen is utilized by themicroorganisms in the process of metabolism of the organic matter.When the rate of oxygen utilization exceeds the rate of oxygen dissolu-tion, the dissolved oxygen (DO) in the mixed liquor will be depleted. Thisshould be avoided. DO should be measured periodically, especiallyduring the period of peak loading, and the air supply then adjustedaccordingly.The rate of oxygen transfer from air bubbles into solution is writtenas (Hammer, 1986)
r � k(bCs – Ct) (6.113)

where r � rate of oxygen transfer from air to liquid, mg/(L � h)
k � transfer coefficient, per h
b � oxygen saturation coefficient of the wastewater

� 0.8 to 0.9
Cs � DO concentration at saturation of top water (Table 1.2), mg/L
Ct � DO concentration in mixed liquor, mg/L

bCs – Ct � DO deficit, mg/L
The greater the DO deficit, the higher the rate of oxygen transfer. Theoxygen transfer coefficient k depends on wastewater characteristicsand, more importantly, on the physical features of the aeration, liquiddepth of the aeration tank, mixing turbulence, and tank configuration.The rate of DO utilization is essentially a function of F/M ratio andliquid temperature. The biological uptake of DO is approximately30 mg/(L � h) for the conventional activated-sludge process, generally lessthan 10 mg/(L � h) for extended aeration, and as high as 100 mg/(L � h)for high-rate aeration. Aerobic biological reaction is independent of DOabove a minimum critical concentration. However, if DO is below thecritical value, the metabolism of microorganisms is limited by reducedoxygen supply. Critical concentrations reported for various activated-sludge systems range from 0.2 to 2.0 mg/L, the most commonly being0.5 mg/L (Hummer, 1986). Ten States Standards stipulates that aera-tion equipment shall be capable of maintaining a minimum of 2.0 mg/Lof DO in mixed liquor at all times and provide thorough mixing of themixed liquor (GLUMRB, 1996).Oxygen requirements generally depend on maximum diurnal organicloading (design peak hourly BOD5), degree of treatment, and MLSS. TheTen States Standards (GLUMRS, 1996) further recommends that thenormal design air requirement for all activated-sludge processes exceptextended aeration shall provide 1500 ft3/lb of BOD5 loading (94 m3/kgBOD5). For extended aeration the value shall be 2050 ft3/lb of BOD5(128 m3/kg of BOD5). The design oxygen requirement for all activated-sludge processes shall be 1.1 lb oxygen/lb design peak hourly BOD5 applied.
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Example 1: Compare the rate of oxygen transfer when the existing DOs inthe mixed liquor are 3.0 and 0.5 mg/L. Assume the transfer coefficient is2.8/h and oxygen saturation coefficient is 0.88 for wastewater at 15.5�C.
solution:

Step 1. Find Cs at 15.5�C
From Table 1.2

Cs � 9.92 mg/L
Step 2. Calculate oxygen transfer rates, using Eq. (6.113)

At DO � 3.0 mg/L
r � k( bCs – Ct)

� (2.8/h) (0.88 � 9.92 � 3.0) mg/L
� 16.0 mg/(L � h)

At DO � 0.5 mg/L
r � (2.8/h) (0.88 � 9.92 � 0.5) mg/L

� 23.0 mg/(L � h)
Note: The higher the DO deficit, the greater the oxygen transfer rate.
Example 2: Determine the oxygen transfer efficiency of a diffused aerationsystem providing 60 m3/kg BOD5 applied (960 ft3/lb BOD5). Assume that the aer-ation system is capable of transferring 1.1 kg of atmospheric oxygen to DO inthe mixed liquor per kg BOD5 applied, and that 1 m3 of air at standard conditions(20�C, 760 mm Hg, and 36% relative humidity) contains 0.279 kg of oxygen.
solution:

Step 1. Calculate oxygen provided per kg BOD5
Oxygen provided � 60 m3/kg BOD � 0.279 kg/m3

� 16.7 kg/kg BOD
Step 2. Determine oxygen transfer efficiency e

e � oxygen transferred/oxygen provided
� (1.1 kg/kg BOD)/(16.7 kg/kg BOD)
� 0.066
� 6.6%

Diffused air aeration. A diffused air aeration system consists of diffuserssubmerged in the mixed liquor, header pipes, air mains, blowers (aircompressors), and appurtenances through which the air passes. Ceramicdiffusers (porous and nonporous) are manufactured as tubes, domes, orplates. Other diffusers, such as jets or U-tubes, may be used. Compressed
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air forced through the diffusers is released as fine bubbles. The oxygenis then introduced to the liquid.The oxygen requirement for the aeration can be calculated usingEq. (6.94) or (6.95). In practice, the efficiency of oxygen transfer of adiffusion and sparging device seldom exceeds 8%. The oxygen trans-fer efficiency for various bubble sizes is available from the manu-facturer’s data. The diffuser system should be capable of providingfor 200% of the designed average daily oxygen demand (GLUMRB,1996).
Air piping. As compressed air flows through a pipe, its volume changesaccording to the pressure drop. The total headloss from the blower (orsilencer outlet) to the diffuser inlet shall not exceed 0.5 lb/in2 (3.4 kPa)under average operational conditions (GLUMRB, 1996). The pressuredrop in a pipeline carrying compressed air can be calculated by theDarcy–Weisbach formula (Eq. (4.17)).The value of friction factor f can be determined from the Moody dia-gram. However, as an approximation, the friction factor of a steel pipecarrying compressed air is expressed as (Steel and McGhee, 1979)

f � 0.029D0.027/Q0.148 (SI units) (6.114)
f � 0.013D0.027/Q0.148 (US customary units) (6.115)

where f � friction factor
D � diameter of pipe, m or ft
Q � flow of air, m3/min or gal/min

The headloss in a straight pipe is calculated from
H � f(L/D)hr (6.116)

where H � headloss in pipe, mm or in 
L � length of pipe, m or ft 
D � diameter of pipe, m or ft
hr � velocity head, mm or in

Another approximation of the estimation of headloss in a pipe can beexpressed as
H � 9.82 � 10–8 ( fLTQ2)/(PD5) (6.117)

where T � temperature of air, K
P � absolute pressure, atm Other terms are as given above.



Wastewater Engineering 685

The absolute temperature may be estimated from the pressure riseusing the following equation
T2 � T1(P2/P1)0.283 (6.118)

Fittings in an air distribution system may be converted into the equiv-alent length of straight pipe as below
L � 55.4 CD1.2 (SI units) (6.119)

and
L � 230 CD1.2 (US customary units) (6.120)

where L � equivalent length, m or ft
D � diameter of pipe, m or ft
C � resistance factor (0.25 to 2.0)

Example: Determine the headloss in 250 m (820 ft) of 0.30-m (12-in) steelpipeline carrying 42.5 m3/min (1500 ft3/min � 25 ft3/s � 0.7 m3/s) of air at apressure of 0.66 atm (gauge). The ambient air temperature is 26�C (78�F).
solution:

Step 1. Estimate the temperature in the pipe using Eq. (6.118)
P1 � 1 atm
P2 � 1 atm � 0.66 atm � 1.66 atm
T1 � 26 � 273 � 299 (K)
T2 � T1(P2/P1)0.283

� 299 K (1.66/1)0.283

� 345 K
Step 2. Estimate the friction factor using Eq. (6.114)

f � 0.029 D0.027/Q0.148 

� 0.029 (0.3)0.027/(42.5)0.148

� 0.0161
Step 3. Estimate the head loss using Eq. (6.117)

H � 9.82 � 10 8( fLTQ2 )/(PD5)
� 9.82 � 10–8

� 0.0161 � 250 � 345 � 42.52/(1.66 � 0.35)
� 61 (mm of water)
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Blower. The blower (compressor) is used to convey air up to 103 kPa(15 lb/in2). There are two types of blower commonly used for aeration,i.e. rotary position displacement (PD) and centrifugal units. Centrifugalblowers are usually used when the air supply is greater than 85 m3/min(3000 ft3/min or cfm) and are popular in Europe. For pressures up to 50to 70 kPa (7 to 10 lb/in2) and flows greater than 15 m3/min (530 ft3/min),centrifugal blowers are preferable. Rotary PD blowers are used prima-rily in small plants. Air flow is low when pressure is over 40 to 50 kPa(6 to 7 lb/in2) and plant flows are less than 15 m3/min (530 ft3/min)(Steel and McGhee, 1979).As an advantage, PD blowers are capable of operating over a widerange of discharge pressure, but it is difficult to adjust their air flow rate(only the speed is adjustable), they require more maintenance, and arenoisy. In contrast, centrifugal blowers are less noisy in operation andtake up less space. Their disadvantages include a limited range of oper-ating pressure and reduced air flow when there is any increase in back-pressure because of diffuser clogging. In many plants, single-stagecentrifugal blowers can provide the head requirement (6 m or 20 ft ofwater). If higher pressures are needed, multiple units can provide apressure of 28 m (90 ft) of water.The power requirements for a blower may be estimated from the airflow, inlet and discharge pressures, and air temperature by the follow-ing equation which is based on the assumption of adiabatic compressionconditions.

or
(SI units) (6.121)

or

(British system) (6.122)
where p � power required, kW or hp

w � weight of flow of air, kg/s or lb/s

p 5 wRT1155.6 e c a
P2
P1
b

0.283
2 1 d

p 5 wRT1550 ne c a
P2
P1
b

0.283
2 1]

p 5 wRT18.41 e c a
P2
P1
b

0.283
2 1 d

p 5 wRT129.7 ne c a
P2
P1
b

0.283
2 1 d
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R � gas constant for air
� 8.314 kJ/(kmol � K) for SI units
� 53.3 ft � lb/(lb air � R)

(R � �F � 460 for British system)
T1 � inlet absolute temperature, K or R
P1 � inlet absolute pressure, atm or lb/in2
P2 � outlet absolute pressure, atm or lb/in2
n � (k � 1)/k � 0.283 for air
k � 1.395 for air550 � ft � lb/(s � hp)29.7 � constant for conversion to SI units
e � efficiency of the machine (usually 0.7 to 0.9)

As stated above, for higher discharge pressure application (>55 kPa,>8 lb/in2) and for capacity smaller than 85 m3/min (3000 ft3/min) of freeair per unit, rotary-lobe PD blowers are generally used. PD blowers arealso used when significant water level variations are expected. The unitscannot be throttled. Rugged inlet and discharge silencers are essential(Metcalf and Eddy, Inc. 1991).
Example: Estimate the power requirement of a blower providing 890 kg ofoxygen per day through a diffused air system with an oxygen transfer effi-ciency of 7.2%. Assume the inlet temperature is 27�C, the discharge pressureis 6 m of water, and the efficiency of the blower is 80%
solution:

Step 1. Calculate weight of air flow w
Oxygen required � (890 kg/d)/0.072

� 12,360 kg/d
In air, 23.2% is oxygen

w � (12,360 kg/d)/0.232
� 53,280 kg/d
� 0.617 kg/s

Step 2. Determine the power requirement for a blower p
T1 � 27 � 273 � 300(K)
P1 � 1 atm
P2 � 1 atm � 6 m/10.345 m/atm

� 1.58 atm
e � 0.8
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Using Eq. (6.121)

� 31.6 (kW)
Mechanically aerated systems. Mechanical aerators consist of electricalmotors and propellers mounted on either a floating or a fixed support.The electrically driven propellers throw the bulk liquid through the airand oxygen transfer occurs both at the surface of the droplets and at thesurface of the mixed liquor. Mechanical aerators may be mounted oneither a horizontal or a vertical axis. Each group is divided into surfaceor submerged, high-speed (900–1800 rev/min) or low-speed (40 to 50rev/min) (Steel and McGhee, 1979). Low-speed aerators are more expen-sive than high-speed ones but have fewer mechanical problems and aremore desirable for biological floc formation. Selection of aerators isbased on oxygen transfer efficiency and mixing requirements. Effectivemixing is a function of liquid depth, unit design, and power supply.Mechanical aerators are rated on the basis of oxygen transfer rate,expressed as kg of oxygen per kW � h (or lb/hp � h) under standard con-ditions, in which tap water with 0.0 mg/L DO (with sodium sulfite added)is tested at the temperature of 20�C. Commercially available surfacereaerators range from 1.2 to 2.4 kg O2/kW � h (2 to 4 lb O2/hp � h) (Metcalfand Eddy, Inc. 1991).Mechanical aerator requirements depend on the manufacturer’srating, the wastewater quality, the temperature, the altitude, and thedesired DO level. The standard performance data must be adjustedto the anticipated field conditions, using the following equation(Eckenfelder, 1966)

(6.123)

where N � oxygen transfer rate under field conditions, kg/kW � h or lb/hp � h 
N0 � oxygen transfer rate provided by manufacturer, kg/kW � h or lb/hp � h
b � salinity surface tension correction factor

� 1 (usually)
Cw � oxygen saturation concentration for tap water at givenaltitude and temperature, mg/L

N 5 N0abCw 2 CL
Cs20

b1.024T220a

 5 0.617 3 8.314 3 300
8.41 3 0.8  c a1.58

1 b
0.283

2 1 d

p 5 wRT18.41e c a
P2
P1
b

0.283
2 1 d



CL � operating DO concentration (2.0 mg/L)
Cs20 � oxygen saturation concentration in tap water at 20�C, mg/L

� 9.02
T � temperature, �C
a � oxygen transfer correction factor for wastewater 

� 0.8 to 0.9
Example: An activated-sludge plant is located at an elevation of 210 m.The desired DO level in the aeration tank is 2.0 mg/L. The range of operat-ing temperature is from 8 to 32�C. The saturated DO values at 8, 20, and 32�Care 11.84, 9.02, and 7.29 mg/L, (from Table 1.2) respectively. The oxygen-transfer correction factor for the wastewater is 0.85. The manufacturer’s ratingfor oxygen-transfer rate of the aerator under standard conditions is 2.0 kgoxygen/kW � h. Determine the power requirement for providing 780 kg oxygenper day to the aeration system.
solution:

Step 1. Determine DO saturation levels at altitude 210 m
For DO, after altitude correction (zero saturation at 9450 m)

� 0.98C
At 8�C

Cw � 0.98 � 11.84 mg/L (from Table 1.2)
� 11.6 mg/L

At 32� C
Cw � 0.98 � 7.29 mg/L [calculated by Eq. (1.4)]

� 7.14 mg/L
Step 2. Calculate oxygen transfer under field conditions 
At 8�C, by Eq. (6.123)

N0 � 2.0 kg oxygen/kW � h
b � 1

Cw � 11.6 mg/L
CL � 2.0 mg/L

Cs20 � 9.02 mg/L
T � 8�C 
a � 0.85

Cw 5 C a1 2 altitude, m
9450  m b 5 C a1 2 210  m

9450  mb
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� 1.36 kg/kW � h 
At 32�C

� 1.29 (kg/kW � h)
� 31 kg/kW � d

Step 3. Calculate the power required per day, p 
At 32�C

p � (780 kg/d)/(31 kg/kW � d)
� 25 kW

Note: Transfer rate is lower with higher temperature.
Aerated lagoon. An aerated lagoon (pond) is a complete-mix flow-through system with or without solids recycle. Most systems operatewithout solids recycle. If the solids are returned to the lagoon, the systembecomes a modified activated-sludge process.The lagoons are 3 to 4 m (10 to 13 ft) deep. Solids in the complete-mixaerated pond are kept suspended at all times by aerators. Oxygen is usu-ally supplied by means of surface aerators or diffused air devices.Depending on the hydraulic retention time, the effluent from an aeratedpond will contain from one-third to one-half the concentration of theinfluent BOD in the form of cell tissue (Metcalf and Eddy, Inc. 1991).These solids must be removed by settling before the effluent is dis-charged. Settling can take place at a part of the aerated pond systemseparated with baffles or in a sedimentation basin.The design factors for the process include BOD removal, temperatureeffects, oxygen requirements, mixing requirements, solids separation,and effluent characteristics. BOD removal and the effluent character-istics are generally estimated using a complete-mix hydraulic modeland first-order reaction kinetics. The mathematical relationship forBOD removal in a complete-mix aerated lagoon is derived from the fol-lowing equation

QS0 – QS – kSV � 0 (6.124)

 N 5 2a7.14 2 2
9.02 b s1.02432220d 0.85

5 s2 kg/kW # hda1 3 11.6 mg/L 2 2.0  mg/L
9.02 mg/L b s1.0248220d 0.85

N 5  N0abCw 2 CL
Cs20

b1.024T220a
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Rearranging
(6.125)

(6.126)

where S � effluent BOD5 concentration, mg/L
S0 � influent BOD5 concentration, mg/L
k � overall first-order BOD5 removal rate, per day

� 0.25 to 1.0, based on e
Q � wastewater flow, m3/d or Mgal/d
u � total hydraulic retention time, day

Typical design values of u for aerated ponds used for treating domesticwastewater vary from 3 to 6 days. The amounts of oxygen required foraerated lagoons range from 0.7 to 1.4 times the amount of BOD5 removed(Metcalf and Eddy, Inc. 1991).Mancini and Barnhart (1968) developed the resulting temperature inthe aerated lagoon from the influent wastewater temperature, air tem-perature, surface area, and flow. The equation is

(6.127)

where Ti � influent wastewater temperature, �C or �F
Tw � lagoon water temperature, �C or �F 
Ta � ambient air temperature, �C or �F 

f � proportionality factor
� 12 � 10�6 (for British system)
� 0.5 (for SI units)

A � surface area of lagoon, m2 or ft2
Q � wastewater flow, m3/d or Mgal/d

Rearranging Eq. (6.127), the lagoon water temperature is

(6.128)

Aerated lagoons, usually followed by facultative lagoons, are used forfirst-stage treatment of high-strength domestic wastewaters and forpretreatment of industrial wastewaters. Their BOD removal efficienciesrange from 60% to 70%. Low efficiency and foul odors may occur for

Tw 5
AfTa 1 QTi

Af 1 Q

Ti 2 Tw 5
sTw 2 TadfA

Q

 5 1
1 1 ku

S
S0
5

1
1 1 ksV/Qd 5

effluent BOD
influent BOD
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improperly designed or poorly operated plants, especially if the aerationdevices are inadequate. Wet weather flow, infiltration, and icing maycause the process to be upset.
Example: Design a complete-mix aerated lagoon system using the conditionsgiven below.

solution:

Step 1. Determine the surface area of the lagoon with a depth of 3 m
Volume V � Qu � 3000 m3/d � 5 days

� 15,000 m3

Area A � V/(3 m) � 15,000 m3/3 m 
� 5000 m2

� 1.23 acres
Step 2. Estimate lagoon wastewater temperature in summer and winter
Using Eq. (6.128), in summer (Ta � 26.5�C)

Tw 5
AfTa 1 QTi

Af 1 Q

Wastewater flow 3000 m3/d (0.8 Mgal/d)Influent soluble BOD5 180 mg/LEffluent soluble BOD5 20 mg/LSoluble BOD5 first-order k20 2.4 per dayInfluent TSS (not biodegraded) 190 mg/LFinal effluent TSS 22 mg/LMLVSS/MLSS 0.8Kinetic coefficients:
k 5 per day
Ks 60 mg/L BOD
Y 0.6 mg/mg
kd 0.06 per dayDesign depth of lagoon 3 m (10 ft)Design HRT, u 5 daysDetention time at settling basin 2 daysTemperature coefficient 1.07Wastewater temperature 15°C (59°F)Summer mean air temperature 26.5°C (78°F)Winter mean air temperature 9°C (48°F)Summer mean wastewater temperature 20.2°C (68°F)Winter mean wastewater temperature 12.3°C (54°F)Aeration constant a 0.86Aeration constant b 1.0Plant site elevation 210 m (640 ft)
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In winter (Ta � 9�C)

Step 3. Calculate the soluble BOD5 during the summer 
Using Eq. (6.80)

Step 4. Calculate first-order BOD removal rate constant for temperatureeffects
In summer at the mean wastewater temperature 20.2�C

kt � k20 (1.07)T–20

k20.2 � 2.4/day (1.07)20.2–20

� 2.43/day
In winter mean wastewater temperature at 12.3�C

k12.3 � 2.4/day (1.07)12.3–20 

� 1.43/day
Step 5. Calculate the effluent BOD5 using Eq. (6.126)
In summer mean wastewater temperature at 20.2�C

S 5 13.7 mg/L

S
180 mg/L 5

1
1 1 2.43 3 5

S
S0
5

1
1 1 ku

 5 5.7 mg/L
 5 60 mg/Ls1 1 5 days 3 0.06/daysd

5 days s0.6 3  5/day 2 0.06/dayd 2 1

S 5 Kss1 1 ukdd
usYk 2 kdd 2 1

 5 54.18F
 5 12.3s8Cd

Tw 5
5000 3 0.5 3 9 1 3000 3 15

5000 3 0.5 1 3000

 5 68.48F
 5 20.2s8Cd
 5 5000 3 0.5 3 26.5 1 3000 3 15

5000 3 0.5 1 3000



694 Chapter 6

In winter at 12.3�C

Ratio of winter to summer � 22.1 : 13.7 � 1.6 : 1
Step 6. Estimate the biological solids produced using Eq. (6.78), Q � Qc

Step 7. Calculate TSS in the lagoon effluent before settling
TSS � 190 mg/L � 100 mg/L

� 290 mg/L
Note: With low overflow rate and a long detention time of 2 days, the finaleffluent can achieve 22 mg/L of TSS.
Step 8. Calculate the amount of biological solids wasted per day 
Since X � 80 mg/L � 80 g/m3

� 0.08 kg/m3 (from Step 6)
px � 3000 m3/d � 0.08 kg/m3

� 240 kg/d
Step 9. Calculate the oxygen required using Eq. (6.94a)
Using the conversion factor f for BOD5 to BODL, f � 0.67

 5 970  lb/d
 5 400 kg/d
 5 3000 m3

3 s180 2 5.7d g/m3
1000 g/kg 3 0.67 2 1.42 3 240 kg/d

Oxygen 5 QsS0 2 Sd
s1000  g/kgd f 2 1.42 px

 5 100 mg/L
TSS 5 80 mg/L 4 0.8

 5 80 mg/Lsof VSSd
X 5

YsS0 2 Sd
1 1 kdu

5
0.6s180 2 5.7d mg/L

1 1 0.06 3 5

 5 22.1 mg/L
S 5 180  mg/L

1 1 1.43 3 5
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Step 10. Calculate the ratio of oxygen required to BOD removal

Step 11. Determine the field transfer rate for the surface aerators
The example in the mechanical aerator shows that the oxygen transfer rateis lower in summer (higher temperature). From that example, the altitude cor-rection factor is 0.98 for an elevation of 210 m. Select the surface aeratorrating as 2.1 kg oxygen/kW � h (3.5 lb/hp � h). The solubility of tap water at26.5 and 20.0�C is 7.95 and 9.02 mg/L, respectively. Let CL � 2.0 g/L asGLUMRB (1996) recommended. The power requirements under field condi-tions can be estimated using Eq. (6.123).

Step 12. Determine the power requirements of the surface aerator 
From Steps 9 and 11

Note: This is the power required for oxygen transfer.
Step 13. Determine the total energy required for mixing the lagoon
Assume power required for complete-mix flow is 0.015 kW/m3 (0.57 hp/1000 ft3).
From Step 1

Volume of the lagoon � 15,000 m3
Total power needed � 0.015 kW/m3

� 15,000 m3

� 225 kW
Use 8 of 30 kW (40 hp) surface aerators providing 240 kW.

 5 13.6 kW
Power  required 5 oxygen  required

field  transfer  rate 5
440  kg/d

32.4 kg/kW # d

 5 32.4 kg/kW # d
 5 1.35 kg/kW #  h
 5 s2.1 kg/kW # hda1 3 0.98 3 7.95  mg /L 2 2 mg /L

9.02 mg /L b s1.024d26.5220 s0.86d
N 5 N0abCw 2 CL

Cs20
b1.024T220a

 5 0.84

Oxygen  required
BOD  removed 5

440  kg/d
522.9 kg/d

 5 1153 lb/d
 5 522.9 kg/d

BOD removal 5 3000 m3/d 3 s180 2 5.7d g/m3
4 1000 g/kg
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Note: This is the power required for mixing and is commonly the controlfactor in sizing the aerators for domestic wastewater treatment. For indus-trial wastewater treatment, the control factor is usually reversed.

22 Trickling Filter

A trickling filter is actually a unit process for introducing primary efflu-ent into contact with biological growth and is a biological oxidation bed.The word “filter” does not mean any filtering or straining action; nev-ertheless, it is popularly and universally used.

22.1 Process description

The trickling filter is the most commonly used unit of the fixed-growthfilm-flow-type process. A trickling filter consists of: (1) a bed of coarsematerial, such as stone slates or plastic media, over which wastewaterfrom primary effluent is sprayed; (2) an underdrain system; and (3) dis-tributors. The underdrain is used to carry wastewater passing throughthe biological filter and drain to the subsequent treatment units and toprovide ventilation of the filter and maintenance of the aerobic condi-tion. Wastewater from the primary effluent is distributed to the surfaceof the filter bed by fixed spray nozzles (first developed) or rotary dis-tributors. Sloughs of biomass from the media are settled in the second-ary sedimentation tank.Biological slime occurs on the surface of the support media whileoxygen is supplied by air diffusion through the void spaces. It allowswastewater to trickle (usually in an intermittent fashion) downwardthrough the bed media. Organic and inorganic nutrients are extractedfrom the liquid film by the microorganisms in the slime. The biologicalslime layer consists of aerobic, anaerobic, and facultative bacteria, algae,fungi, and protozoans. Higher animals such as sludge worms, filter-flylarvae, rotifers, and snails are also present. Facultative bacteria are thepredominant microorganisms in the trickling filter. Nitrifying bacteriamay occur in the lower part of a deep filter.The biological activity of the trickling filter process can be describedas shown in Fig. 6.27. The microbial layer on the filter is aerobic usu-ally to a depth of only 0.1 to 0.2 mm. Most of the depth of the microbialfilm is anaerobic. As the wastewater flows over the slime layer, organicmatter (nutrient) and dissolved oxygen are transferred to the aerobiczone by diffusion and extracted, and then metabolic end products suchas carbon dioxide are released to the water.Dissolved oxygen in the liquid is replenished by adsorption from airin the voids surrounding the support media. Microorganisms near thesurface of the filter bed are in a rapid growth rate due to plenteous food
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supply, whereas microorganisms in the lower portion of the filter maybe in a state of starvation. Overall, a trickling filter operation is con-sidered to be in the endogenous growth phase. When slime becomesthicker and cells die and lyse, the slime layer will slough off and is sub-sequently removed by secondary settling.For over a century, the trickling filter has been used as a secondarytreatment unit. In a rock-fill conventional trickling filter, the rock sizeis 25 to 100 mm (1 to 4 in). The depth of the rock bed varies from 0.9 to2.5 m (3 to 8 ft) with an average of 1.8 m (6 ft). The Ten States Standardsrecommends a minimum depth of trickling filter media of 1.8 m above theunderdrains and that a rock and/or slag filter shall not exceed 3 m (10 ft)in depth (GLUMRB, 1996).After declining in use in the late 1960s and early 1970s because ofthe development of RBC, trickling filters regained popularity in the late1970s and 1980s, primarily due to new synthetic media. The new high-rate media were generally preferred over rocks because they are lighter,increased the surface area for biological growth, and improved treatment

Figure 6.27 Schematic diagram of attached-growth process.
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efficiency. High-rate media minimizes many of the common problemswith rock media, such as uncontrolled sloughing, plugging, odors, andfilter flies. Consequently, almost all trickling filters constructed in thelate 1980s have been of high-rate media type (WPCF, 1988b).Plastic media built in square, round, and other modules of corrugatedshape have become popular. The depths of these plastic media rangefrom 4 to 12 m (14 to 40 ft) (US EPA, 1980; Metcalf and Eddy, Inc. 1991).These materials increase void ratios and air flow. The plastics are 30%lighter than rock. A minimum clearance of 0.3 m (1 ft) between mediaand distribution arms shall be provided (GLUMRB, 1996).
22.2 Filter classification

Trickling filters are classified according to the applied hydraulic and organicloading rates. The hydraulic loading rate is expressed as the quantity ofwastewater applied per day per unit area of bulk filter surface (m3 /(d � m2),gal/(d � ft2), or Mgal/(d � acre) or as depth of wastewater applied per unitof time. Organic loading rate is expressed as mass of BOD5 applied per dayper unit of bulk filter volume (kg/(m3
� d), lb/(1000 ft3

� d)). Common clas-sifications, are low- or standard-rate, intermediate-rate, high-rate, super-high-rate, and roughing. Two-stage filters are frequently used, in which twotrickling filters are connected in series. Various trickling filter classifica-tions are summarized in Table 6.14.
22.3 Recirculation

Recirculation of a portion of the effluent to flow back through the filteris generally practised in modern trickling filter plants. The ratio of thereturn flow Qr, to the influent flow Q is called the recirculation ratio r.Techniques of recirculation vary widely, with a variety of configura-tions. The recirculation ratios range from 0 to 4 (Table 6.14) with usualratios being 0.5 to 3.0.The advantages of recirculation include an increase in biological solidsin the system with continuous seeding of active biological material; elim-ination of shock load by diluting strong influent; maintenance of moreuniform hydraulic and organic loads; an increase in the DO level of theinfluent; thinning of the biological slime layer; an improvement of treat-ment efficiency; reduction of filter clogging; and less nuisance problems.

22.4 Design formulas

Attempts have been made by numerous investigators to correlate oper-ational data with the design parameters of trickling filters. The designof trickling filter plants is based on empirical, semiempirical, and massbalance concepts. Mathematical equations have been developed for
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TABLE 6.14 Typical Design Information for Trickling Filter Categories

Low rate SuperParameter (Standard) Intermediate rate High rate high rate Roughing Two stage
Filter media Rock, slag Rock, slag Rock Plastic Plastic, redwood Rock, plasticHydraulic loadingm3/(m2

� d) 1–3.7 3.7–9.4 9.4–37 14–86 47–187 9.4–37gal/(d � ft2) 25–90 90–230 230–900 350–2100 1150–4600 230–900Mgal/(d � acre) 1–4 4–10 10–39 15–91 50–200 10–39BOD5 loadingkg/(m3
� d) 0.08–0.32 0.24–0.48 0.48–1.0 0.48–1.6 1.6–8.0 1.0–2.0lb/(1000 ft3

� d) 5–20 15–30 30–60 30–100 100–500 60–120Recirculation rate 0 0–1 1–2 1–2 1–4 0.5–2Filter flies Many some few few or none few or none few or noneSloughing intermittent intermittent continuous continuous continuous continuousDepth, m 1.8–2.4 1.8–2.4 0.9–1.8 3–12 4.6–12 1.8–2.4ft 6–8 6–8 3–6 10–40 15–40 6–8BOD5 removal % 80–90 50–70 65–85 65–80 40–65 85–95(includes settling)Nitrification well partial little little no wellCombined processfor secondary treatment no unlikely likely yes yes yesfor tertiary treatment yes yes yes yes yes yesType normally SC/TF SC/TF SC/TF AS/TF AS/TF TF/TFused* ABF ABF RBC/TF AS/BF — —
* SC/TF�trickling filter after solid contactorAS�activated sludgeABF�activated biofilterRBC�rotating biological contactorBF�biofilter
SOURCES: US EPA (1974a), Metcalf and Eddy, Inc. (1991), WEF and ASCE (1991a, 1996a)



700 Chapter 6

calculating the BOD5 removal efficiency of biological filters on the basisof factors such as bed depth, types of media, recirculation, temperature,and loading rates. The design formulations of trickling filters of majorinterest include the NRC formula (1946), Velz formula (1948), Fairall(1956), Schulze formula (1960), Eckenfelder formula (1963), Galler andGotaas formulas (1964, 1966), Germain formula (1966), Kincannon andStover formula (1982), Logan formula (Logan et al., 1987a, b), and Britishmultiple regression analysis equation (1988). These are summarizedelsewhere (WEF and ASCE, 1991a; McGhee, 1991).
NRC formula. The NRC (National Research Council) formula fortrickling-filter performance is an empirical expression developed bythe National Research Council from an extensive study of the oper-ating data of trickling treatment plants at military bases within theUnited States during World War II in the early 1940s (NRC, 1946).It may be applied to single-stage and multistage rock filters withvarying recirculation ratios. Graphic expressions for BOD removalefficiency are available. The equation for a single-stage or first-stagerock filter is

(6.129)

(6.130)

where E1 � efficiency of BOD removal for first stage at 20�Cincluding recirculation and sedimentation, %
W � BOD loading to filter, kg/d or lb/d 

� flow times influent concentration 
V � volume of filter media, m3 or 1000 ft3
F � recirculation factor

The recirculation factor is calculated by

(6.131)

where r � recirculation ratio, Qr/Q
Qr � recirculation flow, m3/d or Mgal/d
Q � wastewater flow, m3/d or Mgal/d

F 5 1 1 r
s1 1 0.1rd2

E1 5
100

1 1 0.5612W/VF� � sUS customary unitsd

E1 5
100

1 1 0.5322W/VF� � sSI unitsd



Wastewater Engineering 701

The recirculation factor represents the average number of passes of theinfluent organic matter through the trickling filter. For the second-stage filter, the formula becomes
(SI units) (6.132)

(British system) (6.133)

where E2 � efficiency of BOD5 removal for second-stage filter, %
W 
 � BOD loading applied to second-stage filter, kg/d or lb/d

Other terms are as described previously. Overall BOD removal efficiencyof a two-stage filter system can be computed by
(6.134)

where the term 35 means that 35% of BOD of raw wastewater isremoved by primary settling.BOD removal efficiency in biological treatment process is significantlyinfluenced by wastewater temperature. The effect of temperature canbe calculated as
ET � E20 1.035T–20 (6.135)

Example 1: Estimate the BOD removal efficiency and effluent BOD5 of a two-stage trickling filter using the NRC formula with the following given conditions.
Wastewater temperature 20�CPlant flow Q 2 Mgal/d (7570 m3)BOD5 in raw waste 300 mg/LVolume of filter (each) 16,000 ft3 (453 m3)Depth of filter 7 ft (2.13 m)Recirculation for filter 1 � 1.5 QRecirculation for filter 2 � 0.8 Q

solution:

Step 1. Estimate BOD loading at the first stage
Influent BOD C1 � 300 mg/L (1 – 0.35) � 195 mg/L

W � QC1 � 2 Mgal/d �195 mg/L � 8.34 lb/(Mgal � mg/L)
� 3252 lb/d

E 5 100 2 100a1 2 35
100b  a1 2 E1100b  a1 2 E2100b

 E2 5
100

1 1 0.0561
1 2 E1

  ÅW r

VF

 E2 5
100

1 1 0.0532
1 2 E1

  ÅW r

VF
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Step 2. Calculate BOD removal efficiency of filter 1
Using Eqs. (6.131) and (6.130)

Step 3. Calculate effluent BOD concentration of filter 1
C1e � 195 mg/L (1 – 0.632)

� 71.8 mg/L
Step 4. Calculate BOD removal efficiency of filter 2

Step 5. Calculate effluent BOD concentration of filter 2
C2e � 71.8 mg/L � (1 � 0.719)

� 20.1 mg/L
Step 6. Calculate the overall efficiency 
(a) Using Eq. (6.134)

E � 100 � 100[(1 � 0.35)(1 � 0.632)(1 � 0.719)]
� 93.3%

(b)
E � (300 mg/L � 20.1 mg/L)/(300 mg/L)

� 0.933
� 93.3%

Note: At 20�C, no temperature correction is needed.

 5 71.9%
E2 5

100%
1 1 0.056121198/s16 3 1.54d

 5 1198 slb/dd
Mass of influent BOD 5 2 3 71.8 3 8.34

F r 5 1 1 0.8
s1 1 0.1 3  0.8d2 5 1.54

 5 63.2s%d
 5 100

1 1 0.056123252/s16 3 1.89d

E1 5
100

1 1 0.05612W/VF

 5 1.89
F 5 1 1 r1

s1 1 0.1r1d2
5

1 1 1.5
s1 1 0.1 3  1.5d2
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Example 2: Determine the size of a two-stage trickling filter using the NRCequations. Assume both filters have the same efficiency of BOD5 removal andthe same recirculation ratio. Other conditions are as follows.

Wastewater temperature 20�CWastewater flow Q 3785 m3/d (1 Mgal/d)Influent BOD5 195 mg/LDesign effluent BOD5 20 mg/LDepth of each filter 2 m (6.6 ft)Recirculations for filters 1 and 2, r1 � r2 1.8

solution:

Step 1. Determine E1 and E2
Overall efficiency � (195 –  20) mg/L � 100% /195 mg/L

� 89.7%
E1 + E2(1 � E1) � 0.897
E1r + E2 – E1E2 � 0.897

Since E1 � E2

Thus

Step 2. Calculate the recirculation factor F

Step 3. Calculate mass BOD load to the first-stage filter, W
Influent BOD � 195 mg/L � 195 g/m3

� 0.195 kg/m3

W � QC1 � 3785 m3/d � 0.195 kg/m3

� 738 kg/d
Step 4. Calculate the volume V of the first filter using Eq. (6.129)

E1 5
100

1 1 0.5322W/VF

 5 2.01
F 5 1 1 r

s1 1 0.1rd2 5
1 1 1.8

s1 1 0.1 3 1.8d2

E1 5 0.68 5 68%
E1 5

2 6 24 2 4 3 0.897
2

E21 2 2E1 1 0.897 5 0



704 Chapter 6

From Step 1

Step 5. Calculate the diameter d of the first filter
Area � V/depth � 469 m3/2 m

� 234.5 m2

d2
p/4 � 234.5 m2

d � 17.3 m
Step 6. Calculate the mass BOD loading W
 to the second-stage filter

W
 � W(1 � E) � 738 kg/d (1 � 0.68)
� 236.2 kg/d

Step 7. Calculate the volume of the second filter using Eq. (6.132)

Step 8. Calculate the diameter of the second-stage filter
A � 1467 m3/2 m

� 733.5 m2 

d2
� 733.5m2 

� 4/p
d � 30.6 (m)

Step 9. Check the BOD loading rate to each filter
(a) First-stage filter, from Steps 3 and 4

BOD loading rate � W � V � 738 kg/d � 469 m3

� 1.57 kg/(m3
� d)

Note: The rates are between 1.0 and 2.0 kg/(m3
� d) (Table 6.14).

V 5 1467sm3d
68 1 122521/V 5 100

68 5 100
1 1 0.532

1 2 0.68 Å 236.2
2.01V

E2 5
100

1 1 0.532
1 2 E1Å W r

VF

V 5 469sm3d
2367.2/V 5 0.885

68 5 100
1 1 0.5322738/2.01V
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(b) Second-stage filter, from Steps 6 and 7
BOD loading rate � 236.2 kg/d � 1467 m3

� 0.161 kg/(m3
� d)

Step 10. Check hydraulic loading rate to each filter
(a) For first-stage filter, recirculation ratio r1 � 1.8, and from Step 5

(b) For second-stage filter, r2 � 1.8, from Step 8

Formulation for plastic media. Numerous investigations have been under-taken to predict the performance of plastic media in the trickling filterprocess. The Eckenfelder formula (1963) and the Germain (1965) appliedSchulze formulation (1960) are the ones most commonly used to describethe performance of plastic media packed trickling filters.
Eckenfelder formula. Eckenfelder (1963) and Eckenfelder and Barnhart(1963) developed an exponential formula based on the rate of wasteremoval for a pseudo-first-order reaction, as below:

(6.136)
where Se � effluent soluble BOD5, mg/L

Si � influent soluble BOD5, mg/L
K � observed reaction rate constant, m/d or ft/d
As � specific surface area

� surface area/volume, m2/m3 or ft2/ft3
D � depth of media, m or ft
q � influent volumetric flow rate

� Q/A
Q � influent flow, m3/d or ft3/d
A � cross-sectional area of filter, m2 or ft2

m, n � empirical constants based on filter media

Se/Si 5 exp[2KA11ms D/qn]

 5 14.4 m3/sm2 # dd
HLR 5 s1 1 1.8d 3 3785 m3/d

733.5 m2

 5 45.2 m3/sm2 # dd
HLR 5

s1 1 1.8d 3 3785 m3/d
234.5 m2
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The mean time of contact t of wastewater with the filter media is relatedto the filter depth, the hydraulic loading rate, and the nature of the filterpacking. The relationship is expressed as

(6.137)

and
C > 1/Dm (6.138)

where t � mean detention time
C, n � constants related to the specific surfaceand configuration of the packing

Other terms are as in Eq. (6.136).Eq. (6.136) may be simplified to the following form
Se/Si � exp[–kD/qn] (6.139)

where k is a new rate constant, per day.
Example: Estimate the effluent soluble BOD5 from a 6-m (20-ft) plastic packedtrickling filter with a diameter of 18 m (60 ft). The influent flow is 4540 m3/d(1.2 Mgal/d) and the influent BOD is 140 mg/L. Assume that the rate constant
k � 1.95 per day and n � 0.68.
solution:

Step 1. Calculate the area of the filter A
A � p(18 m/2)2

� 254 m2

Step 2. Calculate the hydraulic loading rate q
q � Q/A � 4540 m3/d � 254 m2

� 17.9 m3/(m2
� d)

� 19.1 (Mgal/d)/acre
Step 3. Calculate the effluent soluble BOD using Eq. (6.139)

 5 27 mg/L
 5 140 mg/L exp[21.95 3 6/s17.9d0.68]

Se 5 Si exp[2kD/qn]

t
D 5

C
qn 5

C
sQ/Adn
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Germain formula. In 1966, Germain applied the Schultz (1960) formula-tion to a plastic media trickling filter and proposed a first-order equationas follows:
Se/Si � exp[–k20D/qn] (6.140)

where Se � total BOD5 of settled effluent, mg/L
Si � total BOD5 of wastewater applied to filter, mg/L

k20 � treatability constant corresponding to depth of filterat 20�C
D � depth of filter
q � hydraulic loading rate, m3/(m2

� d) or gal/min/ft2
n � exponent constant of media, usually 0.5

The treatability constant at another depth of the filter must be correctedfor depth when the k20 value is determined at one depth. The relation-ship proposed by Albertson and Davis (1984) is
k2 � k1(D1/D2)x (6.141)

where k2 � treatability constant corresponding to depth D2 of filter 2
k1 � treatability constant corresponding to depth

D1 of filter 1
D1 � depth of filter 1, ft
D2 � depth of filter 2, ft

x � 0.5 for vertical and rock media filters
� 0.3 for crossflow plastic media filters

The values of k1 and k2 are a function of wastewater characteristics, thedepth and configuration of the media, surface area of the filter, dosingcycle, and hydraulic loading rate. They are interdependent. Germain(1966) reported that the value of k for a plastic media filter 6.6 m (21.6 ft)deep, treating domestic wastewater, was 0.24 (L/s)n/m2 and that n is 0.5.This VFC media had a surface area of 88 m2/m3 (27 ft2/ft3). The ranges
of k values in (L/s)0.5/m2 for a 6-m (20-ft) tower trickling filter packedwith plastic media at 20�C are 0.18 to 0.27 for domestic wastewater, 0.16to 0.22 for domestic and food waste, 0.054 to 0.14 for fruit-canningwastes, 0.081 to 0.14 for meat packing wastes, 0.054 to 0.11 for papermill wastes, 0.095 to 0.14 for potato processing, and 0.054 to 0.19 for arefinery. Multiplying the value in (L/s)0.5/m2 by 0.37 obtains the valuein (gal/min)0.5/ft2.
Distributor speed. The dosing rate of BOD5 is very important for treatmentefficiency. The instantaneous dosing rate is a function of the distributor
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speed or the on–off times for a fixed distributor. The rotational speed ofa rotary distributor is expressed as follows:
(6.142)

(6.143)
where n � rotational speed of distributor, rev/min

qt � total applied hydraulic loading rate, m3/(m2
� d) or 

� q � qr (gal/min)/ft2
q � influent wastewater hydraulic loading rate, m3/(m2

� d) or (gal/min)/ft2
qr � recycle flow hydraulic loading rate, m3/(m2

� d) or(gal/min)/ft2
a � number of arms in rotary distributor assemblyDR � dosing rate, cm or in per pass of distributor arm

The required dosing rates in inches per pass for trickling filters isdetermined approximately by multiplying the organic loading rate,expressed in lb BOD5/1000 ft3, by 0.12. For SI units, the dosing ratein cm per pass can be obtained by multiplying the loading rate inkg/m3 by 0.30.
Example: Design a 8.0 m (26 ft) deep plastic packed trickling filter to treatdomestic wastewater and seasonal (summer) food-process wastewater withgiven conditions as follows:

Average year-round domestic flow Q 5590 m3/d (1.48 Mgal/d)Industrial wastewater flow 4160 m3/d (1.1 Mgal/d)Influent domestic total BOD5 240 mg/LInfluent domestic plus industrial BOD5 520 mg/LFinal effluent BOD5  24 mg/LValue of k at 26�C and at 6 m 0.27(L/s)0.5/m2
(from pilot plant study) or 0.10 (gal/min)0.5/ft2

Sustained low temperature in summer 20�CSustained low temperature in winter 10�C

solution:

Step 1. Compute k value at 20�C at 6 m

 5 0.22sL/sd0.5/m2
 5 0.27sL/sd0.5/m2

3 1.03520226
k20@6 5 k26@6uT226

n 5 1.6qt
asDRd� � � � sUS customary unitsd

n 5 0.00044qt
asDRd � � � � sSI unitsd
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Step 2. Correct the observed k20 value for depth of 8 m, using Eq. (6.141)
k2 � k1(D1/D2)x

At 8 m depth

Step 3. Compute the summer total flow
Q � (5590 � 4160) m3/d

� 9750 m3/d � 1000 L/m3
� 86,400 s/d

� 112.8 L/s
Step 4. Determine the surface area required for an 8-m deep filter forsummer, using Eq. (6.140)

Se/Si � exp[�k20D/qn]
Substituting Q/A for q in Eq. (6.140) and rearranging yields

ln Se/Si � �k20D/(Q/A)n

A � Q[�(ln Se/Si)/k20D]1/n

� 112.8[�(ln 24/520)/(0.19 � 8)] 1/0.5

� 462 (m2)
Step 5. Similarly, determine the surface area required for an 8-m deep filterduring the winter at 10�C to meet the effluent requirements
(a) Determine k10 for 6-m filter

k10@8 � 0.27 (L/s)0.5/m2
� 1.03510 � 26

� 0.156 (L/s)0.5/m2

(b) Correct k10 value for 8-m filter
k10@8 � 0.156 [(L/s)0.5/m2] � (6/8)0.5

� 0.135 (L/s)0.5/m2

(c) Compute the area required (without industrial wastewaters in winter)
Q � 5590 m3/d � 1000 L/m3

� 86,400 s/d
� 64.7 L/s

A � 64.7[�(ln 24/240)/(0.135 � 8)]2

� 294 (m2)

 5 0.19sL/sd0.5/m2
 5 0.22sL/sd0.5/m2

3 0.866
k20@8 5 k20@6s6/8d0.5
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Step 6. Select the design area required
The required design area is controlled by the summer condition. Because thearea required for the summer condition is larger (see Steps 4 and 5), thedesign area required is 462 m2.
Step 7. Compute the hydraulic loading rates, HLR or qt
(a) For summer HLR � 9750 m3/d � 462 m2

� 21.1 m3/(m2
� d)

� 518 gal/ft2
� d

(b) For winter HLR � 5590 m3/d � 462 m2

� 12.1 m3/(m2
� d)

� 297 gal/ft2
� d

Step 8. Check the organic (BOD) loading rates
(a) For summer

(b) For winter

Step 9. Determine rotation speed of rotary distributor, using Eq. (6.142)
The required dosing rates in cm/pass of arm for the trickling filter can be approx-imately estimated by multiplying the BOD loading rate in kg/(m3

� d) by 0.30.
(a) For summer, dose rate DR is, from Step 8a

DR � 1.37 � 0.3 � 0.41 cm/pass

 5 22.5 lb/1000 ft3 # d
 5 0.36 kg/sm3 # dd

BOD loading 5 5590 m3/d 3 240 g/m3
3696 m3

3 1000 g/kg

 5 85.6 lb/1000 ft3 # d
 5 1.37 kg/sm3 # dd

BOD loading 5 9750 m3/d 3 520 g/m3
3696 m3

3 1000 g/kg

 5 3696 m3
Volume of filter 5 8 m 3 462 m2
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Using 2 arms in the rotary distributor, a � 2; from Step 7a � 21.1 m3/(m2
� d)

or 1 revolution every 88.5 min
(b) For winter

From Step 8b
DR � 0.36 � 0.3 � 0.108

From Step 7b
qt � 12.1 m3/(m2

� d)
Thus

or one revolution every 40 min

23 Rotating Biological Contactor

The use of plastic media to develop the rotating biological contactor(RBC) was commercialized in Germany in the late 1960s. The processis a fixed-film (attached growth) either aerobic or anaerobic biologicaltreatment system for removal of carbonaceous and nitrogenous mate-rials from domestic and industrial wastewaters. It was very popularduring the late 1970s and early 1980s in the United States.The RBC process can be used to modify and upgrade existing treat-ment systems as secondary or tertiary treatment. It has been success-fully applied to all three steps of biological treatment, that is BOD5removal, nitrification, and denitrification.The majority of RBC installations in the northern United Stateshave been designed for removal of BOD5 or ammonia nitrogen (NH3-N),or both, from domestic wastewater. Currently in the United Statesthere are approximately 600 installations for domestic wastewatertreatment and more than 200 for industrial wastewater treatment.Over 1000 installations have been used in Europe, especially inGermany.

 5 0.025srev/mind
n 5 0.00044 3 12.1

2 3 0.108

 5 0.0113 srev/mind
n 5 0.00044 qt

asDRd 5
0.00044 3 21.1

2s0.41d
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A

B

Figure 6.28 (A) RBC units, (B) A view of an 84-unit RBCsfor nitrification in Peoria, Illinois.

23.1 Hardware

The basic elements of the RBC system are media, shaft, bearings,drive, and cover. The RBC hardware consists of a large-diameter andclosely spaced circular plastic media which is mounted on a horizon-tal shaft (Fig. 6.28). The shaft is supported by bearings and is slowlyrotated by an electric motor. The plastic media are made of corrugatedpolyethylene or polystyrene material with various sizes and configu-rations and with various densities. The configuration designs are basedon increasing stiffness and surface area, serving as spaces providinga tortuous wastewater flow path and stimulating air turbulence. As anexception, the Bio-Drum process consists of a drum filled with 38 mmplastic balls.
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The diameters of the media range from 4 ft (1.22 m) to 12 ft (3.66 m),depending on the treatment capacity. The shaft lengths vary from 5 ft(1.52 m) to 27 ft (8.23 m), depending on the size of the RBC unit(Banerji, 1980). Commonly used RBC shafts are generally 25 to 27 ft(6.62 to 8.23 m) in length with a media diameter of 12 ft (3.66 m).Standard density media provide 100,000 ft2 (9290 m2) of surface area.About 40% of the media is immersed in the wastewater at any timein trapezoidal, semicircular, or flat-bottom rectangular tanks withintermediate partitions in some cases. The shaft rotates at 1.5 to 1.7 rev/min for mechanical drive and 1.0 to 1.3 rev/min for air driveunits (Fig. 6.29). The wastewater flows can be perpendicular to or par-allel to the shafts.
23.2 Process description

In domestic wastewater treatment, the RBC does not require seedingto establish the biological growth. After RBC system startup, microor-ganisms naturally present in the wastewater begin to adhere to therotating media surface and propagate until, in about 1 week, the entire

Figure 6.29 Schematic diagram of air-drive RBC.
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Figure 6.30 Mechanism for attached growth media in RBC system.

surface area will be covered with an approximately 1- to 4-mm thicklayer of biological mass (biomass). The attached biomass contains about50,000 to 100,000 mg/L suspended solids (Antonie, 1978). The microor-ganisms in the film of biomass (biofilm) on the media remove biodegrad-able organic matter, nitrogen, and dissolved oxygen in wastewater andconvert the pollutants to more benign components (biomass and gaseousby-products).In the first-stage RBC biofilm, the most commonly observed fila-mentous bacterium is Sphaerotilus, Beggiatoa (a sulfur bacterium);
Cladothrix, Nocardia, Oscillatoria, and filamentous fungus, Fusarium,are also found, though less frequently. Nonfilamentous organisms in thefirst stage are Zocloea and Zooglear filipendula, Aerobacter aerogen,
Escherichia coli, unicellular rods, spirilla and spirochaetes, and uni-cellular algae. The final stages harbor mostly the same forms of biotain addition to Athrobotrys and Streptomyces reported by investigators(Pretorius, 1971; Torpey et al., 1971; Pescod and Nair, 1972; Sudo et al.,1977; Clark et al., 1978; Hitdlebaugh and Miller, 1980; Hoag et al., 1980;Kinner et al., 1982).In continuous rotation, the media carry films of wastewater into theair, which then trickle down through the liquid film surface into the bulkliquid (Figs. 6.30 and 6.31). They also provide the surface area neces-sary for absorbing oxygen from air. Intimate contact between the waste-water and the biomass creates a constantly moving surface area for thebacteria-substrate-oxygen interface. The renewed liquid layer (waste-water film) on the biomass is rich in DO. Both substrates and DO
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penetrate the liquid film through mixing and diffusion into the biofilmfor biological oxidation. Excess DO in the wastewater film is mixed withbulk wastewater in the tank and results in aeration of the wastewater.The rotating media are used for supporting growth of microorganismsand for providing contact between the microorganisms, the substrates,and DO.A group of RBC units is usually separated by baffling into stages toavoid short circuiting in the tank. There can be one shaft or more in astage. The hydraulic detention time in each stage is relatively short, on

Figure 6.31 Relative concentration of substrate and dis-solved oxygen for a loading condition and RBC rotationspeed as a function of media location (source: US EPA 1984).
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the order of 20 min under normal loading. Each RBC stage tends to oper-ate as a complete-mix reactor. The density and species of microbial pop-ulation in each stage can vary significantly, depending on wastewaterloading conditions. If RBCs are designed for secondary treatment, heavymicrobial growth, shaggy and gray in color, develops. Good carbonaceousremoval usually occurs in the first and second stages. The succeedingstages can be used for nitrification, if designed, which will exhibit nitri-fier growth, brown in color.The shearing process from rotation exerted on the biomass periodi-cally sloughs off the excess biomass from the media into the waste-water stream. This sloughing action prevents bridging and cloggingbetween adjacent media. The mixing action of the rotating media keepsthe sloughed biomass in suspension from settling to the RBC tank. Thesloughed-off solids flow from stage to stage and finally into the clarifierfollowing the RBC units. Intermediate clarification and sludge recycleare not necessary for the RBC process.In comparison with other biological treatment process, the RBCprocess differs from the trickling filter process by having substantiallylonger retention time and dynamic rather than stationary media; andfrom the activated-sludge process by having attached (fixed) biomassrather than a suspended culture and sludge recycle.The patented Surfact process was created and developed by thePhiladelphia Wastewater Department (Nelson and Guarino, 1977). Theprocess uses air-driven RBCs that are partially submerged in the aer-ation basins of an activated-sludge system. The RBCs provide fixed-film media for biological growth that are present in the recycledactivated sludge in the aeration tanks. The results are more active bio-logical coating on the fixed-film media than that which is found on suchmedia when used as a separate secondary treatment. Surfact combinesthe advantages of both RBC (fixed-film growth) and activated-sludgesystems in a single tank, producing additional biological solids in thesystem. The results can be either a higher treatment efficiency at thesame flow rate or the same level of treatment at a higher flow rate.

23.3 Advantages

Whether used in a small or a large municipal wastewater treatmentplant, the RBC process has provided 85% or more of BOD5 and ammo-nia nitrogen removal from sewage. In addition to high treatment capac-ity, it gives good sludge separation. It has the advantages of smalleroperation and maintenance costs, and of simplicity in operation. It canbe retrofitted easily to existing plants.The RBC process is similar to the trickling filter (fixed-film biolog-ical reactor) and to the activated-sludge process (suspended culture in
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the mixed liquor). However, the RBC has advantages over the trick-ling filter process, such as longer contact time (eight to ten times), rel-atively low land requirement (40% less), and less excavation, moresurface area renewal for aeration, greater effectiveness for handlingshock loadings, effective sloughing off of the excessive biomass, andwithout the nuisance of “filter flies.” The RBC system may use lesspower than either the mechanical aeration (activated-sludge) or thetrickling filter system of an equivalent capacity. It is anticipated thatthe RBC would exhibit a more consistent treatment efficiency duringthe winter months.Over 95% of biological solids in the RBC units are attached to themedia. These result in lower maintenance and power consumption ofthe RBC process over the activated-sludge process. In comparison withthe activated-sludge process, there is no sludge or effluent recycle witha minimum process control requirement. Less skilled personnel areneeded to operate the RBC process. A hydraulic surge or organic over-loading will cause activated-sludge units to upset in process operationand thereby cause sludge bulking. This is not the case for the RBCprocess, which has a better process stability. Other advantages of theRBC process over the activated-sludge process are relatively low landrequirement and less excavation, more flexibility for upgrading treat-ment facilities, less expense for nitrification, and better sludge settlingwithout hindered settling.

23.4 Disadvantages

The problems of the first generation of RBC units are mainly caused bythe failure of hardware and equipment. Significant effort has been madeto correct these problems by the manufacturers. The second or third gen-eration of RBC units may perform as designed.Capital and installation costs for the RBC system, including an over-head structure, will be higher than that for an activated-sludge systemof equal capacity. The land area requirement for the RBC process isabout 30% to 40% about that for the activated-sludge process.If low dissolved oxygen is coupled with available sulfide, the nuisancebacteria Beggiatoa may grow on the RBC media (Hitdlebaugh andMiller, 1980). The white biomass phenomenon is caused by the Beggiatoapropagation. These problems can be corrected by addition of hydrogenperoxide. Some minor disadvantages related to the RBC process as wellas other biological treatment processes include that a large land areamay be required for a very large facility, additional cost for enclosures,possible foul odor problem, shock loading recovery, extremes of waste-water, pH, Thiotrix or Beggiatoa growth, overloading, and controversyregarding the technological nature of RBC.
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23.5 Soluble BOD5

It is accepted that soluble BOD5 (SBOD) is the control parameter forRBC performance. The SBOD can be determined by the BOD test usingfiltrate from the wastewater samples. For RBC design purposes, it canalso be estimated from historical data on total BOD (TBOD) andsuspended solids. The SBOD is suspended BOD subtracted from TBOD.Suspended BOD is directly correlated with total suspended solids (TSS).Their relationships are expressed as
SBOD � TBOD � suspended BOD (6.144)

Suspended BOD � c (TSS) (6.145)
SBOD � TBOD � c (TSS) (6.146)

where c � a coefficient
� 0.5 to 0.7 for domestic wastewater
� 0.5 for raw domestic wastewater (TSS > TBOD)
� 0.6 for raw wastewater (TSS > TBOD) (municipal with commercial and industrial wastewaters)
� 0.6 for primary effluents
� 0.5 for secondary effluents

Example: Historical data of the primary effluent show that the averageTBOD is 145 mg/L and TSS is 130 mg/L. What is the influent SBOD con-centration that can be used for the design of an RBC system? RBC is used asthe secondary treatment unit.
solution:

For the primary effluent (RBC influent)
c � 0.6

Estimate SBOD concentration of RBC influent using Eq. (6.146)
SBOD � TBOD � c (TSS)

� 145 mg/L � 0.6 (130 mg/L)
� 67 mg/L

23.6 RBC process design

Many studies employ either the Monod growth kinetics or Michaelis—Menton enzyme kinetics for modeling organic and nitrogenous removals
by the RBC process. Under steady-state conditions and a complete-mixchamber, based on the material mass balance expression for RBC stages,zero-, half-, and first-order kinetics, nonlinear second-order differential
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equations, conceptional models, and empirical models have been proposed.However, the usefulness of these models to predict RBC performance isnot well established.Factors affecting the RBC performance include wastewater temper-ature, influent substrate concentration, hydraulic retention time, tankvolume to media surface area ratio, media rotational speed, and dis-solved oxygen (Poon et al., 1979).
Manufacturer’s empirical design approach. In the United States, thedesign of an RBC system for most municipal wastewaters is normallybased on empirical curves developed by various manufacturers.Unfortunately the empirical approach is often the least rational in itsmethodologies and omits many important performance parameters. Thedesigners or the users have relied heavily on the manufacturers forplanning and design assistance.The RBC design aspects for organic removal vary considerably amongthe various manufacturers. For the design loading, Autotrol (Envirex)(1979) and Clow (1980) use applied SBOD5 while Lyco (1982) usesapplied TBOD5. All can predict the water quality at intermediate pointsin the treatment process and at the effluent. However, the predicted per-formances are quite different among manufacturers.The manufacturer’s design curves are developed on the basis ofobserved municipal RBC wastewater treatment performances. Forexample, Figs. 6.32 and 6.33 show organic removal design curves. Themanufacturer’s empirical curves define effluent concentration (solubleor total BOD5 or NH3-N) or percent removal in terms of applied hydraulicloading rate or organic loading rate in conjunction with influent sub-strate concentration.In design, starting with a desired effluent concentration or percentremoval (① in Figs. 6.32 and 6.33) and given influent concentration ➁,the hydraulic loading ➂ can be selected. The RBC total media-surfacearea required is calculated by dividing the design flow rate by thehydraulic loading derived.Work by Antonie (1978) demonstrated that, for any kinetics orderhigher than zero, overall BOD5 removal for a given media surface areais enhanced by increasing the number of stages. Table 6.15 gives guide-lines for stages recommended by three manufacturers.One to four stages are recommended in most design manuals. A largenumber of stages are required to achieve higher removal efficiency. Therelationship between design curves and stages has not been establishedand the reasons for recommendations are not generally given. The stageselection is an integral part of the design procedure and should be usedintelligently. Based on substrate loading, the percent surface area forthe first stage can be determined from the manufacturer’s design curves
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Figure 6.33 RBC (mechanical drive) process design curves for total and soluble BODremoval (T � 13°C, 55°F).

Figure 6.32 RBC process (mechanical drive) design curves for percent total BODremoval (temperature � 13°C, 55°F).
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TABLE 6.15 RBC Stage Recommendations

Autotrol (1979) Lyco (1980)
Target effluent Min. number Target TBOD5 Number ofSBOD5, mg/L of stages Clow (1980) reduction stages
�25 1 At least up to 40% 115–25 1 or 2 4 stages 35–65% 2per train10–15 2 or 3 60–85% 3
�10 3 or 4 80–95% 4Minimum of four stagesrecommended for combined BOD5and NH3-N removal

TABLE 6.16 Typical Design Parameters for Rotating Biological Contactors Used 
for Various Treatment Levels

Parameter Secondary Combined nitrification Separate nitrification
Hydraulic loadinggal/(d � ft2) 2.0–40 0.75–2.0 1.0–2.5m3/(m2 � d) 0.081–0.163 0.030–0.081 0.041–0.102Soluble BOD5 loadinglb/(1000 ft2 � d) 0.75–2.0 0.5–1.5 0.1–0.3Total (T) BOD5 loadinglb/(1000 ft2 � d) 2.0–3.5 1.5–3.0 0.2–0.6Maximum loading on first stagelb SBOD/4–6 4–6(1000 ft2 � d)lb TBOD/ 8–12 8–12(1000 ft2 � d)NH3-N loadinglb/(1000 ft2 � d) 0.15–0.3 0.2–0.4Hydraulic 0.7–1.5 1.5–4 1.2–2.9retention time u, hEffluent 15–30 7–15 7–15BOD5, mg/LEffluent < 2 1–2NH3-N, mg/L

Note: lb/(1000 ft2
� d) � 0.00488 � kg/(m2

� d) 
SOURCE: Metcalf and Eddy Inc. (1991)

(not included). Typical design information for RBC used for varioustreatment levels is summarized in Table 6.16.To avoid organic overloading and possible growth of nuisance organ-isms, and shaft overloads, limitation of organic loadings has been rec-ommended as follows (Autotrol, 1979):
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TABLE 6.17 Factors for Required Surface Area Correction to Temperature

Temperature
°F °C For soluble BOD5 For ammonia-removal nitrogen removal
64 17.8 1.0 0.7162 16.7 1.0 0.7760 15.5 1.0 0.8258 14.4 1.0 0.8956 13.3 1.0 0.9855 12.8 1.0 1.0054 12.2 1.03 1.0252 11.1 1.09 1.1450 10.0 1.15 1.2848 8.9 1.21 1.4046 7.8 1.27 1.6345 7.2 1.31 1.7544 6.7 1.34 1.8542 5.6 1.42 2.3240 4.4 1.50 –

Then media distribution and choice of configurations can be made withengineering judgment or according to the manufacturer’s design manual.Most RBC manufacturers have a standard ratio of tank volume to mediasurface area at 1.2 gal/ft2 (48.9 L/m2).The manufacturers universally contend that wastewater tempera-tures above 55�F (12.8�C) do not affect the organic removal rate. Below55�F varying degrees of decreased biological activity rate are predictedby the manufacturers. Surface area correction factors for wastewatertreatment below 55�F are shown in Table 6.17. Most manufacturersrequire wastewater temperature not to exceed 90�F (32.2�C) which candamage the RBC media. Fortunately, this is normally not the case formunicipal wastewaters.In summary, an RBC system can be designed on the basis of infor-mation on total required media surface area, temperature correction,staging, and organic loading limits.RBC performance histories relative to empirical design have been exam-ined. Operational data indicated that the prediction results from manu-facturer’s design curves were considerably different from actual results

Organic (SBOD5) loading, lb/(d � 1000 ft2)
Media Mechanical drive Air drive

Standard density 4.0 5.0High density 1.7 2.5
Note: lb/(d � 1000 ft2) � 0.00488 � kg/(d � m2)
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(Opatken 1982, Brenner et al., 1984). They usually gave an overestimateof attainable removals. The manufacturer’s design curves should be usedwith caution whenever first-stage loading exceeds the recommended values.
Example 1: At the first stage of the RBC system, what is the maximumhydraulic loading if the total BOD5 for the influent and effluent are 150 and60 mg/L, respectively?
solution:

Step 1. Calculate percent TBOD removal

Step 2. Determine hydraulic loading limit
From Fig. 6.32, starting with 60% TBOD removal at point 1, draw a horizontalline to the intersect with the influent TBOD concentration of 150 mg/L at point2. Next, starting at point 2, draw a vertical line to intersect the hydraulic load-ing axis at point 3. Read the value at point 3 as 5.8 gal/(d � ft2). This is the answer.
Example 2: Compute the hydraulic and organic loading rates of an RBCsystem and of the first stage. Given:
Primary effluent (influent) flow �1.5 Mgal/d
Influent total BOD5 � 140 mg/L
Influent SBOD5 � 75 mg/L
Area of each RBC shaft � 100,000 ft2

Number of RBC shafts � 6
Number of trains � 2 (3 stages for each train)
No recirculation
solution:
Step 1. Compute the overall system hydraulic loading (HL)

Surface area of total system � 6 � 100,000 ft2

� 600,000 ft2

Note: It is  in the range of 2 to 4 gal/(d � ft2).
 5 2.5 gal/sd # ft2d

 System HL 5 1,500,000 gal/d
600,000 ft2

 5 60%

 % removal 5 s150 2 60d mg/L 3 100%
150 mg/L
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Step 2. Compute the organic loadings of the overall RBC system

Note: Design range � 2 to 3.5 lb/1000 ft2.

Note: Design range � 0.75 to 2.0 lb/1000 ft2.
Step 3. Compute the organic loadings of the first stage
Two units are used as the first stage.

Example 3: A municipal primary effluent with total and soluble BOD5 of 140and 60 mg/L, respectively, is to be treated with an RBC system. The RBC efflu-ent TBOD and SBOD is to be 24 and 12 mg/L, respectively, or less. The tem-perature of wastewater is 60�F (above 55�F; no temperature correctionneeded). The design plant flow is 4.0 Mgal/d (15,140 m3/d). The maximumhourly flow is 10.0 Mgal/d (37,850 m3/d).
solution:

Step 1. Determine the allowable hydraulic loading rate
From Fig. 6.33, at effluent

SBOD � 12 mg/L with
Hydraulic loading � 3.44 gal/(d � ft2)

 5 4.69 [lb/s1000ft2 # dd]
 Soluble BOD loading 5 1.5 3 75 3 8.34

200 3 1000

 5 8.76 [lb/s1000 ft2 # dd]
 Total  BOD  loading 5 1.5 3 140 3 8.34

2 3 100,000

 5 7.6 g/sm2 # dd
 5 1.56 # lbs1000 ft2 # dd

 Soluble BOD loading 5 1.5 3 75 3 8.34
600 3 1000

5 14.2 g/sm2 # dd
5 2.92/lbs1000 ft2 # dd

 Total  BOD loading 5 1.5 Mgal/d 3 140 mg/L 3 8.34 lb/sMgal.mg/ Ld
600 3 1000 ft2
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Step 2. Compute the required surface area of the RBC

Step 3. Check the design for overall organic loading rate

It is under 2.0 [lb�(1000 ft2
� d)], therefore OK.

Step 4. Size the first stage
The size factor for the area required for the first stage is 0.2 � SBOD load-ing. For this case, the size factor is 0.346 (0.2 � 1.73, or 34.6% of total surfacearea). This value can be obtained from the manufacturer’s curves.

Surface area for first stage � 0.346 � 1,160,000 ft2

≅ 400,000 ft2

Step 5. Determine configuration
(a) Choice standard media assemblies each having 100,000 ft2 for the firststage

Unit for first stage � 400,000 ft2/100,000 ft2

� 4
Use 4 standard media; each is installed at the first stage of 4 trains.

(b) Choice Hi-Density media assemblies have 150,000 ft2 for the followingstages
High-Density media area � (1,160,000 � 400,000) ft2

� 760, 000 ft2

No. of Hi-Density assemblies � 760,000 ft2/150,000 ft2

� 5.1
Alternative 1: Use 4 standard media at stages 2 and 3.
Alternative 2: Use 4 Hi-density media at stages 2 and 4 standard densitymedia at stage 3 
Alternative 1 is less costly. 
Alternative 2 has an advantage in preventing shock loadings.

 5 1.73 [lb/s1000 ft2 # dd]
 SBOD loading 5 4 Mgal/d 3 60 mg/L 3 8.34 lb/sMgal # mg/Ld

1.160,000 ft2

 5 1,160,000 ft2

 Area 5 4,000,000 gal/d
3.44 gal/sd # ft2d
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(c) Possible configurations are designed using 4 trains with 3 stages each, asshown below:
(1) SSSS � SSSS � SSSS

or
(2) SSSS � HHHH � SSSS

Note: S � standard density media; H � high density media.
Step 6. Determine the required surface area for the secondary settling tank
(a) Compute surface area based on average (design) flow using an overflowrate of 600 gal/(d � ft2)

Area � 4,000,000 (gal/d)/600 (gal/(d � ft2) 
� 6,670 ft2

(b) Compute surface area based on peak flow using an overflow rate of 1200 gal/(d � ft2)
Area � 10,000,000 (gal/d)/1200 (gal/(d � ft2))

� 8330 ft2

(c) On the basis of the above calculations, the size of the secondary settlingtank is controlled by the maximum hourly flow rate.
24 Dual Biological Treatment

Dual biological treatment processes use a fixed film reactor in series witha suspended growth reactor. Dual processes include such as activatedbiofilter, trickling filter-solids contact, roughing filter-activated sludge,biofilter-activated sludge, trickling filter-activated sludge, roughingfilter-RBC, roughing filter-aerated lagoon, roughing filter-facultativelagoon, roughing filter-pure oxygen activated sludge. Descriptions ofthese dual processes may be found elsewhere (Metcalf and Eddy, Inc.1991; WEF and ASCE, 1991a).
25 Stabilization Ponds

The terms stabilization pond, lagoon, oxidation pond have been used syn-onymously. This is a relatively shallow earthen basin used as second-ary or tertiary wastewater treatment, especially in rural areas.Stabilization ponds have been employed for treatment of wastewater forover 300 years. Ponds have become popular in small communitiesbecause of their low construction and operating costs. They are used totreat a variety of wastewaters from domestic and industrial wastes andfunctions under a wide range of weather conditions. Ponds can beemployed alone or in combination with other treatment processes.
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Stabilization ponds can be classified as facultative (aerobic-anaerobic),aerated, aerobic, and anaerobic ponds according to the dominant typeof biological activity or reactions occurring in the pond. Other classifi-cations can be based on the types of the influent (untreated, screened,settled effluent, or secondary (activated-sludge) effluent), the durationof discharge (nonexistent, intermittent, and continuous), and the methodof oxygenation (photosynthesis, atmospheric surface reaeration, andmechanical aeration). Aerated ponds (aerated lagoons) have been dis-cussed previously.

25.1 Facultative ponds

The most common type of stabilization pond is the facultative pond. Itis also called the wastewater lagoon. Facultative ponds are usually1.2 to 2.5 m (4 to 8 ft) in depth, with an aerobic layer overlying an anaer-obic layer, often containing sludge deposits. The detention time is usually5 to 30 days (US EPA, 1983b).The ponds commonly receive no more pretreatment than screening(few with primary effluent). It can also be used to follow trickling filters,aerated ponds, or anaerobic ponds. They then store grit and heavy solidsin the first or primary ponds to form an anaerobic layer. The system isa symbiotic relationship between heterotrophic bacteria and algae.Bacteria found in an aerobic zone of a stabilization pond are prima-rily of the same type as those found in an activated-sludge process or inthe zoogleal mass of a trickling filter. The most frequently isolated bac-teria include Beggiatoa alba, Sphaerotilus natans, Achromobacter,
Alcaligenes, Flavobacterium, Pseudomonas, and Zoogloea spp. (Lynchand Poole, 1979). These organisms decompose the organic materialspresent in the aerobic zone into oxidized end products.Organic matter in wastewater is decomposed by bacterial activities,including both aerobic and anaerobic, which release phophorus, nitro-gen, and carbon dioxide. Oxygen in the aerobic layer is supplied by sur-face reaeration and algal photosynthesis. Algae consume nutrient andcarbon dioxide produced by bacteria and release oxygen to water. DO isused by bacteria, thus forming a symbiotic cycle. In the pond bottom,anaerobic breakdown of the solids in the sludge layer produces dis-solved organics and gases such as methane, carbon dioxide, and hydro-gen sulfide. Between the aerobic and anaerobic zones, there is a zonecalled the facultative zone. Temperature is a major factor for the bio-logical symbiotic activities.Organic loading rates on stabilization ponds are expressed in termsof kg BOD5 applied per hectare of surface area per day (lb BOD/(acre � d)), or sometimes as BOD equivalent population per unit area.Typical organic loading rates are 22 to 67 kg BOD/(ha � d) (20 to 60 lbBOD/(a � d)). Typical detention times range from 25 to 180 days. Typical
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TABLE 6.18 Recommended BOD5 Loading Rates for Facultative Ponds

Water depth BOD loading rateAverage winter airtemperature, �C m ft kg/(ha � d) lb/(acre � d)
<0 1.5–2.1 5–7 11–22 10–200–15 (59ºF) 1.2–1.8 4–6 22–45 20–40>15 1.1 3.6 45–90 40–80

SOURCE: US EPA (1974b)

dimensions are 1.2 to 2.5 m (4 to 8 ft) deep with 4 to 60 ha (10 to 150 acres)of surface area (US EPA, 1983b).Facultative ponds are commonly designed to reduce BOD to about30 mg/L; but, in practice, it ranges from 30 to 40 mg/L or greater due toalgae. Volatile organic removal is between 77% and 96%. Nitrogenremoval achieves 40% to 95%. Less phosphorus removal is observed,being less than 40%. Effluent TSS levels range from 40 to 100 mg/L,mainly contributed by algae (WEF and ASCE, 1991b). The presence ofalgae in pond effluent is one of the most serious performance problemsassociated with facultative ponds. The ponds are effective in removal offecal coliform (FC) due to their dying off. In most cases effluent FC den-sities are less than the limit of 200 FC/100 ml.
Process design. Several design formulas with operational data werepresented in the design manual (US EPA, 1974b). Calculations of the sizeof a facultative pond are also illustrated for the areal loading rate pro-cedure, Gloyna equation, Marais–Shaw equation, plug-flow model, andWehner–Wilhelm equation. The design for partial-mix aerated lagoon isgiven elsewhere (WPCF, 1990). In this section, design methods of theareal loading rate method and the Wehner and Wilhelm model arediscussed.

Areal loading rate method. The design procedure is usually based onorganic loading rate and hydraulic residence time. Several empiricaland rational models for the design of facultative ponds have been pro-posed. Several proposed design methods have been discussed elsewhere(US EPA, 1983b). The areal loading rate is the most conservative designmethod and can be adapted to specific standards. The recommendedBOD loading rates based on average winter air temperature are givenin Table 6.18 (US EPA , 1974b).The surface area required for the facultative pond is determined bydividing the organic (BOD) load by the appropriate BOD loading ratelisted in Table 6.18 or from the specific state standards. It can be



Wastewater Engineering 729

expressed as the following equation (as used for other processes):
(6.147)

(6.148)
where A � area required for facultative pond, ha or acreBOD � BOD concentration in influent, mg/L

Q � flow of influent, m3/d or Mgal/dLR � BOD loading rate for average winter air temperature,kg/(ha � d) or lb/(acre � d)1000 � conversion factor, 1000 g � l kg8.34 � conversion factor, 1 Mgal � mg/L � 8.34 lb
The BOD loading rate at the first cell in a series of cells (ponds) shouldnot exceed 100 kg/(ha � d) (90 lb/(acre � d)) for warm climates, averagewinter air temperature greater than 15�C (59�F), and 40 kg/(ha � d)(36 lb/(acre � d)) for average winter air temperature less than 0�C (32�F).

Example 1: The design flow of facultative ponds for a small town is 1100 m3/d(0.29 Mgal/d). The expected influent BOD is 210 mg/L. The average winter tem-perature is 10�C (50�F). Design a three-cell system with organic loading less than80 kg/(ha � d) (72 lb/(acre � d)) in the primary cell. Also estimate the hydraulic deten-tion time when average sludge depth is 0.5 m and there are seepage and evapo-ration losses of 2.0 mm of water per day.
solution:

Step 1. Determine area required for the total ponds
From Table 6.18, choose BOD loading rate LR � 38 kg/(ha � d) (33.9 lb/(acre � d)),because mean air temperature is 10�C. Using Eq. (6.147)

Step 2. Determine the area required for the primary cell (use LR � 80 kg/(ha � d))

 5 2.80 shad
 Area 5 1100 3 210

80 3 1000

 5 60,800  m2
 5 6.08  ha s16.6  areasd

 A 5
QsBODd
sLRds1000d 5

1100 m3/d 3 210 g/m3
38 kg/sha # dd 3 1000 g/kg

 A 5
QsBODds8.34d

sLRd   � � � � s  British  unitsd

 A 5
QsBODd
sLRds1000d� � � � sSI  unitsd
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Step 3. Sizing for 3 cells
Referring to Table 6.18, choose water depth of 1.5 m (5 ft) for all cells.
(a) Primary cell:

Area � 2.88 ha � 28,800 m2

Use 100-m (328-ft) wide, 288-m (945-ft) long and 1.5-m (5-ft) deep pond.
(b) Two other cells:

Area for each � (60,800 � 28,800) m2/2
� 16,000 m2

Choose 144 m in length, then the width � 111 m
The pond arrangements are as shown below.

Step 4. Estimate the hydraulic retention time
(a) Calculate the storage volume V (when average sludge depth � 0.5 m)

V � (1.5 m � 0.5 m) � 60,800 m2 

� 60,800 m3

(b) Calculate the water loss V 


V 
 � 0.002 m/d � 60,800 m2 
� 122 m3/d

(c) Calculate the HRT storage time

 5  62 days
 HRT 5 V

Q 2 V r 5
60,800 m2

1100 m3/d 2 122 m3/d
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Example 2: A lagoon system contains two cells in series. Each cell is 110 m �220 m (360 ft � 720 ft) in size with a maximum operating depth of 1.64 m(5.4 ft) and a minimum operating depth of 0.55 m. (1.8 ft). The wastewaterflow is 950 m3/d (0.25 MGD) with an average BOD5 of 105 mg/L. Determinethe organic loading rate and the detention time of the lagoon. The tempera-ture ranges 10 to 15�C.
solution:

Step 1. Calculate the BOD5 loading rate
BOD5 mass � 950 m3/d � 105 mg/L � 1000 L/m3 

� 10�6 kg/mg
� 99.75 kg/d

Area of the primary cell � 110 m � 220 m
� 24,200 m2

� 10�4 ha/m2 

� 2.42 ha
BOD5  loading rate � (99.75 kg/d)/(2.42 ha)

� 41.2 kg/(ha � d)
This loading rate is acceptable by checking with Table 6.18, at temperature
�15�C, the recommended BOD5 loading rate ranges 22 to 45 kg/(ha � d).
Step 2. Calculate the detention time
The detention time � 24,000 m2/cell � (1.64 m � 0.55 m) � 2 cells � 950 m3/d

� 55.5 days
Wehner and Wilhelm equation. Wehner and Wilhelm (1958) used the first-order substrate removal rate equation for a reactor with an arbitraryflow-through pattern, which is between a plug-flow pattern and acomplete-mix pattern. Their proposed equation is

(6.149)

where C � effluent substrate concentration, mg/L
C0 � influent substrate concentration, mg/L
a �
k � first-order reaction constant, 1/h
t � detention time, h

D � dispersion factor�H/uL
H � axial dispersion coefficient, m2/h or ft2/h
u � fluid velocity, m/h or ft/h
L � length of travel path of a typical particle, m or ft

21 1 4ktD

C
C0
5

4a exp s1/2Dd
s1 1 ad2 expsa/2Dd 2 s1 2 ad2 exps2 a/2D d
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Figure 6.34 Relationship between kt values and percent BOD remainingfor various dispersions factors, by the Wehner-Wilhelm equation.

The Wehner-Wilhelm equation for arbitrary flow was proposed byThirumurthi (1969) as a method of designing facultative pond systems.Thirumurthi developed a graph, shown in Fig. 6.34, to facilitate the useof the equation. In Fig. 6.34, the term kt is plotted against the percentBOD5 remaining (C/C0) in the effluent for dispersion factors varyingfrom zero for an ideal plug-flow reactor to infinity for a complete-mixreactor. Dispersion factors for stabilization ponds range from 0.1 to 2.0,with most values not exceeding 1.0 due to the mixing requirement. Typicalvalues for the overall first-order BOD5 removal rate constant k vary from0.05 to 1.0 per day, depending on the operating and hydraulic character-istics of the pond. The use of the arbitrary flow equation is complicatedin selecting k and D values. A value of 0.15 per day is recommended for
k20 (US EPA, 1984). Temperature adjustment for k can be determined by

kT � k20(1.09)T � 20 (6.150)
where kT � reaction rate at minimum operating watertemperature T, per day

k20 � reaction rate at 20�C, per day
T � minimum operating temperature, �C
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Example: Design a facultative pond system using the Wehner-Wilhelmmodel and Thirumurthi application with the following given data.
Design flow rate Q � 1100 m3/d (0.29 Mgal/d)
Influent TSS � 220 mg/L
Influent BOD5 � 210 mg/L
Effluent BOD5 � 30 mg/L
Overall first-order k at 20�C � 0.22 per day
Pond dispersion factor D � 0.5
Water temperature at critical period � 1�C
Pond depth � 2 m (6.6 ft)
Effective depth � 1.5 m (5 ft)
solution:

Step 1. Calculate the percentage of BOD remaining in the effluent
C/C0 � 30 mg/L � 100%/(210 mg/L)

� 14.3%
Step 2. Calculate the temperature adjustment for k20 using Eq. (6.150)

kT � k20(1.09)T�20
� 0.22 (1.09)1�20

� 0.043 (per day)
Step 3. Determine the value of kTt from Fig. 6.34

At C/C0 � 14.3% and D � 0.5
kTt � 3.1

Step 4. Calculate the detention time for the critical period of year
t � 3.1/(0.043 d�1)

� 72 days
Step 5.   Determine the pond volume and surface area requirements

Volume � Qt � 1100 m3/d � 72 days
� 79,200 m3

Area � volume/effective depth � 79,200 m3/1.5 m
� 52,800 m2

� 5.28 ha
� 13.0 acres
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Step 6. Check BOD5 loading rate

Step 7. Determine the power requirement for the surface aerators
Assume that the oxygen transfer capacity of the aerators is twice the valueof the BOD applied per day and that a typical aerator has a transfer capacityof 22 kg O2/(hp � d)

O2 required � 2 � 1100 m3/d � 210(g/m3)/(1000 g/kg)
� 462 kg/d

Power � (462 kg/d)/(22 kg/hp � d)
� 21.0 hp
� 15.7 kW

Use seven 3-hp units
Step 8. Check the power input to determine the degree of mixing

Power input � 15.7 kW/79.2 � 1000 m3

� 0.20 kW/1000 m3

� 0.0076 hp/1000 ft3

Note: In practice, the minimum power input is about 28 to 54 kW/1000 m3
(1.06 to 2.05 hp/1000 ft3) for mixing (Metcalf and Eddy, Inc. 1991).

Tertiary ponds. Tertiary ponds, also called polishing or maturation ponds,serve as the third-stage process for effluent from activated-sludge ortrickling filter secondary clarifier effluent. They are also used as a secondstage following facultative ponds and are aerobic throughout their depth.The water depth of the tertiary pond is usually 1 to1.5 m (3 to 4.5 ft).BOD loading rates are less than 17 kg/(ha � d) (15 lb/(acre � d)). Detentiontimes are relatively short and vary from 4 to 15 days.
25.2 Aerobic ponds

Aerobic ponds, also referred to as high-rate aerobic ponds, are relativelyshallow with usual depths ranging from 0.3 to 0.6 m (1 to 2 ft), allowinglight to penetrate the full depth. The ponds maintain DO throughout theirentire depth. Mixing is often provided to expose all algae to sunlight andto prevent deposition and subsequent anaerobic conditions. DO is suppliedby algal photosynthesis and surface reaeration. Aerobic bacteria utilize andstabilize the organic waste. The HRT in the ponds is short—3 to 5 days.

 5 40.0  lbsacre #   dd
 5 43.8 kg/sha #  dd

 Loading 5 1100 m3/d 3 210 g/m3
5.28 ha 3 1000 g/kg
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The use of aerobic ponds is limited to warm and sunny climates, espe-cially where a high degree of BOD removal is required but the landarea is not limited. However, very little coliform die-off occurs.
25.3 Anaerobic ponds

Anaerobic ponds are usually deep and are subjected to heavy organicloading. There is no aerobic zone in an anaerobic pond. The depths ofanaerobic ponds usually range from 2.5 to 5 m (8 to 16 ft). The deten-tion times are 20 to 50 days (US EPA, 1983b).Anaerobic bacteria decompose organic matter to carbon dioxide andmethane. The principal biological reactions are acid formation andmethane fermentation. These processes are similar to those of anaero-bic digestion of sludge. Odorous compounds, such as organic acids andhydrogen sulfide, are also produced.Anaerobic ponds are usually used to treat strong industrial and agri-cultural wastes. They have been used as pretreatment to facultative oraerobic ponds for strong industrial wastewaters and for rural commu-nities with high organic load, such as food processing. They are not inwide application for municipal wastewater treatment.The advantages of anaerobic ponds compared with an aerobic treat-ment process are low production of waste biological sludge and no needfor aeration equipment. An important disadvantage of the anaerobicpond is the generation of odorous compounds. Its incomplete stabiliza-tion of waste requires a second-stage aerobic process. It requires a rel-atively high temperature for anaerobic decomposition of wastes.Normal operation, to achieve a BOD removal efficiency of at least75%, entails a loading rate of 0.32 kg B0D/(m3 
� d) (20 lb/(1000 ft3 

� d)),a minimum detention time of 4 days, and a minimum operating tem-perature of 24�C (75�F) (Hummer, 1986).
26 Secondary Clarifier

The secondary settling tank is an integral part of both suspended-and attached-growth biological treatment processes. It is vital to theoperation and performance of the activated-sludge process. The clar-ifier separates MLSS from the treated wastewater prior to discharge.It thickens the MLSS before their turn in the aeration tank or theirwasting.Secondary clarifiers are generally classified as Type 3 settling. Types1 and 2 may also occur. The sloughed-off solids are commonly well-oxidized particles that settle readily. On the other hand, greater viabilityof activated sludge results in lighter, more buoyant flocs, with reducedsettling velocities. In addition, this is the result of microbial productionof gas bubbles that buoy up the tiny biological clusters.
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TABLE 6.19 Typical Design Parameters for Secondary Sedimentation Tanks

Hydraulic loading Solids loading,*gal/(d � ft2)† lb solids/(d � ft2)†
Type of treatment Average Peak Average Peak Depth, ft
Settling following 400–600 1000–2000 _ _ 10–12tracking filtrationSettling following 400–800 1000–1200 20–30 50 12–15air activatedsludge (excludingextended aeration)Settling following 200–400 800 20–30 50 12–15extended aerationSettling following 400–800 1000–1200 25–35 50 12–15oxygen activatedsludge with primarysettling

* Allowable solids loading are generally governed by sludge thickening characteristicsassociated with cold weather operations.† gal/(d � ft2) � 0.0407 � m3/(m2
� d)lb/(d � ft2) � 4.8827 � kg/(d � m2)

SOURCE: US EPA (1975a)

26.1 Basin sizing for attached-growth

biological treatment effluent

The Ten States Standards (GLUMRB, 1996) recommends that surfaceoverflow rate for the settling tank following trickling filter should notexceed 1200 gal/(d � ft2) (49 m3/(m3 
� d)) based on design peak hourly flow.In practice, typical overflow rates are 600 gal/(d � ft2) (24.4 m3/(m2

� d)) forplants smaller than 1 Mgal/d (3785 m3/d) and 800 gal/(d � ft2) (33 m3/(m2
� d))for larger plants. The minimum side water depth is 10 ft (3 m) withgreater depths for larger diameter basins. The retention time in the sec-ondary settling tank is in the range of 2 to 3 h. The maximum recom-mended weir loading rate is 20,000 gal/(d � ft) (250 m3/(d � m)) for plantsequal or less than 1 Mgal/d and 30,000 gal/(d � ft) (373 m3/(d � m)) for plantsgreater than 1 Mgal/d (3785 m3/d).Secondary clarifiers following trickling filters are usually sized on thebasis of the hydraulic loading rate. Typical design parameters for sec-ondary clarifiers are listed in Table 6.19 (US EPA, 1975a). Referring to thehydraulic loading rates from Table 6.20, sizing should be calculated for bothpeak and design average flow conditions and the largest value calculatedshould be used. At the selected hydraulic loading rates, settled effluentquality is limited primarily by the performance of the biological reactor,not of the settling basins. Solids loading limits are not involved in the sizeof clarifiers following trickling filters. Where further treatment follows theclarifier, cost optimization may be considered in sizing the settling basins.
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Example 1: A trickling filter plant treats a flow of 1.0 Mgal/d (3785 m3/d) witha raw wastewater BOD5 of 200 mg/L and total suspended solids of 240 mg/L.Estimate the daily solids production of the plant assuming that the primaryclarifiers remove 32% of the BOD5 and 65% of TSS.
solution:

Step 1. Calculate the BOD5 loading to the secondary clarifiers
BOD5 � (1 – 0.32) � (200 mg/L) � 1.0 Mgal/d � 8.34 lb/(Mgal � mg/L)

� 1134 lb/d (�515 kg/d)
Step 2. Estimate solids (S2) production of the secondary clarifiers
Note: The biological solids generated in secondary treatment range from 0.4to 0.5 lb per lb (kg/kg) BOD5 applied. Use 0.45 lb/lb in this example.

S2 � 0.45 lb/lb � 1134 lb/d
� 510 lb/d (� 32 kg/d)

Step 3. Estimate solids (S1) generated from the primary clarifiers
S1 � 0.65 � (240 mg/L) � 1.0 Mgal/d � 8.34 lb/(Mgal � mg/L)

� 1300 lb/d (� 590 kg/d)

TABLE 6.20 Recommended Design Overflow Rate and Peak Solids Loading Rate for
Secondary Settling Tanks Following Activated-Sludge Processes

Surface loading at designpeak hourly flow,* Peak solids loading rate,‡Treatment process gal/(d � ft2) (m3 � m2 � d) lb/(d � ft2) (kg/(d � m2)
Conventional 1200 (49) 50 (244)Step aeration orComplete mix 1000 (41)†Contact stabilizationCarbonaceous state ofseparate-stagenitrification
Extended aeration 1000 (41) 35 (171)Single-stage nitrification
Two-stage nitrification 800 (33) 35 (171)
Activated sludge with 900 (37)§ as abovechemical addition tomixed liquor forphosphorus removal

*Based on influent flow only.†Computed on the basis of design maximum daily flow rate plus design maximum returnsludge rate requirement, and the design MLSS under aeration.‡For plant effluent  20 mg/L.§When effluent P concentration of 1.0 mg/L or less is required. 
SOURCE: GLUMRB (1996)
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Step 4. Calculate the total daily solids production (S)
S � S1 � S2 � 1300 lb/d � 510 lb/d 

� 1810 lb/d (� 822 kg/d)
Or solve this problem using SI units
Step 1. Calculate the BOD5 loading to the secondary clarifiers

BOD5 � (1 – 0.32) � (200 mg/L) � (3785 m3/d) � 0.001 [(kg/m3)/(mg/L)]
� 515 kg/d (� 1134 lb/d)

Step 2. Estimate solids (S2) production of the secondary clarifiers
Note: The biological solids generated in secondary treatment range from 0.4to 0.5 lb per lb (kg/kg) BOD5 applied. Use 0.45 kg/kg in this example.

S2 � 0.45 kg/kg � 515 kg/d
� 232 kg/d (� 510 lb/d)

Step 3. Estimate solids (S1) generated from the primary clarifiers
S1 � 0.65 � (240 mg/L) � 3785 m3/d � 0.001 [(kg/m3)/(mg/L)]

� 590 kg/d � (1300 lb/d)
Step 4. Calculate the total daily solids production (S)

S � S1 � S2 � 590 kg/d � 232 kg/d
� 822 kg/d (� 1810 lb/d)

Example 2: Design a two-stage trickling filter system with a design averageflow of 5680 m3/d (1.5 Mgal/d) and intermediate and secondary settling tanksunder conditions given as follows. The primary effluent (system influent)
BOD � 190 mg/L. The design BOD loading rate is 1.5 kg/(m3

� d) (93.8 lb/(1000ft3
� d)).The recycle ratio of both filters is 0.8. Both clarifiers have 20% recycled to theinfluent.

solution:

Step 1. Determine volume required for the filters (plastic media)

Volume of each filter � 360 m3
 5 719  m3

 Volume 5 5680 m3/d 3  0.19 kg/m3
1.5 kg/sm3 # dd
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Step 2. Determine surface area of the filter
Use side water depth of 4 m (13 ft) since minimum depth is 3 m.

Area � 360 m3/4 m � 90 m2 

Diameter � (4 � 90 m2/3.14)0.5 

� 10.7 m
� 35 ft

Step 3. Check hydraulic loading rate
HRT � (5680 m3/d)(l � 0.8)/90 m2

� 113.6 m3/(m2
� d) (OK, �375m3/(m2

� d))
Use 4 m (13 ft) deep filters with 90 m2 (970 ft2) area.
Step 4. Sizing for the intermediate clarifier
Use HLR � 41 m3/(m2

� d) (1000 gal/(d � ft2)) and minimum depth of 3 m (10 ft)

Diameter � (4 � 166 m2/3.14)1/2

� 14.6 m
� 48 ft

Step 5. Sizing for the secondary clarifier
Using HLR � 31 m3/(m2

� d) (760 gal/(d � ft2)) and minimum depth of 3 m (10 ft)

Diameter � (4 � 220 m2/3.14)1/2

� 16.7 m
� 55 ft

26.2 Basin sizing for suspended-growth

biological treatment

In order to produce the proper concentration of return sludge, activated-sludge settling tanks must be designed to meet thickening as well as sep-aration requirements. Since the rate of recirculation of RAS from thesecondary settling tanks to the aeration or reaeration basins is quite

 5 220 m2

 Area required 5  
5680 m3/d 3 1.2
31 m3/sm2 #  dd

 5 166 m2

 Area required 5  5680 m3/d 3 1.2
41 m3/sm2 # dd
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high in activated-sludge processes, their surface overflow rate and weiroverflow rate should be adjusted for the various modified processes tominimize the problems with sludge loadings, density currents, inlethydraulic turbulence, and occasional poor sludge settle-ability. The sizeof the secondary settling tank must be based on the large surface areadetermined for surface overflow rate and solids loading rate. Table 6.20presents the design criteria for secondary clarifiers following activated-sludge processes (GLUMRB, 1996). The values given in Tables 6.19 and6.20 are comparable.Solids loading rate is of primary importance to insure adequate func-tion in the secondary settling tanks following aeration basins. In practice,most domestic wastewater plants have values of solids volume index inthe range of 100 to 250 mg/L (WEF and ASCE, 1991a). Detail discussionsof the secondary clarifier can be found in this manual. Most design engi-neers prefer to keep the maximum solids loading rates in the range of4 to 6 kg/(m2
� h) (20 to 30 lb/(d � ft2)). Solids loadings rates of 10 kg/(m2

� h)(50 lb/(d � ft2) or more have been found in some well-operating plants.The maximum allowable hydraulic loading rate HLR as a function ofthe initial settling velocity ISV at the design MLSS concentration wasproposed by Wilson and Lee (1982). The equation is expressed as follows:
(6.151)

where HRT � hydraulic retention time, h
Q � limiting hydraulic capacity, m3/d
A � area of the clarifier, m2

24 � unit conversion factor, 24 h/dISV � initial settling velocity at the design MLSSconcentration, m/hCSF � clarifier safety factor, 1.5 to 3, typically 2
The values of ISV change with MLSS concentrations and other condi-tions. Batch-settling analyses should be performed. The maximum antic-ipated operational MLSS or the corresponding minimum ISV should beused in Eq. (6.151).Numerous state regulations limit the maximum allowable weir load-ing rates to 124 m3/(d � m) (10,000 gal/(d � ft)) for small plants (less than3785 m3/d or 1 Mgal/d) and to 186 m3/(d � m) (15,000 gal/(d � ft)) for largertreatment plants (WEF and ASCE, 1991a). It is a general consensus thatsubstantially high weir loading rates will not impair performance.The depth of secondary clarifiers is commonly designed as 4 to 5 m(13 to 16 ft). The deeper tanks increase TSS removal and RAS concen-tration as well as costs. Typically, the larger the tank diameter, thedeeper the sidewall depth. The shapes of settling tanks include rectan-gular, circular, and square. A design example of a secondary clarifier

HRT 5  Q/A 5  24 3  ISV/CSF
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following the activated-sludge process is given previously in section21.5, Example 1B.
Example: Determine the size of three identical secondary settling tanks foran activated-sludge process with a recycle rate of 25%, an MLSS concentra-tion of 3600 mg/L, an average design flow of 22,710 m3/d (6 Mgal/d), and ananticipated peak hourly flow of 53,000 m3/d (14 Mgal/d). Use solids loadingrates of 4.0 and 10.0 kg/(m2 � h) for average and peak flow respectively.
solution:

Step 1. Compute the peak solids loading
3600 mg/L � 3600 g/m3

� 3.6 kg/m3

Loading � 53,000 m3/d � 3.6 kg/m3
� 1.25

� 238,500 kg/d
Step 2. Compute the design average solids loading

Loading � 22,710 m3/d � 3.6 kg/m3
� 1.25

� 102,200 kg/d
Step 3. Compute the surface area required (each of three) 
(a) At design flow

(b) At peak flow
A � 238,500/(10.0 � 24 � 3)

� 331 m2

� 3563 ft2

The design flow is the controlling factor; and the required surface area A �355 m2.
Step 3. Determine the diameter of circular clarifiers

d2
� 4A/p � 4 � 355 m2/3.14

d � 21.3 m
� 70 ft

Use sidewall depth of 4 m (13 ft) for the tank diameter of 21 to 30 m (70 to100 ft).

 5 3820 ft2
 5 355  m2

 A 5
102,200 kg/d

4.0 kg/ sm2 # hd 3  24 h/d 3 3 sunitsd
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Step 4. Check hydraulic loading rate at the design flow
HLR � (22,710 m3/d)/(3 � 355 m2)

� 21.3 m3/(m2
� d)

Step 5. Check HLR at the peak flow
HLR � (53,000 m3/d)/(3 � 355 m2)

� 49.8 m3/(m2
� d)

(It is slightly over the limit of 49 m3/(m2 � d); see Table 6.20.)
Step 6. Compute the weir loading rate

Perimeter � pd � 3.14 � 21.3 m
� 66.9 m

At average design flow
Weir loading � (22,710 m3/d)/(66.9 m � 3)

� 113 m3/(m � d) (OK, � 125 m3/m � d limit)
At the peak flow

Weir loading � (53,000 m3/d)/(66.9 m � 3) 
� 264 m3/(m � d)

27 Effluent Disinfection

Effluent disinfection is the last treatment step of a secondary or terti-ary treatment process. Disinfection is a chemical treatment methodcarried out by adding the selected disinfectant to an effluent to destroyor inactivate the disease-causing organisms. The purposes of effluentdisinfection are to protect public health by killing or inactivating path-ogenic organisms such as enteric bacteria, viruses, and protozoans, andto meet the effluent discharge standards.The disinfection agents (chemicals) include chlorine, ozone, ultraviolet(UV) radiation, chlorine dioxide, and bromine. Design of UV irradiationcan be referred to the manufacturer or elsewhere (WEF and ASCE, 1996a).The chlorination–dechlorination process is currently widely practicedin the United States. Chlorine is added to a secondary effluent for a cer-tain contact time (20 to 45 min for average flow and 15 min at peak flow),then the effluent is dechlorinated before discharge only during warmweather when people use water as primary contact. In the United Statesmost states adopt a coliform limitation of 200 fecal coliform/100 ml.
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Chlorination of effluents is usually accomplished with liquid chlo-rine. Alternative methods use calcium or sodium hypochlorite or chlo-rine dioxide. Disinfection kinetics and chemistry of chlorination arediscussed in Chapter 5, numerous literature, and textbooks. An excel-lent review of effluent disinfection can be found in Design Manual(US EPA, 1986).
27.1 Chlorine dosage

If a small quantity of chlorine is added to wastewater or effluent, it willreact rapidly with reducing substances such as hydrogen sulfide and fer-rous iron, and be destroyed. Under these conditions, there are no disin-fection effects. If enough chlorine is added to react with all reducingcompounds, then a little more added chlorine will react with organicmaterials present in wastewater and form chlororganic compounds, whichhave slight disinfection activities. Again, if enough chlorine is introducedto react with all reducing compounds and all organic materials, then alittle more chlorine added will react with ammonia or other nitrogenouscompounds to produce chloramines or other combined forms of chlorine,which do have disinfection capabilities. Therefore chlorine dosage andresidual chlorine are very important factors of disinfection operation. Inaddition to its disinfection purpose, chlorination is also applied for pre-vention of wastewater decomposition, prechlorination of primary influent,control of activated sludge bulking, and reduction of BOD.Chlorinators are designed to have a capacity adequate to producean effluent to meet coliform density limits specified by the regulatoryagency. Usually, multiple units are installed for adequate capacity andto prevent excessive chlorine residuals in the effluent. Table 6.21shows the recommended chlorine dosing capacity for treating normal

TABLE 6.21 Recommended Chlorine Dosing Capacity for Various Types of Treatment
Based on Design Average Flow

Illinois EPA dosage, GLUMRB dosage,Type of treatment mg/L mg/L
Primary settled effluent 20Lagoon effluent (unfiltered) 20Lagoon effluent (filtered) 10Trickling filter plant effluent 10 10Activated sludge plant effluent 6 8Activated sludge plant with 4chemical additionNitrified effluent 6Filtered effluent following 4 6mechanical biological treatment

SOURCE: Illinois EPA (1997), GLUMRBS (1996)
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domestic wastewater, based on design average flow (Illinois EPA,1997; GLUMRB, 1996).For small applications, 150-lb (68-kg) chlorine cylinders are typicallyused where chlorine gas consumption is less than 150 lb/d. Chlorinecylinders are stored in an upright position with adequate support brack-ets and chains at 2/3 of cylinder height for each cylinder. For largerapplications where the average daily chlorine gas consumption is greaterthan 150 lb, 1-ton (907-kg) containers are employed. Tank cars, usuallyaccompanied by evaporators, are used for large installations (�10Mgal/d, 0.44 m3/s). In this case, area-wide public safety should be eval-uated as part of the design consideration.
Example 1: Estimate a monthly supply of liquid chlorine for trickling filterplant effluent disinfection. The design average flow of the plant is 3.0 Mgal/d(11,360 m3/d).
solution:

Step 1. Find the recommended dosage
From Table 6.21, the recommended dosage for trickling filter plant effluentis 10 mg/L.
Step 2. Compute the daily consumption

Chlorine � 3.0 Mgal/d � 10 mg/L � 8.34 lb/(Mgal � (mg/L)
� 250 lb/d

The daily consumption is over 150 lb/d (68 kg/d); thus choose 1-ton (2000-lb,907-kg) containers.
Step 3. Compute the number of 1-ton containers required for 1 month’s (M)supply

Monthly need � 250 lb/d � 30 d/M
� 7500 lb/M

The plant needs four 1-ton containers, which is enough for 1 month’sconsumption.
Example 2: Determine the feeding rate in gal/min of sodium hypochlorite(NaOCl) solution containing 10% available chlorine. The daily chlorine dosagefor the plant is 480 kg/d (1060 lb/d).
solution:

Step 1. Calculate chlorine concentration of the solution
10% � 100,000 mg/L � 100 g/L
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Step 2. Calculate the solution feed rate

Example 3: A wastewater treatment plant having an average flow of 28,400m3/d (7.5 Mgal/d) needs an average chlorine dosage of 8 mg/L. Chlorine isapplied daily via 10% NaOCl solution. The time of shipment from the vendorto the plant is 2 days. A minimum 10-day supply is required for reserve pur-poses. Estimate the storage tank capacity required for NaOCl solution witha 0.03% per day decay rate.
solution:

Step 1. Determine daily chlorine requirement

Step 2. Calculate daily volume of NaOCl solution used
10% solution � 100 g/L �100 kg/m3

Step 3. Calculate the storage tank for NaOCl solution
Tank volume � (2.27 m3/d)(2 days � 10 days)

� 27.24 m3

Step 4. Calculate the tank volume with NaOCl decay correction.
Correction factor � (0.03%/day) � 12 days

� 0.36%

Example 4: Calculate the residual chlorine concentration that must bemaintained to achieve a fecal coliform (FC) density equal or less than 200/100 mL in the chlorinated secondary effluent. The influent of chlorine con-tact tank contains 4 3 106 FC/100 mL. The contact time is 30 min.

 5  28.3 m3

 The volume requirement 5  27.24 m3
3  10%

10% 2  0.36%

 5  2.27 m3/d
 Volume 5  

227.2 kg/d
100 kg/m3

 5 227.2 kg/d
 Chlorine 5 28,000 m3/d 3  8 g/m3

1000 g/kg

 5 0.88 gal/min
 5 3.333 L/min

 Feeding  rate 5  
480,000 g/d

100 g/L 3  1440 min/d
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solution:

Step 1. Calculate the residual chlorine needed during the average flow usingequation (White, 1986) modified from Eq. (5.180a)
N/N0 � (1 � 0.23Ctt))�3 where Ct is chlorine residual at time t in mg/L

200/(4 � 106) � (1 � 0.23 Ctt)�3

5 � 10�5
� (1 � 0.23 Ctt)�3

1 � 0.23 Ctt � (0.2 � 105)1/3
� 27.14

Ctt � 113.7
When t � 30 min, Ct � 113.7/30 � 3.8 (mg/L)

Step 2. Calculate the residual chlorine needed during the peak hourly flowAssume the ratio of the peak hourly flow to the average flow is 3.0
Ct � 3.8 mg/L � 3 � 11.4 mg/L

27.2 Dechlorination

There have been concerns that wastewater disinfection may do moreharm than good due to the toxicity of disinfection by-products. Manystates have adopted seasonal chlorination (warm weather periods) inaddition to dechlorination. Dechlorination is important in cases wherechlorinated wastewater comes into contact with fish and other aquaticanimals. Sulfur compounds, activated carbon, hydrogen peroxide, andammonia can be used to reduce the residual chlorine in a disinfectedwastewater prior to discharge. The first two are the most widely used.Sulfur compounds include sulfur dioxide (SO2), sodium metabisulfite(NaS2O5), sodium bisulfite (NaHSO3), and sodium sulfite (Na2SO3).Dechlorination reactions with those compounds are shown below.
Free chlorine:

SO2 � 2H2O � Cl2 S H2SO4 � 2HCl (6.152)
SO2 � H2O � HOCl S 3H�

� Cl�
� (6.153)

Na2S2O5 � 2Cl2 � 3H2O S 2NaHSO4 � 4HCl (6.154)
NaHSO3 � H2O � Cl2 S NaHSO4 � 2HCl (6.155)

Chloramine:
SO2 � 2H2O � NH2Cl S � 2H�

� Cl�
� (6.156)

3Na2S2O5 � 9H2O � 2NH3 � 6Cl2 S 6NaHSO4 � 10HCl � 2NH4Cl
(6.157)

3NaHSO3 � 3H2O � NH3 � 3Cl2 S 3NaHSO4 � 5HCl � NH4Cl
(6.158)

SO224NH14

SO224
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C∗
� 2H2O � 2Cl2 S 4HCl � C∗O2 (6.159)

C∗
� H2O � NH2Cl S � Cl�

� C∗O (6.160)
C∗O � 2NH2Cl S N2 � 2HCl � H2O � C∗ (6.161)

C∗
� H2O � 2NHCl2 S N2 � 4HCl � C∗O (6.162)

The most common dechlorination chemicals are sulfur compounds, par-ticularly sulfur dioxide gas, or aqueous solutions of bisulfite or sulfite.A pellet dechlorination system can be used for small plants. Liquidsulfur dioxide gas cylinders are in 50 gal (190 L) drums.Sulfur dioxide is a deadly gas that affects the central nervous system.It is colorless and nonflammable. When sulfur dioxide dissolves in water,it forms sulfurous acid which is a strong reducing chemical. As sulfurdioxide is introduced to chlorinated effluent, it reduces all forms of chlo-rine to chloride and converts sulfur to sulfate. Both by-products, chlo-rides and sulfates, occur commonly in natural waters.Sodium metabisulfite is a cream-colored powder readily soluble inwater at various strengths. Sodium bisulfite is a white powder, or ingranular form, and is available in solution with strengths up to 44%. Bothsodium metabisulfite and sodium bisulfite are safe chemicals. These aremost commonly used in small plants and in a few larger plants.The dosage of dechlorination chemical depends on the chlorine resid-ual in the effluent, the final residual chlorine standards, and the type ofdechlorinating chemical used. Theoretical requirements to neutralize1 mg/L of chlorine for sulfur dioxide (gas), sodium bisulfite, and sodiummetabisulfite are 0.90, 1.46, and 1.34 mg/L, respectively. Theoreticalvalues may be employed for initial estimation for sizing dechlorinatingequipment under good mixing conditions. An extra 10% of dechlorinationis designed above theoretical values. However, excess sulfur dioxide mayconsume dissolved oxygen at a maximum of 0.25 mg DO for every 1 mgof sulfur dioxide. Since the sulfur dioxide reacts very rapidly with thechlorine residual, no additional contact time is necessary. Dechlorinationmay remove all chlorine-induced toxicity from the effluents.
27.3 Process design

The design of an ozonation or ultraviolet irradiation system can usuallybe provided by the manufacturers. Only chlorination is discussed inthis section.
Traditional design. The disinfection efficiency of effluent chlorinationdepends on chlorine dosage, contact time, temperature, pH, and char-acteristics of wastewater such as TSS, nitrogen concentrations, and typeand density of organisms. The first two factors can be designed for thebest performance for chlorination of water and wastewater effluent. In

NH14
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general, residual chlorine at 0.5 mg/L after 20 to 30 min of contact timeis required. The State of California requires a minimum of 30 min con-tact time. The chlorine contact tank can be sized on the basis of contacttime and plant flow. However, many engineers disagree with this method.Contact time is related to the configuration of the chlorine contacttank. The drag on the sides of a deep, narrow tank causes relatively poordispersion characteristics. Sepp (1977) observed that the dispersionnumber usually decreases with increasing length-to-width (L/W ) ratios.The depth-to-width (D/W ) ratio should be 1.0 or less in chlorine tanks.Adequate baffling, reduction of side drag, and elimination of dead spacescan provide a reasonably long tank with adequate plug-flow hydraulics(Sepp, 1981). Marske and Boyle (1973) claimed that adequate plug-flowtanks can be achieved by L/W ratios of 40–70 to 1. In design, in addi-tion to L/W ratios, the usual dispersion parameters and geometric con-figurations must be considered.
Example: Determine the size of a chlorine contact tank for a design aver-age flow of 0.131 m3/s (3 Mgal/d) and a peak flow of 0.329 m3/s (7.5 Mgal/d).
solution:

Step 1. Calculate the tank volume required at peak design flow. Select con-tact time of 20 min at the peak flow
Volume � 0.329 m3/s � 60 s/min � 20 min

� 395 m3

Step 2. Calculate the volume required at the average flow
Use contact time of 30 min at the design flow

Volume � 0.131 m3/s � 60 s/min � 30 min
� 236 m3

Peak flow is the control factor.
Step 3. Determine chlorine contact tank configuration and dimensions
Provide one basin with three-pass-around-the-end baffled arrangement. Selectchannel width W of 2.2 m (6.1 ft) and water depth D of 1.8 m (5.9 ft) with0.6 m (2.0 ft) of freeboard; thus

D/W � 1.8 m/2.2 m
� 0.82 (OK if � 1.0)

Cross-sectional area � 1.8 m � 2.2 m
� 3.96 m2

Total length L � 395 m3/3.96 m2
� 99.7 m ( say 100 m)

Length of each pass � 100 m/3 � 33.3 m
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Use each pass � 33.5 m (110 ft)
Check L/W � 100 m/2.2 m

� 45.5 (OK if in the range of 40 to 70)
Tank size: D � W � L � (1.8 m � 0.6 m) � (2.2 m � 3) � 33.5 m
Actual liquid volume � 1.8 m � 2.2 m � 100 m

� 396 m3

Step 4. Check the contact time t at peak flow

Collins–Selleck model. Traditionally, chlorination has been consideredas a first-order reaction that follows the theoretical Chick orChick–Watson model. However, in practice, it has been observed not tobe the case for wastewater chlorination. Collins et al. (1971) found thatinitial mixing of the chlorine solution and wastewater has a profoundeffect on coliform bacteria reduction. The efficiency of wastewater chlo-rination, as measured by coliform reduction, was related to the residencetime. It was recommended that the chlorine contact tank be designedto approach plug-flow reactors with rapid initial mixing. Collins et al.(1971) suggested that amperometric chlorine residuals and contact timecould be used to predict the effluent coliform density.Collins and Selleck (1972) found that the coliform bacteria survivalratio often produces an initial log period and a declining rate of inacti-vation as a plot of the log survival ratio versus time (Fig. 6.35a). Afterthe initial log period, there is a straight-line relationship between logsurvival and log of the product of chlorine residual concentration C andcontact time t (Fig. 6.35b).The rate equation of the Collins and Selleck model is
(6.163)

where N � bacteria density at time t
t � time
k � rate constant characteristic of type of disinfectant,microorganism, and water quality

� 0 for Ct � b
� K for Ct � b
� K/b(Ct) for Ct � b

b � log time

dN
dt 

 5 2kN

 5 20.1 min

t 5 396 m3
0.329 m3/s  3  60 s/ min 
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Figure 6.35 Form of plots after Collins–Selleck model: (a) log S versus time and (b) log Sversus log Ct.

After integration and application of the boundary conditions, the rateequation for Collins and Selleck becomes
for Ct � b (6.164)

for Ct � b (6.165)N
N0

  5 aCt
b b

n

N
N0

 5 1
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where N � bacteria density at time t after chlorine contact
N0 � bacteria density at time zero in unchlorinated effluent
C � chlorine residual after contact, mg/L
t � theoretical contact time, min
b � an intercept when N/N0 � 1.0, min � mg/L

� a product of concentration and time
n � slope of the curve

Equation (6.164) applies to the lag period. Equation (6.165) plots as astraight line on log–log paper and expresses the declining rate. Thevalues of b and n, obtained from several researchers for various typesof chlorine applied to various stages of wastewaters with different bac-teria species, are summarized by J.M. Montgomery Engineers (1985).Wide variations of those values were observed. Collins and Selleck(1972) found that the slope n � �3 for ideal plug flow, n � �1.5 forcomplete-mix flow, and b was about 4 in a primary effluent.Robert et al. (1980) stated that the Collins–Selleck model is a usefulempirical design tool although it has no rational mechanistic basis indescribing chemical disinfection. Sepp (1977) recommended that thedesign of chlorine disinfection systems should incorporate rapid initialmixing, reliable automatic chlorine residual control, and adequate chlo-rine contact in well-designed contact tanks.
Example: A pilot study was conducted to determine the efficiency of combinedchlorine to disinfect a secondary effluent. The results show that when b � 2.87min � mg/L and n � –3.38, the geometric mean density of fecal coliform (FC)in the effluent is 14,000 FC/100 mL. Estimate FC density in the chlorinatedeffluent when contact times are 10, 20, and 30 min with the same chlorineresidual of 1.0 mg/L.
solution:

Step 1. Determine mean FC survival ratios
Ct � 1.0 mg/L � 10 min

� 10 min � mg/L (�b � 2.87)
Using Eq. (6.165)

(1) At t � 10 min

 5 0.0147

N
N0 5 a

1.0 mg /L 3  10   min
2.87 min #  mg/L b

23.38
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(2) At t � 20 min

(3) At t � 30 min

Step 2. Calculate FC densities in chlorinated effluent
(1) At t � 10 min

N � 0.0147 � N0 � 0.0147 � 14,000 FC/100 mL
� 210 FC/100 mL

(2) At t � 20 min
N � 0.00141 � 14,000

� 20(FC/100 mL)
(3) At t � 30 min

N � 0.000359 � 14,000
� 5(FC/100 mL)

28 Advanced Wastewater Treatment

Advanced wastewater treatment (AWT) refers to those additional treat-ment techniques needed to further reduce suspended and dissolved sub-stances remaining after secondary treatment. It is also called tertiarytreatment. Secondary treatment removes 85% to 95% of BOD and TSS andminor portions of nitrogen, phosphorus, and heavy metals. The purposesof AWT are to improve the effluent quality to meet stringent effluent stan-dards and to reclaim waste-water for reuse as a valuable water resource.The targets for removal by the AWT process include suspended solids,organic matter, nutrients, dissolved solids, refractory organics, and spe-cific toxic compounds. More specifically, the common AWT processes aresuspended solids removal, nitrogen control, and phosphorus removal.Suspended solids are removed by chemical coagulation and filtration.Phosphorus removal is done to reduce eutrophication of receiving watersfrom wastewater discharge. Ammonia is oxidized to nitrate to reduce itstoxicity to aquatic life and nitrogenous oxygen demand in the receivingwater bodies.

 5  0.000359

N
N0

 5 a1.0  3   30 

2.87 
b
23.38

 5  0.00141

N
N0 5 a1.0  3   20

2.87 
b
23.38
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28.1 Suspended solids removal

Treatment techniques for the reduction of suspended solids in second-ary effluents include chemical coagulation followed by gravity sedi-mentation or dissolved air flotation, and physical straining or filtrationsuch as wedge-wire screens, microscreens, other screening devices,diatomaceous earth filters, ultrafiltration, and granular media filters.These treatment processes are discussed in Chapter 5. More detaileddescriptions and practical applications for SS removal are given in theUS EPA’s manual (1975a). Chemical coagulants used for SS removalinclude aluminum compounds, iron compounds, soda ash, caustic soda,carbon dioxide, and polymers. Some of the above processes are describedin Chapter 5 and in other textbooks.The use of a filtration process similar to that employed in drinkingwater treatment plant can remove the residual SS, BOD, and microor-ganisms from secondary effluent. Conventional sand filters orgranular-media filters for water treatment may serve as advancedwastewater treatment and are discussed by Metcalf and Eddy, Inc.(1991). However, the filters may require more frequent backwashing.Design surface loading rates for wastewater filtration usually rangefrom 2.0 to 2.7 L/(m2
� s) (3 to 4 gal/(min � ft2)). Filtration lasts about24 h, and the effluent quality expected is 5 to 10 mg/L of suspendedsolids.

28.2 Phosphorus removal

The typical forms of phosphorus found in wastewater include theorthophosphates, polyphosphates (molecularly dehydrated phosphates),and organic phosphates. Orthophosphates such as , , ,H3PO4 are available for biological uptake without further breakdown.The polyphosphates undergo hydrolysis in aqueous solutions and revertto the orthophosphate forms. This hydrolysis is a very slow process.The organic phosphorus is an important constituent of industrial wastesand less important in most domestic wastewaters.The total domestic phosphorus contribution to wastewater is about1.6 kg per person per year (3.5 lb per capita per year). The average totalphosphorus concentration in domestic raw wastewater is about 10 mg/L,expressed as elemental phosphorus, P (US EPA, 1976). Approximately30% to 50% of the phosphorus is from sanitary wastes, while the remain-ing 70% to 50% is from phosphate builders in detergents.Phosphorus is one of major contributors to eutrophication of receiv-ing waters. Removal of phosphorus is a necessary part of pollution pre-vention to reduce eutrophication. In most cases, the effluent standardsrange from 0.1 to 2.0 mg/L as P, with many established at 1.0 mg/L.Percentage reduction requirements range from 80% to 95%.

H2PO24HPO224PO324
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Chemical precipitation. Phosphorus removal can be achieved by chemi-cal precipitation or a biological method. In practice, phosphorus in waste-water is removed by chemical precipitation with metal salt (aluminumor iron) or/and polymer, or lime. The chemical can be dosed before pri-mary sedimentation, in the trickling filter, in the activated sludgeprocess, and in the secondary classifier. Aluminum ions can flocculatephosphate ions to form aluminum phosphate which then precipitates:
Al3�

� : AlPO4p � nH� (6.166)
Alum, Al2(SO4)3 � 14H2O, is most commonly used as a source of alu-minum. The precipitation reactions for phosphorus removal by threechemical additions are as follows:

Alum:
Al2(SO4)3 � 14H2O �

(6.167)
Sodium aluminate:

Na2O � Al2O3 � 2HPO24�
� 4H2O S 2AlPO4 T � 2NaOH � 6OH�

�2H�

(6.168)
Ferric chloride, FeCl3 � 6H2O:

FeCl3 � HPO24�
S FePO4 T � H�

� 3Cl� (6.169)
Lime CaO:

CaO � H2O S Ca(OH)2 (6.170)
5Ca(OH)2 � 3HPO24�

S Ca5(PO4)3OH T � 3H2O � 6OH� (6.171)
Alum and ferric chloride decrease the pH while lime increases pH. Theoptimum pH for alum and ferric chloride is between 5.5 and 6.0. Theeffective pH for lime is above 10.0. Theoretically, 9.6 g of alum is requiredto remove 1 g of phosphorus. However, there is an excess alum require-ment due to the competing reactions with natural alkalinity. The alka-linity reaction is

Al2(SO4)3 � 18H2O � 6HCO3� S 2Al(OH)3 T � 3SO24�
� 6CO2 � 18H2O

(6.172)
As a result, the requirement of alum to remove phosphorus demandsweight ratios of approximately 13:1, 16:1, and 22:1 for 75%, 85%, and95% phosphorus removal, respectively (from Eqs. (6.167) and (6.172)).

2HPO22 4 S 2AlPO4 T 1 2H1
1 3SO224 1 14H2O

HnPO32,n14
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The molar ratio of ferric ion to orthophosphate is 1 to 1. Similarly toalum, a greater amount of iron is required to precipitate phosphorus andto react with alkalinity in wastewater. Its competing reaction with nat-ural alkalinity is
FeCl2 � 6H2O � S Fe(OH)3 T �3Cl–

� 3CO2 � 6H2O (6.173)
The stoichiometric weight ratios of Fe:P is 1.8:1. Weight ratio of lime(CaO) to phosphorus is 2.2:1. The reaction of Eq. (6.173) is slow.Therefore, lime or some other alkali may be added to raise the pH andsupply hydroxyl ion for better coagulation. The reaction is

2FeCl3 � 6H2O � 3Ca(OH)2 S 2Fe(OH)3 T � 3CaCl2 � 12H2O (6.174)
Both ferric (Fe3�) and ferrous (Fe2�) ions are used in the precipitationof phosphorus. Ferrous sulfate application for phosphorus removal issimilar to that of ferric sulfate.Calcium ion reacts with phosphate ion in the presence of hydroxyl ionto form hydroxyapatite. Lime usually comes in a dry form, calciumoxide. It must be mixed with water to form a slurry (calcium hydroxide,Ca(OH)2) in order to be fed to a wastewater. Equipment required for limeprecipitation includes a lime-feed device, mixing chamber, settling tank,and pumps and piping.
Phosphorus removal in primary and secondary plants. In conventional pri-mary and secondary treatment of wastewater, phosphorus removal isonly sparingly undertaken because the majority of phosphorus inwastewater is in soluble form. Primary sedimentation removes only5% to 10% of phosphorus. Secondary biological treatment removes10% to 20% of phosphorus by biological uptake. The effectiveness ofprimary and secondary treatment without (as in most conventionalplants) and with chemical addition for phosphorus removal as well asfor SS and BOD removals is presented in Table 6.22. Generally, the

3HCO23

TABLE 6.22 Efficiencies of Primary and Secondary Treatment Without and with
Mineral Addition for Phosphorus and Other Constituents Removal

Phosphorus Suspended solids removal % removal, % BOD removal, %
Treatment process Without With Without With Without With
Primary 5–10 70–90 40–70 60–75 25–40 40–50SecondaryActivated sludge 10–20 80–95 85–95 85–95 85–95 85–95Trickling filter 10–20 80–95 70–92 85–95 80–90 80–95RBC* 8–12

*RBC � rotating biological contactor.
SOURCE: US EPA 1976
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total phosphorus concentration of 10 mg/L in the raw wastewater isreduced to about 9 mg/L in the primary effluent and to 8 mg/L in thesecondary effluent.
Example 1: Alum is added in the aeration basin of a conventional activated-sludge process for phosphorus removal. The effluent limit for total phosphorusis 0.5 mg/L. The alum is dosed at 140 mg/L. The average total phosphorus con-centrations are 10.0 and 9.0 mg/L respectively for the influent and effluent(influent of the aeration basin) of the primary clarifier. Determine the molar ratioof aluminum to phosphorus and the weight ratio of alum dosed to the phosphoruscontent in the wastewater. Estimate the amount of sludge generated, assum-ing 0.5 mg/L of biological solids are produced by 1 mg/L of BOD reduction andusing the following given data for the aeration basin (with alum dosage).
Influent BOD � 148 mg/L
Effluent BOD � 10 mg/L
Influent TSS � 140 mg/L Effluent

TSS � 12 mg/L
Also estimate the increase of sludge production of chemical–biological treat-ment compared to biological treatment, assuming 30 mg/L for both TSS andBOD in the conventional system.
solution:

Step 1. Compute the molar ratio of Al to P
Molecular wt of Al2(SO4)3 � 18H2O � 27 � 2 � 3(32 � 16 � 4) � 14(2 � 16)

� 666
Alum dosage � 140 mg/L

Aluminum dosage  � 140 mg/L (2 � 27/594)
� 12.7 mg/L

Molar ratio of Al:P � 12.7 mg/L : 9.0 mg/L
� 1.4 : 1

Step 2. Compute the weight ratio of alum dosed to P in the influent 
(6.174)

Step 3. Estimate sludge residue for TSS removal
TSS removed � 140 mg/L � 12 mg/L � 128 mg/L

Step 4. Estimate biological solids from BOD removal
Biological solids � 0.5 (148 mg/L � 10 mg/L)

� 69 mg/L

Alum dosed
P in the influent 5

140” mg/L
9.0 mg/L 5

15.6
1
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Step 5. Estimate organic P in biological solids
Assuming organic P in biological solids removed is 2% by weight,

P in biological solids � 69 mg/L � 0.02
� 1.4 mg/L

Step 6. Compute P removed by alum precipitation
P removed by alum � P in (influent � biological solids � effluent)

� (9.0 � 1.4 � 0.5) mg/L
� 7.1 mg/L

Step 7. Compute AlPO4 precipitate

Note: M.wt. � molecular weight
Step 8. Compute unused alum 
Refer to Eq. (6.167) to find alum used

Unused alum � alum dosed – alum used � 140 mg/L – 76.3 mg/L
� 63.7 mg/L

Step 9. Compute Al(OH)3 precipitate
Referring to Eq. (6.172), the unused alum reacts with natural alkalinity.

 5 14.9 mg/L
 5 63.7 mg/Ls2 3 s27 1 17 3 3dd

666

AlsOHd3 precipitate 5
sunused alumds2 3 m.wt. of AlsOHd3dM.wt. of alum

 5 76.3  mg/L
 5 7.1 mg/L 3 666

2 3 31

Alum used 5 sP removeddsM.wt. of alumd
2 3 M.wt. of P

 5 27.9  mg/L
 5 7.1 mg/L s27 1 31 1 16 3 4d

31

AlPO4  precipitate 5 sP removed by alumd sM.wt. of AlPO4d
sM.wt. of Pd
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Step 10. Compute total sludge produced in the secondary clarifier
Total sludge � TSS removed � biological solids � AlPO4 T � Al(OH)3 T

� (128 � 69 � 27.9 � 14.9) mg/L
� 239.8 mg/L

Step 11. Estimate sludge generated from the conventional activated-sludgesystem
TSS removal � 140 mg/L – 30 mg/L � 110 mg/L

Biological sludge � 0.5 (148 mg/L – 30 mg/L)
� 59 mg/L

Total sludge �110 mg/L � 59 mg/L
� 169 mg/L

Step 12. Increase of sludge production by chemical–biological process overbiological process
Increase � 243.8 mg/L – 169 mg/L

� 74.8 mg/L
% increase � 74.8 mg/L � 100%/169 mg/L

� 44.3%
Example 2: A wastewater has a soluble phosphorus concentration of 7.0 mg/Las P. Determine the stoichiometric quantity of ferric chloride required toremove P completely.
solution:

Step 1. Calculate the gram molecular weights
Equation (6.169) shows that 1 mole of ferric chloride reacts with 1 mole oforthophosphate to be removed. The pertinent gram molecular weights forFeCl3 and P are:

FeCl3 � 55.845 � 35.453 � 3 � 162.204 (g)
P � 30.975 g

Step 2. Calculate the stoichiometric amount (Y ) of FeCl3 required
Y � 7.0 mg/L (162.204 g/30.974 g) 

� 36.66 mg/L
Notes: In practice, the actual FeCl3 dose would be 1.5 to 3.0 times the stoi-chiometric amount. Likewise, the alum dose would be 1.3 to 2.5 times the sto-ichiometric amount due to side reaction, solubility products limitations, andwastewater quality variations. Jar tests on wastewater are needed for deter-mining the actual amount.
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Phosphorus removal by mineral addition to secondary effluent. Generally,an alum dosage of about 200 mg/L is required for phosphorus removalfrom typical municipal raw wastewater and a dosage of 50 to 100 mg/Lis sufficient for secondary effluent. Iron salts have little applicationbecause of residual iron remaining in the treated wastewater. An Al : Pmolar ratio of 1 : 1 to 2 : 1 is required. The optimum pH for alumtreatment is near 6.0, whereas that for iron is near 5.0 (Recht andGhassemi, 1970). The pH of high alkalinity waters may be reducedeither by using high dosages of alum or by adding supplementarydosages of sulfuric acid. Anionic polyelectrolytes (coagulant aids) canbe used to enhance P removal. If higher phosphorus removal isrequired, a filtration process must be used to achieve 0.1 mg/L ofresidual P.The surface overflow rates for settling tanks range from 24 to 58m3/(m2
� d) (580 to 1440 gal/(d � ft2)). Filtration rates are 0.08 to 0.20m3/(m2
� min) (2 to 5 gal/(min � ft2)) (US EPA, 1976).

Example: Estimate the daily liquid alum requirement for phosphorusremoval from the secondary effluent which has an average design flow of1 Mgal/d (3785 m3/d) and an average phosphorus concentration of 8 mg/L.Assume that the specific weight of alum is 11.1 lb/gal and alum contains4.37% of aluminum.
solution:

Step 1. Calculate the mass of the incoming P loading rate
Load � 1 Mgal/d � 8 mg/L � 8.34 lb/(Mgal � mg/L)

� 66.7 lb/d
Step 2. Determine aluminum in mol/d required
Atomic weights of phosphorus and aluminum are 31 and 27, respectively. 

P load � 66.7 lb/d � 31 lb/mol
� 2.15 mol/d 

Usually a molar ratio of Al : P � 2 : 1 is used, refering to Eq. (6.167)
Al required � 2.15 mol/d � 2 

� 4.3 mol/d
Step 3. Determine liquid alum required

Mass of Al � 4.3 mol/d � 27 lb/mol
� 116.1 lb/d
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Note: Or this can be solved simply as:

Al required � 66.7 lb/d � 54/31
� 116.1 lb/d

Using liquid alum having 4.37% of Al, with 11.1 lb/gal

� 239 gal/d � 0.166 gal/min
� 0.628 L/min

Phosphorus removal by lime treatment of secondary effluent. For phosphorusremoval, lime can be added to the primary sedimentation tank and tothe secondary effluent. Lime treatment of wastewater is essentially thesame process as is used for lime softening of drinking water, but with adifferent purpose. While softening may occur, the primary objective isto remove phosphorus by precipitation as hydroxyapatite (Eq. (6.171)).During phosphorus precipitation, a competing reaction of lime withalkalinity will occur. This reaction results in calcium removal, an actionof softening which has a very important effect on the phosphorusremoval efficiency of the process. This reaction may occur in two ways:
Ca(OH)2 � Ca(HCO3)2 S 2CaCO3 T � 2H2O (6.175)

Ca(OH)2 � NaHCO3 S CaCO3 T � NaOH � H2O (6.176)
Another reaction may occur to precipitate magnesium hydroxide:

Mg2�
� 2OH–

S Mg(OH)2 T (6.177)
In the two-stage lime treatment process, recarbonation after the firststage is required to reduce the pH and to precipitate excess lime as cal-cium carbonate by adding carbon dioxide. The chemical reaction is

Ca2�
� CO2 � 2OH–

S CaCO3 � H2O (6.178)
Lime can be added to secondary effluent by single-stage or two-stagetreatment. For the single-stage process (Fig. 6.36), lime is mixed withfeed wastewater to raise the pH (10–11); this is then followed by floc-culation and sedimentation. The clarified water is adjusted to lower pHwith carbon dioxide and is filtered through a multimedia filter to pre-vent postprecipitation of calcium carbonate before discharge. The set-tled lime sediment may be disposed of to a landfill or may be recalcinedfor recovery of lime. In recovery, the sediment is thickened, dewateredby centrifuge or vacuum filter, calcined, and then reused.

Liquid alum required 5 116.1 lb/d
0.0437s11.1 lb/gald

Al required
P load 5

2 3 27
31



Figure 6.36 Single-stage lime treatment process for phosphorus removal  (source: US EPA, 1976 ).7
6
1
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For a typical two-stage process (Fig. 6.37), in the first-stage clarifierof the two-stage process, sufficient lime is dosed to raise the pH above11 to precipitate the soluble phosphorus as hydroxyapatite, calcium car-bonate, and magnesium hydroxide.The calcium carbonate precipitate formed in the process acts as acoagulant for suspended solids removal. The excess soluble calcium isremoved in the second clarifier as a calcium carbonate precipitate byadding carbon dioxide gas to reduce the pH to about 10. The calcium car-bonate settles out in the secondary (or tertiary) clarifier. To remove theresidual levels of phosphorus and suspended solids, the secondary (ortertiary) clarified effluent is filtered, then discharged. Usually pH isreduced to about 8.0 and 8.5 in first-stage recarbonation and furtherreduced to 7.0 in second-stage recarbonation. Fifteen minutes’ contacttime in the recarbonation basin is recommended.Typical hydraulic loading rates for chemical treatment clarifiers are32 to 61 m3/(m2
� d) (800 to 1500� gal/(d � ft2)).

Example 1: From the results of jar tests, calcium concentration drops from56 to 38 mg/L when the pH is reduced from 10 to 7 by addition of carbon diox-ide. Determine the carbon dioxide dose rate required for recarbonation.
solution:

Step 1. Determine theoretical Ca : CO2 ratio, using Eq. (6.178)
Ca2�

� CO2 � 2OH–
S CaCO3 T � H2O 

then
CO2 : Ca � (12 � 2 � 16) : 40 

� 1.1 : 1
Step 2. Calculate CO2 theoretical requirement

CO2 required : Ca reduction � 1.1 : 1
CO2 � (56 – 38) mg/L � 1.1

� 19.8 mg/L
≅ 20 mg/L

Step 3. Calculate field requirement of CO2
A safe factor of 20% should be added to calculated dosage to compensate forinefficiency in absorption.

CO2 required � 20 mg/L � 1.2
� 24 mg/L



Figure 6.37 Two-stage lime treatment process for phosphorus removal (source: US EPA, 1976 ).
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6
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Example 2: A single-stage lime treatment system is used as advanced treat-ment for phosphorus removal. Estimate the residue mass and volume gen-erated in the clarifier under the following conditions.
Influent design flow � 37,850 m3/d (10 Mgal/d)
Lime dosage as Ca(OH)2 � 280 mg/L
Influent as P � 8 mg/L
Influent Ca2�

� 62 mg/L
Influent Mg2�

� 3 mg/L
Effluent as P � 0.6 mg/L
Effluent Ca2�

� 20 mg/L
Effluent Mg � 0 mg/L
Influent suspended solids � 20 mg/L
Effluent suspended solids � 2 mg/L
Specific gravity of residue � 1.07
Moisture content of residue � 92%
solution:

Step 1. Compute the mass of Ca5(PO4)3 (OH) formed
(a) Calculate the moles of P removed

� 0.239 � 10–3 mol/L
� 0.239 mM/L

where mM � millimol
(b) Calculate the moles of Ca5(PO4)3(OH) formed

From Eq. (6.171), 3 moles of P removed will form 1 mole of Ca5(PO4)3(OH)
Mole of Ca5(PO4)3(OH) formed � 1/3 � 0.239 mM/L

� 0.080 mM/L
(c) Calculate the mass of Ca5(PO4)3(OH) formed
Mass of 1 mole Ca5(PO4)3(OH) � 40 � 5 � 30.97 � 3 � 16 � 13 � 1 g/mol

� 501.9 g/mol
� 501.9 mg/mM 

Mass of Ca5(PO4)3(OH) formed � 0.08 mM/L � 501.9 mg/mM
� 40.2 mg/L

Mole of P removed 5 8 mg/L 2 0.6 mg/L
30.974 g/mol 3 1000 mg/g

PO324

PO324

764 Chapter 6



Wastewater Engineering 765

Step 2. Calculate the mass of calcium carbonate formed
(a) Calculate the mass of Ca added in the lime dosage

Mass of Ca in Ca(OH)2 � 280 mg/L � 40/(40 � 17 � 2)
� 151.4 mg/L

(b) Determine the mass of Ca2� in Ca5(PO4)3(OH)
Mass of Ca in Ca5(PO4)3(OH) � 5 (40 mg/mM) � 0.08 mM/L

� 16 mg/L
(c) Calculate the mass of total Ca present in CaCO3

Ca in CaCO3 � Ca in Ca(OH)2 � Ca in influent 
� Ca in Ca5(PO4)3(OH) � Ca in effluent 

� (151.4 � 62 � 16 � 20) mg/L
� 177.4 mg/L

(d) Convert the mass of Ca as expressed in CaCO3

Mass of Ca as CaCO3 � 177.4 mg/L � (40 � 12 � 48)/40 
� 443.5 mg/L

Step 3. Determine the mass of Mg(OH)2 formed
(a) Calculate the mass of Mg removed

Mole of Mg2� removed � 3 mg/L/(24.3 g/mol � 1000 mg/g) 
� 0.123 � 10�3 mol/L
� 0.123 mM/L

(b) Calculate the mass of Mg(OH)2 formed
Mass of Mg(OH)2 � 0.123 mM/L � (24.3 � 17 � 2) mg/mM 

� 7.2 mg/L
Step 4. Calculate the total mass of residue removed as a result of the limeapplication
(a) Mass of residue due to lime dosage
Chemical mass � sum of mass from Ca5(PO4)3(OH), CaCO3, and Mg (OH)2

� (40.2 � 443.5 � 7.2) mg/L � 37,850 m3/d 
� 490.9 g/m3

� 37,850 m3/d 
� 18,580,000 g/d 
� 18,580 kg/d
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(b) Calculate the mass of SS removed
Mass of SS � (20 – 2) mg/L � 37,850 m3/d

� 681 kg/d
(c) Calculate the total mass of residues

Total mass � mass of chemical residue � mass of SS
� 18,580 kg/d � 681 kg/d 
� 19,261 kg/d

Step 5. Determine total volume V of residue from lime precipitation process
Given: specific gravity of residue � 1.07, moisture content of residue � 92%, then

Solid content � 8%

� 225 m3/d 
� 7945 ft3/d

Phosphorus removal by biological processes. Numerous biological meth-ods of removing phosphorus have been developed. Integrated biologicalprocesses for nutrient removal from wastewater use a combination ofbiological and chemical methods to bring phosphorus and nitrogen con-centrations to below the effluent standards. Some patented (17 years)integrated biological processes have been installed in the United States.The A/O process (Fig. 6.38) for mainstream P removal, Phostrip process(Fig. 6.39) for sidestream P removal, sequencing batch reactor (SBR,Fig. 6.40), sidestream fermentation process (OWASAnitrification, Fig. 6.41),and chemical polishing are used for phosphorus removal. Combinedremoval of phosphorus and nitrogen by biological methods includes the

V 5
19,261 kg/d

1000 kg/m3
3 1.07 3 0.08

Figure 6.38 A/O process.
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Figure 6.39 PhoStrip process.

Figure 6.40 Sequencing batch reactor for removal of phosphorus and carbonaceousBOD.

Figure 6.41 OWASA nitrification process.



Figure 6.42 Combined biological nitrogen and phosphorus removal processes: (a) A2/Oprocess; (b) five-stage Bardenpho process; (c) UCT process; and (d) VIP process (source:
Metcalfe and Eddy, Inc. 1991).

A2/O process (Fig. 6.42a), the modified (5-stage) Bardenpho process(Fig. 6.42b), the University of Cape Town (UCT) process (Fig. 6.42c), theVIP process (Virginia Institute Plant in Norfolk, Virginia) (Fig. 6.42d),PhoStrip II process (Fig. 6.43), SBR (Fig. 6.44), and phased isolationditch. For nitrogen control, biological denitrification includes theWuhrmann process (Fig. 6.45), Ludzack–Ettinger process (Figs. 6.46
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Figure 6.43 PhoStrip II process for phosphorus and nitrogen removal.

Figure 6.44 Sequencing batch reactor for carbon oxidation plus phosphorus and nitrogenremoval.

Figure 6.45 Wuhrmann process for nitrogen removal.
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and 6.47), Bordenpho (4-stage) process, oxidation ditch, phase isolationditch, dual-sludge process (Fig. 6.48), triple-stage process (Fig. 6.49),denitrification filter, RBC, and fluidized bed process. The basic theory,stoichiometry, kinetics, design considerations, and practice of integratedsystems in the US are discussed in detail elsewhere (WEF and ASCE1991b, Metcalf and Eddy, Inc. 1991).Biological processes for nutrient removal feature the exposure of alter-nate anaerobic and aerobic conditions to the microorganisms so that theiruptake of phosphorus will be above normal levels. Phosphorus is not onlyutilized for cell synthesis, maintenance, and energy transport, but is alsostored for subsequent use by the microorganisms. The sludge produced con-taining phosphorus is either wasted or removed through a sidestream(return sludge stream). The alternate exposure of the microorganisms toanaerobic and aerobic (oxic) conditions in the main biological treatmentis called the mainstream process. Adesign example (Ex. 15.2) is illustrated

Figure 6.46 Ludzack–Ettinger process for nitrogen removal.

Figure 6.47 Modified Ludzack–Ettinger process for nitrogen removal.
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Figure 6.48 Dual-sludge processes for nitrogen removal (source: Grady and
Lim, 1980).

Figure 6.49 Triple-sludge process for nitrogen removal.
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by WEF and ASCE (1991b); this uses the activated-sludge kinetic modeldeveloped by Lawrence and McCarty (1970), combined with empiricalequations for complete denitrification using a four-stage Bardenphoprocess.

28.3 Nitrogen control

Nitrogen (N) in wastewater exists commonly in the form of organic,ammonia, nitrite, nitrate, and gaseous nitrogen. The organic nitrogenincludes both soluble and particulate forms. The soluble organic nitro-gen is mainly in the form of urea and amino acids. The main sources arefrom human excreta, kitchen garbage, and industrial (food processing)wastes. Typical domestic wastewater contains 20 mg/L of organic nitro-gen and 15 mg/L of inorganic nitrogen.
Environmental effects. Nitrogen compounds, particularly ammonia, willexert a significant oxygen demand through biological nitrification andmay cause eutrophication in receiving waters. Ammonia (unionized)can be toxic to aquatic organisms and it readily reacts with chlorine(affecting disinfection efficiency). A high nitrate (NO3) level in water sup-plies has been reported to cause methemoglobinemia in infants. Theneed for nitrogen control in wastewater effluents has generally beenrecognized.
Treatment process. Many treatment processes have been developedwith the specific purpose of transforming nitrogen compounds or remov-ing nitrogen from the wastewater stream.

Conventional processes. In conventional treatment processes, the con-centration of inorganic nitrogen is not affected by primary sedimen-tation and is increased more than 50% to 24 mg/L after secondary(biological) treatment. The overall primary and secondary treatmentremoves 25% to 75% (5 to 15 mg/L) of organic nitrogen. Typically,about 14% and 26% of total nitrogen from raw wastewater areremoved by conventional primary and secondary treatment processes,respectively.Biological processes remove particulate organic nitrogen and trans-form some to ammonium and other inorganic forms. A fraction of theammonium present will be assimilated into organic materials of cells.Soluble organic nitrogen is partially transformed to ammonium bymicroorganisms, with 1 to 3 mg/L of organic nitrogen remaining insol-uble in the secondary effluent.
Advanced processes. Advanced wastewater treatment processesdesigned to remove wastewater constituents other than nitrogen often



remove some nitrogen compounds as well. Removal is usually limitedto particulate forms, and the removal efficiency is not high.Tertiary filtration removes the suspended organic nitrogen from thesecondary effluent. However the majority of nitrogen is inorganic(ammonium). Reverse osmosis and electrodialysis can be used as a ter-tiary process for ammonium removal. Their effectiveness is 80% and40%, respectively. In practice, RO and electrodialysis are not used forwastewater treatment.Chemical coagulation for phosphorus removal also removes particu-late organic nitrogen. The process for nitrogen control may be dividedinto two categories, i.e. nitrification and nitrification–denitrification,depending on the quality requirements of wastewater effluent. Thenitrification process is the oxidation of organic and ammonia nitro-gen (NH3-N) to nitrate, a less objectionable form; it is merely the con-version of nitrogen from one form to another form in the wastewater.Denitrification is the reduction of nitrate to nitrogen gas, constitut-ing a removal of nitrogen from wastewater. Nitrification is used onlyto control NH3-N concentration in the wastewater. Nitrification–denitrification is employed to reduce the total level of nitrogen in theeffluent.There are several methods of nitrogen control. They are biologicalnitrification–denitrification, break-point chlorination, selective ionexchange, and air (ammonia) stripping. This section is mainly devotedto biological nitrification or biological technologies, since most processeshave been discussed previously in Chapter 5.Biological nitrification can be achieved in separate stage processesfollowing secondary treatment (most cases) or in combination forcarbon oxidation–nitrification and for carbon oxidation–nitrification–denitrification. The secondary effluent with its high ammonia con-tent and low BOD provides greater growth potential for the nitrifiersrelative to the heterotrophic bacteria. The nitrification process isoperated at an increased sludge age to compensate for lower tem-perature. After the nitrifiers have oxidized the ammonia in the aer-ation tank, the activated sludge containing a large fraction of nitrifiersis settled in the final clarifier for return to the aeration tank and forwaste.
Nitrification reaction. Biological nitrification is an aerobic autotrophicprocess in which the energy for bacterial growth is derived from the oxi-dation of inorganic compounds, primarily ammonia nitrogen. Autotrophicnitrifiers, in contrast to heterotrophs, use inorganic carbon dioxideinstead of organic carbon for cell synthesis. The yield of nitrifier cells perunit of substrate metabolized is many times smaller than that for het-erotrophic bacteria.
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Although a variety of nitrifying bacteria exist in nature, the twogenera associated with biological nitrification are Nitrosomonas and
Nitrobacter. The oxidation of ammonia to nitrate is a two-step processrequiring both nitrifiers for the conversion. Nitrosomonas oxidizesammonia to nitrite, while Nitrobacter subsequently transforms nitriteto nitrate. The respective oxidation reactions are as follows:
Ammonia oxidation:

� 1.5O2 � 2HC N � 2H2CO3 � H2O (6.179) 
Nitrite oxidation:

N � 0.5O2 N (6.180)
Overall reaction:

� 2O2 � 2HC � 2H2CO3 � H2O (6.181)
Note: The above three equations are essentially the same as Eqs. (1.87),(1.88), and (1.89), respectively.To oxidize 1 mg/L of NH3-N, theoretically 4.56 mg/L of oxygen isrequired when synthesis of nitrifiers is neglected. As ammonia isoxidized and bicarbonate is utilized; nitrate is formed and carbonicacid is produced. The carbonic acid will further depress the pH of thewastewater. Theoretically, alkalinity of 7.14 mg/L CaCO3 is con-sumed for each mg/L of NH3-N oxidized. The destruction of alkalin-ity and increase of carbonic acid results in a drop in pH of thewastewater.Reviews of the synthesis and energy relationship associated withbiological nitrification are available elsewhere (Painter, 1970, 1975;Haug and McCarty, 1972; US EPA, 1975). Overall oxidation andsynthesis–oxidation reactions of ammonia are presented below (USEPA, 1975c):
55NH4�� 76O2 � 109HCO3�: C5H7NO2 � 54NO2� � 57H2O � 104H2CO3

Nitrosomonas (6.182)
and
400NO2� � NH4� � 4H2CO3 � HCO3� � 195O2: C5H7NO2 � 3H2O � 400NO2�

Nitrobacter (6.183)

NO23Nitrifiers
hO23NH14

O23Nitrobacter
hO22

O22Nitrosomonas
hO23NH14
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The overall synthesis and oxidation reaction is
� 1.83O2 � 1.98HC : 0.021C5H7NO2 � 1.041H2O 
� 0.98N � 1.88H2CO3 (6.184)

Nitrifying biofilm properties. Although the principal genera Nitrosomonasand Nitrobacter are responsible for biological nitrification, het-erotrophic nitrification can also occur when nitrite and/or nitrate areproduced from organic or inorganic compounds by heterotrophic organ-isms (�100 species, including fungi). However, the amount of oxida-tion nitrogen formed by heterotrophic organisms is relatively small(Painter, 1970).The growth rate for nitrifying bacteria is much less than of het-erotrophic bacteria. Nitrifying bacteria have a longer generation timeof at least 10 to 30 h (Painter, 1970, 1975). They are also much moresensitive to environmental conditions as well as to growth inhibitors.The growth rate for nitrite oxidizers is much greater than that for theammonia oxidizers.According to Painter (1970), experimental yield values of Nitrosomonaslay between 0.04 and 0.13 lb volatile suspended solids (VSS) grown perpound of ammonia nitrogen oxidized; and for Nitrobacter the yield rangedfrom 0.02 to 0.07 lb VSS per pound of nitrite nitrogen oxidized. Yieldvalues based on thermodynamic theory are 0.29 and 0.084, respectivelyfor Nitrosomonas and Nitrobacter (Haug and McCarty, 1972). The lowervalue of the experimental yield is due to the diversion of a portion of thefree energy released by oxidation to microorganism maintenance func-tions. Based on Eqs. (6.182) and (6.183), the yield for Nitrosomonas and
Nitrobacter should be 0.15 mg cells/mg -N and 0.02 mg cells/mgNO2-N, respectively.
Kinetics of nitrification. The kinetics of biological nitrification, usingmathematical expressions for the oxidation of ammonia and nitrite,have been proposed by many investigators. A variety of environmentalfactors, such as ammonia concentration, pH, temperature, and dis-solved oxygen level, affect the kinetics. For the combined carbonoxidation–nitrification processes, BOD to TKN ratio is also an importantfactor. The reaction is enhanced with higher pH, higher temperature,and higher DO concentration.

Effect of ammonia concentration on kinetics. Numerous investigators havedeveloped growth kinetics and substrate utilization equations for nitri-fiers. However, the most popular method is the Monod model (1949) of

NH14

O23

O23NH14
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population dynamics. The growth rate of nitrifiers is a function ofammonia concentration dynamics, as follows:
(6.185)

where � growth rate of nitrifier, per day
� maximum specific growth rate of nitrifier, per day

X � concentration of bacteria
S � concentration of substrate (NH3-N), mg/L
t � time, days

Ks � half velocity constant, i.e. substrate concentration (mg/L)at half of the maximum growth rate
Equation (6.185) assumes no mass transfer or oxygen transferlimitations.Values of Ks for Nitrosomonas and Nitrobacter are generally equal toor less than 1 mg/L (0.18 to 1.0 mg/L mostly) at liquid temperatures of20�C or less (Haug and McCarty, 1972). The Monod expression for bio-logical nitrification provides for a continuous transition between first-and zero-order kinetics based on substrate concentration. Since Ks valuesfor nitrification are much less than ammonia concentrations found inwastewater, many investigators (Huang and Hopson, 1974, Wild et al.,1971; Kiff, 1972) found that the growth kinetic model reduces to a zero-order expression

(6.186)

Equation (6.186) indicates that the nitrification rate is independent ofthe initial substrate concentration and the mixing regime. This suggeststhat nitrifiers are reproducing at or near their maximum growth rate.As substrate is removed, and as S approaches the value of Ks or less,further substrate removal will begin to approximate a first-orderreaction.Estimates of the maximum growth rates ( ) of Nitrosomonas and
Nitrobacter under various environmental conditions, found by otherinvestigators, are summarized elsewhere (US EPA, 1975c; Brenner
et al., 1984). Both and Ks are found to increase with increasing tem-perature. All nitrification studies were conducted with activated-sludgeprocesses or river waters. Maximum growth rates might be expected toapproximate those of suspended growth process in which ammonia masstransfer and DO are not limiting.

m̂

m̂

m 5
1
X dS

dt 5 m̂

m̂

m

m 5
1
X dS

dt 5 m̂ S
Ks 1 S
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The ranges and typical values of kinetic coefficients for suspendedgrowth nitrification processes using pure cultures are summarized inTable 6.23. In practice, the values of those coefficients for nitrifiers inactivated-sludge processes will be considerably less than the valueslisted in the table.The reported data indicate that the maximum growth rate of
Nitrobacter is considerably greater than that of Nitrosomonas.Therefore the oxidation of ammonia to nitrite is the rate-limiting reac-tion in nitrification. For this reason, nitrite does not accumulate inlarge amounts in mature nitrification systems for municipal waste-waters.

Oxidation rate. The ammonia oxidation rate is related to the Nitrosomonasgrowth rate. Its maximum oxidation rate can be expressed as
(6.187)

where rN � ammonia oxidation rate, lb -N oxidized/(lb VSS � d)
N � Nitrosomonas growth rate, day�1

YN � organism yield coefficient, lb Nitrosomonasgrown(VSS)/lb -N removed
� /YN � peak ammonia oxidation rate,lb -oxidized/(lb VSS � d)
� peak Nitrosomonas growth rate, day�1

N � -N concentration, mg/L
KN � half saturation constant, mg/L -N, mg/LNH14

NH14
m̂N

NH14
m̂Nr̂N

NH14

m

NH41

rN 5
mN
YN

5 r̂N N
KN 1 N

TABLE 6.23 Values of Kinetic Coefficients for the Suspended Growth Nitrification
Process (Pure Culture Values)

Value (20°C)
Kinetic coefficient Unit Range Typical
Nitrosomonas
mm per day 0.3–2.0 0.7
Ks -N, mg/L 0.2–2.0 0.6

Nitrobacter
mm per day 0.4–3.0 1.0
Ks -N, mg/L 0.2–5.0 1.4

Overall
mm per day 0.3–3.0 1.0
Ks -N, mg/L 0.2–5.0 1.4
Y mg VSS/mg -N 0.1–0.3 0.2
kd per day 0.03–0.06 0.05

SOURCES: US EPA, 1975b and 1975c; Schroeder, 1977

NH14
NH14

NO22

NH14



Loading rate. Referring to Eqs. (6.185) and (6.187), the growth rate ofnitrifier is proportional to substrate (NH3-N) concentration. The ammo-nia loading rates applied to the biological nitrification unit (aerationtank) are 160 to 320 g/(m3
� d) (10 to 20 lb/(1000 ft3

� d)) with corre-sponding wastewater temperature of 10 to 20�C, respectively. The aer-ation periods are 4 to 6 h for an average wastewater secondary effluent(Hammer, 1986).
BOD concentration. The combined process oxidizes a high proportion ofthe influent organics (SBOD5) relative to the NH3-N concentration,while less nitrifiers are present in the biofilm. Separate nitrificationprocesses have relatively low SBOD5 values, relative to the NH3-N con-tent, when a high level of SBOD5 removal is provided prior to the nitri-fication stages. High populations of nitrifiers occur in the separate-stagenitrification process.In combined carbon oxidation–nitrification processes the ratio of BODto TKN is greater than 5, whereas in separate processes the BOD to TKNratio in the second stage is greater than 1 and less than 3. Reducing theratio to 3 does not require a high degree of treatment in the first stage(US EPA, 1975b; McGhee, 1991).Biological nitrification is sensitive to organic loading, depending onthe carbon removal sections, because of the nitrifiers having a muchslower growth rate. Nitrification will take place when organic contentis reduced to a certain level. There are discrepancies about what is thecritical concentration for organic matter. The values cited in the litera-ture are as follows: TBOD5 approaching 30 mg/L (Antonie, 1978; Khanand Raman, 1980); TBOD5 reaching 20 mg/L (Banerji, 1980); SBOD5 lessthan 20 mg/L (Autotrol Corp, 1979); SBOD5 reduced to 15 mg/L; SBOD5around 10 mg/L (Miller et al., 1980).
Temperature. The optimum range for nitrification is 30 to 36�C (Haugand McCarty, 1972; Ford et al., 1980). Nitrifiers have been found not togrow at temperatures below 4�C or above 45�C (Ford et al., 1980).In a suspended-growth activated-sludge system, Downing and Hopwood(1964) found that the maximum growth and the half-velocity constant

KN for both Nitrosomonas and Nitrobacter were markedly influenced bytemperature. The relationships developed for Nitrosomonas are as follows:
per day (6.188)

and
KN � 100.051T–1.158, mg/L as N (6.189)

where T is the wastewater temperature, �C.

m̂ 5 0.47e0.098sT215d,

m̂

778 Chapter 6



For attached-growth systems, different temperature effects have beenreported. Attached-growth systems have an advantage in withstandinglow temperature (�15�C) without as severe a loss of nitrification ratesas suspended-growth systems.The following equation describes temperature effects on nitrificationrate at a temperature T, �C
(6.190)

where T is wastewater temperature, �C and u is a temperature correc-tion coefficient. From laboratory and pilot RBC studies, the value of uis found to be 1.10 (Mueller et al., 1980).
Dissolved oxygen. When dissolved oxygen concentration is a limitingfactor, the growth rate of nitrifiers can be expressed as following theMonod-type relationships as follows:

(6.191)

where is the half-saturation constant for oxygen in mg/L. Values ofhave been reported to vary from 0.15 mg/L at 15�C to 2.0 mg/L at20�C (US EPA, 1975b).
Alkalinity and pH. From stoichiometry (Eq. (6.181)), 7.14 mg/L of alka-linity as CaCO3 will be destroyed for every one mg/L of NH3-N oxi-dized. However, Sherrard (1976) claimed this value to be in error andsuggested that it should be less for biological nitrification, becauseammonia is incorporated into the biomass resulting in a lesser quan-tity of NH3-N available for oxidation to nitrate. The alkalinity destruc-tion in a nitrifying activated sludge process is a function of solidsretention time and influent wastewater BOD5:N:P ratio. Alleman andIrving (1980) observed a considerably low value (2.73 mg/L of alkalinityas CaCO3 per mg/L of NH3-N oxidized) for nitrification in a sequentialbatch reactor.With the RBC system at Cadillac, Michigan, alkalinity declined 8.1mg/L for each mg/L of NH3-N oxidized (Singhal, 1980; Chou et al., 1980).At Princeton, Illinois, the alkalinity reduction ratios were respectively6.8 and 9.1 for stages 3 and 4 in a combined BOD5-nitrification 5-stageRBC system (Lin et al., 1982). Therefore it is important to have suffi-cient alkalinity buffering capacity for nitrifiers to maintain the accept-able pH range.Reported data show a wide range of optimum pH of 7.0 to 9.5 withmaximum activity at approximately pH 8.5 (Painter, 1970, 1975; Haug

KO2

KO2

mN 5 m̂Na DO
KO2 1 DOb

mT 5 m20uT220

Wastewater Engineering 779



and McCarty, 1972; Antonie, 1978). Below pH 7.0, adverse effects onammonia oxidation become pronounced.Full-scale kinetic studies conducted at the Autotrol Corporation (1979)showed that the nitrification rate declined from 0.31 lb NH3-N/(d � 1000 ft2)(1.52 g NH3-N/(m2
� d)) at pH 7.0 to 0.17 lb/(d � 1000 ft2) (0.83 g/(m2

� d))at pH 6.5.Downing and Hopwood (1964) proposed the following relationship forthe growth rate for nitrifiers and pH values up to 7.2 in a combinedcarbon oxidation and nitrification system.
[1 – 0.833(6.2 – pH)] (6.192)

It is assumed that the growth rate is constant for pH levels between 7.2and 8.0. Eq. (6.192), when applied to separate-stage nitrification systems,is probably conservative.
Combined kinetics expression. As previously presented, the major factorswhich affect the nitrification rate are ammonia nitrogen concentration,temperature, DO, and pH. In the absence of toxic or inhibitory sub-stance in the wastewater, US EPA (1975b) applied Chen’s model (1970)which combined Monod’s expression for ammonia-N concentration(Eq. (6.185)), DO (Eq. (6.191)), and pH (Eq. (6.192)) effects on nitrifiergrowth as follows:

(6.193a)

Substituting the effects of temperature (Eq. (6.188)), Eq. (6.189) for KN,1.3 mg/L for , the following equation is valid for Nitrosomonas for pH
� 7.2 and wastewater temperature between 8 and 30�C

(6.193b)
[1 – 0.833(6.2 – pH)]

The terms in the first bracket represent the effect of temperature. Thesecond bracket terms are the Monod expression for the effect of NH3-N concentration. The terms in the third bracket take into accountthe effect of DO. The terms in the last bracket account for the effectof pH: it will be unity for pH � 7.2. From Eq. (6.193) it can be seenthat if any one factor becomes limiting, even if all the others are non-limiting, the nitrification rate will be much lower, perhaps evenapproaching zero.

mN 5 0.47[e0.098sT215d] c N
10s0.051T21.158d

1 N d c
DO

1.3 1 DO d

KO2

mN 5 m̂Na N
KN 1 Nb a

DO
KO2 1 DOb[1 2 0.833s6.2 2 pHd]

mN 5 m̂N
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Example: Design an activated-sludge process for carbon oxidation–nitrificationusing the following given data. Determine the volume of the aeration tank,daily oxygen requirement, and the mass of organisms removed daily from thesystem.
Design average flow 3785 m3/d (1 Mgal/d)BOD of influent (primary effluent) 160 mg/LTKN of influent (primary effluent) 30 mg/LNH3-N of influent (primary effluent) 15 mg/LMinimum DO in aeration tank 2.0 mg/LTemperature (minimum) 16�CMaximum growth rate, 1.0 per dayMinimum pH 7.2Assume a safety factor, SF 2.5(required due to transient loading conditions)MLSS 2500 mg/LMaximum effluent SS or BOD 15 mg/LTotal alkalinity, as CaCO3 190 mg/L

solution:

Step 1. Compute the maximum growth rate of nitrifiers under the statedoperating conditions
T � 16�C 

DO � 2 mg/L
pH � 7.2

Additional required data for Eqs. (6.193a) and (6.193b)
� 0.47 d�1

� 1.3 mg/L
KN � 100.051T–1.158

� 100.051�16–1.158

� 0.455 mg/L as N 
N � 15 mg/L as N

Temperature correction factor � e0.098(16–15)
� 1.10

pH correction factor � 1 for pH � 7.2
Eqs. (6.193a) and (6.193b)

 5 0.30 d21
 5 s0.47 d21ds1.1ds0.97ds0.61ds1d
 5 0.47d21[e0.098sT215d]a 15

0.455 1 15b a
2

1.3 1 2b s1d

mN 5 m̂Na
N

KN 1 Nb a
DO

KO2 1 DOb[1 2 0.833s6.2 2 pHd]

KO2

m̂N

m̂
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Step 2. Compute the maximum ammonia oxidation rate under the envi-ronmental conditions of temperature, pH, and DO
Using Eq. (6.187)

Referring to Table 6.23
YN � 0.2 mg VSS/mg -N

Step 3. Compute the minimum cell residence time 
Using Eq. (6.76)

Note: Another rough estimate of uc (solids retention time) can be determined by

Step 4. Compute the design cell residence time

Step 5. Compute the design specific substrate utilization rate U for ammo-nia oxidation
Using Eq. (6.84)

1
uc

 5 YU 2 kd

 5  10 days
Design uc2d 5 SF 3 min. uc2min 5 2.5 3 4 days

uc 5 1/mN 5 1/0.30 d21
5 3.33 days

 5 4 days
Minimum uc2min 5 1/0.25 d21

 5 0.25 d21
1/uc 5 0.2s1.5 d21d 2 0.05 d21

kd 5 0.05 sfrom Table 6.23d
kr 5 r̂N 5 1.5 d21 sfrom Step 2d
Y 5 YN 5 0.2 sfrom Table 6.23d

1/uc < Ykr 2 kd

 5 1.5  d21
Max.  r̂N 5 s0.30 d21d/0.2

NH14

rN 5
mN
YN
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or

Applying 

Note: U � rN for Eq. (6.187).
Step 6. Compute the steady state ammonia concentration of the effluent, N 
Using Eq. (6.187)

where U � 0.75 d–1 (Step 5)
KN � 0.455 mg/L for -N (Step 1)

� 1.50 d–1
� maximum growth rate (Step 2)

Step 7. Compute organic (BOD) removal rate U
The design cell residence time applies to both the nitrifiers and hetero-trophic bacteria.

Referring to Table 6.12, for heterotrophic kinetics
Y � 0.6 kg VSS/kg BOD5 
kd � 0.06 day–1

Then

U 5 0.27 kg BOD5 removed/skg MLVSS # dd

1
10 d 5 0.6U 2 s0.06 day21d

uc2d 5 10 days

1
uc2d

5 YU 2 kd

uc2d

N 5 0.455 mg/L
0.75 d21

5
s1.50 d21dN

s0.455 mg/Ld 1 N

r̂N
NH14

rN 5 r̂N N
KN 1 N

 5 0.75 d21

 5 1
0.2 a 1

10 days 1 0.05 d21b

uc2d as uc
U 5 1

Y a 1
uc
1 kdb
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assuming there is 90% BOD5 removal efficiency. 
The food to microorganism ratio is

F/M � 0.27/0.9
� 0.30 kg BOD5 applied/(kg MLVSS � d)

Step 8. Compute the hydraulic retention time u required for organic andammonia oxidations
Using Eq. (6.83)

(a) For organic oxidation
S0 � 160 mg/L (given) 
S � 15 mg/L (regulated)
U � 0.27 day–1 (Step 7)
X � MLVSS � 0.8 MLSS � 0.8 � 2500 mg/L

� 2000 mg/L
Therefore

� 0.269 day
� 6.4 h

(b) For nitrification
N0 � TKN � 30 mg/L (given)
N � 0.45 mg/L (Step 6)
U � 0.75 d–1 (Step 5)
X � 2000 mg/L � 0.08 (assuming 8% of VSS is nitrifiers)

� 160 mg/L

� 0.246 days
� 5.9 h

Note: Organic oxidation controls HRT; u � 6.4 h

u 5
s30 2 0.45d mg/L

s0.75 d21ds160 mg/Ld

u 5
s160 2 15d mg/L

s0.27 day21ds2000 mg/Ld

U 5
S0 2 S
uX � � � � or� � � � u 5 S0 2 S

UX
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Step 9. Determine the volume V of aeration tank required, based on organicremoval process
V � Qu � (3785 m3/d) (0.269 day)

� 1020 m3 

� 36,000 ft3

Step 10. Compute BOD5 loading rate
BOD loading � (3785 m3/d)(160 g/m3)/(1000 g/kg)

� 606 kg/d
BOD loading rate � (606 kg/d)/(1020 m3)

� 0.59 kg/(m3 . d)
� 37.1 lb/(1000 ft3

� d) (OK)
Note: This rate is below the range of 50 to 120 lb/(1000 ft3 . d) for the complete-mix activated-sludge process.
Step 11. Estimate the total quantity of oxygen supply needed
The total quantity of oxygen required can be estimated on the basis of oxygendemand for BOD5 and TKN removal and net mass of volatile solids (cells) pro-duced with conversion factors. A procedure similar to the one illustrated inthe section on the activated-sludge process may be used.

Alternatively, a rough estimation can be calculated by the following equationfrom the influent BOD5 and TKN concentrations (Metcalf and Eddy, Inc. 1991)
O2, lb/d �Q(kS0 � 4.57 TKN) 8.34

where Q � influent flow, Mgal/d
k � conversion factor for BOD loading on nitrification system

� 1.1 to 1.254.57 � conversion factor for complete oxidation of TKN8.34 � a conversion factor, lb/((Mgal � mg/L)
For this example, let k � 1.18 and SF � 2.5. Then

Required O2, lb/d � 1 Mgal/d [1.18(160 mg/L) � 4.57(30 mg/L)]
� [8.34 lb/(Mgal . mg/L)] � 2.5

� 6795 lb/d
� 3082 kg/d

Step 12. Determine the sludge wasting schedule
Sludge wasting includes solids contained in the effluent from secondary clar-ifier effluent and sludge waste in the return activated sludge or mixed liquor.

Wastewater Engineering 785



The sludge to be wasted under steady-state conditions is the denomi-nator of Eq. (6.71)

Total solids wasted per day is
QwaX � QeXe � VX/uc

V � 1020 m3

X � MLVSS � 0.8 � MLSS � 0.8 � 2500 mg/L
� 2000 mg/L

VX � 1020 m3
� 2000 (g/m3)/(1000 g/kg)

� 2040 kg
uc � 10 days (use design uc�d, Step 4)

VX /uc � 2040 kg/10 days
� 204 kg/d

The solids contained in the clarifier effluent at 3785 m3/d (1 Mgal/d) arecalculated from the VSS in the effluent
Effluent VSS � 0.8 � 15 mg/L � 12 mg/L � 12 g/m3

QeXe � 3785 m3/d � 12(g/m3)/(1000 g/kg)
� 45.4 kg/d

The VSS (microorganism concentration) to be wasted from mixed liquor orreturn sludge is
QwaX � VX/uc � QeXe � (204 – 45) kg/d 

� 159 kg/d
Step 13. Check the buffering capacity of the wastewater
Theoretically 7.14 mg/L of alkalinity as CaCO3 is destroyed per mg/L ofNM�4-N oxidized. The alkalinity remaining after nitrification would be at least

Alk. � 190 mg/L – 7.14 (15 mg/L)
� 83 mg/L as CaCO3

This should be sufficient to maintain the pH value in the aeration tanksabove 7.2.
Combined carbon oxidation–nitrification in attached growth reactors. Twoattached growth reactors, the trickling filter process and the RBCprocess, can be used for combined carbon oxidation–nitrification.

uc 5
VX

QwaX 1 QeXe
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Detailed design procedures for these two processes are described else-where (US EPA, 1975c) and in the manufacturers’ design manual.In the design of nitrification with trickling filters, the total surfacearea required is determined on the basis of empirical unit surface areafor unit NH�4-N oxidized per day under the BOD/TKN and the sustainedtemperature conditions. The choice of filter media is based on the efflu-ent BOD5 and SS requirements. A circulation rate of 1:1 is usuallyadequate.
Nitrification with RBC system. For a combined oxidation–nitrificationprocess with the RBC system, a two-step design procedure is needed.Significant nitrification will not occur in the RBC process until the sol-uble BOD concentration is reduced to 15 mg/L or less (Autotrol, 1979).In the first design the media surface area required to reduce SBOD isdetermined as shown in the example illustrated in the previous section.For influent ammonia nitrogen concentrations of 15 mg/L or above, itis necessary to reduce SBOD concentrations to less than 15 mg/L, i.e.to about the same value as the ammonia nitrogen concentration. Thesecond design uses the nitrification design curves (Fig. 6.50) to deter-mine the RBC area to reduce the influent ammonia nitrogen level tothe required effluent concentration. The sum of the two RBC surfaceareas is determined as the total surface area required for the combined
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carbon oxidation–nitrification system. Figure 6.51 shows the design curvesfor RBC carbon oxidization–nitrification of municipal wastewater. If thewastewater temperature is less than 55�F (12.8�C), a separate tempera-ture correction should be made to each of the surface areas determined.
Example: Design an RBC system for organic and nitrogen removal with thefollowing data. The effluent SBOD and NH3-N are to be 6 and 2 mg/L, respec-tively. Total BOD � 12 mg/L.

Design inflow 4.0 Mgal/d (15,140 m3/d)Influent soluble BOD 70 mg/LEffluent soluble BOD 6 mg/LInfluent NH3-N 18 mg/LEffluent NH3-N 2 mg/LWastewater temperature � 55�F (12.8�C)

solution:

Step 1. Determine the required surface area
(a) Determine hydraulic loading HL to reduce SBOD from 70 mg/L to 15 mg/Lfor starting nitrification

From Fig. 6.33
HLb � 3.32 gal/(d � ft2) for the influent SBOD � 70 mg/L
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(b) Determine HL to reduce NH3-N from 18 mg/L to 2 mg/L
From Fig. 6.50

HLn � 2.1 gal/(d � ft2)
(c) Determine overall hydraulic loading HLo

(d) Determine HL for reducing SBOD to 6 mg/L
From Fig. 6.33

HLb � 2.0 gal/(d � ft2)
This is greater than HLo; thus, nitrification controls the overall design HL.Calculate the surface area requirement

Step 2. Determine the size of first stage
(a) Calculate overall SBOD loading area

(b) Sizing of first stage
The size of the first stage can be found from the manufacturer’s designcurve (Fig. 6.51) or by proportional calculation. An SBOD loading rateof 4.00 lb/(d � 1000 ft2) uses 100% of the total media area. Therefore

(c) Calculate surface area of first stage
Area � 0.19 (3,100,000 ft2)

� 589,000 ft2

X 5 18.8% or 19%

X%
100% 5

0.75 lb/sd #  1000 ft2d
4.00 lb/sd #  1000 ft2d

 5 0.75 lb/d # 1000 ft2

SBOD loading  5  4 Mgal/d 3  70 mg/L 3  8.34 lb/sMgal # mg/Ld
3,100,000 ft2

 5 3,100,000 ft2

Area 5 4,000,000 gal/d
1.29 gal/sd #  ft2d

HLo 5 1.29 gal/sd # ft2d

1
HLo

5
1

HLb
1

1
HLn

5
1

3.32 1
1

2.1
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Step 3. Determine media distribution
(a) Using high-density media, from Fig. 6.51, 

maximum % of total media area �67% for 0.75 lb SBOD/(d . 1000 ft2)
(b) High-density surface area

� 0.67 (3,100,000 ft2)
� 2,077,000 ft2

(c) Standard media surface area
� (l – 0.67)(3,100,000 ft2)
� 1,023,000 ft2

Step 4. Select configuration
(a) Standard media, S, (100,000 ft2 per unit) assemblies in first stage

(b) Standard media (total)

(c) High-density media, H, (150,000 ft2 per unit) assemblies

(d) Choose between three trains of five-stage operation as shown below
3 (SS � SS � HH � HH � H) � 27 (units with 5 stages in 3 trains)

or three trains of four-stage operation
3 (SS � SS � HHH � HH) � 27 (units with 4 stages in 3 trains)

Step 5. No temperature correction is needed, since the wastewater tem-perature is above 12.8�C (55�F).

 5 13.8 suse 15 unitsd
 5 2,077,000

150,000

 5 10.23 suse 12 unitsd
 5 1,023,000

100,000

 5 5.9 units suse 6 units with 3 trainsd
 5 589,000 ft2

100,000 ft2/unit
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Step 6. Determine power consumption
A rough estimation of power consumption is 2.5 kW per shaft

Power consumption � 2.5 kW/shaft � 27 shafts
� 67.5 kW

Denitrification. Biological denitrification is the conversion of nitrate togaseous nitrogen species and to cell material by the ubiquitous hetero-trophic facultative aerobic bacteria and some fungi. Denitrifiers include abroad group of bacteria such as Pseudomonas, Micrococcus, Archromobacter,and Bacillus (US EPA, 1975b). These groups of organisms can use eithernitrate or oxygen as electron acceptor (hydrogen donor) for conversionof nitrate to nitrogen gas. Denitrification occurs in both aerobic andanoxic conditions. An anaerobic condition in the liquid is not necessaryfor denitrification, and 1 to 2 mg/L of DO does not influence denitrifi-cation. The term anoxic is preferred over anaerobic when describingthe process of denitrification.The conversion of nitrate to gaseous end products is a two-stepprocess, called dissimilatory denitrification, with a series of enzymaticreactions. The first step is a conversion of nitrate to nitrite, and the secondstep converts the nitrite to nitrogen gas. The nitrate dissimilations areexpressed as follows (Stanier et al., 1963)
2NO3� 4e�

� 4H�
S 2NO2� � 2H2O (6.194)

2NO2� � 6e�
� 8H�

S N2 � 4H2O (6.195)
Overall transformation yields

2NO3� � 10e�
� 12H�

S N2 � 6H2O (6.196)
For each molecule of nitrate reduced, five electrons can be accepted.When methanol (CH3OH) is used on the organic carbon sources, the dis-similatory denitrification can be expressed as follows:

First step
6NO3�� 2CH3OH S 6NO2�� 4H2O � 2CO2 (6.197)

Second step
6NO2� � 3CH3OH S 3N2 � 3H2O � 3CO2 � 6OH� (6.198)

Overall transformation
6NO3� � 5CH3OH S 3N2 � 7H2O � 5CO2 � 6OH� (6.199)
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In Eq. (6.199), nitrate serves as the electron acceptor and methanol asthe electron donor.When methanol is used as an organic carbon source in the conversionof nitrate to cell material, a process termed assimilatory (or synthesis)denitrification, the stoichiometric equation is
3NO3� � 14CH3OH � 4H2CO3 → 3C5H7O2N � 20H2O � 3HCO3� (6.200)
From Eq. (6.200), neglecting cell synthesis, 1.9 mg of methanol isrequired for each mg of NO3-N reduction (M/N ratio). Including synthesisresults in an increase in the methanol requirement to 2.47 mg. Thetotal methanol requirement can be calculated from that required fornitrate and nitrite reductions and deoxygenation as follows (McCarty

et al., 1969):
Cm � 2.47 (NO3-N) � 1.53 (NO2-N) � 0.87DO (6.201)

where Cm � methanol required, mg/LNO3-N � nitrate nitrogen removed, mg/LNO2-N � nitrite nitrogen removed, mg/LDO � dissolved oxygen removed, mg/L
Biomass production can be computed similarly

Cb � 0.53 (NO3-N) � 0.32 (NO2-N) � 0.19DO (6.202)
where Cb � biomass production, mg/L

In general, an M/N ratio of 2.5 to 3.0 is sufficient for complete deni-trification (US EPA, 1975c). A commonly used design value for therequired methanol dosage is 3 mg/L per mg/L of NO3-N to be reduced.
Example: Determine the methanol dosage requirement, the M/N ratio,and biomass generated for complete denitrification of an influent with anitrate-N of 24 mg/L, nitrite-N of 0.5 mg/L, and DO of 2.5 mg/L.
solution:

Step 1. Determine methanol required, using Eq. (6.201)
Cm � 2.47 (NO3-N) � 1.53 (NO2-N) � 0.87 DO

� 2.47 (24 mg/L) � 1.53 (0.5 mg/L) � 0.87 (2.5 mg/L)
� 62.2 mg/L

Step 2. Calculate M/N ratio
M/N � (62.2 mg/L)/(24 mg/L)

� 2.6
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Step 3. Calculate biomass generated, using Eq. (6.202)
Cb � 0.53 (NO3-N) � 0.32 (NO2-N) � 0.19 DO

� 0.53 (24 mg/L) � 0.32 (0.5 mg/L) � 0.19 (2.5 mg/L)
� 13.4 mg/L

Kinetics of denitrification. Similarly to nitrification, environmental fac-tors affect the kinetic rate of denitrifier growth and nitrate removal.These factors are mentioned in the previous section.
Effect of nitrate on kinetics. The effect of nitrate on denitrifier growth ratecan be expressed by the Monod equation

(6.203)

where mD � growth rate of denitrifier, per day
� maximum growth rate of denitrifier, per day

D � nitrate-N concentration, mg/L
KD � half saturation constant, mg/L nitrate-N

� 0.08 mg/L NO3-N, for suspended-growth systems withoutsolids recycle at 20�C
� 0.16 mg/L NO3-N, for suspended-growth systems withsolids recycle at 20�C
� 0.06 mg/L NO3-N, for attached-growth systems at 25�C

With the effects of wastewater temperature (T, �C) and dissolvedoxygen (DO, mg/L), the overall rate of denitrification can be describedas follows:
(6.203a)

Denitrification rates can be related to denitrifier growth rates by the fol-lowing relationship (US EPA, 1975c)
rD � mD/YD (6.204)

where rD � nitrate removal rate, lb (NO3-N)/lb VSS/d
YD � gross yield of denitrifier, lb VSS/lb (NO3-N)

Similarly, peak denitrification rates are related to maximum denitri-fier growth rates as follows:
(6.205)r̂D 5 m̂D/YD

mD 5 m̂D 3
D

KD 1 D 3 1.09sT220d
3 s1 2 DOd

m̂D

mD 5 m̂D D
KD 1 D
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Solids retention time. Consideration of solids production and solidsretention time is an important design consideration for the system.Similar to Eq. (6.84), a mass balance of the biomass in a completelymixed reactor yields the relationship (Lawrence and McCarty, 1970)
(6.206)

where uc � solids retention time, day
Kd � decay coefficient, day�1

Denitrification with RBC process. The RBC process has been applied tobiological denitrification by completely submerging the rotating mediaand by adding an appropriate source of organic carbon. Figure 6.52 isa schematic process flow diagram of carbon oxidation–nitrification–denitrification. Methanol is added to the denitrification stage, in whichthe rotational speed is reduced. Methanol requirements are a significantportion of the operating cost. In a completely submerged mode, RBC willremove nitrate nitrogen at a rate of approximately 1 lb/(d � 1000 ft2)while treating influent nitrate concentrations up to 25 mg/L and pro-ducing effluent nitrate nitrogen concentrations below 5 mg/L. The designcurves for RBC denitrification of municipal wastewater are presentedin Fig. 6.53 (Autotrol, 1979).Denitrification is a relatively rapid reaction compared to nitrifica-tion. It is generally more economical to reduce nitrate nitrogen to as lowa level as can be achieved by the RBC process, i.e.  1.0 mg/L.
Example: Design a denitrification RBC system following organic oxidation–nitrification, using data for the example in the section on nitrification withthe RBC system. The treatment plant is designed to produce a final effluent of4 mg/L total nitrogen (2 mg/L of NH3-N, 3 mg/L of TKN, and 1 mg/L of NO3-N).
Given conditions:
Design flow � 4.0 Mgal/d 
Influent NH3-N (nitrification) � 18 mg/L
Effluent NH3-N � 2 mg/L
Wastewater temperature � 55�F

1
uc
5 YDrD 2 Kd
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Figure 6.52 Schematic RBC process for BOD removal, nitrification, and denitrification.



solution:

Step 1. Determine surface area for denitrification shafts
(a) As in the previous RBC example for BOD removal and nitrification, theoverall hydraulic loading HLo � 1.29 gal/(d . ft2)

The surface area required � 3,100,000 ft2

(b) Influent NO3-N of denitrification
� (influent � effluent) NH3-N
� (18 � 2) mg/L
� 16 mg/L

Note: Assume that all NH3-N removed is stoichiometrically converted toNO3-N, even though field practice often shows a loss of NO3-N.
(c) Referring to Fig. 6.53, the hydraulic loading rate to reduce NO3-N from16 mg/L to 1 mg/L

HL � 7.45 gal/(d � ft2)
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(d) Calculate the surface area for denitrification

Step 2. Select configuration
(a) Use standard media (100,000 ft2) for denitrification
(b) Number of shafts

(c) A two-stage operation with three trains is recommended. Install twoassemblies in a separate basin with baffles between adjacent shafts.

29 Sludge (Residuals) Treatment

and Management

Residuals is a term currently used to refer to “sludge.” The bulk of resid-uals (sludge) generated from wastewater by physical primary and bio-logical (secondary) and advanced (tertiary) treatment processes must betreated and properly disposed of. The higher the degree of wastewatertreatment, the larger the quantity of sludge to be treated and handled.With the advent of strict rules and regulations involving the handlingand disposal of sludge, the need for reducing the volume of sludge hasbecome increasingly important in order to reduce the operating costs(approximately 50% of the plant costs) of wastewater treatment plants.Sludge treatment and disposal is a complex problem facing wastewatertreatment professionals. A properly designed and efficiently operatedsludge processing and disposal system is essential to the overall successof the wastewater treatment effort.
29.1 Quantity and characteristics of sludge

The quantity and characteristics of the sludge produced depend on thecharacter of raw wastewater and the wastewater treatment processes.In the United States, approximately 12,750 public owned treatmentworks (POTW) generate 5.4 million dry metric tons of sludge annually,or 21 kg (47 lb) of dry sewage sludge (biosolids) per person (FederalRegister, 1993).

 5 5.4 suse 6 shaftsd
 5 540,000 ft2

100,000 ft2

 5 540,000 ft2

Surface area 5 4,000,000 gal/d
7.45 gal/sd # ft2d

796 Chapter 6



Some estimates of the amounts of solids generated by the treatmentunit processes may be inferred from previous examples. Grit collectedfrom the preliminary treatment units is not biodegradable. It is usuallytransported to a sanitary landfill without further treatment.Characteristics of wastewater sludges, including total solids and volatilesolids contents, pH, nutrients, organic matter, pathogens, metals, organicchemicals, and hazardous pollutants, are discussed in detail elsewhere(Federal Register, 1993; US EPA, 1995).Sludge from primary settling tanks contains from 3% to 7% solidswhich are approximately 60% to 80% organic (Davis and Cornwell,1991; Federal Register, 1993). Primary sludge solids are usually grayin color, slimy, fairly coarse, and with highly obnoxious odors. Primarysludge is readily digested under suitable operational conditions (organ-ics are decomposed by bacteria). Table 6.24 provides the solids concen-trations of primary sludge and sludge produced in different biologicaltreatment systems.Sludge from secondary settling tanks has commonly a brownish, floc-culant appearance and an earthy odor. If the color is dark, the sludgemay be approaching a septic condition. Secondary sludge consists mainlyof microorganisms (75% to 90% organic) and inert materials. The organicmatter may be assumed to have a specific gravity of 1.01 to 1.06, depend-ing on its source, whereas the inorganic particles have a specific grav-ity of 2.5 (McGhee, 1991).In general, secondary sludges are more flocculant than primarysludge solids, less fibrous. Waste activated sludge usually contains0.5% to 2% solids, whereas trickling filter sludge has 2% to 5% solids(Davis and Cornwell, 1991; Hammer, 1986). Activated sludge and trick-ling filter sludge can be digested readily, either alone or when mixedwith primary sludge.

Wastewater Engineering 797

TABLE 6.24 Solids Concentrations and Other Characteristics of Various Types of
Sludge

Advanced (tertiary),Primary, Secondary, chemical precipitation,Wastewater treatment gravity biological filtration
SludgeAmounts generated, L/m3 2.5–3.5 15–20 25–30of wastewaterSolids content, % 3–7 0.5–2 0.2–1.5Organic content, % 60–80 50–60 35–50Treatability, relative easy difficult difficultDewatered by belt filterFeed solids, % 3–7 3–6Cake solids, % 28–44 20–35

SOURCES: WPCF (1988a), WEF and ASCE (1991b), US EPA (1991)



Sludge from chemical (metal salts) precipitation is generally dark incolor or red (with iron) and slimy. Lime sludge is grayish brown.Chemical sludge may create odor. Decomposition of chemical sludgeoccurs at a slower rate.The nature of sludge from the tertiary (advanced) treatment processdepends on the unit process. Chemical sludge from phosphorus removalis difficult to handle and treat. Tertiary sludge combined with biologi-cal nitrification and denitrification is similar to waste activated sludge.
Example: Estimate the solids generated in the primary and secondary clar-ifiers at a secondary (activated sludge) treatment plant. Assume that the pri-mary settling tank removes 65% of the TSS and 33% of the BOD5. Alsodetermine the volume of each sludge, assuming 6% and 1.2% of solids in theprimary and secondary effluents, respectively.

Average plant flow � 3785 m3/d (1 Mgal/d)
Primary influent TSS � 240 mg/L
Primary influent BOD � 200 mg/L
Secondary effluent BOD � 30 mg/L
Secondary effluent TSS � 24 mg/L
Bacteria growth rate Y � 0.23 kg (0.5 lb) sludge solids per kg (lb) BOD removed

solution:

Step 1. Calculate the quantity of dry primary solids produced daily
1 mg/L � 1 g/m3

Primary sludge � 3785 m3/d � 240 g/m3
� 0.65/(1000 g/kg)

� 590 kg/d
� 1300 lb/d

Step 2. Calculate the primary effluent TSS and BOD concentrations
TSS � 240 mg/L � (1 � 0.65) � 84 mg/L

BOD � 200 mg/L � (1 � 0.33) � 134 mg/L
Step 3. Calculate TSS removed in the secondary clarifier

Secondary (TSS) solids � 3785 m3/d � (84 � 24) (g/m3/(1000 g/kg)
� 227 kg/d
� 500 lb/d

Step 4. Calculate biological solids produced due to BOD removal
BOD removed � 3785 m3/d (134 � 30) g/m3/(1000 g/kg)

� 394 kg/d
� 869 lb/d

798 Chapter 6



Biological solids � 394 kg/d � Y � 394 kg/d � 0.23 kg/kg
� 90 kg/d
� 198 lb/d

Step 5. Calculate total amount of solids produced from the secondary clar-ifier and from the whole plant (from Steps 3 and 4)
Secondary solids � (227 � 90) kg/d

� 317 kg/d
� 698 lb/d

Solids of the plant � Step 1 � Step 5
� (590 � 317) kg/d
� 907 kg/d
� 1998 lb/d

Step 6. Determine the volume of each type of sludge
Assuming sp. gr. of sludge � 1.0

Mass–volume relation. The mass of solids in a slurry is related to volatileand fixed suspended solids contents. The specific gravity (sp. gr.) of aslurry is
(6.207)

where Ss � specific gravity of slurry, g/cm3 or lb/ft3
mw � mass of water, kg or lb
mv � mass of VSS, kg or lb
mf � mass of FSS, kg or lb
Vs � volume of sludge slurry, m3 or ft3

Ss 5
mw 1 mv 1 mf

Vs

 5 6980 gal/d
 5 26.4 m3/d

Secondary sludge volume V2 5
317 kg/d

0.012 3 1000 kg/m3

 5 2590 gal/d
 5 9.8 m3/d

Primary sludge volume V1 5
590 kg/d

0.06 3 1000 kg/m3
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Since
Vs � Vw � Vv � Vf (6.208)

where
Vw, Vv, Vf � volume of water, VSS, FSS, m3 or ft3

then
(6.209)

where
ms � mass of slurry, kg or lb

Moisture content. The moisture (water) rw or total solids rs content ofa sludge, expressed on a percentage basis, can be computed as
(6.210)
(6.211)

The volume of a sludge, related to its total solids content, is
(6.212)

The specific gravity of organic matter (VSS) is close to that of water(1.00). The sp. gr. of activated sludge is 1.01 to 1.10, the sp. gr. of FSSis 2.5, and that for chemical sludge ranges from 1.5 to 2.5 (Droste, 1997).
Example: Determine the sp. gr. of waste activated sludge that contains 80%VSS and has a solids concentration of 1.5%. Also, determine the volume of1 kg of sludge.
solution:

Step 1. Calculate mass of VSS, FSS, and water in 1000 g of sludge
1.5% sludge � 15,000 mg/L of solids

� 15 g/L
VSS � 15 g/L � 0.8 � 12 g/L �mv
FSS � 15 g/L � 0.2 � 3 g/L � mf

If ms � 1000 g
Then mw � (1000 � 12 � 3) g � 985 g

Vs 5
ms

srs /100dSs

ps 5 100 2 rw

rw 5
100mw

mw 1 ms
5

100mw
mw 1 mv 1 mf

ms
Ss
5

mw
Sw

1
mv
Sv

1
mf
Sf
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Step 2. Calculate sp. gr. of the sludge, using Eq. (6.209)

Step 3. Calculate the volume per kg of sludge
ms � 1000 g � 0.015 � 15 g

Using Eq. (6.212)

29.2 Sludge treatment alternatives

A variety of treatment processes and overall sludge management optionscan be established, depending on the type and quantity of sludge gener-ated. Figure 6.54 illustrates schematically the wastewater sludge treat-ment alternatives. The basic processes for sludge treatment includethickening, stabilization, conditioning, dewatering, and volume reduction.More details of sludge treatments are available from manufacturers’manuals and elsewhere (US EPA,1979; 1991; Metcalf and Eddy, Inc. 1991;WEF and ASCE, 1991b, 1996b).

 5 0.998 L
 5 15 g

s1.5/100ds1.0018 g/cm3ds1000 cm3/Ld

Vs 5
ms

srs /100dSs
5

15 g
s1.5/100dSs

Ss 5
1

0.9982 5 1.0018 sg/cm3d

1000
Ss

 5 985
1.0 1

12
1.0 1

3
2.5

ms
Ss

 5 mw
Sw

1
mv
Sv

1
mf
Sf
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Sludge thickening. As stated previously, all types of sludge contain a largevolume of water (Table 6.24). The purposes of sludge thickening are toreduce the sludge volume to be handled in the subsequent sludge pro-cessing units (pump, digester, dewatering equipment) and to reduce theconstruction and operating costs of subsequent processes. Sludge thick-ening is a procedure used to remove water and increase the solids content.For example, if waste activated sludge with 0.6% solids is thickened to acontent of 3.0% solids, a five-fold decrease in sludge volume is achieved.Thickening a sludge with 3% to 8% solids may reduce its volume by50%. Sludge thickening mainly involves physical processes such as grav-ity settling, flotation, centrifugation, and gravity belts.
Example: Estimate the sludge volume reduction when the sludge is thick-ened from 4% to 7% solids concentration. The daily sludge production is100 m3 (26,420 gal).
solution:

Step 1. Calculate amount of dry sludge produced
Dry solids � 100 m3 . d � 1000 kg/m3

� 0.04 
� 4000 kg/d

Step 2. Calculate volume in 7% solids content
Volume � (4000 kg/d)/[0.07(1000 kg/m3)]

� 57.1 m3/d
� 15,100 gal/d

Note: Steps 1 and 2 can be solved by the mass balance method:
Volume � 100 m3/d � 4%/7%

� 57.1 m3/d
Step 3. Calculate percentage sludge volume reduction

Gravity thickening. Gravity thickening (Fig. 6.55) uses gravity forces toseparate solids from the sludge. The equipment is similar in design to aconventional sedimentation basin. Sludge withdrawn from primary clar-ifiers or sludge blending tanks is applied to the gravity thickener througha central inlet wall. The normal solids loading rates range from 30 to60 kg solids per m2 of tank bottom per day (6 to 12 lb/(ft2 . d)) (Hammer,1986). Coagulant is sometimes added for improving the settling.

 5 42.9%
Percent volume reduction 5 s100 2 57.1dm3

3 100%
100 m3
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Typical hydraulic loading rates are from 16 to 32 m3 /(m2 . d) (390to 785 gal/(d . ft2)). For waste activated sludge or for a very thin mix-ture, hydraulic loading rates range from 4 to 8 m3/(m2 . d) (100 to 200gal/ (d . ft2)) for secondary sludges, and 16 to 32 m3/(m2 . d) (390 to 785gal/(d . ft2)) for primary sludges (US EPA, 1979). For activated sludge,residence time in the thickener needs to be more than 18 h to reducegas production and other undesirable effects (WEF and ASCE, 1991b).A typical design is a circular tank with a side depth of 3 to 4 m and afloor sloping at 1:4 to 1:6.
Example 1: A residual with 4% solids is thickened to a 9% solids content.What is the concentration factor?
solution:

Note: Concentration factor should be 2 or more for primary sludges, and 3 ormore for secondary sludges.
Example 2: A 9 m (30 ft) diameter by 3 m (10 ft) side wall depth gravitythickener is concentrating a primary sludge. The sludge flow is 303 L/min(80 gal/min) with average solids content of 4.4%. The thickened sludge is

 5 2.25
 5 9%

4%

Concentration factor 5 thickened solids concentraiton, %
solids content in influent, %
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withdrawn at 125 L/min (33 gal/min) with 6.8% solids. The sludge blanketis 1 m (3.3 ft) thick. The effluent of the thickener has a TSS level of 660 mg/L.Determine: (1) the sludge detention time; (2) whether the blanket willincrease or decrease in depth under the stated conditions.
solution:

Step 1. Determine the sludge detention time
(a) Compute the volume of the sludge blanket

Volume � p (9 m/2)2
� 1 m

� 63.6 m3 

� 63,600 L
(b) Compute the daily sludge pumped

Pumpage � 125 L/min � 1440 min/d
� 180,000 L/d

(c) Compute the sludge detention time (DT)
DT � sludge volume/sludge pumpage

� 63,600 L/(180,000 L/d)
� 0.353 day
� 8.48 h

Step 2. Determine sludge blanket increase or otherwise
(a) Estimate the amount of solids entering the thickener

Assume the sludge � 1 kg/L
Solids in � 303 L/min � 1440 min/d � 1 kg/L � 0.044

� 19,200 kg/d
(b) Compute the sludge withdrawal rate

Withdrawal rate � 125 L/min � 1440 min/d � 1 kg/L � 0.068
� 12,240 kg/d

(c) Compute solids discharge in the effluent of the thickener
Effluent TSS � 660 mg/L � 0.066%

Solids lost � 303 � 1440 � 1 � (0.066%/100%)
� 288 kg/d

say � 290 kg/d
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(d) Compute total solids out
Solids out � (Step 2b) � (Step 2c) � (12,240 � 290) kg/d 

� 12,530 kg/d
(e) Compare Steps 2a and 2d

Solids in 19,200 kg/d � solids out, 12,530 kg/d
Answer: The sludge blanket will increase in depth.
Note: the withdrawal rate also can be expressed as per minute
Dissolved air flotation thickening. Flotation thickeners include dissolvedair flotation (DAF), vacuum flotation, and depressed-air flotation. OnlyDAF is used for wastewater sludge thickening in the US. It offers sig-nificant advantages in thickening light sludges such as activated sludge.The DAF thickener (Fig. 6.56) separates solids from the liquid phase in

Wastewater Engineering 805
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an upward direction by attaching fine air bubbles (60 to 100 mm) toparticles of suspended solids which then float. The influent stream atthe tank bottom is saturated with air, pressurized (280 to 550 kPa),then released to the inlet distributor. The retention tank is maintainedat a pressure of 3.2 to 4.9 kg/cm2 (45 to 70 lb/in2) (US EPA, 1987b).The ratio of the quantity of air supplied and dissolved into the recy-cle or waste stream to that of solids (the air-to-solids, A/S ratio) is prob-ably the most important factor affecting the performance of the flotationthickener. Normal loading rates for waste activated sludge range from10 to 20 kg solids/(m2 . d) (2 to 4 lb/(ft2 . d)). DAF thickening producesabout 4% solids with a solids recovery of 85% (Hammer, 1986). Thesludge volume index, SVI, is also an important factor for DAF operation.
Example 1: Determine hydraulic and solids loading rates for a DAF thick-ener. The thickener, of 9 m (30 ft) diameter, treats 303 L/min (80 gal/min) ofwaste activated sludge with a TSS concentration of 7800 mg/L.
solution:

Step 1. Calculate liquid surface area
Area � p (9 m/2)2

� 63.6 m2

Hydraulic loading � (303 L/min)/63.6 m2

� 4.76 L/(min . m2)
Step 2. Calculate solids loading rate

TSS in WAS � 7800 mg/L � 0.78%
Solids loaded � 303 L/min � 60 min/h � 1 kg/L � (0.78%/100%)

� 141.8 kg/h
Solids loading rate � (141.8 kg/h)/(63.6 m2)

� 2.23 kg/(m2 . h)
� 53.3 kg/(m2 . d)
� 10.9 lb/(ft2 . h)

Example 2: A DAF thickener treats 303 L/min (80 ft/min) of waste acti-vated sludge at 8600 mg/L. Air is added at a rate of 170 L/min (6.0 ft3/min).Determine the air-to-solids ratio. Use 1.2 g of air per liter of air (0.075 lb/ft3)under the plant conditions.
solution:

Step 1. Compute mass of air added
Air �170 L/min � 1.2 g/L

� 204 g/min
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Step 2. Compute mass of solids treated
Solids � 8.6 g/L � 303 L/min

� 2606 g/min
Step 3. Compute A/S ratio

A/S � (204 g/min)/(2606 g/min)
� 0.078 g air/g solids

or � 0.078 lb air/lb solids
Example 3: Determine the concentration factor and the solids removal effi-ciency of a DAF thickener with conditions the same as in Example 2. Thethickened sludge or float has 3.7% solids and the effluent TSS concentrationis 166 mg/L.
solution:

Step 1. Compute the concentration factor CF
From Example 2,
The influent sludge solids content � 8600 mg/L

� 0.86%

� 4.3
Step 2. Compute the solids removal efficiency

Centrifuge thickening. A centrifuge acts both to thicken and to dewatersludge. The centrifuge process separates liquid and solids by the influenceof centrifugal force which is typically 50 to 300 times that of gravity (WEFand ASCE, 1996b). Centrifuges may be used for thickening waste acti-vated sludge or as dewatering devices for digested or conditioned sludges.Three basic types (solid bowl, imperforate basket, and disc-nozzle) arecommonly installed to thicken or dewater wastewater sludge.The solid bowl scroll centrifuge (Fig. 6.57) is the most widely used type.It rotates along a horizontal axis and operates in a continuous-feedmanner. It consists of a rotating bowl having a cylindrical-conical shape

 5 98.1%
 5 s8600 2 166d mg/L 3 100%

8600 mg/L

Efficiency 5  influent TSS 2 effluent TSS 
inf luent TSS

CF 5
float solids content

influent solids content 5
3.7%

0.86%
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and a screw conveyer. Sludge is introduced into the rotating bowlthrough a stationary feed pipe continuously and the solids concentrateon the periphery. The gravitational force causes the solids to settle outon the inner surface of the rotating bowl. A helical scroll, spinning at aslightly different speed, moves the settled solids toward the taperedend (outlet ports) and then discharges them. The light liquid pools abovethe sludge layer flows toward the concentrate outlet ports. The unithas a low cost/capacity ratio.The basket centrifuge, also called the imperforate bowl (Fig. 6.58),is a knife-discharge type and operates on a batch basis. Liquid sludgeis transported by a pipe through the top and is fed to the bottom of avertically mounted spinning bowl. Solids accumulate against the wallof the bowl by centrifugal force and the concentrate is decanted. Theduration of the feed time is controlled by a preset timer or a concentratemonitor (usually 60% to 85% of maximum depth). When the feed isstopped, the bowl begins to decelerate. As a certain point a nozzle skim-mer (plow or knife) enters the bowl to remove the retained solids. Thesolids fall through the bottom of the bowl into a hopper. The plowretracts and the bowl accelerates, starting a new cycle. The units needsa skilled operator.The disc-nozzle centrifuge (Fig. 6.59) rotates along a vertical axis andoperates in a continuous manner. The liquid sludge is fed normallythrough the top of the unit (bottom feed is also possible) and flowsthrough a feedwell in the center of the rotor and to a set of some 50 con-ical discs. An impeller within the rotor accelerates and distributes thefeed slurry, filling the rotor interior. The centrifugal force is applied to
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the relatively thin film of liquid and solid between the discs. The forcethrows the denser solid materials to the wall of the rotor bowl, where itis subjected to additional centrifugal force and concentrated before it isdischarged through nozzles located on the periphery. The clarified liquidpasses on through the disc stack into the weir at the top of the bowl, andis then discharged.The performance of a centrifuge is usually determined by the per-centage of capture. It can be calculated as follows:
(6.213)

where Cr � concentration of solids in rejected wastewater (concentrate),mg/L, %
Cc � concentration of solids in sludge cake, mg/L, %
Cs � concentration of solids in sludge feed, mg/L, %

Percent capture 5 c1 2 CrsCc 2 Csd
CssCc 2 Crd

d 3 100
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Example: A basket centrifuge is applied with 378 L/min (100 gal/min) ofwaste activated sludge at a solids content of 0.77%. The basket run time for80% depth is 18 min with a skimming operating time of 2 min. The averagesolids content in the thickened sludge is 7.2%. The solids concentration in theeffluent is 950 mg/L. Determine hourly hydraulic loading and solids loading,dry solids produced per cycle and per day, and the efficiency of solids capture.
solution:

Step 1. Calculate hydraulic loading (HL) rate
HL � 378 L/min � 60 min/h

� 22,680 L/h (�22.7 m3/h)
� 5990 gal/h

Step 2. Calculate solids loading SL
SL � 378 L/min � 60 min/h � (0.77%/100%) � 1 kg/L

� 175 kg/h
� 385 lb/h
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Step 3. Calculate the solids production per cycle and per day

Step 4. Calculate the efficiency of solids capture
Given: Cr � 950 mg/L � 0.095%

Cc � 7.2%
Cs � 0.77%

Using Eq. (6.213)

Gravity belt thickening. The gravity belt thickener is a relatively newsludge thickening technique, stemming from the application of beltpresses for sludge dewatering. It is effective for raw sludge anddigested sludge with less than 2% solids content. A gravity belt movesover rollers driven by a variable-speed drive unit. The sludge is con-ditioned with polymer and applied into a feed/distribution box at oneend. The sludge is distributed evenly across the width of the movingbelt as the liquid drains through, and the solids are carried towardthe discharge end of the thickener and removed. The belt travelsthrough a wash cycle. Additional material on gravity belt thickenersand rotary drum thickeners may be found in WEF and ASCE (1991b,1996b).
Example 1: An operator adds 2 lb (0.91 kg) of a dry polymer to 50 gal (189 L)of water. What is the polymer strength?

 5 88.8%
 5 c1 2 0.095s6.2 2 0.77d

0.77s6.2 2 0.095d d 3 100%

Efficiency 5  c1 2 CrsCc 2 Csd
CssCc 2 Crd

d 3 100%

 5 8330 lb/d
 5 3780 kg/d

Solids produced per day  5 52.5 kg/cycle 3 1440 min/d
20 min/cycle

Total time for each cycle  5 18 min 1 2 min 5 20 min/cycle
 5 52.5 kg/cycle

Solids produced per cycle 5 175 kg/h 3 18 min/cycle
60 min/h
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solution:

Step 1. Calculate the mass of water plus polymer, W
W � 50 gal � 8.34 lb/gal � 2 lb

� 419 lb
Step 2. Calculate the strength of polymer solution

Example 2: Determine the amount of dry polymer needed to prepare a 0.12%solution in a 1000-gal (3.78 m3) tank. If 8 gal/min of this 0.12% polymer solu-tion is added to a waste activated sludge flow of 88 gal/min (333 L/min) with 8600mg/L solids concentration, compute the dosage of polymer per ton of sludge.
solution:

Step 1. Compute dry polymer required for 1000-gal solution
Polymer � 1000 gal � 8.34 lb/gal � (0.12%/100%)

� 10.0 lb
Step 2. Compute the dosage in lb/ton of sludge

Sludge stabilization. After sludge has thickened, it requires stabiliza-tion to convert the organic solids to a more refractory or inert form.Thus the sludge can be handled or used as a soil conditioner withoutcausing a nuisance or health hazard. The purposes of sludge stabiliza-tion are to reduce pathogens, eliminate odor-causing materials, and toinhibit, reduce, and eliminate the potential for putrefaction.Treatment processes commonly used for stabilization of wastewatersludges include anaerobic digestion, aerobic digestion, chemical (lime,disinfectants) stabilization, and composting.
Anaerobic digestion. Anaerobic sludge digestion is the biochemical degra-dation (oxidation) of complex organic substances in the absence of freeoxygen. The process is one of the oldest and most widely used methods.

 5 25.4 lb polymer/ton dry sluge solid
 5 8 gal/min 3 8.34 lb/gal 3 0.12% 3 2000 lb/ton

88 gal/min 3 8.34 lb/gal 3 0.86%

Dosage 5 lb polymer added
lb dry solid 3

2000 lb
ton

Solids at 8600 mg/L 5 0.86%

Polymer strength 5  mass of polymer
total mass 5

2 lb
419 lb 3 100% 5 0.48%
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During anaerobic digestion, energy is released, and much of the volatileorganic matter is converted to methane, carbon dioxide, and water. Thuslittle carbon and energy are available to sustain further biological activ-ity, and the remaining residuals are rendered stable.Anaerobic digestion involves three basic successive phases of fer-mentation: hydrolysis, acid formation, and methane formation (WEFand ASCE, 1996b; US EPA, 1991). In the first phase of digestion, extra-cellular enzymes (enzymes operating outside the cells) break down com-plex organic substances (proteins, cellulose, lignins, lipids) into solubleorganic fatty acids, alcohols, carbon dioxide, and ammonia.In the second phase, acid-forming bacteria, including facultative bac-teria, convert the products of the first stage into short-chain organicacids such as acetic acid, propionic acid, other low molecular weightorganic acids, carbon dioxide, and hydrogen. These volatile organic acidstend to reduce the pH, although alkalinity buffering materials are alsoproduced. Organic matter is converted into a form suitable for break-down by the second group of bacteria.The third phase, strictly anaerobic, involves two groups of methane-forming bacteria (methanogens). One group converts carbon and hydro-gen to methane. The other group converts acetate to methane, carbondioxide, and other trace gases. Both groups of bacteria are anaerobic.Closed digesters are used for anaerobic digestion. It should be noted thatmany authors consider only two phases (excluding phase 1 above).The most important factors affecting the performance of anaerobicdigesters are solids residence time, hydraulic residence time, tempera-ture, pH, and toxic materials. Methanogens are very sensitive to envi-ronmental conditions. Anaerobic digesters are usually heated tomaintain a temperature of 34 to 36�C (94 to 97�F). The methane bacte-ria are active in the mesophilic range (27 to 43�C, 80 to 110�F). They havea slower growth rate than the acid formers and are very specific in foodsupply requirements. The anaerobic digester (two-stage) usually pro-vides 10 to 20 days’ detention of sludge (WEF and ASCE, 1996b).Optimum methane production typically occurs when the pH is main-tained between 6.8 and 6.2. If the temperature falls below the operat-ing range and/or the digestion times falls below 15 days, the digestermay become upset and require close monitoring and attention.If concentrations of certain materials such as ammonia, sulfide, lightmetal cations, and heavy metals increase significantly in anaerobicdigesters, they can inhibit or upset the process of performance.The key parameter for digester sizing is solids residence time. Fordigester systems without recycle, there is no difference between SRT andHRT. Volatile solids loading rate is also used frequently as a basis fordesign. Typically, design SRT values are from 30 to 60 days for low-ratedigesters and 10 to 20 days for high-rate digesters (WEF and ASCE, 1991b).
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Volatile solids loading criteria are generally based on sustained load-ing conditions (typically peak month or peak week solids production),with provisions for avoiding excessive loading during shorter time peri-ods. A typical design sustained peak volatile solids loading rate is 1.9 to2.5 kg VS/(m3
� d) (0.12 to 0.16 lb VS/(ft3

� d)). A maximum limit of 3.2 kgVS/(m3
� d) (0.20 lb VS/(ft3

� d)) is often used (WEF and ASCE, 1991b).The configuration of an anaerobic digester is typically a single-stageor two-stage process (Fig. 6.60). For the low rate, single-stage digester,three separate layers (scum, supernatant, and sludge layers) form asdecomposition occurs. The stabilized (digested) sludge settles at thebottom of the digester. The supernatant is usually returned to the plantinfluent. In a single-stage high rate process, the digester is heated and
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Figure 6.60 Configuration of (a) single-stage and (b) two-stage anaerobic digesters(source: US EPA, 1991).



mixed, and supernatant is not withdrawn. In a two-stage system, sludgeis stabilized in the first stage, whereas the second stage provides set-tling and thickening. The digester is heated to 34 to 36�C.An anaerobic digester is designed to provide warm, oxygen-free, andwell-mixed conditions to digest organic matter and to reduce patho-genic organisms. The hardware include covers, heaters, and mixers.Operation of the process demands control of food supply, temperature(31 to 36�C, 88 to 97�F), pH (6.8 to 7.2), alkalinity (2000 to 3500 mg/Las CaCO3), and detention time (60 days at 20�C to 15 days at 35�C).
Gas production. Gas production is one of the important parametersfor measuring the performance of the digester. Typically, gas productionranges from 810 to 1120 L of digester gas per kg volatile solids (13 to18 ft3 gas/lb VS) destroyed. Gas produced from a properly operateddigester contains approximately 65% to 69% methane and 31% to 35%carbon dioxide. If more than 35% of gas is carbon dioxide, there is prob-ably something wrong with the digestion system (US EPA, 1991). Thequantity of methane gas produced can be computed by the followingequation (McCarty, 1964)

V � 350[Q(S0 � S)/(1000) – 1.42 Px] (SI units) (6.214)
V � 5.62[Q(S0 � S)8.34 � 1.42 Px] (British system) (6.215)

where V � volume of methane produced at standardconditions (0�C, 32�F and 1 atm), L/d or ft3/d350, 5.62 � theoretical conversion factor for the amount ofmethane produced per kg (lb) of ultimate BODoxidized  (see Example 1), 350 L/kg or 5.62 ft3/lb1000 � 1000 g/kg
Q � flow rate, m3/d or Mgal/d
S0 � influent ultimate BOD, mg/L
S � effluent ultimate BOD, mg/L8.34 � conversion factor, lb/(Mgal � mg/L)

Px � net mass of cell tissue produced, kg/d or lb/d
For a complete-mix high-rate two-stage anaerobic digester without recy-cle, the mass of biological solids synthesized daily, Px, can be estimatedby the equation below

(SI units) (6.216)

(British system) (6.217)Px 5
Y[QsS0 2 Sd8.34]

1 1 kduc

Px 5
Y[QsS0 2 Sd]

1 1 kduc
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where Y � yield coefficient, kg/kg or lb/lb 
kd � endogenous coefficient, per day 
uc � mean cell residence time, dayOther terms are as defined previously.

Example 1: Determine the amount of methane generated per kg of ulti-mate BOD stabilized. Use glucose, C6H12O6, as BOD.
solution:

Step 1. Use the balanced equation for converting glucose to methane andcarbon dioxide under anaerobic conditions

M.W. 180 48
1 x
x � 48/180 � 0.267

Step 2. Determine oxygen requirement for methane
Using a balanced equation of oxidation of methane to carbon dioxide and water

3CH4 � 6O2 S 3CO2 � 6H2O 
M.W. 48 192

Ultimate BOD per kg of glucose � (192/180) kg
� 1.07 kg

Step 3. Calculate the rate of the amount of methane generated per kg ofBODL converted

Note: 0.25 (or simply 48/192 � 0.25) kg of methane is produced by each kg ofBODL stabilized.
Step 4. Calculate the volume equivalent of 0.25 kg of methane at the stan-dard conditions (0�C and 1 atm)

Note: 350 L of methane is produced per kg of ultimate BOD stabilized, or 5.60ft3 of methane is produced per lb of ultimate BOD stabilized (by a conversionfactor, L/kg � 0.016 � ft3/lb).

 5 12.36 ft3
 5 350 L

Volume 5 s0.25 kg   3 1000 g/kgda1 mole
16 g b   a22.4   L

mole b

or simply 48/192 5 0.25/1.0

kg CH4kg  BODL
5

0.267
1.07 5

0.25
1.0

C6H12O6 h 3CH4 1 3CO2
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Example 2: Determine the size of anaerobic digester required to treat pri-mary sludge under the conditions given below, using a complete-mix reactor.Also check loading rate and estimate methane and total gas production.

solution:

Step 1. Calculate the sludge volume produced per day

Q � 11.24 m3/d 
� 397 ft3/d

Step 2. Calculate the total BODL loading rate
BODL loading � 0.14 kg/m3

� 3785 m3/d
� 530 kg/d
� 1.170 lb/d

Step 3. Calculate the volume of the digester
From Step 1

Q � 11.24 m3/d
V � Quc � (11.24 m3/d) (15 days)

� 169 m3

� 5968 ft3

Use the same volume for both the first and second stages.
Step 4. Check BODL volumetric loading rate

� 3.14 kg/(m3
� d)

BODL 5
530 kg/d
169 m3

Sludge volume per day 5 s3785 m3/dds0.15 kg/m3d
1.01s1000 kg/m3ds0.05 kg/kgd

Average design flow 3785 m3/d (1 Mgal/d)Dry solid removed 0.15 kg/m3 (1250 lb/Mgal)Ultimate BODL removed 0.14 kg/m3 (1170 lb/Mgal)Sludge solids content 5% (95% moisture)Specific gravity of solids 1.01
uc 15 daysTemperature 35�C
Y 0.5 kg cells/kg BODL
Kd 0.04 per dayEfficiency of waste utilization 0.66
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Step 5. Estimate the mass of volatile solids produced per day, using Eq. (6.216)
QS0 � 530 kg/d (from Step 2)
QS � 530 kg/d (1 – 0.66) � 180 kg/d

� 10.9 kg/d
Step 6. Calculate the percentage of stabilization

� 63.1%
Step 7. Calculate the volume of methane produced per day, using Eq. (6.214)

V � 350 L/kg [(530 – 180) – 1.42 (10.9)] kg/d
� 117,000 L/d
� 117 m3/d
� 4130 ft3/d

Step 8. Estimate total gas (CH4 � CO2) production
Normally 65% to 69% of gas is methane. Use 67%.

Total gas volume � (117 m3/d)/0.67
� 175 m3/d
� 6170 ft3/d

Example 3: Estimate the gas produced in a anaerobic digester treating thesecondary sludge from 1.0 MGD (3785 m3/d) of wastewater containing 240mg/L of total suspended solids (TSS).
solution:

Step 1. Estimate TSS removed, assuming the over-all secondary treatmentprocess has TSS removal of 90%
TSS removed � 240 mgL � 0.9 � 216 mg/L

Step 2. Estimate volatile suspended solids (VSS) in raw sewage removed,assuming VSS/TSS � 0.75
VSS removed � 216 mg/L � 0.75 � 162 mg/L

% stabilization 5 [s530 2 180d 2 1.42s10.9d] kg/d 3 100%
530 kg/d

5
0.05s530 2 180d kg/d

1 1 s0.04  day21d15 days

Px 5
YQsS0 2 Sd

1 1 kduc

818 Chapter 6



Step 3. Estimate volatile suspended solids (VSS) in the sludge reduced 65%
VSS reduced � 162 mg/L � 0.65 � 105.3 mg/L

Step 4. Calculate volatile solids (VS) reduced in 1 Mgal/d of sewage
VS reduced � (l Mgal/d) � 8.34 lb/(Mgal � mg/L) � 105.3 mg/L � 878 lb/d
Step 5. Estimate daily gas production for 1 MGD of sewage, assuming 15.0 ft3/lbof VS

Gas produced � 15.0 ft3/lb � 878 lb/d 
� 13,170 ft3/d

Example 4: The desired digester temperature is 91�F (32.8�C). The averageraw sludge temperature is 45�F (7.2�C). The volume of raw sludge is 1,800gal/d (6,810 L/d) with a specific weight of 1.20. Determine the quantity of heatneeded for the digest, if SRT � 50 days and radiation heat loss of the innersurface is 7 Btu/h/ft2.
solution:

Step 1. Calculate the heat required to raise the temperature of the sludge
Heat � 1800 gal/d � 8.34 lb/gal � (91 � 45) �F

� 690,600 Btu/d
Step 2. Determine the capacity of the digester with SRT � 50 days

Digester � 1800 gal/d � 0.1337 ft3/gal � 50 days
� 12,030 ft3

Use one digester 15 ft deep, thus the diameter (D) is
15 � (3.14/4)D2

� 12,030
D � 32.0 ft

Step 3. Calculate radiation heat loss, assuming 7 Btu/h/ft2 from the innersurface
Area of the tank floor or roof � 3.14 � 16 ft � 16 ft � 804 ft2

Area of the wall � 32 ft � 3.14 �15 ft � 1507 ft2

Total area � 804 ft2
� 804 ft2

� 1507 ft2
� 3115 ft2

Radiation loss � 7 Btu/h/ft2
� 24 h/d � 3115 ft2

� 523,300 Btu/d
Step 4. Calculate the total heat required

Sum of heat to raise sludge and radiation loss � 690,600 Btu/d
� 523,300 Btu/d

� 1,213,900 Btu/d
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Adding extra heat (25%) for other losses
Total heat required � 1,213,900 Btu/d � 1.25 � 1,517,400 Btu/d
Egg-shaped digesters. The egg-shaped digester looks similar to anupright egg and is different from the conventional American digester andthe conventional German digester. The American digester typically is arelatively shallow cylindrical vessel with moderate floor and roof slopes.The typical conventional German digester is a deep cylindrical tankwith steeply sloped top and bottom cones. The egg-shaped digester wasfirst installed in Germany in the 1950s.The advantages of the egg-shaped digester over conventional digestersinclude the elimination of abrupt change in the vessel geometry, reducedinactive volume of the digester, more cost effectiveness and less energycosts. The egg shape of the vessel provides unique advantages. Its mech-anisms are as follows. Heavy solids cannot settle out over a large unman-ageable bottom area; they must concentrate in the steep-sided bottomcone. Light solids do not accumulate across a large diameter surfacearea; they concentrate at the top of a steep-sided converging cone. Thesettleable materials can be pumped to the top of the vessel to sink lightmaterial into the digesting main mass. Likewise, light materials can bepumped to the bottom zone to stir the heavier materials. Small amountsof energy are required to manage the top and bottom zones. Movingmaterials through the main digesting mass to assure homogeneousdigester conditions can be done more effectively (CBI Walker, 1998).The egg-shaped digester is currently constructed of steel. It hasbecome popular in the United States and other countries. More detaileddescription and design information may be found elsewhere (CBIWalker, 1998; Stukenberg et al., 1990).
Aerobic digestion. Aerobic digestion is used to stabilize primary sludge,secondary sludge, or a combination of these by long-term aeration. Theprocess converts organic sludge solids to carbon dioxide, ammonia, andwater by aerobic bacteria with reduction of volatile solids, pathogens,and offensive odor.In a conventional aerobic digester, concentration of influent VSS mustbe no more than 3 % for retention times of 15 to 20 days. High-purityoxygen may be used for oxygen supply.Sludge is introduced to the aerobic digester on a batch (mostly), semi-batch, or continuous basis. Aerobic digesters are typically a single-stageopen tank like the activated-sludge aeration tank. In the batch basis,the digester is filled with raw sludge and aerated for 2 to 3 weeks, thenstopped. The supernatant is decanted and the settled solids are removed(US EPA, 1991). For the semibatch basis, raw sludge is added everycouple of days; the supernatant is decanted periodically, and the settledsolids are held in the digester for a long time before being removed.
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The design standard for aerobic digesters varies with sludge character-istics and method of ultimate sludge disposal. Sizing of the digester is com-monly based on volatile solids loading of the digester or the volatile solidsloading rate. It is generally determined by pilot and/or full-scale study. Ingeneral, volatile suspended solids loading rates for aerobic digesters varyfrom 1.1 to 3.2 kg VSS/(m3
� d) (0.07 to 0.20 lb VSS/(ft3

� d)), depending onthe temperature and type of sludge. Solids retention time is 15 to 20 daysfor activated sludge only, and that for primary plus activated sludge is 20to 25 days (US EPA, 1991). An aeration period ranges from 200 to 300degree-days which is computed by multiplying the digester’s temperaturein �C by the sludge age. According to Rule 503 (Federal Register, 1993), ifthe sludge is for land application, the residence time requirements rangefrom 60 days at 15�C (900� � d) to 40 days at 20�C (800� � d). Desirable aer-obic digestion temperatures are approximately 18 to 27�C (65 to 80�F). Aproperly operated aerobic digester is capable of achieving a volatile solidsreduction of 40% to 50% and a pathogens reduction of 90%.GLUMRB (1996) recommended volume requirements based on pop-ulation equivalent (PE). Table 6.25 presents the recommended digestiontank capacity based on a solids content of 2% with supernatant sepa-ration performed in a separate tank. If supernatant separation is per-formed in the digestion tank, a minimum of 25% additional volume isrequired. If high solids content (>2%) is applied, the digestion tankvolume may be reduced proportionally. A digestion temperature of 15�C(59�F) and a solids retention time of 27 days (405� � d) is recommended.Cover and heating are required for cold temperature climate areas.The air requirements of aerobic digestion are based on DO (1 to 2 mg/L)and mixing to keep solids in suspension. If DO in the digestion tankfalls below 1.0 mg/L, the aerobic digestion process will be negatively
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TABLE 6.25 Recommended Volume Required for Aerobic Digester

Volume per population equivalent
Type of sludge m3 ft3

Waste activated sludge—no 0.13∗ 4.5primary settlingPrimary plus activated sludge 0.11∗ 4.0Waste activated sludge 0.06∗ 2.0exclusive of primary sludgeExtended aeration activated 0.09 3.0sludgePrimary plus fixed film 0.09 3.0reactor sludge
∗These volumes also apply to waste activated sludge from single-stage nitrificationfacilities with less than 24 h detention time based on design average flow. 
SOURCE: Greater Lakes Upper Mississippi River Board, 1996



impacted. The diffused air requirements for waste activated sludge onlyis 20 to 35 ft3/min per 1000 ft3 (20 to 35 L/(min � m3)) (US EPA, 1991).The oxygen requirement is 2.3 kg oxygen per kg VSS destroyed (Metcalfand Eddy, Inc. 1991).The aerobic tank volume can be computed by the following equation(Water Pollution Control Federation, 1985b)

(6.218)

where V � volume of aerobic digester, ft3
Qi � influent average flow rate to digester, ft3 /d
Xi � influent suspended solids concentration, mg/L
Y � fraction of the influent BOD5 consisting of rawprimary sludge, in decimals
Si � influent BOD5, mg/L
X � digester suspended solids concentration, mg/L

Kd � reaction-rate constant, day–1
Pv � volatile fraction of digester suspended solids,in decimals
u � solids retention time, day

The term YSi can be eliminated if no primary sludge is included in theinfluent of the aerobic digester. Equation (6.218) is not to be used for asystem where significant nitrification will occur.
Example 1: The pH of an aerobic digester is found to have declined to 6.3.How much sodium hydroxide must be added to raise the pH to 7.0? Thevolume of the digester is 378 m3 (0.1 Mgal). Results from jar tests show that36 mg of caustic soda will raise the pH to 7.0 in a 2-L jar.
solution:

NaOH required per m3
� 36 mg/2 L � 18 mg/L
� 18 g/m3

NaOH to be added � 18 g/m3
� 378 m3

� 6804 g
� 6.8 kg � 15 lb

Example 2: A 50 ft (15 m) diameter aerobic digester with 10 ft (3 m) side-wall depth treats 13,000 gal/d (49.2 m3/d) of thickened secondary sludge. Thesludge has 3.0% of solids content and is 80% volatile matter. Determine thehydraulic digestion time and volatile solids loading rate.

V 5
QisXi 1 YSid

XsKdPv 1 1/ucd
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solution:

Step 1. Compute the effective volume of the digester
V � 3.14 (50 ft/2)2

� 10 ft � 7.48 gal/ft3

� 147,000 gal
� 556 m3

Step 2. Compute the hydraulic digestion time
Digestion time � V/Q � 147,000 gal/13,000 gal/d

� 11.3 days
Step 3. Compute the volatile solids loading rate

Solids � 3.0% � 30,000 mg/L
VSS � 30,000 mg/L � 0.8 � 24,000 mg/L

Volume � 147,000 gal/(6.48 ft3/gal) � 19,650 ft3

� 0.132 lb/(d � ft3) 
� 2.11 kg/(d � m3)

Example 3: Design an aerobic digester to receive thickened waste acti-vated sludge at 1500 kg/d (3300 lb/d) with 2.5% solids content and a specificgravity of 1.02. Assume that the following conditions apply:

solution:

Step 1. Calculate the quantity of sludge to be treated per day, Qi

� 58.8 m3/d
Qi 5

1500 kg/d
1000 kg/m3s1.02ds0.025d

Minimum winter temperature 15�CMaximum summer temperature 25�CResidence time (land application, 900� � d at 15�CRule 503) 700� � d at 25�CVSS/TSS 0.80SS concentration in digester 75% of influent SS
Kd at 15�C 0.05 day�1
Oxygen supply and mixing diffused air

5
0.013 Mgal/d 3 24,000 mg/L 3 8.34 lb/sMgal/ddsmg/Ld

19,650 ft3

VSS loading 5 VSS applied, lb/d
Volume of digester, ft3

Wastewater Engineering 823



Step 2. Calculate sludge age required for winter and summer conditions
During the winter:

Sludge age � 900�d/15� � 60 days
During the summer:

Sludge age � 700�d/25� � 28 days
The winter period is the controlling factor.Under these conditions, assume the volatile solids reduction is 45% (normally40% to 50%).
Note: A curve for determining volatile solids reduction in an aerobic digesteras a function of digester liquid temperature and sludge age is available(WPCF, 1985b). It can be used to compare winter and summer conditions.
Step 3. Calculate volatile solids reduction

Total mass of VSS � 1500 kg/d � 0.8
� 1200 kg/d

VSS reduction � 1200 kg/d � 0.45
� 540 kg/d

Step 4. Calculate the oxygen required
Using 2.3 kg O2/kg VSS reduction

O2 � 540 kg/d � 2.3
� 1242 kg/d

Convert to the volume of air required under standard conditions, takingthe mass of air as 1.2 kg/m3 (0.75 lb/ft3) with 23.2% of oxygen.

� 4460 m3/d
Assume an oxygen transfer efficiency of 9%. Total air required is

Air � (4460 m3/d)/0.09
� 49,600 m3/d
� 34.4 m3/min
� 1210 ft3/min

Step 5. Calculate the volume of the digester under winter conditions
Using Eq. (6.218)

Xi � 2.5% � 25,000 mg/L
X � 25,000 mg/L � 0.75 � 18,750 mg/L

Air 5 1242 kg/d
1.2 kg/m3

3 0.232
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Kd � 0.05 day�1

Pv � 0.8
uc � 60 days

The terms YSi is neglected, since no primary sludge is applied.

� 1383 m3

� 48,860 ft3

Step 6. Check the diffused air requirement per m3 of digester volume,from Step 4

� 0.025 m3/(min � m3)
� 25 L/min � m3

� 25 ft3/min/1000 ft3

This value is at the lowest range of regulatory requirement, 25 to 35 L/min � m3.
Example 4: Determine the size of an aerobic digester to treat the primarysludge of 590 kg/d (1300 lb/d) plus activated sludge of 380 kg/d (840 kg/d). Assumethe mixed sludge has a solids content of 3.8% and a retention time of 18 days.
solution:

Step 1. Calculate the mass of mixed sludge
Mass � (590 kg/d � 380 kg/d)/0.038

� 25,530 kg/d > 25.5 m3/d
Step 2. Calculate the volume (V ) of the aerobic digester
The volume of daily sludge production is approximately 25.5 m3/d, thus

V � 25.5 m3/d � 18 days
� 459 m3

Step 3. Check the solids loading rate assuming the solids are 80% volatile
VSS � (590 � 380) kg/d � 0.8 � 776 kg/d

Air 5 34.4 m3/min
1,383 m3

 5 58.8 m3/d 3 25,000 mg/L
18,750 mg/Ls0.05 day21

3 0.8 1 1/60 daysd

V 5
QisXi 1 YSid

XsKdPv 1 1/ucd
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Loading rate � (776 kg VSS/d)/459 m3

� 1.69 kg VSS(m3
� d) [in the range of 1.1 to 3.2 kg VSS/(m3

� d)]
Lime stabilization. Chemical stabilization of wastewater sludge is analternative to biological stabilization. It involves chemical oxidation(commonly using chlorine) and pH adjustment under basic conditions,which is achieved by addition of lime or lime-containing matter. Chemicaloxidation is achieved by dosing the sludge with chlorine (or ozone, hydro-gen peroxide). The sludge is deodorized and microbiological activitiesslowed down. The sludge can then be dewatered and disposed of.In the lime stabilization process, lime is added to sludge in sufficientquantity to raise the pH to 12 or higher for a minimum of 2 h contact.The highly alkaline environment will inactivate biological growth anddestroy pathogens. The sludge does not putrefy, create odors, or pose ahealth hazard. However, if the pH drops below 11, renewed bacteria andpathogen growth can reoccur. Since the addition of lime does not reducethe volatile organics, the sludge must be further treated and disposedof before the organic matter starts to putrefy again.With 40 CFR Part 503 regulations (Federal Register, 1993) to reducepathogens, a supplemental heat system can be used to reduce the quan-tity of lime required to obtain the proper temperature. Additional heat-ing reduces the lime dosage and operating costs.
Composting. Composting is an aerobic biological decomposition oforganic material to a stable end product at an elevated temperature.Some facilities have utilized anaerobic composting in a sanitary, nuisance-free environment to create a stable humus-like material suitable for plantgrowth. Approximately 20% to 30% of volatile solids are converted tocarbon dioxide and water at temperatures in the pasteurization range of50 to 70�C (122 to 158�F). At these temperatures most enteric pathogensare destroyed. Thermophilic bacteria are responsible for decomposingorganic matter. The finished compost has a moisture content of 40% to50% and a volatile solids content of 40% or less (US EPA, 1991).The optimum moisture content for composting is 50% to 60% water.Dewatered wastewater sludges are generally too wet to meet optimumcomposing conditions. If the moisture content is over 60% water, properstructural integrity must be obtained. The dewatered sludge and bulk-ing agent must be uniformly mixed. Sufficient air must be supplied to thecomposting pile, either by forced aeration or windrow turning to main-tain oxygen levels between 5% and 15%. Odor control may be requiredon some sites.In order to comply with the “process to significantly reduce pathogens”(PSRP) requirements of 40 CFR Part 257 (Federal Register, 1993), thecompost pile must be maintained at a minimum operating temperature
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of 40�C (104�F) for at least 5 days. During this time, the temperature mustbe allowed to increase above 55�C (131�F) for at least 4 h to ensurepathogen destruction. In order to comply with the “process to furtherreduce pathogens” (PFRP) requirements of 40 CFR Part 257 (FederalRegister, 1993), the in-vessel and static aerated compost piles must bemaintained at a minimum operating temperature of 55�C for at least3 days. The windrow pile must be maintained at a minimum operatingtemperature of 55�C for 15 days. In addition, there must be at least threeturnings of the compost pile during this period.
Sludge conditioning. Mechanically concentrated (thickened) sludgesand biologically and chemically stabilized sludges still require someconditioning steps. Sludge conditioning can involve chemical and/orphysical treatment to enhance water removal. Sludge conditioning isundertaken before sludge dewatering.Details of process chemistry, design considerations, mechanical com-ponents, system layout, operation, and costs of conditional methods arepresented in Sludge Conditioning Manual (WAPCF, 1988a). Some addi-tional sludge conditioning processes disinfect sludge, control odors, alterthe nature of solids, provide limited solids destruction, and increasesolids recovery.

Chemical conditioning. Chemical conditioning can reduce the 90% to 99%incoming sludge moisture content to 65% to 80%, depending on the natureof the sludge to be treated (WPCF, 1988a). Chemical conditioning resultsin coagulation of the solids and release of the absorbed water. Chemicalsused for sludge conditioning include inorganic compounds such as lime,pebble quicklime, ferric chloride, alum, and organic polymers (polyelec-trolytes). Addition of conditioning chemicals may increase the dry solidsof the sludge. Inorganic chemicals can increase the dry solids by 20% to30%, but polymers do not increase the dry solids significantly.
Physical conditioning. The physical process includes using hot and coldtemperatures to change sludge characteristics. The commonly used phys-ical conditioning methods are thermal conditioning and elutriation. Lesscommonly used methods include freeze–thaw, solvent extraction, irra-diation, and ultrasonic vibration.The thermal conditioning (heat treatment) process involves heatingthe sludge to a temperature of 177 to 240�C (350 to 464�F) in a reactionvessel under pressure of 1720 to 2760 kN/m2 (250 to 400 lb/in2 [psig])for a period of 15 to 40 min (US EPA, 1991). One modification of theprocess involves the addition of a small amount of air. Heat coagulatessolids, breaks down the structure of microbial cells in waste activatedsludge, and releases the water bound in the cell. The heat-treated sludgeis sterilized and practically deodorized. It has excellent dewatering
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characteristics and does not normally require chemical conditioning todewater well on mechanical equipment, Yielding cake solids concen-trations of 40% to 50%.Heat treatment is suitable for many types of sludge that cannot be sta-bilized biologically due to the presence of toxic materials and is relativelyinsensitive to change in sludge composition. However, the process pro-duces liquid sidestreams with high concentrations of organics, ammonianitrogen, and color. Significant odorous off-gases are also generatedwhich must be collected and treated before release. The process hashigh capital cost because of its mechanical complexity and the use ofcorrosion-resistant material. It also requires close supervision, skilledoperators, and O and M programs. More detailed description of thermalprocessing of sludge can be found elsewhere (WPCF, 1988a; WEF andASCE, 1991b).A physical conditioning method used in the past is elutriation. In elu-triation, a washing process, sludge is mixed with a liquid for the pur-pose of transferring certain soluble organic or inorganic components tothe liquid. Wastewater effluent is usually used for elutriation. Thevolume of wastewater is two to six times the volume of sludge. The elu-triation of the sludge produces large volumes of liquid that contain a highconcentration of suspended solids. This liquid, when returned to thetreatment plant, increases the solids and organic loadings. Elutriationtanks are designed to act as gravity thickeners with solids loading ratesof 39 to 49 kg/(m2 � d) (8 to 10 lb/(ft2 � d)) (Qasim, 1985).
Sludge dewatering. Following stabilization and/or conditioning, waste-water sludge can be ultimately disposed of, or can be dewatered prior tofurther treatment and/or ultimate disposal. It is generally more eco-nomical to dewater before disposal. The primary objective of dewateringis to reduce sludge moisture. Subsequently, it reduces the costs of pump-ing and hauling to the disposal site. Dewatered sludge is easier to handlethan thickened or liquid sludge. Dewatering is also required before com-posting, prior to sludge incineration, and prior to landfill. An advantageof dewatering is that it makes the sludge odorless and nonputrescible.Sludge can be dewatered by slow natural evaporation and percolation(drying beds, drying lagoons) or by mechanical devices, mechanicallyassisted physical means, such as vacuum filtration, pressure filtration,centrifugation, or recessed plate filtration.

Vacuum filtration. Vacuum filtration has been used for wastewatersludge dewatering for almost seven decades. Its use has declined owingto competition from the belt press. A rotary vacuum filter consists of acylindrical drum covered with cloth of natural or synthetic fabric, coilsprings, or woven stainless steel mesh. The drum is partly submerged(20% to 40%) in a vat containing the sludge to be dewatered.
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The filter drum is divided into compartments. In sequence, each com-partment is subject to vacuums ranging from 38 to 75 cm (18 to 30 in)of mercury. As it slowly rotates, vacuum is applied immediately underthe mat formation or sludge pick-up zone. Suction continues to dewa-ter the solids adhering to the filter medium as it rotates out of theliquid. This is called the drying zone of the cycle. The cake drying zonerepresents from 40% to 60% of the drum surface. The vacuum is thenstopped, and the solids cake is removed to a sludge hopper or a conveyor.The filter medium is washed by water sprays before reentering the vat.For small plants, 35 h operation per week is often designed. This allowsdaily 7 h operation with 1 h for start-up and wash-down. For largerplants, vacuum filters are often operated for a period of 16 to 20 h/d(Hammer, 1986).
Example: A 3 m (10 ft) diameter by 4.5 m (15 ft) long vacuum filter dewa-ters 5400 kg/d primary plus secondary sludge solids. The filter is operated 7 h/dwith a drum cycle time of 4 min. The dewatered sludge has 25% solids con-tent. The filter yield is 17.3 kg/(m2

� h). Determine the filter loading rate andpercent solids recovery. What is the daily operating hours required if thedewatered sludge is 30% solids with the same percentage of solids recoveryand a filter yield of 9.8 kg/(m2 
� h)?

solution:

Step 1. Compute the surface area of the filter
Area � p(3 m)(4.5 m) � 42.4 m2

Step 2. Compute the filter loading rate

Step 3. Compute the percent solids recovery

Step 4. Compute the daily filter operation required with 30% solids
Since filter yield is determined by

Filter yield 5 solids loading 3 factor of recovery
h/d operation 3 filter area

 5  95%
% 5  s17.3 kg/sm2 #  hdd 3 100%

18.2 kg/sm2 # hd

 5  3.7 lb/sft2 #  hd
 5  18.2 kg/sm2 #  hd

Loading 5  solids loading
area 3 operating time 5  5400 kg/d

42.4 m2
3 7 h/d
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rearranging the above:

Pressure filtration. There are two types of pressure filtration process asused for sludge dewatering. Normally, they are the belt filter press andthe plate and frame filter press. The operating mechanics of these twofilter press types are completely different. The belt filter press is popu-lar due to availability of smaller sizes and uses polymer for chemical floc-culation of the sludge. It consumes much less energy than the vacuumfilter. The plate and frame filter press is used primarily to dewaterchemical sludges. It is a large machine and uses lime and ferric chloridefor conditioning of organic sludge prior to dewatering. The filtered cakeis very compact and dry.
Belt filter press. A belt filter press consists of two endless, tensioned,porous belts. The belts travel continuously over a series of rollers ofvaried diameter that squeeze out the water from the sludge and producea dried cake that can be easily removed from the belts. Variations in beltfilter press design are available from different manufacturers.Chemical conditioning of sludge is vital to the efficiency of a belt filterpress. Polymers are used as a conditioning agent, especially cationicpolymers. The operation of the belt filter press comprises three zones,i.e. gravity drainage, low-pressure and high-pressure zones. Conditionedsludge is first introduced uniformly to the gravity drainage zone and ontothe moving belt where it is allowed to thicken. The majority of freewater is removed from the sludge by gravity. Free water readily sepa-rates from the slurry and is recycled back through the treatment system.The efficiency of gravity drainage depends on the type of sludge, thequality of the sludge, sludge conditioning, the belt screen mesh, anddesign of the drainage section. Typically, gravity drainage occurs on aflat or slightly inclined belt for a period of 1 to 2 min. A 5% to 10%increase in solids content is achieved in this zone; that is, 1% to 5%sludge feed produces 6% to 15% solids prior to compression (US EPA,1991).Following the gravity drainage zone, pressure is applied in the low-pressure (wedge) zone. The pressure can come from the compression ofthe sludge between two belts or from the application of a vacuum on thelower belt. In the wedge zone, the thickened sludge is subjected to lowpressure to further remove water from the sludge matrix. This is to

 5 12.3 h/d
 5 5400 kg/d 3 0.95

9.8 kg/sm2 # hd 3 42.4 m2

Operation, h/d 5 solids loading 3 factor of recovery
filter yield 3 filter area
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prepare an even firmer sludge cake that can withstand the shear forcesto which it is subjected by rollers.On some units, the low-pressure zone is followed by a high-pressurezone, where the sludge is sandwiched between porous belts and sub-jected to shearing forces as the belts pass through a series of rollers ofdecreasing diameter. The roller arrangement progressively increases thepressure. The squeezing and shearing forces induce the further releaseof additional amounts of water from the sludge cake.The final dewatered filter cake is removed from the belts by scraperblades into a hopper or conveyor belt for transfer to the sludge man-agement area. After the cake is removed, a spray of water is applied towash and rinse the belts. The spray rinse water, together with the fil-trate, is recycled back to primary or secondary treatment.Belt filter presses are commercially available in metric sizes from 0.5to 3.5 m in belt width, with the most common size between 1.0 and 2.5 m.Hydraulic loading based on belt width varies from 25 to 100 gal/(min � m) (1.6 to 6.3 L/(m � s)). Sludge loading rates range from 200 to1500 lb/(m � h) (90 to 680 kg/(m � h)) (Metcalf and Eddy, Inc. 1991).Typical operating parameters for belt filter press dewatering of polymer-conditioned wastewater sludges are presented in Table 6.26.Odor is often a problem with the belt filter press. Adequate ventilationto remove hydrogen sulfide or other gases is also a safety consideration.
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TABLE 6.26 Typical Operating Parameters for Belt Filter Press Dewatering of
Polymer Conditioned Sludge

Feed Hydraulic Solids Cake Polymersolids, loading, loading, solids, dosage,Type of sludge percent gal/(min � m∗ ) lb/(m∗ � h) percent lb/ton
Anaerobically digestedPrimary 4–7 40–50 1000–1600 25–44 3–6Primary plus WAS 2–6 40–50 500–1000 15–35 6–12Aerobically digested 1–3 30–45 200–500 12–20 8–14without primaryRaw primary and 3–6 40–50 800–1200 20–35 4–10waste activatedThickened waste 3–5 40–50 800–1000 14–20 6–8activatedExtended aeration 1–3 30–45 200–500 11–22 8–14waste activatedHeat-treated primary 4–8 35–50 1000–1800 25–50 1–2plus waste activated

Notes: 1.0 gal/(min � m) � 0.225 m3/(m � h)1.0 lb/(m � h) � 0.454 kg/(m � h)1.1 lb/ton � 0.500 kg/tonne
∗Loading per meter belt width

SOURCES: WPCF, 1983; Viessman and Hammer, 1993; WEF, 1996b



Hydrogen peroxide or potassium permanganate can be used to oxidize theodor-causing chemical (H2S). Potassium permanganate can improve thedewatering efficiency of the sludge and can reduce the quantity of poly-mer required.
Example: Abelt filter press (BFP) is designed to dewater anaerobically digestedprimary plus waste activated sludge for 7 h/d and 5 d/wk. The effective belt widthis 2.0 m (commonly used). Estimate hydraulic and solids loading rates, poly-mer dosage, and solids capture (recovery) with the following given data.

solution:

Step 1. Calculate the average weekly sludge production
Wet sludge � 20 gal/min � 1440 min/d � 7 d/wk � 8.34 lb/gal � 1.03

� 1,731,780 lb/wk
Dry solids � 1,731,780 lb/wk � 0.035

� 60,610 lb/wk
Step 2. Calculate daily and hourly dry solids dewatering requirement basedon the designed operation schedule: 7 h/d and 5 d/wk

Daily rate � (60,610 lb/wk)/(5 d/wk)
� 12,120 lb/d

Hourly rate � (12,120 lb/d)/(7 h/d)
� 1730 lb/h

Step 3. Select belt filter press size and calculate solids loading rate
Use one 2.0 m belt (most common size) and one more identical size for standby.Calculate solids loading rate

Solids loading � (1730 lb/h)/2 m
� 865 lb/(h � m) (OK, within 500 to 1000 lb/(h � m) range)

Step 4. Calculate hydraulic loading rate
Flow to the press � 20 gal/min � (7 days/5 days)(24 h/7 h)

� 96 gal/min

Sludge production 20 gal/minTotal solids in sludge feed 3.5%Total solids in cake 25%Sp. gr. of sludge feed 1.03Sp. gr. of dewatered cake 1.08Sp. gr. of filtrate 1.01Polymer dose (0.2% by weight) 7.2 gal/minTSS in wastewater of BFP 1900 mg/LWash water 40 gal/min
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HL � 96 (gal/min)/2 m
� 48 gal/(min � m)

(OK, within 40 to 50 gal/(min � m) range)
Step 5. Calculate dosage of polymer (0.2% by weight) with a 7.2 gal/min rate

� 8.33 lb/ton
� 4.16 kg/tonne

Step 6. Calculate solids recovery rate
(a) Estimate the volumetric flow of cake, q (from Step 4)

� 12.4 gal/min
(b) Calculate flow rate of filtrate

Flow of filtrate � sludge feed flow � cake flow
� 96 gal/min � 12.4 gal/min
� 83.6 gal/min

(c) Calculate total solids in the filtrate of wastewater from the press

(d) Calculate solids capture (recovery)

Plate and frame filter press. There are several types of filter press avail-able. The most common type, the plate and frame filter press, consistsof vertical plates that are held rigidly in a frame and pressed togetherbetween fixed and moving ends (Fig. 6.61a). As shown in Fig. 6.61b, eachchamber is formed by paired recessed plates. A series of individual

 5 95.4%
 5  s865 2 40d lb/sh # md 3 100%

865 lb/sh # md

Solids caputre 5 solids in feed 2 solids in filtrate
solids in feed 3 100%

 5 40lb/sh # md
Solids 5 83.6 gal/min 3 60 min/h 3 1900 mg/L 3 8.34 lb/gal

2.0 m 3 1,000,000 mg/L

q 5  96 gal/min 3 0.035
s25%/100%d 3 1.08

Dosage 5 s7.2 gal/min 3 60 min/h 3 0.002d 3 8.34 lb/gal
2.0 m 3 865 lb/sh #  md 3 s1 ton/2000 lbd



chambers have a common feed port and two or more common filtratechannels. Fabric filter media are mounted on the face of each indi-vidual plate, thus providing initial solids capture.The filter press operates in batch manner to dewater sludge. Despiteits name, the filter press does not press or squeeze sludge. Instead,when the filter is closed, the recessed faces of adjacent plates form a
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Figure 6.61 Plate and frame filter press: (a) side view of a filter press; (b) schematic crosssection of chamber area during fill cycle.



pressure-tight chamber; the sludge is pumped into the press at pressureup to 225 lb/in2 (15 atm, 1550 kN/m2) and maintained for less than 2 h(CPC Eng., 1980). The water passes through the filter cloth, while thesolids are retained and form a cake on the cloth. During the initialphase of operation the fabric cloth retains the solids which then becomethe filter media. This action results in high solids capture and a filtrateof maximum clarity. At the end of a filtration cycle, the feed pumpsystem is stopped and the chamber plates are opened, allowing the caketo fall into appropriate hoppers or conveyors. Filter cloth usuallyrequires a precoat (ash or diatomaceous earth) to aid retention of solidson the cloth and release of cake. Drainage ports are provided at both thetop and the bottom of each chamber (Figure 6.61b). This figure showsa fixed volume, recessed plate filter press. Another type, the variablevolume recessed plate filter press, is also used for sludge dewatering.The advantages of the plate filter press include production of highersolids cake, 35% to 50% versus 18% for both belt press (US EPA, 1991) andvacuum filters, higher clarity filtrate, lower energy consumption, lower o& M costs, longer equipment service life, and relatively simple operation.However, sufficient washing and air drying time between cycles is required.
Example: A plate and frame filter press has a plate surface of 400 ft2 andis used to dewater conditioned waste activated sludge with a solids concen-tration of 2.5%. The filtration time is 110 min at 225 lb/in2 (gage) and the timeto discharge the sludge and restart the feed is 10 min. The total volume ofsludge dewatered is 3450 gal. (1) Determine the solids loading rate and thenet filter yield in lb/(h � ft2). (2) What will be the time of filtration requiredto produce the same net yield if the feed solids concentration is reduced to 2%?
solution:

Step 1. Compute solids loading rate

Step 2. Compute the net filter yield

 5 0.90 lb/sh # ft2d

 5 0.98 lb/sh # ft2d 3  110 min
s110 1 10d min

Net yield 5 solids loading 3 filtration time
time per cycle

 5 0.98 lb/sh # ft2d

 5 3450 gal 3 8.34 lb/gal 3 0.025
110 min/s60 min/hd 3 400 ft2

Solids loading 5 mass of dry solids applied
filtration time 3 plate area
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Step 3. Determine the filtration time required at 2% solids feed
Time � 110 min (2.5%/2%)

� 137.5 min
Centrifugation. The centrifugation process is also used for dewateringraw, digested, and waste activated sludge. The process is discussed inmore detail in the section on sludge thickening. Typically, a centrifugeproduces a cake with 15% to 30% dry solids. The solids capture rangesfrom 50% to 80% and 80% to 95%, without and with proper chemicalsludge conditioning, respectively (US EPA, 1987b).
Sludge drying beds. Sludge drying beds remove moisture by naturalevaporation, gravity, and/or induced drainage, and are the most widelyused method of dewatering municipal sludge in the United States. Theyare usually used for dewatering well-digested sludge. Drying bedsinclude conventional sand beds, paved beds, unpaved beds, wedge-wirebeds, and vacuum-assisted beds.Drying beds are less complex, easier to operate, require less operat-ing energy, and produce higher solids cake than mechanical dewateringsystems. However, more land is needed for them. Drying beds are usu-ally used for small- and mid-size wastewater treatment plants withdesign flow of less than 7500 m3/d (2 Mgal/d), due to land restrictions(WEF, 1996b).
Sand drying beds. Sand drying beds generally consist of 10 to 23 cm(4 to 9 in) of sand placed over a 20 to 50 cm (8 to 20 in) layer of gravel.The diameters of sand and gravel range from 0.3 to 1.22 mm and from0.3 to 2.5 cm, respectively. The water drains to an underdrain systemthat consists of perforated pipe at least 10 cm (4 in) in diameter andspaced 2.4 to 6 m (8 to 20 ft) apart. Drying beds usually consist of a 0.3to 1 m (1 to 3 ft) high retaining wall enclosing process drainage media(US EPA, 1989, 1991). The drying area is partitioned into individualbeds, 6 m wide by 6 to 30 m long (20 ft wide by 20 to 100 ft long), or ofa convenient size so that one or two beds will be filled in a normal cycle(Metcalf and Eddy, Inc. 1991).In a typical sand drying bed digested and/or conditioned sludge isdischarged (at least 0.75 m/s velocity) on the bed in a 30 to 45 cm (12 to18 in) layer and allowed to dewater by drainage through the sludgemass and supporting sand and by evaporation from the surface exposedto air. Dissolved gases are released and rise to the surface. The waterdrains through the sand and is collected in the underdrain system andgenerally returned to the plant for further treatment.Design area requirements for open sludge drying beds are based onsludge loading rate, which is calculated on a per capita basis or on aunit load of mass of dry solids per unit area per year. On a per capita
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basis, surface areas range from 1.0 to 2.5 ft2/person (0.09 to 0.23 m2/person), depending on sludge type. Sludge loading rates are between12 and 23 lb dry solids/(ft2 � yr) (59 and 113 kg/(m2 � yr) (Metcalf andEddy, Inc. 1991).The design, use, and performance of the drying bed are affected by thetype of sludge, sludge conditioning, sludge application rates and depth,dewatered sludge removal techniques, and climatic conditions.
Example: A sand drying bed, 6 m by 30 m (20 by 100 ft), receives conditionedsludge to a depth of 30 cm (12 in). The sludge feed contains 3% solids. The sandbed requires 29 days to dry and one day to remove the sludge from the bed foranother application. Determine the amount of sludge applied per applicationand the annual solids loading rate. The sp. gr. of sludge feed is 1.02.
solution:

Step 1. Compute the volume of sludge applied per application, V
V � 6 m � 30 m � 0.3 m/app.

� 54 m3/app.
� 1907 ft3/app.
� 14,300 gal/app.

Step 2. Compute the solids applied per application
Solids � 54 m3/app � 1000 kg/m3 � 1.02 � 0.03

� 1650 kg/app.
� 3640 lb/app.

Step 3. Compute annual solids loading rate

range)

Paved beds. Paved beds consist of a concrete or asphalt pavementabove a porous gravel subbase with a slope of at least 1.5%. There aretwo types of drainage, i.e. a drainage type and a decant type. Unpavedareas, constructed as sand drains, are placed around the perimeter or

 5 22.8 lb/sft2 # yrd

 5 111 kg/sm2 # yrd sOK within 592113 kg/sm2 # yrd
 5 1650 kg/app 3 365 d/yr

180 m2
3 30 d/app.

Loading rate 5 solids applied 3 365 d/yr
surface area 3 cycle

Surface area of the bed 5 6 m 3 30 m 5 180 m2
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along the center of the bed to collect and convey drainage water. Theadvantage of the paved bed is that sludge can be removed by a front-end loader. The bed areas are larger and typically rectangular in shape,being 6 to 15 m (20 to 50 ft) wide by 21 to 46 m (70 to 150 ft) long withvertical side walls as sand beds. Cake solids contents as much as 50%can be achieved in an arid climate.Well designed paved beds may remove about 20% to 30% of the waterwith good settling solids. Solids concentration may range from 40% to50% for a 30 to 40 days drying time in an arid climate for a 30 cm (1 ft)sludge layer (Metcalf and Eddy, Inc. 1991).
Unpaved beds. Unpaved beds may be used in warm and dry climateareas where groundwater is not a concern. The beds are similar to pavedbeds with decanting. Sufficient storage area is required during a wetweather period, because access to the beds is restricted during wetweather.
Vacuum-assisted drying beds. The vacuum-assisted drying bed consistsof a reinforced concrete ground slab, a layer of supporting aggregate,and a rigid porous media plate on top. The space between the con-crete slab and the multimedia plate is the vacuum chamber, con-nected to a vacuum pump. This is to accelerate sludge dewatering anddrying.Polymer-preconditioned sludge is applied to the surface of the mediaplates until it is entirely covered. The vacuum is then applied to removethe free water from the sludge. The sludge is air dried for 24 to 48 h.Essentially all of the solids remain on top of the media plates form a cakeof fairly uniform thickness. The cake has solids concentration from 9%to 35%, depending on sludge feed (WEF, 1996b).The dewatered sludge is removed by a front-end loader. The porousmultimedia plates are washed with a high-pressure hose to remove theremaining sludge residue before another application.The vacuum-assisted drying bed has a short cycle time and needsless footage. However, it is labor intensive and is expensive to operate.Drying beds are sometimes enclosed in a greenhouse-type glass struc-ture to increase drying efficiency in wet or colder climates. The enclo-sure also serves for odor and insect control, and improves the overallappearance of the treatment plant. Good ventilation is required to allowmoisture to escape.
Wedge-wire drying beds. The wedge-wire (wedgewater) drying bed wasdeveloped in England and there exist a few installations in the UnitedStates. The material for the drying bed consists of stainless steel wedgewire or high-density polyurethane. It is a physical process similar to thevacuum-assisted drying bed.The bed consists of a shallow rectangular watertight basin fitted witha false floor of artificial media, wedge-wire panels (Fig. 6.62). The panels
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(wedge-wire septum) have wedge-shaped slotted openings of 0.25 mm(0.01 in). The false floor is made watertight with caulking where thepanels abut the walls. An outlet valve to control the drainage rate islocated underneath the false floor. Water or plant effluent is introducedto the bed from beneath the wedge-wire septum up to a depth of 2.5 cm(1 in) over the septum. This water serves as a cushion and prevents com-pression or other disturbance of the colloidal particles. The sludge isintroduced slowly onto a horizontal water level to float without causingupward or downward pressure across the wedgewire surface. After thebed is filled with sludge, the initially separate water layer and drainagewater are allowed to percolate away at a controlled flow rate throughthe outlet valve. After the free water has been drained, the sludge fur-ther concentrates by drainage and evaporation until there is a require-ment for sludge removal (US EPA, 1987b).The advantages of this process include no clogging in the wedgewire,treatability of aerobically digested sludge, constant and rapid drainage,higher throughput than the sand bed, and ease of operation and main-tenance. However, the capital cost is higher than that of other drying beds.
Sludge drying lagoons. A sludge drying lagoon is similar to a sand bedin that the digested sludge is introduced to a lagoon and removed aftera period of drying. Unlike the sand drying bed, the lagoon does not havean underdrain system to drain water. Sludge drying lagoons are notsuitable for dewatering untreated sludges, lime treated sludges, orsludge with a high strength of supernatant, due to odor and nuisancepotential.Sludge drying lagoons are operated by periodically decanting thesupernatant back to the plant and by evaporation. They are periodicallydredged to remove sludge. Unconditioned digested sludge is introduced
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to the lagoon to a depth of 0.75 to 1.25 m (2.5 to 4 ft). It will dry mainlyby evaporation in 3 to 5 months, depending on climate. Dried sludge isremoved mechanically at a solids content of 20% to 30% percent. Ifsludge is to be used for soil conditioning, it needs to be stored for fur-ther drying. A 3-year cycle may be applied: lagooning for 1 year, dryingfor 18 months, and cleaning and resting for 6 months.Solids loading rates are 36 to 39 kg/(m3 � y) (2.2 to 2.4 lb/(ft3 � y)) oflagoon capacity (US EPA, 1987b). The lagoons are operated in parallel;at least two units are essential. Very little process control is needed.Sludge lagoons are the most basic treatment units.
Other sludge volume reduction processes. Processes such as heat treatmentand thermal combustion can reduce the moisture content and volumeof the sludge. Detailed discussions are presented in the section on solidstreatment.
Example: A POTW generates 1800 kg/d (3970 lb/d) of dewatered sludge at33% solids concentration. The moisture content of composted material andcompost mixture are 35% and 55%, respectively. What is the mass of com-posted material that must be blended daily with the dewatered sludge?
solution:

Step 1. Compute moisture of dewatered sludge
Sludge moisture � 100% � solids content � 100% � 33%

� 67%
Step 2. Compute composted material required daily
Let X and Y be the mass of dewatered sludge and composted material, respec-tively. Then X � 1800 kg/d and

(X � Y ) (mixture moisture) � X (s1. mois.) � Y (comp. mois.)
(X � Y ) 55% � X (67%) � Y (35%)

Y (55 � 35) � X (67 � 55)
Y � (1800 kg/d) (12/20)

� 1080 kg/d
� 2380 lb/d

29.3 Sewage sludge biosolids

Sewage sludge processing (i.e. thickening, stabilization, conditioning,and dewatering) produces a volume reduction, and this reduction involume decreases the capital and operating costs. Digestion or com-posting of the sludge reduces the level of pathogens and odors. The
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degree of the sludge treatment process is very important to eliminatepathogens when considering land application of the sludge, when dis-tributing and marketing it, and when placing it in monofills or on a sur-face disposal site.The end product of wastewater sludge treatment processes is referredto as “biosolids.” Webster’s Collegiate Dictionary (1997) defines biosolidsas solid organic matter recovered from a sewage treatment process andused especially as fertilizer for plants. The McGraw-Hill Dictionary of
Scientific and Technical Terms (5th ed., 1994) defines biosolid as a recy-clable, primarily organic solid material produced by wastewater treat-ment processes.The term “biosolids” has gained recently in popularity as a synonymfor sewage sludge because it perhaps has more reuse potential than theterm “treated wastewater sludge.” The name was chosen by the WaterEnvironmental Federation (WEF) in early 1990s.
29.4 Use and disposal of sewage 

sludge biosolids

Biosolids are commonly used and disposed of in many ways. The bene-ficial uses of biosolids include land application to agricultural lands, landapplication to nonagricultural lands, and the sale or give-away ofbiosolids for use on home gardens. Nonagricultural areas may includecompost, forests, public contact (parks, highways, recreational areas, golfcourses, etc.). Case histories of beneficial use programs for biosolids useand management can be found elsewhere (WEF, 1994).Disposal methods of biosolids include disposal in municipal landfills,disposal on delicate sites, surface disposal, and incineration. Surface dis-posal includes piles of biosolids left on the land surface and land appli-cation to dedicated nonagricultural land, and disposal in sludge-onlylandfills (monofills).
29.5 Regulatory requirements

In 1993, the US EPA promulgated “the standard for the use and disposalof sewage sludge, final rule, title 40 of the Code of FederationRegulations (CFR), Parts 257, 403, and 503” (Federal Register, 1993).All the above three plus “Phase-in submission of sewage sludge permitapplication: final rule, revisions to 40 CFR Parts 122, 123, and 501” arereprinted by the Water Environmental Federation, stock #P0100(1993b). “The Part 503 rule” or “Part 503” was developed to protectpublic health and the environment from any reasonably anticipatedadverse effects of using or disposing of sewage sludge biosolids. Twoeasy-to-read versions of the Part 503 rule were published by US EPA(1994, 1995).
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The CFR 40 Part 503 includes five subparts. They are general provi-sions, requirement for land application, surface disposal, pathogen andvector attraction (flies, mosquitoes, and other potential disease-carryingorganisms) reduction, and incineration. For each of the regulated useor disposal methods, the rule covers general requirements, pollutantlimits, operational standards (pathogen and vector attraction reductionfor land application and surface disposal; total hydrocarbons or carbondioxide for incineration), management practices, and requirement for thefrequency of monitoring, record keeping, and reporting. The require-ments of the Part 503 are self-implementing and must be followed evenwithout the insurance of a permit. State regulatory agencies may havetheir own rules governing the use or disposal of sewage sludge biosolidsor domestic septage.Part 503 applies to any person who applies biosolids to the land, orburns the biosolids in an incinerator, and to the operator/owner of a sur-face disposal site, or to any person preparing to use, dispose of, or incin-erate biosolids. A person is defined as an individual, association,partnership, corporation, municipality, state, or federal agency, or anagent or employee thereof.A person must apply for a permit covering biosolids use or disposalstandards if they own or operate a treatment works treating domesticsewage (TWTDS). In most cases, Part 503 requirements will be incor-porated over a time period into National Pollutant Discharge EliminationSystem (NPDES) permits issued to Public Owned Treatment Works(POTWs) and TWTDSs. Application for a federal biosolids permit mustbe submitted to the appropriate US EPA Regional Office, not the state.Until the biosolids management programs of individual states areapproved by the US EPA, the US EPA will remain the permittingauthority.Most sewage sludge biosolids currently generated by POTWs in theUnited States meet the minimum pollutant limits and pathogen andvector attraction reduction requirements set forth in the Part 503. Somebiosolids already meet the most stringent Part 503 pollutant limit stan-dards and requirements of pathogen and vector attraction reduction.
Pathogen reduction requirements. The Part 503 pathogen reductionrequirements for land application of biosolids are divided into two cat-egories: Class A and Class B biosolids. In addition to meeting the require-ment in one of the six treatment alternatives, the Class A requirementis to reduce the pathogens in biosolids (fecal coliform, or Salmonella sp.bacteria, enteric viruses, parasites, and viable helminth ova) in biosolidsto below the detectable levels. When this goal is reached, Class A biosolidscan be applied without any pathogen-related restriction on the site. Thesix treatment alternatives for biosolids include: alternative 1, thermally
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treated; alternative 2, high pH–high temperature treatment; alternative3, other processes treatment; alternative 4, unknown processes; alter-native 5, use of the processes to further reduce pathogens (PFRP); andalternative 6, use of a process equivalent to PFRP.
Class A biosolids. The pathogen reduction requirements must be met forall six alternatives (503.32a) and vector attraction reduction (503.33) forClass A with respect to pathogens. Regardless of the alternative chosen,either the FC density in the biosolids must be less than 1000, the mostprobable number (MPN) per gram dry total solids; or the density of

Salmonella sp. in the biosolids must be less than 3 MPN per 4 g of drytotal solids. Either of these requirements must be met at one of the fol-lowing times: (1) when the biosolids are used or disposed of; (2) when thebiosolids are prepared for sale or give away in a bag or other containerfor land application; or (3) when the biosolids or derived materials are pre-pared to meet the requirements for excellent quality biosolids.Table 6.27 lists the four time–temperature regimes for Class Apathogen reduction under alternative 1 (time and temperature).Alternative 2 (pH and time) raises and maintains sludge pH above 12for 72 h and keeps it at 52�C for 12 h. Alternative 3 is an analysis of the
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TABLE 6.27 The Four Time-Temperature Regimes for Class A Pathogen Reduction
Under Alternative 1 

Time-temperatureRegime Applies to Requirement relationships∗

A Biosolids with 7% Temperature of solids or greater biosolids must be 50�C (except those or higher for 20 min or covered by longerRegime B) (Eq. 3 of section 503.32)
B Biosolids with 7% Temperature of solids or greater in biosolids must be 50�C the form of small or higher for 15 s or particles and heated longerby contact with either warmed gases or an immiscible liquid
C Biosolids with less Heated for at least 15 s than 7% solids but less than 30 min
D Biosolids with less Temperature of sludge than 7% solids is 50�C or higher with at least 30 min or longer contact time (Eq. 4 of section 503.32)

∗D � time in days; T � temperature in degrees Celsius.
SOURCE: US EPA (1994, 1995)

D 5
50,070,000

100.14T

D 5 131,700,000
100.14T

D 5
131,700,000

100.14T

D 5
131,700,000

100.14T



treatment process effectiveness of the Enteric viruses and helminth ovaare to be determined prior to and after treatment. The final density isto be less than one plaque-forming unit per 4 g of dry solids. Alternative 4(analysis with unidentified treatment process) analyzes for fecal col-iform, Salmonella, Enteric viruses, and helminth ova at the time of useor disposal. Alternative 5 (PFRP process) treats sludge with one of com-posting and Class B alternative 2 processes (aerobic digestion, air drying,anaerobic digestion, heat drying, heat treatment, thermophilic aerobicdigestion, beta ray irradiation, gamma ray irradiation, and pasteur-ization). Alternative 6 (PFRP equivalent process) allows the permittingauthority to approve a process not currently identified as a PFRP processthrough a review by the Pathogen Equivalency Committee (FederalRegister, 1993).
Example 1: What is the required minimum time to achieve Class A pathogenrequirement when a biosolid with 15% solids content is heated at 60�C(140�F)?
solution:

Step 1. Select the regime under the given condition
Referring to Table 6.27, Regime A is chosen.
Step 2. Compute minimum time required

� 0.5243 days
� 12.58 h

Example 2: Determine the required minimum temperature to treat abiosolid containing 15% solids with a heating time of 30 min.
solution:

D � 30 min � 0.0208 day
D(100.14T ) � 131,700,000

100.14T
� 131,700,000/0.0208 � 6,331,700,000

0.14T � 9.80
T � 70.0 (°C)

Class B biosolids. Class B requirements ensure that pathogens havebeen reduced to levels that are unlikely to pose a threat to publichealth and the environment under specific conditions of use. Class Bbiosolids also must meet one of the three alternatives: (1) monitoring

D  5  131,700,000
100.14T  5  131,700,000

100.14s60d
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of indicator organisms (fecal coliform) density; (2) biosolids are treatedin one of the processes to significantly reduce pathogens (PSRP); and(3) use of the processes equivalent to PSRP.
Land application. Biosolids are applied to land, either to condition thesoil or to fertilize crops or other vegetation grown in the soil. Biosolidscan be applied to land in bulk or sold or given away in bags or other con-tainers. The application sites may be categorized as nonpublic contactsites (agricultural lands, forests, reclamation sites) and public contactsites (public parks, roadsides, golf courses, nurseries, lawns, and homegardens). In the United States, about half of the biosolids produced areultimately disposed of through land application.Approximately one-third of the 5.4 million dry metric tons of waste-water sludge produced annually in the US at POTWs is used for landapplication. Of that, about two-thirds is applied on agricultural lands(US EPA, 1995). Land application of wastewater sludge has been prac-ticed for centuries in many countries, because the nutrients (nitrogenand phosphorus) and organic matter in sludge can be beneficially uti-lized to grow crops and vegetation. However, microorganisms (bacteria,viruses, protozoa, and other pathogens), heavy metals, and toxic organicchemicals are major public health concerns for land application ofbiosolids. Proper management of biosolids utilization is required.The application rate of biosolids applied to agricultural land must beequal to or less than the “agronomic rate”. The agronomic rate is definedin the Part 503 as the rate designed to provide the amount of nitrogenneeded by the crop or vegetation while minimizing the nitrogen in thebiosolids passing below the root zone of the crop or vegetation and flow-ing to the groundwater.Biosolids may be sprayed or spread on the soil surface and left on thesurface (pasture, range land, lawn, forest), tilled into the soil after beingapplied, or injected directly below the surface. Land application ofbiosolids must meet risk-based pollutant limits specified in the Part 503.Operation standards are to control pathogens and to reduce the attrac-tion of vectors. In addition, the application must meet the general require-ments, management practices, and the monitoring, record keeping, andreporting requirements.All land application of biosolids must meet the ceiling concentrationlimits for 10 heavy metals, listed in the second column of Table 6.28. If alimit for any one of the pollutants is exceeded, the biosolids cannot beapplied to the land until such time that the ceiling concentration limits areno longer exceeded.Biosolids applied to the land also must meet either pollutant concen-tration (PC) limits, cumulative pollutant loading rate (CPLR) limits, orannual pollutant loading rate limits for these 10 heavy metals. Either
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Class A or Class B pathogen requirements and site restrictions must bemet. Finally, one of 10 options for vector attraction reduction must alsobe met.
Annual whole sludge application rate. The annual whole sludge applica-tion rate (AWSAR) for biosolids sold or given away in a bag or othercontainer for application to land can be determined by dividingthe annual pollutant loading rate by pollutant concentration. It isexpressed as

(6.219)

where AWSAR � annual whole sludge application rate, metricton/(ha � yr)APLR � annual pollutant loading rate, kg/(ha � yr)(Table 6.28)0.001 � a conversion factor, kg/metric ton or mg/kgPC � pollutant concentration, mg/kg, dry weight

AWSAR 5
APLR

0.001 PC
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TABLE 6.28 Pollutant Limits for Land Application of Sewage Biosolids

Ceiling Annual pollutantconcentration Pollutant Cumulative loading rate limits for all concentration pollutant loading limits (APLR),biosolids applied (PC) limits, rate limits kg/ha overPollutant to land,mg/kg∗ mg/kg∗† (CPLR), kg/ha 365-day period
Arsenic 75 41 41 2.0Cadmium 85 39 39 1.9Chromium 3000 1200 3000 150Copper 4300 1500 1500 75Lead 840 300 300 15Mercury 57 17 17 0.85Molybdenum† 75 �

‡
�

‡
�

‡
Nickel 420 420 420 21Selenium 100 36 100 5.0Zinc 7500 2800 2800 140
Applies to: All biosolids Bulk biosolids Bulk biosolids Bagged that are land and bagged biosolids§

applied biosolids§

From Part 503, Table 1 Table 3 Table 2 Table 4Section 503.13
∗ Dry-weight basis.† Monthly average: also include exceptional quality (EQ) biosolids.‡ EPA is re-examining these limits.§ Bagged biosolids are sold or given away in a bag or other container.
SOURCE: US EPA, 1994, 1995



Example: Ten heavy metals listed in Table 6.28 were analyzed in biosolidsto be sold. The chromium concentration is 240 mg/kg of biosolids. Determinethe AWSAR of chromium for the biosolids.
solution:

Step 1. Find APLR for chromium from Table 6.28
APLR � 150 kg/(ha � yr)

Step 2. Compute AWSAR for chromium, using Eq. (6.219)

Note: 1 lb/1000 ft2/y � 48.83 kg/ha/y; 1 ton/1000 ft2/y � 97.65 metric ton/ha/y
Site evaluation and selection. Details of site evaluation and the selectionprocess are discussed by Federal Register (1993) and by the US EPA(1995). The discussion covers Part 503 requirements, preliminary plan-ning, phases 1 and 2, site evaluation, and site screening.
Calculation of annual biosolids application rate on agricultural land. Sewagesludge has been applied to agricultural land for a long time. The useof biosolids in agricultural land can partially replace costly commercialfertilizers. Generally, the intention is to optimize crop yields with appli-cation of biosolids and if required, supplemental fertilizers. The annualapplication rates of biosolids should not exceed the nutrients (N and P)requirements of the crop grown on an agricultural soil. In addition, landapplication of biosolids must meet the Part 503 requirements statedabove.
Calculation based on nitrogen. In order to prevent groundwater contam-ination by ammonia nitrogen due to excess land application of biosolids,Part 503 requires that bulk biosolids be applied to a site at a rate equalto or less than the agronomic rate for nitrogen at the site.

 5 1.28 ton/1000 ft2/y
 5 2560 lb/1000 ft2/y
 5 s125 metric ton/sha # yd 3 s2205 lb/metric tond

107,600 ft2/ha

 5 125 metric ton/sha # yd
 5 150 kg/sha # yd

0.001 kg/smetric ton # smg/kgdd 3 1200 mg/kg

AWSAR 5
APLR

0.001 PC

PC 5 1200 mg/kg
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Nitrogen may be present in biosolids in inorganic forms such asammonium (NH4) or nitrate (NO3), or in organic forms. NO3-N is themost water-soluble form of N, and is of most concern for groundwatercontamination. NH4-N can readily be volatilized as ammonia. InorganicN is the plant available nitrogen (PAN). Not all the N in biosolids isimmediately available for crop use, because some N is present as diffi-culty decomposable (refratory) organic N (Org-N), Org-N � total N �(NO3-N) � (NH4-N) which is in microbial cell tissue and other organiccompounds. Organic N must be decomposed into mineral or inorganicforms, such as NH4-N and NO3, before it can be used by plants. Thus,the availability of Org-N for crops depends on the microbial breakdownof organic materials (biosolids, manure, crop residuals, soil organics, etc.)in soil.When calculating the agronomic N rate for biosolids, the residual Nfrom previously applied biosolids that will be mineralized and released asPAN must be accounted for as part of the overall budget for the total PAN.The residual N credit can be estimated for some sites undergoing soilnitrate tests, but the PAN credit is commonly estimated by multiplying amineralization factor (Kmin) by the amount of biosolids Org-N still remain-ing in the soil 1 or 2 years after biosolids application. Mineralization fac-tors for different types of biosolids may be found in Table 6.29.
Example 1: An aerobic digested biosolid with 2.8% of organic nitrogen wasapplied at a rate of 4.5 dry ton per acre for the 1997 growing season. No otherbiosolids were applied to the same land in 1998. Determine the amount ofplant-available nitrogen that will be mineralized from the biosolids Org-N in1997 for the 1999 growing season.
solution:

Step 1. Calculate the biosolids Org-N applied in 1997
Org-N � 4.5 ton/acre � (2.8%/100%) � 2000 lb/ton

� 252 lb/acre
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TABLE 6.29 Estimated Mineralization Rate for Various Type of Sewage Sludge

Unstablized primary and Aerobically Anaerobically Year of growing season WAS digested digested Composted
0–1 (year of application) 0.40 0.30 0.20 0.11–2 0.20 0.15 0.10 0.052–3 0.10 0.08 0.05 –3–4 0.05 0.04 – –

SOURCE: Sommers et al. (1981)



Step 2. Determine Org-N released as PAN in 1999 growing season
Construct a PAN credit for the application year, 1 year, and 2 years later forgrowing seasons as follows:

Answer: Org-N released as PAN in 1999 � 12 lb/acre (as bold shown above).
The NH4-N and N03-N added by biosolids is considered to be availablefor plant use. Plant-available nitrogen comprises NH4-N and N03-N pro-vided by biosolids and by fertilizer salts or other sources of these mineralforms of N.
When biosolids or animal manure are applied on a soil surface, theamount of PAN is reduced by the amount of NH4-N lost by volatilization ofammonia. The volatilization factor, Kvol is used for estimating the amountof NH4-N.
The PAN of biosolids for the first year of application may be deter-mined as

PAN � (NO3-N) � Kvol(NH4-N) � Kmin(Org-N) (6.220)
where PAN � plant available N in biosolids, lb/dry tonNO3-N � nitrate N content in biosolids, lb/dry ton

Kvol � volatilization factor, or fraction of NH4-N not lost asNH3 gas
� 0.5 for liquid and surface applied
� 1.0 for liquid and injection into soil
� 0.5 for dewatered and surface appliedNH4-N � ammonium N content in biosolids, lb/dry ton

Kmin � mineralization factor, or fraction of Org-N convertedto PAN, Table 6.29Org-N � organic N content in biosolids, lb/dry ton
� Total N – (NO3-N) – (NH4-N)

Org-N, lb/acre
Year of growing season Mineralization rate Starting Mineralized Remaining(1) (2) (3) (4) (5)
0–1 (1997 application) 0.30 252 76 1761–2 (1998) 0.15 176 26 1502–3 (1999) 0.08 150 12 138

Notes: 1. Values of col. 2 are from Table 6.292. Col. 4 � col. 2 � col. 33. Col. 5 � col. 3 � col.44. 1 lb/acre � 1.12 kg/ha
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Example 2: An anaerobically digested and dewatered biosolid is to be sur-face applied on an agricultural land. The biosolids analysis of N content is:NO3 � N � 1500 mg/kg, NH4-N � 1.2%, and total N � 3.7%, based on thedry weight. The solids content of the biosolids is 4.3%. Determine PAN.
solution:

Step 1. Convert N forms into lb/dry ton
NO3-N � 1500 mg/kg � 1.500 � 10–3 kg/kg

� 1.5 � 10–3 lb/lb
� 3 lb/ton

NH4-N � 2000 lb/ton � 1.2%/100%
� 24 lb/ton

Total N � 2000 lb/ton � 0.037 � 74 lb/ton
Org-N � Total N – (NO3-N) � (NH4-N)

� (74 – 3 – 24) lb/ton
� 47 lb/ton

Step 2. Compute PAN
For dewatered biosolids and surface applied, Kvol � 0.5.Referring to Table 6.29, Kmin � 0.20 for the first year.Using Eq. (6.220),

PAN � NO3-N � Kvol(NH4-N) � Kmin (Org-N)
� 3 lb/ton � 0.5 (24 lb/ton) � 0.2 (47 lb/ton)
� 24.4 lb/ton

Note: 1 lb/ton � 0.5 kg/metric ton � 0.5 mg/kg
It is necessary to determine the adjusted fertilizer N rate by subtracting“total N available from existing, anticipated, and planned sources” from thetotal N requirement. The procedures to compute the adjusted fertilizer Nrequirement for the crop to be grown may be summarized as follows (USEPA, 1995).

1. Determine the total N requirement (lb/ton) of crop to be grown. Thisvalue can be obtained from the Cooperative Extension Service of agri-cultural agents or universities, USDA-Natural Resources ConservationService, or other agronomy professionals.
2. Determine N provided from other N sources added or mineralized inthe soil

a. N from a previous legume crop (legume credit) or green manure cropb. N from supplemental fertilizers already added or expected to be added
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c. N that will be added by irrigation waterd. Estimate of available N from previous biosolids application (Example 1)e. Estimate of available N from previous manure applicationf. Soil nitrate test of available N present in soil [this quantity can be sub-stituted in place of (a � d � e) if test is conducted properly; do not usethis test value if estimates for a, d, and e are used]
Total N available from existing, expected, and planned sources of N � a
� b � c � d � e or � b � c � f

3. Determine the loss of available N by denitrification, immobilization, orNH4 fixation
Check with state regulatory agencies for approval before using this site-specific factor.
4. Compute the adjusted fertilizer N required for the crop to be grown

N required � step 1 � step 2 � step 3
Finally, the agronomic N application rate of biosolids can be calculatedby dividing the adjusted fertilizer N required (step 4 above) by PAN(using Eq. (6.220)).

Example 3: Determine the agronomic N rate from Example 2, assuming theadjusted fertilizer N rate is 61 lb/acre (68.3 kg/ha). The solids content of thebiosolids is 4.3%.
solution:

Step 1. Compute agronomic N rate in dry ton/acre
Rate � (adj. fert. N rate) � PAN

� (61 lb/acre) � (24.4 lb/ton)
� 2.5 dry ton/acre

Step 2. Convert agronomic N rate in dry ton/acre to wet gal/acre
Rate � (2.5 dry ton/acre) � (4.3 dry ton/100 wet ton)

� 58 wet ton/acre
� (58 wet ton/acre) (2000 lb/wet ton) (1 gal/8.34 lb)
� 13,900 gal/acre

Note: 1 gal/acre � 9.353 L/ha
Calculation based on phosphorus. The majority of phosphorus (P) inbiosolids is present as inorganic forms, resulting from mineralization ofbiosolids organic matter. Generally, the P concentration in biosolids isconsidered to be about 50% available for plant uptake, as is the P normally
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applied to soils with commercial fertilizers. The P fertilizer required forthe crop to be grown is determined from the soil fertility test for avail-able P and the crop yield. The agronomic P rate of biosolids for landapplication is expressed as (US EPA, 1995)
Agronomic P rate � Preq � (available P2O5/dry ton) (6.221)

where Preq � P fertilizer recommended for harvested crop, or thequantity of P removed by the crop
Available P2O5 � 0.5 (total P2O5/dry ton) (6.222)

Total P2O5/dry ton � % of P in biosolids � 20 � 2.3 (6.223)
where 20 � 0.01 (� 1%) � 2000 lb/ton2.3 � MW ratio of P2O5 : P2 � 142 : 62�2.3 : 1

If biosolids application rates are based on the crop’s P requirement,supplemental N fertilization is needed to optimize crop yield for nearlyall biosolids applications.
Calculation based on pollutant limitation. Most biosolids are likely to containheavy metals concentrations that do not exceed the Part 503 pollutantconcentration limits. Therefore, pollutant loading limits are not a limit-ing factor for determining annual biosolids application rates on agricul-tural lands. Biosolids meeting pollutant concentration limits, as well ascertain pathogen and vector attraction reduction requirements, gener-ally are subject to meet the the CPLRs requirement. A CPLR is the max-imum amount of a pollutant that can be applied to a site by all bulkbiosolids applications after July 20, 1993. When the maximum CPLR isreached at the application site for any one of the 10 metals regulated byPart 503 (molybdenum was deleted with effect from February 25, 1994),no more additional biosolids are allowed to be applied to the site.For some biosolids with one or more of the pollutant concentrationsexceeding the Part 503 pollutant concentration limits, the CPLRs asshown in Table 6.30 must be met. In these cases, the CPLRs could even-tually be the limiting factor for annual biosolids applications ratherthan the agronomic (N or P) rate of application.For biosolids meeting the Part 503 CPLRs, the maximum total quan-tity of biosolids allowed to be applied to a site can be calculated on thebasis of the CPLR and the pollutant concentration in the biosolids asfollows:

Maximum allowed in dry ton/acre
� (CPLR in lb/acre) � [0.002 (mg pollutant/kg dry biosolids)] (6.224)
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After computing for each of the eight or nine pollutants regulated by thePart 503, the lowest total biosolids value will be used as the maximumquantity of biosolids permitted to be applied to the site. The individualpollutant loading applied by each biosolids application can be calcu-lated by
lb of pollutant/acre � biosolids application rate in dry ton/acre

� (0.002 mg/kg) (6.225)
The pollutant loading for each individual biosolid application must becalculated and recorded to keep a cumulative summation of the totalquantity of each pollutant that has been applied to each site receivingthe biosolids.

Supplemental K fertilizer. After the agronomic application rate ofbiosolids has been determined, the amounts of plant available N, P, andK added by the biosolids must be computed and compared to the fer-tilizer recommendation for the crop grown at a specified yield level. Ifone or more of these three nutrients provided by the biosolids is lessthan the amount recommended, supplemental fertilizers are needed toachieve crop yield.Potassium, K, is a soluble nutrient. Most of the concentration of K inraw wastewater is discharged with the treatment plant effluents.Generally, biosolids contain low concentrations of potassium, which isone of the major plant nutrients. Fertilizer potash (K2O) or other sources
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TABLE 6.30 Part 503 Cumulative Pollutant Loading Rate Limits

CPLR limits
Pollutant kg/ha lb/acre
Arsenic 41 37Cadmium 39 35Chromium∗ 3000 2700Copper 1500 1300Lead 300 270Mercury 17 15Molybdenum† � �Nickel 420 380Selenium 100 90Zinc 2800 2500

∗ The chromium limit will most likely be deleted from the Part 503rule.† The CRLR for Mo was deleted from Part 503 with effect fromFebruary 25, 1994.



of K usually are needed to supplement the amounts of K2O added bybiosolids application.Because K is readily soluble, all the K in biosolids is considered to beavailable for crop growth. The quantity of K2O provided (credited) bybiosolids application can be calculated as
K2O added by biosolids � applied rate in dry ton/acre

� avail. K2O in lb/dry ton (6.226)
where 

Available K2O � % of K in biosolids � 20 � 1.2 (6.227)
where 20 � 2000 lb/dry ton � %1.2 � K2O/K2 � 94/78

Example 4: A K fertilizer recommendation for a soybean field is 150 lbK2O/acre. The agronomic N rate of biosolid application is 1.5 dry ton/acre. Thebiosolid contains 0.5% K. Compute the supplemental (additional) K2Orequired.
solution:

Step 1. Compute the available K2O, using Eq. (6.227)
Available. K2O � 0.5 � 20 lb/dry ton � 1.2

� 12 lb/dry ton
Step 2. Compute K2O added by biosolids, using Eq. (6.226)

Biosolids K2O applied � biosolids rate � available K2O
� 1.5 dry ton/acre � 12 lb/dry ton
� 18 lb/acre

Step 3. Compute supplemental K2O needed
Additional K2O needed � recommended – biosolids added

� 150 lb/acre � 18 lb/acre
� 132 lb/acre

Note: 1 lb/acre � 1.12 kg/ha
Example 5: (This example combines Examples 1 to 4 and more) Determinebiosolid annual application for the 1999 growing season for an agriculturalsite on the basis of the agronomic N rate, P rate, and long-term pollutantlimitations required by Part 503. Also determine the supplemental nutrientsto be added. An anaerobically digested liquid biosolid is designed to be applied
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to farmland at 10 dry ton/acre. The results of laboratory analyses for thebiosolids are shown below:

If plant nutrients added by biosolids application are not sufficient, sup-plemental fertilizer nutrients must be provided. Routine soil fertility tests,monitoring, and records must meet Part 503 and state agency requirements.The field is divided into two portions for rotating cropping of corn, soybeans,and wheat. The same biosolids have been applied to the field during the pre-vious 2 years. The biosolids application rate and its Org-N content are asfollows:

According to the County Farm Bureau (Peoria, Illinois) for the 1999 grow-ing season (personal communication), the crop yield and required nutrientsin lb/(acre � yr) are given below:

For the 1999 growing season, one-half of the field will be planted in wheatand liquid biosolids will be injected to the soil in the fall (1998) after soybeansare harvested and before the winter wheat is planted in the fall of 1998. Forthe corn fields, biosolids will be surface applied and tilled in the spring of 1999before corn is planted. There will be no other source of N for the corn field,except for residual N from 1997 and 1998 biosolid applications.

lb/(acre � yr)
Crop Yield N P2O5 K2O
Corn 160 150 70 140Wheat 70 70 80 125Soybeans 45 0 60 150

Application rate, ton/acre Org-N in biosolids, %
Crop 1997 1998 1997 1998
Corn 3.5 4.4 3.0 3.3Wheat 5.0 0 3.1 –

Heavy metals, mg/kg
Total solids � 5.5% As � 10Total N � 4.3% Cd � 7NH4-N � 1.1% Cr � 120NO3-N � 500 mg/kg Cu � 1100Total P � 2.2% Pb � 140Total K � 0.55% Hg � 5pH � 7.0 Mo � 10Ni � 120Se � 6Zn � 3400
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The wheat field will have 23 lb of N per acre from the preceding soybeancrop; and a residual N credit for the 1997 biosolids application. No manurewill be applied and no irrigation will be made to either field.
solution:

Step 1. Compute agronomic rate for each field
(a) Convert N from percent and mg/kg to lb/ton

Total N � 2000 lb/ton � 0.043
� 86 lb/ton

NH4-N � 2000 lb/ton � 0.011 � 22 lb/ton
NO3-N � 500 mg/kg � 500 �

� 500 � 0.002 lb/ton
� 1 lb/ton

(b) Compute Org-N
Org-N � (86 � 22 � 1) lb/ton

� 63 lb/ton
(c) Compute PAN for surface applied biosolids, using Eq. (6.220)From Table 6.29

Kmin � 0.20 for the first year
� 0.10 for the second year
� 0.05 for the third year

Kvol � 0.7 for the corn field, surface applied and tilled
� 1.0 for the wheat field, injected

For the corn field
PAN � (NO3-N) � Kvol(NH4-N) � Kmin(Org-N)

� 1 lb/ton � 0.7 (22 lb/ton) � 0.2 (63 lb/ton)
� 29 lb/ton

For the wheat field
PAN � 1 lb/ton � 1.0 (22 lb/ton) � 0.2 (63 lb/ton)

� 36 lb/ton
(d) Compute the Org-N applied in previous years using the given dataFor the corn field, Org-N applied in 1997 and 1998 was:

In 1997: Org-N � 3.5 ton/acre � 2000 lb/ton � 3%/100%
� 210 lb/acre

1 lb
106 lb 5 500 3 1 lb

500 ton
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In 1998: Org-N � 4.4 ton/acre � 2000 lb/ton � 0.033
� 290 lb/acre

For the wheat field, Org-N originally applied in 1997 was
In 1997: Org-N � 5.0 ton/acre � 2000 lb/ton � 0.031

� 310 lb/acre
(e) Compute the residual N mineralized from previous years’ biosolidsapplications

Construct PAN credits for the application year, 1 and 2 years later thanthe growing season, as for Example 1. Take values of starting Org-N fromStep 1 d.
Org-N, lb/acreMineralizationYear of growing season rate Kmin Starting Mineralized Remaining

Corn field: 1997 application0�1 (1997) 0.20 210 42 1681�2 (1998) 0.10 168 17 1512�3 (1999) 0.05 151 8 143Corn field: 1998 application0�1 (1998) 0.20 290 58 2321�2 (1999) 0.10 232 23 2092�3 (2000) 0.05 209 10 199Wheat field: 1997 application0�1 (1997) 0.20 310 62 2481�2 (1998) 0.10 248 25 2232�3 (1999) 0.05 223 11 212

The PAN credit for the 1999 growing season on the corn field due tobiosolid applications in 1997 and 1998 is 8 � 23 (in bold in the abovetable) � 31 lb of N per acre, while that on the wheat field due to 1997application is 11 lb of N per acre.
(f ) Determine agronomic N rate for both fields For the corn field

1. Total N required for corn grown (given) � 150 lb/acre
2. N provided from other sources

2a. Estimate of available N from previous applications(from Step 1 e ) � 31 lb/acre
3. Loss of available N � 0
4. Adjusted fertilizer N required � (1) � (2a) � (3) � 119 lb/acre
5. The PAN dry ton biosolid to be applied, fromStep 1 (c) � 29 lb/ton
6. The agronomic N rate of biosolid, (4)/(5) � 4.1 dry ton/acre
7. Convert biosolids rate into wet ton/acre, 4.1/0.055 � 74.6 wet ton/acre
8. Convert biosolid rate into gal/acre � 17,900 gal/acre

� (74.6 wet ton/acre � 2000 lb/ton � 8.34 lb/gal)
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For the wheat field
1. Total N required for growing wheat � 70 lb/acre
2. N provided from other sources

2a. N from previous legume credit (given) � 23 lb/acre
2b. N from previous biosolids applications, from

Step 1 (e) �11 lb/acre
3. Loss of available N �0
4. Adjusted fertilizer N required for wheat

(1) � (2a) � (2b) � (3) � 36 lb/acre
5. PAN/dry ton biosolids to be applied, from Step l c � 36 lb/ton
6. Agronomic N rate of biosolids, (4)/(5) �1 dry ton/acre
7. Convert biosolids rate into wet ton/acre �18 wet ton/acre
8. Convert biosolids rate into gal/acre � 4320 gal/acre

Step 2. Determine cumulative pollution loading and maximum permittedapplication rate
(a) Comparing the pollutants concentration in biosolid with the Part 503 pol-lutant concentration limits, and comparing the concentrations of the 10heavy metals in the biosolid with the Part 503 “CPLR limits” (Table 6.28),the results show that all heavy metals concentrations in biosolids are lessthan the limits, except for zinc; therefore, the CPLR limits must be metfor the biosolids.
(b) Compute the maximum permitted biosolids application rate for each pol-lutant. The maximum total amount of biosolids permitted to be appliedto soil can be calculated from the CPLR limits from Table 6.30 and theconcentrations of pollutants, using Eq. (6.224).

The maximum biosolids application rate allows for
As � 37 lb/acre ÷ [0.002 (10 mg/kg)] � 1850 dry ton/acre
Cd � 35 lb/acre ÷ [0.002 (7 mg/kg)] �2550 dry ton/acre
Cr will be deleted from Part 503
Cu � 1300 lb/acre ÷ [0.002 (1100 mg/kg)] � 590 dry ton/acre
Pb � 270 lb/acre ÷ [0.002 (140 mg/kg)] � 964 dry ton/acre
Hg � 15 lb/acre ÷ [0.002 (5 mg/kg)] � 1500 dry ton/acre
Mo deleted
Ni � 380 lb/acre ÷ [0.002 (120 mg/kg)] � 1583 dry ton/acre
Se � 90 lb/acre ÷ [0.002 (6 mg/kg)] � 7500 dry ton/acre
Zn � 2500 lb/acre ÷ [0.002 (3400 mg/kg)] � 367 dry ton/acre

Note: Zn is the lowest allowed application rate, and it is much higherthan the agronomic N rate. Thus heavy metal pollutants are not the limitfactor.
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(c) Compute the amount of each pollutant in the 1999 growing season
According to Part 503, the pollutant loading for each biosolid applicationmust be calculated and recorded to keep a cumulative summation of the totalamount of each pollution. The amount of each pollutant can be calculated, usingEq. (6.225), from the given pollutant concentrations for corn and wheat fields.The results are shown below.

(d) Estimate the number of years biosolids can be applied
Assume that biosolids continue to have the same quality over time, andzinc would continue to be the limiting pollutant (see Step 2 b, 367 dry ton/acreis the maximum biosolids application rate for zinc). For this example, itis assumed that an average rate of 1.4 dry ton (acre � yr) would be appliedover time. The number of years biosolid could be applied before reachingthe CPLR can be computed from maximum biosolid allowed, divided bythe average annual application rate, as follows:

Number of years � 367 dry ton/acre � 1.4 dry ton/(acre � yr)
� 262 years

Step 3. Compute the agronomic P rate for each field
(a) The total P2O5 can be computed by Eq. (6.223). Given that anaerobicbiosolids have 2.2% total P

Total P2O5 � 2.2% � 20 � 2.3 lb/(ton � %)
� 101 lb/dry ton

(b) The plant available P2O5 is computed by Eq. (6.222)
Available P2O5 � 0.5 (101 lb/dry ton)

� 50 lb/dry ton
(c) For the corn field

Preq � 70 lb P2O5/acre (given)

Amount applied, lb/acre
Concentration in Corn field Wheat fieldPollutant biosolids, mg/kg (1.4 ton/acre)† (1.0 ton/acre)

As 10 0.028∗ 0.020Cd 7 0.020 0.014Cr (deleted) – – –Cu 1100 3.08 2.2Pb 140 0.39 0.28Hg 5 0.014 0.010Mo (deleted) – – –Ni 120 0.34 0.24Se 6 0.017 0.012Zn 2400 6.72 6.8
† see Step 4 (the agronomic P rate for the corn field is 1.4 dry ton/acre only)
∗ lb pollutant/acre: 1.4 ton/acre � 0.002 (10 mg/kg) � 0.028 lb/acre
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For the wheat field
Preq � 80 lb P2O5/acre (given)

(d) Calculate the agronomic P rate using Eq. (6.221)
For the corn field

Agronomic P rate � Preg � (available P2O5/dry ton)
� (70 lb/acre) � (50 lb/dry ton)
� 1.4 dry ton/acre

For the wheat field
Agronomic P rate � 80 ÷ 50

� 1.6 dry ton/acre
Step 4. Determine the application rate of biosolid on the corn field
Because the agronomic P rate for the corn field (1.4 dry ton/acre) is less thanthe agronomic N rate (4.1 dry ton/acre, Step l f-6), this rate, 1.4 dry ton/acre,is selected to be used for the 1999 growing season. A supplemental N fertil-izer must be added to fulfill the remaining N needs for corn not supplied bythe biosolid.
Step 5. Determine the supplemental N fertilizer for the corn field
The amount of additional N needed for the corn can be computed by multi-plying the PAN in lb/dry ton by the rate of biosolids application, then sub-tracting this PAN in lb/acre from the adjusted fertilizer N requirement.Referring to Step l c and Step 1 f-4, supplemental N can be determined as

Biosolids N credit � 29 lb PAN/dry ton � 1.4 dry ton/acre
� 41.0 lb PAN/acre

Supplemental N � 119 lb/acre � 41 lb/acre
� 78 lb/acre

Step 6. Determine the supplemental K fertilizer for the corn field 
(a) Calculate the available K2O added by biosolids, using Eq. (6.227)Given: % K in the biosolid � 0.55

Available K2O � % K in biosolids � 20 lb/dry ton · % � 1.2
� 0.55 � 24 lb/dry ton
� 13 lb/dry ton

(b) Compute the amount of biosolid K2O applied, using Eq. (6.226)
Biosolid K2O added � 1.4 dry ton/acre (see Step 4) � 13 lb/dry ton

� 18.2 lb/acre (say 18 lb/acre)
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(c) Compute supplemental K2O needed
Additional K2O needed � required (given) � biosolids K2O

� 140 lb/acre � 18 lb/acre 
� 122 lb/acre

Step 7. Determine the application rate of biosolid for the wheat field
For the wheat field, the agronomic N rate of 1.0 dry ton/acre of biosolids appli-cation is the choice since it is less than the agronomic P rate (1.6 dry ton/acre).
Step 8. Determine the supplemental P for the wheat field, referring toSteps 3 and 5

Biosolids P credit � 50 lb P2O5 /dry ton � 1.0 dry ton/acre
� 50 lb P2O5 /acre

Additional P needed � (80 � 50) lb P2O5 /acre
� 30 lb P2O5 /acre

Step 9. Determine the supplemental K for the wheat field
(a) Compute the biosolid K2O added

From Step 6 (a)
available K2O � 13 lb/dry ton (from step 6 a)

Biosolid K2O added � 1.0 dry ton/acre � l3 lb/dry ton
� 13 lb/acre

(b) Compute additional K2O needed
� 125 lb/acre � 13 lb/acre
� 112 lb/acre

30 Wetlands

Wetlands are defined in Federal Register (40 CFR 230.3(t)) as “thoseareas that are inundated or saturated by surface or groundwater at thefrequency and duration sufficient to support, and that under normal cir-cumstances do support, a prevalence of vegetation typically adapted forlife in saturated soil conditions.”Since the early 1950s, researches have been conducted on treatmentcapacity and ecological impacts of wetlands for wastewater treatment.The results of researches indicated that natural and man-made (con-structed) wetlands can treat domestic wastewater and plant effluent (forpolishing) effectively to remove BOD5, TSS, nutrients (N and P), andcolor. The wetlands treatments included for domestic, industrial, andagricultural wastewaters.
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In the early 1980s, the US EPA published a comprehensive literaturereview on the effects of wastewater treatment on wetlands (US EPA,1983), the ecological impacts of wastewater on wetlands—an annotatedbibliography (US EPA, 1984a) and the wetland evaluation methodolo-gies (US EPA, 1984b).The wetland treatment of wastewater had gained acceptance, espe-cially for small communities with strained capital and O & M costs withavailable large land available. In a wetland, the aquatic system treatswastewater by means of both physical sedimentation and bacterialmetabolism that are similar to the conventional wastewater treatment.The first design manual on wetlands and aquatic plant systems formunicipal wastewater treatments was published by the US EPA (1988).Later a more comprehensive manual of constructed wetlands treatmentof municipal wastewaters was published (US EPA, 2000). In its 1994report, the US EPA was considering wetlands at CERCLA (theComprehensive Environmental Response, Compensation and LiabilityAct, or Superfund) sites (US EPA, 1994).There are three categories of aquatic wastewater treatment systems(US EPA, 1988):
1. Natural wetlands
2. Aquatic plant systems
3. Constructed wetlands
30.1 Natural wetlands

Natural wetlands are referred to as marshes, swamps, bogs, and similarareas with native vegetation. They are existing wetlands that had littleor no modification by humans. Grasses or forbs (nonwoody plants) aregenerally dominant in marshes; trees and shrubs grow in swamp area;and sedge and peat vegetations occur in various bogs. The modificationor direct use of natural wetlands for wastewater treatment is discouraged.Natural wetlands are effective as wastewater treatment. The percentremovals of some parameters by natural wetlands are (Reed et al., 1979):
BOD5: 70 to 96
TSS: 60 to 90
Nitrogen: 40 to 90
Phosphorus: 19 to 98 (seasonal)

30.2 Aquatic plant systems

Aquatic plant systems are shallow ponds with floating or submergedaquatic plants. Water hyacinth and duckweed are the most thoroughly
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studied floating plant systems. These systems are usually used foradvanced treatment of secondary effluent or in oxidation ponds for pol-ishing purposes. The plants derive the needed carbon dioxide from theatmosphere and use nutrients in the water. The water hyacinth hasrapid growth with an extensive root system to support media for bac-teria. It is temperature sensitive and is rapidly killed by frost. Removalof dead plants is cumbersome.Duckweed occurs in natural wetlands and in lagoons (common at thehighway rest areas). It is less sensitive to cold weather. However, it hasa shallow root system, is sensitive to wind, and is easily flushed awayby high wind.The second type of aquatic system is the submerged plant system.Submerged plants are either rooted in the bottom sediments or sus-pended in the water column. Typically, photosynthesis in these plantsoccurs in the water column. Submerged plants are relatively easilyinhibited by high turbidity in the water. These plants tend to be shadedby algal growths and are killed by anaerobic conditions.

30.3 Constructed wetlands

Artificial (constructed) wetlands are wetlands that have been built orextensively modified by humans. Modification examples are filling,draining, or altering the flow patterns or physical properties of the wet-land. They are typically constructed with uniform depths and regularshapes near the source of the wastewater and are often located in uplandareas where no wetlands have historically existed. Constructed wet-lands are almost always regulated as wastewater treatment facilitiesand cannot be used for compensatory mitigation. Constructed wetlandsthat provide advanced treatment to wastewater that has been pre-treated to secondary levels, and also other benefits such as wildlife habi-tat, research laboratories, or recreational uses, are sometimes calledenhancement wetlands.Constructed wetlands have been classified into two types (US EPA,2000); namely, free water surface (FWS) wetlands and vegetated sub-merged bed (VSB) wetland systems. The FWS wetlands (Fig. 6.63)  alsoknown as surface flow wetlands, closely resembling natural wetlands inappearance because they contain aquatic plants that are rooted in a soillayer on the bottom of the wetland with water flowing through theleaves and stems of plants.Vegetated submerged bed systems (Fig. 6.64), also known as subsur-face flow wetlands) do not resemble natural wetlands because they haveno standing water. They contain a bed of media (such as crushed rock,small stones, gravel, sand, or soil) that has been planted with aquaticplants. When properly designed and operated, wastewater stays beneath
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the surface of the media, flows in contact with the roots and rhizomesof the plants, and is not visible or available to wildlife.Unlike natural wetlands, constructed wetlands are designed and oper-ated to meet certain performance standards. The constructed wetland,once designed and operated, requires regular monitoring to ensureproper operation and routine management to maintain optimum per-formance. On the basis of monitoring results, the system may needminor modifications.
Environmental and health considerations. Since wetland systems affectaesthetic, ecological, and recreational impacts in the area, during theplanning of constructed wetland, some technical, environmental, and
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Figure 6.63 Elements of a free water surface (FWS) constructed wetland (source:
US EPA 2001).

Figure 6.64 Elements of a vegetated submerged bed (VSB) system (source: US EPA 2001).



health factors have to be considered and evaluated. Those factors are(US EPA, 1983, 1984b, 1988, 2000):
■ regulatory issues,
■ uses of constructed wetland,
■ changes in hydrologic regime,
■ cumulative impacts of inorganic and organic chemicals,
■ long-term biological effects,
■ mitigation/management issues, and
■ health/disease considerations.

Constructed wetland is relatively less regulated than a conventionalwastewater treatment system. It is a reliable, affordable, and operableprocess for a small (less than 1 MGD or 3800 m3/d) wastewater treat-ment plant. Constructed wetlands are also versatile, to be used eitheras the primary means of secondary treatment or as a means of final pol-ishing. Nowadays, the use of a constructed wetland is not uniformlyaccepted as a proven technology or an emerging treatment technologydepending upon regulatory agencies. It has some degree of risks toecosystem and toxic compounds (still unknown). Also, the design processis still empirical.Sources of surface water and groundwater supplies have to be stud-ied, including charge and discharge. Sequential changes of the hydrologicregime in the wetland affect all aspects of the ecosystem. These changesmust be understood to determine nutrient cycle, sedimentation rates, ero-sion patterns, plant and animal community compositions, and hydro-logical budgets. These effects ultimately depend on the loading rate,discharge quantity and quality, and size and type of receiving wetland.Wetlands achieve good removal of nitrogen via denitrification.Phosphorus removal is more variable. Wetlands have some ability toassimilate organic and other compounds, and change soil chemistry. Thesemay cause the shift of dominant animal and plant species composition,especially benthic invertebrate communities. Some metals do accumulatewithin wetlands. Various physical and chemical parameters affect bioac-cumulation. Refractory chemicals, such as surfactants, phenols, pesti-cides, etc., are typically accumulated in wetlands. The long-term ecologicaleffects of these accumulation are less known.Shifts in plant species composition and area distribution will changein biomass production, detrital cycle habitat, aquatic food chain (web),wildlife, animal, and fish species and population. Eventually these mayreduce water quality. The pathogens of concern in wetland treatmentsystem are bacteria, parasites, and viruses. Disease-carrying insect vec-tors are potential risks.
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Wetland-related recreational activities, such as canoeing, photogra-phy, bird watching, camping, etc., should be evaluated. Cultivated crops,pasture, hay crops, and silviculture are most likely not affected by con-structed wetlands. Natural landscape (any unique areas, and openspaces), archaeological sites, and historical sites have to be preserved.The constructed wetlands should also be open for research and for publiceducational purposes.Mitigation measures should be taken to avoid impacts on wetland fromoperation of conventional treatment facilities. The impacts include siteselection, construction of interceptors and pumping stations, discharge towetlands, included development, and increased human use of the area.
Free water surface wetlands. The differences between the two types ofwetlands were mentioned previously. Free water surface wetlandsclosely resemble natural wetlands in appearance and function, with acombination of open-water areas, emergent vegetation, varying waterdepths, and other typical wetland features. The main components of a FWS constructed wetland are sketched inFig. 6.63. A typical FWS constructed wetland consists of several com-ponents that may be modified among various applications but retainessentially the same features. These components include berms toenclose the treatment cells, inlet structures that regulate and distrib-ute influent wastewater evenly for optimum treatment, various combi-nations of open-water areas and fully vegetated surface areas, and outletstructures that complement the even distribution provided by inletstructures and allow the adjustment of water levels within the treatmentcell. Shape, size, and complexity of design often are site characteristicsrather than preconceived design criteria.      

Wetland hydrology. The wetland water balance for a FWS constructedwetland is expressed as follows:
dV/dt � Qi � Qc � Qsm � Qb � Qe � (P � ET � I )A (6.228)

where V � water volume or storage in wetland
t � time, hour (h) or day (d)

Qi � wastewater inflow rate, m3/d or ft3/d
Qc � catchment runoff rate, m3/d or ft3/d

Qsm � snowmelt rate, m3/d or ft3/d
Qb � berm loss rate, m3/d or ft3/d
Qe � wetland outflow rate, m3/d or ft3/d
P � precipitation rate, m/d or ft/dET � evapotranspiration rate, m/d or ft/d
I � infiltration to groundwater, m/d or ft/d

A � wetland water surface area, m2 or ft2
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The impact of wet weather and snowmelt on the wastewater flow isexternal to the water balance. Some of the terms in Eq. (6.228) may bedeemed insignificant and can be neglected. Qb and I can be neglected ifthe wetland is lined with an impermeable layer; snowmelt is importantonly in certain locations.The wetland water volume V can be calculated by multiplying aver-age water depth H by area A:
V � A � H (6.229)

Wetland porosity n or void fraction is the fraction of total volumeavailable through which water can flow. In a FWS wetland, vegetation,settled solids, litter, and peat occupy water column. Wetland porosityis difficult to measure in the field. For design purpose, it is recom-mended to have a porosity value of 0.65 to 0.75 for fully vegetatedzones; 1.0 for wetland open-water zones; and around 0.88 for an aver-age value. The average wastewater flow rate is the mean of the FWS influent Qiand effluent Qe flow rates. It is expressed as:
Qave � (Qi � Qe)/2 (6.230)

The nominal hydraulic retention time (HRT) is defined as the ratioof useable wetland water volume to the average flow rate. The theolog-ical hydraulic retention time t is calculated as:
t � V � n/Qave (6.231)

The hydraulic loading rate (q, in m/h or m3/m2/h) is the volumetric flowrate divided by the wetland surface area and represents the depth ofwater distributed to the wetland surface over a specific time interval.The hydraulic loading rate can be computed as:
q � Qi/A (6.232)

Manning’s equation (Eq. (4.22b)), which defines flow in open channel,is adopted to estimate head loss in FWS wetland as follows:
S1/2

� v/(1/n)(H 2/3) (6.233)
where S � hydraulic gradient or slope of water surface

v � average flow velocity, m/s or ft/s
n � Manning’s resistance coefficient, s/m1/3
H � average wetland depth, m or ft

A typical slope is of 1 in 10,000, or 1 cm in 100 m. The coefficient n isa function of water depth and the resistance of specific surface. The
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range of n values in wetland are 0.3 to 1.1 s/m1/3. Since multiple cellsare recommended as good design practice to minimize short-circuitingand to maximize treatment performance, for most applications whereaspect ratios (length/width) are within suggested limits of 3 : 1 to 5 : 1,or even larger.
Design considerations. The design models and methods have been usedto predict the fate of BOD, TSS, TN, HN4, NO3, TP, and FCs in a FWSsystem. The performances of the above parameters in both FWS andVSB wetlands are discussed in detail elsewhere (US EPA, 2000). FWSconstructed wetlands have usually been modeled as attached growth bio-logical reactors, in which the plants and detrital material uniformlyoccupy the entire volume of the wetland.For the purpose of providing secondary (BOD � TSS � 30 mg/L) andadvanced secondary treatment of municipal wastewaters, no particularequations alone are able to accurately predict the performance of a mul-tizone FWS constructed wetland. Even if they could be calibrated “to fit”a specific set of data, their nondeterministic basis belies their ability tofit other circumstances of operation.The areal loading rate (ALR) method specifies a maximum loadingrate per unit area for a given constituent. These methods are commonin the design of oxidation ponds and land treatment systems. The ALRcan be used to give both planning level and final design sizing esti-mates for FWS systems from projected pollutant mass loads. For exam-ple, knowing the areal BOD loading rate, the expected BOD effluentconcentration can be estimated or compared to the long-term averageperformance data of other well-documented, full-scale operating sys-tems. The ALR can be described as: 

ALR � Qi Ci/A (6.234)
where Ci � influent concentration of pollutant, mg/L

Qi � incoming flow, m3/d or ft3/d
A � total area of FWS, ha or acre

The ALR method does not always correlate to a reasonable designbasis, especially with regard to nutrients and pathogen removal; othermechanistic explanations are necessary. However, if typical municipalwastewaters are to be treated that have total and filtered pollutantfractionation reasonably consistent from site to site, a rational designapproach can be deduced for those parameters which can be removedduring the enhanced flocculation/sedimentation that occurs in the ini-tial fully vegetated zone of a FWS constructed wetland. Therefore, basedon Figs. 6.63 and 6.65, the following areal loading rates can be used forthis initial zone (zone 1) of the FWS:
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Zone 1 areal loading rate
Parameter Effluent concentration, mg/L kg/ha � d lb/acre � d
BOD 30 40 35.7TSS 30 30 26.8

The relative areal loadings imply that unless the pretreatmentprocesses were to have a BOD concentration of greater than 1.3 timesthe TSS concentration, the latter would be the critical loading rate forthe fully vegetated zone if secondary standards are to be met by a fullyvegetated FWS system.If the FWS system were to have significant open areas between fullyvegetated zones, a better effluent quality could be attained at arealloadings, based on the entire FWS system area.
Areal loading rate

Parameter Effluent concentration, mg/L kg/ha � d lb/acre � d
BOD 30 60 53.6BOD � 20 45 40.2TSS 30 50 44.6TSS � 20 30 26.8

The loading rates in the above table are based on the entire systemarea, not just zone 1. Therefore, with open-water zones that provideaerobic transformations and removal opportunities, a better effluentquality is achievable than with a fully vegetated FWS system. It is rec-ommended that the minimum HRT at the maximum monthly flow inboth zones 1 and 3 (fully vegetated) be 2 days. The water depth shouldbe 0.6 to 0.9 m. There are insufficient data at this time to eliminatethe need to provide effluent disinfection. The open-water zones wouldattract wildlife to a great degree, and would be affected by theiractivities.A FWS constructed wetland is most likely to treat effluent from astabilization or oxidation pond, or from primary-treated (settled) munic-ipal wastewater. After the designer determines overall size of the FWSsystem from these BOD and TSS areal loading rates, the designer canreturn to evaluate the fate of other constituents. TSS removal andremoval of associated BOD, organic N and P, metals, etc. occur in theinitial portion of the cell (Fig. 6.65), while the subsequent zones canimpact certain soluble constituents. Given sufficient dissolved oxygenin open (unvegetated) areas, soluble BOD removal and nitrification ofammonia can occur. If sufficient oxygen is present, soluble BOD can beremoved very slowly by anaerobic processes.
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In zone 2, which is primarily open-water, the natural reaerationprocesses are supplemented by submerged macrophytes during day-light periods to elevate dissolved oxygen in order to oxidize carbona-ceous compounds (BOD) to sufficiently low levels to facilitatenitrification of the NH4-N to NO3-N. These processes require largeamounts of oxygen and time in a passive system (no mechanical assis-tance). The maximum HRT in zone 2 is generally limited to about 2 to3 days before unwanted algal blooms occur. The water depth shouldbe 1.2 to 1.5 m. Then, there are three cells in each train and at leasttwo trains (unless very small system). Therefore, more than one openzone may be required to complete these reactions. If so, the resultwould be a five (or more) zone design; because each open zone is fol-lowed by a fully vegetated zone. The reactions in zone 2 are essentiallythe same as in a facultative lagoon. Therefore, the first-order equationfor FC die-off could be applied as an approximation, along with its tem-perature dependency as:
(6.235)

where Ci, Ce � influent and effluent FC concentrations, respectively,cfu/100 mL
N � number of open-water zones in the FWS
t � HRT, days

Kf � FC removal rate constant, per day
� 2.6 (1.19)T�20

T � temperature, �C
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BOD removal in the open-water zone should also follow existing equa-tions such as:
(6.236)

where Ci, Ce � influent and effluent BOD, respectively, mg/L
Kb � specific BOD removal rate constant, per day

� 0.15 (1.04) T�20

The reduction in wetland volume due to settled solids, living plants,and plant detritus can be significant over the long term. The rate of accu-mulation of settled suspended solids is a function of the water temper-ature, the mass of influent TSS, the effectiveness of TSS removal, thedecay rate of the volatile fraction of the TSS, and the settled TSS massthat is nonvolatile. The plant detritus buildup is a function of the stand-ing crop and the decay rate of the plant detritus. Accumulation for emer-gent vegetated areas of the Arcata enhancement wetlands was measuredto be approximately 12 mm/yr of detritus on the bottom due to plantbreakdown and 12 to 25 mm/yr of litter forming a thatch on the surface(Kadlecik, 1996). The volume of the living plants, specifically the volumeof the emergent plants, ranged from 0.005 m3/m2 (low stem density,water depth of 0.3 m) to 0.078 m3/m2 (high stem density, water depth of0.75 m). This accumulation is more or less constant from year to yearas the wetland matures. The total volume reduction under the initialvegetated zone can be estimated using a mass balance equation:
Vr � (Vsst � Vdt) A (6.237)

where Vr � volume reduction over the period of analysis, m3
Vss � volume reduction due to nonvolatile TSS andnondegradable volatile TSS accumulation, m3/ha � yr
Vd � volume reduction due to nonvolatile detrital accumulationas a function of annual production, m3/ha � yr
A � fully vegetated wetland area, ha
t � period of analysis, year

Example 1: A reasonable default value for Vss when treating raw wastewaterin lagoons ranges from 200 to 400 m3/ha � yr (2 to 4 cm/yr). Therefore, a con-servative default value of 150 m3/ha � yr can be used. The loss of volume perhectare over an 8-year period for a 1-ha fully vegetated FWS wetland zone witha depth of 0.75 m can be estimated by use of this equation. One hundred per-cent coverage of emergent vegetation was measured to contribute 116 m3/ ha � yrof bottom detritus, and 104 m3/ha � yr of surface litter with a standing cropvolume of 360 m3/ha. Estimate the loss of volume per hectare over an 8-yearperiod for a 1-ha fully vegetated FWS wetland zone with a depth of 0.75 m. 
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solution:

Vd � 116 m3/ha � yr � 104 m3/ha � yr � 220 m3/ha � yr
Using Eq. (6.237):

Vr � (Vsst � Vdt) A
� [150 m3/ha � yr � 8 years � 220 m3/ha � yr � 8 years] � 1 ha
� 2960 m3

Example 2: Design a FWS constructed wetland to treat lagoon effluent tomeet a monthly average 30 mg/L of both BOD and TSS discharge standards.Given the design conditions: population � 42,000 people; the average annualdesign flow Qave,
Qave � 15,900 m3/d (4.2 MGD); Qmax � 2Qave � 31,800 m3/d 

At Qave: the influent BOD � 55 mg/L, while the average TSS � 66 mg/L; at themaximum monthly flow: the BOD � 38 mg/L and TSS � 32 mg/L, respec-tively; the maximum ALRs are 40 kg BOD/ha � d and 30 kg TSS/ha � d for asingle cell; and the maximum ALRs are 60 kg BOD/ha � d and 50 kg TSS/ha � dfor with open areas.
solution:

Step 1a. Determine the total area required under the critical condition fora single cell 
Rearranging Eq. (6.234),

A � Qi Ci/ALR
For BOD yields: at Qave

A � 15,900 m3/d � 1000 L/m3
� 55 mg/L/(40 kg/ha � d � 106 mg/kg)

� 21.9 ha 
at Qmax 

A � 31,800 �1000 � 38/(40 � 106) � 30.2 (ha)
For TSS yields: at Qave

A � 15,900 � 1000 � 66/(30 � 106) � 35.0 (ha)
at Qave

A � 31,800 � 1000 � 32/(30 � 106) � 33.9 (ha)
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Thus, the limiting factor is the TSS loading at average flow conditions where35.0 ha are required to meet the secondary effluent standards using a fullyvegetated single-zone FWS wetland system.
Step 1b. Similarly, recalculate the total area required from the higherALRs for the FWS system with significant open areas between fully vege-tated zones
For BOD yields: at Qave

A � 15,900 m3/d �1000 L/m3
� 55 mg/L/(60 kg/ha � d �106 mg/kg)

� 14.6 ha 
at Qmax 

A � 31,800 � 1000 � 38/(60 � 106) � 20.1 (ha)
For TSS yields:  at Qave

A � 15,900 � 1000 � 66/(50 � 106) � 21.0 (ha)
at Qave

A � 31,800 � 1000 � 32/(50 � 106) � 20.4 (ha)
The limiting condition is still the TSS areal loading at the average flow con-ditions. But, the total area requirement is only 21.0 ha instead of 35.0 ha.
Step 2. Compute the theoretical HRT assuming H � 0.6 and n � 0.75 in thevegetative zones (1 and 3) and H � 1.3 m and n � 1.0 in the open zone 2. Thecombined average depth is estimated of 0.84 m and an average n � 0.82. UsingEq. (6.231), for Qave

t � V � n/Qave � A � H � n/Qave
� 21 ha � 10,000 m2/ha � 0.84 m � 0.82/15,900 m3/d
� 9.1 days

for Qmax t � 21 � 10000 � 0.84 � 0.82/31,800 � 4.55 days
Note: The above implies that at Qmax, the HRT may not be adequate for thenecessary treatment mechanisms to perform. For zone 1, the minimum HRTat Qmax should be at least 2 days with 4 days at Qave. For zone 2, there is anupper limit that depends on climate and temperature. For most US conditions,a maximum HRT of 2 to 3 days should avoid algal blooms (a load to zone 3);although the longer the HRT, the better the removal for soluble organics,ammonia-N, and bacteria. Zone 3 should have the same considerations aszone 1. It also provides denitrification. Therefore, the minimum HRT at Qmax is 6 (2 � 2 � 2) days, and 12 daysat Qave as in this example. 
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Step 3. Use t � 12 days to determine the area A required at Qave   
Substituting Eq. (6.229) into Eq. (6.231) and rearranging it,

A � t Q/n H � 12 days � 15,900 m3/d/(0.82 � 0.84 m � 10,000 m2/ha)
� 27.7 ha (say 28 ha � 69 acres)

Applying the normal additional area for the inlet, buffers, and outlet of a factorranging from 1.25 to 1.40, the total area required for the FWS wetland is35 ha (28 ha � 1.25) or 86.5 acres.
Step 4. Configuration:  The FWS system should be designed at least withtwo parallel treatment trains of a minimum of three cells in each. Say for 2trains, for this example, the area of each train would be 14 ha � 140,000 m2. 

The shapes of the system can be squares, rectangles, polygons, ovals, kidneyshapes, and crescent shapes. Let us select rectangles. The optimum aspectratio, or average length L to average width W, ranges 3 : 1 to 5 : 1. If theratio ≥ 10, we may need to calculate backwater curves. Using L : W � 4 : 1,then  4W2
� 140,000 m2. We obtain W � 187 m and L � 748 m (only for 3 cells).Say each cell has 250 m in length. By adding 25% of length for the inlet andoutlet zones, the total length for the system is 937 m.In summary, the FWS system includes 2 trains. Each train has 187-mwidth and contains inlet zones, 3 treatment zones (1, 2, and 3), and outletzones. The lengths of each zone respectively are of 87, 250, 250, 250, and 90 m.The depths of each zone respectively are of 1.0, 0.6, 1.3, 0.6, and 0.6 m.

Note: To effectively minimize short-circuiting with baffles in the FWSsystem, the inlet/outlet structures should be designed for uniform distribu-tion of inflow across the entire width of the wetland inlet and uniform col-lection of effluent across the entire wetland outlet width. An inlet-settlingstructure may be needed if there is high TSS in the influent. The outlet weirloading should be  200 m3/m � d.Multiple cells allow for redistribution of the primary cell effluent in the sub-sequent cell that reduces short-circuiting. Flexible intercell piping will facil-itate maintenance without a major reduction in the necessary HRT to producesatisfactory effluent quality. Aspect ratios of the cells should be greater than3:1 and adapted to the site contours and restrictions. Additional treatmentwill likely be required alter the FWS system to meet fecal coliform and dis-solved oxygen permit requirements.
Example 3: Use the same design conditions as Example 2. Design a FWSwetland system to meet 20-20 (both BOD and TSS ≤ 20 mg/L) effluent stan-dards, i.e. to meet this effluent quality, an open-water zone is required in theFWS wetland. The maximum ALRs are 45-kg BOD/ha � d and 30-kg TSS/ha � d for the system. 
solution:

Step 1. Compute areas required at average and maximum flows as inExample 2 
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For BOD yields: at Qave
A � 15,900 m3/d � 1000 L/m3

� 55 mg/L/(45 kg/ha � d �106 mg/kg)
� 19.4 ha 

at Qmax  
A � 31,800 � 1000 � 38/(45 � 106 ) � 26.9 ha

For TSS yields:  at Qave
A � 15,900 � 1000 � 66/(30 � 106 ) � 35.0 ha

at Qmax
A � 31,800 � 1000 � 32/(30 � 106) � 33.9 ha

The limiting factor is again the TSS loading at average flow conditions where35.0 ha are required to meet the more stringent effluent standards.
Step 2. Compute the theoretical HRT, t, required for the entire 3-zone FWSsystem, assuming an overall average depth, H � 0.84 m and an average n �0.82. Using Eq. (6.231)
for Qave

t � V � n/Qave � A � H � n/Qave
� 35.0 ha � 10,000 m2/ha � 0.84 m � 0.82/15,900 m3/d
� 15.2 days

for Qmax
t � 15.2 days/2 � 7.6 days

Step 3. Determine the area required for each cell (zone)
At maximum monthly flow rate, assuming an equal minimum HRT (t � 7.6days/3 � 2.53 days) in each of 3 cells 
for zone 2,

A2 � t Q/n H � 2.53 days � 31,800 m3/d/(1.0 � 1.3 m � 10,000 m2/ha)
� 6.2 ha

Then, area for zone 1 (A1) and zone 3 (A3) would be
A1 � A3 � (35.0 ha�6.2 ha)/2 � 14.4 ha

Step 4. Determine the zone dimensions
Say the total area required for the 3 treatment zones is 35 ha (86.5 acres).By adding in 25% of it, the overall FWS wetland area including inlet/outletzones would be 43.8 ha (108 acres). 
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Again use two parallel trains (17.5 ha each) and aspect ratio of 4 : 1;then, 4W 2
� 175,000 m2. We obtain W � 209 m and L � 836 m (only for3 cells). Approximately, the lengths of zones 1, 2, and 3 are 318, 200, and318 m, respectively. By adding 25% of the length for the inlet and outletzones, the total length for the system is 1045 m. The length of the inletand outlet zones may be 109 and 100 m, respectively. The depths of theinlet, 3 treatment, and outlet zones respectively are of 1.0, 0.6, 1.3, 0.6,and 0.6 m.

Vegetated submerged bed systems. The VSB wetlands are composed ofgravel beds that may be planted with wetland vegetation. Figure 6.64illustrates a schematic sketch of a VSB wetland system. Typical VSBcomponents include (1) inlet piping, (2) a clay or synthetic membranelined basin, (3) loose media filling the basin, (4) wetland vegetationplanted in the media, and (5) outlet piping with a water-level controlsystem. The outlet structures are designated  for regulation and distri-bution of wastewater flow. VSB wetlands may contain berms.  In addi-tion to shape and size, other variable factors are choice of treatmentmedia (gravel shape and size, for example) as an economic factor andselection of vegetation as an optional feature that affects wetland aes-thetics more than its performance. The pollutant removal performance of VSB systems depends on manyfactors including influent wastewater quality, hydraulic and pollutantloading, climate, and physical characteristics of the systems. The mainadvantage of a VSB system over a free water surface wetland system isthe isolation of the wastewater from vectors, animals, and humans.Concerns with mosquitoes and pathogen transmission are greatlyreduced with a VSB system. Properly designed and operated VSB sys-tems may not need to be fenced off or otherwise isolated from people andanimals. Comparing conventional VSB systems to FWS systems of thesame size, VSB systems typically cost more to construct, primarilybecause of the cost of media (Reed et al., 1995). It is not clear if it is desirable to maintain a single plant species, or aprescribed collection of plant species, for any treatment purpose. Singleplant (monoculture) systems are more susceptible to catastrophic plantdeath due to predation or disease (George et al., 2000). It is generallyassumed that multiple plant and native plant systems are less suscep-tible to catastrophic plant death, although no studies have confirmedthis assumption. Plant invasion and plant dominance further compli-cate the issue. It was found that the roots do not fully penetrate to the bottom of themedia and there is substantially more flow under the root zone thanthrough it (Young et al., 2000). The oxygen supply from the roots is alsolikely to be unreliable due to yearly plant senescence, plant die-off due
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to disease and pests, and variable plant coverage from year to year.Considering all of these factors, it is recommended that designersassume wetland plants provide no significant amounts of oxygen to aVSB system. The impact of wetland plants on pollutant removal per-formance appears to be minimal, based on current knowledge; so, theselection of plants species should be based on aesthetics, impacts onoperation, and long-term plant health and viability in a given geo-graphical area. Local wetland plants experts should be consulted whenmaking the selection.
Hydrology. As in all gravity flow systems, the water level in a VSBsystem is controlled by the outlet elevation and the hydraulic gradient,or slope, that is the drop in the water level (head loss) over the lengthfrom the inlet to the outlet. The relationship between the hydraulic gra-dient and the flow through a porous media is typically described by thegeneral form of Darcy’s law (Eq. (6.238)). This model assumes laminarflow through the media finer than coarse gravel. It is recommendedwithout modification of the general form as sufficient to estimate thewater level within a VSB system. Darcy’s law is a function of the flow,ALR, water depth, and hydraulic conductivity.

Q � KAcS � KWD dh/dL (6.238)
or, for a defined length of the VSB, 

dh � QL /KWD (6.239)
Substitute L � A /W and rearrange the above equation to solve for min-imum W:

W 2
� QA /KD dh (6.240)

where Q � flow rate, m3/d
K � hydraulic conductivity, m3/m2

� d, or m/d
Ac � cross-sectional area normal to wastewater flow (� WD), m2
W � width of VSB, m
D � water depth, m 
L � length of VSB, m

dh � head loss (change in water level) due to flow resistance, m
S � dh /dL � hydraulic gradient, m/m
A � surface area of zone or of total wetland, m2

The water level at the inlet of a VSB will rise to the elevation requiredto overcome the head loss in the entire VSB system. It should bedesigned to prevent surfacing. K for an operating VSB varies with timeand location within the media and will have a major impact on the headloss. K is very difficult to determine because it is influenced by factors
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that cannot be easily accounted for, including flow patterns (affected bypreferential flow and short-circuiting), and clogging (affected by changesin root growth/death and solids accumulation/degradation). Therefore,a value must be assumed for design purposes. Typical clean K valuesvary for various sizes of rock and gravel. They are 6200, 21,000, 34,000,64,000, 100,000, and 120,000 m/d for 5 mm pea gravel, 6 mm pea gravel,5 to 10 mm gravel, 22 mm coarse gravel, 17 mm creek rock, and 19 mmrock, respectively. Based on the studies and many observed cases ofsurfacing in VSB systems, the following conservative values are rec-ommend for the long-term operating K values (US EPA, 2000):
Initial 30% of VSB Ki � 1% of clean K
Final 70% of VSB Kf � 10% of clean K

Design consideration

Media. The media of a VSB system perform several functions: They(1) are rooting material for vegetation, (2) help to evenly distribute/col-lect flow at the inlet/outlet, (3) provide surface area for microbial growth,and (4) filter and trap particles. For successful plant establishment, theuppermost layer of media should be conducive to root growth. A varietyof media sizes and materials have been tried, but there is no clear evi-dence that points to a single size or type of media, except that the mediashould be large enough that it will not settle into the void spaces of theunderlying layer. It is recommended (US EPA, 2000) that the planting media would be5 to 20 mm (1/5 to 4/5 in) in diameter, and the minimum depth shouldbe 100 mm (4 in). The media in the inlet and outlet zones (Fig. 6.66)should be between 40 and 80 mm (1.6 and 3.1 in) in diameter to mini-mize clogging and should extend from the top to the bottom of thesystem. All media must be washed clean of fines and debris; morerounded media will generally have more void spaces; and media shouldbe resistant to crushing or breakage. The hydraulic conductivity of the20 to 30 mm diameter clean media is assumed as 100,000 m/d.
Slopes. The top surface of the media should be leveled or nearlyleveled for easier planting and routine maintenance. Theoretically, thebottom slope should match the slope of the water level to maintain a uni-form water depth throughout the VSB. However, because the hydraulicconductivity of the media varies with time and location, it is not prac-tical to determine the bottom slope this way; the bottom slope shouldbe designed only for draining the system, and not to supplement thehydraulic conductivity of the VSB. A practical approach is to uniformlyslope the bottom along the direction of flow from inlet to outlet to allowfor easy draining when maintenance is required. No research has been
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done to determine an optimum slope, but Chalk and Wheale (1989)recommended a slope of to 1% is for ease of construction and properdraining.
System size. The surface area required is calculated based upondesired effluent quality and areal loading rate. The ALRs for BOD are6 g/m2

� d (53.5 lb/acre � d) and 1.6 g/m2
� d (14.3 lb/acre � d) to attain 30and 20 mg/L effluents, respectively. The ALR for TSS is 20 g/m2

� d(178 lb/acre � d) to attain 30 mg/L effluent. VSB system is not designedfor nutrients (N and P) removal.There is no optimum depth for a VSB system. But the media depthshould be set equal to the maximum root depth of the wetland speciesto be used in the VSB. Typical average media depths in VSB systemshave ranged from 0.3 to 0.7 m (12 to 28 in), and various researchers haverecommended depths from 0.4 to 0.6 m (16 to 24 in). It is recommendedto use a design with maximum water depth (at the inlet of the VSB) of0.50 m (20 in). The depth of the media will be defined by the level of thewastewater at the inlet and should be about 0.1 m (4 in) higher than thewater.The width of an individual VSB is set by the ability of the inlet andoutlet structures to uniformly distribute and collect the flow withoutinducing short-circuiting. The width can be determined using Darcy’slaw (Eq. (6.238)). The recommended maximum width in a TVA designmanual is 61 m (200 ft). If the design produces a larger value, it shoulddivide the VSB into several cells that do not exceed 61 m in width—useat least 2 VSBs in parallel; use an adjustable inlet device with capabil-ity to balance flows; and use an adjustable outlet control device withcapability to flood and drain system.

1
2
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Several researchers have noted that most BOD and TSS are removedin the first few meters of VSB, but some recommend minimum lengthsranging from 12 to 30 m (39 to 98 ft) to prevent short-circuiting. The min-imum length recommended by the US EPA (2000) is 15 m (50 ft).Therefore, the aspect ratio is not a factor in the overall size design.However, the recommended values for maximum width and minimumlength tend to result in individual VSB cells with a length-width ratiobetween 1 : 1 and 1 : 2.
Example: Design a VSB constructed wetland system with some assumptionsor given conditions:
■ The total VSB has four zones as shown in Fig. 6.65. 
■ The initial treatment zone 1 occupies about 30% of the total area, performsmost of the treatment, and has a big decrease in hydraulic conductivity (use

K � 1% of clean K). 
■ The final treatment zone 2 will occupy the remaining 70% of the area andhas little change in hydraulic conductivity (use K � 10% of clean K).
■ Darcy’s law, while not exact, is good enough for design purposes. 
■ The sizing of the initial and final treatment zones follows these steps:

■ Determine the surface area, using recommended ALR
■ Determine the width, using Darcy’s Law
■ Determine the length and head loss of the initial treatment zone, usingDarcy’s law
■ Determine the length and head loss of the final treatment zone, usingDarcy’s law
■ Determine bottom elevations, using bottom slope
■ Determine water elevations throughout the VSB, using head loss
■ Determine water depths, according for bottom slope and head loss
■ Determine required media depth
■ Determine the number of VSB cells

■ Maximum monthly flow Q � 380 m3/d � 0.1 MGD
■ Maximum monthly influent Ci BOD � 80 mg/L � 80 g/m3
■ Maximum monthly influent Ci TSS � 90 mg/L � 90 g/m3
■ Required discharge limits � 30 mg/L for both BOD and TSS
■ Recommended values for VSBs are:

■ ALR for BOD � 6 g/m2
� d

■ ALR for TSS � 20 g/m2 
� d

■ Use washed, rounded media 20 to 30 mm in diameter, clean K � 100,000 m/d
■ Hydraulic conductivity of initial treatment zone 1: K1� 1% of 100,000 m/d �1,000 m/d
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■ Hydraulic conductivity of final treatment zone 2: K2 �10% of 100,000 m/d �10,000 m/d
■ Bottom slope: s � 0.5% � 0.005
■ Design water depth at inlet: Di � 0.44 m
■ Design water depth at beginning of final treatment zone: Df � 0.44 m
■ Design media depth: Dm � 0.6 m
■ Maximum allowable head loss through initial treatment zone dhi � 10%of Dm � 0.06 m

solution:

Step1. Determine the surface area for both BOD and TSS, using Eq. (6.234)
For BOD removal:

A � QCi/ALR � (380 m3/d � 84 g/m3)/6 g/m2
� d

� 5320 m2

For TSS removal:
A � (380 m3/d � 96 g/m3)/20 g/m2

� d
� 1824 m2

Use the large area required, i.e. 5320 m2. The surface area for the initialtreatment zone 1 is A1 � 5320 m2
� 0.3 � 1600 m2. The surface area for thefinal treatment zone 2 is A2 � 5320 m2

� 0.7 � 3720 m2.
Step 2. Determine the minimum width needed to keep the flow below thesurface, using Eq. (6.240) and recommended values (Ki � 1000 m/d, D � 0.44m, dh � 0.06 m) for the initial treatment zone 1

W 2
� QA/KD dh (A � Ai � 1600 m2)
� 380 m3/d �1600 m2/(1000 m/d � 0.44 m � 0.06 m)
� 23,030 m2

W � 152 m
Note: This width of 152 m is needed to have a head loss of 0.06 m under allgiven parameters.
Step 3. Compute the length L1 and check the head loss of zone 1; K1 �1,000 m/d

L1 � A1/W � 1600 m2/152 m � 10.5 m
Using Eq. (6.239)

dh1 � QL1 /K1WD � 380 m3/d �10.5 m/(1000 m/d � 152 m � 0.44 m)
� 0.06 m
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Step 4. Compute the length L2 and check the head loss of zone 2; K2 �10,000 m/d
L2 � A2 /W � 3720 m2/152 m � 24.5 m (is a minimum)

dh2 � QL2 / K2WD � 380 m3/d � 24.5 m/(10,000 m/d � 152 m � 0.44 m)
� 0.014 m

Step. 5. Calculate bottom elevations
Let bottom elevation at the outlet, Eo � 0 as reference point for all elevations.
s � 0.005.  The elevation at the beginning of zone 2, Ef, is:

Ef  � L2 � s � 24.5 m � 0.005 � 0.12 m
The elevation at the inlet (the beginning of zone 1), Ei, is:

Ei � (10.5 m � 24.5 m) � 0.005 � 0.18 m
Step 6. Determine the water surface elevations
The water surface elevation at the beginning of zone 2, Ewf, is:

Ewf � Ef � Df � 0.12 m � 0.44 m � 0.56 m 
The water surface elevation at the outlet, Ewo, is:

Ewo � Ewf � dh2 � 0.56 m�0.01 m (use 0.01 instead 0.014 from Step 4)
� 0.55 m

The water surface elevation at the inlet, Ewi, is:
Ewi � Ewf  � dh1 � 0.56 m � 0.06 m � 0.62 m

Step 7. Compute water depth
The depth of water at the inlet, Di, is:

Di � Ewi � Ei � 0.62 m � 0.18 m � 0.44 m (as designed)
The depth of water at the beginning of zone 2, Df, is:

Df � Ewf � Ef � 0.56 m � 0.12 m � 0.44 m (as designed)
The depth of water at the outlet, Do, is:

Do � Ewo � Eo � 0.55 m � 0 m � 0.55 m
Step 8. Determine the media depthThe media depth can be designed based on two concepts: (a) level the mediasurface and (b) a minimum depth to water throughout the VSB system.
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a. Determine the media depth based on level surfaceThe elevation of media top must be greater than the highest water ele-vation, i.e. at the inlet, Ewi � 0.62 m.  Let us set the media top elevationat 0.68 m. 
Then, the depth of media at the inlet, 

Dmi � 0.68 m � Ei � 0.68 m � 0.18 m � 0.50 m
The depth of media at the beginning of zone 2, 

Dmf � 0.68 m � Ef � 0.68 m � 0.12 m � 0.56 m
The depth of media at the outlet, 

Dmo � 0.68 m � Eo � 0.68 m � 0 m � 0.68 m
The media depth-to-water at the inlet, 

Dtwi � 0.68 m � Ewi � 0.68 m � 0.62 m � 0.06 m
The media depth-to-water at the beginning of zone 2, 

Dtwf � 0.68 m � Ewf � 0.68 m � 0.56 m � 0.12 m
The media depth-to-water at the outlet, 

Dtwo � 0.68 m � Ewo� 0.68 m � 0.55 m � 0.13 m
Note: The media depth-to-water is small at the inlet (0.06 m). However, thedesigner may want to add an additional layer of media in the first few metersof the initial treatment zone 1 as an added precaution against surfacing,even though the design ALR and K values are very conservative. The result-ing Dtwo in the final treatment zone 2 would be 0.12 to 0.13 m, which shouldnot inhibit the growth of aquatic species.
b. Determine the media depth based on a constant depth-to-water (use 0.1 m)The elevation of media surface at the inlet, 

Emi � Ewi � 0.1 m � 0.62 m � 0.1 m � 0.72 m
The elevation of media surface at the beginning of zone 2, 

Emf � Ewf  � 0.1 m � 0.56 m � 0.1 m � 0.66 m
The elevation of media surface at the outlet, 

Emo � Ewo � 0.1 m � 0.55 m � 0.1 m � 0.65 m
The depth of media at the inlet, 

Dmi � Emi � Ei � 0.72 m � 0.18 m � 0.54 m
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The depth of media at the beginning of zone 2, 
Dmf � Emf � Ef � 0.66 m � 0.12 m � 0.54 m

The depth of media at the outlet, 
Dmo � Emo � Eo � 0.65m � 0 m � 0.65 m

Note: This approach would result in a drop in the media surface of (Emi � Dmi �0.72 m � 0.54 m) 0.18 m over the 10.5-m length of the initial treatment zone(slope � 1.7%), which would probably not impair operation and maintenanceactivities.
Step 9. Determine the number of cellsIt is recommended that at least two VSBs be used in parallel in all but thesmallest systems, so that one of the VSBs can be taken out of service for main-tenance or repairs without causing serious water quality violations. In thisexample, the total size of the treatment zones is 152 m wide and 35 (10.5 �24.5) m long. Therefore, four VSB trains, each 38 m wide and 35 m long, couldbe used. Other combinations of length and width that have the required sur-face area will also work as long as the hydraulics conditions are met. Alsoremember that inlet (2 m in length) and outlet zones (1 m) will add to the over-all length of the VSB. Thus the total length of  a VSB system will also be 38 m.In summary, to treat the 380 m3/d (0.1 MGD) of wastewater flow and tomeet the 30-30 standards, a VSB constructed wetland system that consistsfour trains is designed. Each train is 38 m wide and 38 m long (2, 10.5, 24.5,and 1 m in length, respectively, for the inlet zone, zone 1, zone 2, and outletzone). The depths and media sizes are close to the values recommended bythe US EPA (2000), as shown in Fig. 6.65.

References

Albertson, O. E. and Davis, G. 1984. Analysis of process factors controlling performanceof plastic biomedia. Presented at the 57th Annual Meeting of the Water PollutionControl Federation, October 1984, New Orleans, Louisiana.
Alessi, C. J. et al. 1978. Design and operation of the activated sludge process. SUNY/BUFFALO-WREE-7802. Buffalo: State University of New York at Buffalo.
Al-Layla, M. A., Ahmad, S. and Middlebrooks, E. J. 1980. Handbook of wastewater col-

lection and treatment: principles and practice. New York: Garland STPM Press.
Alleman, J. E. and Irving, R. L. 1980. Nitrification in the sequencing batch biological reac-tor. J. Water Pollut. Control Fed. 52(11): 2747–2754.
American Society of Civil Engineers (ASCE) and Water Pollution Control Federation(WPCF). 1982. Design and construction of urban stormwater management systems.New York: ASCE and WPCF.
American Society of Civil Engineers (ASCE) and Water Environment Federation (WEF).1992. Design and construction of urban stormwater management systems. New York:ASCE & WEF.
Antonie, R. L. 1978 Fixed biological surfaces: wastewater treatment. West Palm Beach,Florida: CRC Press.

884 Chapter 6



APHA, AWWA, and WEF. 1998. Standard methods for the examination of water and
wastewater, 20th edn. Washington, DC: APHA.

Aqua-Aerobic Systems. 1976. Clarifiers design. Rockford, Illinois: Aqua-Aerobic Systems.
Autotrol Corporation. 1979. Wastewater treatment systems: design manual. Milwaukee,Wisconsin: Autotrol Corp.
Banerji, S. K. 1980. ASCE Water Pollution Management Task Committee report on“Rotating biological contactor for secondary treatment.” In: Proc. First National

Symposium/Workshop on Rotating Biological Contactor Technology (FNSWRBCT),Smith, E. D., Miller, R. D. and Wu, Y. C. (eds.), Vol. I, p. 31. Pittsburgh: University ofPittsburgh.
Bidstrup, S. M. and Grady, Jr., C. P. L. 1988. SSSP: simulation of single-sludge processes.

J. Water Pollut. Control Fed. 60(3): 351–361.
Boehnke, B., Diering, B. and Zuckut, S. W. 1997. Cost-effective wastewater treatmentprocess for removal of organics and nutrients. Water Eng. Mgmt. 145(2): 30–35.
Bruce, A. M. and Merkens, J. C. 1973. Further study of partial treatment of sewage byhigh-rate biological filtration. J. Inst. Water Pollut. Control 72(5): 499–527.
Brenner, R. C. et al. 1984. Design information on rotation biological contactors. USEPA-600/2-84-106, Cincinnati, Ohio, Chaps. 2, 3, and 5.
Camp, T. R. 1946. Corrosiveness of water to metals. J. Net Engl. Water Works Assoc.

60(1): 188.
Camp, T. R. 1953. Studies of sedimentation basin design. Presented at 1952 AnnualMeeting, Pennsylvania Sewage and Industrial Wastes Association, Stage CollegePennsylvania, August 27–29, 1952. Washington, DC: Sewage and Industrial Wastes.
Carder, C. 1997. Chicago’s Deep Tunnel. Compressed Air Magazine.
CBI Walker, Inc. 1998. Small egg shaped digester facilities. Plainfield, Illinois: CBIWalker, Inc.
Cheremisinoff, P. N. 1995. Handbook of water and wastewater treatment technology. NewYork: Marcel Dekker.
Chou, C. C., Hynek, R. J. and Sullivan, R. A. 1980. Comparison of full scale RBC per-formance with design criteria. Proc. FNSDWRBCT, Vol. II, p. 1101.
Clark, J. H., Moseng, E. M. and Asano, T. 1978. Performance of a rotating biological con-tactor under varying wastewater flow. J. Water Pollut. Control Fed. 50: 896.
Clark, J. W. and W. Viessman, Jr. 1966. Water supply and pollution control. New York: ADun-Donnelley.
Clark, J. W., Viessman, Jr., W. and Hammer, M. J. 1977. Water supply and pollution con-

trol. New York: IEP-A Dun-Donnelley Publisher.
Clow Corporation. 1980. Clow Envirodisc Rotating Biological Contactor System. Florence,Kentucky: Clow Corp.
Collins, H. F. and Selleck, R. E. 1972. Process kinetics of wastewater chlorination. SERLReport 72–75. Berkeley: University of California.
Collins, H. F., Selleck, R. E. and White, G. C. 1971. Problems in obtaining adequatesewage disinfection. J. Sanitary Eng. Div., Proc. ASCE 87(SA5): 549–562.
Coulson, J. M. and Richardson, J. F. 1955. Chemical engineering Vol. II. New York:McGraw-Hill.
Davis, M. L. and Cornwell, D. A. 1991. Introduction to environmental engineering, 2nd edn.New York: McGraw-Hill.
Dick, R. I. and Ewing, B. B. 1967. Evaluation of activated sludge thickening theories. J.

Sanitary Eng. Div., Proc. ASCE 93(SA4): 9–29.
Downing, A. L. and Hopwood, A. P. 1964. Some observations on the kinetics of nitrifyingactivated sludge plants. Schweizerische Zeitschrift fur Hydrologie 26: 271.

Wastewater Engineering 885



Droste, R. L. 1997. Theory and practice of water and wastewater treatment. New York: JohnWiley.
Eckenfelder, W. W. 1963. Trickling filter design and performance. Trans. Am. Soc. Civil.

Eng. 128 (part III): 371–384.
Eckenfelder, W. W., Jr. 1966. Industrial water pollution control. New York: McGraw-Hill.
Eckenfelder, W. W. and Barnhart, W. 1963. Performance of a high-rate trickling filter usingselected media. J. Water Pollut. Control Fed. 35(12): 1535–1551.
Eckenfelder, W. W. and Ford, D. L. 1970. Water pollution control. Austin and New York:Jenkins.
F. W. Dodge Profile. 1994. Perini goes underground with Chicago’s Deep Tunnel project.New York: McGraw-Hill.
Fair, G. M., Geyer, J. C. and Okun, D. A. 1966. Water and wastewater engineering, Vol. 1.

Water supply and wastewater removal. New York: John Wiley.
Fairall, J. M. 1956. Correlation of trickling filter data. Sewage and Industrial Wastes

28(9): 1069–1074.
Federal Register. 1991. Secondary treatment regulation. 40 CFR Part 133, July 1 1991,Washington, DC.
Federal Register. 1993. Standards for the use or disposal of sewage sludge; final rules.40CFR Part 257 et al. Part II, EPA, Federal Register 58(32): 9248–9415. Friday, February19, 1993. Washington, DC.
Galler, W. S. and Gotaas, H. G. 1964. Analysis of biological filter variables. J. Sanitary

Eng. Div., Proc. ASCE 90(SA6): 59–79.
Galler, W. S. and Gotaas, H. G. 1966. Optimization analysis for biological filter design. J.

Sanitary Eng. Div., Proc. ASCE 92(SA1): 163–182.
Gaudy, A. F. and Kincannon, D. F. (1977). Comparing design models for activated sludge.

Water and Sewage Works 123(7): 66–77.
George, D. B. et al. 2000. Development guidelines and design equations for subsurface flowconstructed wetlands treating municipal wastewater. Office of Research and Development,Cincinnati, Ohio: US EPA.
Germain, J. E. 1966. Economical treatment of domestic waste by plastic medium trick-ling filters. J. Water Pollut. Control Fed. 38(2): 192–203.
Grady, C. P. L. and Lim, H. C. 1980. Biological wastewater treatment: theory and appli-

cation. New York: Marcel Dekker.
Great Lakes–Upper Mississippi River Board (GLUMRB) of State Sanitary Engineers,Health Education Service. 1971. Recommended (Ten States) standards for sewage works.Albany, New York: Health Research, Inc.
Great Lakes-Upper Mississippi River Board of State Public Health and EnvironmentalManagers. 1971 Recommended standards for wastewater facilities. Albany, New York:Health Research, Inc.
Great Lakes–Upper Mississippi River Board of State and Provincial Public Health andEnvironmental Managers. 1996. Revision 5 (draft edition). Recommended (Ten States)

standards for wastewater facilities: policies for the design, review, and approval of plans
and specifications for wastewater collection and treatment facilities. Albany, New York:Health Research, Inc.

Guo, P. H. M., Thirumurthi, D. and Jank, B. E. 1981. Evaluation of extended aeration acti-vated sludge package plants. J. Water Pollut. Control Fed. 53(1): 33–42.
Hammer, M. J. 1986. Water and waste-water technology. New York: John Wiley.
Haug, R. T. and McCarty, P. L. 1972. Nitrification with submerged niters. J. Water Pollut.

Control Fed. 44(11): 2086–2102.
Herzbrun, R. A., Irvine, R. L. and Malinowski, K. C. 1985. Biological treatment of hazardouswaste in sequencing batch reactors. J. Water Pollut. Control Fed. 57(12): 1163–1167.

886 Chapter 6



Hitdlebaugh, J. A. and Miller, R. D. 1980. Full-scale rotating biological contactor for sec-ondary treatment and nitrification. Proc. FNSWRBCT, Vol. I, p. 269.
Hoag, G., Widmer, W. and Hovey, W. 1980. Microfauna and RBC performance: laboratoryand full-scale system. Proc. FNSWRBCT, Vol. I, p. 167.
Huang, C. S. and Hopson, N. 1974. Nitrification rate in biological processes. J. Environ.

Eng. Div., Proc. ASCE 100(EE2): 409.
Illinois Environmental Protection Agency. 1998. Recommended standards for sewage

work. Part 370 of Chapter II, EPA, Subtitle C: Water Pollution, Title 35: EnvironmentalProtection, Springfield, Illinois: IEPA.
Illinois Environmental Protection Agency. 1998. Illinois recommended standards for

sewage works. State of Illinois Rules and Regulations Title 35, Subtitle C, Chapter II,parts 370. Springfield: Illinois EPA.
Institute of Water and Environmental Management (IWEM). 1988. Unit process biologi-

cal filtration: manuals of British practice in water pollution. London: IWEM.
Jenkins, D. and Garrison, W. E. 1968. Control of activated sludge by mean cell residencetime. J. Water Pollut. Control Fed. 40(11): 1905–1919.
James A. Montgomery, Consulting Engineers, Inc. 1985. Water Treatment Principles and

Design. New York: John Wiley.
Kadlecik, L. 1996. Organic content of wetland soils, Arcata Enhancement Marsh. Specialreport, ERE Department Wetland Workshop.
Khan, A. N. and Raman, V. 1980. Rotating biological contactor for the treatment of waste-water in India. Proc. FNSWRBCT, Vol. I, p. 235.
Kiff, R. J. 1972. The ecology of nitrincation/denitrification systems in activated sludge.

Water Pollut. Control 71: 475.
Kincannon, D. F. and Stover, E. L. 1982. Design methodology for fixed film reactors, RBCsand trickling niters. Civil Eng. Practicing and Design Eng. 2: 107.
Kink, B. 1997. Touring the deep tunnel. The Regional News, Jan. 9.
Kinner, N. E., Balkwill, D. L. and Bishop, P. L. 1982. The microbiology of rotating biologicalcontactor films. Proc. FICFFBP, Vol. I, p. 184.
Kirschmer, O. 1926. Untersuchungen uber den Gefallsverlust an rechen. Trans. HydraulicInst. 21, Munich: R. Oldenbourg.
Kraus, L. S. 1955. Dual aeration as rugged activated sludge process. Sewage and Industrial

Wastes, 27(12): 1347–1355.
Lawrence, A. W. and P. L. McCarty. 1969. Kinetics of methane fermentation in anaerobictreatment. J. Water Pollut. Control Fed. 41(2): R1–R17.
Lawrence, A. W. and McCarty, P. L. 1970. Unified basis for biological treatment designand operation. J. Sanitary Eng. Div., Proc. ASCE 96(SA3): 757–778.
Lin, S. D., Evans, R. L. and Dawson, W. 1982. RBC for BOD and ammonia nitrogenremovals at Princeton wastewater treatment plant. Proc. FICFFBP, Vol. I, p. 590.
Livingston, E. H. 1995. Infiltration practices: The good, the bed, and the ugly. In: National

Conference on Urban Runoff Management: Enhancing urban watershed management
at the local, county, and state levels, March 30–April 2, Chicago, Illinois, EPA.625/R-95/003, pp. 352–362. Cincinnati: US EPA.

Logan, B. E., Hermanowicz, S. W. and Parker, D. S. 1987a. Engineering implication of anew trickling filter model. J. Water Pollut. Control Fed. 59(12): 1017–1028.
Logan, B. E., Hermanowicz, S. W. and Parker, D. S. 1987b. A fundamental model fortrickling filter process design. J. Water Pollut. Control Fed. 59(12): 1029–1042.
Lyco Division of Remsco Assoc. 1982. Lyco Wastewater Products–RBC Systems. Marlbor,New Jersey: Lyco Corp.
Lynch, J. M. and Poole, N. J. 1979. Microbial ecology: a conceptual approach. New York:John Wiley.

Wastewater Engineering 887



Mancini, J. L. and Barnhart, E. L. 1968. Industrial waste treatment in aerated lagoons.In: Gloyna, E. F. and Eckenfelder, Jr., W. W. (eds.), Advances in water quality improve-
ment. Austin: University of Texas Press.

Marske, D. M. and Boyle, J. D. 1973. Chlorine contact chamber design: a field evaluation,
Water and Sewage Works 120(1): 70–77.

Marston, A. 1930. The theory of external loads on closed conduits in the light of latestexperiments. Bulletin 96, Iowa Engineering Experimental Station, Iowa City.
McCarty, P. L. 1964. Anaerobic waste treatment fundamentals. Public Works 95(9):107–112.
McCarty, P. L., Beck, L. and St. Amant, P. 1969. Biological denitrification of waste-watersby addition of organic materials. In: Proc. of the 24th Industrial Waste Conference, May6–8, 1969. Lafayette, Indiana: Purdue University.
McGhee, T. J. 1991. Water supply and sewerage, 6th edn. New York: McGraw-Hill.
McKinney, R. E. 1962. Mathematics of complete mixing activated sludge. J. Sanitary

Eng. Div., Proc. ASCE 88(SA3).
Metcalf and Eddy, Inc. 1970. Stormwater management model, Vol. I: Final report. WaterPollution Control Research Series 1124 D0C07/71, US EPA.
Metcalf and Eddy, Inc. 1981. Wastewater engineering: collection and pumping. New York:McGraw-Hill.
Metcalf and Eddy, Inc. 1991. Wastewater engineering treatment, disposal, and reuse. NewYork: McGraw-Hill.
Miller, R. D. et al. 1980. Rotating biological contactor process for secondary treatment andnitrification following a trickling filter. Proc. FNSWRBCT, Vol. II, p. 1035.
Monod, J. 1949. The growth of bacterial cultures. Ann. Rev. Microbiol. 3: 371.
Mueller, J. A., Paquin, P. L. and Famularo, J. 1980. Nitrification in rotating biological con-tactor. J. Water Pollut. Control Fed. 52(4): 688–710.
National Research Council. 1946. Sewage treatment in military installations, Chapter V:Trickling filter. Sewage Works J. 18(5): 897–982.
Nelson, M. D. and Guarino, C. F. 1977. New “Philadelphia story” being written by PollutionControl Division. Water and Waste Eng. 14: 9–22.
New York State Department of Health. 1950. Manual of instruction for sewage treatment

plant operators. Albany, New York: NY State Department of Health.
Northeastern Illinois Planning Commission. (1992). Stormwater detention for water qual-

ity benefits. Chicago: NIPC.
Novotny, V. and Chesters, G. 1981. Handbook of nonpoint pollution: sources and man-

agement. New York: Van Nostrand-Reinhold.
Novotny, V. et al. 1989. Handbook of urban drainage and wastewater disposal. New York:John Wiley.
Okun, D. A. 1949. A system of bioprecipitation of organic matter from activated sludge.

Sewage Works J. 21(5): 763–792.
Opatken, E. J. 1982. Rotating biological contactors: second order kinetics. Proc. FICFFBP,Vol. I, p. 210.
Painter, H. A. 1970. A review of literature on inorganic nitrogen metabolism. Water Res.

4: 393.
Painter, H. A. 1975. Microbial transformations of inorganic nitrogen. In: Proc. Conf. on

Nitrogen as Wastewater Pollutant, Copenhagen, Denmark.
Parcher, M. J. 1988. Wastewater collection system maintenance. Lancaster, Pennsylvania:Technomic.
Pasveer, A. 1960. New developments in the application of Kesener brushes (aerationrotors) in the activated sludge treatment of trade waste waters. In: Water treatment:

Proc. Second Symposium on the Treatment of Waste Waters, ed. P. C. G. Issac. NewYork: Pergamon Press.

888 Chapter 6



Perry, R. H. 1967. Engineering manual: A practical reference of data and methods in
architectural, chemical, civil, electrical, mechanical, and nuclear engineering. New York:McGraw-Hill Book Co.

Pescod, M. B. and Nair, J. V. 1972. Biological disc filtration for tropical waste treatment,experimental studies. Water Res. 61: 1509.
Pitt, R. and Voorhees, J. 1995. Source loading and management model (SLAMM). In:

National Conference on Urban Runoff Management, pp. 225–243, EPA/625/R-95/003.Cincinnati: US EPA.
Poon, C. P. C, Chao, Y. L. and Mikucki, W. J. 1979. Factors controlling rotating biologicalcontactor performance. J. Water Pollut. Control Fed. 51: 601.
Pretorius, W. A. 1971. Some operating characteristics of a bacteria disc unit. Water Res.

5: 1141.
Qasim, S. R. 1985. Wastewater treatment plant – plan, design, and operation. New York:Holt Rinehart & Winston.
Ramanathan, M. and Gaudy, A. F. 1971. Steady state model for activated sludge with con-stant recycle sludge concentration. Biotechnol. Bioeng. 13: 125.
Recht, H. L. and Ghassemi, M. 1970. Kinetics and mechanism of precipitation and natureof the precipitate obtained in phosphate removal from wastewater using aluminum(III)and iron(III) salts. Water Pollution Control Series 17010 EKI, Contract 14-12-158.Washington, DC: US Department of the Interior.
Reed, S. C. Crites, R. W. and Middlebrooks, E. J. 1995. Natural systems for waste man-

agement and treatment, 2nd edn. New York: McGraw-Hill.
Rich, L. G. 1961. Unit operations of sanitary engineering. New York: John Wiley.
Roberts, P. V. et al. 1980. Chlorine dioxide for wastewater disinfection: a feasibility eval-uation, Technical Report 251. San Jose: Stanford University.
Robison, R. 1986. The tunnel that cleans up Chicago. Civil Eng. 56(7): 34–37. 
Schroeder, E. D. 1977. Water and wastewater treatment. New York: McGraw-Hill.
Schultz, K. L. 1960. Load and efficiency of trickling filters. J. Water Pollut. Control Fed.

32(3): 245–261.
Sepp, E. 1977. Tracer evaluation of chlorine contact tanks. Berkeley: California StateDepartment of Health.
Sepp, E. 1981. Optimization of chlorine disinfection efficiency. J. Environ. Eng. Div., Proc.

ASCE 107(EE1): 139–153.
Sherard, J. H. 1976. Destruction of alkalinity in aerobic biological wastewater treatment.

J. Water Pollut. Control Fed. 48(7): 1834–1839.
Shoemaker, L. L. et al. 1995. Watershed screening and targeting tool (WSTT). In: National

Conference on Urban Runoff Management, pp. 250–258. EPA/625/R-95/ 003. Cincinnati:US EPA.
Singhal, A. K. 1980. Phosphorus and nitrogen removal at Cadillac, Michigan. J. Water

Pollut. Control Fed. 52(11): 2761–2770.
Sommers, L., Parker C. and Meyers, G. 1981. Volatilization, plant uptake and mineral-ization of nitrogen in soils treated with sewage sludge. Technical Report 133, WaterResources Research Center. West Lafayette, Indiana: Purdue University.
Stanier, R. Y., Doudoroff, M. and Adelberg, E. A. 1963. The Microbial World. 2nd edn.Englewood Cliffs, New Jersey: Prentice-Hall.
Steel, E. W. and McGhee, T. J. 1979. Water supply and sewerage, 5th edn. New York:McGraw-Hill.
Stukenberg, J. R. et al. 1990. Egg-shaped digester: from Germany to the United States.Presented at the 63rd Annual Conference of Water Pollution Control Federation,Washington, DC, October 7–11, 1990.
Sudo, R., Okad, M. and Mori, T. 1977. Rotating biological contactor microbial control inRBC. J. Water and Waste, 19: 1.

Wastewater Engineering 889



Techobanoglous, G. and Schroeder, E. D. 1985. Water quality. Reading, Massachusetts:Addison-Wesley.
Terstriep, M. L. and Lee, M. T. 1995. AUTO-QI: an urban runoff quality I quantity modelwith a GIS interface. In: National Conference on Urban Runoff Management, pp. 213–224.EPA/625/R-95/003. Cincinnati: US EPA.
Theroux, R. J. and Betz, J. M. 1959. Sedimentation and preparation experiments in LosAngeles. Sewage and Industrial Wastes 31(11): 1259–1266.
Thirumurthi, D. 1969. Design principles of waste stabilization ponds. J. Sanitary Eng.

Div., Proc. ASCE 95(SA2): 311–330.
Torpey, W. N. 1971. Rotating disks with biological growths prepare wastewater for dis-posal as reuse. J. Water Pollut. Control Fed. 43(11): 2181–2188.
Truong, H. V. and Phua, M. S. 1995. Application of the Washington, DC, sand filter forurban runoff control. In: National Conference on Urban Runoff Management, pp. 375–383, EPA/625/R-95/003. Cincinnati: US EPA.
US Environmental Protection Agency. 1974a. Process design manual for upgrading exist-

ing wastewater treatment plants. Technology Transfer, EPA 625/l-71-004a. Washington,DC: US EPA.
US Environmental Protection Agency. 1974b. Wastewater treatment ponds. EPA-430/9-74-001, MCD-14. Washington, DC: US EPA.
US Environmental Protection Agency. 1974c. Water quality management planning for

urban runoff. EPA 440/9-75-004. Washington, DC: US EPA.
US Environmental Protection Agency. 1975a. Process design manual for suspended solids

removal. EPA 625/l-75-003a. Washington, DC: US EPA.
US Environmental Protection Agency. 1975b. Process design manual for nitrogen control.Office of Technical Transfer. Washington, DC: US EPA.
US Environmental Protection Agency. 1975c. Process design manual for nitrogen control.EPA-625/1-75-007, Center for Environmental Research. Cincinnati: US EPA.
US Environmental Protection Agency. 1976. Process design manual for phosphorus

removal. EPA 625/1-76-00/a. Washington, DC: US EPA.
US EPA. 1979. Process design manual—Sludge treatment and disposal. EPA 625/1-79-011,Cincinnati, Ohio: US EPA.
US Environmental Protection Agency. 1980. Converting rock trickling filters to plastic

media: design and performance. EPA-600/2-80-120, Cincinnati: US EPA.
US Environmental Protection Agency. 1983a. National urban runoff program, Vol. I.NTIS PB 84-185552. Washington, DC: US EPA.
US Environmental Protection Agency. 1983b. Municipal wastewater stabilization ponds:

design manual. EPA-625/1-83-015. Cincinnati: US EPA. 
US Environmental Protection Agency. 1984. Design information on rotating biological con-

tactors. EPA-600/2-84-106. Cincinnati: US EPA.
US Environmental Protection Agency. 1984a. The ecological impacts of wastewater on

wetlands—an annotated bibliography. EPA-905/9-84-002. Chicago, Illinois: US EPA.
US Environmental Protection Agency. 1984b. Technical report–Literature review of wet-

land evaluation methodologies. Chicago, Illinois: US EPA.
US Environmental Protection Agency. 1987a. Preliminary treatment facilities, design and

operational considerations. EPA-430/09-87-007. Washington, DC: US EPA.
US Environmental Protection Agency. 1987b. Design manual for dewatering municipal

wastewater sludges. Washington, DC: US EPA.
US Environmental Protection Agency. 1988. Design manual—Constructed wetlands and

aquatic plant systems for municipal wastewater treatment. EPA/625/1-88/022. Washington,DC: US EPA.
US EPA. 1989. Design manual—Dewatering municipal wastewater sludges, EPA 625/1-79-011, Cincinnati, Ohio: US EPA. 

890 Chapter 6



US Environmental Protection Agency. 1991. Evaluating sludge treatment processes.Washington, DC: US EPA.
US Environmental Protection Agency. 1993. The effects of wastewater treatment facilities

on wetlands in the Midwest. EPA/905/3-83-002. Chicago, Illinois: US EPA.
US Environmental Protection Agency. 1993. Nitrogen control. EPA/625/R-93/010.Washington, DC: US EPA.
US Environmental Protection Agency. 1994. A plain English guide to the EPA part 503

biosolids rule. EPA/832/R-93/003. Washington, DC: US EPA.
US Environmental Protection Agency. 1994. Considering wetlands at CERCLA sites.EPA/540/R-94-019. Washington, DC: US EPA.
US Environmental Protection Agency. 1995. Process design manual: land application of

sewage sludge and domestic septage. EPA/625/R-95/001. Washington, DC: US EPA.
University of Cincinnati, Department of Civil Engineering. 1970. Urban runoff charac-

teristics. Water Pollution Control Research Series 11024DQU10/70. Cincinnati: US EPA.
Urbonas, B. and Stahre, P. 1993. Stormwater: best management practices and detention

for water quality, drainage, and CSO management. Englewood Cliffs, New Jersey:Prentice-Hall.
Velz, C. J. 1948. A basic law for the performance of biological filters. Sewage Works J. 20(4):607–617.
Viessman, Jr., W. and Hammer, M. J. 1993. Water supply and pollution control, 5th edn.New York: Harper Collins.
Wanielista, M. 1990. Hydrology and water quality control. New York: John Wiley.
Wanielista, M. 1992. Stormwater reuse: an alternative method of infiltration. In: National

Conference on Urban Runoff Management, pp. 363–371, EPA/625/R-95/003. Cincinnati:US EPA.
Wanielista, M. P. and Yousef, Y. A. 1993. Stormwater management. New York: John Wiley.
Water Environment Federation (WEF) and American Society of Civil Engineers (ASCE).1991a. Design of municipal wastewater treatment plants, Vol. I. Alexandria, Virginia:WEF.
Water Environment Federation (WEF) and American Society of Civil Engineers (ASCE).1991b. Design of municipal wastewater treatment plants, Vol. II. Alexandria, Virginia:WEF.
Water Environment Federation (WEF) and American Society of Civil Engineers (ASCE).1992. Design and construction of urban stormwater management systems.
Water Environment Federation. 1993a. Design of wastewater and stormwater pumping

stations. Alexandria, Virginia: WEF.
Water Environment Federation. 1993b. Standards for the use and disposal of sewage

sludge (40 CFR Part 257, 403, and 503) final rule and phase-in submission of sewage
sludge permit application (Revisions to 40CFR Parts 122, 123, and 501) final rule.Alexandria, Virginia: WEF.

Water Environment Federation. 1994. Beneficial use programs for biosolids management.Alexandria, Virginia: WEF.
Water Environment Federation and American Society of Civil Engineers. 1996a. Operation

of municipal wastewater treatment plants, 5th edn., Vol. II. Alexandria, Virginia: WEF.
Water Environment Federation and American Society of Civil Engineers. 1996b. Operation

of municipal wastewater treatment plants, 5th edn., Vol. III. Alexandria, Virginia: WEF.
Water Pollution Control Federation (WPCF). 1980. Clean water for today: what is waste-

water treatment. Washington, DC: WPCF.
Water Pollution Control Federation (WPCF). 1983. Sludge dewatering, Manual of PracticeNo. 20. Alexandria, Virginia: WPCF.
Water Pollution Control Federation (WPCF). 1985a. Clarifier design. Manual of PracticeFD-8. Alexandria, Virginia: WPCF.

Wastewater Engineering 891



Water Pollution Control Federation (WPCF). 1985b. Sludge stabilization. Manual ofPractice FD-9. Alexandria, Virginia: WPCF.
Water Pollution Control Federation (WPCF). 1988a. Sludge conditioning. Manual ofPractice FD-14. Alexandria, Virginia: WPCF.
Water Pollution Control Federation (WPCF). 1988b. Operation and maintenance of trick-

ling filters, RBCs and related processes. Manual of Practice OM-10. Alexandria, Virginia:WPCF.
Water Pollution Control Federation. 1990. Natural systems for wastewater treatment.Manual for Practice No. FD-16. Alexandria, Virginia: WPCF.
Wehner, J. F. and Wilhelm, R. H. 1958. Boundary conditions of flow reactor. Chem. Eng.

Sci. 6(1): 89–93. 
White, G. C. 1986. Handbook of chlorination, 2nd edn. New York: Van Nostrand Reinhold.
Wild, A. E., Sawyer, C. E. and McMahon, T. C. 1971. Factors affecting nitrification kinet-ics. J. Water Pollut. Control Fed. 43(9): 1845–1854.
Wilson, T. E. and Lee. J. S. 1982. Comparison of final clarifier design techniques. J. Water

Pollut. Control Fed. 54(10): 1376–1381.

892 Chapter 6



Appendix

A
Illinois Environmental Protection

Agency’s Macroinvertebrate
Tolerance List

Macroinvertebrate Tolerance value Macroinvertebrate Tolerance value
PLATYHELMINTHES Crangonyx 4TURBELLARIA 6 Gammarus 3ANNELIDA DECAPODAOLIGOCHAETA 10 Cambaridae 5HIRUDINEA 8 PalaemonidaeRhynchobdellida Palaemonetes 4Glossiphoniidae 8 INSECTAPiscicolidae 7 EPHEMEROPTERAGnathobdellida SiphlonuridaeHirudinidae 7 Ameletus 0Pharyngobdellida Siphlonurus 2Erpobdellidae 8 OligoneuriidaeARTHROPODA HeptageniidaeCRUSTACEA Arthroplea 3ISOPODA Epeorus 1Asellidae 6 vitreus 0

Caecidotea 6 Heptagenia 3
brevicauda 6 diabasia 4
intermedia 6 flavescens 2

Lirceus 4 hebe 3AMPHIPODA lucidipennis 3Hyalellidae maculipennis 3
Hyalella marginalis 1

azteca 5 perfida 1Gammaridae pulla 0
Bactrurus 1 Rhithrogena 0
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Macroinvertebrate Tolerance value Macroinvertebrate Tolerance value
Stenacron 4 Polymitarcyidae

candidum 1 Ephoron 2
gildersleevei 1 Tortopus 4
interpunctatum 4 ODONATA
minnetonka 4 ANISOPTERA

Stenonema 4 Cordulegasteridae
annexum 4 Cordulegaster 2
ares 3 Gomphidae
exiguum 5 Dromogomphus 4
femoratum 7 Gomphus 7
integrum 4 Hagenius 3
luteum 1 Lanthus 6

mediopunctatum 2 Ophiogomphus 2
modestum 3 Progomphus 5
nepotellum 5 Aeshnidae
pudicum 2 Aeshna 4
pulchellum 3 Anax 5
quinquespinum 5 Basiaeschna 2
rubromaculatum 2 Boyeria 3
scitulum 1 Epiaeschna 1
terminatum 4 Nasiaeschna 2
vicarium 3 MacromiidaeEphemerellidae Didymops 4

Attenella 2 Macromia 3
Danella 2 Drunella 1
Isonychia 3 Ephemerella 2Metretopodidae Eurylophella 4
Siphloplecton 2 Seratella 1Baetidae Tricorythidae
Baetis 4 Tricorythodes 5

brunneicolor 4 Caenidae
flavistriga 4 Brachycercus 3
frondalis 4 Caenis 6
intercalaris 7 Baetiscidae
longipalpus 6 Baetisca 3
macdunnoughi 4 Leptophlebiidae
propinquus 4 Chloroterpes 2
pygmaeus 4 Habrophlebiodes 2
tricaudatus 1 americana 2

Callibaetis 4 Leptophlebia 3
fluctuans 4 Paraleptophlebia 2

Centroptilum 2 Potamanthidae
Cloeon 3 Potamanthus 4
Pseudocloeon 4 Ephemeridae

dubium 4 Ephemera 3
parvulum 4 simulans 3
punctiventris 4 PLECOPTERA

Hexagenia 6 Pteronarcyidae
limbata 5 Pteronarcys 2
munda 7 TaeniopterygidaePalingeniidae Taeniopteryx 2

Pentagenia 4 Nemoundae
vittigera 4 Nemoura 1
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Macroinvertebrate Tolerance value Macroinvertebrate Tolerance value
Leuctridae signatum 6

Leuctra 1 Ischnura 6Capniidae Nehalennia 7
Allocapnia 2 Hydroptilidae
Capnia 1 Agraylea 2Perlidae Hydroptila 2
Acroneuria 1 Ithytrichia 1
Atoperia 1 Leucotrichia 3
Neoperia 1 Mayatrichia 1
Perlesta 4 Neotrichia 4

placida 4 Ochrotrichia 4
Perlinella 2 Orthotrichia 1Periodidae Oxyethira 2
Hydroperia 1 Rhyacophilidae
Isoperia 2 Rhyacophila 1Chloroperiidae Brachycentridae
Chloroperia 3 Brachycentrus 1MEGALOPTERA LepidostomatidaeSialidae Lepidostoma 3
Sialias 4 LimnephilidaeCorydalidae Hydatophylax 2
Chauliodes 4 Limnephilus 3
Corydalus 3 Neophylax 3Corduliidae Nigronia 2
Cordulia 2 NEUROPTERA
Epitheca 4 Sisyridae 1
Helocordulia 2 TRICHOPTERA
Neurocordulia 3 Hydropsychidae
Somatochlora 1 Cheumatopsyche 6Libellulidae Diplectrona 2
Celithemis 2 Hydropsyche 5
Erythemis 5 arinale 5
Erythrodiplax 5 betteni 5
Libellula 8 bidens 5
Pachydiplax 8 cuanis 5
Pantala 7 frisoni 5
Perithemis 4 orris 4
Plathemis 3 phalerata 2
Sympetrum 4 placoda 4
Tramea 4 simulans 5ZYGOPTERA Macronema 2Calopterygidae Potamyia 4
Calopteryx 4 Symphitopsyche 4
Hetaerina 3 PhilopotamidaeLestidae Chimarra 3
Archilestes 1 Dolophilodes 0
Lestes 6 PolycentropodidaeCoenagrionidae Cyrnellus 5
Amphiagrion 5 Neureclipsis 3
Argia 5 Nyctiophylax 1

moesta 5 Polycentropus 3
tibialis 5 Psychomyiidae

Enallagma 6 Psychomyia 2



Macroinvertebrate Tolerance value Macroinvertebrate Tolerance value
Glossosomatidae Elmidae

Agapetus 2 Ancyronyx 2
Protoptila 1 variegatus 2DIPTERA Dubiraphia 5Blephariceridae 0 bivittata 2Tipulidae 4 quadrinotata 7
Antocha 5 vittata 7
Dicranota 4 Macronychus 2
Eriocera 7 glabratus 2
Helius 2 Microcylloepus 2
Hesperoconopa 2 Optioservus 4
Hexatoma 4 ovalis 4
Limnophila 4 Stenelmis 7
Limonia 3 crenata 7
Liriope 7 vittipennis 6
Pedicia 4 Orthocladiinae
Pilaria 4 Cardiocladius 6
Polymeda 2 Chaetocladius 6
Pseudolimnophila 2 Corynoneura 2
Tipula 4 Cricotopus 8Chaoboridae 8 bicinctus 10Culicidae 8 trifasciatus 6
Aedes 8 Eukiefferiella 4
Platycentropus 3 Anopheles 6
Pycnopsyche 3 Culex 8Phryganeidae Psychodidae 11
Agrypnia 3 Ceratopogonidae 5
Banksiola 2 Atrichopogon 2
Phryganea 3 Palpomyia 6
Ptilostomis 3 SimuliidaeHelicopsychidae Cnephia 4
Helicopsyche 2 Prosimulium 2Leptoceridae Simulium 6
Ceraclea 3 clarkei 4
Leptocerus 3 corbis 0
Mystacides 2 decorum 4
Nectopsyche 3 jenningsi 4
Oecetis 5 luggeri 2
Triaenodes 3 meridionale 1COLEOPTERA tuberosum 4Gyrinidae (larvae only) venustum 6
Dineutus 4 verecundum 6
Gyrinus 4 vittatum 8Psephenidae (larvae only) 4 Chironomidae
Psephenus 4 Tanypodinae

herricki 4 Ablabesmyia 6Eubriidae 4 mallochi 6
Ectopria 4 parajanta 6

thoracica 4 peleensis 6Dryopidae 4 Clinotanypus 6
Helichus 4 pinguis 6

lithophilus 4 Coelotanypus 4Helodidae (larvae only) 7 Labrundinia 4
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Macroinvertebrate Tolerance value Macroinvertebrate Tolerance value
Larsia 6 illinoense 5
Macropelopia 7 scalaenum 6
Natarsia 6 Pseudochironomus 5
Pentaneura 3 Stenochironomus 3
Procladius 8 Stictochironomus 5
Psectrotanypus 8 Tribelos 5
Tanypus 8 Xenochironomus 4
Thienemannimyia group 6 Tanytarsini
Zavrelimyia 8 Cladotanytarsus 7Diamesinae Micropsectra 4
Diamesa 1 Rheotanytarsus 6
Pseudodiamesa 1 Tanytarsus 7Syrphidae 11 Ptychopteridae 8Ephydridae 8 TabanidaeSciomyzidae 10 Chrysops 7Muscidae 8 Tabanus 7Athencidae Dolichopodidae 5

Atherix 4 Empididae 6MOLLUSCA Hemerodromia 6GASTROPODA Viviparidae
Hydrobaenus 2 Campeloma 7
Nanocladius 3 Lioplax 7
Orthocladius 4 Viviparus 1
Parametriocnemus 4 Valvatidae
Prodiamesa 3 Valvata 2
Psectrocladius 5 Bulimidae
Rheocricotopus 6 Amnicola 4
Thienemaniella 2 Pleurocandae

xena 2 Goniobasis 5Chironominae Pleurocera 7
Chironomus 11 Physidae

attenuatus 10 Aplexa 7
riparius 11 Physa 9

Cryptochironomus 8 Lymnaeidae
Cryptotendipes 6 Lymnara 7
Dicrotendipes 6 Stagnicola 7

modestus 6 Planorbidae
neomodestus 6 Gyraulus 6
nervosus 6 Helisoma 7

Einfeldia 10 Planorbula 7
Endochironomus 6 Ancylidae
Glyptotendipes 10 Ferrissia 7
Harnischia 6 PELECYPODA
Kiefferulus 7 Unionidae
Microtendipes 6 Actinonaias
Parachironomus 8 carinata 1
Paracladopelma 4 Alasmidonta
Paralauterborniella 6 marginata 1
Paratendipes 3 triangulata 0
Phaenopsectra 4 Anodonta 3
Polypedilum 6 Carunculina 7

fallax 6 Elliptio 2
halterale 4 Fusronaia 1



Macroinvertebrate Tolerance value Macroinvertebrate Tolerance value
Lampsilis 1 Truncilla 1
Ligumia 1 Utterbackia 1
Margaritifera 1 Sphaeridae
Micromya 1 Musculium 5
Obliquaria 1 Pisidium 5
Proplera 1 Sphaeriuni 5
Strophitus 4 Cyrenidae
Tritagonia 1 Corbicula 4

SOURCE: Illinois Environment Protection Agency, 1987
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Appendix

B
Well Function for Confined

Aquifers

10�10 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 10 22.45 3.3E � 10 21.25 5.6E � 10 20.73 7.9E � 10 20.381.1E � 10 22.35 3.4E � 10 21.22 5.7E � 10 20.71 8.0E � 10 20.371.2E � 10 22.27 3.5E � 10 21.20 5.8E � 10 20.69 8.1E � 10 20.361.3E � 10 22.19 3.6E � 10 21.17 5.9E � 10 20.67 8.2E � 10 20.341.4E � 10 22.11 3.7E � 10 21.14 6.0E � 10 20.66 8.3E � 10 20.331.5E � 10 22.04 3.8E � 10 21.11 6.1E � 10 20.64 8.4E � 10 20.321.6E � 10 21.98 3.9E � 10 21.09 6.2E � 10 20.62 8.5E � 10 20.311.7E � 10 21.92 4.0E � 10 21.06 6.3E � 10 20.61 8.6E � 10 20.301.8E � 10 21.86 4.1E � 10 21.04 6.4E � 10 20.59 8.7E � 10 20.291.9E � 10 21.81 4.2E � 10 21.01 6.5E � 10 20.58 8.8E � 10 20.272.0E � 10 21.76 4.3E � 10 20.99 6.6E � 10 20.56 8.9E � 10 20.262.1E � 10 21.71 4.4E � 10 20.97 6.7E � 10 20.55 9.0E � 10 20.252.2E � 10 21.66 4.5E � 10 20.94 6.8E � 10 20.53 9.1E � 10 20.242.3E � 10 21.62 4.6E � 10 20.92 6.9E � 10 20.52 9.2E � 10 20.232.4E � 10 21.57 4.7E � 10 20.90 7.0E � 10 20.50 9.3E � 10 20.222.5E � 10 21.53 4.8E � 10 20.88 7.1E � 10 20.49 9.4E � 10 20.212.6E � 10 21.49 4.9E � 10 20.86 7.2E � 10 20.47 9.5E � 10 20.202.7E � 10 21.46 5.0E � 10 20.84 7.3E � 10 20.46 9.6E � 10 20.192.8E � 10 21.42 5.1E � 10 20.82 7.4E � 10 20.45 9.7E � 10 20.182.9E � 10 21.38 5.2E � 10 20.80 7.5E � 10 20.43 9.8E � 10 20.173.0E � 10 21.35 5.3E � 10 20.78 7.6E � 10 20.42 9.9E � 10 20.163.1E � 10 21.32 5.4E � 10 20.76 7.7E � 10 20.413.2E � 10 21.29 5.5E � 10 20.74 7.8E � 10 20.39
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10�9 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 09 20.15 3.3E � 09 18.95 5.6E � 09 18.42 7.9E � 09 18.081.1E � 09 20.05 3.4E � 09 18.92 5.7E � 09 18.41 8.0E � 09 18.071.2E � 09 19.96 3.5E � 09 18.89 5.8E � 09 18.39 8.1E � 09 18.051.3E � 09 19.88 3.6E � 09 18.87 5.9E � 09 18.37 8.2E � 09 18.041.4E � 09 19.81 3.7E � 09 18.84 6.0E � 09 18.35 8.3E � 09 18.031.5E � 09 19.74 3.8E � 09 18.81 6.1E � 09 18.34 8.4E � 09 18.021.6E � 09 19.68 3.9E � 09 18.79 6.2E � 09 18.32 8.5E � 09 18.011.7E � 09 19.62 4.0E � 09 18.76 6.3E � 09 18.31 8.6E � 09 17.991.8E � 09 19.56 4.1E � 09 18.74 6.4E � 09 18.29 8.7E � 09 17.981.9E � 09 19.50 4.2E � 09 18.71 6.5E � 09 18.27 8.8E � 09 17.972.0E � 09 19.45 4.3E � 09 18.69 6.6E � 09 18.26 8.9E � 09 17.962.1E � 09 19.40 4.4E � 09 18.66 6.7E � 09 18.24 9.0E � 09 17.952.2E � 09 19.36 4.5E � 09 18.64 6.8E � 09 18.23 9.1E � 09 17.942.3E � 09 19.31 4.6E � 09 18.62 6.9E � 09 18.21 9.2E � 09 17.932.4E � 09 19.27 4.7E � 09 18.60 7.0E � 09 18.20 9.3E � 09 17.922.5E � 09 19.23 4.8E � 09 18.58 7.1E � 09 18.19 9.4E � 09 17.912.6E � 09 19.19 4.9E � 09 18.56 7.2E � 09 18.17 9.5E � 09 17.892.7E � 09 19.15 5.0E � 09 18.54 7.3E � 09 18.16 9.6E � 09 17.882.8E � 09 19.12 5.1E � 09 18.52 7.4E � 09 18.14 9.7E � 09 17.872.9E � 09 19.08 5.2E � 09 18.50 7.5E � 09 18.13 9.8E � 09 17.863.0E � 09 19.05 5.3E � 09 18.48 7.6E � 09 18.12 9.9E � 09 17.853.1E � 09 19.01 5.4E � 09 18.46 7.7E � 09 18.103.2E � 09 18.98 5.5E � 09 18.44 7.8E � 09 18.09

10�8 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 08 17.84 3.3E � 08 16.65 5.6E � 08 16.12 7.9E � 08 15.781.1E � 08 17.75 3.4E � 08 16.62 5.7E � 08 16.10 8.0E � 08 15.761.2E � 08 17.66 3.5E � 08 16.59 5.8E � 08 16.09 8.1E � 08 15.751.3E � 08 17.58 3.6E � 08 16.56 5.9E � 08 16.07 8.2E � 08 15.741.4E � 08 17.51 3.7E � 08 16.54 6.0E � 08 16.05 8.3E � 08 15.731.5E � 08 17.44 3.8E � 08 16.51 6.1E � 08 16.04 8.4E � 08 15.721.6E � 08 17.37 3.9E � 08 16.48 6.2E � 08 16.02 8.5E � 08 15.701.7E � 08 17.31 4.0E � 08 16.46 6.3E � 08 16.00 8.6E � 08 15.691.8E � 08 17.26 4.1E � 08 16.43 6.4E � 08 15.99 8.7E � 08 15.681.9E � 08 17.20 4.2E � 08 16.41 6.5E � 08 15.97 8.8E � 08 15.672.0E � 08 17.15 4.3E � 08 16.38 6.6E � 08 15.96 8.9E � 08 15.662.1E � 08 17.10 4.4E � 08 16.36 6.7E � 08 15.94 9.0E � 08 15.652.2E � 08 17.06 4.5E � 08 16.34 6.8E � 08 15.93 9.1E � 08 15.642.3E � 08 17.01 4.6E � 08 16.32 6.9E � 08 15.91 9.2E � 08 15.622.4E � 08 16.97 4.7E � 08 16.30 7.0E � 08 15.90 9.3E � 08 15.612.5E � 08 16.93 4.8E � 08 16.27 7.1E � 08 15.88 9.4E � 08 15.602.6E � 08 16.89 4.9E � 08 16.25 7.2E � 08 15.87 9.5E � 08 15.592.7E � 08 16.85 5.0E � 08 16.23 7.3E � 08 15.86 9.6E � 08 15.582.8E � 08 16.81 5.1E � 08 16.21 7.4E � 08 15.84 9.7E � 08 15.572.9E � 08 16.78 5.2E � 08 16.19 7.5E � 08 15.83 9.8E � 08 15.563.0E � 08 16.74 5.3E � 08 16.18 7.6E � 08 15.82 9.9E � 08 15.553.1E � 08 16.71 5.4E � 08 16.16 7.7E � 08 15.803.2E � 08 16.68 5.5E � 08 16.14 7.8E � 08 15.79
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10�7 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 07 15.54 3.3E � 07 14.35 5.6E � 07 13.82 7.9E � 07 13.471.1E � 07 15.45 3.4E � 07 14.32 5.7E � 07 13.80 8.0E � 07 13.461.2E � 07 15.36 3.5E � 07 14.29 5.8E � 07 13.78 8.1E � 07 13.451.3E � 07 15.28 3.6E � 07 14.26 5.9E � 07 13.77 8.2E � 07 13.441.4E � 07 15.20 3.7E � 07 14.23 6.0E � 07 13.75 8.3E � 07 13.421.5E � 07 15.14 3.8E � 07 14.21 6.1E � 07 13.73 8.4E � 07 13.411.6E � 07 15.07 3.9E � 07 14.18 6.2E � 07 13.72 8.5E � 07 13.401.7E � 07 15.01 4.0E � 07 14.15 6.3E � 07 13.70 8.6E � 07 13.391.8E � 07 14.95 4.1E � 07 14.13 6.4E � 07 13.68 8.7E � 07 13.381.9E � 07 14.90 4.2E � 07 14.11 6.5E � 07 13.67 8.8E � 07 13.372.0E � 07 14.85 4.3E � 07 14.08 6.6E � 07 13.65 8.9E � 07 13.352.1E � 07 14.80 4.4E � 07 14.06 6.7E � 07 13.64 9.0E � 07 13.342.2E � 07 14.75 4.5E � 07 14.04 6.8E � 07 13.62 9.1E � 07 13.332.3E � 07 14.71 4.6E � 07 14.01 6.9E � 07 13.61 9.2E � 07 13.322.4E � 07 14.67 4.7E � 07 13.99 7.0E � 07 13.59 9.3E � 07 13.312.5E � 07 14.62 4.8E � 07 13.97 7.1E � 07 13.58 9.4E � 07 13.302.6E � 07 14.59 4.9E � 07 13.95 7.2E � 07 13.57 9.5E � 07 13.292.7E � 07 14.55 5.0E � 07 13.93 7.3E � 07 13.55 9.6E � 07 13.282.8E � 07 14.51 5.1E � 07 13.91 7.4E � 07 13.54 9.7E � 07 13.272.9E � 07 14.48 5.2E � 07 13.89 7.5E � 07 13.53 9.8E � 07 13.263.0E � 07 14.44 5.3E � 07 13.87 7.6E � 07 13.51 9.9E � 07 13.253.1E � 07 14.41 5.4E � 07 13.85 7.7E � 07 13.503.2E � 07 14.38 5.5E � 07 13.84 7.8E � 07 13.49

10�6 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 06 13.24 3.3E � 06 12.04 5.6E � 06 11.52 7.9E � 06 11.171.1E � 06 13.14 3.4E � 06 12.01 5.7E � 06 11.50 8.0E � 06 11.161.2E � 06 13.06 3.5E � 06 11.99 5.8E � 06 11.48 8.1E � 06 11.151.3E � 06 12.98 3.6E � 06 11.96 5.9E � 06 11.46 8.2E � 06 11.131.4E � 06 12.90 3.7E � 06 11.93 6.0E � 06 11.45 8.3E � 06 11.121.5E � 06 12.83 3.8E � 06 11.90 6.1E � 06 11.43 8.4E � 06 11.111.6E � 06 12.77 3.9E � 06 11.88 6.2E � 06 11.41 8.5E � 06 11.101.7E � 06 12.71 4.0E � 06 11.85 6.3E � 06 11.40 8.6E � 06 11.091.8E � 06 12.65 4.1E � 06 11.83 6.4E � 06 11.38 8.7E � 06 11.071.9E � 06 12.60 4.2E � 06 11.80 6.5E � 06 11.37 8.8E � 06 11.062.0E � 06 12.55 4.3E � 06 11.78 6.6E � 06 11.35 8.9E � 06 11.052.1E � 06 12.50 4.4E � 06 11.76 6.7E � 06 11.34 9.0E � 06 11.042.2E � 06 12.45 4.5E � 06 11.73 6.8E � 06 11.32 9.1E � 06 11.032.3E � 06 12.41 4.6E � 06 11.71 6.9E � 06 11.31 9.2E � 06 11.022.4E � 06 12.36 4.7E � 06 11.69 7.0E � 06 11.29 9.3E � 06 11.012.5E � 06 12.32 4.8E � 06 11.67 7.1E � 06 11.28 9.4E � 06 11.002.6E � 06 12.28 4.9E � 06 11.65 7.2E � 06 11.26 9.5E � 06 10.992.7E � 06 12.25 5.0E � 06 11.63 7.3E � 06 11.25 9.6E � 06 10.982.8E � 06 12.21 5.1E � 06 11.61 7.4E � 06 11.24 9.7E � 06 10.972.9E � 06 12.17 5.2E � 06 11.59 7.5E � 06 11.22 9.8E � 06 10.963.0E � 06 12.14 5.3E � 06 11.57 7.6E � 06 11.21 9.9E � 06 10.953.1E � 06 12.11 5.4E � 06 11.55 7.7E � 06 11.203.2E � 06 12.08 5.5E � 06 11.53 7.8E � 06 11.18



10�5 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 05 10.94 3.3E � 05 9.74 5.6E � 05 9.21 7.9E � 05 8.871.1E � 05 10.84 3.4E � 05 9.71 5.7E  � 05 9.20 8.0E � 05 8.861.2E � 05 10.75 3.5E � 05 9.68 5.8E � 05 9.18 8.1E � 05 8.841.3E � 05 10.67 3.6E � 05 9.65 5.9E � 05 9.16 8.2E � 05 8.831.4E � 05 10.60 3.7E � 05 9.63 6.0E � 05 9.14 8.3E � 05 8.821.5E � 05 10.53 3.8E � 05 9.60 6.1E � 05 9.13 8.4E � 05 8.811.6E � 05 10.47 3.9E � 05 9.57 6.2E � 05 9.11 8.5E � 05 8.801.7E � 05 10.41 4.0E � 05 9.55 6.3E � 05 9.10 8.6E � 05 8.781.8E � 05 10.35 4.1E � 05 9.52 6.4E � 05 9.08 8.7E � 05 8.771.9E � 05 10.29 4.2E � 05 9.50 6.5E � 05 9.06 8.8E � 05 8.762.0E � 05 10.24 4.3E � 05 9.48 6.6E � 05 9.05 8.9E � 05 8.752.1E � 05 10.19 4.4E � 05 9.45 6.7E � 05 9.03 9.0E � 05 8.742.2E � 05 10.15 4.5E � 05 9.43 6.8E � 05 9.02 9.1E � 05 8.732.3E � 05 10.10 4.6E � 05 9.41 6.9E � 05 9.00 9.2E � 05 8.722.4E � 05 10.06 4.7E � 05 9.39 7.0E � 05 8.99 9.3E � 05 8.712.5E � 05 10.02 4.8E � 05 9.37 7.1E � 05 8.98 9.4E � 05 8.702.6E � 05 9.98 4.9E � 05 9.35 7.2E � 05 8.96 9.5E � 05 8.682.7E � 05 9.94 5.0E � 05 9.33 7.3E � 05 8.95 9.6E � 05 8.672.8E � 05 9.91 5.1E � 05 9.31 7.4E � 05 8.93 9.7E � 05 8.662.9E � 05 9.87 5.2E � 05 9.29 7.5E � 05 8.92 9.8E � 05 8.653.0E � 05 9.84 5.3E � 05 9.27 7.6E � 05 8.91 9.9E � 05 8.643.1E � 05 9.80 5.4E � 05 9.25 7.7E � 05 8.893.2E � 05 9.77 5.5E � 05 9.23 7.8E � 05 8.88

10�4 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 04 8.63 3.3E � 04 7.44 5.6E � 04 6.91 7.9E � 04 6.571.1E � 04 8.54 3.4E � 04 7.41 5.7E � 04 6.89 8.0E � 04 6.551.2E � 04 8.45 3.5E � 04 7.38 5.8E � 04 6.88 8.1E � 04 6.541.3E � 04 8.37 3.6E � 04 7.35 5.9E � 04 6.86 8.2E � 04 6.531.4E � 04 8.30 3.7E � 04 7.33 6.0E � 04 6.84 8.3E � 04 6.521.5E � 04 8.23 3.8E � 04 7.30 6.1E � 04 6.83 8.4E � 04 6.511.6E � 04 8.16 3.9E � 04 7.27 6.2E � 04 6.81 8.5E � 04 6.491.7E � 04 8.10 4.0E � 04 7.25 6.3E � 04 6.79 8.6E � 04 6.481.8E � 04 8.05 4.1E � 04 7.22 6.4E � 04 6.78 8.7E � 04 6.471.9E � 04 7.99 4.2E � 04 7.20 6.5E � 04 6.76 8.8E � 04 6.462.0E � 04 7.94 4.3E � 04 7.17 6.6E � 04 6.75 8.9E � 04 6.452.1E � 04 7.89 4.4E � 04 7.15 6.7E � 04 6.73 9.0E � 04 6.442.2E � 04 7.84 4.5E � 04 7.13 6.8E � 04 6.72 9.1E � 04 6.432.3E � 04 7.80 4.6E � 04 7.11 6.9E � 04 6.70 9.2E � 04 6.412.4E � 04 7.76 4.7E � 04 7.09 7.0E � 04 6.69 9.3E � 04 6.402.5E � 04 7.72 4.8E � 04 7.06 7.1E � 04 6.67 9.4E � 04 6.392.6E � 04 7.68 4.9E � 04 7.04 7.2E � 04 6.66 9.5E � 04 6.382.7E � 04 7.64 5.0E � 04 7.02 7.3E � 04 6.65 9.6E � 04 6.372.8E � 04 7.60 5.1E � 04 7.00 7.4E � 04 6.63 9.7E � 04 6.362.9E � 04 7.57 5.2E � 04 6.98 7.5E � 04 6.62 9.8E � 04 6.353.0E � 04 7.53 5.3E � 04 6.97 7.6E � 04 6.61 9.9E � 04 6.343.1E � 04 7.50 5.4E � 04 6.95 7.7E � 04 6.593.2E � 04 7.47 5.5E � 04 6.93 7.8E � 04 6.58
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10�3 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 03 6.33 3.3E � 03 5.14 5.6E � 03 4.61 7.9E � 03 4.271.1E � 03 6.24 3.4E � 03 5.11 5.7E � 03 4.60 8.0E � 03 4.261.2E � 03 6.15 3.5E � 03 5.08 5.8E � 03 4.58 8.1E � 03 4.251.3E � 03 6.07 3.6E � 03 5.05 5.9E � 03 4.56 8.2E � 03 4.231.4E � 03 6.00 3.7E � 03 5.03 6.0E � 03 4.54 8.3E � 03 4.221.5E � 03 5.93 3.8E � 03 5.00 6.1E � 03 4.53 8.4E � 03 4.211.6E � 03 5.86 3.9E � 03 4.97 6.2E � 03 4.51 8.5E � 03 4.201.7E � 03 5.80 4.0E � 03 4.95 6.3E � 03 4.50 8.6E � 03 4.191.8E � 03 5.74 4.1E � 03 4.92 6.4E � 03 4.48 8.7E � 03 4.181.9E � 03 5.69 4.2E � 03 4.90 6.5E � 03 4.47 8.8E � 03 4.162.0E � 03 5.64 4.3E � 03 4.88 6.6E � 03 4.45 8.9E � 03 4.152.1E � 03 5.59 4.4E � 03 4.85 6.7E � 03 4.44 9.0E  � 03 4.142.2E � 03 5.54 4.5E � 03 4.83 6.8E � 03 4.42 9.1E � 03 4.132.3E � 03 5.50 4.6E  � 03 4.81 6.9E � 03 4.41 9.2E � 03 4.122.4E � 03 5.46 4.7E � 03 4.79 7.0E � 03 4.39 9.3E � 03 4.112.5E � 03 5.42 4.8E � 03 4.77 7.1E � 03 4.38 9.4E � 03 4.102.6E � 03 5.38 4.9E � 03 4.75 7.2E � 03 4.36 9.5E � 03 4.092.7E � 03 5.34 5.0E � 03 4.73 7.3E � 03 4.35 9.6E � 03 4.082.8E � 03 5.30 5.1E � 03 4.71 7.4E � 03 4.34 9.7E � 03 4.072.9E � 03 5.27 5.2E � 03 4.69 7.5E � 03 4.32 9.8E � 03 4.063.0E � 03 5.23 5.3E � 03 4.67 7.6E � 03 4.31 9.9E � 03 4.053.1E � 03 5.20 5.4E � 03 4.65 7.7E � 03 4.303.2E � 03 5.17 5.5E � 03 4.63 7.8E � 03 4.28

10�2 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 02 4.04 3.3E � 02 2.87 5.6E � 02 2.36 7.9E � 02 2.041.1E � 02 3.94 3.4E � 02 2.84 5.7E � 02 2.34 8.0E � 02 2.031.2E � 02 3.86 3.5E � 02 2.81 5.8E � 02 2.33 8.1E � 02 2.021.3E � 02 3.78 3.6E � 02 2.78 5.9E � 02 2.31 8.2E � 02 2.001.4E � 02 3.71 3.7E � 02 2.76 6.0E � 02 2.30 8.3E � 02 1.9931.5E � 02 3.64 3.8E � 02 2.73 6.1E � 02 2.28 8.4E � 02 1.9821.6E � 02 3.57 3.9E � 02 2.71 6.2E � 02 2.26 8.5E � 02 1.9711.7E � 02 3.51 4.0E � 02 2.68 6.3E � 02 2.25 8.6E � 02 1.9601.8E � 02 3.46 4.1E � 02 2.66 6.4E � 02 2.23 8.7E � 02 1.9501.9E � 02 3.41 4.2E � 02 2.63 6.5E � 02 2.22 8.8E � 02 1.9392.0E � 02 3.35 4.3E � 02 2.61 6.6E � 02 2.21 8.9E � 02 1.9292.1E � 02 3.31 4.4E � 02 2.59 6.7E � 02 2.19 9.0E � 02 1.9192.2E � 02 3.26 4.5E � 02 2.57 6.8E � 02 2.18 9.1E � 02 1.9092.3E � 02 3.22 4.6E � 02 2.55 6.9E � 02 2.16 9.2E � 02 1.8992.4E � 02 3.18 4.7E � 02 2.53 7.0E � 02 2.15 9.3E � 02 1.8892.5E � 02 3.14 4.8E � 02 2.51 7.1E � 02 2.14 9.4E � 02 1.8792.6E � 02 3.10 4.9E � 02 2.49 7.2E � 02 2.12 9.5E � 02 1.8692.7E � 02 3.06 5.0E � 02 2.47 7.3E � 02 2.11 9.6E � 02 1.8602.8E � 02 3.03 5.1E � 02 2.45 7.4E � 02 2.10 9.7E � 02 1.8512.9E � 02 2.99 5.2E � 02 2.43 7.5E � 02 2.09 9.8E � 02 1.8413.0E � 02 2.96 5.3E � 02 2.41 7.6E � 02 2.07 9.9E � 02 1.8323.1E � 02 2.93 5.4E � 02 2.39 7.7E � 02 2.063.2E � 02 2.90 5.5E � 02 2.38 7.8E � 02 2.05



10�1 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 01 1.823 3.3E � 01 0.836 5.6E � 01 0.493 7.9E � 01 0.3161.1E � 01 1.737 3.4E � 01 0.815 5.7E � 01 0.483 8.0E � 01 0.3111.2E � 01 1.660 3.5E � 01 0.794 5.8E � 01 0.473 8.1E � 01 0.3051.3E � 01 1.589 3.6E � 01 0.774 5.9E � 01 0.464 8.2E � 01 0.3001.4E � 01 1.524 3.7E � 01 0.755 6.0E � 01 0.454 8.3E � 01 0.2941.5E � 01 1.464 3.8E � 01 0.737 6.1E � 01 0.445 8.4E � 01 0.2891.6E � 01 1.409 3.9E � 01 0.719 6.2E � 01 0.437 8.5E � 01 0.2841.7E � 01 1.358 4.0E � 01 0.702 6.3E � 01 0.428 8.6E � 01 0.2791.8E � 01 1.310 4.1E � 01 0.686 6.4E � 01 0.420 8.7E � 01 0.2741.9E � 01 1.265 4.2E � 01 0.670 6.5E � 01 0.412 8.8E � 01 0.2652.0E � 01 1.223 4.3E � 01 0.655 6.6E � 01 0.404 8.9E � 01 0.2652.1E � 01 1.183 4.4E � 01 0.640 6.7E � 01 0.396 9.0E � 01 0.2602.2E � 01 1.145 4.5E � 01 0.625 6.8E � 01 0.388 9.1E � 01 0.2562.3E � 01 1.110 4.6E � 01 0.611 6.9E � 01 0.381 9.2E � 01 0.2512.4E � 01 1.076 4.7E � 01 0.598 7.0E � 01 0.374 9.3E � 01 0.2472.5E � 01 1.044 4.8E � 01 0.585 7.1E � 01 0.367 9.4E � 01 0.2432.6E � 01 1.014 4.9E � 01 0.572 7.2E � 01 0.360 9.5E � 01 0.2392.7E � 01 0.985 5.0E � 01 0.560 7.3E � 01 0.353 9.6E � 01 0.2352.8E � 01 0.957 5.1E � 01 0.548 7.4E � 01 0.347 9.7E � 01 0.2312.9E � 01 0.931 5.2E � 01 0.536 7.5E � 01 0.340 9.8E � 01 0.2273.0E � 01 0.906 5.3E � 01 0.525 7.6E � 01 0.334 9.9E � 01 0.2233.1E � 01 0.882 5.4E � 01 0.514 7.7E � 01 0.3283.2E � 01 0.858 5.5E � 01 0.503 7.8E � 01 0.322

0 well functions
u W(u) u W(u) u W(u) u W(u)

1.0E � 00 0.219 2.1E � 00 0.043 3.2E � 00 0.010 4.3E � 00 0.0031.1E � 00 0.186 2.2E � 00 0.037 3.3E � 00 0.009 4.4E � 00 0.0021.2E � 00 0.158 2.3E � 00 0.033 3.4E � 00 0.008 4.5E � 00 0.0021.3E � 00 0.135 2.4E � 00 0.028 3.5E � 00 0.007 4.6E � 00 0.0021.4E � 00 0.116 2.5E � 00 0.025 3.6E � 00 0.006 4.7E � 00 0.0021.5E � 00 0.100 2.6E � 00 0.022 3.7E � 00 0.005 4.8E � 00 0.0011.6E � 00 0.086 2.7E � 00 0.019 3.8E � 00 0.005 4.9E � 00 0.0011.7E � 00 0.075 2.8E � 00 0.017 3.9E � 00 0.004 5.0E � 00 0.0011.8E � 00 0.065 2.9E � 00 0.015 4.0E � 00 0.0041.9E � 00 0.056 3.0E � 00 0.013 4.1E � 00 0.0032.0E � 00 0.049 3.1E � 00 0.011 4.2E � 00 0.003
SOURCE: Illinois Environmental Protection Agency (1990)
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Appendix

C
Solubility Product Constants for

Solution at or near Room
Temperature

Substance Formula K†sp
Aluminum hydroxide Al(OH)3 2 � 10�32
Barium arsenate Ba3(AsO4)2 7.7 � 10�51
Barium carbonate BaCO3 8.1 � 10�9
Barium chromate BaCrO4 2.4 � 10�10
Barium fluoride BaF2 1.7 � 10�6
Barium iodate Ba(IO3)2 � 2H2O 1.5 � 10�9
Barium oxalate BaC2O4 � H2O 2.3 � 10�8
Barium sulfate BaSO4 1.08 � 10�10
Beryllium hydroxide Be(OH)2 7 � 10�22
Bismuth iodide BiI3 8.1 � 10�19
Bismuth phosphate BiPO4 1.3 � 10�23
Bismuth sulfide Bi2S3 1 � 10�97
Cadmium arsenate Cd3(AsO4)2 2.2 � 10�33
Cadmium hydroxide Cd(OH)2 5.9 � 10�15
Cadmium oxalate CdC2O4 � 3H2O 1.5 � 10�8
Cadmium sulfide CdS 7.8 � 10�27
Calcium arsenate Ca3(AsO4)2 6.8 � 10�19
Calcium carbonate CaCO3 8.7 � 10�9
Calcium fluoride CaF2 4.0 � 10�11
Calcium hydroxide Ca(OH)2 5.5 � 10�6
Calcium iodate Ca(IO3)2 � 6H2O 6.4 � 10�7
Calcium oxalate CaC2O4H2O 2.6 � 10�9
Calcium phosphate Ca3(PO4)2 2.0 � 10�29
Calcium sulfate CaSO4 1.9 � 10�4
Cerium(III) hydroxide Ce(OH)3 2 � 10�20
Cerium(III) iodate Ce(IO3)3 3.2 � 10�10
Cerium(III) oxalate Ce2(C2O4)3 � 9H2O 3 � 10�29
Chromium(II) hydroxide Cr(OH)2 1.0 � 10�17
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906 Appendix C

Substance Formula K †sp
Chromium(III) hydroxide Cr(OH)3 6 � 10�31 
Cobalt(II) hydroxide Co(OH)2 2 � 10�16
Cobalt(III) hydroxide Co(OH)3 1 � 10�43
Copper(II) arsenate Cu3(AsO4)2 7.6 � 10�76
Copper(I) bromide CuBr 5.2 � 10�9
Copper(I) chloride CuCl 1.2 � 10�6
Copper(I) iodide CuI 5.1 � 10�12
Copper(II) iodate Cu(IO3)2 7.4 � 10�8
Copper(I) sulfide Cu2S 2 � 10�47
Copper(II) sulfide CuS 9 � 10�36
Copper(I) thiocyanate CuSCN 4.8 � 10�15
Iron(III) arsenate FeAsO4 5.7 � 10�21
Iron(II) carbonate FeCO3 3.5 � 10�11
Iron(II) hydroxide Fe(OH)2 8 � 10�16
Iron(III) hydroxide Fe(OH)3 4 � 10�38 
Lead arsenate Pb3(AsO4)2 4.1 � 10�36
Lead bromide PbBr2 3.9 � 10�5
Lead carbonate PbCO3 3.3 � 10�14
Lead chloride PbCl2 1.6 � 10�5
Lead chromate PbCrO4 1.8 � 10�14
Lead fluoride PbF2 3.7 � 10�8
Lead iodate Pb(IO3)2 2.6 � 10�13
Lead iodide PbI2 7.1 � 10�9
Lead oxalate PbC2O4 4.8 � 10�10
Lead sulfate PbSO4 1.6 � 10�8
Lead sulfide PbS 8 � 10�28
Magnesium ammonium phosphate MgNH4PO4 2.5 � 10�13
Magnesium arsenate Mg3(AsO4)2 2.1 � 10�20
Magnesium carbonate MgCO3 � 3H2O 1 � 10�5
Magnesium fluoride MgF2 6.5 � 10�9
Magnesium hydroxide Mg(OH)2 1.2 � 10�11
Magnesium oxalate MgC2O4 � 2H2O 1 � 10�8
Manganese(II) hydroxide Mn(OH)2 1.9 � 10�13
Mercury(I) bromide Hg2Br2 5.8 � 10�23
Mercury(I) chloride Hg2Cl2 1.3 � 10�18
Mercury(I) iodide Hg2I2 4.5 � 10�29
Mercury(I) sulfate Hg2SO4 7.4 � 10�7
Mercury(II) sulfide HgS 4 � 10�53
Mercury(I) thiocyanate Hg2(SCN)2 3.0 � 10�20
Nickel arsenate Ni3(AsO4)2 3.1 � 10�26
Nickel carbonate NiCO3 6.6 � 10�9
Nickel hydroxide Ni(OH)2 6.5 � 10�18
Nickel sulfide NiS 3 � 1�19
Silver arsenate Ag3AsO4 1 � 10�22
Silver bromate AgBrO3 5.77 � 10�5
Silver bromide AgBr 5.25 � 10�13
Silver carbonate Ag2CO3 8.1 � 10�12
Silver chloride AgCl 1.78 � 10�10
Silver chromate Ag2CrO4 2.45 � 10�12
Silver cyanide Ag[Ag(CN)2] 5.0 � 10�12
Silver iodate AgIO3 3.02 � 10�8
Silver iodide AgI 8.31 � 10�17
Silver oxalate Ag2C2O4 3.5 � 10�11
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Substance Formula K†sp
Silver oxide Ag2O 2.6 � 10�8
Silver phosphate Ag3PO4 1.3 � 10�20
Silver sulfate Ag2SO4 1.6 � 10�5
Silver sulfide Ag2S 2 � 10�49
Silver thiocyanate AgSCN 1.00 � 10�12
Strontium carbonate SrCO3 1.1 � 10�10
Strontium chromate SrCrO4 3.6 � 10�5
Strontium fluoride SrF2 2.8 � 10�9
Strontium iodate Sr(IO3)2 3.3 � 10�7
Strontium oxalate SrC2O4 � H2O 1.6 � 10�7
Strontium sulfate SrSO4 3.8 � 10�7
Thallium(I) bromate TlBrO3 8.5 � 10�5
Thallium(I) bromide TlBr 3.4 � 10�6
Thallium(I) chloride TlCl 1.7 � 10�4
Thallium(I) chromate Tl2CrO4 9.8 � 10�13
Thallium(I) iodate TlIO3 3.1 � 10�6
Thallium(I) iodide TIl 6.5 � 10�8
Thallium(I) sulfide Tl2S 5 � 10�21
Tin(II) sulfide SnS 1 � 10�25
Titanium(III) hydroxide Ti(OH)3 1 � 10�40
Zinc arsenate Zn3(AsO4)2 1.3 � 10�28
Zinc carbonate ZnCO3 1.4 � 10�11
Zinc ferrocyanide Zn2Fe(CN)6 4.1 � 10�16
Zinc hydroxide Zn(OH)2 1.2 � 10�17
Zinc oxalate ZnC2O4 � 2H2O 2.8 � 10�8
Zinc phosphate Zn3(PO4)2 9.1 � 10�33
Zinc sulfide ZnS 1 � 10�21

† The solubility of many metals is altered by carbonate complexation. Solubility predictionswithout consideration for complexation can be highly inaccurate.
SOURCE: Benefield, L. D. and Morgan J. S. 1990. Chemical precipitation. In: AWWA, Water

Quality and Treatment. New York: McGraw-Hill. Reprinted with permission of the McGraw-Hill Co.
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Appendix

D
Freundlich Adsorption Isotherm

Constants for Toxic Organic
Compounds

Compound K(mg/g)(L/mg)1/n 1/n
PCB 14,100 1.03Bis(2-ethylhexyl phthalate) 11,300 1.5Heptachlor 9,320 0.92Heptachlor epoxide 2,120 0.75Butylbenzyl phthalate 1,520 1.26Toxaphene 950 0.74Endosulfan sulfate 686 0.81Endrin 666 0.80Fluoranthene 664 0.61Aldrin 651 0.92PCB-1232 630 0.73
b-Endosulfan 615 0.83Dieldrin 606 0.51Alachlor 479 0.26Hexachlorobenzene 450 0.60Pentachlorophenol 436 0.34Anthracene 376 0.704-Nitrobiphenyl 370 0.27Fluorene 330 0.28Styrene 327 0.48DDT 322 0.502-Acetylaminofluorene 318 0.12
a-BHC 303 0.43Anethole 300 0.423,3-Dichlorobenzidine 300 0.20
g-BHC (lindane) 285 0.432-Chloronaphthalene 280 0.46Phenylmercuric acetate 270 0.44
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Compound K(mg/g)(L/mg)1/n 1/n
Carbofuran 266 0.411,2-Dichlorobenzene 263 0.38Hexachlorobutadiene 258 0.45
p -Nonylphenol 250 0.374-Dimethylaminoazobenzene 249 0.24PCB-1221 242 0.70DDE 232 0.37
m,-Xylene 230 0.75Acridine yellow 230 0.12Dibromochloropropane (DBCP) 224 0.51Benzidine dihydrochloride 220 0.37
b-BHC 220 0.49
n-Butylphthalate 220 0.45
n-Nitrosodiphenylamine 220 0.37Silvex 215 0.38Phenanthrene 215 0.44Dimethylphenylcarbinol 210 0.344-Aminobiphenyl 200 0.26
b-Naphthol 200 0.26
p-Xylene 200 0.42
a-Endosulfan 194 0.50Chlordane 190 0.33Acenaphthene 190 0.364,4
-Methylene-bis-(2-chloroaniline) 190 0.64Benzo[k]fluoranthene 181 0.57Acridine orange 180 0.29
a-Naphthol 180 0.32Ethylbenzene 175 0.53
o-Xylene 174 0.474,6-Dinitro-o-cresol 169 0.27
a-Naphthylamine 160 0.342,4-Dichlorophenol 157 0.151,2,4-Trichlorobenzene 157 0.312,4,6-Trichlorophenol 155 0.40
b-Naphthylamine 150 0.302,4-Dinitrotoluene 146 0.312,6-Dinitrotoluene 145 0.324-Bromophenyl phenyl ether 144 0.68
p-Nitroaniline 140 0.271,1-Diphenylhydrazine 135 0.16Naphthalene 132 0.42Aldicarb 132 0.40l-Chloro-2-nitrobenzene 130 0.46
p-Chlorometacresol 124 0.161,4-Dichlorobenzene 121 0.47Benzothiazole 120 0.27Diphenylamine 120 0.31Guanine 120 0.401,3-Dichlorobenzene 118 0.45Acenaphthylene 115 0.37Methoxychlor 115 0.364-Chlorophenyl phenyl ether 111 0.26Diethyl phthalate 110 0.27



Freundlich Adsorption Isotherm Constants for Toxic Organic Compounds 911

Compound K(mg/g)(L/mg)1/n 1/n
Chlorobenzene 100 0.35Toluene 100 0.452-Nitrophenol 99 0.34Dimethyl phthalate 97 0.41Hexachloroethane 97 0.382,4-Dimethylphenol 78 0.444-Nitrophenol 76 0.25Acetophenone 74 0.441,2,3,4-Tetrahydronaphthalene 74 0.81Adenine 71 0.38Dibenzo[a,h]anthracene 69 0.75Nitrobenzene 68 0.432,4-D 67 0.273,4-Benzofluoranthene 57 0.372-Chlorophenol 51 0.41Tetrachloroethylene 51 0.56
o-Anisidine 50 0.345-Bromouracil 44 0.47Benzo[a]pyrene 34 0.442,4-Dinitrophenol 33 0.61Isophorone 32 0.39Trichloroethylene 28 0.62Thymine 27 0.515-Chlorouracil 25 0.58
N-Nitrosodi-n-propylamine 24 0.26Bis(2-Chloroisopropyl) ether 24 0.571,2-Dibromoethene (EBD) 22 0.46Phenol 21 0.54Bromoform 20 0.521,2-Dichloropropane 19 0.591,2-trans-Dichloroethylene 14 0.45
cis-l,2-Dichloroethylene 12 0.59Carbon tetrachloride 11 0.83Bis(2-Chloroethyoxy) methane 11 0.65Uracil 11 0.63Benzo[g,h,i]perylene 11 0.371,1,2,2-Tetrachloroethane 11 0.371,2-Dichloropropene 8.2 0.46Dichlorobromomethane 7.9 0.61Cyclohexanone 6.2 0.751,1,2-Trichloroethane 5.8 0.60Trichlorofluoromethane 5.6 0.245-Fluorouracil 5.5 1.01,1-Dichloroethylene 4.9 0.54Dibromochloromethane 4.8 0.342-Chloroethyl vinyl ether 3.9 0.801,2-Dichloroethane 3.6 0.83Chloroform 2.6 0.731,1,1-Trichloroethane 2.5 0.341,1-Dichloroethane 1.8 0.53Acrylonitrile 1.4 0.51Methylene chloride 1.3 1.16Acrolein 1.2 0.65



Compound K(mg/g)(L/mg)1/n 1/n
Cytosine 1.1 1.6Benzene 1.0 1.6Ethylenediaminetetraacetic acid 0.86 1.5Benzoic acid 0.76 1.8Chloroethane 0.59 0.95
N-Dimethylnitrosamine 6.8 � 10�5 6.6

†The isotherms are for the compounds in distilled water, with different activated carbons.The values of K and 1/n should be used only as rough estimates of the values that will beobtained using other types of water and other activated carbon.
SOURCE: Snoeyink, V. L. 1990. Adsorption of organic compounds. In: AWWA, Water Quality

and Treatment. New York: McGraw-Hill. Reprinted with permission of the McGraw-Hill Co.
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Appendix

E
Factors for Conversion

U. S. Customary units Multiply by SI or US Customary units
Lengthinches (in) 2.540 centimeters (cm)0.0254 meters (m)feet (ft) 0.3048 m12 inyard (yd) 0.9144 m3 ftmiles 1.609 kilometers (km)1760 yd5280 ft
Areasquare inch (sq in, in2) 6.452 square centimeters (cm2 )square feet (sq ft, ft2) 0.0929 m2

144 in2
acre (a) 4047 square meters (m2)0.4047 hectare (ha)43,560 ft2

0.001562 square milessquare miles (mi2) 2.590 km2
640 acres

Volumecubic feet (ft3) 28.32 liters (L)0.02832 m3
7.48 US gallons (gal)6.23 Imperial gallons1728 cubic inches (in3)cubic yard (yd3) 0.7646 m3

gallon (gal) 3.785 L0.003785 m3
4 quarts (qt)8 pints (pt)128 fluid ounces (fl oz)0.1337 ft3
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914 Appendix E

U. S. Customary units Multiply by SI or US Customary units
million gallon (Mgal) 3785 m3
quart (qt) 32 fl oz946 milliliters (mL)0.946 Lacre-feet (ac ft) 1.233 � 10�3 cubic hectometers (hm3 )1233 m3

1613.3 cubic yard
Weightpound (lb, #) 453.6 grams (gm or g)0.4536 kilograms (kg)7000 grains (gr)16 ounces (oz)grain 0.0648 gton (short) 2000 lb0.9072 tonnes (metric tons)ton (long) 2240 lbgallons of water (US) 8.34 lbImperial gallon 10 lb
Unit weightft3 of water 62.4 lb7.48 gallonpound per cubic foot (lb/ft3) 157.09 newton per cubic meter (N/m3)16.02 kg force per square meter(kgf/m2)0.016 grams per cubic centimeter(g/cm3)pound per ton 0.5 kg/metric ton0.5 mg/kg
Concentrationparts per million (ppm) 1 mg/L8.34 lb/million gal (lb/Mgal)grain per gallon (gr/gal) 17.4 mg/L142.9 lb/mil gal
Timeday 24 hours (h)1440 minutes (min)86,400 seconds (s)hour 60 minminute 60 s
Slopefeet per mile 0.1894 meter per kilometer
Velocityfeet per second (ft/sec) 720 inches per minute0.3048 meter per second (m/s)30.48 cm/s0.6818 miles per hour (mph)inches per minute 0.043 cm/smiles per hour (mi/h) 0.4470 m/s26.82 m/min1.609 km/hknot 0.5144 m/s1.852 km/h
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U. S. Customary units Multiply by SI or US Customary units
Flowratecubic feet per second (ft3/s, cfs) 0.646 million gallons daily (MGD)448.8 gallons per minutes (gpm)28.32 liter per second (L/s)0.02832 m3/smillion gallons daily (MGD) 3.785 m3/d, (CMD)0.04381 m3/s157.7 m3/h694 gallons per minute1.547 cubic feet per second (ft3/s)gallons per minute (gpm) 3.785 liters per minute (L/min)0.06308 liters per second (L/s)0.0000631 m3/s0.227 m3/h8.021 cubic feet per hour (ft3 /h)0.002228 cubic feet per second (cfs, ft3/s)gallons per day 3.785 liters (or kilograms) per dayMGD per acre-ft 0.4302 gpm per cubic yard0.9354 m3/m2

� dacre-feet per day 0.01427 m3/s
Application or loading ratecubic feet (ft3) per gallon 7.4805 m3/m3

ft3 per million gallons 0.00748 m3/1000 m3
ft3 per 1000 ft3 per minute 0.001 m3/m3

� minft3 per ft2 per hour 180 gal/ft2
� dft3 per minute per foot 0.00748 m3/min � mgallons per foot per day 0.0124 m3/m � dgallons per square feet per 40.7458 L/m2

� minminute 0.04075 m3/m2
� min2.445 m3/m2
� h58.6740 m3/m2
� dgallons per acre 0.00935 m3/haMGD per acre-feet 0.430 gpm/yd3

square root of qpm persquare foot (gal/min) 0.5/ft2 2.70 (L/s) 0.5/m2
pound per acre (lb/a) 1.121 kilograms per hectare (kg/ha)pound per pound per day 1 kg/kg � dpound per day 0.4536 kg/dlb/ft2

� h 4.8827 kg/m2
� hlb/1000 ft2

� d 0.0049 kg/m2
� dpound per acre per day 1.1209 kg/ha � dlb/ft3

� h 16.0185 kg/m3
� hlb/1000 ft3

� d 0.0160 kg/m3
� dpound per 1000 gallons 120.48 kg/1000 m3

pound per million 0.12 mg/Lgallon pounds per foot per 1.4882 kg/m � hhour(lb/ft � h)pounds per horse power 0.608 kg/kw � hper hour (lb/hp � h)



U. S. Customary units Multiply by SI or US Customary units
Forcepounds 0.4536 kilograms force (kgf)453.6 grams4.448 newtons (N)
Pressurepounds per square inch 2.309 feet head of water(lb/in2, psi) 2.036 inches head of mercury51.71 mmHg6895 newtons per square meter(N/m2)= pascal (Pa)703.1 kgf/m2

0.0703 kgf/cm2
0.0690 barspounds per square foot (lb/ft2) 4.882 kgf/m2
47.88 N/m2 (Pa)pounds per cubic inch 0.01602 gmf/cm3
16.017 gmf/Ltons per square inch 1.5479 kg/mm2

millibars (mb) 100 N/m2
inches of mercury 345.34 kg/m2

0.0345 kg/cm2
0.0334 bar0.491 psi (lb/in2)inches of water 248.84 pascals (Pa)atmosphere 101,325 Pa1013 millibars (1 mb = 100 Pa)14.696 psi (lb/in2)29.92 inches of mercury33.90 feet of waterpascal (SI) 1.0 N/m2
1.0 � 10�5 bar1.0200 � 10�5 kg/m2
9.8692 � 10�6 atmospheres (atm)1.40504 � 10�4 psi (lb/in2)4.0148 � 10�3 in. head of water7.5001 � 10�4 cm head of mercury

Mass and densityslug 14.594 kg32.174 lb (mass)pound 0.4536 kgslug per foot3 515.4 kg/m3
density (g) of water 62.4 lb/ft3 at 50�F980.2 N/m3 at 10�Cspecific wt (r) of water 1.94 slugs/ft3

1000 kg/m3
1 kg/L1 gram per milliliter (g/mL)

Viscositypound-second per foot3 or 47.88 newton second per squareslug per foot second meter (N s/m2)square feet per second (ft2/s) 0.0929 m2/s
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U. S. Customary units Multiply by SI or US Customary units
WorkBritish thermal units (Btu) 1.0551 kilo joules (kj)778 ft lb0.293 watt-h1 heat required to change 1 lb ofwater by 1�F
WorkBtu per pound 2.3241 kJ per kgBtu/ft2

� �F � h 5.6735 W/m2
� �C � hhp-h 2545 Btu0.746 kW-hkw-h 3413 Btu1.34 hp-hhp per 1000 gallons 0.1970 kW per m3

Powerhorsepower (hp) 550 ft lb per sec746 watt2545 Btu per hkilowatts (kW) 3413 Btu per hBtu per hour 0.293 watt12.96 ft lb per min0.00039 hp
Temperaturedegree Fahrenheit (�F) (�F � 32) � (5/9) degree Celsius (�C)(�C) (�C � (9/5) � 32 (�F)

�C � 273.15 Kelvin (K)



This page intentionally left blank 



Index

A2/O process, 766–772
Absolute viscosity, 231–232
Accumulation of sludge deposits, 52–54
Achromobacter, 727, 791
Activated carbon adsorption isotherm

equations, 440–444
Activated sludge, 618, 797
Activated-sludge process, 621–696

aeration and mixing systems, 681–683
aerated lagoon, 690–696
diffused air aeration, 683–688
mechanically aerated systems,

688–690
oxygen transfer and utilization,

681–683
aeration periods and BOD loadings,

622–623
biochemical reactions, 626
conventional process, 664–666
food-to-microorganism (F/M) ratio,

623–626
mathematical modeling of, 627–649

complete mix with recycle, 629–631,
635

MLSS settling curve, 642–648
oxygen requirements in process,

634–635
plug-flow with recycle, 648–649
process design and control

relationships, 631–633
sludge production, 633

modified processes, 663–681
biological nitrification, 681
complete-mix process, 668–669
contact stabilization, 671–672
deep shaft reactor, 679–680
extended aeration, 669–670
Hatfield process, 673
high rate aeration, 671
high-purity oxygen system, 674–677
Kraus process, 673–674
oxidation ditch, 677–679
sequencing batch reactor, 674
short-term aeration, 671

Activated-sludge process, modified
processes (Cont.): 

step aeration, 667–668
tapered aeration, 666–667

operation and control of, 649–663
aeration tank mass balance, 654–656
return activated sludge, 650–654
secondary clarifier mass balance, 657
sludge age, 657–662
sludge bulking, 662–663
sludge density index, 650
sludge volume index, 649–651
waste activated sludge, 657

process design concepts, 626–627
Adsorbate, 440–441
Adsorbent, 440–441
Advanced treatment process, 578–579,

772–773
Advanced treatment system, 578–579
Advanced wastewater treatment (AWT),

578–579, 752–796
defined, 578
nitrogen control, 772–796

advanced processes for, 772–796
biological nitrification, 773–775
combined carbon oxidation-

nitrification in attached growth
reactors, 786–791 

conventional processes for, 772–796
denitrification, 791–793
denitrification with RBC process,

794–796
environmental effects of nitrogen

compounds, 772
kinetics of denitrification, 793–794
kinetics of nitrification, 775–786
nitrifying biofilm properties, 775

phosphorus removal, 753–770, 772
by biological processes, 766–772
by chemical precipitation, 754–766

suspended solids removal, 752
Advection (groundwater contamination),

212
Aerated lagoon, 690–696
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Aeration:
activated-sludge process, 681–683

aerated lagoon, 690–696
aeration periods and BOD loadings,

622–623
diffused air aeration, 683–688
extended aeration, 669–670
high rate aeration, 671
mechanically aerated systems,

688–690
oxygen transfer and utilization,

681–683
short-term aeration, 671
step aeration, 667–668
tapered aeration, 666–667

contaminants removed by, 521
public water supply, 343–368

diffused aeration, 355–357
gas transfer models, 347–356
nozzles, 365–368
packed towers, 357–365
two-film gas transfer model, 347–355

Aerobacter aerogen, 714
Aerobic sludge digestion, 820–826
Aerobic stabilization ponds, 734–735
Agronomic rate (biosolids), 845–846
Air piping, 684
Air requirement, 635

in activated sludge process, 681
of aerobic digestion, 821–822
diffused, 822, 825

Air stripping, 343 (See also Aeration)
Alcaligenes, 621, 727
Algae, 6, 107–108, 151–153
ALI (See Aquatic life impairment index)
Alkalinity, nitrification and, 779–780
ALMP (See Ambient lake monitoring

program)
ALR (See Areal loading rate)
Alum, 827

coagulation with, 368, 372–374, 389
in phosphorus removal, 755–760
in sludge, 458

Ambient lake monitoring program
(ALMP), 139–140

Ammonia concentration on nitrification,
775

Ammonia nitrogen:
chlorination for removal of, 469–471
groundwater contamination by, 847
influent concentrations of, 787
in nitrification process, 774, 775, 780
in raw wastewater, 537

Ammonia nitrogen (Cont.):
RBC removal of, 711, 716–717
in sludge, 828
standards for, 579
in wastewater effluent, 79

Ammonia oxidation, 773–786
Anaerobic sludge digestion, 

812–815
Anaerobic stabilization ponds, 735
Animal feed lots, 496
Anions, 427, 430–432
Anisotropic aquifers, 197–198
Anisotropy, 197
Annual biosolids application rate, 847
Annual pollutant loading rate for

biosolids, 846
Annual whole sludge application rate

(ASAR), 846, 847
A/O process (phosphorus removal),

766–772
Apportionment of stream users, 

79–86
Aquatic life, 158–168
Aquatic life impairment index (ALI),

158–161
Aquifers, 180–181

anisotropic aquifers, 197–198
confined, 180–181, 899–904
defined, 180–181
isotropic, 197
porosity, 184–185
steady flows in, 195–196
storativity, 185
transmissivity, 185–186
unconfined, 180, 181

Archromobacter, 791
Areal loading rate (ALR):

free water surface wetlands, 868
stabilization ponds, 728–731

Arithmetic method (population
estimates), 312

Arrhenius model, 474
Arsenic (in drinking water), 323
ASAR (See Annual whole sludge

application rate)
Asbestos, 324, 445
Assimilatory (synthesis) denitrification,

791–793
Atrazine, 326, 341–342
Attached-growth biological treatment

effluent, 736–739, 786
AWT (See Advanced wastewater

treatment)
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Bacteria, 621, 727 (See also Indicator
bacteria)

Baffling, 478–479
Belt filter press (BFP), 830–833
Benzene, 326
Bernoulli equation, 240
BFP (See Belt filter press)
Biochemical oxygen demand (BOD):

analysis, 10–13
deoxygenation rate and ultimate BOD,

18–32
determination of kr, 62–63
first-order reaction, 15–18
models and K1 computation, 14–41 
reaeration rate constant K2, 43–45
second-order reaction, 37–41
temperature effect on K1, 32–37
ultimate (total), 18–32
for wastewater, 10–13, 538–540

Biodegradation (groundwater), 213, 522
Biofilms, 504–505, 775
Biologic floc, 618
Biological nitrification:

activated sludge, 681
advanced wastewater treatment,

773–775
Biological slime, 696
Biological treatment systems

(wastewater), 578, 617–621
basin sizing, 736–739
cell growth, 619–621

Biosolids (sewage sludge), 840–841
Class A, 843–844
Class B, 844–845
defined, 841
land application of, 845–861

and agronomic rate, 845–846
annual biosolids application rate on

agricultural land, 847
annual whole sludge application rate,

846–847
nitrogen-based calculation, 847–851
phosphorus-based calculation, 851
pollutant limitation-based

calculation, 852–853
site evaluation and selection, 847
supplemental potassium (K)

fertilizer, 853–861
pathogen reduction, 842–844
regulatory requirements for, 841–842
use/disposal of, 842

Blue-green algae, 151–153, 155
BOD (See Biochemical oxygen demand)

BOD slide rule, 32
Boiling water, 520–522
Bottled water, 520, 521
Bottom slope of lake, 128–129
Bouwer and Rice slug test, 208–211
Boyle-Mariotte law, 234–235
Boyle’s law, 234–235
Brackish water, 452–454
Breakpoint chlorination, 469–474
Bromate, 492, 494, 498
Brownian movement, 372
Buried sewers, 572–574
Cadmium, 324, 846, 853
Calcium bicarbonate, 404, 406–407
Calcium carbonate:

hardness, 407–411
lime precipitation as, 760–762
mass of, 765
pellet softening, 411–415, 417
solubility constant for, 905
solubility equilibrium for, 369
and water quality, 427

Calcium hardness, 407–410, 423–424
Calcium hydroxide, 755, 905
Calcium oxide, lime, 754–755
Calculations:

of annual biosolids application rate on
agricultural land, 847

of bacterial density, 109–120
based on nitrogen, 847–851
based on phosphorus, 851
based on pollutant limitations, 852–853

Canada, 549–550
Carbon dioxide, 14–15

in activated sludge process, 622, 675
in advanced wastewater treatment,

753, 760–762, 773
from aeration, 343, 345
in aerobic digestion, 820
in anaerobic digestion, 812–818
in anaerobic ponds, 735
biodegradation to, 213
in composting, 826–827
in facultative ponds, 727
gas constant and density for, 235–236
lime removal of, 404
nozzles for removal of, 365–366
in photosynthesis, 54, 151
and sewage sludge disposal, 842
with trickling filters, 696
in wastewater, 537

Carbon usage rate (CUR), 441, 443
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Carbonaceous BOD (CBOD), 538–540
Carcinogens (in drinking water):

disinfectants as, 492, 493
dose-response model for, 515, 517
EPA classifications of, 333–334
federal standards for, 321, 323,

327–330
multistage model for, 517–519
one-hit model for, 517
reference dose, 332–335, 523
risks of, 517–519, 523, 524

Carlson’s index, 156–157
Carmen-Kozeny equation, 396
Cation exchangers, 418, 423–424
Cation resins, 419, 425
Cations, 420
Caustic soda (in pellet softening),

411–417
CBOD (See Carbonaceous BOD)
CCL (See National Drinking Water

Contaminant Candidate List), 332
Cell maintenance, 626
Cell residence time, 649
Centrifugal pumps, 265
Centrifugation (sludge dewatering), 836
Centrifuge sludge thickening, 807–811
CFR (See Code of Federal Registration)
Channel dam reaeration, 93–94, 96–97
Characteristics:

of wastewater, 533–542
of water, 55, 108–109, 141, 148

Charles-Gay-Lussac law, 234
Chemical conditioning of sludge, 827
Chemical constituents of wastewater,

537–541
Chemical oxygen demand (COD), 10, 535,

538–541, 557
Cheng-Ching Lake Advanced Water

Purification Plant (Taiwan), 411
Che’zy equation for uniform flow, 272–273
Chick’s law, 118–119, 474–475
Chick-Watson model, 474–475
Chloramine, 468–471

in dechlorination, 742–743, 746
as a disinfectant, 491, 492, 494, 497,

505
drinking water standards for, 323
and inactivation of Giardia lamblia,

481, 489, 490
and inactivation of viruses, 481
and pH of water, 323

Chloramine inactivation, 489
Chlorination, 464–473, 742–752

Chlorine:
available chlorine, 468–469
and disinfection, 491, 492, 494, 505
dosage of, 743–746
drinking water standards for, 323
free available, 464–468
free residual, 468

Chlorine dioxide (ClO2), 491, 492, 494,
497–498, 505

Chloroform, 345, 492, 911
Chlorophyll, in lakes and reservoirs,

155–156
Churchill equation, 46
Churchill-Buckingham method, 59–62
Circular basin design, 614–617
Cladothrix, 714
Clarifiers (See Sedimentation tanks)
Class A biosolids, 843–844
Class B biosolids, 844–845
Clean Lakes Program (CLP), 

137–176
diagnostic/feasibility study (phase 1),

140–142
eligibility for financial assistance, 

138
implementation (phase 2), 145
in-lake monitoring, 146–156
lake budgets, 168–173
lake use support analysis, 158–168
objectives of, 138
post-restoration monitoring (phase 3),

145–146
soil loss rate, 173–176
state lake classification survey,

139–140
trophic state index, 156–159
types of funds, 138
watershed protection approach, 146

Clean Water Act (CWA), 137, 161
CLP (See Clean Lakes Program)
Coagulation (water supply), 371–380,

499–500, 505
COD (See Chemical oxygen demand)
Code of Federal Registration (CFR),

826–828, 841–842
Coefficients:

of contraction, 255
of diffusion, 88, 213–214
of dilution, 474
of discharge, 255, 293, 296, 297, 585
of drag, 380–381, 396
of endogenous decay, 630
of entrance, 255
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Coefficients (Cont.):
of internal friction of backfill, 573
of oxygen saturation, 682
of permeability, 188–190, 192–195
of retention capacity of soil, 215
of roughness, 246, 282
of runoff, 671
of storage of aquifers, 198–199
of surface roughness, 563
of transmissibility, 199
of variance, 557

Coldwell-Lawrence diagrams, 405
Coliform density, 108–117
Coliforms, 322
Collins-Selleck model, 749–752
Colloidal fouling, potential, 457
Combined available chlorine, 468–469
Combined carbon oxidation, 774, 778,

780, 786–791
Combined kinetic expression for

nitrification, 780–781
Combined nitrification in attached

growth reactors, 786–791
Combined sewers, 543–544
Comminutors, 586
Complete mix (activated sludge),

629–631, 635–643, 669–670
Complete mixing, 89, 97, 377–378, 657
Compliance standards:

for drinking water, 321–331, 340–341
for wastewater effluent, 79, 580–581
(See also Regulations)

Composting (sludge stabilization),
826–827

Compression settling, 606–607
Concentration factor, 802–803, 807
Cone of depression, 181–184, 199,

218–219
Confined aquifers, 180, 181, 899–904
“Conservation Authorities” (Ontario), 

549
Constant percentage growth rate,

312–313
Constructed wetlands, 863–884

denitrification in, 865
environmental/health considerations,

864–866
free water surface wetlands, 

866–876
vegetated submerged bed systems,

876–884
Contact stabilization (activated sludge),

671–672

Contact time:
in CT value, 475–480, 489–490
and DO concentration, 353–354
in effluent disinfection, 742–743,

747–752
in flocculation, 380
of GAC and water, 442
in with RBCs, 717
in recarbonation basin, 762
and retention time, 549

Contaminant transport (pathway),
212–214

Contaminants (in drinking water),
321–342

compliance with standards, 340–341
federal standards for (tables), 322–332
leaking storage tank, 521
maximum contaminant level goal,

332–335
maximum contamination level, 335
treatment strategies for, 521–525
updated rules for, 2006, 335–339

Contamination of groundwater, 211–214
(See also Pollutants)

Conventional process:
for activated-sludge, 664–666
for nitrogen control, 772

Conversion factors (table), 913–917
Cooper-Jacob method (unsteady flows),

201–204
Copper, 906

coefficient of roughness for, 246, 248
in drinking water, 324
in runoff, 557
in sewage biosolids, 846, 853

Copper sulfate, 151–153
Cornfield, 855–860
Correction factor:

for altitude, 695
in channel dam reaeration, 93–94
and CT value determination, 477,

486–487
for DO saturation concentrations, 8–9
elevation, 49
in gas transfer models, 353
in Hardy-Cross method, 264
for larger flumes, 303
for nitrogenous KN in wastewater

effluent, 73–74
for oxygen transfer, 688–689
pH, 781
for resin, 427, 431
for salinity surface tension, 688
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Correction factor (Cont.):
for surface area in wastewater

treatment, 722
temperature, 345, 781
water quality, 96–97

Cost of pumping (CP), 270–272
Cost-benefit analysis for water quality

standards, 335
Critical depth (water flow), 285–287
Critical point of oxygen sag curve, 64–76
Critical time (tc), 64
Critical value for DO deficiency, 64, 682
Critical velocity, 285–286, 399
Cryptosporidium, 322, 336–339, 445, 476,

492, 496, 499, 500
CT (concentration × contact time) values,

477–491
CUR (See Carbon usage rate)
CWA (See Clean Water Act)
Cyanide (in drinking water), 324
DAF sludge thickening (See Dissolved air

flotation sludge thickening)
Daily difference method, 19
Dalton’s law, 343–344
Dams, 92–95
Darcy’s law, 186–191, 212
Darcy-Weisback equation, 241–242, 249
DBPR rule, Stage 2 (See Stage 2

Disinfectants and Disinfection 
By-products Rule)

DBPs (See Disinfection by-products)
Dechlorination (wastewater), 746–747
Declining growth method (estimation),

313
Deep shaft reactor (activated sludge),

679–680
Demineralization, 448
Denitrification, 791–796

in constructed wetlands, 865
with RBC, 794–796
(See also Nitrogen control)

Density (r):
algal, 107
of backfill, 573
bacterial, 109–118, 147–148, 162, 542,

619–620, 737, 743, 745, 749, 751,
842–844

of fluid in pipes, 237
of GAC, 441
of grit, 586
mass, 233, 381
microbial, 474, 716

Density (r) (Cont.):
of organic loading, 747
of perfect gas, 234–235
population, 544, 554
of sand, 400
for screening, 586
of sediment particles, 384–385, 

389, 592
silt density index, 458
sludge, 461–462, 649–651
of soil, 213–214
and specific weight, 228–229
water, 233, 346, 385–386, 396
of water plant residuals, 461–462

Deoxygenation coefficient (K2), 13, 43, 59
Deoxygenation rate, 18–32

in field, 55
in laboratory, 55–56
logarithmic formula, 30–32
moment method, 23–29
rapid method, 32
slope method, 19–23
streams and rivers, 18–32, 44–45
temperature effect on, 32–37

Depressed sewers (inverted siphons),
565–568

Desalination, 447, 448
Design:

of packed towers, 357–365
of storm drainage systems, 551

Design average flow (wastewater), 548
Design peak flow (wastewater), 548
Design wastewater flow rates, 547–548
Detention time multiplier, 610–611
Determination:

of CT values, 477–491
of deoxygenation rate kd, 57
K1 and BOD, 14–41
of kr, 62–63
of lateral radius of influence, 

219–222
direct measurement method, 221
Theis equation method, 221–222
volumetric flow equation, 222–223

of reaeration rate constant K2, 41–49
of ultimate BOD, 18–32

logarithmic formula, 30–32
moment method, 23–29
rapid methods, 32
slope method, 19–23

Diagnostic study, 141–142
Diagrams for flow measurement through

Parshall flumes, 303–304
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Dialysis:
definition of, 445

Dichloramine, 468–471
Diffused aeration:

activated-sludge process, 683–688
public water supply, 355–357

Diffusion:
groundwater contamination, 213–214

Diffusion coefficient, 88, 213–214
Digesters (sludge):

aerobic, 820–826
anaerobic, 812–815
egg-shaped, 820
gas production in, 815–820

Dioxin (in drinking water), 328
Direct measurement method (lateral

radius of influence), 221
Discharge:

defined, 180
of orifices, 296–297
of streams and rivers, 3–4

Discharge measurements:
of orifices, 296–297
of Parshall flumes, 302–305
of water flow in pipes, 292–296
for weirs, 297–302

Discrete particle sedimentation, 592–593
Disinfection:

federal regulation of, 323, 335–339
public water supply, 463–491

chlorination, 464–473
CT values, 475–491
disinfection by-products, 491–506
disinfection kinetics, 474–475
federal regulation of, 322, 323,

335–338
kinetics of, 474–475
ozonation, 473–474

wastewater effluent, 742–752
chlorine dosage, 743–746
dechlorination, 746–747
process design, 747–752

Disinfection by-products (DBPs), 491–506
alternative disinfectants, 497–499
biofilms, 504–505
and cost of control, 505, 506
enhanced coagulation, 499–500, 505
federal regulation of, 323, 335, 337–339
filtration, 500–503
pathogen control, 493–506
small systems, 503–504
water disinfection, 491–493

Dispersion (groundwater), 213–214

Dissimilatory denitrification, 791
Dissolved air flotation (DAF) sludge

thickening, 805–807
Dissolved organic carbon (DOC), 497, 500
Dissolved oxygen (DO):

in activated sludge aeration, 681–682
availability, 9
in lakes and reservoirs, 148–150
and nitrification, 780
oxygen deficiencies, 6
oxygen sag constant, 43–45
oxygen sag curve

Churchill-Buckingham method,
59–62

determination of kr, 62–63
natural self-purification in streams,

55–76
simplified computations, 77–78
Thomas method, 58–59

and photosynthesis/respiration, 54–55
saturation, 7–9
SOD portion of, 78–79
SOD vs., 51–52
stream DO model, 92–106

DO used, 98
influence of dams, 92–95
influence of tributaries, 95–97
steps of pragmatic approach, 99–106

Streeter-Phelps oxygen sag formula,
13–14

and water temperature, 5–9
Dissolved oxygen availability, 9
Dissolved oxygen saturation (DOsat), 7–9
Dissolved oxygen used (DOused, DOu), 

87, 98
Dissolved phosphorus (DP), 154–155
Distance-drawdown method (unsteady

flows), 204–206
Distribution networks (water), 258–264
Distributor speed, 707–711
Diversity index, Shannon-Weiner,

107–108
Dividing-flow manifolds, 265
DO (See Dissolved oxygen)
DOC (See Dissolved organic carbon)
DOsat (See Dissolved oxygen saturation)
Dose-response model for carcinogenesis,

515, 517
Dosing pumps (NaOH), 415–416
DOused (See Dissolved oxygen used)
DP (See Dissolved phosphorus)
Drag force, 380–381, 385–386
Drainage systems, stormwater, 550–551
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Drawdown:
Cooper-Jacob method, 201–204
defined, 182–183
distance-drawdown method, 204–206
groundwater, 181, 182–183
Theis method, 198–201

Drinking water:
alternate disinfectants for, 497–499
atrazine in, 341–342
carcinogens in, 321, 323, 327–330
compliance standards for, 321–331,

340–341
contaminants in, 322, 340–341
federal drinking water standards,

321–332
fluoridation of, 506–513
health risks of, 513–525
inorganic chemicals in, 323–326
lake use assessment, 163
maximum contaminant level goal,

332–335
maximum contamination level, 335
nitrates in, 426–427
organic chemicals in, 326–330
radionuclides in, 330, 519–520
Safe Drinking Water Act, 217, 321,

332–336
source water protection, 495–497
standards for, 340–341
tables for contaminant levels in,

322–332
updated rules for, 2006, 335–339

Drinking water equivalent level (DWEL),
333, 334, 341

Dual biological treatment processes
(wastewater), 726

Dual-sludge process (nitrogen removal),
773

Duckweed, 862–863
Duolit A-140, 427
Dupuit equation, 195–196
DWEL (See Drinking water equivalent

level)
Eckenfelder formula (trickling filters),

705–706
EDR (Electrodialysis reversal), 449
Effective detention time, 477
Effective size, 393–394, 419, 439
Effluent:

microorganism and substrate
concentrations, 630–632

wastewater standards, 79

Effluent disinfection (wastewater),
742–752

chlorine dosage, 743–746
dechlorination, 746–747
process design, 747–752

Egg-shaped digesters (sludge
stabilization), 820

Electric circuit rider concept, 503
Electrodialysis reversal (EDR), 449
Elevation head, 239
Eligibility for financial assistance, 138
Elutriation, 828
Empirical formulas, 45–46
Empty-bed contact time, 442
Endogenous decay coefficient, 630
Endogenous respiration, 626
Energy budget coefficient, 134
Energy budget method (lake evaporation),

132–134
Energy production or respiration

equation, 626
Energy transformations (See

Thermodynamics)
Enhanced coagulation, 499–500, 505
Enteric viruses, 742, 844
EPA (See US Environmental Protection

Agency)
EPS (Extracellular polysaccharides), 

504
Equilibrium:

solubility, 368–371
Equilibrium constant (Keq), 369–370
Equivalent bar diagram, 406
Equivalent pipes method (distribution

networks), 260–264
Equivalent roughness, 242
Equivalent weight, 405–406, 422–424
Escherichia coli, 109, 322, 337–339, 499,

714
Estimation of runoff, 555–556
Euglenoids, 155
Eutrophic lakes, 157
Eutrophication, 125–126, 156, 752
Evaporation, 131–137
Extended aeration (activated sludge),

669–670
Extracellular polysaccharides (EPS), 504
Facultative stabilization ponds, 

727–735
FC (See Fecal coliform)
Feasibility study, 142–143
Fecal coliform (FC), 109, 147
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Fecal Streptococcus:
in lake analysis, 142, 147
as pollution indicator, 109
in wastewater, 542

Federal drinking water standards,
321–332

additional rules for, 340
and disinfection by-products, 506
maximum contaminant level goal,

332–335
maximum contamination level, 335
Safe Drinking Water Act, 321, 332–336
tables for contaminant levels, 322–332
updated rules for, 2006, 335–339

Ferric chloride, 372–373, 754–755, 
758, 827

Fick’s law, 213
Field measurement of permeability,

192–195
Filter press, 830–836
Filter yield, 829, 834–836
Filtration:

AWT systems, 752
granular, 216

backwash, 394–395
efficiency, 403
head loss, 396–401
medium size, 396

public water supply, 392–403
disinfection, 500–503
hydraulics of filter, 396–401
membrane, 444, 445
mixed media, 395
size of filter medium, 394–395
washwater troughs, 403

Final report of diagnostic/feasibility
study, 143–145

Fine screen, 585–586
Fire demand of water, 315–320
Fire flow tests, 319–320
Fish:

consumption of, 146, 160–161, 164–165
5-days BOD (BOD5):for activated sludge, 627

soluble (RBCs), 718
for stormwater, 544
for wastewater, 539–540, 578,

649–651
Five-stage Bardenpho process, 768
Fixed solids (wastewater), 535
Flavobacterium, 621, 727
Flocculant settling, 600–602
Flocculation, 380–384

Flow(s):
Darcy’s law for, 186–191
for fire fighting, 315–320
of groundwater, 187–188
measurement of, 291–305

discharge for weirs, 297–302
discharge of orifices, 296–297
discharge of water flow in pipes,

292–296
Parshall flume, 302–305
velocity in open channel, 291
velocity in pipe flow, 291–292

in open channels, 272–291
Che’zy equation for uniform flow,

272–273
critical depth, 285–287
hydraulic jump, 287–290
Manning equation for uniform flow,

273–276
partially filled conduit, 276–281
self-cleansing velocity, 281–284
specific energy, 284–285

in pipes, 236–264
distribution networks, 258–264
fluid pressure, 236
head, 237–253
multiport diffusers, 265
pipeline systems, 254–258
sludge flow, 265

uniform:
Che’zy equation for, 272–273
Manning equation for, 273–276

unsteady (groundwater), 198–211
Cooper-Jacob method, 201–204
distance-drawdown method, 204–206
slug tests, 206–210
Theis method, 198–201

Flow equalization (wastewater), 588–591
Flow measurement, 291–305

discharge
of orifices, 296–297
of water flow in pipes, 292–296
for weirs, 297–302

Parshall flume, 302–305
velocity

in open channel, 291
in pipe flow, 291–292

Flow nets (groundwater), 186–187
Flow rate:

streams and rivers, 3–4
wastewater, 547–548

Flow spacers, 449
Fluid pressure (in pipes), 236
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Fluid properties:
mass, 228
perfect gas, 234–235
pressure, 229–231
specific weight, 228–229
viscosity of water, 231–234
weight, 228–229

Fluoridation (water), 506–513
Fluoride (in drinking water), 325, 559
Fluoride chemical, 507–508
Fluoride dosage, 511–513
Fluoride feed rate, 510–511
Fluoride optimum concentration, 506–509
Food-to-microorganism (F/M) ratio

(activated sludge), 623–626
Formulation for plastic media, 705
Francis equation ( f ), 300–301
Free available chlorine, 464–468
Free chlorine disinfectants, 488–490
Free residual chlorine, 468
Free water surface (FWS) wetlands, 863,

864, 866–876
design considerations, 868–876
hydrology, 866–868

Freundlich adsorption isotherm
constants, 909–912

Freundlich isotherm equation, 440–441
Friction head:

Darcy-Weisback equation, 241–242,
251–252

Hazen-Williams equation, 245–247,
251–252

Manning equation, 248–253
Froude number (F ), 287–290
Fundamental and treatment plant

hydraulics (See Hydraulics)
Funds, types of (CLP), 138
Fusarium, 714
FWS wetlands (See Free water surface

wetlands)
GAC, 441, 442, 501, 502
Gage pressure (See Gauge pressure)
Galileo number, 400
Gas constant (apparent gas constant),

234–235, 344, 451, 687
Gas production (sludge digesters),

815–820
Gas transfer (public water supply),

347–355
by diffused aeration, 355–357
two-film theory of, 347–355
types of models for, 347–348

Gases:
solubility of, 343–344
(See also Ideal gases)

Gauge (gage) pressure (psig), 230
at pump discharge, 265
at pump suction, 265

Germain formula (trickling filters), 707
Giardia lamblia:

and disinfection, 339, 492, 499, 500
in drinking water, 322
filtering, 393, 445
inactivation of, 477–491
microfiltration of, 445
(See also CT values)

Glucose, 816
GLUMRB (Ten States Recommended

Standards for Sewage Works), 575
Glycocalyx, 504
Graphical method (BOD), 32
Gravitational acceleration (g), 228–229,

237
and belt thickening, 811–812
and centrifuge sludge thickening,

807–811
and discharge measurement, 298
and head loss through racks, 

582–585
and nozzle transfer, 365–366
and pipe flow velocity, 291
and pump performance, 265
and self-cleansing velocity, 282
and settling velocity, 385
thickening, 807–811
through fine screens, 585–586

Gravity belt sludge thickening, 
811–812

Gravity sludge thickening, 802–805
Grit chamber, 586–588
Groundwater, 180–223

anisotropic aquifers, 197–198
contamination, 180–181, 211–214
defined, 180
hydrogeologic parameters, 184–195

aquifer porosity, 184–185
Darcy’s law, 186–191
flow nets, 186–187
permeability, 191–195
specific capacity, 195
storativity, 185
transmissivity, 185–186

quality of, 342–343
setback zones, 217–218
source water management, 495–496
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Groundwater (Cont.):
steady flows in aquifers, 195–196
unsteady (nonequilibrium) flows,

198–211
Cooper-Jacob method, 201–204
distance-drawdown method, 204–206
slug tests, 206–211
Theis method, 198–201

wells, 183–184
zones of influence and capture, 

183–184
Groundwater table, 180
Growth rate:

of algae, 55–56
of bacteria, 619–621, 630–632, 657,

776–784, 793–794, 812–813,
854–855

of populations, 311–313
of power costs, 271

Half velocity constant (ks), 621, 631,
776–778 

Haloacetic acids (HAAs), 337, 339,
491–494

Hardness classification (water), 404
Hardy-Cross method (distribution

networks), 264
Hatfield process (activated sludge), 673
Hazen-Williams equation, 245–247,

251–252
Head:

in pipes, 237–253
Bernoulli equation, 240
elevation head, 239
friction head, 241–253
pressure head, 238–239
velocity head, 237–239

in pumps, 265
Head loss (water filtration):

for fixed bed flow, 396–399
for fluidized bed, 399–401

Health risks (in drinking water), 
513–525

assessment of, 515–520
management of, 520–525
potential of, 514–515

HEC-5Q model (lakes/reservoirs), 131
Helminth ova, 844
Henry’s law, 343–347
High rate aeration (activated sludge), 671
High-purity oxygen system (activated

sludge), 674–677
High-rate aerobic ponds, 734

Hindered (zone) sedimentation, 
602–606

Horsepower:
loss of, 290–291
for mixing, 379
of pumps, 267

HRT (See Hydraulic retention time)
Hurricane Hazel, 549
Hvorslev slug test, 206–210
Hydraulic conductivity (K):

Bouwer and Rice slug test, 208–211
defined, 190
Hvorslev slug test, 206–210
isotropic vs. anisotropic, 197
permeability vs., 189–190
and transmissivity, 185–186

Hydraulic elements graphs for circular
sewers, 251, 283

Hydraulic jump (open channel water
flow), 287–290

Hydraulic radius, 258–259, 262, 
277, 392

and average velocity, 272
for circular pie, 258
and self-cleansing velocity, 282

Hydraulic retention time (HRT, activated
sludge), 626–627

Hydraulics, 227–305
flow measurements, 291–305

discharge for weirs, 297–302
discharge of orifices, 296–297
discharge of water flow in pipes,

292–296
Parshall flume, 302–305
velocity in open channel, 291
velocity in pipe flow, 291–292

mass, 228
perfect gas, 234–235
pressure, 229–231
pumps, 265–272
specific weight, 228–229
viscosity of water, 231–234
water flow in open channels, 

272–291
Che’zy equation for uniform flow,

272–273
critical depth, 285–287
hydraulic jump, 287–290
Manning equation for uniform flow,

273–276
partially filled conduit, 276–281
self-cleansing velocity, 281–284
specific energy, 284–285
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Hydraulics (Cont.):
water flow in pipes, 236–264

distribution networks, 258–264
dividing-flow manifolds, 265
fluid pressure, 236
head, 237–253
multiport diffusers, 265
pipeline systems, 254–258
sludge flow, 265

of water supply filters, 396–401
weight, 228–229

Hydraulics of filter, 396–401
Hydrochloric acid, 464–465
Hydrofluosilicic acid, 507, 508
Hydrologic budget (lakes), 168–171
Hypereutrophic lakes, 157
Hyperfiltration, 444
Hypochlorous acid, 465
Ideal gas constant, 451
Ideal gas law, 361–362
Ideal gases, 236, 347
IDSE (See Initial Distribution System

Evaluation)
IEPA (See Macroinvertebrate tolerance

list)
IESWTR (See Interim Enhanced Surface

Water Treatment Rule)
Immiscible substances, 216
Impoundment impairments (lakes),

125–126
Inactivation capability of water plants

(See CT values)
Inactivation ratio, 479–481
Inclined settlers, 390–392
Indicator bacteria:

in lakes and reservoirs, 147–148
in streams and rivers, 108–120

density calculations, 109–120
die-off rate, 117–118
membrane filter method, 114–117
MPN method, 109–117
standards for, 117–118

in wastewater, 541–542
Infiltration, 533, 542–551
Influence:

of a dam, 92–95
of a tributary, 95–97

Initial Distribution System Evaluation
(IDSE), 336, 337

Initial DO at beginning of a reach, 11, 13,
75, 89–91

In-lake monitoring, 146–156

Inlets, 562–564
Inorganic chemicals (drinking water),

323–326
Inorganic material (wastewater), 537
Intensity of pressure, 236 (See also

Pressure)
Interceptor wells, 521
Interim Enhanced Surface Water

Treatment Rule (IESWTR), 336, 476
Inverted siphons, 565–568
Ion exchange (water supply), 417–434,

521
leakage, 425–426
nitrate removal, 426–434

Iron removal (water supply), 435–440
Isotropic aquifers, 197
Isotropic turbulence, 45
Jar test, 375–377
Kinematic viscosity, 233
Kinetic energy, 237, 284
Kinetics:

of denitrification, 793–794
of nitrification, 775–786

Kirschmer equation, 582–583
Kozeny equation, 396
Kraus (activated sludge), 673–674
Laboratory measurement of permeability,

189–190
Lagoons (See Stabilization ponds)
LAI (See Lateral area of influence)
Lake budgets, 168–173
Lake evaporation nomograph, 134
Lake use support analysis, 158–168
Lake water quality assessment (LWQA),

140
Lakes and reservoirs, 125–176

Clean Lakes Program, 137–176
evaporation, 131–137
impoundment impairments, 125–126
morphometric data, 126–130
new construction of, 130–131
water quality models, 130–131

Land application (sludge), 845–861
and agronomic rate, 845–846
annual biosolids application rate on

agricultural land, 847
annual whole sludge application rate,

846–847
nitrogen-based calculation, 847–851
phosphorus-based calculation, 851–852
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Land application (sludge) (Cont.):
pollutant limitation-based calculation,

852–853
site evaluation and selection, 847
supplemental potassium (K) fertilizer,

853–861
Langbein and Durum equation, 46
Langmuir adsorption model, 441
Lateral area of influence (LAI,

groundwater), 218–219
Lateral radius of influence (LRI,

groundwater), 219–222
Lawrence and McCarty design equations,

627
Lawrence Livermore National

Laboratory, 447
Lead:

in biosolids, 846, 853
in drinking water, 325
in runoff, 557
in water, 323

Lead pipe, 246
Leakage (ion exchange), 425–426
Leakage in sewer, 542–543, 564
Leakage test (water supply piping),

320–321
Leaking storage tank, 521
Least-squares method, 19
Legionella, 322, 476, 492
Leucothrix, 663
Lime:

in activated sludge process, 663
for phosphorus removal, 754–755,

760–766
sludge, lime, 798, 839
for sludge stabilization, 826
for softening water, 342, 368, 

372–373, 389, 404–411, 426,
460–461, 521

for wastewater stabilization, 812,
826–830

Lime sludge stabilization, 826
Loading rate:

annual pollutant loading rate for
biosolids, 846

areal (stabilization ponds), 
728–731

of nitrification, 778
sludge, 831, 837
solids, 606, 740–741, 802, 806–807, 814,

821–828, 840
street and road runoff, 559–560
surface (overflow), 388–392, 596, 753

Loads:
on sewer lines, 572–574

for buried sewers, 572–574
for trench condition, 573–574

LOAFL (See Lowest-observed-adverse-
effect level)

Logistic curve method (water supply
population estimates), 313–314

Long Term 2 Enhanced Surface Water
Treatment Rule, 335, 337–339

Lowest-observed-adverse-effect level
(LOAFL), 332, 333

LRI (See Lateral radius of influence)
LT2 rule (See Long Term 2 Enhanced

Surface Water Treatment Rule)
Ludzack-Ettinger process (nitrogen

removal), 770
LWQA (Lake water quality assessment),

140
Macroinvertebrate biotic index (MBI),

119–120
Macroinvertebrate tolerance list (IEPA),

893–898
Macrophytes:

in lake use support analysis, 158–167
in lakes and reservoirs, 141–142, 147,

154
in streams and rivers, 6, 54

Magnesium carbonate hardness, 
409, 410

Manganese removal (water supply),
435–440

Manganese zeolite process, 438
Manholes, 564–565
Manning equation, 248–263, 273–276
Manufacturers’ empirical design approach

(RBCs), 719–726
Maps, lake, 126–127
Marston’s equation, 572–573
Mass (apparent mass) (m), 228
Mass balance:

aeration tank, 654–656
microorganism and substrate, 

629–631
secondary clarifier, 657

Mass transfer equation, 213–214
Mass transfer rate, 349–350, 355–356,

454–455
Mass-volume relation (slurry), 799–800
Mattee-Muller model, 355
Maximum contaminant level (MCL,

water), 335, 497, 507
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Maximum contaminant level goal
(MCLG, water):

for carcinogens, 321
for Category I contaminants, 332, 334
for Category II contaminants, 332, 334
for Category III contaminants, 332,

334–335
compliance with standards for, 340–341
development of, 332–335
for disinfectants/disinfectant 

by-products, 494
federal standards (table), 322–331
for radionuclides, 519–520

Maximum daily flow rate, 316, 420–430
Maximum hourly flow rate, 548, 726
Maximum rate for substrate utilization,

629–630
Maximum specific growth rate, 621, 630,

776–777
Maximum yield coefficient, 630
MBI (See Macroinvertebrate biotic index)
MCL (See Maximum contaminant level)
MCLG (See Maximum contaminant level

goal)
Mean cell residence time, 629–631,

657–658, 661, 816
Mean depth:

of lake, 127–129, 195
of stream/river, 3, 73

Mean velocity gradient (G), 378–383
Mechanically aerated systems (activated

sludge), 688–690
Membrane(s):

and disinfection by-products, 502–503
filter method, 114–117
processes, 444–458

description and operations of,
445–449

design considerations for, 449–450
and membrane performance, 450–458
silt density index, 458

treatment strategies, 521
Mercury, 325, 846, 853
Mesotrophic lakes, 157
Metals:

in anaerobic digesters, 813
groundwater contamination by, 212
and ion exchange, 418
in land-applied biosolids, 845, 852,

855, 858
screening of, 581
in sludge, 798
in stormwater, 557

Metals (Cont.):
in wastewater, 537
in water samples, 140, 142
(See also specific metals)

Methane-forming bacteria, 813
Methanes, 345, 729

from anaerobic degradation, 213
in drinking water, 323, 327, 471
in wastewater, 537, 727, 734–735, 813,

816–818
Method of equivalent pipes, 260–261
Methods for lateral radius of influence,

219–222
MF (See Microfiltration)
Microbial contaminants (drinking water):

federal regulation of, 321, 322, 336–339
and membrane filtration, 449
and source water protection, 495, 496

Micrococcus, 791
Microfiltration (MF), 445, 446, 502–504
Microorganism and substrate mass

balance, 629–631
Microthrix parvicella, 663
Mineralization factor (Kmin), 848–849
Minimum daily flow (wastewater), 548
Minimum hourly flow (wastewater), 548
Miscible substances, 216
Mixed liquor suspended solids (MLSS):

composition of, 622
MLSS settling test, 642–648
MLVSS vs., 623

Mixed liquor volatile suspended solids
(MLVSS), 622, 623

Mixed media filtration, 395
Mixing:

public water supply coagulation,
377–380

(See also Aeration)
MLSS (See Mixed liquor suspended

solids)
MLSS settling test, 642–648
MLVSS (See Mixed liquor volatile

suspended solids)
Modified activated sludge processes,

663–681
biological nitrification, 681
complete-mix process, 554
contact stabilization, 671–672
deep shaft reactor, 679–680
extended aeration, 669–670
Hatfield process, 673
high rate aeration, 671
high-purity oxygen system, 674–677
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Modified activated sludge processes (Cont.):
Kraus process, 673–674
oxidation ditch, 677–679
sequencing batch reactor, 674
short-term aeration, 671
step aeration, 667–668
tapered aeration, 666–667

Modified Ludzack-Ettinger process
(nitrogen removal), 770

Modified wetlands, 863
Moisture content (sludge), 800–801, 826,

840
Molar density of water, 346
Molybdenum, 846, 852, 853
Moment method, 19, 23–29
Monochloramine, 468–471
Monod model of population dynamics, 776
Moody diagram, 242, 243, 252, 684
Most probable number (MPN) method

(coliform density), 109–117
MPN method (See Most probable number

method)
Multiport diffusers, 265
Multistage model for carcinogenesis,

517–519
Nanofiltration (NF), 446–447, 502, 503,

505
Nanotubes, 447
National Drinking Water Contaminant

Candidate List (CCL), 332
National Pollution Discharge Elimination

System (NPDES), 459, 580–581, 842
National Primary Drinking Water

Regulations (NPDWRs), 321–331,
494

National Research Council (NRC)
trickling-filter formula, 700–705

National Secondary Drinking Water
Regulations, 321, 332

National Urban Runoff Program (NURP),
556–557

Natural self-purification in streams,
55–76

apportionment of stream users, 79–86
critical point on oxygen sag curve,

64–76
determination of kr, 62–63
oxygen sag curve, 55–62
simplified oxygen sag computations,

77–78
Natural wetlands, 862
NBOD (See Nitrogenous BOD)

Net waste activated-sludge (Px), 633
Newton (N), 228
Newton’s viscosity law, 231
NF (See Nanofiltration)
Nickel, 846, 853, 906
Nitrate:

drinking water standards for, 325
removal in water supply, 426–434

Nitrate effect on kinetics of nitrification,
793–794

Nitrification:
biological, 681, 773–775
combined carbon oxidation-nitrification

in attached growth reactors,
786–791

kinetics of, 775–786
loading rate of, 778
and organic loading rate, 778
OWASA process, 766
and pH, 779–780
with rotating biological contactor,

786–791
temperatures for, 778–779

Nitrifying biofilm properties, 775
Nitrobacter, 774–775
Nitrogen:

biosolids application calculation 
based on, 847–851

in wastewater, 537
Nitrogen control (AWT), 772–796

advanced processes for, 772–773
biological nitrification, 773–775
combined carbon oxidation-nitrification

in attached growth reactors,
786–791

conventional processes for, 772
denitrification, 791–796
environmental effects of nitrogen

compounds, 772
kinetics

of denitrification, 793–794
of nitrification, 775–786

nitrifying biofilm properties, 775
Nitrogenous BOD (NBOD), 10, 16, 74–75,

98
Nitrosomonas, 775–780
NOAEL (See No-observed-adverse-effect-

level)
Nodal method (distribution networks), 264
Nomograph:

for Hazen-William formula, 247
for Manning formula, 250

Nonequilibrium flows (See Unsteady flows)
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Nonisotropic turbulence, 45
Nonvolatile suspended solids, 165
No-observed-adverse-effect-level

(NOAEL), 332, 333, 341
Nozzle coefficient (Cv), 294–296
Nozzle meters, 292, 294
Nozzles:

public water supply aeration, 365–368
NPDES (See National Pollution

Discharge Elimination System)
NPDES permits, 459, 842
NPDWRs (National Primary Drinking

Water Regulations), 494
NRC formula, 700
NRC trickling-filter formula (See

National Research Council trickling-
filter formula)

NTUs (See Number of transfer units)
Nuclear radiation, 519
Number of transfer units (NTUs), 362
NURP (See National Urban Runoff

Program)
Nutrient budget (lakes), 171–173
Nutrient removal, 579, 766–772
OBPs (See Ozonation by-products)
Observed yield (Yobs), 631, 639
Ocardia, 663l
O’Connor and Dobbins equation, 46, 74
Oligotrophic lakes, 157
One-hit (one-stage) model for

carcinogenesis, 517
Ontario, 549–550
Open channel water flow, 272–291

Che’zy equation for uniform flow,
272–273

critical depth, 285–287
hydraulic jump, 287–290
Manning equation for uniform flow,

273–276
partially filled conduit, 276–281
self-cleansing velocity, 281–284
specific energy, 284–285

Operation and control of activated sludge,
649–663

aeration tank mass balance, 654–656
return activated sludge, 650–654
secondary clarifier mass balance, 657
sludge age, 657–662
sludge bulking, 662–663
sludge density index, 650
sludge volume index, 649–650
waste activated sludge, 657

Optimum fluoride concentration, 506–507
Organic chemicals (drinking water),

326–330
Organic compounds, Freundlich

adsorption isotherm constants for,
909–912

Organic loading rate:
and biological nitrification, 778
stabilization ponds, 728–731

Organic matter/material:
anaerobic digestion of, 813, 815
and BOD, 10, 14–15, 18–19
critical concentration for, 778
decomposition of, 52–54, 727, 735
and DO saturation, 44–45
in grit chamber, 586
and iron/manganese removal, 435–438
in lakes, 6, 125–126–166, 151–155, 157
metabolism of, 620–622, 682
in sludge, 797, 800, 841, 844–845
stabilization of, 672, 826–827
in streams, 55–56
transfer of, 696
in wastewater, 535–541, 574–579, 626,

633–634, 678, 727
Organic polymers, 827
Organic sludge deposits:

and natural self-purification, 55–76
critical point on oxygen sag curve,

64–76
determination of kr, 62–63
oxygen sag curve, 55–62
simplified oxygen sag computations,

77–78
in streams and rivers, 52–54

Orifice discharge, 296–297
Orifice meters, 292, 294
Oscillatoria, 714
Osmosis:

definition of, 445
and membrane processes, 444–449
reverse, 445–449, 453–455, 502–504,

521
Osmotic pressure, 445, 448, 450–458
Overall mass transfer coefficient (KL ):

in air, 349
in liquid, 349–350, 355–356, 

358–359
Overall use of lake, 165
Overflow rate (water supply

sedimentation), 388–390
OWASA nitrification process (phosphorus

removal), 767
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Oxidation, 522
of ammonia, 469–470, 626, 775–777
by chlorination, 464
chlorine dioxide for, 471–472
of domestic sewage, 30
for iron and manganese removal

(water), 342–343, 365, 436–440
of nitrites, 774–775
of nitrogenous compounds, 10
for organic matter, 15–16, 635, 666, 783
of protoplasm, 626
of TKN, 634, 784

Oxidation ditch (activated sludge), 677–679
Oxidation ponds (See Stabilization ponds)
Oxidation rate:

of nitrification, 777, 782
in stream, 32, 49, 52, 55–56

Oxygen:
deficiencies in streams and rivers, 6
transfer and utilization of (activated

sludge), 681–683
Oxygen requirement for activated sludge,

634–635
Oxygen sag constant, 43–45
Oxygen sag curve:

Churchill-Buckingham method, 59–62
critical point on, 64–76
determination of kr, 62–63
natural self-purification in streams,

55–62
simplified computations, 77–78
Thomas method, 59

Oxygen sag formula, Streeter-Phelps,
13–14

Ozonation, 473–474
Ozonation by-products (OBPs), 498, 499
Ozone, 473–474, 491, 492, 498–499
Packed towers, 357–365
PAN (Plant available nitrogen), 849
Pan evaporation, 135–136
Parasites, 322, 842–844
Parshall flume, 302–305, 588
Partially filled conduit, 249, 276, 277
Pascal, 229–231
Pascal’s law, 230
Pathogen reduction regulation (sludge),

842–845
Pathogens (wastewater), 108–109
Paved sludge drying beds, 837–838
PE (Pressure energy), 238
Peak hourly flow (wastewater), 548
Pellet softening (of water), 411–417

Percent capture, 809
Percent saturation of DO absorbed per mix,

88
Perfect gas, 234–235
Performance, membrane, 450–458
Permeability (P), 191–195
PFRP (Process to further reduce

pathogens), 827
pH:

and biofilm densities, 505
and chlorine dioxide, 471–472
and combined available chlorine, 469
and free available chlorine, 464, 465
and nitrification, 779–780

Phelps law, 15–16
Phosphorus:

biosolids application calculation 
based on, 851–852

dissolved, 154–155
in lakes and reservoirs, 154–155
removal (AWT), 753–770, 772

by biological processes, 766–772
by chemical precipitation, 754–766
by lime treatment of secondary

effluent, 760–766
by mineral addition to secondary

effluent, 759–760
in primary and secondary plants,

755–758
in runoff, 558
in wastewater, 537

PhoStrip process (phosphorus removal),
767

PhoStrip II process (nitrogen removal), 769
Photosynthesis, DO in water and, 54–55
Physical conditioning (sludge), 827–828
Physical properties:

of wastewater, 533–537
of water, 233

Pipe network, 258–264
Pipeline systems, 254–258

in parallel, 257–258
in series, 255–257

Pipes:
water flow in, 236–264

distribution networks, 258–264
dividing-flow manifolds, 265
fluid pressure, 236
head, 237–253
leakage test for, 320–321
multiport diffusers, 265
pipeline systems, 254–258
sludge flow, 265
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Pitot tube measurement, 291–292
Plant available nitrogen (PAN), 849
Plastic media:

for rotating biological contactors, 711
for trickling filters, 705

Plate and frame filter press, 833–836
Plug-flow with recycle (activated sludge),

648–649
Point source dilution, 2–3
Point-of-use units, 520
Poise, 232
Pollutants:

biosolids application calculation based
on, 852–853

concentrations, 846, 852–853, 858–859
in lakes and reservoirs, 125–126–166
from runoff, 559–562

Population estimates (water supply),
311–315

arithmetic method, 311–312
constant percentage growth rate

method, 312–313
declining growth method, 313
logistic curve method, 313–314

Porosity, 184–190, 396–399, 442
Potassium, 853
Potassium dichromate, 540
Potassium permanganate, 376, 436–440,

832
POTW (See Public owned treatment

works)
Power requirement for mixing, 378–380,

695–696
Power to pump water (PW), 265
Pragmatic approach:

steps in, 99–106
stream DO model, 92–106

Precipitation, 551–553, 559–560
Preliminary wastewater treatment

systems, 575–576
Pressure (P), 229–231
Pressure energy (PE), 238
Pressure filtration (sludge dewatering),

830–836
Pressure head, 238–239
Primary sedimentation tanks

(wastewater), 607–617
Primary wastewater treatment system,

576–577
Process to further reduce pathogens

(PFRP), 827
Process to significantly reduce pathogens

(PSRP), 826

Pseudomonas, 621, 727
PSRP (Process to significantly reduce

pathogens), 826
Public owned treatment works (POTW),

580–581, 796, 842
Public water supply, 308–525

activated carbon adsorption isotherm
equations, 440–444

aeration and air stripping, 343–368
diffused aeration, 355–357
gas transfer models, 347–355
nozzles, 365–368
packed towers, 357–365

coagulation, 371–380
disinfection, 463–491

chlorination, 464–473
CT values, 477–491
disinfection by-products, 491–506
disinfection kinetics, 474–475
ozonation, 473–474

filtration, 392–403
hydraulics of filter, 396–401
mixed media, 395
size of filter medium, 394–395

flocculation, 380–384
fluoridation, 506–513
health risks, 513–525

assessment of, 515–520
management of, 520–525
potential of, 514–515

ion exchange, 417–434
leakage, 425–426
nitrate removal, 426–434

iron and manganese removal, 
435–440

membrane processes, 444–458
description and operations of,

445–449
design considerations for, 449–450
and membrane performance, 450–458
sild density index, 459
silt density index, 458

population estimates, 311–315
arithmetic method, 312
constant percentage growth rate

method, 312–313
declining growth method, 313
logistic curve method, 313–314

residual from water plant, 458–463
sedimentation, 384–392
solubility equilibrium, 368–371
sources and quantity of water, 308–311
washwater troughs, 401–402
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Public water supply (Cont.):
water quality regulation, 321–342

atrazine, 341–342
compliance with standards, 340–341
maximum contaminant level, 335
maximum contaminant level goals,

332–335
National Primary Drinking Water

Regulations, 321–331
National Secondary Drinking Water

Regulations, 332
Safe Drinking Water Act, 321,

332–335
updates to, 2006, 335–339

water requirements, 315–321
water softening, 404–417

lime-soda, 404–411
pellet, 411–417

water treatment processes, 342–343
Pumping:

cost of, 270–272
wastewater treatment, 568–572
water and wastewater, 265–272
wells, 182–183

QUALZE model, 54, 55
Quantity and characteristics of sludge,

796–801
Quantity of wastewater, 545–548
Racks, 581–586
Radionuclides, 330, 519–520
Radius of influence, 219–222
Rainfall (See Precipitation)
Rapid methods (ultimate BOD), 32
Rapid ratio method, 19, 32
RAS (See Return activated sludge)
RBC (See Rotating biological contactor)
RBCs (See Manufacturers’ empirical

design approach)
Reactors, pellet softening, 411–417
Reaeration, 41–49, 87–92
Reaeration curve, Velz, 87–92
Reaeration rate constant K2, 41–49
Reciprocating pumps, 265
Recirculation, 638, 675, 698
Recreation use impairment index (RUI),

140, 154, 158–168
Rectangular basin design, 612–614
Recycle ratio, 536, 671, 738
Reed-Theriault least-squares method, 19
Reference Dose (RfD) (drinking water

contaminants), 332–335, 523

Regulations:
for biosolids, 831–842
CT values, 477–491
for sludge, 841–861
for water quality, 321–342
(See also Federal drinking water

standards)
Relationship of sediment and SOD, 51
Relative roughness of pipe wall, 

242, 256
Reservoirs (See Lakes and reservoirs)
Residual disinfectant concentration, 476,

479
Residual from water plant, 458–463
Residual production and density, 461–462
Residuals (See Sludge)
Respiration DO in water, 6, 54–55, 98
Retention time:

in activated sludge systems, 658, 664,
716, 779, 820

hydraulic, 478, 627–633, 719
of lake, 128, 130
in secondary tank, 736
of solids, 794
in wastewater treatment, 549, 596, 623,

624
Return activated sludge (RAS), 622,

650–654
Return flow rate, 698
Reverse osmosis (RO), 445–449, 453–455,

502–504, 521
Revised Universal Soil Loss Equation

(RUSLE), 174, 175
Reynolds number (R), 188–189
Risk:

definition of, 514
potential of, 514–515

Risk assessment, 515–520
Risk management, 520–525
Rivers (See Streams and rivers)
RO (See Reverse osmosis)
Rotating biological contactor (RBC,

wastewater treatment), 711–726
advantages/disadvantages of, 

716–717
denitrification with, 794–796
hardware, 712–713
nitrification with, 786–791
process description, 713–716
process design, 718–726
soluble BOD5, 718

RUI (See Recreation use impairment
index)
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Runoff, 551–553
estimation of, 555–556
models, 559–562
National Urban Runoff Program,

556–557
rainfall intensity, 552–553
street and road loading rate, 559–560
time of concentration, 554
(See also Stormwater)

RUSLE (See Revised Universal Soil Loss
Equation)

Safe Drinking Water Act (SDWA), 217,
321, 332–336, 496, 503, 507

Salmonella, 842–844
Salt flux, 451–452
Sand seeding (in pellet softening), 412,

416–417
Sand sludge drying beds, 836–837
SBOD (Suspended BOD), 718
SBRs (See Sequencing batch reactors)
Scour, 593–595
Screening devices (wastewater), 581–586
SDI (Silt density index), 458
SDWA (See Safe Drinking Water Act)
Secchi disc transparency, 153–154
Second-order reaction, 37–41
Secondary clarifiers/sedimentation tanks

(wastewater), 735–742
basin sizing

for attached-growth biological
treatment effluent, 736–739

for suspended-growth biological
treatment, 739–742

mass balance, 657
Secondary (biological) treatment systems,

578, 617–621
Sediment budget (lakes), 171–173
Sediment oxygen demand (SOD), 49–52

dissolved oxygen vs., 51–52
in DO usage, 78–79

Sedimentation:
public water supply, 384–392

inclined settlers, 390–392
overflow rate, 388–390

wastewater treatment, 592–607
compression settling (type 4),

606–607
discrete particle sedimentation 

(type 1), 592–593
flocculant settling (type 2), 600–602
hindered sedimentation (type 3),

602–606
scour, 593–595

Sedimentation tanks (wastewater):
configuration of, 595–600
primary, 607–617
secondary, 735–742
sludge from, 797–798

Seeding sand (in pellet softening), 412,
416–417

Selenium, 325, 846, 853
Self-cleansing velocity, 281–284
Self-purification (See Natural self-

purification in streams)
Semipermeable membranes, 445, 447
Separated sewer systems, 542–543
Sequencing batch reactors (SBRs), 622,

674
Setback zones (groundwater protection),

217–218
Settleable solids (wastewater), 535
Settling velocity:

in wastewater treatment, 592–606, 608,
642, 735, 737

in water supply, 385–388, 395, 399
7-day, 10-year flow, 3–4
Sewage (See Wastewater)
Sewage sludge (See Biosolids)
Sewers/sewer systems, 542–543

appurtenances, 562–568
buried, 572–574
combined sewers, 543–544
construction of, 572–574
depressed (inverted siphons), 565–568
hydraulics for, 562
inverted siphons (depressed sewers),

565–568
manholes, 564–565
self-cleansing velocity in, 281–284
separated systems, 542–543
street inlets, 562–564

Shannon-Weiner diversity index, 
107–108

Shoreline development index, 127–129
Short-term aeration (activated sludge),

671
Silicon tetrafluoride, 507–508
Silt density index (SDI, water), 458
Simplified oxygen sag computation, 77–78
Site evaluation and selection (biosolids

application), 847
Slope:

of energy gradient line, 246, 273
vegetated submerged bed system

design, 878, 879
Slope method, 19–23
SLR (See Sludge loading ration)
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Sludge (residuals), 796–861
activated, 618
age, 635, 658–662, 671, 820
collector, 612–613
conditioning, 827–828
dewatering, 828–840

centrifugation, 836
pressure filtration, 830–836
sludge drying beds, 836–840
sludge drying lagoons, 839–840
vacuum filtration, 828–830

flow in pipes, 265, 636, 796–809
lime, 798, 839
loading rate, 831, 836–837
mass-volume relation, 799–800
moisture content, 800–801
from primary/secondary/tertiary

processes, 797–798
production of, 633
public water supply, 458–463
quantity/characteristics of, 796–801
regulatory requirements, 841–861

land applications, 845–861
pathogen reduction, 842–845

settleability, 649–655, 671, 740
sewage sludge biosolids, 840–841
stabilization, 812–827

aerobic digestion, 820–826
anaerobic digestion, 812–815
composting, 826–827
egg-shaped digesters, 820
gas production, 815–820
lime stabilization, 826

thickening, 802–812
centrifuge, 807–811
dissolved air flotation, 805–807
gravity, 802–805
gravity belt, 811–812

treatment alternatives, 801
types of, 458–459
use/disposal of sewage sludge biosolids,

841
volume reduction processes, 828–840
wasting, 627–628, 657, 670, 674

Sludge age, 657–662
Sludge bulking, 662–663
Sludge density index (SDI), 650
Sludge drying beds, 836–840
Sludge drying lagoons, 839–840
Sludge loading ration (SLR), 624 (See also

Food-to-microorganism ratio)
Sludge volume index (SVI), 649–650
Slug tests (unsteady flows), 206–211
Slugs (mass), 228

Small systems (water supply), 503–504
SO2 (Sulfur dioxide), 746
SOD (See Sediment oxygen demand)
Soda ash (lime), 404–411
Sodium fluoride, 507
Sodium hydroxide, 822
Sodium hypochlorite, 743, 744
Sodium metabisulfite (dechlorination),

746
Sodium silicofluoride, 507, 508
Soil loss rate (lakes), 173–176
“Sole Source Aquifer Demonstration

program,” 495
Solids:

capture, 380, 581, 809, 833, 836
content, 265, 533–534, 607, 797–800,

802–803, 811, 821, 826–827, 830,
837, 839, 844–845

flux, 642–644
loading rate, 606, 740–741, 802,

806–807, 814, 821–828, 840
retention time, 650, 658, 779, 820
in wastewater, 533–537

Solubility:
equilibrium, 368–371
of gas, 343, 350, 352
at or near room temperature, 904–907
of ozone, 473–474
product constants, 904–907

Solubility equilibrium, 368–371
Solubility product constant (Ksp), 368–371
Soluble biodegradable substrate, 626
Soluble BOD5, 718
Solutions, at or near room temperature,

904–907
Sorption (groundwater), 213–214
Source water protection (SWP), 495–497
Sources and quantities of water, 308–311
Soybeans, 327, 854
Specific capacity (groundwater), 195
Specific energy (He), 284–285
Specific substrate utilization rate, 632
Specific weight (g, w), 228–229
Sphaerotilus, 714
Spillways, weir coefficients of, 94–95
Spores, 501
Stabilization ponds (wastewater),

726–734
aerobic, 734–735
anaerobic, 735
classifications of, 726–727
facultative, 727–735

Stage 2 Disinfectants and Disinfection
By-products Rule, 335–338, 493
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State EPA, 321, 332
State lake classification survey, 139–140
Stationary field monitoring procedure,

46–49
Steady flows (groundwater), 195–196
Step aeration (activated sludge), 667–668
Stoke, 233
Stokes equation for laminar flow

conditions, 386
Stoke’s law, 386–388, 593, 608
Storage tank, leaking, 521
Storativity (S) (groundwater), 185

Cooper-Jacob method, 201–204
distance-drawdown method, 204–206
slug tests, 206–211
Theis method, 198–201

Storm sewers, 542–543
Stormwater:

event mean concentration, 556–559
National Urban Runoff Program,

556–557
quality of, 556–559
runoff models, 559–562
storm drainage system design, 551
street and road loading rate,

559–560
(See also Runoff )

Stormwater management, 549–551
Stream DO model, 92–106

DO used, 98
influence of dams, 92–95
influence of tributaries, 95–97
steps of pragmatic approach, 99–106

Streams and rivers, 1–120
apportionment of stream users, 

79–86
biochemical oxygen demand analysis,

10–13
biological factors, 107–108

algae, 107–108
indicator bacteria, 108–120
macroinvertebrate biotic index,

119–120
BOD models and K1 computation,

14–41
deoxygenation rate and ultimate

BOD, 18–32
first-order reaction, 15–18
second-order reaction, 37–41
temperature effect on K1, 32–37

discharge measurement, 3–4
dissolved oxygen and water

temperature, 5–9

Streams and rivers (Cont.):
natural self-purification in streams,

55–76
critical point on oxygen sag curve,

64–76
determination of kr, 62–63
simplified oxygen sag computations,

77–78
organic sludge deposits, 52–54
point source dilution, 2–3
reaeration rate constant K2, 41–49
runoff to, 308–311
sediment oxygen demand (SOD), 49–52,

78–79
stream DO model, 92–106

influence of dams, 92–95
influence of tributaries, 95–97
steps of pragmatic approach, 

99–106
Streeter-Phelps oxygen sag formula,

13–14
time of travel, 4–5
Velz reaeration curve, 87–92

Street and road loading rate (runoff),
559–560

Street inlets, 562–564
Streeter-Phelps oxygen sag formula,

13–14
Streptomyces, 714
Substrate limited growth, 620–621
Substrate utilization rate (rsu), 539, 630,

632
Subsurface flow wetlands (See Vegetated

submerged bed (VSB) systems)
Sulfur dioxide (SO2), 746
Sulfuric acid (in pellet softening), 412,

416
Supersaturation (DO), 6
Supervisory control and data aquisition

systems, 504
Supplemental potassium (K) fertilizer,

853–861
Surface (overflow) loading rate, 388–392,

722, 753
Surface settling rate, 609–611
Surface tension, 688
Surface Water Treatment Regulations

(SWTR), 340, 476
Surfact process, 716
Suspended BOD (SBOD), 718
Suspended solids effluent standards, 79,

534, 617–618, 753
Suspended solids removal, 753
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Suspended-growth biological treatment,
627, 739–742

SVI (See Sludge volume index)
Swimming, 117, 162
SWP (See Source water protection)
SWTR (See Surface Water Treatment

Regulations)
Synthesis denitrification, 791–793
Tap water, 521
Tapered aeration (activated sludge),

666–667
TARP (Tunnel and Reservoir Plan), 550
TBOD (Total BOD), 718
TC (See Total coliform)
TDS (See Total dissolved solids)
Temperature(s):

and deoxygenation coefficient, 14–15
for nitrification, 778–779
of wastewater, 533

Temperature correction factor:
Arrhenius model for, 474
for gases, 345
in RBC, 722, 788

Ten States Recommended Standards for
Sewage Works, 575

Terminal settling velocity
(sedimentation), 385–388

Tertiary stabilization ponds, 734
Theis method, 198–201
Thermal conditioning (sludge), 827–828
Thiotrix, 663, 717
THMs (See Trihalomethanes)
Thomas method, 59
Time:

of concentration, 554
of travel, 4–5, 183

Time-related capture zones, 183
TOC (See Total organic carbon)
TOD (Total oxygen demand), 10
Toluene (in drinking water), 328
Total BOD (TBOD), 718
Total coliform (TC), 109, 146
Total dissolved solids (TDS, wastewater),

447, 452–456, 534, 579
Total energy head, 256, 284
Total organic carbon (TOC), 10, 156, 427,

499, 500, 535
Total oxygen demand (TOD), 10
Total phosphorus (TP), 154–155
Total solids (TS, wastewater), 534
Total suspended solids (TSS, wastewater),

534, 579

Total volatile solids, 537
Toxic organic compounds, 909–912
TP (See Total phosphorus)
Transmissivity (T) (groundwater),

185–186
Cooper-Jacob method, 201–204
distance-drawdown method, 204–206
in flow nets, 186–187
slug tests, 206–211
Theis method, 198–201

Treatment cost, 87, 126, 168–173
Treatment strategies, 521–525
Treatment technique (TT), 335
Tributaries, dissolved oxygen and, 

95–97
Trichloramine, 468
Trickling filter (wastewater treatment),

853–861
design formulas, 698–711

distributor speed, 707–711
Eckenfelder formula, 705–706
Germain formula, 707
NRC formula, 700–705
for plastic media, 705

filter classification, 698
process description, 696–698
recirculation, 698
sludge from, 797

Trihalomethanes (THMs), 337, 339,
492–494

Triple-sludge process (nitrogen removal),
773

Trophic state index (TSI, lakes), 
156–159

TS (Total solids), 534
TSI (See Trophic state index)
TSS (See Total suspended solids)
TT (Treatment technique), 335
Tunnel and Reservoir Plan (TARP,

Chicago), 550
Turbidity:

and LT2 rule, 337
maximum contaminant level goal for,

322
and membrane filtration, 449
and microfiltration, 445

Two-film theory (gas transfer), 
347–355

Two-resistance layer theory (diffused
aeration), 355–356

Type curve, 199–200
carbonaceous, 34
nitrogenous, 34
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UBOD (See Ultimate (total) BOD)
Ultimate (total) BOD (UBOD), 18–32

logarithmic formula, 30–32
moment method, 23–29
rapid methods, 32
slope method, 19–23

Ultrafiltration (UF), 445–446, 502–504
Ultraviolet (UV) radiation, 463, 497, 499,

742, 747
Uncertainty factor, 332–333, 341
Unconfined aquifers, 180–181

Bouwer and Rice slug test for, 208–209
defined, 180
flows in, 195–196
lateral area of influence, 218–219
storativity in, 185–186
volumetric flow equation, 223
well discharge for, 192–193

Underground storage tanks (USTs),
214–216, 521

Uniform coefficient, 393, 419
Uniform flow, 272–273
Universal Soil Loss Equation (USLE),

174, 175
Unpaved sludge drying beds, 838
Unsteady (nonequilibrium) flows

(groundwater), 198–211
Cooper-Jacob method, 201–204
distance-drawdown method, 204–206
slug tests, 206–211
Theis method, 198–201

Uranium, 330, 519, 520
Urban stormwater management, 549–551
US Environmental Protection Agency

(EPA):
atrazine concentration, 342
carcinogen classification scheme of,

333–334
Clean Lakes Program, 137–138, 156
cost-benefit analysis, 335
fluoride standards, 507
iron standards, 435
Long Term 2 Enhanced Surface Water

Treatment Rule, 335, 337–339
manganese standards, 435
maximum contaminant level goal, 340
Part 503 rule, 841–842, 847
particle removal times, 559
public wells, 183
QUALZE water quality model, 55
and risk assessment/management, 518,

522
Safe Drinking Water Act, 321

US Environmental Protection Agency
(EPA) (Cont.):

Stage 2 Disinfectants and Disinfection
By-products Rule, 335–338

Surface Water Treatment Regulations,
475

uncertainty factor determination,
332–333

wellhead protection programs, 217
wetlands, 862

Use and disposal of sewage sludge
biosolids, 841

USLE (See Universal Soil Loss Equation)
USTs (See Underground storage tanks)
UV radiation (See Ultraviolet radiation)
Vacuum filtration (sludge dewatering),

828–830
Vacuum-assisted sludge drying beds, 

838
Van der Waals force, 372
Vapor pressure, 135, 212, 216, 465
Vegetated submerged bed (VSB) systems,

863, 864, 876–884
Velocity (flow):

in open channel, 291
in pipes, 291–292
self-cleansing, 281–284

Velocity coefficient of nozzle, 365
Velocity head, 237–238
Velz reaeration curve, 87–92
Venturi meter, 292–294
Vinyl chloride (in drinking water), 330,

524
VIP process, 768
Viruses:

in biosolids, 842–844
in drinking water, 322
enteric, 742, 842–844
filtration of, 393
inactivation of, 475–485, 489–491 

(See also CT values)
secondary treatment for, 578
sources of, 108–109
ultrafiltration of, 445, 446
in wastewater, 541

Viscosity:
absolute, 231–232
kinematic, 233
of water, 231–234

VLMP (See Volunteer lake monitoring
program)

VOCs (Volatile organic compounds), 212
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Void ratio, 184, 698
Volatile organic compounds (VOCs), 

212
Volatile solids (wastewater), 535
Volatile suspended solids, 140, 535–537,

623, 775, 820
Volatilization factor, 849
Volume development ratio, 128–129
Volume of lake, 127
Volumetric flow equations, 219–223
Volunteer lake monitoring program

(VLMP), 139
VSB systems (See Vegetated submerged

bed systems)
WAS (See Waste activated sludge)
Washwater troughs (water supply),

401–403
Waste activated sludge (WAS), 653, 657
Wastewater, 531–884

biological characteristics of, 541–542
BOD analysis of, 10–13
chemical constituents of, 537–541
defined, 533
design flow rates, 547–548
effluent standards for, 79
and oxygen resources of streams, 

52–53
pathogens from, 108–109
physical properties of, 533–537
precipitation and runoff, 551–553
quantity of, 545–548
sewer construction, 572–574
sewer hydraulics, 562
sewer systems, 542–543, 562–568
storm drainage system design, 551
stormwater quality, 556–562
and ultrafiltration, 446
urban stormwater management,

549–551
Wastewater lagoons (See Facultative

stabilization ponds)
Wastewater treatment:

activated-sludge process, 621–696
aeration and mixing systems,

681–683
aeration periods and BOD loadings,

623
biochemical reactions, 626
food-to-microorganism (F/M) ratio,

623–626
mathematical modeling of, 627–649
modified processes, 663–681

Wastewater treatment, activated-sludge
process (Cont.):

operation and control of, 649–663
process design concepts, 626–627

advanced, 578–579, 752–796
nitrogen control, 772–773
phosphorus removal, 753–770, 772
suspended solids removal, 753

comminutors, 586
compliance standards, 580–581
dual biological treatment, 726
effluent disinfection, 742–752

chlorine dosage, 743–746
dechlorination, 746–747
process design, 747–752

flow equalization, 588–591
grit chamber, 586–588
preliminary, 575–576
primary (physical), 576–577
primary sedimentation tanks, 

607–617
circular basin design, 614–617
rectangular basin design, 612–614

pumping stations, 568–572
rotating biological contactor, 

711–726
advantages/disadvantages of, 717
hardware, 712–713
process description, 713–716
RBC process design, 718–726
soluble BOD5, 718

screening devices, 581–586
secondary clarifier, 735–742
secondary (biological) systems, 578,

617–621
sedimentation, 592–607

compression settling (type 4), 
606–607

discrete particle sedimentation 
(type 1), 592–593

flocculant settling (type 2), 
600–602

hindered sedimentation (type 3),
602–606

scour, 593–595
sedimentation tank (basin)

configuration, 595–600
sludge treatment and disposal, 

796–861
quantity/characteristics of sludge,

796–801
regulatory requirements, 

841–861
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Wastewater treatment, sludge treatment
and disposa (Cont.):

sewage sludge biosolids, 841
sludge conditioning, 827–828
sludge dewatering, 828–840
sludge stabilization, 812–827
sludge thickening, 802–812
treatment alternatives, 801
use and disposal of sewage sludge

biosolids, 841
stabilization ponds, 726–734

aerobic, 734–735
anaerobic, 735
facultative, 727–735

systems for, 560–562
tertiary (combination), 578–579
trickling filter, 696–711

design formulas, 698–711
filter classification, 698
process description, 696–698
recirculation, 698

and wetlands, 861–884
Water:

clarity, Secchi disc transparency for,
153–154

drinking (See Drinking water)
fluoridation of, 506–513
groundwater (See Groundwater)
physical properties of, 233
public water supply (See Public water

supply)
viscosity of, 231–234

Water budget method (lake evaporation),
132

Water flow:
in open channels, 272–291

Che’zy equation for uniform flow,
272–273

critical depth, 285–287
hydraulic jump, 287–290
Manning equation for uniform flow,

273–276
partially filled conduit, 276–281
self-cleansing velocity, 281–284
specific energy, 284–285

in pipes, 236–264
distribution networks, 

258–264
dividing-flow manifolds, 265
fluid pressure, 236
head, 237–253
multiport diffusers, 265

Water flow, in pipes (Cont.):
pipeline systems, 254–258
sludge flow, 265

Water flux, 451–452
Water hardness:

classification for, 404
lime-soda softening for, 404–411
pellet softening for, 411–417

Water hyacinth, 862–863
Water quality:

Clean Lakes Program, 137–176
federal drinking water standards,

321–342
lakes and reservoirs, 130–131, 

146–156
Water quality models, 55–56, 130–131
Water requirements, 315–321

fire demand, 315–320
leakage test, 320–321

Water softening, 404–417
lime-soda, 404–411
pellet, 411–417

Water table, 180
Water temperature:

and dissolved oxygen, 5–9
in lakes and reservoirs, 148–150

Water treatment processes, 342–343
and disinfection, 491

Watershed management:
for drinking water quality, 321
source water protection, 495, 496

Watershed protection approach (WPA),
146

Wedge-wire (wedgewater) sludge drying
beds, 838–839

Wehner-Wilhelm equation, 732–734
Weight (W), specific, 228–229
Weir coefficients, 94–95
Weir loading, 388, 390, 608–617
Weirs, 297–302
Well function of u (W(u)), 198–201
“Wellhead Protection Program,” 496
Wells, 183–184, 195
Wells, interceptor, 521
Wetlands, 861–884

aquatic plant systems in, 862–863
constructed, 863–884

environmental/health considerations,
864–866

free water surface wetlands, 866–876
vegetated submerged bed systems,

876–884
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Wetlands (Cont.):
defined, 861
modified, 863
natural, 862

Wheat field, 855–861
Whole effluent toxicity, 580
WPA (Watershed protection approach), 146
Wuhrmann process (nitrogen removal), 769

Zeolites, 418, 438
Zinc, 557, 846, 853, 907
Zocloea, 714
Zone of capture (ZOC, groundwater),

183–184
Zones of influence (groundwater),

183–184
Zoogleoa, 727
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