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ABSTRACT

MATHEMATICAL MODEL FOR SCREENING STORM WATER
CONTROL ALTERNATIVES

1

PAUL HOWARD KIRSHEN

Submitted to the Department of Civil Engineering on August 14,
1972, in partial fulfillment of the requirements for the degree
of Master of Science in Civil Engineering.

The general problem of pollution from
combined sewer systems is discussed and control al-
ternatives are described. A linear programming model
for screening the sizes and operating policies of
storage tanks, pipes, and treatment plants is
formulated.

The thesis also discusses a storm water

simulation model and shows how it can be used inter-

actively with the screening model to plan for the con-
trol of combined sewer overflow and local flooding in
the Bloody Run Drainage Basin, Cincinnati, Ohio. The
tesults of this case study indicate that the screening
model and the planning method are reliable.
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David H. Marks

Associate Professor of Civil Engineering
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CHAPTER 1

Introduction

Combined and Separate Sewer Systems

During the last decade, environmental pollution has been re-

cognized as a national problem and the process of identifying the

major causes of pollution has begun. One of the major recognized

causes of water pollution is the overflow from combined sewer systems

(Suhre (1970). A related, though less serious problem is the local

flooding that sometimes occurs from combined sewers.

A combined sewer system is a wastewater collection system

through which flows not only municipal sewage (municipal sewage is

both domestic and industrial wastes) but also storm runoff during

periods of precipitation. The alternative to combined sewer systems

is separate sewer systems. In a separate sewer system, municipal

wastes are transported in separate sanitary sewers while storm run-

off is transported in separate storm sewers. The American Public

Works Association (APWA) (1967) estimated that as of 1962, of the 125

million people served by sewer systems, approximately 54 million

lived in areas served partially or totally by combined sewer systems

and 36 million were served directly by combined sewers. Most of

these people reside in older urban areas where combined sewers evolved

from. existing storm sewers. However, combined sewers are still

being constructed today.

Combined sewers and sanitary sewers usually lead to interceptor



pipes which carry the wastes to municipal wastewater treatment

plants for treatment. Storm sewers lead usually directly to receiv-

ing waters. Sometimes, because of stom runoff, the capacities of

the interceptors are exceeded and all or some of the combined sewage

is diverted untreated directly into receiving waters. This is re-

ferred to as combined sewer overflow. This overflow contributes

to water pollution because it contains both municipal wastes and

storm runoff, which can also be high in pollutants as is discussed

in Chapter II. The excess flows in combined sewer systems are diver-

ted by devices called diversion works or regulators. Such devices

include orifices, leaping weirs, float-operating valves and gates,

siphons etc. The purpose of the overflow regulators is to prevent

surcharging (i.e., the flows becoming pressurized) in the system.

If the flows do become surcharged because of excessive flows, local

flooding can occur as the flows may "backup at inlets and manholes.

This thesis is concerned with preventing both combined sewer

overflow pollution and controlling the local flooding.

Prevention of Combined Sewer Overflow Pollution

The first solution studied by engineers to prevent combined

sewer overflow pollution was the reconstruction of all the combined

systems to separate systems. However, €Cywin and Rosenkranz

(1971) state that this would have cost 48 billion dollars in 1967.

Besides being too expensive, this solution would also be very dis-

ruptive as it would require the excavation and repaving of many
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streets, and it still would not prevent storm water pollution or

local flooding from the storm sewers (storm sewers can also become

surcharged and 'backup").

The Environmental Protection Agency (EPA) as reported by

Cywin and Rosenkranz (1971) is currently advocating the prevention

of combined sewer overflow pollution by using storage to control

runoff, and special wastewater treatment plants to treat the com-

bined sewage. The special treatment plants may be used in con-

junction with the storage facilities and with municipal wastewater

treatment plants. The EPA views storage devices and special treat-

ment plants as unit processes and plans to locate them where they

determine them to be most effective based upon an area's water quality

objectives, combined sewage characteristics, and receiving water

characteristics.

Cywin and Rosenkranz (1971) report that using this "total

systems approach' employing storage and special wastewater treatmenty PP ploying g

plants, it may be possible to reduce the cost of control of over-

flows from 48 billion to 15 billion. The use of storage facilities

can also be used to prevent local flooding.

Storm Water Simulation Model

To aid administrators and engineers in evaluating various con-

crol schemes employing these storage and special treatment facilities

Lager et al, (1971) have developed a storm water simulation model

under the sponsorship of the EPA, from whom the model is available.

0.



This simulation model is a detailed mathematical model which deter-

mines the amount of runoff from a storm, routes the runoff through

a combined (or separate) sewer system with user-specified storage

and treatment devices and operating policies and finally into and

through part of the receiving waters. The model also has the capa-

bilities of determining the amounts and locations of local flooding

as well as determining the water quality at various locations

both in the system and the receiving waters.

Need for Storm Water Screening Model

While the simulation model does accurately simulate the

flow processes through the storage and treatment facilities, it

does not determine the "optimal" sizes, locations or operating

policies of such facilities. "Optimal" usually means most econom-

ical given certain constraints. In this case, the constraints

would be for water quality and water quantity control. What is

needed (and presently does not exist) is another mathematical

model to determine the optimal sizes,locations,and operating policies.

Such a model is referred to as a screening model as it "screens"

the various combinations of control facilities possible and selects

the optimal combination. This means that the simulation model does

not have to be used on an expensive and time-consuming trial and

error basis until an optimal configuration is found. However,

the simulation model is still needed because a screening model,

so that it can perform optimization and be inexpensively solved,

~10-



has to be a less detailed mathematical model of the physical system

t han is the simulation model. This means that the simulation model

is needed to analyze in detail the control configuration suggested

by the screening model and to determine if the suggested configuration

actually meets its objectives. The two models work interactively.

Such an approach has been successfully used in determining sizes,

locations, and operating policies for reservoirs, power plants, and

irrigation facilities in river basins (Maass et al. (1962), Grayman

ot al. (1971)).

Thesis Objective

The purpose of this thesis is to develop a screening model as

described above and to show how it can be used with the storm water

simulation model to plan for a desired level of combined sewer pollu-

tion control and flood control. The model as presently developed

determines the sizes of pipes and the sizes and operating policies

of storage and wastewater treatment facilities in a drainage basin

such that construction and operation and maintenance costs are mini-

mized and the constraints are met that all wastewater that enters

the system receives a certain degree of treatment and that there is

no excessive local flooding because of surcharging in the system.

The screening model that has been developed can also be used

in planning to control pollution and flooding from separate storm

sewers (as can the simulation model) but the emphasis in this thesis

is upon controlling combined sewer overflow pollution and flooding.

=771-—



Chapter Outline

Chapter II discusses the water quality effects of combined

sewer overflows and separate storm sewer discharges. This includes

more detail on why overflows and flooding occur and some examples

of their exact water pollution effects.

In Chapter III the various types and uses of storage and

special wastewater treatment plants are explained. Some other

alternatives for pollution control besides complete separation are

also discussed.

The storm water simulation model is described in detail in

Chapter IV. The description includes what the model does, how the

data is prepared for it, and its accuracy.

Chapter V is a literature review of mathematical programming

applied to water quality management. Most of the models that have

been developed deal with controlling water pollution in rivers.

The screening model is discussed in Chapter VI. This chapter

describes in detail the formulation of the screening model and dis-

cusses some additional uses of the model besides screening.

Chapter VII shows how the simulation model and screening model

can be used together to plan for combined sewer overflow pollution

control and flood control. It also shows how data is prepared for

the screening model. The Bloody Run Drainage Basin in Cincinnati,

Ohio, is used as an example.

The last chapter, Chapter VIII, is a conclusion and summary

of the thesis. It includes a section on suggested improvements in

19.



the screening model and directions for future research.
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CHAPTER II

Water Quality Effects of Combined Sewer Overflows

and Separate Storm Sewer Discharges

Reasons for Overflows and Local Flooding from Combined Sewers

Condon (1970) states that the major reasons that the volumes

of combined sewers are exceeded during storms causing overflows and

local flooding are: underestimation of runoff in desien of the

system , loss of system capacity due to infiltration, and the mal-

functioning and deficiencies of regulators.

He reports that combined sewer systems are usually

designed for 3 - 7 times the dry weather flow (DWF) rate while it

is not uncommon to have 50 to 200 times the DWF rate in urban storm

runoff. The underdesign is due partly to a lack of knowledge of

the runoff process. Incidentally, not only are collector lines and

interceptor pipes underdesigned, municipal wastewater treatment

plants are also often underdesigned. Underdesign of the treatment

plant means that the excessive flowsthat reach the plant are treated

in a less efficient manner than the design flow. For example,

Vilaret and Pyne (1971) report that if a 20 million gallon per day

(MGD) treatment plant has a removal efficiency of 83% of the bio-

logical oxygen demand (BOD) of the influent, and its input is in-

creased to 47 MGD, its removal efficiency drops to50%.

Groundwater enters sewer systems via defects in the systems.

~14-



The water enters mainly through broken or offset joints. Pound

(1971) states that in systems built since approximately 1960, infil-

tration is less of a problem as construction materials and methods

have improved but that infiltration will remain a problem in older

systems as it is not likely that these systems will be replaced for

a long time. However, as repair techniques improve it may be

possible to stop infiltration in these older systems.

The APWA (1970) found the main causes of failure of regulators

to be clogging, silting, and sticking of parts due to lack of lubri-

cation and power failure. Clogging was found to be the most common.

However, even when the regulators are working properly, a water

quality problem still exists as the excess flows are usually diver-

ted to receiving waters by the regulatorscausing overflow pollution.

Other reasons for combined sewer overflows and flooding are

the clogging of sewer pipelines by roots and accumulated debris and

the direct connection of roof gutters, area drains and foundation

drains to the combined sewers in many areas of the country. Over-

flows also occur in many older cities because these cities now treat

the wastes of the surrounding communities. This additional sewage

increases the dry weather flow of these older cities to the extent

that storm water overflows and flooding are quite frequent.

Another reason for overflows and flooding in many urban areas is

because, as the urban areas grew, the increased urbanization of the

drainage basins resulted in higher storm water runoff volumes and

flow rates than were originally designed for. Lastly, overflows

-1 5-



sometimes occur because the combined sanitary and storm sewage is harm-

ful to the wastewater treatment plant process and has to be intentionally

discharged to protect the plant. For example, Pound (1971) states that

the combined storm and sanitary sewage entering the Cakland and Berkeley,

California, wastewater treatment plant contains so much sand and silt

that the sedimentation basin of the plant becomes blocked up and the

sludge digestors must be thoroughly cleaned after such wastes are treated.

Waste Characteristics of Combined Sewer Overflows and Separate Storm

Sewer Discharges

Shown in Table 2.1 are the waste characteristics of combined

sewer overflows and separate storm water discharges gathered by Bucking-

ham et al. (1970) for Washington, D.C., between May and September. The

data are similar to those gathered by Preul and Papadakis (1970) for

Cincinnati, Ohio, by Pound (1971) for Oakland and Berkeley, California,

and Vilaretand Pyne (1971) for Atlanta, Georgia. Shown in Table 2.1 also

are some of the same characteristics for domestic untreated sewage.

Some of the more important water quality parameters that were

measured are biochemical oxygen demand (BOD), chemical oxygen demand

(COD), total suspended solids (TSS), total phosphate, total nitrogen,

and fecal coliform and streptococcus. BOD gives an indication of the

amount of oxygen needed by biological activity to reduce organic

matter to stable compounds. High BOD loadings can result in a decrease

in dissolved oxygen (DO) in receiving waters. The DO level in receiving

waters is a general indication of their water quality. COD measures the

oxygen consumed by both inorganic and organic wastes in an oxidation-
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Table 2.1

Characteristics of Combined Sewer Overflows, Separate Storm Water Discharges and Domestic Sewage
NC ——————— ERA —————— ~ - .

Constituent |Combined Sewer Overflow: Separate Storm Watert

Biochemical Range Mean
Oxygen Demand 10-470 71

Chemical oo

Oxygen Demand

Total Solids

Total Suspended |
Solids

Total Volatile Sus)pended Solids

Total Phosphate

Total Nitrogen |

Ammonia |
Total Coliform
(1000 Counts/100 mi)

Fecal Coliform
(1000 Counts/100 md)!

Fecal Streptococcus
(1000 counts/100 mf)

Leotomer mr

Domestic Sewagett

Strong Medium Weak
300 200 100

1,000 500 250

1,200 700 350

350 200 100

275 150 70

20 10 6

£5 40 20

50 25 12

 n» el pf bl Erad

%

all in concentrations of mg/liter unless otherwise specified

trom Buckingham et al. (1970)

Hfrom Clark and Ungersma (1972)



reduction reaction. Therefore it is useful as a measure of inorganic

as well as organic oxygen demand.

TSS are solids that either float on the surface of wastewater

Or are in suspension in wastewater. TSS are largely removable by fil-

tering and are harmful to receiving waters because they exclude light

2ssential for photosynthetic activity, impair the aestetics of the

water and may be directly detrimental to aquatic life. Total phosphate

is the total amount of dissolved and suspended phosphate in wastewater

Phosphate is a nutrient and essential to the growth of organic material.

Therefore, if phosphate is the limiting nutrient in an ecosystem, its

input can often stimulate the growth of nuisance quantities of algae

and other photosynthetic organisms. Total nitrogen is the total amount

of nitrogen in wastewater. Nitrogen can be in the form of ammonia,

nitrate, nitrite, and organic nitrogen. Of these forms, ammonia, nitrate

and nitrite are essential nutrients, and, if either one is a limiting

nutrient to an ecosystem, it can have the same effect as phosphate.

Fecal coliform and streptococcus are bacteria that inhabit the

intestines of man and other warmblooded animals. If found in wastewater

they are generally evidence of fecal pollution and hence may indicate

the presence of pathogenic bacteria.

As can be seen in Table 2.1, the mean concentrationsof BOD, total

nitrogen, and total phosphate of combined sewer overflows are less than

those of weak domestic sewage. This is to be expected because of the

dilution of storm flows. Actually, as DeFilippi (1970) states, the

BOD of the overflows may be higher because the high solids concentration

-18-



in storm runoff hampers bacterial growth and thus delays biodegra-

dabilities. Therefore the standard BOD test may not determine the

full BOD of the wastes. The COD mean concentration of combined sewer

overflows is between that of weak and medium domestic sewage. The

mean concentration of TSS of combined sewage overflows is approximately

double the concentration found in strong domestic sewage . This is

undoubtedly because of the particles picked up by the storm runoff and

because of the material that has settled in the sewer between storms

because of low flow velocities and is now scoured out by the high storm

velocities.

The BOD, total nitrogen and total phosphate mean concentration

of separate storm sewer flows are considerably less than those of weak

domestic sewage. However, as mentioned previously, the BOD of storm

water discharges may be greater than measured due to the high solids

concentration in the discharge. The COD mean concentration is between

that of weak and medium domestic sewage. The TSS mean concentration of

separate storm sewer discharges is considerably greater than that of

strong domestic sewage. This is accountable to the storm water runoff.

The reasons why urban storm runoff is so high in pollutants is

because, as reported by Sullivan (1970),the rain scavenges air pollutants

out of the air and then flows across roofs and land often covered with

insecticides and air pollution fallout. This land is also sometimes

fertilized with nitrogen and phosphorus and covered with waste products

from pets and birds, and with salts from snow and ice control and phenols

from automobile exhaust. The runoff then flows through gutters which

Psy



may average one pound of debris per day per 100 feet of curb and

finally enters the sewer system through catchbasins. Catchbasins are

devices built to remove heavy grit and detritus from runoff before it

enters the sewer system. However, they also contain stagnate water in

which the APWA (1969) found the BOD to vary from 35 mg/l to 225 mg/l.

Therefore, catchbasins also contribute to the pollution of the entering

runoff. Additional sources of pollution to separate storm sewers are

illicit sanitary and industrial connections.

Water Quality Effects

The water quality effects of combined sewer overflows and

storm water discharges vary according to location because both the

amount of pollutants entering from these sources and the nature of the

receiving waters themselves vary from location to location. However,

the water quality effects can be quite severe because, as shown earlier,

the concentration of some of the constituents of combined sewer over-

flows and storm sewer dischargesare equal to or greater than those of

untreated weak to medium domestic sewage.

Actually, the effects of combined sewer overflows and storm

sewer discharges may be more severe than those of domestic sewage

discharges as domestic sewage is treated in many urban areas before

discharge. Such treatment may result in 80% BOD removal, effluent

TSS concentrations of 6 to 20 mg/l and, if chlorinated, effluents

containing no pathogenic bacteria. The water quality effects of over-

flows and storm sewer discharges may also be more severe because

since storm flow rates are higher than DWF rates, a greater mass of
wo i



pollutants enter receiving waters during storms than during dry

weather.

[t has been determined nationwide by the APWA (1967) that

overflows from combined sewers occur on the average of 28 times per

year and that each overflow lasts for an average of 5 hours.

In addition, the APWA (1967) found that overflows flush into

the nation's waters between 3 and 5 percent of all wastes that enter

combined sewer systems, and that during storms as much as 95 percent

of the sewage entering the system during that time is flushed into

receiving waters. Therefore, while the total annual amount of sewage

entering from combined sewers is small, the "spike" amounts are large.

Sullivan (1970) reports that most overflows are near residentially

or industrially zoned land and are into waters used for either limited

body contact recreation or fishing. More specifically, the APWA

(1967) found that 63.7% of the overflows enter streams, 26.77 enter

tidewaters, 1.7% enter lakes and 1.7Y% enter normally dry water courses.

Examples of Combined Sewer Overflow Pollution

Buckingham et al. (1970) found that in the combined sewer area

of Washington, D.C., overflows at various locations occurred 5 to

16.8 times per month in the summer and 3.8 to 4.7 times per month in

the winter. The average duration of the summer overflows was 24 to

110 hours and of the winter overflows was 26 to 38 hours. It was also

found that there were some overflows during dry weather. Buckingham

et al. (1970) reports that these overflows have contributed extensively
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to the low DO, excessive algal growths, high concentrations of fecal

bacteria and repulsive floating matter in the Potomac Estuary. In

addition, they computed that the expected BOD that would enter the

estuary from the 2 year, 24 hour storm is 160,000 lbs, which is nearly

ten times the recommended maximum allowable daily BOD loading from all

sources in the entire metropolitan Washington area if the area's water

quality objectives are to be met.

Vilaret and Pyne (1971) determined that major sources of water

pollution in Atlanta, Georgia, are discharges from separate storm

sewers, combined sewer overflows and bypasses at the wastewater treat-

ment plant. They calculated that the two week,2 hour storm would

cause anaerobic (no DO in the water) conditions 19 miles downstream of

the study area and that the one year, 2 hour storm would cause the DO

to be 1 mg/l. Mackenthun (1969) states that DO less than 3 mg/l is

harmful to fish populations. The reason why the larger storm resulted

in greater DO is because of the higher dilution and the greater velo-

cities of flow and the deoxygeneration rate was lower during

the larger storm. The DO at this point remained at these levels for

brief periods of time.

As a last example, in the Providence, Rhode Island metropo-

litan area, the overflow problem is so severe that after 0.5 inches of

rainfall in 24 hours the upper half of Narragansett Bay is closed to

shellfishing for 7 days as the allowable coliform count is exceeded.

If the rainfall exceeds one inch in 24 hours, then the upper half is

closed for 10 days. While Wong (1972) realizes that other factors

29



in addition to overflow may contribute to this condition, he feels

that overflows are the main cause.

I'ime Characteristics of Combined Sewer Overflows

Hydrographs and pollutographs (graphs of pollutant concentration

vs. time) of overflows have been collected for several cities in the U.S.

One city is San Francisco, California, where Eckhoff et al. (1968) have

gathered data on the Selby St. combined sewer drainage basin. A

typical set of hydrographs and pollutographs for the basin is shown in

Fig. 2.1. Eckhoff et al. (1968) qualitatively describe their data as

follows,"as runoff commences, the mass of sewage in the downstream

reaches of the sewage system is virtually forced as a plug to the over-

flow structure (the "first flush" effect). Consequently, the initial

overflows generally have the characteristics of raw sewage...... If the

flows are sufficient, the initial (sewage) phase is followed by a

period of scour of materials from the sewer. A majority of the surface

debris is also swept into the sewer system with the initial portions

of intense runoff. Consequently, overflows during the second phase may

be qualitatively the worst. It has been found that during this period

the concentrations of the various constituents in the overflows rose

to 150 to 200 percent of the average dry weather flow values. The

levels of pollutants then decrease to steady-state values, which are

in the range of 10 to 25 percent of dry weather flow values and most

likely characteristic of surface runoff subsequent to the initial

~73~
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washing."' Data similar to this has been found by Buckingham et al.

(1970) in Washington, D.C., for both combined and separate storm

sewers and by Vilaret and Pyne (1971) in Atlanta, Georgia, for com-

bined sewers. Eckhoff et al. (1968) also found that the mean concen-

trations of the pollutants were higher if the antecedent dry period

was greater than one day.

However, not all pollutographs are of these shapes. As

Buckingham et al. (1970) found in Washington, D.C., for short, intense

storms, the concentration of the pollutants increased with discharge

rate and concentrations remained significantly high during the monitor-

ing period. Wright (1970) also states that the "first flush" effect

can occur at any time during a storm. For example, the total suspended

solids can range from a few mg/l to 2000 to 5000 mg/l during a storm.

However, they all agree that a highly concentrated " slug" of pollution

does enter receiving waters with initial overflows.

Local Flooding Effects

The local flooding in basements, underpasses and other low

areas because of surcharging and "backups" in combined sewer systems

is a problem as it causes inconveniences, property damage and health

and sanitation menaces.

lL

Eckhoff, David W., et al. "Characterization and Control of Overflows
from Combined Sewers "sa Proc. of the Fourth American Water Resources
Conference, New York, New York, Nov. 18-22, 1968, pgs. 73-74.
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Summary

The main causes of combined sewer overflows and flooding

are the underdesign of such systems, loss of capacity due to water

infiltration, and maloperationofregulators. The concentrations of

some of the constituents of such flows are equal to or greater than

those of weak to medium untreated domestic sewage. Since these con-

stituents enter receiving waters in such large amounts during storms,

they have severe water quality effects as documented in Washington,

D.C., Atlanta, Georgia, and Providence, Rhode Island. The "first

flush" of sewer systems is always high in pollutants. Lastly, the

local flooding from combined sewers is also a problem.
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CHAPTER III

Control of Overflows and Flooding by Storage and

Special Wastewater Treatment Facilities

As mentioned in the Introduction, the EPA is currently empha-

sizing preventing combined sewer pollution and flooding by controlling

the runoff through storage, by treating the combined wastewater in

specially constructed plants and by combinations of the two. This

chapter discusses these alternatives and several others.

Storage

The purpose of the storage of storm runoff and excessive sewer

flows is essentially to modulate the peak flow rates so that the com-

bined sewage does not flow through the entire system all at once

causing overflows and local flooding. There are basically two types

of storage: insystem and offsystem.

Insystem storage makes use of pumps, valves, gates, inflatable

dams, oversized conduits, and remote sensing and control to store com-

bined flows in the existing sewer system. Condon (1970) reports that

such systems are operating successfully in Milwaukee, Wisconsin, Detroit,

Michigan, and Minneapolis and St. Paul, Minnesota. Suhre (1970) reports

that the Detroit monitoring and remote control system cost 1.35 million

dollars. The system has a retention ability of 150 million gallons.

A supplemental retention basin would have cost 15 million dollars. For

an additional 4 million dollars, another 100 million gallons insystem

retention capacity could have been provided. To get this extra capac-
ri



ity using a supplemental retention basin would have cost 10 million

dollars. Suhre (1970) reports that such a system can be used to

retain 100 percent of the runoff from a small storm for later treatment,

to retain all of the latter part of a large storm (when overflows and

flooding are occurring) for later treatment (probably not too desirable

as highest masses and concentrations of pollutants are in initial flows),

to selectively intercept and store highly polluted flows from special

areas during large storms,and to chlorinate stored wastes during large

storms.

Off system storage is Storage of combined sewer flows in large de-

vices to prevent such flows either partially or totally from over-

flowing or flooding. There are several types of offsystem storage

available. Folding tanks store the flows during the storm and then

pump the stored flows back into the sewer system for regular treatment

and discharge after the storm. Retention tanks are used to provide

either short or long term retention of flows. The stored flows are

discharged to receiving waters after sedimentation and disinfection.

Holding and retention tanks can be located at either the points of

overflow and flooding or "upsystem" where land may be more available

or less expensive. The storage facilities themselves can be either

concrete or earthlined tanks, or deep tunnels and mined caverns as

described by Harza (1968) for Chicago, Illinois, parklands as proposed

for Atlanta, Georgia, by Vilaret and Pyne (1971), urban lakes especially

constructed for this purpose as Neijna et al. (1970) propose for

Washington, D.C., or reinforced synthetic rubber underwater tanks as
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used by Underwater Storage, Inc., and Silver, Schwartz, Ltd. (1969)

in Washington, D.C.. Condon (1970) also states that it may be possible

to store storm water in geological areas of high permeability and

void space.

Special Wastewater Treatment Plants

The special treatment plants constructed for treating storm

water flows must be able to handle extremely high flow rates on an

intermittent basis. Cywin and Rosenkranz (1971) state that the EPA

in considering physical treatment techniques such as fine screening,

microstrainers, dissolved air flotation, chemical techniques such as

polyelectrolyte sedimentation aids, disinfection(chlorination and

ozonization), physical-chemical techniques that include screening and

dissolved air flotation with flotation aids,and biological techniques

such as bio-adsorption and stabilization ponds. Cywin and Rosenkranz

(1971) report that high-rate multi-media filtration and a combination

of screening and dissolved air flotation presently seem to have the

potential for producing good quality effluents. The first process has

been found to remove up to 87% of TSS and an average of 357 of the BOD

in a pilot plant.

The special treatment facilities can be located at either the

points of overflow or flooding, as auxiliary facilities at municipal

Lreatment plants, or next to storage facilities to treat stored water.

Cywin and Rosenkranz (1971) suggest that special treatment plants could

be used to further treat municipal wastewater during dry weather. The
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type and degree of treatment chosen depend upon the water quality

objectives of the area, the characteristics of the wastewater, = and

the characteristics of the receiving waters.

Joint Use of Storage and Special Treatment Facilities

It appears that the most promising method to prevent combined

sewer overflow pollution (and separate storm water pollution) and flood-

ing is the use of both storage and special treatment facilities in a

sewer system. This is because, as Cywin and Rosenkranz (1971) state, it

is very unlikely that an economical treatment plant will ever be devel-

oped that can handle directly the instantaneous flows generated by

storms. The flows will have to be retarded by storage. Furthermore,

if no storage is provided, extra large conduits will have to be con-

structed to handle the peak storm flows. Special treatment plants are

necessary because it is unlikely that storage tanks can be built large

enough to store all the wastes until they can be treated at the muni-

cipal plant (if it is desired to treat all the stored wastes). Special

treatment plants may also be necessary because, as described earlier,

the increased solids concentration of storm flows may upset municipal

wastewater treatment plants.

Other Alternatives for Combined Sewer Pollution Control
 =r Alera aves 10: Lombilned oewer rollution Lontrol

Other alternatives for controlling combined sewer pollution

have been discussed by the American Society of Civil Engineers (1969),

Lager et al. (1971), and Heaney and Sullivan (1971). These include
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placing pressurized pipes within existing combined sewers to carry to

interceptor pipes the comminuted sewage from buildings, increasing the

flow capacity by adding polymers to the sewage to reduce pipe friction,

extending overflow points to locations where there are large bodies of

dilution water, and the construction of relief sewers. Source controls

that reduce the pollution levels of combined and separate storm flows

have also been suggested. These controls include better catch-basin

clearing and street sweeping, eliminating the use of home garbage

grinders, and periodic flushing of the sewer system to flush out

solids that settle between storms.
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CHAPTER IV

Description of the Storm Water Simulation Model

General Description of the Model

The storm water simulation model developed by Lager et al.

(1971) for the EPA is a detailed, mathematical, computer-based model

that can determine the amount of runoff from a storm, route the runoff

through a combined (or separate) sewer system with user-specified

storage and treatment facilities and operating policies, and finally

into and through part of the receiving waters. The model also has the

capability of determining the amounts and locations of local flooding

as well as determining the water quality at various locations both in

the system and in the receiving waters. The model itself consists of

over 10,000 FORTRAN statements. The printed output of the model can

contain both tables and graphs of hydrographs and pollutographs of

BOD, coliform and total suspended solids at various user-selected

points in the system and in the receiving waters. This allows the

user to evaluate the effectiveness of his control scheme. The actual

computer simulation is done by 5 main groups of subroutines referred to

as blocks. The results of each of the blocks are stored on computer

storage devices and are used as part of the input to other blocks.

Executive Block

The Executive Block is always the first block used and is

in charge" of the rest of the model. It calls the other blocks when
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needed and all interfacing between blocks goes on through this block.

Watershed Block

The Watershed Block routes the rainfall over the drainage

basin and through the smaller gutters and pipes of the sewer system

into the main sewer pipes. This block also determines the pollution

load of the runoff entering the system. To use this block, the user

must input the time history of the hyetograph of the design storm and

a discretization of the drainage basin. The basin is discretized into

sub~basins of constant land form characteristics. The locations and

characteristics of the gutters and pipes also have to be described.

In addition, the user must input street cleaning frequency and catch-

basin data as well as the land use and other features of the different

areas of the basin.

Transport Block

The Transport Block routes the storm runoff (as determined by

the Watershed Block), the dry weather flow,and the water that has in-

filtrated into the system through the main sewer pipes, and through a

maximum of two optional "internal" storage tanks. The flows are routed

to a maximum of 5 outlet points. If flows become surcharged, and "back-

up" the flooding is assumed to occur at the closest upsystem manhole.

In addition, this block determines DWF quality and quantity, the amount

of water that infiltrates into the system, the water quality

of the flows in the system, and calculates the capital, land, and
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operation and maintenance costs of the "internal" storage tanks.8

To model the system, this block requires that the sewer system be

discretized into pipe segments of constant size, slope, and type

joined by either manholes, control structures such as flow dividers,

or "internal" storage tanks. An "internal" storage tank is de-

scribed by its size, shape, outlet device, and unit cost. The outlet

device can be either a pump specified to go on or off at a specified

tank depth, a weir, or an orifice. The outlet device is used to

specify the operating policy of the storage tank.

The DWF quality and quantity entering the sewer system are

calculated by inputting to the model such parameters as daily and

hourly pollution correction factors, land use and population of the

subareas, and average market value of the dwellings in a subarea.

[f more exact data is available such as average BOD of flows, this

can be used in place of some of the other data.

Infiltration is calculated by estimates of base dry weather

infiltration and groundwater and rainwater infiltration, and such

parameters as average joint distance. The use of the subroutines

calculating DWF quality and quantity and infiltration is optional.

Storage Block

The Storage Block simulates the changes in the hydrographs

and pollutographs of the sewage as the sewage flows through one

optional special wastewater treatment faculty. The facility has to

be located at one of the outfalls specified in the Transport Block.
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The treatment process is chosen by the user to consist of a sequence

chosen from the following unit processes: "external" storage (same

as "internal" storage except that it is located adjacent to an outlet

of the sewer system), bar racks, fine screens, dissolved air flo-

tation, sedimentation tanks, microstrainers, high rate filters,

effluent screens, and chlorinators and other chemical dispensers. The

user can specify the sizes of the treatment processes or else can spe-

cify that the model is to select the sizes of the processes (except

for "external" storage) such that a certain user-selected percentage

of the peak flow receives treatment. The Storage Block also has the

capability of calculating the capital, land, and operation and main-

tenance costs of the treatment processes chosen. The user has the

option of either specifying the unit costs or using default values

provided by the simulation model.

Receiv ing Water Block

The Receiving Water Block models the hydraulic and water

quality effects of the effluent from the sewer system in a receiving

body of water. Its flow input comes from either the Transport Block

or the Storage Block, or both. To determine the resulting hydraulics,

which determine the resulting water quality, the receiving body of

water is discretized by the user to consist of a network of nodes

connected by channels. Each channel is of constant surface area and

cross-sectional area. Flow characteristics such as tidal periods can

also be specified.
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Accuracy of the Simulation Model

To determine the accuracy of the pollutographs and hydro-

graphs produced by the simulation model, Lager et al. (1971) compared

simulation results with measured values. To verify the other features

of the model, Lager et al. (1971) had to rely upon engineering judge-

ment

Shown in Fig. 4.1 are some measured and computer hydrographs

and pollutographs for a storm over . the Bloody Run Drainage Basin in

Cincinnati, Ohio. As can be seen, the model accurately predicts the

shapes of the graphs but generally underestimates the amounts of run-

off and pollutants. Lager et al. (1971) state that this is probably

because the input hyetograph and flow measurements may have been in-

accurate, no gutter pipes were modelled in the Watershed Block, and

the drainage basin consisted of an unusually large amount of open

land and parks which seem to contribute continuous amounts of pollu-

tants which the model does not account for.

To verify the effect of storage upon pollutographs and hydro-

graphs, Lager et al. (1971) had data available from the Selby St.

Drainage Basin, San Francisco, California. They found what they

considered to be generally exceptionally good results.

Since Lager et al. (1971) also judged the other features of

the model to be adequate, it appears that the simulation model is

accurate enough to determine the amounts and effects of combined

sewer overflow and flooding and the effects of different control

alternatives.
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CHAPTER V

Literature Review

While there is no literature on mathematical programming

directly concerned with the control of combined sewer overflow and

flooding, there is a considerable amount on mathematical programming

applied to locating wastewater treatment facilities in river basins.

Thomann and Sobel (1964), Deininger (1965), Sobel (1965),

Liebman and Lynn (1966), Revelle et al. (1968), and Camp, Dresser and

McKee, Consulting Engineers (1969), all develop models that determine

the specifications for treatment plants or other water pollution con-

trol facilities such that various stream standards are met. The

plants or facilities are to be located along a river. Regionalization

of treatment plants or facilities are not considered. Depending upon

the paper, the objectives for choosing control levels include mini-

mizing the total treatment costs, maximizing the benefit-cost ratio,

minimizing dissolved oxygen variance, minimizing total pollution

load to the river, maximizing the length of the river that meets stream

standards, minimizing the expected value of the treatment cost, and

minimizing the combined cost of wastewater treatment and water supply

treatment. Both linear and nonlinear programming techniques are

used,

Graves et al. (1969) illustrate that by piping effluents

usually discharged into the reaches of low assimilative capacity of

a stream to reaches of higher assimilative capacity, the general over-

all water quality of the stream, specifically the amount of dissolved
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oxygen, can be improved. The assimilative capacity of a certain reach

could be low because of either heavy pollution, natural reasons, Or

else both. The problem is formulated as a large scale linear program

where the number of variables greatly exceeds the number of constraints.

The constraints are the dissolved oxygen requirements, and the objective

function is to minimize the piping costs. The economies of scale of

piping are taken into account by the cost coefficients so that the ob-

jective function can remain linear. A computationally efficient primal-

dual algorithm is used to solve this problem. The algorithm uses a

"truncated tableau" containing only a number of variables equal to the

number of constraints plus one, the other elements being generated as

needed. Graves et al. also suggest using the values of the dual va-

riables to allocate the piping costs to the users.

Deacon and Giglio (1971) study whether or not having multiple

outfalls from a treatment plant is a more economical technique of

maintaining water quality than having only one outfall from a treatment

plant of a higher efficiency. The reason why the former may be more

economical is because it uses the natural assimilative capacity of the

stream to aid in the waste treatment process more effectively than

does one outfall. Of course, in the former, the piping costs are

greater. Deacon and Giglio determine that having more than one outfall

is more economical and, using an integer programming technique (im-

plicit enumeration), they develop a method of locating outfalls and

determining plant efficiencies such that the stream dissolved oxygen

standard is always met and the costs of treatment and transport are
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minimized. The costs are taken as nonlinear.

Graves et al. (1970) consider the problem of determining the

correct mix of regional treatment plants, source treatment plants and

by-pass piping to achieve the dissolved oxygen standards in an estuary

at a minimum cost. The costs of source treatment are taken to be

piecewise linear. The costs of the regional treatment plants are fit-

ted to equations approximating their cost curves, and the costs of

piping are taken from the paper of Graves et al. (1969). The problem

1s formulated as a nonlinear program with a concave cost function. It

is solved using essentially a gradient algorithm. Graves et al. apply

this method to a 84 mile stretch of the Delaware River. They find that

the cost of obtaining the dissolved oxygen goal is significantly less

using a combination of regional treatment plants, source treatment

plants, and by-pass piping instead of only using source treatment.

They also discuss a possible method of charging the polluters for a

regional system. The method is based upon the savings the polluters

achieve using the regional system instead of only source treatment.

They also suggest making the right to pollute saleable.

Sobel and Marks (1972) consider a problem similar to that of Graves

et al. (1970). The problem is to determine the necessary increases in pre-

sent treatment efficiencies, the locations, sizes and efficiencies of re-

gional treatment plants, the placement of pipes, and the specification of

flows such that total system costs are minimized and water quality

objectives met. The method of solution chosen is a heuristic algorithm

because of skepticism of the nonlinear programming algorithm of
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Graves et al. (1970) to converge for moderate sized problems. The

method of Sobel and Marks requires partitioning an area into subsets

possibly served by regional treatment plants, determining the optimal

treatment efficiencies and pumping and piping configurations within each

subset and finally determining the flows of untreated wastewater between

partitions. The application of the method to the Clear Lake and Clear

Creek Drainage Basin in Texas is then discussed. The method could not

be applied as sufficient data was not available.

From pipeline network cost equations developed for metropoli-

tan areas and from treatment plant costs developed by the U.S. Public

Health Service and others, Gemmell et al. (1971) observe that for a

metropolitan area centralization of waste treatment plants may not be

optimal. This is because most cities in the U.S. have low population

densities for which the diseconomies of scale of pipeline networks

(diseconomies of scale in this case means that the unit cost of a pipe-

line network increases as the size of a constant population density

service area increases) outweigh the economies of scale of centralized

treatment plants. This results in a least cost configuration of small

service areas with a separate treatment plant instead of large service

areas with centralized treatment plants. Gemmell et al. also find

that for high density areas, the least cost service area is rather

insensitive to decentralization or centralization of treatment faci-

lities. They also mention that more than one plant may be optimal in

terms of water quality because then the treated waste products could be

dispersed into the receiving body of water or bodies of water from more
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than one outfall. However, the authors do add the consideration that

centralized plants may be better because they are generally operated

more efficiently. If this is the case, they suggest using a compromise

solution such as a centralized treatment plant with multiple collection

networks.

Wanielista and Bauer (1971) consider the problem of what

should be the capacities of the existing treatment plants of a sewer

system and of a possible regional treatment plant such that the total

capacity will be large enough to handle the domestic and industrial

levels projected for the next 20 years. The problem is formulated as

a network. The nodes are the location of the existing treatment plants

and the predetermined site of a possible regional treatment plant.

The arcs are the pipelines. The decision variables are the future

capacities at each site and the pipeline volumes. Apparently, it is

assumed that the type of treatment at each site remains the same as

before. It is not made explicit how the type of treatment at the re-

gional plant is determined. However, limits are set on the amount of

effluents that can be discharged at each site. This is done for water

quality purposes. The costs of treatment and piping are considered

to consist of fixed and variable costs. A mixed integer programming

algorithm is used to solve the problem. When this method is applied

to a 125 sq. mi. area in Florida, the least cost solution is that a

large regional plant should be built and an existing plant expanded.

Bauer and Wanielista report that this solution is about 10% less ex-

pensive than expanding each plant individually to meet the projected

demands.
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Bhalla and Rikkers (1971) study the problem of where should

regional treatment plants be located in a region, when should they be

constructed and what capacities should they have given the changing

pollution loads of each community in the region and the objective of

treating all wastes most economically and maintaining water quality.

In addition, they study for how long should a community be served by

a particular plant before being served by a larger plant. No expansion

of the plants is allowed after they are built so that the capacity of

a plant once it is constructed must be large enough for its maximum

assigned load. The problem is formulated as a multi-time period faci-

lities location model with fixed and variable costs for the plants and

pipelines. In this type of formulation it is assumed that there are

certain possible sites available for the facilities (the treatment

plants) to serve the demand centers (the communities). The model is

solved by a heuristic algorithm based upon known economic trade-offe

to obtain a good solution (since it is not computationally feasible to

obtain the optimal solution using a rigorous mathematical approach, a

"good" solution, which is probably near optimal and computationally

feasible, has to be determined instead). Water quality is considered

by assuming that at each facility site a treatment plant of a certain

efficiency exists, independent of the efficiencies of the other plants.

If these efficiencies are found to be inadequate to maintain water

quality, they are readjusted. In the test case involving the waste

treatment system of the Lower Pioneer Valley Region in New England

(a region of approximately 650 sq. miles containing 15 small towns),
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Bhalla and Rikkers find that the "best" solution is that all the

wastes should be treated at a regional plant. Lastly, Bhalla and

Rikkers point out that the problem of when should a plant be built,

what should be the initial capacity of that plant and the subsequent

expansions of that plant as the loads on it increase can be determined

using an existing integer programming algorithm once the problem they

have initially posed has been solved.

Chi (1970), also studies a dynamic problem. He idealizes

a wastewater system to consist of n sources of pollution (either

communities or industries) spaced along the banks of a river and con-

nected by a common sewer line and receiving secondary treatment at the

source. The secondary effluent can be either discharged directly to

the river, receive tertiary treatment and then be discharged, or else

be exported to another reach where it can be discharged directly or

receive tertiary treatment. Chi's model tries to determine when,

given a planning period with changing pollution loads, each plant and

pipeline should be put into use or expanded such that the dissolved

oxygen standard is met and the cost is minimized. The piping and

treatment costsare taken from cost equations developed in the thesis

and are nonlinear. Chi determines a near optimal or optimal solution

to this problem by using a random search technique.

Value of the Literature to the Development of the Storm Water Screening

Model

The major value of the literature to the development of the

storm water screening model is the way the various authors meet the
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water quality objectives. Papers similar to that of Graves et al.

(1969), and Revelle et al. (1968), use explicit techniques based upon

either the work of Thomann (1963) or the Dobbins-Camp equation to meet

the water quality objectives. The techniques make use of linear systems

theory. As described by Sobel and Marks (1972), the methods assume

that coefficients 24 can be determined that when multiplied by a

waste reduction at j, ys give the water quality improvement at i.

If b. is the required water quality improvement at i, and there are

n waste discharges and m reaches of the river, then the constraints

n

2 a.
Zo) fig My 2h 3 1... (5.1)

must be satisfied to achieve minimum water quality. The x's are

decision variables in mathematical programming models and are related

to the sizes and efficiencies of the treatment plants.

The other method used to meet water quality objectives is

similar to that used by Bhalla and Rikkers (1971). In this implicit

method, the efficiencies of the treatment plants are assumed, and

their sizes determined. If the efficiencies turn out to be too low

to meet the water quality objectives or too high, the problem is re-

solved with adjusted treatment efficiencies.

The method of meeting water quality objectives chosen in this

thesis is similar to this last method as is discussed in Chapters

VI and VIT.
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CHAPTER VI

Storm Water Control Screening Model

The purpose of the storm water control screening model is

to determine the sizes and operating policies of pipes and storage

and wastewater treatment facilities in a sewer system such that the

total cost of the pipes and facilities is minimized. The model

specifies that all stom water runoff and dry weather flow that enters

the system during the screening period receive treatment and that there

is no excessive local flooding because of system surcharging. The

storage facilities possible to size are offsystem facilities (such as

tanks)andinsystemstoragepipes.Theoperatingpolicyofastorage

or treatment facility describes how flows should enter or leave the

facility. The model is a linear programming model, chosen because

the problem could easily be put in the form of a linear programming

nodel and inexpensive computer codes are readily available to solve

linear programming models.

Linear Pro gramming Models

Linear programming models are mathematical optimization

models. They can be used to determine the allocations of resources to

a project such that the cost of employing such resources is minimized

and the resource allocation meets certain constraints. The amounts

of the resources allocated are referred to as decision variables. The

function which determines the total cost of employing the resources is
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called the objective function. The allocation constraints form the

constraint set. Both the objective function and the constraints have

to be linear. To be physically feasible, the decision variables have

to be non-negative. The optimal solution of a linear programming

model is the set of values or activities of the decision variables

that minimize the objective function subject to the constraints. Com-

puter codes, such as IBM's Mathematical Programming System Extended

(MPSX) (1971), can inexpensively and quickly solve linear programming

models. A further description of linear programming can be found in

Wagner (1969).

In the stormwater screening model, the decision variables are

storage tank sizes, pipe sizes, treatment plant sizes, and

flow amounts. The objective function is the total cost of the fa-

cilities. The constraint set contains constraints to show physical

continuity, size facilities and specify water quality objectives.

Discretization of the Drainage Basin

To apply the screening model to a drainage basin, the

drainage basin has to be divided into nonconduit and conduit

elements. The nonconduit elements are storm water runoff and dry weather

flow (DWF) inlets, feasible locations for storage tanks and special

treatment plants, and existing locations of municipal treatment plants

(Throughout the rest of the discussion, it is assumed that municipal

treatment plants already exist in a drainage basin. If such plants do

not exist or are not to be used during the storm, the appropriate
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variables should be set to zero). The conduit elements are the

existing sewer pipes and potential pipes that connect nonconduit

elements. The locations of the potential pipes and storage and

treatment facilities are chosen by the user. For example, shown

in Figure 6.la is an existing sewer system. If it was desired to

determine the optimal sizes and operating policies of storage tanks

at locations C, E, and I and of a special treatment plant at B,

the system might be discretized as in Figure 6.1b. Shown also is

the modelling of a possible relief sewer between E and C.

Division of the Screening Time Period
ere errtp creat ree rmseestoretme eetentt researc.

The screening model formulation requires that the total

screening time period be divided into equal time intervals. The

length of the total screening time period is usually the time it takes

for all the storm water runoff to enter the sewer system from the

design storm. The inflows from the storm runoff and dry weather flow

that enter the system during each time interval must be specified by

the user. The initial flow conditions are assumed to be DWF conditions.

I'he model determines the optimal amounts of flow, storage and treatment

during each time interval, i.e., the optimal operating policies of

the different parts of the system.

Continuity Constraints

I'he continuity constraints insure that all the flows that
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enter either a nonconduit element (hereafter referred to as a node)

or an insystem storage pipe either leave that node or pipe or are

stored at that node or pipe. A continuity constraint is written for

cach node in the system, for each location where there is an insystem

storage pipe, and for each time interval of the screening period.

The continuity constraint written for each node i is of

-he form

)
i LF er¥ S41 + 3 Jji,t Tig LF.

k ikt It
( AL=

This equation says that the inflow into node i during time interval

t, Qs plus the previous amount of flow stored at i during the

last time interval , Si, t-17 plus the sum of the inflows from upsystem

that enter i during t from nodes Jj , ‘Fite must equal the

sum of the flows that leave node i for nodes k J during t plus

the amount of flow stored at i during t. Tyg is the time of travel

of the flow from j to i in time intervals. The flow can be entering

or leaving from an existing pipe, or a potential relief sewer or in-

system storage pipe. The outflow could also be to a special or municipal

treatment plant. The units of all the variables in Equation (6.1) are

~ubic feet.

To clarify this continuity constraint, shown below is how it

would be written for node C in Figure 6.1b for time interval two,

i.e., t = 2. The times of travel in time intervals between D and C.

E and C, and G and C are 0 1, 1, time intervals respectively-

_5(0)—



ri.e0; he © 0, Toe = Toc 1)

2 * Sci * Foca tT Foer * Fre = Fea t Fem tT Seo (6.2)

[he constraint written for an insystem storage pipe between

nodes k and 1 (i is upsystem of k) is,

 | ike tT Shik e-1 © FPype t SI 6. 1)

This constraint requires that the flow that enters the pipe

between i and k from i during t, FL. p&gt; plus the amount of

flow stored in the pipe during the previous time interval, SLoy e-1
,t-

equal the amount of flow that flows through the pipe during t,

FD, eo plus the amount of flow that is stored in the pipe during t,

SL. pee The units of these variables are cubic feet.

As an example, suppose in Figure 6.1b it was desired to

model insystem storage in the pipe between nodes H and G. Assume

the time of travel of the flow between I and H is 1 time dnterval

and the constraint in being written for time interval 2. For node H

the continuity equation would be written

2m 4 Frm = FI HG? (6.4)

For the pipe between H and G the continuity equation would be

Flugo t SIyey = FD, + STi (:.5)

The continuity equation for node G would be, if the times

of travel between H and G, and J and G are one time interval,

=
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Sizing Constraints

The purpose of the sizing constraints is to insure that the

volumes that flow through the system or are stored in the system do

not exceed the capacities of the pipes and of the treatment and stor-

age facilities in the system. In addition, the sizing constraints allow

the optimal capacities of the pipes and treatment and storage facili-

ties to be found if these capacities are decision variables. These con-

straints are written for every pipe and treatment and storage facility

in the system and for each time interval of the screening period.

For an existing pipe between i and Jj, the sizing constraint

 =)

 Cc £,,
“Eo &lt; puax

— is
At

‘6.74

EMA, + is the discharge in cubic feet per second (cfs) in the pipe

between i and j when the pipe is flowing full but is not surcharged.

[t is a constant. When this discharge is exceeded, backups can result.

Therefore the flow value should not exceed this amount. t According to

 I———  re————————

|
Actually, the maximum discharge in a circular pipe under open channel
flow conditions is 1.066 FMAX ; and occurs when the water depth to
pipe diameter ratio is 0.90. J However, for our purposes, we can

assume the maximum discharge possible is FMAX. , .

~ J)



Fair, Geyer, and Okun (1966), this value can be found from Manning's

formula

FMAX,, = Q = A 49 4
6.8

Nn

¥

where Q is the discharge (cfs) of the full pipe, A 1is the cross-

sectional area of the pipe (ft? ), n is the coefficient of rough-

less, r 1s the hydraulic radius (feet) and S is the slope.

To make the units compatible in Equation (6.7), Fie the

flow fromi to j during t in cubic feet has to be divided by the

length of the time interval in seconds, At, to obtain the average

pipe discharge during t. c¢ is a pipe flow coefficient. It is

usually the peak to average discharge ratio (i.e. greater than 1.0).

Such a coefficient is necessary in this case because HE is the

average flow between i and j during t, and, if it fe required

that there is no local flooding, the peak flow that occurs during

also has to be contained within the pipe. If it is assumed that

during a storm the sewer pipes flow on the average 70 percent full,

(i.e. the water depth to pipe diameter ratio is 0.70) then, according

to Fair, Geyer and Okun (1966). the ratio of the average pipe dischar-

ge to the full pipe discharge would be .838 or the peak to average

flow factor would be 1.000 or 1.19. However, the coefficient c

can be set at a value sm 1.0 if a user decides that some minor

local flooding is acceptable. For such a case, the value of c¢

could be set to 0.8.

If the flow between two nodes is to be in a pipe that is to be

constructed, the constraints
I



cE, ,

LS CAPAC,At

“rT
Li

&lt; CAPMAX
i

 9)CL.

(I“)

are written. CAPAC, , is a decision variable and is the capacity

needed in cfs of the pipe to be built between i and j. The

constraint, Equation (6.9), "sizes" the pipe capacity by choosing

that value that is the maximum of the adjusted flows through the

pipe , Tue . Equation (6.10) insures that the capacity chosen

is less than or equal to the maximum physical feasible size,

CAPMAX, . » which is a user—-determined constant.

To model increasing the capacity between the nodes already

connected by a pipe by laying an additional pipe between i and

the constraints needed are:

CAPAC.,
id

cF

APAC..&lt; C AC,,
Tn &lt;Jt

FMAX,. + ADDCAP
fA

ADDCAP,, &lt; CAPMAX..
iy = id

(6.11)

(6.12)

(6.13)

Equation (6.12) specifies that the maximum adjusted flow

between 1 and Jj has to be less than or equal to the existing

capacity between 1 and j, FMAX,,, plus the capacity of the

=A



additional pipe to be constructed next to the existing pipe,

ADDOAR, , » a decision variable. This equation also "sizes" the

additional pipe. Equation (6.13) specifies that ADDOAT,, , has to be

less than or equal to the maximum additional capacity it is possible

to physically construct between i and j, CAPMAX, 47 a user deter-

mined constant.

The sizing constraint written for an insystem storage pipe

between i and Jj requires that the volume stored in the pipe

during t in cu.ft., 8yier plus the corrected volume that flows

through the pipe during t, CFD; sr/nt » be less than or equal to the

volume of the pipe. This constraint is written below:

T

do.
|

cED.,,
age L. -

At
a, .

1-
(5.14)

Lys and Bi; are the length and cross-sectional area of the

insystem storage pipe respectively. As is a decision variable.

The following constraints are also needed for an insystem storage

pipe.

CFD...IE ALL eV.
—— hl 1]A

l=. FMAXDS,&lt;
CFD. + .———

A

(5.15)

‘6.7:3)
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Equation (6.15) says that the corrected discharge between i and J

“FD; se &gt; can not exceed the capacity available, Ay : Vis » Where

yy is the flow velocity between i and j when the pipe is full.

EMAXDS 4 is the capacity in cfs of the pipe immediately downsystem

of the insystem storage pipe. Therefore Equation (6.16) says that

the corrected flow rate through and from the storage pipe can not

exceed this downsystem pipe capacity. If the insystem storage is to

be provided in a potential conduit between points or by replacing

the existing pipe between i and j by a new larger one, the con-

straint

\MAY
|]

( 65.1 7)

is needed where AMAX, is cross-sectional area of the largest pipe

it is possible to construct between i and j and is a user-deter-

mined constant. However, if the storage capacity is to be provided

by constructing a new pipe parallel to the existing pipe and storing

in both pipes, the constraints

AEX

AADD,. &lt; AMAX,,
1g ee i

a

“N

J
+ AADD

1.7 (6.18)

(6.19)

are needed. Equation (6.18) says that the total cross-sectional

area needed, Aig equals the cross-sectional area of the existing

pipe, AEXIS, plus the cross-sectional area of the additional pipe

-56-—



to be constructed between i and j, 8500, ; » The other equation

insures that the cross-sectional area of the new pipe does not ex-

ceed the cross-sectional area of the largest pipe possible to con-

struct between i and j, AMA 5+ In this case Vis in Equation

(6.15) is the average of the two pipe velocities when the two pipes

are full. This is a valid assumption to make because most combined

sewers are designed to flow full at approximately 10 feet per second

(Fair, Geyer, Okun (1966)).

The sizing constraint for the flow from qj to a special

Lreatment plant i is written

~
aye

jit
— S STP, CC£, 0)

At

cI F,.
. jit

where —dl——— jg the adjusted flow in cfs to the special treat-
At

ment plant i from nodes j during t and STP, is the plant ca-

pacity to be constructed in cfs. STP, is a decision variable and has

an upper physical bound of STPMAX., a user—determined constant. This

last constraint is written

&lt; STPMAYX (6.21)

For flow to a municipal treatment plant di, the constraints

—~7

&gt;

jit
—_—&lt;

MTP : 1 Ny 2)

NT.



"TP, &lt; MTIPMAX,
1 — 1

(- 53)Je

Equation (6.22) determines the maximum flow that enters the treat-

ment plant during the storm, MTP., and Equation (6.23) specifies

that this amount can not exceed the plant's capacity, MTPMAX..

The storage sizing constraint written at i is

3
1t

~ SCA J (c.24)

where SCAP is a decision variable and is the amount of storage

that should be built at i. The constraint says that all the flow

stored at i during t have to be less than or equal to the storage

to be constructed there. To insure that the amount of storage to be

constructed at a node is physically feasible. the constraint

SCAP, &lt; SMAX, (6.25)

also has to be written. It says that the amount constructed at a

site 1 has to be less than or equal to some maximum feasible amount,

SMAX,. Both SCAP, and SMAX., are in cubic feet units.

Water Quality Constraint

The water quality constraint requires that all the flows that

are stored in the system during the storm receive wastewater treatment

after the storm. The constraint is written as

-58..



LS, + XI SL.
. ite K, kite

+ DWF

TE

rn [Py + z
"

MTPMAX
m

0.2! 1)

where TE is a constant and is the time allowed to pump the tanks

and insystem storage pipes dry after a storm in preparation for the

next storm. TE 1s in units of seconds. DWF is the average dry

weather flow in the system in cfs. XS, + Lr SIT , is the
. it . kjt
i f k,j f

sum of the amounts of flow stored in the storage tanks and insystem

storage pipes during the last time interval of the screening period,

Ee. When this sum is divided by TE it gives the average rate of

flow in cfs for the transfer of the stored wastes after the storm

if they are to receive treatment. Therefore the sum of this value

and DWF is the total amount of flow in cfs that requires treatment

during TE. Thus this constraint says that the total capacity of the

special treatment plants and the municipal treatment plants in the

system, ; STP, + Zz MTPMAX | must be large enough to handle this
m

flow rate. The level of treatment given to the stored wastewater

(and to the flows during the storm) is chosen by the user and is

reflected in the costs of treatment in the objective function. This

is discussed more in Chapter VII, the case study
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Objective Function

The objective function of the screening model is to minimize

the total cost of the system. The costs are incurred in the construc-

tion and operation and maintenance of sewer pipes, wastewater treat-

ment plants, and storage facilities. The construction costs include

land costs. The objective function is gotten by multiplying the

sizes of the pipes, treatment plants and storage facilities by their

unit costs as shown in Equation (6.27).

fy) / Lt ao,, « CAPAC,
"EE L1 1]
1,]

(new piping)

zB * ADDCAP
C1 kl kl (6.27)

@dditioual capacity by constructing
pipes next to existing pipes)

2 Yn | Sn
n,n

(insystem storage by constructing new pipes

or by replacing existing pipes by

larger pines)

r 9 - AsPD,...
D,g Pq

(insystem storage by constructing
additional pipes next to existing pipes)
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Ye + STP.
s S S

(special treatment)

ou, MTP,

{municipal treatment)

TV + SCAP
u u

u

(storage tanks)

The units of the unit costs for all piping and treatment

except for insystem storage piping are dollars/cfs. The units of

insystem storage piping costs and storage costs are dollars/cross-

sectional area and dollars/cu.ft. respectively.

To determine the unit costs, the cost curves of the pipes and

facilities must be available. Sources of such curves are discussed

in Chapter VII. Once the curves have been obtained, they must be

linearized within the feasible capacity ranges of the pipes and the

facilities. Figure 6.2 shows how a hypothetical cost curve might be

linearized within the range AB. The slope of the straight line is

Fhe unit cost.
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Screening Model Uses

The major use of the screening model is to "screen" the various

control alternatives and determine the optimal combination. However,

the model, especially since it is a linear programming model, is par —

ticularly useful for studying how sensitive the optimal solution is to

the input data. This process is called sensitivity analysis and is

important to carry out for data that is either doubtful or significant.

Linear programming packages such as MPSX(1971) allow the user to de-

termine the range of a variable coefficient in the objective function

such that the solution remains optimal, or to parametrically vary a

set of column coefficients and see the new optimal solution that re-

sults for each variation. Possible uses of sensitivity analysis for

the storm water screening model are changing the storm runoff inputs

(i.e., changing the design storm) and seeing how this changes the

previous optimal operating policies and sizes, and decreasing the upper

bounds on pipes and storage and treatment facilities to investigate,

for example, how social constraints on storage tank sizes and locations

effect the solution. Using sensitivity analysis it is also possible

to determine how sensitive the solution is to the water quality objec-

tives of the region. This can be done two ways. The first way is

to parametrically vary the costs of special treatment and municipal

Creatment because these costs determine the removal efficiencies

of the plants,

In this way one could determine the trade-offs between total system

-A3-



cost and receiving water quality because it is possible to approximate

the receiving water quality given treatment levels, and influent and

receiving water characteristics. The second way to examine how sen-

sitive the solution is to an area's water quality objectives is to

parametrically vary the time allowed to pump out to treatment the

wastes stored by the system during a storm. If it turns out that this

constraint (Equation (6.26)) requires additional treatment capacity to

be built, one can examine the trade-offs between requiring all the

stored wastes to be treated before the next storm and treating some of

the stored wastes but also discharging some directly to receiving

waters.
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Table 6.1

Variable Listing

Variable

A

 I) z

Definition

Units

Total cross-sectional area of

insystem storage pipe or pipes

between i and 7 ft2

Cross-sectional area of addition-

D=decision
variable

C=constant

al insystem storage pipe between

ADDCAP, ,
17

i and

Capacity of pipe constructed

r.2

between i and j for additional

AEXIS,
17

capacity between i and

Cross-sectional area of existing

CL3

pipe between i and -

MAX, Cross-sectional area of the

largest pipe possible to con-

struct between i and j ~
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D=decision
variable

Variable

CAPAC, |

1]

CAPMAX ||
17]

Definition

Pipe flow coefficient

Capacity of pipe to be built

between i and j

Gapacity of the largest pipe

Units

: s

&gt; i

C=constant

"3

=

possible to construct between

DWF

r)

14+

FD,
Lt

FT,.
LIt

i and

Average dry weather flow in a

drainage basin

Flow that leaves i for j during

Flow through the insystem

storage pipe between i and 3

that leaves i during 1

Flow entering the insystem

storage pipe between i and

from i during tC

cfs

- ¥

5
»

fo

£3

-~

nN

6G



D=decision
variable

Variable

FMAX. ;

FMAXDS,.
1]

Definition

Capacity of existing pipe

between 1 and j

Capacity of the existing

Units

-

sv -~

C=constant

pipe downsystem of the

1

 x vi)
id,

3

{

insystem storage pipe between

i andJj

Length of the insystem

storage pipe between i and j

Maximum flow through municipal

3Yo

ft.

-

treatment plant i during

MTPMAX,
i

it

i

)

study time

Capacity of the municipal

treatment plant i

Storm runoff and dry weather

flow that enters i during t

Storage at i during L

Be

+ -
)

£3

{i 2
-

~

7

A

SCALP,
i

Capacity of the storage to be

»uilt at Fo ™

“7



Variable

SL oe

Nar -

”
LAX

Definition

Insystem storage in the pipe

between i and j during t

Maximum storage capacity

Units

Fi

C=decision
variable

C=constant

it is possible to con-

LP

STPMAX.

struct at 1

Capacity of special treatment

plant to be built at i

Maximum special treatment

Fi

~ fc

plant capacity it is possible

an

to construct at i

Time interval number

Time during which the stored

~£

flows have to be pumped out

of the sewer system after a

Stora ud XE A4

Final time interval number

~A Re



C=decision
variable

Variable

TIT.

Definition

Flow velocity in the pipe (or

Units C=constant

Pipes )between i and j when

the pipe is flowing full but

2; 1

Y-
. 71

not surchareed

Unit cost of constructing a

pipe between i and j

Unit cost of constructing a

ft/sec.

x

y ¢ ar Fg

~
a

pipe for additional capacity

{4

between i and i

Unit cost of constructing

S/-fs

insystem storage pipe between

1

i and i

Unit cost of constructing a

S FLL
7 0 -

pipe between i and j for

additional insystem storage

At

capacitv

Duration of a time interval t

\
a

-

of ~i L=

sec

-A0-—



D=decision
variable

Variable Definition Units C=constant

Unit cost of special treat-

ment at 5 r

 wr
4WE -

Unit cost of municipal treat-

ment

Unit

at

cost of storage at i

t/c13

S [E+

Time of travel of flow from

i to ji in number of time

intervals

~-70~—~



Table 6.2

Summary of Formulation

Continuity

N., *
1

Lice T STin eq

LF
2 ji,t- T

ji

D
‘kt

5
k

Foor tT Si

1

 J.

¥.
i,t

(6.1)

(°S-.)

Fxisting Piping

cF,
—HE &lt; puax

— ijA

vo,
1,],t “6.7)

Potential Piping

ck, .
~ Ht carac

At [|

CAPAC, , &lt; CAPMAYX Lg

¥.
1,7],t

¥:
i,]

{ + J)

(6.10)

Potential Additional Capacity

cFiit12. &lt; cara  oH
Ar iI

CAPAC,. &lt; FMAX. + ADDCAP,
ij — i Li

¥. .

147

(6.11)

(6.12)

irs



ADDCAP,. &lt; CAPMAX..
ij — ij Yi

Potential Insystem Storage

cFD
ST,.,, + ijt ]

Lic ie Shig Aig ¥iLie

CFD... rendBe oA ry
— ij ij

¥. .

1,],¢t

CFD;.
dE FMAXDS

AL ¥ii.t

A,, &lt; AMAX,,.
Ty — 17

 5
1.7

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

NY

AADD..A = AEXI B51 + ii

AADD,,&lt; AMAX,,
11 — 1]

¥ s

i,j

 JZ
 |

(6.18)

(6.19)

Potential Special Treatment

a F. it
ie &lt; STP,

g— i

STP. &lt; STPMAX.

“oy (6.20)

(6.21)

WEARit



Municipal Treatment

cL -

jit
ed

A

— &lt; MTP,
— 1

MTP. &lt; MTPMAX,
qd oe i

J
a

&gt;

I

(6.22)

(6 23)

Potential Storage

S. &lt; SCAP.
1t — z

SCAP, &lt; SMAX,

Nater Quality

@ Sip, k SL t )

3(P, +

7
L

-- DWF

2 MTPMAX
m

(6.24)

(6.25)

(6.26)
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Objective Function

Mi y SARA, 4 + Zl By . ADDCAP, ,i

"mn A
mn

S?

N,N D.q

5
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AADD
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TQ * STPg + 2, uu MTP
I
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}
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CHAPTER VII

Case Study - Bloody Run Drainage Basin

The purpose of this chapter is to show how the simulation

model and the screening model can be used interactively to control

combined sewer overflows and flooding. This is done by applying the

method to the Bloody Run Drainage Basin in Cincinnati, Ohio. The

Bloody Run Drainage Basin was chosen because it had been studied pre-

viously by Lager et al. (1971) in the verification of the simulation

model and the data was available.

The Bloody Run Drainage Basin

As described by Lager et al. (1971), the drainage basin is

approximately 2,380 acres of hilly land serving a population of approxi-

mately 26,000. 55 percent of the area is residential, 17 percent is

commercial, 5 percent is industrial, and 22 percent is open land or

parks. As shown in Figure 7.1, the main feature of the combined sewer

network is a trunk sewer that splits into three branches which run down

the valleys of the test area. Commercial and industrial establishments

are located in the valleys. Residential housing is on the ridges. The

outfall is located at point A. The outfall discharges to an intercep-

tor to the Mill Creek Wastewater Treatment Plant. During storms, over-—

flows are diverted directly to Mill Creek, a tributary of the Ohio

River.
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Figure 7.1 Plan of the Bloody Run Drainage Basin Sewer System and
Discretization for Simulation without Control



Simulation Without Control Alternatives

The first step in planning for storm water control in the

drainage basin was to determine the areas and magnitudes of local

flooding and the magnitude of the overflow for a design storm. This

was done by running the simulation model with the design storm.

The basin was discretized as shown in Figure 7.1. This is the dis-

cretization for which the data was supplied by Metcalf &amp; Eddy, Inc.,

Palo Alto, California. The data is essentially the same as that

used by Lager et al. (1971) in their verification run with this

drainage basin. Changes and additions made to the data were the addi-

tion of pipe 500 and manhole 501, and the specification of element 107

to be a flow divider with the undiverted flow entering pipe 500 and

the excess overflowing into Mill Creek from element 107. Pipe 500

represents the interceptor to the Mill Creek Wastewater Treatment

Plant. The flow amount that is to be undiverted, i.e., the design flow

for the interceptor, is 45 cfs. This value is three times the appro-

ximate DWF of the basin, 15 cfs, as measured by Preul and Papadakis

(1970), who did the actual data gathering for Lager et al. (1971).

The reason why the interceptor is so designed is to provide enough

capacity to carry away some of the infiltration and storm runoff that

enters the system in addition to DWF. Three times the average DWF is

the value that Fair, Geyer, Okun (1966) found to be a common design

factor in North America. The actual capacity of the interceptor

was unknown.
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The choice of a design storm is a very important and compli-

cated process. For this drainage basin, the ten year, 2-hour design

was synthesized from rainfall intensity-duration-frequency curves

published by the U.S. Weather Bureau (1955). The hyetograph of the

design storm is shown in Figure 7.2.

The Executive, Watershed and Transport Blocks of the simulation

model werethen run for 140 time steps of 3 minutes each for a total

simulation time of seven hours. This was to allow all the runoff to

enter the system and all the system flow values to approach DWF con-

ditions. The pipes which surcharged were then tabulated along with

the maximum amounts stored at the upstream nodes, and the time periods

of the start and end of the storage at the upstream nodes. This is

shown in Table 7.1. Storage at a manhole due to surcharging physically

represents local flooding. The general water quality of the flooding

was also noted. The hydrograph and pollutograph of the overflow at

node 107 in Figure 7.1 wer also examined.

As shown in Table 7.1 there is considerable surcharging and

flooding in the system as a result of this design storm. To make the

decision of what flooding to control requires inputs from city ad-

ministrators and engineers as to how much flooding they are willing to

tolerate. It was assumed in the case study that only the most harmful

flooding had to be controlled as actual information was not available.

To determine what was harmful flooding, the amounts of sur-

charging and storage were ranked by time period of initial flooding,
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Table 7.1

AMOUNTS AND DURATION OF LOCAL FLOODING BEFORE
CONTROL,

Pipe
Number

Fd

Maximum Amount
of Flooding at
the Upsystem

Manhole |
(Millions of

cubic feet)

NARSuN
hr

Start of

Flooding
(Time
Period)

“

End of
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(Time
Period)
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(Continuation of Table 7.1)

Pipe
Number

14
76
78
30

9

Maximum Amount

of Flooding at
Upsystem Man-
hole (Mill. of

cubic feet)

2%

Start of

Flooding
(Time
Period)

End of

Flooding
(Time
Period)

+4

Duration of

Flooding |(Time-—
Period)
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A

3
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IJ
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I
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50
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85

rr80

8
19
20
17

A Ny

29

116
47
41
89
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109
29
22
73
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maximum amounts and duration. The water quality of the flooding was

also noted. It was found that in all cases except three surcharging

started between time periods 17 to 22. Therefore this factor was not

considered important because it just indicated that most flooding

started at approximately the same time, i.e., within 20 minutes of

each other. The 7 areas of maximum flooding were at nodes 41

(5.63 x 10% cu.ft.), 105 (1.80 x 10° cu.ft), 43 (1.76 x 10° cu.ft.),

31 (1.30 x 10%cu.ft.), 101 (.85 x 10° cu.ft.), 37 (.81 x 10% cu.ft.),

and 45 (.56 x 10%cu.ft.). The 7 nodes which remained flooded the longest

were nodes 87 (109 time periods), 105 (75 time periods), 41 (73 time

periods), 31 (70 time periods), 101 (69 time periods), 39 (48 time

periods), and 43 (48 time periods). Except for BOD, the water quality

characteristics of the flooded areas were not significantly different enough

to effect the decision on what were the most harmful areas of flooding.

Therefore it was decided to control only the flooding at nodes where

there was still flooding after 80 time steps or 4 hours after the storm

had started and to tolerate the other flooding as it was''short term'.

This means that flooding at nodes 105, 101, 41, 31, and 87 would be

entirely stopped. This would eliminate four of the top five areas of

flooding and all five of the top five areas with flooding of the long-

est duration. Before a decision such as this is finalized, the land

~haracteristics and uses of the flooded areas should be studied in

detail to determine if even minor amounts of flooding at certain areas

are harmful or if major amounts of flooding are tolerable at certain

areas. It was not done for this case study as the detailed information
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was not available.

The amount of flow diverted into the receiving waters at

element 107 during the 7 hour period varied from 0 cfs to 2153 cfs.

The mean value was 1168 cfs. The BOD value varied from O mg/l to

368 mg/lg with a mean of 41 mg/l. TSS varied from 0 mg/l to 566 mg/l

with a mean of 102 mg/l. Coliform varied from 0 MPN/100 ml to

4.82 x 107 MPN/100 ml. Even though the characteristics of the re-

ceiving waters were not available, it may be stated that such amounts

of BOD, TSS, and coliform entering a stream that flows through an

urban area and is tributary to a major river, the Ohio River, are

harmful. Therefore, it may be assumed that the pollutants entering

from this overflow cause the stream standards to be exceeded and the

entire overflow must be prevented.

Control Alternatives

To control the flooding at nodes 105, 101, 41, 31, and 87,

and the overflows at 107, the following control alternatives were

considered as feasible (see Figure 7.3): insystem pipe storage be-

tween nodes 87 and 77, relief sewers between 87 and 45, 31 and 41,

and 101 and 107, increased pipe capacity between 87 and 77, 101 and

99, and 99 and 107, storage tanks at 87, 45, 31, 41, and 107, and a

special treatment plant adjacent to 107. The treatment provided at

the special treatment plant was microstraining and chlorination. The
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choice of the treatment requires an estimate of the water quality

characteristics of the combined sewer flows entering the plant after

the flows have been controlled, and knowledge of the area's water

quality objectives and the receiving water characteristics. Once these

three factors have been estimated or determined, the treatment process

can be selected that will remove the correct amount of pollutants from

the flows that enter the plant such that when the treated effluent

enters the receiving water, the water quality standards for the stream

will at least be met. This process was not carried out for the case

study as the required information was not available. If it turns out

that after screening or simulation of the drainage basin with the con-

trol alternatives the quantity (and quality, in the case of simulation)

characteristics of the combined flows entering the plant are not as

expected, and sensitivity analysis indicates that the cost of the

treatment change necessary will change the present optimal configura-

tion, the screening model with the new treatment cost should be rerun

to determine the new optimal configuration. This procedure should

ve repeated until the influent estimate approaches the screening model

and simulation model results.

Discretization of the Drainage Basin for the Screening Model

The drainage basin was discretized as shown in Figure 7.4.

As can be seen,as few as possible nodes were used. This was done to

limit the number of constraint equations. The nodes were lettered A-K.

At all the nodes, except for A and C, there was storm water runoff and
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DWF inputs. At nodes B, F, H, I, K, there is tank storage. A

municipal treatment plant is at C and a special treatment plant is

at A. The insystem storage pipe is from K to J. Relief sewers

are from H to F, K to I, and from D to B. Increased capacity

is being modelled between E and B, K and I, and D and BE.

The distances between nodes are labeled in feet.

Choice of Screening Time Intervals and Total Screening Time Period

The choice of the screening time interval depended upon the

time of travel of the flows between the nodes. Since the flows are

routed by time intervals, the length of a time interval must be short

enough so that the routing is accurate enough. However, the length

should not be so short that an excessive number of constraints have

to be written as each constraint for each node is written for each

time interval. To determine the length.of a time interval, the times

of travel of the flows between nodes must first be determined. This

was done by determining the approximate velocities of flow in the

modelled pipes of the system when they were full. This can be de-

termined from Manning's formula, Equation (6.8 ). For the Bloody

Run Drainage Basin the full velocities varied from 10 ft/sec. to

14 ft/sec. 10 ft/sec. was taken to be the full flow velocity for

all modelled pipes. It was assumed that during the screening period

the pipes would flow on the average 70 percent full. Therefore

since Fair, Geyer, Okun (1966) calculate that in this situation

the velocity is 1.12 times the full flow velocity, the average pipe
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flow velocity is 11.2 ft/sec. Therefore the time of travel between

two nodes can be determined by dividing the distance between the two

points by 11.2 ft/sec.

If one was to determine the length of a time interval by de-

ciding to separate all the nodes by at least one time interval of

travel, the length of a time interval would be the minimum distance

between nodes where for at least one node flow is routed into as

well as out of divided by the average velocity of flow. This would

be 500 ft. divided by 11.2 ft/sec. or .75 minutes. This is ob-

viously too short an interval. For this case study it was decided

to determine the time of travel between nodes I and F and use

this value to determine the time interval length. The time of

travel between I and F is 4.66 minutes. Therefore, if the

length of a time interval was 9 minutes, the flow would take one

time interval to travel from I to F as 4.66 minutes is greater

than one half a time interval. Thus, the time interval length was

chosen to be 9 minutes. The figures in parenthesis in Figure 7.4

are the times of travel in time intervals between the nodes.

To determine the total number of time intervals to be model-

led, i.e. the total screening time period, enough time intervals

have to be modelled such that most of the runoff has entered the

System and has been routed through the system. From the hydro-

graphs of the runoff and of the system flows produced by the sim-

ulation model, it was possible to determine that the significant

amounts of flow had ended at the end of 31 time intervals or
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approximately 4 1/2 hours. Therefore 31 time intervals of 9

minutes each were used in the screening model.

Determination of Inflows

To determine the inflows to the nodes, the inflow and out-

flow hydrographs produced by the simulation model were used.

These were used in essentially two ways to generate the inflows.

The first way is straightforward and requires using the inlet

hydrograph generated by the simulation model. This was done

for a node such as K. The input here was taken from the inlet

hydrograph produced for node 87 in Figure 7.1. The other method

is more complicated and is necessary for such nodes as G. The

inflow here was determined by subtracting the runoff and DWF

inflow to node 31 from the outflow from node 27 to get the inflow

contribution to G from the sewer stem between node 27 and nodes

I and 9. To this was added the runoff and DWF inflow to node 33.

The runoff inflows to nodes 35, 37, 39 were assumed to enter at

node F. If the nodes are far apart, for example, nodes 31 and

27, the "lag time" of the inflow to 31 and its outflow from

node 27 had to be accounted for in the calculation of the in-

flows to the screening model.

Selection of Pipe Flow Factors

To select the pipe flow factor, c, used in the sizing

constraints in Chapter VI, it first has to be determined whether
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or not flooding is permissible along a sewer stem. If it is not,

then the c¢ is the ratio of the maximum flow to the average flow.

Since for circular pipes with a flow depth of 70% of the diameter,

Fair, Geyer, Okun (1966) calculate that the maximum flow is 1.19 times

the average flow, ¢ equals 1.19. However, for sewer stems in which

minor flooding is to be tolerated, for example stem IF in Figure 7.4

Cc should be less than 1.0. The value of .80 was chosen for c in

these cases.

Upper Bounds on Pipe Capacities

It was decided that for relief sewers and additional pipes, the

maximum size piping it would be feasible to construct would be that

of ten feet diameter. This would allow a maximum discharge of approxi-

mately 780 cfs. The upper diameter bound set on the size of the addi-

tional piping to be laid between K and J for insystem storage was

twenty feet. This would allow a maximum discharge of approximately

3142 cfs if there was no storage in the pipe.

Upper Bound on Special Treatment Plant Capacity

The upper bound on the capacity of the special treatment plant

at A was set at 60.0 cfs. This value seemed a realistic upper bound

as for an area of 4,200 acres in Washington, D.C., Neijna et al. (1970)

are proposing constructing a plant of 77 cfs capacitw
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Upper Bound on Municipal Treatment Plant Capacity

This upper bound was set at 45 cfs, the capacity of the

interceptor. This means that the treatment plant has capacity not

only to treat DWF but also infiltration and some storm runoff.

Upper Bounds on Storage Tank Capacities.

The upper bounds of all the storage tank capacities were 20

million cubic feet. This value is a feasible limit as Neijna et al.

(1970) are proposing to build an underground storage tank of 23.5

million cubic feet for a 4,200 acre area in Washington, D.C. The

tanks would be approximately 40 feet deep. In an actual situation,

an area's land use and geological formations should be taken into

account in setting upper bounds on the tank sizes (as well as other

control facilities)

Selection of Pumping Out Time

The time allowed to pump the tanks dry after the storm was

set at 10 days. Due to the nature of constraint Equation (6.26 ), this

means that the tanks would be half full after 5 days. It was judged

that half the system capacity would be adequate to handle a storm

that might follow in 5 days. More detailed analysis based upon rain-

fall recurrence intervals should go into this decision in an actual

situation.
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Costs

The unit costs of the variables in the objective function

were determined from cost curves as described later. When applicable,

the costs included construction costs (including land), and operation

and maintenance costs. The costs calculated were put in the form of

present values based upon a lifetime of 25 years, an interest rate of

/% and an Engineering News Record (ENR) construction cost index of

1712, that of May, 1972.

Piping Costs

Since all the piping, including insystem storage piping, was

piping that just had to be purchased and installed, i.e. no piping

was to be replaced, the cost equation of Linaweaver and Clark (1964)

was used. This equation, based upon regression analysis, gives the

cost/ft. of piping of diameter d. The cost covers pipe line con-

struction, right-of-way, and maintenance. The equation is

COoSt (S/ft) = 0.358 d’ 5 0
L
"7

= 3)

It is based upon an ENR construction cost index of 877. To convert

the cost to dollars/cfs for each pipe except insystem storage

piping, a plot was prepared of dollars/ft.vs. capacity in cfs. The

pipe capacity was figured by multiplying the pipe area by the pipe

velocity when the pipe is full, 10 ft/sec. Once the plot was done,

which covered a range from 31.42 cfs (2 ft. diameter) to 3142 cfs

(20 ft. diameter), the curve was linearized as in Figure 6.2.
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The slope came out to be $.342/cfs-ft. The length of each pipe was

then multiplied by the slope to obtain the unit construction cost for

that pipe in dollars/cfs. For insystem storage piping, the slope of

$.342/cfs-ft. was multiplied by the insystem storage pipe length and

he velocity in the pipe when no flow was stored in it to obtain

the unit cost of $5,130/ft? of cross-sectional area.

Special Treatment Plant Costs

Lager et al. (1971) have developed cost equations for the

capital costs of many special treatment processes, including micro-

strainers, chlorinators, and the associated pumping, the processes

selected for this case study. In addition they report that the irre-

ducible maintenance costs are 2 percent per year for these processes.

The per storm maintenance costs were found to be negligible. Esti-

mated land costs were added to the capital and maintenance costs to

obtain the total cost. A curve of cost vs, capacity was plotted in

the range from 0 cfs to 62 cfs. and linearized to obtain the unit cost.

This value was found to equal .067 million dollars/cfs.

Municipal Treatment Plant Costs

In cases where only one drainage basin is being modelled and

a municipal treatment plant already exists, the unit cost of muni-

cipal treatment only includes operation and maintenance costs. How-

ever, in cases where more than one drainage basin that uses an existing
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plant is being modelled, the total unit cost of the treatment plant

should be used. This is because this value would be the actual

"opportunity cost" of the treatment plant and would reflect the fact

that if all or some of the treatment capacity was not available to

one drainage basin, that basin may have to consider building such ca-

pacity.

Since only one drainage basin was being modelled here, the

operation and maintenance costs were used. The unit operation and

maintenance costs were determined from the estimate of Fair, Geyer,

Okun (1966) that for a secondary treatment plant such costs average

$.88/person annually. Using the area's design population, design

flow rate, and discounting methods, this cost was converted to

521.,000/cfs.

Storage Tank Costs

Buckingham et al. (1970) have capital cost curves for under-

ground, multi-cell, concrete tanks in the volume range from 26,000

cu.ft. to 4,020,000 cu.ft. This range was extended to 20 million

cu.ft. by assuming that several tanks could be built at a site to

store this volume. For example,five 4-million cubic feet tanks could

be combined to store 20 million cubic feet. This procedure is rather

on the expensive side as it ignores economies of scale so that the

storage costs are probably overestimated. Added to these capital

costs were estimated land, pumping, and operation and maintenance

costs. The final unit cost was $4.70 per cu.ft.
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Results from Initial Screening

The initial screening process actually consisted of solving

five problems. The first problem solved was with storage possible at

all six sites, B, F, H, I, K, and insystem between K and J as shown

in Figure 7.4. However, since the simulation model can only model a

maximum of two upsystem storage sites and one storage-treatment site

at the outlet (node B), the problem was resolved four additional times

with storage possible at B plus two additional sites upsystem. The

combinations of two upsystem storage sites that are feasible are I

and H, IT and F, F and K, and F and insystem between K and J.

This procedure is relatively inexpensive to do as MPSX (1971) allows

the user to start the next solution procedure from the previous optimal

solution. This reduces the number of iterations necessary to deter-

mine the next optimal solution. The results of the 5 solutions are

shown in Table 7.2. As can be seen in the table, the least cost so-

lution is Solution I, the one where all six storage sites are avail-

able. This solution calls for building an additional pipe between D

and E (in Figure 7.4) of 475.6 cfs capacity, building an additional

pipe between K and J of 314.2 cfs capacity to use for insystem

storage along with the existing pipe between K and J, not using a

special treatment facility at A, using the maximum capacity of the

interceptor to the municipal treatment plant at C of 45 cfs , and

providing storage at B of 3,906,000 cu.ft., at F of 14,200,000

cu.ft., at H of 1,568,000 cu.ft., at I of 8,389,000 cu.ft., and
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Table 7.2

Results from Initial Screening

Sh

Solution

Cost (106 dollars)

Variable Description
Cross-sectional area of

insystem pipe between
K and J (ft?

Capacity of relief sewer
between K and I (cfs)

capacity of additional
pipe between D and E (cfs)

Capacity of addition pipe
between E and B (cfs)

Capacity of relief sewer
between D and B (cfs)

Capacity of relief sewer
between H and F (cfs)

Capacity of special treat-
ment plant at A (cfs)

Maximum amount of munici-
pal treatment at C used

Storage at K
{166 f£t3)
Storage at 1
(106 ft3)
Storage at F
(106 ft3)
Storage at H
(106 £¢3)
Storage at B
(106 £t3)

1

134.972

314.2

175.6

45.0

09

8.130

14.20

L.57

3.01

IT | III

136.330 | 137.062

236.7 236.7

475.6

212.5

475.6

536.9

45.0 45.0

Rf NAR i 9.33

3.28

1.71

18.90 16. O04

w |v

136.674 | 136.043

314.2

16.1

475.6 475.6

536.9 636.9

45.0 45 0

70

0 413 0.65

18.51 18.51
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at K of 93,000 cu.ft. The total cost of this would be 134.972

million dollars.

The least cost solution using only two upsystem storage sites

ig Solution V with a total cost of 136.043 million dollars, only

slightly more expensive than Solution I. This solution requires the

construction of relief sewers between H and F and K and I of

636.9 cfs and 16.1 cfs respectively. It also requires additional

piping between D and E and K and J of 475.6 cfs and 314.2

cfs respectively as does Solution I. The additional capacity between

K and J is necessary for insystem storage. This solution also

requires full use of the interceptor to the municipal treatment rlant at

C. Lastly, storage is to be built at F of 9,646,000 cu.ft. and at

B of 18,510,000 cu.ft. Therefore this solution calls for insystem

pipe storage between K and J, and tank storage at B and F.

Since Solution V with only two upsystem storage sites (same as the

internal storage sites in the simulation model) can be simulated

directly on the simulation model, only the solution it presents was

analyzed in detail in the simulation model. However, it should be

noted that it would be possible to analyze Solution I on the simula-

tion model by determining the outflow hydrograph from storage at K

and storage between K and J, inputting this into storage at I

and determining the resulting outflow hydrograph, and lastly, in-

putting this hydrograph into the system with storage at F, H, and B.
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Determination of Operating Policy

As described in Chapter VI, besides determining the optimal

sizes of storage tanks and pipes in the system, the screening model

also determines the optimal flow amounts between the nodes for each

time period. In order to simulate a screening solution, methods must

be determined by which the simulation model will cause approximately

the same flow amounts to occur. The features that can be used on

the simulation model to do this include flow dividers and the outlet

devices of the storage tanks (orifices, weirs, and on-off pumping).

Since these features will not allow the user to simulate exactly the

optimal flow amounts specified in the screening model, the optimal

flow amounts must be altered somewhat so that they can be simulated

on the simulation model. From studying the screening solution and

knowing the features available in the simulation model and by hand-

simulation it is possible to judge what features in the simulation

model can be used to approximate the screening solution. However,

how much such a fixed operating policy will change the optimal

screening solution and its associated configuration is unknown.

There is also doubt whether or not such an operating policy is feasible.

Therefore, the fixed operating policy should be run on the screening

model to settle these questions. This can be done by determining

what some of the flow decision variables' values would be if such a

fixed operating policy was in effect and fixing those decision

variables to these values. For example, if under an operating policy
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the flow between two points is to be a constant value, the flow variable

for the flow between these points should be set at this value for all

time periods. Such a procedure was carried out for Solution V of the

screening model. This operating policy called for relief sewers from

H to F and from K to I with flow dividers in front of them,

holding tanks at F and B, and insystem storage between K and J

with an orifice outlet device with an area of 1.67 sq.ft. and a co-

efficient of discharge of 0.60. In order to run the screening model

with such an operating policy, the upper bound on the additional pipe

between K and J was increased because hand-simulation had deter-

mined that under the operating policy its present bound would be

exceeded. In addition, the flows between F and B, K and I , and

K and J were specified.

Screening with Operating Policy

The solution to the screening model run with the operating

policy, Solution Va, is compared to Solution V in Table 7.3. As can

be seen, both solutions require the same relief capacities from K to

I and from H and F and the same additional piping capacities between

D and E. Both also require the same use of municipal treatment.

However, Solution Va requires additional piping between K and J of

354.6 sq.ft. cross-sectional area instead of 314.2 sq.ft. as specified

in Solution V. Solution Va also specifies storage at F of 13,511,000

cu.ft. opposed to 9,646,000 as specified in Solution V. However,

Solution Va specifies less storage required at B than does Solution V,
nn



Table 7.3

Comparison of Screening Model Results with and without

Operating Policy Built-In

Solution

Cost

{10° dollars)
Decision Variable Des-

cription
Cross—sectional area of in-

system storage pipe between
K and J

(ft?)

Capacity of relief sewer
between K and I (cfs)

Capacity of additional
pipe between D and E (cfs)

Capacity of additional pipe
between E and B (cfs)

Capacity of relief sewer
between D and B (cfs)

Capacity of relief sewer
between H and F (cfs)

Capacity of special treat-
ment plant at A (cfs)

Maximum amount of municipal
treatment at C used

Storage at K (106 ft3)

Storage at I (106 ft3)

Storage at F (106 £t3)

Storage at H
(108 £t3)

Storage at B
(106 £t3)

(no built-in operating
policy)

136.0473

314.2

16.1

475.6

636.9

45.0

~~T)iE2

18y31

Ja

(built-in operating
policy)

136.941

354.6

16.1

475.6

636.9

45.0

12.51

14.79
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14,793,000 cu.ft. versus 18,510,000 cu. ft. The cost of Solution Va

is only slightly greater than Solution V at 136.941 million dollars

versus 136.043 million dollars. Therefore, the operating policy de-

termined for the drainage basin for this storm appears feasible

and close to optimal.

Simulation Modelling

Having determined a feasible operating policy for the

optimal screening model solution, this solution was then analyzed in

detail on the simulation model with this operating policy. To allow

margin for error, the depths of the storage tanks at B and at F

and the storage pipe between K and J were increased so that they

would not flood during the storm. Since the simulation model prints

out the maximum water depths reached in the tanks and the storage

pipe during the simulation period, those depths were then used to

size the tanks exactly. It was also decided to model the insystem

storage between 87 and 77 as one pipe instead of two. This is because

the cross-sectional area of the existing pipe, 7.7 sq.ft., is insigni-

ficant compared to the additional pipe cross-sectional area, 354.6

sq. ft. This would make the cross-sectional area now 362.3 sq.ft.

Therefore the insystem storage pipe has really become a storage tunnel.

This raises the question whether the resulting cost change will change

the optimal solution configuration. This should be investigated using

sensitivity analysis.
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Shown in Figure 7.5 is the way the system was discretized

for the simulation modelling. Elements 502 through 520 are the new

elements that are needed to model the control system process. The

main features of the control system are:

lL. A storage holding tank at 502 of base area 425,000 sq.ft.

and depth 45 ft. that stores the flows that enter it during the storm

from element 516 for treatment after the storm. Since no outflow from

this tank is desirable during the storm and an outlet device must be

specified, an on-off pump was specified that would start at a water

depth of 45 feet. Since this water depth would never occur in the

-ank during this storm, there would be no outflow from the tank during

the storm as is desired.

2. A flow divider at 516 that diverts that portion of flows

in excess of 45 cfs into storage at 502. The undiverted flows go

to the municipal treatment plant interceptor, pipe 500. Element 107

is now just a manhole.

3..A flow divider at 503 that diverts that portion of the in-

flows into 101 in excess of 115 cfs into pipe 504. The undiverted

flows enter pipe 100. 115 cfs is the capacity of pipe 100.

4. A pipe (element 504) from 503 to 99 of capacity 475.6 cfs.

5. A flow divider at 505 that diverts that portion of the inflows

into 41 in excess of 970 cfs into storage at 506. The undiverted

flows enter pipe 92.

6 A storage holding tank at 506 of base area 400,000 sq.ft. and
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height 45 feet that stores the flows diverted at 505. This tank

operates the same way as does that at 502, i.e., there is to be no

outflow from the tank during the storm.

7. A relief sewer from 510 to 41 composed of elements

507-509, 517, and 518. The capacity is 637 cfs.

8. A flow divider at 510 that diverts that portion of in-

flows into 30 in excess of 238 cfs into pipe 509. The undiverted flows

enter pipe 30. 238 cfs in the capacity of pipe 30.

9. A relief sewer from 514 to 45 composed of elements

511-513, 519, and 520 of capacity 16.1 cfs.

10. A flow divider at 514 that diverts that portion of inflows

into 87 in excess of 16.1 cfs into insystem storage between 514 and 77.

The undiverted flows enter pipe 513.

11. An insystem storage tunnel at 515 between 514 and 77 that

is 1500 feet long, 23 feet wide and 20 feet high. The outlet device

is an orifice flush with the tunnel bottom that lets the outflow enter

node 77. The orifice has a cross-sectional area of 1.67 sq.ft. and a

coefficient of discharge of 0.50.

Results from Simulation with Control
 ooors TOWolliulationwithLontrol

Shown in Table 7.4 is a listing of the pipes. Each pipe

number is followed by the maximum amount of local flooding caused by

that pipe surcharging, the start and end period of the flooding,
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Table 7.4

AMOUNTS AND DURATION OF LOCAL FLOODING AFTER CONTROL

Pipe
Number

| )

Max. Amount of
Flooding at the
Upsystem Man-
hole

(mill.of cu.ft.)

, 089

 Le

Start of

Flooding
(Time
Period)

rN

J}

End of

Flooding(Time |
Period)

pp.

4

or

Duration

of Floodg.{Time |
Periods)

~.6‘n

Change
N=No
Y=Yes

Kl

|

14
18
20
27
24
26
23
30
12
5

J

2

9)
0

yo»

4

/y

0

I.

*
&gt;!
50
AY

&gt;

%%

rh
58
70
22
1h

26
32
.31
04
.03
10

49
49
.80
.46
.76
63
20
12
04
.01
.25
.004
.09
43

17

()t

 tv C

19
19
19
22
22
21

20
19
20
0
19
’0
1

19
+0
1
L9
22
20
19

0

21

1 Q

50
54
58
40
29
30

48
54
51
54
A5
35
32
44
25
30
52
24
47
8

16

3

32
36
40
19

A

10

29
56
x)
bow

~

*)
2

0
15
10
35

3
28
50

i 7

31

7

y
o

Y
Y
Y

1
7

_

-r

q

of

N
“1

N
ol

(MAJOR)

(MINOR)
(MINOR)
(MINOR)
(MINOR)
(MINOR)
(MINOR)

(MINOR)

(MINOR)

(Contin.)



(Continuation of Table 7.4)

Pipe
Number

76
78
10
Qs

Max. Amount of
Flooding at the
Upsystem man-
hole
(mill.of cu.ft.)

Start of

Flooding
(Time
Period) |

End of

Flooding
(Time~-
Period)

Duration
of Flooding
(Time
Periods)

Change
N=No
Y=Yes

N

v
\
z

227

36
3:2
20)
29

o¥A

96
38

LOO
102
LO4
106
L10
L111
113
L15
L17
500
304
507
509
511
313
517
519

Lz
 eo

B\

/ J
47
41

29
22

N
(MAJOR)

(MAJOR)
~=

J

3

Y (MAJOR)

(MAJOR)

J

x

i

+7

r

~-106-



the duration of the flooding, and the change of the flood description

compared to the system with no controls as seen in Table 7.1. As can

be seen, the goals of no flooding at nodes 1u5, 101, 41, 31, and 87

have been achieved. The changes in the amounts and duration of flooding

at other points are slight, in most cases being a decrease. However,

it had been decided previously that the flooding at these other points

was tolerable. In addition, because of the control scheme, there were

no overflows entering the receiving water. That portion of the flow

entering node 107 that exceeds 45 cfs is now stored at 502 instead of

being discharged into Mill Creek.

The maximum water depth reached in the storage tunnel during

the storm was 18.25 feet. This means that a storage tunnel of volume

629,000 cu.ft. would be needed here. The maximum water depth reached

in the storage tank at 506 during the storm was 33.89 ft, which means

that a tank of volume 13,557,000 cu.ft. would be needed here. 34.56 ft

was the maximum water depth obtained in the tank at 502. Therefore

the total volume of this tank should be 14,686,000 cu.ft. These values

and the times of peak depth agree remarkably well with the screen-

ing results from Solution Va as shown in Table 7.5.

Sensitivity Analysis

Having shown that the screening model results are agreeable

with the simulation model, a user of the screening model can now

afford to have confidence in its results and use the screening model
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Table 7.5

Comparison of Simulation Model and Screening Model Results

Volume Required at
502

(millions of cu.ft.)

Time Peak Depth
Reached at 502

Volume Required at
506
millions of cu.ft.)

Time Peak Depth Reached
at 506

[nsystem Volume Re-
quired at 515

F'ime Peak Depth Reached
at 515

Simulation

14.686

291 minutes

13.557

201 minutes

£59)

129 minutes

| Screening Solution Va

14.752

279 minutes

13.511

189 minutes

3N/ 3

126 minutes

X

This was the amount of water stored at the end of the screening

time period (279 minutes). The storage amount was still

increasing slowly.
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for sensitivity analysis as described in Chapter VI. The only sen-

sitivity analysis done for the case study was to employ the RANGE

command of MPSX(1971).

RANGE outputs the unit cost range of each variable such

that as long as the unit cost of that variable remains within that

range and there are no other changes made in the model, the activities

of that variable and the other variables remain the same and optimal.

The RANGE outputs for Solution I and Solution V of Table 7.2 are

shown in Table 7.6.

As an example of the value of RANGE, it can be seen in Table

7.6 that if the unit cost of special treatment at A in Solution V was

less than $63,983/cfs, it would be optimal to use some amount of

special treatment at A and the resulting total system cost would

be less. However, it should be realized this would mean that the

effluent from the plant would be of lower quality and perhaps cause

a violation of the receiving water standards.

The reason why sensitivity analysis was done on the screening

model without the operating policy built-in is because many of the

decision variables in the screening model with the built-in operating

policy are either directly or indirectly fixed and the sensitivity

analysis done produces meaningless results. For example, RANGE was

commanded in the screening model with the operating policy built-in

that produces Solution Va in Table 7.3. The output indicated that

the unit cost range of the additional insystem storage piping between

K and J dis =~ to +o | This is relatively meaningless and could
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Table 7.6

RANGE Output

Solution I *Solution V

 pat ssn

Variable Description

Special treatment
at A ($/cfs)

Municipal treatment
at C ($/cfs)

Relief sewer from

H to F ($/cfs)

Relief sewer from

D to B (S/cfs)

Additional Capacity
from E to B ($/cfs)

Additional Capacity
from D to E ($/cfs)

‘Relief sewer from

K to I ($/cfs)

Insystem storage
between K and J

($/£t2)

Storage at K ($/ft3)

Storage at I ($/ftd)

Storage at F ($/£t3)

Storage at H ($/ft3)

Storage at B ($/ft3)

Present Unit
Cost

67,000

21,000

1,640

“9g

513

171

1,640

5,130

h.7

4.7

 Hh 7

4.7

 bh 7

Unit Cost Range

63,983

-&gt;63, 983
Ooo

1715

(&gt;

0+ 598

-o

~03&gt;7 ,050

4.7 &gt;4.7

4.7 &gt;4.7

4.7 &gt;4.7

4.7 +4.7

L.7 ~&gt;b.7

Unit Cost Range

63,983»

-&gt;63,983

&gt;

171»

Ooo

0 598

1640 1640

~7 ,494

~&gt;5.,0

LT

3.12 » 4.7

—00&gt;8 31

4.7 &gt;4.9
|

~-7710-—



have been predicted because the activity of this variable is determined

by decision variables that have been fixed.

Proposed Planning Process

The purpose of this section is to formally outline a procedure

to plan for the control of combined sewer overflows and local flooding.

It is based upon the experience gained in the case study and essen-

tially summarizes the procedure followed there.

I. Use the simulation model to determine what are the areas

of local flooding and what are the magnitudes and water quality cha-

racteristics of the local flooding and of the overflows. An appro-

priate design storm should be chosen. A preliminary decision should

be made on how much the flooding and overflows are to be controlled.

II. Decide upon the control alternatives possible and build

the screening model. The bounds on the control alternatives should

reflect physical and social-economical-political factors. Solve

the screening model and check to make sure the treatment process is

satisfactory (i.e., the influent quantity is as expected). If it

is, determine a feasible operating policy for the simulation model.

III. Run the screening model with the operating policy built-

in to determine if the operating policy is feasible and close to

optimal. This run will also adjust the sizes of the control facili-

ties to fit the operating policw.

iV. Once a satisfartory operating policy has been found,
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analyze the control configuration suggested by Step III in detail

on the simulation model. Again determine if the treatment process

selected in Step II is satisfactory (i.e., the influent characteristics,

particularly quality, are as estimated). If the treatment process

is not satisfactory, select a new treatment process and start again

at Step 11

V. If the results of the simulation analysis are satisfac-

tory, giving confidence in the screening model results, conduct sen-

sitivity analysis on data that is either doubtful or significant as

described in Chapter VI. One very important possible use of sen-

sitivity analysis at this point might be to study more closely the

initial decision on what flooding and overflows to control in the

basin. It may be that for a little more cost, a large improvement

could be realized or that for a large decrease in cost, there would

only be a slight decline in control. As discussed previously, sen-

sitivity analysis should be done using the original screening model,

not the screening model with the operating policy built-in. Other espe-

cially significant sensitivity analysis that should be done is on the

cost data and the design storm.

VI. Determine the final configuration from the screening

model and the sensitivity analysis results. Analyze this configu-~

ration in detail on the simulation model to make certain it controls

as effectively as desired. This analysis should include the system's
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effectiveness under different design storms than the one originally

chosen. Be certain to take into account the inaccuracies of the

simulation model. Make any final adjustments in the control facili-

ties and then begin planning for actual construction.
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CHAPTER VIII

Summary, Suggested Improvements and Further Research

Summary

This thesis has presented the development of a storm water

control screening model and a case study illustrating its possible use

with an existing simulation model to plan for the control of combined

sewer overflows and flooding in an urban area.

The screening model is a linear programming model that

determines the minimum cost sizes and operating policies of control

facilities in a sewer system such that there are no overflows or exten-

sive local flooding. The major control alternatives modelled are stor-

age tanks, insystem storage pipes, and special and municipal treatment

plants. The water quality goals of an area are reflected in the choice

of the type of treatment the wastes are to receive before discharge.

The screening model is inexpensively and conveniently solved using the

IBM MPSX(1971) package, which can also perform useful sensitivity

analvsis.

The simulation model is a large-scale, computer-based,

mathematical model that can model with good accuracy the hydrographs

and pollutographs produced in an urban sewer system during and after a

storm. This includes modelling the effects of two upsystem storage

facilities and one storage-treatment facility located at a system out-

fall. The model also has the capability of modelling the surface

runoff of an area during a storm and the effects of discharges
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from the sewer system on receiving waters. The accuracy and capabilities

of the simulation model exceed that of the screening model. However, the

simulation model cannot perform optimization.

The proposed planning method for combined sewer overflow and

flooding control as illustrated partially in the case study makes use of

both models. The simulation model is first used to determine the major

areas of the local flooding and the magnitudes of the flooding and over-

flows for a design storm. A preliminary decision is then made on what

flooding and overflows to control, and then control alternatives are pro-

posed. The control alternatives are then screened on the screening model.

The results from this first screening are the approximate sizes of the

facilities and a system operating policy. The system operating policy

is then adjusted so that it can be run on the simulation model. The

screening model with the adjusted operating policy built-in is then

run to determine if the adjusted operating policy is near optimal and to

re-size the control facilities for this operating policy.

Simulation modelling is then done with the control alter-

natives suggested by the screening model with the built-in operating po-

licy. If the results are satisfactory (indicating confidence in the

screening model), sensitivity analysis can be done using the screening

model. Finally, the configuration suggested as "best" by the screening

model and the sensitivity analysis results ‘is analyzed in detail on

the simulation model, and if control is satisfactory, plans are started

for actual construction of the facilities. The case study done on the

Bloody Run Drainage Basin, Cincinnati, Ohio, only carried out the plan-

-115-



ning procedure up to the point of showing that the screening model re-

sults are reasonable and of conducting some sensitivity analysis. How-

over, it can be concluded from this experience with the case study that

the modelling techniques of the screening model are sufficient for its

purpose and that the proposed planning method is feasible.

Suggested Improvements and Further Research

Presently the screening model meets water quality objectives in

an implicit manner. Treatment efficiencies are estimated that will meet

the objectives and then revised if the objectives are not met. However,

it appears that it may be possible to meet the water quality objectives

in an explicit manner using the linear systems theory formulation dis-

cussed in the Literature Review, Chapter V. If this could be done, it

would certainly improve the screening model as it would eliminate the

estimation of treatment plant efficiencies.

Another improvement in the screening model would be made if the

nodel could account for the nonlinearities of the cost functions of the

control facilities. Separable programming techniques were tried in which

the cost functions were broken up into linear segments, but local optima

were found so that the results were difficult to analyze. Perhaps this

problem can be remedied by more experience in ‘using separable programming

or by using another solution algorithm besides linear programming.

Another possible weakness in the screening model is that, while

it is formulated for the general case, it has to be constructed for each

case study specifically. What is needed is some computer software that

vb
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can accept input data for any discretized sewer system and produce the

specific screening model for that sewer system. If linear programming

remains the solution algorithm, such software could produce the input

card deck for MPSX (1971).

With or without these suggested improvements or other changes,

there is still some further research that can be done on the screening

model. One is to try using the screening model on a large urban area,

for example, the size of metropolitan Boston, to determine if the screen-

ing model can produce realistic "optimal" control configurations for so

large a system. Such research will probably require the model to handle

nonlinear costs if its results are to be reasonable. This is because

for large areas economies of scale of control facilities significantly

influence final "optimal" configurations. Incidentally, some improve-

ments may have to be made in the simulation model if a large area with

many control facilities is to be simulated.

An additional area of further research may be on the routing method

of the screening model. Presently routing is accomplished by assuming

that all the flow that enters a pipe segment during a time interval

either flows through the pipe segment in that time interval or else takes

one or more time intervals to flow through. This method does not

account for any storage effects in the pipe segment or the effects of

upsystem or downsystem flows. A routing method that does account for

such effects is the Muskingum Method (Henderson (1966)) which has been

used to model river flows which like most sewer flows is open channel

flow. The basic equation of the Muskingum method is

1



0, = al, + bI, + 0, (8..."

where O, is the outflow from the pipe in time period i, I, is the

inflow to the pipe segment in time period i, and a, b, ¢ are constants

that depend upon the length of the routing period, the kinematic wave

response time of the channel, and the channel geometry. A routing

scheme of this type would probably be more accurate than the present

method and could also be adapted to route flow through insystem storage

pipes and storage tanks.

A last area of further research has to do with the planning method.

There are several questions that need answers here. The first is how

valid is the sensitivity analysis done on the screening model without

the fixed operating policy. This is a problem because some of the oper-

ating policies suggested by the screening model are physically meaning-

less (i.e., no control system could be realistically built to control

that way). and because it is not always possible to simulate a physical-

ly feasible operating policy suggested by the screening model exactly

on the simulation model because of simulation model limitations. It

would be convenient if the sensitivity analysis could be done on the

screening model with the fixed operating policy but as discussed in

Chapter VII, sometimes its sensitivity results are meaningless because

of the "fixed" nature of the model. Another question is how to choose

the design storm and how should it be varied for sensitivity analysis.

Lastly, the question arises of how much screening, sensitivity analysis,

and simulation should be done until there is enough value in the results
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to actually start construction planning. This last question and the

one dealing with the design storm will always require a certain amount

of judgement to answer, but we want to know if it is possible to im-

prove this judgement quantitatively.
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