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ABSTRACT

This study investigates a method of separating 
sanitary and storm sewage from existing combined systems 
of sewerage, The proposed method utilizes a septic tank 
between the dwelling and public collection system and a 
small sanitary sewer inside the existing combined sewer 
to physically separate the flows. The flow in both the 
storm and sanitary sewer systems is by gravity. The 
purpose of the septic tank is to reduce the solids in 
the sewage and to attenuate peak sewage flows.

The proposed method is a variant of Professor 
Gordon M. Fair's idea which involves a grinder and a 
pump at the source, and a pressure line placed inside 
the existing combined sewer to transport the sewage.

This thesis is a feasibility study to determine 
if the proposed method is worthy of further investi
gation. The primary consideration is based on comparison 
of the probable areas of sanitary and storm sewers and 
costs of the system. The ratio of sanitary to storm 
sewer areas was found to vary from approximately 1:40 
to approximately 1:85 depending on the sewered area

ix



involved. Estimated costs were equal to or less than 
conventional separation. The results are considered 
favorable enough to recommend further investigation.



CHAPTER I

THE PROBLEM AMD SCOPE OF THE STUDY

Public sewer systems were known to be in 
existence as early as 3700 B.C. in ancient Sumeria.1 
Since that time man has utilized sewage disposal systems 
with varying degrees of success.

Importance of the Problem

Proper sewage disposal is an ever pressing 
problem to modern man. Due to the historical develop
ment of sewage treatment, the older cities of the world 
have inherited combined sewer systems. In the United 
States there are 26 million people in 1,943 communities 
with combined sewers and 33 million people with 
partially combined sewer systems. A combined system 
is designed to carry away storm runoff and sanitary 
wastes with the same facility. It has the advantage of 
utilizing one pipe to perform two services.

In combined sewer systems the treatment plant is 
normally designed for a capacity in excess of the sani
tary or dry weather flow. Thus, the treatment plant is 
able to serve fewer people than if it were to receive

1
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only sanitary flow. More important, when a rain storm 
produces large quantities of runoff, the combined sewers 
normally overflow, transporting the excess waters 
directly to a stream or body of water. It has been 
estimated that from 3 to 5 percent of untreated waste 
water annually reaches America's watercourses by 
combined sewer overflows. Up to 95 percent of such 
waste water overflows during storms.^ Assuming 100 
gallons per person per day of waste water and 3 percent 
overflow, 28 billion gallons of untreated sewage would 
flow into streams from the combined sewers yearly. The 
actual quantity would probably be somewhat higher because 
partially combined systems were not considered. Combined- 
sewer overflows create undesirable situations leading to 
the. pollution of many lakes, rivers, and ocean shores.

The pollutional effect of untreated sewage in a 
body of water is not constant. The size of the body of 
water, its flow rate and turbulence, and its potential 
use are factors determining the effect of pollution. It 
should also be noted that pollution caused by combined- 
sewer overflows comes in highly polluted surges lasting 
various lengths of time depending on the storm.
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The Problem

The difficulties created by combined sewer 
systems can be remedied by separation of the system into 
storm and sanitary sewers. The obvious way to accomplish 
this would be to install an entirely new sanitary sewer 
system by conventional construction and design tech
niques. This would involve the digging up of many streets 
and the serious interruption of traffic in highly 
congested areas. The approach is cumbersome and costly, 
and other methods are being sought.

Professor Gordon M. Fair of Harvard University 
has suggested the use of a pressurized system inserted 
into existing domestic drains and public storm drains.1* 
The system would start with a grinder and pump at the 
source of the waste— the houses and buildings. The 
grinder and pumping equipment at the source would force 
the waste water through the system. The sanitary sewage 
would be physically separated from the storm flow by the 
small pressurized pipes placed inside the existing 
combined sewers.

The purpose of this study is to investigate a 
third method of combined sewage separation. The 
proposed method would utilize a septic tank placed



4
between a dwelling and the public collection system to 
settle out a large portion of the solids in the sewage 
and to level out the peaks in the sewage flow. A small 
pipe would be placed inside the existing combined sewer 
to separate physically the sanitary flow from the storm 
flow. The sanitary sewage would, however, flow by 
gravity as compared to Professor Fair’s pressurized 
system.

The Proposed System

The proposed system would start with the fixtures 
of a house discharging spent water and would end with a 
sewage treatment plant. The house fixtures would consist 
of bathtubs, showers, toilets, sinks, dishwashers, and 
automatic clothes washers. Under the proposed system, 
water leaving the fixtures would be discharged into a 
septic tank placed between the dwelling and the public 
sewer.

The primary function of the septic tank would be 
to remove the solids in the sewage by sedimentation. The 
effluent discharged into the sewer system would conse
quently contain fewer solids than sewage discharged 
directly into the system. The septic tank would also 
reduce the normal peaking effect of sewage flow by a 
storage flow operation. The effluent discharged by the



septic tank would flow directly into the public sewer 
system for transportation to the treatment facilities.

As would be true under an existing combined 
sewer system, the public sewer would begin by receiving 
the sewage from the houses on one block. The sewer 
servicing one block is called a lateral sewer and has no 
other common sewers discharging into it. A submain 
sewer would receive the sewage from a number of laterals. 
The sewage then would flow into a main or trunk sewer.
A sewer outfall would receive the flow from one or more 
main sewers and would transport the sewage to the 
treatment plant. Figure 1 demonstrates these impli
cations of the system.

The study was limited to a general discussion 
of the above system. No attempt was made to determine 
the feasibility of the system for a specific city or

5
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Figure 1. A Sanitary Sewer System



CHAPTER II

FLOW AND OTHER PHYSICAL PROBLEMS

The feasibility of the separated gravity flow 
system outlined depends to a great extent on the rela
tive flows of the storm and sanitary sewage. In this 
chapter the storm and sanitary sewage flow is investi
gated. In addition, the role of the septic tank is 
analyzed in detail.

Sanitary Flow: Storm Flow Ratio

The proposed system would utilize the existing 
combined sewer line by placing a small sanitary sewer 
inside the existing combined sewer pipe, allowing the 
remaining space to transport the storm flow. Because the 
existing sewer must both house the sanitary sewer and 
transport the storm flow, the sanitary sewer must be 
limited in size. The ratio of the sanitary sewer radius 
to the storm sewer radius is related to the flows 
involved. Knowledge of the ratio of the flows would 
permit evaluation of the required radii.

The hydraulic design of sewers is based 
primarily on empirical formulas. The Manning formula is

7
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the one most commonly used in North America, and for 
pipes flowing full, the mean velocity is given by

V = Mi r2/3 s1/2n
or

Q = Mi r2/3 s1/2a

Division of the sanitary flow by the storm flow
QgT results in

(a x 1.49 x R2/3 nl/2

[Ax x R2'3̂
SA
ST

Because the sanitary sewer would be placed inside 
the combined or storm sewer, their slopes, Sg^ and S^^, 
would be equal.

[a x x R2/3SA

[a x x R2/3 ST

Manning's coefficient of roughness n would be 
different for the two pipes. The coefficient ng^ would 
depend on the properties of the combined sewer pipe and 
would vary according to the condition of the pipe, type



of joint, and the pipe material. Values of n for 
typical drain types are shown in Table I.

In most cases the combined sewers would be 
fairly old. As a result, their condition would vary 
considerably. Sewers in poor condition should be 
repaired, bringing their final condition up to good, or 
at least fair, condition. An n value of 0,013 is the 
one most frequently occurring for pipes in good and 
fair condition and was used in this analysis.

The type of material to be used in the sanitary 
sewers was not determined by this study. Whatever the 
material used, however, it should be designed with as 
low an n value as possible. Johns-Manville currently 
markets a polyvinyl chloride plastic pipe that has an n 
value of less than 0.008. The trade name of the product 
is PVC Pipe and is sized from 1 inch to 6 inches inside 
diameter. This type of material could be utilized, but 
further development is necessary. Present technical 
advances were presumed in this study and as a result, 
n = 0.008 was the value used.

The area of the stream A for pipes flowing full 
is trr where r is the radius of the pipe. The hy
draulic radius R is the area of the stream divided by 
the wetted perimeter. For pipes flowing full, R = r/2

9
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TABLE I

Value of Coefficient n for Various Conduit Materials^

Condition of Interior Surface
Conduit Material Best Good Fair Bad

Tile pipe,
vitrified 0.010 0.012 0.014 0.017
unglazed 0.011 0.013 0. 015 0.017

Concrete Pipe 0.012 0.013 0.015 0.016

Cast Iron pipe 
(coated) 0.011 0.012 0.013 -

Brick Sewers, 
glazed 0.011 0.012 0.013 0.015
unglazed 0.012 0.013 0.015 0.017

Concrete lined 
channels 0.012 0.014 0.016 0.018
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and QgA/QST becomes

8/3
OSA = X nST
TTZ 8/3
ST rST X nSA

and

- 'q sa 3/8 X nSA
5 ST _nSTe

3/8

For nĝ , = 0.013 and n ^  = 0.008

r -,3/8

[fe] x
0.833

The ratio of the radius of the sanitary sewer to 
the radius of the storm sewer is now given in terms of 
the sanitary flow/storm flow ratio. Thus, a comparison 
of the required pipe sizes can be made once the design 
values of the storm and sanitary flows are known.

The Darcy-Weisbach equation

hf = f £ 7g
could also be used to establish the rg^/rg^ ratio in 
terms of the PgA^ST ratio* Substituting S = and
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g = 32,2 ft./sec.^ into the Darcy-Weisbach equation and 
solving for V and Q

and

TsdI 1/2V = 8.0 IrJ1/2
Q = 8.0 H A

becomes

5/2
QSA = CO X fSTEhCOfc.

2/5
rSA r
rST

‘9sa" X fSA
^ST

However, there would probably be more questions 
as to the correct f value than to the correct n value: 
f,like n, is a resistance coefficient, but f is a 
function of the Reynolds number and the relative 
roughness, The coefficient f is applicable to all flow 
conditions, including laminar, whereas Manning's n tends 
to be constant for a given absolute roughness in the zone 
of fully developed roughness action. Either f or n will 
be applicable if correctly used and correctly determined.



By equating the velocity found by the Darcy- 
Weisbach equation to the velocity found by Manning's 
equation, f can be determined in terms of n. Solving 
for f for pipes flowing full

13

Figure 2 shows graphically f versus n for various values 
of D in the zone of fully developed roughness action.

In a real situation the size and shape of the 
storm drain would be known. Also, the size of the 
sanitary drain could be determined for the slope of the 
combined sewer and the expected sanitary flow. It would 
then be a matter of judgment whether the sanitary drain 
could be tolerated within the storm drain. For this 
exploratory study, however, in a sense both lines are 
designed, except that solutions in a ratio form tend to 
be more generalized. In the real situation a similar 
procedure might be used as a check since the original 
line may be over or under designed

Flow from Household Fixtures

The sanitary flow begins at the individual house 
with the flow of a sink, shower, or other household 
fixture. The evaluation of the sanitary flow, therefore, 
starts with the household fixtures. There is
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n

Figure 2. f Versus n for Various D Values
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surprisingly little knowledge available about the sewage 
flow characteristics from a home. The characteristics 
of peaks, how much flow actually discharges, and the 
magnitude of peaks are unknown.

Simple flow measurements were made, therefore, 
at the writer's home for various fixtures. The fixtures 
available were two toilets, one shower and bathtub combi
nation, two bathroom washbasins, and one kitchen sink.
The flow from a dishwasher and washing machine were 
determined by consultation with a local appliance 
distributor.

The results of the flow measurements are shown 
in Table II.

The flow rates presented in Table II were 
crudely determined and may not be entirely repre
sentative of flows from fixtures in other households. 
Nevertheless, they were considered sufficiently 
descriptive for the purposes of this study.

Accepting the flows presented for the various 
fixtures, the total flow from a dwelling could be esti
mated. The maximum flow condition would exist when all 
fixtures were discharging at the same time. If all of 
the fixtures, including 2 toilets, 2 bathroom sinks, 1 
kitchen sink, 1 clothes washer, 1 dishwasher, 1 bathtub,



16

TABLE II

Discharge of Household Fixtures

Assumed
Water Time to Flow Time of

Type of Discharged Discharge Rate Flow Rate
Fixture (ft^) (sec) (cfs) (sec)

Toilet A
Toilet B
Bathroom Sink
Bathroom Sink
Kitchen Sink
Bathtub
Shower
Clothes
Washer

Dish Washer

0.416 GO H

0.358 5.7
0.1337 10.3
0.1337 9.25
0.1337 8.28
4.27 174
3.92 325

2.40 90
0.294 60

0.0514 10
0.0628 10
0.0130 -

0.0145 -
0.0161 -

0.0245 180
0.0122 330

0.0267 90
0.0049 90
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and 1 shower, discharged simultaneously, the flow would 
be 0.2261 cubic feet per second for a maximum of 10 
seconds.

The probability of all fixtures discharging at 
the same time is remote but possible. If it were to 
happen, the duration of the maximum flow period would 
be short. The toilets would empty in a maximum of 10 
seconds, dropping the flow to 0.1119 cubic feet per 
second. Within 1 1/2 minutes the clothes washer and 
dishwasher would finish draining, reducing the flow to 
0.0803 cubic feet per second. In approximately 3 
minutes the bathtub would be drained and the flow would 
be reduced to 0.0558 cubic feet per second. Within 
approximately 5 1/2 minutes the average shower would be 
over and the flow would be further reduced to 0.0436 
cubic feet per second. For all practical purposes, 
the remaining flow from sinks would reduce rapidly to 
zero. A hydrograph of the flow is shown in Figure 3.

The quantity of water used during the cycle is 
equal to the area under the hydrograph of Figure 3 and 
is 201 gallons.

The average daily consumption in gallons of 
water for domestic use would be the starting point for 
estimating the domestic sewage flow in the absence of
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Figure 3. Hydrograph of the Flow from Household
Fixtures
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actual sewage flow records. The normal range of water
consumption in North American communities ranges from

6 715 to 70 gallons per capita per day, gpcd. * Normally,
60 to 70 percent of the domestic water supplied becomes 
waste water. Assuming average water consumption to be 
70 gpcd with 70 percent of the water finding the sewage 
system, the average daily sewage flow would be

qave = 70 x °-7°

Pave " 49 KP=d

To facilitate calculations, 50 gpcd was used as the 
average daily sewage flow.

Assuming the average home would have four 
persons, the average daily sewage flow from a home would 
be 200 gallons, about the same as the quantity of water 
discharged during the peak cycle. The comparison is 
made to point out the severity of the hydrograph of 
Figure 3.

After being discharged from the fixtures, the 
water would flow directly to a septic tank located 
between the house and the sewer. The time for the flow 
to reach the septic tank would be a matter of seconds. 
Assuming the septic tank to be 30 feet from the house, 
connected to the house by a 6 inch line with an n value



of 0.012, and situated on a slope of 1/8 inch per foot, 
Manning's formula could be used to determine the 
velocity of flow for the pipe flowing full.

v . hhl r2/3 S1/Jn
V = 3.2 feet per second, fps 

The time to travel 30 feet would be 9,4 seconds.
In flowing from the fixtures to the septic tank 

there would tend to be some attenuation of the hydro
graph. This has not been considered because the location 
of the fixtures might possibly result in the timing of 
the flow to be as severe as the hydrograph of Figure 2.

20

Septic Tank

After leaving the household fixtures, the spent 
water would discharge into a septic tank located between 
the dwelling and the public sewer. The primary function 
of the spetic tank would be to remove the solids from 
the sewage.

The definition of a septic tank as proposed by 
the American Public Health Association is:

A septic tank is a horizontal continuous-flow, 
one story sedimentation tank through which 
sewage is allowed to flow slowly to permit 
suspended matter to settle to the bottom where 
it is retained until anaerobic decomposition 
is established, resulting in the changing of 
some of the suspended organic matter into liquid 
and gaseous substances to be disposed of.®
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While the sewage is in the septic tank, 60 to 70 percent 
of the suspended solids are removed. Some of the 
suspended solids and dissolved solids remain in the 
effluent from the septic tank along with soluble 
products of sludge decomposition.

Sedimentation of the solids in the sewage causes 
a sludge to accumulate on the bottom of the tank. Some 
of the solids also form a floating scum. The sludge and 
scum are acted upon by anaerobic bacteria in a process 
called digestion. During digestion the pathogenic 
organisms are largely destroyed, and the solid matter is 
reduced in volume and changed in character.^ In this 
manner the sewage undergoes some degree of primary 
treatment.

Septic tank effluent is commonly discharged in
a soil-absorption field. A concrete or tile pipe is
laid with open joints so the sewage can filter through
the soil. The objective of the septic tank is to

condition the sewage so that it can be disposed 
of to a subsurface leeching system or to an 
artificial sand filter without prematurely 
clogging the system.

It is assumed that the same degree of treatment 
by the septic tank would also eliminate or reduce to an 
acceptable minimum clogging in the sewer pipe in the 
proposed system. As a result, the design of the



sanitary sewage system could be based on hydraulic 
considerations only with no concern for minimum 
transport velocities.

As further protection against large particles 
entering the sewer system, the outlet orifice of the 
septic tank could be made considerably smaller than any 
following pipe in the collection system. Particles as 
large or nearly as large as the sewer pipe thus would 
be prevented from entering the collection system, 
greatly reducing the danger of clogging.

The criticism that frequent clogging would occur 
at the septic tank orifice immediately presents itself. 
The actual limiting size of the orifice can be de
termined only by experimentation. However, even if 
clogging should appear at this point in the system, it 
could be remedied relatively easily. As one possibility, 
the orifice could be cleared by a push rod device 
operated from above the ground, as shown in Figure 8, 
Moreover, clogging would tend to occur at known points, 
and service difficulties and costs could be minimized.

The Public Health Service carried out extensive 
research on septic tank systems from 1947 to 1953.^*^^*^^ 
Their size recommendations are shown in Table III, The 
liquid capacities are based on sewage flows of 50 
gallons per person daily from single and double unit

22



No.
of
Bed
rooms

2 or
less
3
4
5
6
7
8
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TABLE III
Septic Tank Sizes Recommended by the 

Public Health Service^* 1^» 15

Nominal
Maximum Liquid 
No. of Capacity 
Persons of Tank 
Served (U.S.Gals.)

Recommended Dimensions

Liquid Total 
Width Length Depth Depth

4 500 3' -0" CD 1 O 2 4'_0" cn 1 O 3

6 600 3' -0" 7 * -0" 4'-0" 5'-0"
8 750 3*-6" 7*-6" 4' - 0" 5* -0"

10 900 3'-6" 8'-6" 4'-6" cn 1 CD

12 1100 4'-0" SCD100 4'-6" 5*-6"
14 1300 4' -0" lO'-O" 41 - 6" 5'-6"
16 1500 4'-6" H o o 4'-6" 5'-6"
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dwellings. The tank sizes required by Sanitary District 
No. 1 of Pima County, Arizona,are shown in Table IV. 
The sizes required by Pima County are greater than the 
Public Health Service’s recommendations.

Not only does the septic tank condition the 
effluent, but it also provides storage for the sewage, 
thereby modifying the hydrograph. The portion of the 
system containing the septic tank is shown in Figure 4. 
Hydraulically the system would act like a flow storage 
operation.

Figure 4. Flow Through Septic Tank
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TABLE IV
Septic Tank Sizes Recommended by Sanitary District 

No. 1 of Pima County, Arizona*6

Number of 
Bedrooms

Dimensions Liquid
Capacity
(Gallons)Length Width Depth

Homes

1 8  2 1 O 4,-0" 4*-6" 750
3 rol00 4’-O” S'-O" 900
4 9' -0" 4'0" 5 1 -0" 1000
Over 4 Plus 250 gal. for 

each bedroom over 4

Duplexes

1 each side 7* -0" 41-0" 5’-n" 750
2 each side 9' -0" 4'-0" S’-O" 1000
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The velocity of sewage moving up in the tank 
would equal where dh is the distance traveled in 
time, dt.

where is the flow into the tank, Q0 is the flow out,
and A is the surface area of the tank.

Qq = aC(2gh)1/2 = Kh1/2

where K = aC(2g)^/2
where C is the coefficient of discharge and can be taken 
in this case as equal to the coefficient of contraction 
for the orifice, g is gravitational acceleration, h is 
the storage head, and a is the area of the outlet 
orifice. Then

S  = - K h 1/2

and
&  *

A
A h

when small increments of time and head are used.

A t A  hA AhA
Qj - Kh1/2 Qj-KCh^ * A

which can be evaluated if the various constants are known.
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An analysis of the above equation for At was 

made using the following assumptions:
1000 gallon septic tank with dimensions of 

9* x 4 '
Orifice opening 1/4 inch in diameter 
Coefficient of contraction of 1.0 
(Or larger sharp edged orifice to give a 

jet of 1/4 inch diameter).
resulting in

At = 36 Ah
Qi - 2.74 (h^ + Ah)1/2 x IQ"3

The flow, Q^, cannot be so easily determined 
because it is not constant. An extreme flow condition 
was previously presented graphically in Figure 3.
Allowing to equal the flow represented by the hydro
graph of Figure 3, a hydrograph of Qq was developed and 
is shown graphically in Figure 5.

The hydrograph of Qq was developed for a dis
charge jet 1/4 inch in diameter. The orifice could be 
made slightly larger than 1/4 inch and produce a 1/4 
inch jet if C were less than 1.0, An increase in the 
size of the orifice would reduce somewhat the possibility 
of clogging. The orifice could be made similar to a
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sharp edged orifice with the edge slightly rounded to 
reduce the possibility of particles being snagged by a 
sharp edge.

As was previously determined in the measurement 
of flows from the writer's house, the average shower 
had ended after 5 1/2 minutes, or 330 seconds. It was 
assumed that the kitchen and bathroom sinks were turned 
off at t r 330 seconds, reducing the flow from the house,

to zero. On this basis the maximum flow out of the 
septic tank would be 0.00234 cfs and the maximum flow 
into the septic tank would be 0.226 cfs. Therefore, the 
peak would be reduced by approximately 100:1,

If the flow into the tank were to remain zero, 
the velocity at which the sewage level would fall is

and

-dh
~cTF = Qo =

7T
K h1/2

dh 
vl/2

Integrating both sides 

hl/2= -2% t + C1

Since t = 0 when Qq = 2.34 x 10"^ cfs



then

or
h1/2 =- t + .854 

26,300

t = 26,300 (0.854 - h1/2) 
t = 26,300 (0.854 - 365 Qq)

A plot of Q0 versus time for the condition 
equal zero is shown in Figure 6. Qq reduces slowly with 
time because of the small outlet orifice and large septic 
tank area. Q0 reduces to 0.9 Q0 max- when t = 0.63 hours, 
to .75 Qq max when t = 1.56 hours, to .5 Q0 max when 
t = 3.12 hours, and to 0. l.Q0 max when t = 5.61 hours.

The maximum head occurred when Q0 was at its 
maximum value of 0.00234 cfs, The head at Q0 max is

hl/2 = Qo
IT

h = 0.854 ft.
The sewage level must be allowed to rise 0.854 

feet in the septic tank without backing up into the house 
sewer system. The retention of the peak flows could be 
accomplished by adding the maximum head to the "Total
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Depth" and "Depth" columns of Table III and Table IV, 
respectively. Figure 7 shows a normal single-chamber 
septic tank design and Figure 8 shows a single-chamber 
septic tank designed to retain peak flows.

If the flows in the hydrograph of Figure 3 were 
doubled and the time increments remained the same, a 
retention head of approximately 1.6 feet would develop. 
The maximum Q0 would again occur when t = 330 seconds 
and would be approximately 0.0035 cfs. When the inflow 

is doubled, the outflow, Qq , is increased by only 1.5.
Septic tank designs include 12 inches of space

17above the maximum flow line. The freeboard allows an 
additional one foot that could accommodate extreme flows 
into the septic tank. One foot of additional depth 
would accommodate a quantity of flow of about 2.3 times 
the flow under the hydrograph of Figure 3.

Flow in Public Collection System

Lateral serving one block— sanitary flow. Sewage 
from individual houses in each city block flows into the 
lateral sewer lines, the beginning of the public 
collection system.

For the purposes of this study it was assumed 
that each city block was 500 feet long and contained
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Figure 7. Normal Single-Chamber Septic Tank

Rush rod to clean
Riser *rrt- 
Line
for Easy_

Pump- j— 1r= ing r-LJ
clean

Retention Flow Line 
Variablehead

Figure 8. Modified Single-Chamber Septic Tank



34
eight 60 foot wide lots (500 ft/60 ft = 8). A total of 
8 houses on each side of the street, for a total of 16 
houses, were considered to be tributary to the system. 
Using the previously determined maximum flow of 0.00234 
cfs per house, the lateral would have to transport a 
maximum flow of 16 x 0,00234 = 0.0374 cfs. It was assumed 
that the peak flows from the houses would occur in such 
a way as to make their simple sum their total effect.
Thus, the flow from the block represents a somewhat more 
severe condition from the individual houses than what 
would probably actually occur.

For pipes flowing full Manning's equation
becomes

Q = .465
1/2S

n DS/3
and

2.15
,1/2

3/8

For Q = 0.0374 cfs and n = 0.008, the diameter
is defined for various slopes as

3/8
D = 6.42 x 10£T7T

-4

The values of D from the above equation for 
various slopes are shown in Table V. Figure 9 is a
graphical comparison of the diameter versus the slope 
for various flows.
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TABLE V
Slopes and Diameters from the Relationship

3/8
D = 2.15 all for n = 0,00 8 and 

sl/2
Q = 0.0374 cfs

Slope
Diameter
(Inches) Slope

Diameter
(Inches)

.001 2.77 .016 1.66

.003 2.27 .020 1.59

.005 2.07 .025 1.52

.007 1.93 .030 1.48

.010 1.80 .040 1. 39
1.32013 1.72 050
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Figure 9, Slope Versus Diameter
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Using = 0.0374 cfs the velocity is defined

in terms of pipe diameter or slope for pipes flowing 
full as follows:

Q = VA

V -
D2

„ 4.76 x 10“2V = - —— ......

and
,3/8V = 11.9 S

The values of velocity for various diameters are shown in 
Table VI. Figure 10 is a graphical representation of 
Table VI. Figure 11 is a cross plot of diameter versus 
flow for various slopes.

For a slope of 0.7 percent and a flow of 0.0374 
cfs, the required diameter from Table V is 1.93 inches. 
For the same flow, Figure 10 gives a velocity of 1.84fps 
for D = 1.93 inches. In the 500-foot-long block, the 
time for the sewage to travel the block would be

Time = Velocity
Time = 272 seconds or 4,53 minutes.

If the houses discharged their maximum over more than 
4 1/2 minutes, the peak flow would be less than that 
being considered.
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TABLE VI
Diameters and Velocities for the Relationship

3/8V = 11.9 S for Q = 0.0374 cfs

Diameter Velocity
(Inches) (fps)

3.25
3.00 
2.50
2.00 
1.75

0.650
0.762
1.102
1.71
2.24

1.50 3.05
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Figure 10. Diameter Versus Velocity
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Figure 11. Diameter Versus Flow for
Various Slopes
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Lateral serving one block— storm flow. As was 

previously mentioned, the proposed system would incorpo
rate a sanitary sewer small enough to be placed inside 
the existing combined sewer without interrupting the
storm flow. The ratio rg^ • rST was ^oun  ̂to be

3/8proportional to (Qg^ ; Qg-p) • Qg/\ was found to equal 
0.0374 cfs for a 500-foot-block with 16 houses. The 
storm flow Qg-p is the next part of the ratio to be in
vestigated.

The quantity of water falling on an area equals 
the product of the rate of rainfall and the area under 
consideration. If a sewered area were completely 
impervious, all of the rainfall falling on the area 
would eventually find its way to the sewer system. In 
reality, however, no surface is absolutely impervious 
and some surface storage is retained; therefore, only 
a portion of the rainfall reaches the sewers. The 
water that flows into the sewers is called the runoff. 
The ratio of the runoff to the rainfall varies con
siderably, depending primarily on the imperviousness of 
the area. It is also dependent on the slope, area, and 
character of the surface and duration of the storm.

The rational method^-® is commonly used to esti
mate the runoff. This method combines engineering 
judgment with calculations made from analysis,



measurement, or estimation. The rational method is an 
expression that directly relates runoff to rainfall and 
is expressed by the equation

Q = C2 I A
where

Q = peak runoff from a given area in acre- 
inches per hour or cubic feet per second 
(1 acre-inch per hour - 1,008 cubic feet 
per second)

Cg = ratio of peak runoff to average rainfall 
(coefficient of runoff)

I = average intensity of rainfall in inches 
per hour

A = drainage area in acres

The average intensity of rainfall depends 
on the duration and probability of occurrence of the 
storm. The maximum rate of runoff usually occurs 
when the duration of rainfall is equal to the time it 
takes water to travel from the most remote part of the 
drainage area to the point in the sewer under 
investigation. This time duration is called the 
time of concentration. The time of concentration 
consists of the time of flow over the surface, or inlet 
time, plus the time of flow in the drainage system. The

42
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time of flow in the drainage system can be determined on 
the basis of hydraulic considerations. The time of the 
flow over the surface can only be estimated because it 
depends on the size of the area and the character and 
slope of the surface.

Babbitt estimated the inlet time for a normal
19city block to be between 5 and 10 minutes. The

shorter time is for smaller areas with steeper slopes.
Hardenbergh estimates inlet times for suburban blocks in
Los Angeles to be between 10 and 12 minutes depending on 

2 0the slope. Ten minutes appeared to be representative 
of an average suburban block and was the time of concen
tration used.

The coefficient of runoff for a particular
district can be determined by various methods. In all
the methods, however, the imperviousness of the area is 

21considered. The other factors considered consist 
primarily of the time of concentration. The relationship 
between the coefficient of runoff and the time of concen
tration is dependent strictly on local conditions. If 
the ground is saturated before the beginning of the 
storm, the coefficient of runoff tends to be constant 
for any time of concentration. If the maximum intensity 
of a storm occurs at the beginning of the storm, the Cg 
value may increase or decrease with time depending on
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the character of the surface. Because the above factors 
are peculiar to specific areas and cannot be evaluated 
on a general basis, this study utilized a coefficient 
of runoff based only on the imperviousness of the 
surface of an average residential area.

Tables VII, VIII, and IX give coefficients of 
runoff recommended by various sources. A value of Cg 
ranging from 0.25 to 0,65 for residential areas could 
have been used. An average Cg of 0.45 was used in this 
study.

The rainfall intensity I can be determined from
rainfall data gathered throughout the United States.
Tables prepared from the data show rainfall intensities
for various storm durations. The average intensity of
a storm increases as the storm duration decreases.
Rainfall intensities also vary greatly with the frequency
of occurrence. Five-year storms are commonly used for
residential areas while 10- to 15-year curves are used

9 9for business sections.
The one-hour rainfall, in inches, to be expected

once in 5 years in the Boston-New York City area of the
eastern United States is 1.75 inches.^ A one-hour
rainfall can be converted to an intensity for a duration
other than one hour by use of "Standard Rainfall

9 UIntensity-Duration Curves." Converting the one-hour
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TABLE VII

Range of Runoff Coefficients in North American Cities25

Type of District C2

Mercantile 0.70 - 0.95
Commercial 0.60 — 0.85
Industrial
Residential

0.55 - 0.80

Apartment houses 0.50 - 0.70
Single and two family 

houses 0.25 - 0.60
Parks 0.25
Undeveloped Areas 0.05 - 0.25



46

TABLE VIII

Coefficients of Runoff in Washington, D. C.^

Character of District C2

Extreme suburban areas
with 20 to 40 percent 
parking and widely 
detached houses 0.35

Suburban area with
widely detached houses 0.45 - 0.55

Areas with 50 percent
attached houses and 50 
percent detached houses 0,65

Areas closely built up 0.75
Business areas 0.85



47

TABLE IX

Runoff Coefficients for Urban Areas27

Description of Area C
2

Flat, residential, with about
30 percent of area impervious 0.40

Moderately steep, residential, with 
about 50 percent of area
impervious 0.65

Moderately steep, built up with 
about 70 percent of area 
impervious 0.80
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rainfall of 1.75 inches to the intensity in inches per 
hour for a 10 minute duration results in I = 4.75 inches/ 
hour.

Utilizing the above information, the storn run
off from a block 500 feet long by 350 feet can be 
estimated.

A = 500 ft x 350 ft 
= 4.01 acres 

I = 4.75 inches/hour
c2 = 0.45
QsT = c2 I A 
QgT = 8.56 cfs

The relationship
-3/8 

x 0.833

now becomes

0.0374875 S

= .1082 r>ST

3/8

x 0.833

rSA ' rST = 1 : 9.25
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The area of the sanitary and storm sewers would 

vary with the square of their radii as follows:

A5A = r2SA = .0113
&ST r2ST

Aga • Ag'p - 1 : 85.5

The restriction in the storm sewer caused by the 
sanitary sewer would be slightly larger than the 1.13 
percent calculated above. The 1.13 percent is based on 
the inside rather than the outside diameter of the sani
tary sewer. However, the slightly greater restriction 
would be somewhat alleviated by eliminating the sanitary 
flow from the storm flow. Before separation the sani
tary flow would be mixed with the storm flow; after 
separation the storm and sanitary flow would be trans
ported by separate conduits.

The flow from a two-bathroom house represented 
by the hydrograph of Figure 5 was based on maximum flow 
conditions. The flow presented is unlikely to be 
exceeded. If it should be, however, additional pro
tection would be provided through the storage capability 
of the sanitary sewer line.

The amount of flow leaving the septic tank under 
the maximum inflow condition is equal to the area under
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the hydrograph of Figure 5. The quantity of flow for 
5 1/2 minutes is 4.31 gallons. The sewage discharged 
into the septic tank was previously found to be 201 
gallons. At this point, therefore, the septic tank 
would retain 196,7 gallons of sewage. A block 500 feet 
long containing 16 houses would discharge 16 x 4.01 = 69 
gallons into the sewer in 5 1/2 minutes.

The storage provided by the sewer depends 
directly on its size. Table V indicates a lateral could 
vary in size from approximately 1 1/4 to 3 inches in 
diameter. Table X presents the storage capacities for 
pipes of various sizes 500 feet long. Table X shows that 
the maximum flow for 5 1/2 minutes from 16 houses could 
be stored in 2 inch diameter or larger pipes without any 
outflow.

Sewers serving areas larger than one block. The 
sewer system expands from one block of a city until it 
discharges the entire flow from the city into a treatment 
plant or outfall. As the serviced area increases, the 
storm flow decreases per acre, and the sanitary flow 
decreases per person. The relationship

rSA
rST

0.833

would, therefore, vary with the area.
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TABLE X

Storage Capacities of 500 ft. Long Sewers

Diameter Area Storage
Inches Feet (ft2) ft3 gal

3.0 .250 .0491 24.3 182
2.5 .208 .0340 17.0 127
2.0 .167 .0218 10.9 81.6
1.75 .146 .0168 8.37 62.7
1.5 .125 .01225 6.12 45.8
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The manner in which QSA and QST vary with area 

must be estimated to evaluate the feasibility of the 
concept on the basis of relative flows for areas larger 
than one block.

An average daily domestic sewage flow was 
previously established at 50 gpcd. The average sani
tary flow, however, is not the design flow. The rate of 
sewage flow varies with the season, weather conditions, 
day of the week, and hour of the day. As the area being 
served increases, the peaks tend to flatten out because 
of the sewage used in filling up the sewers and the high 
flows from different areas reaching a common point at 
different times. The peak sewage flows are the design 
flows used in sewer design. Therefore (Qg^) peak should
be used in evaluating the r : r ratio.u A o I

Sewage flow hydrographs tend to repeat themselves 
every 24 hours. The sewage flow into a treatment plant, 
therefore, would be approaching a constant value when a 
portion of the sewage had been in the system for 24 hours. 
In a large system meeting the 24 hour criteria, the 
result would be to have maximum peaking at the upper end 
with a reduction in the peaks to approximately the 
average flow per capita at the lower end. This reason
ing is shown graphically in Figure 12.
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Area

Figure 12 • General ?P.e.^ Versus Area Curve
^ave

At the upper end of the system the peak flow was
found to be 0.00234 cfs for a 2-bathroom dwelling, while
the average flow was found to be 200 gpd or 0.000309 cfs.
Therefore, the Q , /Q ratio ispeak xave

Vak „ * IQ'"
Save 3.09 x 10-4

= 7.57
To find the peak flow of a block earlier in this 

study, the peak flow per house was multiplied by the 
number of houses on the block. The Qpg^ : Qave ratio 
of 7.57 remains the same, therefore, for areas up to a 
block in size.

At the lower end of the system where a portion 
of the sewage has been in the system for 24 hours, the 
size of area served by the system is large. In a square
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area the sewage will travel a distance equivalent to 
going around half of the perimeter. In Figure 13, sewage 
discharged at Point A would travel from Points A to C to 
B or from A to D to B, but not directly from A to B.

D

D

B D
Figure 13, Path of Sewage Flow

Assuming the average velocity of the sewage to be 2 fps, 
the distance D can be determined for sewage taking 24 
hours to travel from Points A to B.

Distance = Rate x Time 
2D = RT
2D = 2 ft/sec x 24 hrs x 3600 sec/hr 
D = 86,400 ft 
D = 16.35 miles

and



55
OArea = (16.35) square miles

= 267 square miles
= 171,000 acres

Therefore, Q , / Q ~  1 when the area tributary to peak ave
the sewer is 171,000 acres. The following information 
is included to explain occurrences between the extremes.

Based on generalized North American experience, 
the following Qpeak : Qave ratio was suggested by W. G. 
Harmon,^8

%eak _ 18 + W
Qave 4 +

where P is the population in thousands.
Returning to the 500 ft x 350 ft block containing 

16 houses with an average of four persons per house, the 
population density is 16 persons per acre. Assuming a 
density of 16 persons per acre, the Qpga% : Qave ra^i° 
for an area with sides of length D/2 or 8,17 miles is 

Area = 66.7 square miles 
= 42,800 acres

Population = 684,000 persons

Qpeak _ 18 + V664 - 1#46
Qave 4 + V684

Similarly, the Qpeak : Qave ratio®for other areas are 
shown in Table XI.
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TABLE XI

^peak^^ave Rat^0 for Various Areas by 
Harmon's Formula

Length of Side 
(Miles)

Area
(Acres) Population

Opeak/Q ave
Ratio

14. 30 130,700 2,090,000 1.28

12.25 96,000 1,535,000 1.32

| D = 6.13 24,000 385,000 1.60

-E
=l

H y ii 4.08 10,660 170,500 1.82

oo
|H u ii 2.04 2,670 42,800 2.33

1.02 667 10,670 2.93
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A semi-log plot of the Q . : Q ratios thus1 peak ave

far determined is presented in Figure 14. The points
determined by Harmon's method lie below a straight line
connecting the extreme points of Figure 14. The Qp@a% :
Qave ratios determined by Harmon's method would increase
slightly for smaller population densities. Further, the
slope of the straight line of Figure 14 would decrease
if the Q , : Q ratio for the small area of a blockpeak ave
was decreased. As was mentioned previously* the small
area peak is quite severe and in actuality would probably
be somewhat lower. This would tend to lower the straight
line of Figure 14 toward closer agreement with Harmon's
points. On this basis, the straight line was modified
to the curved line shown in Figure 14.

Even though the precision of the curve in Figure
14 could be challenged, it was felt that it would be
sufficient for the purposes of this study. Therefore,
Figure 14 was used to determine the Qpeak was
determined for a population density of 16 persons per
acre and an average sewage flow of 50 gpcd. Table XII
shows () . for various areas,peak

Storm flow now remains to be investigated.
The time of concentration used in the rational method 
for determining runoff was established with a reasonable
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Figure 14. Qpeak : Qave Ratio Versus Area
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TABLE XII

Qpeak/Qave Ratio and %eak for Various Areas

Size of 
Square 

D
(Miles)

Area £
(Acres) Population

Qaye ^peak:
10 gpcd ave
(cfs) Ratio

Qpeak 
(cfs)

16.35 171,000 2,730,000 211 1 .0* 211+
1.4.0 125,300 2 ,010,000 155.0 1.2 186
12.0 91,900 1,470 ,000 113.5 1.3 147
10.0 64,000 1,022 ,000 79.0 1.4 101
8.0 40,950 654,000 50. 3 1.6 80.4
6.0 23,050 369,000 28.5 1.9 54 «_2
5.2 3 17,500 280 ,000 21.6 2.0 4 3.2
4.0 ; 10,230 164,000 12.66 2.2 27.8
3.0 5,76 0 92 ,200 7.13 2.6 18.5
2.0 2,560 41,000 3.16 3.0 9.4:8
1. 5 1,437 23,000 1.776 3. 3 5.86
1.0 6 40 10,220 0. 851 3.8 3.24
0.75 360 5,750 0.443 4.2 1.86
0.50 160 2,560 0.197 4.7 0.925
0.30 57.5 920 0.0710 5.4 0.383
0.20 25.6 410 0.0317 5.9 0.187
0.10 6.4 102 0.00787 7.1 0.0558



degree of confidence for the small area of a block. For 
areas as large as 171,000 acres, the time of concen
tration cannot be so easily determined. Also, the 
rational method assumes that rainfall covers the entire 
drainage area under consideration. For large areas the 
rate of precipitation may not extend over the entire 
area. As a result, the rainfall intensity for a large 
area could not be defined with confidence.

The difficulty of accurately predicting runoff 
has led to the development of empirical formulas. In 
general, these formulas are in terms of the drainage 
area, hourly rainfall intensity, imperviousness of the 
surface, and the slope of the area. One of the empirical 
formulas is the Burkli-Ziegler equation,and is

Q 1/4Q ; C3AI1(|)
where

Q = runoff in cubic feet per second (cfs)
C3 = coefficient indicating the imperviousness 

of the area. "In this form of the
29expression Cg is recommended as 0.7."

S = average slope of the area in feet per 
thousand feet

A = area in acres
*1 = intensity of rainfall over the whole area in 

inches per hour
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The rainfall intensity usually falls between

n  q1 to 3 inches per hour. was previously determined
to be 1.75 inches per hour for the New York City-Boston 
area for a 5-year storm. The same value will also be 
assumed appropriate for the larger areas. The average 
slope will be taken as 15 feet per thousand. The Burkli- 
Ziegler equation then reduces to 

Q = 2.41 (A3/4>
For small areas the above equation disagrees 

somewhat with the more common rational method, Q = CglA. 
For an area of 4.01 acres, runoff by the Burkli-Ziegler 
equation would be 6.15 cfs. QST calculated by the 
rational method for 4.01 acres was 8.56 cfs. The purely 
empirical expression for QgT admittedly introduces many 
uncertainties, but it was felt to be more favorable with 
respect to estimating runoff for large areas.

24The Standard Rainfall Intensity-Duration Curves 
relate rainfall intensities for storms up to 240 minutes 
in duration. The curves do not apply to areas whose time 
of concentration is greater than 240 minutes. Therefore, 
the common rational method, Qĝ , = CglA, could be utilized
when the estimated time of concentration was less than

. c 1/ 4240 minutes; and the empirical method, QgT = Cgl^A (̂ )
could be used when the estimated time of concentration was 
greater than 240 minutes.
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The time of concentration consists of the time 

the overland flow of water takes to get to the inlet 
plus the time of the flow in the drainage system from 
the inlet to the point of investigation. With a drainage 
area as small as one or two blocks, the time of concen
tration consists mainly of the time of overland flow. As 
the system expands, the time of the flow in the drainage 
system becomes a greater percentage of the time of 
concentration.

As an example, consider Point B in Figure 13 to 
be the point of investigation for D = 1 mile. Storm 
water entering an inlet at Point A would travel two miles 
to Point B, Assuming an average travel time of 4 fps in 
the drainage system, the time of flow from Point A to B 
would be 2640 seconds, or 44 minutes. An overland flow 
time of 10 minutes would result in a 54 minute time of 
concentration.

The time of concentration would be 240 minutes 
when the flow time from Point A to B was 230 minutes.
For a time of concentration of 240 minutes D was 
determined as follows:

2D = 4 fps x 230 x 60 sec 
D = 27,600 feet 
D = 5.23 miles
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Therefore, when D is greater than 5.23 miles,

S 1/4^ST = (̂.) can be used; and when D is
less than 5,23

QSt = CglA can be used.
Table XIII shows for areas with D greater 

than 5.2 3 miles. Table XIV shows Qĝ . for areas with D 
less than 5.23 miles.

The assumptions made in the calculations for 
Table XIV were

C2 = 0.45
V = 4 ft per sec (used to compute travel time

in system)
Storm duration equals travel time in system 

plus 10 minutes
Rainfall intensity I was based on 5-year

storm and derived from Standard Rainfall
2 uIntensity-Duration Curves.

The rc. : r__ ratios can now be determined foron ST
areas of 6.4 acres to 171,000 acres. The ratios for 
various areas are shown in tabular form in Table XV.
Qgrp was determined by both the rational and empirical 
methods for the 17,500 acre area. By the rational method 
the runoff was 4720 cfs, but only 3660 cfs by the Burkli- 
Ziegler formula. It should be noted, however, that the



64

TABLE XIII

Qg,p for Areas with D Greater Than 5.2 3 Miles

Size of 
Square 
(Miles)

Area ^ST 2.41 (A )
(Acres) (cfs)

16.35 171,000 20,300
14.0 125,300 16,000
12.0 91,900 12,700
10.0 64,000 9,690
8.0 40,950 7,890
6.0

5.23
23,050 4,500
17,500 3,6605.23



65

TABLE XIV

Qg-p for Areas with D Less than 5.2 3 Miles

Size of Storm Rainfall
Square Area Duration Intensity
(Miles) (Acres) (Minutes) (Inches/Hour)

5.23
4.0
3.0
2.0 
1.5 
1.0
0.75
0.50
0.30
0.20

17,500
10,230
5,760
2,560
1,437

640
360
160
57.5
25.6 
6.4

240
186
142
98
76
54
43
32
23
19
14

0.60
0.80
0.95
1.25 
1.50 
1.85
2.25 
2.75 
3.30 
3.60 
4.15

Qgrp = CIA 
(cfs)

4,720
3,680
2,460
1,440

969
559
364
198
85.4
41.4

0.10 11.9
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rSA ' rST Ratio for Various Areas
TABLE XV

Area
(Acres) ^ST(cfs) q sa(cfs) rSA = 

rST
Qsa

3/8
X: 0.833

171,000 20,300 211 0.150 1 : 6.67
125,300 16 ,000 186 0.151 1 6.63
91,900 12,700 147 0.157 1 6.38
64,000 9,690 101 0.150 1 6.67
40,950 7,890 80.4 0.149 1 6.71
23,050 4,500 54.2 0.159 1 6.30
17,500* 3,660 43.2 0.151 1 6:63
17,500** 4,720 43.2 0.143 1 6.98
10,230 3,680 27. 8 0.133 1 7.50
5,760 2,460 18.5 0.133 1 7.50
2,560 1,440 9.48 0.127 1 7.90
1,437 969 5.86 0.123 1 8.12
640 559 3.24 0.121 1 8.30
360 364 1.86 0.115 1 8.70
16 0 198 0.925 0.111 1 9.00
57.5 85.4 0.383 0.109 1 9.15
25.6 41.4 0.187 0.110 1 9.18
6.4 11.9 0.0558 0.112 1 = 8.96

*Empirical
**Rational
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different values determined by the rational method 
and the Burkli-Ziegler formula caused the final
rSA 1 rST rat^0 to vary by only 1 : 6.98 and 1 : 6.64, 
respectively,

A plot of QgA and Qg-p versus the area is shown 
in Figure 15.

The following is an example of what relative
values could be expected when using a rg& : rg-p ratio.
Consider that an existing combined sewer pipe is to have 
a sanitary pipe placed inside of it. If 

VgT = 4 fps
Dgip = 2 ft
Rgrp = 1/2 ft 
HgT = 0,013

Then SgT = = 0.00311 ft per ft.
Assuming the rSA = rgT ratio is 1 : 8 , rSA is 0.125 ft
and RgA is 0,0625, Then for ngA = 0.008 

VgA = 1.65 fps

Velocities in this range would be greater than the dry 
weather flow of about 1.15 fps existing in the combined 
sewer. As a result, the sulfide and slime accumulation 
problem in the proposed system should not be troublesome.
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CHAPTER III

COSTS

Separation of combined sewage flow by the 
conventional method of sanitary sewer installation is 
very expensive. The expense of the conventional 
method is the basic reason for seeking other less 
costly ways of sewage separation. This chapter com
pares the probable costs of combined sewer separation 
by the concept this study proposes with the conventional 
methods of separation presently being used.

Method A - The Conventional Method

Method A of sanitary sewage separation would 
involve all accepted design and construction pro
cedures now being employed. Separate sanitary sewers 
are usually installed in new areas before streets, gas 
lines, water lines, and other underground or surface 
obstacles are placed. House connections are usually 
made to each lot regardless of whether a house is there 
or not. Thus, easy access is provided to the sewer 
should a house be constructed at a later date.
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Placing a sanitary sewer by Method A in an 
established residential area would involve considerably 
greater cost than the same installation in a new area. 
Sanitary sewers would be placed in the center of a 
street or alley depending on where the house sewer 
connections are located. In either the streets or 
alleys water lines, power lines, telephone cables, and 
other underground obstacles would exist to hinder a 
trenching operation. Whether the sewer connections 
were in front or back of the houses, the streets and 
alleys would have to be ripped and replaced.

Table XVI gives estimated costs of separating 
the sanitary flow by Method A submitted by various 
cities. Costs vary from $1,800 per acre to $30,000 
per acre and average $11,800. On a per capita basis, 
the costs vary from $187 to $915 and average $468. 
Assuming a representative sample to be Table XVI, the 
cost of sewage separation for the entire United States 
would be $27.4 billion.^ The costs do not represent 
current dollars as most reports were from preliminary 
estimates with some being several years old.

When the data for Table XVI were collected by 
the Public Health Service, the cities were also 
requested to submit information on single item costs
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TABLE XVI
Estimated Costs for Complete Separation of Stormwater

and Sanitary Sewers^0

City
Total Project 

Cost Cost/acre Cost/capita

Chicago, 111. :$2,300,000,000 $ 17,000 $ 482
Cleveland, Ohio 470,000,000- 12,000 360-535- 700,000,000 18,000
Concord, N.H, 8,000,000 e # # 280
Detroit, Mich. 1,315,000,000 s e e 360
Haverhill, Mass. 30,000,000 10,500 650
Kansas City, 

Kans. 2 0,000,000 7,74s1 187
Lawrence, Kans, 30,000,000 13,500 915
Lowell, Mass. 70,000,000 12,000 780
Milwaukee, Wis, 425,000,000 8,250. 440
New Haven, Conn, 1 0,000,000 16,363l 560New York, N.Y. 4,000,000,000 25,000- 492
Portland, Oreg. 10 0,0 0 0,000-

30,000
3,100- 260-652

250,000,000 7,750
Seattle, Wash, • 145,000,000 3,890 260
Spokane, Wash. 50,000,000 1,800 415
Toronto, Ontario 285,000,000 17,000
Washington, D.C, 214,000,000 18,000 250

Total 9,662,000,0002 12,4272 46 82

1. Based on actual project cost.
2, Using the average costs for those cities 

reporting ranges. U. S. only.
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in a separation project* Little information was
31available, but Seattle and Tacoma provided unit cost 

estimates as follows:
House sewer reconnections $ 40,00
Catch basin reconnections 80,00
Manhole connections 100.00

New house sewer 300,00
Washington, D. C, ,3* also estimated the 

following for changes on plumbing and house connections: 
Single-family house,

unfurnished, basement 
Single-family house, no

$ 1,200

basement 2,000

Small, apartment with basement 1,750
Larger apartment, at least 5,000
Shop with storage basement 2,000

Shops, no basement 4,500
Shops, store, office building,

with basement 5,000
The unit-cost information was believed by the

31United States Public Health Service to be too limited
to make any generalizations for other areas
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Basically, the costs of Method A consist of 

four items. The following is a discussion of the 
principal items as they apply primarily to Tucson, 
Arizona:

1. Trenching, Backfilling, and Restoration.
(a) Trenching and backfilling in earth

q 9costs about $2,00 per cubic yard. 
Assuming a two-foot-wide by six- 
foot-deep trench, excavation and 
backfilling costs would be $0,89 per 
foot.

(b) As previously mentioned, the sanitary 
sewer would probably be installed 
down the center of the concrete street. 
One estimate of pavement ripping and
replacement was $4.30 per square

3 2yard. Assuming a street cut 2 1/2 
feet wide, ripping and replacement 
would cost $1.20 per foot. - Another 
estimate was $6.50 per square yard 
which is $1.81 per foot for a street 
cut 2 1/2 feet wide.

. Pipe.
The costs are for vitrified clay pipes 
installed in place.^

2
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(a) 8 inch pipe - $2,00 per foot
(b) 10 inch pipe - $2,50 per foot
(c) 12 inch pipe - $4,00 per foot
(d) 15 inch pipe - $7,50 per foot

3. Manholes.
The cost of installing a manhole is about 
$250. Approximately $100 per manhole 
should be added for connections to the 
sewer pipe,30 bringing the total to $350 
per manhole.

4. House Reconnections.
House sewers would extend out to the 
combined sewer. The connection to the 
combined sewer would have to be disconnected 
and plugged. The house sewer would then have 
to be connected to the sanitary sewer. The 
cost would be about $40 per house. The 
reconnection cost may be more for the houses 
that have the combined sewer between them and 
the sanitary sewer. The house sewer would 
have to be constructed over or under the 
combined sewer, causing more time and 
material to be used.
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5. Total

The total cost per foot of trench for a 
10 inch pipe would be $4.59 or $5.20 
depending on which pavement ripping cost 
is used. Forty dollars per house and 
$350 per manhole would have to be added 
to the trench cost.

The above costs do not include any new house 
sewers, catch basin reconnections* or easement purchases. 
Also, the following factors are not included or not 
adequately included in the cost figures:

Digging conditions (rock, sand, clay, etc.) 
Number of utilities to cross 
Number of buried cables to cross 
Time of the year
Method of payment (interest considerations)
Type of equipment necessary (trenchers, 

dragline, backhoe, or hand labor)
Amount of ditch allowed open at one time 
Yearly increases of labor costs

The above factors could add considerably to the cost of 
sewer construction. It would be difficult to estimate



their cost on an average basis, but their effect would 
have to be determined for each individual situation 
considered.

Another factor to be noted is the nuisance and 
inconvenience involved in tearing up the streets. On 
busy streets, detours would have to be made and there 
would be considerable delay to the vehicle driver. The 
delay time during the rush hours alone would be detri
mental to the public interest. Again, a cost figure 
cannot be placed on this item, but it should be 
considered.
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Method B - Sewer Inside a Sewer

Method B of sanitary sewage separation would 
involve some established procedures and some new con
struction techniques. The septic tank installation 
could be based on present practices while a technique 
for placing the sanitary line in the combined sewer 
would have to be developed.

Like Method A, the costs of Method B consist of 
four basic items: septic tanks, house connections, septic 
tank sludge pumping, and pipe and installation.

Septic tank costs. The cost of septic tank
installation would be affected by such factors as ease
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of excavation, ease of locating house sewer line, and 
depth of house sewer line. The septic tank costs 
presented are for Tucson, Arizona, and reflect current 
market prices. Septic tank requirements are controlled 
by Sanitary District No. 1 of Pima County, Arizona, The 
size of tanks that would be used most commonly are the 
750, 900, and 1000 gallon tanks. The costs are, there
fore , limited to these three sizes.

The estimated costs for septic tanks installed 
at established dwellings are itemized as follows:

1. Cost of septic tanks.
750 gallons - $75 
900 gallons - $85 

1000 gallons - $95
The tanks are precast and conform to the 
specifications set forth by Sanitary 
District No. 1 of Pima County, Arizona.

2, Cost of excavation.
The cost of excavating the hole for the 
tank would be about $25. The cost 
applies to all digging conditions except 
when a jack hammer is used. The cost 
also applies to all tank sizes.
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3. Cost of house connections.

The septic tank would be connected 
directly to the house sewer. The cost

q  qwould be about $10 per installation.
4. Cost of backfill and restoration of 

property.
The cost includes backfilling over the 
tank, hauling away the excess dirt, 
bringing the backfill to final grade, 
and resodding the excavated area. The 
cost would be approximately $60 per 
installation.33

5. Total costs.
The total cost of installing a septic 
tank would be as follows:

750 gallon tank - $170
900 gallon tank - $180
1000 gallon tank - $190

The above costs are for established residential
areas. A septic tank would be less expensive to install 
on the lot of a house under construction. It would not 
be necessary to haul away any excess dirt and there would 
not be a lawn to restore. The estimated reduction is 
$50 per septic tank installation.
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House connections. The house sewer would be 
connected to the combined sewer. The existing connection 
would have to be reconnected to the small sanitary sewer 
inside the combined sewer. As for Method A, $40 is the 
estimated reconnection cost for Method B.

Septic tank sludge pumping. A septic tank would 
require periodic pumping of its sludge and scum accumu
lation. It should be pumped about every three to five 
years.^  Since every home in an area would have a septic 
tank, the tanks could be cleaned through an organized 
scheme similar to the collection of garbage,

Sanitary District No. 1 of Pima County has a few 
dwellings in its district that discharge sewage into 
dead-end sewer pipes. The Sanitary District operates 
tractor-trailer pumping units that pump the sewage on a 
regular basis. The operational cost of pumping units 
was evaluated on the assumption that the daily, monthly, 
or yearly costs would be the same if the units were 
pumping septic tanks.

The operational expenses included repairs, gas, 
oil, insurance, and depreciation costs. The average 
cost per month was $733 per tractor-trailer operation.35 
The units have been operating on a 7-day, 2-shift 
schedule. The average cost per mile for the units was
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$0.17. Using one man per shift per unit at $30 per 
shift for labor, one unit would cost $1,633 per month, 
or $19,600 per year.

Assuming each shift can pump ten tanks, one 
unit could pump 600 tanks per month, or 7,200 tanks per 
year. If the septic tanks were to be cleaned once every 
three years, one unit could clean 21,600 tanks in a 
three-year period. If there were from 21,600 tanks to 
43,000 tanks in a city, two pumping units would be 
needed.

The cost of operating one unit for three years 
would be approximately $58,800, The cost per septic 
tank would be $2.70. The cost would be incurred about 
once every three years for each house. A cost of 
$19,600 would be required to pump 7,200 tanks each year. 
Assuming 16 houses per 4-acre block, the dwelling 
density would be 4 houses per acre. In one year, there
fore, one pumping unit could cover 1,800 acres at a 
cost of $19,600. The cost per acre for septic tank 
pumping would be $10.90 and would be incurred once 
every three years.

Pipe and installation. The type of pipe to be
used is unknown, making it difficult to estimate its
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expense. At the time of this writing, the Johns- 
Manville PVC pipe previously discussed listed its prices 
as i

2- inch pipe - $0,27 per foot
2 1/2-inch pipe - $0,41 per foot

3- inch pipe - $0,61 per foot
4- inch pipe - $0,97 per foot
6-inch pipe - $2,13 per foot

The Johns-Manville pipe is a new product and has 
relatively high costs. As competition grows and as 
production methods improve, unit costs should go down.
The prices given merely indicate the range of costs to 
be expected. The cost probably would not differ greatly 
from the same item of Method A, An installed cost of 
$2,50 per foot could again be assumed.

Total cost. The total cost per foot of pipe 
would be approximately $2.50. In addition to the cost 
of the pipe, a cost of $230 per house for a 1,000 gallon 
septic tank and house connection would have to be added 
to complete the one-time costs. A cost of $2.70 per house 
would also be incurred once in every three years for a 
dwelling density of 4 houses per acre.
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Comparison of Costs

The house reconnection and pipe installation 
items are approximately equal for Methods A and B. The 
remaining costs for Method A would consist of $2.09 or 
$2.70 per foot for trenching, backfilling, and resto
ration ; $350 per manhole, and any contingencies that 
might develop. The remaining costs for Method B would 
be $190 per dwelling for a 1,000 gallon septic tank and 
about $2.70 per house once each three years for septic 
tank pumping.

The reconnection cost for Method A would be more 
for the houses having the combined sewer between the 
house and the sanitary sewer. The house sewer would 
have to be constructed over or under the combined sewer, 
requiring the use of more time and material.

Assuming a block to be 560 feet long including 
street intersections, a housing density of 16 per block, 
and two manholes per block, the remaining items of Method 
A would cost the following per house:

560 ft x $2.09/ft + $350/Manhole x 2 _ $116 gQ/
16 dwellings 

560 ft x $2.70/ft

16 dwellings 

$350/Manhole x 2
dwelling

16 dwellings 16 dwellings " ^dwelling
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The remaining items of Method B would cost $190 per house 
for a 1000 gallon septic tank plus $2.70 per house 
incurred once every three years.

The estimated costs are somewhat less for Method 
A. Method A, however, does not include any of the con
tingencies mentioned earlier. For example, trenching in 
rocky conditions or sandy conditions where cribbing would 
be a problem would cause trenching costs to go up 
considerably. These items are mentioned specifically 
because they would probably be the most troublesome. On 
the other hand, septic tank installation on a mass basis 
might result in definite reductions in costs. Also, 
installation of the line in a line could be less costly 
than anticipated for man-sized lines, and methods could 
be developed for smaller lines.

The comparison of costs was made primarily for 
lateral-size sewers. The comparison would change some
what for collector and main sewers. In many situations 
main and collector sewers would be man-sized, tending to 
reduce the cost of Method B as compared to Method A.
The major cost item in Method A was trenching, while in 
Method B it was septic tank installation. For sewers 
the size of mains and collectors, the cost of trenching 
would be considerably higher than for laterals. The



septic tank cost would remain constant. As a result, 
the cost of Method B would again be reduced as compared 
to that of Method A.

The maintenance cost of sanitary sewers in the 
Tucson, Arizona, area is about $0.01 per inch diameter 
per foot of pipe per y e a r . T h e  maintenance cost would 
be about $0.10 per foot per year for a 10-inch pipe.
About two-thirds of the maintenance is removing paper, 
grit, and grease from the sewer. The septic tank would 
reduce the amount of paper, grit, and grease entering 
the sewer line and, therefore, would reduce the mainte
nance cost. A two-thirds reduction would be about 
$0,067 per foot per year for a 10-inch pipe. The 
potential saving in maintenance is certainly worthy of 
consideration.

The total costs of Method A estimated by this 
study on a per acre and per capita basis are about 
$1060/acre and $66/capita assuming 4 persons per family 
and 4 houses per acre. These costs are considerably 
less than the Public Health Service estimates shown in 
Table XVI, The Public Health Service costs average 
$11,800/acre and $468/capita. Part of the difference 
would be because the costs in this study are for resi
dential areas only, while the Public Health Service
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estimates would include high-cost downtown areas of a 
city. The magnitude of the difference in the two 
estimates, however, indicates the "other"costs would 
probably affect Method A considerably.

The total costs for Method B are approximately 
$1270/acre plus $ll/acre incurred once every three years 
and $80/capita plus $0.68/capita incurred once every 
three years. The costs for Method B also assume 4 
persons per family and 4 houses per acre.



CHAPTER IV

OTHER CONSIDERATIONS

In addition to the flows and costs involved in 
combined sewerage separation, other considerations must 
be investigated. In this chapter attention is focused 
on factors such as the effect of the proposed system on 
the treatment plant and the disposal of the septic tank 
sludge. Joining high and low density areas together is 
also considered.

Treatment Plant

As was mentioned earlier, the primary motivation
for the separation of combined sewage flow is the
reduction of pollutional aspects. In the design of
combined sewerage systems the interceptors and treatment
plant are commonly designed from two to five times the

3 7dry-weather flow. A separate sewerage system would 
prevent storm flow from reaching a treatment plant, 
thereby increasing its capacity to treat the sewered 
population.

Consider, for example, a treatment plant serving 
a combined system designed for 50 million gallons per
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day (mgd). Depending on whether it was designed for 
5 or 2 times the dry weather flow, the dry weather flow 
would be from 10 to 25 mgd. On the basis of 50 gpcd 
the plant would serve from 200,000 to 500,000 persons.
By eliminating the storm flow from the treatment plant, 
the plant’s capacity could be increased to 1 ,000,000 
people. The increase in capacity would save a consider
able investment in additional treatment facilities.

In the State of Washington, the average 
construction cost for conventional secondary treatment 
over a five-year period was $35.00 and $15,90 per capita 
for conventional primary treatment.Secondary and 
primary treatment facilities for 500,000 persons would 
cost about $25,5 million. Potential savings of this 
magnitude would make the separation of combined sewage 
flow worthy of serious consideration.

The complete elimination of storm flow from 
treatment facilities could be accomplished by any method 
of sewage separation. In the conventional method of 
separation infiltration is an important consideration in 
the design. In most cities the design criteria for 
sanitary sewers include allowances for infiltration.^

The pipe-in-a-pipe method, however, would 
eliminate infiltration from the design flows. Infil
tration can occur because of ground water and from
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connections such as foundation drains, roof leaders,
and the like. The Public Health Service reports that

Many cities report the yearly amount of 
infiltration to equal or exceed the amount 
of sanitary waste water. This can mean 
only the installation of large sewers and 
severe limitations on existing sewers as 
growth occurs. It means providing relief 
in the form of new sewers or tolerating 
overflow to the stream with resulting 
deterioration of stream quality. As for 
treatment, it means the added cost of a 
larger plant to accommodate the increased 
hydraulic load or bypassing the excess flow 
to the water course, thus negating the purpose 
of the treatment plant.39

Infiltration design allowances reported from a 
few sources averaged from 500 to 4,000 gallons per day 
per acre,1*® It was also reported that allowances of 50 
gpcd were made for infiltration. Fifty gpcd was the 
average domestic sewage flow used earlier in this study. 
For a city of one million, 50 gpcd adds 50 million 
gallons daily to the sanitary system. Hydraulically, 
this can mean collection and treatment facilities for a 
city of approximately 500,000.^0 Again, the potential 
saving warrants serious consideration.

Some primary treatment of the sewage leaving a 
dwelling occurs in the septic tanks in the system of a 
pipe-in-a-pipe. Therefore, the effluent reaching the 
treatment plant would have already undergone some 
primary treatment. It is difficult to determine what
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effect this would have on the treatment plant. Perhaps 
the degree of primary treatment in the plant could be 
reduced. To evaluate the effects properly, a pilot 
project or experimental research would be necessary.

Septic-Tank Sludge

The separation of combined sewage flow by the 
septic-tank/pipe-in-a-pipe method would have the problem 
of disposal of household septic-tank sludge and scum. As 
was previously discussed, sludge in a septic tank is 
digested by a biological action which liquifies, 
gasifies, and reduces the volume of solid organic matter 
deposited by sedimentation.

Sludge digestion is affected by many variables, 
and sludge quality would vary from septic tank to septic 
tank. Some conditions affecting sludge digestion are 
temperature, time, food supply, manner and degree of 
mixing, the pH, and the content of volatile acids in 
the digesting mixture. The nitrogen content of digested 
sludge averages around 1.5 to 2.0 percent, depending on 
the original composition of the sludge. The phosphoric 
acid content varies from 0.3 to 1.5 percent, being 
closer to the higher value most of the time.*4̂  Because 
of the nitrogen content, digested sludge does have some



fertilizer value, and through disposal procedures 
savings can be made.

A municipality's primary interest would be in 
the easiest and cheapest method of sludge disposal 
without creating a nuisance. One possible solution 
would be to send the septic-tank sludge directly to a 
composting operation. The sludge might be mixed with 
other municipal refuse to form a salable compost. The 
business of composting municipal refuse and sludge could 
be given to private investors who may be in a better 
position to handle market development and sales problems.

The major cost of composting refuse lies in the 
handling of the materials.Since the septic tank 
pumping costs were already included in the cost compari
son of Methods A and B, the cost would not have to be 
added a second time to a composting operation.

At the Miami, Florida, sewage treatment plant, 
all digested sludge is applied in liquid form to the

h Oplant yard and non-tidal lagoons. An area covered 
with Bermuda grass is completely flooded with the liquid 
sludge and in some places may be 2 or 3 inches deep. In 
a matter of weeks, the grass grows through the sludge 
and returns to normal condition. The sludge is 
thoroughly digested and does not create an odor or 
insect problem. Studies could be made of typical septic
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tank sludge to ascertain whether or not this type of 
disposal is feasible.

The septic-tank sludge could also be returned 
to the treatment plant for processing. It could simply 
be added to the influent entering the plant and undergo 
all subsequent treatment offered by the plant. Since 
the sludge would already have undergone some degree of 
primary treatment, it could possibly be deposited some
where along the treatment plant process. Perhaps the 
sludge could be placed directly in a sludge thickener.

The methods of septic-tank sludge disposal 
mentioned above are given only as possibilities. They 
are by no means the only methods available, but they do 
demonstrate that the problem of septic-tank sludge 
disposal need not be a severe handicap to the pipe-in-a- 
pipe separation concept.

Hookup of High and Low Density Areas

Method A, the conventional procedure of sani
tary sewer construction, would have larger pipe require
ments for equal flows than would Method B, the pipe-in- 
a-pipe concept. As a result, a Method B sanitary sewer 
could easily be connected to a Method A sanitary sewer. 
If a city already had a portion of its sewerage system
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separated by the Method A technique, Method B could be 
used to effect separation upstream from the existing 
facilities with no foreseeable difficulties.

Except where high- and low-density areas are 
side by side, a Method A sanitary sewer could not be 
connected to a Method B sanitary sewer. The exception 
would be when a low-density low-flow Method A sewer 
joins a high-density high-flow Method B sewer. Under 
these circumstances, the Method B sewer might be large 
enough to have the Method A sewer connect to it.

The previously mentioned method of separation 
suggested by G. M. Fair utilizes a grinder and pump at 
each building to help transport the sewage. This scheme 
would seem particularly adaptable to high density areas 
of large apartments and buildings. The pressurized 
scheme could also be used in conjunction with Method B. 
It should be noted that alternate methods of sanitary 
sewer separation could be combined into a workable 
arrangement for particular situations.
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CHAPTER V

RECOMMENDATIONS FOR FURTHER STUDY 
AND CONCLUSIONS

As was previously stated, the purpose of this 
study was to investigate the feasibility of the pipe-in- 
a-pipe system of combined sewage separation and to 
determine areas needing further study. This chapter 
discusses those areas and presents the writer's con
clusions concerning the feasibility of the proposed 
system.

Recommendations for Further Study

Knowledge of specific sewage flow character
istics from individual houses and small residential 
areas is needed. It is recommended that sewage flow 
hydrographs be developed for dwellings of several 
capacities under varying conditions. Hydrographs of the 
flow in laterals serving one or two blocks should also 
be investigated. The effect of attenuation on the 
sewage flow of a sewer section could best be determined 
by investigation of the inflow and outflow hydrographs 
of the given sections.
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The septic tank plays a critical role in the 

method studied. Research should be done on sedimentation 
characteristics and required minimum transport 
velocities of septic tank effluent. In addition, the 
size and shape of the septic tank outlet orifice should 
be investigated. The orifice should be made as small as 
possible without creating a clogging nuisance.

Studies should be made of the effect the small 
sanitary pipe would have on the flow characteristics of 
the combined sewer pipe. A cutoff point for the r ^  : 
rgY ratio should be determined.

Studies should be made of the sanitary pipe 
itself, A small pipe chemically resistant to sewage 
effluent would have to be developed and proven. Methods 
of installing the pipe inside smaller than man-size 
sewers would also have to be developed.

The effluent leaving the septic tank has had 
some degree of primary treatment. It should be de
termined if this primary treatment can result in a more 
efficient treatment-plant operation. The sludge from 
the septic tank has also undergone digestive action. A 
study of the extent of digestion should be made in light 
of the various possible uses for the sludge. The methods 
of sludge disposal mentioned in this study plus any other 
possible methods should be completely investigated.
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Determination of the sanitary flow, storm flow, 

and cost comparison was by necessity of a general 
nature. In the evaluation of a specific city, the 
elements concerning combined sewer separation would be 
available. As a result, the resulting analysis would be 
of a specific nature.

Conclusions

For an area of one block, the rSA • rST ratio 
was found to be 1:9.25. If the ratio had been 1:20 or 
1:30, there would be no question as to the feasibility 
of placing the sanitary sewer inside the combined sewer 
on the basis of the relative flows involved. The 1:9.25 
ratio does not eliminate the concept, however. It is 
favorable enough to warrant further refinement of the 
size of the sanitary and storm flows.

For areas larger than one block, the rg^ : rsT 
ratio was found to vary from 1:6.30 to 1:9.18. As in 
the case of the one-block ratio, these ratios again 
illustrate the importance of more accurate knowledge of 
the actual flows involved. They also emphasize the need 
to analyze each potential situation on its own merits.
In locations with high rainfall and low per capita 
sewage flow, the ratio would be more favorable. In 
areas with low rainfall and high per capita sewage flow,
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the ratio might be low enough to make the concept un
workable , As was previously mentioned, the original 
line may have been over- or under-designed. A line under
designed to any great extent would jeopardize the 
feasibility of the concept, but this is a problem in 
itself. On the other hand, an over-design would favorably 
affect the concept.

The major costs of Method A and Method B were 
approximately the same. The inclusion of main and 
collector sewers, however, casts favor on Method B.
Other possible savings such as reduced maintenance cost 
and increased treatment-plant capacity also help make 
Method B worthy of further consideration.

The separation of combined sewerage flow into 
separate sewage systems would present complicated design 
and financial problems in a large city. Any one method 
of sewage separation would probably not be adequate for 
the entire system. The method of sewage separation 
investigated by this study is not presented as a final 
solution| but rather as a supporting method to be used 
with other possible means of separation. Certain methods 
would be adaptable to one area, while others might be 
more suited to a different area. The successful sepa
ration of combined sewage flow will probably depend on 
the successful application of more than one method.
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