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PREFACE

Since the three volumes of ‘“ American Sewerage Practice”
were published in 1914-1915, the authors have been urged to
prepare a single-volume abridgment of them for class use in
engineering schools. The authors were reluctant to do this,
because of two conditions. The first is the great variation in the
time devoted to sewerage engineering in different schools. This
has the result that a textbook so brief as to verge on the super-
ficial from the viewpoint of one class may be too detailed for
another. The second condition is the fact that some of those
features of sewerage engineering which in practice it is most
important to master are apparently held by those laying out

" college courses to deserve little attention from students. For

example, a wise estimate of the quantities of sewage and storm
water to be handled is the basis of design of a sewerage system,
yet the methods of preparing such estimates and actual practice
in their use receive relatively little attention in college courses.
Furthermore, the best arrangement of the main sewers in a
sewerage plan may depend largely upon the treatment, if any,
that the sewage must receive before disposal and upon the place
of disposal, subjects involving a knowledge of the nature of
sewage and the changes which it undergoes under natural con-
ditions or those involved in specific methods of treatment. Yet
some college classes in sewerage engineering receive no instruc-
tion in sewage treatment.

As the requests for a textbook continued, the authors finally
decided to prepare a book giving the information which they
consider it desirable for the young student to acquire before
taking up work in this field. In a sense, they have felt under
obligations as professional engineering specialists to do their
part in smoothing the way for the first steps ta.ken by engineering
students in this branch of engmeenng

This book can be used in two ways. The text can be read
and mastered within the time allotted to the subject even when
the course is very short. Where more time is available, the
authors believe that the student will gain a much better grasp of
the fundamentals of the subject by devoting most of this addi-

v

390526



vi PREFACE

tional time to the solution of problems. For example, a student
should, if possible, test his ability to predict the growth of popu-
lation by forecasting the 1920 population of cities by the methods
deseribed in Chapter II, and checking his figures by the 1920
census returns. He should determine the carrying capacity of
sewers of different cross-sections on the same grades, and the
sizes needed when the plan remains the same, but the grades are
different. In short, he should test his grasp of the qualitative
information which must necessarily form the larger part of a
sewerage textbook, by applying this information to quantitative
problems based on assumed conditions or data from places with
the local conditions of which he is familiar. He should also
lose no opportunity to see sewerage construction in progress
and sewage treatment works in operation.

There is little in this textbook not covered in much greater
detail in “American Sewerage Practice.” The three volumes
of that treatise have elaborate indices, so that it seemed unneces-
sary to insert references to the treatise in this textbook. The
student is assumed to have access to textbooks on hydraulics,
masonry and reinforced concrete. No cost data are given,
because the great changes in costs induced by the war make it
‘necessary to employ older data with a great deal of caution.
They must be supplemented, too, by practical knowledge of
current changes which very few undergraduate students possess.
A study of fluctuations in commodity prices since the war, based
upon Dun’s and Bradstreet’s characteristic numbers, will be
helpful to the student, however, in connecting up, approximately,
pre-war and post-war costs, and in bringing home to him the
necessity of recording with his cost data the unit prices paid to
labor and for materials upon the construction work under con-
sideration. In this connection the accompanying diagram of
fluctuations in commodity prices, in percentages of 1910 prices,
as determined by Dun’s index numbers, prepared by the authors
for their office use, may be of interest. Dun’s index numbers
represent the weighted average wholesale quotations of cost per
pound, on the first business day of each month, of about 300
commodities, the actual cost of each commodity being weighted
according to its annual per capita consumption in the United
States. The reasons for making the percentage comparison
with the prices of 1910 as a base were that the figures of that
year approximated the average condition over the period covered
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viii | PREFACE

by a number of different records, were uninfluenced by the war,
and yet were near enough the war period to approximate, though
they were slightly below, the costs prevailing just before the war.

Reference to sewage disposal for detached residences and
institutions has been omitted in this book because the principles
involved are fully explained. The practice in their application
varies not only with the local conditions, the size of the project
and the influence upon design of the necessity for simplicity, .
but also with the standards set by the local health authorities.
Standards have been developed by the U. S. Public Health
Service, by the State Colleges, and by State Boards of Health of
various states

The authors are engineers, not teachers, hence this text book
reflects the engineer’s rather than the teacher’s viewpoint. They
will appreciate the more, therefore, any suggestions for increasing
its usefulness to undergraduate students and their instructors.
Constructive criticism is invited, because through it the experi-
ence of the authors and other engineers in designing, building
and operating sewerage and sewage treatment works, can be
made more helpful to the students who will eventually carry the
" responsibility for such undertakings.

The authors take pleasure in giving recognition to Mr. John M.
Goodell, for many years Editor of ‘“Engineering Record,” who
assisted them in the preparation of “ American Sewerage Prac-
tice”” and who has done the greater part of the work of condensing
its three volumes into this book. Credit is also due to the
junior partners and members of the staff of Metcalf and Eddy,
and to the publishers, for their helpful assistance.

As the book reflects the past experiences and current opinions
of many practicing engineers, it should be of service to the

student.
LEONARD METCALF.

14 BEACON STREET,
HarrisoNn P. Eppy.

BosToN, Mass.
December, 1921.
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SEWERAGE AND SEWAGE DISPOSAL
A TEXTBOOK

CHAPTER 1

GENERAL FEATURES OF SEWERAGE AND SEWAGE-
TREATMENT WORKS

Sewerage provides the means for removing the liquid wastes
from a building to some more or less remote place of disposal.
In its simplest form, it is merely the extension of the discharge
pipe of the plumbing system to a neighboring body of water, to a
cesspool,! or to some plot of land which will absorb the wastes.
Each of these methods of disposal may be objectionable under
some conditions. The water into which the sewage is discharged
may be contaminated by the sewage so as to lose part or all of
its usefulness to others; the cesspool may overflow and become
an offensive breeding place for flies; and the land may be made
foul by the sewage discharged upon it.

From the technical and sanitary viewpoints, the construction
and operation of these small isolated sewerage systems calls for
the same kind of knowledge involved in the design and operation
of the municipal sewerage plants. In taking up the study of
sewerage and sewage treatment for the first time, the clearest
conception of the field to be covered can be formed from an
examination of the works in a city, because of their greater size.

. Definitions.—At the beginning of such an examination, a
clear conception of the technical terms employed in sewerage
engineering is helpful. These terms are used very loosely by
the general public and engineers should avoid such carelessness,
in order that what they say and write may be free from ambi-
guity. The Committee on Sewerage and Sewage Disposal of the
American Public Health Association, recommended certain defi-
nitions which will be quoted in this chapter:

1 Cesspools are usually shallow pits in the ground, lined with stone set without mortar,
from which the liquids percolate into the ground and mingle with the ground water. They
are usually not wholly satisfactory except when they are surrounded by porous material,
such as sand, and great care should be taken that the liquids leaching from them shall not
contaminate wells in the neighborhood.

1



2 SEWERAGE AND SEWAGE DISPQSAL

“Sewage is a combination of the liquid wastes conducted away from
residences, business buildings and institutions, together with those from
industrial establishments; and with such ground, surface and storm water
as may be present.

“ Domestic sewage is that from residences, business buildings or institutions.

“Industrial wastes! are the liquid wastes resulting from the processes
employed in industrial establishments.

“ Surface water is that portion of the precipitation which runs off over the
surface of the ground.

““Storm water is that portion of the precipitation which runs off over the
surface during a storm and for such a short period following a storm as the
flow exceeds the normal or ordinary run-off.

“Ground water is that which is standing in, or passing through, the ground.

“ A sewer is a conduit for carrying off sewage.

“A common sewer is a sewer in which all abuttors have equal rights of
entrance and use.

“A house connection is a pipe leading from a building to a common sewer.

“A lateral sewer is a sewer which does not receive the sewage from any
other common sewer. i

“A sub-main? or branch sewer is a sewer into which the sewage from two or
more lateral sewers is discharged.

“ A main or trunk sewer is a sewer into which the sewage from two or more
sub-main sewers is discharged.

“ An outfall sewer is a sewer extending from the lower end of the collecting
gystem to a point of final discharge into a body of water, or to a sewage-
treatment plant.

“A separate sewer’ is a sewer intended to receive domestic sewage and
industrial wastes without the admixture of surface or storm water.

“A combined sewer is a sewer intended to receive domestic sewage, in-
dustrial wastes and surface and storm water. X

“ An indercepting sewer is a sewer generally laid transversely to the general
sewer system to intercept all the sewage collected by the sewers of a separate
system or the dry-weather flow of sewage and such additional surface and
storm water as may be determined from a combined system.

“A relief sewer is a sewer designed to carry a portion of the flow from a
district already provided with sewers of insufficient capacity, and thus
prevent overtaxing the latter.

“A storm-water overflow sewer is a sewer designed to carry the excess over
a certain volume of combined sewage from a main or intercepting sewer to
an independent outlet.

“A drain is a conduit for carrying off storm water, surface water, subsoil
or ground water.

““ A storm drain is a conduit for carrying off surface water and storm water.

1In the opinion of the ittee, the term “‘industrial wastes’’ is preferable to ‘‘trade
wastes.'’

2 The committee is of the opinion that preference should be given to the term “submain
sewer” rather than to “branch sewer.”

8 In the opinion of the committee, the use of the term '‘separate sewer” is preferable to
“‘sanitary sewer,” which latter term should be di inued

.



SEWERAGE AND SEWAGE-TREATMENT WORKS 3

“A land drain is a conduit for carrying off subsoil or ground water, and
for draining land. ‘

“A sewer system is the collecting system of sewers and appurtenances,
together with such small pumping stations as may be required to lift the
sewage from low-level districts.

“A combined system is a system of combined sewers.

““ A separate system is a system of separate sewers.

“Sewerage works comprise the sewer system, main pumping stations, .
treatment works, means of disposal of efluent and sludge, and all other works
necessary to the complete collection, treatment and disposal of sewage.”

Before continuing the committee’s definitions it is desirable to
supplement those already given with others.

Plumbing inside a building, as the term is ordinarily used,
comprises the pipes and fixtures used to supply water and to
remove it when used. Plumbing connects with both the sewer-
age and water-supply systems of a city, just as the capillaries in
the human body connect the veins and arteries.

The main or house drain, or house sewer, better characterized
as the house connection, is the pipe connecting the sewers or
drains within the house with the common sewer in the street.
It should not be too small. The wastes removed from a store,
apartment house or office building are usually much the same
as those from houses. Sometimes large quantities of dirt and
grease are washed from an automobile into the house connection
from a garage; bundles of rags, towels, and occasionally old hair
brushes and even larger objects get into the pipes and stop
them if they are not large enough to give such rubbish free
passage.

Because of the misuse of plumbing neither the main drain nor
the house connection should be less than 4 in. in diameter and
5 or 6 in. (the most common size) is a preferable size for the
house connection, which is more difficult to clean than the main
drain.

The main trap is a small inverted siphon sometimes placed in
the main drain near the building wall to keep air from the sewer
system out of the building. The bend of the trap is filled with
water while the house is occupied and this water acts as a seal
against the passage of air through the trap.

There has been a great deal of controversy among engineers
regarding the use of a main trap. When sewer systems were
comparatively novel and often badly designed, so that solids
collected in them and gave off foul odors while decomposing,
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there was a general belief that sewer air was dangerous to health
and should be excluded from buildings by the use of the main
trap. In the course of time sewers were better designed and
built and examinations of the air within such sewers showed no
traces of injurious gases or bacteria. Meanwhile the plumbing
within buildings was improved and building codes compelled
the trapping of all fixtures and the venting above the roof of all
stacks. Many sanitary engineers held, therefore, that it was
desirable to ventilate the sewers through the main drains and
stacks, by omitting the main traps. At first there was great
opposition to this, particularly by physicians serving as health
officers, but the opposition has practically died out with the
spread of definite knowledge regarding sewer air. Traps are
now used in cities where all sorts of wastes are discharged into
the sewers and there is danger of odors coming from some of these
wastes before they leave the sewer system. But in residential
districts where the sewers are in good condition, it is customary
to omit the main traps.

Stacks are vertical pipes rising from the main drain.

A soil pipe, strictly speaking, is any pipe through which pass
the wastesfrom a water closet, but in the plumbing trade the term
also designates cast-iron pipe of any size used in the plumbing
system. '

An inverted siphon is a portion of a sewer which drops consider-
ably below the average grade and then rises again, in such a
way as to run under pressure.

A waste pipe is one receiving wastes from other fixtures than
water closets. , :

A dead end is the upper extremity of a sewer, above the point
where the first house connection or other sewer enters it.

Roof water is the storm water running off roofs.

Street wash is the water flowing from the surface of a street
into a sewer or drainage system. Street wash may be rain
water or water used in flushing the streets from hydrants or
sprinkling carts, or melted snow. The first flow from a street
after dry weather is often grossly polluted and liable to cause
offensive conditions if not removed promptly.

Run-off—in a narrow sense—is the portion of the storm water
that reaches the sewers and drains. The term is also used to
denote the portion of the rainfall that passes away in brooks and
streams from a designated area.
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Infiliration or leakage is the ground water that finds its way
into sewers. In sewerage engineering ‘‘leakage’ usually has an
opposite meaning to its significance in water supply, for it
designates the water entering a conduit, rather than the liquid
escaping from it. Infiltration sometimes presents problems
difficult for the engineer to solve. The authors have known
storm and ground water to leak into sewers to such an extent
that the normal flow of 300,000 gal. per day during dry weather
was increased to 3,000,000 gal. by heavy rainfall, although all
storm and ground water was theoretically excluded from the
sewers. '

Underdrains are drains to remove ground water from engineer-
ing works above them, such as sewers, pavements, filters and
foundations.

Pipe sewers are those constructed of relatively short lengths of '

pipe, jointed together.

A cradle is a support for a sewer, usually constructed of wood
or concrete, which distributes the weight of the sewer over a
wider portion of the bottom of the trench or other support than
the sewer itself would cover.

The invert of a sewer is technically the lowest point of its
interior at any cross-section; the term is also applied loosely to
the whole inside bottom surface of a sewer.

The crown of a sewer is the highest point of its interior at
any cross-section.

Sewer Appurtenances.—There are a number of appurtenances
of sewers which are so generally used that they are enumerated
here. The Committee on Sewerage and Sewage Disposal of the
American Public Health Association recommended the following
definitions in 1917:

““ A manhole is a shaft, or chamber, leading from the surface of the ground
to the sewer, large enough to enable a man to gain access to the latter.

“A lamphole is a small vertical pipe or shaft leading from the surface of
the ground to the sewer, for admitting a lantern or reflected light for pur-
poses of inspection.

“ A wellhole or drop manhole is a vertical shaft in which sewage is allowed
to fall from one sewer to another at a lower level.

“An inlet is a connection between the surface of the ground and a com-
bined sewer or drain for the admission of surface or storm water.

““A catch basin is a chamber inserted on an inlet to prevent the admission
of grit and other coarse material into the sewer or drain.

“A flush tank is a tank in which water or sewage is accumulated to be
quickly discharged later, for the purpose of flushing the sewer.
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“A regulator is a device for controlling the quantity of sewage admitted
to an intercepting sewer. .

“An outlet is the end of a sewer or drain from which its contents are
finally discharged.

“A storm overflow is a weir, orifice or other device for permitting the
discharge from a combined sewer of that portion of the storm flow in excess
of that which the sewer is designed to carry.”

Other appurtenances which are quite generally used and need
definition here are the following:

Fittings are forms of pipe in which the cylindrical form between
the spigot and socket ends is modified, in such a way as to accom-
" plish a specific purpose, such as the joining of two or more sewers,

or changing the diameter or direction of the sewer. Theyare best
defined by the diagram of their outlines, Fig. 1. Some of them,

90 Deg. CUNQ ' :

45 Deg. Curve
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Double Y Branch Y Branch TBranch DoubleTBranch Slant  Reducer Increaser
Fia. 1.—Vitrified pipe fittings.

such as the slant, are also used in connecting pipe sewers with
masonry or concrete sewers. Such fittings were formerly called
‘““specials” because each engineer designed his own forms, but
as they are now standard products “fittings” is a better term for
them. '

A chimney is a vertical pipe, usually encased in 6 in. or more of
concrete, which is sometimes run up from every branch or slant
of a sewer in a deep trench, to afford an easy connection for a
house sewer. These chimneys usually terminate at a uniform
depth below the surface.

A manhole casting comprises a heavy cast-iron frame set on
top of the manhole masonry and a cover or lid, closing the man-
hole, fitting rather loosely on the top of the frame. If it is desired
to ventilate the sewer through the manhole, as when main traps
are used, the cover may have holes through it and it is then
sometimes called a ‘‘perforated” or *ventilating” cover. The
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present tendency is to minimize the number .of perforated
covers, as they permit the entry of storm water and earth,
grit, and other foreign material into the sewer.

General Conditions Governing Sewer Systems.—Experience
indicates that in order to avoid frequent clogging, laterals should
not be smaller than 8 in. in separate sewerage systems, except
in very small towns. In most cases the smallest size suitable for
a storm-water drain or combined sewer is 12 in. The size of the
sub-main and main sewers should be selected so that they will be
able to carry off the domestic sewage determined by the methods
explained in Chapter II, the industrial wastes estimated after
making an investigation of thelocal conditions, and, in some cases,
the storm water determined by the methods explained in Chapter
II1.

To save needless expense both sewers and house connections
should be laid no deeper than necessary, but in order to carry off
the sewage from the laterals the sub-main sewers must be deeper
than local house drainage alone demands. The grades of all
sewers should be sufficient to give an adequate scouring velocity
to the sewage, as explained in Chapter IV. Anything more than
this in relatively flat country involves useless increase in cost;
anything less, increase in cost of maintenance. The grades must
be flat enough to allow the main sewers to discharge into the out-
fall sewer without pumping, if this is practicable; but it is some-
times necessary, in order to avoid excessively deep sewers, to
construct small pumping stations where the main sewers reach
considerable depths and to lift the sewage at these small stations
to such a height that it will be able to flow away by gravity
through sewers at reasonable depths. The elevations and grades
of the outfall sewers are fixed by the local conditions. The net-
work of lateral, sub-main and main sewers must be adjusted to
them. It isin making such connections of lateral, sub-main and
main sewers that drop manholes often prove useful.

The main stems of a sewerage system are the outfall sewers
and the larger main sewers. In small cities there may be but
one outfall sewer, while in large cities there may be several,
sometimes discharging independently and sometimes radiating
like the ribs of a fan. With combined sewers, the volume of
storm water is generally so much greater than that of house
sewage and industrial wastes that the capacity of the large
sewers is determined by it. The only influence of the volume of
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house sewage and industrial wastes in such a case is to modify the
shape of the invert of some sewers, 80 as to afford a self-cleansing
channel for the dry-weather flow, a subject explained in Chapter
Iv.

Where one sewer joins another, particularly when they are
large, the angle between the axes of the two currents at the junc-
tion should be as small as possible in order to prevent any check-
ing of the velocity of flow. For the same reason, the elevation of
the surface of the sewage in both sewers at the junction should
be as nearly the same as practicable.

The cost of outfall sewers, usually a large item in the cost of
the sewerage system, may be reduced by various expedients.
Sometimes there are several points along a main sewer of a
combined system where storm water can be discharged into short
channels or conduits leading to neighboring bodies of water. In
London part of the storm water entering the outfall sewers is
pumped from them into the Thames. These expedients, by
relieving the outfall sewer of excessive quantities of storm water,
enable its size and hence cost to be kept within reasonable limits.
Another expedient is to run the combined sewers to neighboring
bodies of water and provide intercepting sewers near their outlets
which will take from them all the dry-weather sewage and conduct
it to a more distant point where its discharge will be less
objectionable. In this way the stronger dry-weather flow only
is carried to the more distant disposal point, the more dilute
storm-water flow finding its way directly to the nearest water
course. :

Intercepting sewers are used not only as explained in the
previous paragraph but also to collect all or part of the sewage
above a given elevation, either to permit flow by gravity to the
place of treatment or disposal, or to prevent the accumulation of
so much sewage at lower levels that the intercepting sewers
there would be excessively large. ‘

Respective Usefulness of Separate and Combined Sewers.—A
combined sewerage system requires but a single sewer in a street,
thus saving a portion of the space required by the two conduits of
the separate system. This is important in streets congested
with underground structures. Usually the quantity of domestic
and industrial sewage is not greater than the margin of error in
estimates of the quantity of storm water to be removed. There-
fore the inclusion of the sewage with the storm water does not
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require & combined sewer appreciably larger than the drain for
serving the same district adequately. Even if it does require an
appreciably larger section, the additional cost of building the
combined sewer as compared with the drain will be practically
negligible in most cases. Hence the cost of a combined system
is less than that of both a separate system and a drainage system,
where complete underground removal of both storm water and
sewage is necessary.

It may be undesirable to allow storm water from urban dis-
tricts to contaminate neighboring bodies of water, not only
because of sanitary objections but sometimes because of the
disagreeable appearance of accumulations of refuse or deposits
of sediment forming on the bottoms of these water courses,
floating matter and sleek. Such conditions in any case make
necessary an extensive drainage system which might as well be
made to remove sewage, thus avoiding the additional expense of
dual systems.

Where a separate system of sewers is paralleled by a drainage
system and roof water cannot be allowed to flow over the surface
of the ground, a system of collecting drains is required outside
the buildings in addition to the usual inside plumbing, or two
systems of plumbing are necessary within the buildings, one to
take care of the sewage and the other to remove the roof water.
This is not only expensive to the property owner but it introduces
a dangerous condition. There have been sewerage and drainage
systems administered so badly that the surface water was dis-
charged by incorrectly laid connections into sanitary sewers,
forcing the sewage back jnto the cellars and out through manholes
upon the streets; in other cases sewage has been discharged into

drains resulting in unnecessary pollution of waters into which

they emptied.

Notwithstanding these disadvantages of the separate system
there are certain conditions under which it may be advantageous.
Dr. Hering summarized! some of them as follows:

“The separate system is suitable—

“Where rain-water does not require extensive underground removal and
can be concentrated in a few channels slightly below the surface, or where
it can safely be made to flow off entirely on the surface. Such conditions
are found in rural districts where the population is scattered, on small or
at. least short drainage areas, and on steep slopes or side hills.

1 Report to National Board of Health on European methods of Sewerage and Sewage
Disposal, 1881.
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““Where an existing system of old sewers, which cannot be made available
for the proper conveyance of sewage, can yet be used for storm-water
removal.

““Where purification is expensive, and where the river or creek is so small
that even diluted sewage from storm-water overflows would be objectionable,
especially when the water is to be used for domestic purposes at no great
distance below the town. .

‘“When pumping of the sewage is found too expensive tdfadmit of the in-
creased quantity from intercepting sewers during rains, which ecan occur
in very low and flat districts.

“Where it is necessary to build a system of sewers for house drainage
with the least cost and delay, and the underground rain-water removal,
if at all necessary, can be postponed.

“The principle of separation, although often ostensibly preferred on
‘sanitary grounds, does not necessarily give the system in this respect any
decided advantage over the combined, except under certain definite condi-
tions. Under all others, preference will depend on the cost of both con-
struction and maintenance, which only a careful estimate, based on the °
local requirements, can determine.”

- Influence of Topography on Sewerage Plan.—The arrangement
of the small and large sewers which make up a sewer system is
influenced largely by the topography of the city. In a large city
situated on a flat plain without any neighboring rivers or lakes
into which the sewage can be discharged without elaborate
treatment, the radial system may prove best. This has its most
elaborate development in Berlin, where it was introduced by
Hobrecht. The city is divided into a number of sectors and the
sewage of each sector is carried outward by pumping to its
independent disposal farm, or the trunk sewers of two or more
sectors may be connected to a farm. The advantage of this
system is that most of the sewers are likely to be of adequate
capacity for a long period, and the large expensive sewers are
reduced to their minimum length.

In most cases such an arrangement is rendered impracticable
by the existence of hills, water courses and other topographical
conditions. Usually, moreover, old sewers complicate the pro-
blem, for it is always desirable to utilize existing structures so far
as practicable. Only in rare cases does the engineer have an
opportunity to design a complete sewerage system for a large
city, as was the case in New Orleans and in Baltimore.

In Baltimore, where the sewage had to be taken 534 miles
outside the city for treatment, it was apparent that the storm
water should be collected separately, for there was no objection




SEWERAGE AND SEWA&:'E-TRE’A TMENT WORKS 11

to its discharge into the nearest water courses adapted to re-
ceiving it. The city is intersected by four streams, which dis-
charge into branches of the Patapsco River. One of these
streams receives so much foul run-off that it has been covered
over; the others are open. The Patapsco and its branches are
tidal arms of Chesapeake Bay. The drainage area was divided
into 28 districts, and the storm-water drains in each one were
planned independently of the rest, to fit the topography and
arrangement of streets in the best way. These drains were kept
as close to the surface as possible, in the interest of economy and

e 70 be Purmped from Area
with Shadea Bourdary.

Fia. 2.—Baltimore intercepting sewer system.

in order not to force the sewers so low that it would be difficult to
connect the houses with them. In one low-lying district where
the drainage problem was particularly difficult, the plans called for
raising the street grade and building a drain to carry the storm
water into the Patapsco River instead of a nearer stream: which
was liable to have its surface raised considerably during floods,
a condition which might cause a surcharge of the drains emptying
into it.

The removal of the house sewage was a much more complicated
problem. Part of it comes from districts which are high enough
to enabte the sewage to flow by gravity to the treatment works,
but a large part has to be pumped. The dividing contour line -
between these two service districts was determined by two
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factors, the elevation at which the sewage must be discharged at
the treatment works and the minimum safe grade of the outfall
sewer from the city to the works. The accompanying plan of
the intercepting sewers, Fig. 2, from Engineering Record, Dec. 5,
1908, shows where the outfall sewer reaches the eastern boundary
of the city and is continued through it toward the western boun-
dary as a high-level intercepter, receiving all the sewage that
can be delivered by gravity to the disposal works. The sewage of
the low-lying portions of the city is collected by four intercepting
sewers, two of which contain small pumping plants to lift the
sewage enough to prevent a deep position of these sewers, which
is undesirable on account of the high cost of construction in deep
trenches in water-bearing soil, and the difficulty of connecting
the tributary sewers satisfactorily with deep-lying intercepters.
All these intercepters run to a station containing five pumps,
each with a nominal rating of 27,500,000 gal. a day against a total
head of 72 ft. These pumps force the sewage through two lines
of 42-in. cast-iron mains 4,550 ft. long into a sewer about a mile
long, discharging by gravity into the main outfall sewer.

Between the arrangement of sewers in the Borough of Man-
hattan, discharging both storm water and house sewage through
short lines into the nearby rivers, through many outlets, and the
arrangement at Baltimore, with its separation of the storm water
and the sewage, its high and low levels, pumping stations, long
outfall sewer and elaborate sewage treatment works, there is an
infinite variety of combinations practicable. In every case, how-
ever, the topography suggests the natural drainage and the -
street plan exercises a more or less strong modifying influence.
Special attention should be paid to the low-lying districts, for it
is there that the largest sewers must be built in many cases, and
the difficulties of construction are the greatest. It may be
found advisable to reduce such work to a minimum by construct-
ing an intercepting sewer at a somewhat higher level and thus
restrict the construction in the low-lying sections to small sewers
only deep enough to serve the property of those districts.

Another influence of topography on sewerage plans, often
overlooked, was stated as follows by Dr. Hering in his report of
1881 to the National Board of Health:

“In case of sudden showers on a greatly inclined surface which changes to

a level below, the sewers on the latter will become unduly charged, because
a greater percentage flows off from a steeper slope in a certain time. To
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avoid this uneven reception, the alignment should, as much as possible, be
s0 arranged as to prevent heavy grades on the sloping surface, at the expense
of light ones on the levels. In other words, the velocity should be equalized
as much as possible in the two districts. This will retain the water on the
slopes and increase its discharge from the flat grounds, thus corresponding
more to the conditions implied by the ordinary way of calculating the
capacity of sewers. It will therefore become necessary not to select the
shortest line to the low ground, but, like a railroad descending a hill, a longer
distance to be governed by the gradient. This does not necessarily imply
a longer length of sewers for the town, because more than one sewer for a
street is not required by it.”

.-Still another decided influence of topography is shown where
the configuration and surroundings of the city are such that it is
advisable to employ combined sewers in all parts of the city down
to the lowest contour line which will permit storm-water overflows
to be used. This is the rule adopted by E. J. Fort for the new
sewerage works of Brooklyn. Below this contour line, the com-
bined sewers become storm-water drains, run at a higher level
than the house sewers, so as to have a free outlet to tide water,
and the house sewage of the low districts is pumped to points of
disposul.

After the most favorable location of the sewers has been deter-
mined from an exclusive sewerage viewpoint, the desirability
of minor changes of position to avoid needless interference with
travel through busy streets should receive attention. The con-
struction of a sewer in a narrow or crowded street costs the
community a considerable sum in indirect damages and directly
affects those having places of business on the streets.

Sewage Disposal and Treatment.—Having collected the
sewage by a sewer system, it becomes necessary to dispose of it
in some way which will not cause objectionable conditions. In
connection with such work certain terms are used frequently,
and accordingly their definitiuns, as recommended by the Com-
mittee on Sewerage and Sewage Disposal of the American
Public Health Association, are given here:

“Sewage disposal is a generic term applied to the art of disposing of sewage
by any method.

“Sewage treatment! is the process to which sewage is subjected in order to
partially remove its impurities or so to change them as to render the effluent
fit for final discharge.

“Contamination is the introduction into a water of bacteria or other
substances which tend to render it unsuitable for domestic use.

1 The term “sewage purification’ should be abandoned.
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“Pollution is the introduction into a water of substances of such character
and in such quantity that they tend to render the body of water or
river objectionable in appearance, or to cause it to give off objectionable
odors.

“ Influent is sewage, or partially treated sewage, flowing into any sewage
treatment device.

Effluent is partially or completely treated sewage flowing out of any sewage
treatment device. .

“ Putrescibility is the susceptibility of sewage, effluent, or wet sludge,
to putrefaction under the conditions to which it is subjected.

“Stability is the capability of sewage or effluent to resist putrefaction
under the conditions to which it is subjected.

_ “Relative stability is the ratio of available oxygen to the oxygen required
to prevent putrefaction, expressed in per cent.

“Suspended solids are those which are removed from sewage or effluent
by standard laboratory methods of filtration.

“Settling solids are those suspended matters which will subside in quiescent
sewage in 2 hr.

“Clarification is a relative term denoting the partial removal of suspended
and colloidal matter by straining, sedimentation, or by coagulation and
sedimentation.

‘““Colloidal matter (conveniently defined) is the suspended matter which is
so finely divided that it will not subside in 2 hr., yet will not pass through a
parchment membrane in the ordinary process of dialysis.

““Screens.—A screen is a device containing openings of proper size to
retain a part of the suspended matter of sewage.

““A coarse screen is one having openings in excess of 1in. in least dimension.

‘“A fine screen is one having openings of Y4 in., or less, in least dimension.

““A medium screen is one having openings intermediate between a coarse
screen and a fine screen.

““A bar screen is one composed of parallel bars or rods.

“A mesh screen is one composed of a fabric,usually wire.

“A grating consists of two sets of parallel bars in the same plane, the
sets intersecting at right angles. _

‘“ A band screen is one consisting of an endless band or belt of wire mesh or
other screening material which passes over upper and lower rollers.

““ A wing screen is one having radial or curved vanes, usually composed of
uniformly spaced bars, which rotate on a horizontal axis.

“A drum screen is one in the form of a cylinder or cone, consisting of
perforated plates or a wire mesh which rotates on an approximately hori-
zontal axis.

“A disc screen consists of a rotating circular perforated disc, with or
without a concentric truncated cone of similar material.

“A cage screen consists of a cage, usually with sides of parallel bars or
rods, so arranged that it may be lowered into the sewage and raised there-
from for cleaning.

“Tank treatment is the detention of sewage or sewage sludge in tanks,
either quiescent or with continuous flow.

“A grit chamber is a chamber or enlarged channel in which the cross-
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section is so designed that the velocity is such that only heavy solids, such
as grit and sand, are deposited, while the lighter organic solids are carried
forward in suspension.

“ A sedimentation tank is a tank for the partial removal of suspended matter
either by quiescent settlement or by continuous flow at such velocity and
time of retention as to allow deposition of suspended matter.

“A Dortmund tank is a vertical sedimentation tank, usually cylindrical
above and with a conical or hopper shaped bottom, into which the sewage
or partially treated sewage is introduced near the center and after rising
through the tank passes out at the surface—the sludge being drawn off,
without emptying the tank, before it becomes septic.

“A hydrolytic tank is a sedimentation tank in which by biological pro-
cesses a portion of the suspended matter is converted into liquid and gaseous
form.

“A septic tank is a horizontal, continuous-flow, one-story hydrolytic
tank in which the suspended matter is retained until anaerobic decompo-
sition is to a considerable extent effected.

“A Travis tank is a two-story hydrolytic tank consisting of an upper
or sedimentation chamber, with steeply sloping bottom, terminating in
one or more slots through which the solids may slide as deposited into the
lower or sludge digestion chamber, through which a predetermined portion
of the sewage is allowed to pass for the purpose of seeding and maintaining
bacterial life in the sludge and carrying away decomposition products, thus
inducing digestion of the sludge attended by its reduction in volume.

“An Imhoff tank is a two-story hydrolytic tank, consisting of an upper
or sedimentation chamber, with steeply sloping bottom, terminating in one
or more slots through which the solids may slide as deposited into the lower
or sludge digestion chamber—these slots being trapped so as to prevent the
rise of gas and solids from the lower chamber—the lower chamber being
provided with vents for the escape of the gases, the tank being so coastructed
as to facilitate the passage of the sewage quickly through the upper chamber
and prevent the flow of sewage through the digestion chamber, and intended
to be so operated that the sludge may be thoroughly decomposed, rendered
practically free from offensive odor and so filled with gas that it can be readily
drawn off and dried.

‘“ Activated sludge process is the agitation of a mixture of sewage with
about 15 per cent or more of its volume of biologically active liquid sludge
in the presence of ample atmospheric oxygen, for a sufficient period of time
at least to coagulate a large proportion of the colloidal substances, followed
by sedimentation adequate for the subsidence of the sludge floceuli; the
activated sludge having been previously produced by aeration of successive
portions of sewage and maintained in its active condition by adequate
aeration by itself or in contact with sewage.

“Chemical precipitation is the addition to, and thorough mixing with,
the sewage of such chemicals as will, by reaction with each other or with the
ingredients of the sewage, produce a flocculent precipitate; and subsequent
sedimentation.

“Sludge is the suspended solids of the sewage deposited in tanks or
intercepted at the surface of filters, mixed with more or less water.
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“Sludge digestion is the biological process by which organic matter in
sludge is gasified, liquified, mineralized, or converted into stable organic
matter.

“Separate sludge digestion is the digestion of sludge in tanks entirely
independent from the tanks in which it is produced.

“A sludge drying bed is a natural or artificial layer of porous material
upon which sludge is dried by drainage and evaporation.

“Sludge concentration is the process of reducing the volume of sludge,
and increasing its proportion of solids by allowing it to stand in a suitable
tank until the solids settle down, and drawing off the relatively clean water
at the top. i

“ Sludge drying is the process of drying sludge by drainage and evaporation.

“Sludge dewatering is the process of removing a portion of the water
contained in sludge by draining, pressing, centrifuging, or by other natural
or mechanical processes.

““Sludge pressing is the process of dewatering by subjection to pressure,
the solids being retained by a cloth fabric which permits the water to pass
through it.

“Sludge cake is the mass of dewatered sludge resulting from sludge
pressing.

“Commercially dry sludge is sludge containing not more than 10 per cent
of water.

“Scum is a mass of sewage solids, buoyed up in part by entrained gas or
grease, and which, consequently, floats at the surface of the water.

“Screenings constitute the material removed from sewage by screens.

“Grit is the heavy mineral matter deposited from sewage.

“Sleek is the oily film of microscopic thickness present on the surface
of waters about and often extending a considerable distance from sewer
outlets.

“Sewage oridation is the process whereby through the agency of living
organisms in the presence of air, the organic matter is converted to a more
stable condition or into mineral matter.

“Irrigation is the process of sewage treatment in which the sewage is
applied to land for the primary purpose of purifying the sewage and the
secondary purposes of supplying water and fertilizer to crops.

“Surface irrigation is the process in which sewage is applied to and
distributed over the surface of cropped ground.

“ Sub-surface irrigation is the process in which sewage is distributed
beneath the surface of the ground by means of open-jointed pipes.

“ An intermitient filter is a natural or artificial bed of sand or other fine-
grained material to which sewage is intermittently applied in doses, and
which, by its capillarity, holds the sewage for a time sufficiently long, in
the presence of air, to effect by biological processes a high degree of
purification.

“A contact bed is a watertight basin filled with coarse material, such as
broken stone, in contact with which the sewage is held for a time by control
of the underdrains—the cycle of operation involving periods of filling, stand-
ing full, emptying and resting empty; so regulated as to secure such contact
with the bacterial films adhering to the surface of the coarse material, and
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such aeration of the bacterial surfaces, ags may be required to oxidize the
sewage.

“A slate bed is a watertight tank filled with slabs of slate or other similar
material, laid horizontally and spaced an inch or more apart vertically,
equipped 8o that it may be filled with sewage, allowed to stand full for a

definite period of time, drained and allowed to stand empty for a time, for -

the purpose of oxidizing the organic matter deposited upon and adhermg
to the slates.

“A trickling filler! is an artificial bed of coarse material, such as crushed
stone or clinkers, over which the sewage is distributed as a spray from
fixed nozzles or as a film from moving distributors, through which it trickles
to the underdrain system, coming in contact with the bacterial films adhering
to the surface of the stones, and in which such aeration of the bacterial
surfaces as may be required to oxidize the sewage is afforded.

“A dosing apparatus is the apparatus used for regulating the application
of sewage to filters or for applying the required quantity of chemicals to
sewage.

“A dosing tank is a tank into which raw or partially treated sewage is
introduced and held until the desired quantity has been accumulated, and
then discharged at such a rate as is necessary for the distribution essential
to the subsequent treatment.

“A sprinkler nozzle is a nozzle used for applymg sewage in the form of a
spray to tncklmg filters.

““A distributor is a movable perforated plpe, channel or waterwheel which
distributes sewage upon the surface of a trickling filter. There are two
types of distributors—the rotary and the traveling; the rotary moves about
a central axis with delivery to a circular filter; the traveling moves back and
forth the length of a rectangular filter.

“ Disinfection is the destruction, by the agency of some chemical, of a
large percentage of the bacteria in sewage or contaminated water, so as to
materially reduce the danger of infection. :

““ Sterilization is the destruction, by the agency of some chemical, of all
the bacteria in sewage or contaminated water. including their spores.”

Why Sewage Treatment is Necessary at Times.—So far as
rainfall run-off is concerned, it is only when its quantity is
large that the disposal of it presents any difficulty, for there are
usually opportunities for discharging unpolluted water into
bodies of water or on land in the neighborhood. The main
difficulty in sewage disposal is due to the substances present in

sewage and in the portion of the street wash which flows away’

during the early part of a rain. While these deleterious organic
substances are very small in amount—generally less than one.
tenth of 1 per cent, the remaining 99.9 per cent of the sewage

1 The committee is of the opinion that the term *trickling filter’’ is preferable to the
terms “sprinkling filter’’ or *percolating filter’’ which are frequently used as synonymous

terms.
2
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being water—their successful handling constitutes the essential
problem in sewage disposal.

The part of the street wash which enters the sewers and drains
after the refuse on the pavements has been carried off is rela-
tively much less polluted, and on this account it can often be
discharged into waters or over land unfitted to receive seriously
polluted water. Where the streams into which sewage must be
discharged are small and it is very necessary to keep them clean,
as is generally the case in Great Britain, the chief objection to
the discharge of storm water into them is due to the suspended
solids carried by the flowing water. These may form undesirable
deposits on the banks and the bed of a stream and the refuse
floating on the surface may give an objectionable appearance to
the water. Consequently it is the general engineering rule in
Great Britain that in places where the dry-weather sewage must
be treated before it is discharged into a body of water, the storm
water must also be treated before discharge into the same body
of water; until its volume amounts to about three times the
normal flow of dry-weather sewage. It is not unlikely that some
American cities with separate sewers will later be faced with the
necessity of installing works for removing part of the suspended
matter from the storm water now discharged without treatment
into neighboring rivers and lakes.

The necessity for a large part of the treatment which sewage
should receive before its final disposal is due to the organic matter
it contains. Under normal conditions, this changes fairly rapidly
into other substances, some of them offensive, and the change is
accompanied by a rapid growth of bacteria, some species of
which may be objectionable in the water receiving the sewage.

/ The purpose in treating sewage is to remove the solids which
cause deposits in the rivers and ponds, as well as undesirable
surface conditions, and to carry out certain changes in the
organic matter, under the control of the operator of the treatment
works, until the final efluent from the works has its organic
matter in such a state that any further changes which it may
undergo can proceed in the river or lake without detriment to the
quality of the water for the purposes for which it is used.

" There are many different methods of treatment, such as dilu-
tion in a large body of water, removing the solids by screens or by
sedimentation in small or large tanks, allowing the sewage or the
organic solid matter settling from it to remain in tanks under
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conditions which will cause various changes in it, changing the
character of sewage by aeration, and filtering the sewage or the
effluent from some previous form of treatment. In each of these
methods of treatment a certain minimum fall through the tanks
or filters and the outfall sewer is necessary and must be provided,
naturally or artificially by pumping, and consequently the method
of treatment and disposal of sewage affects not only the direction
from the city which the outfall sewer or sewers must take but also
the slopes or grades of such sewers.

Influence of Method of Disposal and Treatment upon General
Sewerage Plan.—There are three general methods of disposal
that affect the general design of a sewerage system.

The first of these disposal methods is directly into a river or
other body of water on the shore of which the city lies. Prob-
ably the Borough of Manhattan, New York City, offers the best
example of thisamonglarge cities, with its numerous main sewers
running east and west to outlets at the Hudson and East Rivers.

The second method of disposal is to intercept the sewage and
carry it to a point in the adjoining body of water where it will
not cause trouble; this may not be necessary at first, but in most
cases it is inevitable if the city grows as rapidly as do most Amer-
ican municipalities, and attention must be paid to it, particularly
to the future desirability of separating the house and industrial

. sewage from part of the storm water. A proposed Cleveland

system, shown in Fig. 3, from Engineering News, March 28,
1912, is an example of this intercepting plan.

The third method of disposal is by some treatment of the
sewage which will materially change its character before it is
discharged into a body of water. This makes it necessary to
deliver the sewage to treatment works, suitable sites for which are
difficult to procure in many cases, particularly where the country
is well built up, not enough open land properly located is available
in the city, and neighboring towns object to the plant being
located within their limits. The separation of storm water from
the house sewage often becomes financially advisable, so as to
permit the former to be discharged by short, direct lines into the
river, lake or bay nearby, and to keep down the cost of the long
sewer to the disposal works, and the disposal costs aswell. In the
case of combined sewers, the same end is attained by making
provision at one or more points for the discharge of the storm
water in excess of a predetermined amount, through overflow
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weirs or chambers into channels or other outlets leading directly
to the river or lake.

In cities situated on rivers it is customary to convey the sewage
to a point below the thickly settled district, whether the sewage
is to be discharged in its raw state or is to be treated by some
artificial means before discharge. This plan avoids the danger
of causing objectionable conditions along the water front and,

perhaps, the contamination of the local water supply by the dis-
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Fia. 3.—Cleveland intercepting sewer system.

charge of sewage into the river. Similarly, cities situated on the
Great Lakes may convey their sewage in the direction of the
trend of the waters to a point well beyond the populous districts.
This policy is not so well established nor so effective as in the
river cities, for the lacustrine current is not so marked as most
river currents and it may be altered temporarily by adverse
winds. Cities situated on tidal waters often build long inter-
cepting sewers to convey the sewage to a favorable location for
discharge.
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Each method of treatment has certain features materially
affecting if not actually determining the location at which it can
be practiced. Intermittent sand filtration requires large areas
of suitable sand. Rapid filtration through deep beds of coarse
aggregates requires more head than other methods involve.
Aeration requires a power plant to supply compressed air.
Some tank treatments are accompanied by offensive odors.
These conditions, explained in later chapters, make it particularly
desirable to study the practicability of discharging sewage at
several nearby points, after suitable treatment to fit it for the
conditions at each outlet, rather than the delivery of all of the
sewage through a long, expensive outfall sewer to a single treat-
ment plant. It should be understood at the beginning of any
study of sewage disposal that the purpose of treatment is to
protect the water or land receiving the sewage. Changing the
character of the sewage merely for the sake of making it less
offensive or dangerous is a waste of money unless it is necessary,
just as it is a waste of money to carry the sewage farther than
the local conditions in each case require. It should also be
understood that where the conditions warrant treatment by
dilution, which means the discharge of sewage into large bodies
of water, that method of treatment is not only the cheapest in first

cost in most cases but is just as well established as a truly scientific =~ -

process as the most elaborate artificial treatment by sedimenta-
tion, aeration, filtration and sterilization, needed by a city not
favored by Nature with conditions admitting the use of less
expensive methods.

Municipal Liability for Inadequate Sewers.—There is a quite
general belief that a city is never liable for damages caused by
the inadequate capacity of sewers. As a matter of fact, a city
may be liable for such damages under certain conditions, and
even where there is no legal liability a grave moral responsibility
rests upon the engineer who designs a sewerage system. The
present legal aspect of the subject places the engineer upon a
strictly professional plane like that of a physician or lawyer, and
it is one of the few instances in which the courts have recognized
the professional nature of engineering.

It has been held that if a city has a collection of sewers and it
cannot prove that this collection was built or rebuiltin accordance
with a comprehensive plan prepared by an engineer presumably
competent to design such works, the city is liable for any damages
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which may result from the inadequate capacity of the sewers.!
This makes it necessary for the city to employ competent
engineers to design its sewers and to approve the sewers in any
additions incorporated within the municipal boundaries from
time to time. ,

In some cases the courts have held that if a city employs a
presumably competent engineer to design its sewerage system
and the construction proceeds in conformity with his plan
and subsequent modifications of it by presumably competent
engineers, it is not liable for damages due to a fault in the plan.
In Massachusetts, it is not clear that the sewer system must be
designed by an engineer, the law being stated? as follows, *Cer-
tain governing principles of law are well established. A munici-
pality is not responsible for any defect or want of efficiency
in a general plan for drainage adopted by a board of public
officers, even though private individuals may be exposed to great
inconvenience and loss.” The city is liable, however, for damages
due to the known lack of repair of sewers or its failure to maintain
them to the standard of efficiency of the original construction.
~ The damages caused by inadequate sewers are generally due

to an insufficient estimate of the quantity of sewage for which
provision must be made, particularly where the combined system
is used. Too large capacity not only causes needless expense
but develops a tendency for the sewage to flow so slowly and in
such shallow streams that part of the suspended solids will
settle on the inverts, forming offensive deposits. If the sewers
are too small, cellars may be flooded with sewage, which may
even rise from manholes and gutter inlets and flow over the
surface of the ground, resulting in damage and litigation. The
subject is, in some respects, the most important in the whole
field of sewerage engineering, one calling for sound judgment as
well as knowledge.

1 A typical ruling of this sort was made in the case of Hart vs., City of Neillsville, 104 N.
W. Rep. 699, where the Wisconsin Supreme Court made the decision.

2 Diamond »s. North Attleborough, 219 Mass. 590; see, also, 4 N.E. Rep. 321 (New York
Court of Appeals); 61 Atl. Rep. 180 (Maine Subreme Court).




CHAPTER II
" QUANTITY OF SEWAGE

In this chapter the term “sewage” will be restricted to the
liquids which are ordinarily discharged by separate sewers,
comprising (1) domestic and industrial wastes derived primarily
from the public water supply, (2) industrial wastes derived pri-
marily from privately owned water supplies, and (3) infiltration.

The main sewers for removing this sewage must be designed
to meet future rather than present conditions. The ideal plan is
one which will provide satisfactory sewerage facilities during
such a period of years that the average annual cost of this service
ghall be a minimum. Smaller sewers than the economic size
for the first part of this period and additional sewers for the last
part might give equally satisfactory service, but usually at a
higher cost. Larger sewers than the economic limit would not
only cost more, but, on account of the small proportion of their
capacity utilized during the early years and the consequent low
velocities of flow and resulting probability of forming deposits
on the flat grades, they might prove less satisfactory during the
early part of their service.

In determining the period for which sewerage facilities must
be provided, assumptions must be made regarding a number of
future conditions, such as changes in the rate of interest which a
city must pay for money borrowed to build the sewers, increase
in the population, incorporation of additional territory within
the city, development of industries, and changes in the habits
of the residents in respect to the use of water. The fluctuations
in rates of interest fall within the field of economics, but the
other influences lie within the field of the engineer who must
rely mainly on his own knowledge and judgment in reaching
decisions, after careful study and analysis of them. The as-
sumptions made may have a serious future result, as when the
volume of sewage is so underestimated that either the main
trunk sewer shall prove inadequate or the treatment plant to
which it runs, be outgrown in a few years and be impossible of

23
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adequate enlargement, on account of lack of available land. In
such case, the expense of intercepting part or all of the sewage and
taking it to some other place of disposal may add greatly not only
to the total cost of the works necessary for satisfactory service,
but also to the annual cost of their operation and maintenance.
Sound judgment in such matters can only come from observation
and study of the actual growth and development of individual
cities and the reasons therefor, somewhat along the lines con-
ducted by the traffic departments of some railways and the
economists of some large banks.

Population.—The increase in the population of a city is some-
times affected by exceptional conditions, which may be tem-
porary, as was the case in Washington during 1917 and 1918, or
permanent, as where a new industry develops phenomenal
growth, like the rubber industry in Akron or the automobile
industry in Detroit. Sometimes, as at Gary, Ind., practically a
new city develops in a few years about a great industry. But
in the average case, the past records of growth of a city and the
records of the growth of similar places furnish fairly reliable
guides for estimates of future development for periods of 25 to
40 years.

The various available records are used in four ways, according
to the assumptions made regarding the rate with which the
population increases. These four assumptions are:

1. Assumed Uniform Percentage Rate of Growth.—When
cities are young and thriving, it often happens that their rate of
growth is high for some years, but an assumption that this uni-
form percentage rate will persist for a long period will certainly
lead to an over-estimate of the population in most cases. This
is clearly shown in Fig. 4, where the line A indicates the increase
in population which would have taken place had the growth of
the cities been 31 per cent per 10 years, while the lines marked
““Average of 6 Cities” and ‘“Average of 4 Cities” show what it
actually was. The assumption of a uniform percentage rate of
increase is apparently most reliable in the case of old, large
cities not subject to periods of great commercial or industrial
activity. '

2. Assumed Curvilinear Rate of Growth.—The information
furnished by diagrams®of the past growth of cities is very in-
structive, but an attempt to predict the future growth of a city
from its past development alone, by extending the curve of that
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development, is likely to give misleading results, as will be shown
later. Diagrams have a useful place in the study of changes in
population, but they are not a substitute for an investigation of
the various influences which have affected the city’s growth in
the past and may affect it in the future.

3. Assumed Arithmetical Rate of Increase—Occasionally
it is assumed that & city will gain approximately the same number
of inhabitants annually, leading to a straight-line increase of
population like that shown by line B, Fig. 4. This assumption
may be warranted only in the case of a few large cities with good
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F1g. 4.—Growth of large American cities.

transportation facilities into suburban towns, which result in
many persons doing business in the large city being enumerated
as suburban residents. As their business life is spent in the
large city, they must be classed for purposes of water supply and
sewerage as inhabitants of both places, a fact often overlooked
in engineering discussions of population. Commercial districts
often require large sewerage capacity, yet the census taker will
report a very small population in them. Small cities without
industries, which are the commercial centers of a prosperous
agricultural region, occasionally show a tendency toward this
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rate of growth, but if they become producers as well as traders,
through the development of manufacturing, they are likely to
grow for a time more rapidly than the assumption of arithmetical
progression will indicate.

4. Assumed Decreased Rate of Growth.—As a general rule
it is found that the larger a city becomes, the smaller will be its
percentage rate of growth from year to year. Fig. 4 shows
this clearly. The growth of Chicago has been 4bnormal and
that of New York (Manhattan) and Brooklyn has been influenced
by unusual conditions, so that these cities are not reliable guides
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F1a. 5.—Growth of population of New Bedford.

in general investigations of changes in population. There is not
only decrease in the percentage rate of growth of cities as they
grow in size, but there is also a general decrease in the percentage
rate of growth of the entire population of the country. As a rule,
this assumption is the most reliable of the mathematical methods
of estimating future populations, particularly if it is checked by
basing the prediction on the experience of comparable cities .
which have already passed the present population of the city
under consideration. This is done, as shown in Fig. 4, by arrang-
ing the lines indicating the change in populatiorr of different

«
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cities so that when they reach the present population of the city
under consideration, they all pass through the same point. This
method will tend to give slightly too high a percentage rate of in-
crease, since it does not allow for the average progressive decrease
throughout the country as the years go by.

It is interesting to note in connection with Fig. 5, showing the
growth of population in New Bedford, that this diagram, pre-
pared in 1911 to accompany a report by the authors, shows a
forecast for the population of 1920 of about 128,000. The 1920
U. S. Census gives a population of 121,217. Thus the forecast
for a nine-year period was within about 5 per cent of the actual
conditions realized.

Increase in Area.—The tendency of many cities to an increase
of area by the absorption of suburbs is shown by the growth of
Cincinnati since it was incorporated as a city in 1819:

Year................ 1819 1850 1870 1890 1900 1910 1913
Area, square miles.... 3.00 6.16 19.05 23.73 35.27 50.26 69.85 .

Such enlargements of area may cause large and sudden incréases
in populatien, which if not anticipated, may result in overtaxing
intercepters within the period for which they were intended to
be adequate.

Increases in area may also require long extensions of main
sewers and may result in greatly increased quantities of ground
water made tributary to the intercepters. Where the community
is served by combined sewers, there is also the probability that
for considerable periods in the future, or until the population
becomes quite dense, brooks will be turned into the main sewers,
thus adding materially to the nominal dry-weather flow of
sewage. It is also of vital importance to consider where the
estimated increase in population will occur in order that the lower
sections of the intercepter may be placed at elevations from which
it will be possible to make extensions into new territory that
may become populated within the period for which the inter-
cepter is designed.

Density of Population.—An idea of the density of population,
in persons per acre, in American cities is given by the following
figures showing a range in 1910 of from 85 in Hoboken, N. J.,
downward:
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PBRSONS
PER ACRE Praczs

85 Hoboken

29 Baltimore

27 Boston

26 New York

25 Milwaukee

23 Newark

20 Pittsburgh

19 Cleveland, Philadelphia, Chicago, Harrisburg, Providence
18 Detroit T

17 St. Louis, Buffalo, Louisville, Rochester
16 Savannah

14 San Francisco, Columbus, Albany.

The density within a city varies greatly, and it is difficult to
estimate its probable future changes. A residential section of
the present decade may become a commercial or manufacturing
district in the next decade, or the detached homes of persons of
means may be replaced by crowded tenements or commercial
. developments. As estimates of the future population in the
different parts of a city are part of the basic data upon which
sewerage works are designed, and they must be determined by
the exercise of sound judgment, the importance of studying
present tendencies toward growth or stagnation, and their
causes, is evident.

The difference in policy of our cities, with respect to the ex-
tension of their boundaries, has been very marked. In our
Eastern communities the city limits have usually been rather
more restricted than in our western cities. This tendency has
led to rather dense population in the Eastern cities and sparse
population in Western cities of like size. Thus, for example, we
find from the 1915 U. S. Census Bureau, Bulletin 133, ‘‘ Estimates
of Population,” with respect to cities having a population of
250,000, more or less, the facts given in Table 1.

Such conditions must be noted. The scattered population
involves greatly increased cost of the public utilities or services
of various kinds and far greater difficulty of accurate forecast
of the probable future direction and degree of development
and of increase in population.

Proportion of Municipal Water Supply Reaching Sewers.—
As the wastes which form sewage are mainly water from the water
works supplying the city, the proportion of the water supply
which will reach the sewers must be estimated. A considerable
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TABLE 1.—POPULATION AND AREA OF CERTAIN- AMERICAN CrTIES IN 1915

Acres | Density

City Popula- | Land area |per 1,000( of popu-
tion in acres |of popu-| lation

lation | per acre
Oakland, Cal................ 190,803 | 31,591.0 | 165.5 6.0
Denver, Col................ 253,161 | 37,028.0 | 146.3 6.8
St. Paul, Minn.............. 241,999 | 33,388.0 | 137.9 7.3
Kansas City, Mo............ 289,879 | 37,555.8 | 129.6 7.7
Portland, Ore............... 272,833 | 32,748.8 | 120.1 8.3
Seattle, Wash............... 330,834 | 37,481.0 | 113.3 8.8
Toledo, Ohio............... 187,840 | 16,025.6 85.3 11.7
Indianapolis, Ind............ 265,578 | 22,165.1 83.4 12.0
Columbus, Ohio............. 209,722 | 14,149.6 67.5 14.8
Louisville, Ky............... 237,012 | 15,368.4 | 64.8 15.4
Rochester, N. Y............. 250,747 | 14,876.3 59.4 16.9
Providence, R. I............. 250,025 | 11,353.0 | 45.4 22.0
Jersey City, N. J............ 300,133 8,320.0 27.7 36.1
AVerage. ................. 252,351 | 24,003.9 | 95.9 | 13.3

part of the water supply used by railroads, by manufacturing
establishments and power plants, in street and lawn sprinkling,
in extinguishing fires, and by consumers not connected with
sewers, does not reach the sewers. There is also some leakage
from the water mains and service pipes which does not reach
the sewers. In 1911 the Milwaukee Sewage Disposal Commission
estimated that of the total daily supply of 105 gal. per capita
40 gal., or 38 per cent of the supply, never reached the sewers.

This 40 gal. included:

Steam railroads. . .................. . ...
Industrialuses................. ...,
Street sprinkling...................... ... ... ...
Lawn sprinkling.................coiiiiiin ...
Consumers not connected with sewers

Leakage from water mains and services........

GALLONS

In a few cities where the infiltration of ground water and the
discharge of roof water into sewers is low, the quantity of sewage
is actually less than the quantity of water supplied, as at Brock-
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ton, Mass., where the sewage has ranged from 56 to 73 per cent
of the water supply.

Often, however, 1nﬁltratlon, roof water, and water used in
industries and obtained from privately owned sources, make the
quantity of sewage larger than that of the public water supply
This is shown by the ratio of sewage to water supply in the
following places:

. Locarrry i WATER To SEWAGE
Massachusetts North Metropolitan Sewerage District 1tofrom 1.16t01.29
Worcester, Mass.....................coiiuinni.. 1tofrom 1.09t01.73

. Quincy, Mass..............coiiiii 1tofrom 1.05t01.43
Providence, R. I......... e ltofrom 1.14 to1.56

With well-built sewers and with roof water excluded from the
sewage, the variation from year to year in the ratio of sewage to
water supply in a city is not great, unless there is a substantial
change in the industrial uses of water. For this reason, the
consumption of water in a city affords basic data for sewerage
as well as water-supply engineering.

Water Consumption in Cities.—The consumption of water in
cities is usually expressed in gallons per capita daily. A com-
parison of such records from different cities is likely to be very
misleading because in some cities large quantities of water used
industrially are obtained from privately owned supplies, as at
Fall River, and in other cities, as Philadelphia and Buffalo,
the industries use the municipal supply mainly. Furthermore,
the care taken to reduce the waste of water through leaks in
mains, services and plumbing has a decided effect on the per
capita consumption. Waste is prevented mainly by metering
the consumers’ supplies, which tends to reduce them as shown
in Fig. 6, and by inspection of the condition of the piping and
plumbing. The waste and unaccounted-for water may range
in practice from 20 to 40 per cent, more or less, of the total water
entering the supply-pipe system. In any particular case, there-
fore, it is important to ascertain the present practice in preventing
waste of water, the probability that more attention will be paid
to such work, and the probable development of heavy industrial
uses. In such studies valuable aid can be obtained from a re-
port! on water consumption by Metealf, Gifford and Sullivan,

From the statistics available two conclusions seem warranted:
First, there is a tendency toward a gradual increase in the quan-

1Jour. N. E. Water Works Assoc., March, 1913.
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tity of water used per capita of population. This is undoubtedly
due, so far as it relates to domestic uses, to more elaborate plumb-
ing. The number of fixtures per person, as well as the quantity
of water required per fixture, has greatly increased in recent
years. In the larger cities, the increased consumption may be
due in part to the difficulties surrounding the management of the
water departments, which are usually much greater than in
the smaller cities and towns. Second, the evidence furnished
by such cities as Providence, Worcester, Fall River and Lawrence,
indicates that with careful management, aided, perhaps, by
thorough metering, it is possible to hold down the increase in
quantity of water consumed to reasonable proportions.
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F1a. 6.—Composite curves of water consumption in cities with small and large
percentages of services metered.

Rate of Water Consumption in Different Parts of a City.—
The rate of water consumption per capita varies greatly in differ-
ent parts of.a city. Investigationsin 19 cities made in 1910 and
1911 showed! that the range was as follows:

Water Consumption in gal. per Day

per Capita
Curass or BuiLpiNgs RANGE AVERAGE
Apartment houses................... 24 to 135 62
First-class dwellings................. 15t0 75 54
Middle-class dwellings............... 11 to 66 34
Lowest-class dwellings............... 4to 37 15

The industrial uses vary greatly, according to the nature of
the manufacturing. Fuertes reported? in 1906 that the range

1Jour. N. E. Water Works Assoc., March, 1913.
2 Waste of Water in New Y ork.
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in 11 cities was from 0.4 gal. per capita daily in Wellesley, Mass.,
to 81 gal. in Harrisburg, Pa. It was 30 gal. in Boston, 40 gal. in
Cleveland and 45 gal. in Milwaukee. These figures are based
on the entire population of the city, but as manufacturing is
carried on only in certain districts, as a rule, the per capita con-
sumption for manufacturing in those districtsismuch higherthan
the average for the city. In practical designing work it is very
desirable to make an actual inspection of the industries and a
careful estimate of the quantities of water they use from all
sources. The same is true of the consumption in business
districts.

Fluctuations in Water Consumption.—While it is important
to know the average quantity of water consumption, it is of still
greater value to have data relating to the fluctuations, as a
sewer must be designed to take the sewage when flowing at its
maximum rate. The maximum rate of water consumption
usually occurs during summer months when water is in demand
for street and lawn sprinkling and the excess is not likely to
reach the sewers, or in the winter when large quantities are
allowed to run to prevent freezing of pipes and fixtures, this
excess usually finding its way into the sewers. Records of maxi-
mum water consumption for 67 Massachusetts cities and towns
(1910) have been compiled by a Committee on Water Consump-
tion Statistics and Records.! The average figures are as follows:

Average water consumption, gallons per capita perday.............. 63
Daily average in maximum month, percentage of average for year.... 128
- Daily average in maximum week, percentage of average for year..... 147
Maximum consumption in one day, percentage of average for year.... 198

There were, however, instances in which the maximum rates
greatly exceeded these averages. For example, in Manchester
and Mansfield, Mass., the maximum daily consumption was 302
and 368 per cent of the average for the year, respectively.
These high rates of consumption, however, almost always occur
at times when the usual proportion of the flow does not
reach the sewers, as in the driest portion of the summer, or in
winter when water from other sources, as for example, ground
water, is likely to be at a minimum.

In addition to the fluctuations in flow already discussed, there
is an important variation from hour to hour each day, as illus-

1 Jour. N, E. Water Works Assoc., March, 1913.
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trated by Fig.7 and 8 taken from the same report. It will be
seen from Fig. 8 that the maximum peak flow during the week

T =130
128
120
ns
n 40
I 108
I¢ 4100
< 19§
, 4 90

Gallons per Capita Dally:

Gallons per Capita Daily,

85
80
L]

4
6s

2 60

Hours ‘of Day.
F1a. 7.—Hourly water consumption for average day in Holyoke in November,
1905

ﬁFaﬁmted population ;npplied. 51,000. ¢

12

r Day.
~

pe
g ==

101
9!

8!
8¢
Kl

Gallons per Capita

F1a. 8.—Fluctuations in water consumption in Holyoke during week ending
November 17, 1905.
occurred on Monday, when the draft was about 135 per cent of

the average for the day, and the minimum peak draft was on
3
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Sunday when it was 146 per cent of the average for the day,
these rates being 139 per cent, and 132 per cent, respectively, of
the average rate of draft for the week. The hourly fluctuation
in rate of water consumption has a decided effect upon the rate
of sewage flow, as discussed later in this chapter. It is not,
however, entirely responsible for the fluctuation in the rate of
flow of sewage, for in some places large quantities of ground water
are pumped by industrial establishments and discharged into
the sewers during the working hours of the day, thus tending
to increase the peak flow beyond the amount resulting from
the normal fluctuation in the draft on the municipal water
supply. , :

In the absence of more authoritative information an addition
of 50 per cent over the average rate of water demand during any
24 hr., may be made as a fair allowance for the excess of the
maximum demand during the 24 hr., from all sources, over the
average daily demand, at the time when the flow of sewage is at
its maximum. This rate, however, will vary in different places.

If this peak consumption is applied to the maximum draft for
a single day, of 198 per cent of the average annual consumption,
and it is assumed that the portion of the annual consumption
which finds its way into the sewers averages 50 gal. per day, we
have a maximum rate of contribution from the public and private
water supplies of about 150 gal. per capita daily (50 X 1.98 X
1.50 = 148.5). This will serve to illustrate the theory of the
yield of sewage based on water consumption, but should not be
applied in design unless local conditions are found to warrant it.

Ground Water.—A portion of the rainfall ordinarily runs
quickly into the storm-water drains or other drainage channels.
Another portion is evaporated or is absorbed by vegetation and
the remainder percolates into the ground becoming ground water.
The proportion which thus percolates into the ground depends
upon the character of the surface and soil formation, upon the
rate and distribution of the precipitation according to seasons,
and the time of its occurrence. Any reduction in permeability,
as, for instance, that due to buildings, pavements, or frost,
decreases the amount of ground water and increases the surface
run-off correspondingly. The amount of ground water flowing
from a given area may vary from a negligible amount for a
highly impervious district or a district with a dense subsoil, to
25 or 30. per cent of the rainfall for a semi-pervious district with a
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sandy subsoil permitting rapid passage of water into it. The
percolation of water through the ground from rivers or other
bodies of water sometimes has considerable effect on the ground-
water table, (the ground-water table is the surface of the water
in the soil) which rises and falls continually.

The presence of large quantities of ground water results in
‘leakage into the sewers and an increase in the quantity of sewage
and the expense of disposing of it. This infiltration from water-
bearing earth may be as low as 5,000 gal. per day per mile of
sewers and may be as high as 40,000 gal. or more. During
heavy rains, when there is leakage through manhole covers as
well as infiltration into the sewers themselves, the quantity may
exceed 100,000 gal. per day per mile of sewer. It is a very vari-
able part of the sewage, depending upon the quality of thé
materials and workmanship in the sewers, the character of the
maintenance, the height of the ground-water table and the extent
the sewers have been injured when house sewers were connected
to the common sewers.

The early sewers first built in a district usually follow the
water courses in the bottoms of valleys, close to and occasionally
in the beds of brooks. The water of the brooks is taken 'into
these sewers. The discharge of the brooks grows gradually
smaller after the immediate run-off from a storm has passed by,
and the flow until the next storm occurs is mainly ground water
draining out of the earth. As a result, these old sewers receive
comparatively large quantities of ground water, while sewers
built later at higher elevations in the districts will receive rela-
tively smaller quantities of ground water. With an increase
in the percentage of area in a district which is paved or built over,
comes an increase in the percentage of storm water which is
conducted rapidly to the drains, sewers and water courses, and a
decrease in the percentage of the storm water which will perco-
late into the earth and tend to leak into the sewers. A sharp
distinction is to be made between maximum rates of leakage or
infiltration into sewer pipe systems and average rates. The
former are necessary in determining required sewer capacities:
the latter, in the discussion of operating problems such as the
annual cost of pumping sewage. The records of measured leak-
age of ground water into sewers given in Tables 2, 3 and 4 are
significant.

}
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TABLE 3.—ESTIMATE OF INFILTRATION INTO Snﬁﬁ; AT WORCESTER,
‘ Mass., 1890-1897

(Million gallons per day)

Month 1890 | 1891 | 1892 | 1893 | 1894 | 1895 | 1896 | 1897

January......| ..... 1.508| 1.610| 1.719| 1.834| 1.966] 2.056| 2.139
February.....| ..... 1.014} 1.083| 1.156| 1.234| 1.323| 1.383| 1.439
March.......[ ..... 1.275| 1.361| 1.453| 1.550| 1.663| 1.738| 1.80
April.........| ..., 2.701| 2.885| 3.080| 3.286| 3.524| 3.684| 3.

May.........| ..... 1.628( 1.738| 1.856| 1.980| 2.122| 2.220| 2.3

June......... 1.254( 1.350( 1.442| 1.539| 1.643) 1.761| 1.840| 1.91
July......... 1.003| 1.080| 1.153| 1.231| 1.314| 1.409| 1.473| 1.53
August....... 0.964| 1.038| 1.109| 1.183( 1.263| 1.354| 1.416| 1.47
September 1.325| 1.427| 1.524| 1.628| 1.736| 1.861| 1.946| 2.02:
October. ... .. 1.334| 1.435| 1.533( 1.637| 1.747| 1.873| 1.958| 2.03
November....| 0.906| 1.975| 1.042| 1.112| 1.187| 1.272| 1.330| 1.38
December....| 1.089| 1.172| 1.252| 1.338| 1.427| 1.530] 1.600| 1.663

Averages....| 1.466| 1.466| 1.478| 1.578| 1.685| 1.805| 1.888 1.965!
Total mileage....... .63.90| 68.22| 72.78| 78.03| 81.60| 84.87| 88.96
Average gallon per
mile per day...... 22,960 (21,650 (21,690 {21,580 |22,120 (22,250 {22,080
Population on line
of sewers.......... 75,644 179,015 (83,272 83,588 89,195 190,754 (93,737
Gallon per capita per
day................ 19.4 18.7 | 18.9 | 20.3 | 20.2 | 20.8 | 20.9

From 1891 to 1897, inclusive, the average leakage per day was 22,047 gal.
per mile or 19.9 gal. per capita.

The quantity of leakage depends on the length of sewer, and
to a certain extent on the population, which affects the number of
connections to buildings and the lengths of the sewers.. The
authors have found that the leakage through defective joints,
porous concrete and cracks is large enough in most cases to
lower' the ground-water table to the crown of the sewer and
usually well down toward the invert, although its elevation
varies greatly with the quantity of rain and snow water percolat-
ing into the ground.
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TABLE 4.—LEAKAGE OF GROUND WATER INTO SEWERS

Place ) Ga.l.‘ per day per Extent ?f sewers

mile of sewers considered
Alliance, Ohio............. 195,000 ...
Altoona, Pa............... 41,000 1.2 miles
Altoona, Pa............... 86,000 0.6 miles
Altoona, Pa............... 264,000 0.95 miles.
Brockton, Mass........... 45,000 2,000 ft.
Brockton, Mass........... 61,000a 10,400 ft.
Brockton, Mass........... 178,000b 10,400 ft.
Canton, Ohio............. 26,000 11 miles
Clinton, Mass............. 32,500 ...l
Concord, Mass............. " 30,000 whole system
East Orange, N. J.......... 22,000¢ 29 miles
East Orange, N. J.......... 9,000 25 miles
Framingham, Mass......... 35,000 whole system
Gardner, Mass............. 45,000 whole system
Joint Trunk Sewer......... 25,0004 150 miles
Madison, Wis.............. 48,000 @ |.........ieiiaaaa...
Malden, Mass............. 50,000 ) whole system
Marlboro, Mass............ 50,000 whole system
Medfield, Mass............ : 25,000e whole system
Metropolitan System....... 40,000f 137 miles
Natick, Mass.............. 80,000 8.58 miles

to 100,000
New Orleans, La. ......... 32,000  |...iiiieieiieee.

to 60,000
North Brookfield, Mass. . .. 24,000 1.41 miles
Peoria, Il................. 100,000  |.........cieinn...
Reading, Pa............... 5000 |,
Westboro, Mass............ 1,072,000 3,010 ft.
Worcester, Mass........... 32,000 ...

a. Water in river low. b. Water in river high. c¢. Great precautions
taken to prevent leakage, as construction was carried on in quicksand and
the ground-water table was naturally 10 ft. or more above the sewer. d.
This relates to the sewer serving parts of Newark and Elizabeth, N. J., and
smaller places westward to Summit. e. Before house connections were
made. f. Before any connections were made.

The Malden figures are from Eng. News, Aug. 27, 1903; the Concord
figures from the 1900 report of the Sewer Commissioners, and the remainder
from reports of the Mass. Board of Health and Trans. Am. Soc. C. E,,
vol. 1xxvi, p. 1909, et seg.

Sewage per Day.—In Table 5 are given average statistics of
the sewage of a number of Massachusetts towns and small
cities having separate sewers. The gagings of the sewage from
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several districts in Chicago, Table 6, exceed greatly the Massa-
chusetts records. The Chicago sewers are built on the combined
system, but the gagings were made in dry weather. The large
flow is due mainly to the heavy consumption of water in the
city, which averaged 242 gal. per capita daily in 1910.

TABLE 6.—TYPICAL DRAINAGE AREAS AND DRy WEATHER Run-orrs,
CHicago, 1910 anp 1911
(From Wisner’s Report on Sewage Disposal. S8an. Dist. of Chicago, 1911)

g '§ Dry weather run-offs, %
. H , : |y |8 g
g IR EEAE 3ls g : Period d
P e 'e! ocovere
Sewer outtalls ° g §. g 2 183 ¥ §. by observation
8 $ |8 gl 89| »8
AR BRI
218 |8 |gk2" |8
A ~ T A
Diversey Boule- 890| 23,550, 8.650.0007| 6.22| 238 | 26.4| Aug. 15-17, 1911,
vard (W). 2 days.
Randolph 8t. (W). 240( 11,368| 6.10{0.0254/16.25| 348 | 47.4| Aug., 3 days.
Robey 8t. (S).....| 2,500 38,728 10.1 [0.0040; 2.58| 169 { 15.5 June 1-3, 1911, 2
. days.
Ashland Ave., (S).. 980| 44,581 23.21/0.0237/15.1 | 838 | 45.5 May 18-20, 1911,
2 days.
Center Ave., (S)... 660| 23,463| 20.92(0.0317/20.3 | 578 | 35.6] May 16-18, 1911,
' 2 days.
Thirty-ninth 8t., | 14,340| 285,900/140.02(0.0098| 6.25| 318 | 20.0[...c0cceavcrncas
pumping station. 100.04/0.0070| 4.46| 227
. 209 days.
Ninety-second 8t... 98| 3,666/ 1.840.,0188(12.0 | 325 | 37.4| 1 Aug. 1, 1910.
Mar. 31, 1910.
Aug. 1, 1910.
‘Wentworth Ave., | 5,300{ 30,464 12.4 O.Wﬂ 1.58| 264 5.8 4 July 31, 1911.
(8), (Calumet). 253 days.

1 Daily variation average
8 A.M. to 8 P.M. 28.5 c.f.p.s. contains large amount of industrial waste.

8 P.M. to 8 A.M. 18.6 of.p.s.

2 Daily variation average
8 A.M. to 8 P.M. 25.7 c.f.p.s. contains large amount of industrial waste.
8 P.M. to 8 A.M. 17.0 of.p.s.

8 This run-off or more for 76 days in 1909.

¢ This run-off or more for 276 days in 1909.

§ 2.4 of.p.s. per square mile ocourred 329 days in the year.

The flow on different days of the week varies considerably, as
might be expected from the daily variations in the consumption
of water. It is larger on Monday and smaller on Sunday than
on other days. There is also a difference between the average
daily volume of sewage at different seasons of the year, due in
part to variations in water consumption and in part to ground-
water conditions.

The average rates of flow upon which estimates of cost of
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pumping and treatment may be based are much below the
maximum rates, and, from the data available, appear to range
in a general way between 100 and 125 gal. per capita per day for
the larger cities. For small towns average rates appear to range
from about 25 to 60 gal. per capita per day.

Sewage per Hour.—The flow of sewage per hour is more
important to the designing engineer than the flow per day,
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F1a. 9.—Hourly variation in flow of sewage in various cmes
The records used in preparing this dl%l‘lm were from the following sources: ngham,

nqand average of two years, 1906-7; tOranfe N J.. March 16-17, 1910; Glovenvnlle,
Oct. 30, 1906, and Sept 12, 1907 City A, l5000pogulauon, typxoal average curve;
Mllwa.ukee, Wis., Oct. 24-28, 920. Toronto, Ont., 1900 and 1908; Worcester, Mass., Nov.
13, 1909, and March 21-27, 1910,
because he has to provide sufficient sewer capacity to carry off
the largest quantity of sewage which it is reasonable to expect.
In Fig. 9 are plotted the hourly rates of flow in several cities,

expressed as percentages of the daily average. The smooth
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curve is drawn through points obtained by averaging points
taken from curves representing the hourly rates of flow in the
cities named in the note below the illustration. In preparing
curves of this nature it is desirable to synchronize them by mak-
ing an allowance for the time required for the sewage to flow
from the city to the gaging point. This time differs, and if an
allowance is not made for it the data from different cities are not
easily compared. The dotted line in Fig. 9 represents the flow
of sewage from a large Milwaukee residential district.

It is interesting to compare the hourly fluctuation shown in
Fig. 9 with the fluctuations in water consumption referred to
previously in this chapter (see Fig. 7).

Sewage from Residential Districts.—The quantity of sewage
from a residential district will depend upon its area, density
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Fie. 10.—Maximum density of population, Lynn, Mass.
of population, per capita water consumption and the quantity of
ground water leaking into the sewers. The future character of
such a district should be considered carefully, keeping in mind
that there is often a lowering of the per capita consumption of
water as widely separated homes of wealthy families give way to
more numerous and modest homes or to tenements. In making
estimates of the quantity of sewage from such a district, it is
incorrect to use the average density of population of the entire
city, which rarely exceeds 25 persons per acre, because there are
many residential districts where it is much higher. For example,
it was found in Philadelphia in 1910, that the population per
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acre was 58 to 64, where the prevailing building type was pairs
of two- and three-story houses, and 97 to 123 where the buildings
were solid rows of houses. The sewage from the former type of
district amounted to 9,800 to 14,200 gal. per acre daily, and
from the latter type 10,500 to 26,300 gal.

The decrease in average density of population with increase
in area is a factor of importance in the design of separate and
intercepting sewers. It is impossible to predict with certainty
the locations of future areas of ‘high density. This is a further
reason for liberality in the design of the laterals. Fig. 10
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F1a. 11.—Maximum rate of discharge of residential sewage, Lynn, Mass.

shows the actual maximum densities for different areas found in
Lynn, Mass., in 1916 and the densities estimated for the year
1950, during which period it was assumed that the total popula-
tion would double. Data sufficiently accurate for making and
checking such curves may be obtained by actual count, by the
use of assessors’ estimates, from the census reports where the
population is sufficiently large so that it is divided into wards
and precincts, or from data contained in directories, post office
counts and lists of polls.

It is evident from the foregoing that the maximum rate of
discharge of residential sewage per unit of area may be much
higher for small areas than for larger ones. Fig. 11 shows the
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estimated maximum rate of discharge of sewage for different
given areas based upon densities of population shown in the
higher curve of Fig. 10 and the maximum per capitarate of sewage
flow of 220 gal., otherwise determined for the district under
consideration. '

The rate per hour fluctuates greatly in the case of moderately
developed medium and high-class residential districts, because
of the great variation in the hourly consumption of water.
Fig. 12, curve A, gives the average hourly rate determined
from two sets of gagings of a Cincinnati district of 1,617 acres
with a population of 11.1 persons per acre. This district is very
largely residential, and the maximum observed hourly flow was
273 per cent of the average although the district is so large that
such a wide range in the rate of flow in its main sewer is unusual.
In the usual case of a district of this size, the maximum hourly
rate may be expected to reach 160 to 170 per cent of the average.

Sewage from Commercial Districts.—A commercial district
yields much more sewage per acre than a residential district,
because of the concentration there during the day of many per-
sons in stores, office and public buildings, hotels and often some
apartment houses. Such a district is relatively small compared
with the other districts in a city, but its growth should be fore-
casted carefully on.account of the large quantity of sewage
coming from it.

The allowance for used water from a mercantile district is
‘more difficult to estimate than that from a residential district.
If the estimate is made in connection with the design of inter-
cepting sewers, pumping stations or treatment works for use
with existing main district sewers, the latter should be gaged
and a suitable allowance made for future development. It may
also be helpful to ascertain the water supply of the district from
both municipal and private sources.

The average quantity of sewage from a 123-acre commercial
district in Philadelphia was 92,800 gal. per acre per day. This
district was entirely built over, the area occupied by buildings
being 80 acres and that by streets 32 acres. This is a rather
large quantity of sewage from a commercial district. Gagings
of the flow from eight such districts in Cincinnati ranged from
14,000 to 72,000 gal.

The hourly rate of flow from districts of this character varies
greatly, as is to be expected, but the high rate of discharge lasts
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much longer than does the early morning peak in the curve of
flow from residential districts. Curve B in Fig. 12 illustrates
this, and shows the hourly rate in a district of 23.6 acres with
12.5 persons per acre, the center of business in Cincinnati. The
average daily flow in this case was 72,000 gal. per acre and the
maximum during the gaging period was 139,000 gal.

Sewage from Industrial Districts.—The quantity of industrial
wastes not originating in the public water supply should be
studied individually in each case. The following estimates,
in gallons per capita daily, have been made in connection with
the design of sewerage works:

Cincinnati, Ohio. .............ccoiiiiiriiiianeennnns 50
Fitchburg, Mass., maximum..................ooveven.. 81
Louisville, Ky....... ..o, 57
Neponset Valley intercepter, Mass.................... 26
Milwaukee, Wis............. ... i 57
Passaic Valley intercepter, New Jersey, maximum........ 38
Paterson, N. J, maximum..................oovinnnn. 18
Providence, R. I, maximum........... P 42

The variation in the hourly rate of flow from a typical indus-
trial district with some residences, in Cincinnati, is shown by
curve C, Fig. 12. It had an area of 294 acres and a population of
19.1 persons per acre. The curve is based on 3 days’ gagings
during which the average rate was 6,787 gal. per acre and the
maximum rate 13,485 gal. This maximum is equivalent to an
hourly rate of 708 gal. per capita daily, 198 per cent of the
average daily rate.

Provision for Storm Water in Intercepting Sewers.—There is
a general impression that it is wise to provide in intercepting
sewers for a small quantity of storm water, expressed often as
being sufficient for the ‘“first flushings” of street surfaces and
sewers. This Impression is based upon the assumption that
there are accumulations of sewage sludge in the sewers and
quantities of filth on the streets which will be immediately flushed
into the intercepting sewers with the first run-off due to rain.
“In some sewers laid on very flat grades and where sewers have
settled or have been built with depressions in them, there may
be such deposits, but where sewers are laid on grades which give
satisfactory velocities such deposits are believed to be exceptional.
Where deposits do occur they are generally found to consist
largely of sand and other heavy detritus, dropped by the current,
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as the velocity of flow decreased with the decrease in volume and
hence depth of flow in the sewer. It is apparent, therefore, that
these deposits will not be picked up again by the current until a
very substantial rate of discharge is reached.

Intercepters are fed by trunk sewers serving rather large
districts. Considerable time is required to flush the major part
of the systems to the intercepter, during which a large flow is
likely to reach them from the nearer portions. Unless consider-
able surplus capacity is provided, the intercepters will often be
running full before the flushings from much of the tributary area
can reach them. Therefore, too much stress should not be laid
on their ability to care for the “first flushings,” although as ordi-
narily designed they can accomplish something in this direction.

Assuming that the average daily flow of sewage is 100 gal.
per capita and that the capacity of the intercepter is 300 gal.
per capita, there will be a surplus capacity available for ‘first
flushings” equivalent to twice the average flow of sewage, if
such flushings come at a time when the flow is at the average
rate.. The maximum rates of flow generally occur in the spring
when ground water is high and at other times there will always
be some surplus capacity. Furthermore, as intercepters are
built for many years, there will be a considerable excess capacity
during the earlier years, although this should not usually be
counted upon to care for storm water, for it is a gradually
diminishing allowance accompanied by a gradually increasing
need, if need there should be.

Under the foregoing conditions the sewage will be diluted to
three times its normal flow. Furthermore, consideration must
be given to the excess of water used in this country, giving a
more dilute sewage, and to the quantity of ground water which
leaks into the sewers. With these eliminated the quantity of
sewage would be comparable with that obtained in Europe.
Taking all these conditions into account, it is evident that the
dilution approaches the standard of the Royal Commission on
Sewage Disposal, which is six times the dry-weather flow.

In view of these conditions, it may be assumed that the 300-
gal. daily per capita intercepter capacity, allowed in a previous
paragraph, contains a sufficient allowance for storm water.

Caution.—The foregoing outline of a rational method of
estimating the quantity of sewage to be provided for applies to
the design of intercepters, pumping equipment, grit chambers,
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etc., and to large trunk sewers and the units adopted are for
maximum rates of flow when the sewers are running full.

These principles, also, constitute the basis of design for a
separate system of sewers, or a system from which it is intended
that storm ﬂer shall be excluded. It is important to note,
however, that in practice it is not uncommon to find a consider-
able amount of surface run-off finding its way into manholes and
numbers of storm water roof conduits connected to separate
sewers, in spite of rules or ordinances prohibiting such connection.
It is wise, therefore, to make some allowance in the maximum
rate of sewage flow, for a certain amount of storm water.

The steps and basic data used in the design of intercepting
sewers are similar to those used in the design of a separate system,
an example of which follows, worked out in detail.

The Design of a Separate Sewer System.—The district shown in Fig. 13
is a portion of the Carlisle Brook District of the City of Springfield, Mass.
This is a residential district, which, in 1920, was about two-thirds developed
with detached houses. This district is so nearly fully developed that the
probable future density of population can be estimated with a fair degree
of certainty and it is not necessary to make a study and curve such as is
shown on Fig. 10.

It is estimated that the future average density of population will be 65
persons per acre. The maximum rate of flow of sewage is estimated at
250 gal. per capita per day, including 30 gal. per capita per day allowance
for storm water.

The subsoil of the district is sand and will permit a large portion of the
rainfall to percolate into the ground.

The maximum rate of infiltration of ground water into the sewers, to be
provided for, is 2,000 gal. per acre per day.

The minimum size of sewer is to be 8in. The minimum velocity of flow
in the sewer when flowing full is to be 2 ft. per second (the more desirable
limit of 2.5 ft. was impracticable because of the prohibitive expense that
would have resulted from its adoption).

The minimum depth of cover allowable is 7 ft.

Problem.—Design a system of sepa.ra,te sewers for the area included
within the dash-dot line. This system is to discharge into the Carlisle
Brook main sewer at the right-of-way leading from Shattuck St. about
opposite Courtland St. to the main sewer.

Prepare a plan showing the location, size and slope of each sewer section
between manholes in each street.

Prepare a profile of each sewer showing all connections with each lateral
sewer.

On the plan show the location of manholes. The profile should show the
street surface; the manholes; the proposed sewers, their sizes and slopes;
and the invert elevations in figures, at each manhole.

4
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Determine the required elevation for the Carlisle Brook main sewer at the
right-of-way.

This problem may be combined with the problem for the design of the
storm-water drainage system. This would, however, involve additional
complications, as precaution would have to be taken that proper connections
of sewers and drains could be made without interference with each other.
It often happens in practice that this feature of the design of a separate
system is very troublesome, particularly where a system of sewers has been
installed without particular study of the desirable relative position of the
pipes in the streets when the drains shall have been added.

Having determined the basic data for any problem, the different steps
required to reach a rational solution are as follows, in the order given:

First—Draw a line to represent the sewer in each street or alley to be
served. Near the line place an arrow pointing in the direction in which
.the sewage is to flow. Except in special cases, the sewer should slope with
the surface of the street. It is usually more economical to plan the system
80 that the sewage from any street will reach the point of disposal by the
most direct and consequently the shortest route.

If the lines are properly drawn, the system will resemble a tree and its
branches, all the laterals connecting with the sub-mains and these in turn
with the main or trunk sewer, which leads to the point of discharge.

Second.—Locate the manholes, giving each an identification number.
Manholes should generally be placed at all angles, or bends, changes in
grade, at all junctions of common sewers, at the upper ends of all laterals and
at intermediate points where the distance exceeds 400 ft. or such other
maximum limit as may be established. )

Third.—Sketch the limits of the drainage areas for each lateral, unless a
single lateral will be required to accommodate an area larger than can be
drained by the minimum size of sewer with the minimum slope, in which
case a further subdivision must be made. Where the streets are laid out,
the drainage lines may be assumed as being midway between them. If the
street layout is not shown on the plan, the limits of the different areas cannot
be determined as closely and the topography must serve as a guide.

Fourth.—Measure the area of the different drainage areas. For this a
planimeter will give results within the accuracy required. . .

Fifth.—Prepare a table, see Table 7a, for the different steps in the com-
putation and for each length of sewer between manholes. This is the most
concise, time-saving method and keeps the results in better shape for the
subsequent use of the draftsman. Use column 1 for numbering the lines of
the table, for ready reference. Determine by inspection the manhole which
is farthest from the point of disposal and enter its identification number in
the first line of column 2, and the number corresponding to the manhole
next on the line toward the trunk sewer in column 3. Enter the name of the
-street or alley in column 4, the length between manholes in column 5, and
the area in acres to be drained by the sewer at a point just above the lower
manhole in column 6. On the next line enter the same data for the next
stretch of sewer and in column 7 enter the sum of the drainage areas listed
in column 6. The area in column 7 is the basis for computing the required
capacity of the sewer. Enter the data for each stretch of sewer in the
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above manner, followmg the line down to the point of d.mcharge including
the trunk or main sewer.

Enter in column 8 the rate of discharge of sewage, which is equal to the
maximum per capita rate of sewage flow multiplied by the assumed future
density and this product multiplied by the area shown in column 7.

In column 9 enter the rate of ground water flow, which is equal to the
rate of flow per acre to be provided for, multiplied by the area in column 7.

Column 10 gives the sum of columns 8 and 9, in million gallons per day,
and column 11 is this quantity converted into cubic feet per second, the
more convenient way of expressing the capacity of sewers and the form
in which most diagrams and tables for determining the carrying capacity
of sewers are given.

The designer is now ready to select the sizes and slopes of sewers required
to carry the quantities computed above. The remaining paragraphs of
this chapter may, however, be postponed advantageously until the student
has studied Chapter IV.

In column 12 is the required size of sewer; column 13, the carrying
capacity; and column 14 the velocity when flowing full or half full, corre-
sponding to the slope, column 15.

In column 16 is the elevation of the ground surface at the manhole, corre-
sponding to the identification number in column 2.

Columns 17 and 18 are the invert elevations of the upper and lower ends,
respectively, of each stretch of sewer.

If the computations for the entire system are carried out in all the detail
above outlined, it may not be necessary to construct a profile for the pre-
liminary study, but it is advisable to make profiles of the main sewers and
the more important laterals as a check upon the work. For construction
purposes, a profile should be prepared for each sewer from data obtained
by field observations and survey, showing the ground surface, the depth and
location of existing cellars or basements, the proposed sewer, its slope and
size in figures, and the invert elevation at each manhole, as well as the
size and elevations of the sewer into which the sewer under consideration
is to discharge. The scale to be used in preparing the profiles will depend
upon the number of obstacles to construction, and hence the amount of
detail required. In city work, scales of 20 to 40 ft. per inch honmntal
and 2 to 4 ft. per inch vertical, are commonly used.

From the tabular form of computation, depths of cut may be compubed
and estimates of cost prepared.

About 15 ft. depth of cut for the main line west of Cambridge St. could
be saved by carrying the Dawes St. lateral northwesterly across private
land from manhole No. 5 to Cambridge St., as shown in Table 7b.

The trunk line west of Cambridge St. will be at 1.68 ft. less depth by
Project B, Table 7b, than by Project A4, previously studied. Assuming a
3 ft. 6 in. width of trench and excavation at this 20 ft. depth to cost $5.00
per cubic yard (3.5 X 1.68 X 5) + 27 = $1.09, saving per foot for 2,080
ft., a sum equal to $2,265. In addition there would be a saving in the cost
of the sewer in Andrew St. and in Burr St. from Andrew St. to Cambridge St.
where the sewer would be about 10 ft. shallower (10 X 3.5 X 5) + 27 =
$6.50; for 590 ft., this will be $3,835. On the other hand the sewer in
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Cambridge St. would be about 3.5 ft. deeper for 300 ft., (3.5 X 8.5 X 5) +
27 = $2.27; for 300 ft., this will be $680, and the sewer in the right-of-way
would cost say $6 per foot for 286 ft., or $1,720; the cost of the right-of-
way will be about $500. The net saving, then, would be about $3,200.

[

o o o

7.

Summary oF Savine ErrecTED BY PrOJECT B

. Saving in trunk line changes west of Cambridge St.........
. Saving in Andrew and Burr Streets.......................

Gross SAVINE .. e oo veter e ininie ittt
Increase in Cambridge Street.................... $680
Sewer in Right-of-way.......................... 1,720

. Cost of Right-of-way............. ............ . 500

Resulting net saving of Project B over Project A...

$2,900

$3,200

Whether or not this saving is justified in spite of the disadvantage of
laying the.sewer partly in a private right-of-way, may depend upon other
considerations than relative cost.




CHAPTER III
QUANTITY OF STORM WATER

The rate at which storm water, including melted snow and
ice, flows from the surface of the ground into drains and combined
sewers must be estimated before designing these conduits. The
quantity of storm water is usually so much larger than the
quantity of sewage for which combined sewers are designed that
their size is determined primarily by the rates of rainfall and
run-off and the slopes of the sewers. The amount and intensity
of rainfall can be measured. The run-off or part of the rainfall
which reaches the drains or combined sewers depends upon the
ratio of the impervious to the relatively absorbent surface,
the intensity and duration of the rainfall, the character, shape,
and slope of the drainage area, etc. It is manifest that a smaller
proportion of a light rainfall on a dry sandy tract will reach the
sewers than in the case of a heavy rainfall on a clay tract of the
same size and topography.

In sewerage engineering the rate of rainfall during periods just
long enough to produce maximum run-off conditions is more
important than the total daily rainfall. Such rates can only be
measured practically by automatic recording rain gages, and on
account of the smali number of these instruments in use until
recently, there are few long-time records of this character.

Automatic Rain Gages.—The gages which give the records
most helpful to sewerage engineers make charts on which it is
possible to determine accurately the preclpltatlon in time inter-
vals as short as 2 and 5 min.

In all such instruments the rainfall on a circular collecting
area or opening, from 8 to 12 in. in diameter in different instru-
ments, passes to an operating mechanism, of which there are
three general types. The first type receives the water in a
container supported on a weighing device which actuates record-
ing mechanism that moves a pen pressing on a chart held by a
drum revolved by clockwork. In the second type, the rain
water is delivered to tilting pans, which tip when full and thus
discharge their contents. Every act of tipping actuates an
electrical or mechanical device which makes a record of the

55



56 SEWERAGE AND SEWAGE DISPOSAL

discharge on a chart moved by clockwork, and as the quantity
of water discharged by each tipping is known, the rate of rainfall

.F1a. 14.—Friez tipping
bucket gage.

is thus determined. In the third type,
the water flows into a container in which
there is a float with a vertical arm carry-
ing a pen. This pen records the height
of water in the container on a chart
moved by clockwork, and the container
is usually of such size that the float will
rise at a faster rate than the rate of rain-
fall. Fig. 14 illustrates a tipping-type
of gage made by Julien P. Friez, Balti-
more. The rain is collected in a funnel
12 in. in diameter and conducted through
a tube into a bucket with two compart-
ments, each holding the equivalent of
0.01 in. of rainfall. The bucket is sup-
ported on trunnions in such a manner

that as soon as a compartment is full the bucket tips, the com-
partment is emptied and the other compartment brought into

Fi1a. 15.—Register for Friez gage.

position for filling. Each time the bucket tips, it closes an electric
circuit which causes a pen to record a step on a chart carried by a
revolving cylinder, Fig. 15. A sample chart from this instrument
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is shown in Fig. 16. The curve traced does not represent directly
the progress of the storm, the motion of the pen being reciprocat-
ing, up for 0.05 in. and down for 0.05 in.
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The chart is 103{ inches long.

F1a. 16.—Chart from Friez gage.

The time-scale of this chart is 214 in. to an hour.. The amount
of rainfall is indicated, not by measurement on the chart, but by
counting the number of steps, or of “flights” of 5 steps each.
It is therefore possible to deter-
mine the rates of rainfall from this
record with a good degree of pre-
cision. The Weather Bureau
carefully investigated the accuracy
of the instrument and determined
that on account of the appreciable
time ' required for the bucket to
tip, the error due to the inflow of
water into a compartment already
full before the bucket could tip
and present the empty compart-
ment is sufficient to produce an
error of about & per cent at times
of very heavy rain.

One of the oldest and most sat-
isfactory gages, devised by Des- .
mond FitzGerald, is shown in Fig. 17, and the chart made from
it is of the kind shown in Fig. 18. The rain is collected in a
funnel 14.85 in. in diameter, and conducted through a tube into

F16. 17.—FitzGerald gage.
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a receiver containing a float. The diameter of the receiver is
such that 1 in. of rain causes the float to rise 2 in. The float
carries a pencil bearing directly upon the chart carried by a
revolving cylinder. This cylinder is of such a size that a chart
24 in. long is revolved once every day so that the time-scale is 1
in. per hour. It is therefore possible to determine rates of pre-
cipitation with fair accuracy.

Gages should be set! at least 50 ft. from objects which may
cause wind currents interfering with accurate measurement, and

NoON
MIDNIGHE

Hours
(]

w

inches of Rainfall

-

0 R ——

Reference-" [ngmeermg News ":‘Ia; 1888,

The complete diagram is 24 in. long.
F1g. 18.—Chart from FitzGerald gage.

the collector ring or opening should be within 30 in. of the ground.
It is often difficult to comply with the latter condition, and if the
collecting ring is at a considerable elevation above ground, it
will probably receive a markedly smaller quantity of water than
if placed within the standard distance of the ground. If it is
impossible to place the collecting ring practically at ground level,
a standard non-recording rain gage should be maintained near

t Circular E, Instrument Division, U. S. Weather Bureau, on ‘‘Measurement of Precipi-
tation,” gives valuable information on this important subject.
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the automatic gage-and the records of the latter adjusted to agree
with those of the standard gage.

Intensity of Precipitation.—In a general way the intensity of
precipitation varies inversely with the duration of the downpour,
or in other words, very heavy showers do not last as long as rains
of lesser intensity. Intensity is expressed in terms of inches per
hour; that is, if 1 in. of rain falls in 20 min., the rate or intensity
of precipitation is 3 in. per hour.

By careful measurements of a gage chart the rates of precipita-
tion for such periods as 5, 10 and 15 min. during the storm can
be ascertained. When such records are available for a considera~
ble period of years they furnish a fair indication of the intensities
which may be expected on the average during a term of years
approximately equal to the period of record. They may not,
however, cover the extreme conditions likely to occur or they
may include a great storm due to occur only once in a much
longer period.

If records are available for 30 years, a curve drawn through
all the points of maximum precipitation, suitably platted, will
represent the maximum limit of intensity which may be expected
once in 30 years on the average, subject to the qualifications
just stated.

In a similar manner & curve may be drawn through the points
representing the intensities which may be equalled once and
exceeded once in 30 years on the average.. Such a curve may be
considered as representing storms having a frequency of 15
years. A sewer system having just sufficient capacity to carry
away the run-off from storms of the intensities represented by
a 15-year curve should prove inadequate but once in 30 years
on the average. This lack of capacity, however, may occur
during several storms, for the limit of rainfall intensity not caus-
ing flooding in one sewer district may be exceeded by a downpour
lasting only 10 min., while such a storm would cause no flooding
in another district where a 20-min. downpour at that rate would
be necessary to overtax the sewer.

Curves showing intensities which may be equalled or exceeded
but once in specific periods at the Chestnut Hill Reservoir (Bos-
ton) gage, based on records covering 38 years, are reproduced in
Figs. 19 and 20 from a paper by one of the authors.! A similar
probability curve which was prepared by the authors for Galves-

1Jour. Boston Soc. C. E,, Feb., 1920, vol. 7, No. 2.
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ton, Tex., based upon a 30-year record from 1890 to 1919, is
shown in Fig. 21 '

Curves drawn through the points representing the maximum
rates of precipitation are obviously irregular in form. From
suitable data, however, approximate smooth curves can be
drawn and many of them may be mathematically expressed.
Such curves showing the relation between intensity and duration
of precipitation for extreme and other storms at several places
are reproduced in Figs. 22 to 26.

Q.

I
LY

/ard/d

o

>

Intensity in Inches per Hour
»

p—]
\\h_

3 —
——

. —

: —~—

&\.\1

| 1

|
cO 10 2 30 40 50 6 70 8 9 100 10 120 130 M40 150

Duration in Minutes
F1g. 21.—Rainfall curves for Galveston, Tex., from 30-year record (1890-1919).

The selection of the rainfall curve to be adopted as the basis
for design of sewers in any community is a very important
matter. While it would be desirable to provide drainage for
the greatest storms of which there are local records, such a course
will usually require very large expenditures which in many cases
will be prohibitive, particularly if proper provision be made for
increases in the proportion of impervious area likely to take place
within the next 30 to 50 years in a rapidly growing community.
It may be necessary, therefore, to reduce the allowances and one
of the most logical ways in which this can be done is by the adop-
tion of a rainfall curve having a lower frequency, as, for example,
15, 10, or even as low as 5 years. In making the selection, con-
sideration should be given to the several economic conditions of
the case, as the funds reasonably available for construction and
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F1a. 24.—St. Louis intensity of rainfall curve. In 1916 a curve of somewhat
higher intensities was adopted by the city for the design of drains.
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the probable amount of damage and inconvenience caused by
occasional flooding.

Form of Rainfall Curve.—Most equations of rainfall curves
have been written in the form ¢ = a/(t + b). It usually ex-
presses the actual observations with a fair degree of accuracy
for rains of 10 min. to 2 hr. duration. Beyond these time
limits, the results are generally too low. In many cases the
exponential equation, ¢ = a/t* has been found accurate. The
exponent b is usually between 0.5 and 0.7. The best practice
. is probably to use a curve of rainfall plotted from actual records,

“ NN NN EE
s H l“”“lL!!!!!!!!
” Relation between
5 Time and lnhn:gy of Rainfall
" ;
;w SANFRANCISCO, CAL.
% Furve A,i= FLLe Conts 19055
£ ICorve B,n0 formula,(CE Grunskn®®
)
e Poinrts represent primejpal s torms 10661503
.91 US. Weather Bureay
E. * Trams. Am. Soc.C.E. Vol. 4.t 198,
%’ v »  n §5°p 316
&5
L4
21
§3
2 NG
I Tt
I —] BBl d 3
0

0 0 20 30 40 50 €0 70 8 90 100 0 120 I30 MO (50 160 170 180 (30 200
Time(t)inMinvtes.

F1a. 26.—San Francisco intensity of rainfall curves.

without attempting to express it by an equation. The intensity
to be expected for any given duration of time would then be
taken directly from the curve, instead of being obtained by
solving an equation. There is no apparent reason why the
relation between the intensity and duration should follow any
mathematical law. Table 8 shows how the results of different
formulas differ.

Phenomenal Rainstorms.—Storms of extreme intensity, com-
monly called “cloud-bursts,” are occasionally experienced.
They are usually of such rare occurrence as to be classed as

“ Acts of God,” for which it would not be reasonable to provide
5
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in designing storm drains. They are not to be confused, how-
ever, with special topographical conditions, more particularly,
in the mountainous country, producing records abnormally
high according to usual standards but not unusual for the specific
locality under consideration. These cases are rare, however.

During 1913 New York City experienced four storms, in
all of which the intensity of precipitation, practically throughout
the storm, was greater than that given by the equation
1 = 15/t%5. The significant facts relative to these storms and
the intensities obtained by this formula are given in Table 9.

TaBLE 9.—PHENOMENAL RaINFALL IN NEW York Crry, 1913

Date July 10 July 28 Sept. & Oct. 1 15

Place 100 Broadway | Central Park | Central Park | Richmond| § = ——
t-minutes Intensity i-inches per hour Vi
1 | [ 8.40 15.00
2 P A P 8.10 10.60
4 | 6.45 7.50
5 9.88 6.12 7.20 |......... 6.72
7 S O 6.24 5.68
10 7.56 5.76 6.90 5.64 4.75
15 6.52 4.80 6.36 5.16 3.88
19 o 5.05 3.45
30 4.18 2.96 5.24 |[......... 2.74
87 e 4.84 2.47
49 | 4.75 2.15
89 e 4.44 1.95
60 2.30 2.73 3.31 |......... 1.94
8 . 3.80 1.63
108 |oooe 3.37 1.46
120 1.28 1.56 1.85 e 1.37
123 .o oo 3.08 1.35

Rational Method of Estimating Run-off.

Any method

of estimating run-off requires the engineer to rely upon his
judgment. No two engineers working independently are likely
to reach precisely the same conclusions regarding the extent of
the improvement of a drainage district within the economic period
for which drains should be built now, the rate of rainfall for
which drainage should be provided, and the rate at which
storm water will reach the sewers.

The rational method of estimating run-off has come into
favor because it enables the engineer to apply judgment directly
to spegific allowances which are subject to analysis, measurement

and estimate. It requires him to exercise judgment logically, @ :
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after an analysis of the local conditions. The rational method
is based on the direct relation between the rainfall and run-off

.expressed by @ = CiA, in which @ = the run-off in cubic feet

per second from a given area; C = a coefficient representing the
ratio of run-off to rainfall, generally called “run-off coefficient;”
¢ = the intensity of rainfall in cubic feet per second per acre
(or nearly enough, its approximate equivalent, the rate of rainfall
in inches per hour); A = the drainage area in acres. The
engineer can measure A, but he must determine the proper values
of the other factors. The value of 7 to be used depends not only
on the curves of the intensity of rainfall which fit the local
conditions and the assumed period of recurrence, but also on
the “time of concentration’ it takes water to flow from the most
distant point in the district to the nearest sewer inlet and thence
through the sewers to the point in the sewerage system for which
the maximum quantity of flow is to be estimated, as a basis for
design. of the sewer section or size. It is the greatest uniform
intensity of rainfall during this time of concentration for which
provision must be made, not the intensity for a shorter period.
The value of C must be estimated from a study of the soil, slope
and character of the surface, and a consideration of probable
future development.

Time of Concentration.—Time of concentratlon is made up
of “inlet time,” the period consumed by water in flowing from
the most distant point in the drainage area to the sewer, and
“time of flow” in the sewer. The latter is readily estimated by
hydraulic computations explained in Chapter IV.  Inlet time
is frequently the most important factor in determining the
probable run-off, particularly in small districts or in fairly large

 districts with steep slopes. In cities it is seldom less than 3 or .

3
-
.

more than 20 min. Horner’s investigations! led him to conclude
that along improved streets with grades of 0.5 to 5 per cent, the
water from streets, sidewalks and roofs will reach the sewer in
2 to 5 min., but the velocity over grass plots is so low that even
in heavy rains water will take 10 to 20 min. in flowing 100 ft.

The sewers are designed to meet the most serious conditions
which are anticipated during the economic period of service for
which they are planned. They are assumed in the designing
work to run full, with the velocity of flow practically a maximum,

‘and the run-off from the roofs and streets and the flow in gutters

1 Eng. News, Sept. 29, 1910.
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at maximum rates, giving a minimum time of concentration
-which is a constant for a given sewer district in a particular
state of development.

When gagings of the storm-water flow are made, the condltlons
are usually different from those assumed in designing, and it is
the actual time of concentration which fixes the period of rainfall
with which the resulting flow must be compared. During a
moderate storm, the sewer may bhe but partly filled and the
velocity of flow may, therefore, be considerably less than the
maximum. Moreover, unless rain has previously been falling
for some time, the filling of depressions and the accumulation of

sufficient head to cause flow over rough or nearly flat surfaces -

will require an appreciable amount of time. The actual time
of concentration will, therefore, exceed the minimum in all cases
except those which produce the same or a greater rate of run-off
than that for which the sewer was designed.

Run-off Factor.—The run-off factor depends upon a large
number of elements and is not a constant for a given area, even
- during a single storm. It is seldom unity, even when the entire
surface is covered with roofs and pavements, for some evapora-
tion takes place, even during a storm, nominally impervious
surfaces absorb some moisture, and irregularities of the surface
tend to hold back some of the water. The run-off factor gradu-
ally increases for some time after the beginning of a rain until
the soil has become thoroughly saturated, the impervious surfaces
thoroughly wetted and the depressions filled. After that time
the factor remains substantially constant for a given area. It
therefore makes considerable difference in the amount of run-off
"whether the critical precipitation comes near the beginning of a
storm or after rain has been falling for some time. Prof. A. J:
Henry of the U. S. Weather Bureau prepared! Table 10 which is
helpful in this connection by showing the percentage of cases of
downpour in Washington, Savannah and St. Louis, in which the
maximum rate of precipitation occurred within various periods
after the beginning of the storm. If a warm rain falls when the
surface is covered with ice, the run-off factor may even exceed
unity.

It is evident that an exact determination of the run-off factor
for conditions which will exist in the future is not possible.

1Bulletin D, “‘Rainfall in the United States” U. S. Weather Bureau, Jour, Weat Soc.
Engrs., April, 1899,
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The engineer’s problem is to forecast to the best of his ability the
changes which will take place in the district and to estimate the -
rate of precipitation for which he must provide.

When rainfall records from which to construct a curve of the

TaBLe 10.—PERCENTAGE OF CASES IN WHICH THE MAxmMuM INTENSITY
OoF PRECIPITATION OCCURRED WITHIN VARIOUS PERIODS FROM THE BE-
GINNING OF THE STORM

Minutes after |Per cent of casesin which maximum intensity occurred within period at
.q,or:,g o Washington Savannah 8t. Louis
5 17 10 31
10 38 31 61
15 59 52 - 69
20 64 65 . 74
25 72 72 76
30 81 82 78
35 86 87 80
40 91 88 88
45 93 92 93
50 94 97 98
60 100 100 100

rate of precipitation in the city where the sewers are to be built
are not available, the formula 7 = 12 + {°-% will give intensities
unlikely to be exceeded more often than once in 10 years in New
England and New York. The formula 7 = 15/t will give the

TaBLE 11.—QuaNnTITY IN INCEES OF RAIN FALLING IN THE SPECIFIED
PERI0DS OF TIME AT THE RATES INDICATED BY CURVE OF INTENSITIES,

t = 15/10-6

. Rate of precipitation, inch r | Accumulated depth of precipi-

Time, minutes hour P t.at.ion.pincheep il
& 6.71 0.56
10 4.75 0.79
15 3.88 0.97
20 3.36 1.12
30 2.75 1.38
45 2.24 1.68
60 1.94 - 1.94
90 1.58 '2.37
120 1.37 2.74

probable maximum rate of precipitation during a period of about
15 years and Table 11 has been computed by its use. In this
table the periods of time are not necessarily measured from the
beginning of a storm or even from the beginning of the downpour.
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In making an allowance for the effect of the rate of precipita-
tion on the run-off factor, it must be kept in mind that in most
cases the maximum rate of precipitation does not occur over a

"large area, and it may be proper in planning a large drainage
system to use a lower rate of precipitation than should be used
for a smaller area.

In a district where the duration of rainfalls is short, the run-off
coefficient may not be so high as where the rainfalls are pro-
tracted, so that the depressions in the surface become filled with
water, the earth becomes saturated and the conditions are such
that a larger proportion of the rainfall runs off than is the case
with shorter rainfalls.

The duration of storms has another effect on run-off, for if the
duration of a storm causing flood conditions is less than the
time required for water to flow from the most distant point on
the drainage area to the point for which computations are made or
at which gagings are made, then the maximum discharge will come
when less than the entire drainage area is contributing water.

" This condition need rarely be considered in preparing designs,
and then only for very large drainage areas, but it must be con-
sidered in studying gagings of the storm flow in sewers and drains.

There is some retardation in run-off due to the time required
to fill gutters and sewers and build up sufficient head to carry
off the water in the drains as fast as it falls upon the tributary
area. In designing sewers, it is usually best to take no account
of this storage capacity, but it must be considered in studying and
comparing gagings of storm flow in sewers with rainfall records.

Values of Run-off Factor.—There will inevitably be a differ-
ence in the influence on the run-off factor which different en-
gineers attribute to each of the conditions mentioned in the last
section. These differences are shown in Table 12.

Other authorities do not attempt to make close estimates
of the different kinds of surface in an urban district, but con-
tent themselves with average values of the proportional run-off,

as follows:! ‘ .
For the most densely built-up portion of the district. 0.70 to 0.90
For the adjoining well built-up portions............ 0.50 to 0.70
For the residential portions with detached houses... 0.25 to 0.50
For the suburban portions, with few buildings...... 0.10 to 0.25

1 See also Horner's assumptions for St. Louis, Mo., shown in Table 13 following. The
authors have used similar figures modified to meet special conditions and have developed
in some cases a sone system.
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TABLE 12.—RANGE IN EsTIMATES OF RUN-OFF FROM DIFFERENT CLASSES
OF SURFACE IN PROPORTION TO THE RAINFALL INTENsITY

From Bryant and Kuichling’s Report on the Adequacy of the Present Sewerage System
of the Back Bay District of Boston, etc., 1909

For water-tight roof surfaces. .. ... P 0.70 to 0.95
For asphalt pavements in good order.............. 0.85 to 0.90
For stone, brick and wooden block pavements with

tightly cemented joints........................ 0.75 t0 0.85
For same with open or uncemented joints........ .. 0.50t00.70
For inferior block pavements with open joints. ... .. 0.40 to 0.50
For macadamized roadways...................... 0.25to 0.60
For gravel roadways and walks................... 0.15 t0 0.30

For unpaved surfaces, railroad yards and vacant lots. 0.10 to 0.30
For parks, gardens, lawns and meadows, depending
on surface slope and character of subsoil......... 0.05 to 0.25

In general, in the absence of suitable information from which to
estimate directly the run-off factor for a given area under con-
ditions assumed to exist at the end of the ‘‘economic period of
design,”” this factor may be most satisfactorily approximated by
estimating the ‘“equivalent percentage of totally impervious
area,”’ as it is sometimes called. Thus, if it is assumed that in
the future 15 per cent of the area of the district will be covered
by roofs for which the coefficient would be 0.95, 30 per cent by.
pavements with coefficient 0.90, 40 per cent by lawns with co-
efficient 0.15, 15 per cent by gardens with coefficient 0.10, the
resulting coefficient for the entire district will be 0.4875, or, in
round numbers, 0.50.

" Relative Adequacy of Laterals and Mains.—Much more
damage will generally result from the flooding of a main sewer
than from the inadequacy of one submain or lateral; yet the
damage from overtaxing the capacity of a large number of sub-
mains may be much more serious than that from overtaxing the
main sewer, particularly if the latter is provided with storm relief
overflows. Moreover, it is simpler and usually less expensive
to reinforce a main sewer than to rebuild many small laterals.
The additional cost of constructing the latter of ample size when
first built will generally be inconsiderable, while the additional
cost of a main sewer large enough to care for the run-off from
the most severe storms many years hence, after the ground area
has been made much more impervious by pavements, sidewalks
and many more buildings, may be prohibitive. It is generally
advisable, therefore, to build lateral sewers large enough for the
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ultimate requirements, giving the mains and submains a suffi-
cient capacity for the probable run-off during some years, with
the expectation that relief sewers will eventually be required to
care adequately for the entire run-off from the district.

SOME EXAMPLES OF THE USE OF THE RATIONAL METHOD

The procedure! followed in using the rational method of design for
storm-water drains at St. Louis is as follows:

The problem was to design a drainage system in a residence district in a
new subdivision. An average half city block there measures 17215 ft.
from the center of the street to the center of the alley and 860ft. between the
centers of cross-streets, giving a total area of 3.38 acres, and its population
is about 40 per acre. The impervious portion of this half block will be:

Streets, 20,000 sq ft., 13.7 per cent of whole area.

Alleys, 6,500 sq. ft., 4.5 per cent of whole area.

Sidewalks, 6,500 sq. ft., 4.5 per cent of whole area.

House roofs, 27,500 sq. ft., 18.9 per cent of whole area.

Shed roofs, 4,000 sq. ft., 2.7 per cent of whole area.

Yard walks, 2,000 sq. ft., 1.4 per cent of whole area.

Total impervious area, 1.35 acres, 45.7 per cent of whole area.

The rate of precipitation for which drains were designed in St. Louis in
1910 is given in Fig. 24. More recently a curve giving higher intensities
has been used. For a rain of 10 min. duration it is assumed that 60 per cent
of the water falling on impervious surfaces and 20 per cent of that falling
on lawns and hard ground will run off. For rains of longer duration, it is
assumed that these percentages will increase as shown in Table 13. These

TABLE 13.—As8sUMED PERCENTAGES OF RUN OFF FOR ILLUSTRATION OF
RaTioNAL METHOD

Durn'tion tin Per cent run-off from Coefficient C
minutes Impervious portion | Pervious portion
10 60 20 0.40
15 " 70 30 0.50
20 . 80 35 0.55
30 85 40 0.60
60 95 50 0.70
120 95 60 0.75

percentages of run-off are based on the assumption that the critical rainfall
of the assumed duration occurs at the beginning of a storm, before the
surface has been thoroughly saturated. This is not always true, particularly
for the shorter periods, and a somewhat safer basis for many cases would
be to make no reduction in the coefficient for the shorter times of concen-

1 A more detailed explanation of this procedure is given in * American Sewerage Practice,”’
Vol. 1, p. 275-287, amplified from an article by W. W. Horner in Eng. News, Sept. 29, 1910.
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tration. From these data the run-off curve, Fig. 27, is plotted to give the
value of C% for any time of concentration. This curve is only applicable
to the conditions in this particular residential district.

The run-off curve is constructed by taking the values of C as found in
Table 13 and multiplying each by the value of 7 for the corresponding dura-
tion as given in Fig. 24. The results are plotted as ordinates in cubic
feet per second per acre to the corresponding durations in minutes as
abscissas. For example, the coefficient of run-off, C, for 30 min. duration
is 0.60 and the intensity of precipitation, 4, is 2.75. Then the rate of
run-off in cubic feet per second per acre is Ci = 0.60 X 2.75 = 1.65. Records
of the future may make possible the introduction of a factor to cover also
the effect upon the intensity -of rainfall and rate of run-off of the relative
extent of the area. Available data are too meagre to permit this now.
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F1g. 27.—Rate of run-off for St. Louis residence districts.

The remaining data for the computations must be taken from an accurate
plat of the district, similar to Fig. 28. On this are entered the elevations
of the proposed or established street and alley grades and, if no contour
map has been made, the existing surface elevations should also be shown.
The storm water inlets along the gutters of the streets and alleys are then
located on the plat on the higher side of all street intersections and at.all
low points between streets, with no interval greater than 600 or 700 ft.
between inlets. After the location of the inlets has been fixed on the map,
sewers to reach them are laid out, attention being paid to the sewerage
of all the private lots in the district. The most economical layout usually
follows the natural surface slopes in the shortest line toward the outlet of
the district and concentrates the storm flow as rapidly as possible. Some-
times several preliminary layouts should be made and compared to ascertain
which is the cheapest.

It is now comparatively easy to calculate the area tributary to the sewer
at any point. The designer must form a mental picture of the district
as it will be at the end of the period of economic construction, with the
grading and paving done and buildings erected. This concept is necessary
in order to locate the minor ridge lines dividing the small areas draining
into streets from those draining into alleys, and to fix the areas tributary
to each inlet. )

The final step in preparing the data is to fix in a preliminary way the
grades of the sewers. The start in this work of approximating grades
is made at the lower end, where the elevation is fixed approximately by
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outside conditions. Then in the second trial, beginning at the upper end,
the final grades can be established at the same time the sizes are determined.

A simple problem from the authors’ work will be used to illustrate the
various steps taken in the computations.

Hypothesis.—The district shown in Fig. 29 is the same as that used in
the problem outlined in the previous Chapter on “Separate Sewers, viz.;
a portion of the Carlisle Brook drainage area in the City of Springfield,
Mass. This district has been selected as a basis of study because it is part
of an actual problem and is of interest on that account. Some modifica~
tions, however, have been made to simplify the conditions. The location
of the proposed main drain (the so-called “Carlisle Brook drain”’) is shown
on the plan and the invert elevation is given-at the point where the pro-
posed branch drain is to be connected and for which provision has been made
in the design of the main drain.

The general scheme of drainage of this portion of the city provides for
the deepening and improving of the channel of Carlisle Broook, so that for
a few years it will serve to carry away the storm water run-off from this
drainage area. For this reason the branch drain must be constructed at a
sufficient elevation to enable it to discharge into the improved brook channel
and also be capable of extension to the Carlisle Brook drain on the further
side of the brook, when that drain shall have been constructed. The re-
quired minimum elevation of the invert of the branch drain is, therefore,
given at the proposed point of discharge into the Carlisle Brook drain.

A careful study of local conditions, including the present and probable
future development of the district, indicates that a coefficient of imper-
viousness of 40 per cent is a reasonable allowance, and that it is reasonable
to assume a coefficient of run-off of C = 0.35.

The time of entrance, that is, the time required for the water to flow
from ‘the most distant point of the drainage area to the upper end of each
drain, has been assumed to be 20 min.

The rate of rainfall is to be taken from the assumed curve of intensity
of precipitation represented by the formula ¢ = 20.4/t%-6! where 7 is the inten-
sity of precipitation in inches per hour and ¢ is the time in minutes. The
formula indicates the rate of rainfall which may be expected to be equalled
or exceeded once in every 5 years. It resulted from a careful analysis of
the rainfall records. While it was recognized that drains designed on this
basis might be overtaxed on the average once in 5 years, in view of other
financial obligations facing it, the city was not thought to be justified
in going to the extent of providing for storms of greater intensity, which
would have involved greater cost. During the earlier years of the life
of the drains they will be able to care for much greater rates of flow than
later, because the assumed coefficient of run-off is based upon future rather
than present conditions. A progressive increase in impervious surface and
rate of run-off is caused by the gradual substitution of roofs and paved areas
for woods, grasslands, etc., usually referred to as unimproved areas, as the
city grows. In the future when the district is more densely built up and
when the city has available funds, relief drains can be constructed, to serve
those areas where flooding has become sufficiently serious to warrant the
expenditure. ’
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Fig. 29 shows the streets with surface contours, also the drainage area,
within the dash and dot lines.. The limits of this area are influenced not
only by the surface contours but also markedly by the areas served by
existing combined sewers and drains not shown on the plan.

The drains are to be designed in general with the crown at a depth of at
least 5 ft. below the surface of the street.

The minimum size of drain is to be 12 in.

The assumed minimum allowable velocity is 3 ft. per second when flowing
full.

For determining the capacity of drains, use a value of n = 0.015 in the
Kutter formula for sizes of 24 in. and under and n = 0.013 for sizes over
24 in.; it being assumed that the smaller sizes will be of vitrified pipe and
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F1a. 30.—Rainfall and run-off curve (problem in combined sewer design).

the larger sizes of concrete with smooth interior surfaces. If other materials
are to be used, the value of n should be fixed accordingly.

Solution of Problem.—Having determined the rainfall intensity curve,
the probable future percentage of impervious surface and the corresponding
run-off coefficient (see ‘‘ Hypothesis’), a run-off curve is constructed as
previously described from which the values of C: can be easily read
(Fig. 30).

The following steps must now be taken in order to reach a rational solution.

First.—Draw a line to represent the drain in each street or alley to be
drained. Place an arrow near each drain to show the direction of flow in it.
The drains should, in general, slope with the street surface. However, it
will usually prove to be more economical to so lay out the system that the
water will reach the main drain by the most direct route. Also it will, in
general, prove best to concentrate the flow from small areas as quickly
as possible into one drain.
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In some localities with a large percentage of pervious surface, the roof
water is allowed to discharge upon the ground, thence flowing to the gutter
inlets and the drains. In some such instances drains are provided only to
the last gutter inlet, rather than to a point opposite the last house lot,
thereby effecting some saving in cost. This practice is not recommended,
however, as it does not give equal privilege to all property and is, therefore,
undesirable. In the district under consideration it is intended to provide
drainage facilities for all property within the area designated. .

Second.—Locate the manholes tentatively, giving to each an identification
number. There should be a manhole at each bend or angle, at all junctions
of drains and’ at all points of change in size or slope, and at intermediate
points where the distance exceeds 400 ft., except where a good velocity will be
available during practically all conditions of flow, in which case the interval
may be increased to 700 or 800 ft. In any circumstance, sufficient man-
holes should be built to allow ready access for inspection and cleaning;
later when the profiles are drawn and the final slopes fixed, it may be found
desirable to change the location of some manholes in order to have the
drains at the most advantageous depth, particularly where the slope of the
street surface is not substantially uniform. Other considerations, such as
obstacles under the street, may require the installation of additional man-
holes, due to change in alignment or special forms of construction involved
in junctions or connections with other drains.

Third.—Sketch the limits of the tributary drainage areas at each manhole.
The assumed character of future development and the topography will
determine the proper limits.

Fourth.—Measure each individual area by planimeter or other method
which will give equally satisfactory results. )

Fifth.—Prepare a table in which to record the data and steps in the com-
putations for each section of drain between manholes (see Table 14).

Column 1 identifies the lines in the table. .

Columns 2 and 3 contain the identification numbers of the manholes.

Column 4, the street name in which the drain is located;

Column 5, the length in feet of the drain between manholes.

Column 6, the area increment tributary to the section of drain under
consideration.

Column 7, the summation of the area increments given in column 6,
and is the cumulative area from which the run-off in the drain is computed.

Column 8, the time in minutes elapsed to the upper end of the section of
drain. It is equal to the inlet time or time-of-entrance plus the time re-
quired for water to flow in the drains from the upper end to the point under
consideration.

Column 9, the time increment or time required for -passage of water
through each individual stretch of drain. It is equal to the length divided
by the velocity in feet per minute and cannot be computed until after the
size and slope of the drain have been determined.

Column 10, the rate of run-off in cubic feet per second per acre. It
is taken from the run-off curve, Fig. 30, for the duration corresponding to
the elapsed time given in column 8. :

Column 11, the maximum rate of run-off for the section of drain. It is
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the product of the total tributary area, column 7, by the rate of run-off,
column 10.

Column 12, the slope of drain, feet of fall per foot of length.

Column 13, the velocity in feet per second for the drain when flowing
full.

Column 14, the internal diameter of the drain, in inches.

Column 15, the capacity in cubic feet per second corresponding to the
slope given in column 12. It should at least equal the maximum rate of
run-off shown in column 11. It may exceed it because of the limitation as
to minimum velocity, minimum sewer diameter adopted, etc.

Column 16, the elevation of ground surface at the upper end of the section.

Column 17, the fall in feet between manholes. It is equal to the product
of the length shown in column 5 and the slope, in column 12.

Columns 18 and 19, the invert elevations of the drain at the upper and
lower manholes respectively. ' :

As the velocities are low in thisdrain no special provision has been made for
velocity head. The head required is negligible in amount and is in
a measure allowed forin the design, since the required capacity of each sec-
tion of drain is computed on the basis of the total area tributary at its lower
end, though at its upper end the flow is less than this, and consequently there
will not be required quite so steep a slope as that for which the section is
designed.

TaBLE 14.—METHOD OF TABULATION OF DaTa aND Com-

. s | Run-off

Manhole Area in acres Tlm;::l:::d m Ci from
Line o Location, Length, To Z::‘:;:

street feet In In feet

From | To ore- Total upper .seo- et per

ment end of| tion second

ti per acre

9 = col.
3 4 5 6 7 8 |5 + (col. 10
13 X 60)

1 1 2 300 2.28 2.28( 20.0 1.7 1.15
2 2 3 300 2.40 4.68| 21.7 1.7 1.10
3 3 4 300 | 2.15| 6.83 23.4| 1.7 1.05
4 4 5 165 | 1.54 | 8.37| 25.1 | 0.9 1.00
5 5 6 325 2.16 | 10.53| 26.0 1.6 0.99
6 6 7 400 3.11 | 13.64 27.6 2.1 0.94
7 7 8 35 6.02 | 19.66( 29.7 0.2 0.90
8 8 9 230 (10.14 | 29.80| 29.9 | 1.1 0.90
] 9 10 240 | 5.65 | 35.45( 31.0 | 1.0 0.88
10 10 | 11 | Oak Grove Ave., 110 |11.91 | 47.36| 32.0 | 0.5 0 86
11 11 12 [ Oak Grove Ave.| 95 [11.02 | 58.38| 32.5| 0.4 0.85
12 12 | 13 | Shattuok.... ..| 295 | 5.60 | 63.98{ 32.9 | 1.1 0.84
13 13 | 14 | Shattuck.... .. 260 |19.73 | 83.71| 34.0 [ 1.0 0.82
14 14 15 | Shattuck....... 145 [11.30 | 95.01| 35.0 | 0.6 0.81
15 15 16 | Shattuck....... 225 | 2.88 | 97.89| 35.6 | 0.8 0.80
16 16 | 17 | Shattuck....... 380 (13.07 {110.96| 36.4 | 1.3 0.79
17 17 | 18 | Right-of-way...| 165 | 4.16 |115.12| 37.7 | ... 0.77
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The student may fill in the data of columns 2, 3, 4, 5, 6, 7 and 16, also the
first line of columns 8, 10 and 11, from the principles and data given here-
tofore in this chapter.

Before proceeding further with the complete solution the student must
study Chapter IV on ‘Hydraulics of Sewers.”

For report or preliminary purposes, a profile of the main drain should be
prepared showing the street surface, the drain, the manholes and the invert
elevations at each manhole given in figures, also the names of streets and ave-
nues where they intersect the line of the drain. It is advisable also to give
the “station” of each manhole or the distance.in feet between manholes.

Each lateral should be investigated to make certain that its elevation
is such that when the main drain is running full, the carrying capacity of
the lateral should not be reduced.

Each lateral is designed with reference to the requirements of the “hypoth- °
eses” and economy of its construction. Therefore, its design must be
reviewed subsequently, in connection with that of the main drain, to make
certain that it will, in fact, have the free discharge into the main drain
presupposed in its design and contemplated in the ‘“hypotheses’” under
conditions of maximum flow. If the assumed conditions of flow in the
lateral cannot be realized under the designs, it will be necessary either to
redesign the lateral or drop the main drain to an elevation which shall permit
this realization. ’

PUTATIONS FOR STORM DRAINS AND COMBINED SEWERS

Maximum 81 ¢ C Eleva- Elevation of in-
rate of d‘:::no Velo- Size a:)a " | tion of vert at
run-off, deci ' | city, feet| internal | ¥ ground Fall
. ecimal . cubio .
cubic feet per |diameter surface | in feet
per of a foot second | in inches feet per at upper Upper | Lower
second | P foot second end end end
17 =
u.l '; (l"gl" 12 13 14 15 16 (cols. 18 19
5 X 12)
2.6 0.0049 3.0 15 3.7 206, 2 1.47 199.858 | 198.38
5.1 0. 0037 3.0 18 5.3 206.6 1.11 198.13 | 197.02
7.2 0.0028 3.0 22 7.9 °| 206.6 0.84 196.69 | 195.85
8.4 0.0031 3.2 22 8.4 207.1 0.51 195. 85 | 195.34
10.4 0.0029 3.3 24 10.4 207.4 0.94 195.17 | 194.23
12.8 0.0017 3.2 27 12.8 206.1 0.68 103.98 | 193. 30
17.7 0.0018 3.6 30 17.7 203.2 0.08 193.05 | 192.99
26.8 0.0011 3.3 39 27.0 208.2 0.24 192.24 | 192.00
81.2 0.0014 3.8 39 31.3 201.9 0.34 192.00 | 191.66
40.7 0.0011 3.7 45 40.7 201.6 0.12 191.16 | 191,04
49.6 0.0012 4.0 48 49.6 202.1 0.11 190.79 | 190.68
53.8 0.0014 4.4 48 55.0 202.8 0.41 190.68 | 190.27
68.6 0.0012 4.4 54 70.0 203. 2 0.31 189.77 | 189.46
77.0 0.0011 4.3 57 78.0 203.6 0.16 189.21 | 189.05
78.3 0.0012 4.5 57 78.5 203.7 0.26 189.05 | 188.79
87.6 0.0014 5.0 57 88.0 202.3 0.54 188.79 | 188.25
&R A 0.0015 5.0 57 89.0 199.0 0.24 188.25 | 188.01
196.0
lower
end
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In Table 14 is indicated a concise and desirable method of recording the
data and elements of design of the main drain and laterals. The compu-
taticns are not complete but they are carried through the line of the main
drain to indicate the procedure. The difficulties encountered in harmon-
izing the laterals with the main drain will appear to the student, as the
solution develops.

A characteristic variation in practical design is indicated in Problem 2,
through the solution of which there may be developed by the student the
approximate difference in cost resulting from two different assumptions
as to direction of flow in a short section of one of the laterals.
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F16. 31.—Comparison of run-off formulas for slope, 8, of 10 ft. in 1,000 ft.,
and small areas.

Problem 2.—With the same hypotheses as to minimum depth, size,
velocity, rainfall, run-off, etc., given for the preceding problem, design the
laterals in Edgewood, Sycamore, Acorn and Center St., and in College Ave.
between Acorn and Shattuck Sts., with the flow in the direction shown in
Fig. 20. Prepare a profile of each drain showing the street surface, the
manholes and the drain, and mark in figures the elevation of the invert at
each manhole. Assuming a width of trench 2 ft. greater than the inside
diameter of the drain, compute the quantity of pavement and earth to be
removed and replaced. .

With the following unit prices, estimate the cost of construction of the
above drains and of the sections in Oak Grove Ave. between Center and
Shattuck Sts. and in Shattuck St. between Oak Grove and College Ave.
Earth excavation, 0 ft.—8 ft. deep at $2.00 per cubic yard.
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Earth excavation below 8 ft. deep at $4.00 per cubic yard.

Drains (including cost of laying) at $1.50 per linear foot for each foot of
diameter.

Manholes $10 per foot of depth, assuming the depth to be to the invert
of the drain for sizes under 48 in. in diameter and to springing-line
for sizes 48 in. and over in diameter.

Pavement (including removal and renewal) at $2 per square yard.

Note that these assumptions have been condensed for convenience and to

save time in solution. No added principles would be illustrated in more

detailed figures.
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F1a. 32.—Comparison of run-off formulas for slope, S, of 10 ft. in 1,000 ft. and
large areas.

Now design the drain in Acorn and Center Sts., in College Ave. between
Acorn and Shattuck Sts., in Oak Grove Ave. between Center and Shattuck
Sts., and in Shattuck St. between Oak Grove and College Aves., with the
flow in Acorn St. between Sycamore St., and College Ave. running toward
College Ave. so that the College Ave. drain shall receive the water from both
Sycamore and Edgewood Sts. Prepare profiles and estimates of cost to
determine which is the more economical layout on the above unit prices.

Run-off Formulas.—All of the rainfall does not run off the
surface into the drains and sewers, and various methods of esti-
mating the actual run-off have been adopted. When British
engineers began building underground drains, they did not even

consider the rainfall, but from their knowledge of the size of the
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gutter or ditch which carried off the storm water from a given
area, they estimated the size of the sewer needed for a given area.
Later they adopted various formulas in which there were factors
making some allowance for the effect on the rate of run-off of the
size or shape or slope of the drainage area, and occasionally
containing a factor dependent on the intensity of the rainfall.
The best-known of these empirical formulas, reduced to uniform
notation and with the introduction of a term expressing rate of
rainfall (which was not originally used in all of them) are given in
the following tabulation and in Figs. 31 to 33 inclusive.
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Fia. 33.—Comparison of run-off formulas for slope, S, of 4 ft. in 1,000 ft.

Hawksley! (London, 1857):
Q = ACiv/(8/4q),
in which C = 0.7 and ¢ = 1.0, so that
Q = 3.946 A/ (S/4), since s = S/1,000.
1 This is & modification of the original Hawksley formula which is
3log 4 +log N + 68
logd =S8 200

in which d' = diameter in inches of a circular sewer intended to care for the run-off from
& rainfall of one inoh per hour, one half of which reaches the sewer during the hour; 4 =
the area drained in acres; and N = the distance in which the sewer falls per foot.
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Biu'kh/Zlegler (Zurich, 1880):
Q = ACiv/(S/4),
in which C = 0.7t00.9and 7 = 1 to 3.
Adams (Brooklyn, 1880):
Q = ACiY/(S/A™),
in which C = 1.837 and 7 = 1.
Values of “Q” in Cubic Feet per Second .

Area in Acres.
Fra. 34.—Run-off from sewered areas of 1 to 100 acres, by McMath’s formula.

McMath (St. Louis, 1887):
Q = ACiV/(5/4),
mwh1chC = 0.75 and 7 = 2.75.
Hering (New York, 1889):
Q = CiA0-8880.27
or Q = ACiv/(S“%2/4) = CiAc8380.21,
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in which C7 varies from 1.02 to 1.64. These two formulas give

results differing approximately 15 per cent.
Parmley (Cleveland, 1898): @ = ACiv/(S'5/4),
in which C is between 0 and 1, and ¢ = 4.

Values of “Q” in Cubic Feet per Seconds

10 15 20 25 30 40 50 60 70 8030100 150 200 250300 400 500 600 700800 1000

Area in Acres.
F1a. 35.—Run-off from sewered areas of 10 to 1,000 acres, by McMath’s formula.

Gregory (New York, 1907): Q@ = AC7S80-188/40.14
in which C7 = 2.8 for impervious surfaces.
In these formulas:
Q = the maximum discharge fromt he drainage area in cibic
feet per second.
¢ = the maximum rate of rainfall in inches per hour.
A = the extent of the drainage area in acres.
S = the average slope of ground surface, in feet per thousand.
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While the use of these formulas is not recommended when
sufficient information is available for estimating run-off by
the rational method previously described, there are cases when
their use may be warranted. That of McMath is probably most
favorably known, and it has been widely used, often, no doubt,
without study of its applicability. It can be employed easily

Values of‘Q In Cubic Feet per Second

]
Area in Acres. .o
F1a. 36.—Run-off from sewered areas of 100 to 10,000 acres, by McMath’s

formula.
by means of Figs. 34, 35 and 36, with as much precision as it
really possesses. The values of ci to be used with these diagrams
are given in Table 15. The values of ¢ are based on the per-
centage of the total area of the district which is covered by roofs
and pavements and on the character of the soil of the remaining
parts of the district.
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TasLe 15. —VALUES oF ci ror Use wrtH Figs. 34, 35, anp 36

[
° 2.26 2.50 2.76 3.00 3.50 4.00
0.3 0.68 0.75 0.83 0.90 1.05 1.20
0.4 0.90 1.00 1.10 1.20 1.40 1.60
0.5 1.13 1.25 1.38 1.50 1.75 2.00
0.6 1.35 1.50 1.65 1.80 2.10 2.40
0.7 1.58 1.75 1.93 2.10 2.45 2.80
0.76 1.69 1.88 2.08 2.25 2.63 3.00
0.8 1.80 2.00 2.20 2.40 2.80 3.20
0.9 2.03 2.25 2.48 2.70 3.15 3.60
These relations! are;
Impervious area, per cent
Sandy soil.......... 0 .65 10 16 25 37 & 73 100
Clayeysoil.......... .... .... .... 5§ 15 28 46 70 100 .
Value ofc............. 0.10 0.14 0.18 0.23 0.30 0.40 0.50 0.70 0.90

In using these diagrams, start with the given area at the bottom
of the diagram and follow a vertical line to its intersection with
the slope line; then follow a horizontal line to its intersection
with the ¢z line; from this point follow a vertical line to the scale
of quantities at the top of the diagram. For example, if im-
pervious surfaces cover 5 per cent of a sandy area, use ¢ = 14: or,
in 5 per cent of a clayey area, ¢ = 0.23. The value of ¢ may be
obtained by the use of Table 15, or by multiplying ¢ by the
value of ¢ selected for the particular case.

Flood Flows from Large Areas.—There are also formulas for
estimating the flood flows from large drainage areas, which may
include both steep and gentle slopes, impervious and pervious
areas, wooded and cultivated land, so that portions yielding their
run-off rapidly are offset by others where the yield is retarded.
On such large areas the precipitation of the greatest density is
often limited to a part of the drainage basin and the average
density over the entire basin is considerably lower than the
maximum. The maximum rate of run-off from a small basin
will, therefore, be greater than from a large one. Formulas used
for estimating the flood flows from these large drainage areas are
plotted in Fig. 37.

Sewer Gaging.—It is rarely practicable to gage the flow of
storm water in sewers by weirs, current meters and other devices
employed in open channels. Generally the depth of the sewage

1" American Civil Engineers’ Pocket Book,” (Second Edition, pp. 969-970),
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is observed at several places and from such data and the slope
and an estimate of the roughness of the sewers between these
 places the discharge is computed by the methods explained in
Chapter IV. Storms may occur at many times when observers
cannot be stationed in the sewers to measure the depth of the
storm water, so automatic recording gages are very desirable.
At least two are necessary to determine the slope of the water
surface, which is frequently very different from the slope of the

F1a. 38,—Water-level recorder (Builders Iron Foun;lry).

sewer. In addition to the depth gages, it is desirable to have a
number of maximum-flow gages, which show the greatest depth
of sewage at the point of installation since the last observation,
but give no further information.!

Gages.—The float gage used in recording the water level
in a sewer is actuated by a float in a pipe or other suitable guide
in which the sewage stands at the same height as in the sewer.
A cord, chain, tape or rod runs from the float to the recording

1 There is a great need of more gagings of the storm-water flow in sewers, checked against

precipitation records so as to furnish definite information about run-off factors. Records
of some such gagings are given in * American Sewerage Practice’ vol. i, pp. 316-327.
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apparatus, of which there are several types. All are driven by
clockwork and the clock movement should be regulated to keep
correct time and be synchronized with the clocks of all other
gages furnishing records to be studied jointly.

An apparatus of this type made by the Builders Iron Foundry
is shown in Fig. 38. A cord from the float moves an arm carrying
a pen in front of a circular chart rotated by clockwork. The pen
moves in a circular arc, and consequently the time-scale is
unduly small when the pen is near the center of the chart. The
instrument is enclosed in a cast-iron box mounted on a hollow
standard through which the float cord passes. It is made in

Fig. 39.—Diaphragm pressure gage.

two sizes, with 8-in. and 12-in. dials. The scale of heights as
recorded on the chart will depend upon the range to be covered
and the size of the chart.

The pneumatic type of pressure gage has a diaphragm box or
pressure chamber which is placed in the liquid. The rise and
fall of the surface of the liquid varies the pressure within the box,
and these variations are transmitted through a small air pipe to
the recording apparatus. Fig. 39 shows an instrument of this
type made by the Industrial Instrument Company and The
Bristol Company. It is made for either 8-in. or 12-in. charts.

In another form of pneumatic pressure gage, the Sanborn
water-level recorder, made by the Sanborn Company, of Boston,
a ‘““compensator” functioning like a diving bell is placed in the
sewage. It is a 114-in. tube, varying in length from a few inches
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for small sewers to 3 ft. for 20-ft. sewers, slanting at an angle of
45 deg. in the direction of flow and extending to within a few
inches of the invert. The inlet is at the bottom. As the surface
of the sewage rises and falls, the pressure of the air in the compen-
sator changes and these variations are transmitted through a
small air pipe to a recording device using a circular chart.

A type of maximum flow gage devised at Cincinnati under the
direction of H. S. Morse is shown in Fig. 40. "It consists of a

Jow gage (Cincinnati).

e
Vertical Section,

wooden staff held firmly in place inside a vertical steel pipe.
Attached to the staff are bottles arranged so their mouths are 1
in. apart vertically. There are perforations in the steel pipe
through which sewage enters and rises alongside the staff, so
that the highest bottle filled with sewage shows that the sewer
has been filled to at least that height. After a storm, the staff
is lifted out of the pipe, the maximum flow elevation ascertained
from the highest filled bottle, the staff is reversed to empty the
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bottles and then set in place in the pipe ready for service again.
This gage has proved satisfactory under ordinary conditions
but not with velocities exceeding 8 ft. per second.
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Setting Sewage Gages.—The gage must be placed so that the
condition of the sewer for a considerable distance upstream and
a less distance downstream permits the discharge to be computed
from the depth. The cross-section and slope must be uniform,
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there must be no curves, inlets or obstructions to disturb the
flow, the velocity of flow should not be great, and there should
be no doubt about the coefficient of roughness to use in the for-
mula for computing the flow. In order to be sure of the results,
it is necessary to have gages at each end of such a stretch of
sewer to determine the slope of the water surface.

The gaging apparatus should be installed in a separate chamber
or recess in a manhole so as to be protected and also easily
accessible. The chamber should be connected with the sewer
80 that the elevation of the sewage will be the same in it and in
the sewer. It is desirable to have a small flow of clean water
through the gaging chamber so as to have the liquid about the
apparatus or floats free from matter that might clog or derange
them and become offensive through decomposition. Fig. 41
shows such a gaging chamber built at Cincinnati for holding a
pneumatic-type pressure gage. The air pipe runs to an iron
box at the curb to hold the recording apparatus, or the recorder
can be set within a house. If a float-actuated gage is used, there
is not so much range of choice for the location of the recording
apparatus, but it should not be placed in the chamber if this
can be avoided, because the moisture there affects the delicate
metal parts of the mechanism and the paper of the chart.



CHAPTER IV
HYDRAULICS OF SEWERS

In applying the principles of hydraulics and the lessons taught
by observing the flow of sewage in sewers to the design of a
sewerage system, it is necessary to keep in mind the importance
of maintaining a velocity sufficient to prevent the settling of
solids on the invert and sides of the sewer yet not so great that
the materials of which the invert is composed will be eroded by
the hard suspended matter carried by the sewage. The necessity
of minimizing the expense of construction in comparatively
flat communities, where natural slope of the ground is lacking,
compels the limiting of the grade assumed to the lowest practi-
cable amount which will insure self-cleansing and not involve
abnormal maintenance charges. Furthermore conditions may
be such that particular types of cross-section will be specially
suited for meeting either construction or hydraulic problems and
that the adoption of the customary circular or egg-shaped sections
would entail needless expense. The use of such special sections
involves an examination of their hydraulic properties when the
sewage flowing through them is at various depths, and the de-
termination of the proper elevation at which branch sewers
should discharge into these special sections sometimes presents
problems which cause much study. '

Quantities of Sewage to be Provided for.—In Chapters IT and
IIT the methods of estimating the quantities of sewage and storm
water for which provision must be made were explained. There
will always be some uncertainty concerning the accuracy of
these estimates, just as there is uncertainty in the closeness with
which the behavior of a riveted joint or a pin connection in a
truss approaches the assumptions made in the computations of
the stresses which it must carry. A separate sewer is subject
to more or less infiltration of ground water. A wholly unforeseen
construction of a group of buildings housing many persons may
increase the quantity of sewage from a block along some street,
far beyond the estimate. Consequently, just as the structural
steel designer uses a factor of safety in designing details, some

92
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sewerage engineers use & factor of safety in designing a sewerage
system. The difference in cost between small (pipe) sewers of
different diameters is not a large percentage of their entire cost in
place in the ground, and consequently lateral sewers are some-
times figured as running half full when carrying the maximum
quantity of sewage which it is assumed will reach them. Some
engineers continue this policy until pipes as large as 18 in. in
diameter have been reached; in computing the working capacity
of this size they assume that the maximum depth of the sewage
will be seven-tenths of the vertical diameter and use seven-tenths
of the diameter as the elevation of the hydraulic gradient. The
authors prefer to make all allowances for unusual increments of
flow or for factor of safety by additions to the estimates of the
quantity of sewage or storm water to be provided for, and to
choose a sewer section which will carry this maximum quantity
when flowing full and at the same time maintain self-cleansing
velocities under ordinary conditions of flow.

Velocity of Flow.—The mean velocity of flow is used in com-
putations relating to the size of sewers. The experiments of
Williams, Hubbell and Fenkell! have shown that in the case of
large cast-iron water mains the mean velocity is from 0.8 to 0.85
of the center velocity and occurs at about three-fourths of the
pipe radius from the center of the pipe.

The velocity of low depends upon the head or slope and the
resistance to flow of the wetted portion of the interior of the
sewer. » - .

The head or slope in sewerage design always refers to the
position of the hydraulic grade line, which is the line assumed by
the top surface of the flowing water when free to rise vertically.
In the case of sewers flowing partly full, it is the surface of the
sewage; in the case of sewers flowing under pressure, that is so full
that there is an upward pressure on the crown of the sewer, it is
the elevation to which the sewage would rise were vertical pipes,
open to the atmosphere at the top, inserted in the sewer. Sewers
which are discharging under pressure are often termed “sur-
charged,” and this condition may be due to more sewage and
storm water reaching the surcharged section than it is able to
carry except under pressure, or it may be due to the section of the
sewer forming an inverted siphon, or it may be due to the section
discharging into a& body of water which submerges the crown

1Trans. Am. Soc. C. E., April, 1902.
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during part or all of the time, as is the case in a subaqueous
outfall sewer.

In a large proportion of the sewers which the engineer is
called upon to design, the distinction between the slope of the in-
vert and the hydraulic gradient is unimportant, and it is generally
disregarded in designing separate sewers and in estimating the
dry-weather discharge of combined sewers. But it must be
considered in estimating the discharge of combined sewers while
carrying storm water, and in all cases it should be kept in mind
that while for construction purposes the grade of the sewer is
the invert grade, it is the hydraulic gradient when questions of.
velocity and discharge must be solved. Serious trouble has been
caused in the operation of the sewer systems of some cities by a
failure to use the hydraulic gradient in computing the capacities
of the larger sewers, particularly those affected during por-
tions of the day by the entrance of tidal water into their lower
ends.

The invert of a long sewer is generally a concave curve with the
steeper part at the upper end. If it is desired to have the
hydraulic grade lie parallel with the invert and at the same time
have the sewer run full, it follows that a part of the sewer must be
under pressure during severe storms, as shown in Fig. 42, the
amount of the pressure being determined by the position of the
hydraulic gradient. If it is desired to avoid this, the computa-
tions must be made with the excess head added to the invert
slope, which will result in some sections of the sewer running only
partly full, or the invert must be dropped from time to time,
Fig. 43, or the cross-section must be widened. Dropping
the invert involves a loss of total available fall, but it can be
arranged to give better details than with the continuous invert as
the drops in grade are located at the inlets of the larger branches
or submains, as shown in Fig. 44. Such a detail avoids a reduc-
tion in velocity in both the branch and trunk sewer, which is
particularly desirable with small depths of sewage when solids
are most likely to settle on the invert. It is practicable to
avoid checking the velocity in the branch by giving the latter
a suitable elevation above the invert of the trunk sewer into
which it discharges, but this arrangement does not help the
unfavorable condition in the trunk sewer.

A special condition arises in combined sewers where there is a
relief outlet. When a large quantity of storm water is flowing
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and the outlet is in operation, Fig. 45, there is an increase in the
hydraulic gradient for some distance above the outlet. More-
over, in the part of the sewer affected by this change in the
hydraulic gradient, the entering branches are also similarly
affected and there is a corresponding general increase in the
velocity.

Fra. 45.

Transporting Power of Water.—The transporting power of a
stream of water depends fundamentally upon the velocity of
flow, particularly near the bottom. It is therefore important
to take into account the varying velocities in any vertical stream
and not merely the maximum or mean velocities. Other condi-
tions which have an effect are the specific gravity and size of the
substances to be transported, the depth of the water and the
corresponding pressure upon the particles.

Experiments have shown that the effect of the specific gravity
on susceptibility to the velocity of water is as recorded in Table
16. With a material of definite uniform specific gravity, the
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size of the particle determines the velocity which will permit it to
settle or which will dislodge it and carry it along. The Metro-
politan Sewerage Commission of New York assumed in its
report of 1910 that the velocities given in Table 17 were necessary
to move solid particles. ’

In general, it is found that a mean velocity of 1 ft. per second,
or thereabouts, is sufficient to prevent serious deposition of
sewage solids upon tidal flats, if the solids are reasonably com-
minuted. It is not enough, however, to prevent deposition of
mineral matter such as sand and gravel.

TaBLE 16.—EFrECTS OF SPECIFIC GRAVITY ON SUSCEPTIBILITY TO
VELOCITY OF WATER

Nature of bod ies Specific gravity Z::lof:guil:edf:t tf:;s;z:;
Coal.................. 1.26 1.25 to 1.50
Coal.................. 1.33 1.560t01.75
Brickbat.............. 2.00 1.75 t0 2.00
Piece of chalk......... 2.05
Oolite stone. .......... 2.17
Brickbat.............. 2.12 2.00 to 2.25
Piece of granite........ 2.66
Brickbat.............. 2.18 2.25 to 2.50
Piece of chalk......... 2.17
Piece of flint........... 2.66 2.50 t02.75
Piece of limestone. . .. .. 3.00

TaBLE 17.—CuURRENTs NECEssARY To MovE SoLips
(Metropolitan Sewerage Commission, New York)

Velocity required to move on
Kind of material bottom
Feet per second | Miles per hour
Fineclay and silt.................. 0.25 about }
Finesand......................... 0.50 about }
Pebbles half inch in diameter........ 1.0 about ¢
Pebbles 1 in. in diameter............ 2.0 about 1}

Minimum Velocities.—The sewage should flow at all times
with sufficient velocity to prevent the permanent settlement of
solid matter in the sewer. Theoretically, the transporting
capacity of flowing water varies as the sixth power of the velocity,
and, therefore, there is a certain velocity which is just able to
carry along certain classes of suspended matter but which, if
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checked very little, will drop these substances. It is manifestly
unwise to approach too closely to this velocity, for a slight
increase in the roughness of the interior of the sewer or the
presence at any point of deposits of heavy substances might
cause enough decrease in the_ velocity to cause the undesirable
settling of the suspended matter. Moreover it is important to
note that the form and adhesive nature of some of the suspended
matter are such that if this matter is once deposited it has a
tendency to remain on the invert, even when the velocity of flow
increases again to a rate ample to keep the material in suspension
had it not been deposited.

It is the velocity near the bottom of the sewer which is signifi-
cant in studying the transporting -power of flowing water, and
very little is known about such velocities. It has been settled by
observation, however, that a mean velocity of 234 ft. per second
will ordinarily prevent deposits in combined sewers and 2 ft.
per second will generally prevent their occurrence in separate
sewers under favorable conditions. These are minimum figures.
It is very desirable to have a velocity of at least 3 ft. per second
wherever practicable. At least 3 ft. velocity should be obtained
in inverted siphons-access to which, for cleaning, is always
difficult. Slopes giving velocities as low as 114 ft. per second have
been used successfully in some special cases in sewers, but the
latter must be built and their interior surface finished with great
care in order to achieve successful working conditions. Repeated
removal of sludge and hard materials from sewers is expensive
work, and if such deposits are not cleaned out they cause trouble-
some conditions gradually increasing in their annoying character;
it is very desirable, therefore, to use grades which will give self-
cleansing velocities in all cases, even in those where the resulting
increase in cost of construction due to steeper slopes will involve
fixed charges greater than the added cost of maintaining the
sewers if laid on flatter slopes, for if such maintenance work is
frequently neglected during the period in which there is a sub-
stantial deposit, the sewer cannot perform its functions properly
and in emergency may fail to carry the sewage and storm water
tributary to it, resulting in damage to property.

Examination of Sewer Design with Reference to Minimum-
flow Conditions.—It is necessary, after designing a sewer,
particularly a trunk or intercepting sewer, for a given service in

- the future, to consider the actual conditions of operation likely
7 .
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to arise under dry weather or minimum flow during the first
few years after its construction, in order to make certain that the
velocities will not be so low, for significant periods of time, as to
cause serious deposits in the sewer, the removal of which would
involve unwarranted cost. The construction of a sewer to
serve for a long period would be unwarranted if this cost of
cleaning should exceed the cost of building a smaller sewer in
the first instance, to serve for a shorter period of time and until
the anticipated growth had developed in some degree, and of
then building a second sewer to take care of the additional sewage
flow resulting from the added growth. While the latter plan
would involve greater first cost of construction, enough might be
saved in fixed charges and in the cost of operation, in the early
years of the use of the sewer, to more than cover this increased
cost.

It is desirable that the sewer sections and slopes should be so
designed that the velocity of flow will increase progressively, or
at least be maintained, in passing from the inlets to the outlet
of the sewer, so that solids washed into the sewer and picked up
and transported by the flowing stream may be carried through
and out of the sewer, and not be dropped at, some point owing to
a decrease in velocity. It is, however, seldom possible to fully
attain this condition, due to topographical conformation.

TaBLE 18.—MINIMUM GRADES IN SEPARATE SEWERS; FOR
2-Fr. VELOCITIES

Diameter, inches | Minimum fall in feet per 100 ft.
4 1.2
6 0.6
8 0.4
10 0.29
12 0.22
15 0.15
18 0.12
20 0.10
24 0.08

In general, the minimum grades given in Table 18 for small
pipe sewers in the separate system have been found safe though
steeper grades are always desirable. These grades are the least
ordinarily permitted by the New Jersey State Board of Health.
In its 1913 regulations governing the submission of designs, it
stated:
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“The sewers should have a capacity when flowing half full sufficient to
carry twice the future average flow 25 years hence, plus a sufficient allow-
ance for ground-water infiltration. When grades lower than those given
are used, an explanation and reasons for the use of such grades should be
included in the engineer’s report.”

Maximum Velocities.—The erosive action of suspended matter
depends not only on the velocity with which it is carried along
the invert of a sewer but also on its nature. As it is this erosive
action which is the most important factor in determining the
safe maximum velocities of sewage, the character of the suspended
matter must be considered ' when designing combined sewers
where velocities will probably be high. For instance, velocities
which caused serious erosion of the inverts of brick sewers at
Worcester, Mass., caused no appreciable wear at Louisville, Ky.
The difference is due to the fact that the street detritus entering
the combined sewers at Worcester is made up largely of particles
of hard quartz while that at Louisville is largely clay and particles
of limestone, having little effect upon rather soft brick much less
resistant than that used in the Worcester sewers.

Vitrified clay pipe resists abrasion well and when it is used
there is rarely any occasion to set a maximum velocity which
must not be exceeded by the sewage passing through it. Sewer
brick differs so greatly in quality that it is not possible to lay
down any general rule for permissible maximum velocities where
it is used. It is not advisable to use it for inverts where the
velocity is over 8 ft. per second and where the street grit washed
into the sewers contains much silica. If the street grit is soft,
like that at Louisville or St. Louis, there will probably be little
erosion of sewer brick with sewage flowing at velocities of 10 or
12 ft. per second. Where concrete sewers are constructed it is
desirable to have the inverts given a hard finish, preferably a
granolithic surfacing if velocities exceed 5 ft., and if the velocities
exceed 8 ft, it is prudent to line the sewers with vitrified paving
brick.

Maximum velocities need rarely be considered except in com-
bined sewers or storm-water drains where the grades are such
that the flow of sewage may become swift. The maximum
velocity should always be ascertained for such sewers in order
to be certain that the designer of the cross-sectional details
knows that he must provide against erosion. The greatest:- -

v .
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objection to high velocities in small vitrified pipe sewers is that
with reduction in the volume of sewage flowing and consequent
decrease in its depth, they are likely to leave stranded on the
inverts, where they may become so firmly lodged that the next
rush of sewage will not detach them, large floating substances
which at times enter all sanitary sewerage systems. Theoreti-
cally rags, old brushes, pieces of wood, corncobs and such things
should not be allowed to enter separate sewers, but they are
thrown into the house fixtures and may be left on the invert of a
small pipe sewer in which the sewage flows intermittently in
swift flushes, as is likely to be the case where the grades are
steep. It is for this reason that in some European cities maxi-
mum grades of 1:15 and 1 : 20 are prescribed for 6-in. house
connections and small lateral sewers respectively.

Another feature of steep grades and their attendant high
velocities which must not be overlooked is the possibility that
the discharge of these steep sewers will concentrate sewage so
quickly at the upper ends of the sewers receiving their discharges
that the latter will become surcharged. For this reason it is
desirable to design sewers in such a way that the velocities of
flow in them will be approximately equalized, or increase but
slightly progressively to the outfall. This can be done sometimes
by giving a sewer running down a hillside a longer length than is
necessary simply to deliver the sewage and by using this in-
creased length to obtain a moderate grade, just as is done in
railway location under similar conditions. Another expedient
used in small sewers is to employ a drop manhole, while in large
sewers a flight sewer, described in the next chapter, is sometimes
employed.

Formulas for Velocity.—There are two formulas in gen-
eral use for calculating the velocity, one developed by Allen
Hazen and Gardoer S. Williams and the other by E. Gan-
guillet and W. R. Kutter, commonly called by the name of the
latter. .

The Hazen and Williams formula agrees closely with the
results of gagings of pipes and can be employed with facility by
means of a special slide rule graduated for the solution of prob-
lems by it. While the formula has been employed most often
in calculating the discharge of pipes under pressure, it may also

... be used in computing the velocity in sewers by employing suitable
i+ coefficients. The formula is:

. .
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Y = 070'6380'540.001_0'0‘
in which » = velocity, in feet per second
_ ¢ = coefficient of roughness
r = hydraulic mean radius in feet
' 8 = slope in feet per foot.
The coefficients, ¢, employed with this formula are:
140 for new cast-iron pipe when very straight and smooth;
130 for new cast-iron pipe under ordinary conditions;
100 for old cast-iron pipe under ordinary conditions; this
value to be used for ordinary computations anticipating
. future conditions; 4
110 for new riveted steel pipe;
95 for steel pipe under future conditions;

140 for new lead, brass, tin or glass pipe with very smooth
surface,

130 to 120 ditto, when old;

120 for smooth wooden pipe or wooden stave pipe;

140 for masonry conduits of concrete or plaster with very
smooth surfaces and when clean;

130 ditto, after a moderate time when slime-covered;

120 ditto, under ordinary conditions;

110 for cement-lined pipe (Metcalf and Eddy);
100 for brick sewers in good condition;
110 for vitrified pipe sewers in good condition (Metcalf &
Eddy).
The older, Kutter, formula is most generally employed in
sewerage designing. It is:
1.811 | 0.00281
41.66+——~—n +—S—

v = 0.00281\ = |VES
1+(41.664+——=—) =
+( t—s )\/R

in which » = the mean velocity of flow, in feet per second,
R = the mean hydraulic radius, in feet, determined by .
dividing the cross-sectional area in square feet of
the flowing water by the length in feet of the wetted

portion of the perimeter of the sewer,
S = the slope of the water surface per unit of length, and
n = the coefficient of roughness of the wetted perimeter.




102 SEWERAGE AND SEWAGE DISPOSAL i
: Y
The authors recommend the use of the following values of n,!
the coefficient of roughness for sewer pipes, conduits and channels
under reasonably good operating conditions: :
n !
For vitrified pipesewers................ ... ... 0.015

For concrete sewers of large section and best work laid
on slopes giving velocities of 3 ft. per second or more. 0.012

For concrete sewers under good ordinary conditions of

-

For brick sewers lined with vitrified or reasonably
smooth hard burned brick and laid with great care,

with close joints..............cociiiiiiininnn 0.014
For brick sewers under ordinary conditions........... 0.015
For brick sewers laid on flat grades and rough work....

0.017 to 0.020

Although many engineers employ n = 0.013 for vitrified pipe
sewers, the authors favor n = 0.015 where the grades permit, in
view of the possibility of rough pipe and poor pipe-laying, which
will increase the frictional resistance. If n = 0.013 is assumed,"
great care must be taken in specifying and accepting materials,
to make certain that the character of construction required is
obtained, and the*sewers must be kept reasonably clean.

For ordinary work the Kutter and the Hazen-Williams for-
mulas agree closely enough to permit the use of either. That is,
the difference in sizes of sewers based on the two formulas is
usually within the range of commercial pipe sizes, as shown in-
Table 19. For especially large and important work, special

TaBLE 19.—COMPARISON OF SEWER SizEs IN INCHES RESULTING FROM THE
UseE oF THE KuTTErR AND HazEN-WiLLiAMS FORMULAS

) ’ Slope of sewer per 1,000
Quantity of sewage
0.1 1.0 10.0
Cubic feet Million Hazen Hagen Hazen
uble eed« per gallon Kutter and Kutter and Kutter and
secon daily Williams Williams Williams
2 1.29 24 24 15 15 10 10 ‘
10 6.46 42 42 24 27 18 18
50 32.30 77 78 50 49 33 30
2 1.29 25 25 16 16 10 10
10 6.46 45 45 30 30 20 18
50 32.30 81 84 55 52 33 33

NortEe: In the computations for the first three lines of figures n was taken as 0.0#3 and
¢ as 120; for the last three lines n was taken as 0.015 and c as 100.
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studies are warranted and less reliance should be placed upon
coefficients and the arbitrary selection of sizes from the diagrams
ordinarily used.

When # is taken as 0.013 in Kutter’s formula, ¢ in the Hazen-
Williams formula may be taken as 120; when = is taken as
0.015, ¢ may be taken as 100.

Kutter’s formula is generally used with the aid of diagrams
giving not only the velocity but also the discharge. Figs. 46,
47 and 48 are examples of such diagrams prepared by the
authors and Fig. 49 is one of an admirable set of hydraulic

e 2

Ratio of Depth of Flow to Diameter of Section
2 2 2 2 <

e 9

Ratio of Hydraulic Elements of Filled Segment tothose of Entire Section.

F1a. 50.—Hydraulic elements of circular section.

n = 0.015; s = 0.005; D = 1ft. Area = 0.785D1; Wetted Perimeter = 3.1416D;
Hydraulic Radius = 0. 250D.

diagrams prepared by Prof. John H. Gregory.! The discharge
‘is equal to the product of the mean velocity by the cross-section
of the flowing stream.

In making the preliminary studies of a system of sewers,
tables of the discharge of sewers laid on a grade of 1 per cent
(such as shown in Tables 20 and 21) coupled with the use of a
slide rule, keeping in mind the principle that velocities and
discharges vary about as the square roots of the grades,
have been used in the past, particularly in Europe, and may be
devised in the field in'emergency. The modern method, and the
one followed by most engineers, however, is to make use of

1 Other examples of the Gregory diagrams are given in “ American Sewerage Practice,”
vol. i, p. 94, and in the published set of the diagrams, which may be obtained from Prof.
Gregory, The John Hopkins Univ., Homewood, Baltimore, Md.
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diagrams, like Figs. 46 to 57, from which the final results may be
read directly.
The Limitations of Kutter’s Formula.—Being essentially

B

Ratio
e
[SSSFT T T T T T T T TSI T T rT |

iameter.
8 8

00 0! 02 03 04 05 06 07 08 03 10 1I (2
Ratio of the Hydraulic Elements of the Filled Segment
%0 those of the Entire Section.
Fia. 51 —Hydrauhc elements of egg-shaped section.

n = 0.015; s = 1/1,600; H = 4 ft.; D = 6 ft. = 1,254 diam. equiv. clrcle.H-O.836
dmm equiv. circle; 4 = 1, 1485 H? = 05105D’ R = 02897H = 0,1931

e R 8

® R

Flow o the Vertical Diarmeter:
4]

Ratio of Depth of
e R e

" Ratio of 1 the Hydmuhc Elements of the Filled Segmem to
those of the Entire Section.

Fra. 52.—Hydraulic elements of rectangular section.
n = 0.013; s = 0.001; D = 6 ft.

empirical and based upon actual gagings, it is important to
remember the limits within which observations have been made
and further to remember that while velocity varies approximately
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as the square root of the head under velocities corresponding
to the ordinary conditions of flow, it varies more nearly directly
as the head under extremely low velocities. Within the ordinary

R e e e

R £ 2 2

Ratio of Depth of Flow 1o the Vertical Diameter:
]

Ratio of Hydravlic Elements of Filled Segment tothose of Entire Section.

Fra. 53.—Hydraulic elements of horseshoe section, Wachusett type.

n = 0.013; s = 0.003; D = 7 ft.; Horisontal diameter, H = 7 ft. 8 in.; Ares = 44.74
m.of;é;bo.mam; Wetted perimeter = 24.26 ft. = 3.466D; Hydraulic radius = 1.841

e

Diameter.
a r

g e pee

e R

Qatlo of Depth of Flow o the Vertical

G2 03 04 05 06 07 08 09 1O LI 12
Ratio of the Hydrawtic Elements of the Fifted Segment
10 those of the Entive Section.

Fre. 54.—Hydraulic elements of catenary seetion.

n = 0.015; s = 1/3,000; D = 7.44; Vertiral dismeter = D = 1.083 diam. equiv. eirele;
Area = 0.70277D%, R = 0.23172D.

velocity limits of from 1 to 6 ft., the formula finds its most
trustworthy application. It is fairly reliable up to 10 ft. per
second velocity.
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For special cases which may be outside the range of the
formula, such as 20 ft. per second or higher velocity, the engineer
should consult the original data.

4 é;ﬂo';f H;:::-lmulic Elements of the Filled Segment:
tothose of the Entire Section.
Fia. 565.—Hydraulic elements of parabolic or delta section.
n = 0.013; 8 = 0.001; D = 7 ft. 4 in.; Area = 0.744D?; Hydraulic radius = 0.2245D,

Ratio of Depth of
e 8 2

b

Ratio of Hydraulic Elements of Filled Segment fothose f Entre SecHon.

Fia. 56.—Hydraulic elements of Louisville semi-elliptic section.
n = 0.013; s = 0.0003; D = 734 ft.; Area = 0.785D?; Wetted perimeter = 3.26D;

Hydraulic radius = 0.242D.
Hughes and Safford have summed up! the application of this
formula in an excellent manner as follows:
! Hydraulics, p. 343.
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* ¢“That, for hydraulic radii greater than 10 ft., or velocities higher than
10 ft. per second, or slopes flatter than 1 in 10,000, the formula should be
used with great caution. For hydraulic radii greater than 20 ft., or veloc-
ities higher than 20 ft. per second, but little confidence gan be placed in the
results.

““That, considering the variable accuracy of the data on whigl the formula
is based, results should not be expected to ha qonsnstenﬂv accurate within
less than about 5 per cent. . \

‘“That, for any slope steeper than 0.001 ...e"values of C computed forS =
0.001 may be used with errors less than the probable error in the ordinary
use of Kutter’s formula.

"

e e

. Ratio of Depth of Flow fo the Vertical Diameter™

2 o e Lo

LS = ]

. 0w u lZ
Ratio of Hydroubc ‘Elemants of the Filled Segmenf to
those of the Entire Section.

F1a. 57.—Hydraulic elements of semi-circular section.
n = 0.013; 8 = 0.001; D = 9 ft. 23§ in.; Area = 1.2697D?; Hydraulic radius = 0.29046D.

“That between slopes of 0.001 and 0.004 the maximum variation at the
-extreme values of » and R in C is about 4 per cent; for such values as fall
within the range of ordinary practice the maximum variation is but 2 per
cent.

“That between slopes of 0.0004 and 0.0002 the maximum variation is
about 5 per cent, but for such values as fall within the range of ordinary
practice the maximum is less than 3 per cent.

“That for higher values of S the divergence in the values of C increases; but
the occasions when slopes flatter than 0.0004 are to be considered in design
are not common, and when they do occur they are usually for structures of
such high character that they warrant special study and some basis in addi-
tion to a general empirical coefficient. And considering that a degree of
precision of 0.001 is rarely exceeded in leveling for ordinary construction
work, and that in picking out the value of =, a variation of 0.001 for small
values of n and R may change the value of C as much as 17 per cent, and for
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moderate values as much as 5 to 8 per cent, it should be obvious that hair-
splitting calculations with the Kutter formula are a needless waste of time,
producing merely mechanical accuracy instead of a high degree of precision.”

Flow in Partly Filled Sections.—In many of the problems
arising in sewerage design it is necessary to know the velocity and
discharge when a sewer is partly filled. This information is
obtained in actual practice from diagrams like those of Figs.
50 to 57 inclusive. They are usually prepared by plotting the
cross-section carefully and then measuring with a planimeter the
area of the stream when the section is filled to various depths.
These areas divided by the wetted perimeter, also carefully
measured, give the mean hydraulic radius. A slope and a co-
efficient of roughness, n, are then assumed and the velocities and
discharges for the different depths are computed and plotted
in terms of the velocity and discharge when flowing full. The
curves thus obtained show the relative velocities and discharges
at different depths as compared with those of the full section.
These curves, although strictly correct only for the data given,
are sufficiently close for other sizes, slopes and friction factors
to be of general use, and as a rule the difference may be neglected.

Attention is particularly called to the egg-shaped section,
Fig. 51. This was introduced about 1846 by John Phillips in
order to obtain adequate velocities in combined sewers when the
depth of sewage in them was small. When the quantity of
sewage is not more than two-tenths of the total capacity of .the
sewer, the velocity in an egg-shaped sewer will be somewhat
greater than in a circular sewer of the same total capacity.
The depth of the sewage will also be greater and there is a result-
ing better flotation for solids. These differences are not of great
magnitude, however. .

Discharge and Velocity at Different Depths.—The proportion-
ate velocity and discharge at different depths are shown in Figs.
50 to 57 inclusive. For a 12-in. sewer, the capacity and velocity
when running full are 2 cu. ft. per second and 2.5 ft. per second
respectively, the slope being 0.005 and » being 0.015.

When the depth of flow is 0.1 ft., the discharge will be but 0.06
cu. ft. per second or 3 per cent of its capacity when running full.
At that depth, however, the velocity of flow will be 33 per cent of
that of the full sewer, or 0.84 ft. per second. At a depth of
0.2 ft., the discharge will still be small, but the velocity will have
increased substantially, to 1.38 ft., 55 per cent of the velocity
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when the sewer is full. In other words, the velocity increases
much more rapidly with increasing depth than does the discharge,
as shown in detail in Table 22.

TABLE 22‘.-—AC'1‘UAL AND PROPORTIONATE DISCHARGES AND VELOCITIES
FOR A 12-IN. SEWER ON A SLoPE oF 0.005 wiTH n TAKEN A8 0.015

Actual Proportionate
P’°{;‘;‘:;§“m Capacity, | Velocity, ' _
cubic feet feet per Capacity Velocity
per second second
0.1 0.04 0.84 0.02 0.33
0.2 0.16 1.38 0.08 0.55
0.3 0.36 1.85 0.18 0.74
0.4 0.64 2.23 0.32 0.89
0.5 1.00 2.50 0.50 1.00
0.6 1.34 2.70 0.67 1.08
0.7 1.70 2.85 0.85 1.14
0.8 2.00 2.90 1.00 1.16
0.9 2.16 2.85 1.08 1.12
0.932 2.18 2.77 1.09 1.12
1.0 2.00 2.50 1.00 1.00

1 Point of maximum velocity.
2 Point of maximum discharge or capacity.

This proportionately greater increase in the velocity than in the
discharge is an important condition of which the designing en-
gineer should take advantage. He should also keep in mind that
a circular sewer will have the same velocity when running half
full as when full, that the maximum velocity is generally reached
when the sewer is between 0.8 and 0.9 full, and that the maximum
capacity is generally reached when the sewer is between 0.9
and 0.95 full. The velocity ordinarily used as a basis of design
is that of the sewer when half fullorfull. The maximum velocity,
however, may have an important influence in washingout deposits
which form at times of very low flow. :

Selection of Sewer Sections.—The problem of the design of
masonry sewers is not solved with the determination of the
required carrying capacity, but includes a number of other
features which may be of considerable importance.

The most economical shape for the waterway cross-section can
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only be selected after careful consideration of the special condi-
tions imposed and the relative merits of one type as against
another to meet these special conditions. While the circular
cross-section has been used for a large number of the masonry
sewers constructed in this country, Figs. 58, 59 and 60, there has
been an increasing use of other forms such as the horseshoe,
Fig. 61, semi-elliptical, Fig. 62, and rectangular sections, Fig. 52.
In the older combined sewerage systems constructed previous to
1890, and built for the most part of brick for sizes above 24 in. in
diameter, the egg-shaped cross-section, Figs. 58 and 63, was fre-
quently used, but since that time the extended use of separate
systems has caused it to decrease in popularity. The old
Massachusetts North Metropolitap System was a departure

W,'..

Circular Sewer,
Fra. 58.—Standard plain concrete section (Borough of the Bronx, New York).

from the practice of the time in that it included such types as the
Gothic, catenary, Fig. 64, and basket-handle sections.!

The general adoption of concrete for masonry sewers has
brought about a more extended preference for the flatter types
of inverts on account of their being more easily constructed than
the inverts of circular or egg-shaped sections.

Aside from the hydraulic properties, such considerations as the
method of construction, character of foundation, available space
and stability may be instrumental in determining the best type
of sewer section to adopt for a given case.

The selection of the proper thickness of masonry for a given
size of sewer, unless determined in the light of experience with

! Chapter XII, vol. i, “American Sewerage Practice” contains a large number of illus-

trations and descriptive notes of different types of sewer sections, some of which are shown
in Figs. 65 and 66.
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Fra. 59.—Typical circular sections with brick arches.
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F1a. 61.—Typical horseshoe sections
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-a- ebe
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Fra. 62.—Typical semi-elliptical sections.
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Fie. 63.—Typical egg-shaped sections.
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similar structures, should be the result of a careful consideration
of the forces to be encountered and an analysis of the stresses as
determined by the best available methods. This applies
particularly to the larger sewers, 6 ft. in diameter and over.

A study of existing sewers is one of the best guides to safe con-
struction although not necessarily the most economical con-
struction. Empirical formulas founded on experience have some
value, but should not be depended upon without an adequate
analytical check.

The proper selection of the materials of construction involves
not only a comparison of the cost of one material with that of
another but also a consideration of the relative wearing qualities
of the materials. This is specially true of the materials used for
the lining of the invert.

In some localities the erosion of sewer inverts has been a
serious problem responsible for the failure of the entire structure.
To resist this wear, a lining of vitrified brick has been found
satisfactory.

Sewers are subjected to the action of external forces due to
surface loads transmitted through the backfill and to the pressure
of the back filling material itself. Surface loads may be divided
into live and dead loads. The former includes such loads as
Jlocomotives and other railroad rolling stock, road rollers and
heavy vehicles; the latter includes loads from piles of lumber,
brick, coal and other materials commonly stored in commercial.
and manufacturing districts.

With the advent of reinforced concrete has come a greater
need for the careful analysis of the masonry section for large
sewers. With sewers constructed of brick or plain concrete, the
sewer arch if properly designed is subjected only to compressive
‘stresses and depends largely for its stability on the ability of
the side walls or abutments to resist the arch thrust. With rein-
forced concrete, however, the structure as a whole from invert
to crown can be designed to resist heavy bending moments
and act as a monolith.

The so-called “elastic theory’ presents the most rational and
practicable means for the analysis of sewer sections. The method
of analysis under this theory as described by Turneaure
and Maurer in “Principles of Reinforced Concrete Construction”
is one of the simplest and best, but for an analysis of the structure
as a whole, particularly where the sewer is to be built in com-
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pressible soil, the method developed by. Prof. A. W. French for
the authors is preferable.!

Although the previously mentioned aids in design are of the
greatest assistance, there must be behind them all sound judg-
ment coming from experience if the best results are to be obtained.

Compensation for Curvature.—Changes in direction of small
sewers are made by curves in the bottom of the manholes.
These curves are usually quite sharp and to prevent any checking
of the velocity of flow through them many engineers give an
arbitrarily determined drop of %4 in. between the beginning and
end of such a channel, no matter what may be its length.

Changes in direction of large sewers must always be made
by curves, and it is desirable that the radius of curvature of the
axis of the sewer should not be less than 514 times the interior
width of the sewer. This is not always practicable, however, and
the authors have been compelled to use a radius as short as 16 ft.
for quite large sewers. Some compensation must be made for the
loss of head due to increased friction on curves, and several
engineers estimate the additional loss as 0.5v%2/2g, where v is the
mean velocity and ¢ is the acceleration of gravity. Other
designers arbitrarily allow a certain amount of fall between the
beginning and end of the curve, the amount being governed by
the conditions of each case. .

Specific information regarding loss of head due to curvature,
is meager and thus far a reliable formula for general application
has not been evolved. It is recognized, however, that the losses
" in curved stretches of channels, conduits or pipes exceed those in
straight stretches. The Markmann formula? has been used to
some extent in the past, but is less used today. A method of
compensating for curvature used by the authors is to assume a
higher coefficient of roughness, n, to apply in the length of the
curve, than that assumed for the straight section.

E. G. Hopson of the U. S. Reclamation Service has reported?
significant data on observed losses due to curves in open channels.
The observations were made with velocities of 7 ft. per second
only, which is unfortunate, as the results do not furnish a basis
for estimating the variation in resistance with change in velocity.
Analysis of the observations made indicates the reasonableness
of providing for the additional loss in head due to curvature by

1 American Bewerage Practice,” vol. i, p. 488.
t Eng. News, Sept. 29, 1910.
3 “Gagings in the Concrete Conduit of the Umatilla Project,”” Eng. Rec., Oct. 21, 1911.
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variation of the coefficient of roughness in Kutter’s or other flow
formulas.

In Table 23a are shown the results of analysis of data, reported®
by others, upon the apparent effect of curvature upon the value
of n in Kutter’s formula.

The analysis indicates that the loss of head due to curvature
increases with velocity and with decrease in length of the radius
of the curve. The range of increase in the value of n appears to
have been from one-tenth to one-third, with velocities varying
from about 2 to 20 ft. per second. The corresponding amount of
.increasge in 7 was from about 0.002 to 0.004.

The engineers of the Miami Conservancy District? concluded
that .

“ The value of 0.025 which is applicable for a smooth uniform straight chan-
nel in gravel, free from vegetation or other obstruction, may be increased
10 per cent or more by curvature in alignment.”

In one instance in designing a channel in which there were
many curves and reversals of curvature, the radius of curvature
often being of necessity very short, and in which a velocity of
about 10 ft. per second was involved, the authors used in their
computations a value of n in the Kutter formula 0.005 greater
than the value used for a straight channel, giving the following
values in different materials:

Value of n
Channel
On tangents On curves
1. Concrete lining................ 0.013 0.018
2. Smooth, firm gravel............ 0.025 0.030
3. Well-built rubble.............. 0.017 0.022

These values of n were applied in this case by determining a
weighted average and using it throughout the length of a section
of combined curves and tangents, instead of constantly changlng
from one value of n to another as each curve or tangent was

1 Data for the first analysis were obtained from Eng. Rec., Oct. 21, 1911, and for the
following analyses from Bulleiin 194 of the U. S, Department of Agriculture.
1 * Technical Reports,” Part IV.
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encountered. Thus, if the length of a certain section of concrete
channel was composed of 25 per cent curves and 75 per cent
tangent, a value of » = (0.25 X 0.018) + (0.75 X 0.013) =
0.014, was used in that section. It is to be hoped that at some
time in the near future some experimenter may investigate
and measure such losses in order to determine a more rational
and accurate basis for safe allowance for them.

Velocity Head.—The absorption of head in the creation or
increase of velocity and the possibility of its partial or complete
recovery by proper design, are hydraulic factors which are often
negligible under low velocities but are of serious importance if the
velocities are relatively high. Fall must be provided not only
for losses due to friction, bends, ete., but also for ‘“velocity
head,” so called. This head, expressed by the term »2/2gincreases
. very rapidly, by the square of the velocity, being 0.25 ft. for 4 ft.
per second velocity, 1 ft. for 8 ft. velocity and 4 ft. for 16 ft.
velocity. At velocities normally found in sewers in flat terri-
tory, the velocity heads may be inconsiderable, but this hydraulic
element should be considered in design, and rejected omly if
relatively unimportant in the problem under analysis, as failure
to provide for it has frequently led to serious loss of capacity,
unexpected choking and overflow of sewers, and other
inconvenience.

Some cases which require special attention in this particular
may be cited. A large sewer with slow velocity changing for
any reason to a smaller sewer with high velocity; grit chambers,
where sewage moving slowly through the enlarged chambers
must increase its velocity to flow away through an outlet passage
or conduit of smaller dimensions; efluent conduits or channels
leading away from sedimentation tanks; restrictions in conduits,
such as gates or contractions necessary to pass other structures;
in short, any cases where velocity must be built up to initiate
flow in a channel or conduit.

Recovery of Velocity Head.—When velocity is reduced by
enlargement of a channel or conduit a considerable proportion
of the change in kinetic energy may be recovered as potential
energy, manifested by a rise in water surface, provided the change
in section is smooth and gradual. The U. S. Reclamation Service
has observed the extent of this recovery in numerous instances,
see Table 23b, where irrigation canals have been contracted in
section and then enlarged again further downstream.
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The principle of this recovery of velocity head is well illustrated
in an analogous problem, that of water flowing under pressure in
the Venturi meter. In it the outlet cone is gradually expanded
80 a8 to recover practically the entire difference in velocity head
. between throat and outlet.

.
.

TaBLE 23b.—RECOVERY oF VELocity HEAD IN TRANsITION SECTIONS
rroM ExPERIMENTS BY U. S. RECLAMATION SERVICE

Velocity, feet
per second Percentage
Locati ——————— | of velocity Discharge,
ocation and name cubio feet
Up- | Down- head second
stream | stream | recovered | P&
end end
. 5.79 1.64 54 150
North Platte Project.................... { 5.87 | 1.70 25 105
Hope Creek Flume..........ooeeveennnnnn. 5.67 | 1.65 28 99
Uncompahgre Valley Project, Happy Canyon
Flumel..,..oooiireiniiiniennrennnnnnns 6.47 | 2.85 | 100 nearly 361
Tieton Main Canal Tunnel Outlets:
1. TrailCreek..........c.coovevvenann.. 12,12 8.06 84 271
2 Colummar.........covvviiiennn e 11.42 | 7.98 60 261
3. Tieton..........covvniiiiiiiennnnn 11.58 7.60 68 286
4, NorthFork.......................... 10. 25 2.62 100 286
Okanogan Project:
Experiment Number IV.................. 5.30 | 2.61 50 }
Experiment Number VI.................. 3.31| 2.46 62 51
1 Transition unusually favorable for recovery.
Problems

The following problems may be solved to test the students’ grasp of the
fundamental principles of this chapter before proceeding to the application
of these principles in problems such as those worked out in detail in Chapters
II and IIIL.

1. A sewer 800 ft. long with a fall of 2.4 ft. must discharge 10 cu. ft. per
second when flowing full. What size of circular vitrified-pipe sewer is
required? What will be the velocity of flow? What coefficient n should
be used in the Kutter formula?

2. In the sewer of Problem 1, a minimum rate of flow of 0.75 cu. ft. per
second is expected. Find the depth and velocity under these conditions.

8. Re-design the same sewer using an egg-shaped section flowing full
and compare the depth and velocity at minimum flow with the results of
Problem 2. .

4. In an existing sewer system, a 96-in. concrete sewer is found to have
been laid on & slope of 0.00085 and its condition is found to warrant the use
of n =0.013. What is its capacity and the corresponding velocity of
discharge in it when flowing full-depth? When flowing 0.65 depth? When
flowing 0 3 depth?
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5. The sewer of Problems 1 and 2 discharges into a concrete trunk sewer
(n = 0.013) 48 in. in diameter on a slope of 0.002 and which carries a
minimum flow of 9 cu. ft. per second above the junction. For topographical
reasons it is impracticable to build the crowns of the two sewers coincident
in order to avoid surcharging the smaller sewer when the larger is flowing
full; it is, however, desired to avoid backing up in the smaller sewer at times
of minimum flow in both sewers. At what elevation, above the invert of the
trunk sewer, must the invert of the lateral be connected?

6. By the method involving the use of tables for slope 1:100, find the
size of circular sewer (with n = 0.013) required to carry 32 cu. ft. per
second on a slope of 0.0025 when flowing full. Find also the size of
egg-shaped sewer to carry the same quantity when flowing 0.75 full.

7. A natural stream is to be replaced by a rubble-lined channel (n = 0.017)
for a length of 2,750 ft., including 800 ft. of curves. Assuming that con-
sideration of expected velocities and the radii of the curves leads to the
decision to compensate for the extra slope required on curves by the addition
of 0.004 to the value of n on the curves, determine a balanced value of n
to use throughout the entire length of the proposed channel.

8. A sewer discharging at 3 ft. per second, when full, comes to an abrupt
piteh such that the new velocity will be 9 ft. per second when full in a
sewer of properly reduced diameter or section. What is the required
drop in the hydraulic gradient to give this increased velocity?

9. Show by a sketch the relative position of the two sewer sections to
meet the conditions of Problem 8 without permitting surcharge of either
sewer section.

10. A series of grit chambers in which the velocity is 1 ft. per second
terminate in an outlet channel in which the veloeity is 6 ft. per second. The
flow from the chambers must pass through gates which reduce the cross-
section of flow at the point of passage to 60 per cent of that available in the
grit chambers. Estimate the total loss of head, including the loss of head
through the gates and that necessary to produce the increase in veloclty
in the outlet channel but neglecting the friction loss.

11. A series of grit chambers in which the velocity is maintained at about
1 ft. per second converge into a single outlet channel. For what velocity
shall the outlet channel be designed so that the loss of head (drop in water
surface) involved in increasing the velocity shall not exceed 0.5 ft., out of
which an allowance of 0.15 ft. must be made for the losses through gates,
ete.

12. A conduit flowing at a velocity of 7 ft. per second pagses through a
transition section into a larger section in which the velocity is 4 ft. per
second. The water surface in the larger section is found to be 0.3 ft. above
the hydraulic gradient, as determined by the normal slopes required for
friction alone. What is the percentage of recovery of velocity head in the
transition from the smaller to the larger sections?

The student should now return to the problems at the end of Chapters
II and III and follow through the method of solution there illustrated by
which the sewer sizes corresponding to the basic data relating to quantities,
ete., previously worked out, were determined.



CHAPTER V
SEWER APPURTENANCES AND SPECIAL STRUCTURES

A variety of accessory structures were defined in Chapter I
which will be described in detail in the present chapter. These
structures have never been standardized and each engineer
designs them to fit the local conditions, relying mainly upon
judgment based upon his previous experience and a knowledge
of what has proved satisfactory elsewhere.

STREET INLETS AND CATCH BASINS

Where storm water is removed underground, street inlets are
provided to take it from the gutters to the sewers. Catch basins
are employed where this street wash contains so much refuse of
various kinds that it is better to give it a chance to settle in an
easily cleaned basin rather than to allow everything to flow with-
out check into the sewer.

Street inlets should be located so that they will keep the gutters
in such condition, even during a heavy rainstorm, that teams
may drive close to the curb and pedestrians cross the street with
minimum inconvenience. Officials responsible for the mainte-
nance of gutters have found that inlets increase the difficulty of
keeping the gutters in repair, because the wheels of vehicles
wear away the pavement about the inlets more rapidly than
where there is no break in the smooth surfaces of the street and
curb. Consequently they often oppose the installation of suffi-
cient inlets to remove the street wash, particularly on steep
grades, and oppose the lowering of the gutter grades at inlets so
as to leave slight depressions in the gutters to assist in diverting
water into the inlets.

The best guide in locating inlets is knowledge of the quantity
of water which actually flows along gutters in a given city. In
the absence of such knowledge, it is customary to assume that
inlets should never be more than 300 to 350 ft. apart where gutters
must be kept free from more than a small quantity of water, and
in no case more than 700 ft. apart. An inlet must always be
placed where two grades join to form a valley. The gutters

126
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should be so constructed, the cross-section of the street so plan-
ned, and the inlets so placed that storm water will not flow across
the pavement to reach an inlet. Although it is customary in
many places to locate inlets at the angle of street corners, thisis a
poor place for them if the travel on the street is heavy, because
the wheels of trucks rounding the corner close to the curb are

Section A-B.
F1a. 67.—Standard inlet for park and light-traffic drives, with Concord grate
(Metcalf and Eddy).

particularly hard on both pavement and inlet castings in such a
position. An inlet at each side of the corner, just before the
cross walk is reached, is a preferable arrangement.

Fig. 67 shows a type of inlet which the authors have found
very satisfactory in parks and streets with light travel. Dura-
bility is afforded by the substantial concrete block, and other
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advantages are relatively low cost, a large grate area and ease of
construction. The authors’ experience with inlets having risers
of straight pipe is that the gratings do not have adequate openings.
Therefore a flaring mouthpiece is inserted in the end of the pipe
to give a larger opening.
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F1a. 68.—Standard street inlets, Borough of the Bronx.

Fig. 68 illustrates a number of types of street inlets adopted
as standard in 1913 in the Borough of the Bronx, New York.
Their main dimensions are:

Type | 4 B | ¢ | p | E
Inlet opening, inches..| 7by 32| 7by 32 ! ........... ‘ 5by 36 ‘
Box depth, inches.....| 66 54 | 18 20
Box section, inches. . . ‘ 41by 42| 41by 32 30 circular [ 36 by 18 ’ 14 by 32

Sticks, waste paper and leaves cause most of the clogging of
the openings of the inlets, and some engineers accordingly use
openings which present hardly any obstacle to the entrance of
these three classes of refuse. It is questionable, however, whether
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sticks should be allowed to enter an inlet owing to the danger
of their becoming fixed in the pipe leading to the sewer.

As a general rule, street inlets are better adapted for busy
streets with good pavements that are kept clean, particularly
where there are no steep grades nor any topographical conditions
tending to concentrate the storm run-off at a few points, than
they are for streets furnishing large quantities of refuse rarely
removed by street cleaning and liable to have the run-off con-
centrated at a few points to which many of the storms are
certain to wash a large part of the street litter of every sort.

Catch Basins.—The catch basin was formerly considered an
absolutely essential part of any American combined sewerage or
drainage system. The velocity of the sewage in many sewers had
proved insufficient to prevent the deposit of sludge within the
sewers, and it was more expensive to remove this sludge from
sewers than from catch basins. Since that time sewers laid on
self-cleansing grades have become standard practice and streets
are better paved and better cleaned, so that less refuse is flushed
off by the street wash and consequently catch basins are now
much less favored by engineers. The system of cieaning streets
by heavy flushes of water, washing the refuse into catch basins,
should not be adopted until an investigation has been made to
ascertain which of the two general systems of cleaning is more
economical in a given case, sweeping up the refuse and removing
it before it gets into the catch basins, or flushing it into the basins
and later removing it from them. If the latter plan is adopted
the street cleaning department should be charged with a part
of the cost of cleaning the catch basins.

While there is not the imperative need for catch basins at
frequent intervals which was formerly believed to exist, they
have their uses where large quantities of grit will be washed to the
gutters and, if it reaches the sewers, will obstruct them. If they
- are used, they must be kept clean. This work is expensive and
often neglected. In some localities, where water remains in them
for some time during the summer, they become breeding places
for mosquitoes. The practical objections to them were summar-
ized as follows in 1914 in a report by the Metropolitan Sewerage
Commission of New York: ‘

“Theoretically desirable, catch basins are, in reality, among the most

useless devices employed for the removal of solid material from sewage.
They are generally ineffective because they are not cleaned with sufficient
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frequency to enable them to serve as traps. It seems impracticable to
keep them clean. To maintain catch basins in serviceable condition re-
quires much hand work and this is costly. The work is usually carried on
to the annoyance of pedestrians and householders. Some sewerage systems
are without catch basins and
their elimination, as a general
procedure, is much to be
desired.”

RN 1 N Wy S|

At the time this report
was made, the standard
catch basin in the Boroughs
of Manhattan and the
Bronx, New York, was that
illustrated in Fig. 69. The
drawing shows an inlet at
the angle of a street corner,
but the same construction
of the basin was standard
with straight inlets used
between street corners.
The hood which formed the
trap was hung from a plate
set in the masonry. The
hood could be lifted off this
plate and its purpose was to
prevent the entrance of float-
ing refuse into the pipe lead-
ing to the sewer.

A type of basin which long
found favor, particularly in
New England, is illustrated
in Fig. 70. This type is put
out of service automatic-
ally when it becomes filled,
and its special feature is its

trap. As sediment collects, it reduces the space available for

water above its top and below the water line established by
the lip of the trap. Eventually there will be very little water
capacity, and in summer, in prolonged dry weather, the water
will evaporate to such an extent that odors may arise from the
"catch basin. If no odors arise and the cleaning gang does not
reach the basin in its regular routine, the sediment will gradually

of Manhattan.
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collect until it overflows the edge of the trap, blocking it. When
this occurs the first heavy storm will give undeniable evidence
of the necessity of cleaning. In this way the trap serves a useful
purpose by preventing the escape into the sewer of large quanti-
ties of silt which might form deposits. Another advantage of
this basin, due to its trap, is that the water which accumulates
in it can be bailed by the cleaning gang into the trap and thus
delivered directly into the sewer, instead of being lifted to the top
and thrown over the street. The great disadvantage of the trap
is its liability to freeze in cold weather, although it should not be
forgotten that the air inside the sewers, which will come up to
the sewer inlet, will be somewhat warmer than the outdoor atmos-

Plan without
Vertical Section. Manhole Frame.

Fi1Gc. 70.—Standard catch-basin, Providence.

phere, and the sheltered position of the trap also has some effect
in reducing the danger of this nature. Where basins are con-
nected to storm drains there will be much greater danger of the
freezing of traps. Like all attempts to use traps on catch basins
or inlets, the permanence of the water seal is very questionable.
It will evaporate during prolonged dry weather and it is idle to
expect that a sewer department will keep all traps filled by means
of a hose during such weather.

Attempts have been made in some cities to use traps formed of
vitrified pipe elbows, but this practice is inadvisable because of
the liability of damage to the elbows when the basins are cleaned.
Cleaning is rough work done as quickly as possible and everything
within a catch basin must be designed to withstand hard usage.
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Castings for Inlets and Catch Basins.—It is difficult to obtain
from the practicing engineer any definite statement of his
reasons for preferring one type of casting to another. The
Concord grate, shown in Fig. 71, has been used for many years
in New England where the gutters are not likely to have heavy
wagons passing over them. Of all the commercial types, it
probably affords the easiest means for the storm water to enter
the inlet, provided it does not become clogged with leaves, which
experience shows have a marked tendency to accumulate. The
North Berwick catch-basin head is of much the same type except
that it is heavier and there is no entrance for the water around

North Berwick.

~ Merrimac. Concord
F1ac. 71.—Types of commercial catch-basin covers.

the rim. The D-pattern frame and grate were long used in
Boston, but about 1910 a rectangular frame was adopted. There
seems to be a general tendency toward the use of these rectangular
frames, of the general type shown by the picture of the Merrimac
frame, Fig. 71. They have two decided advantages over
types having curves. The first is that it is practicable to keep
the pavement of the gutter in better condition with a square than
a curved casting for it to rest against. The second advantage is
that the grate can be made as strong as desired without much
difficulty and still have a large area available for the passage of
storm water into the inlet. The Borough of the Bronx adopted
in 1913 a cast-iron inlet head shown in Fig. 72, which has a curb
opening as well as a gutter drain. Whatever type is adopted
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should afford an opportunity for securely bedding the frame upon
the masonry of the inlet or catch basin, for otherwise it will be-
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come loosened speedily and in rocking under passing vehicles
it. will destroy the pavement about it.

Fi1a. 72.—Inlet head, Borough of the Bronx.
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The material from which the frames and covers are made is
rarely specified. Even where it is specified it is unlikely that it
is tested or inspected at the foundry. Certain foundries are
known to furnish good castings and when they sublet such work to
other foundries they hold up the quality of the product in order to
protect their own reputation. There is a danger in very loose
specifications and lack of proper inspection, particularly in times
of business depression. A foundry in a territory not ordinarily
serving the city may conclude that it can manufacture poor
castings which will be just good enough to be accepted under the
existing conditions and it can afford to send out such poor
castings because it will probably never desire to do business with
the city again, owing to the freight rates against it. This
danger can be avoided by requiring the castings to meet the
standard specifications for gray-iron castings of the American
Society for Testing Materials and adding a clause requiring them
to be painted with an asphaltum, coal-tar or graphite paint or
other covering desired by the engineer.

MANHOLES, DROP MANHOLES AND WELLHOLES

Manholes did not come into general use on sewer systems
until experience in cleaning sewers without them proved they
were necessary. The chief opposition to them was based on the
belief that they would permit the escape of sewer air and that this
air was poisonous, an opinion not surprising when one reads
about the evil odors from some old drains. In the early days of
sewerage, when a sewer became 8o badly clogged that it must be
cleaned, it was customary to dig down to the sewer, break through
its walls, remove the obstruction and then rebuild the walls.
Nowadays with the better design and greater care to get self-
cleansing velocities in the sewage flow there is much less trouble
and nuisance of this sort.

Manholes have commonly been placed approximately 300 ft.
apart for convenience in entry and cleaning of the sewers,
but the frames and covers cause serious inconvenience and ex-
pense in repair and maintenance of the highways, which has led
in some cases to substantial increase of this interval; thus in
a number of cases in Worcester, Eddy increased the spacing to
intervals as large as 1,000 to 1,200 ft. without subsequent dis-
advantage. It appears likely that the substantial increase in
cost of manholes, now nearly treble the pre-war cost, will lead
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to further examples of this sort. Manholes should, however, be
placed at all intersections of the sewer for convenience in access
and cleaning, regardless of the interval.

Fig. 73 illustrates a standard form of manhole for pipe sewers.
It is generally considered desirable to have the walls of
the channel rise nearly to the crown of the sewer and to have a
berm on each side of the channel and sloping slightly toward it.
In the Newark manhole the berms are a little higher than is often
considered necessary. )
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Fi1a. 73.—Standard manhole, Newark.

This manhole, like the great majority of these structures,
is built of brick, although under some conditions concrete may
possibly be used to advantage, particularly where a number are to
be built so that standard forms can be utilized, or where the man-
holes are very deep and require considerable masonry. The
expense of procuring forms and the delay which their preparation
frequently entails, the difficulty of placing them and of placing
the steps in the concrete, and the small quantity of concrete
which is used, generally make it less expensive to employ brick
in ordinary manhole construction.
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Where the sewer is much larger than the diameter of the
manhole, the outside of the latter is usually made tangent to one
side of the sewer, for otherwise it will be difficult to enter the
sewer and a special ladder will be required to reach the invert.
Occasionally, on very large sewers, the manholes are built
entirely apart from the sewer proper and have a passage leading
into it, as shown in Fig. 74.

The manholes of small sewers are usually made about 4 ft. in
internal diameter when of circular cross-section, or about 3 by 4 ft.
when oval. The same size is usually maintained for all sewers
except when special conditions may require manholes of larger

Manhole 3 4°
9" Brick Walls
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Section through Manhole. ~ Longitudinal Section
on Sewer.

F1a. 74.—Manhole-on large St. Louis sewer.

size, as where gaging devices must be used at the bottom of the .
manhole or it is desired to have a considerable storage capacity
in the manhole chamber to enable it to hold enough sewage
for flushing a long line of pipe on a flat grade. Brick manholes
are usually built of 8-in. brickwork down to a depth of 12 to 20 ft.,
although for many years the manholes on Cincinnati sewers, and
possibly those in some other cities, have been built of a single
ring of brick. Below the depth stated, 12-in. brickwork is used,
as a rule. The sides are carried up vertically to within 3 or 4 ft.
of the top and the upper part is corbelled in or laid in the form of
a dome or reverse curve, Fig. 76.

The four manhole bottoms shown in Fig. 75 illustrate some-
what different types of design. The Memphis and Seattle
bottoms have flat lower surfaces while the Concord and Syracuse
bottoms have lower surfaces curved to correspond with the
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channels through them. Which type is better adapted for the
soil conditions at any site can be ascertained only by examination;

Concord. ] Syracuse.
Fic. 75.—Types of manhole inverts.

the saving in material in the second type mdy be counterbalanced
by a higher unit cost. While the base of each manhole illustrated

F1a. 76.—Types of manhole tops.

was constructed of cdncrete, as a matter of fact a good sewer
_ mason can lay up brickwork to form practically any channel
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that may be desired, and can carry the work on very expeditiously
if he is so minded. ‘

Two types of concrete manholes have been used in Syracuse
on concrete intercepting sewers. In the first type the manhole
has a reinforced shell 6 in. thick, running up from the sewer to
within 5 ft. of the ground surface, where a funnel-shaped top

Section A-A Section B-B.
F16. 77.—Double manhole for separate system.

begins to corbel in. The reinforcement is of 14-in. rods 12 in.
apart when horizontal and 18 in. when vertigal. The other type
of concrete manhole is formed of pre-cast reinforced concrete
pipe set on end. The sections are 4 ft. in diameter and 4 ft.

long.
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Double manholes are sometimes used where sewers and drains
are so located as to make them convenient. The structure
shown in Fig. 77 was used by the authors for such a purpose on the
separate sewer system of Hopedale, Mass. Each chamber is

Vertical Section. ~ Crqss Section

Sectional Plan.
F1Gg. 78.—Drop manhole, Newark, N. J.

5 by 4 ft. in plan and the dome has a depth of 4 ft. The walls
are 9 in. thick.

Where underdrains are employed it is sometimes desired to
afford access to them, and in such cases various expedients are
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Fi1g. 79.—Wellhole, Morgan Run sewer, Cleveland.
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employed. The most usual one is to divert the underdrain a
short distance to one side of the sewer, where it passes under the
manhole, and to bring up a riser from the underdrain to the floor
of the manhole.

Drop Manholes.—There are many types of drop manholes, of
which one of the simplest is shown in Fig. 78. This particular
structure is at the head of an oval sewer 51 in. high, into which
two circular sewers discharge at different elevations.

Where underdrains are used below sewers which are connected

. by drop manholes, the underdrain of the high sewer is generally

i

. Sttt b | "o Ly S|
Longitudinal Section. . s;l?;n?\:l:f.

Fi1a. 80.—Flight sewer, Baltimore.

connected by a pipe bedded in concrete with the underdrain of
~ the lower sewer. .

Wellholes.—Where the sewage drops through a considerable
distance in the manhole itself, the structure is usually termed a
wellhole. Fig. 79 shows such a structure built in Cleveland,
where wellholes have been used freely. In some cities, notably
Minneapolis, the depth of the wellholes is sometimes over 100
ft. and special attention is paid to lining all parts subject to
erosion with granite, granolithic ‘block or other material which
will resist the attrition of the sewage. Wellholes are rarely used
except where the lower sewer is built by tunneling.

Flight Sewers.—While a drop manhole or wellhole affords
a means of changing grade sharply, other devices have been used
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to accomplish the same or a similar purpose. The flight sewer,
which gets its name from its resemblance to a flight of stairs,
is occasionally used in such situations. It has a steep grade,
but steps in the invert tend to check the velocity of the current;
the resistance they offer probably diminishes as the depth of the
sewage increases and if the descent is long great care should
be taken to obtain massive, durable construction and freedom
from obstruction to flow at the bottom of the flight. An example
of such structures is shown in Fig. 80.
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Sectional Plan.
F1a. 82.—Cast-iron box step, Boston.

Manhole Castings.—Experience indicates that the outside
face of a manhole frame should be vertical from top to bottom and
without projections, for a blank surface apparently enables the
pavement resting against it to show a little better resistance to
wear than where there are projections at the top of the frame or
the latter has a broken surface. Circular frames are universally
used as they are better adapted to the service than rectangular
frames with which there is a tendency for the formation of ruts
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in the pavement along the sides parallel to the direction of the
traffic. The practice of making the covers rather deep, with a
pocket in the top in which asphalt or wood block is placed, has
given way to the use of cast-iron covers with the surface broken
by a shallow pattern of some sort which will prevent horses from
slipping and yet cause no jar when wheels pass over the cover.
The standard design in the Borough of Manhattan, New York,
shown in Fig. 81, consists of a frame weighing 475 1b. and a 135-1b.
cover. The latter is raised by inserting the end of a pick or bar
in the recess, C. The cover has six ventilating holes.

The use of ventilating covers is considered necessary by some
engineers when a system of sewers is first put into service and
there are but few house connections with it to afford ventilation. -
After the system has been in use for some time, there seems to be
a general tendency to use closed covers on a considerable portion
of the manholes and employ the ventilating covers only where
the need for them is evident.
The openings in the covers are
often closed by oak plugs, but
the authors have found that the
best way is to have a black-
smith plug them with rivets.
Attempts to fill them with
cement or an asphaltic mixture
are not successful for any length
of time, as arule. Insome cases
the manhole covers are provided
with a groove for a slide below
the perforated portion; when the
cover is to be closed the slide is
inserted in place, closing the
bottom of the holes, which are then filled with grout or some
equivalent material.

Steps.—In shallow manholes steps were generally provided,
until about 1910, by leaving bricks projecting at points about 15
in. apart vertically. They are slippery when wet and liable to
become broken, so forgings came into use, as shown in the Newark
manhole, Fig. 73. These forgings are usually placed from 12 to
18 in. apart vertically and somewhat staggered. Fig. 82
shows a cast-iron step used in Boston where the manhole must
be kept free from projections from the wall. It is one of the

Longitudinal Section.

Plan.
F1a. 83.—Cast-iron manhole steps.
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best devices in use. Fig. 83 shows a cast-iron step used in
the same city where there is no objection to the projection of
the step from the wall. When wrought-iron steps are used
they should be fashioned out of not less than 34-in. round iron.
If made of steel they corrode and waste in section rapidly.

JUNCTIONS

Where large sewers come together with a horizontal angle
between their axes less than about 30 deg., a special structure
called a junction is required. For many years these junctions
were of the type shown in Fig. 84 and were sometimes called
“bell-mouths” or “trumpet arches” on account of their shape.
Where, at the springing lines, the outside surfaces of the arches
of the two sewers come together, no further attempt is made to
have the upper part of the two sewers independent, but a large
arch is thrown across the two. A manhole is usually built just
in front of the brick wall which closes the large end of the structure.

These bell mouths are usually built of brickwork but sometimes
concrete has been used. So much skilled labor is required in
constructing them of either material that flat-topped junctions,
Fig. 85, have come into use. The particular junction illustrated
is rather more expensive than most of this type because it was
constructed on a large existing brick sewer which it was desired
to disturb as little as possible.

In designing junctions it is desirable to have the two streams of
sewage join in such a way that there shall be the minimum check-
ing of the current in either sewer, to prevent consequent deposit
of grit and other suspended matter. This condition requires the
two streams of sewage to have the same surface elevation as
they approach each other and the same velocity, which is not
easy to bring about when one sewer is a large trunk sewer and
the other is a much smaller sewer. If the invert of the smaller
sewer is placed at an elevation which will make the surface
elevation of both streams identical during dry weather, the two
streams will probably have very different elevations when con-
siderable storm water is flowing away. Consequently a study of
conditions at the junction when the two sewers carry various
quantities of sewage may show that, to prevent sewage being
backed up in the smaller sewer during periods of large discharge,
it will be desirable to increase the grade of the smaller sewer some-

what for a short distance from the junction.
10
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In large cities the junctions are not always such simple affairs
as those shown in Figs. 84 and 85. In Fig. 86 a complicated
junction in Philadelphia is illustrated. Here there is a brick
sewer 9 ft. in diameter crossing a brick sewer 8 ft. 3 in. in diameter,
and the problem was to put in junction chambers and separate
sewers in such a way that the course of the larger sewer, beyond
this intersection, would serve as a relief for the storm water from
the smaller sewer, and that the dry-weather sewage in the latter
would flow into the channel which would also carry the dry-
weather sewage from the former. This was accomplished by
four junction chambers and two 30-in. cast-iron pipe sewers,
as shownintheillustration. A verylarge proportion of thesection
of the 9-ft. sewer will be utilized before there is any discharge
from it into the overflow sewer, while in the case of the 814-ft.
sewer everything that is not dry-weather sewage will be immedi-
ately discharged into the overflow outlet.

INVERTED SIPHONS

An admirable report upon “Inverted Siphons for Sewers’
was prepared by a committee of, and presented to, the Sanitary
Section of the Boston Society of Civil Engineers in 1921, from
which, as well as from ‘“American Sewerage Practice” the dis-
cussion herein has been prepared.

General Features of Inverted Siphon—Any dip or sag intro-
duced into a sewer to pass under structures encountered, such
as conduits or subways, or under a stream or a valley, is termed
an inverted siphon. While the sewage both above and below the
inverted siphon normally but partly fills the sewer, it completely
fills the siphon. The siphon is illustrated on a small scale by the
running trap on the main house-drain, which formerly was
generally used but which is now more often omitted in the interest
of better ventilation.

Size and Velocity.—Practical considerations, such as the
increased danger of stoppage in small pipes, tend to fix the
minimum diameters for inverted siphons about as for ordinary
sewers, 6 or 8 in. in the separate system and say, 12 in. in the
combined system, although there are rare examples of the smaller
sizes. As obstructions are much more difficult to remove from
an inverted siphon than from a sewer, especial care should be
taken to prevent their formation. As high velocity as possible
should be maintained in the siphon, say 2 to 3 ft. per second for
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domestic sewage and 4 to 5 ft. per second for storm sewage,
although existing conditions frequently make it practically
impossible to ensure the development of such high velocities. In
such cases correspondingly greater reliance must be placed on
artificial flushing and other means of cleaning the siphon. In
some cases catch basins or grit chambers have been built just
above the siphons, but these are troublesome to clean and the
material removed from them is usually very offensive. Siphons
should be flushed frequently and their operation inspected
regularly, in order to assure prompt removal of obstructions
before they form a serious barrier. A serious experience following
the clogging of the Dean St. and Fourth Ave. sewer in Brooklyn
in 1911 gives point to this.!

“The siphon consisted of two 48-in. pipes for the storm flow and one
18-in, pipe for the dry-weather flow, and replaced a portion of the 72-in.
circular sewer in Dean St. Four days were consumed in pumping out the
sewage and gaining access to the siphon. When it was possible to enter
the siphon chamber it was found that the entrance to all three pipes was
completely obstructed with a mound of debris consisting of a mattress, a
lot of lumber of various sizes, a long-handled shovel, a piece of bluestone
curbing, a wooden barrel, several iron pails, umbrella frames, together
with rags, wire, paper and other refuse.”

Means of Flushing—The flushing is agcomplished in various
ways, depending upon the available facilities and surrounding
conditions. It may be done by temporarily speeding up the
pumps, if there is a pumping station on the sewer line; or by
receiving the sewage flow, at the head of the inverted siphon, in
flush tanks which automatically discharge when full; or by pro-
viding a permanent flushing gate in the manhole at the head of the
inverted siphon or else grooves for the temporary insertion of stop
planks when desired; or by opening the blow-off at the low point
of the pressure pipe of the inverted siphon; or by admitting clean
water at the head of the inverted siphon from a permanent con-
nection with an accessible stream, a street water main or through
a hose line from a neighboring hydrant; or by cleaning by hand by
the use of jointed rods with suitable scrapers or other tools,
after draining the siphons.

Manholes or Clean-out Chambers.—Manholes or clean-out
chambers should be provided at each end of a siphon, to give

! Municipal Eng. Jour., 1917, paper by J. I.. Hunt.
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access for rodding, pumping and, in the case of pipes of large size,
for entrance. There is objection to the introduction of inter-
mediate manholes on an inverted siphon in such a manner that
the sewage will be free-to rise in them, since grease and other
scum tends to fill up the shafts in them, with a solid plug. They
are advantageous, however, if the sewage be confined within the
siphon as it passes through the manhole, affording access or means
of ridding the siphon of deposit, through a gated connection or
similar device.

Materials of Construction.—Since an inverted siphon is
subjected at all points of its cross-section to an inner pressure,
the walls will be in tension, although the amount of tension may
be modified if the exterior of the inverted siphon is subjected to
external water pressure or to the pressure of earth. On account
of these tensile stresses, inverted siphons are usually constructed
of steel,Ziron, reinforced concrete or wood-stave pipe heavily
banded, though vitrified pipe has sometimes been used suc-
cessfully under a small head or if the pipe be encased in concrete.

Size of Pipe for Inverted Siphons.—The computation of the
sizes of pipe for inverted siphons is made in the same way as that
of sewers and water mains. Their diameter depends upon the
grade and the maximum quantity of water to be carried. The
latter depends in the case of inverted siphons under rivers,
upon the presence or. absence of a storm overflow before the
inverted siphon is reached, and on the degree of dilution of the

sewage before the overflow outlet comes into service. The °

head or drop in the hydraulic gradient actually required at any
time, for the existing flow, will be the difference in level in the
free water surface at the two ends of the siphon. It will equal
the sum of the friction head determined by the quantity of
sewage to be carried and by the character and condition of the
interior surface of the siphon, its actual length measured along
its axis, the head lost at bends, changes in cross-section, and the
loss in “velocity head involved by the variation in section.
Marked variation in velocity has an important effect upon
the velocity head and the total head required. It is to be
remembered that the losses will be relatively small for low
velocities, other things being equal, but that they increase
roughly as the square of the velocity. For a clean 12-in. siphon
50 ft. long and a velocity of 3 ft. per second, a total loss of 6 in.
would probably.be an outside figure; for a velocity of 2 ft. per
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second 3 in.; but for 6 ft. per second 24 in.; the friction loss alone
being not over one-third of the above values.

Practical experience has shown that where the siphons are
built of unduly large size they soon silt up to a point where the
reduced section will increase the velocity of flow through it to a
point sufficient to maintain the section. Such a condition was
observed by A. L. Shaw in a 36-in. siphon under the Brandywine
River in Wilmington, Delaware, in which the equivalent reduced
diameter of the pipe for the observed quantity and slope was
estimated at 17 in. and 24 in. under two different conditions of
flow, the former corresponding to an estimated velocity of 2.7 ft.
per second, the latter to 4 ft. per second. To overcome this
difficulty, experience in this country has dictated the advantage
of using several or multiple pipe lines, instead of one pipe line, for
the siphon, arranged in such manner as to throw additional pipe
lines progressively into action with increase in discharge of the
" sewage. See solution of siphon problem at the end of this section.

English authors have emphasized the importance of ven-
tilating long inverted siphons, asserting that otherwise the
flow may be interfered with by accumulations of air or gas, but
American sewerage practice does not seem to have developed such
difficulties.

- Care must be taken that inverted siphons built on or under
river beds, have sufficient material to prevent their flotation.

Essential Principles in Design.—The essential principles in
design have been well set forth in a paper by S. B. Bleich,!
summarized as follows:

1. Complete and effective separation of house sewage and industrial

waste from the storm run-off at all times.?
2. Simplicity of construction.

3. Asslight and easy changes of direction of flow as are practicable at the
entrance and exit legs. .

4. Easy curve where necessary.

5. Uniform section throughout entire length of siphon pipes.

6. Elimination of all features tending to obstruct flow.

7. Omission of all moving parts and mechanical devices.

8. Provision for easy access to all pipes, without impairing any of the
essential features.

9. Entrance and discharge openings to have sufficient area within the
available hgight not to cause any backwater, and change of section or
direction not to be too abrupt.

t Municipal Eng. Jour., 1917, Paper 110.
8 This first statement is not a principle, nor is it justified as broadly put.
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SOLUTION OF A SIPHON PROBLEM

A problem encountered in the authors’ practice involved the design of
an inverted siphon of several pipes, to replace an existing single-pipe siphon
which had given trouble from sedimentation due to low velocities; its
solution is given as an illustration. The basic data are as follows:

Length of siphon................... e 440 ft.

Available fall (invert to invert)............. 3.2 ft.

Maximum depression of siphon............. 9 ft.

Gravity sewers connected by siphon:
Diameter.................... ...c..... 30 in.
Material............................... Concrete
Slope. ... 0.0037

Typical rates of flow:

Minimum...................00ovinnn.. 4 cu. ft. per second
Maximum dry weather.................. 13 cu. ft. per second
Ultimate maximum. .................... capacity of gravity sewer

The capacity of the 30-in. concrete gravity sewer on slope 0.0037 (n =
0.013) is about 25 cu. ft. per second, and the velocity flowing full 5.1 ft.

per second.
L]

Availablefall............................ 3.2 ft. :
Assumed loss atinlet.................... . 0.4 (see later discussion)
Available for friction in siphon............ 2.8 ft.

" 440 = 0.0064 approximate available slope.

Local conditions indicate economy in the use of vitrified pipe. The
surrounding concrete (primarily for anchorage) can be easily reinforced for
the internal pressure due to the 9-ft. depression of the siphon. Standard
commercial vitrified-pipe sizes will therefore be selected.

Two conditions must, if possible, be satisfied; the velocity in the pipes
selected should be sufficient to insure scouring (3 ft. per second, if possible;)
and the available hydraulic slope of 0.0064 must not be exceeded.

Judgment suggests the selection of pipe sizes which will be particularly
adapted to the minimum flow, the maximum dry weather flow and the
ultimate maximum flow. Three siphon pipes are found to meet these
requirements, with regulation at the inlet so that the minimum flow will
be confined to one pipe; the maximum dry-weather flow to two pipes; and
all three have a capacity equivalent to that of the gravity sewer in which
the siphon is to be inserted. The computations follow:

For minimum flow, 4 cu. ft. per second, from Fig. 47,
(n = 0.015 for vitrified pipe) 15-in. pipe -
requires s = 0.008; velocity, 3.3 ft. per sec-
ond. Capacity at 8 = 0.0064, 4.2 cu. ft. per
second (beyond which second pipe begins to
operate).
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For mazimum dry-weather flow. .. ................ 13.0 cu. ft. per second
Capacity of 15-in. pipe..................... 4.2
Required capacity of second pipe. ........... 8.8 cu. ft. per second

From Fig. 47, 20-in. pipe, 8 = 0.0057; velocity,
4.1 ft. per second.

Capacity of 20-in. plpe ats =0.0064........ 9.3 cu. ft. per second.

Capacity of 15-in. pipe. .................... 4.2

Combined 15- and 20-in..................... 13.5 cu. ft. per second
(beyond which third
pipe begins to oper-
ate).

For ultimate mazximum,
Capacity of 30-in. sewer.................... 25.0 cu. ft. per second.
Combined capacity, 15- and 20-in. siphons.... 13.5

Required capacity, of third pipe............. 11.5 cu.ft.per second
From Fig. 47, 22-in. pipe requires 8 = 0.0058,

velocity 4.3 ft. per second .
Capacity of 22-in. pipe at s = 0.0064......... 12.0 cu. ft. per second.
Combined capacity of 15- and 20-in. pipes.... 13.5

Total available capacity.................... 25.5 cu. ft. per second
) (25 required).

Design of Inlet Chamber.—A type of inlet chamber, Fig. 87, suitable in
this instance has the invert of the pipe which carries the low flows contin-
uous with that of the 30-in. gravity sewer; one side of the sewer is cut down
to an elevation which permits overflow to the second siphon when the
capacity of the first is exceeded ; and the other side of the sewer is cut down to
a higher elevation, which allows the flow in excess of the capacity of the
first two pipes to reach the third.

Ascertain, by the method of Chapter IV, the depth of flow in the 30-in.
gravity sewer when the 15-in. siphon shall have reached the limit of its
capacity, (4.3 cu. ft. per second), and when the combined capacity of the
15- and 20-in. siphons (13.5 cu. ft. per second) is flowing. These depths
determine the elevations of the tops of the walls which permit overflow to the
20- and 22-in. siphons and are found to be about 8 and 16 in. respectively.

Under maximum conditions for either of the two larger pipes, the over-
flow walls will be submerged both upstream and down. They cannot,
therefore, be considered as weirs but more as obstructions causing certain
loss of head in passing the desired quantities of sewage over each. The
flow over these walls is at right angles to that in the approaching sewer, so
that this loss may be taken as the head required to produce the necessary
velocity across the top of the wall, assuming the energy of velocity of
approach to be lost in the change of direction.

A maximum of 9.3 cu. ft. per second must pass across the wall to the
20-in. siphon. The depth on the wall will then be at least 8 in. or the
difference in elevation between the two walls, the higher wall having been
figured to overflow just as the capacity of the first two pipes was exceeded.
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The higher wall must pass at least 11.5 cu. ft. per second, and the depth
available is the distance from the top of the wall to the crown of the 30-in.
sewer, or 14 in.

Assume the length of walls as 7 ft.; the inlet losses may be approximated
as follows:

15-in. pipe; negligible, since invert is continuous with that of 30-in. sewer,
and transition can be made to take advantage of the velocity of approach
which, even at low flows in the gravity sewer, is equal to or greater than the
siphon velocity. (Velocity of approach may be determined by method of
Chapter IV for the partially filled sewer.)

Sectional Plan C-C

AN

7
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Sectional Elevation D-D

Fra. 87.—Inverted siphon_inlet and outlet chambers (problem in inverted
siphon design).

20-in. pipe; velocity over wall, 9.3/0.67 X 7 = 2.0 ft. per second;
corresponding head, 0.06 ft. After passing over wall, velocity of 4.3 ft.
per second in 20-in. pipe must be built up in new direction, which gives a
loss of head of 0.29 ft.

Total 0.35 ft. (less than assumed inlet allowance of 0.4).

22-in. pipe; velocity over wall 11.5/1.17 X 7 = 1.4; corresponding
head, 0.03 ft. Velocity in 22-in. pipe, 4.3 ft. per second;head, 0.29; total,
0.32 ft. Allowance of 0.4 ft. for inlet losses appears ample, and no
revision of the computation of available slope is required.

Design of Outlet Chamber.—At the lower end of the siphon, the junction
of the three siphon pipes with the 30-in. gravity sewer should be so designed
as to reduce the opportunity for eddies to carry sediment back into those
pipes which are not at the moment operating, but which are full of standing
water. This is especially important in the case of the 22-in. pipe, which
will not be in operation except at unusual rates of flow. It may be accom-
plished by maintaining the three pipes, or the corresponding channels
within the junction chamber, as nearly up to the point of intersection
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as possible, to avoid pooling and reduction of velocity in the chamber. As
a further precaution, the outlet of the 22-in. pipe (least frequently required)
may be raised so that the invert of its channel has a sharp forward pitch
toward the intersection. The crown of the pipe must not, however, be
raised above that of the 30-in. sewer, or it will lie above the hydraulic
gradient.

BRIDGES

Highway bridges are not often used to support sewers. If
they are so employed, the grade of a sewer must generally first
rise and then fall in passing over the structure, converting the
sewer into a true siphon, which is objectionable to most designers
of sewer systems. In some cases, however, it is desirable to
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F1a. 88.—Sewer bridge. joint outlet sewer, New Jersey.

carry a sewer on a special bridge without any change in grade, as
shown in Fig. 88, illustrating a structure designed by Alexander
Potter. Occasionally reinforced-concrete beams are used rather
than steel beams for such structures. In any case, care must
be taken that the piers and abutments of the bridge do not unduly
restrict the waterway of the stream crossed. Most engineers
prefer to use inverted siphons rather than bridges for stream
crossings, if the head necessary for the successful operation of
the siphon is available.

FLUSHING DEVICES

The primary object of flushing devices is to permit sewers to
be laid on flat grades which, while giving adequate velocity to
assure the desired capacities at the depths assumed in the compu-
tations, are not enough to give at other depths velocities which
will carry off at all times all suspended matter. The problem of
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flushing, strictly speaking, is usually merely one of keeping small
sewers clean from their dead ends to the points where the flow
of sewage is great enough to accomplish this without assistance
from the water mains. The quantity of water used for this
purpose in one flush is rarely over 350 gal. Occasionally the
problem is one of furnishing a large volume of water to clean a
main sewer or an inverted siphon.

Flushing from Brooks.—In some cities, where a large sewer is
laid on flat grades near a brook or river, a flushing manhole is
built, with a connection to the stream through which the sewer
can be flushed with brook water. This has proved useful during
dry weather when very little sewage is flowing and the low
velocity permits solid matter to settle on the invert.

Flushing Manholes.—The flushing of small sewers is usually
carried on either by hand or with the help of automatic apparatus.
As a general proposition, all automatic flush tanks require some
maintenance, and their cost is therefore dependent, in a measure,
upon the time spent in inspecting and repairing them. The
cost of this time, plus the interest and depreciation on the invest-
ment in the apparatus, plus the cost of the water used by the
" apparatus, must be offset against the cost of labor and water
where hand flushing is practiced, for the difference in the cost
of the manholes used in the two cases is negligible. The quan-
tity of water to be used for flushing and the frequency of flushing
depend not only upon the grade of the sewer to be kept clean but
also upon the possibility of dirt finding its way into the sewer.

Hand flushing is generally done by means of a hose from the
nearest fire hydrant, inserted into the manhole at the end or
summit of the sewer to be cleaned. Flushing manholes are
also used to some extent. In this case a 1- or 1}4-in. service
pipe from the nearest water main is run into the manhole and
the entrance to the sewer can be closed with a flap or tripping
valve., The same end is accomplished in some places where
valves have not been installed, by plugging the end of the sewer
with a dise consisting of sheet rubber faced with canvas and held
firmly between boards about 4 in. smaller than the diameter of
the sewer. When the tank is filled with water, this plug is
drawn out, starting the flush. .

Automatic Flush Tanks.—The flushing done with automatic
apparatus is generally more frequent than where hand flushing is
practiced, the usual rule being to discharge the flush tank once
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every 24 hr. The water usually enters the tanks through special
orifices, of which a variety are manufactured by the makers of
automatic siphons, so that any desired rate of flow under any
street main pressure can be obtained by screwing the proper

F1a. 89.—Different types of flush-tanks (Miller).

orifice or jet into the end of the service pipe. As a rule these
jets are also accompanied by a mud drum or screening device
and a blowoff cock, provided to keep the jet clear.

The operation of a siphon of the simplest type is as follows:
In Fig. 89a, the siphon is shown just ready to discharge. There
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are two volumes of water separated by the compressed air in the
long leg, V, of the trap. As the pressure on every part of this
confined mass of air must be equal to the hydrostatic pressure,
and as there are but two surfaces where the water is in contact
with the compressed air, it follows that the depth of water, C,
in the tank must be the same as the depth, H, in the trap. When
the depth, C, is increased, the water flows over the raised lip of the
trap at D, this discharge allowing a little air to escape below the
bend at E. The air pressure being released in this way, water
passes up with a rush within the bell and into the long leg of the
trap.

The elevation of the lip of the short leg at D above the bottom
of the outlet is an important detail, as upon it the first sudden
discharge of the trap seems to depend. In the older types of
flushing apparatus this first strong flush was accomplished by
using an auxiliary siphon at the bottom of the trap casting—a

N

Chamber.

Outlet

Chamber.

{nlet

F1a. 90.—Flushing chamber,
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detail retained in the Rhoads-Miller siphon, Fig. 89d, for use
where shallow construction is imperative.

When the water has been drawn down in the tank until its
surface is below the sniff hole S, air rushes into the bell and stops
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the siphonic action there. In consequence the water in the two
legs of the trap at once forms a seal there, and the apparatus is
ready for discharge when the tank is filled again.

The dimensions of the Miller tank, required by designers, are
given in Tables 24, 25 and 26. The diameter of the tank is the
minimum which is generally considered desirable for siphons of
the size listed. The discharge is the average given by the mak-
ers for that size and setting of siphon.

The setting shown in Fig. 89a does not afford access to the -
sewer, so the late Andrew Rosewater devised the special design
shown in Fig. 89¢ to overcome this defect. The manhole at the

A c

Section C-D. Section A-B.
F1g. 91.—Van Vranken flush-tank.

dead end of the sewer is provided with a flush tank and siphon,
and while this is more expensive than the standard type, it not
only affords an opportunity to insert a cleaning rod into the end
of the sewer but also, it is stated, gives a higher rate of discharge.

Fig. 90 illustrates a large flushing chamber at the head of
an inverted siphon at Concord, Mass. The purpose of the
chamber is to accumulate the sewage until a large quantity has
been stored and to then discharge it rapidly, so as to keep the
inverted siphon under the river clean. The chamber discharges
from 15 to 20 times in 24 hr.

With this flushing chamber the Van Vranken siphon, Fig. 91,
isused. The sewer to be flushed ends in a well in the floor of the
tank, which has a watertight metal cover. A 5-in. siphon has
its long leg carried through the plate. The bottom of the leg is
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trapped in a tilting tray, which is so balanced that when nearly
full its center of gravity is brought forward and it tilts rapidly,
allowing a part of its contents to flow out. This suddenly
changes the air pressure in the siphon and starts the apparatus
in action.
. REGULATING DEVICES

The function of a sewage flow regulator is to prevent the
surcharge of an intercepting sewer, by automatically closing a
gate upon the main sewer connection, thus cutting off the sewage
and forcing it to flow to another outlet.

A storm overflow is designed to allow the excess sewage above a
definite quantity to escape from the sewer in which it is flowing,
through an opening.

F1a. 92.—Coffin regulator.

Whenever an outlet is in a body of water subject to considerable
fluctuations in elevation and it is necessary to prevent this water
from entering the sewer, a backwater or tide gate is employed.

The purposes of the regulator and the storm overflow are
substantially the same, namely, to allow the ordinary flow of
sewage to be delivered to a distant point of discharge, and at

the same time to cause the excess storm flow, which is much -

less foul, to pass into a nearer watercourse. Sometimes regu-
lators are used in combination with storm overflows to safe-
guard an intercepting sewer by cutting off entirely the sewage
entering the intercepter when the latter is filled to a certain
elevation. The overflow allows the escape of the excess storm
flow; the regulator may finally cause the entire flow in the main
sewer, both sewage and storm water, to pass the overflow and be
discharged into a nearby water course.
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Regulators.—The simplest type of regulator is shown in
Fig. 92. It has a cast-iron body which is bolted to the end
of the main sewer and projects into a chamber in which the
sewage will rise to the same height as in the intercepter with
which it is connected. The steel shaft carries an adjustable

—t -

Sectional Plan.
8

1t

.Section C-C. Section B-B.
Fi1g. 93.—New type of Boston regulator.

copper float and a weight by which the action of the device can
be varied somewhat. This regulator is also employed as a
backwater valve to prevent sewage backing into sub-main sewers
from trunk or main sewers that become surcharged.

Probably the best-known type of regulator is shown in Fig.
93; this was developed for the connections between the Boston
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Sectional Plan.

Longitudinal Section,
F1a. 94.—Regulating chamber on
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Section C-D.

Section A-B.
Piney Creek sewer, Washington.
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combined sewers and the intercepting sewers. The ori-
fice in the main sewer is designed of sufficient capacity to allow
the desired quantity of sewage to pass through it. In some cases
it is necessary to provide a low dam in the main sewer immedi-
ately below the orifice to assist in diverting the sewage. The
regulating gate seats against the orifice or nozzle. This gate is
hinged and connected by a toggle joint with a lever which has a
large float on its other arm. This float is in a well having a
connection with the intercepting sewer, so that the rise and fall
of the sewage in the intercepter lifts and drops the float. The
apparatus can be adjusted so that the orifice will be closed when
the float rises to any predetermined elevation.

A type of regulator is used in Washington, D. C., in which
the floats are operated by clean water from the city mains, ad-
mitted to the float chambers through valves controlled by the
rise and fall of sewage in the main sewer. Asa E. Phillips,
for 30 years superintendent of sewers, stated in 1913 that the
most elaborate installation, shown in Fig. 94, had then worked
with absolute regularity for 2 years. It was then so well bal-
anced that it delivered sewage from the trunk sewer into the
3-ft. intercepter so long as the latter was not filled. As soon
as the full capacity of the intercepter was utilized, the regu-
lator cut off the flow to the intercepter, and as soon as the
latter was able to receive more sewage, the regulator started
the flow again. The following description of the operation of
this regulator is condensed from the account ln ‘“ American
Sewerage Practice.”

The cunette section of the trunk sewer extends below the
3-ft. connection to the regulator to divert from the intercepter
large heavy substances, such as cobble stones, which excessive
storms wash into this sewer. Where the tongue of the cunette
ends, a low dam was provided to hold the hydraulic gradient
at such an elevation that the intercepter will run full before any
sewage is discharged through the prolongation of the trunk
sewer into a nearby brook.

The movable gates that close the two orifices through which
sewage passes on its way to the intercepter are on one end of
levers carrying on the other end large copper floats, each in a
float tank. By filling or emptying these tanks, the floats actuate
the levers and close or open the gates. Each float tank is filled
through a 2-in. pipe from a flush tank over the float tank; the

.
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flush tank is kept full by a ball cock on a service pipe from a city
water main. The discharge from the flush tank to the float
tank is controlled by a valve operated by the weight of a funnel
pail when the latter is filled with sewage delivered by a 2-in.
lead pipe from the main sewer below the dam. When the
sewage rises above the inlet of this lead pipe, the funnel pails
are Jfilled, which discharges the flush tanks into the float tanks
and causes the floats to close the gates.

When the elevation of the sewage in the main sewer falls
below the inlet of the lead pipe feeding the funnel pails, the
latter slowly empty and their weight is no longer enough to hold
open the discharge valves of the flush tanks. The float tanks
are then drained through small outlet holes, and as the level of
the water in them falls the floats sink and open the two main
gates, again throwing the intercepter into service.

Storm Overflows.—These structures usually consist of a weir
in the side of the sewer, over which the excess flow in the sewer
is discharged into a connection with a nearby body of water.
Fig. 95 illustrates a storm overflow in Cleveland which W. C.
Parmley has described! as follows:

““Since it was not desirable to allow the velocity in the main sewer above
the overflow chamber-to be reduced below about 214 ft. per second, it was
necessary to make a drop of at least 114 ft. in passing from the invert of the
14-ft. 9-in. sewer to theinvert of the 5-ft. sewer.? With this drop, the minimum
velocity in the main sewer wil