














WORKS OF

PROFESSOR H. N. OGDEN
PUBLISHED BY

JOHN WILEY & SONS, Inc.

Sewer Construction.

8vo, xii+335 pages,
$3.00.

figures. Cloth,

Sewer Design
Second Edition, Rewritten. 8vo,xiii +
248 pages, 71 figures, 5 plates. Cloth,
$2.00 net.

BY OGDEN AND CLEVELAND.
Practical Methods of Sewage Disposal.

For Residences, Hotels and Institutions.

8vo, vi+132 pages, 52 figures. Cloth,
$1.50 net.



SEWER DESIGN

BY

H. N. OGDEN, C.E.
MEM. AM. SOC. C. E.

Professor of Sanitary Engineering, Cornell University

SECOND EDITION

TOTAL ISSUE, FIVE THOUSAND

NEW YORK

JOHN WILEY & SONS, INC.

LONDON: CHAPMAN & HALL, LIMITED

1913



<-'
s

VK

V.r

O

Copyright, 1899, 1913,

BY

H. N. OGDEN

THE SCIENTIFIC PRESS
ROBERT DRUMMOND AND COMPANY

BROOKLYN, N. Y.



PREFACE TO FIRST EDITION

THE following pages represent, except for some necessary

minor changes, a course of lectures given in the College of Civil

Engineering, Cornell University.

The course is an elective one, intended for those students

whose intention to enter the field of Sanitary Engineering

calls for more special and detailed work than is required of all

Civil Engineering students. Supplementing as it does the

regular course in Sanitary Engineering, it must preserve with-

out duplication a continuity in the two courses which is obtained

through the direct supervision of the Dean of the College,

Professor E. A. Fuertes, who also gives the general course.

These conditions may serve to explain some recognized peculiar-

ities and omissions in the subject-matter of the following pages,

tolerated only on account of the general work already done by
students here specially studying that in which they wish to

excel.

Another cause, leading to the omission of certain discus- *

sions which might properly be brought up under the title

chosen, lies in the fact that the lectures here given represent

but one-third of the year's work, the subjects of Sewage Dis-

posal and Sewer Construction being taken up in the other two

terms of the year.

Thus, merely to serve the divisions of the college year, all

questions of constructive design and field construction are

remanded to another course of lectures not conveniently included

here.

It is believed that due acknowledgment has been made

to the various books and periodicals and to the reports of the

prominent engineers from which this monograph has been
iii
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iv PREFACE TO FIRST EDITION

prepared, and it is hoped that the collection and unification of

this scattered material may not only aid the students examining

the question of Sewer Design for the first time, but may also be

a convenient reference for older engineers who have hitherto

been obliged to put together the data from many publications.

Special acknowledgment is made to the published papers

of Emil Kuichling, C.E., of Rochester, N. Y., for the chapters

on Storm-water Discharge and Mathematical Formulae; to the

report of Dexter Brackett, C.E., on the Future Water-supply of

Boston, Mass.
;
to the thesis of Elon H. Hooker on Suspension of

Solids in Flowing Water; to the Hering & Trautwine Transla-

tion of Kutter for the chapter on Kutter's Formula, and for that

on the Development of the other and earlier Hydraulic Equa-

tions; to Hering's Report to the National Board of Health

for the chapter on Lateral Location; and to Baumeister for the

general arrangement of sewer systems.



PREFACE TO SECOND EDITION

AFTER fifteen years of use in his classes, the author has been

enabled to prepare a second edition of this little book, partly

for the purpose of correcting certain minor errors and partly

that certain additional material might be inserted.

In recent years a great deal of attention has been given to

the careful analysis of the problem of rainfall and run-off; notably

by Messrs. Grunsky, Gregory and Nordell, and only after much

hesitation was it decided to omit any extended review of their

thorough, detailed discussion. The relation between rainfall

and run-off is dependent upon many very uncertain factors, and

any close mathematical analysis of the way in which water,

delivered to any area as rain, is collected into one channel

at a single point of the area must include so many assumptions

that the result may be far from the truth, although correct

according to the theory followed. It was decided, therefore, to

again follow the method of Kuichling, adopted in the first edition,

as being reasonably safe in principle and at the same time

holding clearly before the student the chief factor that enters

into the relation, viz., the impervious character of the surface

on which the rain falls. Reference is made, however, to the more

mathematical treatment, and anyone interested may consult

the original papers if he so desires.

The use of better jointing material for vitrified pipe has

made it possible to eliminate leakage entirely, if sufficient care

be taken in construction. Various asphaltic preparations and

other patented articles are on the market and if properly used

will ensure a perfectly water-tight pipe line. This fact modifies
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somewhat the earlier statements about the necessary amount

of leakage to be considered.

The problems that have been added have been found very
useful in affording an insight into some of the broader questions

that enter into the design of sewers, as well as in giving the stu-

dent a chance to apply his theory to a concrete example.

The book as a whole is not materially changed, and continued

experience in large classes has confirmed the author in his belief

that for the general course student in Civil Engineering it con-

tains the essentials of sewer design so arranged as to be readily

intelligible to the average mind.

H. N. 0.
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SEWER DESIGN

CHAPTER I

GENERAL CONSIDERATIONS

IN preparing the design and making the plans for a system
of sewers for any given city, there are some preliminary ques-

tions to be settled before the location of the mains and the

sizes of the pipes can be determined. Perhaps the first of these

questions is whether the system shall be designed to carry house-

sewage alone, or rain-water from the streets, roofs, and yards

as well. Arguments for the one arrangement or the other have

been carried on in the abstract for many years, chiefly from

the sanitary standpoint, but the question is properly settled by
the local conditions of the place under consideration.

The combined system, as the system intended for rain-water

and sewage is called, is the result of growth and development and

so has the prestige that comes from age. Not very long ago,

the function of sewers was to carry off the storm-water falling on

the streets and to keep the yards and basements dry; while

the privies, which were then generally used, were cleaned and

cared for without reference to the sewers. When water-

closets came into use they were, after a time, for it was at

first forbidden by law, allowed to discharge into the storm-

sewers. In this way the channels, which may have been in the

beginning brooks, afterwards walled in and arched over as the

city grew, came to be the receptacles for the house-refuse and

water-closet wastes. Naturally, the channels thus developed

were not of the best section or design for this, their final use,
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and in England and in the older cities of this country, where

examples of the process are yet to be seen, accumulations of

filth and deposits of rubbish are the evidences of rough interiors,

flat gradients, and shallow depths.

Small sewers for house-sewage were used in the United

States before 1880, and sanitary engineers now prominent in

this country prepared plans for sewerage systems, using small

pipes and keeping out practically all the storm-water. But it

is due to Col. Geo. E. Waring that the old prejudices have

been so entirely removed and the manifest advantages of small

pipe-sewers so strongly emphasized. It was in 1880, in a public

address, that he said that the conditions of drainage had been

changed, and that engineers must recognize that the number

of water-closets now used made the construction of sewers

for their exclusive care a necessity.

This use of small pipe-sewers with its accompanying details

of construction was patented under the name '"

Waring 's

Separate System," and under this patent Col. Waring was

paid large royalties by some of the cities for which he acted as

consulting engineer.* The principal features of the
"
Waring

System
"

as described under U. S. patents 236,740 and 278,339

are: first, absolute exclusion of the rain-water; second, ventila-

tion of street-sewers through house-pipes not trapped against

the sewer; third, automatic flush-tanks at the head of every

lateral; and fourth, soil-drainage by pipes laid in the sewer-

trenches.

Waring's prejudice against combined sewers was very strong,

as indicated by the following quotation from a public address

delivered in 1880:
"
In closing permit me to formulate my

* In a letter to the author dated January 30, 1899, the executor of Col. Waring
wrote as follows in reference to these patents:

"The patents to which you refer (which are the property of the Drainage

Construction Company of Boston) are still in force. The patents have been

disputed, and suits are now in progress, with a view' to establishing their validity.

Pending decision, the owners are granting licenses upon a cash payment of half

royalties five cents per lineal foot of sewer or an agreement to pay full royalties

if the patents are sustained by the courts."

Both patents have now (1912) expired.
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opinion on this subject by saying that the present manner of

disposing of storm-water in sewered towns by removing it from

the surface where it is needed to the sewer where it creates

a nuisance is a relic of barbarism, and that its continuance

indicates an overriding of reason by tradition." This he later

qualified by saying:
"

I think that the necessary sanitary

requirements may be met by the combined system if due atten-

tion is given to the details, and if enough money is spent." He
aroused much controversy among engineers, and the sanitary

advantages of both methods were discussed at length.

In the second annual report of the Massachusetts State

Board of Health, 1881, p. 25, is a paper by E. C. Clarke,

then engineer in charge of the Boston sewers, giving briefly

all the arguments in favor of the combined system; and a paper

by Benezette Williams, in the Journal of the Ass'n of Eng.

Soc., Vol. IV, page 175,* gives additional discussion from the

same point of view. In his book on Sewerage, Col. Waring
devotes a chapter to the question, discussing the papers here

referred to, and, while disavowing himself a hard-and-fast

advocate of the separate system, practically says that storm-

water sewers are incidental, and that for them only main

outlets are in any case needed, while the sewers of his system
are everywhere essential.

The arguments for the combined system are as follows:

i. Sewage from houses forms only an inconsiderable part

of the noxious materials that constitute the wastes of a town;

chemical analysis fails to detect any great difference between

the sewage of a water-closet town and that of a town where

earth privies and the pail system are used; that is, the waste

water from sinks, baths, laundries, and the wash of paved
streets contains enough organic matter to be nearly as foul,

chemically, as the discharge of water-closets. This other mate-

rial therefore requires as careful treatment as the water-closet

matter.

To this it is answered that while this may be true so far as

* See also Jour. Ass'n. Eng. Soc., Vol. Ill, pp. 37, 67, 158, 183.
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chemical examination goes, the real danger in sewage comes

from definite disease-germs which are only found in sewage

proper, and therefore the latter is the dangerous material. It

is further said that the sewers should not in any case be

made to take the place of street-sweeping carts, and that if

the streets are kept clean, as they should be, the wash-

water from them will not be foul, and will require no special

care.

State Boards of Health have gradually acquired the right to

regulate the disposal of sewage, and it is their usual practice

to insist upon small pipe-sewers for house-wastes only and to

disregard storm-sewage altogether. This indicates that the

current scientific belief is that the real danger to health does

not come from street wash, even if it does decompose and

appear offensive.

2. In the matter of keeping the sewers clean, the large

sewer, it is said, has the advantage over the small, both in that

it can accumulate a larger amount of sewage for flushing pur-

poses, which from the greater hydraulic radius will have a greater

velocity and scouring power for the same grade, and in that,

while ordinary obstructions will be cared for by flushing, there

will be times when excessive deposits will occur which must be

removed by hand, and then a sewer large enough for a man to

enter can be cleaned at a much less expense than the small

pipe which must be opened from the surface or cleaned by rods

worked from the manholes.

To this it is answered that experience shows that flushing

by automatic flush-tanks is sufficient to keep the smallest sewer

constantly clean, and that stoppages in the pipes are of rare

occurrence and easily removed. On the other hand, a large

sewer, in which there is a variable flow, allows floating matter

carried along in large volumes to be deposited later on the walls

of the sewer, clinging in a slimy layer to the uneven brick sur-

faces; when the amount of sewage becomes less, this matter,

in the warmth and darkness, generates noxious gases and fosters

the development of bacteria. These micro-organisms when
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dried may float off in the air to escape through the traps into

houses or through manholes into the streets.

3. On account of the larger air-space over the flowing liquid

in the combined sewer, the gases of decomposition given off

by the sewage are largely diluted, and there is nothing to fear

from them
; whereas, with the small sewers, the degree of con-

centration is greater, and there is consequently more danger
of forced traps and greater annoyance from ventilating manholes.

The reply is that, owing to the greater amount of air to be

moved, the ventilation is really less perfect in the large sewer,

and that, from the slime which accumulates on the walls after

flooding, there is more matter to decompose. The deposits

which, it is admitted, occur in the mains of the combined s

tern add considerably to the offensive gases during deco

position.

4. The combined system is the more economical; for if

the use of the sewer is restricted to house-sewage, then there

will be required for the rain-water another system of pipes

of equal extent, and the cost of the two systems will be greater

than that of one. This follows from the fact that the cost of

engineering, superintendence, pumping, sheeting, etc., are

practically the same for a large sewer as for a small one, and

that the cost of excavation does not increase in a direct ratio

with the size of the pipe used; and further, since the flow of

sewage is insignificant compared with that of the storm-water,,

a sewer large enough for the latter will serve for the former pur-

pose without additional expense.

The answer to this is that the system for rain-water need

never be co-extensive with that for house-sewage, since the

street-gutters will serve for the former purpose so long as the

flow in them does not become a nuisance; consequently the

length of the large main may be reduced nearly one-half. Fur-

ther, that the rain-water drains when built seldom need be

laid to the same depth or to the same outfall, as they may be

discharged into any convenient watercourse at the nearest

point. Also, if rain-water flowing on the streets does accumulate

JJ. VO

*
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in excessive amounts, the result is nothing more serious than

a temporary inconvenience, and no damage is done, as

might be the case were sewers to be gorged with an excess of

rain.

5. Finally, it is said that if the rain-water is kept out of the

sewers, periodic flushing, which is of great value, will be lost,

and in the case of the street serving as a storm-sewer there

will be yards and alleys too low to be drained into it, whereas

they could be drained into a storm-water sewer.

To this answer is made that for the irregular flushing by
rain the regular use of flush-tanks can be substituted; and in

case the sewage has to be pumped or treated, instead of being

arged directly into a river, the presence of the rain-water

not only undesirable but absolutely forbidden.

To sum up the reasons for selecting, for a city, sewers to

carry storm-water and sewage, or sewage only, the arguments

just cited may be reduced as follows: It is improbable that

any house-refuse that would go into a combined system would

be kept out of a separate system, so that the only contribution

to the former not allowed in the latter is the rain-water from the

roofs, yards, and streets and any large amount of manufactur-

ing refuse which might be rejected from a separate system on

account -of the large proportion not requiring purification. If

the streets are decently cleaned, there is no reason for expecting

the rain to act as a scavenger, and it is better to dispose of the

street-sweepings by means of sweeping-machines than to allow

the rain to wash these accumulations into the sewer, to be cleaned

out by hand or discharged into a river or harbor, there to be

dredged out. There is, therefore, no sanitary reason why
rain-water should not be separately disposed of.

As to the dangers from slime deposited on the walls of large

sewers the case is suppositionary, and the evil effects entirely

unproved. Notwithstanding numerous examinations of sewer-

air, no pathogenic germs have ever been found a negative argu-

ment, to be sure, but of some weight. Judged by chemical

standards, the air in sewers is generally better than that in schools,
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halls, etc. General statistics of the health of sewer-laborers

show no ill effects from their employment.
It is hard to see why it should not be possible to keep both

systems clean, since the inverts of both may be made to the same

radius, and so the velocity with the same grade kept equal.

If the water for flushing has to be bought, the same quantity

used in frequent flushes of small pipes will probably keep the

sewer cleaner than single flushes, larger in amount but applied

at such infrequent intervals to a large sewer that the deposits

become hard and fast between times. However, modern practice

seems to have the tendency to do away with flush-tanks and to

keep the sewers clean by hand-flushing in such amounts and at

such times and places as may be found necessary.

The alleged advantage of having the sewer large enough
to enter is nothing, since with proper grades and velocities the

cost of removing the few stoppages that occur is much less than

the interest on the money required to build the larger sewer.

Only a few years ago, the author heard of a city engineer

who still believed that large sewers only should be built and

therefore, even for laterals of short blocks, constructed only

brick sewers 24 inches in diameter. The excessive cost thus

incurred was a heavy burden on the small village (near Pitts-

burgh) and no better sewer was provided than if a 6-inch pipe

had been used. Indeed, on a low grade the large sewer would

be distinctly inferior.

The question of ventilation is based on conditions which

do not, or should not, occur. Both sewers are designed to

carry all material to the outfall before decomposition has begun,

so that, unless by some accident deposits take place, there is

no decomposition in the sewer, and therefore no gases to be dis-

pelled. Should deposits occur and gases arise, the ventilation

through the manholes for the same sewage-flow should be as

complete in the one case as in the other; any slime left on the

sides of the large sewer after a rain would in decay be so diluted by
the greater amount of air that the offence would probably not

be any greater. The sewers which are cited to show the bad



8 SEWER DESIGN

quality of the air contained are those of fifty years ago, when

the laws governing the flow of sewage were not so carefully

heeded, and when the street-washings were hurried into the

sewer to form deposits. With equal care in the design there

seems to be no reason why the small or the larger sewer should

be the better ventilated.

While it is true that two systems, one for sewage and one for

storm-water, over the same area, will cost about two-fifths

more than a single combined one, yet the assumption that their

lengths will be the same is not true. The need for storm-

sewers and their necessary length to reach a watercourse are

matters to be based on a study of the local conditions, but it

is safe to say that in any city there are many blocks which would

carry all the storm-water from the centre of the block to the

cross street at the end without any nuisance or damage, and

that therefore the construction of storm-water sewers in those

blocks would be a municipal waste. In a printed discussion

of some years ago,* Mr. Robert Moore of St. Louis, stated that

on the steep streets of Kansas City, Mo., the storm-water wash

in the gutters becomes a serious matter after it has run 500 to

600 feet, and that 1000 feet is the limit of endurance. Mr.

Chanute, in replying, said that from actual experience in

Kansas City he has yet to find the water at 1500 feet the unen-

durable nuisance mentioned. From his own experience the

author believes that in small cities water from 2000 feet of paved
street does not unduly gorge the gutter or cause any annoyance.
Mr. Horner of the St. Louis Sewer Dept., says t that while

there are in St. Louis sewer inlets which drain 1200 feet of

street satisfactorily, he believes that this is a greater length

than is generally warranted, since at the lower end the flow of

water in the gutters is inconveniently deep.

On the other hand, it is more than likely that in a large part

of the city there are streets where the two sewers would have to

be carried at the same depth and in the same direction, and

*
Jour. Ass'n. Eng. Soc., Vol. III. p. 69.

t Engineering News, Vol. LXIV, p. 326.
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that therefore it would be economy to combine the two and

build one sewer for the two purposes. In what streets this

should be done, and how far it is economy to do it, must be

determined by careful study and comparative computations. It

is as grave a fault to design a separate sewer for a street that

needs a storm-water sewer discharging into the same outfall as

to build a storm-water sewer where none is needed.

It is often possible, in reconstruction or improvements, to

use an old sewer for storm-water alone with entire success,

building new sewers for the house-sewage. It is therefore

necessary to know with accuracy the sizes and grades of all old

sewers in order that if possible they may be incorporated into

the design in hand.

The regulations of the different State Boards of Health are

in many cases the real cause of determining whether a separate

system or a combined system shall be built. In New York

State, for example, no system of sewers in any community may
be built unless, according to the laws, the places have received

the approval of the State Department of Health. This approval

is withheld as a matter of established policy for plans showing

combined sewers discharging without the action of a disposal

plant into inland waters. Since the cost of purifying or

even treating storm-water is financially as impossible as it is

unreasonable, it follows that in New York State all sewer

systems are now built on the separate plan and the necessary

storm drains are built according to a separate design.

Where combined sewers are already in operation and it is

proposed to make extensions for the sake of house connections,

the attitude of the Department of Health is made to agree with

local conditions. If the extension is long compared with that

part of the combined system affected, they may require new

separate sewers laid to replace the old pipes. If short, they

may require the entire sewer system to be replaced 'by pipes for

domestic sewage, the system discharging into a disposal plant.

The construction of this last, or at least its design and a promise

to construct, is often made a condition precedent to grant-
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ing the approval for the construction of the extensions asked

for.

Sometimes extensions to combined systems are approved

provided the dry-weather flow shall be treated in a disposal

plant and that there shall also be treated dilutions of from

3- to 5 -fold, depending on the ordinary concentration of the

domestic sewage, the excess being discharged untreated into

watercourses where it is assumed, because of its greater dilu-

tion, it will not be dangerous nor cause offence.

The desirability of the sewer acting as a ground-water
drain has been strongly urged. Waring says that the primary

object of sewerage is the removal of fouled waste water and of

subsoil water. Therefore he makes a line of drain-tile laid in

the sewer-trench an essential part of his system. The sanitary

advantages of a dry subsoil are sufficiently evident and are

not a question for discussion here. Whether the sewer-pipes
shall serve for the purpose or not is of some interest. The

disadvantages apparent are the uncertainty introduced in

determining the proper size of the pipe-lines, since the amount
of ground-water flow can only be determined when it is encoun-

tered, and then for that time only, the ground-water flow being

quite as variable as any other stream flow. Again, since the

height of ground-water seldom remains permanent, it is possible

that openings left to admit ground-water may at times allow

sewage to escape, thus polluting the soil and reducing the

carrying power of the sewage. It seems better therefore either

to provide a separate line of pipes for ground-water, discharg-

ing at near and convenient points, or else to arrange for the

ground-water to enter without the opportunity for the sewage
to escape. This may be done by providing special openings,
as in a pipe with siphon attachment patented by S. E. Babcock

of Little Falls, N. Y., and described in Engineering News, Vol.

XXVII, p. 66 1, or by a special pipe, laid where the amount
of ground-water makes it necessary and discharged into the

sewer at a convenient manhole. It is the general practice

to-day, however, to omit any such connection, and if drain-
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tile are laid, to carry them separately to one or more out-

falls.

The question of drainage of cellars and low yards through

the storm-water sewers is a serious one best settled by expediency.

Like exceptionally low basement fixtures, they require for their

individual accommodation a general lowering of the sewer-line

or some special pipe or arrangement. The question resolves

itself into one of the general versus the individual good : whether

it is just to add to the general cost of the whole work for the

peculiar benefit of one or two. When the whole section is low

and relief can be given only by special means, then, as citizens,

the householders are entitled to it, but it is probable that the

individual case is more fairly neglected.

The combined system is not adapted to any case where

the sewage has to be pumped, treated by chemicals, or dis-

posed of on land; the rain-water must be kept out of the* sewers,

and no ground-water or other unpolluted water allowed to

enter in all such cases.

PROBLEMS

1. Given the formula of hydraulics Q=AC\/RS, define carefully each

of the factors used, and notice particularly the units employed.
'

2. Given the formula of hydraulics V = CVRS, show algebraically

that on the same grade a 6-inch pipe flowing half full has a less velocity

than a 1 2-inch pipe half full. Express numerically if C = ioo and S = i

foot in 100 feet.

3. Compute the velocities in a pipe if, in one case the pipe flows full,

in another, half full, and in another one-quarter full. Assume a 1 2-inch

pipe on a grade of 26 feet to the mile, and that C = 100.

4. Assume an area of one square mile on which there are 12,000 persons.

If the rainfall is assumed to be at the rate of 2 inches per hour, how much
water falls on the area in cubic feet per second? If the domestic sewage
flow is at the rate of 100 gallons per head per day, what is the sewage
flow? If one-third the rainfall reaches the sewer, what is the ratio of

storm-water flow to house-sewage flow?

5. If a 1 2-inch pipe-sewer laid, costs 90 c. per running foot and brick-

work for a 4-foot circular sewer costs $20 per thousand, and excavation

in trench costs 60 c. per cubic yard, compare the cost of the 1 2-inch domestic
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sewer with the 4-foot storm-sewer, each 3000 feet long. Brick sewer re-

quires 200 brick per lin. ft.

6. A pipe lateral system contains 18,000 feet of 8-inch pipe, 2000

feet of lo-inch pipe and 600 feet of 1 2-inch pipe. A small section con-

taining 100 people is too low to drain into the system, and it is found that

to serve this section the system must be lowered an average depth of

5 feet, the soil being a hard clay, in which excavation costs 75 cents per

cubic yard. Compute the interest at 5 per cent on this additional amount

and compare with the cost of pumping the sewage of 100 persons (80

gallons per head per day) 5 feet high, if the installation costs $650, and

the running expenses are at the rate of 20 cents per million gallons lifted

one foot.



CHAPTER II

PREPARATORY MAPS AND DATA

A PROPER treatment of the subject-matter of the last chap-

ter, as well as of many other points to come up in the study of

sewer design, will depend upon a thorough knowledge of the

physical and topographical conditions affecting the work.

It is therefore necessary to obtain certain information before

a real consideration can be given to the design proper. The

first requisite is a map on which to lay down the desired lines

of sewers, locate the mains, and determine the possible posi-

tion of the outfall or outfalls. This may be an old city map, pro-

vided it covers the ground required and is reasonably accurate,

more inaccuracy in the map being tolerated if the grades are

all good and the location of the outfall practically determined

within a short distance. On the other hand, if the ground is

generally level and the location of the outfall undetermined,

the need for accuracy in the preliminary study of grades is

correspondingly increased. This map should be drawn on a

scale of from 200 to 400 feet to an inch; and the area covered

should be that of the existing town or city, of the region where

the outfall may be located, and of all territory which may
ultimately be drained into the system; it should also include

any high land which may furnish storm-water to drain into a

system of storm-water sewers, should they be contemplated.*
It is often easiest to collect these data by taking an old map
which covers, perhaps, only a part of the territory desired and

extending it where necessary by means of new surveys. The
* In the regulations of the New York State Department of Health, it is

specified that the maps and the designs made, shall include all the territory within

the boundary lines of the city, whether the proposed construction covers the

entire area or not.

13
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old map must always be regarded with suspicion, however,
and its accuracy questioned until proved. Since it will in no

case be possible to scale horizontal distances from such a map
with sufficient exactness for the statement of the lengths of

pipe required for the proposal of the bidders, it is better to

chain the lengths of all the streets, and for the preliminary

study of grades use the true distances. These distances can be

recorded at the street intersections, as stations starting from the

centre of some street assumed as zero, and then the ^profiles

which are made will require no correction, and the first state-

ment of quantities made will be true until the pipe is laid in

the ground. This map will show (see Plate I) the location of

the lines of pipe, their sizes and grades, and the location and

character of the outfall. The sizes and grades are generally

marked by figures, thus:
, indicating a 1 2-inch pipe on a

.6 per cent grade, or a grade of .6 feet in a hundred feet. It

has been suggested that the size of the pipes might be expressed

by the thickness of broken lines, making the width of the lines

in inches equal the diameter of the pipe in feet, and the length

of the dash five times the diameter of the pipe, the spaces between

the dashes being the length of the dash, all being drawn to the

scale of the map. The advantage claimed is that on a map
reduced by photography, or otherwise, the sizes can be read

in this way when figures would be illegible. (Proc. Phila.

Engrs., Vol. XII, p. 105).

If no plans are available, a survey must be made on which

the preliminary studies can be based. A most economical

and satisfactory method of collecting approximate data is

described by ]. H. Fuertes in the Transactions of the American

Society of Civil Engineers
*

as practised by him in connec-

tion with investigations made of the New York water supplies

and in a survey for a report on an improved sewerage system

for Harrisburg, Pa. The method involves the use of two

aneroid barometers with vertical scales in feet and adjusted
* Summarized in Engineering Record, Vol. XLIII, p. 349.
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to read alike at the office at the beginning of each half day.

One barometer remains in the office, where it is read at three-

minute intervals with the times noted. The other is taken

through the city by horse and buggy and readings taken at

every street intersection, at intermediate points where the

surface grade changes, at water levels, etc. The times of read-

ing are also noted, while the distances are estimated from the

number of revolutions of the buggy wheel. The office readings,

when plotted, show graphically the variations due to changes
in barometric pressure alone and give the corrections from the

initial reading to be applied to the field readings. About

20 miles of street can be covered in a day and the elevations

should check to within a few feet of the true elevations, the

difference being too small to invalidate any preliminary plans

or conclusions. Mr. Fuertes, referring to some topographical

work done in this way outside of a certain city, gives the cost as

$457 for field work and $136 for office mapping, a total of $593.

The area covered was 9500 acres, so that the cost of the fielp

work was at the rate of 4.8 cents per acre and the mapping 1.5

cents per acre, a total cost of 6.3 cents per acre. This served

to provide a topographical map with contours at 2o-foot inter-

vals and on the scale used (one mile to the inch) made maps

very similar to those of the United States Geological Survey.
It will be necessary to have another set of maps to show

details of location not possible on the small-scale maps
details which are not needed until actual construction begins.

This work is therefore usually carried along with the construc-

tion. These latter maps (see Plate II*), made on a scale of

40 to 60 feet to an inch, are plotted on separate sheets about

20X30 inches, as nearly as the size of paper at hand makes

convenient. The paper should be of parchment or a similar

thin paper from which blue-prints can be made; if this is not

procurable, a medium weight of bond paper will serve the pur-

pose. These large-scale sheets are of great use to the field-

party, who, when engaged in staking out the line on the ground,
*
Copied from Engineering News, Vol. XXXV. p. 2.
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take from the office either blue-prints made from the parchment

paper, or the bond maps or notes made from them. On these

sheets, usually mapping two blocks, are plotted the street,

curb, and gutter lines, trees, lamp-posts, hydrants, and catch-

basins, the front and side lines of the houses and barns, the

existing water- and gas-mains, and all old sewers. The profiles

of the streets plotted just below on the same sheet show the

street surface, with lines of intersecting streets, depth of rock,

and position of all pipes and drains. Cellar-bottoms which

might govern the depth of the sewer are plotted. These last

are easily obtained by reading the level-rod on the house-sill

outside and then adding the inside measurements of the cellar

height.

The reasons for these requirements are self-evident. It

is for the city's interest to have the sewer laid in another part

of the street from the water or gas, first because thereby dangers
of breakage during construction are lessened, and second

because future repairs to any of the lines will be more easily

accomplished in separate trenches. If the sewer has to be laid

in a trench along the middle of which a water-main must be

slung up, the work on the sewer is done at an additional cost

to the contractor, who is likely to claim an "
extra

"
for it, and

with the chance of damage to both pipes. If the sewers are

laid out regardless of the position of other pipe-lines, it still

remains possible to move either line when they are found to lie

in the same trench, but the cost of this re-trenching, once or

twice repeated, more than covers the cost of a preliminary

investigation.

Information concerning the location of the water- and gas-

pipes can often be obtained from the companies' offices, but

it is rarely accurate and is often only to be had through the

good will of a foreman who has grown old on the works. The

position of gas-drips and water-gates should always be located

in the field and plotted as a check. The profiles showing the

depth of the cross-pipes are of value in determining the depth
of the sewer-pipes, and it is desirable to dig enough test-pits
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to make sure of critical points and of the main crossings. It

rarely happens that the system of sewer-pipes will lie above

the other pipes, and it is necessary, therefore, that they be

designed to come enough below to allow at least 6 inches of

dirt between the top of the sewer-pipe and the bottom of the

water- or gas-pipe. It is awkward to find, just before joining

in a lateral that is already laid, that the sewer-grade is of the

same elevation as a 1 5-inch water-main, and that the sewer

must go over or under and get back to the old grade within

50 feet. The old sewers and drains should be incorporated in

the survey and mapped with care, since they may be made a

part of the new system. They should be thoroughly examined

and their condition, grade, and position personally noted and

recorded. It may be that a small house-sewer can be laid

inside of an old storm-sewer, saving the cost of re-excavation.

The data for these maps are generally only to be obtained by
a survey, which in open and unimproved land may be made
at the time of staking out, but under ordinary conditions should

be done before, since the information is needed for the staking
out. A convenient field-party for this survey is a transit man,
two chainmen, and the chief of party, who acts as note-keeper.
In one day such a party will, from actual experience, survey
from 2000 to 6000 feet of street on both sides, taking plus

distances of fence-lines and side lines of houses* (prolonging
them by eye across the transit-line), measuring from the transit-

line to curb- and street-lines, and pacing to the front lines of

houses. The average distance run by such a party in the small

city of Ithaca in the summer of 1895 was 4400 feet per day.
This work was plotted by one man in six days, making cost of

the work, mapped and plotted, about $18.50 per day, or $22.25

per mile.

Additional data as to the cost of surveys such as might be

needed for work of this character are given as follows:

At St. Louis, where the entire cost of a careful survey of

* For detailed directions of approved surveying methods for locating buildings

along a street, see Engineering News, Vol. LIV, pp. 173, 310, 380.
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the city was $16,900, the different parts of the survey were

divided up into triangulation, n per cent; precise levelling,

1 6 per cent; topography, 36 per cent; and office work, 37 per

cent. The average cost in toto is given as $724.50 per square

mile, or $1.13 per acre.*

In the Trans. Am. Soc. C.E., Vol. XXX, p. 611, are given
a number of instances of the cost of topographical surveys in

different parts of the world, most of them, however, covering

larger areas and using other methods than those required for

the survey of towns. A letter is quoted from Mr. J. C. Olmstead

to the effect that for the purposes of landscape architecture

the ordinary cost of suitable survey will range from $2.50 to

$20 per acre, being generally about $5 per acre.

The following summary, Table I, is taken from an articlet on

the cost of survey of a 4ooo-acre tract near Chicago, and is as

complete in all details as would be needed for any sewer-survey.

The article gives an admirable description of the various ele-

ments entering the cost and their effect upon the accuracy and

total cost of the survey.

In connection with the New York State Canals, extensive

surveys were made in 1899, under the direction of the U. S.

Deep Waterways Commission. Along the Mohawk Valley

from Albany to Herkimer about 47,000 acres were surveyed
and mapped to a scale of 200 feet to an inch, with 2-foot con-

tours. The average cost was 86 cents per acre. A large amount

of detail was included, especially at the cities and villages along

the route.

Borings were made by driving a casing and washing out the

material inside by forcing water down through a smaller

interior pipe. The average cost of 55,521 lineal feet of penetra-

tion, about 2 per cent being in river bottom, and the average

depth of hole being 29.5 feet, was 54 cents per vertical foot.{

*
Jour. Ass'n Eng. Soc., Vol. XII, p. i.

t Trans. Ass'n Civ. Engrs. of Cornell University, 1898, p. 68.

J For detailed descriptions and costs of surveys in Croton Drainage Area,

see Engineering News, Vol. LXII, p. 428.
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In 1909, the New York State Water Supply Commission *

made stadia surveys of three small areas of ground, the char-

acter of the work being similar to that required for preliminary

design of sewers in outlying territory of large cities. The work

included detailed topography, the location of all railroads,

highways, buildings, fences, etc. The three separate areas

were of 18.2, 56.1, and 21.8 square miles in extent, and the

TABLE I

SHOWING COSTS OF SURVEY NEAR CHICAGO
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determined by borings or test-pits, the latter being preferable.

Enough soundings should be taken to explore thoroughly the

ground through which the sewer is to pass, since the location

of the mains may depend on the character of the ground. If

there are two possible locations for a deep main, one through

rock and one through soil, the cheaper design will of course

locate it in the soil as determined by the borings, and even a

longer line may be cheaper to build on account of the character

of the trenching. Contracts are now rarely let at a lump sum

for the system, but rather at unit prices for the different kinds

of work, so that rock found in unexpected places has to be

paid for, and goes to make the work cost more than the engineer's

estimate. Where water and quicksand are encountered, there

has as yet been found no just way of paying for the extra work

involved, and it must be covered by the percentage added by the

contractor to cover such contingencies. It may be noted here

that a cheaper and fairer method would be to pay the contractor

directly, and just in. proportion to the amount of this extra

work. In laying out the best lines, the designing engineer should

have the location of rock, quicksand, water-pockets, and soft

clay in mind, to avoid them if possible, and get the maximum

efficiency at the minimum cost. The proper attitude towards

the contractor, also, is to give him all the information possible

as to the nature of the work, in order to reduce the percentage

added for unknown difficulties and to secure closer bids.

The examination for rock is most easily made by driving

a bar or pipe, i to i| inches in diameter, to refusal, although

the method is open to the objection that a large boulder may be

mistaken for the solid rock. Such a rod, driven by mauls and

twisted by a wrench as it goes down, will easily penetrate 30

to 40 feet of soil or clay, and by the use of an open pipe a core

may be brought up. A f-inch pipe will drive better (in 8-foot

lengths the driving protected by a cap), but a 2-inch pipe will

bring up the better core. If it is decided to thoroughly explore

the ground, it is a simple and effective plan to rig up a small

hand pile-driver, using a block of wood for the weight.
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Fig. i (from Engineering News, Vol. XXIX, p. 242) shows

a portable and economical pile-driver for such a purpose. The

verticals are made of 2 X 4-inch stuff, and the hammer of a

section of an oak or other hard-wood tree which may be growing

FIG. i

Lievation

conveniently at hand. It may be run on wheels or slid on

runners. To hold the uprights steady, snub-lines are pro-

vided. The hammer is worked by hand power, three or more

men raising and lowering the weight.

Fig. 2 illustrates a test boring-machine described in Engineer-
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ing News, Vol. XXI, p. 423. The cost is given as not more

than $25, and it is said to bore through earth of any kind to a

depth of 28 to 30 feet. The drill-rod should be square, and the

flare of the chisel-point about 3^ inch on each side. The iron

cross-bar is made of bar iron, ij inches square and about 4

feet long, with an eye for the drill-rod forged in. The cross-

9 Sheave
Triangular Piece Pivoted

in Pipe Cap,
with rings for guys.

Hammer

Hammer

FlG. 3.

bar is held to the drill-rod by a set-screw f inch diameter, and

holes in the drill-rod allow the placing of a f-inch pin for the

lifting-chain to bear against.

Fig. 3 shows in detail another form of driver (Engineering
News. Vol. XXI, p. 484), the construction and arrangement

being sufficiently well shown in the drawing.

With a common wood-auger i| inches diameter, with exten-

sion-rods keyed on, and with levers 3 feet long, borings 50 to



PREPARATORY MAPS AND DATA 23

100 feet deep can be very expeditiously made in common soil

or clay. In addition, the auger will bring up samples of the

material passed through in sufficient quantity to determine

the nature of the soil. (Baker.) A post-hole auger in dry soils

will reach depths of 10 to 12 feet and bring up the soil. A more

satisfactory method in some respects is to follow the work of

the engineers for the Rapid Transit Commission in New York

City in sounding for rock on Broadway, which was as fol-

lows:
" Here two or three lengths of 2-inch pipe were driven

first to serve as a casing. In order to drive this pipe a small

portable pile-driver was used, the top of the pipe being covered

with a protecting cap. The hammer, weighing 150 pounds,
was directed between four light metal guides, and had a fall of

about 6 feet, the whole arrangement being supported on a cast-

iron stand. The hammer was raised by hand-power. After

the casing had been put down, the protecting cap was removed

and a tee screwed on in its place, and down the pipe was inserted

a f-inch wash-pipe with a chisel-point, in the corners of which

were two small holes. Water was forced into this wash-pipe
while two men worked the pipe down by hand. The water

thus discharged, washing the sand away from the foot of the

wash-pipe, flowed upward between the wash-pipe and the

casing, carrying the sand with it. This water and sand flowed

out of the side opening on the tee at the top and was caught
in a bucket and sampled by the inspector in charge."*

These borings were made at an average rate of 6 feet per

hour, three laborers and an inspector being employed on each

machine. The soil was sand and gravel, and about f of each

boring was cased.

Patton, in his treatise on Foundations, gives the following

method as satisfactory: A 3- to 8-inch pipe of terra cotta or

iron is pressed into the ground as far as possible; then a long

narrow bucket with cutting-edge and a flap-valve a little dis-

tance above the cutting-edge, opening inwards, is lowered into

* Am. Soc. C. E., Vol. XXVIII, p. 13.
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the pipe and is alternately raised and dropped. The material

is collected in the bucket, and at intervals the bucket is lifted

entirely out and emptied. This is repeated; the pipe gradually

sinks, a man standing on the top if necessary. Other sections

of the pipe are added from time to time. It becomes necessary

sometimes to pour water into the pipe to aid in the cutting and

flow of the material into the bucket. The bucket should be

connected by a rope passing over a sheave connected with a

frame or shears above. Great depths can be reached by this

method with reasonable rapidity and at no great cost.

Levels should be run and frequent benches established and

checked along all the streets. For the preliminary study on

the large map the levels are best expressed as contours show-

ing on flat ground differences of i foot. The profiles on the

separate sheets will require a vertical scale different from the

horizontal, depending on the grade of the street, and it is better

to hold to one vertical scale through all, rather than change
it for each sheet. Ten feet to the inch will generally serve,

though 4 feet to the inch is not too large for flat country. Levels

should be read at the bottom, and at the surfaces of all creeks

or brooks crossed by the sewer. Such points may serve for

outfalls or for flushing-gates, so that the high- and low-water

elevations should be found if possible.

Of late years, particularly through the experience of the

U. S. Geological Survey, much data has been collected on the

value of various methods of running levels, particularly as

those methods affect accuracy and cost. On the long aqueduct
lines now under construction, as for Los Angeles and for New
York City, similar valuable data has been acquired.*

The most common practice is to use two rodmen and to

read more than one wire on the level rod. On the Los Angeles

work the average number of miles run per day was 5.2 and the

cost including that involved in establishing frequent bench-

marks was $13.20 per mile. On the Catskill Aqueduct work,

with the same force, but with the addition of a note-keeper,
* See Engineering News, Vol. LX, p. 311, and Vol. LIX, p. 186.
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the rate was from two to four miles per day, with bench-marks

established every quarter mile.

These sheet-maps may be indexed on the large map, num-

bering the sheets to correspond with the numbers on the map;
or a separate index-map may be drawn on one of the sheets

and bound up with the others, in sections if need be.

It is interesting to note that the directions offered above,
which have been developed from the general practice of this

country, agree in scales, etc., with the instructions for similar

work issued by the Local Government Board of England (see

Rawlinson's Suggestions, 1878).*

PROBLEMS

7. If 5-foot contours on a certain map drawn to a scale of 300 feet

to the inch are | inch apart, what is the surface slope in feet per mile?

In per cent?

8. With two barometers, make a survey of an area of about 25 acres,

plotting 2-foot contours. Select a part of the city that has marked

differences in elevation and for which the street plan is available.

10. With chain or tape only, make a survey of a portion of some

assigned street (about 600 lineal feet). Record the position of all street-

lines, trees, posts, fences, including back lines of lots, houses and barns,

with all surfaces indications of underground pipes. Plot to a scale of 40

feet to the inch. Compute the cost of the survey in units of acres per

day.

11. Compare the cost of making a survey of the city of
, using

the data of this chapter and checking by the results of Prob. 10.

12. Compare the cost of digging (no sheeting) test-pits, 3 feet wide

by 4 feet long to average depths of 12 feet, with the cost of wash-borings
as given in this chapter.

13. With a given city map, estimate the cost of running levels and

establishing bench-marks for future work, assuming necessary salaries

for different members of the party.

* See also Municipal Engineering, Vol. XXI p, i6i
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RULES AND REGULATIONS FOR THE PREPARATION AND
SUBMISSION OF PLANS FOR SEWERAGE SYSTEMS
AND SEWAGE-DISPOSAL WORKS

As Enacted by the State Dept. of Health of New York State, 1912

1. General Plans. General plans on a scale of not less than 300
feet to one inch, and preferably not greater than 100 feet to one inch,

covering the entire area of the municipality, must accompany every

application in the case of a new sewer system, or any extension or modi-

fication of any existing sewer system, unless such a general plan of the

entire area of the municipality has already been submitted. These plans

must have shown upon them all existing and proposed streets, the surface

elevation at all street intersections and at all points where changes of

grade occur, and contour lines for intervals of not less than 5 nor more

than 10 feet. The plans must also show sewers upon all streets in the munic-

ipality or the sewerage district, even if the construction of some of the

sewers may be deferred. Should there be areas, which on account of

the topography, or for other reasons, cannot drain into the proposed

system, a definite statement to this effect must be made in the engineer's

report and the probable future drainage of this disregarded territory

discussed. The plans must also show clearly the location of all existing

"sanitary" and "combined" sewers, but not of drains used exclusively

for sub-soils or for surface-water; the location and general arrangement

of existing and proposed sewage-disposal works, and the location of all

existing and proposed outlets. The magnetic meridian, title and date,

and the direction of flow and mean-water elevation of the principal streams

must also be clearly shown.

2. Lettering, Figures and Symbols. The lettering and figures must

be of appropriate size, and of distinct outline. Surface elevations should

preferably be placed just outside street lines opposite their respective

positions, and at street corners, preferably in the angle outside street

line, in the upper right angle if but one, and in the other angles if mote

than one. The elevations of all sewer inverts must be shown at street

intersections, at the ends of all lines, and at all points where changes in

alignment and grade occur. These elevations must be clearly and dis-

tinctly written close to the manhole or flush-tank, parallel with sewer-

line, and expressed at least to the nearest irV foot. All manholes, flush-

tanks, catch-basins, lampholes and other appurtenances must be shown
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upon the plans in suitable symbols appropriately "referenced" in the

title. The sizes and gradients of all proposed sewers, and of existing

sewers, must be marked appropriately along sewer-lines between all

consecutive manholes or flush-tanks, with arrows showing the direction

FIG. 4.

of flow. All sewers and other appurtenances must be shown by black

lines and conventional signs, and not by colors. As an example of

the lettering to be used at a street intersection, the following sketch is

offered.*

3. Profiles. Profiles upon separate sheets, showing all sewers 12

inches or more in diameter, and all main intercepting and outfall sewers

* Plate loaned by Theodore Horton, Chief Engineer, N. Y. State Dept. of

Health.
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when less than 12 inches in diameter, and all other available profiles,

must be submitted with the plans. Upon these profiles must be shown
all manholes, flush-tanks, inverted siphons and other appurtenances.

The horizontal scale of these profiles must be at least as great as the scale

of the corresponding plans, and the vertical scales not less than 10 feet

to i inch. Both scales must be clearly shown upon the profiles. Figures

showing the sizes and gradients of sewers, the surface elevations and sewer

inverts, must be shown upon the profiles with the same frequency, or at

the same points, as shown upon the plans. All stream crossings and sewer

outlets must be shown upon profiles with elevations of stream-bed, and

the normal, high, and low water levels if these data are available.

4. Detail Plans. (a) Detailed plans of sewer sections and of all

ordinary sewer appurtenances, such as manholes, flush-tanks, inspection-

chambers, inverted siphons, as well as of any special appurtenance or struc-

ture, must accompany general sewer plans. These detail plans must be

drawn to such a scale as to show suitably and clearly the nature of the

design and all details, such as manhole-frames and covers, iron pipes and

valves, flushing-gates, siphons, etc. They should have marked upon them

all dimensions, grades and explanatory notes necessary to make them

readily intelligible and a complete guide for construction.

(6) Complete detailed plans for sewage-disposal works must be sub-

mitted in all cases where it is proposed to construct works for complete

purification at the time of the construction of the sewarage system. If,

however, it is proposed to construct only a portion of the complete works,

at this time, detailed plans of such portions only need by submitted. In

the latter case future provision must always be made for complete puri-

fication works, and a reserve area must be shown upon the general plans

for these works, and, if possible, a statement of the general type or method

which it is proposed to adopt when complete purification works may be

required.

5. Specifications, Estimates of Cost. Specifications for the con-

struction of the system of sewers and sewage-disposal works, including

estimates of cost of the same, where these have been made, must accompany
all plans for original or new systems. With plans for extensions of existing

systems, specifications may be omitted, provided these extensions are to

be constructed in accordance with specifications filed previously with

original plans.

6. Engineer's Report. A report, which would usually be written

by the designing engineer, must be presented with all plans for original

systems, giving full information upon which the design is based. This

report must include a description of the extent of area which it is proposed

to include within the system at the present time and in the future; the

estimated present and future population to be served; the estimated per
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capita rates or volume of sewage to be provided for; the allowance, if any,

for storm- or roof-water, and the full reasons for the inclusion of such

water in the system. The report should include a description of all con-

ditions peculiar to the locality, affecting in any way the design of the

system; a description of all special devices used in the design and of any

special points to be observed in the maintenance and operation of the

system. The report must contain a full description of the general arrange-

ment and all special features of the proposed sewage-disposal works, the

reasons for the choice of the method or type proposed and a full description

of the proposed operation of the plant. A full statement must be given

of the capacities of the various parts of the works, the population which

works are designed to serve and the reasons for any unusual capacities

adopted.

7. General Requirements. (a) All plans, specifications and reports

must be submitted in duplicate, and the application for approval must

be submitted on blanks issued by the Department for the purpose and

signed by the proper municipal authorities or their properly authorized

agent (in the latter case a letter of authorization must accompany the

application). If approved, the original set will in general be returned

and the duplicate set, if clear and distinct prints, on suitable paper or

cloth, will be filed with the Department according to law.

(6) In general, and except in certain restricted districts and for very

cogent reasons, the Department will approve of plans for new systems

only when designed upon the "separate" plan, in which all rain-water

from roofs, streets and other areas, and all ground-water other than

unavoidable leakage and a very restricted allowance for cellar drainage,

shall be excluded. When plans for the extension of "combined" sewers,

already built and in operation in full accordance with the provisions of

the Health Law, are submitted, approval will in general be given only in

cases where the district tributary to the sewer extension is of limited

area and cannot be included in a new and distinct sewer district con-

struction upon the" separate" plan.

(c) The Department will in general approve only of plans which include

disposal works for such complete purification as will produce a clear and

"stable" effluent. If it is proposed to omit certain portions of these

works for the complete purification of the sewage, there must be shown

upon the plan a reserve area and the general arrangement of the type,

methods and devices which it is proposed to instal in the future when

such complete works are required; and included in the engineer's report

the full reasons why any of such portions of the complete works are tem-

temporarily omitted.

(d) The approval of the Department is not required by law for drains

designed and used exclusively for storm-water, subsoil-water and for other
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purposes of drainage where no sewage or wastes are allowed to enter them.

If any sewage or other waste matter or products are discharged into such

drains, they come under the definition and classification of sewers, for

which the approval of the Department, and a permit therefrom, must

be secured in accordance with the Public Health Law and the above

regulations.



CHAPTER III

EXCESSIVE RAINS

IF storm-water drains are to be constructed, it becomes

necessary to determine, as closely as possible, the amount

of storm-water likely to enter the sewer. Evidently it will

be due to two influencing conditions: the actual amount of

rain falling in a given time, and the proportion of that amount

reaching and carried off by the sewer. Only recently has

careful observation been brought to bear on these points,

and even now only an approximate estimate is possible, as

the conditions are continually changing.

It should here be pointed out that the run-off for sewers differs

in this respect from the run-off for storage and for power pur-

poses. As long-time stream-gagings become more available-,

there is a growing tendency to disregard altogether studies of

the rainfall over the watershed, as being valueless if not

misleading. Thus Clemens Herschel has declared * that in

forming a judgment as to the discharge of a river, a knowledge
of rainfall is of no importance and that therefore rainfall

records should cease to have the attention given them as in the

illogical reports on stream flow of the past.

Mr. J. C. Hoyt, of the U. S. Geological Survey, also says f

that it is difficult to understand how engineers can continue

to estimate run-off from rainfall data.

For maximum rates of run-off, however, a knowledge of

maximum rates of rainfall is essential and the local conditions

known before any indication of the probable run-off is obtained.

It may also be asserted that, while the annual rainfall

is an interesting meteorological study and while engineers
* Trans. Am. Soc. C. E., Vol. LVIII, p. 30.

t Trans. Am. Soc. C. E., Vol. LVIII, p. 34.

31
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interested in water-power and water-storage will continue to

refer to the amount of water falling per year as a basis for

their studies, such facts have no bearing on the needed capacity
of sewers. The fact that in New England the annual rainfall

is about 40 vertical inches and in Kansas only 20, does not

mean that the sewers in the former area must all be twice

the capacity of those in the latter. Nor is it necessary, because

the rainfall in Washington is 1 20 inches per year to build sewers

there three times as large as in New England. There is then

a difference between the amount of rain falling per year and

some other characteristic that determines the necessary size of

a sewer.

In this country the first extended study of the subject was

made by Col. J. W. Adams in designing the early sewers for

Brooklyn. He noted the fact, since emphasized by A. J.

Henry in a special report of the Weather Bureau, that excessive

rains, or those that do damage, are naturally divided into two

broad classes: (a) rains of great intensity and short duration,

and (b) rains of light intensity and long duration; and that of

the two classes, the first are far more damaging and destructive.

Col. Adams, after consulting all the meagre rainfall records

available, chiefly those of 1849 to J 856, and noting that there

were but 19 days in .which the rainfall in 4 hours was an inch

or over, and but 15 days in which the rainfall for the entire

24 hours was as much as 2 inches, that the heaviest storms

reported were two of i\ inches in 4 hours, and that there was

no reported occurrence of as much as i inch within the hour,

concluded that if he made provision in his Brooklyn sewers

to carry off a rainfall of i inch per hour it would be sufficient.

The two reports on the sewerage of Providence, one by

J. H. Shedd, published in 1874, and one by S. M. Gray, pub-
lished in 1884, represent the next advance in the study of the

question of rainfall. Mr. Shedd noted that of 185 storms

recorded for the 26 years before 1860 only 20 were at a rate

of over \ inch per hour, while 165 were of less, and that of

139 storms recorded in the 14 years, 1861-1875, 20 were over
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\ inch, and 119 were less. Mr. Gray pointed out that great

care must be taken to determine the exact duration of the

storm, and also of the heavy showers that may fall during a

long rain, and that meteorological records are to be used only

with great caution. He explained that the records, as generally

made, can seldom be depended on for the rates of fall, since

as a rule they give only the total amount of rain falling at

certain times, paying little heed to the exact time when the

storms begin or end; that is, the records fail to distinguish

between a fall of i inch within the hour, however short the

actual duration of the storm, and another which continues

at a constant rate for the whole hour. Mr. Gray, however,

gave no precise data as to the proper amount to be considered

in the case of the Providence sewers.

With the demand for more knowledge, aroused in great

part by the work of a few engineers, came more data from

different parts of the country to which the engineers of the

Boston Water Board contributed largely. It was soon found

that the early records were not entirely trustworthy, that the

location of the gage had not been well considered, and that

the rate of fall could not be derived with any exactness from

published records either public or private.

In 1888 the U. S. Weather Bureau began reporting excessive

rains, i.e., rains of 2.50 inches or more in twenty-four hours

and of i inch or more in one hour, but from the nature of the

observations it is rarely known, in the case of rains of an inch

or more in an hour, whether the rain was of an even intensity

for the whole period, or whether most of it fell in a small

fraction of the time. These records, with such value as they

possess, are now available, as noted at the Weather Bureau

stations through the United States (see Monthly Weather

Review) .

By a study of these figures it is seen that rainfalls of the

rate of an inch per hour, assumed by Col. Adams and Mr.

Shedd to be rare, are by no means infrequent. It is now

proved that such storms occur several times a year, instead of
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once in several years as was thought to be the case; also, that

rains of a much heavier rate occur, lasting from ten to forty

minutes. For example, in 1890 there were reported in New
York State eleven storms contributing over an inch in an hour,

and in Massachusetts six.*

In the spring of 1889 five self-registering rain-gages were

stationed throughout the country. This number has since

been increased to over two hundred, and there are now published
in the Monthly Weather Review tables of maximum rainfall in

five-, ten-, and sixty-minute intervals, giving valuable data

for all parts of the country.

The special bulletin
" D "

of the Weather Bureau for 1897

deals largely with this question of excessive rains. This bulletin,

issued in direct response to the request of a number of civil and

municipal engineers, gives the maximum intensities at Weather

Bureau stations equipped with self-registering rain-gages.

Its accompanying text is, in part, as follows:
"
Excessive rains of high intensity are not prevalent on the

Western coast, although there the total annual rainfall is greater

than in any other portion of the United States. In the Western

States are found the most violent rains of this class, that is,

the cloudbursts of the mountainous and arid regions. The

rain seems to pour down rather than to fall in drops. The

amount of water falling has never been ascertained. In August,

1890, a storm passed over Palmetto, Nev., and contributed to

a rain-gage, not exposed to the full intensity of the storm,

8.8 inches in an hour. In August, 1891, two storms passed

Campo, Col., within a few moments of each other, and the

gage, before being carried away by the storm, showed a fall

of 11.5 inches during the hour. But these downpours are

found only between the Sierras and the foothills of the Rockies;

while the common heavy rainfalls are found east of the io5th

meridian, and principally during the summer months. They
are most frequent in connection with summer-afternoon thunder-

storms, but occasionally occur in the track of the West Indian

* Weather Review for 1890.
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TABLE II

HIGHEST RATE PER HOUR OF RAINSTORMS OCCURRING AT
WASHINGTON, D. C., DURING THE PAST 16 YEARS

For any Inches. Date.

5 consecutive minutes .

10
"

.

15

20
"

.

25

30
"

.

40
"

.

50
" "

-

60
" "

.

120

7-50

4 50

3-90

3.6o

3-15

2-75

2.30

1.98

1.23

Sept.

Sept.

June

June
June

June
June

June

June

July

3, 1882

16, 1888

27, 1881

27, 1881

27, 1881

27, 1881

10, 1876

10, 1876

10, 1876

26, 1886

TABLE III

MAXIMUM INTENSITY OF RAINFALL FOR PERIODS OF 5, 10, AND
60 MINUTES AT WEATHER BUREAU STATIONS EQUIPPED WITH
SELF-REGISTERING GAGES, COMPILED FROM ALL AVAILABLE
RECORDS.

5 Minutes 10 Minutes. 60 Minutes.

Bismarck 9 . oo

St. Paul 8.40
New Orleans 8.16

Milwaukee . . 7 . 80

Kansas City 7 . 80

Washington 7 . 50

Jacksonville 7 . 44
Detroit 7 . 20

New York City 7 . 20

Boston 6.72
Savannah 6 . 60

Indianapolis 6 . 60

Memphis 6 . 60

Chicago 6 . 60

Galveston 6 . 48
Omaha 6 . oo

Dodge City 6 . oo
Norfolk 5-76
Cleveland 5 . 64
Atlanta 5 . 46

Key West 5 . 40

Philadelphia 5 . 40
St. Louis 4 . 80
Cincinnati 4.56
Denver 3 60

Duluth 3.60

6.00

6.00

4.86

4. 20

6.60

.08

.00

.92

2 .OO

1.30
2.18

1-25

2.4O

1.78
2 . 2O

2.15

4.98
6.00

3-9

4.80

5-92

5.58

4.80

4.20

5.46

3.66

5.46

4.80

4.02

3-84

4. 20

3-30

2.4O

I. 60

1.68

2. 21

I. 60

1.86

i. 60

2-55

i-55

i-34

i-55
I . 12

1-50

2.25

1-50
2.2 S

1.70
1.18

i-35
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hurricanes. They are more abundant on the Gulf and South

Atlantic coasts than at inland points."

This report shows for Washington, D. C., 73 storms rain-

ing at the rate of i inch per hour or over in fifteen years before

January i, 1897. For Savannah, 62 in eight years; for St.

Louis, 36 in the same time. To show that the intensity becomes

a maximum as the time of the storm becomes less, the table

opposite is given.

Table III from the same Bulletin shows, in another form,

the same thing. It gives the maximum intensity of rainfall

for periods of five, ten, and sixty minutes at Weather Bureau

stations equipped with self-registering gages, and is compiled

from all available sources.

Table IV, abridged from a paper by C. W. Sherman * on
" Maximum Rates of Rainfall at Boston," shows again the

relation between the intensity and length of the storm.

TABLE IV

MAXIMUM RATES OF RAINFALL, AUTHENTICALLY REPORTED
FOR THE EASTERN UNITED STATES

Duration
in minutes
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have been reported as follows, the figures given showing the

intensity in inches per hour:*



38 SEWER DESIGN

Mr. Mitchell very properly points out that while the

occurrence of very heavy rains lasting a few moments only is

interesting, such rains have but little practical significance, both

because they occur at such infrequent intervals and because they
affect so limited an area. He also recalls that such extraordinary

occurrences are considered by the courts before whom suits

for damage have come *
as beyond the need for considera-

tion in engineering work, being thus classed with earth-

quakes, fires, strikes and other calamities impossible to

foresee.

Mr. J. N. Hazlehurst, in studying the question of excessive

rains for the purpose of designing sewers for Mobile, Ala.,

found f that the maximum intensity for a storm lasting for thirty

minutes was 3.1 inches, for sixty minutes, 2.7 inches and for

1 20 minutes 1.5 inches. He concluded, however, that such

storms were so infrequent as to be not worth considering and

he assumed an intensity of 1.5 inches per hour as a practical

maximum to be cared for in designing the sewers.

The first extended and detailed study of the excessive

storms for a single locality was made in 1889 by Emil Kuichling,

C. E., who included in his elaborate report to the city of Rochester

on the East Side Sewer a discussion of the probable rainfall,

and the amount of storm-water to be expected. His work,

based on the records of the Weather Bureau at Rochester,

Oswego, and Buffalo, and on other records kept at Cornell

University, Mt. Hope Reservoir, Hemlock Lake, and by two

special employes of the city, emphasizes the fact, as just given,

that the rate of rainfall varies with the unit of time chosen

for the rain-measurement, and that for the greatest intensities

a shorter period than an hour must be chosen for a unit. He
also points out that the area covered by a storm is of limited

extent, and that the heavier the rate of fall, the less the area

affected. From his observations, however, he finds that gen-

erally the clouds which furnish the rainfalls of large rate extend

*i33 N. W. Rep. p. 835; 32 N. Y. p. 489.

t Engineering News, Vol. XLVI, p. 26.
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farther than any single drainage-area within ordinary municipal
limits.

The relation between the intensity of a rain and the duration

of that intensity, shown by Table III above, was brought out by

Kuichling very clearly, by means of which he finds a method

of determining the duration of any rain of a given assumed

intensity. A similar method is generally applicable. The

exact relation is unreliable, as it varies in different localities,

and, the data being uncertain, it is probable that for some time

to come conclusions will be only approximate. The method

outlined is, however, the best available for gaining this first

step in determining the amount of rain to be considered in the

sewer design.

The method may be reduced to the following: First collect

all the rainfall statistics that are available for the city in ques-

tion and for any other places that are in the same locality and

under the same meteorological conditions. Unfortunately

such data are usually defective in accuracy and in the time

covered, but no other method will ever give as good results

as a study of past records. With all the available data at hand,

compute the intensities of all rainfalls whose rate of fall is

greater than J inch per hour, regardless of the duration of the

storm, and for every recorded storm, plot a point on cross-

section paper with the intensity as ordinate and the duration

of the storm as abscissa. A number of points, each correspond-

ing to a storm, are thus obtained. The rainfalls of low intensities

are, of course, most frequent, so that that part of the diagram
will be well studded with points; but the isolated points repre-

senting the heavier rains will usually be sufficient in number

to show that the shorter rains and heavier intensities correspond,

and that there is some proportionate relation between the two.

By joining the points by a series of broken lines, selecting those

points which represent the greatest recognized intensities for

that time, an irregular envelope is found, the ordinates of which

give the probable maximum intensities for that locality for the

corresponding period of time. This envelope is only located
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with judgment, and it may be necessary to omit two or three

uncommon and rarely severe storms.

Several years ago Prof. A. N. Talbot of the University of

Illinois made use of the U. S. Weather Bureau records for the

group of States considered, in making a study of the maximum
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both cases rectangular hyperbolas. After drawing the two

curves their equations were determined to be

for the curve of rare occurrence, and

y =^g_

for the rains of frequent occurrence, where y is the rate of rain-

fall in inches per hour, and x is the duration of the storm in

minutes. The two curves give the following comparisons,

which Prof. Talbot says are found to hold pretty generally

throughout the country in spite of great differences in the total

annual rainfall.

10 minutes' duration, 9.0 or 4.2 inches rate

20 " "
7.2 or 3.0

30
" "

6.0 or 2.3

45
" "

4.8 or 1.7

60 " "
4.0 or i.4

In checking his two curves it was noted that they were

drawn so that the rainfall shown by the upper curve of max-

imum rain would be exceeded once in 83, 107, 100, and 91 years

for the North Atlantic, South Atlantic, Gulf, and North Central

States, respectively; and that the other curve would be exceeded

once in 3.6, 3.1, 3.8, and 3.7 years for the same group of States,

respectively.

In commenting on the individual city records, Prof. Talbot

says:
" In summarizing the data of seventy-one years of rain-

fall of self-recording gages shown on these diagrams, it may be

noted that the curve of rare rainfall has not been reached in a

single instance, and that the curve of ordinary maximum rate

of rainfall for periods of less than forty minutes has not, with
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one exception, been exceeded in any marked degree. It is

further probable that in each of these cities storms giving rates of

rainfall for any length of storm up to forty minutes will reach the

values given by the curve y =
105

at least as frequently as

two or three times in ten years."

In St. Louis Prof. Nipher has used the same method to

STORM INTENSITIES

AT

ROCHESTER, N. Y.

3 4 5

DURATION OF STORM IN HOURS.

FIG. 6.

determine the probable intensity for a given duration, and has

plotted the storms of that city in the manner indicated above.

He also assumed an equilateral hyperbola as the enveloping

curve, and determined its equation to be ^# = 360. This was

made up from the rainfall records of St. Louis extending over

a period of forty-seven years.

Kuichling plotted (see Fig. 6) the local data of Rochester

combined with that of two neighboring stations, and used two

straight lines as, the envelope of the points instead of the hyper-
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bola used formerly.* These two lines meet at a point of the

diagram representing a duration of one hour and an intensity

of .87 inch. The line to the left of the point of intersection

is quite steep, while that on the right is more nearly horizontal.

The combination shows very clearly that the maximum intensity

of the rainfall diminishes rapidly as the duration increases from

a few minutes to an hour, and that for rains of uniform intensity

lasting more than one hour the rate of diminution is quite

RELATION BETWEEN
INTENSITY AND DURATION
OF VARIOUS STORMS

CHESTNUT HILL RESERVOIR,
BOSTON
1879-1901

1 2
Duration of Storm in Hours

FlG. 7.

slow. By getting the equations of the two enveloping lines, he

has for storms of less than one hour ^ = 3.730.05060;, and

for those over one and less than five hours the relation

;y
= 0.990.0020;. Repeating the work for Rochester alone,

he gets y 2. 10 0.02050;. Kuichling distinctly states that

no great accuracy can be claimed for this formula, nor can he

recommend it for general use, despite its great value in the

* See Trans. Am. Soc. C. E., Vol. XX, p. i.
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connection for which it was made. "
It is/' he says,

"
merely

an attempt to utilize the available data as to the local rainfall

o o
jnow J9d sauoui ui iiDiuioy jo

in a rational manner, and to remove the subject of urban

sewerage from the realm of vague conjecture."

Fig. 7 shows a diagram from the paper* by C. W. Sherman

* Trans. Am. Soc. C. E., Vol. LIV, p. 176.
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already referred to, based on rainfall records at Chestnut Hill

Reservoir at Boston. His equations, in logarithmic form,

are y =
-

o687 ,
for rains of maximum intensity for any period,

*v

and y =
'

687
for rains giving the greatest intensity of pre-

00

STORM INTENSITY AT

WASHINGTON AND BALTIMORE

Washington Storms =

1 2

DURATION OF STORM IN HOURS

FIG. 9.

cipitation which it would ordinarily be necessary to consider

in engineering design.

Figs. 8 and 9 show similar diagrams from the report of the

Sewerage Commission of the City of Baltimore, 1897.

Fig. 10, prepared
*
by Mr. George S. Webster, Chief Engineer,

* Trans. Am. Soc. C. E., Vol. LIV, p. 210.
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Bureau of Surveys, Philadelphia, shows three curves, the

upper one for the storms of maximum intensity observed for

the nine years for which self-registering rain-gages made

m

s
o
a

I 2

t!

exact records possible. The middle curve represents storms

of extraordinary rainfall, occurring about once a year. The

lower curve represents the maximum intensity of ordinary
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storms. The equations for the three curves are y= 05253
00

y = ,
and y = > respectively.

Fig. n, from an article
*
by J. de Bruyn-Kops, of Savannah,

Ga., shows even more markedly the variation in the position

of the curve, depending on the number of infrequent, isolated

RELATION BETWEEN
INTENSITY AND DURATION

OF VARIOUS STORMS
SAVANNAH, GA.

1889.1906

Maximum

Once in 2 years
Once in each year

each year
3 times each year
A times each year
times each year

30 45

Duration of Storms in Minutes

FlG. ii.

storms of maximum intensity, which are chosen to locate the

position of the curve on the diagram. In Fig. n there are

seven curves, each one so drawn as to indicate definitely the

intensities of. storms of designated frequency, varying from

storms of such high intensity as to give absolute maxima for

the seven years considered through those storms occurring once

* Trans. Am. Soc. C. E., Vol. LX, p. 250.
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in two years and once a year to storms as frequent as five times

a year. The equations of Mr. Bruyn-Kops are shown in the

following table:

TABLE V
TABLE SHOWING EQUATIONS FOR RAINFALL CURVES FOR STORMS

OF VARIOUS FREQUENCY SAVANNAH, GA.

Maximum storms y = -

x+ig
T^-,

Storms occurring once in two years y-

04.
'

' I 4 I
Storms occurring once a year y = j

Storms occurring twice a year y =

Storms occurring three times a year y
--

Storms occurring four times a year y = ~

Storms occurring five times a year y =
#+16

Fig. 12, from an article
*
by C. E. Gregory of the firm of

Hering & Gregory, on "
Rainfall and Run-off in Storm Water

Sewers," shows some of the curves above referred to together

with one by Edwin Duryea,f and three prepared by himself

from various records of high intensity storms. His equations

are y = ~r, y = ~Y an(^ ^ = ~T f r the curves numbered 4, 9, and
*V vV *V

8 respectively. The last is particularly selected as applicable

to winter storms, the intensity of which is shown to be less than

storms at other seasons of the year. By this diagram, it is

seen that if the curves numbered 2, 10, and 3 are eliminated

as giving excessive values for ordinary engineering practice;

the others are similar both as to form and position on the diagram
and the fact is thus emphasized that the curve must indicate

to the best judgment of the engineer, not only the existing

relation between the duration of the storm and its intensity,

but also the frequency of the storms considered.

* Trans. Am. Soc. C. E., Vol. LVIII, p. 458.

t West. Soc. C. E., Vol. IV, p. 73.
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The judgment of the engineer in placing the curve on the

diagram is aided chiefly by a study of the possible damage to

be done by a storm so great as to overflow the sewers and.

fill the basements, injuring whatever may be housed there.

Evidently, if a sewer capable of taking care of the largest storms

known should cost $25,000 more than one sufficient only for

1. Kuichling
. Talbot

3. Sherman
4. Gregory
5. Sherman
ft, Talbot
7. Duryea
8. Gregory
9. Gregory
LO. Hering

1 2

Duration of Rainstorm in Hours

FIG. 12.

the maximum storms coming once a year, the cost of the

occasional damage due to infrequent rains must not be less than

the accumulated interest on $25,000 or the larger sewer is not

worth what it costs. Mr. E. W. Clarke of the Board of Public

Water Supply of New York City says
* that the extent to

*
Engineering News, Vol. XLVIII, p. 388.
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which the saving in the size of sewers occasioned by assuming
storms of less than the absolute maximum is carried, must

be offset by occasional damage suits, including costs, and an

important factor in the latter is the use made of the buildings

occupying the area drained. If the watershed were covered with

business blocks, where extra stock was stored in the basements,

and were subject to water damage, it might easily happen that

one suit decided against the city would cost more than would

justify the construction of the smaller sewer. In residential

districts, on the other hand, an occasional flooding of the cellars,

that is, once in three or four years, might cause comparatively
little damage or even inconvenience. In Kansas City, Mo.,
the practice according to Mr. J. B. Balcomb *

is to design the

main sewers with the expectation of flooding every ten years,

branch sewers every five years, and laterals every two years.

The possible future development of a district must, however,
not be lost sight of, nor the fact that sewers known to be

inadequate and subject to overflowing may seriously affect

real estate values and manufacturing enterprises and so indi-

rectly be a source of loss to the city.

When the curve has been finally fixed on the diagram show-

ing rates of fall varying directly with the duration of the storm,

what rate is to be taken as that by which the sewers are to be

designed? Following Kuichling, the time by which the intensity

is made determinate should be equal to that required for water,

starting from the point on the line of the sewer farthest from

the outfall to reach that outfall. It is plain that, considering

the outlet-pipe, a maximum flow will occur when all the laterals

are discharging their maximum at the same time. But as some

laterals are near and some far away, it is possible for one set to

have discharged its volume before the water from the more

distant pipes has reached the outfall; so that a rain must

continue at a definite rate for a definite time in order that

the outfall discharge may represent the maximum discharge

due to that rain-intensity. The time required must be that

*
Jour. West. Soc. C. E., Vol. XV. p. 706.
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necessary for water to flow from the farthest laterals. This

time with its corresponding intensity will give the greatest

probable discharge at the outfall. A secondary maximum

may occur as follows: If a part of the contributing territory

should be steep and near the outfall, it may be that the higher

rain-intensity corresponding to the shorter time for that section

will give more storm-water at the outfall than the less intensity

over the whole section. It can be worked out by trial in a

few sections and the rain conditions for the real maximum
determined. The time required for the passage of the water

from the farthest point to the outfall is a matter of trial and

judgment. From five to eight minutes is allowed for the rain

to pass along the ground from where it fell to the nearest inlet

to the sewer or to the gutter if inlets are not located at each

block corner. Two feet per second may be taken as a min-

imum rate of flow in the sewer, and 15 feet per second as the

maximum, but between the two the rate of flow will depend
on the 4surface grade and on the size of the pipe. Therefore

the size and grade of the imaginary sewer must be assumed

for a preliminary trial. From the surface grade and intensity

thus established the sizes can be roughly worked out, and if

very different from those assumed at first, the new intensity

must be found and the sizes redetermined. It must be remem-

bered that not all of the rainfall is carried off by the sewers,,

and that only a certain proportion is to be considered, a subject
taken up in the next chapter.

It has been pointed out by some writers
*
that, since no rain

can be assumed to flow uniformly for any length of time, but

that rather it increases in intensity to some maximum and

then decreases, it is an error to require the theory of the duration

chosen to depend on the assumption that the entire area is affected

equally by a storm of any certain intensity. It is argued that

if a certain time is required for a drop of water to reach the

outlet from the most distant point, then those distant points,

*
Engineering News, Vol. XLVIII, p. 387, Jour. Assn. Eng. Soc., Vol. XX,,

p. 204.
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were affected by rain of a different intensity from nearer points,

which can discharge their share of the run-off only after the

crest of the rainstorm has passed. By assuming a number
of zones around the outfall, an additive method has been

developed
*
by which each zone has its approximate duration

and intensity. The resulting average time of concentration

Is thus shown to be only about one-half that if the rain were

assumed to fall uniformly for the entire period. It is believed,

however, that such a refinement is not justified. There are

rains falling with a maximum intensity almost uniformly for

the short period involved in these studies. The rate of rain-

fall is only one factor in determining the run-off and the other

factors, such as slope, form of the tributory area, and character

of the surface introduce such uncertainties that any attempt
to subdivide the time of concentration into the time by zones

Is more of theoretical mathematical interest than of real practical

advantage/ Further, if another rate of rainfall than that

shown by the observed time elapsing from the beginning of the

storm to the time of the maximum flow in the sewer, checked

in the case of Rochester at least by the actual time required for

water to reach the outfall from the most distant point, is taken,

then other values than those found in Rochester for the per-

centage of the rainfall reaching the sewer must be taken.

For an example of the use of the diagrams described above

see Chapter XIV.

PROBLEMS

14. Using the data of Table II plot a curve similar to that shown in

Fig. 4 and derive its equation in the form y = ..

15. Plot the data of Table III, using logarithmic paper, and derive

the equation of the curve passing approximately through those points

a
of the form y = -y.

*
Engineering News, Vol. LXI, p. 265; Engineering Record, Vol. LIX, p. 265;

Trans. Am. Soc. C. E., Vol. LVIII, p, 458; Vol. LXV, p. 321; Jour. Ass'n Eng.

Soc., Vol. XX, p. 204.
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16. Refer to the judicial decisions of p. 38 and summarize the

opinion of the court in those two cases.

17. From the publications of the U. S. Weather Bureau, secure data

on maximum storms covering a period of 10 years for the city of

Construct an intensity diagram and draw two curves, one for maximum

storms, and one excluding storms more infrequent than once in 3 years.

18. Change the form of the equations of Table IV to that of the

equation for the Philadelphia curves, and judge of the frequency of

"storms of extraordinary rainfall" by the comparison.

19. If an extraordinary storm, occurring on the average once in 12

years, might cause an estimated damage of $25,000, how much money
might reasonably be spent on enlarging a sewer designed to safely carry

storm water from maximum storms occurring once in 3 years?

20. Using data from Monthly Weather Review plot curves for three

typical storms in order to show the relation between duration and intensity

for any one storm.



CHAPTER IV

PROPORTION REACHING THE SEWERS

THE maximum intensity of the rainfall to be cared for by
the sewer having been determined, either by carefully examining

the tabulated records or by making a diagram of the storms,

as indicated in the last chapter, the other part of the problem,

already stated, needs to be solved, viz., what proportion of the

amount of rain fallen reaches and is carried off by the sewer,

and at what rate of flow does the discharge take place? Evidently

these are variable quantities, depending on many unknown

conditions. The general slope of the surface, its geological

character, its physical condition, whether paved or unpaved,
the amount of roof and yard surface compared with lawn

and garden surface, the grade of the lateral sewers, and the

temperature of the air as affecting evaporation, will all influence

that proportion. Perhaps more than any other condition,

the previous state of the atmosphere will affect this amount.

If there has been for some time before the excessive rain a steady

drizzle, so that the ground has been well soaked and made

partially impervious, the amount afterward absorbed by the

soil is very small and the sewer receives a correspondingly larger

amount of water. It is therefore impossible to say, even with

a surface of known slope or known physical conditions, that 50

or 70 or 90 per cent of a rainfall will enter the sewer, because

no account can be taken of the soil permeability.* The only

absolute conditions occur when there is no exposed surface,

that is, when the district is entirely covered with roofs; then,

of course, all the rain is discharged at once into the sewers.

One method suggested for determining the rate of discharge

is to compare the time required for discharge with that required

*
Jour. West. Soc. C. E., Vol. IV, p. 152.
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for the rain to fall; but this relation, depending as it does on

the conditions already mentioned, is uncertain, and therefore

the method cannot be regarded as reliable. It has, however,

been stated that, judging from the limited number of observa-

tions accessible, in none of which was the time for discharge

from the sewers as short as twice the duration of the storm,

but rather exceeding this three, four, and five times, it is always

possible to divide the rate of rainfall by at least two to get the

rate of discharge. But this must be the result of imperfect

observations and inattention to details. Col. Adams reports

using a series of gagings made in London by Mr. Wm. Hay-

ward, Engineer to the Metropolitan Board of Works, London,
and designing the Brooklyn sewers to carry off one-half the

rainfall, believing from his study of those gagings that his

sewers would have twice as long to discharge the rain as it takes

to fall. Therefore, having decided that a rainfall of i inch

per hour was to be expected with sufficient frequency to make
a provision for it desirable, he made the sewer of such size as

to take care of half an inch per hour over all the territory drain-

ing to that sewer. Other English experiments, which are given

by Baldwin Latham, and on which most of the work done in

this country has apparently been based, were made in London
in 1857. Here the Savoy Street sewer, draining an entirely

built-up part of London, discharged from a rainfall of i

inch in one and a quarter hours 0.34 cubic foot per second,

or 34 per cent of the rainfall. Later Sir Jos. Bazelgette, in

the Savoy Street and Ratcliff Street sewers, determined that

from rainfalls of 2.9 inches in thirty-six and twenty-five hours

there was discharged an average amount equal to 64.5 and

52 per cent respectively. From these gagings and a few

others the engineers of the London Main Drainage Works
concluded that a rainfall of 0.25 inch would discharge 0.125

inch, while one of 0.40 inch might discharge 0.25 inch. In

1865 Col. Wm. Hayward published a gaging of another Lon-

don sewer, showing that of a rain of 2.75 inches in thirty-six

hours 53 per cent was discharged, and in 1858 of a rain of 0.24



56 SEWER DESIGN

inch the same sewer discharged 74 per cent; and in the same

year the Irongate sewer, from a district entirely paved and

built up, discharged 94 per cent of a rainfall of 0.54 inch in

five hours, and in August the same sewer discharged 78 per
cent of a rain of 0.48 inch in 1.67 hours. Kuichling, in citing

these records, notes the absence of details as to the character

of the rain, manner of observation, location of gages; and

suggests possible inaccuracies in the recorded percentages.

He quotes another gaging by John Rae, C.E., engineer of the

Holborn and Finsbury sewers, who states that during the con-

tinuance of a rain of i inch per hour 41 to 54 per cent of the

precipitation will reach the sewer, according to the amount
of garden or lawn surface upon the drainage area. Kuichling
adds:

"
Upon the foregoing indefinite data, which may be found

quoted more or less extensively in nearly every treatise on

sewerage, and in most of the elaborate reports, engineers have

hitherto been content to rely, and thus it has come to be in some

measure traditional that about 50 per cent of the rainfall will

run off from urban surfaces during the progress of the storm,

while the remainder may follow at leisure." Until the recent

(1889) work of Mr. Kuichling, this has been undoubtedly true,

and in Providence, Brooklyn, St. Louis, and other cities the

old sewers, often gorged and overflowing, have proved that

the old assumptions in regard to rainfall are not accurate, but

require modification. Of late a German formula has been much

used, in which the coefficients may be modified for different

kinds of surface, and the amount of run-off considered in the

design has thereby been much increased. The discussion of

this formula is reserved for the next chapter.

Kuichling proved by his experiments at Rochester that

these inconsistencies and failures were due to the unit period

of time used both for the rainfall and for the gagings. He
observed that the volume of water discharged at different

stages at the mouth of an outfall sewer increased and diminished

directly with the intensity of the rain, and that a certain time
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was required in each case before a change in the rate of rain

was manifested in the outlet. In preparing the design for the

East Side Sewer an extensive series of observations were car-

ried out, containing valuable data and contributing largely to

our knowledge of the subject. The four rain-gages, already

alluded to, gave him as accurate a knowledge of the rainfall

as was possible without automatic gages. Simple self-recording

gages were placed in the principal outlet sewers of the East

Side, and the cross-sections, dimensions, and slopes of those

sewers were all carefully determined. It was noted even with-

out the gage-reading that slight variations in the rate of pre-

cipitation were quickly felt in the sewers, and the flood-heights

therefore were due to the maximum intensity of the rain,

usually lasting but for a few moments, and not to the average

intensity for the whole period of the storm. Moreover, the

periods of maximum intensity of rainfall corresponded closely

with the period of maximum discharge, and in a rain of varying

intensity the volume of sewer-discharge followed the rain in

parallel waves.

The drainage-areas were carefully determined, so that the

actual volume of the rain falling was obtained, and the amount

discharged was calculated by Kutter's formula from the height
of flow in the sewer, as shown by the gage, and from the hydrau-
lic slope of the sewage. During 1888, 17 storms were gaged,
their intensities varying from 0.24 inch to 3.20 inches per
hour in the different sewers. A summary of the results is given
in the following table, for which Kuichling claims no great

accuracy, since the amounts of the intermediate showers were

not always well known, though the totals are reliable. They
are well worth regarding, however, as being the only careful

records of the relation of rainfall to sewer-discharge that are

available.

It can be seen on inspection that the discharge from District

X is invariably the largest, accounted for by the fact that it

has the largest proportion of roof-surface and other impervious

ground-covering. The effect of a light rain immediately pre-
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TABLE VI*
SHOWING THE COMPUTED PERCENTAGES OF THE HEAVIEST

RAINFALL DISCHARGED FROM FIVE DIFFERENT CITY DIS-
TRICTS BY THE RESPECTIVE OUTLET SEWERS DURING
THE PERIOD OF MAXIMUM FLOW, ALSO THE AVERAGE
VALUES OF SUCH PERCENTAGES.

Arranged with reference to duration of heaviest rainfall.

Date.
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ceding is clearly seen, and the variation in the percentages

discharged from the same district. From the most urban

district the maximum discharge was 58.2 per cent of the

rainfall, and from' the most rural it was as low as 4.0 per

cent.

The following gives the general characteristics of the several

drainage districts (Kuichling's Report, Table XIX).
District I. About one-half of this area has a dense popula-

tion, averaging about 35 per acre, and is well developed, while

the remainder is thinly settled, with much agricultural or

vacant land. Nearly all of the existing streets are sewered or

graded, but only a small proportion of the aggregate length is

improved with macadam, the rest having earthen roadways.

Soil-surface is generally clayey loam, interspersed with some

gravel. Surface slightly undulating, the average slope of the

sewered streets being about 1:150. Sewer-grades range from

1:47 to i: 910. Outlet sewer is of good rubble masonry with

flat segmental invert of brick. Length of main and tributary

sewers at Gage No. 2, is 10.35 miles.

District IV. Area is generally well developed, beginning in

the central portion of the city and extending northerly to

Gage No. 8, in the form of a comparatively narrow strip

about 4800 feet long by 1 200 feet wide on the average. All

of the streets are sewered and graded, and about one-third the

aggregate length is improved with stone block, asphalt, macadam,
and gravel pavement, the macadam, however, predominating;

the remainder of the streets have common earthen roadways.

Along the principal street (North Avenue) many large business

blocks have been built, but the rest of the territory is occupied

chiefly by residences. The population may be taken at about

32 per acre. The houses are generally large, and lots of medium

size. Below Gage No. 8 few of the streets are improved,

and there is considerable vacant land. The soil is mainly a

clayey loam, with muck in the lower portions. The surface

slopes gently to .the north as far as the N. Y. C. & H. R. R. R.,

and then becomes very flat. The average grade of the streets
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is about i : 130, and the sewer-grades range from i : 50 to i : 630.

At the gages the outlet sewer is of good rubble masonry with

flat and somewhat irregular rocky bottom. Length of main

and tributary sewers at Gage No. 8 is 4.37 miles.

Districts IX and X. Discharge measured by Gages Nos. 18

and 19, in East Main and Alexander Street sewers respectively.

The former serves a small but densely populated area traversed

by the principal street, while the latter serves a large and well-

developed residential district. In District IX the sewer grades

range from i : 54 to i : 400, and the average surface-slopes of the

streets is about 1:151; and in District X the sewer-grades range

from 1:70 to 1:330, the average surface-slope being 1:172.

From its general character this latter district should give the

greatest percentage of rainfall-discharge, as the amount of

roof-surface is here proportionally the greatest. The length

of main and tributary sewers at Gage No. 18 is 0.76 mile.

District XVII. Discharge measured by Gages No. 30
and 31 in the Griffith Street sewer. The tributary area is well

sewered and developed, and the average density of population

may be estimated at about 35 per acre. Every street has an

improved roadway, about one-fifth of the total street-surface

being asphalt, one-fourth stone block, and the remainder

macadam and gravel pavement. Numerous large business

blocks and apartment-houses are found on the territory, but

the greater portion of it is occupied by residences, standing

generally on lots of medium size, although in about twenty-

five acres of the area the lots are very deep and afford oppor-

tunity for additional streets. The surface-grades in about

one-half of the area are of good inclination, while in the remainder

they are rather flat, the average being about i : 240 for Gage
No. 30 and i: 175 for Gage No. 31. Sewer-grades vary from

i: 100 to 1:350. The soil is generally a clayey loam, and much

of the rainfall is as yet absorbed into the ground. Length of

main and tributary sewers at Gage No. 30 is 2.56 miles.

In an article on flood-waves by Alvah Grover in the Trans.

Am. Soc. C. E., Vol. XXVIII, an apparatus is described for



PROPORTION REACHING THE SEWERS 61

automatically measuring the height of waves in sewers.* The

heights thus obtained, plotted on the same sheet and to the

same scale as the depths of rainfall, give at a glance the relation

between the two. The article in question is largely devoted to a

description of the apparatus, but the relation between five

storms and the resulting sewage-flow is given. The largest

percentage found is as follows:

Date.
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2.4 times the average, obtained by dividing the total effluent

due to the storm by the number of seconds of flowing. Hence

it will be seen that the necessary capacity will be 0.5 X =J
o o

of the rainfall per second.

TABLE VII

TABLE SHOWING THE RAINFALL AND STREAM-FLOW ON THE
SUDBURY RIVER

Month.
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suburban territory in Berlin to J of a rainfall of 2.9 inches in

Koningsberg
After a careful study of his records Kuichling formulated

the following conclusions:
"

i. The percentage of rainfall discharged from any given

drainage-area is nearly constant for rains of all considerable

intensities and lasting equal periods of time. This can be

attributed only to the fact that the amount of impervious

surface on a definite drainage-area is also practically constant

during the time occupied by the experiments.
"

2. The said percentage varies directly with the degree

of urban development of a district, or, in other words, with the

amount of impervious surface thereon. This fact is clearly

shown by the large percentage derived from the relatively

most developed district, X, in contrast with the smaller per-

centages from the relatively less developed districts, IX, IV,

and XVII, and the least improved district, I.

"3. The said percentage increases directly or uniformly

with the duration of the maximum intensity of the rainfall

until a point is reached which is equal to the time recorded for

the concentration of the drainage-waters from the entire tributary

area at the point of observation; but if the rainfall continues at

the same intensity for a longer period, the said percentage will

continue to increase for the additional period of time, but at a

much smaller rate than previously. In other words, the pro-

portion of impervious surface slowly increases with the duration

of the rainfall.

"
4. The said percentage becomes larger if a moderate

rain has immediately preceded a heavy shower, thereby partially

saturating the permeable territory and correspondingly increas-

ing the impervious surface.

"5. The sewer-discharge varies immediately in all appre-

ciable fluctuations in the intensity of the rainfall, and thus

constitutes an exceedingly sensitive index of the rate and its

variations of intensity.

"6. The diagrams also show that the time when the rate
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of increase in the said percentages of discharge changes abruptly

from a high to a low figure, agrees closely with the computed

lengths of time required for the concentration of the storm-

waters from the whole tributary area; and hence the said

percentages at such times may be taken as the proportion of

impervious surface upon the respective areas."

Since the early work of Kuichling in Rochester no similar

work on a generous scale has been reported to the engineering

world. In 1908, a committee of the Boston Society of Civil

Engineers was appointed
*

to compile available data and to

direct experiments to be made by members of the society, on

this subject. Some work has been done, but no report published.

Similarly, the Sanitary and Municipal Section of the Western

Society of Engineers has undertaken to collect data from their

members. The engineers in charge of sewer work in Phila-

delphia, in St. Louis, in Cleveland, and doubtless in many
other cities, have on hand experimental data giving valuable

comparisons for those particular cities and is much to be hoped
that they will some day allow them all to be published. The

time may come when the uncertainties of the percentage of

run-off to rainfall will be recognized as so great as to make
values based on it useless. Then if accumulated records

will allow, storm-water flow can be referred directly to area and

surface conditions. Until such data are available, at all events,

a percentage of the rainfall is the only known method of approx-

imating to the truth.

Three large districts of Chicago have been studied, the

sewage measured and the rainfall gaged. L. K. Sherman

presented the results f to the Western Society of Engineers,

Jan. 15, 1912. The unit of time used however was the day
so that the effect of short storms of high intensity is not shown.

It was demonstrated that while the maximum rainfall was

such as to deliver water to the area at rates of 95, 47, and 48
cubic feet per second per square mile, the run-off was 50, 15,

*
Engineering News, Vol. LIX, p. 219.

f Jour. West. Soc. Engrs., Vol. XVII, p. 361.
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and 38 cubic feet per second, or 52, 32, and 78 per cent. These

districts are 22 square miles, 8.3 square miles and 0.15 square

mile in area, and the densities of population are given as

19, 5.3, and 35 per acre, the last being in the centre of the

business district of South Chicago. This verification of the

work of the engineers of 1860 is a tribute to the work of those

pioneers.

Mr. Parmley, after much experience in Cleveland, believes*

that, for safety in business districts, 100 per cent of the rainfall

should be expected to reach the sewers. For residence districts,

he suggests 20 to 50 per cent, although he says that where

the lots are not large and the district is well built up, the per-

centage of the rain entering the sewer may be 70 per cent.

In Kansas City, approaching the problem from the other

side, Mr. Balcomb f has assigned values to the amount of

rain in inches per hour that may be expected to be absorbed

by surfaces of various soils. Thus he assumes that paved
streets absorb 0.50 inch per hour at the beginning of a storm,

decreasing to 0.25 inch at the end of fifteen minutes, and that

garden soils absorb i.oo inch at the beginning, decreasing to

o at the end of 120 minutes. Most engineers, however, prefer

the direct percentage, although absorption is undoubtedly
one of its important factors.

Some experiments were carried on by students { of the

College of Civil Engineering (Cornell) in 1910, in which it was

found that from a residential area of 42 acres on a steep side-

hill, the maximum percentage of rainfall intensity shown in the

sewage flow was 34.8. The resident population, exclusive of

students, was 22 per acre, and was not different from other sub-

urban property where there is one house and a lawn to every 100-

foot lot with occasionally one not built on. In the thesis based

on these experiments, it was pointed out that the needs of

growing vegetation should be considered, since the amount

*
Jour. Assn. Eng. Soc., Vol. XX, p. 212.

t Jour. West. Soc. Engrs., Vol. XV, p. 707.

J Thesis by P. Z. Horton and R. Taylor, 1910.
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of rain absorbed by grasses and vegetation generally was an

important factor quite distinct from the amount of percola-

tion into the ground.

Mr. Alvord, who has had a long practical experience in the

application of the theory of run-off to actual construction,

lays great stress on the absorption capacity of the soil.* He
believes that the earth becomes a great storage reservior after

a dry season and may entirely absorb the water from a short

storm. He shows that a certain district of Chicago, of an average

residential character, would require by theory a sewer 8| feet

diameter, but by reason of the soil conditions, the existing

sewer 4 feet diameter, J the capacity, is found to be large enough.
Mr. J. H. Fuertes f has reported that by actual measure-

ments of rainfall and run-off, he found the percentage on an

open field, of hard clay soil, covered with grass, on a 5 per

cent slope to be 29 per cent, a high ratio for grass land.

Perhaps no better summary can be had than that given

by Professor Marston, who says: J
" The most important part

of this paper (by C. E. Gregory) seems to the writer to be the

general presentation of the following principles:
"
First. The water falling on the so-called impervious area

of an ordinary sewer watershed does not all run off as fast

as it falls, but part of it accumulates in increasing quantities

on the surface during downpours of moderate length, such as

cause the maximum discharges from sewer districts of ordinary

size.

"
Second. As the storm continues at the same rate, the ratio

of run-off from the impervious area to the rate of rainfall

increases, owing to the increased depth and velocity of the sur-

face flow toward the sewer, until, finally, if the storm lasts long

enough, the rate of run-off from the impervious areas becomes

equal to 100 per cent of the rate of rainfall.

"
Third. The pervious area becomes more and more

*
Jour. West. Soc. Engrs., Vol. IV, p. 154.

f Jour. West. Soc. Engrs., Vol. IV, p. 170.

I Trans. Am. Soc. C. E., Vol. LVIII, p. 498.
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saturated with water as the storm continues, and there will

be a percentage of run-off from pervious areas increasing from

o for short storms to quite a large percentage for storms last-

ing several hours.
" There can be no question as to the general truth of these

three principles, but when the author (Mr. Gregory) attempts
to go further and present definite curves and formulas, purport-

ing to show the exact laws of change in the percentage of run-

off with relation to the time elapsed since the beginning of the

storm, the writer believes he is going beyond what the present

meagre data from gagings of storm-sewers warrant.
"
These data are not very extensive, and the author himself

points out their many defects. For many years engineers have

been criticising the old run-off formulas, and new formulas,

based on insufficient data, should be avoided.
"
All that engineers are at present warranted in doing is to

make some deduction from 100 per cent run-off from the imper-

vious areas for short storms in favorable cases, and some increase

above o per cent (say varying up to 20 per cent for one-hour storms

with average soil and slopes) in the run-off from the pervious

areas for long storms, both the deduction and the addition being

at present left to the judgment of the engineer, in view of his

general knowledge and his familiarity with local conditions."

To still further emphasize the fact that there is no infallible

rule for predicting the percentage of rainfall for which sewers

are designed, Mr. C. B. Burdick has prepared
* the diagram

shown in Fig. 13, which gives the practice of the various cities

named in the matter of sewer capacity. Since the difference

between the rainfall curves of various cities is rather a cjuestion

of position on the diagram than of actual difference in rate of

rainfall, the figure shows for a district of 100 acres (about

20 blocks) a minimum run-off of 0.18 cubic foot per second at

Gary and a maximum of 1.9 at Baltimore. If the time of

concentration be taken at forty minutes for such a district

(distance of flow would be about 4000 feet) and, from Fig. n>
* Trans. Am. Soc. C. E., Vol. LVIII, p. 507.
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the rate of rainfall be taken at 2 inches, then the percentage

for Gary is only 9^, while in Baltimore it is 95 and in St. Louis

it is 70. With such variation in values, it seems hopeless to

COO}" lOOTcOt COiO-*CO<M'-IOC"CC>t-COiO-*CO
<M*. <M* J OJ r-5 r-5 r-5 rH rH r-5 r-5 r^ rH rH

aaoY agd'oog aad.jgg.i oiqno tn^o-uny;

extend efforts on perfecting details of any one factor while the

combined factors give such widely different results.

A proper solution of the problem calls for a careful study

of the district to be drained, with careful attention to the soil,

the shape, the slope, the relative amount of impervious area,

all uncertain and not susceptible of mathematical expression.
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With the effect of the size of the district, i.e., the time of con-

centration, upon the rate of rainfall in mind, a proper value

for the latter can readily be selected, but the proper percentage

of this to be used in determining the size of the sewer is far

more uncertain. The methods developed in the next chapter

will be of service for such a purpose.

PROBLEMS

21. Show that for a rainfall of i\ inches per hour on an impervious

area, the run-off is approximately 2\ cubic feet per second.

22. From any city plan available, scale not less than 200 feet to the

inch, determine the percentage of some district, of about 100 acres, that

is devoted to street surface.

23. In a residential district of a city, inspect three selected blocks,

pacing distances between street centre lines and estimating as closely

as possible the areas of roofs, determine the percentage of roof area and

street pavement area to total areas of the blocks.

24. Assume an area of 100 acres to be of three different shapes, wide

and shallow, square, narrow and deep. Assume further that the path of

the sewer may be either around the edge of the area or along a diagonal.

Show how such changes would affect the time of concentration if the

velocity remained the same.

25. Assume a square area of sides equal \ mile and assume that

this area has varying slopes from o to 10 per cent (take i per cent,

2 per cent and 5 per cent as intermediate values). Assuming a rainfall

to follow Fig. 6 (lower curve) with 35 per cent of the area impervious
and the rest not contributing. Show the effect of the slope on the time

of concentration and on the sewage flow. Establish a relation between

Q and S.



CHAPTER V

RELATION OF DENSITY TO PERCENTAGE

WHILE it is evident that more rain will be discharged into

a sewer from a closely built-up territory than from an open and

agricultural district, yet so far as the data of the last chapter

go, no light has been thrown on the proper variation of the

percentage as determined by the relative amounts of pervious

and impervious surface. Our knowledge on this subject is

due to Mr. Kuichling.

If it is assumed, as indeed seems reasonable, that the

density of population bears a direct ratio to the percentage of

impervious area in a given district, and if that ratio is once

determined under general conditions, the determination for

other places of their population-densities will serve approx-

imately, at least, by means of the same ratio, to determine

the percentage of impervious surface also, and so the percentage

of the rainfall discharged through the sewers. The relation

between the population and the impervious surface was found

by a laborious compilation of the amount and character of

street-surface, roofs, lawns, gardens, etc., and of the population,

all in typical districts, and by a reduction of all the areas of

semi-impervious nature to the areas of impervious surface,

equivalent in discharging power. It was assumed that the

duration of the storms was such that even from impervious

pavements not all the rain was discharged an assumption

only justifiable in dealing with storms of great magnitude,
whose duration is expressed in minutes. For long rains even

garden or lawn surfaces may reduce the losses due to evapora-
tion and surface inequalities, so that if the duration of the

storm is sufficient, the surface becomes practically impervious;

but in general such soils will absorb nearly all the rain falling.

70
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In some German practice it is customary to deduct such surfaces

from the contributing area.

The various kinds of relatively impervious surface found

on urban territory were classified by Kuichling as follows:

1. The different varieties of roofs from which nearly all

water runs off.

2. The first-class sidewalks and pavements, such as asphalt,

and cut-stone blocks or brick with asphalted joints.

3. The second-class sidewalks and pavements, such as the

common Medina blocks with large open joints.

4. The third-class sidewalks and macadam or gravel

pavements.

5. Ordinary graded roadways and similar surfaces.

From the best pavements and sidewalks a considerably

less proportion of water is discharged than from roofs because

of the irregularities of surface and because of the absorption

by the dust and dirt, even if the surface itself is practically

non-absorbent. The other classes, of course, retain a still

larger percentage, owing to deeper depressions and ruts and to

the greater absorptive power of the material itself.

By an analysis of the conditions in cities like Buffalo, Syracuse,

and Rochester it was found that in well-developed city dis-

tricts there are on an average 32 persons per acre.* With an

assumption of 5.6 persons per dwelling, there should be therefore

about six dwellings per acre in such territory. In the cities

investigated it was further found that about 27 per cent of the

entire area was occupied by public streets and alleys, of which

43 per cent, or one-tenth of the entire surface, was provided

with some kind of pavement varying in quality with the char-

acter of the district. In the growth of cities this proportion

is likely to increase, it was observed, until all of the 27 per

cent has some more or less impervious pavement. A certain

roof-area was assumed for the six dwellings, and that for an

assumed business block or tenement added, with something

more for possible barns or sheds for each acre, the result being
* In Ithaca, N. Y., by actual count there are 26.2 in the residential district.
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that 1 8 per cent of the acre would probably be roof-surface.

To this was added the impervious surface of the streets, which,

with due allowance for the future, was taken as 16 per cent

of the acre, making in all 34 per cent impervious, the rest being

well-compacted earthen surfaces of back yards and courts

which are specially drained. These last were taken to be of

such a character and amount as to discharge rain-water from

an area equal to 25 per cent of the whole. For a density of 50

persons per acre it was assumed that there were no vacant

lots, that both the dwellings and the business and apartment

buildings were more crowded together, since the land is more

valuable, and that therefore the roof-surface amounts to 28

per cent of the acre. The amount of street-surface will not

differ materially from the amount previously estimated, but

nine-tenths of it, or 25 per cent of the whole, may be regarded

as impervious. Since the yards are more likely to be paved,

they may be considered to discharge an amount equal to 28

per cent of the whole. Similar analyses were made for other

densities, and the final relations determined on are as follows:

TABLE VIII

Average
Number of
Persons per

Acre.
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roof-surface and improved street-surface and paved yards

seldom reaches 100 per cent, as there are always a few open

spaces, gardens, small parks, etc., so that for areas of any

magnitude, even in the largest cities, the limit may be set at

90 per cent. The street-area cannot exceed 27 per cent of the

entire area unless yards be included, when it may amount to

40 per cent; and the roof-area will reach 60 per cent, as a

maximum, for cities like Rochester.

But the paved streets are not absolutely impervious, only

relatively so, and the hard-earth yards, while allowing some

rain to run off, also retain some, so that the percentages given

above are only of the areas to be considered. It remains to

determine what proportion runs off from the four classes. The

loss of water by absorption and evaporation from roofs is gen-

erally so small in heavy rains that it may be neglected, so

that the roof-surface may be taken as truly impervious. As

to the percentages furnished from pavements and sidewalks

the amount varies with the quality of the pavement; and while

no record of exact experiments was available, it was estimated

that from a well-paved stone or asphalt pavement 80 per cent

of the rain ran off. From well-kept macadam or gravel roads

from 30 to 50 per cent of the rain was obtained, and, inter-

polating for other pavements, for second-class sidewalks and

stone pavements the discharge would be 60 per cent; for the

best macadam, 50 per cent; and for inferior macadam and gravel

roads not more than 40 per cent would reach the sewers during

a hard storm. The proportion to be expected from the hard-

earth surfaces of streets and yards is evidently subject to

great variation, but it was assumed that it would be 20 per cent

of the rain falling.

Correcting Table VIII by these percentages of discharge,

and assuming, as indicated by the Rochester studies, that the

quantities of the different classes of pavement were divided

as given, in proportion to the different densities, we obtain the

following table:
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TABLE IX

Average
Number

of
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TABLE XI

75

TABLE SHOWING PERCENTAGES OF DIFFERENT KINDS OF SUR-
FACES IN A TYPICAL DISTRICT OF ITHACA, N. Y.

No. Persons
per Acre.
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By reference to Table VIII it is plainly seen that if it were

residential area, the roof surface and road area would accord

with a population of less than 15 per acre, and that therefore

by Table X there should be somewhat less than 15 per cent

the intensity of rain found in the rate of run-off. The max-

imum storm measured had a flow of thirty-five minutes at the

rate of 0.78 inch per hour, the duration being that for

concentration. The rate of rainfall was 46.0 cubic feet per
second for the entire area and the maximum run-off was 2.5

cubic feet or 5.4 per cent. The entire storm lasted 3^ hours, and

the ratio of the entire volume of run-off to the entire rainfall

was 19.3, the run-off, however, lasting sixteen hours.

In New York City in 1888, gagings
*
by Rudolph Hering

were made of the run-off from a district in the lower part of the

city containing 221 acres. The time of concentration was

probably about forty-five minutes. The percentages of rela-

tively impervious area were as follows:

Roof.
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vious surface diminishes until that surface reaches a limit of

80 or 90 per cent, corresponding to a density of about 75 per-

sons per acre. Beyond this density there can be no material

increase of such surface, since then the whole available area

becomes covered with pavements and buildings, and any
additional population is accommodated by crowding more

persons into the houses. It is also proper to remark that the

figures given refer only to certain average urban conditions

and are therefore subject to such modifications as may be

appropriate under different conditions. For example, in a

rapidly growing suburban village the amount of water delivered

from the surface twenty years hence may be very different from

what the present indications would show. The measured

amounts of water, in the case of Rochester, served to check

the assumptions made, and have shown that they are very
near the truth, so that there can be no doubt that the method

as given will furnish, except under very exceptional conditions

of building or surface, results nearer the truth than can be

obtained in any other way.

PROBLEMS

26. Assuming 5 persons per house, determine from a count of the

number of houses in a given district the number of persons per acre. Pace

the distances needed to determine the area.

27. By noting where additional houses might be built arid where

business blocks might be put, estimate the possible future density of popu-
lation of this same district.

28. On a given area of 240 acres, 50 acres are under roof, 36 acres

are brick pavement, 15 acres are stone block, 12 acres are bituminous mac-

adam, and 60 acres are hard earth streets and yards. What is the per-

centage of reduced fully impervious surface in percentage and what

population per acre does it correspond to?

29. In a part of Ithaca, population 26.2 per acre, the lots are 66'

X 132', and the blocks are 10 lots long and two deep (660' X 2640. Esti-

mate the size of a house and the amount of street surface in a block to

compare with Table VIII .
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MATHEMATICAL FORMULA

WE have seen how the amount of rainfall to be provided
for in a sewer depends on the rate of rainfall and on the dura-

tion of the storm; that this amount is an uncertain quantity,

and that its value is generally made to depend more on a long-

established custom than on any experimental certainty. We
have seen that the rate of rainfall may vary from the least

dampness through rates of an inch per hour, which is the rate

usually given in the text-books, up to 4, 5, or even 6 inches per

hour. We have further seen that the maximum rate is a func-

tion of the length of the storm, and that it is not possible to

make a determination of a rain rate unless the length of the

storm considered is also known. It has been pointed out that

while high rates are usually only for short periods, they may
nevertheless be more troublesome than a more moderate rain

lasting a longer time and yielding a larger volume. We have

seen that the period of time adopted as a unit is of importance
for calculating the intensity of the storm, and that the size of

the district from which the run-off is to be determined governs
the choice of this. period. The fact that the condition of the

ground, its slope, porosity, degree of saturation, all have an

influence on the proportion of rainfall furnished to the sewers

has also been pointed out. And the evident conclusion is

that there is a wide latitude for judgment, that it is not possible

to make a design with the precision used in other engineering

constructions, but that the size of the storm-sewer can only
be properly designed by carefully considering the district to

be served, and by basing the judgment, which must be used,

on as thorough an acquaintance with the district as possible.

In spite of all the uncertainty as to the data of the problem,
78
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various attempts have been made at different times to express

in mathematical terms the relation existing between the rain-

fall, the general slope of the surface, the drainage-area, and the

storm-water discharge, but experience has proved them all more

or less unsatisfactory. Could the coefficients of these formulae

be well known by experiment, and then could they be used

by the same investigator on similar territory, doubtless the

results would be sufficiently accurate; but the coefficients are

made by one engineer and their values used by another, whose

knowledge of the original conditions can be at best very limited.

As to the density or character of the district, often nothing

more is known than that the territory is
"
urban."

The best-known formulae are those of Hawksley, Biirkli-

Ziegler, Adams, and McMath. The following analytical com-

parison is taken from a lecture by Emil Kuichling delivered

before the Association of Civil Engineers of Cornell University

in 1893.*

Hawksley's formula was probably established some time

between the years 1853 and 1856, and was the result of an

endeavor to find the relation existing between the diameter

of a circular sewer and the other factors above named, on the

assumptions of a rainfall of i inch per hour, one-half reaching

the sewer, with the sewer-grade parallel to that of the street.

This formula expressed analytically the relations brought out

in a table prepared by John Roe, showing the measured dis-

charges from a number of sewers in the city of London, during

and after rain-storms of different intensities and under other

different conditions. An intensity of i inch per hour was

regarded as the maximum for which provision should be made,

as rains yielding more than that are exceedingly rare in Lon-

don. Hawksley considered that this rate was general, and

concluded, therefore, that a formula based on the measurements

made would serve for any other sewer to be constructed in

that vicinity a fair conclusion, except that it omits any con-

sideration of the character of the soil or of the relative amount
* See also Trans. Am. Soc. C. E., Vol. LVIII, p. 458.
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of impervious surface. The formula was first published in

this country in the report of James P. Kirkwood on the Water-

works of Brooklyn. It was used by Sir Joseph Bazelgette and

Mr. William Haywood in preparing the plans for the main

drainage-works of London, and has been much used elsewhere

both in this country and in England.

In its original form it was

log
10

or, divested of its logarithmic form,

where d = diameter of sewer in inches;

A = number of acres drained
;

N = length in which the main falls one foot, which equals

i/s, where s is sine of slope,

If i/s be substituted for N, and D in feet for d in inches

or

moDw = = 0.0001010
98135

This formula is still used by the Borough of Brooklyn

except that the term 6.8 in the formula is changed to 8, making

A3

Since the rainfall is assumed to be i inch per hour, and

since half of it is assumed to enter the sewers, these two factors

are really understood, so that if r = the rainfall in inches per

hour reaching the sewers, which is equal to the actual rainfall



MATHEMATICAL FORMULAE 81

multiplied by some constant, depending mainly on the char-

acter of the surface, the substitution of this gives

A3

D10 =
o.oooioigr

3
,

with c = ^, and r i
;
but

and

v =

assuming the constant 100: R is the hydraulic radius and s

is the slope; but R for a circular pipe flowing full D/^. There-

fore

Q= -50VD.S =39.27Vn5
s,

4

whence

W-2-V.i.
,39- 2 7/

or

39- 2 7

Equating this value of D10 with that from the formula

given above,

Q Y i AW
.

= 0.0001010
,

,39.277 s2 s

or

which is a modified form of the Hawksley formula.

Adams, on the ground that experience showed that, while

this formula was sufficiently satisfactory for small districts,

it gave sewers of inadequate dimensions in the case of larger

areas, proposed a modification of the ordinary formula for
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flow in pipes in order to secure a satisfactory capacity for all

sizes.

Taking the formula as deduced above,

Q
39.27 s 1542.$

he changed the exponent of D from 5 to 6 in order to get a larger

value for the amount of run-off:

^4
Then substituting

-- for <2, on the assumption that ^ of

a precipitation of r, =i inch per hour, will reach the sewer

during this period of time, he has

6168.5

Ar
For any other value of r than unity,

- - would have to be

substituted for Q, giving

D =
6168.5

But for the flow in the conduit, as above,

and equating the two values of D,

Biirkli-Ziegler published in 1880 a paper on the discharge

of sewers,* and in it proposed a variation of Hawksley's for-

* Introduced into this country in 1881 by Rudolph Hering in his classic report

to the National Board of Health.
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mula, to allow its use under other conditions than those of

the London districts. In French units his formula was

TVi ;

where g = volume of storm-water (in liters) reaching the sewer

per second from each hectare of surface drained;

c = constant varying with the character of the surface;

r = average rainfall in liters per hectare per second during

the heaviest fall;

S = general fall of the surface per thousand
;

A = area drained in hectares.

Biirkli-Ziegler recommended that for ordinary conditions

c be made 0.60 for thickly populated urban districts and 0.25

for suburban ones, with an average value of 0.50, and that the

maximum rainfall assumed be taken at 125 to 200 liters per

hectare per second.

One liter per hectare per second equals 0.0143 cubic foot per

second, so that the rainfall corresponding to 125 to 200 liters

per hectare = 1.79 to 2.86 cubic feet per acre per second, or

rainfalls of 1.79 and 2.86 inches per hour.

Transforming the whole formula into English units, reading

Q in cubic feet per second per acre, r in inches per hour, A
in acres, s for S, and making, by definition, s = S/iooo, we have,

Q = c 7.05?- .0143 4;
\ *

the values of c corresponding to 0.25 and 0.60 will be in English

measure 1.76 and 4.23, and for the mean 3.52, so that the formula

in English, if Q = the total discharge, is
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where c has the values just given, and r is taken at values of

1.79 to 2.86 inches per hour.

In 1887 Robert E. McMath of St. Louis published in the

Transactions of the Am. Soc. C.E.* a paper on the necessary
size of sewers to discharge the run-off from the excessive rains

of St. Louis, and deduced a formula which by actual experience

was so framed as to answer every purpose for that city. It

was derived by observing, during periods of excessivejrains, the

sewers which were overcharged, and plotting them as points

on a diagram whose abscissae were the areas drained in acres,

and whose ordinates were the calculated capacities of the sewers,

computed by Kutter's formula. By drawing a curve that should

pass above these points of surcharge and below or among the

other plotted points taken from sewers of known capacity,

the constants and coefficients for the curve were used as those

to represent the run-off to be expected. The equation of the

curve taken was.

=0.75X2.75^7^

Q being the quantity of water reaching the sewer in cubic feet

per second, and A the area drained. In symbols it would be

where c' is the proportion of the rainfall reaching the sewers,

after making the proper allowance for evaporation, absorption,

and retention. The value taken at St. Louis, probably for the

built-up part of the city, was 0.75. The symbol r stands for

the number of cubic feet of water falling on an acre per second,

or practically the rainfall in inches per hour. It was assumed

by Mr. McMath to be 2.75 inches per hour, s is taken as the

mean surface-slope in feet per thousand, and in the diagram

is made 15. The form of the Biirkli-Ziegler formula was taken,

and if S be changed to s, whence S equals looos, so that c =

c'1 1000, it will be comparable with the others. Mr. McMath
* Vol. XVI, p. 179.
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adds that the improvement over the Biirkli-Zeigler formula

lies in the fact that the latter, based as it is on observations

of small areas, is inapplicable to districts containing 1000 acres

or more, while the St. Louis coefficients make the formula good
to 10,000 acres.

In a report to the city of Baltimore by the Sewerage Com-

mission (1897) is a report by Rudolph Hering and Samuel M.

Gray, Consulting Engineers. The four formulae given above are

discussed therein, together with a fifth deduced from diagrams

prepared for the Department of Public Works of New York

in 1889. This discussion is as follows (the formulae are here

repeated for convenience) :

Hawksley: Q = c-A*r*s*\ for r = i, ^ =
3.95.

Adams: Q = c-A*rh**\ for r = i, ^ =
1.03.

Blirkli-Zeigler : ()
= c rA fs* .

for ^ = 2.75, cr = n.6i for built-up areas;

cr= 9.59 for average city areas;

^ =
4.79 for rural areas.

McMath: Q = cr-$*A*',

for 7 = 2.75, cr = 8.2i for built-up areas;

^ =
3.39 for suburban areas.

N. Y. diagrams : Q = cr A 8V7

;

cr = 10.59 ^or completely built-up areas;

7 = 8.97 for well-built-up areas;

cr = 6.59 for suburban areas.

Rainfall. Assuming all the factors except the run-off and

the rainfall to remain constant, the formulae become:

Hawskley : Q = const. X r76
.

Adams: Q = const. X r83
.

Blirkli-Ziegler: Q = const. X r.

McMath: Q = const. X r

N. Y. diagrams: Q = const. X r.

Hering and Gray say:
" There is hardly a question that,
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all other factors being equal, the run-off from such small areas

as are considered for city drainage should vary directly with

the rainfall in all cases of heavy storms, and also for short periods

if absorption and evaporation can be neglected. Therefore,

as these assumptions can generally be made for city work, the

three latter formulae, which have a direct variation with the

rainfall, are preferred.

Slope.
" When the maximum rate of fall does not cease

before the run-off from the entire area has reached its lowest

point, then for this area the run-off will be independent of the

slope. But when the maximum rate ceases before this takes

place, the slope will have a decided influence upon the amount

of water accumulated. The greater the slope of the surface,

that is, the steeper the territory, the more rapidly will the water

run off and accumulate along the lowest lines. It is not prac-

ticable at this time to state how large the area must be before

the variation of the slope should be considered. It depends

upon the maximum rate of rainfall, upon the steepness of the

area, and upon other local conditions. Assuming that the

run-off increases with the slope, what is the ratio between

these two quantities? If all factors except these two are assumed

to be constant, then the ratio in the different formulae is shown

as follows:

Hawksley: Q = const. Xs'
25

.

Adams: Q = const. X^083
.

Burkli-Ziegler: Q = const. Xy25
.

McMath: Q = const. Xr20
.

N. Y. diagrams: Q = const. Xs'
27

.

" The exponent showing little variation indicates that there

is but slight difference in the formulae as to the weight attached

to the slope, but that the N. Y. diagrams with the largest

exponent give it the most importance.

Area.
" The larger the area the greater is the total run-off.

But the larger the area the smaller is the run-off per unit of

area. This variation is important and demonstrates that a



MATHEMATICAL FORMULAE 87

drain taking the water from a large area, say 100 acres, does

not require to have ten times the capacity of one taking the

water from only 10 acres.

"
If it is assumed that all the factors are constant excepting

the run-off and drainage-area, then the above formulae give the

following values :

Hawksley: Q = const. XA'75
.

Adams: Q = const.

Biirkli-Ziegler: Q = const.

McMath: Q = const.

N. Y. diagrams: Q = const.

" From this it is seen that the coefficients fail to show any

great difference in the formulae.

"
All the formulae have the form

Q = c-r
xA zSx

.

" From what was said above, the only formulae giving any
other exponent than unity to r are those of Hawksley and Adams,
and it is as well to ignore such variation. Therefore the pre-

ferred formulae have the form

Q = c-r-A
xSx

.

As they are practically derived independently of a knowledge

of the exact maximum rainfall, we may substitute for c-r the

one value C and write

In the Biirkli-Ziegler formula we may therefore write,

for the greatest storms, values for c-r or for C, modifying the

numerical values to correspond with the slope in feet per

thousand :

C = n.6i for built-up areas;

C= 9.59 for average city areas;

C= 4.79 for rural or suburban areas.
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McMath's formula for St. Louis gives:

C = 8.2i for built-up areas;

C = 3.39 for rural and suburban areas.

On the N. Y. diagrams the values are:

C = 10.59 for built-up areas;

C= 8.97 for average areas;

C= 6.59 for rural areas.

In the design of the Walworth Run Sewer in Cleveland,

use was made of an original formula :

fs*

Q-ACRjfc
or in the form of p. 85

a somewhat lower value of the exponent of s, but otherwise

very similar to the others. The values of c-r chosen range

from 3 to 7, the latter being for the most densely built-up part

of the city. Fig. 13 already referred to shows that the form

of the equation is not the important factor but rather the value

assigned to the constant C. This has already been shown to

vary not only with the amount of impervious surface, but

with other factors, so that an engineer in one city might properly

assume 75 per cent of the rainfall to enter the sewers while in

another city, with the same rain intensity and impervious area,

50 per cent might be ample. It is impossible to reduce a ques-

tion of judgment and experience, such as the assignment of a

proper value to C becomes, to the fixity of a mathematical

table. The opinion of an experienced engineer on this point

should always be sought by a young engineer with no previous

experience who is designing storm-sewers.

As a further example of work done in this direction, Fig.
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15 is given, taken from the report on the drainage of the city

of the surveys, gagings, and observations made by the city

of New Orleans, 1895. These curves are based upon the results

engineer's department under the advice of the advisory board

during the years 1893 and 1894, and upon a comparison of

these results with those of similar observations in other cities

presenting like conditions.

Fig. 1 6 shows an ingenious arrangement which converts the

solution of the McMath formula into a mechanical process.

The logarithms of the quantities involved are taken and plotted

to form the runner and scale of a slide-rule. The device is

the invention of Mr. A. S. Crane, formerly of the Department
of Sewers, Brooklyn, N. Y., and has recently been largely

used in determining the sizes of storm-water sewers for that

city.

By either of the two ways just outlined, viz., by estimat-

ing the probable future population of each district of the city

and, by Table IX of Chapter V, noting the percentage of rain-

fall that may be expected to run off, the rainfall having been

determined by the diagrams explained in Chapter III; or else,

more quickly but less intelligently, by using one of the formulae

or diagrams of this chapter, the amount of storm-water to be

cared for by the sewer can be found. In the report already

alluded to, Mr. McMath shows that, according to the experience

at St. Louis, the Biirkli-Ziegler formula gives, except in the case

of small areas, insufficient amounts. Comparisons might be

made in a similar way for all the formulae and diagrams extant,

but as each has been made to accord with some special data,

a discrepancy only shows that the amount of run-off varies in

different cities and localities. From the method of construc-

tion, the formula of Mr. McMath must give the best possible

results for St. Louis, and similar formulae might be built up for

other cities having an equally long sewer experience. Except-

ing only the use of a formula made up in the manner of that

for St. Louis, no method can give as intelligent and reliable

results as that detailed in Chapter V.
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Before considering the relation between the amount of water

finally determined on and the resulting size of the sewer, other

sources of sewage are to be considered.

PROBLEMS

30. Show that by changing 6.8 to 8 in the Hawksley formula, the

A 3

value of D l becomes .001615-.
o

31. Show that the numerical value of the constant in the Biirkli-Ziegler

formula is changed from 0.60. to 4.23 by substituting English units of

measure.

32. Taking the five formulae of p. 85, plot curves for each equation,

taking areas up to 1000 acres for abscissae and run-off in cubic feet per
second per acre for ordinates.

33. Determine the probable run-off from some definite district or

area. Use all the methods and compare results and make a final decision

in the light of all the evidence.

34. Show by numerical explanation how the constant of a formula

representing the method of Chapter V, viz., Q = C-vA can be reconciled

with the constants of Chapter VI.

35. Show by a diagram how much effect the term S'
25

has in the math-

ematical formula, that is, plot two curves with run-off per second per
acre for ordinates, and values of S for abscissae, with A =

500, and = 50

acres, and with assumed values of C and r.

36. Plot curves from the 5 formulae of p. 85, with run-offs as ordinates

and areas as abscissae in order to show the effect of the exponent of A.

Take a fixed value for C-r, and the values of S, i.e., 5 = .ooi, 6* = .005 and

5" = .05.



CHAPTER VII

ESTIMATING FUTURE POPULATION

THE amount of storm-water reaching a sewer, and the con-

sequent size of the sewer, bear only an indirect relation to the

population on the area drained, but the number of people in a

given district is a direct function of the amount of domestic

sewage to be cared for. In order to determine, therefore, the

amount of house-sewage which a system of sewers must carry,

it is primarily essential to determine the population on the area

to be sewered.

The number of persons on a given area may be approximately

determined at any time in several ways. The U. S. Census

reports, published every ten years, furnish a basis for an estimate

of the population for intermediate years, but as a sewer system

has always to be designed for use during an indefinite number

of years in the future, some method of predicting the popula-

tion for that future time must be devised. It is usual to base

the prediction on two things. First, after noting the past

growth of the city in question, it is assumed that it will con-

tinue to increase regularly according to the law of its past.

Thus in Chicago, at the time of the first report of the Sanitary

Commission, the future population of the Sanitary District

was estimated in this way, as shown in Fig. 17. Curves were

drawn for other large cities and used as a guide, but they proved
of little value. Messrs. Hering and Gray used the same method

in their Baltimore report as shown in Fig. 18. They had recourse

to other sources of information besides the U. S. Census reports;

the police estimates of population, made every year, and obtained

by multiplying the voting population by a constant, were made
the basis of the prediction quite as much as the more authen-

ticated U. S. reports.
93
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The values of these predictions can now be tested and shown

to be reasonably accurate.

I I I I I I I
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curve predicts for those years populations of 1,690,000 and

2,250,000. For Baltimore the agreement between prediction

and census are equally good. The census figures for 1900 and

8
NouvindOd

1910 are 508,957 and -670, 58 5- and the predicted values, scaled

from the diagram, are 520,000 and 650,000.

The other method assumes that the city in question is like

other cities of the same size as regards its rate of increase, and

that it will follow, approximately at least, the same law. This

method was followed in Appendix No. i to the report of the
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Chief Engineer of the Metropolitan Water-supply made to the

State Board of Health of Massachusetts in 1895, and is described

as follows (see Fig. 19). First, ignoring the city limits and

taking the metropolitan area within 10 to 15 miles radius

from the centre of business, the U. S. Census for Boston was

found to give 269,754 population in 1850, gradually increasing

to 844,814 in 1890. Then, by using partial and incomplete

censuses, such as assessed polls, names in directory, enumera-

tion of school-children, and making a compilation of other

statistics which indicate, to some extent, the growth of com-

munities, such as the number of buildings erected and the

number of water services added, and comparing these quantities

with the known population in census years, it was possible to

obtain the population of the district for the years 1891-1894
with much greater accuracy than could have been done by

projecting ahead the previous rate of growth. In this way the

probable population for 1894 was found to be 967,000. On
the diagram given, which is taken from the report mentioned,

are plotted population curves of Boston and five other cities,

with five-year spaces for abscissae and population for ordinates,

and all the curves are so placed as to coincide at a point cor-

responding to a population of 967,000 on each. Philadelphia

and Chicago are of little value in showing the tendency of the

curve, but London, Berlin, and New York show the rate of

growth of those cities beyond the point where they had Boston's

population, and by assuming that Boston's future growth would

be influenced by no tremendous shock of pestilence, war, or

business disaster its population line was drawn to follow approx-

imately these other cities.

The check which the 1910 census has given to this work

shows it to have been surprisingly accurate. Thus in 1910,

sixteen years after the diagram was made, the census showed

a population in this district of 1,520,470, while the diagram

gives 1,500,000.

The same method was followed in the smaller city of Brock-

ton, as found in the Report of the Sewerage Commission of 1893
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prepared by the engineer, Mr. H. F. Snow (see Fig. 20). Here

all cities in the United States reaching a population of 27,000

between 1851 and 1870 were plotted, together with the past

records of Brockton, whose population in 1890 was 27,294.

The growth of all these other cities being plotted (some

extending for 40 years), and making due allowance for natural

advantages possessed by some cities and not by Brockton, and

giving due weight to the municipalities existing under the same
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conditions as nearly as could be, the probable future population
of Brockton was obtained.

The actual growth of this city has been more than was

expected, so that the discrepancy is greater in this case between

the prediction and the reality than in any of the other cities

noted. Thus the diagram indicates in 1900 and 1910, popula-

tions of 39,000 and -^fcooS, while the census gives values of

40,063 and 56,878.

Rafter and Baker in a discussion of this subject give some

tables taken from Census Bulletin No. 52, showing the increase
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in population during the years 1881-1890 for cities of 8000

to 50,000 inhabitants, and also for cities of over 50,000 inhab-

itants; and while the increase for the first series varies from 4

to 267 per cent, and for the second from 7 to 360 per cent,

they conclude as a rapid generalization, first, that in American

towns having a population less than 50,000 the present rate of

increase may be taken at about 100 per cent in from 15 to 20

years; and second, that in the larger towns the increase will be

about 50 per cent in the same time. They further say that

TABLE XII

TABLE SHOWING RATES OF INCREASE IN POPULATION FOR CITIES
OF DIFFERENT SIZES

TfTViA-, fl,^
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50,000, the number increasing from 50 to 100 per cent is smaller,

only 14 per cent of 56 towns given increasing more than 100

per cent.

Mr. Kuichling extends this study farther, and suggests

that the rate of increase is so well fixed to correspond with the

size of town that the relation once established may in most

cases be used to predict the future growth of any town of known
size. He bases the relation which he believes to exist on a
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of the city increases, which law, as shown in the report, holds

if cities of from 160,000 to 900,000 be included in the com-

parison. As a check on the law and for comparison, the author

has taken the Census report for 1910 and computed the rates

of increase in a similar manner for cities of between 10,000

and 200,000, with results as shown in Table XIII and in Fig. 22.

TABLE XI

TABLE SHOWING RATES OF INCREASE IN POPULATION FOR CITIES
OF DIFFERENT SIZES

When the
Population is
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of growth of American cities of the class under consideration,

and will give the general percentages found in the sixth column

of Kuichling's table. No such curve was drawn for the growth

in 1900-1910, as the points plotted were so irregular as to show

rather the lack of any general law than the evidence of the law

itself. Kuichling makes the diagram give a method of esti-

mating a future population as follows: Take from the diagram

10,000
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This law and the discussion must be used with great caution

in the case of any particular city, the general law being often

very wide from the truth. From Table XIII it is seen that cities

of 10,000 inhabitants increased in population in 1900-1910
from o.o to 10.7 per cent per year, while the general law would

indicate about 1 1 per cent. Cities of 30,000, however, apparently

may, as a maximum, increase at the rate of 23 per cent. Should

the city in question not be an average city, a large error would

evidently result from trying to apply the general law.

No law or estimate can be found for new cities such as

spring up in the western part of the United States. There

may be cited as an example San Diego, which, in January,

1887, when the plans were made for its sewer system, had a

population of 5000. In February, 1888, there was a population

of 33,000, and by the Census of 1890 the town had a population

of 16,129. In 1910 the population was 39,578.

To further illustrate the method of securing an idea of the

future population, Fig. 23 is given from a thesis on the sewerage

of Ithaca, by Mr. W. E. Truesdell, C.E., Cornell University,

1896. The city population of Ithaca was given by U. S. Census

for 1880 and 1890, and there was also available an unofficial

census in 1892 which did not, however, check with the other

two. The following additional records were consulted and

plowed on the same diagram as the Census figures : the maximum
vote in city elections for every five years from 1855 to 1897;

the yearly public-school registration from 1879 to 1897; the

school population from 1871 to 1891. The rate of increas-

of the population of the city was taken as the mean of the

rates of increase in votes, in school registration, in school popula-

tion, and in the Census reports, weighting the different records

as the peculiar condition seemed to justify. In the figure,

the long broken line shows the apparent increase as indicated

by the local censuses, while the long heavy line shows the

adopted line, modified by the two government censuses of 1880-

1890. By Kuichling's method the population in 1920 will

be 113,000, while by Mr. TruesdelPs it will be only 18,500.
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In the design of sewers for the place, Mr. Hering assumes the

future population as 30,000, not stating, however, when this

number is to be expected. The actual population by the 1910
Census was 14,802.

The result of this study into methods of forecasting the

population of any city at some definite future time is that it

is a matter for the judgment of the engineer. That while he

may make use of certain auxiliaries, such as census reports

for past growth and for the growth of other cities, while he

may consult the local reports of growth in various municipal

directions, while he may construct diagrams and tables, these

are all only aids. The actual determination of the future

population must be made by the individual judgment, based

and guided by such methods as have been outlined, but modified

by an intimate knowledge of the local conditions of situation

and enterprise, and of the other often unknown factors which

govern the growth of a modern city.

PROBLEMS

37. By reference to the publications of the U. S. Census Bureau,
find the average numbers of persons per house in five cities of New York

State. Choose cities differing in location, size, and kind of industry.

38. Collect records of population as given by U. S. Census Bureau

for years 1860-1910 inclusive for City of Rochester, N. Y., and by plotting

the curve of its growth, estimate the probable population for 1950.

39. Take a city directory for 1900, and by comparing the

number of names with the census population, get the ratio of names to

total population. Multiply the number of names in the 1910 directory

by this ratio and compare the result with the census population.

40. Using census populations for 1900 and 1910 for the city of
,

compute the annual ratios, assuming both an arithmetical and geometrical

law of increase. Using both ratios determine the populations for 1905

and for 1915.

41. Find the probable population of Elmira in 1950, by comparing
with population of Syracuse, Rochester, Cambridge, Lowell, and Newark,
after method of Fig. 20.



CHAPTER VIII

AMOUNT OF SEWAGE PER CAPITA

THE probable future population of the city for whose use

the sewers are designed being determined, it remains to assume

a daily sewage-flow per capita, with such variations from hour

to hour from the average flow as may be found to be usual.

The amount of sewage contributed per head per day is a

quantity variable in different parts of the country and in

different cities, depending on the variation in the water-supply,

and it has been customary in this country to assume that the

daily water-supply of a place is all converted into sewage,

and that a determination of the amount of sewage is made
when the amount of water-supply is found. This undoubtedly

approaches the truth, although it is more in accordance with

sewer-gagings to say that the hourly and daily variation in

flow of sewage corresponds closely to that of the water-supply,

while the actual amount of sewage is something less. That

the records show the volume of sewage always less than that

of the water used is partly due to the fact that the houses

supplied by city water-works generally exceed in number those

connected with the sewers. And, further, since the water-

connections precede the sewer-connections, there can never be,

as long as connections with either water- or sewer-pipes are

being made, an equal flow of water and sewage. Nor can there

be any fixed relation between the two volumes until the final

number of houses and buildings in a city are supplied with both

connections.

Fig. 24
* shows the pumping records of the water-supply,

and the relation between the two volumes, at Atlantic City,

N. J., for the several months of the year 1892, with the water-

* From Engineering News, Vol. XXIX, p. 124.

105
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WATER CONSUMPTION AND SEWAGE

FLOW AT ATLANTIC CITY,

1892.
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FIG. 24.
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consumption for 1896. Fig. 25 shows the two curves for Des

Moines, Iowa, for 1895.* Both diagrams show the sewage-

flow to be about 35 per cent less than the water-consumption.

The variation in the water-supply of a city is almost incred-

ible, cities of the same size and character often having a

difference in daily consumption of as much as 150 gallons

per head. To what cause this is due it is hard to say, as there

seems to be no law as to the relation between the consump-
tion and the size of the city. Nor does any one cause seem

responsible. Probably the largest factor is leakage, caused

by poor construction of the main line, and in the house-fixtures,

and by carelessness on the part of the house-holder and by

neglect on the part of the water-works superintendent in

making proper repairs. Any discussion (notably such as have

taken place in the New England Water-works and in the

American Water-works Associations) on the question of leakage

brings out its importance very plainly, and the reports on the

various devices for detecting water-waste make their efficiency

unmistakable. For example, in his annual report for 1802,

Mr. Trautwine mentions that in Philadelphia, out of 782 appli-

ances in 142 houses inspected for waste, 22 were leaking slightly

and 32 running continually. The daily consumption per capita

for these houses was found to be 222 gallons, of which 192

were wasted, 30 only being used. It is generally in the smaller

cities that municipal oversight is most lax, the increased con-

sumption in the larger cities making a total volume of waste

so large as to demand investigation; yet this has so many
exceptions as to be of little value.

The following tables are given to show what amounts of

water are actually used per head per day in typical cities of

the United States. Most of the figures given are derived

from the records of pumping-plants, because actual measure-

ments of the amount of water used in gravity supplies are very
few. From the meager data available there seems to be no

reason to believe that the fact and cost of pumping offers

* The data supplied through the kindness of Professor Marston, Ames, Iowa.
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any restriction on the unlimited use of water, even though

the use of each additional gallon of water means additional

expense. The first table (Table XIV), is based on a report by
the Municipal Engineering Magazine (Vol. XXXVII, pp. 258,

330), with populations from the 1910 Census. Table XV
is from a report of Mr. E. C. Bailey, then superintendent of

the Albany filter-plant, and represents conditions in 1905.

It seems plain from a study of these two tables that there is

no relation between the amount of water used and either the

size of the city, or its location, but that rather there must

be a special inquiry for each city whose water-supply is to be

determined. It should also be noted that in many cities,

particularly where the water flows by gravity, no method of

measuring the flow is provided and the quantity named in the

city reports or by the water-works superintendent is little

more than a wild guess. If, in addition, the proportion of the

population using the municipal supply is uncertain, the per

capita consumption may be sadly in error.

As an example of the method of analyzing the probable

amount of water to be provided in a given city, the following

extract is made from Appendix II of the report by Dexter

Brackett on the Metropolitan Water-supply, Massachusetts

State Board of Health:
" The water used in any city or town may be subdivided

under four heads:
"

i. Quantity used for domestic purposes.
"

2. Quantity used for trade and manufacturing purposes.

"3. Quantity used for public purposes.
"

4. Quantity wasted."

Under the first head should be included not only the amount

used for household purposes, but also the quantity required

for stores, stables, laundries, and all requirements of a purely
residential community.

The following table (XVI), from the report, shows by
actual measurement the per capita consumption for purely

domestic use by different classes of people in a number of cities.
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TABLE XIV

SHOWING CONSUMPTION OF WATER IN VARIOUS SMALL CITIES
OF THE UNITED STATES 1910

Name of City.
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TABLE XV
SHOWING CONSUMPTION OF WATER IN VARIOUS LARGE CITIES

OF THE UNITED STATES 1905

Name of City.
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TABLE XVI

CONSUMPTION PER CAPITA FOR DOMESTIC USE IN BOSTON,
BROOKLINE, NEWTON, FALL RIVER, AND WORCESTER, AS
DETERMINED BY METER MEASUREMENT

City
or

Town.
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sumption of water in separate residences, seems to indicate

that even the Brookline figures may be largely exceeded. Thus

in 1900, Mr. J. J. R. Croes was .permitted by the owners of

25 residences in Manhattan and of 12 residences in Brooklyn,

to measure the amounts of water used in each house. Meters

were used to secure the records, but no penalty was attached

to the discovery of careless waste or wilful leakage. Table XV *

TABLE XV
SHOWING RECORD OF TWENTY-FIVE WATER-METERS IN RESI-

DENCES IN MANHATTAN. AVERAGE FOR THREE WEEKS
IN JANUARY AND FEBRUARY, 1900.

No.
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gives the results of the measurements for Manhattan, and is

so arranged that the last seven houses only are guilty of excessive

and unnecessary water consumption, as determined by careful

inspection of the premises. It will be seen that the per capita

consumption varied from 29.39 to 88.59 gallons, the latter

according to Mr. Croes being neither abnormal nor excessive.

In the last seven houses, the leakage and waste was unmis-

takable. In No. 20, a leak was found in a flushing-tank, the

repairing of which reduced the water used from 82.63 to 38.6

12500

75000

7500

5000
a
S

2500

I

RECORD OF 25 WATER METERS ON RESIDENCES IN

MANHATTAN, NEW YORK

FIG. 26.

gallons per capita per day. A similar leak in No. 23 caused

a reduction in the use of water from 144.86 to 66.2. In the

case of Nos. 24 and 25 water was found to be running con-

tinuously through water-closets, and the stoppage of these

leaks reduced the flow from 392 and 215 to 73 and 40 gallons

respectively. Fig. 26 shows these data, expressed graphically,

The heavy line is drawn so that its inclination indicates the aver-

age rate of consumption, viz., 50.84 gallons per head per day. The
relative inclination of the other line shows thus at a glance the

agreement or non-agreement of the various houses. The effect

of stopping the leaks in Nos. 23 and 24 is plainly seen, and that
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in the case of No. 25, 'the waste which was curtailed for two

days was allowed to continue. It is pointed out also that

the marked change in rate in- the case of No. 5 was due to a

visit of a small boy who delighted in sailing a toy steamboat

in the bathtub of the house. During the ten days of his stay,

he was drawing water for this purpose at the rate of 800 gallons

per day, or he was instrumental in changing the per capita

rate from 47 to 146 gallons per day.

From this table, Mr. Croes concluded that since the reason-

ble use, as indicated by the meter readings of the first 18 houses,

was 351.9 gallons per house, the amount wasted was the

average for the 25 houses, viz., 705.3 gallons less that amount,
or 351.9 gallons, practically 50 per cent.

In the large tenement-houses of New York, however, the

consumption per head is much less than the above would

indicate. Thus the next house to No. 25 above, was a tenement

with 36 occupants and the water-consumption was 10.6 gallons

per head per day. Another tenement on the west side made
from two old residences, had 50 occupants and used water at

the rate of 5.6 gallons per day per capita.

The use of water for trade and manufacturing purposes
shows a great variation in different communities. Brackett's

report gives the actual amounts used in Boston; but without

the number and size of the manufacturing industries his figures

are of little value. The table is given, however, to show the

relative amounts of water used by the different industries.

In New York it was found that the amount of water used

in buildings where some business was carried on was remarkably

uniform, after the well-known largest consumers had been

required to install meters. It was considered safe to estimate

that on the average each metered tap in New York would

deliver 1450 gallons per day, this amount having been found

to hold almost exactly, year after year.

After duly considering all the available data, Mr. Brackett

found that the amount used in the Boston Metropolitan District

for trade and mechanical purposes was about 25 gallons per
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capita. But he judged that, in view of the constantly increas-

ing demand for water for these purposes, and also considering

that an allowance of about 10 per cent should be made to cover

shortage on meter measurements, at least 35 gallons per capita

per day should be provided for these purposes. It is, of course,

understood that this is applicable only to Boston, and that the

amount will vary in different cities. Residential towns, for

example, require little beyond that needed for domestic use.

Other cities, with industries using large amounts of water,

may require more than 35 gallons adopted for Boston. Of

TABLE XVI

METERED WATER USED FOR TRADE AND MECHANICAL PUR-
POSES IN BOSTON, CHELSEA, SOMERVILLE, EVERETT, AND
CAMBRIDGE IN 1892

Name of Business.



AMOUNT OF SEWAGE PER CAPITA 117

water as follows, the amounts being partly estimated and partly

meter measurements:

Public buildings, schools, etc 2 . 30 gals, per capita

Street-sprinkling i.oo
"

Flushing sewers o.io "

Fountains 0.25

Fires. . . o.io "

3-75

Of this amount 4 gallons per capita was allowed for public uses.

The amount of water wasted, that is, ignorantly allowed

to escape from the mains and negligently allowed to escape

from faucets and leaks, is very large.

A very striking proof that the pumping records do not

show the amount of water used is furnished by one of the

towns in the Metropolitan District. All the water used in

the town was measured by a meter on the supply-main, and

every service-pipe has a meter. The works were but four

years old, had 18 miles of cast-iron mains, 376 services supply-

ing about 2300 persons, and, with the exception of the water

used for flushing mains, street-construction, street-sprinkling,

and for fires, all of the water used was measured by the meters

on the service-pipes. . In 1893 the daily average amount

registered by the meter on the supply-main was 128,560 gallons,

while the total recorded by the service-meters was 65,380

gallons. Allowing 2000 gallons per day for blowing-off pipes

and for fires, there remains 61,380 gallons, or nearly 50 per cent

of the whole consumption, unaccounted for. In Newton 46

per cent of the water pumped was not accounted for by the

service-meters, after making proper allowances for water not

so registered. In Fall River, during the same year, with the

most careful system of inspection to prevent waste, 37 per

cent of the water pumped ^ould not be accounted for.

In West Orange, N. J., the water company buys all its water

by meter from, another water company and then sells it by
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meter to its various consumers. According to Mr. J. H.

Fuertes,* the company is never able to account for more

than 80 per cent of the water, although by rigid inspections

and immediate stoppage of all leaks they are able to keep
close to this limit. If a small supply, distributed through only
about 30 miles of street mains, with every inducement for

both water company and consumer to keep down the leaks,

is subject to such a loss, it may be regarded as ideal when
80 per cent of the water-consumption is accounted for. The

following table from Mr. Fuertes' reportf gives other data,

showing how, from the best evidence possible, the amount not

accounted for varies from 16 to 43 per cent.

TABLE XVII

SHOWING PERCENTAGES OF WATER-SUPPLIES WASTED OR
ACCOUNTED FOR BY REASONABLE USE

NOT

City.



AMOUNT OF SEWAGE PER CAPITA 119

in Boston it was found that between i and 4 A.M., when little

water should be used, there was still a consumption at the rate

of from 30 to 35 gallons per capita. In Brookline, where the

taps are nearly all metered, from June to December, 1891, the

consumption from midnight to 4 A.M. was 44 per cent of the

total consumption, or at the rate of 25.8 gallons per capita,

and a careful inspection of every fixture only reduced this to

17.7 gallons. Other methods of comparison between the night

flow and that used properly for domestic and city purposes

led Mr. Brackett to sum up the question of waste as follows:
" That there exists a waste of from 40 to 50 per cent of

the total consumption in most cities and towns where meters

are not generally used is a fact accepted by those who have

studied the question, but it is, I think, the popular idea that

this enormous waste can be, and is, almost entirely prevented

by the use of water-meters on the services. But the results

obtained in the cities and towns where the largest number of

meters are in use show that while the consumption per capita

is smaller than in unmetered places of the same general

character, still a very large proportion of the water supplied

by the reservoirs or pumps does not pass through the service-

meter."

His conclusion for Boston was that it is not possible even

with the use of meters to reduce the waste below 15 gallons

per capita ;
and that if some efficient system of waste-prevention

is not adopted, the amount wasted will become, as it is now
in some of our large cities, from 30 to 60 gallons per inhabitant.

As the result of this painstaking work, Mr. Brackett con-

cluded that the future water-supply of Boston would need to

provide 100 gallons per capita per day for the daily con-

sumption, made up as already indicated: 35 gallons for domestic

use, 35 gallons for trade and manufacturing, 5 gallons for

public purposes, and 25 gallons for waste, the last amount

being taken in view of the uncertainty of securing strict pre-
vention of waste.

A common method of estimating the constant leakage and
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Water Consumption per Head per
Day in Gallons
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waste from a water sys-

tem is to measure the

night flow and assume

that all that amount ex-

ceeding a small quantity
for night use and un-

avoidable or incurable

waste is a constant waste

that can be cured if proper
measures are adopted.

Thus Mr. Freeman in his

report to Hon. Bird S.

Coler on the water-supply
of New York determined

the rate of flow from hour

to hour, as shown in Fig.

27,* and showed graph-

ically what a large part

of the city's water-supply

served no purpose, but

was altogether wasted.

In figures, his conclusion

was that at the times

when the demands for

water were practically

zero, that is, between 2

and 4 in the morning, the

consumption still existed

at the rate of 94 gallons

per head per day. Mak-

ing the liberal allowance

of 19 gallons for night use

and 10 gallons for incur-

able waste, Mr. Freeman

* Redrawn from Diagrams
Nos. 5 and 6.
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concluded that the needless waste

in New York City was 75 gallons

per head per day. His conclusion

seemed to be justified by a com-

parison of the consumption curves

of New York with those of Fall

River and Woonsocket, Fig. 28,*

the similarity being very marked,

except for the constant excess in

length of the New York ordi-

nates.

Mr. Fuertes,! on the other

hand, believes that a large night

flow is a necessary accompaniment
of a large, progressive, manufactur-

ing city. He cites the night-con-

sumption in Chicago (165 gallons

per capita) for comparison and

compares it with a night flow of

106 gallons per capita in a certain

district in the Bronx. It was

known that in this last, the mains

were new, the buildings generally

metered, and that this large night

flow was due to its use in manu-

facturing. Mr. Fuertes says that

it appears to him that data con-

cerning night-consumption in large

cities are really of little practical

value in forming a foundation on

which to build up demonstrations

of excessive wastage.

But there can be little doubt

of the value of this sort of study
* Redrawn from Diagrams Nos. 5 and 6.

t Fuertes' Report, p. 124.

Rate of Consumption,
Gallons per Cap per Day
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in fixing on the waste in strictly residential cities, and it

would seem that if large night flows are due to manufacturing,

INCREASE IN CONSUMPTION
OF

WATER PER INHABITANT

FROM REPORT TO COMPTROLLER

OF NEW YORK CITY

BY JOHN R. FREEMAN

1900
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Another factor, affecting the per capita consumption of

water, and particularly noteworthy because sewers to carry

the waste water are designed for the water-consumption at

some distant time in the future, is that there is a tendency

for all cities to increase the rate of per capita consumption,

as they increase in size. Fig. 29, from the Freeman Report,*

shows this tendency unmistakably, although the exact rate

varies largely in different cities and in a few cities the law is

apparently contradicted. Nor is this inconsistent with the

statement already made that there seems to be no relation

between the per capita consumption and the size of cities.

In any one city, the rate increases as the city grows, and the

figure would indicate that, as an average value for large cities,

the increase is about 30 gallons every 10 years. Even in cities

where meters are generally used, the law holds, though the

rate of increase is smaller.

The possible effect of a general introduction of water-meters

and the effect of their use on the rate of consumption must

be considered also in predicting future water-consumption.

To actually say that a city in which water-waste has been

abnormal will instal meters and that, as a consequence of this

predicted action, the sewers may be made only a fraction of

the size otherwise necessary, would not be a safe engineering

venture. But the probable result of installing meters may
be pointed out and the consequent saving in the cost of

building sewers used as an argument in favor of their purchase

and use. Fig. 30, from Freeman's Report, f shows in a general

way the effect upon the per capita consumption of the use

of meters. The curve of the average is not exact, but is drawn

as summing up the general tendency and as a convenient guide

to the eye in studying the comparative effect of various per-

centages of meters in the different cities. The effect of meters

is unquestionably to reduce the careless waste of water that

occurs in about 25 per cent of the house-services. At first,

it has a tendency to reduce the reasonable consumption, but

*
Diagram No. 4. f p. 70.
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such a tendency is soon suppressed, or offset by the effect of

the growth of the city. Thus Fall River, as shown by the

diagram of Fig. 31,* had in 1874, a per capita consumption

ZDU

225
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the consumption was only 26.9. Since 1887, there has been

a slight but nearly constant increase in the rate. Fig. 32,
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from Fuertes' Report,* shows the effect upon the water con-

sumption of the gradual installation of meters in Cleveland

*
p- 143-
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The decrease in the per capita water-consumption as the number
of meters in use increases is clear evidence of the effect of the

latter in eliminating leakage and waste.

As a further example of a method of ascertaining the relation

between the amount of water used and the character of the

population, reference is made to Vol. VI, No. i, of the Journal
of the New England Water-works Association, where the rela-

tion is shown between the number of fixtures in a house and

the amount of water used. The following table, since partly

amended, is taken from that report. It shows that bv actual

TABLE XVIII
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The average water-consumption, however, no matter how

-H
#

D O ~

SNOTIVQ

carefully estimated, is not a sufficient guide to the rate of

sewage-flow. Further knowledge is needed on the subject of
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the variation of flow from hour to hour. Evidently more water

is used and the flow to the sewers is greater during the day
than during the night, and if the size of the sewer was based

Aug. 25-26
1890

Aug. 10-11
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an area two or three times that necessary for the average

flow.

To show actual examples of hourly and daily variation

in the water-supply, the following diagrams are given:

Fig. 33 shows the variation in the daily water-consumption

of the city of Binghamton, N. Y., the details being furnished

to the author through the kindness of Mr. John Andersen,

secretary of the Water Board. The average daily rate for

Sunday Monday Tuesday Wednesday Thursday Friday

Gallons

per

Capita

perDay

sl__|__i___J



130 SEWER DESIGN

per capita, and the average 115, for the maximum rate is only

24 per cent more than the average. If, however, 65 gallons

of waste were to be eliminated, so that the average rate would

be 50 gallons and the maximum 78 gallons, the latter would

then be 56 per cent greater than the average.

TABLE XIX.

GAGINGS OF DRY-WEATHER FLOW OF SEWAGE AT DES MOINES
AND ELSEWHERE
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than the average. In the latter the leakage is very small

SNOTIVO

and the maximum rate is at least 100 per cent more than the

average.
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A list of actual sewer-gagings, so far as have been made

public, was compiled and published in Engineering News, Vol.

XXXV, p. 131, in a paper on sewer-gaging of Des Moines.

The table is given on p. 130, Table XIX, with gagings of the

outlet sewer at Canton, O., Chautauqua, N. Y., Cadillac,

Mich., and Gloversville, N. Y., added. Two columns have

been added to the table, one giving the percentage by which

the maximum flow is greater than the average, and the second

the same percentage, should the quantities involved be reduced

by the amount required to make the minimum zero. The

percentage will be affected largely by the amount of ground-

water running in the sewer and by the amount of water used

Z5000

IJOOQ

vSOOO
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Fig. 38 shows the results of the gaging of the Schenectady
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added (35,500 gallons), and the maximum found to be 59 per

cent greater than the average flow.

Fig. 39 shows the results of the gaging of the sewer at the

Insane Hospital at Weston, Va., made under the direction

of Mr. Rafter and quoted in Rafter and Baker's "
Sewage

Disposal." The maximum here is found to be 22 per cent

greater than the average.

Fig. 40 is a diagram taken from the paper of Mr. Grover

already alluded to.

Fig. 41 gives a diagram of the sewage-pumping records at

ankss Flush Tanks

: 18 Sew

i\

Tune 2G, July 3,

Chautauqua, N. Y., on the days indicated.* Here the average

for the four days is 5700 gallons, the average maximum flow

being 50 per cent more than the average.

In Fig. 40 the effect of constructing poor pipe-lines is plainly

seen from the large flow at the times of day when there should

be little or no flow in the sewers. While the maximum flow is

only 56 per cent greater in amount than the average flow, yet

it is 117 per cent greater than the average if the flow at 3 A.M.

*
Ibid., Vol. XXXI, p. 87.
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be called nothing, and the flow for the rest of the day reduced

correspondingly.

Fig. 42 shows three curves based on gagings made of the

two main sewers of the small city of Cadillac, Mich. The lower

curve is for the 1 2-inch main, serving 475 persons. The middle

curve is for the i8-inch main, serving 2517 persons. The

upper curve is the result of adding together the measurements

in these two sewers but correcting for the discharge of thirteen

flush-tanks. The 1 2-inch pipe, without flush-tank water, had

a minimum flow of 221 gallons, an average of 318 and a max-

imum of 558, the latter being 75 per cent greater than the

average even with the high minimum flow. For the 1 8-inch

pipe the minimum rate was 138 gallons, the average, 178,

and the maximum, 239, or 34 per cent above the average.

The large flow is said to be due almost wholly to defective

plumbing, and the results are interesting as indicating the large

amount of waste in a relatively small place.

Fig. 43* shows a long-time measurement of the flow of

sewage in the intercepting sewer at Gloversville. The large

flows in the spring of both years is undoubtedly due to ground-

water entering the pipes, although the system is intended

strictly for house sewage only. The minor variations from day
to day are very marked and the excess in March is plainly

responsible for a flow more than double the average.

Fig. 44, also of Gloversville, shows the hourly variation for

a typical day. The effect of the mill wastes is most striking

and serves, in this city at any rate, to show that the high night

flow of sewage is not due to manufacturing use.

For the sewage alone, the average hourly rate was 62,000

gallons and the maximum 78,000, or 26 per cent increase.

With the mill wastes added, the average flow is 84,000 gallons

and the maximum 119,000, an excess of 42 per cent.

It follows from a study of the tables and diagrams given

above that while the amount of flow or the per capita flow

varies between wide limits, affected largely by the amount of

*
Report of Harrison P. Eddy and Morrell Vrooman to Mayor of Gloversville.
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water wasted, a law of daily variation is to be found for all

places, and that the maximum flow is from 50 to 100 per cent

greater than the average flow. The obvious method, then,

for determining the proper amount of house-sewage flow is to

determine the probable daily water-consumption per capita at

the future time for which the sewers are designed. About

75 per cent of this might then properly be assumed to be the

TYPICAL HOURLY QUANTITY
OF SEWAGE

GLOVERSVILLE, NEW YORK

QUANTITY OF DOMESTIC SEWAGE, MILL
WASTES AND DOMESTIC AND MILL SEWAGE

COMBINED, DISCHARGE PER HOUR

A.M. P.M.

FIG. 44.

sewage flow. It will be safer, however, to assume that the

maximum water rate will be the maximum sewage flow, and

that any extraordinary excess in water rate will be partly com-

pensated for by the fact that really only about three-quarters

of such excess will reach the sewers. Therefore, add 100 per

cent to the average water-consumption for the maximum rate

of flow, and the result is the amount of flow for which the sewer

must be designed if it is to be limited to house-sewage. This
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does not include, it is to be noted, any ground-water flow nor

any large manufacturing enterprises which may affect the

daily variation.

Analyses, more in detail, have been made of the variation in

the flow, considering not only the daily maximum, but also

seasonal variations, taking the monthly maximum and adding
it to the weekly maximum, to the daily maximum, and to

the hourly maximum. This method was given by Fanning in

his
"
Water-supply," and was quoted by Staley and Pierson.

Baumeister says that the days of greatest consumption require

one and a half times as much water, and hence the sewers

must be designed to carry off one and a half times the normal

flow. The hourly maximum is one and a half times the hourly

mean. Hence the capacity of the sewer must be such as to

ji \/
j
JL j

remove hourly
- - of the average daily quantity, or

more than twice the amount calculated on the supposition

that the same quantity was supplied each hour of the year.

In one of the recent German books on water-works by Franzius

and Sonne the daily maximum is fixed at ij and the hourly

at if, making the average between the latter and the daily

average
- - = approximately.*

A common method of defining the maximum flow is to say

that one-half of the daily flow will run off in 6 to 8 hours,

and the sewer must be designed for this rate of flow. From

the diagrams given, and taking the midday hours when the

flow is greatest, the number of hours required to carry off

one-half of the daily flow is as follows:

Binghamton, August 9 loj

10 IOJ
"

ii gi
"

12 10
"

13 IOJ

Baumeister.
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Rochester, August 10 gj
"

25 8|

Canton g|

Schenectady 1 1

Hospital, Weston 9

Chautauqua, July 24 8J
"

3i 81

August 16 9!
"

.18 9*

indicating that to assume that one-half of the daily flow will

flow off in 8 hours is a safe assumption. It further indicates

that a capacity of twice the average flow is a larger allowance

than necessary.

What the daily average will be must be left to the judgment
of the engineer. By Table XII it varies from 19 to 222 gallons

per capita per day, according to published records. Mr.

Brackett shows that for the vicinity of Boston from 11.2 gallons

to 44.3 gallons per capita per day are legitimately used for

domestic purposes, and that these amounts must be increased

for public purposes and for manufacturing and trade.

Mr. Whitney of Newton shows that the amount of water

for domestic use varies with the number of fixtures in the

house, from 7 gallons per capita per day for one faucet to 22.8

gallons for two faucets, two water-closets, and two baths, and

that other uses increase the amounts as given in Table XVIII.

It remains for the engineer, after studying the character of

the population and the possibility of manufacturing interests,

to fix such a per capita allowance as is appropriate for that

community.

PROBLEMS

42. From Fig. 24 determine the ratio of the sewage flow to the water-

consumption for the months of July and September.

43. From Table XIII, plot points showing the relation between total

population and per capita consumption. See if the relation follows any
law.
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44. If 75 gallons per head per day in New York City are wasted,
and can be eliminated, what would be the ratio of the maximum daily
rate to the average, after the waste is stopped? What is it now, by
Fig. 27?

45. From Fig. 33 determine the average and maximum rates, if they
are corrected on the assumption that the night flow is hiefly waste and

can be reduced to 1000 gallons per hour. What percentage then will the

maximum be of the average?

46. The average daily water-consumption of a city is found to be

5,000,000 gallons. What rate of flow, in cubic feet per second, should

be taken for the sewage flow? Use Baumeister's rule, and then compare
with the suggestions of p. 138 and p. 139.



CHAPTER IX

GROUND-WATER REACHING SEWERS

THE amount of rain-water entering a sewer has been dis-

cussed, and also the amount of water from domestic uses, the

latter including the amount used for manufacturing and other

municipal purposes. It now remains to determine the amount

likely to come from the ground-water through which the sewer-

line passes. This amount will depend on the material of which

the sewer is made, on the kind of joints, on the method used in

making them, and on the distance and head of ground-water
in which the sewer is exposed to the infiltration. The last

condition has considerable variation even in the same line,

both because of irregular variation due to rain and because of

periodic seasonal changes. In constructing the filter-beds at

Brockton, it was found that there was a seasonal variation

of 4 feet in the height of the ground-water, the height being

greatest in May and least in November. Such a rise in the

elevation of the ground-water might increase the length of

sewer exposed to ground-water by some miles, especially if

the hydraulic grade of the underground stream followed nearly

parallel to the sewer-grade.

In his report on the Sewerage of Ithaca, Mr. Hering says:
" In addition thereto [60 gallons per capita per day, assumed

for average water-supply], 10 per cent of this quantity has

been added to allow for ground-water which will probably find

its way into the sewers in spite of the most careful workman-

ship."

In the report on the Sewerage of the Mystic and Charles

rivers, January, 1889, the engineer, Mr. F. P. Stearns, has

collected the following information:

142
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"
Kalamazoo, Mich. Some ground-water finds its way into

the system, estimated from data taken before the sewers were

open for public use, to be 20 per cent of the capacity of the

sewers.
"
Norfolk, Va. No accurate estimate made, but ground-

water forms at least 60 per cent of pumping. From informa-

tion given elsewhere in the returns, the maximum flow is found

to be about 167 gallons daily per inhabitant connected with the

sewers. Of this, the ground-water, estimated at 60 per cent,

equals 100 gallons.
"
Schenectady, N. Y. The sewers are laid through wet

ground and quicksand in some instances. The Erie Canal

seepage also affects them to a small degree. Measurements

made at about the time that the system was completed indicate

that the infiltration of ground-water amounts to about 5 per

cent of the capacity of the mains."

Mr. Stearns also says that he has recently examined two

new systems of pipe sewers which were built with the intention

of excluding the ground-water, and in both cases the amount

of water collected by the sewers was considerable. In one of

the cases, where the population connected with the sewers

was small, the amount of ground-water was probably in excess

of the sewage proper.

In the sewerage works of Canton, O., built in 1893, a 20-inch

outfall with no connections was gaged for subsoil water, and in

a length of 2400 feet a flow was found, due to infiltration, of

31,712 gallons in 24 hours, or at the rate of 70,000 gallons

per mile per day. In the same system of about n miles

there was a flow to the disposal works between midnight and

6 A.M. of about 73,000 gallons, which is at the rate of 26,500

gallons per mile per day (Engineering News, Vol. XXX,
p. 61).

In the design for Taunton, Mass., 20 per cent for infiltra-

tion was added to the estimated flow in a 24-inch pipe passing

through a swamp.
In North Brookfield, Mass., 1580 feet of 1 2-inch pipe was
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found to leak at the rate of 2500 to 5000 gallons per day, a

rate of about 17,000 gallons per mile per day.

At Rogers Park, 111., Mr. Broughton, engineer for The
Shone Co., by means of special precautions (deep sockets and

careful ramming) reduced the leakage in 9200 feet of 6-inch

pipe under a head of from i foot 6 inches to 9 feet 6 inches

of water, to 15 gallons per minute, or 1240 gallons per mile

per day.

In Winona the same engineer made all sewers, which lay in

water with a head of more than 5 feet, of cast iron.

At Brockton, Mass., the ground-water flow was said to be

400,000 gallons from 16 miles of sewers, or 25,000 gallons per

mile per day.

At Altoona, Pa., the flow from 6100 feet of 27-inch pipe

was 47,181 gallons, or at the rate of 40,814 gallons per mile

per day.

From 3190 feet of 3o-inch pipe the flow was 52,352 gallons,

or at the rate of 86,592 gallons per mile per day.

From 5030 feet of 33Jx 44-inch brick and concrete sewer

the ground-water flow was 252,342 gallons, or at a rate of

264,000 gallons per mile per day. It should be noted, however,

that this last flow has since been largely reduced by the con-

tractor working under the direction of the engineer.

In the East Orange sewerage works,* where the conditions

for producing a water-tight sewer were unusually severe, a

large part of the line being 10 feet or more under water and

laid in quicksand, but where at the same time unusual pre-

cautions were taken to prevent leakage, the amount of ground-

water entering the sewer from 29 miles was found to be 650,000

gallons. The house-sewage flow after three years' use was

620,000 gallons, and the flush-tank flow 30,000 gallons.

Rafter and Baker, after noting that at East Orange some

of the sewers were laid under 20 feet of ground-water, and that

a brick sewer with its many joints and porous material was

* Trans. Am. Soc. C. E., Vol. XXV, p. 125.
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used for 4000 feet in a location most unfavorable for tight work,
and that with these exceptionally adverse circumstances the

infiltration was only 50 per cent of the total quantity, or an

amount equal to the domestic flow, say:
" The results obtained

under the extremely unfavorable conditions existing at East

Orange of a leakage of only 2.5 gallons per second (215,000

gallons in 24 hours) from 25 miles of vitrified-tile sewers, with

66,000 joints, is indicative that, under favorable conditions

and with careful workmanship, a system of such sewers may
be made nearly impervious, though in designing disposal work

it will probably be safe to allow for an infiltration of 15 per
cent of the flow of sewage proper."

In connection with studies made on the pollution of Boston

Harbor, the State Board of Health of Massachusetts had tests

made on the infiltration of ground-water into sewer systems
of recent construction. These showed * that into 137 miles

of sewers, ranging in size from 8 inches to 36 inches diameter,

the leakage was at the rate of 40,000 gallons per mile per

day.

In the course of his report, Mr. Goodnough, the chief

engineer, said that so far as he could judge by determinations

of the amount of night flow throughout the State, the leakage

into any large sewer system might easily amount to 70,000

gallons and at times when the leakage is extraordinary to as

much as 80,000 gallons per day per mile of sewer. He adds

that, in extensions of the Metropolitan Sewer System it seems

desirable to make provision for a leakage of as much as 80,000

gallons per day per mile of sewer.

In the case of the joint trunk sewer from Elizabeth and

Newark to Staten Island Sound, unusual care was taken in

the construction, special jointing material (sulphur and sand)

being used instead of cement and in the 150 miles of main

sewer and tributary systems, the infiltration was at the rate

of 25,000 gallons per mile per day.f
*
Special Report on the Discharge of Sewage into Boston Harbor, 1900.

f Report Passaic Valley Sewerage Commission, Dec., 1907, p. 13.
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Mr. J. N. Hazlehurst,* refers to a lawsuit, entered into

because while the specifications limited the leakage into a

sewer system under contract to 5000, measurements made
after all the pipes were laid showed an average leakage of

44,600 gallons per mile per day. In the course of this article,

he refers to measurements made at Maiden, Mass., where

tests made directly after the completion of the sewerage system
showed a leakage at the rate of 50,000 gallons per mile per day.

-This was, he intimates, in spite of the fact that all the work

was underdrained and cement used almost extravagantly in

the hope of securing water-tight work.

Mr. Hazlehurst also refers to the measurements made in

New Orleans, where an original estimate of 31,800 gallons

per mile per day (0.003 cubic foot per second per acre) was

found to be approximately correct after the sewers had been

built.

Such values as have been given above seem to establish

the fact that many sewers can be found that are imperfectly

constructed and that as a consequence admit more or less

ground-water into the pipes. It is, moreover, probable that

the measurements recorded are the results of attempts to

reduce leakage to more moderate and reasonable figures and

are therefore unduly high.

Mr. Hazlehurst implies, however, that these leakages are

characteristic and says definitely that there can be no such

thing as a water-tight pipe line and that if an engineer, in

his specifications, sets a limit to the amount of leakage, it

behooves him to
"
be very sure of his ground, both literally

and figuratively."

Granted, however, that it is doubtful whether a sewer can

be made water-tight under ordinary conditions and methods

of construction, it remains to be seen what is a reasonable

amount of infiltration.

If the sewer is of brick, assuming first-class construetion,

*
Engineering News, Vol. L, p. 179.
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the amount of ground-water entering may be restricted to that

due to the porosity of the brick and mortar. Various methods

are found in pocket-books for making brick walls impervious,

and many statements are made to the effect that brick masonry
in engineering construction allows considerable water to pass

through. No definite data, however, seem available for the

exact amount of such percolation under different conditions of

construction. In the case of sewers, experience seems to show

that in the same ground more water comes through a brick

than through a pipe sewer; but nothing definite is known on

the subject.

The author has seen water under a head of a few feet pass,

in numberless small streams, through a 1 2-inch brick wall.

He has experimented with tanks of brickwork, with 8-inch

walls, with and without plaster coats, and is convinced that,

with the work of ordinary housemasons, it is beyond all reason

to expect an 8-inch brick wall to be water-tight, even with

an ordinary plaster coat. It is essential for water-tightness

that the voids of the plaster coat be filled either with several

coats of cement wash, with asphalt, or with some one of the

many water-proofing paints or plasters available. Mr. John
N. Brooks * has suggested that a more suitable unit for infiltra-

tion for brick or concrete sewers is gallons per day per square

yard of interior surface, and from some experiments of his

own on a concrete sewer 9 miles long, he finds the leakage

for 4- to 6-foot sewers, in first-class ^condition with special

waterproofing of three-ply felt and pitch, to be at the rate of

0.8 gallon per square yard, or 6000 gallons per mile for the

4-foot sewer.

The only two instances on record of leakage through the

walls of brick sewers, are at Orange, N. J., and at Maiden,

Mass., already referred to, and instanced by Mr. A. P. Folwell,f

secretary of the American Society of Municipal Improvements.
The leakage was found to be at the rates of 570,000 and 800,000

* Proc. Am. Soc. C. E., Vol. XXVIII, p. 1705.

f Municipal Engineering, Vol. XXV, p. 348.
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gallons per mile for the two places, respectively, or 122 and

136 gallons per square yard. It is absurd, however, as Mr.

Folwell himself points out, to expect that such leakage as this

is reasonable, and it only serves to illustrate what large flows

may occur through badly built brickwork.

If the sewer is of vitrified pipe, ground-water enters the

pipe through the joints, and the amount to be expected depends,

assuming perfect workmanship, on the kind of cement, depth
of joint, and other details of construction of the joint. In

Vol. XIII, p. 71, of the Journal of the Association of Engineer-

ing Societies, are given the results of some tests by Freeman

C. Coffin, C. E., made to investigate this very point. His

results are given as follows:
"
In the standard form of pipe-socket, with well-made

joints of either Portland cement, neat or i : i, or of Rosendale

cement i : i, with over-filled joints, the leakage would not be

serious, probably not exceeding 1000 gallons per mile per day,

with the level of the ground-water from 2 to 8 feet over the pipe.
" In pipe with deep sockets the tests indicate that if the

joints are well made the leakage will be about as follows: In

Rosendale cement neat it will be very large, perhaps over

100,000 gallons per mile per day. In Rosendale cement mixed

with sand i : i the leakage would not exceed 700 to 800 gallons

per mile per day. In Rosendale i : 2 it would approximate
1000 or 1200 gallons per day; with Portland cement neat,

about 150 gallons per day; with Portland i : i, about 500 or

600 gallons."

The sockets of these pipes were very small to reduce the

area of cement as much as possible, and Mr. Coffin thinks

that even with the best intentions the difficulty of filling these

joints in a trench would be insurmountable, and he therefore

gives the figures above as representing only what can be done

in a laboratory experiment.

In the discussion of the above conclusions, Mr. Cofiin says

that it would seem that Portland cement,~either neat or mixed

i : i, or Rosendale i : i, would make work that was suffi-
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ciently tight for all practical purposes, provided the joints

could be well filled and could remain undisturbed by water

or jarring until sufficiently set to resist. Unfortunately, in

practical construction joints in a sewer-pipe are never made
with the same care as in a laboratory experiment; and further,

it seldom happens that the joints are allowed to stand from

12 to 48 hours before being covered with water, as was done

in these experiments. In a wet trench the cement is not always
forced into the joint, and water is admitted to the joint before

the cement is thoroughly set, tearing off the coating and leaving

an opening into the pipe.

To approximate actual conditions as nearly as possible,

F. S. Senior, as his thesis work, under the direction of the

author, made some experiments in which water was admitted

to the joint at various intervals from the time of making.
His experiments* brought out the following points: First, that

there is to be expected a gradual improvement in the tight-

ness of cement-joints from the time that they are first laid,

amounting to from 40 to 80 per cent, and that the decrease in

leakage is greater for Rosendale cement than for Portland.

Second, that there is more leakage under high heads, and

that the increase with the head is nearly proportional to its

square root. Third, that there is a great advantage in using

quick-setting cement if there is any probability of having the

joints covered with water; and further, that a quick-setting

cement will reduce the length of time necessary to pump from

a wet trench, since the amount of infiltration after the cement

has taken a hard set is inconsiderable. Fourth, that in a wet

trench a gasket is of great value; and whereas without it a

line on which water has risen before the cement in the joints

was hard would admit water to the extent of half filling a

6-inch pipe, yet with gaskets the leakage would be no more than

if the water had been kept off till the cement had set. This

last is in contradiction to Mr. Coffin, who concluded that a

* Trans. Ass'n Civil Eng'rs, Cornell Univ., 1897, p. 113.
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gasket, by taking up in the joint space that should be filled

with cement, was a detriment rather than a benefit. Mr.

Senior's experiments were all made on six 2-foot lengths of

6-inch pipe, and the mortar all mixed i : i. His results in

detail were as follows:

When the water was turned onto the joints within 3 or 4

minutes after the cement had begun to set (15 minutes after

the first joint was made), the leakage through Rosendale

cement was at the rate of 150,000 gallons per mile per day,

decreasing to 30,000 after 72 hours. The Portland cement,

under the same conditions, showed a first leakage of 120,000

gallons, decreasing to 4500 after 72 hours.

When, however, the cement was allowed to stand 30 minutes

before water was admitted, the leakage through Rosendale

joints was at first 70,000, reduced to 25,000 after 72 hours,

and for Portland the leakage was 60,000, which became 4,000

after the same time.

In using gaskets, water was turned on in 10 minutes, or

before the cement was set, so that the full benefit of the gaskets

was brought out. With Rosendale the first leakage was only

26,000 gallons, and after 72 hours it had decreased to 8000

gallons per mile per day. With Portland, while the first leak-

age was 11,000 gallons, after 72 hours it was but 5500 gallons,

or a small and insignificant amount. The results of this last

work as well as that of Mr. Coffin show that even under the

best conditions there is some leakage; but that if the joints

are well made this amount can be reduced to about 4000 gallons

of water per mile per day for a 6-inch pipe. (Compare with

p. 144.) For larger pipe the increase would probably be pro-

portional to the area of the joint.

If the joint space increased regularly both in width and

length, this area would be approximately proportional to the

square of the diameter. But the widths are uniform at f inch

up to and including zo-inch pipe and all other sizes have a

^-inch space for standard pipe. For deep and wide socket

pipe, the space is always f inch. The area then depends on the
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circumference or directly as the diameter, except that there

is an abrupt change between the 10- and 1 2-inch pipes.

As an example, a 1 2-inch pipe 2 miles long, laid in water,

might be reasonably expected to carry as a minimum amount

of subsoil infiltration 4000x2x2 or 16,000 gallons of water,

while the capacity of the pipe flowing half-full at a velocity of

2 feet per second is 650,000 gallons per day, or the leakage

is about i\ per cent of the capacity of the pipe. This might
be somewhat reduced by allowing 12 hours for the cement

to set before the water is turned on, but it takes into account

not a single bad joint nor one which is not fully filled, of which

there are always many in actual construction. If the leak-

age were at the rate of 10,000 gallons for a 6-inch, or 20,000

gallons for the 1 2-inch pipe, it would be less than most of the

examples cited and would be only 6 per cent for the 2 miles.

In Vol. XIX of the Journal of the Association of Engi-

neering Societies is a valuable paper by Mr. F. A. Barbour

of Brockton, Mass., on the strength of sewer-pipe, and inci-

dentally on some tests of the tightness of pipe-joints. He gives,

however, no conclusions as to amounts, saying that the results

have been decidedly unsatisfactory from the standpoint of a

written report, and no tabulations of the figures will be given.

The evident lesson so far as ground-water is concerned is

that, instead of adding a certain percentage to the desired

capacity of the sewers, a more rational method is to consider

in detail the lengths of pipe to be laid under a head of ground-

water, and to increase those lines and the mains lower down by
a certain amount of leakage per mile, the amounts to be

arrived at by actual experience and by the experiments quoted.

Mr. Alexander Potter, Engineer of the Joint trunk sewer

of New Jersey, concludes* that even with rigid inspection it is

not safe to count on less than about 25,000 gallons per mile

per day leakage with cement joints, but with sulphur-sand

joints it may be reduced to about 5000 gallons per day. These

*
Engineering Record, Vol. LX, p. 377.
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amounts seem large in view of the experimental data, but it

must be remembered that the amounts given in the experi-

mental data are for leakages through perfect joints, and that

in construction any workmanship except the best, which it is

practically impossible to secure in trench-work, will materially

modify and increase the amounts given.

PROBLEMS

47. The annular space for the joint in a lo-inch pipe (3-foot lengths)

is f inch. If the thickness of the pipe is inch and the leakage is at the

rate of 15,000 gallons per mile per day, determine the rate of infiltration

through the cement in gallons per square yard of area.

48. The annular space of a 6-inch pipe is f inch and for a 1 2-inch pipe

^ inch. If the thickness of the pipes are f inch and i inch respectively,

compute the relative permeability, assuming the latter to depend on the

area of the joint.

49. If the leakage through the walls of a brick sewer, 4 feet 6 inches

diameter, is at the rate of 5 gallons per square yard of interior surface,

compute the leakage per mile of sewer.

50. If the leakage into a sewer system is at the rate of 25,000 gallons

per mile per day under a certain head, what would be the probable leakage

if the head is doubled, judging by Senior's experiments.

51. Assuming the leakage into 6-inch pipe to be at the rate of 8000

gallons per mile per day, determine the total leakage into 10 miles of

6-inch pipe, 5 miles of 8-inch pipe, 2 miles of lo-inch pipe, and 0.75 mile

of i2-inch pipe,



CHAPTER X

GRADES AND SELF-CLEANSING VELOCITIES

IN the early days of sewer-construction the fact that sewers

could be kept clean by any other method than by periodic

sweeping was scarcely appreciated. Sewers were a subject

not fit even for discussion, much less for the professional inter-

ests of any except the meanest laborers. Sewers were neces-

sary, were to be taken for granted, but were not to be made a

topic of public conversation. To this public attitude towards

sewers it is undoubtedly due that the principles of hydraulics,

early studied in the case of rivers by the most eminent scien-

tists, have been so tardily applied to sewage-flow, and have only

recently been recognized in determining the size, shape, grade,

etc., to make the sewer best suit its intended purpose.

Baldwin Latham gives examples of defective house-drains

said to be still in use in London houses. Fig. 45 shows a

defective section of a sewer car- . _^
rying storm-water and sewage,

which has been in use in

Ithaca for many years. Many
examples could be found of

similar faulty construction, of

broad flat inverts, of rough sur- ,,
rlG. 45*

faces, of open joints, and of

grades not sufficient to carry along the matter in suspension.

It is, however, enough to point out that such imperfectly con-

structed sewers have been the rule in the past, and that only

within the latter half of the last century has the relation

between the hydraulic elements concerned and a clean non-

depositing sewer been recognized. Now it is known that

with a sufficient velocity and depth any material that has
153
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been deposited there may be scoured out from the bed of a

sewer or stream, or it may be held in suspension and so pre-

vented from accumulating deposits. To what laws or by
what means this power of water to hold material of greater

density in suspension is due is not clearly known. The sub-

ject, however, is of great importance, because if a sewer is to

be kept clean without intermittent hand labor, it must be

through the transporting power of the water which hurries

along with and in itself all solid matter. The admirable com-

pilation by Mr. E. H. Hooker on this subject, presented as a

thesis at Cornell University in 1896, and published later in

the Trans. Am. Soc. C. E., gives the following propositions,

applicable to sewers, as expressing the main facts so far as they

are known and necessarily underlying any broad theory of the

cause of the suspension of sediment:
"

i. The movements of solids by water may take place

by dragging, by intermittent suspension, or by continuous

suspension.
"

2. Motion in each of the three ways is increased with

increase of depth; yet the depth itself can only affect the inter-

mittent suspension.
"

3. Motion in each of the three ways is increased by
increase in the mean velocity.

"4. The presence of the sediment in the stream-flow

decreases its mean velocity.

"5. Dragging as well as suspending power increases with

heaviness of the liquid and with its greater coefficient of

viscosity.

"
10. Increase of vortex motion increases the power of

transport.

"13. Bodies suspended in flowing water, either inter-

mittently or continuously, tend to acquire a velocity greater

than that of the water surrounding them."

The theories offered to explain the facts or propositions
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just given are summed up by Mr. Hooker with the state-

ment that the suspension of sediment in flowing water may be

attributed to three causes acting together, or in rare cases

separately :

"
First. The resultant upward thrust due to eddies, con-

ditioned upon the fact that the earth's (bed of stream) pro-

file offers more rugosities than the air profile, and the effort

exerted by a current upon a solid varies as the square of the

relative velocities.
"
Second. The resultant upward motion of solids due to the

fact that an immersed body tends to move faster than the

mean velocity of the displaced water, and in such motion tends

to follow the line of least resistance.
"
Third. The viscosity of the water."

The law of Airy, that the transporting power of flowing

water varies as the sixth power of the velocity, Mr. Hooker

passes over without comment, but he gives curves showing the

increase of suspending power with velocity.

By these laws as given, it is evident that a certain velocity

and depth are necessary to keep material from sedimentation.

The exact relation between velocity and depth to secure the

best transporting power is not known. In the case of sewers

it is generally assumed that for a given quantity of water the

maximum transporting power is secured with the maximum

velocity, and that therefore a sewer section in which the vol-

ume of flow is variable should be designed so as to keep the

velocity of flow for all depths equal, or as nearly equal as pos-

sible, to that obtainable from the section most favorable for

that quantity if considered alone. Since the maximum velocity

for a constant quantity is obtained when area divided by
wetted perimeter is a minimum, the section generally used as

giving the greatest velocity is circular, and in sewers of vary-

ing flow the section is egg-shaped as being the best possible.

Should it, however, be found that the depth of flow is more

important as a function of the transporting power than is now

thought, the maximum velocity will be no longer sought, since
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now it is used only as an index of the transporting power.
As Mr. Hooker intimates, the whole subject is far from being

on a satisfactory basis, and observation and experiments are

much needed to put the matter in its true light.

The available experiments on the velocity required to take

up into suspension or to drag along material in running water

are not many. Table XX, taken from Mr. Hooker's article,

gives what there are.

It is seen that a velocity varying from 16 to 60 inches per

second is required to take up material, and Baldwin Latham

gives the following table showing how the specific gravity of

the material affects that velocity. The experiments on which

this is based were made by Mr. T. E. Blackwell, C.E., for the

government referees, in the plan of the Main Drainage of the

City of London.

TABLE XXI

Material.
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and Filkins of Cornell University note that a piece of brick

nearly cubical in shape, weighing 22 ounces and having a

volume of over 16 ounces, was carried by a flushing-wave more

than 1000 feet, while under the same conditions a mere flake

of the same brick, having a volume of not more than 2 cubic

inches, could not be moved more than 600. feet. Also a piece

of limestone nearly cubical, weighing 7.75 ounces, was car-

ried 1400 feet, while a piece weighing 4.75 ounces, but nearly

flat in shape, was carried only 470 feet.

It is seen, then, from the above old, meagre, and variable

data that a flow of water requires a certain velocity to carry

along solid material, and that the suspension of the material

depends also on its size, shape, and specific gravity.

Material deposited at the same place will be lifted by a

flow of water and carried to different distances; those pieces

whose shapes are such as to withstand the current, offering

a thin and sloping edge to it, being last taken up, as the velocity

increases, and soonest dropped. In a similar way a large stone

too heavy to be carried along has been found to shelter smaller

ones which otherwise might have been taken up by the cur-

rent. Small irregularities in the channel serve as shelters for

the fine material, and piles of sand, etc., are likely to accumulate

behind projecting bits of mortar. It is plain, then, that

neither theoretical determinations of the velocity required to

carry matter in suspension, nor yet the results of experiments

on different materials of varying sizes and specific gravities,

are sufficiently like the conditions prevailing in sewers to deter-

mine the velocities required in the latter, and it is only from

experience in sewers themselves, where the material to be

transported is that natural to a sewer and where the condi-

tions of rugosity of bed and variation in the velocity in the

different laminae are those peculiar to a sewer, that any reli-

able recommendations must come.

As an indication of the extreme lower limit of the range

of velocities, reference may be had to the recent work on sedi-

mentation where studies have been made on the velocity of
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settlement of particles of varying size. Thus, Hazen has

found* that in still water particles i mm. in diameter settle at

the rate of .33 foot per second, but that particles .1 mm. in

diameter reduce this rate to .028 foot per second and those

.01 mm. to .005 foot per second. That is, the size of par-

ticle, particularly in the case of fine suspended matter, plays

an important part in the rate of settling and it is quite pos-

sible for the particles to be so small that they will not settle

at all. In the separate system the size of the suspended parti-

cles is continually changing on account of the organic decom-

position of the material and at the lower end of a long line the

reduction in size may be so great that a much smaller velocity

will suffice to keep the sewer clean than would be needed at the

upper end. The relatively low velocities in Table XX shown

in the cases of soft earth and clay are undoubtedly due to the

small size of the particles involved. Experiments with more

finely divided material might show even lower velocities. The

question then is not merely what velocities will prevent sedi-

mentation, but what are the sizes of particles of suspended
matter found in sewage and what velocities are necessary to

prevent sedimentation of such particles.

Since the size of particles carried in suspension in sewers,

either for storm water or for domestic wastes, is largely con-

jectural, it follows that it is hopeless to attempt to apply any
definite law of hydraulics to the problem, but that rather the

engineer must be contented to accept the results of experience

and secure in new work such velocities as have been found

adequate to prevent undesirable subsidence.

The following required velocities are those suggested by
different prominent engineers and have been tabulated by

Staley and Pierson:

Baldwin Latham 2 to 3 ft. per sec.

Beardmore 2.5 to 3

Phillips 2.5 to 3
" "

* Trans. Am. Soc. C. E., Vol. LIII, p. 63.



GRADES AND SELF-CLEANSING VELOCITIES 161

Rankin i to 4.5 ft. per sec.

Adams 2.5 to 3
" "

Philbrick 2.5 to 3
" "

Gebhard 2 to 3
" "

Baldwin Latham gives a little more detail, saying that in

his experience he has found that in order to prevent deposits

in small sewers or drains, such as those of 6 or 9 inches diam-

eter, a velocity of not less than 3 feet per second should be

secured. Sewers from 12 to 24 inches diameter should have

a velocity of not less than 2\ feet per second, and in sewers of

larger diameter in no case should the velocity be less than

2 feet per second. This statement would evidently imply an

expected or experienced increase of transporting or scouring

power in the current with an increase of depth.

A fact still further contributing to the general uncertainty

of this subject is that the velocities given above are those for

the pipes flowing full or half full. Since a small pipe sewer

rarely flows half full, and since the velocity decreases rapidly

as the depth in the pipe decreases, it follows that the bottom

velocity on which the scouring power depends must be much
less than the 2\ or 3 feet per second which by the table seems

necessary. For example, an inch flow in an 8-inch sewer, laid

on such a grade that it has a velocity of 3 feet per second

when flowing half full, has with the less depth a velocity of but

1.6 feet per second, which, by the table on p. 156, is not sufficient

to move anything except the smallest gravel.

When it is remembered that sewers are designed for a period

of years in advance and that the full capacity of the sewer is

to be reached only at that future time and then only at that

hour of that day throughout the entire year when the flow will

be the greatest, it is readily seen that in fact at all times the

flow is less than that estimated and that therefore the velocity

will always be less than that assumed to exist.

In examining in the Ithaca sewers the velocities with small

depths, the author has found velocities of 0.98 foot per second
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apparently carrying along the solid matter and requiring no

more flushing than is usual. It would seem, then, that the stated

velocities are not the actual flow velocities, but are those required

at half-depth in order to get the needed velocities with the usual

flow, the actual velocities needed being from i foot to if feet

per second.

The velocity required being known, it can only be secured

by sufficient grade, and the minimum grades are those just

sufficient to produce the velocities given above. By the

rule of Latham, the larger the sewer the less need be the

velocity and grade, but it assumes that the amount of flow

is sufficient to keep the sewer flowing half full.

Thus it is possible to carry away a definite amount of

sewage either by a large pipe and a small velocity or by a

small pipe and a correspondingly high velocity. According to

Latham, the following sewers laid at the grades given will all

have the same velocity flowing half full, but the amounts

carried must be in the ratios of 100, 25, 4, and i:

A sewer of 10 ft. diameter, grade .038 per cent
11 "

5
" "

.076
" "

2
" "

.190

The velocity required is therefore a function of the quan-

tity as well as of the grade.

The fact that large sewers may be laid on a light grade and

yet maintain the necessary velocity is sometimes responsible

for an attempt to reduce the necessary grade for a small pipe

by the substitution of a larger one. Thus one of the author's

students in a Thesis design planned 24-inch pipes for a number

of laterals, because his grades were very light and he mis-

takenly thought that by using a larger pipe, the grades for

that pipe if half full, could be used. The error is at once appar-

ent, a small flow in a large pipe requiring a greater slope for the

pipe than if the flow was confined in a smaller cross -section.
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An ingenious arrangement was adopted some years ago by Mr.

J. H. Fuertes in the case of the Paxton Creek intercepting

sewer for Harrisburg, Pa. The permissible grade for this

pipe line was so light that the resulting velocity was altogether

inadequate, so the diameter was increased from about 18

inches to 5 feet and a full cross-section was insured by auto-

matically admitting water from the creek so that this water

added to the sewage would secure the needed velocity. The

increased cost of the sewer was here justified by the elimination

of pumping which would otherwise have been necessary.

For sewers flowing constantly, either full or half full (the

velocity is the same at both points, increasing at a point A full

to a maximum of 112 per cent), at a velocity of 2 feet per second,

there are required, according to Kutter's formula, grades as

follows (# = .013):

6" 8" 9" 10" 12" 15" 18" 20" 24" size

.7 .5 .4 32 .22 .16 .11 .10 .09 grade

Latham's tables, based on Weisbach's formula, give the

following :

6" 8" 9" I0
"

12" 15" 18" 20" 24" size

.34 .26 .23 .20 .18 .14 .11 .10 .09 grade

showing a large difference for the smaller sizes as explained
in the discussion of the two formulae (see p. 167).

Staley and Pierson say that a 6-inch lateral laid on a rV per
cent grade works in a fairly satisfactory way, but Hering
advises y

5
cr per cent is possible. At Ithaca, where all the sewage

has to be pumped and where all the sewers in the valley are

laid on the minimum grade, the grades adopted were:

6" 8" 10" 12" 15" 18" 20" 24" size

.5 .5 .45 .40 .35 .25 .20 .20 grade

Examination of the plans of engineers throughout the coun-

try discloses that fact that there is considerable latitude in the
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grades adopted as the minimum, implying either that the

knowledge of the grade needed for the minimum velocity given

above is indefinite, or that ideas of what the minimum velocity

is, vary. At the lower end of a main where there are no

house-connections and where, should the sewer get blocked,

backing up of the sewage would do no harm and would prob-

ably accumulate a head which would force out the obstruc-

tion, a grade or velocity less than those given might be toler-

ated. And at the upper ends of laterals where, although the

amount of flow is probably small, a flush-tank can be placed to

wash out periodically whatever might form a stoppage, light

grades can be used, however undesirable. Between these two

extremities of the line, grades less than those given are unwise

and a source of continual trouble. Advantage is sometimes

taken of natural aids to get intermediate flushing, as proximity

to some stream, or to breweries or swimming-tanks, and on this

account the grades are lessened. The whole subject gives

an excellent opportunity for experimental work in sewers

actually in use, and is open to much more enlightenment.

PROBLEMS

52. If a i2-inch sewer flowing half-full has a velocity of 3 feet per

second, what would be the velocity of flow with a depth of i inch? (Use

tables from Trautwine's or Kent's Pocketbooks for values of area and

wetted perimeter.)

53. If a combined sewer, 4 feet diameter, is so laid as to secure a velocity

of flow of 2.5 feet per second flowing full, what would be the velocity

of flow for the house-sewage with a depth 0^4 inches?

54. Using the Chezy formula (v c\/R-S), find the value of S to give

a velocity of 3 feet per second in a 24-inch pipe, half-full (c
= 100).

55. If the estimated sewage-flow is 2 cubic feet per second and the

available fall is only f inch in 100 feet, find the necessary diameter of

sewer, flowing full, to give a velocity of 2.5 feet_ per second, assuming

creek-water can be added. Use formula v =c\/R-S with = 120.

56. If a 6-inch lateral is laid on a T% per cent grade, what is the theo-

retical velocity? (Use v = c\/R 5 with c = 70.)



CHAPTER XI

DEVELOPMENT OF FORMULA FOR FLOW

THE first attempts to discover the law by which the velocity

of running water depends on the fall and cross-section of the

channel is supposed to have been made in 1753 by Brahms,

who observed that the acceleration which we should expect

in accordance with the law of gravity does not take place in

streams, but that the water in them acquires a constant veloc-

ity. He points to the friction of the water against the wet

perimeter as the force which opposes the acceleration, and

assumes that its resistance is proportional to the mean radius,

Rj that is, to the area of the cross-section divided by the wet

perimeter, o v =CRVH, with C equal to a fraction multi-

plied by \/2g.

In 1775 Brahms and Chezy, the latter a celebrated French

engineer, whose most famous work was the Burgundy Canal,

made the next advance, and altered the relation between the

velocity and the mean radius. These engineers are to be

regarded as the authors of the well-known formula usually

known as the Chezy formula, viz.,

or velocity equals a constant multiplied by the square root

of the hydraulic radius and by the square root of the slope.

Dubuat, 1779, undertook to determine experimentally

some of the laws governing flowing water, and for that purpose

he made an elaborate series of gagings of some French canals

and of artificial channels. His results are summed up in

these two laws:

165
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1. The force which sets the water in motion is derived

solely from the inclination of the water-surface.

2. When the motion is uniform the resistance which the water

meets, or the retarding force, is equal to the accelerating force.

He also showed that the resistance is independent of the

weight or pressure of the water, so that its friction upon the walls

of pipes and channels is entirely different in its nature from

that existing between solid bodies.

Coulomb's investigations, a little later, indicated that the

resistance offered by the perimeter of a channel is represented

by two values, the first of which is proportional to the velocity,

and the second to the square of the same. Upon this principle,

de Prony based his formula

R-S^av+bv2
;

in which a and b are constants to be derived from experi-

ments. From thirty measurements by Dubuat and one by

Chezy, de Prony found, for metric measures, that a equals

0.000,044 and b equals 0.000,309. Somewhat later, Eytel-

wein, after comparing the above thirty-one experiments with

fifty-five others by German hydraulicians, suggested that a

should equal 0.000,024 and b equal 0.000,366.

This formula of Eytelwein is a familiar one, and reference

is made to Proc. Inst. C. E., Vol. XCIII, p. 383, for extensive

tables on sewer design, based upon it.

Many authorities, seeking to simplify the expression, held

that it would be permissible to shorten the formula by neglect-

ing the term aXv
}
which is very small for large streams espe-

cially, reducing the form to that of the Chezy formula again.

For this modified formula the value of b is given as 0.0004,

later taken by Eytelwein as 0.000,386, and it has been much

used in Germany and Switzerland until recently. It gives

in metric units

and in English units
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It was noticed, however, that while this formula agreed

with the experiments for certain conditions of slope and

velocity, it would not hold for others; so that, as an improve-

ment, Ruhlman and Weisbach deduced from the same experi-

ments varying values of the constant to correspond with the

varying values of velocity. The following table gives the

values of c varying with v as given by Weisbach.

TABLE XXII

Veloc. V =
ft. per sec.
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rounding the flowing mass. According to Dubuat's experi-

ments the adhesive attraction of the walls seems to cease at

this layer, so that differences in the material of the walls pro-

duce no perceptible change in the resistance. That this reason-

ing is not good we now know; but since the early experiments

on the value of the coefficient were made under conditions in

which the wall-surfaces differed but little, and since no new

experiments were made until the middle of this century, engi-

neers, however much convinced of the unreliability of these

early formulae, were not in a position to construct a more

accurate one. It was left to M. Darcy, Inspecteur General

des Fonts et Chaussees, to whom the city of Dijon owes her

excellent water-supply, to open the way to a better under-

standing of this subject. In the Dijon water-pipes M. Darcy

noticed,* as had been observed by others, that those pipes

which presented the smoothest inner surface furnished the

greatest quantity of water in a given time, or, in other words,

that the greatest velocity was found in the smoothest pipes.

He argued that a similar phenomenon must take place in open

channels, and undertook to make a thorough and extensive

series of experiments upon this point. By special authority

of the government, he had constructed near Dijon, on the

Canal de Bourgogne, a special canal 6 feet wide, 3 feet deep,

and about 1850 feet long. It received its water from the

canal and discharged it into the River 1'Ouche. The water was

supplied by two reservoirs at a constant head, and the amounts

were measured by a series of carefully calibrated weirs. The

canal was furnished successively with different linings, viz.,

neat cement, i : 3 mortar, boards, brick, fine and coarse peb-

bles, and laths, nailed transversely to the direction of the cur-

rent, .01 and .05 metre apart. The grades were varied from

.001 to .009 per unit of length. Besides these experiments,

all known data were collected and compared. Just as M.

Darcy had completed these arrangements, most of them pre-

* Recherches exp6rimentales relatives au Movement de L'Eau dans les Tuyaux,

par Henry Darcy, 1857.
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liminary, he died, in 1860, and the carrying on of the experi-

ments and drawing up of the conclusions fell to his assistant,

M. Bazin. It was the latter who arranged and conducted the

gagings and extended them to several branches of the Canal

de Bourgogne, who collected and digested the numerous results,

and who has written an elaborate book on the subject, embody-

ing the results of years of investigation and study.* Bazin

made two general deductions:

1. The coefficient c of the formula for the determination

of the mean velocity in canals and rivers of uniform flow varies

with the degree of roughness of the wetted surface.

2. These coefficients c vary much more nearly with R than

with v.

He further noticed a change in c corresponding to a change

in 5, but he did not consider it of sufficient importance to be

taken into account.

From his study and the knowledge thus gained M. Bazin

established a new formula, making it applicable to his experi-

ments and having v change with the differences in the rough-

ness by having four classes of surfaces, with special coefficients

for each class, and putting every channel into one of these four

classes. He takes the abbreviated formula of Eytelwein,

and makes the constant

or
n\ I

j

|)^ }
or v =

I -VRS.

. To determine values of a and g, M. Bazin plotted for con-

* Recherches Hydrauliques, entreprises par M. H. Darcy: continues par
M. H. Bazin, 1865.
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slant slope and constant roughness a series of experiments,

using formula in the form

2 R'

DC1

the ^y-ordinates being values of or
,
and the #-ordinates,

values of . a then gives the distance of the origin from the
R

point where the F-axis is cut by the straight line, drawn as

nearly as may be through the points; and g is the tangent of

the angle which the line makes with the X-axis.

In this way four sets of coefficients were obtained, here

given in English measure.

I. Cement and carefully planed wood:

a = .000,046 ; g
=

.000,0045 .

II. Smooth ashlar, brick, and wood:

a = .000,058 ; g
=

.000,0133.

III. Rubble masonry:

a = .000,073 j

= ^.000,0600.

IV. Earth:

a = .000,085 ; g
=

.000,35.

V. Carrying detritus and coarse gravel:

a = .000,122; g
=

.000,7000.

The last class was added later by Kutter.

In his treatise M. Bazin says:
" One must regret the sub-

stitution for a single simple formula of a new formula with

variable constants in the coefficients; but the indeterminate
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character of the coefficients is an inconvenience peculiar to the

nature of the phenomena, and further progress in hydraulic

theory can never remove it. There are, moreover, very few

physical laws the formulated expression of which does not

include like indeterminates."

The experiments of M. Bazin and the coefficients derived

from them are standards in hydraulic history, whose accuracy

has never been questioned, and are to-day used throughout

France in determining the velocity in open channels. Tables

based on this formula are given by Flynn in his Hydraulic

Tables (p. 180).

About the same time that M. Bazin was making these

important experiments in France, Humphreys and Abbot were

making their well-known experiments on the velocity of flow

in the Mississippi River.* They deduced the following formula:

v= \\Jo.
*o.ooSim-\- * 22 RiV s

where m= -= for small streams and m = 0.1856 for large

streams.

By experiments made more recently in which this formula

has been tested, it has been proved to be not generally applic-

able, both from the fact that the limits of m are not wide enough
and that the influence of slope as introduced is not accurate.

The variation in the velocities of different laminae of the

stream were, however, well brought out by the work on the Mis-

sissippi River, and the earlier results of M. Bazin verified. It

appeared, especially from the later and more extensive work,

that the velocities in a longitudinal vertical plane would form

the abscissae of a parabolic curve with the axis parallel to the

surface and at the depth of maximum velocity. This depth,

when the air is still, is, according to the Mississippi work,

about fV of the entire depth below the surface. A wind blowing

*
Report on the Mississippi River, 1876.
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down-stream affects the shape of the parabola, bringing the

axis nearly to the surface, so that the surface velocity is the

maximum velocity, while an up-stream wind drops the axis

below the mid-depth. In the last case the bottom and top

velocities were about the same, while the up-stream wind

reduced the bottom velocity to about 85 per cent of that at

the surface.

It is to be noticed that before the construction of the

Kutter formula the most advanced development of the primi-

tive formula v =cVRS was embodied in the formula of M.

Bazin, who made the coefficient c vary with (i) the degree of

roughness of the wetted perimeter, decreasing with the increase

of roughness; (2) the value of the hydraulic mean radius, increas-

ing with its increase; and (3) the slope, decreasing with its

increase in large channels and increasing with its increase

in small channels.

It remained for Ganguillet and Kutter to combine all

these variables into one algebraic expression for the value of

c, a discussion of which follows in logical order.

Before taking up the discussion of the Kutter formula,

however, the two latest English formulae may well be noticed.

The first, by Henry Robinson, was arrived at, says the author,

by Mr. Edgar Thrupp, the author's chief assistant, and is

said to be based on the results of direct experiments in sewers,

made by himself and by a great many other observers during

the last forty years and up to the present time.

The formula is

R*
v =

where v is the velocity in feet per second
;

R is the hydraulic radius;

S is the length of sewer in which it falls one foot;

C is a coefficient of roughness; and

x and n constants.
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The index x, the root n, and the coefficient C depend on the

nature of the surface of the channel. For brick sewers in good
condition the value of the index x is .61, n is 2, and C is .00746.

For cement plaster x is .67, n is 1.74, and C is .004. A dia-

gram given at the end of the book on "
Sewage Disposal,"

by Mr. Robinson, allows velocities and discharges to be read

directly.

The other English formula, Santo Crimp's, is given as

the same meaning being given to the letters, except that S
is the fall divided by the length. It would seem that, with

no possible variation for the coefficient, this formula could

not equal the others in accuracy, though it is suitable for

conditions similar to those upon which it was founded, that

is in brick sewers.

With the use of logarithmic plotting, a new interpreta-

tion of old data was possible and it remains to refer to two

exponential equations based on the old experiments but made

possible only by the aid of logarithmic paper.

Sullivan's formula, presented to the world by Mr. M. E.

Sullivan of Denver, Colorado, in a small book called
" The New

Hydraulics," expresses the relation between the three varia-

bles in the form z
= CR-75

S'
60 in which C varies only as the

roughness and as nothing else, and so is absolutely, accord-

ing to Mr. Sullivan, a correct index of the roughness. For

cast-iron and for terra-cotta pipe, a numerical value of 141 is

advised for C, and for brick conduits a value of 120.

Messrs. Williams and Hazen soon after produced their

little book, explaining their slide rule for solving the various

problems of water-flow, and deriving their exponential equa-
tion which has the form v = CR~ Q3

S'
54:

. They say that if expo-
nents could be selected agreeing perfectly with the facts, the

value of C would depend on the roughness only, and for any

degree of roughness C would then be a true constant. They
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advise in their formula a value of 140 for new cast-iron pipe,

of 100 for old cast-iron pipe, no for vitrified pipe and 100 for

brick conduits.

PROBLEMS

57. With the aid of Table XXII (first assuming a value of C and

deriving v in order to select a proper C from the table) determine values

for v when d = 6 inches and $ = .5 per cent and for ^ = 36 inches and s = .i

per cent.

58. If Latham's book on Sanitary Engineering is available, look up
values in those tables for comparison with results of Problem 57.

59. Compute, using Table XXII, the value of v when ^ = 48 inches and

5 = 6 inches in 100 feet. Compare result with tables in Moore's
"
Sani-

tary Engineering."

60. Determine the value of C from Bazin's formula, using the con-

stants for brick and assuming that D = i2 inches. Compare with the

constant obtained for Table XXII.

61. In the Williams-Hazen formula, take C = no, D = $o inches and the

fall of the water surface 7.98 feet in 4160. What is the velocity of flow

and what the discharge with the pipe half-full?

62. In the Sullivan formula, take C = i25, D =
2.$ feet and the hydraulic

grade, 11.85 feet m 6170. What is the velocity of flow and what the dis-

charge, if the pipe flows full?

63. Determine the values v and Q, by the Santo Crimp formula if

the slope and diameter are respectively .00192 and 30 inches.

64. Determine the values of v and Q in the Robinson formula if C = .004,

n = i.74 and # = .67, the other data being identical with Problem 62.



CHAPTER XII

KUTTER'S FORMULA

IN the endeavor of Ganguillet and Kutter to construct

a new formula which by proper variation of its constants should

be applicable to all streams, small as well as large, to pipes as

well as to rivers, the original Chezy formula was used as a basis.

The way in which their complicated formula was made up is

here roughly outlined, both to indicate more clearly the mean-

ing of and reason for its terms, and also to show a method by
which other empirical formulae can be constructed. Their

method was to assume and demonstrate that the value of
"

c
" would be best formulated by an expression of the form

used by M. Bazin, but into which the element of roughness

should be introduced. M. Bazin's formula was

or, making i/a equal y and g/a equal x, it would read

Ganguillet and Kutter at first thought that y could be made

constant, that is, independent of roughness, which would be

made a function of x, equal to n-y, or n-y
2

,
etc. To check

this assumption and at the same time find the value of y, a num-

ber of the gagings of Bazin were selected and curves drawn

with values of i/VR for abscissae and i/c as ordinates. Aver-

175
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age lines were then drawn through the points thus plotted.

Then, since the expression c equals
-

,
can be trans-

i

%

71
formed by taking the reciprocal of each side, the expression

becomes

I I X I

or it has the form of an equation of the first degree and of a

straight line in which if values of i/c are plotted as ordinates

and of il\f~R as abscissae, then i/y must be the constant term

and x/y the tangent of the angle of inclination. If i/y is

constant, it will appear by all the lines passing through the

same point on the axis of y. Far from doing this, the lines

plotted cut the axis at points unmistakably far apart, and

the divergence was especially noticeable when small flows

with steep grades and large flows in rivers with low grades

were compared. It seemed then that, in the formula, y must

be made a variable as well as x. After repeated trials to get

the plotted points to agree with the curves drawn by the

formula, y was made equal to a4 ,
and x to a-n, so that C

equals

n

. an
i +--/=VR

the above values or relations being determined by series of

gagings made with the same slope as nearly as possible. Up
to this point in the development, c had been made to vary

with R and with n, and it remained to make it vary with S.

It was known from the experiments of Bazin and from those

of Humphreys and Abbot that it must be brought in in such

a way that c would increase as the slope decreased for large
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rivers, and would decrease as the slope decreased for small

channels and pipes. In other words, there must be a point

or a certain value of R or a certain sized stream in which the

slope had no effect on c, but that for that size the value of 5
could increase or diminish without affecting the value of c.

From the available data a series of points were plotted with

values of c and R as variables, and all with the same slope

as near as possible. In this way a series of lines were obtained,

each representing a certain slope, and it was found without doubt

that they intersected at a point whose value for i/vR was one

metre approximately, or whose value of i/c was .027 in metric

units. The element of slope was introduced, arbitrarily, by

making y equal to a+l/n-\-m/S't then, preserving the relation

x = ny l, x was made equal to
(a-\--L)n. Then, to deter-
\ *-V

mine the values of /, points were plotted from streams whose

value of i/VR was i, and the roughness of whose channels

was similar, and the value of / was found to be i.oo. Then,
to get a, points were plotted with values of i/S as abscissae and

of y as ordinates, and the point where the line intersected the

axis gave a equal to 23, and m, or the tangent of the angle,

equal to .00155. The constants a, I, and m being determined,
it remained to find values for n for different channels. This

was done by again plotting points of actual gagings for differ-

ent streams and finding corresponding values of n. In this

way the values were found to range from .009 to .040.

To sum up, then, from the original formula

in which c equals

where y equals

l.m
a-\ +-^,n S
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and where x equals

R-S in metric units,

or

,, . i.8n . .00281
41.66+ h =r-

n S VR'S in English units.

or

The values given for n are as follows :

I. Channels lined with carefully planed boards or with

smooth cement ............................... oio

II. Channels lined with common boards or surfaces care-

fully plastered with cement-mortar, one-third sand, in

good condition, also for iron, cement, and terra-cotta

pipes, well jointed and in best order, and for other

surfaces equally rough ........................ on
III. Channels lined with unplaned timber or rough cement-

mortar .............................. ........ OI 2

IV. Channels lined with ashlar and well-laid brick-work,

ordinary metal, earthenware, and stoneware pipe in

good condition but not new, cement and terra-cotta

pipe not well jointed nor in perfect order, plaster, and

planed wood in imperfect or inferior condition, and

other surfaces equally rough ................... 013
V. Channels in rubble masonry...................... 017
VI. Channels in earth; rivers ....................... 025

VII. Streams with detritus ......................... 030
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The unwieldy nature of the formula given above has led to

almost general use of graphical methods of solution. In the

first notice of the formula in the Swiss exhibit in Philadelphia,

1876, there was shown with the printed exposition a diagram
familiar to- us in its English units, by means of which c could

be graphically determined. It is printed in the back of the

translation of Kutter's book by Hering and Trautwine, and can

be found in some of the pocket-books. Mr. Hering in his

translation gives tables for x and y, by means of which the

diagram can be replotted at any time. Similar tables are

given in Jackson's translation.

But even with this diagram to aid in finding c, several

algebraic reductions need to be made before the real purpose
of the formula, that is, the value of v, is known. Trautwine

in his pocket-book devotes four pages to tabulating c for

different values of S, R, and n, when values of v might have

been given. After c is known the square root of the product
of R and S must be multiplied by c to get v.

In Vol. VIII of the Transactions of the Am. Soc. C. E., p. i,

Mr. Hering gives a method by which the velocity can be at

once read from the diagram constructed for c. His reasoning

is very simple. The equation

can be written

R

or the four terms are in a simple proportion, so that by plot-

ting the values of c and of Vi/5 on one side, and of v and of

V R on another side, of an angle, the corresponding relations

will be represented by similar triangles. In Kutter's diagram
the coefficients c are already plotted on the vertical and the

values VjR on the horizontal axis; by plotting an additional

scale of grades on the former and of velocities on the latter

axis the graphical solution is complete by merely drawing
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parallel lines. The article referred to gives the diagram with

tabulated values of x and y, and of the relation of V i/S to g,

or the grade per hundred. Several numerical examples are also

given.

But even this graphical determination of v is not enough.
In sewer-design, except at the limits, the value of v is useful

only as it enters into the value of Q. A diagram, then, to be

thoroughly useful should give at once the value of Q from

the physical data, viz., slope and size of pipe, and the next

chapter is devoted to the construction and use of such dia-

grams. It remains in connection with Kutter's formula to

mention the set of tables which, except in the form of a graph-

ical diagram, give the formula most conveniently for use.

Reference is made to Flynn's tables, published as Nos. 67 and

84 of Van Nostrand's Science Series. These are made possible

in their form by establishing the fact that, within the ordi-

nary limits of use for pipes, sewers, and conduits, the value

of s affects the value of c almost not at all, and therefore s may
be taken as constant, c then varies only with R and n. Tables

are calculated for any one value of n, values of c being

given for values of R. Instead of tabulating the values of c,

however, it is noted that the equivalent of Q, viz., AcVR-S
can be broken up into the two factors AcV R^nd Vo, and the

value of v can be taken as the product of cVR and VS.

Further, since for pipes flowing full the value of R is pro-

portional to the diameter of the pipe, diameters are written

instead of values of R', the tables then give (for a certain value

of n) diameters of pipes from 5 inches up to 20 feet, and for

those diameters the corresponding values of A, of R, of c\/R,

and of AcVR.
For any slope^ its square_ root, given in another table,

multiplied by c\/R or A - cVR for the desired diameter gives

the resulting velocity or discharge.

No. 67 gives tables for circular sewers from 5 inches to

20 feet in diameter with ^ = .015; tables for egg-shaped sewers

(old form) i'Xi'6" to 12' Xi8/ flowing full, two-thirds full,
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and one-third full, with ^ = .015; tables of 5* and V5, ranging

from 5 = i in 4 to 5 = i in 2640, or from 25 to .028 per cent.

No. 84 gives, with other tables and discussions, tables

for circular pipes flowing full, the diameters ranging from

5 inches to 20 feet, and with values for n of .on, .012, and .013.

A table of slopes is given varying from 5 = i per cent to 5 = .053

per cent, decreasing by small amounts, so that the table is very

convenient.

To illustrate the use of Flynn's tables the following examples

are given, using No. 84:

1. What are the velocity and discharge of an 8-inch sewer

flowing full on a grade of .4 per cent, n being assumed at .013?

From the table for ^ = .013, and for a value of d = 8, c^R
is 31.00 and Acvlt is 10.822. From a table of square roots,

V5 is .06325. Then v equals 3i.ooX.o6325, or 1.96 feet per

second, and Q is 10.822 X.06325, or .68 cubic foot per second.

2. What will be the size of sewer required to carry off a

flow of 3.6 cubic feet per second, the grade being .125 per cent,

n being taken at .013?

From the table for ^ = .013 a value of AcV R must be found

which multiplied by \/.ooi 2 5 shall equal 3 .6. This is 3 .6 divided

by .0354, or 101.7, which corresponds to a diameter of i foot

6 inches, the value required. Similarly the velocity will be

the product of cVR found in the same line, or 5 7.80 X.03 54,

that is, 2.05 feet per second.

3. On what grade must a 24-inch pipe be laid to secure a

velocity of 2.5 feet per second, n being taken at .on?

From the table for n = .on, and a diameter of 24 inches,

cV R is found equal to 87.36, which multiplied by V5 must

be 2.5. VS is therefore .0285, and 5, .0008, or .08 per cent.

4. What grade is necessary to discharge 8.5 cubic feet of

sewage through a 20-inch pipe, and what will be the velocity,

n being .012?

From the table for ^ = .012, and a diameter of 20 inches,

Ac\/R is 150.61, which multiplied by Vs must be 8.5;

must therefore be .05637 and 5 is .00267, or .267 per cent.



182 SEWER DESIGN

*st
,,99

e

In using Kutter's formula, or tables or diagrams pre-

pared from it, it must be 'remembered that

the resulting value of v depends, even with

known values for 5 and R, upon the judgment
of the engineer in selecting the proper value

for n. Kutter gives a value of .on for

cement and terra-cotta pipe in good condi-

tion, and .013 for stoneware pipe in good
condition but not new, and for cement and

terra-cotta pipe not well jointed. These

values, from experiments made by the author

in pipe sewers, seem to be true only for per-

fectly clean pipes; and whenever accumula-

tions of silt occur, or in pipes with any

projecting cement, these values are too small.

Probably .013 for pipes and .015 for brick-

;
work would agree more closely with actual

sewer-gagings than the values given above.

It may, however, be well to note that

there is some evidence tending to show that

the values of n as just given are not constant,

but change with the depth of flow. In a

thesis by Glenn D. Holmes written in 1897

under the direction of the author, are given

some values of n found experimentally for

clean sewer-pipe on different grades. The

values found varied from .007 to .021 for the

differing grades (.56 to 2.51 per cent) and for

the varying depths. As the depths increased

in the experiments, reaching the half-full

point as a limit, the values of n were in-

creased for the higher grades and decreased

for the lower, with the evident meeting-point

at n = .013, agreeing with the common assump-

tion. Further experiment in this direction would seem desirable.

As a convenient and ingenious method of finding values

s^^
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of Q from the grade and size of pipe,
"
Colby's Sewer Com-

puter
"

is of value. Based on Kutter's formula, with n = .oi$,

the logarithms of the grades, discharges, and diameters are

laid off on the rule and runner, so that by proper setting of

grade and diameter the discharge can be at once read off.

No velocity is given, although the runner could have addi-

tional divisions for this purpose. The rule is shown in Fig. 46.

PROBLEMS

65. Determine numerically the difference in the value of C between

values of =
.oi3 and ^ = .015; for values of 5 between .005 and .0005, and

for values of R between ^ = .125 and ^ =
1.25.

If a diagram is based on a value of ^ = .013, by what per cent would v

be increased or diminished for ^ = .015.

66. For ordinary range of values used in sewer work show numerically

how much variation in s would affect the value of c.

67. Compute average values of C for ordinary sizes of pipes, and for

ordinary range of s, with n = .013.

68. Given an open ditch section, of side slopes 2 horizontal to i vertical

with bottom an arc of 18" radius tangent to the sides, determine the

depth of flow, on a grade of .005 per cent, to carry 35 cubic feet per

second. Ditch is lined and n may be taken at .015.

69. Find the size of a trough whose width is double its depth that

will deliver 180 cubic feet per minute. Assume the slope to be 2 feet in

TOCO feet and the coefficient of roughness, n, to be .013.

70. An outfall flume is to discharge 40 cubic feet of sewage per

second. It is to be built of plank (n
= .01 1) on a slope of i in 3000. What

should be the dimensions to give the minimum amount of lumber.

71. If a 36-inch brick sewer has a coefficient of roughness ft = .015

and a 36-inch pipe sewer one of .013, compute the grades in the two cases

necessary to give velocities of 2 feet per second. If the sewer were a mile

long, how much deeper in the ground would the brick sewer be?



CHAPTER XIII

SEWER DIAGRAMS

WHILE the earlier formulae were not so complex that their

solution was especially tedious, the later ones, and especially

Kutter's, are of that nature. It is therefore not only in keep-

ing with the general tendency of the times to reduce all com-

putations to graphic or other approximate and time-saving

methods, but it is almost a necessity if the formulae are to be

of practical use.

Diagrams, to be of service, must fulfil the following condi-

tions: they must deal directly with the quantities of interest,

not with some function of those quantities; they must be on

a scale large enough so that the error of reading may be within

the allowable error of the result; they must be equally service-

able for all sizes, velocities, etc.; they must be so constructed

as to give well-defined intersections at all parts. An advan-

tage of the diagram, besides the time and labor saved, lies in

the possibility of comparing of the quantities involved, and this

should not be overlooked.

The diagrams that have already been printed may
divided into two classes: first, those based on Latham's tables

or Eytelwein's formula; and second,' those based on Kutter's

formula or on modifications of it, such as Flynn's tables.

Of the first class may be cited the extensive diagrams of Mr.

W. T. Olive printed in the Proc. Inst. C. E., Vol. XCIII, p. 383,

very elaborate and complete and models of the sort.

In the same publication, Vol. XCVI, p. 268, are diagrams

giving discharges as before, and also giving the relations between

the velocities and discharge at different depths in both circular

and egg-shaped sewers.

The diagrams in the
"
Separate System of Sewage," first

184
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edition, by Staley and Pierson, are made up from Latham's

tables, and the difference between these values and those

from Kutter's formula are well shown in the second and later

editions, where Kutter's lines are printed in red on the same

plate.

Among the diagrams compiled by J. Leland FitzGerald,

reprinted on a plate in Baumeister's
"
Sewerage

"
(First

Edition), is one also based on Latham's tables, giving the

discharge of circular and egg-shaped sewers. (Engineering

News, Vol. XXIV, p. 212.)

The first diagram based on Kutter's formula was that

published in the Trans. Am. Soc. C. E., Vol. VIII, p. i, by

Rudolph Hering, and reprinted by the Society for general

use. It has discharges for ordinates, and slopes in feet per
hundred for abscissas. The intersecting curves are those for

velocities and diameters, and a separate sheet is required for

different values of n. One such sheet (^
=

.013) is given in

Engineering News
7
Vol. XXXII, p. 449.

A diagram computed by Mr. Moore of St. Louis is given
in the Journal of the Association of Engineering Societies,

Vol. V, p. 360, whose ordinates are diameters, and abscissae

discharges in cubic feet per second. The intersecting curves

then are velocities and grades, given in fall per hundred feet.

This is not as well adapted for use as the first, both in that

the intersections are more oblique and that in order to read

for small pipe a supplemental diagram of the corner has to be

redrawn on a larger scale.

In the Engineering News for August n, 1892 (Vol. XXVIII,

p. 127), is a carefully drawn diagram by Professor Talbot of

the University of Illinois. Here the discharges were made

ordinates, and the gradients in per cent the abscissae. The

square roots of the gradients were plotted instead of the

gradients themselves, and in order to get better intersections

the axes of the diagram are inclined towards each other. The
line of equal diameters becomes a straight line, and in order

to get the 6- and 8-inch pipes on the diagram their discharges
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are made ten times the true value. The diagram is supple-

mented by Mr. F. S. Bailey, in order to show larger sizes and

is published in enlarged form in Engineering News, Vol. XXXII,

p. 403, the construction being as before except that the value

of n is taken at .015.

A rather complicated set of formulae has been published by
Messrs. Adams and Gemmell (see Engineering News, Vol.

XXIX, p. 396) for sewers from 6 inches up to 5 feet in diameter.

All the values are kept in one diagram by placing one part

of the diagram to a certain scale over another part already

drawn to a larger scale, and by reading ordinates for one part of

the diagram on one side and for another to a different scale

on the other. The result is a very compact diagram, but one

likely to lead to confusion. These are the diagrams given

in the very convenient
"
Sewerage Engineer's Note-Book "

by Albert Wollheim, London, who thinks them the
" most

handy diagrams yet printed."

In the Paving and Municipal Engineer, Vol. VII, pp. 116

and 119, are two diagrams by John W. Hill.

In order to make more definite the errors involved by

using the tables of Latham or diagrams based on those tables,

values of v, for various slopes and sizes of pipes have been

computed and ave shown, side by side, in Table XXIII.

TABLE XXV
SHOWING VALUES OF v, FOR DIFFERENT SLOPES AND SIZES OF

PIPE BY FORMULA OF WEISBACH AND KUTTER

Slope.
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It will be noticed that for values of ^ = .5, i.e., for 24-inch

pipe, the velocities are identical, but that for smaller sizes,

Weisbach's formula gives velocities that are too large, and for

larger sizes, velocities that are too small. The difference is

more marked in a comparison of quantities, especially for the

larger sizes. For example, the difference for a 6o-inch sewer

on a grade of i : 500 is that between a discharge of 100.2

and 119.8 cubic feet per second, or nearly 20 cubic feet per

second, which is about the capacity of a 24-inch pipe.

A recent book (1910) on water supply and sewerage, in spite

of the discrepancies between the values of the old formulae

and the more modern ones, has included in its text a plate

giving values of v and Q for varying values of d and s, basing

the diagram on Latham's old tables. From the diagram, the

values given in Table XXV in the columns marked Weis-

bach can be checked and the differences shown there would

be found also in any designs based on the diagram referred to.

All the diagrams consider the four quantities, size of pipe,

velocity of flow, grade, and discharge, while the element of

roughness is left out, considering that it is the same for all the

quantities included in the diagram; and if, as when the sewer

changes from pipe to brick, it is necessary to change n,

another diagram has to be made. It is possible to construct a

diagram having any two of the above quantities as ordinates

and abscissae, while the other two quantities appear as curves

crossing the axial lines, and each other at various angles.

Further variations can be made by constructing the dia-

grams in parts, each to a different scale; by using a logarithmic

scale for one or both axes; by laying off, instead of the diam-

eters or the corresponding values of R, the values of the square

root of R. The grade may be expressed and drawn in per cent,

in feet per mile, or in number of feet for a fall of one foot.

Separate diagrams have to be prepared for brick sewers and for

pipe, for circular sewers and for egg-shapes, so that for com-

pleteness three diagrams, however made, should be provided.

The diagrams in Plates 3, 4, and 5 are given with the idea
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that they will serve all purposes of actual design. The abscissae
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are grades in per cent, and the ordinates discharge in cubic

feet per second, the logarithms of both quantities being plotted
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instead of the numbers themselves. The advantage of this

method of plotting, shown in the good intersections, is evident.

The diagram shown in Fig. 47 is given as being convenient

for laying out laterals. By its use the greatest length possible

for a 6-inch pipe flowing full to be laid for contributing house-

drains can be read off at once. As the diagram shows, the

first factors are the width of lots and the probable number

of persons per lot. This is changed into the number of per-

sons for one hundred feet of sewer and combined with an

assumed number of gallons per head per day. This gives gal-

lons per hundred feet of sewer, which, taken with the grade

of the sewer, gives gallons capacity of length of sewer, to which

the assumed contribution is made. A similar diagram can

easily be made for 8-inch pipe.

PROBLEMS

72. Using values found in Flynn's Tables, construct a diagram on

cross-section paper, having slopes in feet per thousand for abscissae and

discharge in million gallons per day for ordinates.

73. Construct three curves, showing the relations between sizes of

pipes and slopes in per cent by which velocities of 2.0, 2.5 and 3.0 feet per

second may be obtained according to Kutter's formula.

74. Construct a diagram on logarithmic paper for circular pipes

flowing half-full, with slopes in feet per thousand for abscissae and dis-

charge in cubic feet per second for ordinates. Show curves for both

sizes of pipes and for velocities.

75. Using the Williams-Hazen formula, construct a diagram to show

relation between slopes and discharges for pipes 6 to 24 inches diameter

on logarithmic paper.

76. Construct a diagram for elliptical pipe (or for a basket-handle

section) showing discharges for various sizes and slopes.

77. Construct a diagram for conduits whose section is a right tri-

angle, vertex down, showing discharges for various depths and slopes.



CHAPTER XIV

USE OF DIAGRAMS

IN order to understand better the use of Kuichling's

method for determining the amount of rain-water to be consid-

ered and the proportion of the fall reaching the sewers, the

following hypothetical example is given of its use in Ithaca,

N. Y., the plan of which city is given on Plate I.

It is assumed that the surface-water above Eddy Street

will be taken care of by a drain discharging from the end of

that street into Six Mile Creek, and that all the storm-water

falling on the area between Eddy Street and Aurora Street

at the foot of the hill is to be taken care of by a drain run-

ning from State Street north to Cascadilla Creek. Evidently

three main laterals will lead into this drain one coming down

the hill on State Street, one on Seneca Street, and one on Buffalo

Street; while a fourth line, smaller than the others, will enter

from Mill Street.

To determine the rate of rainfall the duration required

for a maximum flow at the outfall is necessary, that is, the

length of time for rain to get from the upper end to that point.

The point farthest from the outfall is at the corner of State

and Eddy streets, and, scaling from the map, it is 2375 feet

to the corner of Aurora and State streets and 1325 feet on

Aurora Street to the creek. Down the hill the average grade,

from the contours, is about 7 per cent, and if we assume a 1 2-inch

pipe, according to the diagram on Plate 3 the velocity will be

10 feet per second. That is, it will take water about 2375^10
=
237 seconds, or four minutes, to reach the bottom of the hill.

On the flat there are 1720 feet, and the velocity will be

that due to a fall shown by the contours to be 10 feet in that

distance, a .58 per cent grade.

190
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By the diagram on Plate 4, assuming that a 3-foot pipe

will be needed, we find the velocity to be 6 feet per second,

so that it will take 254 seconds, or a little more than 4 minutes,

for the water to get to the creek a total time from the

farthest point of 8 minutes. Adding 3 minutes for the time

necessary after the storm starts for the rain to reach the

gutters and catch-basins, the duration of the storm which will

give a maximum discharge is n minutes.

Now consulting Kuichling's diagram, Fig. 6, we find the

maximum rate of a storm lasting n minutes to be 3.18 inches

per hour.

On larger areas it will be necessary to determine the time

of concentration separately for the different parts of the same

area in order that the rate of rainfall may decrease as the

combined parts give larger and larger total areas. In the

present case, however, the entire area is so small and the time

of concentration to the bottom of the hill is so short that no

greater accuracy would be secured by computing the rate of

rainfall separately for the smaller district. For large areas,

however, the times of concentration must be completed in

order.

We assume, then, that there is a rain falling at the rate

of 3.2 inches per hour which is to be cared for, and note that

by the topography no water from the upper side of Eddy
Street or above will enter this drain; and that as the velocity

is high and the buildings are residences, so that a temporary

filling of the gutters will not be an annoyance, the pipe need

not begin until the water has reached the corner of Stewart

Avenue and State Street. At that point there is a contrib-

uting area, scaling it from the map, of 1750X580=1,015,000

square feet, or 23.3 acres. An inch an hour is practically the

same as a cubic foot per acre per second, so that the discharge

from these 23.3 acres will be 23.3X3.2 = 74.5 cubic feet per

second, provided it all flows off. The area has a population

of about 25 per acre, and, by the table given on p. 74, 25.3

per cent of the rainfall will flow off. 74.5X25.3 equals 18.8
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cubic feet per second, or the amount of run-off to be cared for

by the drain at that point. It may be noted here that on steep

hillsides 5 to 10 per cent is sometimes added, but as this area

is entirely unimproved and likely to remain so, having a large

proportion of lawn and no paved streets, nothing need be

added.

By diagram on Plate 3, to discharge 18.8 cubic feet per

second on a grade of 10 per cent, which the hill from this

point down is seen to be, will take a 1 5-inch pipe, which will

run to Spring Street. Here an area of 540,950 square feet,

or 12.4 acres, discharging 25.3 per cent, adds 10.0 cubic feet

per second. Since the diagram does not show the intersection

of the 30 cubic-foot line with the 10 per cent grade line, the

size must be computed. It is found to be an 1 8-inch pipe.

At the foot of the hill, 400 feet from Aurora Street, the grade

changes to 0.5 per cent, and on this grade a 3O-inch pipe is

required, which will run the 400 feet to the corner. Here the

drainage of 7 acres, or 5.6 cubic feet per second, enters, making

34.4 cubic feet in all. On the same grade of 0.5 per cent this

takes about a 33-inch pipe. At Seneca Street will enter the

water from the area between Seneca and State streets and west

of Stewart Avenue. This amounts to 11.2 cubic feet per

second, making 45.6 in all, requiring a 39-inch pipe. This

may be taken from the diagram on Plate 4 and will be either

brick or concrete. At Buffalo Street the contributing area

is 13.7 acres, or 10.9 cubic feet per second, making a total of

56.7 cubic feet, requiring a 42-inch sewer. On account of

the amount of sediment brought down the hill, and the large

deposits where the velocity is so retarded, it will be wise to

increase the size from here to the creek, making it 48 inches

for the remaining distance.

Reviewing the velocities, the farthest point is at the corner

of Quarry and Buffalo streets. From here to State Street,

with a grade of 6 per cent, the water flowing in an open

gutter will have a velocity of about 9 feet per second, requir-

ing, for the 1085 feet, 120 seconds or 2 minutes. Still flowing
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in the gutter it will take about three-fourths of a minute more

to reach Stewart Avenue. In the 1 5-inch pipe on the 10 per
cent grade the velocity is between 1 2 and 1 5 feet per second for

300 feet, adding a quarter minute, or 3 minutes in all. For the

remaining distance the time will be 6 feet per second, requiring

nearly 5 minutes more, or 8 in all. This agrees with the time

assumed, and therefore a second rate of rainfall based on this

time just found will not be necessary.

For a possible maximum with a shorter storm, if the

Buffalo Street lateral is considered, it will take only about

6 minutes for its water to reach the outfall, including the time

necessary for the water to reach the gutter, and the corre-

sponding rainfall is 3.4 instead of 3.2 as used before. For the

limited area drained by this lateral it is plain that there can

be no maximum flow brought down by this pipe.

To illustrate the method of determining the sizes of pipes

for domestic sewage, assume that it is required to find the size

for the Northern Main in the city of Ithaca, that is, the pipe

coming directly to the pumping-station and taking the sewage
from the region north and east of Cascadilla Creek. According

to the map this is an area of 138 acres, and is populated at the

rate of about 30 per acre. The area taken is all that can ever

drain into the system, and represents all the future population

in the district. The population to be considered is 4140. After

studying the water-supply it is assumed that a future provision

of 70 gallons per head per day should be provided, that is, an

average daily flow of 289,800 gallons. If half of this is sup-

posed to flow off in 8 hours, the rate of flow in those hours

will be 18,110 gallons per hour, or 302 gallons per minute, equal

to 40 cubic feet per minute. A knowledge of the territory

will justify the assumption that fully 2 miles of the pipe-line

will be covered with ground-water, which, at the rate of

20,000 gallons per mile per day, will add 4 cubic feet per minute

to the flow, making 44 in all. By the topographical conditions

the grade will be the minimum, and will be determined by the

requirements of velocity. Looking on Plate 3, we find that
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for 44 cubic feet per minute, with a velocity of 2.0 feet per

second, a 1 2-inch pipe is required. This pipe will run from the

lower end to the first lateral, where the volume of flow will

be diminished by the amount there contributed. The smaller

pipe is continued until the next lateral is reached, and so on.

It is to be noted that while the size of pipe as just taken

is calculated so that the estimated flow will fill the pipe only

half full, this factor of safety is not always necessary, and in

the lower ends of large mains, where the flow is large and

comparatively constant, the size of pipe as determined for the

exact flow is taken, or the pipe increased by one or two sizes

only, as it is evidently bad engineering to require the expendi-

ture of a large amount of money unnecessarily. In studying

the grades and sizes for a city, various ways of tabulating

and simplifying the large amount of computation can be

devised. The relative effect of the grades of one line on another

is best seen by plotting the profiles one above another so that

the lower end of every lateral is in a straight line directly above

the starting-point.

PROBLEM

78. Design the size and grades for an outfall sewer along the route

shown on Plate VI. The following suggestions should be followed:

Determine the volume of storm-water and domestic sewage that will

have to be taken care of at the point A from District I. Assume that the

sewer will be 10 feet below the surface at this point and that it will be

laid on a slope to give a velocity of 2.5 feet per second to B. Assume the

drainage from all of District II to enter at B. Assume a minimum grade

again to E, and that the drainage from three-quarters of District III will

enter at D. From E to F the grade will be greater, the elevation of the

invert at E being +5. From F to G, the grade is i per cent and the

drainage of one-quarter of District III will enter at G. From G to the

river the grade is that necessary to give a velocity of 2 feet per second.

Assume a ground water leakage of 8 cubic feet per day per square foot

of interior surface.
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SEWER PLANS

THE location of the outfall is the prime element among
the factors brought together to decide how the mains and laterals

of a city shall be arranged. The outfall itself, leading to the

place of disposal, is located to agree with the method of disposal

chosen, a discussion of which is not here taken up. The outfall

may lead to the seashore, to the banks of a stream or lake, to

broad farm-lands for irrigation, to a well-adapted area for

nitration, or to some low out-of-the-way place for chemical

treatment. If the place of disposal is the sea, tides, currents,

and winds largely determine the location of the outfall. If

onto irrigation-fields, the sewage must be taken wherever suit-

able land is available, whether down the valley from the town

or on the top of a hill above it. The filtration-area must be

chosen where proper soil is to be found; unless the area is arti-

ficial, when it can be placed more advantageously as regards

distance and grade. If chemical treatment is to be practised,

only enough land for the buildings and tanks is necessary, and

a location to which the sewage can be led by gravity should be

obtained if possible. Thus the position of the outfall is not

in all cases to be decided by the topography, but is conditional

on the final disposal. However, when the sewage is to be turned

into a river or lake, the valley lines to the shore are usually

followed. If the combined system is used, provided the sewage
has to be treated or led away from the nearest point of the

river to a point farther down-stream, it is usual to let the storm-

water overflow into the river, while the house-sewage is carried

along to the desired point. This is done by automatically

arranged outlets. By an ingenious device the height of the

overflow-weir is so arranged that the overflow begins to dis-

195
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charge when the amount of dilution has reached that point

previously decided to be allowable. It is advisable, and these

relief-outlets make it practicable, to discharge the storm-water

at as many points as possible, keeping the size of the storm-

sewers small, carrying the water on the streets as long as pos-

sible and avoiding the pouring of a large mass of water and

sediment into the river at one point.

The outfall being located, it is possible to arrange the mains

and laterals according to one of five systems;* and although

FIG. 48.

there may be combinations of these, so that it is sometimes

difficult to recognize the system adopted, yet in the first study

of the topography it is advisable to keep these separate arrange-

ments in mind.

(A) Perpendicular system. When the city lies on the bank

of a large river or bay, as New York, Philadelphia, or Portland,

Me., where the volume of flow in the stream or the change of

water at each tide is sufficient to keep the sewage diluted so

as to be inoffensive, the only aim is to get the sewage into the

water by the shortest path. In this we have what is called

* Baumeister.
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the perpendicular system (Fig. 48).* The mains follow down
the beds of the separate valleys with laterals running from the

ridge-lines between. There are as many mains as there are

subordinate valleys, the grades are the best possible, and the

sections of the sewers are small. Wherever a flat area is adjacent

to the stream, and sewers from higher land must cross this to

reach the water, it is possible that in heavy rains the low land

may be flooded from the gorged sewers; this, however, is a

question of the design and can be avoided.

(B) Intercepting system. If the stream is not large enough
for satisfactory dilution and the sewage has all to be carried

int jrcept nqSe /ver

FIG. 49.

to a single point for treatment, or if the river-water is used for

domestic purposes, so that the sewage has to be carried down-

stream below the intake of the river-water, then the ends of

the mains of system
" A "

are picked up by an intercepting

sewer, the combination making the intercepting system, Fig. 49.

This is sometimes an after-thought (as in Milwaukee and

Chicago), in which case the different elevations of the main

ends makes the construction of the intercepting sewer very

difficult. Sometimes this intercepting sewer may be designed

on such a scale as to pick up the ends of outfall sewers from

separate villages or cities. Thus along the Charles River,

just outside of Boston, is an intercepting sewer which takes

*
Report of the National Board of Health, 1881, page 117 et seq.
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the sewage from Waltham, Newtonville, and other places

which formerly had sewer systems discharging directly into the

river. Similarly, in New Jersey along the Passaic River and

in New York, along the Bronx River, are sewers which act as

interceptors for villages and cities instead of for lines of sewers

all within one city. The first system, i.e., the perpendicular,

can always be designed so that, when the necessity occurs, the

interceptor may be put in with the elevations of the mains

properly adjusted. This large sewer is usually expensive to

build, being in the lowest ground, often below the stream-level,

in gravel or soft mud. Besides preserving the stream from

pollution, this system has the further advantage of allowing

High Level Sewer.

Low Level Sewer.

FIG. 50.

all the sewage to be brought to one point for pumping in case

this is necessary, so that one large pump can take the place of

several small ones.

(C) Zone system. In case the sewage has to be pumped
it may happen that a large part of the contributing territory

is high enough so that the sewage from that part will flow to

the outfall by gravity, and in this case the sewers may be

arranged to form the Zone system, that is, a double intercept-

ing system. An intercepting sewer is laid nearly following a

contour so that it may discharge all the sewage from the land

above it to the outfall by gravity, while the second interceptor

collects only that part of the sewage which would in any case

have to be pumped (Fig. 50). The advantages are the reduced
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amount of water to be pumped, the decreased probability of

flooding the lowest part of the city, and, in the case of land-

disposal, the possibility of using the sewage at the place of

treatment at different levels, as is done in England at some of

the irrigation-areas. In this case, as in
"
B," the sewers leading

into the interceptors may be arranged according to the per-

pendicular system or to the fan system.

One of the best examples of the Zone system may be seen

in the city of London, England, where three different zones

have been arranged to be drained by a low-level sewer, a mid-

FIG. 51.

die-level sewer, and a high-level sewer. The sewage from the

low-level district has to be pumped three times, that from the

middle-level only once, and that from the high-level sewer not

at all.

It should be noted that the possibility of making use of the

zone system economically depends upon the cost of the high-

level intercepting sewer being less than the capitalized cost of

pumping the sewage not so intercepted. It is easily possible

for a high-level intercepting sewer to cost so much for construc-

tion as to far exceed the expense of handling the relatively small

amount of liquid by pumps or otherwise.
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(D) Fan system. In this the mains radiate from the out-

fall to serve different parts of the city, each main having its

own branches and laterals (Fig. 51). Whether this or the

perpendicular system is used will evidently depend on the topog-

raphy and on the requirements of the outfall.

(E) Radial system. In this system, of which Berlin is the

FIG. 52.

only city offering a good example, the sewage is cared for at a

number of points in the circuit of the outskirts, and the sewage

is brought to these points by different mains. The drainage

is thus from the centre outward in several directions, and the

sewage is cared for on filtration areas in these several localities

(Fig. 52). Baumeister notes the great advantage of this method

in that the sewers in the centre of the city are laid after that



SEWER PLANS 201

part is built up, so that there is little possibility of the section

growing and needing larger sewers, while the part on the out-

skirts which will grow is near the pumping-stations or disposal

works and can be served at comparatively small cost and with-

out interference with the rest of the system. In the other

systems, as the outskirts away from the outfall grow, the whole

system must be increased, the intermediate lines being designed

to carry off only the amount first considered.

The ideal topography for the radial system would be a

gently sloping conical hill with the city at the apex. Such an

ideal condition is really never found, so that the practical use of

this system is limited to level areas for the drainage of which

pumping will have to be resorted to by any system. At Berlin

the outfall sewers leave the city in four different directions and

the sewage is lifted by pumps and discharged onto the several

irrigation fields which constitute the celebrated sewage farm of

Berlin.

Many combinations of these systems occur, and the out-

lines given are to be considered only as guides to judgment in

the individual case. The arrangement and combination must

be adjusted to the topographical conditions. In the intercept-

ing system, if there are a number of subordinate mains and

one of those farthest up-stream is low, it follows that the inter-

ceptor in order to take the sewage from this and still have a

grade down-stream must at the last contributing main reach

a point much lower than otherwise necessary.

It is also often possible to take up a few hundred feet of the

original subordinate main and, by relaying on a lighter grade,

be able to raise the intercepting sewer throughout its entire

length and thereby considerably reduce its cost. A small

auxiliary pumping-station may sometimes be introduced to

care for the sewage from the single low main and so reduce the

entire cost of construction. In the new intercepting sewer

for Chicago, where the depth is determined both by the depth
of the present mains and by the requirements of grade, tunnel-

work is resorted to as being cheaper than open cut, and large
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intermediate pumping-plants are required to avoid excessive

depths at the outfalls.

When possible, the laterals should be laid to reach the mains

FIG. 53.

in the shortest path, though topographical conditions do not

always admit of this. In Fig. 53 it is more expedient to build

two sewers from c to the water at a and b than to take the

V
FIG. 54.

sewage from the whole area from d, both because the grades

would be greater from the centre both ways than from water

to water, and because the longer sewer would require greater

size and greater depth of cutting. Where there are a number
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of laterals and lines of equal size it is best to combine them

into a main as soon as possible, rather than to have a number
of lines of about the same capacity. In algebraic terms, it is

cheaper to build a single line of nx capacity than to build n lines

of x capacity.

Figs. 54 and 55 illustrate the point, the length of the sewers

being the same in both cases; but as the length of the small

laterals is greater and that of the mains less in Fig. 55 than in

Fig. 54, the former is the more economical arrangement. Further,

the laterals will have a better grade, that is, the grade will be

V
FIG. 55.

placed where it is most needed, this resulting from the fact

that, since the main in Fig. 54 is larger than that in Fig. 55,

it will not require as great a grade for the same velocity. Com-

pare also in Fig. 56 the two sides of the diagram, illustrating

two ways of laying out the pipes.

On the other hand, in order to maintain in the sewers as

uniform a velocity as possible, and in order to avoid deposits,

wherever the sewage from a hillside discharges into a flat it is

better to carry the sewage along contours than perpendicular

to them. This will not increase the length nor, as a rule, the

sizes of the sewers, since every street must have a sewer, and

since where this arrangement is desirable the grades are ample
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for an almost indefinite length. In the case of storm-water,

the circuitous path has the further advantage that the gradual

accumulation of storm-water in the lower parts of the city will

not require such large sewers as if the sewage were brought down
in the short time required on the steepest streets.

Other points that may be noted are as follows:

Since manholes or flush-tanks are usually built at the ends

of laterals, it is often possible to run the ends of two laterals

into the same manhole, thereby saving the cost of one manhole

and flush-tank, though increasing the length of the sewer.

\

FIG. 56.

The comparative cost is here to be considered, though the

single manhole or flush-tank probably gives better ventilation.

It is generally recommended that, since the flow of air is

along the top of the pipes, wherever the sizes of the pipes are

changed the smaller pipe be raised enough to bring the crowns

of the pipes on a continuous line, in order to have a continuous

ventilation upward through the sewer. For example, a 1 2-inch

pipe emptying into a 1 5-inch pipe should be 3 inches higher on

account of the ventilation. On long lines laid on a minimum

grade this is a serious matter and requires that the lower end

of a main be a foot or more deeper than the grades themselves

would call for. Since the pipes are expected to run only half

full, leaving half of the pipe for ventilation, it seems to the
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author that both of these factors of safety are not necessary,

and that, except in rare cases where the pipes are expected to

run full, where the cutting is deep and the line long, this require-

ment of grade can be omitted.

The Rawlinson principle of straight lines between manholes

is rigidly insisted upon except for sewers large enough for a

man to walk through, and all curves and changes of direction

are made in the manholes. It has been recently recommended

that even the house-drains, which are generally made to enter

the sewer through a Y branch, should connect through a T in

order to facilitate inspection. The direction of the flow imparted

by a Y branch is said to be imperceptible, especially when the

branch has a fall of 6 inches or more, and the possibility for

inspection is very desirable.

To compensate for the increased resistance to the flow in

the short curves made in the manholes, it is usual to add a small

fall in this curve, amounting to an inch or so for an 8- to 1 5-inch

pipe.

Recently in one of the engineering periodicals, there has

appeared a theoretical consideration of the actual loss of head

incurred by the flow of sewage around such curves. The varia-

tion in the conditions such as the relative height of the flow

line in the main sewer and in the lateral, and in the clean con-

dition of the pipes is such that no exact solution can be hoped
for. Probably an inch fall in the bend is more than enough,

but it does no harm and prevents deposition of sediment at the

end of the lateral.

In order that the streams from two or three sewers meeting

at the same manhole may have as little eddy-forming effect as

possible and may meet and continue to flow with the least

deposit of sediment, it is desirable that the streams all have the

same velocity in order that in no one shall the velocity be

checked. It is desirable also that the sewage-level in each of

the joining sewers shall be at the same height. This last of

course is not possible for all stages of all intersecting lines, but

it may be so for the depth of flow for which the sewers are
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designed. At the manholes the confluent streams are made to

merge gradually by means of tongues formed in the bed of the

manhole by which means the streams are guided together as

smoothly as possible. If one sewer at a small depth enters a

main at great depth, it is better to allow the lateral a straight

drop with a bend at the bottom than to let the flow shoot down
a steep incline to have its solid matter deposited at the foot.

When two laterals enter the main from opposite sides it is

especially desirable that the streams be guided into the main

rather than that their opposing currents meet and form eddies

which will tend to the formation of deposits.

It is sometimes possible to use the volume of water brought

down by a lateral as a source of flushing, a gate or storage

reservoir in the manhole being arranged, and in this case an

incline is better than a straight fall.

PROBLEMS

79. Consult collections of plans of sewer systems such as may be found

in the report of the New York State Department of Health, 1900-1904,

and select distribution systems to illustrate, as well as possible, the dif-

ferent systems described in this chapter.

80. Make a numerical comparison of the results to be obtained by using

designs of either Figs. 54 or 55. Assume the length of each square of

the figure to be 500 feet, that the amount of contributing sewage is

10,000 gallons per day for each such unit distance. Assume a uniform

velocity of flow of 2 feet per second and compare the relative elevations

of the two outfalls.

81. If a flush tank installed costs $60, and two sewers are leaving a

ridge street on the same cross street, would it be more economical to start

the two lines from one flush tank in the middle of the ridge street or to

build two flush tanks 180 feet apart on the cross street? Assume the pipe

to be 8 inches, costing 14 cents a foot, and the excavation to cost 60 cents

per cubic yard.



CHAPTER XVI

SEWER CROSS-SECTIONS

As has already been stated, in this country sewer-pipe are

invariably made circular, though attempts have been made
in England to make pipe of oval form. Experience shows

that the difficulties of burning (any eccentricity or deformation,
which in a circular pipe can be avoided by turning axially, spoils

the oval pipe), will probably prevent any similar attempts in

this country. The general advantage of circular pipe lies in

the fact that when half full or full there is a greater velocity

for the same grade than in any other pipe-section, and for the

amount of material in the pipe the circular section has the

greatest area; or, geometrically, for the same perimeter the

circle, of all polygons, has the greatest area. If, therefore,

sewers were always to flow full, they should, whether of pipe
or brick or concrete, be built of circular form, in order to econo-

mize material. But with a variable flow the circular section

loses its value, and the less the flow the poorer the section for

its purpose. According to the equation of flow, v = c \/RS,
the velocity varies with the square root of the hydraulic radius,

and in a sewer where the depth of flow changes from hour to

hour the velocity decreases as the depth decreases, since the

ratio of A : p continually decreases. This applies especially

to the combined system, where the sewers are large to accom-

modate the rainfall, so that the house-sewage flows in a wide

shallow stream with a velocity much less than that at the half-

full point. To avoid this difficulty the cross-section of the

brick sewer has been changed in an attempt to make the ratio

of A : p as nearly constant as possible for every depth, that is,

to make the area of flow nearly semicircular for every depth.
The gain over the circular sewer in increased velocity for low

207
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depths is considerable, although the velocity can never be made

constant, since with the same grade the larger circle will have

the greater velocity.

Many different shapes have been tried, though there are now
but two in common use for this purpose. The egg-shape
shown in Fig. 57 was introduced in England by Mr. John Phillips

in 1846, and is used to-day with the same proportions then

advised. The vertical height is equal to one and a half times,

FIG. 57.

the radius of invert is equal to one fourth, and the radius of the

sides to one and a half times the transverse diameter. The

other form of egg-shape, Fig. 58, has a smaller invert and is

therefore better adapted to sewers where the depth of flow may
at times be very small. The vertical height is one and a half

times the transverse diameter as before. The radius of invert

is one-eighth of the transverse diameter, and the radius of the

sides one and a third times. Latham says that this new form

is stronger than the old, and that with small volumes of flow

it is better adapted to be self-cleansing than the earlier form.
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In order to obtain some comparison between the value of

egg-shaped and circular sewers when the flow is small, the

FIG. 58.

V

FIG. 59.

author has plotted two sections, reduced in Fig. 59, one of a

circular sewer 6 feet in diameter showing depths of flow of 3,

6, 12, and 24 inches, and one of an egg-shape, with the same

discharges in both cases. The grade was assumed at .03 per
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cent for both sections, and by repeated trials the depths in the

egg shape necessary to give the same discharges as the circular

were found. The benefit then is seen in the increased value of

v in the former case.
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Metropolitan sewerage systems, by Howard Carson, Chief

Engineer.

While the circular section is always employed for terra

cotta pipe, in the case of larger sewers, made of brick or concrete,

there is not the same necessity for adhering to the circular

section. It is sometimes economical not to do so and a large

number of peculiar and interesting sections may be found by
reference to the larger text books and to the files of the periodi-

cals. A floor of nearly flat area saves on the cost of forms.
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Proportional Velocities and Discharges

FIG. 60.

these floors being laid very much like sidewalks. Then, in firm

earth where good lateral support may be had, light sidewalls

can carry an arch cover at the minimum of expense. In deep

cuttings, sometimes elliptical or oval sewers have been used

with a view of saving excavation by limiting the width of the

trench. Where, in other places insufficient head room has

been encountered, the circular form has been changed to an

ellipse with the long axis horizontal or to a section having very

short sidewalls and with flat arcs for the top and bottom.

It is not possible in these pages to take up in detail the
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particular uses of the various sections which have been used

or the needs of various conditions nor would it be desirable

to consider the hydraulic properties or the structural weak-

nesses of such sections without reference to their uses. It is

only possible, therefore, here, to point out that these various

sections are used and that for large outfalls where the flow of

sewage is reasonably uniform, the economy of construction of

other forms should be compared with the economy of material

which for the same capacity always remains as an advantage

to the circular form.

PROBLEMS

82. Compare the velocities and discharges of two conduits laid on

the same grade (s =.0003), one being circular, 6 feet diameter, flowing full,

and the other of the same area but rectangular with width twice the depth.

83. Using the diagram of Fig. 60, determine the velocities of flow in a

36-inch tile sewer, laid on a 0.2 per cent grade, with depths of flow varying

by 2-inch intervals from o depth to half-full. Plot a curve showing variation

of velocity with depth.

84. A brick sewer is to be laid on a .0002 grade and is to carry 100 cubic

feet per second flowing half full. If the flow sometimes drops to 5 cubic

feet per second, how much gain in velocity would be had by using an old-

style egg-shaped sewer?

85. Using Kutter's formula, find the value of V, for a conduit of wooden

plank nailed together edgewise to form a trough of triangular section.

Assume the depth at the centre to be 12 inches and the grade to be .05

per cent.

86. An outfall sewer has a section formed by a semicircular invert,

surmounted by vertical side walls. If the radius of the invert is 3 feet

and the total depth of flow 6 feet, find the slope, by Kutter's formula,

necessary for a velocity of 2 feet per second.
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FLUSHING

NOTWITHSTANDING the fact that of late years the grades
and sizes of sewers have been more carefully determined and

more accurately proportioned to the work required of them,

and that they are now so built that the scouring and suspending

power of the running sewage at no time gets below a prede-

termined minimum, yet accumulations of silt and filth often

occur which must be cared for by some special means. There

are two ways by which such deposits may be removed, by

flushing or working out the obstruction with a strong flow of

water, and by scraping or dragging it out with a suitably

designed hoe or scraper.

The water for flushing may be obtained in several ways.

Where the topography admits of it, water from some stream

may be introduced at the upper parts of the system and dis-

charged into the same stream at a lower level; in the case of

a seaside city the high tide may be allowed to enter the sewer

and flow out at some point where the tide is lower; a reservoir

may be filled at high tide, and discharged after the tide has

fallen; rain-water, waste water from baths, factories, etc.,

may be accumulated for a time, and then discharged into the

sewer; the public water-supply may be used; or, finally, the

sewage itself may be dammed up and made to act as flush-

water. In planning the flushing arrangements, it must be borne

in mind that a quiet flow of sewage or water, however large,

is of little effect in removing obstructions once formed, and

that to be effective the flush-wave must be sudden, of large

volume, and introduced within a short distance of the obstruc-

tion. This wave-action, in all cases except where the stream-

flow is always sufficient to fill the pipes, must be formed by
213
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a sudden discharge through a gate or other device. This may
be done either automatically, or by hand; at fixed intervals,

or whenever deemed necessary. In this country a reservoir

accumulating water from the public water-supply and discharg-

ing through an automatic gate (the so-called automatic flush-

tank) is the flushing method in general use. In many cases,

however, it would seem a sad lack of judgment to neglect to

provide, when it can be easily and cheaply done, other means

of washing out the mains and laterals of a system.

When hand-gates are used, limited, on account of weight,

to pipes of about 20 inches diameter, either the water-supply

or sewage may be used. For this purpose the brickwork on the

lower side of the manhole beyond which it is suspected that

deposits may occur is brought up in a plane around the pipe

from the bottom, and a bearing-surface for the gate bolted on;

or a frame in which the gate may slide up and down may be

secured to the manhole wall. The end of the pipe may form

'the bearing-surface, or the pipe may be closed by a plug.

Large sewers, especially storm-water sewers in which the

flow-volume varies largely, require gates too large and heavy
to be raised directly by hand, and a screw or windlass must be

provided. If such a gate is located at a point in the sewer

where an overflow into some stream can be arranged, it provides

for the contingency of a gate sticking or broken mechanism or

the negligence of attendants.

Automatic flush-tanks, generally used with 6- and 8-inch

sewers, in this country are of two types, viz., operating through

some movable part or through the starting up of a large siphon.

Of the first type is that made in Schenectady, N. Y., by the Van

Vranken Flush-tank Co., the following description and drawing

of which is taken from the circular (see Fig. 61):
" The tank consists of a siphon, of which the interior diam-

eter ranges from 5 to 8 inches in the various sizes, a trap at the

bottom, and a cast-iron case connected with the sewer or drain.

It is this trap that forms the essential feature of the Van Vranken

siphon. Instead of being fixed, it is hung on trunnions under
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the longer leg, being so balanced that when nearly full its

centre of gravity is brought forward and a portion of the con-

tained water poured out. As the water had previously risen

in the outside reservoir to a height above the lower bend of the

siphon equal to the depth of water in the trap, the sudden

change of level in the latter causes the longer leg to be imme-

FIG. 61.

diately filled with a stream under about 4 inches head, so that

the siphonic action commences at once without waste of water."

The siphon-tank was invented by Mr. Field, so far as its

present form is concerned, was afterwards improved by Col.

Waring, and is known as the
"
Field-Waring Tank." The

following description, together with a sectional drawing, is taken

from the circular (see Fig. 62).
" The siphon invented and patented by Rogers Field and

improved by Col. George E. Waring, Jr., consists (in the form
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shown) of an annular intaking limb, and a discharging limb

at the top of which is an annular lip or mouthpiece, the bottom

of which is tapered to less diameter. The discharging limb

terminates in a weir-chamber which when full to its overflow-

point just seals the limb. Over the crest of the weir is a small

siphon whose function is to draw the water from the weir-

chamber and thus unseal the siphon. At the lower end of the

small siphon is a dam or obstruction to retard its breaking.

FIG. 62.

The main siphon is brought into action (on the tank being filled)

by means of a small stream of water flowing over the annular

mouthpiece and falling free of the sides of the discharging

limb. As soon as the lower end of the discharging limb has

been sealed by filling the weir-chamber the falling stream of

water gathers up and carries out with it a portion of the con-

tained air, thus producing a slight rarefaction.

" This rarefaction causes the water to rise in the intaking

limb higher than in the basin outside, and hence increases the

stream of water flowing over the mouthpiece, which in turn
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increases the rarefaction, and the siphon is soon brought into

full play.
" On the tank being emptied to the bottom of the intaking

limb the flow is checked, and the small siphon over the crest

of the weir draws the water from the weir-chamber, air enters

the discharging limb, and the siphon is vented ready for the tank

to again fill.

" These siphons are largely in use and are giving excellent

satisfaction; made in two sizes for flushing sewers."

A slight modification of this tank was made by Benezette

Williams, and the improved tank was manufactured under the

name of
" The Rhoads-Williams Siphon." It has been much

used in the West and has proved very satisfactory. The cata-

logue gives the following description and table, which latter will

serve as a general index of the capacity of flush-tanks:
" The Rhoads-Williams Siphon, as illustrated in Fig. 63,

consists of an annular intaking limb or bell, and a discharging

limb terminating in a deep trap below the level of the sewer.

Below the permanent water-line in the discharging limb is con-

nected one end of a blow-off, or relief trap, having a less depth
of seal than the main trap, the other end of which joins the main

trap on the opposite side at its entrance to the sewer and above

the water-line of the trap.
" The bell has a vent-pipe terminating at a given point

above the bottom of the bell, and extends above the high-

water line. The pipe which extends above the bell has a cap
on it with the proper size sniff-hole for venting the siphon.

" As the tank fills (the main trap being full) the water

rises in the intaking limb or bell, even with the level of the

water in the tank, until, reaching the end of the vent-pipe, a

volume of air is confined in the two limbs of the siphon between

the water in the intaking limb and the water in the main trap.

As the water rises higher in the tank the confined volume of

air is compressed, and the water is depressed in the main trap

and in the blow-off trap. This process goes on until the water

in the tank reaches its highest level above the top of the intaking
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limb, at which time the water is depressed in the blow-off trap

to the lowest point and the confined air breaks through the

seal, carrying the water with it out of the trap, thus releasing

FIG. 63.

the confined air and allowing an inflow from the tank, putting

the siphon into operation.
" On the tank being discharged to the bottom of the intak-

ing limb the flow is checked, and the siphon is vented by the

admission of air to it through the vent-pipe."
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TABLE XXVI
RHOADS-WILLIAMS AUTOMATIC SIPHON
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ference of water-level in the two legs of the trap equals the

difference of the levels between the water in the tank and the

water within the bell, it will be seen that the column of water

FIG. 64.

in the short discharge leg has practically the same depth as the

head of water in the tank above the level at which it stands in

the bell. The two columns of water therefore counterbalance

each other at a certain fixed depth in the tank. As soon as

this depth is increased by a further supply, however small,
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a portion of the confined air is forced around the lower bend,

and by its upward rush carries with it some of the water in the

short leg, thus destroying the equilibrium and the siphon is

FIG. 65.

brought into full action immediately. The water is then

drawn out of the tank to the bottom of the bell, the siphon
vented by the admission of air through the sniff-hole, and the

operation repeated. The secret of this invention is the free

projection of the overflow edge of the short leg of the trap,
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which allows of the instantaneous escape or falling away of the

heaved-up water. Thus if the discharge mouth were formed

as an ordinary bend, the siphon would not act (although the

confined air rushes around the lower bend), for the simple

reason that the heaved-up water has no means of instantaneous

escape, and therefore the equilibrium is not sufficiently dis-

turbed. It will thus be seen that the action of this siphon

depends, not on the escape of air, but on the sudden reduction

of a counterbalancing column of water.
"
Repeated trials with a 6-inch (Miller) siphon have shown

that it will discharge full bore a 5oo-gallon tank, fed so slowly

as only to be filled in fourteen days.
" There being no internal obstruction, the discharge is

extremely rapid.
" We have had the opportunity of seeing one of these siphons

at work in the excellent Sanitary Museum at Hackney, and,

though severely tried, the siphon worked perfectly."

A special form of the
"
Miller Tank," designed by Andrew

Rosewater for use in the city of Omaha, Neb. (see Fig. 65), is

now manufactured. It is claimed that it discharges 40 per cent

faster than any other siphon of the same size. It does not

take the place of the inspection manhole, but affords easy access

for inspection during the working of the siphon.

Fig. 66 * shows an automatic discharging siphon made by
the Merritt Company, of Camden, N. J., and embodying a

different principle. The main discharge pipe is built in the

form of a
" U "

tube, the longer leg containing an auxiliary

small air pipe, with a return bend at its lower end. When the

chamber starts to fill, this small pipe bend or seal is filled with

water, so that the rising water confines and compresses air in

both the large and small
" U "

pipes. In time, and at any
desired height, determined by changing the relative lengths of

the parts of the small -pipe siphon, the seal is broken and the

air escaping draws air enough from the large pipe to start it

* From Ogden and Cleveland's
'

Practical Method of Sewage Disposal."
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in action. The method has an advantage in that it requires

no deep excavation, and the mechanism can be set after the

manhole is built.

Of late years the Pacific Flush-tank Co., having obtained

FIG. 66.

Single
"
Merritt

" Automatic Siphon.

control of the Rhoads-Williams Tanks, and having made a num-

ber of modifications, combinations and improvements on its

own tanks, is able to supply flush-tanks of a great variety of

forms and sizes. The use of automatic siphon control in con-
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nection with the discharge of sewage onto filter beds has given

a great impetus to the use of flush-tanks, and their reliability

has been much improved. The question of the propriety of

their use for the purpose of cleaning the upper ends of laterals

is discussed in the next chapter.

PROBLEMS

87. In the tipping bucket of the Van Vranken flush-tank, assume a

definite geometrical shape and locate the proper centres of support, con-

sidering the bucket both empty and full.

88. In the Miller tank, determine the relation between the head of

water in the tank and the length of the lower limb of the siphon. Is

any other factor involved in fixing the depth of water in the tank at the

instant of discharge?

89. Determine the time (approximately) for the discharge of a flush-

tank, 4 feet diameter, 2\ feet deep through a 6-inch siphon. (Consult

-catalogue for dimensions).



CHAPTER XVIII

USE OF FLUSH-TANKS

THE following paper, read by the author before the American

Society of Civil Engineers, in May, 1898, offers a discussion

on the suitable use of flush-tanks, their proper capacity, fre-

quency of discharge, etc.

The use of flush-tanks in connection with small pipe sewers,

which has been made an integral part of the
"
Separate System

"

and generally adopted in systems caring only for house-sewage,

is attended with much uncertainty. In such systems it is gen-

erally specified that a flush-tank be placed at the head of every

lateral, each tank being so regulated as to discharge at least

once in 24 hours. The relation between the size of the sewer-

pipe and the amount of water used in a flush is not given, nor

is the influence of grade discussed. The general law is laid

down that all laterals, regardless of size, grade, or contributing

population, must be supplied with flush-tanks in order to secure

a self-cleansing flow in the laterals and to maintain the integrity

of the system.

The financial burden of such a requirement is evident.

As an example, it may be cited that in the plans for the sewerage

system of Ithaca, N. Y., in which plans this requirement of flush-

tanks was thoroughly complied with, even for the 12 per cent

grades, no less than 131 flush-tanks were required in 25.3 miles

of sewers, or one for every 1020 feet. The relative importance

of the flush-tanks may also be seen by comparing the actual

cost of the sewers with the estimated cost of the tanks. The

cost of the sewers, viz., the sum of the amounts of the several

contracts, was $81,000, and, estimated at $50 each, the flush-

tanks would cost $6550, or more than 8 per cent of the cost of

the system. It would seem, then, that the cost of flush-tanks

225
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is by no means insignificant, but that their use increases the

cost of the separate system by nearly one-tenth, besides intro-

ducing a permanent charge, both for water used and for intelli-

gent care in maintenance. That these annual charges are

no bagatelle will be apparent by again referring to the case

of Ithaca. Assuming that the tanks required are of a capacity

of 150 gallons, a minimum amount, discharging but once a day,

the water required is 19,650 gallons a day. Twenty cents per

1000 gallons (the amount charged in Ithaca *) is a fair average

amount, and at that price the daily charge for water is $3.93,

or $1434.45 per year. Adding to this $600 per year as the wages

of a mechanic, whose constant attention is found by experience

to be necessary in examining and readjusting the tanks, the total

annual charge is $2034.45. This, capitalized at 6 per cent,

gives $33,908, and, added to the $6550, gives $40,458 as the

total expenditure on account of flush-tanks in a sewer system

costing for pipe laid $81.000. Surely the item of flush-tanks

is an important one, and should be carefully examined, so that

if the conditions of the sewer-grade, for example, modify the

necessity for tanks, or if the amount of water is a function of

the time-interval between flushes, or of the size of the pipe,

it may be known in order that the large proportionate cost of

flushing may be reduced to what has been found by careful

investigation to be an absolute minimum.

That the requirement given above is felt by present-day engi-

neers to be largely in excess of necessity is sufficiently evident

from a study of the paper by F. S. Odell, M. Am. Soc. C. E.,

entitled
" The Separate Sewer System without Automatic

Flush-tanks," | and the subsequent discussion, in which the

author says that at Mt. Vernon, N. Y., no flush-tanks are

used, and that, while hand-flushing by means of fire-hose is

practised at intervals of six months, even this infrequent flush-

ing does not appear necessary, as examination of the sewers

invariably shows a very wholesome and satisfactory condition.

* " Manual of American Water-works," 1897.

f Trans. Am.' Soc. C. E., Vol. XXXIV, page 223.
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In the discussion very little positive evidence is given, but the

experiences recorded go chiefly to show that while automatic

flush-tanks do not in themselves make the separate system

practicable, there is, nevertheless, a need, under certain con-

ditions, for flushing, those conditions being as yet not fully

determined.

The questions, answers to which are essential for an intel-

ligent disposal of flush-tanks on a sewer system, are four, viz.:

1. What is the relation, if any, between the grade of the

sewer and the necessity for automatic flush-tanks?

2. Assuming a need for automatic tanks, how does the

grade of the sewer affect the amount of water required, and

what is the proper amount to be used?

3. How often should tanks be discharged?

4. What effect does the substitution of a 6-inch for ah 8-inch

lateral have on the necessity for tanks and on the amount of

water to be used?

Before attempting to answer these questions, it will be well

to look at the subject broadly, and consider the hydraulic

problem involved. Sewage is water carrying in suspension

less than i part in 1000 of solid matter, and sewers are supposed

to be so laid that the resulting velocity of flow is sufficient

to keep this solid matter in suspension. This suspending

and scouring power probably depends on the velocity, and

on the depth, of the sewage stream, and if either gets below

a certain point, sedimentation will follow and a deposit take

place. It is generally stated that a velocity of about i\ feet

per second is required; but the effect of depth is neglected.

At the lower end of a 6-inch lateral the depth and velocity are

assumed to be sufficient to prevent this sedimentation, but as

the contributing population grows less toward the upper end,

the depth and velocity decrease and the transporting power of

the stream falls so low as to allow the solid matter, brought
into the sewer by the house-drains, to become stranded. This

deposit increases by gradual accumulation until the sewer is

blocked, until the head from the backed-up sewage is sufficient



228 SEWER DESIGN

to carry away the obstruction, or until the discharge of the flush-

tank (and here is seen its true function) takes up the obstruction

and carries it to a point where the depth and velocity of the

sewage will hold it in suspension. Table XXVI and the dia-

,040
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cent is required for a 6-inch pipe half full for a velocity of 2.5

feet per second, and that if the amount of flow constantly de-

creases, the depth of flow decreases also, and the grade, in order

to maintain the same velocity, must be increased according to

the diagram. The diagram is given for two reasons: first,

to show that by the accepted laws governing the transportation

of material in flowing water, lateral sewers could be laid, theo-

retically, on such grades that no flushing would be necessary,

since, with grades which continually increase toward the upper

end, the corresponding velocities will always be equal to that

required to transport matter in suspension; second, to show

that as the grade of the sewer increases, the distance from the

upper end to the point where the stream reaches the velocity

required to carry matter in suspension decreases, and so the aid

required from flush-tanks is less. No value can be placed on

the grades given, as the diagram is based on the assumption

of a house with five persons every 66 feet, and this is not always

the case; but it is believed that there is a grade at or beyond
which flush-tanks are not required, and if the distance to which

the flushing power extends is a function of the amount of

water discharged, then this amount should be less on steep

grades.

Referring again to Mr. OdelPs paper, it is first noted that

at Mt. Vernon, with grades of from 0.5 to 6 per cent, no flush-

tanks are used, and a good hand-flushing twice a year answers

every purpose.

In the discussion, Mr. Hering says that on light grades

flushes of 200 to 300 gallons generally lose their flushing power

after passing a few hundred feet through the pipe, and that some-

times after 500 feet he has been unable to detect any differ-

ence in the flow due to the discharge of the tank.

Mr. Kiersted writes that in one system designed by him

he recommended flush-tanks only on laterals of less than 0.5

per cent grade, and for five years the system has been in opera-

tion with but few stoppages.

Mr. Folwell writes that in his experience he has omitted
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flush-tanks on grades from 6 to 12 per cent, and on the 6 per

cent grades no stoppages were discovered, nor were there any
odors.

Mr. Le Conte intimates that flush-tanks as built do not

answer their purpose, for where grades are light and the flush

most needed, they do the poorest work; and the large quantity

of water needed to be effective must be obtained by some other

means.

Mr. Odell maintains that flushes of 200 gallons or less fail

to flush a sewer properly, especially on flat grades where flush-

ing is most needed.

A table by Mr. Allen shows that on grades greater than

0.5 per cent a velocity of more than i\ feet per second is main-

tained over 1000 feet from the flush-tank, but on lesser grades

the velocity drops to 2 feet or less within 600 feet.

In order to obtain an insight into general engineering prac-

tice in the matter, and, at the same time, .reap the benefit of

any experience which was to be had, the author sent out, on

January iyth, 150 reply postals, reading as follows:

"
ITHACA, N. Y., January 17, 1898.

"DEAR SIR:
" To aid me in deciding as to the necessity for flush-tanks

for our sewer system, will you kindly answer the following:
"

I. Do you find flush-tanks a necessity, or is periodic

hand-flushing sufficient to keep sewers clean?
"

II. Does the element of grade affect the question, and

within what limits of grade are tanks required?
"

III. Does your experience show any relation between

the minimum amount of water required for effective flushing

and the grade of the sewer?
"
Thanking you in advance for your kind assistance in this

matter,
"

I am, yours very truly,
" H. N. OGDEN,

"
Engineer, Ithaca Sewer Commission"
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These postals were sent to those cities of between 10,000

and 60,000 population, in the New England and Middle Atlantic

States especially, which were reported in the
" Manual of

American Water-works
"

for 1897 as having separate or sani-

tary sewers. Eighty answers were received, and the courtesy

and good-will expressed in all was much appreciated. It was

the same story in nearly all cases.
"

I would be pleased to

answer your questions fully, but this is the best that I can do

for you," or
"
This is only my idea, while I can readily under-

stand that what you want is the result of actual experience,"

or
"
I cannot give you the desired information, but would be

thankful to you if you would let me know the result of your

inquiry." The results given below in a brief summary show

chiefly how uncertain and vague is the knowledge on the sub-

ject, and how necessary are some experiments and investi-

gations.

Of the eighty engineers who sent replies to question No. i,

whether flush-tanks are necessary, seventeen had no opinion

on the subject; twelve had experience only with combined

systems, but had, according to their replies, found no trouble

in keeping the ends of their 10- and 12-inch laterals clean with

rain or with hand-flushing; twenty-six of the eighty used

periodic hand-flushing and found it to answer every purpose ,

keeping the sewers clean and free from obstructions; twenty-

five either used flush-tanks or considered them a necessity for

small pipe sewers. It was not possible in these last answers to

separate actual experience from personal conjecture on the

question, so that this number may include many hearsay

opinions.

The evidence is not very clear. The fact that twenty-
six used hand-flushing satisfactorily indicates that such flush-

ing is sufficient. That it must be properly and regularly done,

however, is made plain by the fact that, out of twenty-five

believing in flush-tanks, nine had tried periodic hand-flushing,

found it uncertain and irregular, and had put in flush-tanks,

to secure proper attention. On the other hand, of the twenty-
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six believing in hand-flushing, two came to that opinion after

becoming disgusted with the uncertainty of tanks.

On the second question, only twenty-three of the eighty

ventured an opinion. Of these, eight thought that the grade

did not affect the question, but that flush-tanks were as neces-

sary on steep as on flat grades. One engineer explained his

position by. saying that while the velocity on the steep grades

might be greater, yet as the depth would be less, the trans-

porting power would be less, and therefore tanks were equally

necessary. Of the fifteen who thought that tanks are not

needed above a certain grade, six merely ventured it as an

opinion, and nine fixed the limit at from 0.5 to 3 per cent; four

of these gave i per cent as the limit; one, 3 per cent; and the

other four less than i per cent.

Only six replies were given to the last question, whether

the amount of water in the flush-tank should be varied with

the grade of the sewer. Of these six, two engineers thought

that no difference should be made; three thought that less

water could be used on the steep grades, but had no definite

opinion as to the relative amounts; while one well-known

engineer, who has thoroughly studied the workings of the

sewer system under his care, writes that he finds one flush

daily on a 2 per cent grade as effective as two flushes daily on

a 0.5 per cent grade, each flush of 300 gallons.

The general conclusion from the replies is that on low grades,

probably below i per cent, occasional flushing is needed at the

upper ends of laterals; that this may be accomplished either

by hand-flushing or by the use of automatic tanks; that if

tanks are used, less care and vigilance are required in inspec-

tion and oversight, but, on the other hand, the periodic exam-

ination of the system, which should not be omitted, is apt

to be irregular, and if a tank fails to work or if an obstruction

occurs below the effect of the flush, a serious nuisance may
result; that if hand-flushing is used, a constant and regular

inspection must be practised, although actual flushing may be

required but once a month or even less. The amount of water
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needed in flush-tanks is not known, nor the relation between

amount and grade.

With a view of obtaining more information on this appar-

ently unstudied subject, the author carried on some experi-

ments in the spring of 1897, in which he was assisted by Mr.

I. W. McConnell, C.E. The results of the experiments have

been recorded by Mr. McConnell in a thesis for the degree of

Civil Engineer in Cornell University.

The sewers on which the experiments were made, chosen

so as to afford a variety of grade, with as long lines as possible,

were all 8-inch pipe, and each had at the upper end a manhole

about 4 feet in diameter at the bottom. Flush-tanks of the

usual commercial size discharge at a rate of about i cubic foot

per second, and, by repeated experiment, the opening from the

manhole into the sewer was reduced to such a size (about 5

inches) that the rate of discharge varied from 0.89 cubic foot

per second for 4 feet head in the manhole to i.i cubic feet per
second for 6 feet head. These conditions it was thought approx-
imated closely enough to the workings of a flush-tank. A
5-inch opening was cut in a pine board held firmly against

the end of the 8-inch pipe; then a flat rubber-faced cover, 6

inches in diameter, was placed over the opening and held there

by a light stick braced against the back of the manhole, mak-

ing an effective plug. The manhole was filled to any desired

depth by means of fire-hose attached to neighboring hydrants,

and then, by means of a cord fastened to the stick and to the

cover, the contents of the manhole were discharged into the

sewer. The capacity of the manholes at depths varying by
6 inches was determined by measurement, so that by filling to

the proper depth any desired amount of water could be dis-

charged. The effect of the flush-waves was then noted at the

successive manholes down the line. No determinations of the

velocity of the wave were made, the effect being judged by the

depth of the wave, and by the force shown in moving gravel,

etc., placed in the different manholes. The wave-depths were

read by observers stationed in the manholes, where they re-
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corded as rapidly as possible (usually every seven seconds) the

depth as marked on a thin vertical scale placed in the sewer.

Figs. 68 to 71 show the wave-forms and the progressive flatten-

ing as the wave gets farther and farther from the flush-tank.

To test the transporting power of the wave small brickbats

and gravel of various sizes, coated with paint so as to be recog-

nizable, were placed in the inverts at the manholes. A consid-

able growth, apparently of vegetable origin, had become at-

tached to the sides and bottom of the pipe, and the value of the

flush in removing this growth was also noted. The order of pro-

cedure was to examine and note the condition of the line, and,

after placing the gravel, etc., in the manholes, to make a number

10 20 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

TIME SCALE IN SECONDS.

FIG. 71.

of flushes, each of 20 cubic feet, and note the results. Then, in-

creasing the amount discharged to 30, 40, 50, and 60 cubic feet,

the respective results were noted. Then either the whole pipe
was scraped by a rubber-edged piston-like cleaner, or merely
the manhole inverts and about 6 feet each way into the pipe,

and the flushing repeated. Tables XXVII-XXX give the

results on the different lines.

Before commencing the work, the examination of the Green

Street pipe showed it to be practically clean, with no ground-

water, except between the third and fourth manholes, where

there was a stream about one-fourth inch deep. No house-

connections had been made, but there was a small depth of silt,

and bits of cement left from construction, also a slight vegetable
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TABLE XXVII

GREEN STREET SEWER

TT_|--_^, _*
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In Cayuga Street there were a few connections and little

flow, so that the condition of the pipe was very foul; there was

also a heavy vegetable growth in the pipes.

On Linn Street no comparative records could be made. The

pipe was clean from the flush-tank to manhole No. i, and in

this length there were no connections. From No. i to No. 2 it

was slightly foul, and very foul the remainder of the length.

There were two house-connections on the line. Five flushes of

20 to 60 cubic feet were made. Each was very effective, one

apparently as much so as another. All obstructions introduced

were removed at once from manholes Nos. i and 2. A steady

flow i inch deep from the hose carried everything forward at

once to a point beyond No. 2 and to the flatter grade.

TABLE XXIX
AURORA STREET SEWER

Volume
of Flush.
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On Buffalo Street, where the grade is about 12 per cent,

the effective of the flush was amazing. Where any sewage
at all flows in the pipe, it is sufficient to remove all obstruc-

tions. A flush of any volume rushes down the hill at a

high velocity, with piston-like action, and sweeps everything

before it.

Table XXXI gives the distances and grades between man-

holes on the lines used in the experiments.

TABLE XXXI
DISTANCES AND SLOPES BETWEEN MANHOLES
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that an 8-inch pipe on a 0.4 per cent grade will flow one-third

full at a distance of 300 to 400 feet from the tank discharging

the above amount; and that on a 5 per cent grade the water

will come down as a solid piston for any dischrage greater than

14 cubic feet.

The manager of the Pacific Flush-tank Company writes

that as a rule he does not interfere with engineers in their design

for tanks, but, in his opinion, a flush of 175 gallons on a i per

cent grade is sufficient, and on any flatter grade twice that

amount of water should be used, or, as he says,
"
long lines or

flat grades require greater capacity of tanks than steep grades

or short lines."

Conclusions. The following conclusions are based upon

previously published data on this subject; upon the experi-

ence of engineers in different parts of the country; upon the

flushing diagrams recently published by J. W. Adams, and upon
observation and the special experiments made in Ithaca; and

it is believed that they are justifiable and a safe guide in the

use of flush-tanks.

(1) Flushing of some sort is required at the upper ends

of laterals, the frequency and amount depending on the num-

ber of house-connections, on the carefulness or prodigality in

the use of water by the house-holders, on the grade and size

of the sewer, on the character of its construction, and on a

mysterious something which defies definition, but which pro-

duces frequent accumulations in one line and does not affect

another, apparently like the first.

(2) This variety in the conditions prevents any exact state-

ment of a relation between the quantity of water which should

be discharged from a flush-tank and the grade of a sewer, but

it plainly indicates that the advantage of automatic flush-

tanks lies in a general guarantee or insurance against accumula-

tions in the upper part of the laterals, while periodic hand-flush-

ing must be depended on only when in charge of a responsible,

indefatigable, and intelligent caretaker.

(3) Judging by the experience at Ithaca, and despite the
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statements of other engineers, it seems to the author that on

grades of less than i per cent automatic flush tanks are an

economic necessity, even where water has to be paid for, the

added expense of frequent hand-flushing more than offsetting

the possible discharge of flush-tanks when not absolutely

necessary.

(4) The volume of water discharged should not be less than

40 cubic feet, and the effect of the flush can hardly be expected

to reach more than 600 or 800 feet. Below this point accumu-

lations may occur which must be removed by hand-flushing and

carried on to a point where the sewage-flow has the necessary

transporting power.

(5) On flat lines and where obstructions occur below the

influence of the flush-tank, a second flush-tank, placed about

800 feet from the first, will be more effective than increasing

the first tank to a capacity of three times its original discharge.

(6) The frequency of discharge should depend on the local

conditions, but it is probable that the maximum interval

depends on the practical working of the siphon, so that the

usual prescription of once in 24 hours is a safe rule.

(7) If tanks are used on grades greater than i per cent,

15 to 20 cubic feet give as good results as larger amounts, with

the same rule as to frequency of discharge.

(8) However, economy is best served, on grades above i

per cent, by omitting flush-tanks, and resorting to periodic

hand-flushing at such intervals as experience shows to be neces-

sary on the different lines. In most cases semi-annual or

quarterly flushings, with a hose, are sufficient.

(9) On grades greater than 3 per cent flush-tanks are unnec-

essary, and their installation is a waste of money.

(10) Hand-flushing should be performed and tanks dis-

charged at night, as a flow of even an inch in a sewer offers a

large resistance to the flushing action; while with a pipe flowing

half full the effect of a flush-tank is scarcely visible.
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