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A.RT. 145. EsTIMATES FOR WATER SUPPLY 

The consumption of water in American cities i~, ?n th: ave;;:; 

about 100 gallons per person P~. day, th\lar~h~1t~~il;:!sump
and the small ones less than t is amoun . than the 

tion in July and August is from 15 tof 20 pper\::n:r~::le during 
. to the use of water or s º' 

mean, .owmg . ·• reater than the mean in the 
January an~ Febr~ary it is also g nt that is allowed to run to 
colder localit1es, owmg to the large am:uf . f the pipes. On 
waste in houses in order to prhevent t e hreoeuz:!o~d is at work on 

d . all towns w en every 
11on ays, m sm . f ay be put at 50 percent 
the weekly washing, the conhsump i~n :ccordingly if the -yearly 
higher than the mean for t e wee . 

mean be 100 gallons per person pe~ dahy, the ~:n::~;~:~:~~ 
. d . ver hot or very cold weat er may 

tion urmg y When a large fire occurs, the hourly 
gallons per person p~r day. 

1 
• fire district of 10 ooo 

tion for this purpose a one m a 
consump 11 er person per day. In 
people may be at the rate ~f 175 ga ons p 1 should be from 

1 the maximum available hourly supp y . :~:::ªto four times as great as the mean daily consumption. 
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When water is to be pumped from a river directly into the 
pipes, without tank or reservoir storage, the capacity of the pumps 
should be such that during the occurrence of fires at least three 
times the mean daily consumptio~ may be furnished. \Vhen 
a pump delivers water to a distributing reservoir, its capacity 
need not be so high as in the case of direct pumping, for the reser
voir storage can be drawn upon in case of fue. When the reser
voir is large, the pump capacity need be only suflicient to lift the 
annual consumption during the time when it is in operation. The 
subject of pumping is an extensive one, but it will be briefly 
treated from a hydraulic standpoint in Arts. 192-201. 

Gravity supplies are those obtained by impounding the runoff 
of a watershed at an elevation sufficiently high so that the water 
will flow without pumping to the places where it is to be consurned. 
Pumped supplies are obtained either from a stream which líes too 
low to furnish the water by gravity or from the ground_from 
water-bearing strata which may be termed natural underground 
reservoirs. Such areas in a sandy country may yield as high as 
1 ooo ooo gallons per day per square mile. •The borough of 
Brooklyn of the City of New York obtains its water from the 
sands of Long Island, and a good example of the methods to be 
followed in estimating on such a supply is to be found in a 
report by Burr, Hering, and Freeman.* 

In estimating on the safe yield of a surface watershed a study 
of the existing rainfall and stream flow data should be made. 
In the absence of the latter, estirnates of the flow may be made 
by considering the rainfall records and computing the evapora
tion after allowing for ali of the causes by which it is in.fluenced. 
In sorne cases it will be found that even few rainfall data are 
available, and it then becomes ·necessary to consider the records 
at the nearest points where such observations have been made, 
and deduce values for the rainfall in the locality being considered. t 
In making estimates of this character ali evidence should be 
carefully considered in order to avoid errors. 

• Report on Additional Water Supply, New York, 1903. 
t Monthly Weather Review, March, 1907. 
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When gagings of the stream being studied are available,* 
the problem is a simpler one, but the period during which the 
gagings were taken must be examined with reference to its re
latioi with the rainfall cycle (Art. 142). The results shown by 
such a series of gagings during a period of high rainfall would 
differ materially from those during a low cycle. This considera
tion is of particular importance when determining on the storage 
required for a water supply or for a power plant on a stream of 
moderate size, while on larger streams the controlling factor is 
often simply the quan~ity and duration of the minimum flow. 
This mínimum is generally less dependent on the rainfall cycle 

than is the total yearly yield of the stream. 
Having determined on the quantity of ,water to be supplied 

and on the flow for a series of years of the stream from which 
the water is to be obtained, it becomes necessary to fix on the 
volume of storage which will be necessary to tide over the dr-iest 
period which is likely to occur. For this purpose the method pro
posed by Rippl t is a convenient one. It consists essentially in 
determining the net available stream flow for each month, after 
making allowances for evaporation from the reservoir surfaces 
which will result from the new construction and for all other 
possible losses. The total flow for each month is then added to 
the total of the months preceding and since the beginning of the 
period being studied. The total flow from the beginning of the 
period to the end of each month is thus determined and may be 
plotted as in Fig.145a. The inclination of the curve AM joining 
the points so plotted thus represents the rate of net available 
stream flow, and may on occasion have a negative value as at 
El, when the evaporation, leakage, and other losses are larger 
than the quantity of water available in the stream. 

The amount of water to be used is now plotted as the line AB, 
it being assumed that the use is at a practically constant rate. 
\Vherever the inclination of the curve is greater than that of the 
lineAB, the net streamflow is greate_r than the draft,and wherever 

* Transactions American Society Civil Engineers, vol. 59. 

t Proceedings Institution Civil Engineers, vol. 71. 
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it is less the draft is in excess of the il bl · ava a e water. To deter-
mme t~e amount of storage necessary to tide over such a eriod 
of defic1ency, El, if the line EF be drawn parallel to AB an~ tan
gent to the curve at E, the maximum ordinate Hl will, on the scale 

1880 1881 1882 

Fig. 145a. 

1883 1884 

of the diagram, indi~ate .the amount of water which would have 
been ne~essary to mamtam the uniform rate of draft as . d. t d b: the ]~e AB. Similarly if AD were the uniform rate:f ~;.;, 
t e max1mum ordmate JK between EG, drawn parallel to AD' 
an~ th~ curve would represent the storage volume necessary t~ 
mamtam the draft AD from A to G Th . . . • e max1mum umform 
rate of draft which could be obtained from A to G would b 
represented by the inclination of the line AG but th1' t I e AB d A , s ra e, as a so 

an D, could no~ be constantly maintained unless the neces-
. sary storage was available at the beginning of the period at A 

In case the tangent to any summit of the curve and arallel t~ 
the assumed rate of draft should fail to intersect thpe . 
would b · d" d curve, 1t e ~ 1_cate that the draft was in excess of the total ield 
for the penod under consideration. y 

d.ff Another graphical method is to plot the summati;n of the monthl~ 
l er_ences between the net stream flow and the assumed unif dr f 

In F1g 145b if h . • orm a t . t e reservoir be assumed to be full at th b . . . 
of th · d h e egmmncr 
th ¿ ~eno d t en for the next three months the stream flow exceed: 

e a t an an overflow occurs as indicated .above the zero line. 

• 
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f t1 · each month is 
this lin the actual amount o over ow m 

Abov_; e ths tbe draft begins to exceed 
plotted. At the end of the three m~n 1 1 falls as indicated by the 
the net stre~m flow athnd tbelreser;:; t::~ear 1891 the reservoir has 
continuous lme. By e ear Y par 

. 3----i---r--i--,-7 
~2 
o 

~1L--+-1----l---lr--
... ¡ Jll..--:-rr~ ,..QT.TT1Jí!TrmTTITTTI1TiiITiTTlililr'®Timi; 
~lL~~ +-~Jilltllwmlffilliftttttl~__:~r-7 

3,L-1800,.,.,...._J_--;:189;;;;:l;--..L---,liiii892:i2'.~j_li1800liro"_.L..-1818949i""~ 
Fig. 145b. 

. The rocess is thus continued, and it is found that to 
agam filled. . P 8 'f the reservoir be full at the be-
·ct the penod 1890 to 1 94, 1 . ed 

t1 e over 'ty of 3 billions of gallons is reqwr . • ing a storage capac1 . 
gmn ' volume of storage having thus been determmed, 

The necessary . t make an allowance to cover . ti ing the reservo1r o 
it is usual m propor on d ll as to provide a factor of safety • ti · the ata as we 
the uncertam es ID f d . ears than those covered by the 
against the occurrence o ner y e from 10 to 50 percent of 

d S ch an allowance may rang 
recor s. u . ed b the methods of Figs. 145a and 145b. 
the storage as determm y d 

. ra e necessary is dependent on the propose 
The quantity of sto g . b 'd m· the northeastern part of 

b · eral it may e sa1 
rate of draft, ut ID gen inf lls of from 38 to 50 inches, that a storage 
the United States, 00 ra ª ile of watershed will per

gallons per square m 
capacity of 2 5° 000 000 6oo to NV'J 000 gallons per square 

. f if orm draft of from 000 r- f 
m1t of asa e un b . plicable to fiat watersheds o . d the smaller figure emg ap h 
mile per ay, th hich are steep in slope and ave 
low rainfall and the larger to ose w 

higher rainfall. · · fix d th 
1 el of the reserv01r is ·e ' e 

• After the ht!ight of tb_e waterb ev uted from Arts. 69 and 144 
. f . . te weir may e comp 

dimens1ons o its was . . l' b Art 97 For the latter com-
and the size of the mam pipe t• mbe asysumed tb.roughout the town, so 

. e pressures mus e h 
putation prop r 'ded for fire contingencies. When t e 
that ample head may beh prot; oblem of computing the diameters 
main divides into br.anc es, e pr 

• 

• 
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from the given data is indeterminate (Art. 105), and hence it will prob
ably be as well to assume at the outset the sizes of the main and its 
branches. The velocities corresponding to the given quantities and 
the assumed sizes being first computed, the pressure-heads at a num
ber of points are found. If these are not satisfactory, other sizes are 
to be taken and the computation is to be repeated. The successful 
design will be that which will furnish the required quantities unde~ 
proper pressures with the least expenditure. 

Prob. 145. How many cubic feet per second per square mile are equiv
alent to a rainfall of one inch per montb? 

ART. 146. ESTIMATES FOR WATER PüWER 

The methods of estimating the water power that can be 
derived by damming a stream are to sorne extent similar to those 
for water supply. In the absence of gagings the records of rain
fall and evaporation are to be collected and discussed. but a few 
gagings will probably give more definite information if records of 
water stages during severa! years can be had. A method of de
termining the advisable extent of a water power deve~opment 
when records of stream flow are available has been developed 
by Herschel. * 

In nearly every situation the stream flow in connection with 
the storage which can be obtained at a reasonable expense is 
not sufficient to continuously generate the power which is re
quired. In such cases it is necessary to supplement the water 
power with an auxiliary steam plant located at sorne point within 
the territory to be served where fue! can be obtained most 
economically. In order to determine on the capacity of such an 
auxiliary plant the general method shown in Fig.145a may be 
used. With the known volume of available storage and net 
flow of the stream the maximum uniíorm rate of draft can be 
determined. The capacity of the auxiliary steam plant may 
then be considered as the difference between the power capacity 
required and that furnished by the mínimum flow of the stream; 
while the advisable extent of the water power development will 
depend upon considerations of the river discharge, the cost of 

• Transactions American Society of Civil Engineers, 1907, vol. 58, p. 29. 
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the development, and the cost of installation and operation ?f 
the auxiliary steam plant. No definite rules are to be .la1d 
down in this regard, as the exact proportion to be finally dec1ded 
upon depends on many factors which vary in every locality. 

The power needed to be generated by a plant varíes from 
hour to hour. The greatest demand is called the "peak." A 
peak load is one of very short duration and can be met by 
installing an excess of turbine and generator capacity and by ' 
providing storage in a pond of adequate size. It, is probable, 
however that in many cases the auxiliary heat engines already 
installed to meet low water conditions will more economically 
supply the power for the peak loads than would the ne~essary 
excess turbine, generator, power house and storage capac1ty. 

At times of high water the head on the wheels is of ten re
duced due to the change in slope of the river, and the normal 
outpu~ of the plant is thus diminished. The "fall increaser" 
(Art.181) will operate to increase the available head, or where 
this is not provided the auxiliary steam plant must be called on 

to supply the deficiency. 

Let W be the weight of water delivered per second to a hy
draulic motor, and h be its effective head as it enters the motor, 
h beina due either to pressure (Art.11) , or to velocity (Art. 22), 
or to ;ressure and velocity combined (Art. 24). The theoretic 

energy per second of this water is 

K==Wh (146)1 

and if W be in pounds and h in feet, the theoretic horse-power of 

the water as it enters the motor is 

HP==Wh/ 550 (146)2 

and this is the power that can be developed by a motor of effi
ciency unity. The work k delivered by the moto~ ~s, however, 
always less than K, owing to losses in impact and fnctlon, an~ the 
horse-power hp of the motor is less than HP. The effic1ency 

of the motor is 
e== k/ K == k/Wh or e== hp/ HP (146)3 

' 
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and the value of this for turbine wheels is usually about o.8o; 
that is,. the wheel transforms into useful work about 80 percent 
of the energy of the water that enters it. 

In designing a water-power plant it should be the aim to ar
range the forebays and penstocks which lead the water to the 
wheel so that the losses,ín these approaches may be as small as 
possible. The entrance from the head race into the forebay 
from the forebay into the penstock, and from the penstock to th; 
motor should be smooth and well rounded; sudden changes in 
cross-section should be avoided, and all velocities should be low 
except that at the motor. If these precautions be carefully ob
served,_ the loss of head outside of the motor can be made very 
small. Let H be the total head from the water level in the head 
race to that in the tail race below the motor. The total available 
energy per second is WH, and it should be the aim of the designer 
to render the losses of head in the approaches as small as possible 
s? that the eff ective head h may be as nearly equal to H as pos
s1ble. Neglect of these precautions may render the effective 
power less than that estimated. · · 

The efficiency e.1 of the approaches is the ratio of the energy 
K of the water as it enters the wheel to the maximum available 
ener?y .WH, or e1 == K/ WH. The efficiency E of the en tire plant, 
co~s1stmg of both approaches and wheel, is the ratio of the work k 
dehvered by the wheel to the energy WH, or 

E = k/WH == eK/ WH = ee1 

or, the final efficiency is the product of the separate efficiencies. 
If the efficien~y of the wheel be o. 7 5 and that of the approaches 
0.96, the effic1encY. of the plantas a whole is 0.72, or only 72 per
cent of the theoretic energy is utilized. Usually the efficiency 
of the approaches can be made higher than 96 percent. 

I~ making estimates for a proposed plant, the efficiency of 
t~rbme whe.els may generally be taken at 80 percent; the effec
tlve work 1s then o.8oWh, and accordingly if the wheels are 
required to deliver the work k per second, the aj:>proaches are to 
be so arranged that Wh shall not be less than r.25k. Especially 



384 Ch 11 Water Supply and Water Power ap. . 

when the water supply is limited it is important to make all 

efficiencies as high as possible. 
p b 146 A stream delivers 500 cubic feet of water per second to a 

canal r;hich t~rminatés in a forebay where the water level is ~- r fee_t abo~e 
the tail race. The wheels deliver 335 horse-power_ and their effic1e~cy is 
known to be 7 5 percent. Hov.: much power is lost rn the forebay an pen-

stock? 
.ART. 147. WATER DELIVERED TO A MOTOR 

To determine the efficiency of a hydraulic motor by formula 

(146) the effective work k is to be measured by the methods of 
.Art. ;49, and the head h to be ascerta .. med by .Art. 1_48. In order 

to fi.nd the weight W that passes through the wheel m one sec~nd, 

there must be known the discharge per second q and the we1ght 

w oí a cubic unit of water; then 

W=wq 

Here w may be found by weighing one cub~c foot of the water, 
or when the water contains few impurities its temperature_ may 

be noted and the weight be taken from Table 3. In a~proximate 
computations w may be taken at 62.5 pounds per cub1c foot. In 

precise tests of motors, however, its actual value should be ascer-

tained as closely as possible. 

The measurement of the :flow of water thr?ugh ori~ces, weirs, 

tubes, pipes, and channels has been so fully d1scus~ed m the pre-
din chapters that it only remains here to ment10n one or two 

ce g ' • · d t ke a 
'Simple methods applicable to small quantities, an o m~ 
few remarks regarding the subject of leakage. In any pa_rticul~r 
case that method of determining q is to be selected which will 

furnish the required degree of precision with the least expense. 

For a small discharge the water may be alfowe~ to fall _into a 
tank of known capa~ity. The tank should be of un~form honzontal 
cross-section, whose area can be accurately determmed, and then 
the heights. alone need be observed in order to find t~e volume. 
These in precise work will be read by book gages, and m cases of 
less accuracy by measurements with a graduated rod. At the 
beginning of the experiment a sufficient quantity of water must be 
in the tank so that a reading of the gage can be taken ; the water 
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is then allowed to flow in, the time between the beginning and end 
of the experiment being determined by a stop-watch, duly tested and 
rated. This time must not be short, in order that the slight errors 
in reading the watch may not affect the result. The gage is read 
at the close of the test after the surface of the water becomes quiet, 
and the difference of the gage readings gives the depth which has 
flowed in during the observed time. The depth multiplied by the area 
of the cross-section of the tank gives the volume, and this divided 
by the number of seconds during which the flow has occurred fur
nishes the discharge per second q. 

If the discharge be ve1. small, it may be advisable to weigh the 
water rather than to measure the depths and cross-sections. The total 
weight divided by the time of flow then gives directly the weight W. · 
This has the advantage of requiring no temperature observation, 
and is probably the most accurate of ali methods, but unfortunately 
it is not possible to weigh a considerable volume of water except at 
great expense. 

When water is furnished to a motor through a small pipe, a com
mon water meter may often be advantageously used to determine 
the discharge (Art. 38). No water meter, however, can be regarded 
as accurate until it has been tested by comparing the discharge as re
corded by it with the actual discharge as determined by measurement 
or weighing in a tank. Such a test furnishes the constants for cor
recting the result found by its readings, which otherwise is liable 
to be 5 or ro percent in error. The Venturi meter (Art. 38) fur
nishes an accurate method of measuring large quaI).tities. 

The leakage which occurs in the flume or penstock before the water 
reaches the wheel should not be included in the value of W, which is 
used in computing its efficiency, although it is needed in order to as
certain the efficiency of the entire plant. The manner of determining 
the amount of leakage will vary with the particular circumstances of 
the case in hand. If it be small, it may be caught in pails and directly 
weighed. If large in quantity, the gates which admit water to the 
wheel may be closed, and the leakage being the~ led into the tail race, 
it may he there measured by a weir, or by allowing it to collect in a 
tank. The leakage from a vertical penstock whose cross-section is 
known may be ascertained by filling it with water, the wheel being 
still, and then observing the fall of the water level at regular intervals 
of time. In designing constructions to bring water to a motor, it is 
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best of course, to arrange them so that all leakage will be avoided, but 
this'cannot always be fully attained, except at great expense. . 

The most common method of measuring g is by mea~s of a we1r 
laced in the tail race below the wheel. Tbis has the ~sadv~ntage 

ihat it sometimes lessens the fall which would be otherw1se available, 
and that often the velocity of approach is high. It ~as, however, the 
advantage of cheapness in construction and operat1on, and for_ ªº! 
considerable discharge appears to be almost the on_ly method which is 

h 
. 1 and prec1·se If the weir is placed above the wheel, 

bot econom1ca · . 
the leakage of the penstock must be carefully ascertamed. 

p b 147 A weir with end contraction9and no velocity of approach 
has a ~;n. th of 1.33 feet, and the depth on the crest is o.~06 feet. The same 

g th h a small turbine under the effect1ve head 10-49 feet. water passes roug 
Compute the theoretic horse-power. 

ART. 148. EFFECTIVE HEAD ON A •MOTOR 

The total available head H between the surface of the wat~r 
in the reservoir or head race and that in the lower pool or tail 
race is determined by running a line of levels from one to the other. 
Permanent bench marks being established, gages can t~en be 
set in the head and tail races and graduat_ed so that their z~ro 
points will be at sorne datum below the tail-race level. Dunng 
the test of a wheel each gage is read by an observer at stated 
intervals and the difference of the readings gives the head H. 
In sorne' cases it is possible to have a floating ga~e on the lower 
level, the g~aduated rod of which is placed alongs1de a gla~s tube 

. t 'th the upper level. the head H is then that commumca es w1 ' . . . 
directly read by noting the point of the gradu~tion ~h1ch c~m-
cides with the water surface in the tube. Th1s dev~c~ reqmres 
but one observer, while the former requires two; but it is usually 
not the cheapest arrangement unless a large number of observa-

tions are to be taken. 
From this total head H are to be subtracted the losses of he~d 

in entering the forebay and penstock, and the loss of hea~ m 
friction in the penstock itself, and these losses may be ascertamed 
by the methods of Chaps. 8 and 9. Then 

· h = H - h' - h" 

• 
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is the eff ective head acting upon the wheel. In properly designed 
approaches the lost heads h' and h" are very small. 

When water enters upon a wheel through an orífice which is 
controlled by a gate, losses of head will result, which can be 
estimated by the rules of Chaps. 5 and 6. If this orífice is in 
the head race, the loss of head should be subtracted together 
with the other losses from the total head H. But if the regulating 
gates are a part of the wheel itself, as is the case in a t1'rbine, the 
loss of head should not be subtracted, because it is properly 
chargeable to the constr~ction of the wheel, and not to the ar
rangements which furnish the supply of water. ·rn any event that 
head should be determined which is to be used in the subsequent 
discussions: if the efficiency of the fall is desired, the total avail
able head is required; if the efficiency of the motor, that effective 
head is to be found which acts directly upon it (Art.146). 

When water is delivered through a nozzle or pipe to an im
pulse wheel, the head h is not the total fall, since a large part of 
this may be lost in friction in the pipe, but is merely the velocity
head v2/ 2g of the issuing jet. The value of v is known when the 
discharge q and the area of the cross-section of the stream have 
been determined, and 

h°=v2/ 2g= (q/ a)2/ 2g 

In the same manner when a stream flows in a channel against 
the vanes of an undershot wheel the effective head is the velocity
head, and the theoretic energy is 

K = Wh == Wv2
/ 2g = wrf / 2ga2 

If, however, the water in passing through the wheel falls a dis
tance h0 below the mouth of the nozzle, then the effective head 
which acts upon the wheel is given by 

h = v2/ 2g+ h0 

In order to fully utilize the fall h0 it is plain that the wheel should 
be placed as near the level of the tail race as possible. 

Lastly, when water enters a turbine wheel through a pipe, 
a piezometer may be pláced near the wheel entrance to register 
the pressure-head during the fl.ow; if this pressure-head, meas-


