
238 Chap. 8. Flow of Water through Pipes 

measured along the pipe line. The piezometer there placed 
rises to C1, which is a point in the hydraulic gradient. The equa­
tion of this line with reference to the origin A is given by the first 

equation of Art. 98, or 
v2 l1 v2 

H1=(r+m) - +J - -
2g d 2g 

in which H1 is the ordinate Á1C1, and l1 is the abscissa AA1, pro­
vided that the length of the pipe is sensibly equivalent to its 
horizontal projection. In this equation the first term of the 
second member is constant for a given velocity, and is represented 
in the figure by AB or A1B1; the second term varíes with l1, and 
is represented by B1C1. The gradient is therefore a straight line, 
subject to the provision that the pipe is laid approximately hori­
zontal; which is usually the case in practice, since quite material 
vertical variations may exist in long pipes without sensibly 

affecting the horizontal distances. 

When the variable point D1 is taken at the outlet end of the 
pipe, H1 becomes the head h, and l1 becomes the total length l, 
agreeing with the formula of Art. 93, if the losses of head due to 
curvature and valves be omitted . . When d1 is taken very near 
the inlet end, l1 becomes zero and the ordinate H1 becomes AB, 
which represents the velocity-head plus the loss of head at en­

trance to the pipe. 

When there are easy horizontal curves in a pipe line, the above 
conclusions are unaffected, except that the gradient BC is always 
vertically above the pipe, and therefore can be called straight 
only by courtesy, although as before the ordinate B1C1 is propor­
tional to l1. When there are sharp curves, the inclination of the 
hydraulic gradient becomes greater and it is d~pressed at each 
curve by an amount equal to the loss of head which there occurs. 
When an obstruction occurs in a pipe, or a valve is partially 

• closed, there is a sudden depression of the gradient at the ob­

struction or at the valve. 

If the pipe is so laid that a portion of it rises above the hy­
draulic gradient as at D1 in Fig. 99b, an entire change ?f condition 
generally results. If the pipe is closed' at C, all the piezometers. 
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stand in the line AA, at the same leve! as the surface of the reser­
voir. When the valve at C is opened, the fl.ow at first occurs 
under normal conditions, h being the head and BC the hydraulic 
gradient. The pressure-head 
at D1 is then negative, and Ar _____________ DAI - --~::.:- -
represented by D1C1. As a .. · 
consequence air tends to enter 
the pipe, and when it does so, 
owing to defective joints, the 
continuity of the fl.ow is Fig. 

99
b. 

broken, and then the pipe from D1 to C is only partly filled 
with water. The hydraulic gradient is then shifted to BD1, the 
discharge occurs at D1 under the head A1D1, while the remain­
der of the pipe acts merely as a channel to deliver the fl.ow. It 
usually happens that this change results in a great diminution 
of the discharge, so that it has been necessary to dig up and relay 
portions of a pipe line which have been inadvertently run above 
the hydraulic gradient. This trouble can always be avoided by 
preparing a profile of the proposed route, drawing the hydraulic 
gradient upon it, and excavating the pipe trench well below the 
gradient. In cases where the cost of this excavation is so great 
that it is resolved to lay the pipe above the gradient, all the joints 
of the pipe above the gradient should be made absolutely tight 
so that no air can enter the pipe and interrupt the flow. 

When a large part of the pipe lies above the hydraulic gradient 
it is called a siphon. Conditions sometimes exist which require 
a pipe line to be laid as a siphon for a short distance. In such 
a case an air chamber is sometimes built at the highest elevation 
so that air may collect in it instead of in the pipe, and provision 
is made for recharging the siphon when the fl.ow- ceases by admit­
ting water at the highest elevation, or by operating a suction­
pump placed there, or by forcing water into the pipe by a pump 
located at a lower elevation. Probably the largest siphon ever 
constructed is that laid about 1885 at Kansas City, Mo., 
it being 42 inch_es in diameter, and 730 feet long, with the summit 
10 feet above the general level of the pipe line. The air that 



240 Chap. 8. Flow of Water through Pipes 

collected at the summit was removed by operating a steam ejec­

tor for a few minutes each day.* 

The pressure-head h1 at any point on the pipe line distant l1 
from the reservoir may be expressed in terms of the static head on that 
point, the entrance-head h', and the friction-head h" by inspection 

of Fig. 99a; thus, hi = A iDi _ h' _ h" 

Further from the similar triangles in the figure, ' . 
h" = (h - h') (li/ l) 

that is the loss in friction in the distance l1 is proportional to l1. For 
' long pipes, in which h' is small, this may be written h" = h(l1 l), 

or the friction loss at any point on the pipe line is proportional to the 
total head and to the distance of the point from the reservoir. 

The above discussion shows that it is immaterial where the pipe 
enters the reservoir, provided that it enters below the hydraulic 
gradient point B. It is also not to be forgotten that the whole inves­
tigation rests on the assumption that the lengths l1 and l are sensibly 
equal to their horizontal projections. 

Prob. 99. A pipe 3 inches in diameter discharges 538 cubic feet per 
hour under a head of 12 feet. Ata distance of 300 feet from the reservoir 
the depth of the pipe below the water surface in the reservoir is 4.5 feet. 
Compute the probable pressure-head at this point. 

.AR.T. 100. A CoMPOUND PIPE 

A compound pipe is one having different sizes in different 
portions of its length. The change from one length to another 
should be made by a "reducer," which is a conical frustum several 
feet lona so that losses of head due to sudden enlargement or 

º' contraction are avoided (Arts. 76, 77). Let d1, <h, d3, etc., be the 
diameters ; l1, ti, l3, etc., the corresponding lengths, the total 
length being li + ti + etc. Let vi, v2, etc., be the velocities in 
the different sections. Neglecting the loss of head at entrance 
and also that lost in curvat1,1re, the total head h may be placed 

equal to the loss of head in friction, or · 

h = Ji !:!. v12 + Íz b_ v22 + etc. 
d1 2g <h 2g 

* Engineering News, 1891, vol. 26, p. 519; 1893, vol. 29, pp. 423, 588. 

. . 

• 
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Now if the discharge per second be q, and the flow be steady 

V1 = q/¼ 1rdi2 v2 = q/¼ 1rdl, etc. 

Substituting these velocities and solving for q, gives 

q = l 7rJ 2gh 4 l1 ti 
Ji d15 + !2 <hs + etc. 

(100) 

in which the friction factors J1, J2, etc., corresponding to the given 
diameters and computed velocities are found from Table 90a. 

For example, consider the 
case of a pipe having only 
two sizes ; let d1 = 2 and 
l1 = 2800 f eet, d2 = 1. 5 and 
ti= 2145 feet, and h = 127.5 ---- --- -
~- ~~~h~h~ ~~ 
mean value, 0.02, and making the substitutions in th~ formula, 
there is fourr<l q = 26.2 cubic feet per second · 

from which V1 = 8.3 and V2 = 14.8 feet per second 
Now from Table 90a it is seen thatfi = 0.015 andfz = 0.015; and 
repeating the computation, 

q = 30.2 cubic feet per second 

whenc~ v1 = 9.6 and v2 = 17.1 feet per second . 
These results are probably as defi.nite as the table of friction fac­
tors will allow, but are to be regarded as liable to an uncertainty 
of several percen t. 

To determine the diameter of a pipe which will give the same 
discharge as the ,ompound one, it is only necessary to replace 
the denominator in the above vaiue of q by Jl/ d5

, where l = li + ti 
+ etc., and d is the diameter required. Tak.ing the values of 

fas equal, this gives l l l 
d5 = d:s + d:5 + etc 

Applying this to the above example, it becomes 

ili-5 = 2800 + 2145 
ds 2s 1.55 

from which d = 1 .68 f eet, or about 20 in ches . 
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A compound pipe is sometimes used to. prevent the hydraulic 
gradient from falling below the pipe line. Thus, it is seen in Fig. 
100 that the hydraulic gradient rises at D1 and falls at D2, and that its 
slope over the larger pipe is less than over the smaller one. These 
slopes and the amount of rise at D1 can be computed for a given 
case. Using the above numerical data, the loss of head in friction for 
100 feet of the large pipe is 

,, roo v12 
h = 0.015 - - = 1.07 feet, 

2 zg 

while the same for the small pipe is 4.55 feet. Hence the slope of the 
gradients AC1 and C2C is more than four times as rapid as that of the 
gradient E1~ . In the large pipe at D1 the velocity-head is 0.01555 
X 9.62 = 1.43 feet, and, supposing that no loss occurs in the reducer, 
the velocity-head for the small pipe is 4.55 feet. The vertical rise 
C1E1 of the hydraulic gradient at D1 is hence the rise in pressure-head 
4.55 - 1.43 = 3.12 feet, anda fall of equal amount occurs at D2• 

' 
When a portiorr of a small pipe is to be replaced by a large one, it 

is immaterial in what part of the length it is introduced, for it is seen 
that formula (100) takes no note of where the length l1 is placed in the 
total distance l. The Romans knew tqat an increase in the ·diameter 
of a pipe after leaving the reservoir would increase the discharge, and 
the law passed by the Roman senate about the year 10 B.C. forbade a 
consumer to attach a larger pipe to the standard pipe within 50 feet 
of the reservoir to which the latter was connected. * 

Prob. 100. At Rochester, N.Y., there is a pipe 102 277 feet long, of 
which 50 828 feet is 36 inc~es in diameter and 51 449 feet is 24 incbes in di­
ameter. Under a head of 143.8 feet this pipe is said to have discharged in 
1876 about 14 cubic feet per second and in 1890 about. 10½ cubic feet per 
second. Compute the discharge by (100), and draw the,hydraulic gradient. 

ART. 101. A PIPE WITH A NOZZLE 

Water is often delivered through a nozzle in order to perform 
• work upon a motor or for the purposes of hydraulic mining, the 

nozzle being attached to the end of a pipe whlch brings the flow 
from a reservoir. In such a case it is desirable that the pressure 
at the entrance to the nozzle should be as great as possible, and 

• Herschel, Water Supply of the City of Rome (Boston, 1889), p. 77-

• 
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this will be eff ected when the loss of head in the pipe is as small 
as possible. The pressure column in a piezometer, supposed to 
be inserted at the end of the 
pipe, as shown at C1D1 in 
Fig. 101, measures the pres­
sure-head there acting, and the 
height A1C1 measures the lost 
head plus the velocity-head, 
the latter being very small. Fig. 101. 

Let h be the total head on the end of thenozzle,D its diameter, 
and V the velocity of the issuing stream. Let d and v be the 
corresponding quantities for the pipe, and l its length. Then the 
effective velocity-head of the issuing stream is V2/2g, and the lost 
head is h- V2/ 2g. This lost head consists of several parts: 
that lost at the entrance D; that lost in friction in the pipe; that 
lost in curves and valves, if any; and lastly, that lost in the nozzle. 
Then the principle of energy gives the equation 

V2 v2 l v2 v2 v2 V2 
h--= m-+ f--+m1-+1n2-+m'-

2g 2g d 2g 2g 2g 2g 

Here mis determined by Art. 89, f by Art. 90, m1 by Art. 91, m2 

by Art. 92, while m' for the nozzle is. found in the same manner 
as mis found for the pipe) or m'=(r/ c1) 2-r, where c1 is the co­
efficient of velocity for the nozzle (Art. 83). This value of m' 
takes account of all losses of head in the nozzle, so that it is un­
necessary to consi.der its length; for a perfect nozzle c1 is unity 
and m' is zero. 

The velocities v and V are inversely as the areas of the cor­
responding cross~sections (Art. 31), since the fl.ow is steady, 
whence V =v(d/ D)2• Inserting this in the above equation and 
solving for v gives, if m1 and m2 be neglected, 

v -✓ 2gh 
-m+ j(l/ d)+(r / c1) 2(d/ D)4 

(101) 

for the velocity in the pipe. The velocity and discharge from the 
nozzle are then given by 

V =(d/ D)2v 
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and the velocity head of the jet is V2
/ 2g. These equations 

show that the greatest value of V obtains when D is as small as 
possible compared to d, and that the greatest discharge occurs 
when D is equal , to d. When the object of a nozzle is to utilize 
the velocity-head of a jet, a large pipe and a small nozzle should 
be employed. When the object is to utilize the energy of the jet 
in producing power by a water wheel, there is a certain relation 
between D and d that renders this a·maximum (Art.161). 

As a numeri.cal example, the eff ect of attaching a noz~le 
to the pipe whose discharge was computed in Art. 94 will be 
considered. There l=1500, d=o.25, and h=64 feet; m=o.5, 
v = 5.3 feet, and q = 0.26 cubic feet per second. Now let the nozzle 
be one inch in diameter at the small end, or D = 0.0833 feet, and 
let its coeflicient c1 be 0.98. Here d/ D= 3, and for f=o.025. 
the velocity in the pipe is 

v- /~-- --2-X_3_2_.1_6_X_6_4 _ __ _ 

-'\J 0.5 + 0.025 X 1500 X 4 + I .041 X 81 

or i, =4.2 feet per second. The effect of the nozzle, therefore, 
is to reduce the velocity in the pipe. The velocity of the jet 
at the end of the nozzle is, however, 

V= v(d/ D)2
· = 3 7 .8 feet per second, 

and the discharge per second from the nozzle is 

q = ¼ ?TD2V = 0.206 cubic feet 

which is about 20 percent less than that of tl).e pipe before the 
nozzle was attached. The nozzle, howeyer, produces a. marvcl­
ous effect in increasing the energy of the discharge; for the veloc­

ity-head corresponding to 5.3 feet per second is only 0.44 feet, 
while that corresponding to 37.8 feet per second is 22.2 feet, or 
about 50 times as great. As the total head is 64 feet, the efficiency 

of the pipe and noz~le is about 35 perc'ent. 

If the pressure-head h1 at the entrance of the nozzle be observed, 
either by a piezometer tube or by a pressure gage, the velocity of dis­
charge from the nozzle can be computed by the formula 

V= 2 Kh1 
(r/ c1)2 - (D/d)4 

House-service Pipes. Art. 102 245, 

the demonstration of which is given in Art. 83. This can be used when 
a hose and nozzle is attached at any point of a pipe or at a hydrant. 
It can also be used to compute h1 when V has been found. Thus, for 
the above example, · 

h1 = - - - - = 22.8 feet ( 
r Dl)V2 

C¡2 d4 2g 

which shows that the loss of head in the nozzle is about o.6 feet. The 
loss of head at entrance, for this case, is about 0.2 feet, and the loss of 
head in friction in the pipe is 41.0 feet. 

Prob. 101. A pipe 12 inches in diameter and 4320 feet long leads from 
a reservoir to a gravel bank against which water is delivered from a nozzle 
2 inches in diameter. The head on the end of the nozzle is 320 feet and the 
coefficient of velocity of the nozzle is 0.97. Compute the velocity in the 
pipe, the velocity-head of the jet, and the discharge. 

ART. 102. HOUSE-SERVICE PIPES 

A service pipe which runs from a street main to a house is 
connected to the former at right angles, and usually by a corpo­
ration cock or by a "ferrule." The loss of head at en trance 

in such cases is hence larger 
than in those before discussed, 
and m should probably be taken 
as at least equal to unity. The 
pipe, if of lead, is frequently 
carried around sharp corners by 
curves of small radius ; if o~ 
iron, these curves are formed by, 
pieces forming a quadrant of a 

L 
Fig. 102a. 

-¡--A 
1¡ 

circle into which the straight parts are screwed, the radius of 
the center line of the curve being but little larger than the radius 
of the pipe, so that each curve causes a loss of head equal 
nearly _to double the ve!ocity-head (Art. 91) . For new iron 
pipes the loss of head due to friction may be estimated by the 
rules of Art. 90 or by Table 90b. 

_\ water main should be so designed that a certain minirnnm 
pressure-head h1 exists in it at times of hea:viest draft. This 
pressure-head may be represented by the height of the pie-
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zometer column AB, which would rise in a tube supposed to be 
inserted in the main, as in Fig. 102a. The head h which causes 
the flow in the pipe is then the difference in level between the top 
of this column and the end of the pipe, or AC. Inserting for 
h this value, the formulas of Arts. 94 and 95 may be applied to the 
investigation of service pipes in the manner there illustra ted. 
As the sizes of common house-service pipes are regulated by 
the practice of the plumbers and by the market sizes obtain­
able it is not often necessary to make computations regarding ' . 
the flow of water through them. 

The velocity of flow in the main has no direct infl.uence 
upon that in the pipe, since the connection is made at right angles. 
But as that velocity varies, owing to the varying draft upon the 
main, the effective head h is subject to continua! fl.uctuations. 
When there is no flow in the main, the piezometer column rises 
until its top is on the same level as the surface of the reservoir; 
in times of great draft it may sihk below C, so that no water can 
be drawn from the service pipe. 

The detection and prevention of the waste of water by con­
sumers is a matter of importance in cities where the supply is 
limited and where meters are not in use. Of the many methods 
devised to detect this waste, one by the use of piezometers may 
be noticed, by which an inspector without entering a house may 
ascertain whether water is being drawn within, and the approxi­
mate amount per second. Let M be the street main from which 
a service pipe MOH runs to a house H. At the edge of the side­
walk a tube OP is connected to the service pipe, which has a three­

H 

o 
Fig. 102b. 

way cock at O, which can be turned from 
above. The inspector, passing on his rounds 
in the night-time• attaches a pressure gage 
at P and turns the cock O so as to shut off 
the water from the house and allow the f ull 
pressure of the main . P1 to be registered. 

Then he turns the cock so that the water may flow into the 
house, while it also rises in OP and registers the pressure P2• 
j'hen if p2 is less than P1, it is certain that waste is occurring 
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within the house, and the amount of this may be approximately 
computed and the consumer be notified accordingly. 

The pitometer, which consists of a rated Pitot tube (Art. 
41), facing the current in the pipe, with a differential gage (Art. 
37) to determine the pressure-head dueto the current, is also used 
for the measurement of the fl.ow in water mains and for the detec- • 
tion of water waste. A photographic record of the difference in 
height of the columns of liquid in the gage tube is kept, and this 
shows the discharge through the water ruain at any instant, 
as also ali fluctuations in the flow.* (See Art. 38.) 

When the pressure in the street main is very high, a pressure 
regulator may be placed between the main and the house in order 
to reduce the pressure and thus allow lighter pipes to be used in 
the house. Fig. 102c shows the principle of its action, where 
A represents the pipe from the main 
and B the pipe leading to the house. 
A weigh t W is placed upon a pis ton 
which covers the opening into the 
chamber C. This weight and that of 
the piston are sufficient to overcome a 
certain unit-pressure in C, and therefore 
the unit-pressure in B is less than that 

Fig. 102c. 

in A by that amount. For example, suppose the pressure in A 
to be roo· pounds per square inch, and Jet it be required that 
the pressure in B shall not rise above 6o pounds per square 
inch; then the piston rnust be so weighted that it may exert on 
the water in C a pressure of 40 pounds per square inch. When 
water is drawn out anywhere along the pipe B, the pressure in 
the chamber above the .piston falls below 6o pounds per square 
inch, and hence the piston rises and water flows from A into B 
until the pressure is restored. Instead of a weight, a spring is 
generally used, or sometimes a weighted lever. 

Large-sized pressure regulators are also used to control and 
maintain a constant pressure in distributing mains in cases where 

* Engineering Record, 1903, vol. 47, p. 122. 
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a low service leve! is fed from one of higher pressure, or in situa­
tions where 'it is desired to maintain a pressure which shall not 

exceed a fi.xed maximum. 
Prob. 102. In Fig. 102b let thc house pipe be one inch in diameter and 

thc prcssure at the gage be 34 pounds per square inch when there is no flow. 
The distance from the main to the gage is 16 feet and from the gage to the 
end of the pipe is 29 feet. At the end of the pipe, which is S feet highcr than 
the gage, 2.1 gallons of water are drawn per minute. Compute the pressure 
at the gage. 

ART. 103. ÜPERATING AND REGULATING DEVICES 

In the operation of nearly every water works system certain 
special apparatus is employed in order to maintain nearly con­
stant conditions within the system and under the variable 
draft to which it is subjected. These forros of apparatus are 
designed to operate automatically and so to do away with hand 
regulation. Many of these are designed, as described under 
meters in Art. 38, to trace on a chart a continuous autographic 
record of the pressure, of the water level, or of the discharge. 
Among these are pressure gages (Art. 36), water stage registers. 
(Art. 34), and rate of flow gages (Art. 38). 

Air valves are attached to water mains in situations where 
air is likely to accumulate within the pipe and by its presence in­
terfere with the flow of the water or be carried along within the 
pipe and produce dangerous water hammer. Valves of this type 
permit the air within the pipe to escape, but automatically close 
and prevent the passage of water. They are also placed on all 
of the principal summits of riveted steel and other pipes so as to 
admit air into the pipe in case of a sudden break and thus pre­
vent its collapse under external atmospheric pressure. In the 
case of cast-iron pipes, on account of the strength of their shells, 
this precaution is not usually necessary. The principie of the 
operation of the air val ve is simply that of a float placed in a cham­
ber above and connected with the pipe from which the air is to be 
removed. When air accumulates in the pipe, it passes up into 
the chamber; the float falls, and in falling, by means of a lever, 
operates and opens a valve. The air then escapes under the 
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pressure of the water until the float again rises and causes thc 
valve to close. 

Pressure regulators operating on the principie described in 
~rt. 102 are employed for the purposeof controlling and maintain­
mg a constant pressure in distributing systems in situations where 
a low ser\'ice le\'el is f ed · from one of higher pressure. They 
may_ also be used :º regulate the flow between reservoirs situated 
at ?1fferent elevations. In the larger sized regulators the valve 
wh1ch c?ntrol~ the flow is operated by a pair of diff erential pistons 
connec~mg w1th a chamber, the pressure in which is caused to 
\'ary w1th fluct~at~ons i_n pressure on the two sides of the regu­
lato~. The vanat1ons m pressure within this chamber are in­
tens1fied. by two small-sized regulators which conncct directly 
to the h1gh and low pressurc sides of the large regulator. That 
on the upstream side of the main regulator is desianed to close 
u~der an increase in pressure, while that on the do:nstream side 
wdl ten? to open as the pressure rises. The eff ect of any dif­
ference m pressure on the two sides of the main regulator is there­
fore promptly reflected in the pressure within the chamber and 
the differential pistons at once move to open or close the ~eg _ 
lating ;'alvc in the cffort to maintain within the pipe the pr~­
determm:d con~tant pressure at which the apparatus has been 
set. ~ s~xteen-mch_ regulator of this type will control the pres­
sure w1thm_narro~ limits and pass through it, as may be necessary 
to accomphsh th1s purpose, quantities up to ro or 15 millions of 
gallons per day. 

~elief \'al~~ for the purpose of preventing the pressure within 
a pipe from nsmg above sorne predetermined limit, either on ac­
count of a sudden falling off of the draft or by water hammer, are 
~!so made to ope~ate ?n the principie described in Art. 102, but 
m the reverse duection. The regulating valve described in 
t~e precedi?g paragraph may also be adapted for this use by 
simply makmg the necessary adjustments of the small regulators. 

. In certain :ituations a_nd. principally in connection with the oper­
ation of filt_rat1?n plants 1t 1s desirable that the fiow within a pipe 
shall be mamtamed at a constant rate. This may be accÓmplished 


