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CHAPTER 16 

PUMPS AND PUi\IPING 

.ART. 192. GENERAL NOTES AND PRINCIPLES 

.Among the simple devices for raising water that hav~ been 
used for many centuries, and which may be called lift pumps 
in a general way, are the sweep and windlass, buckets attached 
to a revolving wheel, the chain and bucket pump where the 
buckets move in a cylinder, and the Archimedian screw. The 
chain and bucket pump was probably first used by the Chinese 
in the forro of an inclined trough in which moved the buckets 
attached to the endless chain, and this device in various forms 
has been used in all countries for lifting water from wells. The 
.Archimedian screw, invented_ by the great engineer Archimedes 
when he was in Egypt, about 240 B.C., consists of a tube wound 
spirally around an inclined cylinder. When the lower. en_d is 
placed under water and the cylinder revolved, the water 1~ hfted 
and flows out of the upper end of the tube. This screw pump 
is still in -use in northern Egypt, and it is said to be a satisfactory 

apparatus for a low lif t. 
The fact that water would sometimes rise into a space from 

which the air had been removed was known ata remote antiquity, 
and this was frequently explained by the statement that "nature 
abhors a vacuum." It was not until the middle of the seventeenth 
century that the true .reason of this phenomenon was explained 
through the researches of Torricelli and Pascal (.Art. 4), but 
prior to this time a rude forro of suction pump, made by attach­
ing a pipe to a bellows at the opening where the air usually enters, 
was used in both France and Germany. In. 1732 the fust.true 
suction and lift pump was devised by Boulogne, and a little later 

the suction and force pump carne into use. 

General No tes and Principies. Art. 192 505 

The force pump is a device for raising water by means of 
pressure exerted on it by a piston. The syringe, which has been 
known from very early times, is an example of this principle, 
but the first _tr~1e force pump was invented in Egypt about 250 
~.c.'. by Ctes1?ms, .ª ~reek hydraulician, and the description of 
it g1ven by Vitruvms mdicates that it was used to sorne extent 
by _the Rorrians. The early force pumps were placed with their 
cylmders below the level of the water to be lifted and h d l 

h
. h , a va ves 

w ic closed under the back pressure of the water By 1 . ¡ li • p acmg 
t ie ~y nders ab~ve the water level and utilizing the principie of 
suct10n, the suction and force pump originated. 

. A~ devices for raising water may be classifi.ed under the three 
~rmc1ples above mentioned: that of lifting in buckets, drawin()' 
1~ up by suction, or forcing it up by pressure, or under combina~ 
tions of these. The lif t or bucket principie is mainly employed 
for small quantities of water and has only a limi·ted . . . use m en-
gmeenng pr~ctice. !he suction principie, combined with lift . 
or pressur~, is extens1vely used, but in no event can the height 
of the suct1on exceed_34 feet, for it is the atmospheric pressure that 
causes the water to nse when the air above it is exhausted . d 
th· · • , , un er 

is pnnc1ple also may be put injector pumps which operate under 
the action of negative pressure-head (Art 31) The · · 1 f d' · · prmc1p e o 
1rec~ pressure governs not only the force pump, but rotary and 

centnfug~l pumps and also the devices for raising water by com­
pressed a1r. 

When~ver water is raised from a lower to a higher Ievel, an 
amount o. work must be expended greater than the theoretic 
work reqmred to lift the given weight of water throu()'h the · h · h e, g1ven 

e1~ t. The ex~e~s, called_ the lost work, is spent in overcoming 
res~stances of fnct10n and mertia. In designing .pumps it is the 
obJect to ~educe these losses to a mínimum, so that the greatest 
eco~omy m_ operation may result. The subject will here be 
mainly cons1dered from a hydraulic standpoint, the object being 
to set forth_ the fundamental principies by which hydraulic losses 
may be avo1ded as far as possible. 

Let W be the weight of water raised per second and Ti the 
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height of the lift, then the useful work per second k is Wh. Let 
the total work expended per second be called K, then the efficiency 
of the apparatus is e = k/ K. The work K to be considered here 
is that delivered to the pump and does not include-that lost in 
transmission from the motor, since this, of course, is not fairly 
chargeable against the pump or lifting apparatus. If K be re­
placed by W(h + h'), where h' is the head lost in overcoming the 

frictional resistances, then the efficiency may be written 

k h e=-=--
K h+h' 

(192) 

which is less than unity, since h' cannot be made zero. 

The power required to operate a pump to raise the weight W 
of water per second through the height h is easily computed if 
the efficiency of the pump is known. For example, to raise 150 
gallons per second through a height of 20 feet with a pump having 
an efficiency of 62 percent, the work whi.ch must be imparted to 

the pump per second is 

K = k/e ~(150 X 8.335 X 20) / 0.62 = 40 340 foot-pounds, 

J and this, divided by 550, gives 73.3 horse-powers. 
Prob. 192. A pump raises 20.5 cubic feet of water per second through 

a height of 127.5 feet. The lost head in the pump and pipes amounts to 
13.5 feet. Compute the efficiency of the pumping plant and the power re-

quired to operate it. 

A.RT. 193. R.AISING WATER BY SucTION 

The term " suction" is a misleadin.g one unless it be clearly 
kept in mind that water will not rise in a vacuum tube unless 
the atmospheric pressure can act underneath it. For example, 
no amount of rarefaction above the surface of the water in a 
glass bottle will cause that water to rise. When the tube is 
inserted into a river or pond, however, the water will rise in it 
when a partial vacuum is formed, since the atmospheric pressure 
which is transmitted through the water pushes it up until equilib­
rium is secured (Art. 4) . The mean atmospheric pressure of 14. 7 
pounds per square inch at the sea level is equivalent to a height 
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º! water of 34 feet, and this is the limit of raisin 
tlon alone. In practice this hei<Yht c g water by suc-
of the impossibility of produc· º ~nnot be reached on account 
that about 28 feet is the i~g a pehr :et vacuum, and it is found 

maximum eight of suction lift. 

The height of th t b 
the weather, with t:e :~e::ti:~o:eter vari~s with the state of 
temperature. The value of o:7e sea evel, and with the 
reading of 30 inches on the 34 feet IS that corresponding to a 
of 32º Fahre~heit For h" mh ercury barometer ata temperature 
. . ig er temperatures 1 
is evaporated from the water surface and fills~~e or :ss vapor 
so that a complete vacuum cannot be formed. e suct1on tube, 
barometer reads 30 inches the t b ~en the mercury ºf · , wa er arometer IS O 1 f 
I the temperature of the wat . 6 0 F . n Y 33.4 eet 

0 

er IS o • ahrenhe1t f 
90 ' about 30 feet for 120º, about 23 feet for 6 o' 3~-4 eet at 
for 200°, and for 212º its hei ht . . l o ' a out 6 feet 
filled with steam H g is zero, smce the tube is then 
raised by suctio~. ence water at the boiling-point cannot be 

Fi<Y 193 (1. t di of th i,· i,Ives w? agrams illustrating the principie of action 
e common suct10n and lif t um I . • cal tubes BD d p p. t consists of two vertí-

an BE, the 
former being called the suc­
tion pipe and the latter the 
pu~p cylinder. The piston 
A m the pump cylinder has 
a valve opening upward, and 
the valve B at the top of the 
suction pipe also opens up­
ward. In the left-hand dia­
gram the piston is descending, 
the valve A being open and 
B being closed under the pres­
sure of the air in the space 
between them. In the right-
hand diagram the piston is Fig. 193. 

i 

:~;;d~~~v!h¡t v~~~ A B b~ing closed ?Y the pressure of the air or 
' e IS open, owmg to the excess of atmos-
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pheric pressure in BD above that in AB. In the first diagram 
the piston has made only one or two strokes, so that the water 
has risen but a short distance in the suction pipe. In the 
second diagram the piston has made a sufficient number of 
strokes so that the pump cylinder is full of water which is flowing 

out at the spout E. 

Let h
1 

be the distance from the water level D to the lowest 
position of the piston; this is called the height of lift by suction. 
Let lvi be the height from the lowest position of the piston to the 
spout where the water flows out; this is called the height of lift 
by the piston. The distance h1 + lvi is the vertical height through 
which the water is raised, and if W be the weight of water raised 
in one second, the useful work per second is W(h1 + hz). The 
energy imparted to the pump through the piston rod is always 
greater than this useful work, since energy is required to overcome 
the frictional resistances due to the motion of the water and pis­
ton, as also to overcome the resistance of inertia in putting them 

into motion. 
To discus~the action of the pump in detail, let l be the stroke 

of the piston, that is, the distance between its highest and lowest 
positions. Let A be the area of the cross-section of the pump 
cylinder and a that of the suction pipe. Let the piston be sup­
posed to be at its lowest position at the beginning of the operation 
when no water has been raised in the suction pipe above the. level 
D in Fig. 193. On raising the piston through the stroke l it 
describes the volume Al, and the volume of air ah1 now has the 
volume Al+ a(h1 - x) in which x is the height through which 
the water rises during the upward stroke. Let ha be the height 
of a water barometer corresponding to the air pressure above the 
water level at the beginning of the stroke, then ha - y is the pres­
sure-head at the end of the stroke. Since; by Mariotte's law, 
the pressure of a given quantity of air is inversely as its yolume, 
(ha - x) 'ha equals ahi/(Al + ah1 - ax), whence, 

x2 -(rl+ h1 + ha)x+rlha = o 

in which r represents the ratio Aja. For example, let A be 
8 anda be 2 square inches, or r = 4, let h1 be 20 and l be r.5 feet; 
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then for ha = 34 feet, the water rises durino the first upward 
str~ke to the height :r = 3.6 feet. For the se:ond upward stroke 
"ª is 34.o - 3.6 = 30,4 feet and h1 is 20.0 - 3.6 = 16.4 feet; 
then the formula gives x = 3.7 feet, so that the water level now 
stands 7 ·:3 _feet aboye its original leve! D. Proceeding in like 
manner, 1t 1s found that at the end of the third upward stroke 
the w¡i.ter stands at 11.2 feet above its original level. Similarly at 
the end of t~e fourth upwar<l stroke it is found to be 15.3 feet 
abo~e D, wh1le at the end of the fif th upward stroke it has reached 
a he1ght. of 19.8 feet above its original Ievel. During the progress 
of t.he sixth upward stroke the water enters the pump cylinder, 
durmg the ~ext downward stroke it flows through the piston 
v~lve, ~n~ m the seventh upward stroke the water above the 
p1ston 1s !tfted and flows out through the spout. 

. The preceding discussion supposes that there is no leakage of 
air t~rough and around the piston, but this cannot be attained in 
practice; hence the degree of rarefaction below the piston is never so 
great as the above formula gives, and the number of strokes required 
to elevate the water above the valve B is Iarger than the computed 
n~mber. When the su~tion height is greater than 25 feet, it becomes 
d1fficult to secure s~c1ent rarefaclion to lift the water, and hence a 
foot valve, ¿ilso opemng upward, is placed in the suction pipe below 
th~ water leve] D. The pump cylinder and suction pipe can then be 
p~1med, or ~lled ,vi~h water from above, and after this is done there 
~-111_.be no difficulty m operating the pump. If there is no foot val ve, 
Jt \\ill be necessar! to have a very long piston stroke in order to start 
the pump, _but w1th a foot valve the stroke of the piston may be 
any convement lcngth. 

The action of this pump is intermittent, and water flows from the 
spout only during the upward stroke of the piston. When there are 
~T upwa~d strokes_ per minute, the discharge in one minute is 1\·At, 
1f. the p1ston a~d Jts valve be tight. The useful work per minute is 
l. wAl(lii.+lz.i), if w be the weight of a cubic unit of water. When l 
and h1+h2 are in feet, A in square feet, and w in pounds per cubic foot 
the horse-power expended in this useful work is ' 

l1 P = XwAl(lr1 +Ir~) / 33 ooo 

and to_ this must be added the horse-power required to overcome 
the res1stances of friction and inertia. This additional powcr often 
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amounts to asmuch as that needed for the useful work, and in this case 
the efficiency of the pump is 50 percent. Suction and lif t pumps 
are of numerous styles and sizes, the simplest being of square wooden 
tubes or of round tin-plate tubes with leather valves, and these can 
be readily made by a carpenter or tinsmith. They are mainly used 
for small quantities of water and for temporary purposes. 

Prob. 193. The diameter of the pump cylinder i~ 8 inches and that.of the 
suction pipe is 6 inches, while the vertical distance from the water level ~o the 
spout is 23 feet. If the pump piston makes 30 upward strokes per m1~u~e, 

· each 9 inches long, what horse-power is required to operate the pump 1f lts 

efficiency is 45 percent? 

ART. 194. THE FORCE PUMP 

A force pump is one that has a solid piston which can trans­

mit to the water the pressure exerted by the piston rod and thus 
cause it to rise in a pip~. The early force pumps had little or no 

suction Iift as the pump cylinder was immersed in the body of 
' water which furnished the sup-

l E 
I 

ply, but the modern forms 

1 usually operate both by suction 
1 
1 and pressure, the former occur-

1 ring in a S)Jction pii'e and the 

Fig. 194a. 

latter in the pump cylinder. 
Fig.194a shows the principie of 

action of the common vertical 

single-acting suction and force 

pump in which there is no water 
abo ve the pis ton. In the lef t­

hand diagram the piston is as­
cending, and the water is rising 

in the suction pipe BD under 

the upward atmospheric pres­

sure; this ascent of the water 

occurs in exactly the same manner as explained in Art. 193, and 

after several strokes its level rises above the suction valve B. 
Tbe right-hand diagram shows the piston descending and ~orc~ng 
the water up the discharge pipe CE. At C, where th1s pipe 
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joins the pum:p cylinder, is a check valve which doses on the 

upward stroke and thus prevents the water in CE from returning 
into the pump cylinder, while it opens on the downward stroke 
under the upward pressure of the water. 

Let A be the area of the cross-section of the purnp cylinder 
and l the Iength of the stroke of the piston. Then at each upward 

stroké a volume of water equal to l-1l is raised through the suction 

pipe, and in each downward stroke the same volume is raised in 

the discharge pipe. If h be the total lif t abo ve the water Ievel 

D and w the weight of a cubic unit of water, the work done in each 
double stroke is wAlh. lf there be made N double strokes per 
minute, the usef ul work per minute is NwAlh. When ali dimen­

sions are in feet, the horse-power required to do this useful work 

is found by dividing this quantity by 33 ooo, and the actual 

horse-power requi_red to run the pump is greater than this by the 

amount needed to overcome the frictional resistances. This 

additional power will depend upon the length of the suction and 

discharge pipes, the speed at which the pump is operated, the 
friction along the sides of the piston, the losses -0f head in the 

passage of the water through the valve openings, and the losses 
of energy que to putting the water into motion at each stroke. 

The efficiency of single-acting suction and lif t pumps hence varíes 

between wide limits, 90 percent or more being obtained only for 

very low speeds and lifts, while for high speeds and lifts it may 
be 20 percent or less. 

E 

Fig. 194b. Fig. 194c. 

The cylinder of the single-acting pump may be placed hori­

zontal, as seen in Fig. 194b, where BD is the suction pipe and 
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CE the discharge pipe. When the piston moves toward the left, 
the suction val ve B opens and the check val ve C · doses ; when it 
moves toward the right, B doses and C opens. The discharge 
is intermittent, as in the previous case, but the horizontal position 
of the piston sometimes renders the connection of the piston rod 
to the motor more convenient. If the height of the suction lif t be 
equal to that of the discharge lift, the force required to ~ove the 
piston will be the same in each stroke and the pump will work 

• with less shock than where the two lifts are unequal. Usually, 
however the height of the discharge lift is greater than that of 
the suction lift, and the force required to move the piston is then 
the greatest when it moves from left to right in Fig. 194b. In 
order to equalize the forces exerted by the motor the duplex pump 
was devised ; this consists of two single-acting cylinders placed 
side by side and connected to the same suction and discharge 
pipe, the pistons moving so that one exerts suction while the 
other is forcing the water upward. Three single-acting cylinders 
are also sometimes connected with the same suction and dis­
charge pipe, in which case it is called the triplex pump. Duplex 
and triplex pumps give a more nearly continuous flow of water 
in both the suction and discharge pipes, and thus diminish the 
shocks that occur in a pump with one cylinder, while the efficiency 
is materially increased because the losses . due to starting and 
stopping the columns of water are in large part avoided. 

A double-acting pump is one having a single cylinder in which 
a solid piston or plunger exerts suction and pressure in both 
strokes and thus gives a nearly continuous flow through suction 
and discharge pipes. Fig. 194d shows the form known as the 
piston pump, while Fig. 194e is that called the plunger pump, 
the piston being replaced by a long cylinder moving in a short 
stuffing box AA. In both figures D is the suction pipe and E 
the discharge pipe. When the pis ton moves from lef t to right, 
the Yalves B1 and C2 open, while B2 and C1 dose ; when it moves 
in the opposite direction, B2 and C1 open, while B1 and C2 close. 
The plunger pump was inYented in the seventeenth century, and 
its ad,·antages over the piston type are so great that it is now 

The Force Pump. Art. 194 513 

extensively used for large pumping machinery. The cylinder of 
the piston pump must be bored to an exact and uniform size and . . ' 
1ts pis ton must be caref ully packed, while in the plunger pump 
only the short length of the stuffing box is bored and packed, the 

f 
E 

e, c. 
- T-

A =r4 
,:'$ .. ~-

=r- T- .4 =r- T-B, B, 

D 1 
Fig. 194d. Fig. 194e. 

plunger itself having no packing. The water lifted in one stroke 
of either pump is Al, where A is the area of the piston and / the 
length of its stroke, provided there is no leakage past the packing. 

For ali these forms of pumps a foot valve should be placed in the 
suction pipe, if the suction lif t exceeds 20 feet, in order that the pump 
may be readily primed (Art. 193). To reduce the shocks that occur 
to a certain extent even in the double-acting pumps, an air chamber 
is frequently attached to the discharge pipe so that the confined air 
may distribute and lessen the shock that would othen,ise be concen­
trated on the end of the discharge pipe. Fig. 194c shows such an air 
chamber attached to a single-acting pump; in the upper part of it 
is seen the compressed air which is receiYing the pressure from the 
piston. After the check valve C doses the pressure of this air main­
tains the flow up the discharge pipe E, and hence the air chamber 
helps to avoid the losses due to intermittent flow. A duplex pump 
ora double-acting pump, when proYided with an air chamber of proper 
size, will work very smoothly. 

Prob. 194. Consult Ewbanks' Hydraulics and :Mechanics (Xew York, 
1847), and describe a method of raising water through a low lift by means of 
a frictionless plunger pump. Ewbank notes that a stout young man weigh­
ing 134 pounds raised 8¼ cubic feet per minute with this machine to a height 
of u½ feet, and worked at this rate nine hours per day. If the efficiency of 
this pump was unity, what horse-power did the stout young man exert? \\'as 
his performance high or low? 
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ART. 195. LosSES IN THE FORCE PUMP 

A reliable nuroerical computation of the hydraulic losses 
of energy in the force purop cannot be roade without knowing 
the constants to use in finding the losses of head due to the 
valves (Art. 92), and these have been experimentally deterroined 
for only a few special forros. The valves shown in most of the 
figures of the preceding articles are simple flap valves, but poppet 
valves are more generally used, and Fig. 194e indicates such. In 
passing through a valve the water loses energy in friction, and also 
in impact due to the subsequent expansion. Since pumps are 
made in nuroerous forros having different details, general discus­
sions of losses are difficult to roake. The atteropt will, however, 
be undertaken for the plunger force purop of Fig.194e. Let h 
be the total height through which the water is lifted by both 
suction and pressure, and h' be the suro of all the hydraulic losses 
of head. Let K be the energy delivered per second to the piston 
rod, k' the energy expended in friction in the stuffing boxes of the 
piston rod and plunger, q the discharge per second, and w the 

weight of a cubic unit of water. Then 

K = k' + wq( h + :~ + h') 

and the pump sbould be so arranged as to make the losses k' and 
h' as small as possible. Only the hydraulic losses will be con­

sidered in the following discussion. 
By means of the principies of Chap. 7 a rough formulation 

of the eleroents that roake up the lost head h' can be effected, 
supposing the flow in the pipes to be .steady. Let l1 be the lengtb, 
d

1 
the diameter, and v1 the velocity for the suction pipe, and l2, 

~, and v
2 

the saroe things for the discharge pipes. Let 2n be 
the nurober of valves in the suction and discharge chambers 
(Fig. 194e), ali being taken of the same size, and let V denote 
the velocity of the water through each valve opening. Let these 
charobers be so large that the velocity of the water through them 
is very small compared to that in tbe pipes and valve openings. 

Then h' = (m + ¡.h + 1)V12 + 2(m' + r) v2 + k& vl (195) 
d1 2g 2g ~ 2g 
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gives all the hydraulic losses of head. In the first parenthesis 
m indica tes the loss dueto entrance at the foot of the suction pipe 
(Art. 89), fli/d1 the friction loss in the suction pipe (Art. 90), 
and r the loss due to expansion (Art. 76) as the water enters the 
suction charober B1B2. In the second parenthesis m' indicates 
the loss dueto the open valves (Art. 92) and r that dueto sudden 
expansion as the water ~nters the pump cylinder through the 
suction valves and the discharge charober C1C2 through the dis­
charge valves. The last term gives the loss due to friction in the 
discharge pipe. If there is an air chamber on the discharge pipe, 
another term rnight be introduced, but as the effect of the air 
chamber in reducing water hammer is a beneficia! one, this term 
need not be used. The starting and stopping of the piston brings 
in other losses of energy, but as these are not hydraulic lo~es 
they will not be considered here. · 

When the pipes are long, the losses due to pipe friction will 
far exceed those in the pump, and are not fairly chargeable against 
it as a machine ; hence in order tq consider the pump alone 
the lengths /¡ and ~ roa y be made equal to zero, as also m in the 
fust parenthesis. Then formula (195) becomes 

V 2 V2 
h' =-1 +2(m' + 1)-

2g 2g 

in which the first terro of the second member gives the loss oí 
head in entering the suction chamber, and the second those oc­
curring in entering and leaving the pump cylinder. This equa­
tion appears, at first thought, to indicate that a suction charober 
is not a hydraulic advantage, although it is known to afford a 
practica! advantage in causing the valves to operate successfully, 
as also in perrnitting ready access to them. If a be the area of 
each valve opening, and a1 that of the suction pipe, then a 1v1 must 
equal ½na V, since the same quantity of water passes per second 
through the suction pipe and through ½n valves. Accordingly the 
total loss of head in the pump may be written 


