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Problem 19.1 The internal and external diameters of the impeller of a centrifugal pump are
200 mm and 400 mm respectively. The pump is running at 1200 r.p.m. The vane angles of the impeller
at inler and outlet are 20° and 30° respectively. The water eniers the impeller radially and velocity of
flow is constant. Determine the work done by the impeller per unit weight of water.

Solution. Given :

Internal diameter of impeller, D| =200 mm = 0.20 m

External diameter of impeller, D, = 400 mm = 0.40 m

Speed, N = 1200 r.p.m.

Vane angle at inlet, 8 =20°

Vane angle at outlet, ¢ =30°

Water enters radially* means, o =90° and Vh.‘ =0

Velocity of flow, V!l =V,

Tangential velocity of impeller at inlet and outlet are,

= DN _ 1t x 020 %1200 = 12.56 m/s
60 60
and uy= RO,N _ EX0AXI200 _ o5 13 mss

60 60

v,

From inlet velocity triangle, tan 8 = — = ——
w, 1256

= 12.56 tan @ = 12.56 x tan 20° = 4.57 m/s

]
sz = V!I = 4.57 m/s.

4
From outlet velocity triangle,tan ¢ = L - el
=V, 2513-V,
or 25.13-V,, = 2L o 33T _9g)5

tan¢ tan 30°
o Ve, =2513-7915=17.215 m/s.
The work done by impeller per kg of water per second is given by equation (19.1) as

=Ly, = D2BXBB g N, Ans.
g 9.31

[ B R W . L am . PR as . - o ohe 1. - Rt
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Problem 19.3 A centrifugal pump delivers water against a net head of 14.5 metres and a design
speed of 1000 r.p.m. The vanes are curved back 1o an angle of 30° with the periphery. The impeller
diameter is 300 mm and outlet width is 50 mm. Determine the discharge of the pump if manometric
efficiency is 95%.

Solution. Given:

Net head, H, =145m

Speed, N = 1000 r.p.m.

Vane angle at outlet, o =30°

Impeller diameter means the diameter of the impeller at outlet
Diameter, D, =300 mm = 0.30 m

Outlet width, B, =50 mm=0.05m

Manometric efficiency, T, =95% =0.95

Tangential velocity of impeller at outlet,
nD,N _ 1030 x 1000

Uy = = 15.70 mfs.
60 60
: , 8,
Now using equation (19.8),1,,,, =
V.., X,
0.81x14.5
095= ———
V., x1570
. b= DXNS g o4 s,
2 095%1570
Refer to Fig. 19.5. From outlet velocity triangle, we have
v Vv, v,
tan o= —2L_ ortan 30°= L =&
(u, -V, (1570-9.54) 6.16
Vy, = 6.16 X tan 30° = 3.556 m/s.
- Discharge, Q=7D,B, xV,,

=1t % 0.30 X 0.05 % 3.556 m’/s = 0.1675 m’/s. Ans.
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Problem 19.4 A centrifugal pump having outer diameter equal to two times the inner diameter and
running at 1000 r.p.m. works against a total head of 40 m. The velocity of flow through the impeller is
constant and equal to 2.5 m/s. The vanes are set back at an angle of 40° at outlet. If the outer diameter
of the impeller is 500 mm and width at outlet is 50 mm, determine :
(i) Vane angle at inlet, (ii) Work done by impeller on water per second, and
(iii) Manometric efficiency.
Solution. Given:

Speed, N = 1000 r.p.m.
Head, H,=40m
Velocity of flow, Vi, =V, =25mls
Vane angle at outlet, ¢ =40°
Outer dia. of impeller, D, = 500 mm = 0.50 m
Inner dia. of impeller, D, = 223- = Uzﬂ_ 0.25m
Width at outlet, B, =50 mm = 0.05m
Tangential velocity of impeller at inlet and outlet are
u, = rDN _ 1t X 0.25 x 1000 = 13.09 m/s g
60 60 ! Fig. 19.6
and Uy = RD,N _ #x0.50x1000 26.18 m/s.
60 60
Discharge is given by, Q = rD,B, x V, = 1t x 0.50 x .05 x 2.5 = 0.1963 m’/s.
() Vane angle at inlet ().
: S V., 25
From inlet velocity triangle tan 6 = —=— = —— = ().191
u, 1309

. 6 =tan' .191 = 10.81° or 10° 48", Ans.
(n) Work done by Impeller on water per second is given by equation (19.2) as

= w X V. u= pxgxQ X V. XU,
g H 2 -
_ 1000 x 9.81 x 0.1963 x V. X 26.18 D)
9.81 2
But from outlet velocity triangle, we have
1%
tan ¢ = h - 25
-V, (2618-V, )
. 2.5
26.18-V, = =3 = . =2.979
> tan¢ tan 40
V,,=26.18 - 2.979 = 23.2 m/s.
Substituting this value of la"“.2 in equation (i), we get the work done by impeller as
., 1000 9;:]" 01963+ 232 x 26.18

119227.9 Nm/s. Ans.
(iif) Manometric efficiency (1,,,,). Using equation (19.8), we have

Ny = 23m . IBIXA0__ 4 646 = 64.4%. Ans.
Vs  232x26.18
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Problem 19.8 Find the power required to drive a centrifugal pump which delivers 0.04 m’/s of
water fo a height of 20 m through a 15 cm diameter pipe and 100 m long. The overall efficiency of the

2

pump is 70% and co-efficient of friction 'f' = 0.15 in the formula hy = :f:‘;g

Solution. Given :

Discharge, Q = 0.04 m*/s

Height, Ho=h+ hy=20m

Dia. of pipe, D,=D;=15cm=0.15m

Length, L+ L;=L=100m

Overall efficiency, N, = 70% = 0.70

Co-efficient of friction, f=.015

Velocity of water in pipe, V., =V,=V= Discharge = 0.04 = 2.26 m/s.
' Area of pipe E( 15)
i

Frictional head loss in pipe,
2 2
h + i) = 4 fLV - 4x.015%100x2.26
X dx2g A5x2 %981
Using equation (19.7), we get manometric head as

= 10.41 m.

A
H =+ h,)+(h +h)+—=
m {: rJ'} ':J", f,) 23

2.26°
2 x9.81

=30.41 + 0.26 = 30.67 m.

Overall efficiency is given by equation (19.10) as
)
_\1000) pgxQxH,
" S.P 1000xS.P.

_pgxQOxH,  1000x9.81x.04 x30.67
T o1000xm, 1000 x 0.70
S.P. is the power required to drive the centrifugal pump.

=20+ 1041 +

(v h+hy=H =20m)

S.P. =17.19 kW. Ans.
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RECIPROCATING PUMP

If the mechanical
energy is converted into hydraulic energy, by means of centrifugal force acting on the liquid, the pump
is known as centrifugal pump. But if the mechanical energy is converted into hydraulic energy (or
pressure energy) by sucking the liquid into a c¢ylinder in which a piston is reciprocating (moving
backwards and forwards), which exerts the thrust on the liquid and increases its hydraulic energy
(pressure energy), the pump is known as reciprocating pump.

MAIN PARTS OF A RECIPROCATING PUMP

The following are the main parts of a reciprocating pump as shown in Fig.

,DELIVERY PIPE

/ DELIVERY VALVE

hg | |/ cvLNDER P
v o
/[ PiSTON CO“:E%T'“G’_'%’ (r)

J T .
. |—_‘ 4 L - f:_r;‘:_f ::F". ‘_ai\\%_ *—
] | s AL

i
T ? JC
L | esronrop L

h, "~ SUCTION VALVE D
- SUCTION PIPE l—L = 2r—+]

,SUMP LEVEL

Main parts of a reciprocating pump.,
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1. A cylinder with a piston, piston rod, connecting rod and a crank,
2. Suction pipe, 3. Declivery pipe,
4. Suction valve, and 5. Delivery valve.

WORKING OF A RECIPROCATING PUMP

Fig. shows a single acting reciprocating pump, which consists of a piston which moves
forwards and backwards in a close fitting cylinder. The movement of the piston is obtaincd by
connecting the pistan rod to crank by means of a connecting rod. The crank is rotated by means of an
electric motor. Suction and delivery pipes with suction valve and delivery valve are connected to the
cylinder. The suction and delivery valves arc one way valves or non-retumn valves, which allow the
water to flow in ene direction only. Suction valve allows water from suction pipe to the cylinder which
delivery valve allows water from cylinder to delivery pipe only.

When crank starts rotating, the piston moves to and fro in the cylinder. When crank is at A., the
piston is at the extreme left position in the cylinder. As the crank is rotating from A to C, (i.e., from
8 = 0° 10 8 = 180°), the piston is moving towards right in the cylinder. The movement of the piston
towards right creates a partial vacuum in the cylinder. But en the surface of the liquid in the sump
atmospheric pressure is acting, which is more than the pressure inside the cylinder. Thus, the liquid is
forced in the suction pipe from the sump. This liquid opens the suction valve and enters the cylinder.

When crank is rolaling from C to A (i.e., from 8 = 180° to 8 = 360°), the piston from ils extreme right
position starts moving towards left in the cylinder. The movement of the piston towards left increases the
pressure of the liquid inside the cylinder more than atmospheric pressure. Hence suction valve closes and
delivery valve opens. The liquid is forced into the delivery pipe and is raised to a required height,

Discharge Through a Reciprocating Pump. Consider a single* acting reciprocating
pump as shown in Fig.
Let D = Diameter of the cylinder

A = Cross-sectional area of the piston or cylinder
=Tp?
- D

r = Radius of crank

N = r.p.m, of the crank

L = Length of the stroke=2 x r

h, = Height of the axis of the cylinder from water surface in sump.

ft; = Height of delivery outlet above the cylinder axis (also called delivery head)
Volume of water delivered in one revolution or discharge of water in one revolution
= Area X Length of stroke=A X L

Number of revolution per second, = :—0

. Discharge of the pump per second,
@ = Discharge in one revolution X No. of revelution per second
=AxLx o AN
60 60
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Welght ol water delivered per second,

W=pxgxQ= p‘;uw.

Work done by Reciprocating Pump. Work done by the reciprocating pump per
second is given by the reaction as
Work done per second = Weight of water lifted per second X Total height through which water is lifted
=Wx(h,+hy) (i)
where (/i + hy) = Total height through which water is lifted.
From equation (20.2), Weight, W, is given by
,_ PR X ALN
e
Substituting the value of W in equation (i), we get
pE X ALN

W

Work dane per second = x(h, +h,)
». Power required to drive the pump, in kW

Work done per sccond _ pg X ALN x (h, + h,)
1000 - 60 X 1000

P=

_re X ALN x (h, + h,) "
60,000
Discharge, Work done and Power Required to Drive a Double-acting Pump. In
case of double-acting pump, the water is acting =
on both sides of the piston as shown in Fig. 20.2.
Thus, we require two suction pipes and two
delivery pipes for double-acting pump. When DELIVERY
there is a suction stroke on onc side of the piston, PIPES ™~ CONNECTING
there is at the same time a delivery stroke on the [ ROO
other side of the piston. Thus for one complete |- ~
revolution of the crank there are two delivery
strokes and water is delivered to the pipes by the
pump during these two delivery strokes.
Let D = Diamcler of the piston, SUCTION
d = Diameter of the piston rod " PIPES \‘ SUMP LEVEL

Arca on one side of the piston,

W

DM
I

________

A=—=D"

| A

Fig.
Arca on the other side of the piston, where piston rod is connected to the piston,

A==p-Zp=Zp_p,
2 "4 7%
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Yolume of water delivered in one revolution of crank
= A X Length of stroke + A, x Length of stroke

=AL+AL=(A+A)L= [EDH;[D’ —d‘)]xz.

Discharge of pump per second
= Volume of water delivered in one revolution X No. of revolution
per second

= [EDZ +-’—C(JI_')z —dz)] x Ly
4 4 60

If ‘d” the diameter of the piston rod is very small as compared to the diameter of the piston, then it
can be neglected and discharge of pump per second,

.2 T _3) LXN .2 LXN 24ALN
=|—D"+—D" |x =2X—D" X = —
e [4 4 } 60 4 60 60
Equation ( gives the discharge of a doublc-acting reciprocating pump. This discharge is two

times the discharge of a single-acting pump.
Work done by double-acting reclprocating pump
Work done per second = Weight of water delivered x Total height

= pg X Discharge per second X Total height
2ALN

= pg x
Power required to drive the double-acting pump in kW,

X (hy+ hg) = 2pg X % x (hy + hy)

b, + 1
Work done per second = 2pg X ALN v [ 5 d')
1000 60 1000
_ 2pg X ALN X (hy + 1)
- 60,000

P=

SLIP OF RECIPROCATING PUMP

Slip of a pump is defined as the difference between the theoretical discharge and actual discharge of
the pump. The discharge of a single-acting pump given by equation (20.1) and of a double-acting
pump given by equation (20.5) are theoretical discharge. The actual discharge of a pump is less than
the theoretical discharge due to leakage. The difference of the theoretical discharge and actual
discharge is known as slip of the pump. Hence, mathematically.

S[lp = Qr.‘l - Qm’f
But slip is mostly expressed as percentage slip which is given by,

i ]
= (1 - C,)x 100 (‘-'&=CJ]

where C; = Co-efficient of discharge.

Percentage slip = O = Qo 100 = [l L ] x 100
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Negative Slip of the Reciprocating Pump. Slip is equal to the difference of
theoaretical discharge and actual discharge. If actual discharge is more than the theoretical discharge,
the slip of the pump will become —ve. In that case, the slip of the pump is known as negative slip.

Negative slip occurs when delivery pipe is short, suction pipe is long and pump is running at high
speed,

CLASSIFICATION OF RECIPROCATING PUMPS

The reciprocating pumps may be classified as :

1. According to the water being in contact with one side or both sides of the piston, and

2. According to the number of cylinders provided.

If the water is in contact with one side of the piston, the pump is known as single-acting. On the
other hand, if the water is in contact with both sides of the piston, the pump is called double-acting.
Hence, classification according to the contact of water is :

(i) Single-acting pump, and (i) Doublc-acting pump.
According 1o the number of cylinder provided, the pumps are classified as :
(9 Single cylinder pump, (i) Double cylinder pump, and

(iét) Triple cylinder pump.
Problem A single-acting reciprocating pump, running at 50 r.p.m., delivers 0.0 m’/s of
water. The diameter of the piston is 200 mm and stroke length 400 mm. Determine :
(i) The theoretical discharge of the pump, (ii) Co-efficient of discharge, and (iii) Slip and the
percentage slip of the pump.
Solution. Given :

Speed of the pump, N =50 r.p.m.
Actual discharge, Qe =01 m¥s
Dia. of piston, D=200mm=.20m
Arca, A= % (:2)* = .031416 m’
Stroke, L=400 mm= 040 m.
() Theoretical discharge for single-acting reciprocating pump is given by equation as
AxLxN .031416 x.40 x 50 3
= = = 0.01047 m/s. Ans.
Qa 60 60
(i) Co-cfficient of discharge is given by
Cy= Qo _ 001 _ 565, Ans.
0, 01047
(#if) Using equation , We get
Slip = @, — @, = -01047 - .01 = 0.00047 m’/s. Ans.
(QM - Qau) (01047 -.01)
And percentage sli =—————xX100=—— x 100
perecniage. st o, 01047
00047
= x 100 = 4.489%. Ans.
01047 "
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Problem A double-acting reciprocating pump, running at 40 r.p.m., is discharging 1.0 m’ of
water per minute., The pump has a stroke of 400 mm. The diameter of the piston is 200 mm. The
delivery and suction head are 20 m and 5 m respectively. Find the slip of the pump and power required
to drive the pump.

Solution. Given:

Speed of pump, N=40rpm.
Actual discharge, Quee = 1.0 m*/min = % m’/s = 0.01666 m’/s
Stroke, L=400mm=040m
Diameter of piston, D=200mm=0.20m
- Area, A=Z p=Z (2 =0031416 m?
4 4
Suction head, hy=5m
Delivery head, hy=20m.

Theoretical discharge for double-acting pump is given by equation (20.5) as,

_ 2ALN _ 2x.031416x 0.4 x 40
On="60 = 60

Using cquation Slip = @y — Qo = 01675 - .01666 = .00009 m*/s. Ans.

Power required to drive the double-acting pump is given by equation (20.7) as,

_2xpg X ALN X (h, +h;) 2x1000x9.81x.031416 x.4 x40 x(5+20)

- 60,000 - 60,000

= 4.109 kW. Ans.

= .01675 m'fs.

P

VARIATION OF VELOCITY AND ACCELERATION IN THE SUCTION
AND DELIVERY PIPES DUE TO ACCELERATION OF THE PISTON

. when crank staris rotating, the piston moves forwards and
backwards in the cylinder. At the extreme left position and right position of the piston in the cylinder,
the velocity of the pisten is zero. The velocity of the piston is maximum at the centre of the cylinder.
This means that at the start of a stroke (may be suction or delivery stroke), the velocity of the piston is
zero and this velocity becomes maximum at the centre of each stroke and again becomes zero at the
end of each stroke. Thus at the beginning of each stroke, the piston will be having an acceleration and
at the end of each stroke, the piston will be having a retardation. The water in the ¢ylinder is in contact
with the piston and hence the water, flowing from the suction pipe or to the delivery pipe will have an
acceleration at the beginning of each stroke and a retardation at the end of each stroke. This means the
velocity of flow of water in the suction and delivery pipe will not be uniform. Hence, an accelerative or
retarding head will be acting on the water flowing through the suction or delivery pipe. This
accelerative or retarding head will change the pressure inside the cylinder.

If the ratio of length of connecting rod to the radius of crank (i.e., L/r) is very large, then the motion
of the piston can be assumed as simple harmonic in nature. Fig.  shows the cylinder of a
reciprocating single-acting pump, fitted with a piston which is connected to the crank. Let the crank is
rotating at a constant angular speed.
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Velocity and acceleration of piston.

Let = Angular speed of the crank in rad./s,
A = Arca of the cylinder,
a = Arca of the pipe (suction or delivery),
{ = Length of the pipe (suction or delivery), and
r = Radius of the crank.

In the beginning, the crank is at A (which is called inner dead centre) and the piston in the cylinder
is at a position shown by dotted lines. The crank is rotating with an angular velocity w and let in time
‘1" seconds, the crank turns through an angle © (in radians) from A (i.e., inner dead centre). The
displacement of the piston in time *1' is "x* as shown in Fig. 20.3.

Now 6 = Angle turned by crank in radians in time ‘1’

= ot ()
The distance x travelled by the piston is given as
x = Distance AF = A0 - FO

=r—rcosB (- AO0=r, FO=rcos0)
=r—rcos (o) (" From (i), 0 = ) ...(i0)
The velocity of the piston is cbtained by differentiating equation (i) with respect to 'f’ .
. . de d
-~ Velocity of piston, V= = = 5 [r —r cos (@)
=0-r[-sinw]xw ("~ ris constant)
= @r sin 1.

Now from continuity equation, the volume of water flowing into cylinder per second is equal to the
volume of water flowing from the pipe per second.

-~ Velocity of water in cylinder x Area of cylinder
= Velocity of water in pipe X Area of pipe

or VxA=vxa (- Velocity of water in cylinder = Velocity of piston = V)
where v = Velocity of water in pipe

VxA A

v= =—xV
a a
A . . .
=—wrsinwr [ V = wr sin wi]
a
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The acceleration of water in pipe is obtained by differentiating equation (20.11) with respect to “r’.
.~ Acceleration of water in pipe

_ dv

Tdr
Mass of water in pipe = p x Volume of water in pipe

= p X [Area of pipe X Length of pipe] = p x[ ax{]= pal

d[A , ) A 4
=—|—wrsin W |=—" rcos
dr\ a a

.~ Force required to accelerate the water in the pipe
= Mass of water in pipe X Acceleration of water in pipe

A
= pal x — o’ r cos &
a

.~ Intensity of pressurc due to accecleration

_ Force required to accelerate the water
Area of pipe

A,
pal X —w*r cos f
a

= = p.fx—mzr cos !
a a

= plximzr cos O (- or=0)
a

< Pressure head (h,) due to acceleration

b= Intensity of pressure due to acceleration
Weight density of liquid

pl x A 0 cos 8 {4
= - —x=—0%cosH.
P8 8§ 4
The pressure head due to acceleration in the suction and delivery pipes is obtained from equation
by using subscripts ‘s’ and ‘d’ as

i, A
by = = x—@*rcos B
£ a
A
hoa= e x—m’r cos 6.
ay
The pressure head (/1) due 1o acceleration, given by equation varies with 8. The values of
‘h,’ for different values of 6 are :
I A ,
1. When 6= 0°, hy=—X—r as cos 0° =1
g a
2. When 0 = 90°, h,= ascos90°=0
o I A , -
3. When 0 = 180°, hy=——x—0"r as cos 180°=-1
g a
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- Maximum pressure head due to acceleration

{ A
(ha)max = Ex:mzr

EFFECT OF VARIATION OF VELOCITY ON FRICTION IN THE SUCTION
AND DELIVERY PIPES

The velocity of water in suction or delivery pipe is given by cquation (20.11) as

v= -}—1— r sin ©f= -1—4'- @rsin 6 (1)
a a
Loss of head due to friction in pipes is given by
4 iv? ..
hy= dx2g (I

where [ = Co-efficient of friction, I = Length of pipe,
d = Diamcter of pipe, and v = Velocity of water in pipe.
Substituting equation (i) into equation (ii), we get
2
.F!; = at. X [imr sin Bi|
dx2g la

The variation of /i, with B is parabolic. The loss of head due to friction in suction and delivery pipes
is obtained from equation (20.17) by using subscripts “s’ for suction pipe and ‘d’ for delivery pipe as

1
by = A, X [ifnr sin 9]

d, x2g |a,
2
by = Ma_ | A or sin @
d; X2g | ay
The loss of head due to friction in pipes given by equation (20.17) varies with 8 as :
1. When 0= 0°, sin0=0 -~ h=—L xo =0
dx2g
2. When 6 =90°, sin 90° =1 o he= a1 X I:imr:l
dx2g |a
3. When 6 = 180°, sin 180° =0 < k=0

Maximum value of loss of head due to friction ;

_4an A T
(hﬂm_dx2gx[amr]
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COMPARISON BETWEEN CENTRIFUGAL PUMPS AND RECIPROCATING

PUMPS

e 12—

t.

Centrifugal pumps

Reciprocating punps

The discharge is continuous and smooth,
It can handle large quantity ol liguid,
It can be used for lilting highly viscous liquids.

It is used for large discharge through smaller
heads,

. Cost of centrifugal pump is less as compared

1o reciprocating pump.

Centrifugal pump runs at high speed. They can
be coupled fo electric mator,

The operation of centrilugal pump is smooth
and withoul much noise. The maintenance cost
is low.,

Centrifugal pump needs smaller floor area and
installation cost is low.

Efficiency is high.

w2 —
= s e

6,

The discharge is fluetwating and pulsating,

It hamdles small quantity of liguid only,

It is used only for lilting pure water or less
viscous liguids,

It 1s meant for small dischurge and high heads.

Cost of reciprocaling pump is approximalely
four times the cost of centrifugal pump.

Reeiprocating pump runs at low speed. Speed
is limited due o consideration ol separation
and cavitation,

The operation of reciprocating  pump is
complicated and  with mueh noise, The
maintenance cost is high.

Reciprocating pump requires lurge floor area
and installation cost is high,

. Lfficiency is low,
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