PUMPS

» 19.1 INTRODUCTION

The hydraulic machines which convert the mechanical energy into hydraulic energy are called
pumps. The hydraulic energy is in the form of pressure energy. If the mechanical energy is converted
into pressure energy by means of centrifugal force acting on the fluid, the hydraulic machine is called
centrifugal pump.

The centrifugal pump acts as a reverse of an inward radial flow reaction turbine. This means that the
flow in centrifugal pumps is in the radial outward directions. The centrifugal pump works on the
principle of forced vortex flow which means that when a certain mass of liquid is rotated by an

external torque, the rise in pressure head of the rotating liquid takes place. The rise in pressure head at
any point of the rotating liquid is proportional to the square of tangential velocity of the liquid at that

2 2.2

point [i.e., rise in pressure head = e or 2 ) Thus at the outlet of the impeller, where radius is
§ §

more, the rise in pressure head will be more and the liquid will be discharged at the outlet with a high

pressure head. Due to this high pressure head, the liquid can be lifted to a high level.

» 19.2 MAIN PARTS OF A CENTRIFUGAL PUMP

The following are the main parts of a centrifugal pump :

1. Impeller.

2. Casing.

3. Suction pipe with a foot valve and a strainer.

4. Delivery pipe.

All the main parts of the centrifugal pump are shown in Fig. 19.1.

1. Impeller. The rotating part of a centrifugal pump is called ‘impeller’. It consists of a series of
backward curved vanes. The impeller is mounted on a shaft which is connected to the shaft of an electric
motor.

2. Casing. The casing of a centrifugal pump is similar to the casing of a reaction turbine. It is an air-
tight passage surrounding the impeller and is designed in such a way that the kinetic energy of the water
discharged at the outlet of the impeller is converted into pressure energy before the water leaves the
casing and enters the delivery pipe. The following three types of the casings are commonly adopted :
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946 Fluid Mechanics

(a) Volute casing as shown in Fig. 19.1.
(b) Vortex casing as shown in Fig. 19.2 (a).

(c¢) Casing with guide blades as shown in Fig. 19.2 (b).

(a) Volute Casing. Fig 19.1 shows the volute casing, which surrounds the impeller. It is of spiral
type in which area of flow increases gradually. The increase in area of flow decreases the velocity of
flow. The decrease in velocity increases the pressure of the water flowing through the casing. It has
been observed that in case of volute casing, the efficiency of the pump increases slightly as a large
amount of energy is lost due to the formation of eddies in this type of casing.
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Fig. 19.1 Main parts of a centrifugal pump.

(b) Vortex Casing. If a circular chamber is introduced between the casing and the impeller as
shown in Fig. 19.2 (a), the casing is known as Vortex Casing. By introducing the circular chamber,
the loss of energy due to the formation of eddies is reduced to a considerable extent. Thus the
efficiency of the pump is more than the efficiency when only volute casing is provided.

(c) Casing with Guide Blades. This casing is shown in Fig. 19.2 (b) in which the impeller is
surrounded by a series of guide blades mounted on a ring which is known as diffuser. The guide
vanes are designed in such a way that the water from the impeller enters the guide vanes without stock.
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Also the area of the guide vanes increases, thus reducing the velocity of flow through guide vanes and
consequently increasing the pressure of water. The water from the guide vanes then passes through the
surrounding casing which is in most of the cases concentric with the impeller as shown in Fig. 19.2 (b).
3. Suction Pipe with a Foot valve and a Strainer. A pipe whose one end is connected to the inlet
of the pump and other end dips into water in a sump is known as suction pipe. A foot valve which is a
non-return valve or one-way type of valve is fitted at the lower end of the suction pipe. The foot valve
opens only in the upward direction. A strainer is also fitted at the lower end of the suction pipe.

GUIDE VANES

VORTEX
CHAMBER

(a) VORTEX CASING (b) CASING WITH GUIDE BLADES

Fig. 19.2 Different types of casing.

4. Delivery Pipe. A pipe whose one end is connected to the outlet of the pump and other end
delivers the water at a required height is known as delivery pipe.

» 19.3 WORK DONE BY THE CENTRIFUGAL PUMP (OR BY IMPFLLER) ON WATER

In case of the centrifugal pump, work is done by I
the impeller on the water. The expression for the t2
work done by the impeller on the water is obtained by
drawing velocity triangles at inlet and outlet of the
impeller in the same way as for a turbine. The water

enters the impeller radially at inlet for best efficiency =

of the pump, which means the absolute velocity of TANGENT TO /
. . . . IMPELLER AT

water at inlet makes an angle of 90° with the direction ~ ouTLET

of motion of the impeller at inlet. Hence angle ov= 90°

and le = 0. For drawing the velocity triangles, the

same notations are used as that for turbines. Fig. 19.3 TANGENT TO

shows the velocity triangles at the inlet and outlet tips IMPﬁ\IJ-IEIIEE‘IB AT

of the vanes fixed to an impeller.

Let N = Speed of the impeller in r.p.m.,

D. = Di . .
! D1amete.r of 1mp¢.:ller a.t inlet, ) Fig. 19.3 Velocity triangles at inlet and outlet.
u, = Tangential velocity of impeller at inlet,
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" 760
D, = Diameter of impeller at outlet,

u, = Tangential velocity of impeller at outlet
_ ®D,N
60
V, = Absolute velocity of water at inlet,
Vn = Relative velocity of water at inlet,
o, = Angle made by absolute velocity (V,) at inlet with the direction of motion of vane,
0 = Angle made by relative velocity (V,l) at inlet with the direction of motion of vane, and V,,
sz’ B and ¢ are the corresponding values at outlet.
As the water enters the impeller radially which means the absolute velocity of water at inlet is in the
radial direction and hence angle o0 = 90° and V,, =0.
A centrifugal pump is the reverse of a radially inward flow reaction turbine. But in case of a radially
inward flow reaction turbine, the work done by the water on the runner per second per unit weight
of the water striking per second is given by equation (18.19) as

1
= g[vwlul - Vw2u2]

Work done by the impeller on the water per second per unit weight of water striking per
second
= — [Work done in case of turbine]

=— |:§(le u - szuz ):| = é[vwzuz - Vw,ul]

1
= ng2“2 (v V,, =0here) ..(19.1)
Work done by impeller on water per second
= %.VWZu2 ...(19.2)
where W = Weight of water=p X gx Q
where Q = Volume of water
and Q = Area X Velocity of flow = nD,B; x V,

=nD,B, x V. ...(19.24)
where B and B, are width of impeller at inlet and outlet and V; and V, are velocities of flow at inlet
and outlet.
Equation (19.1) gives the head imparted to the water by the impeller or energy given by impeller to
water per unit weight per second.

» 19.4 DEFINITIONS OF HEADS AND EFFICIENCIES OF A CENTRIFUGAL PUMP

1. Suction Head (h,). It is the vertical height of the centre line of the centrifugal pump above the
water surface in the tank or pump from which water is to be lifted as shown in Fig. 19.1. This height
is also called suction lift and is denoted by ‘A, .
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2. Delivery Head (h,). The vertical distance between the centre line of the pump and the water
surface in the tank to which water is delivered is known as delivery head. This is denoted by ‘A,’.
3. Static Head (H,). The sum of suction head and delivery head is known as static head. This is
represented by ‘H_’ and is written as
H,=h + h,. ..(19.3)
4. Manometric Head (H,,). The manometric head is defined as the head against which a centrifugal
pump has to work. It is denoted by ‘H,,’. It is given by the following expressions :

(a) H, = Head imparted by the impeller to the water — Loss of head in the pump
_ szu2 P .
= —2— — Loss of head in impeller and casing ..(19.4)
§
w, 2 . .
= —2— _.if loss of pump is zero ..(19.5)
§
(b) H,, = Total head at outlet of the pump — Total head at the inlet of the pump
p 2 2
=(—"+V—"+Zo] (Pz Vi +z] ..(19.6)
pg 28 pg 28
where P _ Pressure head at outlet of the pump = £,
Pg
V? .
20 = Velocity head at outlet of the pump
8

V2
= Velocity head in delivery pipe = 2—"
g

Z, = Vertical height of the outlet of the pump from datum line, and

A
ﬂ 5 , Z;= Corresponding values of pressure head, velocity head and datum head at the inlet of
Pg 8
the pump,
2
ie., h,
S 2g
V2
— _d_
(c) H, =hs+hy+ he + he + 2g ..(19.7)

where hg = Suction head, h, = Delivery head,
hf = Frictional head loss in suction pipe, hf = Frictional head loss in delivery pipe, and
V= Velocity of water in delivery pipe.

5. Efficiencies of a Centrifugal Pump. In case of a centrifugal pump, the power is transmitted
from the shaft of the electric motor to the shaft of the pump and then to the impeller. From the
impeller, the power is given to the water. Thus power is decreasing from the shaft of the pump to the
impeller and then to the water. The following are the important efficiencies of a centrifugal pump :

(a) Manometric efficiency, n,,,, (b) Mechanical efficiency, 1, and

(c) Overall efficiency, 1.

(a) Manometric Efficiency ( 1,,,,)- The ratio of the manometric head to the head imparted by the
impeller to the water is known as manometric efficiency. Mathematically, it is written as

Manometric head

Mman = Head imparted by impeller to water
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H
__Hn _ &M, .(19.8)
(szuzj szu2
g

The power at the impeller of the pump is more than the power given to the water at outlet of the
pump. The ratio of the power given to water at outlet of the pump to the power available at the
impeller, is known as manometric efficiency.

WH
The power given to water at outlet of the pump = 2

1000
The power at the impeller _ Work done by impeller per second KW
1000
V., Xu
W In Xt
g 1000
WxH,
N, = 1000 _ 8xH,
"W Ve Xba V xuy
g 1000

(b) Mechanical Efficiency (1,,,). The power at the shaft of the centrifugal pump is more than the
power available at the impeller of the pump. The ratio of the power available at the impeller to the
power at the shaft of the centrifugal pump is known as mechanical efficiency. It is written as

Power at the impeller
Power at the shaft

m

Work done by impeller per second

The power at the impeller in kW

1000
V. u
= gx#(); [Using equation (19.2)]
W szu2
_ &\1000 ) (19.9)
" S.P. T

where S.P. = Shaft power.

(c) Overall Efficiency (n,). It is defined as ratio of power output of the pump to the power input to
the pump. The power output of the pump in kW

_ Weight of water lifted x H,, ~ WH,

m

1000 1000
Power input to the pump = Power supplied by the electric motor
= S.P. of the pump.
( WH,, )
1000
= ..(19.10
Mo =5 p. ( )

Also Ny = Ninan X Nin- ..(19.11)
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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 inlet and outlet are 20° and 30° respectively. The water enters 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, 0 =20°
Vane angle at outlet, 6 =30°
Water enters radially* means, o=90°andV, =0
Velocity of flow, Vfl =V
Tangential velocity of impeller at inlet and outlet are,
u = nD\N - 7t x 0.20 x 1200 = 12.56 m/s
60 60
and u = DN _ 7t x 0.4 x 1200 =25.13 m/s.
60 60
Yi o Y

From inlet velocity triangle, tan 6 =
u, 1256

Vfl =12.56tan 6 = 12.56 X tan 20° = 4.57 m/s
sz = Vfl = 4.57 m/S.

|4 .
From outlet velocity triangle,tan ¢ = A - 4.57
u, -V, ~ 2513-V,
or 25.13-V, = 45T _ 45T _ 5915

tand tan 30
V 2—25 13 -7.915=17.215 m/s.
The work done by impeller per kg of water per second is given by equation (19.1) as
1 17.215x 2513
==V, = ————
g 9.81
Problem 19.2 A centrifugal pump is to discharge 0.118 m*/s at a speed of 1450 r.p.m. against a
head of 25 m. The impeller diameter is 250 mm, its width at outlet is 50 mm and manometric efficiency
is 75%. Determine the vane angle at the outer periphery of the impeller.

=44.1 Nm/N. Ans.

Solution. Given : I« Uz >|
Discharge, 0=0.118 m>/s

Speed, N = 1450 r.p.m.

Head, H,=25m

Diameter at outlet, D, =250 mm = 0.25 m

Width at outlet, B, =50 mm = 0.05m

Manometric efficiency, M, =75% = 0.75.

Let vane angle at outlet =0

Tangential velocity of impeller at outlet,

Uy Fig. 19.5

* If in the problem, this condition is not given even then the water is assumed to be entering radially unless
stated otherwise
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_wD,N mx0.25x1450

Uy = 18.98 m/s
60 60
Discharge is given by Q =nD,B, X sz
V= 0 _ 0118 = 3.0 m/s.
> mD,B, mx025x.05
. . gH 9.81x25
Using equation (19.8), = m_
£ 158, M V,u, V, x1898
9.81x25  981x25 17.23.

"2 M. X1898  0.75x1898
From outlet velocity triangle, we have

Vi, 3.0
(0, -V, ) (1898-17.23)

o ¢ =tan"' 1.7143 = 59.74° or 59° 44’. Ans.
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 to 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:

tan ¢ = =1.7143

Net head, H,=145m

Speed, N =1000 r.p.m.

Vane angle at outlet, 6 =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, M,,,, = 95% = 0.95
Tangential velocity of impeller at outlet,

wD,N _ 7 x0.30 x1000

Uy = = 15.70 m/s.
60 60
. . gH,
Now using equation (19.8),m,,,, =
Vo, XUy
0.95 = 9.81x14.5
V,, X 15.70
o= XX gy s,
2 095x15.70
Refer to Fig. 19.5. From outlet velocity triangle, we have
1% V Vv
tan q) = —fz or tan 300 = ) - I
u, - V,) (1570-9.54) 6.16
Vi, = 6.16 x tan 30° = 3.556 m/s.
Discharge, Q =nD,B, XV,

=1t x 0.30 x 0.05 x 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, (i) Work done by impeller on water per second, and
(iit) Manometric efficiency.
Solution. Given:

Speed, N = 1000 r.p.m.
Head, H,=40m
Velocity of flow, Vf1 =V, = 2.5 m/s
Vane angle at outlet, 0 =40°
Outer dia. of impeller, D, =500 mm = 0.50 m
Inner dia. of impeller, D, = % = ?: 0.25m
Width at outlet, B, =50 mm = 0.05 m
Tangential velocity of impeller at inlet and outlet are
u, = DN _ 7t x 0.25 %1000 = 13.09 m/s
60 60
and u = nD,N _ 7t X 0.50 x 1000 = 26.18 mls.
60 60
Discharge is given by, Q= TD,B, X V; = T X 0.50 X .05 x 2.5 = 0.1963 m’/s.
(i) Vane angle at inlet (0).
. o Vfl 2.5
From inlet velocity triangle tan 6 = —- = —— = (.191
u, 13.09

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

_ 1000 x 9.81x0.1963 y

V,. X 26.18 ()]
9.81 2
But from outlet velocity triangle, we have
Vv
tan ¢ = f - 2.5
-V, (2618-V,, )
2. 2.5
26.18-V, = 25 = - =2.979
2 tan¢  tan 40

V,, =26.18 -2.979 = 23.2 m/s.

Substituting this value of Vw2 vitn equation (i), we get the work done by impeller as
_ 1000 x9.81x0.1963

- 9.81

119227.9 Nm/s. Ans.

x 23.2 x 26.18
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(iii) Manometric efficiency (1,,,,). Using equation (19.8), we have

gH, _ 9.81x40
V,u,  232x2618

nman =

= 0.646 = 64.4%. Ans.

Problem 19.5 A centrifugal pump discharges 0.15 m’/s of water against a head of 12.5 m, the
speed of the impeller being 600 r.p.m. The outer and inner diameters of impeller are 500 mm and
250 mm respectively and the vanes are bent back at 35° to the tangent at exit. If the area of flow
remains 0.07 m* from inlet to outlet, calculate :

(iii) Loss of head at inlet to impeller when the discharge is reduced by 40% without changing the
speed.

(i) Manometric efficiency of pump, (ii) Vane angle at inlet, and
Solution. Given :

Discharge, 0=0.15 m>/s

Head, H,=125m

Speed, N =600 r.p.m.

Outer dia., D, =500 mm = 0.50 m

Inner dia., D; =250 mm =0.25m

Vane angle at outlet, 6 =35°

Area of flow, =0.07 m?

As area of flow is constant from inlet to outlet, then

velocity of flow will be constant from inlet to outlet.

(i) Manometric efficiency of the pump

_ gxH, _ 981x125

Discharge = Area of flow x Velocity of flow
0.15 = 0.07 x Velocity of flow Y Fig. 19.6(a)
Velocity of flow = 015 =2.14 m/s.
0.07
.o Vfl = sz = 2.14 m/S.
Tangential velocity of impeller at inlet and outlet are
u, = DN _ 7t X 0.25 X 600 = 7.85 m/s
60 60
and uy = DN _ 7t X 0.50 x 600 = 15.70 m/s
60 60
. . 5 214
From outlet velocity triangle, V,, =u, - —— =15.70 - =12.64 m/s
2 tan ¢ an 35°

Using equation (19.8), we have n,,,,

(i) Vane angle at inlet (0)

. . Ve 214
From inlet velocity triangle, tan 6 = — = —— = 0.272
u, 185

SV, xu,  1264x157

=0.618 or 61.8%. Ans.

0 =tan"! 0.272 = 15° 12’. Ans.
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(iit) Loss of head at inlet to impeller when discharge is reduced by 40% without changing the speed.

When there is an increase or decrease in the discharge
from the normal discharge, a loss of head occurs at entry
due to shock. In this case, discharge is reduced by 40%.
Hence the new discharge is given by,

0" =06x%x0Q

where Q = 0.15 m>/s

As area of flow is constant, hence new velocity of flow
(Vfl*) will be given by,

*

ST e : '
' Area of flow = V;/tan® >
I uq >
_06x0 _ 06x015_ 1284 m/s. ‘
0.07 0.07 Fig. 19.6 (b)

Fig. 19.6 (b) shows the velocity triangle at inlet corresponding to normal discharge and reduced
discharge. ABC is the velocity triangle due to normal discharge. Triangle BDE is corresponding to
reduced discharge BD = 1.284 m/s and DE is parallel to AC.

The blade angle 0 at inlet cannot change and hence DE will be parallel to AC.

There will be a sudden change in the tangential velocity from AB to BE. Hence due to this shock,
there will be a loss of head at inlet.

_ (change in tangential velocity at inlet)2
= y

Head lost at inlet

. 1284
(AB- BE)’ ("‘ - ta:fe] ( oo tan15.2°J
= = = = 0.5 m. Ans.
2g 2g 2 %x9.81

Problem 19.6 The outer diameter of an impeller of a centrifugal pump is 400 mm and outlet width
is 50 mm. The pump is running at 800 r.p.m. and is working against a total head of 15 m. The vanes
angle at outlet is 40° and manometric efficiency is 75%. Determine :
(i) velocity of flow at outlet, (ii) velocity of water leaving the vane,
(iii) angle made by the absolute velocity at outlet with the direction of motion at outlet, and
(iv) discharge.
Solution. Given :

Outer diameter, D, = 400 mm= 0.4 m
Width at outlet, B, =50 mm = 0.05 m
Speed, N =800 r.p.m.

Head, H,=15m

Vane angle at outlet, 6 =40°

Manometric efficiency, M., =75% = 0.75
Tangential velocity of impeller at outlet,

- nD,N - 7t X 0.4 x 800 = 16.75 mls.
60 60

U
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H
Using equation (19.8), 1M, = B m
sz u,
075 = 9.81x15
V,, x16.75
w, = 98115 = 11.71 m/s.
2 0.75x16.75
From the outlet velocity triangle, we have
tan ¢ = sz = sz = sz
uy =V, (16.75-11.71)  5.04
@) .. Vi, = 5.04 tan ¢ = 5.04 X tan 40° = 4.23 m/s. Ans.

(ii) Velocity of water leaving the vane (V,).
Vo= V2 +V2 =423 + 11701

= J17.89 +137.12 = 12.45 m/s. Ans.

(iii) Angle made by absolute velocity at outlet (B),

4
anpe Ve - 423
V,, 1171

B =tan"' 0.36 = 19.80° or 19° 48". Ans.
(iv) Discharge through pump is given by,
Q = 1D,B, X V; = x 0.4 X 0.05 X 4.23 = 0.265 m*/s.  Ans.
Problem 19.7 A centrifugal pump is running at 1000 r.p.m. The outlet vane angle of the impeller
is 45° and velocity of flow at outlet is 2.5 m/s. The discharge through the pump is 200 litres/s when the

pump is working against a total head of 20 m. If the manometric efficiency of the pump is 80%,
determine :

0.36

(i) the diameter* of the impeller, and (ii) the width of the impeller at outlet.
Solution. Given:

Speed, N =1000 r.p.m.

Outlet vane angle, 0 =45°

Velocity of flow at outlet, sz =2.5m/s

Discharge, Q =200 litres/s = 0.2 m?/s
Head, H,=20m

Manometric efficiency, m,,,, = 80% = 0.80
From outlet velocity triangle, we have

Vv
tan o= —2
Uy — sz
or u2—w=L= 2‘5=,
2 tan¢  tan45
Vy, = (= 2.5) ()

* Diameter of impeller means the outside diameter.
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H
Using equation (19.8), M40 = 5
szuz
0.80 = 9.81x20
Vw2u2
Vi lly = 281x20 =245.25 ..(i0)
2 0.80
Substituting the value of Vw2 from equation (7) in (ii), we get
Uy — 2.5u, — 24525 = 0
which is a quadratic equation in u, and its solution is
25325 +4x24525 _ 25+ 625+ 081
2T 2 B 2
+
= 2543142 =16.96 or — 14.46
u, =16.96 (- —ve value is not possible)
(i) Diameter of impeller (D,).
nD,N
Using, U, = —2—
g 2 60
16.96 = DN _ nxD, x 1000
60 60
y = M: 0.324 m = 324 mm. Ans.
7t x1000
(ii) Width of impeller at outlet (B,).
Discharge, Q =nD,B,V;,
02=mx.324xB,x2.5
0.2
,= ————— =0.0786 m = 78.6 mm. Ans.
T X.324 X2.5

Problem 19.7 (A) A centrifugal pump has the following dimensions : inlet radius = 80 mm ; outlet
radius = 160 mm ; width of impeller at the inlet = 50 mm ; ﬁ1 = 0.45 radians ; ﬂ2 = 0.25 radians ;

width of impeller at outlet = 50 mm.

Assuming shockless entry determine the discharge and the head developed by the pump when the

impeller rotates at 90 radians/second.
Solution. Given:

Inlet radius, R, =80 mm = 0.08 m

Outlet radius R, =160 mm = 0.16 m

Width at inlet, B; =50 mm=0.05m

Width at outlet, B, =50 mm = 0.05 m

Angles, B, = 0.45 radians and B, = 0.25 radians.

Here B, is the vane angle at inlet and [, is the vane angle at outlet.
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Vane angle at inlet, 0 = B, = 0.45 radians
Vane angle at outlet, ¢ = B, = 0.25 radians.
Angular velocity, o =90 rad/s
Find :

(i) discharge, and (i7) head developed.

Fig. 19.8 (a)

Now tangential velocity of impeller at inlet and outlet are,
_mD XN 27N x&

u =wXR;=90x0.08=7.2m/s
60 60 2
and Uy =®XR,=90x0.16 = 14.4 m/s
Vf
From inlet velocity triangle, tan 6 = —-
u

Vfl =u, Xtan O = 7.2 Xtan (0.45 rad) = 7.2 X 0.483 = 3.478 m/s
(i) Discharge (Q)
Discharge is given by, Q=nD; XB; XV, =X (2R)) x B xV,
=7 x 2% 0.08 X 0.05 x 3.478 m*/s = 0.0874 m*/s. Ans.
(i) Head developed (H,,)
For the shockless entry, the losses of the pump will be zero. Hence, the head developed (H,,) will be
given by equation (19.5).

= % (D)
where from outlet velocity triangle, Vw2 =Uy— sz X cot
The value of V; is obtained from  Q =nD, X B, XV
or 0.0874 = X (2R,) X B, X V.

=1 X (2 x0.16) X 0.05 x sz

_ 0.0874
2T px2x016 %005

V,, =, =V Xcotd

w2

=1.7387 m/s
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=14.4 - 1.7387 x cot (0.25 radians)

=144 -1.7387 x 3.9163 = 14.4 - 6.809 = 7.591 m/s

Substituting this value in equation (i) above, we get

Vi, XUy, 7591x144

H, = =11.142 m. Ans.
g 9.81

Problem 19.8 The internal and external diameter of an impeller of a centrifugal pump which is
running at 1000 r.p.m., are 200 mm and 400 mm respectively. The discharge through pump is 0.04 m’/s
and velocity of flow is constant and equal to 2.0 m/s. The diameters of the suction and delivery pipes
are 150 mm and 100 mm respectively and suction and delivery heads are 6 m (abs.) and 30 m (abs.)
of water respectively. If the outlet vane angle is 45° and power required to drive the pump is

16.186 kW, determine :

(i) Vane angle of the impeller at inlet, (ii) The overall efficiency of the pump, and

(iii) Manometric efficiency of the pump.
Solution. Given :

Speed, N =1000 r.p.m.
Internal dia., D; =200 mm=0.2m
External dia., D, =400 mm = 0.4 m
Discharge, 0 =0.04 m*/s
Velocity of flow, Vfl = sz =2.0 m/s
Dia. of suction pipe, D, =150 mm =0.15m
Dia. of delivery pipe, D,=100 mm = 0.10 m
Suction head, hy=6m (abs.)
Delivery head, h;=30m (abs.)
Outlet vane angle, 0 =45°
Power required to drive the pump, P = 16.186/ kW p
(i) Vane angle of the impeller at inlet (0). Fig. 19.9

Vv
From inlet velocity, we have tan 6 = RER 20 , where u; = n DN = IX 02 x 1000 =10.47 m/s

u, u, 60 60

20 | ,
tan ® = ——=10.191 or 6 = tan™ .191 = 10° 48’. Ans.

10.47

(if) Overall efficiency of the pump (n,).
(ioos)
Using equation (19.10), we have m, = ISO—OPO
where S.P. = Power required to drive the pump and equal to P here.
(p XgXQXH, )
N = 1000 _ PgxQxH,
? P 1000 x P
_ 1000 x981x.04 xH, _ 0.02424 H,, ()

1000 x16.186
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Now H,, is given by equation (19.6) as

2 2
H, = (&+VL+ZOJ—(&+V#+Z,)
pg 28 pg  2g

where Po _ Pressure head at outlet of pump = £,=30 m
P8
V2 2
2 = Velocity head at outlet of pump = —%-
28 28
L. Pressure head at inlet of pump = A, = 6 m
P8
14 A
—— = Velocity head at inlet of pump = -
28 28
Z, and Z; = Vertical height at outlet and inlet of the pump from datum line.
If Z, = Z; then equation(ii) becomes as
14 14
H,=[30+-%|-|6+—*
28 28
Disch . .
Now V, = ischarge  _ 004 _ 04 _ 5490y
Area of delivery pipe T (D, )2 T 12
4 4
And V.= 04 — = 04 __ 04 2.26 m/s.
Area of suction pipe ; Dsz ; % 152

Substituting these values in equation (iii), we get

2 2
H, - (30+ 5.09 ]—(m 2.26 ]
2x9.81 2x981
=30+ 1.32)- (6 +.26) = 31.32 - 6.26 = 25.06 m.
Substituting the value of ‘H,,’ in equation (i), we get
N, = .02424 x 25.06 = 0.6074 = 60.74%. Ans.
(iii) Manometric efficiency of the pump (1,,,,)-

Tangential velocity at outlet is given by
; _ mD, XN 7t X 0.4 x 1000

) = =20.94 m/s.
60 60
From outlet velocity triangle, we have
Vv
tan ¢ = ho 2.0
u, =V, 20.94 - Vw2
2094-V, = 20 = 20 =
2 tan¢ tan45
V,, =20.94 -2.0=18.94.
gH,  981x25.06

= 0.6198 = 61.98%. Ans.

Using equation (19.8), man = =
&< ( ) n V,, 4 18.94 x20.94

(i)

..(iif)
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Problem 19.9 Find the power required to drive a centrifugal pump which delivers 0.04 m*/s of
water to 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 he = zfi‘;g

Solution. Given :

Discharge, 0 =0.04 m*/s

Height, H=h,+h;=20m

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

Length, Li+L,=L=100m

Overall efficiency, n,=70% = 0.70

Co-efficient of friction, f=.015

Velocity of water in pipe,  V, = V, = V= —2iocharge 004 _, o0 s,
Area of pipe E( 1 5)2
i’

Frictional head loss in pipe,

PR 4fLV?  4x.015x100 x 2.26
7 ax2g ~ 15%x2x981
Using equation (19.7), we get manometric head as

=10.41 m.

(hy,

v}
Hy, = (hs+ hy) + (he + hp) + 2_8
2262
2x9.81

=3041 + 0.26 = 30.67 m.
Overall efficiency is given by equation (19.10) as

(153
1000/ _pgxQxH,
S.P. 1000 S.P.
p = P8X OxH, _ 1000 x 9.81 x .04 x 30.67
1000 x n, 1000 x 0.70
S.P. is the power required to drive the centrifugal pump.

=20+ 1041 + (- hy+hy=H,=20m)

n,=

=17.19 kW. Ans.

Problem 19.10 Show that the pressure rise in the impeller of a centrifugal pump when frictional
and other losses in the impeller are neglected is given by

Trye, 2 12 2
g[vfl +u; - Vg cosec ¢]

where Vf] and sz are velocity of flow at inlet and outlet,

u, = tangential velocity of impeller at outlet, and ¢ = vane angle at outlet.

Solution. Let suffix 1 represents the values at the inlet and suffix 2 represents the values at the
outlet of the impeller.

Applying Bernoulli’s equation at the inlet and outlet of the impeller and neglecting losses from inlet
to outlet,
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Total energy at inlet = Total energy at outlet — Work done by impeller on water
2 2
V.
L2 + Y +7Z = (P_z +—24 zZ, ] — Work done by impeller on water per kg of water
pg  2g pg  2¢
V2 V. u
P By g T2 (taking flow radial at inlet)

pg 28 g
If inlet and outlet of the impeller are at the same height,
2 2 V.ou
ﬂ.l.v;:&.l.v_z__z 2 ( Zl=Z2)
pg 28 pg 28 8
(p_z _ ﬂ) W v N
Pg P8 28 28 8

But P_bo_ Pressure rise in impeller
pPg P8
2 2 YV ou
Pressure rise in impeller = —— — Y2 AL Sk N0
2¢  2g 8
From Fig. 19.9, we have
From inlet velocity triangle,V| = Vfl (i)
v Vi
From outlet velocity triangle, tan ¢ = —=——oru, -V, = —=
(u2 -V, ) tan ¢
2
=u,— Vs =u,—V, cot § (iii)
wy = #2 tan(]) - "2 fo
2 2 2 2 2

=V 2+ (uy” + Vi? cot® ¢ - 2u,V, cot )

= sz2 + sz2 cot? o+ u22 - 2u2Vf2 cot ¢

= V. 2(1 + cot® ) + u,” — 2u,V, cot ¢

= sz2 cosec” ¢ + “22 —2u,Vpcotop (o 1+ cot? ¢ = cosec? 9) ...(iv)
Substituting the values of V,, Vw2 and V22 given by equations (ii), (iif) and (iv) in equation (i), we get

V2 u, — V. cotd)xu
= 2—’; - 2_18 (Vf22 cosec? ¢ + u,” — 2u,V; cot ) + ( 2k ) 2

Pressure rise
1 2 2 2 2 2
=3 [V;,” = V.," cosec” ¢ — u,”™ + 2u,Vy cot ¢ + 2u,”™ — 2u,V, X cot ¢]
8
1 2 2 2 2
=2 [V;"— V" cosec”™ ¢ + u,7]
8

1
=5 [V, >+ u? - V, 2 cosec” ¢]. (19.12)
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Problem 19.11 Find the rise in pressure in the impeller of a centrifugal pump through which water
is flowing at the rate of 0.01 m’/s. The internal and external diameters of the impeller are 15 cm and
30 cm respectively. The widths of the impeller at inlet and outlet are 1.2 cm and 0.6 cm. The pump is
running at 1500 r.p.m. The water enters the impeller radially at inlet and impeller vane angle at outlet
is 45°. Neglect losses through the impeller.

Solution. Given :

Discharge, Q=.10m%s

Internal dia., D, =15cm=0.15m

External dia., D,=30cm=0.30m

Width at inlet, B;=12cm=0.012m

Width at outlet, B, =0.6 cm = 0.006 m

Speed, N =1500 r.p.m.

Vane angle at inlet, 0 =45°

Velocity of flow at outlet, V, = Q 0 01 = 1.768 m/s

" Areaof flow atinlet DB, T x.15x.012

Velocity of flow at outlet, V, = DQB = 3’(())1 006 = 1.768 m/s.
nD,B, Twx.30x.

Tangential velocity of impeller at outlet,
wD,N _ ©x 030 x1500

= = = 23.56 m/s.
60 60

Using equation (19.12),

1
Pressure rise — [Vf12 + u22 - sz2 cosec? 0]

2g

Zi [1.768% + 23.56% — 1.768 cosec? 45°]
g

But cosec?45° =1+ cot?45°=1+ =1+1=2

tan? 45°

[1.7682 + 23.56% — 1.768% x 2.0]

Pressure rise =
2x981

1

2 x981
Problem 19.12 Prove that the manometric head of a centrifugal pump running at speed N and
giving a discharge Q may be written as :
H,..,=AN’+ BNQ + CQ’
where A, B and C are constants.
Solution. From equation (19.4), we know that the manometric head is equal to the head imparted

by the impeller to the water minus the losses of head in the impeller and casing.

[3.1258 + 555.07 — 6.25] = 28.13 m. Ans.

V. u
Manometric head =z Losses of head in impeller and casing
8
sz u2 _ KV22

or H

mano —

(i)

8 28
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where V, = Absolute velocity of water at outlet of impeller and
2
K —% is the part of head not converted into pressure head and is actually lost in eddies.

Now u, = Velocity of impeller at outlet
_ mD,N

60
=K N

D
where K| = % and is a constant.
From equation (19.2 A), we know that
Q=mD,B, XV,
Y

vV, = =K
27 np,B, 0

where K, =

and is a constant for a given pump.
D, B,

From Fig. 19.10, it is clear that

Vs,

tan ¢= — %
u2_Vw2

- sz

tan ¢
or Vi, =ty =V cot ¢
u, - K,Q cot ¢ (V= K0
u, — K50 where K5 = K, cot ¢
K,N-K50 ¢+ uy= K,N) Fig. 19.10
Now from outlet velocity triangle, we know that

V)=V R+ v, 2
= (K,0)* + (K,N - K;0)° (v V,=K,Q0and V, =KN-K;0)

Substituting the values of V,, u, and V) in equation (i), we get

(KN -K,Q)(K,N) K[K} Q°+ KIN* + K;0% - 2K,N x K;0]
mano — -
g 2g

=V, cot ¢

= 2L [2(K°N* - K,K;NQ) — KK,*Q* — KK ,>N* — KK3 Q% + 2KK ,K;NQ]
g

1
=22 [N*QK,* - KK,*) + NOQKK K, - 2K ,K5) + Q*(- KK,> — KKD)]
= AN* + BNQ + CQ*

2K? — KK? 2KK,K, - 2K, K _KK? - KK?
where A =" L B= 173 '3 gndC=—2 3

and they are constant.
2g 28 2g
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» 19.5 MINIMUM SPEED FOR STARTING A CENTRIFUGAL PUMP

If the pressure rise in the impeller is more than or equal to manometric head (H,,), the centrifugal
pump will start delivering water. Otherwise, the pump will not discharge any water, though the
impeller is rotating. When impeller is rotating, the water in contact with the impeller is also rotating.
This is the case of forced vortex. In case of forced vortex, the centrifugal head or head due to
pressure rise in the impeller

~ o2} B w2r? 0
_2g _2g
where  ®r, = Tangential velocity of impeller at outlet = u,, and
or,; = Tangential velocity of impeller at inlet = u,.
2 2
Head due to pressure rise in impeller = o W
28 2g
The flow of water will commence only if
2 2
Head due to pressure rise in impeller > H,, or L 4, H,
28 2g '
us  ul
For minimum speed, we must have —*--- =H,_ ..(19.13)
28 2g
. _ 84,
But from equation (19.8), we have Npan = ———
Vw U,
2
V,. u,
Hm = nman X = *
8
Substituting this value of H, in equation (19.13),
2 2 V., u
U U Wy 2
-— = ...(19.14
2g 2g nman g ( )
Now Uy = DN and u, DN
60 60
Substituting the values of u, and u, in equation (19.14),
L(RDZN)Z _L(nDIN)Z _ Vi, XD, N
2g\ 60 2g\ 60 man g %60
N nND; mND]
Dividing b ,weget — 2 - —L = XV, xD
8O %60’ VOB Ti0 T Tipp  Mman X Ve X 72
or ﬂ [D22_D12]=nmanwi2XD2
120
120 x xV, xD
= Tman X P, X 7 (19.15)

D} - D] |

Equation (19.15) gives the minimum starting speed of the centrifugal pump.



966 Fluid Mechanics

Problem 19.13 The diameters of an impeller of a centrifugal pump at inlet and outlet are 30 cm
and 60 cm respectively. Determine the minimum starting speed of the pump if it works against a head
of 30 m.

Solution. Given:

Dia. of impeller at inlet, D;=30cm=0.30m
Dia. of impeller at outlet, D, =60 cm =0.60 m
Head, H, =30cm

Let the minimum starting speed = N

Using equation (19.13) for minimum speed,

2 2
W _ W
2¢ 2¢ "
where u,= TXDe XN _ RXOOXN _ 03141
60 60
u = XD XN _ ®X.3XN = 0.0157 N
60 60

1 0.3141 N)? - 1 (0157 N)? = 30
2g 2g

or (03141 N)® - (0157 N)> =30 X2 x g = 30 X 2 x 9.81

or N2 30x2x981 _ 588.6 705297

(.031412 - .01572) .0009866 — .0002465

: = /7952979 = 891.8 r.p.m. Ans.
Problem 19.14 The dlameters of an impeller of a centrifugal pump at inlet and outlet are 30 cm and
60 cm respectively. The velocity of flow at outlet is 2.0 m/s and the vanes are set back at an angle of 45°
at the outlet. Determine the minimum starting speed of the pump if the manometric efficiency is 70%.

Solution. Given :

Diameter at inlet, D, =30cm=0.30m
Diameter at outlet, D,=60cm=0.60 m
Velocity of flow at outlet, V; = 2.0 m/s

Vane angle at outlet, 0 =45°

Manometric efficiency, n,,,, =70% = 0.70.
Let the minimum starting speed = N.
From Fig. 19.9, for velocity triangle at outlet, we have
Vv Vv
tano=—2>=—— or u, -V, -k 20 =
uz—sz) 2 tan¢ tan45
Vy, == 2.0
wD,N _ wx0.60 XN
60 60

But U, = =0.03141 N
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Vw2 =(0.03141N - 2.0).
Using equation (19.15) for minimum starting speed,

_ 120X, XV, XD, 120 x0.70 x (03141 N —2.0) X 0.6

n| D} - D} | - n.6? - 3]

4(03141 N - 2.
_ SOMON=20) _ 5o 417 03141 N - 2.0)

36— 09]
=1.866 N — 118.834
or 1.866 N — N=118.834 or .886 N = 118.834
N = 118834 _ 137.22 r.p.m. Ans.
0.866

Problem 19.15 A centrifugal pump with 1.2 m diameter runs at 200 r.p.m. and pumps 1880 litres/s,
the average lift being 6 m. The angle which the vanes make at exit with the tangent to the impeller is
26° and the radial velocity of flow is 2.5 m/s. Determine the manometric efficiency and the least
speed to start pumping against a head of 6 m, the inner diameter of the impeller being 0.6 m.

Solution. Given : [ u, >
Dia. at outlet, D,=12m f—V,, —>|
Speed, N =200 r.p.m. '

Discharge, Q = 1880 litres/s = 1.88 m’/s

Manometric head, H,=.6m
Angle of vane at outlet, 0 =26°
Velocity of flow at outlet, sz =2.5m/s
Dia. at inlet, D, =0.6m
(i) Manometric efficiency (W)
H
Using equation (19.8), Miman = —8%m () A
V.. Xu,
2 Uy Fig. 19.11
But up= TN TX12X200 _ 45 56y
60 60
Vv Vv
and tang= —2— or u2—Vw=L= 25 =5.13
u, =V, 2 tan¢  tan 26°

V , = Uy 5.13=12.56 - 5.13 = 7.43 m/s.

o y
Substituting these values in equation (i), we get

S 9.81% 6.0
man 743 %12.56

(ii) Least speed to start the pump :
Least speed to start the pump is given by equation(19.13),

=0.63 = 63%. Ans.

M2 u2
2 1 .o
——-—=H .22

where u, and u, are the tangential velocities of the vane at outlet and inlet respectively, corresponding
to least speed of the pump.
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But Uy= OXryandu; =W xr,.
Substituting these values in equation (ii), we get

2 2 2
(O)sz) _(O)Xrl) =H, =6.0or m_[rzz—rlz]=6.0
2g

2¢g 2¢g
2
or 2 _[06°-032]=60 |~ r,= D12 emandr =298 o3
2%x9.81 2 2 2

2