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Example(1)

Water flowing through a pipe of 20 cm I.D. at section 1 and 10 cm at section 2 The
discharge through the pipe is 35 lit/s. The section 1 is 6 m above the datum line and
section 2 is 2 m above it. If the pressure at section 1 is 245 kPa, find the intensity of

pressure at section 2. Given that p = 1000 kg/ms, u= 1.0 mPa.s.




Example (2)

A conical tube of 4 m length is fixed at an inclined angle of 30° with the horizontal
line and its small diameter upwards. The velocity at smaller end is (u1=5 m/s), while
(u2= 2 m/s) at other end. The head losses in the tub is [0.35 (u1-u2)2/2g]. Determine
the pressure head at lower end if the flow takes place in down direction and the
pressure head at smaller end is 2 m of liquid.




Example (3)

Water with density p = 998 kg/ms, is flowing at steady mass flow rate through a
uniform-diameter pipe. The entrance pressure of the fluid is 68.9 kPa in the pipe,
which connects to a pump, which actually supplies 155.4 J/kg of fluid flowing in the
pipe. The exit pipe from the pump is the same diameter as the inlet pipe. The exit
section of the pipe is 3.05 m higher than the entrance, and the exit pressure is 137.8
kPa. The Reynolds number in the pipe is above 4,000 in this system. Calculate the
frictional loss (F) in the pipe system.




Example (4)

A pump draws 69.1 gal/min of liquid solution having a density of 114.8 Ib/fts from
an open storage feed tank of large cross-sectional area through a 3.068"1.D. suction
pipe. The pump discharges its flow through a 2.067"1.D. line to an open over head
tank. The end of the discharge line is 50" above the level of the liquid in the feed
tank. The friction losses in the piping system are F = 10 ft Ib#/Ib. what pressure must
the pump develop and what is the horsepower of the pump if its efficiency is n=0.65.




Example (5)

98% H2So4is pumped at 1.25 kg/s through a 25 mm inside diameter pipe, 30 m long,
to a reservoir 12 m higher than the feed point. Calculate the pressure drop in the
pipeline. Take that p = 1840 kg/ms3, p= 25 mPa.s, e = 0.05 mm.
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Lecture 6
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Reynolds number (Ae = -

Fig.1 Pipefriction chart vs.Re

For turbulent flow, it is not possible to determine directly the fluid flow rate

through a pipe from Figurel For a known pressure drop, the method of
solution to this problem is as follows:

O=J=1pu’ =T=0 pu’ ----mmmmmmmmmeemmmmm e (1)

But from force balance for fluid flow through horizontal pipe
T dL = -APg (/4 d°)

=T = -APg/L (d/4)---mmmmmmm e (2)
By equalization of equations (1) and (2)

= ®pu’ = -APy/L (d/4) ==-mmmemmmmmev x pd¥/p?
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=®p” u” d*/p’= -APy/L (d’p /4 1)

or @Re’=-AP /L (pd’ /4 )|  rrmmmmmmmeeem e (3)
This equation dose not contains the mean linear velocity (u) of fluid. This can be
determine through using  Figure 2 as follows:

1- Calculate the value of ®Re” from equation (3) of (APg, p, d, L, and p).
2- Read the corresponding value of Re from Figure2 for a known value of (e/d).

3- Calculate U from the extracted value of Re.

10 - S - e

2, : 39 ot o
Equation(3)-——-— ! 7 e'l!._:.":"' '*.E;." - n_gt-‘:?\
E WO oY
ol 1 10°F O
= ?::u‘:"]'_'a
o
:',E -Iclh
&
=
{L-; 10®
L'z]
=
=]
>
& ot
1D.J J____ LLE i i i Ladiaael i L J 0 LAl ._._......_I etk
104 10 10° 107 10* 10 10 10" 10" 10" 0™
Friction group (¢ Re®)
Fig.2 Pipefriction chart vs. Refor variousvalues of e/d
Example

Calculate the pressure drop in Pa for a fluid flowing through a 30.48 m long
commercial steel pipe of [.D. 0.0526 m and a pipe roughness (¢ = 0.045 mm). The fluid
flows at steady transfer rate of 9.085 m’/h. Take that p = 1200 kg/m’, p=0.01 Pa.s.

Solution:
Q =9.085 m’/h x h/3600s =2.524 x10 = m’/s

u=Q/A = (2.524 x10 > m’/s) / (w/4 x 0.0526%) = 1.16 m/s

Re = (1200 x1.16 x 0.0526)/0.01 = 7322
e/d =0.000045/0.0526 = 0.000856

Figurel @=0.0042 =f=2 ®=0.084

A]J+§,2é/+7AZ +F=0
il e W F =
p b |

=-APg = p F, =4 f (L/d)( pu®/2) =4 (0.0084) (30.48/0.0526) (1200 x 1.16%/2)
= 15719 Pa
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Example
Repeat the previous example with the following conditions, the volumetric flow rate
(i.e. the velocity) is unknown and the pressure drop in the pipe is 15.72 kPa.

Solution:
ORe” =(-APg/L)(pd*/4p)=[(15720)/(30.48)][(1200)(0.0526)*/(4)(0.01)*]= 2.252 x 10

e/d =0.000856 = Figure2 Re=7200 =u=7200(0.01)/(1200 X 0.0526)= 1.141m/s

Example

Repeat the previous example with the following conditions, the diameter of the pipe is
unknown and the pressure drop in the pipe is 15.72 kPa and the velocity of the liquid is
1.15 m/s. Estimate the diameter of the pipe.

Solution:

~APi =p F,=4 £ (L/d)( pu’/2) =d = (4 p L u*/2)/ ~AP

=d=6.154 £ —mmmmmm e (1)
Re = pud/p = 138000 d -----------------—---- )
e/d = 0.000045/d —=----m-mmmmmmmme e ee (3)
@ f=2®  Eq(l) Eq(2) Eq(3)
Figure 1 f d Re e/d
Assumed > 0.001 |0.006154 849  0.0073
0.01 0.02 0.123 16985 0.00036

0.0037  0.0074 0.045 6284 0.00099
0.0045 0.009 0.0554 7643 0.0008
0.0043  0.0086 0.0529 7303 0.00085

~d=00529 m 0.0043  0.0086

Example

Sulfuric acid 1s pumped at 3 kg/s through a 60 m length of smooth 25 mm pipe.
Calculate the drop in pressure. If the pressure drop falls to one half, what will new flow
rate be? Take that p = 1840 kg/m’, p= 25 mPa.s.

Solution:
O m 3kg/s

“TAT DA (1840 kg /m)(r /4% 0.0250)m?

Re = (1840 x3.32 x 0.025)/0.025 = 6111

=332m/s

Figure 1 for smooth pipe @ =0.0043 == 0.0086
~APg, = p Fy =4 f(L/d)( pu*/2) = 4(0.0086)(60/0.025)(1840 x 3.32%)/2 = 837.209 kPa
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The pressure drop falls to one half (i.e. —APg = 837.209 kPa/2 = 418.604kPa
®Re” = (-APw/L)(pd’*/4p%)=[(418604)/( 60)][ (1840)(0.025)*/(4)(0.025)*]= 8.02 x 10"

From Figure2 for smooth pipe Re = 3800 =u = 2.06m/s
m=puAd=1.865kg/s.

Example

A pump developing a pressure of 800 kPa is used to pump water through a 150 mm
pipe, 300 m long to a reservoir 60 m higher. With the valves fully open, the flow rate
obtained is 0.05 m’/s. As a result of corrosion and scalling the effective absolute
roughness of the pipe surface increases by a factor of 10 by what percentage is the flow
rate reduced. p= 1 mPa.s

Solution:
The total head of pump developing =(AP/pg) 2

= 800,000/(1000 x 9.81)= 81.55 mH,o0 T
The head of potential energy = 60 m 300 60 m
Neglecting the kinetic energy losses (same

diameter)

AP Aui —Datum line—L
—+gAz+ - Ws+F=0
p o

=>AP/pg+ Az +hg=0

= hgp = AP/pg—Az=81.55-60=21.55m

u=Q/A =(0.05 m’/s)/( n/4 0.15%) =2.83 m/s

hy, = (-APw/pg) = 4f (L/d) (u”/2g)

=f= hp, d 2g/(4Lu’) = (21.55) (0.15)(9.81)/(2 x 300 x 2.83%) = 0.0066
® =0.0033, Re = (1000 x 2.83 x 0.15)/0.001 = 4.23 x10’

From Figure1 e/d =0.003

Due to corrosion and scalling the roughness increase by factor 10

re. (e/d)uew =10 (e/d)oq=0.03

The pump head that supplied 1s the same

(-APg) = hgs pg =21.55 (1000) 9.81 =211.41 kPa

®Re? = (-APg/L)(pd*/4p?) = [(211410)/( 300)][(1000)(0.15)/(4)(0.01)*] = 6 x 10°

From Figure2 Re=2.95 x10° =>u=1.97m/s
The percentage reduced in flow rate = (2.83 - 1.97)/ 2.83 x 100 % = 30.1 %.

Form Friction

Skin friction loss in flow straight pipe 1s calculated by using the Fanning friction
factor (f). However, if the velocity of the fluid is changed in direction or magnitude,
additional friction losses occur. This results from additional turbulence, which develops
because of vertices and other factors.
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1- Sudden Expansion (Enlargement) L osses

If the cross section of a pipe
enlarges gradually, very little or no
extra losses are incurred. If the
change 1s sudden, as that in Figure,

it results in additional losses due to {_ ,}_,

eddies formed by the jet expanding
in the enlarged suction. This
friction loss can be calculated by

|
%7

the following for laminar or turbulent flow in both sections, as:

Continuity equation UA| = WA,
2 2
u u
Momentum balance F=—t-—q
20 20,

For fully turbulent flow in both sections

> ; where |[K :[1—

2- Sudden Contraction Losses
The effective area for the
flow gradually decreases as the

>0 = ul(Al/Az)

©
P!
o

sudden contraction is approached
and then continues to decrease,
for a short distance, to what 1s
known as the “Vena Contacta”.
After the Vena Contracta the
flow area gradually approaches

I
o

|
¥

that of the smaller pipe, as
shown in Figure. When the cross
section of the pipe is suddenly

Vena
Contracta

reduced, the stream cannot follow around the sharp corner, and additional loses due to

eddies occur.

F. =K, —|; where |K_, =0.55

c

[
[

1—

'

2

4

:
J

3- Losses in Fittings and Valves

Pipe fittings and valves also disturb the normal flow lines in a pipe and cause
additional friction losses. In a short pipe with many fittings, the friction losses from
these fittings could be greater than in the straight pipe. The friction loss for fittings and

valves 1s:



F, = K,—|, where K,as in table below.

Leu, Le .
F,=4f 7o b where , asin table below.

Table of the Friction losses in pipe fittings

Fittings K; Le/d
45° elbows (a)* 15 0.3
90° elbows (standard radius) (b) 3040 0.6-0.8
90° square elbows (c) 60 1.2
Entry from leg of T-piece (d) 60 1.2
Entry into leg of T-piece (d) 90 1.8
Unions and couplings (e) Very small | Very small
Globe valves fully open 60-300 1.2-6.0
Gate valves: fully open 7 0.15
3/4 open 40 1
1/2 open 200 4
1/4 open 800 16

* See Figure below

A

(a) (b) (c)
45° elbow 90° elbow 90° square elbow

coupling

Figures of standard pipe fittings and standard valves



Total Friction Losses

The frictional losses from the friction in the straight pipe (skin friction),
enlargement losses, contraction losses, and losses in fittings and valves are all
incorporated in F term in mechanical energy balance equation (modified Bernoulli’s
equation), so that,

2 2 2 2
u

Lu u, u,
F=4f37+K67+K67+Kf7

If all the velocity u, u;, and u, are the same, then this equation becomes, for this
special case;

2

L
F=4fg+&+K&KJ%—

If equivalent length of the straight pipe for the losses in fittings and/or valves,
then this equation becomes;

2

F = 4f(§+ 2%}]{6 +KC}%

Example
630 cm’/s water at 320 K is pumped in a 40 mm L.D. pipe through a length of 150 m in
horizontal direction and up through a vertical height of 10 m. In the pipe there is a
control valve which may be taken as equivalent to 200 pipe diameters and also other
fittings equivalent to 60 pipe diameters. Also other pipe fittings equivalent to 60 pipe
diameters. Also in the line there is a heat exchanger across which there is a loss in head
of 1.5 m H,o. If the main pipe has a roughness of 0.0002 m, what power must supplied
to the pump if n = 60%, p=0.65 mPa.s.
Solution: 7
Q =630 cc/s (m/100 cm)’ = 6.3 x 10 m’/s f
u=(6.3 x 10 m’/s)/(n/4 0.04%) = 0.5 m/s
Re = (1000 x 0.5 x 0.04)/0.00065 = 30,770
e/d =0.0002/0.04 = 0.005 |
From Figurel @ =0.004, |

=£1=0.008
L=150m+10m=160 m

AP n J%
+ Az + - +h.+(h)yp =0
e N Bug g et

2
h, :[4 f(§+ 2%)];‘? = 4(0.008) (160/0.04 + 200 + 60) X 0.5%(2 x 9.81) = 1.74 m

=(-AP/pg) =Ah=10+1.74 +1.5=13.24 m
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= The head required (that must be supplied to water by the pump) is Ah =13.24 m
and the power required for the water is n"Ws = Q AP = Q (Ah pg)

= nWs=6.3 x 10" m’/s (13.24 x 1000 x 9.81) = 81.8 (N./s = J/s = W)
The power required for the pump is (Ws) =nWs/n=81.8/0.6 =136.4 W.

Example

Water in a tank flows through an outlet 25 m below the water level into a 0.15 m 1.D.
horizontal pipe 30 m long, with 90° elbow at the end leading to vertical pipe of the same
diameter 15 m long. This is connected to a second 90° elbow which leads to a horizontal
pipe of the same diameter, 60 m long, containing a fully open globe valve and discharge
to atmosphere 10 m below the level of the water in the tank. Calculate the initial rate.
Take that p= 1 mPa.s, e/d =0.01

Solution:

L=30+15+60=105m

S S

P ul2 n Ws P, u22

+ +z, + = + +z,+h,

pg 20,8 g pg 20,8

2
= _ h
zl—zz—zg +
2

4f (105/0 15)+2(40)+250] /(2 x 9.81)

=210 fu,’
Assume turbulent flow (o, =1.0)

— 2 2 _ 10 e (*
= (25-15)=u,"/(2 x9.81) + 210 fu, >u, = 005+ 2107 (*)
This equation solved by trial and error

Eq.(*) Figure 1
f u, Re ()

0.01 | 2.16 3.235x10° 0.0046

0.00922.246 3.37 x10°  0.0046
= uy(t=0) = 2.246 m/s, Re = 3.37 x105 (turbulent) =Q=0.04 m’/s ; m = 40 kg/s
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Example

An elevated storage tank contains water at 82.2°C as shown in Figure below. It is
desired to have a discharge rate at point 2 of 0.223 ft'/s. What must be the height H in ft
of the surface of the water in the tank relative to discharge point? The pipe i1s schedule
40, e = 1.5 x10™ ft. Take that p = 60.52 Ib/ft’, p=2.33 x10™ Ib/ft.s.

1

.
l
e —

20° 2" | |
] Datum line— I ] |
| A T
- L3 i e
< 125’ =!
Solution:

%z% FPAVGEv i

dl: +F, where z; = H
gc 2Q2gc

for schedule 40

dy =4.026/12=0.3353 ft, A4 =0.0884 ft’,

dy=2.067/12=0.1722 ft, A4 =0.0233 ft’,

uyr = (0.223 ft’/s) / (0.0884 ft*) = 2.523 ft, u,» = (0.223 ft’/s) / (0.0233 ft*) = 9.57 ft,
The F-term for friction losses in the system includes the followings:

1- Contraction losses at tank exit.  2-Friction in 4" straight pipe.

3- Friction in 4" elbow. 4-Contraction losses in 4" to 2" pipe.

5- Friction in 2" straight pipe. 6-Friction in the two 2" elbows.

1- Contraction losses at tank exit. (let tank area =A,, 4" pipe area = Aj)
2

[o4,]
F, = KC? where |K, :O.SSLI—ZJ =0.5

= F.=0.55(2.523% /2 x 32.174) = 0.054 ft.IbdIb.
2- Friction in 4" straight pipe.
Re = (60.52 x 2.523 x 0.3353)/2.33 x10™* =2.193 x10°

e/d=0.000448 = Figurel f=0.0047
2
F, =4 fg zug =4 (0.0047) (20/0.3353) x 2.523%/(2 x 32.174) = 0.111 ft.Iby1b.

3- Friction in 4” elbow.

; where K= 0.75 = F¢=0.074 ft.Iby/lb.

c

Ff=Kf7

4- Contraction losses in 4" to 2" pipe.
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F. =K —|; where =0.55 (1- 0.0233/0.0884) = 0.405

K —055[1 Az}
e =055 1-=7

1

= F.=0.405 (9.57* /2 x 32.174) = 0.575 ft.Ib/Ib.
5- Friction in 2" straight pipe.
Re = (60.52 x 9.57 x 0.1722)/ 2.33 x10™* =4.28 x10°

e/d=0.00087 = Figurel f=0.0048
2

F. =4 fg 2“g =4 (0.0048) (185/0.3353) x 9.57/(2 x 32.174) = 29.4 ft.1b/Ib.

6- Friction in the two 2" elbow.

F, =2(K, )} where K;=0.75 = Fy=2.136 ft.IbyIb.

c

F (total frictional losses) = 0.054 + 0.111 + 0.575 + 29.4 + 2.136 =32.35 ft.Ib¢/Ib

= H g/g. = (9.57% /2 x 32.174) + 32.35=33.77 ft.Ibylb
H =33.77 ft = 10.3m (height of water level above the discharge outlet)
Example
Water at 20°C being pumped from a tank to an elevated tank at the rate of 0.005 m’/s.
All the piping in the Figure below is 4” Schedule 40 pipe. The pump has an efficiency of
n= 0.65. calculate the kW power needed for the pump. ¢ = 4.6 x10° m p = 998.2 kg/m’,

n=1.005 x10” Pa.s

i< 100m—

ik

15m

2

m
S5m

=
«——n >

'y

n

-_— <
T B
v

o

Solution:
For 4" Schedule 40 pipe  d=0.1023 m, A =8.219 x10” m’

u=Q/A=(5x10" m/s)/ 8.219 x10” m* = 0.6083 m/s

%gAz-l%—n Ws+F =0/ nWs=F +gAz
p Q

The F-term for friction losses in the system includes the followings:

1- Contraction losses at tank exit.  2-Friction loss in straight pipe.

3- Friction in the two elbows. 4- Expansion loss at the tank entrance.
1- Contraction losses at tank exit.

[ 4]
F. =K, —|, where |K, :O.SSLI—ZJ ~0.5

= F.=0.55(0.6083% /2) = 0.102 J/kg or m*/s’.
2- Friction loss in straight pipe.
Re =(998.2 x 0.6083 x 0.1023)/ 1.005x10° =6.181 x10*
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e/d =0.00045 = Figure (3.7) f=0.0051
L =5+50+15+100 = 170 m
2
F, =4 fg”‘? =4 (0.0051) (170/0.1023) x (0.6083%/2) = 6.272 J/kg or m*/s".
3- Friction 1n the two elbows.

F,=2(K L] ; where K,=0.75 = F¢=0.278 J/kg or m%/s’.

4- Expansion loss at the tank entrance.

: [ (4
F,=K u—l;where K :[1—[—‘JJ ~ 1.0 = F.=0.185 J/kg or m%/s”.

F (total frictional losses) = 0.102 + 6.272 + 0.278 + 0.185 = 6.837 J/kg or m?/s".

= nWs =6.837 + 9.81(15) = 153.93 J/kg or m*/s*
The power required for pump (Ws) = \Ws/Ws = 153.93/0.65 = 236.8 J/kg or m*/s”
The total power required for pump (i Ws) =Q p Ws
= (5 x10” m’/s) 998.2 kg/m’ (236.8 J/kg) = 1.182 kW.
Example
Water at 4.4°C is to flow through a horizontal commercial steel pipe having a length of
305 m at the rate of 150 gal/min. A head of water of 6.1 m is available to overcome the
skin friction losses (hg). Calculate the pipe diameter. ¢ = 4.6 x10° m p = 1000 kg/m’,
pu=1.55 x107 Pa.s.
Solution:

[ 2
e =| 4 f(g)];’—g =6.1m
Q = 150 gal/min (ft’/ 7.481gal)(min/60s) (m/3.28 ft)’ = 9.64 x10° m’/s
u=Q/A =(9.64 x10” m*/s)/(/4 d*) = u=10.01204 d.
= 6.1 =41 (305/d)(0.01204 d*)/(2 x9.81)

= f=676.73d° = d=(//676.73)"" (1)
Re = (1000 x (0.01204 d) x d)/ 1.55x107 =7769.74 d™" ~—-emeemmmmeemmmeeeev )
e/d=4.6x10°d" e (3)

solution by trial and error
Eq.(1) Eq.(2) Fq.(3) Figurel

f d Re e/d f=2o

Assumed ——p
0.00378| 0.089 | 8.73 x10* 0.00052 0.0052

0.0052 0.095 8.176 x10* 0.000484  0.0051
0.0051 0.0945 822 x10* 0.00049  0.0051
= d=0.0945 m.
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Example
A petroleum fraction is pumped 2 km from a distillation plant to storage take through a
mild steel pipeline, 150 mm L.D. at 0.04 m®/s rate. What is the pressure drop along the
pipe and the power supplied to the pumping unit if it has an efficiency of 50%. The
pump impeller is eroded and the pressure at its delivery falls to one half. By how much
1s the flow rate reduced? Take that: sp.gr. = 0.705, p= 0.5 m Pa.s e = 0.004 mm.
Solution:

u=Q/A = (0.04 m’/s)/(m/4 x 0.15%) = u=2.26 m/s
Re = (705 x 2.26 x 0.15)/ 0.5x10° = 4.78x10°

e/d = 0.000027 = Figurel /=2 ® =/=0.0033

2
AP, :[4 /{g) P2 =4(0.0033) (2000/0.15) (705 x 2.267/2) = 316876 Pa.

Power =@= (0.04 m*/s)(316876 Pa)/0.5 = 25.35 kW

Due to impeller erosion (-AP),ey = (-AP)q14/2 = 316876 Pa/2 = 158438 Pa
ORe’=(-APg/L)(pd*/4p)=[(158438)/(2000)][(1000)(0.15)*/(4)(0.5x107)*] = 1.885x10°
e/d =0.000027= From Figure2 Re=3x10’ =u=1.42m/s

The new volumetric flow rate is now Q = 1.42 (/4 x 0.15%) = 0.025 m’/s.

Friction L.osses in Noncircular Conduits

The friction loss in long straight channels or conduits of noncircular cross-section
can be estimated by using the same equations employed for circular pipes if the diameter
in the Reynolds number and in the friction factor equation is taken as equivalent
diameter. The equivalent diameter De or hydraulic diameter defined as four times the

cross-sectional area divided by the wetted perimeter of the conduit.
Cross - sectional area of channel

De=4
¢ Wetted perimeter of channel

e For circular cross section.
De=4 (n/4xd*)/nd=d
e For an annular space with outside diameter d, and inside d,. d; dy
De =4 [n/4 x (d;* = D))/ 7 (d; + dy) = d;+d,
e For a rectangular duct of sides a and b.
De =4 (a.b)/2(a+b)=2ab/(a+Db) b
e For open channels and pattly filled ducts of y-liqliid depth and b width
De =4 (b.y)/ (b+2y)

a

Yy

i b

Selection of Pipe Sizes

In large or complex piping systems, the optimum size of pipe to use for a specific
situation depends upon the relative costs of capital investment, power, maintenance, and
so on. Charts are available for determining these optimum sizes. However, for small
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installations approximations are usually sufficient accurate. A table of representative
values of ranges of velocity in pipes is shown in the following table: -

Velocity

ft/s m/s
Inlet to pump 2-3 0.6-0.9
Nonviscous liquid Process: line or 5.8 15-25
Pump discharge

Inlet to pump |0.2-0.8]0.06 —0.25
Viscous liquid Process: line or 05-2 | 015-06
Pump discharge
Gas 30-120 9-36
Steam 30-75 9-23

Type of fluid Type of flow




Lecture 7

Pumping of Liquids

5.1 Introduction

Pupmps are devices for supplying energy or head to a flowing liquid in order to
overcome head losses due to friction and also if necessary, to raise liquid to a higher
level.

For the pumping of liquids or gases from one vessel to another or through long
pipes, some form of mechanical pump is usually employed. The energy required by
the pump will depend on the height through which the fluid is raised, the pressure
required at delivery point, the length and diameter of the pipe, the rate of flow, together
with the physical properties of the fluid, particularly its viscosity and density. The
pumping of liquids such as sulphuric acid or petroleum products from bulk store to
process buildings, or the pumping of fluids round reaction units and through heat
exchangers, are typical illustrations of the use of pumps in the process industries. On the
one hand, it may be necessary to inject reactants or catalyst into a reactor at a low, but
accurately controlled rate, and on the other to pump cooling water to a power station or
refinery at a very high rate. The fluid may be a gas or liquid of low viscosity, or it may
be a highly viscous liquid, possibly with non-Newtonian characteristics. It may be clean,
or it may contain suspended particles and be very corrosive. All these factors influence
the choice of pump.

Because of the wide variety of requirements, many different types are in use
including centrifugal, piston, gear, screw, and peristaltic pumps, though in the chemical
and petroleum industries the centrifugal type is by far the most important.

5.2 The Total Head (Ah)

The head imparted to a flowing liquid by a pump is known as the total head (Ah).
If a pump is placed between points @ and @ in a pipeline, the head for steady flow are
related by: -

—_—Y e e }——-—

: Datum line

A

Suction side ——»~———Discharge side——

Figure (1) Typical pumping system.
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W P, : P 2
A =1 S:( 2, +22J—( L, +Zl)_hF

g pg 20,8 pg 2uo,g
AP 2

=A=—-+ +Az+h,
pg 208

5.3 System Heads

The important heads to consider in a pumping system are: -
1- Suction head
2- Discharge head
3- Total head
4- Net positive suction head (NPSH)
The following definitions are given in reference to typical pumping system shown
in preceding Figure, where the datum line 1s the centerline of the pump
1- Suction head (h,)
i
h =z + —(hy),
P&
2- Discharge head (hy)

P,
hy =z, + pg+(hF)d

3- Total head (Ah)
The total head (Ah), which is required to impart to the flowing liquid is the

difference between the discharge and suction heads. Thus,
Ah=h, - h,
Pd

- P
=AM =(z,—z,)+( =) +[(h) g+ (hye), ]
pE

where,

L L ;
(h:)g :4fd(g+27e) 2u_g

L <L :
(ho), =4ﬁ(3+27e) ’s

The suction head (hs) decreases and the discharge head (hd) increases with
increasing liquid flow rate because of the increasing value of the friction head loss terms
(hF)s and (hF)d. Thus the total; head (Ah) which the pump is required to impart to the
flowing liquid increases with increasing the liquid pumping rate.

Note:
If the liquid level on the suction side is below the centerline of the pump, z; is
negative.
4- Net positive suction head (NPSH)
Available net positive suction head

P -P,
NPSH =z, +( ]— (hy),
pg

This equation gives the head available to get the liquid through the suction piping.




P, is the vapor pressure of the liquid being pumped at the particular temperature in
question.
The available net positive suction head (NPSH) can also be written as:

F,
NPSH = h, -
pg

The available net positive suction head (NPSH) in a system should always be
positive i.e. the suction head always be capable of overcoming the vapor pressure (Pv)
since the frictional head loss (hF)s increases with increasing pumping rate.

At the boiling temperature of the liquid Ps and Pv are equal and the available
NPSH becomes [zs-(hF)s]. In this case no suction lift is possible since zs must be
positive. If the term (Ps-Pv) is sufficiently large, liquid can b lifted from below the
centerline of the pump. In this case zs is negative.

From energy consideration it is immaterial whether the suction pressure is below
atmospheric pressure or well above it, as long as the fluid remains liquid. However, if
the suction pressure is only slightly greater than the vapor pressure, some liquid may
flash to vapor inside the pump, a process called “Cavitation”, which greatly reduces the
pump capacity and severe erosion.

If the suction pressure is actually less than the vapor pressure, there will be
vaporization in the suction line, and no liquid can be drawn into the pump.

To avoid cavitation, the pressure at the pump inlet must exceed the vapor pressure
by a certain value, called the “ net positive suction head (NPSH)”. The required values
of NPSH is about 2-3 m H,o for small pump; but it increases with pump capacity and
values up to 15 m H20 are recommended for very large pump.

5.4 Power Requirement

The power requirement to the pump drive from an external source is denoted by
(P). It is calculated from Ws by:

QAP QAh p g mAhg
n n n

The mechanical efficiency () decreases as the liquid viscosity and hence the
frictional losses increase. The mechanical efficiency is also decreased by power losses in
gear, Bering, seals, etc.

These losses are not proportional to pump size. Relatively large pumps tend to
have the best efficiency whilst small pumps usually have low efficiencies. Furthermore
high-speed pumps tend to be more efficient than low-speed pumps. In general, high
efficiency pumps have high NPSH requirements.

P=mWs =

5.5 Types of Pumps

Pumps can be classified into: -
1- Centrifugal pumps.
2- Positive displacement pumps.
1- Centrifugal pumps
This type depends on giving the liquid a high kinetic energy, which is then
converted as efficiently as possible into pressure energy. It used for liquid with very
wide ranging properties and suspensions with high solid content including, for example,




cement slurries, and may be constructed from a very wide range of corrosion resistant
materials. Process industries commonly use centrifugal pumps. The whole pump casing
may be constructed from plastics such as polypropylene or it may be fitted with a
corrosion resistant lining. Because it operates at high speed, it may be directly coupled
to an electric motor and it will give a high flow rate for its size. They are available in
sizes about (0.004 to 380 m3/min [1-100,000 gal/min] and for discharge pressures from a
few m H2o0 head to 5,000 kPa.

In this type of pump (Figure 2), the fluid is fed to the center of a rotating impeller
and 1s thrown outward by centrifugal action. As a result of the high speed of rotation the
liquid acquires a high kinetic energy and the pressure difference between the suction and
delivery sides arises from the interconversion of kinetic and pressure energy.

Figure (2) Section of centrifugal pump

The impeller (Figure 3) consists of a series

of curved vanes so shaped that the flow within
the pump is as smooth as possible. The greater
the number of vanes on the impeller, the greater
1s the control over the direction of motion of the
liquid and hence the smaller are the losses due to
turbulence and circulation between the vanes. In
the open impeller, the vanes are fixed to a central
hub, whereas in the closed type the vanes are

(&) (b

held between two supporting plates and leakage Figure (3) Types of impeller

across the impeller is reduced. (a) for pumping suspensions (b) standard

The liquid enters the casing of the pump, closed impeller (c) double impeller
normally in an axial direction, and is picked up

by the vanes of the impeller. In the simple type of centrifugal pump, the liquid
discharges into a volute, a chamber of gradually increasing cross-section with a
tangential outlet. A volute type of pump is shown in Figure 4. In the turbine pump



(Figure 4(b)) the liquid flows from
the moving vanes of the impeller
through a series of fixed vanes
forming a diffusion ring. This
gives a more gradual change in
direction to the fluid and more
efficient conversion of kinetic
energy into pressure energy than is
obtained with the volute type.

Figure (4) Radial flow pumps
(a) with volute (b) with diffuser vanes
2- Positive Displacement Pumps
In this type, the volume of liquid delivered is directly related to the displacement
of the piston and therefore, increases directly with speed and is not appreciably
influenced by the pressure. It used for high pressure and constant rates this type can be
classified into: -
2.1-Reciprocating Pumps, such as
a- The Piston Pump
This pump may be single-acting, with the liquid admitted only to the portion of
the cylinder in front of the piston or double-acting, in which case the feed is
admitted to both sides of the piston. The majority of pumps are of the single-
acting type typically giving a low flow rate of say 0.02 m’/s at a high pressure of
up to 100 Mpa.
b- The Plunger (or Ram) Pump
This pump is the same in principle as the piston type but differs in that the
gland is at one end of the cylinder making its replacement easier than with the
standard piston type. The piston or ram pump may be used for injections of
small quantities of inhibitors to polymerization units or of corrosion inhibitors to
high-pressure systems, and also for boiler feed water applications.
¢- The Diaphragm Pump
The diaphragm pump has been developed for handling corrosive liquids and
those containing suspensions of abrasive solids. It is in two sections separated
by a diaphragm of rubber, leather, or plastics material. In one section a plunger
or piston operates in a cylinder in which a non-corrosive fluid is displaced. The
particularly simple and inexpensive pump results, capable of operating up to 0.2
Mpa.
d- The Metering (or Dosing) Pump
Metering pumps are driven by constant speed electric motors. They are used
where a constant and accurately controlled rate of delivery of a liquid is
required, and they will maintain this constant rate irrespective of changes in the
pressure against which they operate. The pumps are usually of the plunger type
for low throughput and high-pressure applications; for large volumes and lower
pressures a diaphragm is used. In either case, the rate of delivery is controlled by




adjusting the stroke of the piston element, and this can be done whilst the pump
is in operation. A single-motor driver may operate several individual pumps and
in this way give control of the actual flows and of the flow ratio of several
streams at the same time. The output may be controlled from zero to maximum
flow rate, either manually on the pump or remotely. These pumps may be used
for the dosing of works effluents and water supplies, and the feeding of
reactants, catalysts, or inhibitors to reactors at controlled rates, and although a
simple method for controlling flow rate is provided, high precision standards of
construction are required.
2.2-Rotary Pumps, such as
a- The Gear Pump
Gear and lobe pumps operate on the principle of using mechanical means to
transfer small elements or "packages" of fluid from the low pressure (inlet) side
to the high pressure (delivery) side. There is a wide range of designs available
for achieving this end. The general characteristics of the pumps are similar to
those of reciprocating piston pumps, but the delivery is more even because the
fluid stream is broken down into so much smaller elements. The pumps are
capable of delivering to a high pressure, and the pumping rate is approximately
proportional to the speed of the pump and is not greatly influenced by the
pressure against which it is delivering. Again, it is necessary to provide a
pressure relief system to ensure that the safe operating pressure is not exceeded.
b- The Cam Pump
A rotating cam is mounted eccentrically in a cylindrical casing and a very
small clearance is maintained between the outer edge of the cam and the casing.
As the cam rotates it expels liquid from the space ahead of it and sucks in liquid
behind it. The delivery and suction sides of the pump are separated by a sliding
valve, which rides on the cam. The characteristics again are similar to those of
the gear pump.
¢- The Vane Pump
The rotor of the vane pump is mounted off centre in a cylindrical casing. It
carries rectangular vanes in a series of slots arranged at intervals round the
curved surface of the rotor. The vanes are thrown outwards by centrifugal action
and the fluid is carried in the spaces bounded by adjacent vanes, the rotor, and
the casing. Most of the wear is on the vanes and these can readily be replaced.
d- The Flexible Vane Pump
The pumps described above will not handle liquids containing solid particles in
suspension, and the flexible vane pumps has been developed to overcome this
disadvantage. In this case, the rotor (Figure 8.10) is an integral elasomer
moulding of a hub with flexible vanes which rotates in a cylindrical casing
containing a crescent-shaped block, as in the case of the internal gear pump.
e- The Flow Inducer or Peristaltic Pump
This is a special form of pump in which a length of silicone rubber or other
elastic tubing, typically of 3 to 25 mm diameter, is compressed in stages by
means of a rotor as shown in Figure 8.11. The tubing is fitted to a curved track
mounted concentrically with a rotor carrying three rollers. As the rollers rotate,




they flatten the tube against the track at the points of contact. These "flats" move
the fluid by positive displacement, and the flow can be precisely controlled by
the speed of the motor. These pumps have been particularly useful for biological
fluids where all forms of contact must be avoided. They are being increasingly
used and are suitable for pumping emulsions, creams, and similar fluids in
laboratories and small plants where the freedom from glands, avoidance of
aeration, and corrosion resistance are valuable, if not essential. Recent
developments” have produced thick-wall, reinforced moulded tubes which give
a pumping performance of up to 0.02 m’/s at 1 MN/m®. The control is such that
these pumps may conveniently be used as metering pumps for dosage processes.
f- The Mono pump

Another example of a positive acting rotary pump is the single screw-extruder
pump typified by the Mono pump, in which a specially shaped helical metal
rotor revolves eccentrically within a double-helix, resilient rubber stator of twice
the pitch length of the metal rotor. A continuous forming cavity is created as the
rotor turns — the cavity progressing towards the discharge, advancing in front of
a continuously forming seal line and thus carrying the pumped material with it.
The Mono pump gives a uniform flow and is quiet in operation. It will pump
against high pressures; the higher the required pressure, the longer are the stator
and the rotor and the greater the number of turns. The pump can handle
corrosive and gritty liquids and is extensively used for feeding slurries to filter
presses. It must never be run dry. The Mono Merlin Wide Throut pump is used
for highly viscous liquids.

g- The Screw pumps

A most important class of pump for dealing with highly viscous material is
represented by the screw extruder used in the polymer industry. The screw pump
1s of more general application and will be considered first. The fluid is sheared
in the channel between the screw and the wall of the barrel. The mechanism that
generates the pressure can be visualized in terms of a model consisting of an
open channel covered by a moving plane surface. If a detailed analysis of the
flow in a screw pump is to be carried out, then it is also necessary to consider
the small but finite leakage flow that can occur between the flight and the wall.
With the large pressure generation in a polymer extruder, commonly 100 bar
(107 N/m2), the flow through this gap, which is typically about 2 per cent of the
barrel internal diameter, can be significant. The pressure drop over a single pitch
length may be of the order of 10 bar (106 N/m2), and this will force fluid
through the gap. Once in this region the viscous fluid is subject to a high rate of
shear (the rotation speed of the screw is often about 2 Hz), and an appreciable
part of the total viscous heat generation occurs in this region of an extruder.



5.6 The advantages and disadvantages of the centrifugal pump

The main advantages are:

(1) It is simple in construction and can, therefore, be made in a wide range of
materials.

(2) There 1s a complete absence of valves.

(3) It operates at high speed (up to 100 Hz) and, therefore, can be coupled directly to
an electric motor. In general, the higher the speed the smaller the pump and motor
for a given duty.

(4) It gives a steady delivery.

(5) Maintenance costs are lower than for any other type of pump.

(6) No damage is done to the pump if the delivery line becomes blocked, provided it
1s not ran in this condition for a prolonged period.

(7) It is much smaller than other pumps of equal capacity. It can, therefore, be made
into a sealed unit with the driving motor, and immersed in the suction tank.

(8) Liquids containing high proportions of suspended solids are readily handled.

The main disadvantages are:

(1) The single-stage pump will not develop a high pressure. Multistage pumps will
develop greater heads but they are very much more expensive and cannot readily
be made in corrosion-resistant material because of their greater complexity. It is
generally better to use very high speeds in order to reduce the number of stages
required.

(2) It operates at a high efficiency over only a limited range of conditions: this applies
especially to turbine pumps.

(3)It is not usually self-priming.

(4)If a non-return valve is not incorporated in the delivery or suction line, the liquid
will run back into the suction tank as soon as the pump stops.

(5) Very viscous liquids cannot be handled efficiently.

5.7 Priming The Pump

The theoretical head developed by a centrifugal pump depends on the impeller
speed, the radius of the impeller, and the velocity of the fluid leaving the impeller. 1f
these factors are constant, the developed head is the same for fluids of all densities and
is the same for liquids and gases. A centrifugal pump trying to operate on air, then can
neither draw liquid upward from an initially empty suction line nor force liquid a full
discharge line. Air can be displaced by priming the pump.

For example, if a pump develops a head of 100 ft and 1s full of water, the increase
in pressure is [100 ft (62.31b/ft’) (ft* / 144 in®)] = 43 psi (2.9 atm). If full of air the
pressure increase is about (.05 psi (0.0035 atm).




5.8 Operating Characteristics

The operating characteristics of a pump are conveniently shown by
head (h), power (P), efficiency (n), and
sometimes required NPSH against the
flow (or capacity) (Q) as shown in Figure
(5). Theses are known as characteristic h
curves of the pump. It is important to
note that the efficiency reaches a
maximum and then falls, whilst the head
at first falls slowly with Q but eventually
falls off rapidly. The optimum conditions P
for operation are shown as the duty point,
1.e. the point where the head curve cuts
the ordinate through the point of
maximum efficiency.

Characteristic curves have a variety
of shapes depending on the geometry of

plotting the

Duty point

the impeller and pump casing. Pump Q

manufactures normally supply the curves Figure (5) Radial flow pump characteristics

only for operation with water.

In a particular system, a centrifugal
pump can only operate at one point on the
Ah against Q curve and that is the point
where the Ah against Q curve of the pump
intersect with the Ah against Q curve of Ah
the system as shown in Figure.

The system total head at a particular
liquid flow rate

Pd _Ps
Ah=(z, —Zs)+( )+[(hF)d +(hy),]
pg

where,

Operating

point

v

[LLel| u}
(hF)d:4deE 7Jd£ Q

[LLel u?
o). =411 G277 | 2

For the same pipe type and diameter for suction and discharge lines: -
AP (L Le) (L <Le)lw?
=ser a2 ) o525 ) 5
0
(n/4d?%)

R A AN Y 2 R
:Mh_AHpg+2g[(d+zdl+(d+2d)Sj[(nmaﬂ)]

against capacity

but u =

Figure (6) System and pump total head



Special types of pumps:

1-Peripheral

2-Gas Lift Pump




3-Jet Pumps
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Example -5.1-

A petroleum product is pumped at a rate of 2.525 x 10-3 m’/s from a reservoir under
atmospheric pressure to 1.83 m height. If the pump 1.32 m height from the reservoir, the
discharge line diameter is 4 cm and the pressure drop along its length 3.45 kPa. The
gauge pressure reading at the end of the discharge line 345 kPa. The pressure drop along
suction line 1s 3.45 kPa and pump efficiency n=0.6 calculate:-

(i) The total head of the system Ah. (ii) The power required for pump. (iii) The NPSH

Take that: the density of this petroleum product p=879 kg/m’, the dynamic viscosity

u=6.47 x 10-4 Pa.s, and the vapor pressure Pv=24.15 kPa. @

Solution: -~ » Py
(i) Ild

= wor R —
Ah=(zy—z))+| = |+[(he), +(hp) 1+
P& 28 T 1.83 m

u,=0 1.32m
ug=(2.525 x 10-3 m’/s)/(n/4 0.04%)

=2m/s P, I
Req = (879 x 2 x 0.04)/ 6.47 x 10™ S

=1.087 x 10°

The pressure drop in suction line 3.45kPa

= (hg); = 3.45 x 10°/(879 x 9.81)
=04 m

And in discharge line is also 3.45 kPa = (hg)s=0.4 m
The kinetic energy term = 2%(2 x 9.81) =0.2 m
The pressure at discharge point = gauge + atmospheric pressure = 345 + 101.325
=446.325 kPa
The difference in pressure head between discharge and suction points is
(446.325 — 101.325) x 10* /(879 x 9.81) =40 m
Az=1.83m

>Ah=40m+1.83m+02m+04m+04m=42.83m

(i)
p= Qﬁp - QA’; P& [(2.525 x 10” m¥/s)(42.83 m)(879 kg/m’)(9.81 m/s2)]/0.6

= P=1.555kW
iii

b -P,
NPSH =z, +( }— (hy),
P8

= (- 1.32) + (1.01325 x 10° - 24150)/ (879 x 9.81) — 0.4 m
=723 m


lenovo
Typewriter
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Example -5.2-

It 1s required to pump cooling water from storage pond to a condenser in a process
plant situated 10 m above the level of the pond. 200 m of 74.2 mm i.d. pipe is available
and the pump has the characteristics given below. The head loss in the condenser is
equivalent to 16 velocity heads based on the flow in the 74.2 mm pipe. If the friction
factor @ = 0.003, estimate the rate of flow and the power to be supplied to the pump
assuming 1 = 0.5

Q(m3/s) 0.0028 0.0039 0.005 0.0056 0.0059
Ah (m) 232 21.3 189 15.2 11.0
Solution:

Ay A
Ah =Az +Zg1+ ?gl% [(hF )d + (hF )s + (hF )condenser]
2

(B ) gy = 4f§;—g = 4(0.006)(200/0.0742)(u*2g) = 3.3 u’
2
u
(hF)condenser = 16% = 0815 u2
u=Q/A=321.26Q

= Ah=10+(0.815+3.3)(321.26 Q)* =10+ 2.2 x 10° Q*
To draw the system curve
Q (m’/s) 0.003 0.004 0.005 0.006
Ah(m) 11.98 13.52 155 17.92

24

22\_\

Ah (m)

From Figure
Q=0.0054 m"/s
Ah=16.4m

0.003 0.004 0.005 0.006 0.007
Q (m’/s)

% = (0.0054)(16.4)(1000)(9.81)/0.5

=17.375 kW

Power required for pump =



Example -5.3-

A centrifugal pump used to take water from reservoir to another through 800 m length
and 0.15 m 1.d. if the difference in two tank is 8 m, calculate the flow rate of the water
and the power required, assume f'=0.004.

Q(m’h) 0 23 46 69 92 115
Ah(m) 17 16 13.5 105 6.6 2.0
n 0 0.495 0.61 0.63 053 0.1

Solution:

Ah = Az+%%+%%[(hp)d +(hF)S]

u=Q/A=56.59Q
2

(h,),.. =4 fgg—g = 4(0.004)(800/0.15)(56.59 Q(h/3600 s) )*/2g

e N2 L) 6 S — (Q in m’/h)

= Ah=8+1.0747 x 10> Q?
To draw the system curve
Q(m’h) 0 20 40 60 80
Ah(m) 8.0 843 9.72 11.87 14.88

16 -

14

E12 @i
From Figure S 10- i
Q=60 m’h 8 ;
Ah=11.8m . 5
n= 0.64 4- i

0« : ‘ ‘ | 0
0 20 40 60 80 100 120
Q (m¥s)
Power required for pump = % = (60)(1 h/3600 s)(11.8)(1000)(9.81)/0.64
=3.014 kW

Example -5.4-

A pump take brine solution at a tank and transport it to another in a process plant
situated 12 m above the level in the first tank. 250 m of 100 mm 1i.d. pipe is available
sp.gr. of brine is 1.2 and p = 1.2 cp. The absolute roughness of pipe is 0.04 mm and f'=
0.0065. Calculate (1) the rate of flow for the pump (i1) the power required for pump if n
= 0.65. (i11) 1f the vapor pressure of water over the brine solution at 86°F is 0.6 psia,
calculate the NPSH available, if suction line length 1s 30 m.

Q (m’/s) 0.0056 0.0076 0.01 0.012 0.013
Ah (m) 25 24 22 17 13




Solution:
ABr Au
i A=Az ?Z h
@ +X§+ gq ..,
u=Q/A=127.33Q
(h.) g, = 4f§ i 4(0.0065)(250/0.1)(127.33 Q)2/2g

2g
=53.707 x 10° Q?

= Ah=12+53.707 x 10° Q
To draw the system curve
Q (m’/h) 0.005 0.007 0.009 0.011 0.013
Ah(m) 13.34 14.63 1635 18.5 21.08

26
From Figure 24
Q=0.0114 m’/s 2
Ah=189m
(i) 20 /.
Pov;er required for pump = é’ 18f """"""""""""""""" !

A :
%z(oom 14)(189) 5
(1200)(9.81)/0.65=3.9 kW " 5

iii 12 - ‘ —
P-pP 0.005 0.0075 0.01 0.0125 0.015
NPSH =z, +( fp . : ]— (h,.), Q (m’/s)

u=Q/A=0.0114/(7/4 0.1%) =1.45 m/s

For datum line passes through the centerline of the pump (z; = 0)
2

(hy), =4 f%;—g = 4(0.0065)(30/0.1)(1.45 )*2g = 0.84 m

= NPSH = (101.325 x 10° - 0.6psi 101.325 x 10°Pa/14.7psi)/(1200 x 9.81) — 0.84
~7416m

5.9 Centrifugal Pump Relations

The power (Pg) required in an ideal centrifugal pump can be expected to be a
function of the liquid density (p), the impeller diameter (D), and the rotational speed of
the impeller (N). If the relationship is assumed to be given by the equation,

| 50 (1)
then it can be shown by dimensional analysis that
T 5\ i D S ——— )

where, c; is a constant which depends on the geometry of the system.



The power (Pg) is also proportional to the product of the volumetric flow rate (Q)
and the total head (Ah) developed by the pump.
PE =0 Q Ah (3)

where, ¢, 1s a constant.
The volumetric flow rate (Q) and the total head (Ah) developed by the pump are: -

Q=csND’ e (4)
Ah=c, N> D% oo (5)

where, ¢; and ¢, are constants.
Equation (5) could be written in the following form,

AR = ¢ NP D e (6)
Combine equations (4) and (6) [ eq. (4) divided by eq. (6)] to give;
0O 1 ON’
T =T = T3 = COMSE. mmmmmmmmmmmmmm e (7
Ah?  ¢? Ah?
or, N\/? =const.= N, =========mmmmmmmmmmmmmmmmem oo 8
Ah*

When the rotational speed of the impeller N is (rpm), the volumetric flow rate Q
in (USgalpm) and the total head Ah developed by the pump is in (ft), the constant N; in
equation (8) 1s known as the specific speed of the pump. The specific speed is used as
an index of pump types and always evaluated at the best efficiency point (bep) of the
pump. Specific speed vary in the range (400 — 10,000) depends on the impeller type, and
has the dimensions of (L/T?)**. [ British gal=1.2USgal, ft'=7.48USgal, m*=264USgal]

5.9.1 Homologous Centrifugal Pumps

Two different size pumps are said to be geometrically similar when the ratios of
corresponding dimensions in one pump are equal to those of the other pump.
Geometrically similar pumps are said to be homologous. A sets of equations known as
the affinity laws govern the performance of homologous centrifugal pumps at various
impeller speeds.

For the tow homologous pumps, equations (4), and (5) are given

] (Nl ID1 ]3
R e e 9
QZ N2 ‘D2 ( )
2 2
Ab (N YD} oo
Ah, _(Nz ] (Dzj (10)
Similarly for the tow homologous pumps equation (2)can be written in the form;
3 S
Py (Nl J(Dl ]
el N e 11
PE2 NZ D2 ( )
And by analogy with equation (10),
NesH, (N, Y(D Y (12)
NPSH, \N, J{D,) T

Equations (9), (10), (11), and (12) are the affinity law for homologous centrifugal
pumps.



For a particular pump where the impeller of diameter D,, is replaced by an
impeller with a slightly different diameter D, the following equations hold

Ql Nl Dl

Q_(N_ID_) """"""""""""""""" (13)
An (N, Y(D, Y

Ak, (7] (D—] """""""""""""""""""" (14
PEI Nl 3 Dl 3

P_(F](D_] “““““““““““““““““ (1

The characteristic performance curves are available for a centrifugal pump
operating at a given rotation speed, equations (13), (14), and (15) enable the
characteristic performance curves to be plotted for other operating speeds and for other
slightly impeller diameters.

Example -S.5-

A volute centrifugal pump with an impeller diameter of 0.02 m has the following
performance data when pumping water at the best efficiency point (bep). Impeller speed
N = 58.3 rev/s capacity Q = 0.012 m?/s, total head Ah = 70 m, required NPSH = 18 m,
and power = 12,000 W. Evaluate the performance data of an homologous pump with
twice the impeller diameter operating at half the impeller speed.

Solution:
Let subscripts 1 and 2 refer to the first and second pump respectively,
Ni/N, =2, D,/D,=1/2

Ratio of capacities

%—(ﬂIﬂ) ~2(1/8) =1/4

QZ_NZ DZ

= Capacity of the second pump Q, =4 Q, = 4(0.012) = 0.048 m’/s
Ratio of total heads

M _(NOY(DY g 1y =

AL, _(Nz J (Dz) 4(1/4)=1

= Total head of the second pump Ah, = Ah;=70 m
Ratio of powers

Pu_(NO)(B) L,

()2 -y
PBl

assume —-=—=—
PBZ PEZ 4

= Break power of the second pump Py, = 4 Pg;=4(12,000) = 48,000 W

NPsH, (N, Y(D, Y _ _
NPSH, _(NZ)(DZ) 4 =1

= NPSH of the second pump NPSH, = NPSH,= 18 m




Note: -
The break power Py can be defined as the actual power delivered to the pump by
prime mover. It is the sum of liquid power and friction power and is given by the
. P,
equation, ) =——

n
Example -5.6-

A centrifugal pump was manufactured to couple directly to a 15 hp electric motor
running at 1450 rpm delivering 50 liter/min against a total head 20 m. It is desired to
replace the motor by a diesel engine with 1,000 rpm speed and couple it directly to the
pump. Find the probable discharge and head developed by the pump. Also find the hp of
the engine that would be employed.

Solution:

With the same impeller D, = Dy,

then QI/Q2 = N1/N2

= Q,=50 (1000 / 1450) = 34.5 liter/min

and Ah, = Ah; (No/N;)* =20 (1000/1450)* = 9.5 m
Pp, = Pr; (No/N))* = 15 (1000/1450)° = 4.9 hp




5.10 Centrifugal Pumps in Series and in Parallel

5.10.1 Centrifugal Pumps in Parallel

Consider two centrifugal pumps in parallel. The total head for the pump
combination (Ahr) is the same as the total head for each pump,

AhT = Ahl = Ahz H—AhT —>i

Qr=Q1+Q i Q i

The operating characteristics curves for ! 1 Qry
two pumps in parallel are: - —a Q:

Ah
Solution by trail and error , @
1- Draw Ah versus Q for the two pumps Pump-1

and the system.

2- Draw horizontal Aht line and determine
Q1, Qz, and Qs. i

3- Qr (Total) = Q; + Q, = Qs (system). | :

4- If Qr # Qs repeat steps 2, 3, and 4 until i i
Qr = Qs. i i
Another procedure for solution , !

1- The same as above. E i

2- Draw several horizontal lines (4 to 6) i i

for Aht and determine their Qr. Q, O Qr  Q

3- Draw Aht versus Qr.

4- The duty point is the intersection of Aht curve with Ahg curve.

PN 1 e~ NS ¢4 |

5.10.2 Centrifugal Pumps in Series

Consider two centrifugal pumps in series. The total head for the pump
combination (Ahr) is the sum of the total heads for the two pumps,
Aht = Ah;| + Ah, | | i
Qr=Q1=Q, |t Ah— A
The operating characteristics curves for i |
two pumps in series are: - :
Solution by trail and error Ah, Qr
1- Draw Ah versus Q for the two pumps pp b--------omooemoe
and the system.
2- Draw vertical Qr line and determine
Ah], Ahz, and Ahs
3- Qr(Total) = Q; + Q, = Qs (system).
4- If Aht # Ahg repeat steps 2, 3, and 4
until Aht = Ahs. A e T N
Another procedure for solution Ahy
1- The same as above.
2- Draw several Vertical lines (4 to 6)
for Qr and determine their Ahr. P
3- Draw Aht versus Qr.

4- The duty point is the intersection of Aht curve with Ahg curve.




