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On the Required Power of Centrifugal Pumps
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>C Introduction

preFEED

Centrifugal pumps are representative of the most common plant equipment and are
used for transporting various fluids.

The required power of the centrifugal pump is one of the important elements of
pump selection, and calculation methods are shown in chemical engineering
textbooks. Although these are simple formulas, they are often not well understood
because they have different unit systems, or their assumptions are not clearly stated.
Here, various equations for calculating the required power will be explained in
terms of unit conversions.

Furthermore, by considering the premises of the required power equations, we will
also explain what kind of calculations are required depending on the liquid
transport conditions.
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1. Required Power Indicated
in Textbooks and Publications
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>< Kagaku Kougaku Binran, in Japanese:

preFEED “Chemical Engineering Handbook” 3rd Ed. (1968)
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2.7.2 Required Power
The required power for liquid transport, regardless of the purpose, whether the liquid is raised to a
high place, fed to a pressurized vessel, or simply given a head to overcome transport resistance, is
similarly determined by the following equation from the total head of the pump H, [m] and the
flow rate O [m3/sec].
I Water Horsepower = P, = yOH, / 75 = theoretical required power of pump I
Shaft Horsepower = Pg = 100 P,/ = power to change the pump from the outside
Pump Efficiency == 100 P, /P
where y: Specific Weight of Liquid [Kg/m?]
P: Required Power [PS]
Subscripts th: Theoretical Horsepower, S: Shaft Horsepower
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>< “Kagaku Purosesu no Hyoukahou”, in Japanese:
preFEED “Chemical Processes Evaluation Methods” (1973, Maruzen p96)
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4.6.2 Shaft Horsepower

The approximate cost of the pump is often expressed as a function of the required power, and the
calculation of the utility usage of the process also requires the shaft horsepower of each pump to
be calculated. The shaft horsepower of the pump can be calculated by Eq. (4.54).

_0.22xp, xOxH

n
In the above equation, S: Pump Shaft Horsepower [HP], p,: Specific Gravity of Fluid[gf/cm?], O:
Fluid Flow Rate [m?*/min], H: Head [m] #: Pump Efficiency (approximately 0.5)

S (4.54)
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y “Kagaku Purosesu no Keisanhou”, in Japanese: “Chemical Engineering Calculation Methods”
preFEED (Denki University Press, 1999, p219)
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“Kagaku Purosesu no Keisanhou”, in Japanese: “Chemical Engineering Calculation Methods”
(Denki University Press, 1999, p219)

As shown in Fig. 17-1, the actual pumping height is called the actual
head, but since there are losses such as friction losses? in the transport
piping, the transport material must be provided with an added water
head loss corresponding to those losses (discharge pipe water head
loss, suction pipe water head loss). The water head loss that the pump
has to give to water is called the total head, and is expressed by the
following equations.

Total Head H [m] = Actual Head H,, [m] + Water Head Loss H, [m] ... (17-1)
Actual Head = Actual Discharge Head + Actual Suction Head ............ (17-2)
However, the actual suction head is limited to 7 m.

When pumping water with a specific weight y [kgf/m3] and a discharge
rate of Q [m3/s] to the height of the total head H [m], since the pump
must do the work yOH [kgf.m/s], the required power Ly, is as follows.
L, =y0OH/102 [kW] (17-3)

y: Specific Gravity of Water = 1000 kgf/m?3,

Q: Discharge flow Rate [m3/s], H: Total Head [m]

In practice, since there is a loss due to fluid friction in the pump or
frictional resistance such as from shaft bearings, the shaft power L
given to the pump shaft must be larger than the water power L, of the
pump. Therefore, the efficiency of the pump is expressed by the
following equation?.

N=Ly/L .....cccoucuen. 17-4)

Although there may be
other notations, the
formulations of the
equations (especially the
coefficients) will differ
depending on the unit
system used and are
difficult to apply.

Now that they have been
standardized to the SI
unit system, we will
explain these formulas
by comparing with SI
units.

S
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2. Required Power in Sl Unit System
“‘Kagaku Kougaku Binran”, in Japanese: “Chemical
Engineering Handbook”, 7th Ed., (2011)
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“Kagaku Kougaku Binran”, in Japanese:
“Chemical Engineering Handbook”, 7th Ed., (2011)

The power determined from the total head H given to the liquid and the flow rate
Q is called the theoretical power or water power, and a formula is given in p206.

Water power P,, [W] =pgOH = Theoretical Power

p : Density
m

2
S

g : Gravitational Acceleration 9.807 [

3
O : Flow Rate[g]

S
H : Total Head [m]

]

(3.333)

Check the units of the formula.

2

kgm
kg m m’ 2
[pgOH] = = 22 m = —$
m’ s° s S
Kinetic E
_ [Kinetic Energy] _ J W

S S

It can be seen that the unit of Eq.
(3.333) is [W].

It is necessary to understand Bernoulli’s equation to clarify the meaning of H

(total head).
9
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?ESED Bernoulli’'s Equation and Units
Bernoulli's equation is a conservation law of mechanical energy, as shown in Eq.
(3.26) on p.138 (“Kagaku Kougaku Binran”, in Japanese: “Chemical Engineering
Handbook™, 7th Ed.).
1 u® + gz + P_ Constant (3.26) Check the units of the formula.
2 1% ke m’
) m 1o, mi2 _ °§ _ [Kinetic Energy] _ J
u : Flow Velocity [ ?] e ke ke ke
m ~m __m> [Potential Energy] J
g : Gravitational Acceleration 9.807 [ — ] lez]= G m="5= ke T ke
S
R P._ kg m’ _m’ _[Pressure Energy] _ J
z : Height [m] [ E 1 ms’ ke S ke o

P : Pressure [Pa]

I
1
3,z
L 1
l—||_|
.
- |09
s

o : Density {k—%}
m
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It can be seen that the unit of Eq.
(3.26) are [J/kg].

10




>< Application of Bernoulli's Equation to Pump Energy
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In order to calculate the energy required to pump from point 1 to point 2 using
Bernoulli’s equation, Eq. (3.27) is shown in p139 (“Kagaku Kougaku Binran”, in
Japanese: “Chemical Engineering Handbook™, 7th Ed.). In turbulent flow, Eq.

(3.27a) is obtained.
lu2 + gz + r = constant (3.26)
o,

1 P 1 P,
Eau12+gzl+;1+W:Eau22+g22+;2+ZE (3.27)

Since for turbulent flow, a =1 (p139, line 8)

lu,z + gz, +£+W :%”22+gzz+§+th (3.27a)
p P

W : Energy the pump applies [J/kg]
F;: Sum of energy loss per unit mass of fluid [J/kg]

F = 4 4f£lu2 Fanning equation  (3.29)

Yo, d 2
11
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>< Transformation of Bernoulli’'s Equation to Express the Head
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J 1, P | P,
— .. —u " +g+—+W=—u"+gz, + =+ F, 3.27a
gl g4 v et et PILENERD
Dividing both sides by gravitational acceleration,
) 25
J s 1, R w | B A ,
[——)=[m].. —u  +z,+—+—=—u,” +z, + — + - (3.27b)
kg m 2g rg & 28 Pg g
F
oo, pop 2F
[m]... — =—W, —u’)+(z, —z) + + = (3.27¢)
g 22 pg g

When the suction side and the discharge side pipe diameter of the pump are the same,

since u; = u,,

F,
[m] Z = (z, — z,) + Pz - Pl + Z (3 27d) References:
g : ! pg g ' The total head equation is given on p205.
Each term of (3.27c) and (3.27d) is called a head. H = 44 +h, +h +h,  (3330)
Jors
Z, =z : Actual head ho= -, (Actual head)
B-f . Pump head due to the pressure difference S F
Prg between the source and destination tanks  j 4+, = i
s i g (Head loss)
2 F
g Head due to friction losses of fluid 12

-
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1 P, - P Z : Eq. (3.27f) 1s

[m]... w_ — " —u’) + (z, — z) + 2—L 4 (3.27¢) L . D

g 2g pg g sometimes called the
When the suction side and the discharge side pipe diameter of the pump theoretical required
are the same, since u; = u,, T F power calculation

P-P & equation of a pump.

[m]... W _ (z, — z) + =2 L+ (3.27d) 1 pump

g PE g

When the pipe diameter is constant and the pressure of the liquid feed source tank and the
pressure of the liquid feed destination tank are the same, P, = P,

Pl
[m]... — =(z, —z)+ —
g
In the case of in-plant liquid transportation of a few decameters, since the actual head is
dominant

[m]... W (z, —z) (3.279)

For water intake pumps and pipelines where horizontal distance is more important than the
level differences

y Tt
[m].. — = —+—— (3.27g)

g g

(3.27¢)

| Solutions for R&D to Design |

13

>C Theoretical Required Power and Head
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w 1, > P -P z !

[m]... — = —@W, —u’)+(z, —z)+ + L (3.27¢)
g 28 pg g

When the head is defined by H [m], the above equation is as follows.

w 1 P -F Z E
m].. —=H = — W, —u’)+(z, —z) + 2—L + -

g 2g Pg g

Multiplying both sides by pgQ (Q: flow rate [m?/s])

w
ng; = pgOH s pOW = pgOH
If we verify the physical units

kgm’ J _J
[pQW =5 2 === =W
m s kg s
2
m
ko
kg m m’ £ ]

[PgQH]:—%S—Z— —TSZEZW

The theoretical required power expressed by the head is w = pgQH [W].

| Solutions for R&D to Design |

14




>SC

preFEED

3. Verification of Required Power shown
iIn Textbooks and Publications

15
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>C S| Unit System and Engineering Unit System
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Various unit systems have been used before physical units were unified into the SI
unit system.
One important unit among them is “force”, which is represented by [N] in the SI
unit system. For example, the force (weight) felt when holding a mass of 1 kg on
the surface of Earth is: force = mass X acceleration

F =1 [kg] X 9.8 [m/s?] =9.8 [N].
However, before using the SI unit system, since it was convenient in daily life, a
weight of'a mass of 1 kg called 1 kilogram force was used instead of [N], using
the notations 1 [kgf] or 1 [Kg] (note that the K is capitalized).
A unit system having a force in kgf or Kg is called an engineering unit system,
and was a typical unit system used in textbooks and plants until the 1980s.
Nowadays, there are fewer opportunities to directly use engineering unit systems
because the SI system is the representative system of units. However, since
engineering unit systems were used during the period when chemical engineering
was most actively researched, they are still important when referring to many
specialized books that were written at the time.
Therefore, it 1s desirable to understand engineering unit systems when using

literary references of the past and the like.
16
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Gravity Conversion Coefficient in Engineering Unit System

Force = mass x acceleration (f = m x a)

f = 1kgx9.807 5 2 =9.807

kgm
(

9.807 —=—(N) to 1 kg.

kgxm
kgfxs®

=9.807 ——

lkgf x g. = 1kgfx9.807 ——

kgm

kgxm

=9.807N

s”
A gravity conversion coefficient g, is defined to convert

=9.807

kgfxs®

The law of Newton expressed in the units of kgf is

mlkglxgl = ]

w[kgf]Z—S
kegxm
gl g

kgfxs®

The numbers w and m match.

| Solutions for R&D to Design |

=m £ [kef]
8c

kgm

Example

Mass

lkg

Tkgx =

Force

g
gc

Density

3
m

1§ 1—=

Specific Weight

X
m’ Ec
kg m kgfs
===
m” s° kgm
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As shownin Fig. 17-1, the actual pumping height is called the actual
head, but since there are losses suchas friction lossesDin the transport
piping, the transport material must be provided with an added water
head loss comresponding to those losses (discharge pipe water head
loss, suction pipe water headloss). The water head loss that the pump
has to give to water is called the total head, and is expressed by the
following equations

Total Eead M [m] = Actual Head &, [m] + Water Head Loss &, [m] . (17-1)

Actual Head = Actual Discharge Head + Actual Suction Head (17-2)
However, the actual suction head is limited to 7 m.

When pumping water with a specific weight 7 [kgf'm’] and a discharge
rate of Q [m?/<] to the height of the total head H [m]. since the pump
must do the work yOH [kefm/s]. the required power Ly is as follows
Ly =;0H102 [kW] 173)

7- Specific Gravity of Water=1000 kgf/m’

0 Discharge flow Rate [m?/s], 7 Total Head [m]

In practice. since there is aloss due to fluid friction in the pump or
frictional resistande suchasfrom shaft bearings. the shaft power L
given to the pump khaft must be larger than the water power Ly of the
pump. Therefore, the efficiency of the pump is expressed by the
following equation?,

=Lyl (174

_ JOH
L kW
w 102 (kW]

kgf

y : Specific Weight [ —=-
m’

3

O : Flow Rate [ 2]
S

H : Total Head [m]
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Although there may be
other notations, the
formulations of the
equations (especially the
coefficients) will differ
depending on the unit
systemused and are
difficult to apply.

Now that they have been
standardized to the SI
unit system, we will
explain these formulas
by comparing with ST
units.

]

Thinking in the SI unit system,

Theoretical Required Power w = pgQH [W]

Dividing both sides by g_,

p -2 oH
&gc 8c

= = yoH (- pE

102.0

18
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4.6.2 Shaft Horsepower

The approximate cost of the pump is often expressed as a function of the required power, and the
calculation of the utility usage of the process alsorequires the shaft horsepower of eachpump to
be caleulated. The shaft horsepower of the pump canbe calculated by Eq. (4.34).

_ 022w xOx H

1
In the above equation. 5: Pump Shaft Horsepower [HP]. pr: Specific Gravity of Fhuid[ef/'em’]. ¢
Fluid Flow Rate [m*/min], & Head [m] »: Pump Efficiency (approximately 0.5)

5 (4.54)

_0.22p,0H

n
Theoretical Required Power

S'=0.22p,0H
S, S" : Power [HP]

S

gf ]
cm’

p, : Specific Weight [

3

=]

min
H : Total Head [m]

n : Efficiency [-]

O : Flow Rate |

Solutions for R&D to Design

Thinking in the SI unit system,

Theoretical Required Power w = pggH [W]
(g : Flow Rate [m’/s])

Dividing both sides by g_,

w

2= p i =g (- pE =y

8¢ 8c 8c

w = 1000g,.p, %H [W]

_1000g,.
1000 x 60

Since 1[HP] = 0.7457 [kW]
1 1000 x 9.807
S = H [HP
0.7457 1000 x 60 pOH [HP]
= 0.219p,0H [HP] =|0.22p,0H [HP]

P OH  [kW]

19
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2.7.2 Required Power
The required power for liquid transport, regardless of the purpose, whether the liquid is raisedtoa
hizgh place, fed to a pressurized vessel or simply given a headto overcome transportresistance, is
similarly determined by the following equation from the total head of the pump A [m] and the
flow rate 0 [m¥/sec]
| Water Horsepower = Pyy= 70F, / 75 = theoretical required power of pump |

Shaft Horsepower = Py/~ 100 Ppy/iy= power to change the pump from the outside

Pump Efficiency == J00 P/Ps
where 3: Specific Weight 6f Liquid [Kg/m’]

T
Subseripts 7 Theoretical Horsepower, 5: Shaft Horsepower

yOH,
75
P, : Power [PS]

h

y : Specific Weight [ k_g3f ]
m

3

O : Flow Rate | m ]
S

H, :Total Head [m]

Solutions for R&D to Design

Thinking in the SI unit system,
Theoretical Required Power w = pgQOH [W]
Dividing both sides by g,

8¢ 8¢

w
= =yoH - pE =y
8¢ 8c
w = gcyOH [W]
8c
= 5c_yom
1000 79
Since 1[HP] =0.7355 [kW]

1 g
P, = 8C_yOH =
“0.7355 1000 70

[kW]

yOH [PS]
75.00

20
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Conclusion

21
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 Although various units are used for pump theoretical power
calculation equations, it can be understood that the same equations
can be obtained from Bernoulli’s equation in the SI unit system.

* The theoretical required power is almost determined by the actual
head (i.e., the difference in [m] between the liquid level of the
source and destination tanks), when assuming that the suction and
discharge pipe diameter of the pump is the same, that the pressure
of the liquid feed source and liquid feed destination tank is the
same, and that near-field transportation is performed.

* Books written before SI units were used often contain detailed
descriptions and many points that can be helpful, and it is useful to
become familiar with the gravity conversion coefficient to
understand these.

22
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