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Abstract—Centrifugal pumps are one of the turbomachines mostly used in different industries. The current research aims to
determine the pump's best working condition, where it must be run at minimum energy input with the optimum effectiveness,
using a numerical technique such as computational fluid dynamics. The whole test (CFD) is performed using the commercial

software ANSYS CFX 15.0. ANSYS CPD with a 22.5 °

angle of outlet blade and 6 sets of blades produced the pump's

geometry. The current assessment has shown that the pump's effectiveness is reduced as the mass flow rate is increased. A
second parameter, like the centrifugal pump slip factor, is calculated. The average slip factor calculation value is 0.83, the
highest value for calculating the slip-factor in the Wisner analytical model.
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I. INTRODUCTION

Centrifugal pumps are roto-dynamic presses which pressure
liquids to the required height at the required flow rate. The
name of the roto-dynamic portion comes from a centrifugal
pump impeller. The most widely used rotating pump types,
which represent 25% of total electricity, are centrifugal
pumps. The centrifugal pump impeller is powered by
external primary movers, such as electric motors, steam-
engines, etc. In almost all sectors, centrifugal pumps have a
lot of apps. Due to the high speed of the design and
performance analysis of the centrifugal pump, the job is
extremely challenging [1]. The performance of the
centrifugal pump depends on a number of parameters,
including the number of blades, the blade angle at the end of
the impeller's exit (a rotating part). Centrifugal pump
primarily has two components namely (a) an impeller forced
by impeller action to make the liquid circulate, (b) a pump
box, forced into the impeller by rising to elevated pressure.
A primary electrical motor drives the rotor installed on a
shaft. The pump box contains the suction and discharge tube
and is mounted in the rotor. The liquid is sucked through the
suction pipe and the impeller vanes bring it into circular
motion. The rotating channel is formed by the rods and side
walls and ropes. The liquid is produced at very elevated
pressure and velocity at the outlet rather than at the entrance
of the impeller. The pump casing shifts partially in the form
of pressure before the pump leaves the pump via the
discharge [3]. There are plenty of cash and time spent on
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centrifugal pump design and analysis. This decreases the
pumping industry's profit. The CFD method is used to solve
this issue before the centrifuge pump is finally manufactured.
CFD technology can provide what's going on inside the
turbomachines. The centrifugal pump effectiveness relies on
centrifugal pump geometry and working condition, multiple
blades, slip factor, etc. [4]. Pressure at the impeller's eye
inlet, mass flow rate through the pump, head at which water
must discharge, may be the working situation. The blade
angle at the pump outlet [5].

' centrifugal pump ‘
Pure
Mixed flow
Centnfugal . ’ ' Axial Flow ‘
' Multi Stage ‘

Figure 1. Classification of Centrifugal Pump

Slngle Stage

In radial turbo, slip phenomenon occurs. As the impeller
passage flows, there is a distinction in pressure and velocity
between the impeller blades ' leading and trailing faces [2].
On the leading face of a blade, there is relatively high
pressure and low velocity, while on the trailing face, the
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pressure is higher, and velocity is higher. This results in the
circulation around the blade and non-uniform velocity
distribution at any radius [ 6]. Due to this tangential
component of velocity gets Reduced and therefore decreased
energy provided by the impeller. In a radial centrifugal
pump, different parameters influence the slip phenomenon
such as volume flow rate, outlet blade angle, number of
blades, type of liquid (water, oil, etc.) [7]. F.J Wiesner and
others. 8] suggested a review paper on the various slip factor
calculation trends and study fields for impellers. The general
comparison of prior job introduces Baseman's job, who gave
the empirical relationship for calculating the slip factor
based on geometric parameters such as multiple blades,
internal and outer blade radius, etc. The relationship is also
provided for pumps that exceed the restricting percentage of
the radius. The tabular information is summarized in the
final contact as the slip factor for 60 pumps with test
information outcomes and the writer specifies a few more
outcomes. Weidong Zhou et. al. [9] worked with the three
constructed centrifugal pumps and conducted flow pattern
computational fluid research. They intended three distinct
pumps with 4 straight blades and 6 twisted type blades and
used Naiver-Stokes momentum conservation equations to
perform CFX simulation. They evaluated the distribution of
pressure and velocity in all three pumps using this solver. In
the simulation, they discovered that the outcome of straight
blade pumps was somewhat distinguished, but the outcomes
for both twisted blades were shown to be better than the
straight blade centrifugal pumps. Jose A Caridad et. al. [10]
simulated both single and two-phase centrifugal impellers
using a CFD tool. For the research, the impeller's computing
domain is taken with regard to analyse experimental job with
the particular 1960 velocity along with the liquid flow rate,
bubble diameter and gas void fraction being regarded as
independent variables. The 2-phase fluid is used with the k-e
turbulence model. Simultaneously repeated the operation for
single-phase fluid testing for 4 more pump designs at distinct
speeds. The findings achieved are contrasted with that of
analyse with distinct gas void fraction 0 (single phase), 10%,
and 15% and discovered the notable agreement and
proposed that slip factor is significant phenomena and there
is more to look up with two-phase flows and impeller
efficiency. Memardezfouli and Mohamad.et. al. [11]
contributed their job by using experimental job to estimate
the slip factor. They researched the industry's five
centrifugal pump and attempted to figure out the slip
variables based on previous research empirical relationships
and estimated the circumstances slip factor. They also
discovered a function of outlet velocity to be the slip factor.
Finally, they extracted some relationships with considering
the slip factor off-design calculation and suggested the slip
factor assessment data table straight from the centrifugal
pump geometric parameter. B. Jafarzadeh et al [1] operate
on the flow phenomena in a centrifugal pump using CFD
models of fluent turbulence. Consideration was given to the
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pump of three distinct blade number (5,6,7) and simulation
was conducted on separate blade pumps with all three kinds
of turbulence modelling method and ideal model was chosen
from the three. RNG k-e model achieved the best outcomes
and convergence. They also conducted a pump effectiveness
inquiry and discovered that the 7-blade pump showed
optimum outcomes and concluded that the volute casing
position of the blade tongue could cause flow separation
[12]. Yanxia Fu et. al. [6] in (2014) research included
cavitation phenomena and low flow stability issues. They
conducted the impeller's CFD analysis for distinct flow rates
and discovered the drop-in vapor drop resulting in the flow
pattern being unstable. They conducted the experimental
study on the same configuration pump type with
corresponding flow rates as mentioned in numerical
simulation [13] for in-depth knowledge. They used large
frame movie cameras and configuration with elevated frame
rates because of quick and unstable flow. The flow pattern
was researched and excellent agreement with the numerical
outcomes was shown in the outcomes acquired. Mohamed G
Khalafallah et al [11] studied the slip phenomenon and
reliance on the flow rate of the four-bladed centrifugal
pump. Their research involves frozen-other method and
rotationally periodic boundary conditions. They discovered
that the pump output was useful with a 4 percent relative
error and a flow coefficient within 0.8-1.2[14]. In addition,
the calculated slip factor value, which is the flow rate
function, is validated with Qui's slip factor calculation
mathematical model as F=0.52. They discovered that raising
the number of blades for pump to 10 gives up to 0.69 in slip
factor saturation along with a rise of 30 percent-50 percent
in splitter improves the slip factor [15]. Therefore, by
magnifying the number of splitters, they achieved the sum of
1 hydraulic effectiveness around the value. M. Lorusso et. al.
[16] The article examines the impact of coarser mesh
elements on the NPSH assessment and the Centrifugal Pump
head. It is discovered that the coarse mesh has little impact
on the NPSH value and has a greater impact on the pump-
developed head. Sunil R. Patil et. al. [17] The results were
as the clearance of the tongue reduced the pump
effectiveness. The effectiveness and pressure increase
respectively risen to 21.90 percent to 19.52 percent at the
complete release. T. Capurso et. A double suction
centrifugal pump impeller with a specified velocity of less
than 60 was intended. Open Foam CFD software analyses
the results. The model k-r SST is used to capture the
turbulence in the region of the passage of the impeller. It
was discovered that the effectiveness was enhanced by
embracing the fresh navel impeller layout (1-2 percent)
compared to the standard modelling H. et. al. [18] chosen
five distinct models of impellers with distinct outlet blade
angles such as 230, 250, 270, 290 and 310. An experiment
was conducted to evaluate the centrifugal pump based on
variable outlet blade angle and it was found that the pump
head increased with the rise in the outlet blade angle [19].
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We can conclude from the above literature that the slip
phenomenon is the most significant parameter in the
Centrifugal pump efficiency assessment [20]. The pump's
distinctive curve is called the head created by the pump with
mass flow rate through the pump at a pump's static velocity.
The pump, effective and shaft power with velocity, result in
the variation in the head following a definite rule known as
affinity legislation.

Head developed by the pump.

Booue— P
H = mass flow arg W (1)

Where Pt, out = Total pressure at the outlet of the pump, Pt,
inlet = Total pressure at the outlet of the pump, p = Density
of the water, g= gravitational acceleration[6].

The Torque required by the pump.

Tehape = J‘r :[(r ®nhp + 21y )eotBilbdr (2

Shaft power, Peqf:

Fanarr = Tonape * @ 3)

Where @ = angular velocity of the impeller.
Power developed by the Pump

Foump = mgH (4)

Where 11 = Mass flow rate through the Pump, H = Head
developed by the Pump.
Total efficiency

_ *F:*:lump

e = P (5)
=

haft
1, = Total Efficiency of Pump, F,,mp = Power developed by
the Pump
The Mass Flow Rate through the Pump
i = Ty by Cp, (6)

D, = diametre of the impeller
Head variation with a Mass Flow Rate

H = A — Brcotfi; [21] (7)
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Aand B are the constants, i = Mass Flow Rate, g, = Outlet
Blade Angle.

Il. METHODOLOGY

The pump efficiency and slip factor are calculated using the
computational fluid dynamics. Under the specified block
diagram, CFD technology is research as shown below [22].
The method performs effectively and follows the route.

Pre-processor Governing equations solve on a mesh
: C:::::'tmr + Equations Physical model
. + Mass * Laminar

+ Mesh generation

* Material properties * Momentum * Turhulence
* Boundary condition * Enengyetc.
Post processor Solver setting
+ Contour +—|* Initialization
+ Xy plots + Solution control
+ Convergence criterion

Figure 2. Framework of CFD Simulation

A Centrifugal Pump's design The original phase of CFD
simulation is the development of the flow area design also
known as the computing domain. ANSYS vista CPD
(Centrifugal Pump Design) creates the geometry of the
centrifugal pump in this research.

48 o

outflow

65.642mm

Figure 3. Meridional View of Impeller Passage

A. Impeller Design Parameters
Table 1. Design Parameters of Impeller and Blade

s.no. | Impeller angle Impeller outlet Exit
width(b)
1 o, = 90° o, =11.11° 48.6mm
2 A, = 16.44° g, = 22.4° Z=6

z = Number of Blades B, = inlet Blade Angle, B.= outlet
Blade Angle, & = Outlet Flow Angle[23].
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Shroud is the plate where the blades are connected to which
mechanical resistance is provided. It guides the liquid and
prevents the axis of the shaft from coming out of the liquid.
Hub can be described as the base plate that casts blades on.
Depending on our demands, pump impeller can be used with
hub less. It is possible to use impeller with hub for the fluid
with suspended particles. Usually used for pumping
transparent fluids when the impeller has both a shroud and a
hub. Less thrust experiences the impeller being closed

X/ -
0 0N AW " "
- -

[T

Figure 4. Impeller Blade, Hub and Shroud

B. Volute Geometry

Liquid discharge in volute arises from the impeller. The
volute's shape is like a spiral. The minimum is where liquid
discharge is referred to as the tongue and rises gradually
along the exit plane. The case reflects the volute inlet
diameter.

Figure 5. Volute of Centrifugal Pump

C. The meshing of Impeller Domain and Volute Domain:

It is known as mesh to divide the computing domain into
several subdivisions into tiny rectangular and trigonal
components. We fix the discrete value of the flow variable
like velocity, pressure temperature in the computation
domain. The solution's precision relies on how well the mesh
was created. The quality of the mesh being produced is
defined by different parameters. Skewness and the mesh
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elements ' orthogonal performance. Near-zero skewness is a
decent quality mesh, and near-1 orthogonal quality is the
highest quality mesh. ANSYS Terbogrel meshed the
impeller domain. ANSYS Turbo Grid is intended
specifically for turbomachinery meshing. The complete size
of the mesh impeller and a nearer view of the mesh near the
blade region are shown in Figure 6. In the figure, around the
blade passage, we can see beautiful hexahedral mesh.

Figure 6. Structured Mesh near Impeller Blade

The meshing of a centrifugal pump is performed with an
average skewness value of 0.2641 in ANSYS Mesher
version 15.0. The complete number of components is
calculated in 191345. The value of skewness is used to
check the quality of the mesh components.

X000 fre)

Figure 7. Meshing of volute Domain

Table 2. Details of Elements

No. of. Coarser Medium Fine Very
mesh mesh mesh fine mesh
elements 299499 419294 646655 854200

We change the number of elements of the meshed geometry
for mesh-independent test figure 3.16 and select a parameter
to vary with regard to mesh size. For the mesh convergence
test, the head created by the pump is chosen here. It is found
that the head converges at an element size of 646655 to the

18




Int. J. Sci. Res. in Multidisciplinary Studies

positive value of 16 m and it does not change much
regarding the enhanced number of components in the
geometry. We will have a solution in this no. of components
that is not dependent on the mesh size. The error that
triggered the meshing of the components is called the error
of truncation that minimizes as we reduce the size of the
component.

0

E:I a—

10
z L coarse mesh
g -10 1 . w = medium m esh
E -20 fine mesh

a0 wery fine

=40

-50

Number of iteration

Figure 8. Mesh independence Test

Water is used as the 1000-density working liquid (kg / m"3).
It is presumed that water is the incompressible liquid with a

dynamic viscosity of i = 8.9 X 10~ —2—. The absolute

zero pressure and complete m of 77.8 kg / sec is used as the
volute reservoir at the centrifugal pump inlet. Since the
impeller is modeled in the reference rotating frame, hub, the
impeller rotates the shroud. There is no slip situation on the
hub's rotating walls and the impeller's shroud and blades. No
slip condition on the walls indicates the relative velocity of
the fluid particle adhering to the shroud walls and the hub is
zero.

I1l. GOVERNING EQUATION

Based on the diameter of the impeller of the diameter of
Impeller the Reynolds number is calculated as 29,52 x 10%,
pUD

Rep, =

p = 1000 kg/m?,
[T = average velocity at the inlet at the inlet =
0.19 m/sec

D dicmeter of the impeller = 28.6 cm
p=189+10"%kg/ sec”

Based on the Reynolds number turbulence model, flow

factors such as stress, velocity elements are chosen for
calculation. The governing equations here are mass and
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momentum conservation and are solved on the components
on each mesh. In the rotating zone, the volute domain is
modeled and the volute in the stationary zone.

Continuity equation in 3D

8p dlpu;)
—+
at dx;

=0 ®)

u; = Velocity in ith direction, where i = 1,2,3 x; = Co-
ordinate direction

= Velocity in x direction, u, = Velocity in y direction,
= Velocity in z direction
x, = x direction, x, =y direction, x5 = z direction
The governing equations are the Naiver-Stokes Equation
(14) that captures the flow variables in the fluid flow.

du; du; dp a1y
i T ﬂ.r,-+ dx;

—plloxu;+twxlr xe J]

7;; = shear stress in the fluid layers, r = position vector with
respect to origin.

Ty = 2ud;; by (10)
1/6u; Bu; (11)
5i=3 (a * a)

&;; = Shear Stress Tensor. w = Constant Angular Velocity

of the Fluid

If the flow is turbulent each flow variable can be

decomposed into mean and fluctuating part. Putting

u; =i+, andp =g +p;, in equation (14), neglecting

body forces we get Reynolds Average Naiver-Stokes

(RANS) equation (17). RANS equation governs the mean of

the flow.
aﬁ- d éa; om;

i e
(12)

it = Mean Velocity, u; = Velocity fluctuation, puju; =

Reynolds Stress.

i = Mean Velocity, u; = Velocity fluctuation, puju; =

Reynolds Stress.

The Reynolds stress contains additional six unknowns. The

equation (17) can be solved if we relate Reynolds Stresses

with mean quantities. In (1868) Bossiness’ Linked Reynolds

stresses to the mean rates of deformation.

T = 2 ()

e = eddy viscosity.x = turbelent kinetic energy.
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Turbulent Kinetic Energy x = & + &,

And

[(ER

x; = -u,i = Instataneous Kinetic Energy Now
subtracting equation (14) from equation (17) and doing some
algebraic manipulation we will get, governing equation in
terms of x

8px) dpxu;) @ (.u_r 3 (12)

- dx;\ o 8x;

Turbulent dissipation rate

du; du, He L P
T dx, da, YT I He =T
Blpe)  lpeu) 8 :

_ uy de c 57 5o _C - )
ox " ar, anlo,on| T Ok W Sufy ~Capig

Where & ;; = Rate of Deformation, €,, = 1.44, (., =1.92
g,=1le,=13C, = 0.09

Solver Setting
for the solution of the problem, steady state, incompressible,
water is used as the working Fluid.

Convergence Criteria: The solver is ANSYS CFX 15.30, it
is possible to check convergence by continually tracking the
imbalances that arise after each iteration. The imbalances
discover the general flow variables preservation, and these
are called the residuals. The residual is chosen as the 10 -4
order in this research. It is said that the solution converges
when the residual reaches the specified tolerance and the
head becomes constant with no iterations. Approximately 98
iterations are preserved as shown in Figure 3.17. The
simulation is performed in a stable state. Following the
specified no of iteration, as shown in Figure 3.18, the head
developed by the pump is reached to a steady positive value
of about 16 m.
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Figure 9. Convergence Plot of Residuals

IV. RESULT AND DISCUSSIONS

The pump generates different performance curve such as
head, shaft power and complete effectiveness by varying the
m range through the centrifugal pump.

(1 Head Variation with mass Flow Rate at
£3 1450 rpm
20
s
=
%u
3
0
i 50 100 150 200 250
Mass Flow Rate(kg/sec)

Figure 10. Head Developed by the Pump with Mass Flow
Rate

The pump developed the maximum head of 22.28 m is 77.78
kg / sec and a minimum head of 200 kg / sec at the 4.3 m.
The trend is in line with equation (9). The head variation
with water mass flow rate follows the linear trend. The shaft
power can be described by multiplying the angular velocity
of the pump impeller radian / sec by the complete moment
produced at the pump walls. The pump's peak power
consumption at a weight flow rate of 100 kg / sec was
discovered to be 19959 watts. The equation (5)[13] can
define the shaft power consumed by the pump impeller.
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Shaft Power vs Mass Flow Rate
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Figure 11. Shaft Power Consumed with Mass Flow Rate
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Figure 12. Total Efficiency of Centrifugal Pump Mass Flow
Rate

The centrifugal pump's highest complete effectiveness is
93% and the minimum effectiveness is 71% at 100 and 200
kg / sec respectively. The equation can calculate the
complete effectiveness (7). The trend is declining as the
mass flow rate through the pump increases at a steady rate of
1450.

Table 3. Slip Factor Variation with outlet blade angle

Vol. 5(9), Sept 2019

Slip factor Vs Mass flow Rate

0.86
0.85
0.84
0.83
0.82
0.81

Slip Factor

0 50 100 150 200 250
Mass Flow Rate (kg/sec)

Figure 13. Slip Factor Variation with Mass Flow Rate

The slip factor reduces through the centrifugal with
increased mass flow rate. The angle of the outlet blade is
calculated at the impeller outlet by CFD simulation as shown
in figure 4.4. Use the equation (11) to calculate the slip
factor. It is possible to define total stress as static pressure
plus dynamic pressure. The static pressure is the impeller's
surface mass weighted average. Dynamic pressure is the

stress induced by the fluid element'’s velocity.

Y
=
0 0.100 0.200 (m) x

0.050 0.150

Figure 14. Total Pressure Contour

S. 1n(kg/sec) B2() o
No.
1 77.8 14.40 0.85
2 100 14.40 0.85
3 150 16.40 0.84
4 180 17.25 0.83
5 200 19.78 0.82
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Figure 15. Velocity Contour
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V. CONCLUSION

With the aid of ANSYS CFX 15.0, the current work
explores the numerical efficiency of centrifugal pump and
slip factor using CFD. As the mass flow rate rises through
the centrifugal pump, shaft strength at linear declines, it is
noted. The maximum head at 77.8 kg / sec discharge is
22.27 m. The shaft power consumed by the pump differs as
the mass flow rate increased through the pump. The pump's
highest power consumption is at a mass flow rate of 100 kg /
sec in 19959.2 watts. The pump's total effectiveness differs
nonlinear at a release of 77.8 kg / sec with a peak
effectiveness of 92 percent. Mass Flow Rate has little impact
on the outlet blade angle through the centrifugal pump. The
calculated average slip factor has a value of 0.83 with a
relative error of 5.06 percent to the empirical correlation of
Wisner.
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