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Numerical approach based design of centrifugal pump volute
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1. Introduction

Centrifugal pumps are widely used in different
domains of industry. They belong to the family of turbo-
machinery. The main role of pumps is to transform
mechanical energy generated by motors to hydraulic
energy. Each particle of the fluid away form the axis of
rotation its trajectory is referred to as centrifugal. It is
necessary, for a better understanding, to know the way of
design of three pumps in order to improve and increase
their energetic efficiency and performance by minimizing
the losses. In this point of view, the manufacture must have
precise, rapid and reliable methods for the contribution of a
wheel or volute. In this regards, the main objective of the
present work is to make a contribution to the research
carried out in this domain by applying the laws governing
the nature of internal flow. This concerns both, the
Newtonian and Non Newtonian fluid flow in the volute of
the pump. A numerical analysis has been carried out to
investigate the properties of the internal flow in three
different forms of type of volutes namely circular, Bezier
and trapezoidal with the same dimensions and same rotor.
The commercial computer code ANSY-CFX is used to
perform the numerical analysis by implementing the finite
volume method. From literature, it has been noticed that
most of the research focus on the prediction of centrifugal
pump performance with radial volute and rotor
dimensioning. K. Fisher and D. Thoma [1] are among the
first researchers that had observed a difference between the
fluid flow properties for real fluid and perfect fluid in
bladed wheel. The field of unstable three dimensional fluid
flow of multi-stage turbine had been numerically
investigated by Rai [2] (1987and 1989). Otherwise, Bakir
et al. [3] were oriented toward experimental studies for
improving resistance to cavitations of axial inductors. A re-
dimensioning and optimisation of an oxygen liquid pump
of Vulcan motor were studied and worked on by Arnone
and al. [4]. Recently, Aghaali et al [5] were interested in
performance characteristics of radial turbine of a double
input turbocompressor with an asymmetric volute at
stationary state taking into consideration the complete and
partial admission conditions. Sloteman et al. [6] had
developed a design methodology based on the combination
of one-dimensional analysis method of performance and an
inverse method for blade generation. An automatic
procedure relying on the combination of different analysis

and approaches for dimensioning was proposed by Cravero
[7]. The dimensioning of hydraulic components of the
pumps was numerised by Goto et al., [8]. Chiong et al [9]
had introduced in their numerical one-dimensional studies
the conditions of pulsed flow and effect of geometry in
double input compressor turbine with complete admission.
Currently, the use of dimensioning and analysis codes for
no-viscous flow a 3D and a quasi 3D geometrical
modifications were proposed by Pafruker and Van den
Braembussche [10].

2. Theory of internal flow in centrifugal pumps
2.1. Equations of incompressible flow

The characteristics of an incompressible flow [11]
are obtained by using the following equations:

The continuity equation in the fixed reference
system is given by:

VC=0. (1)

Navier-Stokes equation in the fixed reference
system which can be written as:

p%?:—ﬁpﬂolf +;ﬁzé , 2

where p is the pressure, F is the force, x is the dynamic
viscosity, p is the density and t is the time.

2.2. Equations in relative reference system

The vectorial composition of the velocities inside
the centrifugal pump is given by:

C=W+U, @)

where U is the drawing velocity, C is absolute velocity
and W is relative velocity.

U=2a0r, (4)

where 2 is angular velocity of the pump.



Fig. 1 Flow in three dimensional grid

The relation between the components of the
different velocities is shown in (Fig. 2):

C, =W,;
C,=W,+aor; (5)
C,=W,.

X, Y, Z Cartesian coordinates; r, 6, z Cylindrical coordinates
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Fig. 2 Velocity triangles. Meridian view and Face view

The continuity equation of relative movement is
given by:

%w(,;vﬁ):o. (6)

The equation of fluid displacement in relative
reference system is:
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where 4 is thermal conductivity.

2.3. Plot of volute according to the principal of kinetic
moment

Based on the assumption of irrotational fluid flow
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in the volute [12] we have:
x=Cur=Cu,R,, (8)

with R, is rotor radius and y is kinetic moment.
The section element is given by:

dA=b(r)dr. 9)
The flow rate is equal to:
dg, =CudA, (10)

with dA is the cross section element, g, is flow rate and b is
volute width.
By integrating along the whole section we have:

Gy =1 | b(r)=—, 11)

where Rjis radius of the volute base and R, is spiral radius.
The fraction of total flow rate in pump is equal to:

9 4. (12)

Qo = 360

2.4. No-Newtonian fluid model

There exists adjusting mathematical models of
reo-routing available in the majority of reo-treatment
codes. These models are expressed under the form of shear
stress with respect to shear ratio [13]:

r=1(7). (13)

The viscosity in all cases is defined as:

p(y)=—-. (14)

The model used in this study is the power law
model:

r=Ky",;
{ K - n-1 (15)
H=RYy -

with 7 is tangential stress, y is shear rate and K is
constant.

3. Types of volute configuration studied

In this work a Newtonian and No-Newtonian
internal  liquid flow with three different volute
configuration have been investigated. (Fig.3) show the
volute configuration under study. The aim is to know the
effect of volute geometry and the nature of fluid on the
flow parameters (velocity, total input pressure and shear
stress). The conduct allows having a developed flow at the
centrifugal pump inlet. The wall of configuration shown is
assumed to be undeformable and do not favour sliding.
The internal liquid flow is assumed to be three-
dimensional, turbulent and steady with inlet pressure of



101325 Pa and an outlet flow of 163.8 kg/s. The
computation of these parameters is based on Navier-Stokes
and conservation equations. The calculation is carried out
using ANSYS code. In the case where the fluid is
considered Newtonian water has been used. If the fluid is
No-Newtonian the power law model is taken into account

4. Meshing of the pump

The meshing of the pump must be conform with
the physical and geometrical criteria and takes into
consideration constraints relative to the study (the sense of
the flow, the boundary conditions, definition of the
interface ...etc.). The mesh is made using ANSYS ICEM -
CFD It is of tetrahedral type structured for the wheel and
unstructured for the conduct and volute (Fig. 4).

C

Circular Bezier

c

Trapezoidal
a
b
Fig. 4 Mesh of centrifugal pump: a- volute; b - conduct
and hub; ¢ - wheel
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b
Fig. 3 Volute Configuration: a - circular volute; b - bezier volute; c - trapezoidal volute

by means of subprogram. The study of the flow parameters
is carried out for three different tangential volute types
(circular, Bezier and trapezoidal) with the same
dimensions and same rotor. In each volute the evolution of
the velocity magnitude, the pressure and the shear stresses
are computed for Newtonian and No-Newtonian cases.

c

5. Conditions of simulation

With the CFX-Pre module, the conditions of
simulation have been introduced whose characteristics are
grouped in Table:

Table
Characteristics of meshing

CFX-5
impeller (5 blades) + volute
Non-structured
Structured
Non-structured
Total Pressure = 101325 Pa
Frozen-rotor
Frozen-rotor
Flow rate: 163.8 Kg/s

Characteristics
Simulation domain
Mesh of conduct
Mesh of impeller
Mesh of volute
Input condition
Conduit/impeller interface
Impeller/volute interface
Output condition

Turbulence model k-€
Numerical scheme Second order
Average residu (RSM) 107

6. Results and discussion

The obtained results of total pressure and velocity
magnitudes were grouped for comparison. In each volute,
the evolution of velocity magnitude, total pressure and
shear stress are calculated for Newtonian and No-
Newtonian case as illustrated on (Figs. 5-12).

6.1. Evolution of total pressure

The internal flow of Newtonian fluid in the
centrifugal pump is more complex due to the recirculation
generated in Bezier and circular volutes and their
conjugated effects. This is shown by the negative values of
the total pressure (Figs. 5 and 6). The depression shows the
presence of a recirculation which is due to the taking off of
the boundary layer. It is observed that there is always a
depression zone at the extrados. The pressure distribution
is not identical in all passages of the volute. The pressure is
non homogenqus as observed at the bec zone. It is
characterised by a high pressure gradient. The form of the
volutes creates a geometric dissymmetry which affects the
pressure field in the pump.
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Fig. 5 Evolution of total pressure at position (X) Fluid
Newtonian
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Fig. 6 Evolution of total pressure at position (X) Fluid
no-Newtonian

Concerning the effect of the nature of the fluid
(Newtonian or no- Newtonian), there exists a significant
gap observed in the total pressure evolution. There is no
recirculation in the case of no-Newtonian fluid (Figs. 6, 7
and 8). It is observed that the effect of recirculation is more
apparent in the Bezier volute and less sensitive in circular
volute. This effect does not exist in trapezoidal volute. The
pressure has a characteristic behaviour of a centrifugal
pump because the volute transforms the kinetic energy
under the form of pressure energy. The higher values are
found in the volute at the outlet and the lower values are at
the inlet geometry.
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Fig. 7 Evolution of total pressure at position (Y) Fluid
Newtonian
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6.2. Evolution of the velocity magnitude

The magnitudes of the velocity decrease due to
the wall geometry of the volute presenting a curve whose
center is on fluid side, and incurved in the same sense as
the stream lines.
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Fig. 9 Evolution of velocity magnitude at position (X)
Fluid Newtonian
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The boundary layer, which represents the thin
layer of the fluid, is influenced by the contact with the
wall. Once the section is uniform in the volute, it is noticed
an important velocity gradient between the wall and the
point of maximum velocity. This is confirmed by the
evolution and increase of the pressure.
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Fig. 10 Evolution of velocity magnitude at position (X)
Fluid no- Newtonian
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On the other hand, due to the geometry of each
investigated volute, the magnitudes of the velocities are not



equal. However, the form of the plots is similar in the three
cases of the studied volutes (Figs. 9-12).

It is observed an increase of the velocity
magnitude in the case of a Newtonian fluid and decrease in
the case of No-Newtonian fluid. The recirculation
phenomenon of liquid particles generates a considerable
loss in velocity at the volute outlet.
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Fig. 11 Evolution of velocity magnitude at position (Y)
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Fig. 12 Evolution of velocity magnitude at position (Y)
Fluid no- Newtonian

6.3. Shear stress distribution

The Shear stress contours are illustrated in
(Fig. 13) left and right side for Newtonian fluid and No-
Newtonian fluid in the three volutes in order to show the
stress distribution in the centrifugal pump made of the
wheel and volute. It is observed that the values of the shear
stresses in the three volutes for the case of a Newtonian
fluid are lower than those of No- Newtonian fluid.

f

Fig. 13 Contour display of shear stresses: a - Newtonian Fluid in Circular Volute; b - No-Newtonian Fluid in Circular
Volute; ¢ - Newtonian Fluid in Bezier Volute; d - No-Newtonian Fluid in Bezier Volute; e - Newtonian Fluid in
Trapezoidal Volute; f - No-Newtonian Fluid in Trapezoidal Volute

In General, the shear stresses are not uniformly
distributed and are higher in the wheel mainly at the inlet
of the volute. The value of the shear stress at the inlet of
the volute is higher than at the remaining part of the volute,
since the velocity gradient which is relatively higher in the
inlet side of the volute. For the case of No-Newtonian
fluid, the evolution is similar but with lower values due to
the decrease of the viscosity when the shear ratio increases
(power law model).

7. Conclusion
The objective of the present work concerns the

numerical study of internal fluid flow in a centrifugal
pump and the behaviour of three different forms of volutes

under pressure load. The case of Newtonian fluid (water)
and no-Newtonian (using power law model) are examined
in order to see their effects on the properties and
parameters of internal flow. The computation were carried
out by ANSY'S code. The results show that the geometry of
each volute as well as the nature of the fluid have a
significant effect on the wvelocity of the flow, on total
pressure and shear stresses. A gap is observed between the
shear stresses for two cases and was put into evidence. It is
relatively higher in the zones with higher velocity gradient
due to the decrease viscosity of the no-Newtonian fluid.
This later is more resistant to the formation of recirculation
zones generated by the presence of elbows in the volutes
under study. This shows that when the viscosity is higher
in the fluid the recirculation zones are lower. It may be



concluded that the parameters (pressure and velocity) of
the fluid flow are sensitive to the geometry variations and
the fluid contrarily to the shear stresses. The obtained
numerical results of the design of turbo machinery are in
good agreement with the experimental observations and
results found in the literature.
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Summary

Centrifugal pumps are widely used in many
industrial sectors. However the experimental characterisa-
tion processus of pumps is very complex and expensive
task due to the large number of geometrical parameters in
consideration. The complexity is increased due to their
elaboration by molding process dicted by the pump
components (volute, wheel, and rotor). It is then worthful
to minimizing the costs associated to design and manu-
facturing processes of pumps. Ever though the tremendous
efforts made in this domain the experimentation does not
represent the most reliable solution. A precise numerical
simulation of complex liquid flow in centrifugal pump can
be rapid and reliable solution for improving the pump
performance. A large number of numerical or experimental
researches are focussed on rotor dimensioning of radial
volute. In this study three different forms of tangential
volutes (circular, Bezier and trapezoidal) with same
dimensions and the same rotor are used. The behaviour of
the fluid either Newtonian or Non-Newtonian is taken into
consideration. The objective of the study is to know the
effect of the form of the volute and nature of the fluid on
the properties of the internal fluid flow. Finite volume
method (FVM) is used under the commercial code Ansys-
CFX. The numerical simulation is carried out to study the
velocity distribution and pressure field distribution in the
three volutes. The nature of Non-Newtonian fluid beha-
viour is integrated in the code via a subprogram. The
turbulence of flows in the centrifugal pump is taken into
account using k-€ model. The obtain results show that the
form of the volute and the nature of fluid flow have a
sensitive effects on the velocity, the pressure as well as on
the shear stress.

Keywords: centrifugal pump, volute, Newtonian and no-
Newtonian fluid, k-g¢ turbulence model, shear stress,
Ansys-CFX.
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