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Computation of Viscous Flow Inside a Double-Channel Centrifugal Pump
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Abstract: The double-channel centrifugal pumps are widely used to transport the two-phase flow including big solid
particles in industry and agriculture. However, the related design theory and the design method are immature by far. In
practice, the revised design method based on the pure water medium is still the main method for the solid-liquid two-
phase double-channel pump. Therefore, it is very necessary to deeply study the flow characteristics on the condition of the
pure water medium. In this paper, in order to study the flow characteristics inside a prototype double-channel centrifugal
pump in the case that the delivered medium is the pure water, the SIMPLE algorithm, RNG «-¢ turbulence model, and
frozen rotor method are employed to calculate the incompressible, viscous, three-dimensional internal flow. The
calculation results display the variation characteristics of the internal flow field and the external performance. The results
show that the predicted pump head drops with the increasing flow rate, which manifest that the pump model is of good
operation stability at the whole range of working. At the design point, a strong and large vortex remain appears at the
middle section of the double-channel impeller. The computational fluids dynamic technology is competent to assess the

internal viscous flow inside a double-channel centrifugal pump.
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1. INTRODUCTION

Centrifugal pumps are widely used to deliver all kinds of
medium, which include liquid phase, solid phase, and gas
phase, etc. In this community, the usage of the solid-liquid
two-phase flow pumps is very wide. For the solid-liquid two-
phase flow especially for including big solid particles, the
application of the double-channel centrifugal pump is wider.
The double-channel centrifugal pump is widely used to
transport slurry, paper pulp, sewage and other substances,
etc. due to the symmetrical flow passages, good balance and
smooth operation. In recently years, with the rapid
development of the computer capacity and the computational
fluid dynamics (CFD), the numerical simulation method has
become an important tool to study flow problems in pumps
and predict pump performance [1-6] For example, Inoue [7],
Medvitz [8] and Franklyn et al. [9], used the CFD
technology to investigate the internal flow characteristics of
the external hydraulic performance for different research
objectives.

The objective of this paper is to predict the external
hydraulic performance and to reveal the internal flow field of
a prototype double-channel centrifugal pump by using
computational fluid dynamic method. In the process of
predicting external performance, the volumetric loss and the
disc loss are taken into account in this paper.
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2. PHYSICAL MODEL AND METHOD
2.1. Pump Model

In this paper, the studied pump model is a prototype
double-channel centrifugal pump. In other words, it has two
blades. The main design parameters are following. Flow rate,
150 m3/h; Head, 65 m; Rotational speed, 2900 r/min. Other
main geometric parameters are following. Impeller diameter,
260 mm; Suction diameter, 125 mm; Discharge diameter,
100 mm; Throat diameter, 65 mm.

2.2. Control Equation

2.2.1. Mass Conservation Equation
dp
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The mass conservation equation is suitable to the
compressible and the incompressible flow.

2.2.2. Momentum Conservation Equation

The component equations at X, y and z directions are
following;
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where S,, S,, S, are the source items of the momentum
conservation equation. S,=F\+S\, $,=F,+S,, S,~F+S.. F, F,
and F, stand for the body force acting on the fluid element.
In which S, S, S. are described as following:
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2.2.3. Reynolds Average Equation

The three-dimensional, viscous, and unsteady turbulence
flow inside centrifugal pump can be described through
Reynolds average equation;
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where p is the fluid density, —pu;u;. stands for the average
Reynolds stress.

According to Boussinesq assumption, the average
Reynolds stress can be written as:
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2.2.4. Turbulence Model

The RNG £-¢ turbulence model including the influence of
high strain rate and large curvature overflowing has been
widely verified that it is suitable to simulate the flow inside
pump. Consequently, it is employed to close the Reynolds
average Navier-Stokes equations;
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Here, the parameter R can be described as following:
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where C,=0.0845, C,=1.42. C,=1.68, ¢=1.0, 0,=0.769,
$=0.012, 1,=4.38.

,N=Sk/e )

2.3. Calculation Grids

The three-dimensional software, Unigraphics NX, is used
to generate calculated geometries. The 3-D viscous steady
flows in pump model are solved using commercial CFD
software. The prototype double-channel centrifugal pump
consists of a suction chamber, a two-blade centrifugal
impeller, and a volute casing, as shown in Fig. (1). To
generate efficient meshes and avoid highly skewed elements,
the unstructured mesh of tetrahedral cells was employed for
impeller and volute. Non-dimensional parameter y+
generally within 20 on the near wall. The final grid number
is 1104562. Results show when the relative error of the
observed head is less than 1%, so the effect of grid number
can be ignored. The SIMPLE algorithm is used to solve the
discretized equations and to make velocity and pressure
corrections to enforce mass conservation and obtain the
pressure field. The residual error is set as 0.0001 in all
calculations.

Fig. (1). Computational domain and grids.

2.4. Boundary Conditions

(1)  Pump inlet condition. In order to reduce the effect of
the boundary condition at inlet on the internal flow
inside pump, the suction chamber is extended.
Velocity inlet is selected as boundary condition at
inlet of the pump model. Assume that the inlet
velocity is uniform at axis direction.

In these calculations, the accurate turbulent condition
at pump inlet is very important to obtain the accurate
numerical results. They can be described by turbulent
kinetic energy k and turbulent dissipation rate ¢, and
can be estimated by the following formula:
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where / is the turbulent length scale, C, = 0.09.

(2)  Pump outlet condition. Outflow condition is specified
as the outlet boundary condition, and flow rate
weighting is set to be 1.0.

(3)  Wall condition: As to wall boundary condition, no
slip condition is enforced on wall surface and
standard wall function is also applied to adjacent
region of the walls.

3. RESULTS ANALYSIS
3.1. External Performance

After numerical simulation, the external performance can
be obtained by the following expressions.

3.1.1. Pump Head
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where P and V is the pressure and the absolute velocity at the
center of grid cell. M and N are the numbers of grids at the
inlet and the outlet of the pump. Ak is the vertical distance
between inlet and outlet.
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3.1.2. Pump Efficiency

The hydraulic efficiency 7, is calculated as;
pgOH
_ 12
iy 12)

where Q is known flow rate. M is impeller torque obtained
by simulation. @ is the angular velocity.

The variation of the volumetric efficiency 7, is very small

in wide range of flow rate, and hence it is usually regarded
as an invariable:

n=—_1— (13)
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Here, the specific speed n_ is:
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The total efficiency (1) of the centrifugal pump can be
written as;
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where P is the effective output power, P = pgQOH . The disk

friction loss power AP, can be described as;
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where D, is the diameter of impeller, Re = 10° x (D, / 2)°.

In this paper, the predicted pump head and the pump
efficiency are shown in Fig. (2). It is seen from Fig. (2) that
the predicted pump head displays the decline tendency with
the increasing flow rate. In present calculation, when flow rat
is 30 m’/h, the predicted pump head is 85 m. At the design
point, that is to say, O=150 m’/h, the predicted pump head
H=67 m. When the maximum of flow rate is 210 m’/h, the
predicted pump head H=64.14 m. As such, it is concluded
that the prototype double-channel centrifugal pump model
has very good operation stability at the whole range of
working operation.

Likewise, the calculation results show that the pump
efficiency curve firstly increases and then drops with the
increasing flow rate at the whole range of working operation.
In present calculation, when flow rat Q=30 m’/h, the
predicted pump efficiency #=12%. At the design point,
0=150 m’/h, the predicted pump efficiency is the highest,
#=59%. When the maximum of flow rate is 210 m’/h, the
predicted pump efficiency #=52%.

(a) Pump head curve
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(b) Pump efficiency curve
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Fig. (2). Predicted head and efficiency curves through numerical
simulation.
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3.2. Flow Field

Fig. (3) shows the distribution of static pressure at the
middle section of impeller. From Fig. (3), it can be seen that
the static pressure gradually increases from center region to
outside along the radius direction. For example, at the center
of impeller, the relative pressure value is about 0 kPa, while
the maximum of the pressure value at the impeller outlet is
about 600 kPa. Moreover, it is also seen from this figure that
at the same radius of impeller, the static pressure value on
working surface is obviously higher than that on the back
surface. Meanwhile, the static pressure is the lowest just
after the leading edge of the blade at the suction side. In
present results, the central lowest absolute pressure are about
101 kPa, and much higher than the vapor pressure of liquid
media, 2.3 kPa, so as not to cause cavitation phenomenon.

Fig. (3). Static pressure distribution at middle section(kPa).

It is seen from Fig. (4) that at the design working point, a
large and strong vortex appears near the center of impeller.
In theory, the flow inside pump is ideal at the design point.
In other words, the vortex does not usually display the
middle section of impeller. In present model, the blade
number is 2. As, such, the blade number is little, therefore
the control capacity to flow becomes weaken.

Fig. (4). Relative streamline at middle section.

Fig. (5) shows the distributions of turbulent kinetic
energy and turbulence intensity at middle section of
impeller. It is clearly seen from Fig. (5a) that the
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distributions of turbulent kinetic energy are nonuniform. The
turbulent kinetic energy is the highest just after the leading
edge of the blade at the suction side. In present results, the
highest absolute value is about 3 m*/s>. At the outlet of the
impeller, the magnitude of the turbulent kinetic energy is
relatively low. The lowest value is about 0.4 m?s’.
Meanwhile, the distribution of the turbulent intensity in Fig.
(5b) is also nonuniform. The nonuniform distribution can be
attributed to the volute effect. The volute tongue structure
causes the internal flow field to display unsymmetrical. As
such, the distribution of the internal flow field shows the
corresponding result.

() Turbulent kinetic energy (m?/s°)

(b) Turbulence intensity

Fig. (5). Distributions of turbulent kinetic energy and turbulence
intensity at middle section.

Fig. (6) shows the distributions of the static pressure and
the dynamic pressure at meridian plane of impeller. It is
found from Fig. (6a) that with the increase of impeller
radius, the static pressure value shows the rising tendency.
At the center of impeller, the average relative value is about
0 Pa; while in volute, the maximum of the static pressure is
about 600 kPa.
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(a) Static pressure

(b) Dynamic pressure
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Fig. (6). Distributions of static pressure and dynamic pressure at
meridian plane(kPa).

In Fig. (6b), the minimum of the dynamic pressure is
located at the center of impeller. That is because that the
magnitude of velocity here is only axial. With the rotation of
impeller, the magnitude of flow velocity becomes strong.
Therefore, the dynamic pressure will increase. The minimum
of dynamic pressure is about 20 kPa, while the maximum is
about 380 kPa in present calculation.

Fig. (7) shows the distributions of turbulent kinetic
energy and turbulence intensity at meridian plane of
impeller. It is clearly seen from Fig. (7) that the distributions
of both of them are no uniform. In present calculation
results, the maximum value of the turbulent kinetic energy is
about 3 m?s®, while the minimum value is only 0.2 m/s”.
Meanwhile, it is found from Fig. (7b) that at the pump inlet
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(b) Turbulence intensity

Fig. (7). Distributions of turbulent kinetic energy and turbulence
intensity at meridian plane.

and the volute, the magnitude value of the turbulence
intensity is the lowest. All these results of asymmetry can be
attributed to the effect the volute tongue structure of the
volute casing.

CONCLUSION

In this paper, the computational fluid dynamics
technology is used to study the performance and the
characteristics of a prototype centrifugal pump. In the
process of simulation, the SIMPLE algorithm, RNG x-¢
turbulence model, and frozen rotor method are implemented.
The results of head curve show that the present double-
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channel pump model is of good operation stability at the
whole range of working. Although at the design point, a
strong and large vortex remain appears at the middle section
of the double-channel impeller. The volute tongue structure
of casing is the main reason for causing the asymmetry
characteristics of internal flow field. The present results
manifest that CFD method is suitable to predict the internal
flow inside the double-channel centrifugal pump.
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