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Abstract. Severe radial thrust under off-design operating conditions can be harmful
factor for centrifugal pumps. In the present work, effects of geometry of a double volute
casing on the hydrodynamic performance of a centrifugal pump have been investigated
focusing on off-design conditions. Three-dimensional steady Reynolds-averaged
Navier-Stokes analysis was carried out by using shear stress transport turbulence model.
Numerical results for the hydrodynamic performance of the centrifugal pump were
validated compared with experimental data. The hydraulic efficiency and radial thrust
coefficient were used as performance parameters to evaluate the hydrodynamic
characteristics of the centrifugal pump. The cross-sectional area ratio of the volute
casing, the expansion coefficient of the rib structure, distance between the rib starting
point and volute entrance, and radius of the volute entrance, were selected as geometric
parameters. The results of parametric study show that performance parameters are
significantly affected by both the geometric variables and operating conditions. Some
configurations of the double volute casing showed outstanding performance in terms of
the efficiency and radial thrust coefficient.

1. Introduction

As an important transport equipment of various fluids by the conversion of rotational kinetic energy to
the hydrodynamic energy of the fluid flow, centrifugal pumps have been widely used in various
applications. In last several decades, the hydraulic performance of centrifugal pumps has been
significantly improved by many researchers. But, the operating stability caused by the flow complexity
in centrifugal pumps, still faces a challenge [1]. As an efficient way to enhance the operating stability
of centrifugal pumps, double volute casing where a rib structure is installed, is generally known to reduce
the radial thrust by balancing the asymmetric pressure distribution in the volute casing of the centrifugal
pump.

Several experimental and numerical studies have been performed for the double volute casing of
centrifugal pumps. Benigni et al. [2] numerically investigated the hydraulic performance of a low
specific speed double volute pump for Petroleum industry using the steady and unsteady RANS analysis.
Baun and Flack [3] experimentally compared the performances of a centrifugal pump
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Figure 1. Definitions of geometric parameters.

with spiral single, concentric, and double volute casings having same cross-sectional area. They
confirmed that the double volute casing can significantly reduce the radial thrust of the centrifugal pump
at off-design conditions, but, the hydraulic performance was deteriorated at high flow rates. They also
found that the radial thrust coefficient from their research showed good agreements with the force
magnitude predicted from the Hydraulic Institute correlation [4]. Kurokawa et al. [5] experimentally
investigated the effects of the arrangement and length of the rib structure of the double volute casing on
the performance of a centrifugal pump. It was confirmed that best efficiency point (BEP) of the
conventional symmetrical design of the double volute casing moved to 90% of design flow rate of the
single volute, which caused the hydraulic losses at high flow rate. But, they suggested that the hydraulic
performance could be enhanced by adjusting the configurations of the rib structure.

In the present study, parametric analysis of double volute casing was performed to enhance both the
hydraulic efficiency and operating stability of a centrifugal pump by using Reynolds-averaged Navier-
Stokes (RANS) analysis. In order to evaluate the correlation of the geometric parameters, standard
orthogonal table of Lo (3%) was adopted as the design of experiments (DOE) [6]. Detailed flow fields in
the single and double volute casings were analysed and investigated in this work.

2. Specifications of Centrifugal Pump

Tested centrifugal pump consists of an impeller with six blades, circular cross-sectional shaped spiral
volute with the rib structure inside the flow passage, suction pipe, and discharge pipe. Suction angle of
the tested impeller at shroud and hub are 16.0 and 23.6 degree, respectively, and discharge angle of the
tested impeller is 26 degree. The design flow rate and total head of the tested pump are 8m*/min and
34m, respectively, with the rotational speed of 1,780rpm. From these operating conditions, a specific
speed of the centrifugal pump was determined as Ns=NQ%%/H®"5=360. The details of the double volute
casing are shown in Fig. 1 (b). Tongue of the rib structure is positioned at 180 degree from the volute
tongue in order to reduce the radial thrust of the centrifugal pump. The radius of the rib structure was
determined by the expansion ratio of the rib structure c, distance between the rib starting point and volute
entrance, s, and diameter of the impeller diameter, D».

3. Numerical Methods

The flow field of the centrifugal pump was investigated by three-dimensional RANS analysis using
commercial CFD code ANSYS CFX 15.0 [7]. The governing equations were discretized by finite
volume method and the advection terms in the RANS equations were discretized using the high
resolution scheme which has a second order accuracy. The shear stress transport (SST) turbulence model
[8] was used as a turbulence closure.
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Table 1. Sets of standard orthogonal table of L (3*) applied on geometric
parameters of double volute casing.

Rib structure

configurations CSAR ¢ $/D:

Case 1 0.9 [-1] 0.09 [-1] 0.20 [+1]
Case 2 0.9 [-1] 0.10 [0] 0.10 [0]
Case 3 0.9 [-1] 0.11 [+1] 0[-1]
Case 4 1.0 [O] 0.09 [-1] 0.10 [0]
Case 5 1.0 [0] 0.10 [0] 0[-1]
Case 6 1.0 [0] 0.11 [+1] 0.20 [+1]
Case 7 1.1[+1] 0.09 [-1] 0[-1]
Case 8 1.1[+1] 0.10 [0] 0.20 [+1]
Case 9 1.1 [+1] 0.11 [+1] 0.10 [0]

ANSYS ICEM 15.0 and CFX-Turbo Grid were used to construct the computational grid systems in
the volute with suction/discharge pipe and the impeller passage, respectively. A hexahedral grid system
in the impeller and suction pipe domain and a tetrahedral grid system in the volute domain were
constructed to discretize the entire computational domain. Dense grids near the solid surfaces were
employed in order to resolve high velocity gradient due to the boundary layer, and the first grid points
from the wall were located in y*<2 to apply the low-Re turbulence model. In the previous work [9], a
grid dependency test with various numbers of nodes was performed to find an optimum number of nodes.
As a result, the optimum numbers of nodes were determined as 1,800,000, 240,000, 550,000, and
910,000 in the entire impeller passage, suction pipe, single volute, and double volute casing, respectively.

For the boundary conditions, the total pressure and the mass flow rate were set at inlet of the suction
pipe and outlet of the discharge pipe, respectively. Water of 20°C and atmospheric pressure was used as
the working fluid, and the hydraulically smooth and no-slip conditions were applied at the solid surfaces
in the entire computational domain. The frozen-rotor interface method was used to connect between
rotating (impeller) and stationary (suction pipe and volute) domains. It is well known that the frozen-
rotor method is useful when the circumferential variations are more significant than the component pitch
change, for example, at interface between impeller and volute [7].

As a convergence criterion, root mean square (RMS) residuals for all the governing equations were
set to fall below 10 and the mass imbalance in the entire computational domain was less than 0.001%.
Also, the relative changes in the performance parameters were less than 0.5% within 200 steps. The
average computing time per single analysis was in a range of 7-8 hours with approximately 1000
iterations using a personal computer with an Intel core i7 3.6GHz CPU.

4. Geometric and performance parameters

Figure 1 shows the definition of the geometric parameters used in this work; the cross-sectional area
ratio of the volute casing (CSAR), the expansion coefficient of the rib structure (c), ratio of the distance
between the rib starting point and volute entrance to the diameter of the impeller (s/Dy).

Originally, the possible humber of combinations of the geometric parameters is 27 in finding the
effects of three geometric parameters on the hydrodynamic performance of the centrifugal pump. But,
in order to minimize the expenditure of experiments, standard orthogonal table of Lo (3*) was adopted
as the DOE in this study. Sets of the orthogonal table Lo in this work indicate the representative
configurations to find the relative importance of the selected geometric parameters. Wu et al. [10] proved
that the analysis using the arrangement of orthogonal table drew a satisfactory solution in terms of the
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performance of the turbomachinery. Table 1 shows the sets of standard orthogonal table of Ly applied
to the geometric parameters of the double volute casing.

In order to evaluate the hydrodynamic performances of the centrifugal pump at design and off-design
conditions, two performance parameters: the hydraulic efficiency () and radial thrust coefficient (F)
were considered in this work. The hydraulic efficiency was defined as;

_ (pt,out B pt,in) Q
n=

here, Prand Q, indicate the total pressure at inlet and outlet, and flow rate, respectively. And, z and w are
torque and angular velocity, respectively.
The radial thrust coefficient was defined as;

—J p e, dA
A

F=—""—~——
0.5puZzD,b, ©

where, A, p, p are area of exit of the impeller, static pressure, density of water, respectively. Also, u,, D, and
b, are blade tip velocity, diameter of the impeller, and width of the impeller at exit, respectively.

In this work, in order to evaluate the hydrodynamic performance of the centrifugal pump, the
hydraulic efficiency and radial thrust coefficient were evaluated in a range of flow rate, 70% to 120%
of the design flow rate, which was recommended as a preferred operating region by ANSI/API standard
610 [11].

5. Results and discussion

Present numerical results of hydraulic performance for the reference shape of the volute casing (no rib
structure) were validated compared with experimental data [12] and statistical correlation for the radial
thrust factor obtained by the Hydraulic Institute [4], as shown in Fig. 2. The numerical results show
some discrepancies in the head coefficient and radial thrust coefficient at low flow rates, but show good
agreements with the experimental data in a range of &/@p=0.7 to 1.2.

Figures 3-5 show the effects of the geometric parameters (Table 1) on the hydraulic performance
and radial thrust coefficient for &/®p=0.7, 1.0 and 1.2. Each graph is plotted by using response average
related to a specific geometric parameter for three flow rates to evaluate the effects of each geometric
parameter on the hydraulic efficiency and radial thrust coefficient. Normalized value was
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Figure 2. Validation of the numerical results [9].
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Table 2. Results of the parametric study for double volute casing.

Figure 5. Effects of s/D; on the hydraulic efficiency and radial thrust coefficient.

@/dp =0.7 @D/Pp=1.0 D/Pp =1.2 Average variations (%)
n F n F n F Ay AF
Ref 0.8229 0.0401 0.9081  0.0100 0.8660  0.0354

Casel 0.8347 0.0224 0.8824  0.0166 0.8245  0.0327 -1.84 4.87
Case2 0.8246 0.0202 0.8885  0.0164  0.8437 0.0237 -1.34 -5.98
Case3 0.8096 0.0091 0.8875  0.0160 0.8498  0.0174 -1.67 -22.71
Case4 0.8308 0.0114 0.8959  0.0062 0.8524  0.0129 -0.60 -57.82
Case5 0.8202 0.0032 0.8965  0.0060 0.8564  0.0073 -0.80 -70.53
Case6 0.8228 0.0225 0.8872  0.0213 0.8493  0.0360 -1.26 23.71
Case7 0.8203 0.0065 0.8972  0.0022 0.8546  0.0023 -0.83 -85.16
Case8 0.8155 0.0248 0.9009  0.0092 0.8723  0.0211 -0.28 -28.76
Case9 0.8063 0.0118 0.8945 0.0125 0.8721  0.0198 -0.81 -30.38
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Figure 6. Performance curves.

used for each parameter as shown in Table 1. Figure 3 shows the effects of CSAR on the hydraulic
efficiency and radial thrust coefficient. The variations of the hydraulic efficiency are larger than those
of radial thrust coefficient. The hydraulic efficiency shows different trends depending on the flow rate.
For &/@&p=0.7, the hydraulic efficiency shows a maximum value at middle of CSAR range, but, the
hydraulic efficiency increases as CSAR increases at @/®&p=1.0 and 1.2. In case of Fig. 3 (b), except for
@/dp=0.7 where a minimum value is found at middle of CSAR range, the radial thrust decreases as
CSAR increases.

The effects of the ¢ on the hydraulic efficiency and radial thrust coefficient are shown in Fig. 4. As
shown in Fig. 4 (a), the hydraulic efficiency decreases as ¢ increases for @/®p=0.7, but shows maximum
values at middle of c range for higher flow rates. Figure 4 (b) shows that the radial thrust increases with
an increase of ¢ for @/®p=1.0 and 1.2, but shows maximum value at the middle of ¢ range for &/®p=0.7.

The distance between the rib starting point and volute entrance is an important factor affecting the
radial thrust coefficient (Fig. 5). As shown in Fig. 5(b), the variations of the radial thrust coefficient with
s/D; are found to be largest among the tested geometric parameters. And, the radial thrust coefficient
increases as s/D; increases regardless of the flow rate. However, the variations of hydraulic efficiency
are relatively smaller than the other geometric parameters.

Table 2 shows the results of the parametric study for double volute casing. In each case, the hydraulic
efficiency and radial thrust coefficient at @/@p=0.7, 1.0 and 1.2 were calculated by the numerical
analysis. Among these results, there are two noticeable results; one is case 7 for reducing the radial
thrust coefficient and the other is case 8 for enhancing the hydraulic efficiency. Figure 6 shows the
hydraulic efficiency and radial thrust performance curves for the reference shape for cases 7 and 8. Case
7 shows significant reductions in the radial thrust coefficient, especially at off-design conditions, and
less than 1% reduction in the hydraulic efficient which decreases as the flow rate decreases. In case 7,
the value of the radial thrust was reduced by 84% at &/®p=0.7 and by 94% at &/®p=1.2 compared to
the reference shape. On the other hand, in case 8, the hydraulic efficiency is even better than that of the
reference shape at @/®p=1.2. At &/dp=1.2, case 8 shows that the hydraulic efficiency was enhanced by
0.63% and the radial thrust coefficient was also decreased by 40% compared to the reference case.

Figures 7-9 represent the static pressure contours at mid-span of volute casing for different flow rates.
It can be seen that the static pressure distributions of the reference shape at the impeller exit for
@/®Pp=0.7 and 1.2, are more asymmetric compared to those for @/®p=1.0, which is the reason why the
larger radial thrusts of the centrifugal pump occur at off-design conditions. But, in case of cases 7 and
8, the rib structure inside volute casing, contributes to the reduction of the radial thrust by balancing the
circumferential pressure distribution at the impeller exit as shown in Figs. 7 and 8.
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(c) Case 8

Figure 8. Static pressure contours at mid-span of volute casing at @/®p=1.0.

©

(a) Reference (b) Case 7 (c) Case 8

Figure 9. Static pressure contours at mid-span of volute casing at &/®p=1.2.
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6. Conclusions

In the present study, the hydraulic efficiency and radial thrust of a centrifugal pump with double volute
casing were numerically evaluated using RANS analysis with SST turbulence model for different volute
geometries. Tested parameters were related to the cross-sectional area of the volute casing and the
geometry of the rib structure in the double volute casing. The cross-sectional area ratio of the volute
casing significantly affected the hydraulic efficiency among the tested parameters; the relative variation
of 2.7% at @/®p=1.2. The expansion coefficient of the rib structure also affected the hydraulic efficiency
of the centrifugal pump; the relative variation of 1.6% at @/@p=0.7. On the other hand, the radial thrust
coefficient showed strongest sensitivity to the ratio of the distance between the rib starting point and
volute entrance to the diameter of the impeller among the tested parameters; the relative variations of
59% at &/dp=1.2. From the DOE analysis, Case 7 shows the significant reduction in the radial thrust;
maximum reduction of 94% at &/®p=1.2. In Case 8, loss of the hydraulic efficiency was the lowest
among the tested cases.
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