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Abstract— Rotor is a working part that adds energy to the fluid; 

its geometry plays a fundamental role in the centrifugal pump 

performance. Any change in the rotor geometry would have an 

effect on the impeller inlet or exit velocity triangles, which may 

cause a significant performance change. Hence the blade exit 

angle have very important role in the performance of the 

centrifugal pump. In this paper three impeller designs that differ 

in their outlet blade angles, with the casing and other geometric 

parameters keep constant, are considered to investigate its effect 

on the flow parameters and turbulence intensity as well as on the 

performance of the centrifugal pump. For this purpose, a three-

dimensional flow is simulated solving Reynolds averaged Navier 

Stokes (RANS) equations by using FLUENT code. Standard k-ε 

model is used for the turbulent closure of steady incompressible 

flow. The CFD analysis shows that the blade exit angle has 

influence on the head and efficiency. Rise in head and hydraulic 

efficiency have been observed with increasing blade exit angle. 

The research results are helpful for energy efficiency and 

hydraulic design of centrifugal pump. 
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I.  INTRODUCTION 

The use of CFD-tools to analyze the flow field in 

centrifugal pumps and to predict performance parameters has 

gained enormous popularity in recent years. There have been 

continuous researches to improve the performance of 

centrifugal pumps. There are still many unknown issues 

associated with improving the performance in these pumps, 

which need to be investigated. Some of the key works are 

based on the change of pump geometry, especially impeller 

and diffuser. Since the impeller is a moving part that provides 

energy to the fluid, its geometry plays a major role in the 

centrifugal pump performance. Any modification in the 

impeller geometry would have an impact on the impeller inlet 

or exit velocity triangles, which may result in significant 

performance change. In this study different blade exit angles 

are examined to investigate its effect on the performance of 

the centrifugal pump [4]. Especially the verification of such a 

parameter using experiments is quite difficult and expensive. 

Therefore numerical simulation based on mathematical 

modeling is preferred and more useful.  Several research 

works have been carried out on the centrifugal pump flow 

simulation. M. G. Patel et al [4] have studied the effect of 

impeller blade exit angle on the performances of centrifugal 

pump using MATLAB programming for the calculations 

based on the model presented by Gulich, and they found that 

the pump efficiency and  head increase with increasing in the 

blade exit angle. W. G. Li [5] has investigated the influence of 

blade exit angle on the performances of a standard industrial 

centrifugal oil pump, using experiments at various viscosity 

conditions, and he found that the influence is equal on the 

head, shaft power and efficiency.  M. H. Shojaee et al [13] 

have studied the impact of various blade outlet angles on the 

centrifugal pump operating conditions when handling viscous 

fluids, the results of this study show that, when the outlet 

angle increase, the centrifugal pump performance handling 

viscous fluids improves. The study of Liu Houlin et al [7] has 

been made using CFD tools to investigate the effect of blade 

number on centrifugal pump characteristics, the results of this 

study show that, blade number has an important effect on the 

area of low pressure region behind the blade inlet and jet-wake 

structure impellers. W. Zhou et al [16] have used the CFD to 

investigate the internal flow through a centrifugal pump 

impeller. It was found that the predicted results relating to 

twisted-blade pumps were better than those relating to the 

straight-blade pump, which suggests that the efficiency of a 

twisted-blade pump will be greater than that of a straight-blade 

pump. From these studies it is clear that, impeller is an active 

part that adds energy to the fluid; its geometry plays a crucial 

role in the centrifugal pump performance. Any change in the 

impeller geometry would have an impact on the impeller inlet 

or exit velocity triangles, which may result in significant 

performance change. The variation of blade exit angle have 

very important role in the performance of the centrifugal pump. 

In present study three impeller designs that differ in their 

outlet blade angles, with the volute and other geometric 

parameters keep constant, are considered to investigate its 

effect on the flow field parameters (velocity and pressure), and 

turbulence intensity, as well as on the performance of the 

centrifugal pump. For this purpose, a three-dimensional flow 

is simulated solving Reynolds averaged Navier-Stokes (RANS) 

equations by using FLUENT CFD code. Standard k-ε two 

978-1-4673-7894-9/15/$31.00 ©2015 IEEE



equation model is used for the turbulent closure of steady 

incompressible flow. The computational fluid dynamics 

analysis shows that the blade exit angle has influence on the 

centrifugal pump head, output power and efficiency.  

II. PUMP GEOMETRY MODELING 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Centrifugal pump geometry modeled using GAMBIT  

The centrifugal pump geometry development is carried out 

on GAMBIT software the various components of the pump are 

designed individually and all are assembled. The blade 

profiles are generated with help of coordinates that have been 

introduced, a single blade profile is made and then the blades 

are arranged by further rotating over an angle 360°/z , z is 

number of blades. For generating the volume of impeller 

inside the shroud volume, the blade volume must be 

subtracted from the shroud volume, a single rotational volume 

is obtained, it is limited by the impeller inlet surface, outlet 

surface, and hub and shroud surfaces, including the blade 

passage. [2] 

TABLE I.  CENTRIFUGAL PUMP IMPELLER GEOMETRICAL DATA  

 

The pump dimensions are shown in the table 1. The volute 

is modeled by assembling a casing of symmetrical cross 

section beginning from 0° ending at 360° (when a tongue is 

located) and a conic pipe discharging in radial direction. 

III. MATHEMATIC MODEL AND NUMERICAL PROCESS 

A. Governing equations 

Mass is conserved for the incompressible flow at steady state 

as: 

 

                                                                       (1)                                                                                

 

 

The following form of Navier-Stokes equations was used for 

the fluid analysis in the entire pump at the steady state: 
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Where ρ, P and ui denote fluid density, mean static pressure, 

and fluid velocity respectively. 

The standard k-ε model, the most frequently used turbulence 

model in CFD codes was used in the simulation for turbulent 

kinetic energy k; 

                     (3) 

 

Where Gk is the kinetic energy production, given by: 
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For dissipation rate ε; 
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δij  is the Kronecker delta =1 if i=j , otherwise δij=0, µ is the 

laminar viscosity(kg/ms) and µt is the turbulent 

viscosity(kg/ms) given by: 

ε
ρµ µ

2

t

k
C=                                                                          (6)

                                                                                                    
                              

Description Dimension 

Impeller inlet diameter 50 mm 

Impeller  outlet diameter 100 mm 

Height of blade exit 15.7 mm 

Height of blade inlet 8.11 mm 

Blade number 6 

Blade thickness 2.7 mm 

Blade inlet angle 30° 

Blade exit angle Open, Base, Close 
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σε is  ε - Prandtl number and σk is  k- Prandtl number , the 

default values for k-ε model constants are taken;  C1ε=1.44; 

C2ε=1.92; Cµ =0.9; σk=1.0; σε=1.3 
The high complexity of the flow in the rotating impeller makes 
the CFD modeling very difficult, only steady state flow is 
investigated, the governing equations implemented in a 
commercial CFD code Fluent 6.3.26 are solved using the finite 
volume method, with the most appropriate discretization 
scheme (pressure based implicit solver), the momentum and 
energy equations are solved using first order scheme, the 
turbulent kinetic energy and dissipation rate equations are 
solved using the power low differencing scheme (PLDS) the 
coupling velocity-pressure correction is treated with SIMPLE 
(Semi-Implicit Pressure Linked Equation) algorithm. The 
under relaxation factor for the pressure is taken 0.2 it seems 
very conservative, a common value of 0.5 is taken for the 
momentum, energy, and turbulence k-ε model equations. The 
convergence criteria of 10

- 4
 are used for all the governing 

equations. 

B. Grid and boundary conditions 

The meshed fluid volume has only one flow inlet (the pump 

inlet) and one flow outlet (the volute exit). Mass flow inlet 

boundary condition was imposed on pump inlet position. The 

velocity was specified to be normal to the boundary and it is 

defined with reference to the absolute frame. The turbulence 

intensity for all conditions is considered 1%. Out flow 

boundary condition was imposed at outlet with a flow rate 

weighting of 1. Outer walls were stationary but the inner walls 

were rotational. There were interfaces between the stationary 

and rotational regions. Also non-slip boundary conditions 

have been imposed over the impeller blades and walls, the 

volute casing and the inlet wall. A constant angular velocity of 

2900 rpm was imposed for rotating fluid. [17] 

 

Figure 2.  Computational mesh with different blade exit angle 

The entire computational domain is meshed with 

tetrahedral grids due to the complexity of the pump geometry, 

the clearance gap between the blades and the shroud is 

included, and the detail for each element of the pump is shown 

in fig. 4; it contains a number of cells as shown in Table 2. 

TABLE II.  GRID CELLS NUMBER FOR EACH PUMP ELEMENT  

angle volume inlet impeller volute 

Base 93903 74371 208623 

Closed 94082 69484 208623 

Open 93903 62972 208535 

IV. RESULTS AND DISCUSSION  

A. Overall performances  

The pump characteristic curves, efficiency and output 

power for different blade exit angles, at 2900 rpm, are shown 
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Figure 3.  Comparison of head-flow characteristic 
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Figure 4.  Comparison of efficiency-flow characteristic 
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Figure 5.  Com parison of Power-flow characteristic  



respectively in Figs (3, 4, 5). It is found that the decrease of 

pump head with increasing flow rates is remarkable, and the 

effect of the blade exit angle is clear, especially at high 

flowrates. The best pump head is obtained for the highest 

(open) blade exit angle, we also note that the decrease of the 

pump head for the three selected impellers is slow, which 

prevents us to consider the range of selected flow rates as a 

stable operating range of the pump.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Circumference average of absolute pressure for three selected 

impeller designs 

 

It is also found that the increase of pump efficiency and output 

power with increasing flow rates is remarkable, and the effect 

of the blade exit angle is clear, especially at high flow rates. 

Similarly to pump head, the best efficiency and output power 

are obtained for the highest (open) blade exit angle.  

 

B. Pressure and velocity Variation 

The circumferential average of absolute pressure as 

function of the radial direction of the pump, at high and low 

flow rates, for different blade exit angle, is shown in Fig. 6. It 

can be seen that the pressure increase with increasing radius 

and the pressure uniformity is affected by the flow rate and the 

blade exit angle. More pressure uniformity is obtained for less 

flow rate and less blade exit angle especially in the pump 

volute region. The contour plot of variation of absolute 

Pressure at nominal flow rate for three blade exit angles is 

shown in Fig. 7. It can be seen from the figures that, absolute 

pressure inside impeller and volute is asymmetry distributed. 

The maximum pressure area appears at volute tongue and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.   Contour plot of absolute pressure for three selected impeller 

designs at nominal mass flowrate 

 

 
 

 

0.000 0.025 0.050 0.075 0.100 0.125 0.150

100000

120000

140000

160000

180000

200000

220000

 at high flowrate 

 at low flowratea
b
s
o
lu

te
 p

re
s
s
u
re

 (
P

a
)

0.000 0.025 0.050 0.075 0.100 0.125 0.150

100000

120000

140000

160000

180000

200000

220000

 at high flowrate

 at low flowrate

a
b
s
o
lu

te
 p

re
s
s
u
re

 (
P

a
)

Radial distance (m)

0.000 0.025 0.050 0.075 0.100 0.125 0.150

100000

120000

140000

160000

180000

200000

220000

 at high flowrate

 at low flowrate

a
b
s
o
lu

te
 p

re
s
s
u
re

 (
P

a
)

Radial distance (m)



outlet regions and the minimum one at the back of blade at 

impeller inlet region. It can also be observed from the figures 

that, the pressure increases gradually from impeller inlet to 

outlet. The absolute pressure on pressure side is evidently  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.   Velocity vectors for three selected impellers  

larger than that on suction side at the same impeller radius. It 

can be remarked from the figures that pressure changes  

oppositely with flow rate. As the flow rate goes on increasing 

the pressure area at the suction side of the blade inlet at small 

flow rate, as the flow increases the area gets close to the 

middle of the blade suction side. In both cases low and high 

flow rates, the pressure at the pump outlet increases with 

increasing blade exit angle.  

Fig. 8 shows the velocity vectors colored by velocity 

magnitude, through the entire configuration of the pump, 

where it can be seen that the region of acceleration of the fluid 

takes place in the impeller, as far as the diameter increases, the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Contour plot of turbulent intensity 



limit of acceleration zone in the volute is affected by the blade 

exit angle, this limit comes back as well as the blade exit angle 

increases. It can be seen clearly how the velocity magnitude 

decreases from volute inlet to outlet.  It is also notable that no 

reverse flow is observed at the volute exit for all cases. 

Turbulent intensity distribution 

The turbulence intensity
refU

k

I
3

2

=  is presented as an indicator 

of turbulent agitation relative to the kinematics field of the 

mean flow, through the visualization of turbulence intensity 

we can then locate the regions of strong velocity fluctuation, 

and consequently of large turbulent kinetic energy k. The 

contour plot of turbulent intensity is shown in Fig. 9. As 

shown in the figures, the fluid flow near the shroud wall 

presents a high turbulent intensity comparing with the hub 

wall, especially at impeller inlet region, where the mean flow 

changes suddenly its direction from axial to radial; this is 

more observed when closing the blade exit angle. Whereas 

approaching to the volute inlet, the turbulent intensity goes on 

decreasing. 

V. CONCLUSION 

In this work, a steady state computational fluid dynamics 

analysis of a 3D-RANS turbulent flow through a six blades 

centrifugal pump is carried out considering three different 

impeller geometries, which differ in their blade exit angles. 

The contour and vector plots of pressure, turbulent intensity 

and velocity distribution in the flow passage are displayed. 

Besides, the operating characteristics and overall 

performances of the pump are also computed from Fluent 

numerical results. Although specific experimental results are 

not available for the pump considered for this study, the 

results agree well with most of the available results obtained 

by different authors for a similar pump. From the CFD 

analysis it can be concluded that: 

• There is a low pressure area at the suction side of blade 

inlet at low flow rates, as the flow rate increases, the 

area gets close to the middle of blade suction side. The 

static pressure also increases on diffusion section of the 

volute outlet markedly at small flow rate while the 

static pressure on the same place decreases at higher 

flow rate.  

• The simulation results for flow rate and head are also 

compared with analytical formulae used to predict the 

flow rate and theoretical head. There is a good 

agreement between the results and this also shows the 

accuracy of the analysis. 

• The blade exit angle has influence on the pump 

characteristics and performances, especially at high 

flow rates. Rise in head, hydraulic efficiency and 

output power have been observed with increasing blade 

exit angle. 
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