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1. Introduction

A pump is a device that can transport different kinds 

of fluid and solid materials by mechanical action. Pumps 

operate by some mechanism, typically reciprocating or 

rotary, and consume energy to perform mechanical work 

for transportation. Multistage centrifugal pump, most 

common type of pumps, has been widely used in industry  

and agriculture, such as drainage, sewage disposal etc.

Numerical method has been already applied for pump 

performance prediction. However, for the long-term 

benefits and energy saving, the optimization should be 

considered to improve the performance of multistage 

centrifugal pump. In centrifugal pump, the impeller is 

a key component that transform fluid machinery energy 

into fluid pressure and kinetic energy. As proven, the 

impeller meridional shape directly influences the 

performance of pump system. So it is worth of deep study 

on the impeller meridional shape optimization.

There are few of literatures about the optimization on 

the design of centrifugal pump impeller. Kim et al.(1) had 

studied the influence of design parameters in vane plane 
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ABSTRACT

As it has been proven, the design of impeller meridional shape directly influences the performance of multistage centrifugal 

pump. In this study, the five parameters of the double-arc meridional shape design method were selected as the design variables. 

A multi-point hydraulic optimum design method of impeller meridional shape for multistage centrifugal pump performance 

improvement was presented. The maximum hydraulic efficiency and effective head were chosen as the objective functions. The 

design of experiment method was applied to generate different impeller meridional shapes and a total of 50 sampling models 

were generated using the Latin Hypercube Method. The Reynolds Average Navier Stokes equations were adopted to conduct 

the numerical calculations. To validate the performance improvement of the optimal design model, efficiencies of the optimal 

design model at flow rates of 0.8Qref, 1.0Qref, and 1.2Qref were compared with the original reference model. The optimal 

efficiencies under the three operation conditions increased by 1.9%, 1.6%, and 0.9%, respectively. In addition, the CFD analysis 

of a two-stage multistage pump assembled by impellers, continuous diffuser and return vanes was conducted. The cavitation 

performance was also validated.
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development on the performance of impellers with fixed 

meridional geometry. The efficiency was improved 0.2

6％ compared with the original design. Kim et al.(2) 

selected the inlet angle and outlet angle of impeller as 

the design variables to do optimization of centrifugal 

pump impeller by using CFD and RSM method. Miyauchi 

et al.(3) developed an optimization method by applying 

the 3D inverse design method to optimize the relative 

velocity in meridional channel.

In this study, the basic dimensions of impeller design 

are fixed. Two-arc method was chosen for impeller 

meridional shape design. Moreover, a multi-point 

hydraulic optimization of impeller meridional shape by 

using Response Surface Methodology (RSM)(4) and 

Evolutionary algorithms (EA)(5) is proposed. Five 

variables of meridional shape are selected as design 

variables. A commercial CFD code has been adopted to 

perform the calculation. After the optimization process 

finished, the validation of optimal result was conducted 

and compared with the reference model. 

2. Impeller design parameters

Table 1 shows the design specification of multistage  

pump impeller. This impeller operates with a high 

rotational speed of 4350 rpm. The head coefficient(φ) 
is 0.527 at the design point. Actually, this impeller is 

applied in a multi-stage pump(6-stage), which is used 

as a fundamental part of a descaler. However, in order 

to decrease the CFD calculation time, another suitable 

volute was selected and assembled with this impeller. 

The performance of this centrifugal pump was 

calculated and compared with each other. All the cases 

for optimization used the same volute and operation 

conditions to evaluate the performance difference of 

the impeller. Finally, a two stage multistage model 

with the original impeller and optimal impeller were 

tested to check the performance improvement.

Fig. 1 Meridional shape of impeller

Table 2 Impeller design parameters 

Item Nomenclature [Unit] value

Outlet diameter D2 [mm] 322

Inlet diameter D1 [mm] 169

shaft diameter dh [mm] 95

Blade number Z 7

Outlet blade width b2 [mm] 20

Inlet blade width b1 [mm] 37

Inlet blade angle1 β1 [˚] 18.6

Inlet blade angle1m β1m [˚] 25

Outlet blade angle β2 [˚] 20

Blade thickness δ [mm] 4

Fig. 1 shows the 2-D meridional shape of the impeller.  

The main geometric design parameters of the impeller 

are listed in Table 2.

3. Multi-objective optimization process

Optimum design of turbomachinery includes many 

steps, such as modeling configuration, CFD performance 

estimation and optimization calculations. Fig. 1 presents 

the process of optimization strategy introduced  in this 

paper. ANSYS CFX 18.1(6) is employed to conduct the 

hydraulic performance evaluation in different operation 

conditions. The relationship between input parameters 

and objective functions were built by Response Surface 

Methodology. The effective Latin Hypercube Sampling 

Method(7) is used to generate approximate sampling 

distribution and reduce the amount of computation. The 

optimization process is founded by the commercial 

software ANSYS Optislang(8).

Item Nomenclature[Unit] value

Capacity coefficient Φ 0.090

Head coefficient φ 0.527

Rotational speed n (rpm) 4350

Specific speed ns 176

Table 1 Design specification
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3.1. Meridional shape design method

There are different meridional shape design methods 

for impeller. As shown in Fig. 3, One-arc method(Method 

1) and Two-arc method(Method 2)(9) are relatively 

widespread used. The One-arc method is less complicated 

and fewer design variables which need to be considered. 

However, as it has been proven from the design practice 

and detailed application, the performance of impellers 

designed by Two-arc method are more excellent and 

efficient. So the Two-arc method has been selected to 

design the meridional shape during the optimization 

process.

3.2. Design variables and objectives

Fig. 4 shows the geometric relationship among different 

lines, arcs and angles. In design process of meridional 

shape, if the value of R1, R2, R3, L1, α1, α2 can be determined, 

there will be only one unique meridional shape of impeller 

which can be drawn. Moreover, in this study, L1 is fixed 

and R1, R2, R3, α1, α2 are selected as design variables. 

The range of design parameters are shown in Table 3. 

The upper and lower limit were determined according to 

locations and values of different parameters.  The lines 

and arcs of meridional shape need a smooth transition. 

If a big change is applied suddenly, meridional shape can 

not be generated. The parameters of reference model have 

been set as 1(Dimensionless value).

For impeller optimization, the effective head and 

efficiency of impeller based on design point were selected 

as objectives to check the effectiveness of optimization. 

The objective functions are defined as follows:

η = 


(1)



 



 



(2)

Fig. 4 Definition of design variables

R1 R2 R3 α1 α2

Reference value 1 1 1 1 1

Upper limit 1.125 1.125 1.125 1.022 1.022

Lower limit 0.875 0.875 0.875 0.978 0.978

Table 3. Range of design parameters(Normalized value)

Fig. 2 Optimization flow chart

Fig. 3 Meridional shape design method
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Where the T is the input torque, p1 and p2 are the static 

pressures measured in Pa at the outlet and inlet 

respectively; v1 and v2 are the velocities with a unit of 

m/s at inlet and outlet respectively; g is the standard 

earth Gravity.  

3.3. Numerical method

3.3.1 Numerical mesh

The computational domains are shown in Fig. 5. 

Including volute, impeller, extended inpipe, outpipe 

and continuous diffuser and return vane. Hexahedral 

mesh was applied in the whole fluid domain of model 

except the part of tongue area of volute. 

The non-dimensional wall distance values of y+ for 

impeller and volute are show in Table 4.

3.3.2 Boundary condition and mesh dependence

The boundary condition for CFD analysis is shown in 

Table 5. The SST turbulence model was adopted to 

conduct numerical calculations. So the y+ values of 

impeller and other parts were set below 8 and 22, 

respectively. Fig. 6 shows numerical mesh dependence 

of centrifugal pump in CFD analysis and total mesh 

number 2.2×106 was selected for CFD analysis. 

Additionally, the mesh number of continuous diffuser 

and return vane was determined as 1.5 times of 

centrifugal volute. Boundary condition for two stage 

multistage pump validation was the same with the 

centrifugal pump. The frozen rotor model is used for 

interface between stationary component and rotational 

component. Moreover, total pressure was set at inlet 

and mass flow rate was set at outlet.

 

3.4. Design of experiment(DoE)

The sampling point distribution directly affects the 

results of the optimization. So the sampling method plays 

an important role in the optimization process. The Latin 

Hypercube Sampling Method(LHS) has been selected in 

this study. This LHS method is a statistical method for 

generating a near-random sample of parameter values 

from a multidimensional distribution. Moreover, the 

Section y+ value

runner 8

volute/continuous diffuser and return vane 22

Table 4 Non-dimensional wall distance(y+)

Calculation type Steady state

Turbulence model Shear Stress Transport

Inlet Total pressure

Outlet Mass flow rate

Walls No-slip

Table 5 Boundary conditions for CFD analysis
Fig. 5 Numerical grid

Fig. 6 Numerical mesh dependence(Centrifugal pump)
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number of sampling points can be prescribed manually 

according to the adopted approximate model. The 

advantage of LHS method is its ability to fill space and 

its high response of non-linear fitting. The least number 

of sampling points is calculated by the equation as follows:

Smin=(N+1)(N+2)/2 (3)

This equation is used for quadratic approximation 

model(7). N is the number of selected design variables. 

In this study, 50 sampling impellers were generated.

3.5. Response surface methodology

  In general, there is usually a unknown   relationship 

between the input and output. The purpose of optimization 

is to find this implicit relationship. It can be described 

by Eq.(4).

        (4)

In this paper, the Response Surface Methodology 

(RSM) is employed to find the approximate relationship 

between input design variables and output target by 

using polynomials. The polynomial equation of RSM is 

shown in Eq.(5):  

  
 






 






 


≠




  (5)

The polynomial coefficient can be found by principle 

of least square regression(4).

3.6. Evolutionary algorithm

Evolutionary algorithm (EA), which is stochastic search 

methods that mimic process of natural biological evolution 

like adaption, selection and variation, shows a good 

performance in multi-point optimization. 

In this study, Evolutionary algorithm (EA) is employed 

in optimization process. The detailed setting parameters 

are listed in Table 6.

4. Results and discussion

4.1. Optimized results

The relationship between output head and efficiency 

is shown in Fig. 7. Total 10000 impellers have been 

generated, and the design parameters are determined 

by Evolutionary algorithm (EA). From the optimization 

result, it can be seen that there is a point(marked red 

circle) that can achieve best effective head and 

efficiency with no conflicting. This point is selected 

for further investigation. Moreover, the prediction of 

Evolutionary Algorithm shows that the efficiency of 

this point increases by 1.3％ and effective head 

increases by 2.2％, respectively. 

Fig. 8 shows the comparison of the optimal meridional 

shape with the original reference meridional shape. The 

impeller performance can be influenced by the location 

of leading edge. Thus, this variable has been controlled 

at the same location. Table 7 shows the reference 

Parameters Value

Population size 100

Number of generations 100

Crossover probability 0.9

Crossover distribution index 10

Mutation distribution index 20

Initialization mode Random

Table 6 Parameter setting

Fig. 7 Pareto front for optimization result

R1 R2 R3 α1 α2

Reference value 1 1 1 1 1

Optimized value 1.010 0.931 1.033 1.024 0.986

Table 7. optimized parameters
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parameters and the optimized parameters of impeller 

meridional shape.

4.2. Validation

Even the optimization results of impeller meridional 

shape have been obtained. However, the validity of the 

optimal result still need to be verified. This validation 

step is indispensable in the optimization process. Table 

8 shows the comparison of optimized prediction and 

optimized CFD computational results. The efficiency is 

almost the same with prediction. But effective head is 

a bit lower. Although the predicted and computational 

results are a little different, the fitting trend can be 

proved that it is correct. 

4.2.1 Performance curves of centrifugal pump

Fig. 9 shows the performance curves of optimization 

impeller and original reference impeller. PRef, HRef, ERef 

are the flow rate, Power, Head and Efficiency at the design 

point. The 0.8Qref, 1.0Qref and 1.2Qref have been selected 

because in practical applications these operation points 

are more representative and important to measure the 

performance of impeller. 

At the design point, compared with the original 

impeller, there are a 1.6％ efficiency improvement and 

head enhancement of 1.4％. Moreover, at the flow rate 

of 0.8Qref and 1.2Qref, the efficiency is 1.9％ and 0.9％ 
higher, respectively. 

 

4.2.2 Velocity and turbulence kinetic distribution

Fig. 10 shows the velocity and turbulence kinetic 

energy distribution of impeller. From the velocity 

distribution, it can be seen that there is a big 

recirculation flow near the shroud. Optimal meridional 

shape efficiently suppressed the recirculation flow and 

reduced its strength. 

The turbulence kinetic energy distribution, a useful 

tool to check the internal flow, is applied to investigate 

the turbulence distribution in the impeller. As we know, 

the turbulence kinetic energy is related to the energy 

loss. The distribution of turbulence kinetic energy in Fig. 

10  shows that the same area near shroud has a large 

amount of kinetic energy. It can be concluded that there 

is a large hydraulic energy loss. Because recirculation 

flow exists, the turbulence kinetic energy strength 

increases a lot. The hydraulic energy loss in impeller also 

increases a lot. The optimized model is very effective on 

ameliorating these flow conditions. That is why the 

efficiency and effective head of optimized model can be 

improved. 

4.2.3 Performance curves of two stage multistage pump

Fig. 11 presents the performance curves of two stage 

E/ERef H/HRef

Reference model 1 1

Optimization(Prediction) 1.013 1.022

Optimization(Calculation) 1.016 1.014

Table 8. Comparison of optimization results

Fig. 8 Comparison of optimization result and original model

Fig. 9 Comparison of performance curves at 0.8Qref, 1.0Qref, 

1.2Qref (Centrifugal pump)
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multistage pump assembled by original reference impeller 

and optimal impeller. About 1.3％ efficiency improvement 

was achieved at the design point. Additionally, The 

effective head of optimal multistage pump model was little 

lower than original model At the flow rate of 0.8QRef, 

however, the efficiency is still higher than original 

multistage pump model, This is because the input power 

of optimal multistage pump model decreased much. The 

comparison of streamline distributions by two stage 

multistage pump is shown in Fig. 12. From the result, 

it was clearly seen that there were recirculation flows 

existing near the shroud of impeller. The locations of 

recirculation flows were the same as the results shown 

in Fig. 10. Moreover, the intensity of recirculation flows 

in the second stage was much stronger. For the optimal 

multistage pump model, the streamline distribution was 

much smoother.

4.2.4 Cavitation performance

For the cavitation performance, only first stage was 

selected to conduct cavitation analysis. The cavitation 

performance comparison of reference and optimal models 

was presented in Fig. 13. It is known that around 3％ 
head decrease means the cavitation inception. When the 

cavitation number decreased, the cavitation inception of 

optimal model was little earlier than reference model. 

This is because the optimal meridional shape is a little 

narrower. However, the pump model usually operates at 

the cavitation number of 0.142. From Fig. 13, it was seen 

that there was no cavitation inception. 

Fig. 10 Internal flow characteristics of centrifugal pump 

(Design point) 

Fig. 11 Comparison of performance curves at 0.8Qref, 1.0Qref, 1.2Qref

(Multistage pump model)

Fig. 12 Comparison of streamline distributions by two 

stage multistage pump (Design point) 
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6. Conclusion

In this study, a multi-objective optimization process 

based on numerical simulation for impeller meridional 

shape has been proposed by using DoE, RSM, and EA 

method. 

(1) Efficiency and effective head were selected as 

optimization objectives. The optimized result 

shows a better hydraulic performance at the flow 

rate of 0.8Qref, 1.0Qref and 1.2Qref than the 

original reference model.

(2) The validity of the optimized result was verified 

by CFD analysis of the centrifugal pump model. 

The comparison of optimized model and original 

reference model showed that the optimized 

meridional shape can reduce the hydraulic energy 

loss and make the internal flow of impeller more 

smooth. Therefore, it can be proved that the 

optimization process is suitable and effective. 

(3) The impellers and continuous diffuser and return 

vanes also were assembled as a two stage multistage 

pump to validate the performance improvement. 

The performance was improved at various flow rates 

and the streamline distribution of optimal pump 

model was much smoother than reference model. 

Moreover, the cavitation performance was confirmed 

and there was no problem with the cavitation 

inception.
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