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Abstract 

In order to improve the hydrodynamic performance of the centrifugal pump, an orthogonal experiment was carried out to optimize 
the impeller design parameters. This study employs the commercial computational fluid dynamics (CFD) code to solve the Navier- 

Stokes equations for three-dimensional steady flow and predict the pump performance. The prototype experimental test results 

of the original pump were acquired and compared with the data predicted from the numerical simulation, which presents a good 

agreement under all operating conditions. Five main impeller geometric parameters were chosen as the research factors. According 

to the orthogonal table, 16 impellers were designed and modeled. Then, the 16 impellers equipped with the same volute were 

simulated by the same numerical methods. Through the variance analysis method, the best parameter combination for higher 

efficiency was captured finally. Compared with the original pump, the pump efficiency and head of optimal pump have a significant 

improvement. 

 

 

1. Introduction 

Pump manufacturing cost and reliability are 

required by end users, who push industries to 

concentrate efforts on improving pump efficiency 

with stricter and stricter manu- facturing constraints [1, 

2]. They are involving a large number of variables in the 

centrifugal pump design process which influences the 

overall pump performance, such as the blade outlet 

width, and blade outlet angle blade wrap angle. How to 

evaluate these factors and set up the correspondingly 

values are more and more challenging and important 

[3]. 

Considerable effort has already been invested in 

studying the performance optimization in pump [4–7] 

and turboma- chines [8–10]. There are various 

methods to optimize the design geometry, including 

global optimization algorithms based on heuristic 

algorithms and gradient-based meth- ods. The global 

optimization algorithms, such as genetic algorithms, 

artificial neural networks, and response surface 

method, are prominent in performance improvement 

quality, but they also cost huge amounts of 

computational resources and are time consuming to 

obtain an optimal solution [11, 12]. 

Orthogonal experiment is an optimization method to 

research a target which has multiple factors and 

levels. It is also well known as the name of the Taguchi 

method, which was developed by Dr. Genichi Taguchi of 

Japan during the late 1940s [13–15]. His primary aim was 

to make a powerful and easy-to-use experimental design 

and apply this to improve the quality of manufactured 

products. In this optimization method, variables or 

factors are arranged in an orthogonal table. Orthogonal 

array properties are such that between each pair of 

columns each combination of levels (or variables) 

appears an equal number of times. Due to an 

orthogonal layout, the effects of the other factors can be 

balanced and give a relative value representing the 

effects of a level compared with the other levels of a 

given factor. In orthogonal table experiments, some 

representative tests can be chosen from overall tests, and 

it is helpful to find the optimal scheme and discover the 

unanticipated important information. The number of test 

runs is minimized, while keeping the pairwise balancing 

property [16]. It is very effective for product development 

and industrial engineering and has been successfully 

applied in numerous research areas [17–19]. 
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manufacturing process of, large amount of groups 

requires high accuracy and a longer time period, 

and the error is also inevitable in the prototype test. 

If the numerical simulation methods to predict the 

pump performance are adopted, the error will be 

lower and saves the manufacture time and cost. With 

the development of CFD and the great improvement 

of parallel computing technology over the past decade, 

the numerical optimization based on CFD simulation is 

becoming more popular than ever [20–22]. Many 

relevant researches have demonstrated that the 

appropriate numerical methods could forecast the pump 

performance precisely [23– 26]. 

In this study, in order to improve the 

performance of the original pump, orthogonal 

experiment method was used combining with the 

numerical simulation. The original pump was tested and 

compared with the numerical results to prove the 

numerical accuracy. The primary and secondary 

factors of the design parameters were acquired by way 

of variance analysis. Meanwhile, the optimal design 

parameters for better efficiency and head were 

presented, respectively. 

 
2. Geometry and Experiment 

 Geometric Model. A typical centrifugal pump 

was chosen as the research model. The main 

original parameters of the investigated pump at 

the design operation condition are summarized in 

Table 1. Figure 1 gives the general views of the solid 

model of the impeller and volute. 

 
 Performance Experiment. The original pump 

was tested in centrifugal pump performance test 

platform. The schematic arrangement of the test 

rig facility and test equipment are shown in 

Figure 2, which have the identification from the 

technology department of Jiangsu province, 

China. The test rig precedes the requirement of 

national grade 1 precision (GB3216-2005) and 

international grade 1 precision (ISO9906-1999) 

[27]. 

Test facilities and measurement methods abide by 

the relevant measurement requirements. The pump 

inlet and outlet pressure is measured by a pressure 

transmitter with 0.1% measurement error. The overall 

measurement uncer- tainty is calculated from the 

square root of the sum of the squares of the systematic 

and random uncertainties [28], and the calculated result 

of expanded uncertainty of efficiency is 0.5%. The 

performance of the original pump under multiflow rates 

was tested by experiments. Detailed experiments results  

 
3. Numerical Simulation Methods 

 Meshes. The computational domain was 

modeled as the real machine, which include the 

impeller, volute, lateral cavity with seal leakage, 

balancing hole, inlet section, and outlet 
 

 
 

section. Unstructured grids were used in the volute, 

and all the other flow passages were meshed with 

structured girds. Considering that the wall functions 

were based on the logarithmic law, the maximum of the 

nondimensional wall distance was targeted to 30 < 𝑦+ < 
80 in the mesh process. The total grid elements in the 

entire flow passages are approximately 1.6 million. Figure 

3 gives a general view of the mesh in the impeller and the 

whole computation domain. 

 
 Methods and Boundary Conditions. The fully 3D incom- 

pressible Navier-Stokes equations are performed in 

ANSYS- CFX 13.0 code. The finite volume method 

has been used for the discretization of the governing 

equations, and the high resolution algorithm has been 

employed to solve the equations. Turbulence is 

simulated with the shear stress transport (SST) 𝑘-𝜔 
turbulence model. The space and pres- sure 

discretization scheme are set as second order accuracy. 

In the steady state, the simulation is defined by 

means of the multireference frame technique, in which 

the impeller is situated in the rotating reference frame, 

and the volute is in the fixed reference frame, and they 

are related to each other through the ―frozen rotor.‖ The 

grids of different domains are connected by using 

interfaces. At such interfaces, the flow fluxes are 

calculated based on the linear interpola- tion between 

the two sides, with fully implicit and fully conservative 

in flow fluxes. The boundary conditions are considered 

with the real operation conditions, as summarized in 

Table 3. Mass flow rate is specified in the pump inlet, 

and pressure outlet boundary is used at the pump exit. A 

smooth nonslip wall conditions have been imposed over 

all the physical surfaces, expect the interfaces between 

different parts. Maximum residuals are set to 10−5, 

and the mass flow value and static pressure value at the 

pump inlet and outlet are also monitored. When the 

overall imbalance of the four monitors is less than 0.1% 

or the maximum residuals are reached, the simulation 

was considered as steady and convergence. 

 
 Performances Comparison. Through the numerical sim- 

ulations under different flow rates, the detailed pump 

per- formance 

 was obtained and compared with the experiments results, as shown in Figure 4. The comparison between test 
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(a) Impeller (b) Volute 

FIgURe 1: Solid model of the impeller and volute. 

 

proven that the numerical methods used in this study could simulate the pump performance accurately. 

 
 

 

 

 

 

 

 

 

 

 

FIgURe 2: Test rig. 

TABLe 2: Experiment results of the original pump. 

 Orthogonal Experiments 

 Orthogonal Experiment Design. The effect of many differ- ent parameters on the overall performance characteristic in a 

condensed set of experiments can be examined by using the orthogonal experimental design. Once the parameters affect- 

ing a process that can be controlled have been determined, the levels at which these parameters should be varied must 

be determined. Determining what levels of a variable to test requires an in-depth understanding of the process, including 

the minimum, maximum, and interval for each level [13, 14]. In this study, according to the manufacturers’ require- 

ments, the optimization just focuses on the impeller with an identical volute casing. Based on the impeller design 
𝑠  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑄 (m3/h) 𝐻 (m) 𝑃 (kW) 𝑃 (kW) 𝜂 (%) 

51.66 22.01 5.32 6.74 58.15 

46.90 24.74 5.17 6.54 61.18 

44.58 25.98 5.06 6.40 62.38 

40.59 27.63 4.90 6.21 62.27 

37.68 28.98 4.78 6.05 62.23 

34.10 30.23 4.62 5.85 60.77 

30.88 31.18 4.45 5.64 58.88 

27.10 32.35 4.26 5.40 55.98 

24.05 33.20 4.10 5.19 53.06 

20.63 33.77 3.87 4.89 49.09 

16.98 34.50 3.66 4.63 43.64 

14.39 34.93 3.49 4.42 39.23 

0.00 35.18 2.55 3.23 0.00 

Data acquisition instrument 

 

Motor 
Power distributing cabinet 

Pump 

Computer 

Tank 

Turbine flowmeter Gate value 

Pressure transmitter 
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 Based on previous work, five critical impeller geometrical variables were identified: impeller outlet width b2, impeller intake 

diameter D, impeller blade wrapping angle, and impeller blade pitch. 

  

 1 𝜑 

  
 satisfactory agreement, notably for the shaft power, 

with the experimental and computational findings. 

Simulated values for both head and pump efficiency are 

often better than their corresponding experimental 

counterparts. The simulation yields a head of 29.21 

meters at the design flow point, with a pump efficiency 

of 64.11 percent; this is in error by 2% and 1.91 percent, 

respectively, when compared to the actual head of 28.63 

meters and efficiency of 62.91.1 percent. The numerical 

findings agree with the evolving tendencies of the 

experimental data over the whole range of flow rates 

considered. There is no denying 

  
 a 2 angle at the outlet and a 1 angle at the entrance of 

the impeller blades. Since the volute is maintaining the 

same geometric shape, the impeller's parameters should, 

as well. Therefore, four levels were selected for each 

component, as outlined in Table 4, based on the original 

pump characteristics and impeller design experience. 

  

 Choosing the right orthogonal table is a simple process 

after the number of parameters and the number of levels 

have been settled upon. In the cited article [13, 14], 

you'll find a wealth of preconfigured orthogonal tables. 

Taguchi's technique, used to generate these tables, 

ensures that all relevant variables and configurations are 

given fair testing. Table 5 provides in-depth descriptions 

of the experiments conducted in the current 

investigation, which are organized using orthogonal 

tables L16 (45). In each experiment, five components 

are assessed, and each factor has four levels. 

 

 Orthogonal Experiment Results. According to the pre- 

vious test scheme, the 16 impellers were designed and 

assembled with the same volute, respectively. Then, the 

16 pumps were simulated in the ANSYS-CFX with the 

same computational methods of the original pump. 

Table 6 gives 

 
 

  

(a) Overall view (b) Impeller 

FIgURe 3: Mesh sketch. 

 

 
TABLe 3: Boundary conditions. 

 
 

Due to the orthogonal features, the importance 

order of each factor could be found through the 

analysis. These 16 test sets have tested all of the 

pairwise combinations of the independent variables. 

This demonstrates significant savings in testing effort 

over the all combinations approach. Variance 

on the diameter and morphology of obtained fibers [13, 

14], and those most significant factors could be disclosed 

basing the result of range analysis. The average values of 

each level for each factor were named as 𝑘𝑖, which is 

calculated as follows 

  
analysis method (i.e., range analysis method) was used to 

larify the significance levels of different influencing factors 

The variances between each factor were defined as 𝑅 to 

analyze the difference between the maximal and minimal 

value of the four levels for each factor: 

𝑅 = max (𝑘1, 𝑘2 , . . . ,  𝑘𝑖) − min (𝑘1, 𝑘2 , . . . ,  𝑘𝑖) , (2) 

where 𝑖 is number of levels, 𝑗 is number of factors, 𝑦𝑖,𝑗 
is the performance value for factor 𝑗 in level 𝑖, and 𝑁𝑖 

is the total number of levels, that is, 𝑁𝑖 = 4 in this 

study. 

The analysis results for pump efficiency were 

shown in 

Table 7 and Figure 5. As seen from Table 7, we find 

that the factor influence of the pump efficiency decreases 

in the order: A > B > C > E > D according to the 𝑅 
values. The impeller blade outlet width was found to 

be the most important determinant of efficiency. 

When the factor A employs the 

value of 11 mm, the pump has the highest efficiency. Factor D 
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has the lower significant influence on the pump efficiency 

compared with the other factors. The reason maybe is that the 

volute in this paper is changeless. For all the five factors, their 

changing trends all have an obvious peak value; it means that 

each factors has a best value or levels for the better efficiency. 

Accordingly, the best program of optimized pump efficiency is 

A3, B2, C3, D2, and E3, namely, 𝑏2 = 11 mm, 𝐷1 = 66 mm, 

𝜑 = 130∘, 𝛽2 = 15∘, and 𝛽1 = 12∘. 

Table 8 is the range analysis of the head; the levels 

of 

influence are indicated in Figure 6. According to the 𝑅 
values, factor influence rank is A > E > D > B > C for the 

head. The primary factor that impacts the pump head is 

impeller outlet width. The best parameters combination 

for higher head is A4, B3, C2, D4, and E2, namely, 𝑏2 = 

12.5 mm, 𝐷1 = 68 mm, 

𝜑 = 115∘, 𝛽2 = 25∘, and 𝛽1 = 6∘. 

 Optimal Pump Performance. In this study, we focus on 

the pump efficiency improvement, so the optimal 

impeller design was adopted as A3, B2, C3, D2, and 

E3 (i.e., 𝑏2 = 11 mm, 𝐷1 = 66 mm, 𝜑 = 130∘, 𝛽2 = 15∘, and 

𝛽1 = 12∘) based on the results of the orthogonal 

experiment. Then, the final optimized impeller was 

designed and assembled with the same volute and 

simulated by the same numerical methods. Figure 7 

compares the pump efficiency and head between the 

optimal pump and original pump, which are both 

predicted by the numerical methods. 

At the design flow rate, the optimal pump has 

67.55% efficiency and 30.93 m head. Compared with the 

original 

 
 

 

 

pump with 64.11% efficiency and 29.21 m, the increase is 

5.4% and 5.9% in percent separately. In the pump 

operating flow range (0.8∼1.2 times design flow rate), 

the optimal pump has an obvious performance 

promotion. However, due to the influence of the 

volute, the optimal pump did not present a similar 

improvement in the smaller or larger flow area. It is 

indicated that the best way to optimize the pump 

drastically should be considering the design of the 

impeller and volute at the same time. 

 

4. Conclusions 

How to improve the impellers performance by 

changing their geometric characteristics is always 

challenging. In the present study, a centrifugal impeller 

was optimized by the orthog- onal experiment 

method. The geometric parameters of the original 

pump were distributed clearly. Detailed numerical 

methods for pump performance prediction were 

presented, such as meshes, boundary conditions, and 

turbulence model. The original pump was 

manufactured and tested in a cen- trifugal pump test 

rig. Then, the numerical results of the original pump 

were compared with the experimental ones, and the 

comparisons between the two methods have a good 

agreement. 

Five main impeller geometric characteristics were 

chosen as the research target to carry out the 

orthogonal exper- iment. The best programs for pump 

efficiency and head were obtained through the 

variance analysis method. The performance 

comparisons between the original pump and optimal 

pump show a remarkable improvement. The results 

also demonstrated that the impeller outlet width has 

the largest effect on both pump efficiency and head. 

But the optimal pump did not present an obvious 

improvement in the smaller or larger flow area. 

Therefore, the best way to 

optimize the pump performance should consider the 

impeller and volute together in the design process.  
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