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ABSTRACT 

Centrifugal pumps are among the most applicable machines in a wide variety of industrial systems for fluid 

pumping and transportation. Therefore their optimization has always been of great importance. Pump 

impellers play an important role in these machines as the energy transfer takes place in this part. In the 

present study, the impeller of a centrifugal pump is optimized by investigating the effect of adding splitter 

blades and modifying their geometry. A centrifugal pump is experimentally tested and numerically simulated 

and the characteristic curves are obtained. In the first stage, two different sets of splitter blades with different 

lengths are added to the impeller and the effect of splitter blade lengths on the results are explored. The case 

with the highest total head and overall efficiency is selected for the optimization process. The main blade and 

the splitter blade leading edge position and also the splitter blade distance between two successive blades are 

selected for the optimization process in the second stage. Efficiency and total head of the pump are 

considered as the optimization objectives. Using Design of Experiment (DoE) technique, the design space is 

created and response surface method is utilized to find the optimum geometry. The results show adding 

splitters can improve total head by about 10.6% and by modifying the geometry using DoE technique it could 

increase further by 4.4% with the negligible effect on the pump overall efficiency. 

 

Keywords: Centrifugal pump; Splitter blades; Optimization; Design of Experiment (DoE); Response surface 

method.  

NOMENCLATURE 

C constant value 

D distance between main blades 

f function for considering efficiency and head  

H pump total head 

L least square error 

M meridional profile  

ṁ mass flow rate 

P1-P5 design points 

p pressure 

Q volumetric flow rate 

ẇ pump brake horse power 

WR uncertainty of R 

Wi measurement errors  

x design point values 

y curve fit approximation function 

 

β coefficient for RSM curve fitting 

γ specific weight  

ε error 

η efficiency 

τ torque 

 

Subscripts 

0 initial value 

D discharge 

h hub 

i, j, k design point numbering indexes 

m mid span 

S suction 

s shroud 

  ̂  approximation value 
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1. INTRODUCTION 

Centrifugal pumps are one of the most useful 

machines in a wide variety of industrial systems for 

fluid transportation. Optimal design or optimization 

of these machines for reducing the energy 

consumption and improving the performance has 

been receiving a great attention from researchers.  

Pump design is normally based on Euler’s 1D 

theory in which some ideal assumptions like infinite 

number of blades and zero thicknesses for them are 

assumed. Fluid mechanic theories help designers to 

size the preliminary dimensions of the machine i.e. 

inlet and outlet diameter of the impeller and the 

blade angles to ensure the required head in a 

specific mass flow rate (Gülich, 2008; Karrasik et 

al., 2012). Experimental studies and the designer’s 

experiences help to modify this ideal preliminary 

design for the real machines by considering loss 

mechanisms, fluid behavior, manufacturing and 

mechanical considerations (Nourbakhsh et al., 

2007). The design in this stage is modified by 

adding some details about blade curvatures, blade 

thicknesses and angles (Fu et al., 2018) and also 

some features i.e. splitter characteristics. After that, 

the computational fluid dynamic tools could be used 

to evaluate or improve the machine characteristics 

to obtain the acceptable performance (Mojaddam 

and Torshizi, 2017) to complete the design 

procedure.  

Many researchers have analyzed the pump 

characteristics numerically and experimentally. 

Wang et al. numerically simulated a multi-stage 

centrifugal pump and provided guidance for 

optimization of these machines through testing a 

prototype (Wang et al., 2017). Despite the proved 

advantages of splitter blades in the performance of 

the centrifugal pumps and compressors during past 

years (Miyamoto et al., 1992;  Moussavi et al., 

2017), their optimal design and optimization have 

received less attention in the literature. Kergourlay 

et al. (2007) studied the effect of adding splitter 

blades on velocity and pressure fields of a 

centrifugal pump in different flow rates numerically 

and experimentally. They concluded that the 

splitters could decrease the pressure fluctuations. 

Gölcü et al. (2006) studied the effect of splitter 

blades length on a centrifugal pump performance. 

Their experimental results showed that an impeller 

with splitter blades with 80% length of the full 

blades saved 6.6% energy and resulted in 1.14% 

improvement in efficiency. Li et al. (2006) 

investigated the effect of splitter blades on the 

reverse flow patterns on a centrifugal pump blade in 

their investigation. They showed the splitter blades 

is utilized to control the reverse flow. They also 

concluded that the pump head improvement was 

due to splitter blades. 

Shigemitsu et al. (2013) studied the effect of splitter 

blades on performance of mini-centrifugal pumps. 

Their experimental data declared that the low-

velocity zone between two blades is removed 

because of splitter blades. Korkmaz et al. (2017) 

studied the effect of different parameters on Deep 

Well Pumps (DWP) performance such as the 

number of blades, the blade discharge angles, and 

the splitter blade lengths by experimental tests.  

Several researches implemented the optimization 

techniques on pump components especially on the 

impeller. Optimization methods can be categorized 

into three main groups. First, the gradient-based 

methods in which the gradient of the goal function 

is calculated and the local optimized points are 

found. Second, the exploratory methods like 

Genetics Algorithm (GA) and Simulating 

Annealing, which are based on evolution theory and 

are capable of finding the optimized point through 

the entire domain. Calculation expenses are the 

weakness of these methods. Finally, the function 

approximation methods like Design of Experiment 

(DoE) and Neural Network (NN) techniques in 

which an approximated relation between the input 

parameters and the desired outcomes is found. 

These methods could decrease the optimization 

steps significantly (Shahpar, 2000). The 

optimization method should be selected carefully 

based on the nature of the problem and ignoring the 

fluid physics would lead to malfunction. 

Lian and Lio (2005) introduced a multi objective 

optimization method using Response Surface 

Method (RSM) and GA. They used Latin 

Hypercube Design (LHD) method to construct the 

design space.  In their research, a single-stage pump 

design is optimized via 11 design variables 

including meridional geometry and blade angles. 

Safikhani et al. (2011) used NN and GA to perform 

a multi-objective optimization on a centrifugal 

pump. Blade camber line was parameterized using 

simple Bezier curve in order to control the 

optimization parameters. Efficiency and NPSH 

were the objectives of their optimization process. 

Kim et al. (2011) optimized a mixed-flow pump 

considering a fixed meridional shape. The 

optimization parameters were geometry of the 

impeller and the diffuser. They used the full-

factorial technique of DoE to determine the design 

space and the RSM for finding the optimized 

operating point. Derakhshan et al. (2013) optimized 

a centrifugal pump blade using NN and an artificial 

bee colony algorithm. The results showed 3.59% 

improvement in efficiency and 6.89m increase in 

the total head. Bellary et al. (2014) selected inlet 

and outlet angle of the blade of a centrifugal pump 

as the optimization parameters and used a 3D 

Navier-Stokes solver to optimize the geometry of 

the blade in order to improve the hydraulic 

efficiency. Huang et al. (2015) used GA in order to 

optimize the impeller loading using ten selected 

parameters on meridional contours. Zhang et al. 

(2017) introduced a novel optimization method for 

the multiphase pump impeller based on the GA and 

boundary vortex flux by varying the impeller 

geometry. Pei et al. (2016) used the combination of 

DoE, RSM and GA on the meridional plane of a 

centrifugal pump impeller.  

DoE as a promising optimization technique has 

been widely implemented in turbomachines. Many 

different turbomachines such as compressors 

(Samad et. al. 2008, Mojaddam and Pullen, 2019), 
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turbines (Hatami et al., 2015) and fans have been 

optimized using DoE techniques. Bonaiuti et al. 

(2002) optimized the performance of a transonic 

centrifugal compressor impeller by adopting 

geometrical parameters consisting of the number of 

blades, inlet hub and shroud diameters, outlet blade 

height, impeller axial length, and blade inlet leading 

angle, using DoE. Pie et al. (2017) utilized an 

orthogonal DoE technique to study the effect of 

impeller inlet diameter, inlet incidence angle, and 

blade wrap angle on the cavitation characteristics of 

a centrifugal pump. The optimized case 

accomplished a better hydraulic and cavitation 

performance. Meanwhile, the NPSHR decreased by 

0.63m in comparison with the original case. Suh et 

al. (2017) used a central composite design 

technique of DoE and a hybrid multi-objective 

evolutionary algorithm coupled with a surrogate 

model to optimize the second stage of a multiphase 

pump. Their results showed hydraulic performance 

improvement.  

In the mentioned researches in pump performance 

optimization, the effect of splitter blade parameters 

on the pump performance has not been investigated 

comprehensively. Hence, implementing the design 

of experiment technique to reduce the optimization 

steps for exploring several parameter effects is the 

main objective of this article.  

In the present study, investigating the effects of 

splitter blades on the pump performance is 

performed in two stages. In the first stage, two 

impellers are manufactured and experimentally 

tested by adding the splitter blades to the original 

impeller which has 6 main blades and no splitter. 

The new impellers have the splitters by the length 

of one-third and two-third of the main blade length, 

respectively. The case with the best performance is 

considered for the optimization in the next stage. 

Different parameters are chosen for the 

optimization process using DoE in the second stage. 

They are the main and the splitter blade leading 

edge position and the location of splitters in the 

passage. Overall efficiency and total head of the 

pump are considered as the objective functions for 

finding the optimal geometry.  

2. METHODOLOGY 

2.1. Design Space 

DoE can be defined as the combination of statistical 

and mathematical methods and due to its simplicity 

and acceptable accuracy, has attracted researchers’ 

attention in optimization problems (Montgomery, 

2017). DoE technique introduces statistical tools to 

form a design space around the initial values of the 

design parameters. The ability of DoE to study the 

effect of independent parameters on the objective 

functions makes it useful in many engineering 

applications. 

Full factorial, Box-Behnken, central composite 

design (CCD), and Taguchi are the main techniques 

of the DoE for design space generation. 

Computation cost and the type of the problem 

suggest the suitable technique for the problem. The 

full factorial technique searches all of the design 

space. By increasing the levels of parameters this 

technique is not efficient and generates numerous 

design space points. However in the other 

techniques, there is no need to search all possible 

points and it helps to decrease the computational 

cost by having acceptable accuracy (Mojaddam and 

Pullen, 2019). Box-Behnken technique makes an 

efficient design space in which only a portion of full 

factorial points are necessary to construct for 

investigating the second-order effect of parameters. 

Creating the design space points by Box-Behnken 

technique for a problem with three parameters 

varying at three levels which are named, -1, 0 and 1 

is shown in Fig. 1. Each point of designed 

experiments suggests a combination of three 

parameters. For this problem, an imaginary cube 

around the central point (means all parameter at 

their 0 level) suggests the black points on the cube 

edges as the design space. The design points, in fact 

are lying on a sphere of radius √2 (Montgomery, 

2017). This design does not include the cube 

vertices (unlike the CCD design technique), which 

can be advantageous when these points are 

impossible to examine based on the problem 

constraints. 

 

 
Fig. 1. Box-Behnken design space. 

 
2.2.  Response Surface Method 

Evaluating the effect of design space points on the 

objective functions could be handled using 

Response Surface Method (RSM). This method 

includes mathematical or statistical techniques to 

analyze the problems in which the objective, called 

response, is influenced by many parameters 

(Montgomery, 2017). It approximates the relation 

between the design parameters and response by 

surface fitting to optimize the objective or response. 

Each design point is related to one objective 

function, y, which is derived from k-tuple (x1,…,xk) 

in which the xi is each parameter values for k 

parameters. A second order polynomial curve can 

be fitted to the design space using Eq. (1) (Myers et 

al., 2016). 

2
0

1 1

k k

i i ii i ij i j i

i i i j

y x x x x    
  

       

(1) 

In which βs are the unknown coefficients and ε is 

the deviation of the fitted values from the real data. 



M. Namazizadeh et al. / JAFM, Vol. 13, No. 1, pp. 89-101, 2020.  

 

92 

Least square method (LSM) is used to find βs by 

minimizing the errors (εi) using the following 

equation (Eq. (2)), (Myers et al., 2016). 

2

1

k

i

i

L 


                     (2) 

2.3. Optimization Procedure 

In this article the most important parameters in 

splitter blade geometry are recognized and the 

boundaries of these parameter values are properly 

defined to construct the problem design space 

based on the Box-Behnken method. The CFD is 

used for deriving the flow characteristics for each 

design space geometry. Overall efficiency and total 

head of pump are considered as the objectives. The 

response surface for the objectives are obtained 

using RSM and the approximated functions are 

optimized using GA method (Talebian and 

Mojaddam, 2017). The optimized points are 

evaluated using CFD and the flow behavior 

features are compared to the original geometry. 

The step by step procedure can be omitted is 

shown in Fig. 2.  

 

Fig. 2. Optimization process in this research. 
 

3. TEST CASES 

The under-study pump is a single stage centrifugal 

pump. The impeller outlet diameter and its width 

are 209mm and 17mm, respectively with 27.5° 

blade outlet angle. The design point flow rate is 55 

m3/hr at 1450 rpm rotational speed with 26.8 

specific speed in SI unit (equal to 1348 in US 

unit). 

Figure 3, shows the meridional view of all three 

impellers. Case I is the 6-bladed impeller without 

splitters. Case II and III are impellers with splitters 

by the length of 33% and 66% of the main blade 

length, respectively which were designed and 

fabricated for this study. 

All impellers are fabricated, installed and tested in 

the research and development test cell in which the 

performances are driven under steady state 

condition.  

Pneumatic butterfly valves are used to adjust the 

flow rate. Pressures are measured by strain gauges 

at the pump inlet and outlet. An electromagnetic 

flow meter is installed to measure the flow rate at 

the pump outlet. Figure 4 shows the test cell, the 

schematic of the test cycle and the original impeller 

(Ehghaghi et al., 2017). 

The pump generating head is obtained through 

pressure measurement at the suction and discharge 

of the pump. 

The ratio of water power to pump shaft power is 

used for calculating the overall efficiency (Eq. (3)), 

(Karassik et al., 2001).  

QH W                                                             (3) 

Where γ, Q, H are the flow specific weight, the 

volumetric flow rate and the pump total head, 

respectively. W  is the brake horse power which is 

the available power at the pump shaft and is 

calculated using electromotor measured power, its 

efficiency and the mechanical efficiency. The 

product of these two efficiencies is considered 

constant and equals to 83%. 

4.  NUMERICAL MODEL 

Using the geometry of pump parts, including the 

impeller and the volute, the pump is modeled. 

Unstructured tetrahedral grids with prismatic 

boundary layer meshes are used for the whole 

domain for three different cases. Figure 5 shows the 

grids for the impeller and the volute of case I.  

Five layers of grids with 1.2 growth rate are 

considered near the wall surfaces and the first grid 

thickness is properly adjusted in the moving and 

stationary domains for having y+ in the range of 10. 

Tip clearance is considered for the impeller in the 

mesh generation and it is 0.8mm constant along the 

impeller shroud.  

Mesh independency analysis on the impeller torque 

proves that at least about 4.1 million girds for whole 

model are adequate to achieve reliable results as 

shown in Fig. 6.  

The mesh aspect ratio quality average is 0.85, 

expansion factor is limited to 12 and the minimum 

angle in the worst case is not less than 38 degrees. 

A three dimensional viscous solver is used and the 

RANS equations are solved iteratively in which 

momentum equations are discretized using the 

second-order upwind method. Steady state  
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Fig. 3. Meridional view of cases I, II and III. 

 

 

 
Fig. 4. Impeller cast model, test rig and the schematic. 

 

 

condition with constant density is considered 

(Mojaddam et al., 2015). 

A frozen rotor method is used to properly handle 

the interface between rotating impeller and the 

stationary parts. Shear–stress transport (SST) 

turbulence model is used for treating the Reynolds 

stress terms in the momentum equations in order to 

accurately model the turbulence at both near-wall 

and far field regions using k-ω and k-ε models 

respectively. Total pressure at the impeller inlet and 

the mass flow rate at volute outlet are considered as 

the inlet and outlet boundary conditions. 

Convergence is testified by reaching the residuals to 

the order of 1E-5 and the stability of impeller torque 

value. 

5. RESULTS AND DISCUSSION 

Pump total head and overall efficiency are used in 

order to validate the numerical results. Using 

numerical results, the weighted average of the head 

at the inlet (suction) and the outlet (discharge) 

sections (Mojaddam et al., 2012) are used to 

calculate the pump total head via the following 

relation, Eq. (4), in which, md  , is the mass flow 

rate through each mesh element at the suction or at 

the discharge and m is the pump mass flow rate.  

D s

H=

p dmp dm

m m






                                          (4) 
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Overall efficiency is then calculated using Eq. (5) in 

which  and are the impeller calculated torque and 

impeller rotational speed, respectively. 

mgh



                                                                  (5) 

 

 
Fig. 5. Impeller and volute grids for Case I. 

 

 

Fig. 6. Mesh independency study. 

 

5.1. Validation 

Three case models are validated through 

experimental data in different mass flow rates at the 

design point rotational speed. Pump total head 

versus volumetric flow rate is reported in this 

regards as shown in Fig. 7. The uncertainty analysis 

for head and efficiency are calculated using Eq. (6) 

(Beckwith et al., 2009). 

1
2 2 2 2

1 2
1 2

...R n
n

R R R
W W W W

x x x

        
         
         

 (6) 

In which WR is the uncertainty of R and this variable 

is affected by x1,...,xn parameters. Wi are the 

associated errors in measuring each xi. In this study, 

the uncertainty analysis shows 0.76% and 3.3% error 

for total head and overall efficiency, respectively.  

Numerical results are in a satisfactory agreement 

with experimental data, especially around the 

design point where the flow rate is 55 m3/hr. 

Around BEP the differences between experimental 

and numerical results do not exceed 4% which 

occurs for case II. With mass flow rate decrease, the 

amount of the error increases and that is due to the 

leakage flow through the gap between volute and 

the impeller that is not considered in numerical 

simulation.  

 

 
Fig. 7. Experimental and numerical results. 

 

The maximum deviation in efficiency is limited to 

4.54% for case I. The deviations between 

experimental and numerical results can be due to 

numerous reasons i.e. the differences between the 

actual geometry and the model, the leakages, heat 

transfer, roughness effect (Mojaddam et al., 2012), 

disk friction and all mechanical losses which are not 

considered in model and also the experimental 

errors (Nikparto and Schobeiri, 2017) in parameter 

measurements. Experimental and numerical results 

are shown and compared in Table 1 around BEP. 

5.2. Splitter Blades 

Experimental results for cases I, II and III are 

shown in Fig. 8. Pump total head and efficiency 

versus flow rate are reported for all cases 

simultaneously. Pump total head improvement is 

obvious in case of using splitters. Using longer 

splitter blades (Case III) results in the highest total 

head among the cases.  

Use of splitter blades on the impeller leads to a head 

increase especially in the higher flow rates. Better 

fluid guidance by the blades can be considered for 

this improvement which forces the fluid to follow 

the blade profile near the impeller outlet. This leads 

to a decrease in slip and an increase in slip factor 

(Kergourlay et al., 2007; Memardezfouli et al., 

2009). The efficiency of all cases guarantees the 

negligible effect of splitter blades in this regard. 

Near the design point, leakage and shock losses 

decrease and because of this, head increases more 

noticeably around this point. Figure 9 shows the  
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Table 1 Experimental and numerical results for cases 

 

Case I Case II Case III 

  

[%] 

H  

[m] 
  [%] 

H  

[m] 
  [%] 

H  

[m] 

Experimental 79.16 12.67 78.55 13.36 80.02 14.01 

Numerical 82.76 12.46 81.97 13.9 82.04 14.41 

Deviation [%] 4.54 1.69 4.35 3.99 2.5 2.81 

 

 

Fig. 8. Experimental results comparison for all three cases. 

 

 
Fig. 9. Streamlines Between Blades. 

 
 

streamlines between blades in all three cases. Better 

fluid guidance and higher velocities are obvious in 

Case II and III in comparison with Case I due to the 

splitters presence. In Case II, due to shorter splitters 

in comparison with Case III, the fluid flow is not 

guided properly and as it can be seen, the splitter 

blade effect is major at the impeller outlet. 

5.3. Optimization 

For investigating the effect of the splitter and the 

main blade inlet shape on the pump performance, 

case III is used as the starting geometry as it 

showed better performance in comparison with the 

other cases. Five parameters have been considered 

and the effects of them on pump total head and 

efficiency are investigated. Figure 10 shows the 

optimization parameters. P1 and P3 adjust the 

splitter blade leading edge while P2 and P4 are 

considered for the main blade leading edge position. 

P5 is the position of splitters between blades. As 

there are six blades, the circumferential angle 

between two succeeding blade is α =60 degree. For 

handling the position of splitters between blades, 

the boundaries are specified in a way that the 

splitter moves from middle section toward the 

suction side or pressure side of the main blades by 

10% as show in Fig. 10. 

The upper and lower boundaries of the parameter 
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variations are specified upon percentage of their 

length of the hub and shroud curves and tabulated in 

Table 2. 

Box-Behnken technique is used to construct DoE 

design space. This method with 5 parameters, each 

at three levels, results in the total number of 46 

design points. As it was mentioned, this technique 

reduces the number of required experiments 

noticeably to identify the best case while the 

algorithm like full factorial, required 35 design 

points in this problem (Montgomery et al., 2009).  

 

 

 
Fig. 10. Optimization parameters. 

 

Table 2 Optimization parameters variation 

boundaries 

Design Points Lower Boundary 
Upper 

Boundary 

P1 56.1% Mh 75.9% Mh 

P2 90% Mh 110% Mh 

P3 56.1% Ms 75.9% Ms 

P4 90% Ms 110% Mh 

P5 -10% α +10% α 

 

All the design point geometries are constructed and 

modeled and solved to obtain the pump total head 

and overall efficiency. Figure 11 shows the results 

for all design points. The best performances can be 

captured based on Table 3 naming. 

Table 3 Cases from DoE design Space 

The Case with … Cases 

Starting Design point Case 0 

Max   in DoE Design space Case A 

Max H in DoE Design space Case B 

Max f  in DoE Design space Case C 

The efficiency of case 0 with six splitters is 82.03% 

and the total head is 14.41m. After evaluation of all 

cases, case A shows 82.12% efficiency and case B 

has 15.04m total head which means total head can 

be improved about 4.4%. In this case, case B, head 

increases without scarifying the overall efficiency. 

Using Eq. (1), two approximation functions are 

obtained for efficiency and total head which are 

named ̂  and Ĥ , respectively. For considering the 

efficiency and total head simultaneously, Eq. (7) is 

used (Asgarshamsi et al., 2015). In which C is a 

coefficient to justify the importance of efficiency or 

total head for the designer which is set to 0.5 in this 

research. Superscript 0 stands for initial value 

which is the characteristics of the starting point. 

  0

0

1
1

1

i
i

i

H
f C C

H





   
     

   
                (7) 

Obtaining f for all design points, a second order 

polynomial curve is fitted using Eq. (7) and the 

approximation function is named, ˆf .  

Three approximated functions clearly show the 

effect of parameter alteration on the outcomes. GA 

is used to explore the optimum for the obtained 

functions through all parameter bounds. The results 

of optimization process for each function are used 

to construct the model and the CFD results are 

analyzed to obtain the pump performance. (Table 

4). 

 

Table 4 Cases from optimizing approximation 

functions 

The Case with … Cases 

Max  from Optimizing ̂  Case D 

Max H from Optimizing Ĥ  Case E 

Max f from Optimizing ˆf  Case F 

 

Table 5 shows the values of total head and overall 

efficiency for these cases. The case with maximum 

total head, Case E, shows nearly the same 

performance in comparison with the case obtained 

from DoE implementation (Case B) and showed 

about 4.4% improvement in comparison with the 

initial case, Case 0. While By optimizing the 

approximate function for efficiency, Case D 

efficiency is lower than Case A and it can be 

considered as a drawback of response surface 

method and using the approximation function. 

Considering both factors, optimizing the 

approximate function, Case F, shows 0.3% less 

efficiency than Case 0, while total head is improved 

by 4.4%. 

Figure 12 shows all the cases compared with the 

initial geometry, Case 0. It can be seen that both 

Case A and Case D, in which the optimizing target 

is overall efficiency, the positions of leading edges 

move toward the exit. Having shorter blades in 

comparison with Case 0 ensures the higher 

efficiency as the friction losses are decreased. By 

comparing the efficiency values, Case A is  
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Fig. 11. Pump performance for all design points. 

 

 
Fig. 12. Meridional view of Cases A to F in comparison to Case 0. 

 

 

considered for further analysis as the model with 

the maximum efficiency.  

Evaluating the cases with the highest head, Case B 

and E show that having the longer blades results in 

the higher total head. In Case B, the hub length of 

the main blade and the splitter are the same as Case 

0 but at shroud, both of them are increased by 10%. 

Which means the ratio of splitter length to main 

blade length are the same in hub and shroud and the 

same as the original case. For Case E also the same 

thing can be observed. The length ratio of splitter to 

the main blade is equal at hub and shroud.  

The variation of total head is about 11% and the 

efficiency variation is limited to 1.7% (refer to Fig. 

11) for all design points, hence it can be seen that 

the effect of the under-study parameters are 

considerable on the total head and have negligible 

effects on the efficiency. This shows that when both 

efficiency and total head are considered 

simultaneously, Case C and F, the shapes are 

similar to the cases with the highest total head (Case 

B and E). 
 

Table 5 Impellers with maximum head, 

efficiency and multi-objective optimized results 

Objective Case 0 Best of DoE 
Approximat

e function 

  [%] 82.04 Case A: 82.12 
Case D: 

81.78 

H  [m] 14.41 
Case B: 

15.03 

Case E: 

15.04 

f  

  [%] 82.04 

C
as

e 
C

 81.71 

C
as

e 
F

 81.75 

H  
[m] 

14.41 15.01 15.04 
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Fig. 13. Streamline near hub and near shroud spans for the optimal cases and Case 0. 

 

 

The location of splitter between two successive 

main blades is varied by P5 (= α/2). This parameter 

upper bound is defined when the splitter moves in 

opposite of rotational direction (-10%) and moving 

in the direction of the impeller rotation is 

considered the lower bound (+10%). The results 

show, the cases with the higher efficiency are those 

with the splitters near the lower bound of P5, which 

means moving the splitters in direction of impeller 

rotational direction results in the higher efficiency. 

The cases with the higher total head experience the 

splitter at the middle or when splitter moves toward 

the upper bound of P5. (The case with the highest 

total head has P5= α/2-2.5%) 

For analyzing the flow pattern differences at 

different cases, Case A is considered as the case 

with the highest efficiency and Case E for the 

highest total head. The effect of shape on the flow 

field can be visualized by comparing the streamline 

at different spans of impeller passage. 

Figure 13 shows the flow streamlines at near hub 

(span=0.1) and near the shroud one (span=0.9) for 

the cases with maximum efficiency (Case A) and 

maximum total head (Case E) and the original case 

in DoE procedure (Case 0).  

Comparing case A with case 0 at span=0.1, shows 

that retarding the main blade and splitter results in 

better flow guidance, as the hub profile is shortened 

in case A. In case E, when the blade length 

increases, the total head is also increased however 

the streamlines do not follow the blade curvature 

smoothly. In his configuration the efficiency is also 

decreased as the friction losses are increased. As it 

is mentioned before in the cases with the higher 

total head, the splitters move in the opposite 

direction of the impeller rotational direction. The 

streamlines in Fig. 13, Case E, shows that when the 

distance between splitter and the suction side of the 

main blade (in the shown blade to blade view) is 

increased, the flow distortion occurs which 

influences the overall efficiency which can be seen 

in both near the hub and near the shroud spans. 

When streamlines at span=0.9 are considered, in all 

cases, the disturbances are not negligible as the 

impeller is un-shrouded in this study and flow 

circulates from the pressure side to suction side 

from the clearances as it can be seen at the near the 

shroud span. Comparing case A and Case 0 shows 

that their shroud profile lengths for the main blades 

and splitters are nearly the same (Fig. 12) hence the 

flow guidance in these cases are similar at the near 

shroud span. In case E, both main blades and 

splitter lengths are increased hence the flow 

guidance through the passage is also the same and 

further distortion can be considered as the result of 

the increased distance between splitter and suction 

side of its successive main blade.  

6. CONCLUSION 

Investigating the effects of splitter blades on the 
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pump performance is performed in this research. 

Three cases are considered in which case I, has no 

splitter and case II and III are the impellers with 

splitters by the length of 33% and 66% of the main 

blade, respectively. Case III with the best 

performance among three cases is considered for 

optimization algorithm as the base case. Different 

parameters are considered and using Box-Behnken 

technique in DoE, the design space is created. 

Overall efficiency and total head are considered as 

the objective functions separately and 

simultaneously. Second order polynomial curves 

are fitted for each function and GA is implemented 

on approximated functions for finding the 

optimums. The conclusion can be itemized as 

following: 

1- By adding short splitters (Case II) to impeller 

without splitters (Case I), the total head 

increases by about 5.4% however it causes 

efficiency reduction as the friction losses are 

increased. In case (III) where the splitter lengths 

are two-third of the main blade length, the total 

head is increased by 10.6% with negligible 

effect of overall efficiency.   

2- Exploring the effect of leading edge position of 

the main blade (P2, P4) and the splitter (P1, P3) 

and also the splitter location between two main 

blades (P5) shows that in the cases with the 

better performance by decreasing/ increasing 

the length of splitter, the length of the main 

blades should be decreased/ increased 

accordingly in such a way that the ratio is kept 

nearly constant. 

3- Longer splitters results in the higher total head 

as the energy transfer between the blades and 

fluids are increased and the efficiency reduces 

as the friction losses are increased.  

4- Moving the splitter in direction of impeller 

rotation direction increases the efficiency as it 

better guides the flow near the suction side of 

the main blades. Moving in the opposite 

direction results in total head increase.   

5- The effect of studied parameters of splitters on 

the efficiency is so marginal, but they have 

significant effect on the total head. Hence when 

both efficiency and total head are considered 

simultaneously, the resulted geometry is in 

resemble to the cases with the highest total 

head.   
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