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Abstract
As the core equipment of the water supply system, multistage centrifugal pumps produce high energy consumption every year. 
Thus, in the context of global warming, it is urgent to improve the efficiency of multistage centrifugal pumps. The diffuser 
is a key component of the pump, and it directly affects the efficiency of the pump. This research proposes a multi-objective 
optimization method for the diffuser based on the artificial neural network (ANN) and genetic algorithm (GA). First, dif-
fusers are modeled parametrically by adjusting the five geometrical variables. The multi-objective optimization design of 
diffusers is carried out with head and Minimum Efficiency Index (MEI) as optimization objectives. MEI is an official and 
comprehensive index to evaluate pump efficiency under three different flow rates of 0.75Qd, 1.0Qd, and 1.1Qd. Meanwhile, 
an entropy production method is introduced as an energy loss identification tool in the proposed ANN-GA method to help 
evaluate the internal flow losses quantitatively and understand the root causes directly. The result shows that the multi-
objective optimization method is suitable for the optimization design of diffusers under different flow rates. Compared with 
the original model, the head of the optimized model is improved by 1.47 m at the designed point and the CMEI is reduced by 
1.89. And more stable flow and lower energy loss were realized by introducing the optimized diffuser. These results provide 
a new solution for the optimal design of multistage centrifugal pump diffusers.
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1  Introduction

As the main energy-consuming unit, pumps consume a 
large number of power resources every year. Multistage 
centrifugal pumps are widely used in water supply systems 
and petrochemical industries due to their compact structure 
and high pressure delivery ability. The impeller as a major 
component of pumps directly influences pump performance, 
however, there are a lot of researchers have studied the opti-
mization of impellers with different methods (Sathish et al. 
2021). And the diffuser, as a major pressure conversion 

component of multistage centrifugal pumps, also affects the 
hydraulic performance of pumps largely (Zhou et al. 2012). 
What’s more, there is still little research focusing on the 
optimization of diffusers. Thus, how to obtain a diffuser with 
better performance is still a work worthy of research.

According to previous researches, diffusers’ geometry 
shape affects multistage pumps’ performance, and every 
geometric parameter of diffusers affects diffusers’ perfor-
mance differently. Zhou et al. (2016) adjusted the trailing 
edge position of diffuser vanes, and they found that the 
extension of the trailing edge can suppress the evolution of 
the vortex. Wei et al. (2020) found that the vane inlet angle 
of the diffuser would affect the optimum operating point of 
the pump. Pei et al. (2020) analyzed the relationship between 
the wrap angle of the impeller and diffuser and pointed out 
that the wrap angle has a great influence on the flow in the 
diffuser. Wu et al. (2021) studied the performance of the 
diffuser with different vane numbers and pointed out that 
the vane number has a large effect on the performance of the 
pump. As mentioned above, the optimization of diffusers is a 
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multi-factor optimization problem, and how to get a balance 
between different parameters needs further study.

Researchers have used a variety of methods to optimize 
the diffuser, and the performance of centrifugal pumps 
has been improved accordingly. (Si et al. 2013; Long et al. 
2016; Yang et al. 2021). The traditional optimization method 
depends on the experience of researchers, and only with rich 
design experience can achieve a design with higher perfor-
mance. However, this traditional method is unstable. To 
obtain a stable optimization method, the Design of Experi-
ments (DOE) was applied to optimize the centrifugal pump 
diffuser due to its ability to reduce the number of trials. Si 
et al. (2013) obtained the weights of the influence of dif-
fuser geometric parameters on the performance of the low 
specific speed centrifugal pump through matrix analysis and 
improved the efficiency of the pump by 7% under design 
conditions. Long et al. (2016) optimized the diffuser of the 
reactor coolant pump with an orthogonal test approach, and 
improved the head and efficiency of the pump. They pointed 
out that the low-velocity area of the passages far from the 
casing outlet may cause secondary reverse flow. Yang et al. 
(2021) optimized the diffuser meridian of a submersible 
pump by the Taguchi method, which greatly improved the 
efficiency of the pump under the design conditions, and 
pointed out that this method has obvious advantages in 
multi-factors optimization. However, the DOE method still 
has some limitations on global optimization.

With the rapid development of intelligent algorithms in 
recent years, researchers have started to apply this technol-
ogy to the optimization of pumps due to its excellent global 
optimization capability (Goel et al. 2008; Wang et al. 2017; 
Derakhshan and Bashiri 2018; Guleren 2018; Pei et  al. 
2019b). Studies show that intelligent algorithms can quickly 
and comprehensively improve the performance of pumps. 
Goel et al. (2008)compared the performance of different sur-
rogate models in predicting the hydraulic performance of the 
centrifugal pump. The test showed that the surrogate models 
such as artificial neural network (ANN) model not only have 
high prediction accuracy, but also can effectively reduce the 
time of the optimization process. Wang et al. (2017) used the 
response surface method and multi-island genetic algorithm 
(GA) to optimize the diffuser for efficiency, and the results 
showed that the efficiency under the design condition was 
improved by 8.65%. Guleren (2018) combined computa-
tional fluid dynamics (CFD) and GA to optimize the impel-
ler and diffuser of a centrifugal pump and improved the head 
under the design condition. Derakhshan and Bashiri (2018) 
adopted the eagle strategy (ES) algorithm, and combined the 
advantages of different optimization algorithms to improve 
the head and efficiency of the pump. The result shows that 
the ES algorithm is beneficial to the optimal design of turbo-
machines. They believed that this optimization method 
has universal applicability. Pei et al. (2019b) adopted the 

optimization method combining two-layer ANN and particle 
swarm optimization to improve the efficiency by 0.454%, 
and pointed out that the optimization method could solve 
the nonlinear problem between performance and design vari-
ables of centrifugal pumps. Parikh et al. (2021) optimized a 
pump inducer using NSGA-II and CFD, and the efficiency 
of the pump was improved under different conditions. In 
summary, intelligent algorithms have great advantages in 
pump optimization design. Intelligent algorithms can greatly 
reduce the cost and time of optimization, and the optimiza-
tion effect is stable with fewer limitations, meanwhile, it has 
little dependence on the design experiences.

Throughout the above studies, it is found that most studies 
mainly focus on the optimization of pumps under the design 
condition, and pay little attention to the performance under 
off-design conditions. Since 2015, the European Commis-
sion required that only multistage centrifugal pumps with a 
Minimum Efficiency Index (MEI) greater than 0.4 could be 
sold in the European Union, and MEI is determined by the 
efficiency under 0.75 QBEP, 1.0 QBEP (best efficiency point) 
and 1.1 QBEP (Carravetta et al. 2017). Therefore, to obtain 
a higher MEI value and make the product more energy effi-
cient and competitive, the performance under various condi-
tions needs to be considered comprehensively.

To explore whether the optimization method base on 
intelligent algorithms is suitable for diffusers of the mul-
tistage centrifugal pump, in this research the optimization 
method combining ANN and GA is used to optimize the 
head and MEI of a vertical multistage centrifugal pump. 
ANN is used to predict the performance of the pump with 
different diffusers, and GA is used to find the optimal model. 
At the same time, the influence mechanism of diffuser geo-
metric parameters on pump performance was revealed by 
analyzing the flow characteristics in the pump.

2 � Pump model and numerical simulation

2.1 � Geometry of pump

A mature pump with high performance from pump manu-
facture was selected to be the baseline pump, and the mul-
tistage centrifugal pumps are composed of impellers, dif-
fusers, chambers, and other components. Figure 1 shows 
the cross-section of the investigated pump. The three-stage 
model was adopted in this study because it can well reflect 
the flow characteristics in the multistage centrifugal pump 
and take fewer calculation resources (Stel et al. 2015). The 
main geometric parameters of the original impeller and dif-
fuser are shown in Table 1. The designed parameters of the 
pump are as follows: the flow rate (Qd) is 30m3/h, the head 
(Hd) is 45 m, and the efficiency (ŋd) is 75%.
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2.2 � Numerical simulation

The three-dimensional, steady, incompressible Reynolds-
averaged Navier–Stokes (RANS) equations are solved by 
ANSYS CFX to perform CFD simulations. The continu-
ity and momentum equations are as follows (Wilcox 2006; 
Blazek 2015):

where u is the velocity of the flow, ρ is the density of 
the fluid, p is the static pressure, and vt is the kinematic 
viscosity.

According to the pre-verification, the simulation using 
the steady method has higher accuracy than that using the 
unsteady method. And steady calculation method costs 
fewer computing resources and time. SST k–ω turbulence 
model was selected for the simulations, because of its great 
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performance in anticipating flow separation compared with 
the stand k–ω and k–ε models (Ren et al. 2018).

The computational domain refers to the entire flow 
domain within the pump, including three impellers, three 
diffusers, two chambers, and the pipe of inlet and outlet. 
The length of the inlet and outlet pipeline is set as 10 times 
the diameter of the inlet and outlet to improve the stability 
of the flow. The average y + of impeller blades is 4.33, the 
maximum y + is 13.61; the average y + of diffuser vanes is 
4.07, the maximum y + is 8.55, and the fluid domain and 
mesh of the model are shown in Fig. 2. The impeller was set 
as rotating, and other domains were set as stationary. The 
frozen rotor model was set as the rotor–stator interfaces, 
such as the “impeller-diffuser” interface. The inlet boundary 
was set as the total pressure inlet with a reference pressure 
of 0 Pa, and the outlet boundary was set as the mass flow 
rate outlet. All the wetted surfaces were defined as smooth 
and no-slip walls. And the convergence criterion RMS (root 
mean square) was set as 10–5.

The number of grids can affect the accuracy of numerical 
simulation (Yang et al. 2011). If the number of grids is too 
small, the error of numerical simulation results is larger, 
while if the number of grids is too large, it occupies more 
computing resources. Therefore, it is necessary to determine 
an appropriate number of grids. Since MEI of all models 
is equal to 0.7, CMEI is used instead of MEI for compari-
son (see Sect. 3.2 for calculation of MEI). The results of 
the grid independence analysis are shown in Table 2. As 
shown in the table, the model with 6.4 million grids has a 
good performance, and it needs fewer computing resources. 
Thus, the model with 6.4 million grids is a suitable choice. 
Furthermore, the grid convergence index (GCI) method is 
used to analyze the computational convergence (Roache 
1994, 1997). Table 3 presents the parameters of GCI, and a 
safety factor (Fs = 1.25) was used in the calculation of GCI12 

Fig. 1   Cross-section of the 
investigated pump

Table 1   Geometric parameters of the original impeller and diffuser

Parameters of impeller Value Parameters of diffuser Value

Inlet diameter D1 60.5 mm Inlet diameter D3 121 mm
Outlet diameter D2 116 mm Outlet diameter D4 69 mm
Blade thickness e1 1 mm Blade thickness e2 1 mm
Inlet blade angle β1 30° Inlet angle β3 15°
Outlet blade angle β2 28° Outlet angle β4 90°
Blade wrap angle φ1 105° Vane wrap angle φ2 60.5°
Number of blades Z1 7 Number of vanes Z2 10
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and GCI23. Based on the result, the head is estimated to be 
46.742 with an error band of 2.064%, the CMEI is estimated 
to be 123.324 with an error band of 0.878%.

2.3 � Experimental validation

To verify the accuracy of the numerical simulation, we car-
ried out the hydraulic performance test of the prototype 
pump on a closed-loop testbed, as shown in Fig. 3. The 
accuracies of the experimental apparatus are as follows: the 
accuracy of the electromagnetic flowmeter (E + H) is 0.2%; 
the accuracy of the pressure transducer (E + H) is 0.05%; the 
accuracy of the torque transducer (HBM) is 0.5%. As shown 
in Fig. 4, the numerical simulation results are consistent with 
the experimental results. The average error of the head is 
1.23%, the maximum error is 3.78%, and the error is rela-
tively large under part-load conditions. The average error of 
efficiency is 1.89%, and the maximum error is 3.76%. How-
ever, the error of efficiency is increased under over-load con-
ditions. In summary, the error of head and efficiency is less 
than 2.5% at 0.75Qd, 1.0Qd, and 1.1Qd, and the error of MEI 
is 0.70%. Therefore, it is reliable to use numerical simula-
tion instead of the experiment to obtain pump performance.

Fig. 2   The flow domain and 
mesh of the computational 
model

chamber

Inlet

Impeller

Diffuser

Outlet

Table 2   The grid independence 
analysis

No. Number of grids 
(/106)

Hi(m) ΔH = |Hi− H1|/H1(%) CMEIi ΔCMEI =|CMEIi 
− CMEI1|/CMEI1(%)

1 12.8 45.98 0 124.20 0
2 6.4 45.51 1.02 124.58 0.31
3 3.2 44.75 2.68 125.13 0.75

Table 3   The grid convergence 
index

Performance (f) Order of conver-
gence (p)

Asymptotic solu-
tion (fh=0)

GCI12 (%) GCI23 (%) GCI12/
rpGCI23(%)

Hd (m) 2.085 46.742 2.064 3.376 1.010
CMEI 1.577 123.324 0.878 1.260 0.997

Fig. 3   Pump test facility
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3 � Optimization

In this research, an optimization method combining ANN 
and GA is used to optimize the diffuser of the multistage 
centrifugal pump. ANN is used as the replacement of CFD 

to predict the performance of the pump, and GA is used 
to find the optimization model within the specified range. 
The process of optimization was shown in Fig. 5. The first 
step involves sampling the optimization variables using the 
Latin hypercube sampling (LHS) method. The next step 
is to create 3D models and evaluate the hydraulic perfor-
mance of models by CFD. The third step is to build and 
train the ANN prediction model. Finally, the optimized 
model is found by using GA and ANN.

3.1 � Optimization variables

Figure 6 shows the geometric parameters of diffusers, D3 
is inlet diameter, D4 is outlet diameter (subscript S and H 
means shroud and hub respectively), Dmax is the maximum 
diameter of diffusers, L1 is axial length, L2 is trailing edge 
position of vanes, β3 is inlet angle (β3 = β3S = β3H − 0.7°), β4 is 
outlet angle, φ2 is vane wrap angle (φ2 = φ2H = φ2S − 11.7°), 
Rin is inlet radius of vanes, Rout is outlet radius of vanes.

The geometrical parameters of the diffuser directly 
affect the hydraulic performance of the multistage cen-
trifugal pump, among which, axial length L1, the trailing 
edge position of vane L2, vane wrap angle φ2, inlet angle 
β3, and the number of vanes Z2 have a great influence on the 
performance of the pump. Therefore, these five parameters 

Fig. 4   Comparison of experimental and CFD results

Fig. 5   Process of optimization Start

Input variables

( L1, L2, φ2, β3, Z2 )

Latin hypercube sampling

ANN construct and training

ANN model validation

YES
NO

The Pareto front from GA

Optimized model validation

End

YESNO

Prediction

Optimization

3D molding and Numerical Simulation

Multi-Objective Optimization
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are selected as optimization variables in this research and 
marked by “*” in Fig. 6. All input parameters are the same 
at all pump stages. Table 4 shows the selected variables 
and their ranges. The variables’ range had been carefully 
selected based on the limits of the pump structure and previ-
ous studies. A large wrap angle φ2 can help to improve pump 
performance (Liu et al. 2020), so a high upper limit and a 
lower limit near the baseline are adopted for the range of φ2. 
According to the pump structure and pre-studies, the other 
four variables are centered on the baseline, with a certain 
degree of increase or decrease as the range of their variables.

For better optimization effect, samples should cover 
the entire range to the greatest extent. LHS is widely used 
because of its great space-filling and nonlinear filling abil-
ity (McKay et al. 2000). In this research, 50 models were 
randomly selected from the four variables (L1, L2, φ2, β3) by 
the LHS method, and 200 models were obtained by setting 
the number of vanes Z2 of the 50 models to 8, 9, 10 and 11, 
respectively.

3.2 � Optimization objectives

The maximum of MEI and Hd were specified to be the opti-
mization objectives in this research.

Hd is the head of the pump under the designed condition, 
it can be calculated in Eq. (3).

where P1, P2 are the static pressure of the inlet and outlet 
liquid of the pump; v1, v2 are the velocity of the liquid at the 
inlet and outlet of the pump, z1, z2 are the height of the inlet 
and outlet.

MEI is a dimensionless scale unit of hydraulic efficiency. 
The calculation of MEI is based on the efficiency under the 
best efficiency point (BEP) 1.0QBEP, part-load condition (PL) 
0.75QBEP, and overload condition (OL) 1.1QBEP. It can be cal-
culated in Eqs. (4)–(9).

F� is an auxiliary function to calculate CBEP, CPL, and COL.

where x = ln(ns) ; ns is the specific speed; y = ln (QBEP).

CMEI is equal to the greatest of CBEP, CPL, and COL, as 
Eq. (8).

The value of MEI corresponding to CMEI is calculated 
by linear interpolation between the neighboring values [as 
Eq. (9) and Table 5].

According to the numerical simulation results, MEI values 
of all the calculated models are equal to 0.7. To further study 
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Fig. 6   Geometric parameters of 
diffusers

(a) Meridional shape of diffusers (b) Shape of vanes

Shroud
Hub
Leading 
Trailing edge

30

30
°0°

90°

Table 4   Range of variables

No. Parameters of variables Lower limit Baseline Upper limit

A Axial length L1/mm 50 52 55
B Trailing edge position 

of vane L2/mm
0 2.5 5

C Vane wrap angle φ2/° 60 60.5 75
D Inlet angle β3/° 12 15 20
E Number of vanes Z2 8 10 11
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the efficiency of models, CMEI is used to replace MEI as the 
optimization objective. The higher MEI means the smaller 
CMEI.

3.3 � Artificial neural network

Artificial neural network is widely used in industrial pro-
duction due to its adaptability features integrated with the 
industrial problem (Meireles et al. 2003), and it has powerful 
nonlinear and multi-factor function fitting ability. The rela-
tionship between the geometrical parameters of the pump 
and hydraulic performance is highly nonlinear. The pow-
erful function fitting ability of ANN is suitable for pump 
performance prediction. Back propagation neural network 
(BPNN) has been quite mature in theory and application. Its 
outstanding advantage is that it has a strong nonlinear map-
ping ability and flexible network structure(Han et al. 2020). 
Therefore, BPNN was used to predict the performance of the 
pump in this research. As shown in Fig. 7, the BPNN with 
five inputs and two outputs is adopted, which consists of one 
input layer, one hidden layer, and one output layer. The acti-
vation functions of the hidden layer and the output layer are 
tanh and linear functions, respectively. The circles represent 

neurons, which are the computing cells of the BPNN (as 
Eq. 10). The arrows show the connections between neurons.

where w is weight, b is bias, g is activation function, x and 
y are input and output of neurons.

The training of BPNN is to minimize the error between 
the predicted value and the real value by constantly adjust-
ing w and b. 200 samples were imported into the BPNN for 
training, among which 70% (140 samples) were used as the 
training set, 15% (30 samples) as the verification set, and 
15% (30 samples) as the test set. The Levenberg–Marquardt 
algorithm was used as the training algorithm because its 
calculated mean square error is lower than other algorithms 
(Pei et al. 2019b).

Finally, the functions of CMEI and Hd are obtained as fol-
lows: CMEI = f1

(
L1, L2,�2, �3, Z2

)
,Hd = f2

(
L1, L2,�2, �3, Z2

)
.

3.4 � Multi‑objective optimization

Multi-objective optimization is often accompanied by con-
flicts between objectives during the optimization process, so 
it is difficult to obtain a unique optimization solution (Cui 
et al. 2017). This means we should make a balance among 
objectives.

In this research, the optimization objectives are the maxi-
mum of MEI (the minimum of CMEI) and the maximum of 
Hd. The optimization variables are axial length L1, trailing 
edge position of vane L2, vane wrap angle φ2, inlet angle β3, 
and the number of vanes Z2. This problem can be defined 
in Eq. (11).

As mentioned above, it is almost impossible to obtain a 
unique solution for the optimization design of the pump, so 
the conflict between objectives needs to be balanced. Pareto 
optimality represents an ideal state of allocation between 
objectives, and the Pareto Front is a set of all Pareto optimal-
ity (Pei et al. 2019a), from which can select the solution that 
meets requirements.

GA is used to obtain the Pareto Front here. GA is an 
optimization method that simulates the natural evolution 
process to search for solutions, and when handling complex 
combinatorial optimization problems, it can obtain a solu-
tion quickly. Non-dominated Sorting Genetic Algorithm-II 
(NSGA-II) is an improved multi-objective Genetic Algo-
rithm, which is one of the most popular genetic algorithms 
at present (Deb et al. 2002). The core idea of this method 
is to combine a fast non-dominated sorting algorithm with 
elitism theory. (Sayyaadi and Babaelahi 2011). Compared 
with the traditional GA, it has the advantages of fast speed 
and good convergence. In this research, NSGA-II was used 
for multi-objective optimization of CMEI and Hd.

(10)y = g

(∑
i

wixi + b

)

Table 5   MEI and its 
corresponding CMEI

MEI CMEI MEI CMEI

0.1 138.19 0.5 133.43
0.2 135.41 0.6 131.87
0.3 134.89 0.7 130.37
0.4 133.95

L1

L2

φ2

β3

Z2

Input 

layer

Hidden 

layer

Output 

layer

H

CMEI

Fig. 7   The structure of BPNN
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4 � Result and discussion

4.1 � Pareto front

The Pareto front was obtained by NSGA-II with 100 popula-
tions and 2000 iterations (as shown in Fig. 8). There is no 
superior solution in the Pareto front, so the optimal solution 
must be selected from it. And we selected three optimized 
cases, marked by A, B, and C in Fig. 8. where A is the opti-
mal head case, which has a higher head than other cases. B 
is the optimal CMEI case, and the CMEI of this case is lower 
than that of other cases (which means that the MEI is higher 
than that of other cases). C is a balanced case between A and 
B with CMEI and Hd playing equal roles. To verify the accu-
racy of BPNN and study the flow states of the pump, CFD 
calculations were carried out on the A, B, and C models. 
Table 6 shows the geometrical data and performance data 
of cases from BPNN and CFD.

According to Table 6, it can be found that the head devi-
ation between BPNN and CFD is less than 0.3%, and the 

(11)

⎧
⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Find X=
�
L1, L2,�2, �3, Z2

�
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minimize CMEI = f1
�
L1, L2,�2, �3, Z2

�
maximize Hd = f2

�
L1, L2,�2, �3, Z2

�

Subject to 50mm ≤ L1 ≤ 55mm

0mm ≤ L2 ≤ 5mm

60
◦

≤ �2 ≤ 75
◦

12
◦

≤ �3 ≤ 20
◦

8 ≤ Z2 ≤ 11

deviation of CMEI is less than 1.5%, indicating that BPNN 
is suitable for pump performance prediction. Compared 
with the original case, the head of case A is improved by 
3.94%, and the CMEI is decreased by 0.99%; the head of 
case B is improved by 3.23%, and the CMEI is reduced by 
1.51%; the head of case C is increased by 3.74%, and the 
CMEI decreases by 1.17%.

By comparing the difference among cases, some rela-
tionships between geometry and performance were found. 
The axial length L1 of Case A, B and C are all longer 
than that of the original case, it indicates longer L1 helps 
improve pump head and efficiency simultaneously. As to 
the trailing edge position of vane L2, a short L2 leads to 
a higher head, and a longer L2 helps improve efficiency. 
The vane wrap angle φ2 has the same effect as L1 and 
a relatively small φ2 benefits improvement of the head. 
In this optimization, choosing 9 vanes is best for pump 
performance.

Hd and CMEI of cases A, B, and C are all better than 
those of the original case, while Hd and ηPL were greatly 
improved. The improvement of ηPL is the main cause for 
the improvement of CMEI. Although the head of case B 
is lower than that of case A and C, the efficiency of case 
B under all conditions is higher than case A and C. We 
believe that the performance of case B is more in line with 
the demand. Therefore, case B was selected as the opti-
mized model to study the characteristics of unstable flow 
and the mechanism of energy loss in the pump.

Fig. 8   Pareto front of CMEI and H 

Table 6   Geometry and performance of cases from BPNN and CFD

Parameter Original case Case A Case B Case C

L1/(mm) 52 55 54.6 55
L2/(mm) 2.5 0.7 2.7 2.1
φ2/(°) 60.5 69.6 71.3 69.7
β3/(°) 15 12 12 12
Z2 10 9 9 9
BPNN
 Hd/(m) 45.51 47.42 46.85 47.27
 CMEI 122.90 122.87 121.92 122.11

CFD
 Hd/(m) 45.51 47.31 46.98 47.21
 CMEI 124.58 123.34 122.69 123.12
 ηPL/(%) 72.52 73.52 74.16 73.74
 ηBEP/(%) 77.62 78.49 78.83 78.62
 ηOL/(%) 76.92 77.15 77.61 77.27

Rel. error
 ƐH/(%) 0.23 0.24 0.29 0.1
 ƐMEI/(%) 1.37 0.38 0.64 0.82
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4.2 � Flow analysis

In summary, the optimization method adopted in this 
research successfully optimized the multistage centrifu-
gal pump, which increased Hd by 3.23%, ηd by 1.56%, and 
decreased CMEI by 1.51%. The original diffuser model and 
the optimized diffuser model are shown in Fig. 9. It can 
be found that the height of the optimized diffuser is higher 
than the original diffuser, and the vanes of the optimized 

case have a bigger wrap angle and a relatively smaller vane 
angle on average.

To improve the performance of the pump, the unsteady 
flow and mechanism of energy loss characteristics in the 
pump are further analyzed. As a fast identification method of 
energy loss, entropy production theory has the advantage of 
determining the amount and location of energy loss. And a 
large number of studies have confirmed that entropy genera-
tion theory can well reveal the energy loss characteristics of 
rotating machinery (Gong et al. 2013; Li et al. 2017; Chang 
et al. 2019; Zhang et al. 2020).

Figure 10 shows the local entropy production (LEP) and 
total entropy production (TEP) of components under dif-
ferent flow rates. The LEP curves of the two chambers are 
very similar and the difference is negligible. The LEP of the 
optimized impeller is lower than that of the original case 
at 0.75Qd and 1.0Qd, but there is little difference at 1.1Qd. 
Under all conditions, the diffusers’ LEP in the optimized 
case is lower than in the original case. At 0.75Qd, the TEP 
deviation between the original case and the optimized case 
is the largest, and the efficiency improvement is the largest. 
At 1.1Qd, the TEP deviation is minimal and the efficiency 
improvement is small.

A pump was designed according to the required perfor-
mance under the design condition, so the design condition 
is the most important. Therefore, we studied the energy loss 
mechanism and unstable flow characteristics of the pump 
at 1.0Qd first.

Figure 11 shows the head and LEP of impellers and dif-
fusers at 1.0Qd. In the optimized case, the head of the impel-
lers is slightly higher than the original case, and the LEP of 
the impellers is lower compared with the original case. And 
because the diffuser is an energy-consuming component, 
head drops in the diffuser (ΔH in Fig. 11 means the head 
loss in diffusers, and it is negative). As shown in the figure, 
the optimized diffuser has lower head loss and LEP. As a 

Fig. 9   Diffuser model of the original case and optimized case

Fig. 10   Local and total entropy production of the original case and 
optimized case

Fig. 11   Head and LEP of impellers and diffusers at 1.0Qd
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result, the performance of the optimized case is better than 
that of the original case.

To further locate the energy loss in the pump, we ana-
lyzed the distribution of the average entropy production 
rate (EPR) in the meridian surface of impellers and dif-
fusers under the design condition (as shown in Fig. 12). 
The EPR distribution of the two cases is significantly dif-
ferent at the inlet of diffusers (marked by the red circle), 
and the energy loss on the interaction surface of impellers 
and diffusers in the optimized case is greatly reduced. At 
the same time, the EPR in the diffuser passage of the opti-
mized case is reduced, and the energy loss is improved.

The flow at the interaction surface of the third stage 
was analyzed (as shown in Fig. 13). On the interaction 
surface, the flow of fluid in the original case is unstable, 
and there is a large area of the vortex (marked by the red 
frame). In this area, the fluid from the impeller impacts 
the leading edge of the diffuser vane, causing serious flow 
separation. This situation leads to the occurrence of back-
flow, which is the main reason for the serious energy loss 
on the interaction surface. By reducing the inlet angle β3, 
the flow of the optimized case on the interaction surface 
is significantly improved, and there is no obvious flow 
separation and backflow phenomenon. The smaller inlet 
angle β3 weakens the impact of fluid on the leading edge 

[W/m3·K]

3rd stage

2nd stage

1st stage

Original case

3rd stage

2nd stage

1st stage

Optimized case

Fig. 12   Average EPR distribution of impellers and diffusers at 1.0Qd

Fig. 13   Streamlines distribution 
and flow in the third stage of the 
pump at 1.0 Qd
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of diffuser vanes and makes the fluid enter the diffuser 
more smoothly.

Figure 14 shows the velocity and vector distribution of 
the second diffuser at 1.0Qd. The velocity gradient in the 
diffuser of the original case is relatively large. At the suc-
tion surface of the vanes, a major backflow problem devel-
ops. The diffuser vane of the original case has a larger inlet 
angle which makes the velocity of the fluid drop faster after 
entering the diffuser, resulting in more loss during energy 
conversion. In the optimized case, the velocity gradient is 
small, the velocity changes smoothly, and the backflow is 
weakened. It shows that a longer vane length and larger wrap 

angle φ2 can prolong the energy conversion process, make 
the energy conversion process gentler, reduce the energy loss 
and improve the performance of the pump.

Figure 15 shows the relative pressure (RP) distribution 
of the second stage in the blade-to-blade view at 1.0Qd 
( RP = P − P0 , P is static pressure, P0 is average static pres-
sure of the last diffuser outlet). The pressure distribution in 
the impeller of the original case and optimized case are the 
same. The pressure distribution at the leading edge of diffus-
ers still maintains a relatively high consistency, but the dif-
ference begins to appear in the middle of diffusers. The area 
of the high pressure in the optimized case is significantly 

Fig. 14   Velocity distribution 
and flow of the second diffuser 
at 1.0 Qd

(a) Original case

(b) Optimized case

[m/s]

[m/s]

Fig. 15   Pressure distribution of 
the second stage at 1.0 Qd
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larger than that of the original case. This proves that the 
optimized diffuser has a stronger ability to convert dynamic 
energy to static energy, which helps to improve the perfor-
mance of the pump.

In practical applications, multistage centrifugal pumps 
operate under off-design conditions frequently. Therefore, 
it is also important to improve the performance of the pump 
under off-design conditions. As shown in Table 6, the effi-
ciency of the pump under off-design conditions has also 
been greatly improved. To comprehensively explore the 
mechanism of performance improvement for the optimized 
model, the flow in the pump under the off-design conditions 
has been analyzed.

Figure 16 shows the average EPR distribution in the 
meridian surface of impellers and diffusers under off-design 
conditions. At 0.75Qd, a large energy loss was observed 
at the diffuser’s inlet in two cases. The energy loss inside 
diffusers of the optimized case is significantly improved 

compared with the original case. At 1.1Qd, it is little differ-
ence in the EPR distribution between the two cases.

Figure 17 shows the vorticity distribution in the meridian 
surface of the second diffuser under off-design conditions. 
By comparing the vorticity distribution under different con-
ditions, it can be found that the high vorticity area at the inlet 
of the diffuser becomes smaller with the flow rate rising, but 
there is no improvement inside the diffuser channel.

At 0.75Qd, there are a lot of vortices at the inlet of the 
original diffuser (as pointed out by the arrow). The opti-
mized diffuser reduced the high-vorticity area and improved 
the energy loss by reducing the inlet angle β3 to weaken the 
impact of fluid on the leading edge of the diffuser. Although 
the high-vorticity area in each channel of the optimized case 
is not less than that of the original case, it has a wider chan-
nel that allows more fluid to pass through. Thus, the opti-
mized diffuser has a better performance at 0.75Qd. As shown 
in Fig. 17, the vorticity distribution at the inlet of the two 

Fig. 16   Average EPR distribu-
tion of impellers and diffusers 
under off-design conditions

Optimized caseOriginal case

3rd stage

2nd stage

1st stage

3rd stage

2nd stage

1st stage

Optimized case
[W/m3·K]

3rd stage

2nd stage

1st stage

1.1Qd

Original case

3rd stage

2nd stage

1st stage

0.75Qd

Fig. 17   Vorticity distribution of 
the second diffuser under off-
design conditions
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cases is similar at 1.1Qd. Although the optimized diffuser 
has a wider channel, there is more high-vorticity area (as 
pointed out by the arrow), and the flow passing ability of 
the diffuser was not well improved. So, the improvement of 
pump performance at 1.1 Qd is not obvious.

As discussed above, the optimized case weakens the flow 
impact on the leading edge of diffuser vanes by reducing the 
inlet angle β3 and stabilizes the flow at the inlet of diffusers. 
By increasing axial length L1 and wrap angle φ2, the ability 
of the diffuser to convert dynamic energy into static energy 
is enhanced, and the flow inside the diffusers is improved. 
By reducing the number of blades, the flow passing capacity 
in the diffusers is enhanced under part load conditions, and 
the flow is smoother at the outlet of the diffusers.

5 � Conclusion

In this research, a multi-objective optimization method 
combining BPNN and NSGA-II was used to optimize the 
diffuser of a multi-stage centrifugal pump. The following 
conclusions were drawn:

(1)	 The multi-objective optimization method combining 
BPNN and NSGA-II successfully optimized the per-
formance of the pump under different flow rate condi-
tions. The head at 1.0Qd of the pump was increased 
by 1.47 m, the CMEI was decreased by 1.89, and the 
efficiency at 0.75Qd, 1.0Qd, and 1.1Qd was increased 
by 1.64%, 1.21%, and 0.69%, the respectively.

(2)	 The unstable flow characteristics and energy loss distri-
bution of the original case and optimized case are ana-
lyzed. At 1.0Qd, the impellers’ head of the optimized 
case is 2.37% higher than that of the original case, and 
the LEP is reduced by 10.17%. The head loss of dif-
fusers is decreased by 4.78%, and LEP is decreased 
by 17.37%. A smaller inlet angle of the diffuser vane 
can weaken the flow impact on the leading edge and 
reduce the energy loss at the inlet of diffusers. A larger 
axial length and wrap angle can improve the energy 
conversion ability of diffusers and reduce the energy 
loss inside diffusers. Reducing the number of vanes 
can improve the flow passing capacity of the diffusers 
at small flow rates.

(3)	 The multi-objective optimization method adopted in 
this paper is suitable for the optimization design of dif-
fusers. It can provide a new optimization method for 
diffusers of multistage centrifugal pumps. However, 
the adaptability of this method for the other hydraulic 
components (e.g., pump casing, impeller, inducer, etc.) 
needs further investigation, and in this multi-objective 
optimization method, how to optimize diffuser and 
impeller simultaneously can be further extended.
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