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Abstract: The main objective of the present article was to obtain the optimum structure of the 

plastic lined pump under the condition of fluid-structure interaction. The structural parameters of 

the pump were calculated according to the given design parameters. The three-dimensional 

geometric model was established. The flow field analysis was carried out by CFD. The inlet 

diameter 𝐷𝑗, outlet width 𝑏2, vane outlet angle 𝛽2 and vane number 𝑍 of the impeller were 

selected as the four factors to design orthogonal experiment. The results were analyzed by range 

analysis. The efficiency and NPSH were obtained as combined parameters under the evaluation 

index. The genetic algorithm was used to optimize its structural parameters, and the best structural 

combination parameters of the plastic-lined pump under the conditions of maximum efficiency 

and minimum cavitation were obtained. The efficiency was increased by 2.78% and the NPSH 

was reduced by 0.249707 after optimization. Finally, the stress distribution and displacement 

deformation under the condition of the coupling field were obtained by the fluidsolid coupling 

analysis. The maximum stress was 4.83mpa and the maximum displacement deformation was 

3.1547e-5m. 

Key Words: plastic lined pump, CFD, orthogonal experiment, range analysis, genetic algorithm, 

parameter optimization, fluidsolid coupling 

1 Introduction 

With the rapid development of industry and agriculture in our country, the traditional metal 

pumps are often difficult to meet the requirements of corrosion resistance, besides that, some 

special metal cost is higher. So, the appearance of plastic lined pump solved these problems in 

time. Compared with other kinds of pumps, plastic lined pumps are widely used for their excellent 

corrosion resistance. 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%b5%81%e5%9b%ba%e8%80%a6%e5%90%88&tjType=sentence&style=&t=fluid-solid+coupling
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In the process of scientific and engineering case analysis, there is usually no absolute single- 

field problem, and most physical phenomena are coupled with each other 
[1]

. For the plastic lined 

pump, fluid-structure coupling is the interaction between the flow field and the structure of the 

pump body. The internal running state of pump is very complex on account of the fluidsolid 

coupling and the process of conveying medium. Therefore, it is urgent to study the plastic lined 

pump from the perspective of multi physical field coupling 
[2]

. The method of fluidsolid coupling 

is closer to the actual operation of the plastic lined pump than the traditional ones. Its novelty 

stems from the fact it takes into account the turbulence modeling and at the same time the 

strong-coupling of fluid and structure 
[3]

. The fluid-structure-interaction (FSI) technology makes 

the coupling analysis of flow field and structure field become a reality, which makes it possible to 

study the fluid structure interaction of pump. 

Researchers mainly focus on the single-stage and multi-stage metal centrifugal pump, but 

less on plastic lined centrifugal pump. Such as the distribution of the internal flow field of plastic 

lined pump, the stress of fluid structure coupling during operation, the situation and location of 

cavitation damage in the plastic lined pump, and the deformation and displacement of the impeller 

under the action of fluid-solid coupling have not been studied. Therefore, it is necessary to study 

the internal flow field and fluid structure coupling of plastic lined pump. 

In this paper, CFD is used to analyze the flow field of the lining plastic pump. Through 

orthogonal experiment and range analysis, it can be concluded that the efficiency and NPSH are 

taken as the combined parameters under the evaluation index. The genetic algorithm is used to 

optimize the structural parameters of the plastic lined pump, and the optimal parameter 

combination is obtained. Based on ANSYS Workbench, the structural change of the impeller 

under the effect of fluidsolid coupling is obtained. 

2 Structure Design 

Because of their outstanding corrosion resistance, light weight and low price, plastic lined 

pumps are widely used in various fields of national economic production. Plastic lined parts, with 

the help of forming mold, are lined with a layer of plastic in the metal shell. On the one hand, it 

can effectively prevent the corrosion of the medium. On the other hand, the strength of the metal 

shell can support the weight of the plastic centrifugal pump itself, the pressure of some pipes and 

various vibration forces during operation. This design combines the strength of the metal and the 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%b5%81%e5%9b%ba%e8%80%a6%e5%90%88&tjType=sentence&style=&t=fluid-solid+coupling
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b5%81%e5%9b%ba%e8%80%a6%e5%90%88&tjType=sentence&style=&t=fluid-solid+coupling
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corrosion resistance of the plastic and its market ownership is increasing day by day. 

The basic parameters of the lining plastic pump are as follows: flow rate Q=100 m
3
/h, head 

H=80 m, rotate speed n=2900 rpm, inlet diameter of impeller 𝐷𝑗=90 mm, outlet diameter 𝐷𝑑=80 

mm, width of impeller inlet b1=18 mm, outlet width b2=10 mm, impeller inlet angle 𝛽1=20°, 

outlet angle 𝛽2=30°, and the wrap angle 𝜑=110°. According to the above parameters, the 

physical model of impeller and the volute-type discharge passage was established 
[4]

, as shown in 

Figure 1. 

          

FIGURE 1: Fluid domain model.           FIGURE 2: Mesh generation. 

3 Flow Field Simulation 

Build 3D model by CFturbo10.0 and simulate by PumpLinx. After the impeller and volute 

were imported into PumpLinx, an inlet section needed to be established at the entrance of the 

impeller. Then the inlet section, impeller and volute were meshed, as shown in Figure 2. 

Here, the iterative steps of the plastic lined pump were set as 1000 steps. Figure 3 shows the 

convergence of the iterative residual curve. 

 

FIGURE 3: Residual curve 

Figure 4 is a speed distribution diagram of the lining plastic pump 
[4]

. It shows that the 

velocity inside the impeller of the plastic lined pump was generally symmetrical. The closer the 

impeller was to the edge, the higher the velocity was. Besides, the velocity on the working face of 

the impeller was greater than that on the back of the vane with the same diameter. 
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      FIGURE 4: Velocity cloud diagram.      FIGURE 5: Pressure cloud diagram.    

Figure 5 shows the pressure distribution of the lining plastic pump. The pressure was 

increasing gradually from the inlet of the impeller to its outlet 
[4]

. The pressure field inside the 

impeller was axisymmetric. There was no obvious mutation area between the impeller and the 

volute channel. In addition, the pressure near the impeller inlet was the lowest. Due to the pressure 

difference, this area is also most prone to cavitation. 

 

 FIGURE 6: Gas mass fraction diagram. 

 

FIGURE 7: Gas volume fraction diagram. 

In this paper, the gas mass fraction and gas volume fraction inside the plastic-lined pump are 

used to express the degree of cavitation. The higher the gas mass fraction and gas volume fraction 

are, the more serious the cavitation is. 

Figure 6 shows that the gas mass fraction of the pump was 1.7926×10
-5

 after reaching stable 

convergence and cavitation mainly occurred in the back area of the blade above the tongue, there 

was slight cavitation at the head of other blades, too. Combined with the analysis of the pressure 
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cloud diagram in Figure 5, the prediction of the cavitation location was also verified. Figure 7 

shows that the gas volume fraction of the impeller is as high as 0.999906. Since the fluid medium 

set by the boundary conditions is water, it means that the medium has reached the critical pressure 

of vaporization in this operating state. Especially, the medium itself is also a certain gas content, 

so the fluid medium evaporates rapidly. A large number of vapor bubbles were generated, which 

results in a relatively high gas volume fraction and brings cavitation damage to the plastic-lined 

pump. 

When the internal flow field of the plastic-lined pump is stable, its internal speed, pressure, 

etc. also tend to be stable. At this time, the working efficiency of the plastic-lined pump can be 

calculated according to formulas (1) and (2). 

 

FIGURE 8: Outlet pressure diagram. 

It can be seen from Figure 8 that the outlet pressure of the plastic lined pump was 850975pa. 

Because the inlet pressure of the boundary condition was set as 101325pa, the pressure difference 

between the inlet and outlet was: 𝛥𝑃 = 𝑃𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑃𝑖𝑛𝑙𝑒𝑡 = 784012 Pa 

According to the efficiency calculation formula of the pump: 

 𝐻 = 𝛥𝑃𝜌𝑔 (1) 

 𝜂 = 𝑄1000𝑃 𝛥𝑃 (2) 

Where 𝜌 is the density of fluid medium (kg/m3); 𝑔 is the gravitational acceleration; 𝜂 is 

the efficiency; 𝑃 is the shaft power; 𝛥𝑃 is the pressure difference between pump inlet and outlet. 

Calculated:  𝜂 = 𝑄1000𝑃 𝛥𝑃 = 68.79%
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4 Orthogonal Experiment and Range Analysis 

4.1 Orthogonal Experiment 

In this paper, the efficiency and cavitation of the plastic lined pump were selected as the 

evaluation indexes of the orthogonal test. The inlet diameter 𝐷𝑗, outlet width 𝑏2, vane outlet 

angle 𝛽2 and vane number 𝑍 were selected as the four factors of the orthogonal test, which were 

respectively represented by A, B, C and D. Each factor was set with five levels, as shown in Table 

1. 

 

Table 1: Factor-level table of orthogonal test 

Factor A（mm） B（mm） C（°） D 

Level 1 80 6 26° 4 

Level 2 86 8 28° 5 

Level 3 90 10 30° 6 

Level 4 94 12 32° 7 

Level 5 98 14 34° 8 

For the orthogonal experiment with five levels of four factors, the orthogonal table that 

could selected is )5( 4

25L  
[4]

. 25 groups of experimental data obtained from orthogonal test were 

simulated to obtain the gas volume fraction under each group of parameters. The centrifugal pump 

efficiency of corresponding groups was calculated by equations (1) and (2), as shown in Table 2. 

Table 2: Orthogonal experimental results 

sequence 

A 

（mm） 

B 

（mm） 

C 

（°） 

D 

 

efficiency NPSH 

(%) 
（Gas volume 

fraction） 

1 80 6 26 4 63.22 0.978067 

2 80 8 28 5 64.86 0.973542 

3 80 10 30 6 63.78 0.962341 

4 80 12 32 7 65.26 0.988031 

5 80 14 34 8 64.95 0.960375 

6 86 8 28 6 63.22 0.971398 

7 86 8 30 7 64.16 0.961674 

8 86 10 32 8 65.58 0.967709 

9 86 12 34 4 62.54 0.959413 

10 86 14 26 5 64.36 0.980602 

11 90 6 30 8 62.11 0.991571 

12 90 8 32 4 62.55 0.980605 

13 90 10 34 5 63.47 0.961259 

14 90 12 26 6 65.29 0.955471 
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15 90 14 28 7 67.34 0.971307 

16 94 6 32 5 68.17 0.963179 

17 94 8 34 6 63.35 0.988036 

18 94 10 26 7 66.79 0.973451 

19 94 12 28 8 65.31 0.969079 

20 94 14 30 4 62.96 0.960571 

21 98 6 34 7 66.28 0.964084 

22 98 8 26 8 64.05 0.977471 

23 98 10 28 4 63.16 0.979361 

24 98 12 30 5 65.03 0.965464 

25 98 14 32 6 69.21 0.955461 

4.2 Range analysis 

（1）Analysis of the influence trend of various factors on efficiency 

The larger the value of R is, the greater the influence of this factor on the test evaluation 

index is. Table 3 shows that the order of the influence of each test factor on the efficiency of the 

evaluation index is: D>A>B>C, namely: vane number > inlet diameter > outlet width > vane 

outlet angle. The influence trend of various factors on efficiency is shown in Figure 9. According 

to the highest efficiency evaluation index, the best combination of structural parameters can be 

obtained as A5B5C4D3, that is, when the inlet diameter 𝐷𝑗 was 98mm, the outlet width 𝑏2 was 

14mm, the vane outlet angle 𝛽2 was 32 ° and the number of vanes Z was 6, the maximum 

efficiency value can be obtained. Representatively, this group of parameters is included in 25 

groups of test data. The new tests results are shown in Figure 10 and Figure 11. 

Table 3: Influence data of various factors on efficiency 

 A B C D 

K1 322.07 323 323.71 314.43 

K2 319.86 318.97 323.89 325.89 

K3 320.76 322.78 318.04 324.85 

K4 326.58 323.43 330.77 329.83 

K5 327.73 328.82 320.59 322 

k1 64.414 64.6 64.742 62.886 

k2 63.972 63.794 64.778 65.178 

k3 64.152 64.556 63.608 65.966 

k4 65.316 64.686 66.154 64.97 

k5 65.546 65.764 64.118 64.4 

R 1.132 1.078 0.036 1.514 

Sequencing 5 5 4 3 
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FIGURE 9: Influence trend of each parameter on efficiency. 

       
FIGURE 10: Velocity cloud (new)    FIGURE 11: Pressure cloud (new) 

（2）Analysis of Influence Trend of Various Factors on Cavitation Erosion. 

According to the range value R, the order of the influence of each parameter on the 

cavitation is: B>D>C>A, namely: outlet width > vane number > vane outlet angle > inlet diameter. 

The influence trend of various factors on cavitation is shown in Figure 12. It can be seen from 

Table 4 that according to the evaluation index of the smallest cavitation damage (the smallest gas 

volume fraction), the best combination of structural parameters can be obtained as A1B2C1D4, 

that is, when the inlet diameter 𝐷𝑗 was 80mm, the outlet width 𝑏2 was 8mm, the vane outlet 

angle 𝛽2 was 26 ° and the vane number Z was 7, the gas volume fraction was the minimum. The 

optimized structural parameters of the plastic lined pump were not in the existing tests
 [4]

. The 

CFD software was used to remodel and verify the test results 
[4]

, As shown in Figure 13, the 

minimum gas volume fraction of this group was 0.90108. Significantly, the cavitation damage was 

reduced. 

Table 4: Influence data of various factors on cavitation. 

 A B C D 

K1 4.862356 4.868299 4.865062 4.858017 

K2 4.840796 4.870127 4.864687 4.844046 

K3 4.860213 4.844121 4.841621 4.832707 

K4 4.854316 4.837458 4.854985 4.858547 

K5 4.841841 4.828316 4.833167 4.866205 

k1 0.9724712 0.9736598 0.9730124 0.9716034 

k2 0.9681592 0.9740254 0.9729374 0.9688092 

k3 0.9720426 0.9688242 0.9683242 0.9665414 
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k4 0.9708632 0.9674916 0.970997 0.9717094 

k5 0.9683682 0.9656632 0.9666334 0.973241 

R 0.004312 0.0083622 0.006379 0.0066996 

Sequencing 1 2 1 4 

 

 

FIGURE 12: Influence trend of each parameter on gas volume fraction. 

 

FIGURE 13: Gas mass fraction and gas volume fraction (new) 

5 Multi objective optimization design of impeller structure parameters  

Based on the traditional design experience and CFD analysis of centrifugal pump, it is 

necessary to further optimize the structural parameters of centrifugal pump. In this chapter, taking 

the minimum efficiency loss and cavitation damage of plastic lined pump as the optimization 

objective, the mathematical optimization model was established. After dealing with the 

relationship between the objective function and the constraint conditions, the multi-objective 

optimization was carried out based on MATLAB and genetic algorithm. The optimal structure 

parameter combination of plastic lined pump performance was obtained. 

5.1 Principle of genetic algorithm 

Genetic algorithm (GA) is a kind of random optimization search method based on the 

evolution law of biology. It starts with a population that represents the potential solution set of the 

problem. A population is composed of a certain number of individuals encoded by genes and each 
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individual is actually an entity with chromosome characteristics. As the main carrier of genetic 

material, chromosome is the collection of multiple genes, which determines the external 

performance of individual shape. 

Due to its complexity, imitating gene coding is often simplified, such as binary coding. After 

the emergence of primitive population, generations of evolution have produced better and better 

approximate solutions according to the survival principle of survival of the fittest. In each 

generation, individuals were selected on the basis of the fitness of the individuals in the problem 

domain. They combined, crossed and mutated with the help of the genetic operators of natural 

genetics to produce the population representing the new solution set. This process will lead to the 

later generation population to be more adaptive to the environment than the previous generation. 

The optimal individual in the last generation population can be used as the approximate optimal 

solution of the problem after decoding. 

5.2 Optimization and calculation of genetic algorithm 

Genetic algorithm toolbox was used for objective optimization. Input calculation formula, set 

population size to 1000, population to 1000, stall generations to 1000 and function tolerance to 

1e-3, genetic toolbox began to calculate and solve. Then the iterative optimization diagram and 

optimization results were obtained, as shown in figure 14 and figure 15. 

 

FIGURE 14: Iterative convergence graph.
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FIGURE 15:  Calculation results. 

The parameters of the final optimization results after rounding are shown in Table 5. 

Table 5: Optimization results 

Parameter Dj b2 β2 Z 

Before optimization 90 10 30 6 

After optimization 100 14 27 6 

Use the optimized parameters to perform three-dimensional modeling of the plastic-lined 

pump again, and import the new model into PumpLinx for flow field analysis. As shown in Figure 

16, the outlet pressure of the plastic lined pump was 885337Pa, the efficiency of the pump can be 

calculated as 71.57%, 2.78% higher than the previous 68.79%. As shown in Figure 17, the gas 

volume fraction was increased from the previous 0. 999906 to 0.750199, reduced by 0.249707. 

The overall performance of plastic lined pump had been improved. 

      

   FIGURE 16: Outlet pressure.            FIGURE 17: Gas volume fraction. 

6 Structural analysis based on fluid structure coupling 

Impeller is the core component of plastic lined pump and its structure design directly affects 

the performance of plastic lined pump. In this paper, ANSYS Workbench was used to analyze the 

fluid structure coupling of the impeller of the plastic lined pump, which is closer to the essence of 
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the operation of the pump. (Note: the material of plastic lined pump impeller is polyethylene) 

    

FIGURE 18: Distribution of water pressure.            FIGURE 19: Pressure loading. 

It can be seen from Figure 18 that the equivalent stress under the flow field load of impeller 

was axisymmetric. There was no obvious abrupt change of the distribution of pressure in each 

channel. Besides those, the maximum pressure was at the impeller inlet and the pressure at the 

impeller outlet decreased gradually. At the same radius, the pressure of the working face of vane 

was larger than that of the back area. Figure 19 shows that the closer the impeller was to the center, 

the greater the pressure was. Pressure comes mainly from the action of fluid on the impeller 

surface. The overall distribution of pressure load was also corresponding to the distribution of 

water pressure in Figure 18. 

  

FIGURE 20: Equivalent stress diagram.     FIGURE 21: Total displacement and deformation.  

According to the equivalent stress diagram of the impeller in Figure 20, the equivalent stress 

on the surface of impeller increased with the decrease of the radius. The maximum equivalent 

stress was 4.83 MPa in the center area of the impeller. It can be seen from Figure 21 that with the 

increase of impeller radius, the deformation of impeller increased gradually. It reached the 

maximum value at the edge of impeller. 
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FIGURE 22: Pre-deformation drawing of impeller. 

 

 FIGURE 23: Total deformation displacement diagram of impeller.  

  

FIGURE 24: Initial diagram of total deformation deflection curve of impeller. 
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             FIGURE 25: Total deformation and deflection curve of impeller. 

The Figure 22 and the Figure 23 show that the displacement gradually increased from the 

impeller inlet to the impeller outlet. The displacement of the edge of impeller was the largest and 

the displacement of the root was the smallest. For the plastic lined pump, the polyethylene 

material used in the impeller and volute is weaker than the metal material in terms of wear 

resistance and compression resistance. Once the impeller wear occurs, the damage degree is far 

greater than that of the metal pump. In order to obtain the deformation and displacement of each 

point of the impeller, the deflection curve was established at the center and edge of the impeller, as 

shown in Figure 24 and Figure 25. The displacement variation of each point on the deflection 

curve of impeller are shown in Table 6. 

Table 6: Displacement of each point of impeller 

Sequence x(m) y(m) Sequence x(m) y(m) Sequence x(m) y(m) 

1 0 2.45E-06 18 3.63E-02 1.40E-05 35 7.26E-02 2.43E-05 

2 2.14E-03 3.10E-06 19 3.84E-02 1.47E-05 36 7.47E-02 2.48E-05 

3 4.27E-03 3.86E-06 20 4.06E-02 1.53E-05 37 7.69E-02 2.54E-05 

4 6.41E-03 4.57E-06 21 4.27E-02 1.60E-05 38 7.90E-02 2.59E-05 

5 8.54E-03 5.28E-06 22 4.48E-02 1.66E-05 39 8.11E-02 2.64E-05 

6 1.07E-02 5.97E-06 23 4.70E-02 1.72E-05 40 8.33E-02 2.70E-05 

7 1.28E-02 6.66E-06 24 4.91E-02 1.79E-05 41 8.54E-02 2.75E-05 

8 1.49E-02 7.34E-06 25 5.13E-02 1.85E-05 42 8.76E-02 2.80E-05 

9 1.71E-02 8.00E-06 26 5.34E-02 1.91E-05 43 8.97E-02 2.85E-05 

10 1.92E-02 8.67E-06 27 5.55E-02 1.97E-05 44 9.18E-02 2.90E-05 
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11 2.14E-02 9.35E-06 28 5.77E-02 2.03E-05 45 9.40E-02 2.95E-05 

12 2.35E-02 1.00E-05 29 5.98E-02 2.09E-05 46 9.61E-02 3.00E-05 

13 2.56E-02 1.07E-05 30 6.19E-02 2.15E-05 47 9.82E-02 3.05E-05 

14 2.78E-02 1.14E-05 31 6.41E-02 2.21E-05 48 0.10036 3.10E-05 

15 2.99E-02 1.20E-05 32 6.62E-02 2.26E-05 49 0.1025 3.15E-05 

16 3.20E-02 1.27E-05 33 6.83E-02 2.32E-05    

17 3.42E-02 1.34E-05 34 7.05E-02 2.37E-05    

 

FIGURE 26: Coordinate diagram of total deformation and deflection curve of impeller. 

Figure 26 is the coordinate diagram of total deformation and deflection curve of impeller. Its 

origin and end point are point 1 and 2 marked in Figure 25. From the coordinate diagram, the 

displacement of the deformed point 2 relative to the non-deformed position changed by 

3.1547e-5m. The deformation of impeller changed linearly from the center to the edge and point 2 

is the edge of vane. If the clearance between impeller and pump cover is not designed reasonably, 

wear will occur in the working process. Therefore, according to the deformation and displacement 

of the impeller, it is significant to reasonably design the clearance between the impeller and the 

pump cover and the inlet width of the vortex chamber. 

7 Conclusion 

This paper focuses on improving the efficiency of plastic lined pump and reducing cavitation 

damage. The internal flow field of plastic lined pump was simulated and analyzed by CFD. Then 

the optimal structure parameter combination was found based on genetic algorithm. Combined 

with the actual working condition of plastic lined pump, the fluidsolid coupling method is adopted 
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to analyze the stress and structure change of impeller. It has guiding significance for the safety and 

reliability of the plastic lined pump. The main research results are as follows. 

(1) The orthogonal experimental table of 𝐿25(54) was designed and orthogonal experiment 

was carried out. In this paper, the best combination parameters of efficiency conditions and 

cavitation conditions are obtained respectively. 

(2) This paper uses genetic algorithm to find the best combination of structural parameters. 

Based on ANSYS Workbench, the fluidsolid coupling calculation method, which is closer to the 

essence of impeller operation, was adopted to analyze the stress and structure change. 
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