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In this paper, the refrigerant flow and the thermal performance of a working fluid 
pump are performed in the perspective of an ejector refrigeration system. The in-
fluence of impeller’s geometric parameters on the internal pressure, flow rate 
and cavitation of the pump is studied experimentally and numerically. A vertical 
multi-stage centrifugal pump is selected as an experimental prototype for numer-
ical verification, and a working fluid pump, which is optimized by the orthogonal 
analysis, is numerically studied, the results show that the optimized one has bet-
ter thermal performance than the prototype. 
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Introduction 

With the emphasis on renewable energy worldwide, the solar ejector refrigeration sys-

tem has received widespread attention in recent years. As the only moving component in the so-

lar ejector refrigeration system, the working fluid pump is particularly important in optimization 

of the system [1], where the physical characteristics of the refrigerant have a significant influ-

ence on the refrigeration properties. Different refrigerants require different pressures during op-

eration, and the special characteristics of the large lift and small flow of the ejector refrigeration 

system also put forward higher request to the design of the working fluid pump. 

There are many parameters influencing the performance of the working fluid pump. 

The influence of impeller number, diameter and speed on centrifugal pump function were dis-

cussed by Abo-Elyamin et al. [2] and Jain et al. [3] experimentally and numerically. The 

pressure fluctuation and flow structure of centrifugal pump were studied by Zhang et al. [4]. 

Five impeller models with different blade outlet angles were established by Ding et al. [5]. 

The effects of geometric uncertainty and operational uncertainty on the flow field and perfor-

mance of low specific speed centrifugal pump were investigated by Salehi et al. [6], who con-

cluded that blade geometric uncertainty was the main reason for the velocity change near the 

blade. 
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Some scholars have studied centrifugal pumps used in different systems for trans-

porting special working fluids. Shao et al. [7] investigated numerically the effect of different 

viscous fluids on the unsteady flow of molten salt pump, and revealed the influence of differ-

ent viscous fluids quantitatively, and the relationship between pump performance and fluid 

physical characteristics approximately. Deng et al. [8] proposed a prediction method for the 

whole flow performance. Wu et al. [9] established a model for organic Rankine cycle by us-

ing R245fa as working fluid to analyze and calculate the performance of the system under dif-

ferent working conditions. In addition, other scholars have studied the characteristics of many 

different types of pumps in working fluid transportation [10-15]. However, there are few stud-

ies related to the simulation and experiment of refrigerants under the conditions of the ejector 

refrigeration system. 

The main idea of this study is to find the sequences of factors influencing the effi-

ciency of the working fluid pump, and to carry out an optimal model, which may provide the-

oretical basis and reference for optimal design of the working fluid pump in future. 

Experiment  

Multistage centrifugal pump 25CDLF1-36 was selected as the experimental object 

based on the requirement of ejector refrigeration system for conveying refrigerant. Operation 

parameters were: designed flow rate, Q = 1 m3/h, head, H = 200 m, speed, n = 2900 rpm; ge-

ometric parameters of impeller were: impeller diameter was 118 mm, blade outlet width – 

3.34 mm, outlet angle – 12.7°, inlet angle – 8.3°, and number of blades – 6.  

A working fluid pump test platform was built using multi-stage centrifugal pump as 

a working fluid pump and R142b as refrigerant. The flow diagram of the working fluid pump 

test platform was shown in fig. 1, and this platform was composed of a refrigerant cycle and a 

water cycle. Refrigerant cycle consisted mainly of working fluid pump, heat exchanger, liquid 

reservoir, sight glass and valves. The water cycle is made up of thermostatic water tank, water 

pump, heat exchanger and valves.  

 

Figure 1. Flow diagram of working fluid pump test platform 

At the beginning of the experiment, a certain volume of clean water was added to 

the thermostatic water tank to stabilize the temperature and pressure of the system. The water 

side control switch was opened first, and this platform was composed of a refrigerant cycle 

and a water cycle. Meantime, the flow rate of the pump was adjusted by regulating mass flow-



 

meter control switch at the outlet of the pump. Under each test condition, the measured values 

(flow, pressure, etc.) of each test point were recorded at intervals of 10 seconds, and the test 

time for each test was 10 minutes. The calculated results of experiment were compared with 

the simulation results in a forthcoming section. 

Computational details 

Initial design of the model was created 

by CFturbo. After the initial design was 

completed, the model was imported into 

Pumplinx for meshing. Due to the compli-

cated structure of the impeller and the twist-

ed surface of the blade, the Cartesian hexa-

hedron mesh was used to meet the calcula-

tion requirement. The impeller grid was 

shown in fig. 2. 

Assuming that the fluid is incompressible, the mass conservation equation is: 
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where u, v and ω constitute velocity vectors in the x-, y- and z-direction, respectively. 

Momentum conservation equations are: 
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where ρ is the density, p – the pressure, τ – the viscous force, fx, fy, and fz, – the volume forces 

in x-, y-, z-directions, respectively.  

The energy conservation equation can be expressed: 
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where cp is the specific heat capacity, λ – the heat transfer coefficient, T – the temperature,  

ST – the temperature-related source term. There is no variational formulation for the system of 

eqs. (1)-(5), the semi-inverse method [16-18] does not work for the present study, so a numer-

ical method has to be adopted in this paper.  

Model optimization 

Orthogonal analysis 

Orthogonal analysis method is used to simulate the selected representative schemes, 

and the simulation results are analyzed and compared to obtain a better combination in all op-

tions. For optimizing the impeller of working fluid pump while keeping the design of inlet  

 

Figure 2. Schematic diagram of impeller grid;  
(a) first stage, (b) second stage 



 

section and volute unchanged, the main fac-

tors affecting pump efficiency are the blade 

inlet attack angle, blade outlet angle, blade 

outlet width, blade number, and blade shape 

in the geometric parameters of impeller. In 

this research, models with different blade in-

let attack angle, blade outlet angle, and 

blade outlet width are built to study their in-

fluence on refrigerant flow and thermal per-

formance of working fluid pump, and an or-

thogonal factor table is shown in tab. 1. 

According to the factors and levels given in tab. 1, different combinations of factors 

and levels are made, and 27 different combinations are obtained. Nine representative options 

are selected from all the combinations, and the results are obtained by substituting the selected 

options into the model calculation as shown in tab. 2. 

Table 2. Results of orthogonal analysis 

Combination number Factor 

1 A1 B1 C1 

2 A1 B2 C3 

3 A1 B3 C2 

4 A2 B1 C3 

5 A2 B2 C2 

6 A2 B3 C1 

7 A3 B3 C1 

8 A3 B2 C2 

9 A3 B1 C3 

H [m] 

Ⅰ 546.6 526.5 514.7 

Ⅱ 539.8 555.7 577.9 

Ⅲ 553 558 547.7 

k1 182.2 175.5 171.6 

k 2 179.9 185.2 192.6 

k 3 184.3 186 182.6 

R 3.4 10.5 21 

η [%] 

Ⅰ 107.5 108.8 109.4 

Ⅱ 106.1 104.3 107 

Ⅲ 107.6 108.1 104.8 

k 1 35.9 36.3 36.5 

k 2 35.4 34.8 35.7 

k 3 35.9 36.0 34.9 

R 0.5 1.5 1.6 

Table 1. Orthogonal table of influencing  
factors and levels 

Factor 
level 

A 
(blade inlet  

attack angle) 

B 
(blade  

outlet angle) 

C 
(blade outlet 

width) 

1 11.7 7.3 2.34 

2 12.7 8.3 3.34 

3 13.7 9.3 4.34 
 



 

In tab. 2, I, II, and III represent the sum of head or efficiency of numerical simula-

tion corresponding to a factor level in any column, k is the average of I, II, and III. The R is 

the difference between the maximum and the minimum of k1, k2, and k3 in a column. 

According to the efficiency of working fluid pump in the orthogonal analysis table, 

the parameters about efficiency of working fluid pump are blade outlet width, blade outlet an-

gle and blade inlet angle. Through the comparison of nine different schemes, it was found that 

in the case of low flow, the efficiency of Combination 1 and 6 is higher, reaching 37.6% and 

36.3%, respectively. In the case of different flows, Combination 1 has the highest efficiency. 

However, lift of Combination 6 is higher than that of Combination 1 under the same flow rate. 

Ultimately, Combination 6 was chosen as the optimal option based on comprehensive consid-

eration. 

Results and analysis 

The simulation results of prototype and optimization model at rated flow (1 m3/h) 

are shown in tab. 3. It can be seen that the velocity in the improved model is higher than that 

of prototype, which means the improved model has better effect on lifting working fluid with 

the same flow rate. It is shown in the simulation diagram of total pressure distribution that the 

improved model has more uniform and lower pressure distribution. Therefore, lower local 

pressure is not easy to cause the local temperature of the fluid in the pump to rise, so that the 

fluid is unease gasified and cause cavitation phenomenon under small flow rate. As for cavita-

tion distribution, cavitation is easy to occur in the central area of the blade root, and the model 

of prototype has more serious cavitation phenomenon than the improved model. 

Table 3. Comparison of simulation results at rated flow 

 Velocity distribution Total pressure distribution Cavitation distribution 
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A comparison of the flow and head of the experiment measurement, prototype and 

optimization model is shown in fig. 3 and 4. By analyzing the curves, it is concluded that the 

trend of the model results is the same as that of the experimental results. As the flow rate ris-



 

es, the efficiency curve ascends first and then descends, however, the head curve shows a de-

creasing trend. At rated flow (1 m3/h), the value of pumping head and efficiency of optimiza-

tion model are 206.14 m, 35.9%, respectively, and the maximum value are 230.37 m, 37.52%.  

 
Figure 3. Efficiency comparison chart 

 
Figure 4. Head comparison chart 

Conclusions 

The influences of blade outlet width, blade outlet angle and blade inlet angle on re-

frigerant flow and the thermal performance of the working fluid pump are discussed by using 

the methods of orthogonal analysis and numerical simulation in this paper. The results show 

that the improved model is more suitable for ejector-compression system, and the conclusions 

are summarized as follows. 

 According to orthogonal analysis and numerical simulation, an optimal combination of 

blade outlet width, blade outlet angle, and blade inlet angle is obtained (inlet angle is 

12.7°, outlet angle is 9.3°, outlet width is 2.34 mm). The results show that changing the 

impeller parameters can increase the flow velocity, reduce the pressure at the blade root 

and reduce cavitation. Meanwhile, the distribution of velocity and pressure in the im-

proved model is more uniform.  

 The efficiency curve increases first and then declines when the flow rate rises, and reach-

es the maximum value 37.52%. With the ascends of flow rate, the curve of head shows a 

decreasing trend, the maximum value 230.37 m occurs at the minimum flow rate. And 

when at rated flow, the efficiency is 35.9%, the pumping head is 206.14 m. 
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