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ABSTRACT 

The return-channel of a preceding stage in a multi-stage centrifugal compressor 

has a significant effect on the aerodynamic performance of the current and 

subsequent stages. However, due to the relatively complex nature of the return-

channel configuration with many geometric parameters, no general design 

guidance is available in the literature. In this study, numerical methods are used 

to study the effects of different geometric parameters of a return-channel on the 

performance of a high-flow-coefficient centrifugal compressor. A multi-

objective genetic algorithm is applied to optimize the return-channel. The effects 

of different geometric parameters on the performance are then studied using a 

sensitivity analysis method. Calculation results show that the residual vortex 

intensity at the outlet of the return-channel is affected by the geometric angles 

of the inlet and outlet of the return-channel blades. The flow uniformity at the 

stage outlet is primarily affected by the geometric angle of the blade outlet and 

the number of blades. The overall performance of the compressor stage is 

primarily affected by the geometric angle of the blade inlet and the lateral 

inclination angle of the cover plate. Calculation results for a two-stage 

compressor consisting of the optimized first stage and its following stage show 

that the outlet flow field of the first stage is more uniform than the original first 

stage. Additionally, at the design operating condition, the polytropic efficiency 

and pressure ratio of the entire unit increase by 1.07% and 4.07%, respectively. 

The polytropic efficiency and pressure ratio for the second stage increase by 

2.34% and 3.51%, respectively. The impeller head coefficient increases by 

7.33%. The theoretical analysis shows that for high-flow-coefficient centrifugal 

compressors, reducing the residual vortex intensity of the outlet flow field of the 

return-channel in a stage can significantly improve the off-design performance 

of the following stage. 
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1. INTRODUCTION 

In the liquefied natural gas and petrochemical 

industries, high-flow-coefficient (φ > 0.2) centrifugal 

compressor stages have significant economic benefits due 

to their large flow capacities and compact structures 

Harvey (2019). Therefore, they are commonly used as the 

first stages of multi-stage centrifugal compressors or the 

embedded stages of intercooling units. The performance 

of these stages decisively affects the entire unit. 

With the advancement of technology, impeller 

efficiency has reached an impressive 96% (Sorokes, 

2013), so making further enhancements is a daunting task. 

The velocity within the return-channel is notably lower 

than that in the impeller or the diffuser; thus, under design 

conditions, the total pressure loss in the return-channel is 

generally considered to have a relatively minor effect on 

the overall performance. However, research conducted by 

Aalburg et al. (2011) revealed that losses within stationary 

components account for approximately 5–10% of the total 

unit losses. Furthermore, due to their large radii and flow-

path widths, return-channels with high flow coefficients 

experience more significant internal flow separation and 

friction losses than do low-flow compressors. In addition, 

the residual vortices at the return-channel can cause a decrease 
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NOMENCLATURE 

b width of passage   title angle 

Cp specific heat coefficient   impeller work coefficient 

Mu machine Mach number Subscripts 

Pt total pressure 2 impeller outlet 

r bend radius 4 diffuser outlet 

R radius from the rotation axis 5 return vane inlet 

Tt total temperature 6 return vane outlet 

u2 rotor speed at impeller outer diameter h hub 

tv  mean circumferential velocity s shroud 

tv  standard deviation of circumferential velocity ref original value 

y+ dimensionless wall distance U U-bend 

Z number of vanes L L-bend 
  flow angle from meridional direction Im impeller 
  mean flow angle Dif diffuser  
  standard deviation of flow angle Re return channel 

  vane angle from meridional direction In stage inlet 

  total pressure ratio Out stage outlet 

pol  polytropic efficiency S small point 

 

in the energy head coefficients of the subsequent 

impellers, which consequently negatively affect the 

efficiency and operating range of the entire unit. 

Over the past two decades, return-channel research 

has proliferated significantly. In addition to numerical and 

empirical investigations of the flow within return-channels 

(Nakane et al., 1987; Harada, 1988; Veress & Van den 

Braembussche, 2004; Franz et al., 2015; Xi et al., 2019; 

Xu et al., 2021), traditional structures have been 

optimized. Wen et al. (2008) investigated different r/b 

values for a compressor bend with a flow coefficient of 

0.07; they discovered that the bend performance was 

optimal when this ratio was approximately equal to 1.0. 

Lenke and Simon (1999) reduced the total pressure loss 

within a return-channel and enhanced the uniformity of the 

stage exit flow field by diminishing the outlet width of a 

compressor bend that had a flow coefficient of 0.12. 

Reddy et al. (2010) improved the uniformity of the stage 

exit flow field and mitigated the flow separation on the 

suction side of a blade by altering the geometric angle of 

the return-blade inlet in a compressor that had a flow 

coefficient of 0.053. Hildebrandt and Schilling (2016) 

studied the blade structure of a return-channel with a flow 

coefficient of 0.14 and found that the performance of two 

types of three-dimensional blades was better than that of 

two-dimensional blades.  

In the domain of multi-parameter optimization 

design, Pazzi et al. (2002) conducted a sensitivity analysis 

with four geometric parameters of the meridional flow 

path in a return-channel. They examined the parameter 

impacts on the losses and the flow field uniformity and 

used the design of experiments (DOE) methodology to 

scrutinize the collective effect of multiple parameters on 

the losses. Hildebrandt (2011) used a genetic algorithm to 

optimize the blade shape in the return-channel, the U-

shaped-bend meridional shape, and the return-channel 

inlet–outlet width ratio; these optimizations resulted in a 

total pressure loss reduction of 3%. While maintaining the 

variable performance of the compressor, Simpson et al. 

(2008) used the DOE method to investigate the effect of 

reducing the expander inlet–outlet radius ratio on a 

compressor. Nishida et al. (2013) used a genetic-

algorithm-based multi-objective optimization method to 

optimize the geometric parameters of a compressor return-

channel when the flow coefficient was 0.105. A sensitivity 

analysis revealed that the total pressure loss was 

influenced by the blade inlet–outlet area ratio, that the 

residual vortex at the outlet was affected by the inlet–

outlet radius ratio, and that the number of blades affected 

both objective functions. Safari et al. (2023) studied the 

exit width of the return bend, the flow-path inclination, 

and the diversion blade structure of a return-channel that 

had a flow coefficient of 0.15; they observed that the use 

of diversion blades in the return-channel significantly 

enhanced the overall pressure ratio and the polytropic 

efficiency. 

The optimization design of return-channels 

predominantly focuses on centrifugal compressors with 

small and moderate flow rates; there is a conspicuous lack 

of research regarding compressors with high flow 

coefficients. Additionally, optimization typically focuses 

on one or more variables within the return-channel and 

considers a limited number of design variables; it rarely 

explores the effects of the variable interactions on the 

objective functions. Moreover, no studies could be found 

in the published literature regarding the effects of an 

optimized return-channel on the subsequent compressor 

stages. 

This study focused on a high-flow centrifugal 

compressor with a flow coefficient of 0.22. Traditionally, 

compressors operating at machine Mach numbers 

exceeding 0.8 and for which the design flow coefficients 

approach or exceed 0.15 are referred to as high-flow-

coefficient compressors. The polytropic efficiency, total 

pressure ratio, residual vortex intensity (average of the 

speed and airflow angles), and flow field uniformity 

(standard deviation of the speed and airflow angles) were 

taken as objective functions. A sensitivity analysis was 

conducted with nine critical geometric parameters of the 
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Fig. 1 Return-channel parameters 

 

Table 1 Geometric parameters of the centrifugal 

compressor investigated during this study 

Parameter 
Symbo

l 

Valu

e 

Number of impeller vanes  15 

Number of return-channel vanes  18 

Outlet-to-inlet radius ratio of the 

return-channel vane 
 0.50 

Outlet-to-inlet width ratio of the 

U-bend 
 1.10 

Hub-side radius ratio of the U-

bend 
 0.67 

Hub-side radius ratio of the L-

bend 
 0.98 

Hub-side tilt angle of the return-

channel 
 6° 

Shroud-side tilt angle of the 

return-channel 
 0° 

Geometric angle of the return-

channel vane inlet 
 40° 

Geometric angle of the return-

channel vane outlet 
 90° 

 

return-channel, and then optimization design was 

performed using a genetic-algorithm-based multi-

objective optimization method. Concurrently, a 

compressor with a flow coefficient of 0.155 was selected 

for the second stage, then two-stage numerical 

calculations were performed for the return-channel both 

before and after optimization, and the results were 

subsequently analyzed. 

Figure 1 shows the structural schematic and 

corresponding symbols of the return-channel flow path. It 

encompassed a U-shaped bend, a return-channel with 

blades, and an L-shaped bend. The primary geometric 

parameters are listed in Table 1. 

2. Numerical Method 

The numerical calculations in this study were 

performed using the commercial software ANSYS CFX, 

and the SST model was selected as the turbulence model. 

The boundary conditions for the centrifugal compressor 

stage were primarily chosen based on experimental 

parameters. The boundary at the compressor stage 

entrance was set as an axially uniform intake boundary, 

with total temperature (293 K) and total pressure values 

(98,000 Pa) specified based on experimental 

measurements. A mass flow rate boundary condition was 

specified for the outlet. All the wall surfaces were assumed 

to be adiabatic and smooth, and no-slip settings were 

applied. The circumferential boundaries of each 

component of the compressor stage were given rotating 

periodic boundary conditions, and the interfaces between 

the moving and stationary parts used the stage-average 

model (mixing plane). The working medium was chosen 

to be air modeled as an ideal gas. Figure 2(a) depicts the 

computational domain used for numerical accuracy 

verification and the return-channel design optimization; it 

consisted of a mixed-flow impeller, a vaneless diffuser, 

and a return-channel. 

The computational domain was grid-partitioned using 

the Autogrid-5 module in the commercial NUMECA 

software. High-quality structured grids were generated by 

adjusting the number of grid nodes, and the grids for the 

impeller and return-channel are depicted in Fig. 3. To 

ensure sufficient grid resolution near the wall surfaces and  

 

 
(a) Calculation domain used in optimization                         (b) Calculation domain used in integrated analysis 

Fig. 2 Calculation domains 

ImZ
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(a) Impeller                                              (b) Return-channel                                  (c) y+ 

Fig. 3 Single-channel grids for the centrifugal compressor 

 

 
Fig. 4 Mesh independence verification results 

 

near the boundary layers of the impeller blades and the 

return-channel, the grids near the wall surfaces and within 

the blades of each component were refined to meet the  

requirements of the chosen turbulence model. 

Consequently, the grid height of the first layer near the 

wall surfaces was set to 1×10-6 m, and the overall value of 

y+ for the near-wall surfaces of the impeller was kept 

below 2, as illustrated in Fig. 3(c). 

To further ensure the precision of the numerical 

simulations, a mesh independence verification was 

conducted for the impeller and the return-channel under 

the design conditions, as illustrated in Fig. 4. Results were 

gathered for five different grid structures; it was apparent 

that when the number of grid nodes reached approximately 

1.64 million, both the pressure ratio and the efficiency 

ceased to change with the number of nodes. Therefore, by 

adjusting the topology method of the network and the 

number of nodes, the total number of grid nodes is kept 

constant. The sampling check was performed at the 

sampling points and the result is unchanged. The total 

pressure ratio and polytropic efficiency definitions can be 

expressed by Eq. (1) and Eq. (2), respectively: 

                                                                 (1) 

                            (2) 

 In Eq. (1) and Eq. (2), κ represents the adiabatic index, 

which was equal to 1.4 in this study. 
t ,InP , 

t ,OutP , 
t ,InT , and 

t ,OutT  represent the average total pressure at the inlet, the 

average total pressure at the outlet, the total temperature at 

the inlet, and the total temperature at the outlet, 

respectively, of the mass flow controller in the compressor 

stage. 

Testing of the variable-speed performance of the 

centrifugal compressor was conducted on the model test 

bench of the Shenyang Blower Group Co., Ltd. The test 

bench configuration and physical representation are 

depicted in Fig. 5. For more details regarding  

the measurement apparatus, instrument precision, and data  

 

 
Fig. 5 Test bench
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(a) Stage efficiency 

 
(b) Stage pressure ratio 

 
(c) Head coefficient 

Fig. 6 Comparison between the experimental and 

numerical results 

 

acquisition system methodologies, one may refer to the 

prior work (Zhao et al., 2017; Li et al., 2021). To verify 

the accuracy of the numerical simulations, a comparison 

was made between the numerical results and 

experimentally measured data. Figure 6 presents the 

aerodynamic performance curves for the compressor when 

the machine Mach number (Mu) had values of 0.7, 0.8, 

and 0.85. The definition of Mu is the circumferential 

velocity at the impeller outlet (u2) to the velocity of sound 

at the impeller inlet (a). The target functions of the 

ordinate in the figure underwent dimensionless treatment. 

Figure 6 shows that the numerically computed 

aerodynamic performance of the compressor stage aligned 

reasonably well with the experimental measurements, 

though there were some residual disparities. The energy 

coefficient is expressed by Equation (3).Both the 

calculated overall polytropic efficiency and the pressure 

ratio exceeded the experimentally measured values, while 

the energy coefficient values for the impeller were largely 

consistent. One source of the variance was attributed to 

the method used to manufacture the impeller, which 

combined machining and welding. It resulted in reduced 

precision and significant beveling, thereby causing 

diminished experimental efficiency. Conversely, the 

numerical calculations did not consider the beveling at the 

blade root and tip, the leakage through the disk-cover-side 

clearance, or the effect of the surface roughness on the 

results; these all contributed to overestimations of the 

polytropic efficiency and pressure ratio by the numerical 

simulations. In a holistic view, the discrepancy between 

the numerical calculations and the experimental 

measurements was consistently less than 4%, and the 

trends aligned, indicating that the adopted numerical 

simulation methodology was reliable (Weber et al., 2016). 

It could therefore be used for further optimization studies 

involving the centrifugal compressor recirculation 

p a s s a g e . 

2

2

Cp T

u



=

                                                                     (3) 

3. OPTIMIZED RETURN-CHANNEL DESIGN 

3.1 Objective Function and Design Variables 

In this investigation, Latin hypercube sampling 

(LHS), the multi-objective genetic algorithm (MOGA), 

and the Kriging model were used to optimize the design of 

the return-blades and the meridional contour in the return-

channel. The goal of the optimization was to redesign the 

return-channel shape to maximize the overall stage 

efficiency and the pressure ratio while minimizing flow 

non-uniformity at the stage outlet section and reducing 

residual turbulence. To achieve this outcome, several 

parameters were selected as objective functions: the 

polytropic efficiency (
pol ) and the pressure ratio (  ) of 

the entire stage, the average meridional airflow angle (

) at the return-channel outlet, the average tangential 

velocity (
tv ) at the return-channel outlet, the standard 

deviation of the airflow angle (  ) at the return-channel 

outlet, and the standard deviation of the tangential velocity 

( tv ) at the return-channel outlet. 

The magnitude of the residual vortex intensity is 

denoted by   and tv , while   and tv  signify the 

uniformity of the flow (Nishida et al., 2013). Their 

calculation methods are shown in the following equations: 

i im

m


 =


, 

,i t i

t

m v
v

m
=


                                           (4) 
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( )
2

i im

m

 


−
 =


, 

( )
2

,i t i t

t

m v v
v

m

−
 =


        (5)

 

where i represents the nodes in the calculation cross-

section, mi denotes the mass of each node, and m 

corresponds to the mass of the entire cross-section. 

Subsequently, a MOGA was used to identify the optimal 

values of the objective functions. 

During the return-channel optimization process, 

several parameters, such as the exit width (
4b ), the exit 

radius (
4R ), the shroud-side tilt angle of the diffuser (

Dif

), the inlet radius of the return-channel vane (
5R ), and the 

exit width of the L-bend (
Outb ), remained constant. The 

design variables included the hub curvature radius ratio of 

the U- bend (rU/b4), the outlet-to-inlet width ratio of the U-

bend (
5 4b b ), the tilt angles on the hub and shroud sides 

of the return-channel vane (
h  and 

s , respectively), the 

outlet-to-inlet radius ratio of the return-channel vane (

6 5R R ), the hub-side curvature radius ratio of the L-bend 

(
L Outr b ), the number of return-channel vanes (

ReZ ), the 

geometric angle of the return-channel vane inlet (
5 ), and 

the geometric angle of the return-channel vane outlet (
6

). The value ranges of the design parameter values are 

shown in Table 2: 

The meridional contour on the shroud side of the U-

shaped bend was composed of a single circular arc, which 

could be determined after establishing 
U 4r b  and 

5 4b b , 

as well as 
h  and 

s , which are adjacent and tangential to 

the shroud side of the bladeless expander and the return 

flow device, respectively. The meridional contour of the 

return-flow channel was constructed from circular arcs 

and straight lines with transition points connected in a 

tangential manner. The return-channel vane had a simple 

double-circular-arc structure, where both the shroud and 

hub sides of the return-flow device were straight lines. 

Regarding the U-shaped bend, the meridional contour on 

the shroud side of the L-shaped bend was a single circular 

arc. 

3.2 Optimization Processes 

Figure 7 presents a process diagram of the return-

channel optimization system. The design objective for this 

system was to ascertain the optimal return-channel shape, 

thereby achieving the optimal values for all the objective 

functions. Within this system, the LHS method was 

initially used to obtain 100 sets of initial design points 

from the defined design-variable ranges. Subsequently, 

computational fluid dynamics (CFD) was used to calculate 

the objective function values of all the initial design 

points. The Kriging model was used to establish the 

functional relationship between 9 input variables and 6 

output variables. Then 100 iterations were performed 

using MOGA. Due to some errors in the Kriging model 

itself, the selection could not be completely based on the 

model. Based on this, we selected 3 groups of best 

examples for numerical calculation and one group for 

analysis. Upon completion of the optimization process, an  

Table 2 Optimization parameters and value ranges 

Optimization parameter Symbol Value range 

Hub-side radius ratio of the 

U-bend 
 0.5-1.2 

Outlet-to-inlet width ratio of 

the U-bend 
 0.7-1.3 

Tilt angles on the hub and 

shroud sides of the return-

channel vane 

，  −2°-+6° 

Outlet-to-inlet radius ratio of 

the return-channel vane 
 0.5-0.6 

Hub-side radius ratio of the 

L-bend 
 0.7-1.1 

Number of return-channel 

vanes 
 15-24 

Geometric angle of the 

return-channel vane inlet 
 25°-55° 

Geometric angle of the 

return-channel vane outlet 
 85°-95° 

 

 
Fig. 7 Flowchart of the optimization system 

 

analysis was conducted of the procured Pareto optimal 

solutions, and candidate designs were manually selected. 

These candidate designs were then used in further CFD 

simulations, and these results were appended to the 

database. This entire process was performed iteratively 

until the changes in the Pareto optimal solutions 

diminished. 

3.3 Results and Analysis 

Figure 8 exhibits the results of a sensitivity analysis 

involving nine design variables and six objective 

functions, wherein the contributions of the individual 

variables and the mutual interactions between variables 

are presented as percentages. The six variables with the 

highest contributions were selected and ranked 

accordingly, while the cumulative contributions of  

the remaining design variables were denoted as “others.” 
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(a) Sensitivity to                                          (b) Sensitivity to  

 
(c) Sensitivity to                                     (d) Sensitivity to  

 
(e) Sensitivity to                                 (f) Sensitivity to  

Fig. 8 Sensitivity analysis results 

 

The sensitivity analysis results for the mean airflow 

angle,  , and the mean tangential velocity, 
tv , at the 

return-channel stage outlet are depicted in Fig. 8(a) and 

8(b), respectively. Among all design variables, the 

geometric angle of the return-channel vane outlet, 
6 , had 

the most significant effect on these two objective 

functions, thus demonstrating a clear predominance. 

However, Nishida et al. (2013) found in the sensitivity 

analysis of the compressor return-channel with a flow 

coefficient of 0.105 that the most important factor was the 

inlet-to-outlet radius ratio of the return vane. It can be seen 

that the geometric parameters of the return-channel of the 

high-flow compressor and the low-flow compressor have 

different effects on the performance.  

Figure 9(a) and 9(b) illustrates the correlations 

between 
6  and   and between 

6  and tv , 

respectively; the red dotted lines represent the cubic-

polynomial fit lines derived from 100 samples of the 

objective function. These results suggest that within the 

selected design-variable ranges, as the geometric angle of 

the blade outlet increases, the absolute values of the mean 

airflow angle and the tangential velocity at the regenerator  
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(a) Correlation between  and                                       (b) Correlation between  and  

  
(c) Correlation between  and                                         (d) Correlation between  and  

  
(e) Correlation between  and                                        (f) Correlation between  and  

Fig. 9 Relationships between the primary design variables and the objective functions 

 

stage outlet gradually decrease and approach zero, 

exhibiting linear relationships overall. Therefore, to 

achieve superior mean airflow angle and tangential 

velocity values at the return-channel stage outlet, it would 

be prudent to moderately increase the geometric angle of 

the return-channel vane outlet. 

The sensitivity analysis results for the standard 

deviation of the airflow angle at the stage outlet,  , as 

depicted in Fig. 8(c), reveal no absolute dominant design 

variable. The primary design variable, 
6 , accounted for 

25.3% of the total sensitivity, while the secondary design 

variable, which was the number of regenerator blades, 

ReZ , represented 22.2%. The values for these two 

variables were similar and together they approached 50%. 

Therefore, an analysis of the correlations between these 

two design variables and the objective function was 

warranted. 

Figure 9(c) exhibits the correlation between   and 

the primary design variable, 
6 . This pattern is consistent 

with the relationships between   and 
6 ; all the patterns 

show increases in the objective function with increases in  
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(a) Correlation between  and                  (b) Correlation between  and  

 
(c) Correlation between  and  

Fig. 10 Relationships between the secondary design variables and the objective functions 

 

the primary design variable. However, because the 

standard deviation represents the degree of variation in a 

design variable, a smaller value is desirable; therefore, to 

achieve a better standard deviation for the airflow angle, 

the value of the primary design variable should be 

reduced. This, however, contradicts the previously 

mentioned perspective that increasing the primary design 

variable could effectively guide the airflow deflection. An 

increase in the primary design variable could cause the 

airflow deflection to be guided more effectively by 

reducing the mean airflow angle at the stage outlet after 

passing through the L-shaped bend. However, excessive 

deflection could cause a large flow-separation region on 

the suction side of the blade, thereby increasing the 

turbulence in the flow field at the stage outlet. Therefore, 

a judicious selection of the value of the primary design 

variable is required to achieve better standard deviation 

values for the outlet airflow angle, the mean airflow angle 

at the stage outlet, and the tangential velocity. 

It is evident from Figure 8(d) that the number of 

blades in the return-channel holds an unequivocal 

influential position in the sensitivity analysis results for 

the standard deviation of the tangential speed at the stage 

outlet, tv . A distinct correlation is also displayed in Fig. 

9(d). As the number of blades increases, tv  

correspondingly decreases, which is consistent with the 

correlation between the standard deviation of the flow 

angle and the number of blades of its secondary design 

variable, as shown in Fig. 10(a). The subject of this study 

was a high-flow centrifugal compressor with a flow 

coefficient of 0.22 that was predominantly characterized 

by its large channel width. The blade passage of this type 

of compressor is more prone to flow separation than that 

of a small-flow compressor, so the flow losses within its 

stationary components are enhanced, and the non-

uniformity of the flow field at the stage outlet is 

intensified. These both impair the performance of 

downstream stages. Consequently, it is imperative to 

appropriately increase the number of blades to guide the 

flow. This is also why the number of return-channel vanes 

is the secondary influencing factor of  . 

The sensitivity analysis results for the overall stage 

variable efficiency, 
pol , and the pressure ratio,  , are 

depicted in Fig. 8(e) and 8(f), respectively. The plots show 

that the nine design variables were unable to exert decisive 

effects. These results are similar to those for  . The 

primary design variable for both of these objective 

functions was the geometric angle of the blade inlet, 
5 , 

while the top three secondary design variables were the tilt 

angles of the hub and shroud sides of the return-channel 

and their interaction. The proportion of the top four 

variables was similarly significant. It can thus be inferred 

that the geometric angle of the return-channel vane inlet 

and the tilt angle of the return-channel on both sides of the 

casing are important factors that influence the overall 

stage efficiency and the pressure ratio. 

Figure 9(e) and 9(f), respectively, illustrates the 

correlations between 
5  and 

pol  and between 
5  and 

 . The figure shows that as 
5  increases, the efficiency 

and pressure ratio both remain constant initially and then  
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Table 3 Design variables and objective functions of the original and optimized designs 

Design variables Ori Opt Objective functions Ori Opt 

 6.00 4.61  86.49% 87.36% 

 0.00 3.39  1.9503 1.9862 

 40.00 38.72  −12.92 −6.57 

 90.00 90.91  −27.84 −13.91 

 18 21  17.33 15.43 

 0.67 0.84  39.1 32.72 

 1.10 0.99    

 0.50 0.54    

 0.98 0.91    

 

decrease. Therefore, it is recommended that the initial 

geometric angle should be slightly less than 40°. Figure 

10(b) shows the correlation between 
pol  and its 

secondary influencing factor, 
s . As 

s  increases, 
pol  

initially increases and then decreases; therefore, it is 

suggested that the value of 
s  should be between 2° and 

5°. Figure 10(c) depicts the correlation between   and its 

secondary influencing factor, 
h . The two are positively 

and linearly correlated, but an excessive value of 
h  will 

cause the hub side of the return-channel to be too near the 

impeller of this stage, thereby affecting the impeller 

installation. Therefore, the value of 
h  should not exceed 

6°. 

Five of nine design variables were identified in the 

preceding discussion. The remaining four have minor 

effects on the objective functions, so they are not 

elaborated upon in this paper. The selection of candidate 

solutions from the previously mentioned 100 examples 

was dependent upon the enhancement of all six objective 

functions, and the Pareto optimal solution method was 

used to derive the ultimate optimization scheme (referred 

to as Opt). Table 3 compares the design variables and 

objective functions of both the original scheme (referred 

to as Ori) and Opt. It reveals significant increases in the 

pol  and   objective functions, while the residual vortex 

strength (  , 
tv ), which is indicative of the quality of the 

outlet flow field, decreases by half. The homogeneity ( 

 , tv ), however, increased only marginally, implying 

that the residual vortex strength had a primary effect on 

the performance. Figure 11 depicts a comparison of the 

meridional contour and blade shape of the return-channel 

before and after optimization using the primary design 

variables denoted in Figs 9 and 10. 

Figure 11 illustrates that the optimized structure 

possesses more blades than the original structure, thereby 

enhancing the airflow guidance and mitigating the flow 

separation on the suction side of the return-channel. 

Additionally, with the augmentation of the return-channel 

cover-side tilt angle and the reduction in the width of the 

return-blade inlet, the expansion ratio of the return-

channel experienced an increase of approximately 

16.88%; this further decreased the flow speed within the 

channel and yielded a more uniform flow field at the stage 

outlet. As indicated in Table 3, all the objective functions  

 
Fig. 11 Blade and meridional shapes of the return-

channel in the original and optimized designs 

 

of the optimized structure were superior to those of the 

original structure. These computational outcomes denote 

that this optimization methodology is conducive to better 

airflow guidance within the return-channel, augmenting 

the performance of the entire stage and providing a more 

uniform inlet flow field for the downstream impeller. 

3.4 Performance Comparison 

To assess the effect of the optimized return-channel 

on the subsequent compressor stages, a compressor with a 

flow coefficient of 0.155 was used during this study as the 

second stage in two-stage calculations. The exit diameter 

of the impeller in the second stage was equal to that in the 

first stage, 0.4 m. The computational domain for the two-

stage calculations was composed of two impellers and two 

return-channels, as illustrated in Fig. 2(b). A similar grid-

partitioning approach was applied to this domain, resulting 

in a total of approximately 3.41 million grid cells. 

Figure 12 shows variable operating performance 

curves for the first stage of the two-stage calculations. 

Curves for both the original and optimized designs are 

displayed. The diagram shows that the energy coefficient 

of the impeller remained essentially constant after 

optimization, while the polytropic efficiency and pressure 

ratio of the entire stage exhibited significant 

improvements of 0.53% and 0.37% at the design point, 

respectively, after optimization. Given that the geometric 

structure of the impeller remained unchanged, the 

performance enhancement was conspicuous. This suggests 
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Fig. 12 First-stage performance characteristics 

 

 

Fig. 13 Second-stage performance characteristics 

 

that even when the impeller performance has plateaued, 

the return-channel performance still has substantial room 

for improvement. A comparison of the efficiency and 

pressure ratio curves before and after optimization 

indicates that the performance improved most noticeably 

under high-flow conditions, while the increases were less 

pronounced under low-flow conditions. This result 

indicates that the expansion-degree distribution pattern  

of the optimized return-channel and the increased number 

 
(a) Airflow angle 

 
(b) Mach number 

Fig. 14 Outlet airflow angle and Mach number 

distributions for the first-stage return-channel 

 

of blades have greater airflow-deflection guidance and 

flow-separation reduction effects under high-flow 

conditions. 

Figure 13 exhibits the variable operating performance 

curves for the compressor with a flow coefficient of 0.155 

resulting from the two-stage calculations. The diagram 

reveals that all three objective functions increased 

substantially as a result of the optimization. Additionally, 

the improvement trends for the efficiency and pressure 

ratio correspond to those in Fig. 12; the greatest 

improvements for this second stage also occurred under 

high-flow conditions. At the design conditions, the energy 

coefficient, efficiency, and pressure ratio of the second-

stage impeller increased by 7.33%, 2.34%, and 3.51%, 

respectively. 

It is evident from the comparative analysis above that 

the substantial enhancements in the second-stage 

performance were consequences of the improvements in 

the first-stage return-channel performance. A comparison 

of the variable-operating-condition airflow angles and 

Mach number distributions at the exit of the first-stage 

return-channel is illustrated in Fig. 14. 

As can be seen from the comparison diagram of the 

flow angle distribution in Fig. 14 (a), the optimized flow  

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.19 0.20 0.21 0.22 0.23 0.24 0.25

0.85

0.90

0.95

1.00

1.05

1.10
 :Opt

 :Ori

O
p

t_
E

ff

ε/εref    τ/τref    ηpol/ηpol,ref

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.19 0.20 0.21 0.22 0.23 0.24 0.25

0.85

0.90

0.95

1.00

1.05

1.10
 :Opt

 :Ori

O
p

t_
E

ff

ε/εref    τ/τref    ηpol/ηpol,ref

 :Opt

 :Ori

0.19 0.20 0.21 0.22 0.23 0.24 0.25

0.85

0.90

0.95

1.00

1.05

1.10
 :Opt

 :Ori

O
p

t_
E

ff

ε/εref    τ/τref    ηpol/ηpol,ref

 :Opt

 :Ori

0.37%

0.53%

0.01%

0.13 0.14 0.15 0.16 0.17 0.18
0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.13 0.14 0.15 0.16 0.17 0.18
0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.13 0.14 0.15 0.16 0.17 0.18
0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.19 0.20 0.21 0.22 0.23 0.24 0.25

0.85

0.90

0.95

1.00

1.05

1.10
 :Opt

 :Ori

O
p

t_
E

ff

ε/εref    τ/τref    ηpol/ηpol,ref

 :Opt

 :Ori

0.19 0.20 0.21 0.22 0.23 0.24 0.25

0.85

0.90

0.95

1.00

1.05

1.10
 :Opt

 :Ori

O
p

t_
E

ff

ε/εref    τ/τref    ηpol/ηpol,ref

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

0.19 0.20 0.21 0.22 0.23 0.24 0.25

0.85

0.90

0.95

1.00

1.05

1.10
 :Opt

 :Ori

O
p

t_
E

ff

ε/εref    τ/τref    ηpol/ηpol,ref

 :Opt

 :Ori

0.18 0.20 0.22 0.24 0.26
0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

ε/
ε r

ef
  

  
τ/

τ r
ef

  
  

η
p

o
l/
η

p
o

l,
re

f

φ

 :Opt

 :Ori

7.33%

2.34%

3.51%



K. Zhao et al. / JAFM, Vol. 17, No. 3, pp. 534-547, 2024.  

 

545 

  
(a) Small point  (b) Design point  

 
(c) Design point  

Fig. 15 Static pressure loading distributions of the first-stage return-channel blade 

 

angle distribution is more uniform in the three working 

conditions, and the negative flow angle area (blue area in 

Fig. 14) is significantly weakened. At the same time, in the 

optimized flow angle distribution, the obvious periodic 

change in the centre of the flow channel can be seen. 

As can be seen from the comparison diagram of Mach 

number distribution in Fig. 14 (b), the flow at the outlet of 

the optimized return-channel migrates towards the cover 

side, eliminating the flow separation area at the cover side 

of the original structure. However, at high flow rates, the 

increase in flow rate is too large and the performance 

improvement is not the same as the flow angle distribution 

in the case. Overall, the optimized return-channel 

improves the flow at the outlet of the stage and provides a 

better inlet condition for the next stage. 

The sensitivity analysis results discussed in Section 

3.3 indicate that the factor with the largest effect on the 

return-channel outlet flow field is the geometric angle of 

the blade outlet. By increasing the geometric angle of the 

blade outlet in compressors with high flow coefficients, it 

is possible to diminish the intensity of the outlet residual 

vortex (  , 
tv ). The static pressure distributions of the 

return-channel blade, shown in Fig. 15, reveal that the 

static pressure distribution patterns at three spanwise 

heights (span-0.1, span-0.5, and span-0.9) were essentially 

the same over 95% of the blade length before and after 

optimization. However, there were noticeable differences 

near the exit, at which point the static pressure of the 

original structure decreased significantly, which is a clear 

indication of flow separation. The increased geometric 

angle of the blade outlet in the optimized structure reduced 

the flow-separation intensity and region at the trailing 

edge of the blade, thereby diminishing the intensity of the 

residual vortex in the outlet flow field. 

The spanwise distributions of the airflow angle and 

tangential velocity at the first stage outlet for different 

operating conditions are shown in Fig. 16. The figure 

shows that the flow directions at the hub and shroud sides 

are opposite to those at the centre of the passage, which is 

consistent with previous studies (Jariwala et al., 2016). A 

comparison of the results for the original and optimized 

structures shows that the airflow angle and tangential 

velocity distribution at the shroud side were essentially the 

same for both, but both shifted to the right below 80% of 

the blade height after optimization. However, the changes 

in uniformity were not significant, as shown in particular 

in Table 2. This means that the performance improvement 

of the second stage of the compressor was not primarily 

due to the uniformity of the flow field at the outlet of the 

return channel. 

Figure 17 presents overall performance curves for the 

entire unit, that is, the two-stage compressor. The figure 

shows that, for the design conditions, the overall 

efficiency and pressure ratio increased by 1.07% and 

4.07%, respectively, because of the optimization. As 

inferred from the analysis discussed previously, the 

structural optimization of the first-stage return-channel 

initially enhanced the return-channel performance while  
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(a) airflow angle  

 
(b) tangential velocity 

Fig. 16 Spanwise distributions of the airflow angle 

and tangential velocity at the first-stage outlet 

 

 
Fig. 17 Overall performance characteristics 

 

simultaneously producing a smaller residual vortex 

intensity in the axial inlet flow field for the next stage. This 

resulted in a substantial enhancement in the performance 

of the second stage as well as that of the entire unit. 

4. CONCLUSIONS 

Effects of the geometric shape of the return-channel 

of a high-flow-coefficient centrifugal compressor on the 

performance have been numerically investigated in this 

work. A multi-objective optimization method based on a 

genetic algorithm has been used to optimize the return-

channel in order to improve the performance of the first 

centrifugal compressor and is following stage. Two main 

conclusions can be drawn: 

1. Sensitivity analysis results indicate that the residual 

vortex intensity at the return-channel outlet is influenced 

by the geometric angles of the return-blade inlet and outlet. 

The flow uniformity is primarily affected by the geometric 

angle at the return-blade outlet and the number of blades. 

The performance of the entire stage is primarily influenced 

by the combined effects of the geometric angle of the 

return-blade inlet and the tilt angle of the end cover. 

2. The predicted results for the two-stage compressor with 

the optimized return channel investigated show that the 

overall efficiency and pressure ratio of the first stage 

increase by 1.07% and 4.07%, respectively. The 

efficiency, pressure ratio, and energy head coefficient of 

the second stage are improved by 2.34%, 3.51%, and 

7.33% respectively. This is due to reduction in the residual 

vortex intensity and the improvement of flow uniformity 

at the outlet of the upstream return-channel.  
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