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ANNOTATION  

This paper is focused on the CFD analysis of the two stage radial compressor. The compressor 

consists of two radial impellers connected to the same shaft. Connection between the low 

pressure (LP) and the high pressure (HP) impeller is realized by return channel. The main goal 

was to investigate the flow in the reference design of the return channel and based on the 

results to propose design changes to minimize the pressure loss and rotation of the fluid.  

 

 

INTRODUCTION  

PBS Turbo s.r.o. (PBST) is the supplier of turbochargers for engines with outputs ranging 

from 300 kW up to 2700 kW per turbocharger. The application of turbochargers is wide. One 

of the specific applications are turbochargers for gas and bio-gas engines. In control of the gas 

engines PBST in cooperation with CTU in Prague investigated many ways of improvements. 

One possibility how to improve control of the gas engines is injecting the gas upstream the 

intake valve. For this it is necessary to guarantee higher pressure of the gas fuel than boost air 

pressure. Typically the source of bio-gas for engines is at nearly barometric pressure state. 

Therefore the study on 1000 kW engine was carried out. Based on the study results the basic 

parameters for turbocharger were obtained and it was confirmed that for the compression of 

gas it is possible to apply turbocharger in parallel to main turbocharger stage. One of the 

turbochargers uses compress gaseous fuel and the second one uses intake air. Both are driven 

by exhaust gases from the engine. Regarding to required value of compressed gas fuel 

pressure, the turbocharger with two stage compressor was selected. To find the optimal 

geometry of the two stage compressor and to fulfill the required efficiency, the several steps of 

calculations were performed. 

In this paper the CFD calculations of the two stage compressor are presented. The main goal 

of the CFD calculations was to investigate the flow in the reference design of the two stage 

compressor return channel and to propose design changes to minimize the pressure loss and 

rotation of the fluid, based on the results. The reference return channel design does not include 

the de-swirl vanes and for design reason it includes the bolts. The flow leaving the LP 

impeller has significant rotating velocity component. If the return channel does not include the 

de-swirl vanes, the rotating flow enters the HP impeller leading edge. This can lead to very 

adverse flow conditions in HP impeller unless the HP impeller blade shape is not designed 

with respect to the rotation of the gas. The models and CFD analyses in ANSYS Workbench 

and CFX 15.0 were prepared and calculated.    

This paper was created by support project of the Technological agency of Czech Republic 

(TAČR) and program Alfa. [1]. The project name is “Development of two stage charging 

group for big reciprocating engines”. The main goals of this project are to increase the 

efficiency of charging group and to decrease the response time of  turbochargers by 
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optimization of flow parts and engine control strategy, to improve system work through the 

regulation and control of internal parts. 

 

TWO STAGE RADIAL COMPRESSOR DESIGN 

The reference geometry of the two stage radial compressor was prepared by PBST. The 

reference design was created based on the experience with one stage radial centrifugal 

compressors. The reference geometry and cross section through the two stage compressor with 

description of some parts are depicted in Fig 1. 

 

     

Fig 1. Description of the two stage radial compressor  

In the first step, the presented work was focused on the flow inside reference geometry of the 

return channel and on assessing possible problematic locations. In the second step the goal 

was to find optimal geometry of the return channel with emphasis to minimize pressure loss 

and minimize rotation of fluid.    

    

 

CALCULATION METHODOLOGY 

The calculation methodology was based on the numerical analyses (CFD analyses). The CFD 

analyses in this document were performed using CFX 15.0 and the generation of geometries 

was prepared in ANSYS Workbench 15.0. The analyses of the return channel were performed 

in two steps according to aims of this projects. In the first step the reference geometry of the 

two stage radial compressor and return channel was studied. In this step the possible critical 

locations of the return channel due to spacers and bolts were identified. In the second step the 

geometrical modifications of return channel were analysed. The optimal meridian shape of the 

return channel and de-swirl vanes were applied to minimize the rotation of fluid. 

Reference geometry and model 

The reference geometry of the two stage compressor assembly supported by PBST was 

imported into ANSYS Design Modeller as structural model. The assembly was divided into 

eight separate parts and the inverse volumes of each structural part were created (see Fig 2.). 

Each volume was meshed. For meshing ANSYS Mesher was used. The meshed volumes were 

imported into ANSYS CFX and computational fluid domain of the two stage compressor was 

prepared. The full computational domain consists of 5131256 elements and 2852359 nodes 

(see Fig 2). The mesh quality was checked by y+ value. Wall y+ is dimensionless wall 

distance. This distance shows a quality of the CFD mesh near the static wall that is important 

for correct description of the turbulent flow model. Boundary layer density depends on the 
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used turbulence model and flow structure. For SST (Shear stress transport) turbulence model 

y+ value is recommended between 11 and 300 for standard wall function [2]. The maximum 

value of y+ for the whole model was 334, this value was localized on the edges of the impeller 

blades. The average value was about 24. The y+ values reached recommended range.     

  

Fig 2.  Fluid domain description (on left), mesh of fluid domain (on right)  

 

The fluid model was constrained through the 

boundary conditions and loaded based on the 

supported specification. The boundary conditions 

were defined from 1D calculation carried out by 

PBST (see Tab.1). The boundary conditions of the 

domain are presented in Fig 3. The parts of fluid 

domain were connected through stage interfaces 

(listed in Tab.2) to perform circumferential 

averaging of the flux through the corresponding 

boundaries. Air with ideal gas properties was used 

for fluid domain. The analysis was of steady-state 

type and SST turbulence model was applied.   

Fig 3.  Boundary conditions 

 

Tab. 1 Values of boundary conditions 

 
 

Tab. 2 Boundary conditions and interfaces 
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The assessment of the flow in the return channel was expressed by the total pressure loss and 

by the pressure loss coefficient 
RC . Efficiency   and compression   of the compressor were 

evaluated as well. The values of pressure and temperature are calculated as area-averaged 

values on chosen control surfaces. 

The total pressure loss  Pap RCtot  of the return channel:  

     IIItotIItotRCtot ppp    (1) 

The pressure loss coefficient 
RC  [-]:  
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 Pap IItot  Total pressure at the inlet of the return channel 

 Pap IIItot   Total pressure at the outlet of the return channel 

 Pap IId   Dynamic pressure at the inlet of the return channel 

 PaRC  Pressure loss coefficient of return channel  

 Pap intot   Total pressure at the Inlet surface 

 Pap outtot  Total pressure at the Outlet evaluation surface 

 KT intot  Total temperature at the Inlet surface 

 KT outtot   Total temperature at the Outlet evaluation surface 

 

 

RESULTS OF THE REFERENCE GEOMETRY 

The evaluation of the results of the reference two stage compressor geometry was focused on 

the basic flow characteristics (velocity, pressure), possible critical location (significant vortex 

regions) and impact of the bolts inside return channel. The evaluated results were normalized 

and are presented in Fig 4.  

       

Fig 4.  Meridional cross-section, total pressure (on left), velocity (on right)  



TURBOSTROJE 2016 

 

5 

In Fig 5. the bolts and spacers placed in the return channel are shown. In Fig 5.  the backflow 

is apparent occurring near the bolts. Especially there is apparent the rotating flow which 

subsequently enters the HP impeller. This rotation very negatively affects the flow conditions 

in the HP impeller. 

     
Fig 5.  Reference geometry with bolts and spacers (on left), Normalized velocity with 

vectors in the return channel (on right) 

 

 

OPTIMIZATION 

Based on the reference geometry calculation, the initial properties, limits and critical locations 

were obtained. The most critical location of the reference two stage compressor was return 

channel. From presented results it was evident, that the return channel has potential for 

optimization. The three areas of return channel were selected for optimization. The first was 

meridian shape of the channel, the second were de-swirl vanes and the third were bolts with 

spacers. The optimization was performed in two steps. In the first step the meridian shape of 

the return channel and shape of the vanes were solved. In this step the bolts with spacers were 

neglected. For the optimization process the parametric approach was applied. The shape of the 

vane was defined by 8 parameters and the shape of the return channel was defined by 5 

parameters. Together 13 parameters defined the aerodynamic design of the return channel. 

The target function of the optimization was minimizing the pressure loss of the return channel 

and minimizing the rotation of the flow at the return channel outlet (HP impeller inlet). Nearly 

800 candidates were calculated. Below in Fig 6., the final optimized shape of the return 

channel meridian is shown, and the optimized twisted vane is also visible. This is the 

consequence of secondary flow in the return channel. 

 

           
Fig 6.  Optimized meridian (on left), optimized de-swirl vane (on right) 
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In the second step of the optimization, the bolts with spacers were added into optimized 

variant. The spacers were substituted by suitable shape. The bolts were situated in thicker de-

swirl vanes (see Fig 7.) The number of these vanes was the same as the number of the bolts. 

The number of the de-swirl vanes was dependant not only on the number of bolts but also on 

the number of impeller blades in terms of rotor-stator interaction. Both impellers have 6 

blades. This leads to the fact that number of the de-swirl vanes should be a prime number (13, 

17, 19 etc.).  But if the prime-numbered number of the de-swirl vanes was used the bolts 

would be circumferentially shifted which can lead to the radial force excitement. Fifteen de-

swirl vanes enables the possibility to use 3 or 5 thicker vanes equally circumferentially placed.  

   

   
Fig 7.  Design of the thick de-swirl vane 

 

Results of the optimized variants  

The evaluation of the optimized variants corresponds with evaluation of reference geometry. 

From the first step of the optimization process the meridian shape in combination with de-

swirl vanes were obtained. The results of this step are depicted in Fig 8. According to the 

results from the second step of the optimization, the shape of the thick vanes with bolts was 

defined and located. The results of the variant with 5 thicker vanes and 10 twisted vanes are 

presented in Fig 9. 

 

  

Fig 8.  Meridional cross-section of the optimized variant, total pressure (on left), velocity 

(on right)  
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Fig 9.  Pressure in return channel of the optimized variant (on left), model with 5 thick 

vanes (on right) 

 

  

DISCUSION 

The presented results of the reference and optimized geometry of the return channel 

documented the impact of the changes in the design. The changes were obtained from 

optimization process. The first group of results is focused on the operational regime of the 

reference and optimized variants. In Fig 10. (red line) the development of the total pressure 

along the streamlines is shown. This graph expresses the total pressure changes as the fluid 

particles go through the compressor. According to this, it is apparent that the total pressure of 

the gas received in LP impeller is fully dissipated in the return channel and also partially in the 

HP impeller. Diffuser operates reasonably. Compression of this reference geometry in this 

regime is π = 2.17 and efficiency 𝜂 = 0.37. The same evaluation on optimized geometry was 

carried out. In Fig 10. (green line) the streamwise averaged relative total pressure 

development is shown. The return channel does not show any significant pressure loss. The 

compressor was in normal operational regime. From comparison of Fig 4 and Fig 8. it is 

evident that the backflow areas in the return channel and HP Impeller were removed. The flow 

distribution in the meridional cross-section in Fig 8. is uniform and reasonable.   

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

N
o
rm

a
li

ze
d

 R
el

a
ti

v
e 

T
o
ta

l 

P
re

ss
u

re
 [

P
a
]

Streamwise location [-]

reference

optimized

HP 

Impeller

Diffuser
Return 

channel

LP 

Impeller

Inlet pipe

HP 

Impeller

Diffuser
Return 

channel

LP 

Impeller

Inlet pipe

 

Fig 10.  Averaged total pressure along streamlines for reference and optimized variant 
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The second group of the results was focused on the impact of the de-swirl vanes and thick 

vanes with bolts, which affected the flow distribution in the return channel. In Fig 9. there is 

apparent the bending of the flow into the radial direction near trailing edges of the de-swirl 

vanes. The final design of the return channel containing 10 de-swirl vanes and 5 thick vanes 

with bolts was selected. This configuration with 5 thick vanes was preferred due to structural 

reasons. In this design a backflow can also be seen occurring near the trailing edges of the de-

swirl vanes (see Fig 9). To remove the backflow either higher number of the vanes should be 

used (but it was not preferred) or smaller bending of the vanes should be carried out. However 

smaller bending means increase of the rotation velocity entering the HP impeller which is 

unwanted. As it was mentioned, this design of the de-swirl vanes is a compromise between 

minimizing the pressure loss and minimizing the rotation velocity at the de-swirl vanes outlet. 

Anyway this means possibilities for further optimization. 

The fifteen optimized thin de-swirl vanes are definitely most aerodynamically designed due to 

the smallest rotation entering the HP impeller. Looking at Tab. 3 it is also obvious that the 15 

de-swirl vanes show the highest compression and efficiency compared to the variants with 5 

thick de-swirl vanes.  

 

Tab. 3 Comparison of the objective parameters  

 

        Pap RCtot   RC   

Reference geometry 2.168 0.3676 166339 1.0974 

15 de-swirl vanes 4.033 0.7803 14836 0.2411 

10 + 5 thick de-swirl vanes 3.955 0.7766 15230 0.2413 

 

 

 

CONCLUSION 

The reference geometry of the two stage compressor was analysed and the optimization 

process of the return channel was carried out. The reference geometry of the return channel 

was designed just based on the experiences and it was necessary to use the sophisticated 

approach to improve the reference parameters. The CFD calculation in combination with 

parametric optimization was applied. In the first step the CFD calculation of the reference 

geometry was performed and the results showed adverse flow conditions in the compressor 

domain. The presumed compression of the reference geometry was 4.1 at impellers revolution 

138 000 min-1 but CFD calculation showed compression 2.17. The reason of the stalled flow 

in the compressor was the absence of the de-swirl vanes in the return channel. Rotated flow 

leaving the LP impeller entered the HP impeller blade leading edges and therefore backflow in 

the HP impeller occurred.  

In the second step the optimization process of the meridian shape of the return channel and 

shape of the de-swirl vanes was prepared. As it was mentioned the number of the de-swirl 

vanes was also investigated and it depends on the number of the impeller blades (6 main 

blades and 6 splitter blades) and on the number of the bolts in the return channel. Prime-

numbered number of the de-swirl vanes leads to the fact that the thick vanes are 

circumferentially shifted. This would lead to the radial force excitement due to 

circumferentially uneven flow entering the HP impeller. Fifteen de-swirl vanes were selected 

and optimized as this number ensures sufficient bending of the flow to the axial direction. 
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Due to the presence of the bolts in the return channel the thicker de-swirl vanes were created. 

The number of the bolts is therefore equal to the number of the thick de-swirl vanes. They 

ensure more aerodynamically suitable conditions than bolts. The number of the thick de-swirl 

vanes (5) seems not to be significant in terms of objective parameters.  

The final design of the return channel with 10 + 5 thick de-swirl vanes was chosen as the best 

variant. This two stage compressor with final design of the return channel was produced. The 

production was performed by PBST in cooperation with CTU in Prague. To approve final 

design of the two stage compressor, the measurement on the real test bench and at the real 

conditions is in progress.   
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