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Abstract. Currently, methods of numerical modelling are widely used. They are especially widely used in 
the design of turbo compressors. For the specific task of designing new flowing parts of a centrifugal 
compressor, it is not recommended to deviate from the canonical design techniques, but it is preferable to 
supplement them with numerical methods. This article is devoted to the end two-element stage investigation 
of a centrifugal compressor with an axial radial impeller; the stage main dimensions were obtained using the 
method of V.F. Rice. In order to obtain the necessary pressure characteristics and determine the dependence 
for the absolute velocity non-uniform distribution at the inlet to the axial radial impeller, the flow path main 
dimensions were optimized using numerical calculation methods. The calculation was performed using the 
SST turbulence model using computational gas dynamics methods in the ANSYS CFX software 
environment. Based on the optimization results, five compressor designs and corresponding characteristics 
were obtained. The absolute velocity distribution nature at the inlet to the centrifugal compressor axial 
radial impeller for five flow path variants is investigated. Empirical dependences are obtained for the 
deviation of the absolute velocity at the inlet in the hub section axial radial impeller and the absolute 
velocity deviation at the shroud from the absolute velocity at the average diameter based on the results of a 
numerical experiment. Recommendations are made for further absolute velocity distributions investigating 
at the inlet to the compressor impeller. 

1 Introduction 
The gas industry is one of the leading fuel and energy 
complex sectors.  Technical progress and the country 
national economy development pace depend on its 
condition.  And this industry is one of the most 
important applications of centrifugal compressors 
[1,2,3,4 etc.].    Centrifugal compressors are used in gas 
production, storage, for its further transportation and 
preparation for it.  Therefore, the machines efficiency 
has a big impact on the performance of this industry.  
Turbo compressors consume large amounts of energy.  
Therefore, to reduce financial costs, it is necessary to 
increase the efficiency of compressors, which means to 
create the optimal machine flow path shape.  In 
connection with the growth of requirements [2] for 
modern centrifugal compressors, both in terms of 
required pressure and energy efficiency, the need for the 
production of highly efficient axial radial impellers is 
increasing.  This article continues the designed stage 
investigation under various working conditions by 
numerical calculation methods, which was begun in [5]. 

The objectives of this work: 

 1. The designed centrifugal compressor two-element 
end stage optimization, in particular the axial radial 
impeller, its basic geometric parameters and the angles 
distribution of axial radial impeller blade installation at 
the inlet. 

 2. The absolute velocity distribution dependence at 
the inlet to the centrifugal compressor axial radial 
impeller based on the absolute velocity distribution 
obtained by numerical calculation methods in Ansys 
CFX. 

2 Methods 
As the main research method, a numerical experiment 
was used.  To solve these problems, CFD modelling 
(Ansys software package) was used using 
recommendations for constructing, calculating and 
modeling centrifugal compressors [2, 6, 7, 8, 9, 10, 11, 
21, 22, 23, 24].  Programs for calculating the quasi-
three-dimensional inviscid flow in the impellers blade 
lattices and the developed mathematical model for the 
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design and calculation of centrifugal compressors and 
compressor stages were used [12, 13, 14]. 

The object of research is a three-dimensional flow 
path model of a centrifugal compressor two-element 
stage.  The basic stage geometric parameters are 
designed according to the method of V.F. Rice [4].  The 
investigated stage is of ending type.  The stage design 
(Fig. 1.) includes an axial-radial impeller of a half-open 
type with dimensional blades and a vaneless diffuser.  
There is an axial nozzle with a stationary fairing at the 
inlet. 

The stage was studied at a constant speed of rotation 
n = 20000 rev/min and various mass flow rates: m̅ = 50 – 
70 kg /sec.  Values of estimated conditional flow 
coefficient are in the range of 0,077 ≤ ФR ≤ 0,108. 

The working fluid is natural gas.  Its composition is 
shown in table 1, the mixture was calculated according 
to the BVR method [15] using additional modifications 
[16.17]. 

Table 1. - The gas mixture composition. 

Gas Composition percentage 
Methane 98,84 
Ethane 0,10 

Propane 0,03 
N-Butane 0,02 
N-Pentane 0,01 
Nitrogen 0,70 

CO2 0,30 

Compressor parameters: 
Inlet pressure: Pi = 6,1 MPa; 
Outlet pressure: Po = 7,7 MPa; 
Inlet temperature: Ti = 303,15 K. 
The boundary conditions for the objective were 

adopted on the basis of existing recommendations for the 
problems of three-dimensional design of two-element 
stages with axial radial axis [5,6,7,18,19,20].  The 
boundary conditions were not changed during all the 
optimizations, except for mass flow, as indicated above. 

Boundary conditions specified in ANSYS CFX: 
Turbulence regime: Medium (Intensity=5%); 
Turbulence model: SST; 
Fluid: Natural gas; 
Heat Transfer: Total energy; 
Rotation frequency, n, rev/min: n = 20000 rev/min; 
Flow regime: Subsonic; 
Total inlet temperature, T*, K: T* =303,15 K; 
Total inlet pressure, P*, MPa: P* =6,1 MPa; 
Mass flow rate, m̅, kg/sec: m̅ = 50 – 70 kg/sec. 

3 Results 
After the two-element end stage analytical design, it was 
decided to optimize the compressor flow path by 
numerical simulation using the Ansys CFX software 
package.  During the first three approaches, the 
parameters of sections 1-1 and 2-2 were changed with a 
constant section 4-4: the impeller inlet diameter D1, the 

 
Fig. 1. The centrifugal compressor stage meridional section with control sections and changes in the flow path geometry, 
depending on optimization approaches (dimensions in mm) in five execution (H – H – axial pipe inlet section; 1 – 1 – section 
at the impeller front; 21 – 21 – section behind the impeller, the first version; 22 – 22 – section behind the impeller, the second 
version; 23,4,5 – 23,4,5 – section behind the impeller, the third, fourth and fifth execution; 4 – 4 – vaneless diffuser outlet 
section). 
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hub diameter ratio 
hD , from the outlet impeller diameter 

D2, the channel width at the impeller outlet b2. 
After the first calculation, in the second approach, the 

impeller inlet diameter, the from the outlet impeller, and 
the channel at the impeller outlet width were increased 
(Fig. 1).  The hub diameter and the section 4-4 
parameters remained unchanged.  The vaneless diffuser 
walls became curved, but this did not give optimal 
results.  On the contrary, the efficiency and pressure 
ratio decreased significantly in comparison with the first 
calculation (Fig. 2).  And the flow at the impeller outlet 
lag angle increased (Fig. 3). 

In the third approach have been reduced: the stub 
ratio, the impeller inlet diameter and the channel width at 
the impeller outlet, and the impeller outlet diameter was 
increased (Fig.1). Thus, the flow passage was 
considerably lengthened in comparison with the original 
version for further dimensionless diameter influence 
investigation at absolute velocity distribution picture at 
the wheel inlet. The third optimization approach results 
are adopted for the optimum (Fig.2 and Fig.3). Further 
approaches were carried out to account for the backlog at 
the wheel outlet angles influence and the blades angles 
on the absolute velocity distribution pattern in the 
section 1-1. Figure 2 presents the main relative 
efficiency for static parameters characteristics, where the 
efficiency of all approaches of optimization is given to 
the third approach efficiency in the current mode.  

 

Fig. 2. The pressure ratio and relative efficiency for static 
parameters in section 4-4 for five optimization approaches. 

 

Fig. 3. The theoretical pressure coefficient ψT on the mass 
flow rate dependence. 

 
Fig. 4. The absolute velocity distribution in the hub and shroud sections for the third, fourth and fifth executions. 
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But in the third approach case, during optimization, 
shock flow is found around the blade at the inlet to the 
impeller (Fig. 4), therefore, in the fourth approach, it was 
decided to change the installation blade angles along the 
sections:βbH, βbAV, βbSH, leaving all other geometric and 
gas-dynamic parameters unchanged.  In the fourth 
optimization approach, we managed to improve the flow 
around the inlet, but at the outlet from the impeller there 
was a flow stall from the blade (Fig. 4. and Fig. 5). 

In order to avoid flow stall at the axial radial impeller 
outlet in the fifth approach, it was decided to reduce the 
channel width in the section 2-2  b2, and leave the 
channel width at the inlet to the vaneless diffuser 
unchanged.b3=const  As a result, the flow around the 
impeller blades was significantly improved.  But 
pressure characteristics expectedly worsened: the 
pressure ratio decreased significantly compared to the 
third approach.  Efficiency, although it decreased, 
nevertheless, remained quite high (Fig. 2.). 

Also, in the calculation, non-canonical velocities 
pictures is were obtained distributions at the inlet to the 
centrifugal compressor impeller according to numerical 
modeling.  According to the results of numerical 
modelling, the absolute velocity at the inlet to the 
impeller varies over sections, increasing from the hub 

section to the shroud (Fig. 6).  While in canonical 
techniques, the absolute velocity at the inlet to the 
impeller is considered constant.  In this case, the 
calculated absolute velocity over the inlet to the impeller 
entire surface is equal to the absolute velocity at the 
average diameter. Table 2 shows the distribution of 
absolute velocity, relative velocity and absolute velocity 
expenditure component at various mass flow rates 
numerical values.  

 

Fig. 6. The distribution of absolute velocity at the inlet to the 
impeller (section 1-1) after the fifth optimization approach. 

 
Fig. 5. The distribution of relative velocity in the hub and shroud sections for the third, fourth and fifth executions. 
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Based on numerical experiments, for this object of 
investigation, absolute velocity deviation power-law 
dependence at the extreme sections χ on the hub 
diameter to the impeller inlet diameter ratio was derived 
Dh/D0(Fig. 7).  

 

Fig. 7. The absolute velocity deviation on the blade hub and 
shroud diameter from the absolute velocity average value at 
different ratios Dh/D0. 

The absolute velocity deviation on the blade hub 
diameter from the absolute velocity on the average 
diameter: 
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These dependencies illustrate the heterogeneous 
absolute velocity distribution at the inlet to the impeller.  
They are necessary for profiling the input impeller 
blades edge at an angle βb1 along the blades height.  
Further, studies in this direction are ongoing; studies will 
be performed on other axial radial impellers at various 
optimal flow and pressure ratios. 

4 Conclusions 
Five approaches were applied in the work to optimize 
the designed single-stage centrifugal compressor flow 
path in the Ansys CFX software package in order to 
obtain the optimal stage efficiency.  As a result of 
optimization, the necessary pressure characteristic was 

Table 2.Velocity distribution in section 1-1 after the fifth optimization approach. 

Diameter Relative velocity 
W, m/sec 

Absolute velocity 
C, m/sec 

Consumption component of velocity 
Cm, m/sec 

Mass flow rate 50 kg/sec 
Hub 98.305 54.278 54.087 

Average 141.52 65.708 64.963 
Shroud 182.806 70.37 69.691 

Mass flow rate 55 kg/sec 
Hub 100.69 58.403 58.228 

Average 144.38 71.496 70.609 
Shroud 186.943 80.17 79.722 

Mass flowrate 60 kg/sec 
Hub 103.957 63.784 63.628 

Average 147.788 77.993 77.105 
Shroud 190.555 88.14 87.808 

Mass flowrate 65 kg/sec 
Hub 107.549 69.412 69.267 

Average 151.458 84.679 83.796 
Shroud 194.309 95.894 95.633 

Mass flow rate 70 kg/sec 
Hub 111.454 75.25 75.11 

Average 155.397 91.491 90.609 
Shroud 198.269 103.605 103.387 
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obtained, the stage efficiency was increased (Fig. 2, Fig. 
3) and the flow around the blade apparatus was 
improved (Fig. 4, Fig. 5). 

It is shown that the absolute velocity at the inlet to 
the compressor axial radial impeller blades from the hub 
to the shroud has an uneven distribution.  The absolute 
velocity dependences deviation at the inlet to the 
impeller obtained in the work are derived on the 
investigation basis of one object and therefore require 
further studies on other axial radial impellers, including 
non-stationary modes.  They also need to be verified by 
a real experiment.  The obtained dependences (1) and (2) 
for determining the flow irregularity at the inlet to the 
axial-radial impeller can be applied in analytical 
methods for calculating the impellers when determining 
the inlet angle βb1 from the blades height. 
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