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Abstract. The article deals with the issues of the 3D impellers
strength analysis for the different centrifugal compressors. Two air
compressors are considered, the first for General industrial use, the
second for turbocharging the internal combustion engine. The third
compressor is designed for the turboexpander unit that operating at
high pressure medium. The materials of the impellers were steel,
titanium and aluminum alloys. The expediency of using the Fluid-
Structure Interaction approach for the strength analysis is considered
for these compressors. With the FSI approach, a coupled CFD-FEA
solution is performed. Gas-dynamic forces from the medium pressure
are taken into account in the impeller strength or vibration analysis.
The Ansys package is selected as the program for analysis. CFD
models are built and configured in the Ansys CFX. The FEA solution
carried out in the Ansys Static structural. The results of strength
analysis are compared with and without pressure forces for all
impellers. As a result, there were no significant differences in the two
solutions for the air compressors. However, for high-pressure
compressors, the results of the coupled solution showed the need to
take into account the CFD solution. Based on the obtained data, a
graph of the reliability coefficient dependence on the increase in the
suction pressure in the range from 1 to 100 bar is plotted.

Keywords: centrifugal compressor, 3D impellers, FSI, CFD, FEA,
coupled solution, strength analysis.

1. Introduction

Centrifugal compressor high-head 3D impellers are widely used in aircraft helicopter
engines, turbocharging units of internal combustion engines, and turbo expanders. The
basis of research in centrifugal compressors is an experiment [1-3], but the labor and
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cost are high. Computational fluid dynamics (CFD) has significantly expanded the
compressor equipment design capabilities analysis [4-12]. This makes it easier to
study different compressor designs. Currently, virtual stands are widely used for the
design, modernization and fine-tuning of power engineering equipment [13-15], which
allow using digital methods to conduct many virtual tests to determine the
performance characteristics of the machine being created.

Impellers strength analysis is important to ensure the compressor operation
reliability. For this purpose, finite element methods (FEA) are used, which can be used
to determine the maximum stresses that occur in the hard impeller geometric shapes
[16, 17].

The Fluid-Structure interaction (FSI) approach is used for accurate strength analysis
[18-20] and vibration characteristics [21]. It is an interdisciplinary approach that
couples solutions of FEA and CFD. This approach has a wide range of applications. It
becomes possible to analyze the designed 3D impellers with high reliability. With the
FSI approach on the "cold" model, it is possible to reverse the use of the deformed
"hot" model to refine the gas-dynamic calculation of the impeller. This approach is
also used for studies in critical modes, such as rotating stall [21-24]. FSI can be used
with multi-objective impeller optimization [25, 26]. In this case, the objective
parameters are energy (efficiency and pressure), strength (stress, strain) and vibration
characteristics (natural frequencies). This ensures that possible negative features in the
designed impellers are taken into account. Also, the analysis can be performed when
cracks occur, which is very time-consuming to perform in full-scale experiments [27,
28].

Therefore, the aim of the study is to consider the effect of the FSI approach on
various impellers. To estimate the change in the safety factor due to the influence of
gas-dynamic forces acting from the medium pressure on the impeller. The objects of
research are: first stage industrial centrifugal compressor impeller with splitter blades
(Fig. 1a), the turbocharger impeller with splitter for the internal combustion engine
(Fig. 1b) and the impeller for the turboexpander unit (Fig. 1c). All impellers are
unshrouded types. The main parameters of the impellers are shown in table 1.

<)
Fig.1. The investigated impellers: a) Industrial use; b) Turbocharger b) Turboexpander

M251)

Table 1. - The impeller parameters.
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Impeller purpose V73 \VA Iy, M, [|up, m/s

Industrial use 14 (7+7) | 0.69 | 1.44 | 0.80 | 275

Turbocharger 12 (6+6) | 0.75 | 1.62 | 1.13 | 382.9

Turboexpander 16 0.74 | 1.31 | 0.75 |322.5
2.Methods

The Ansys package is selected as the program for analysis. CFD models are built and
configured in ANSYS CFX (Fig. 3. a). The stationary flow is calculated. The design
mode of operation of each centrifugal compressor is simulated. The turbulence model
is chosen RANS-SST. The computational domains are a complete 2 impeller, gap
and labyrinth seals circumference. The pressure behind the seals is equal to the suction
pressure. For the industrial use centrifugal compressor, the computational domain was
only the impeller.

The total inlet temperature T*=298 K, the total inlet pressure P*=98000 Pa are set
for industrial use impeller. Mass flow rate at the outlet is 7.64 kg/s. For the
turbocharger impeller, the total inlet temperature is T*=288 K, and the total inlet
pressure is P*=98400 Pa. The mass flow rate at the outlet is 0.374 kg/s. Analysis of
the turboexpander impeller was studied at different suction pressures: 1, 20, 40, 60, 80,
100 bar at total inlet temperature T*=293 K. The mass flow rate was recalculated to
ensure the calculated flow rate.

The Ansys static structural software module is used to perform strength analysis
using finite element methods. The grid independence of the solution was checked
using the double-counting method. Two unstructured tetrahedral meshes with the
number of elements 1187278 and 3442764 were constructed. It was found that
increasing the number of elements does not affect the calculation results. Fig. 2 shows
the appearance of two calculation grids for the turbocharger and turboexpander
impeller.

Fig.2. Computational grids for strength analysis

The results of CFD modeling were imported into the FEA solver. The temperature
distribution (Fig. 3b) and pressure distribution (Fig. 3¢) were imported.
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a) CFD model

b) temperature import

¢) pressure import

Fig.3. CFD model (a) and the result of importing gas dynamic parameters: b) temperature; c)

pressure.

For the first impeller, pressure and temperature were imported only on the surface of
the interscapular channel. An intermediate stage was used, so pressure after the return
vane channel was applied to the main disk surface. For the remaining impellers, a
complete problem was simulated, taking into account leaks through the gap and
labyrinth seals. The selected materials for strength analysis are shown in table 2.

Table 2. - The impeller material’s description.

Impeller purpose Material c,MPa | o, MPa | p, kg/m’
Industrial use Steel 38XT'CA 1910 1570 7850
Turbocharger Titanium alloy BTS 900 750 4500
Turboexpander Aluminum alloy AK6 390 275 2750

Data processing was performed using simulated value of the equivalent Mises stress
according to the formula (1):

1
O-vanfmises = \/5[(0-1 _0-2 )2 +(O-2 _0-3 )2 +(O-3 _0-1 )2:|

e

The strength analysis was carried out using the formula of the safety factor (2):

3.Results

n=

o-max von—mises

@

Industrial centrifugal compressor 3D impeller strength analysis with and without
viscous three-dimensional flow showed a slight deviation of the maximum stresses and
deformations. In Fig. 5, the maximum equivalent stress is observed near the output
edge of the blade. The stress is below the material tensile yield strength, the safety

factor n=2.13.
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Fig.4. Equivalent stresses distribution, taking into account the three-dimensional flow.

The analysis was performed for an impeller with pressure ratio I10-2 =1.44, that
operating at a low inlet pressure equal to the ambient pressure, that's why the impact is
so small.

Further, a higher-loaded impeller operating at u2=382.9 m/s and with a large
pressure ratio is considered.The resulting stress distribution patterns differ little
qualitatively and quantitatively (Fig. 5). In this model, the strength was studied taking
into account pressure influence from the gaps on the impeller.
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Fig.5. Stress distributions: (a) including CFD; (b) excluding CFD

The last step is to calculate the turboexpander centrifugal compressor impeller unit
operating at high pressure of the working medium. The working environment is
supported by real gas — natural gas. The safety factor dependence on the inlet pressure
is plotted in Fig. 6. As a result, the safety factor decreases every 20 bar by an average
0f 9.7%. Relative to the calculation at 1 bar, at 100 bar the margin ratio is reduced by
40%. The strength studies results of all impellers are summarized in the table 3.
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Fig.6. Safety factor dependence on the suction pressure.

Table 3 Results centrifugal compressor impellers research on the strength.

Impeller purpose, Pin, m &“;’; G'Rj’[‘PF;I’ A% Ny
Industrial use 0.980 bar, 7.64 kg/s 897 898 0.1 2.1
Turbocharger 0.984 bar, 0.374 kg/s 1023 | 1025.3 0.2 2.0
Turboexpander 1 bar, 0.22 kg/s 136.7 | 136.7 0.0 2.0
Turboexpander 20 bar, 4.6 kg/s 136.7 | 153.8 12.5 1.8
Turboexpander 40 bar, 9.7 kg/s 136.7 | 171.7 254 1.6
Turboexpander 60 bar, 15.1 kg/s 136.7 | 190.4 39.3 14
Turboexpander 80 bar, 21.0 kg/s 136.7 | 209.3 53.1 | 1.35
Turboexpander 100 bar, 27.1 kg/s 136.7 | 228.2 66.9 1.2

4.Conclusions

The FSI approach makes it possible to analyze the effect of pressure forces on various
impellers. Two high-pressure impellers operating in air centrifugal compressors are
considered. The third impeller runs on natural gas at different suction pressures from 1
to 100 bar. Calculations of the first two impellers showed a small difference between
calculating only centrifugal forces and taking into account gas forces. The coupled
calculation for a high-pressure impeller showed that the influence of the medium
pressure is significant. The safety factor changes from 2 to 1.2 as the suction pressure
increases. The study showed that for design purposes, the coupled calculation for
atmospheric compressors may not be applied. At the same time, as the literature
shows, it is possible for such compressors to study the reliability and vibration
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characteristics at critical conditions or to take into account design defects of the
impellers.

References

1. M. Inoue and N. A. Cumpsty, “Experimental study of centrifugal impeller discharge flow
in vaneless and vaned diffusers,” Journal of Engineering for Gas Turbines and Power, vol. 106,
no. 2, p. 455, 1984 DOI: 10.1115/1.3239588

2. . AM. Simonov. Efficiency research and optimal design of high-pressure centrifugal
compressor stages. P. 164 - 188. / Proceedings of the Scientific School of Compressor
Engineering SPbSPU. Under the editorship of Professor Yu.B. Galerkin. - Publishing house
SPbSPU, SPb, 2010 - 670

3. Yun V.K. The use of advanced technologies to increase the economic efficiency of a
centrifugal compressor. Gas industry Ne9, 2014 ¢ 68-71.2

4. B. E. Launder and D. B. Spalding, “The numerical computation of turbulent
flows,” Computer Methods in Applied Mechanics and Engineering, vol. 3, no. 2, pp. 269-289,
1974. DOI: 10.1016/0045-7825(74)90029-2

5. . M. V. Casey, P. Dalbert, and P. Roth, “The use of 3D viscous flow calculations in the
design and analysis of industrial centrifugal compressors,” Journal of Turbomachinery, vol. 114,
no. 1, pp. 27-37, 1992. DOIL: 10.1115/1.2927995

6. M. T. Barton, M. L. Mansour, J. S. Liu, and D. L. Palmer, “Numerical optimization of a
vaned shroud design forincreased operability margin in modern centrifugal compressors,” ASME
Journal of Turbomachinery, vol. 128, no. 4, pp.627-631, 2006

7. . Danilishin, A.M., Kozhukhov, Y.V., Kartashov, S.V., Lebedev, A.A., Malev, K.G.,
Mironov, Y.R. Design optimization opportunity of the end stage output plenum chamber of the
centrifugal compressor for gas pumping unit. (2018) AIP Conference Proceedings, 2007, Ne
30044. DOI: 10.1063/1.5051905

8. Z. Guzovi¢, M. Baburi¢, and D. Matijasevi¢, “Comparison of flow characteristics of
centrifugal compressors by numerical modelling of flow,” Journal of Mechanical Engineering,
vol. 51, no. 7-8, pp. 509-518, 2005.

9. Boldyrev, Y., Rubtsov, A., Kozhukhov, Y., Lebedev, A., Cheglakov, 1., Danilishin, A.
Simulation of unsteady processes in turbomachines based on nonlinear harmonic NLH-method
with the use of supercomputers. CEUR Workshop Proceedings. Volume 1482, 2015, Pages 273-
279. 1st Russian Conference on Supercomputing Days 2015, RuSCDays 2015; Moscow;
Russian Federation; 28 September 2015 o 29 September 2015.

10. Aksenov, A., Kozhukhov, Y., Sokolov, M., Simonov, A. Analysis and modernization of
real gas thermodynamic calculation for turbocompressors and detander units. MATEC Web of
Conferences. Volume 245, 5 December 2018, 09005. 2018 International Scientific Conference
on Energy, Environmental and Construction Engineering, EECE 2018; Congress Center of Peter
the Great St. Petersburg Polytechnic University29 AF Polytechnicheskaya Str. 195251Saint-
Petersburg; Russian Federation; 19 -20 November 2018. DOI:
10.1051/matecconf/201824509005

11. Kozhukhov, Y. V., Yun, V. K., Reshetnikova, L. V., Prokopovich, M. V. Numerical
Investigation of Different Radial Inlet Forms for Centrifugal Compressor and Influence of the
Deflectors Number by Means of Computational Fluid Dynamics Methods with Computational
Model Validation. 2015 IOP Conf. Ser.: Mater. Sci. Eng. 90 012047 DOI: 10.1088/1757-
899X/90/1/012047

MORE ABOUT COMPRESSOR TECHNOLOGY AT WWW.KVIHT.COM
BOJIBIIE O KOMIIPECCOPHOU TEXHMKE HA WWW.KVIHT.RU




MORE ABOUT COMPRESSOR TECHNOLOGY AT WWW.KVIHT.COM
BOJIBIIE O KOMIIPECCOPHOU TEXHMKE HA WWW.KVIHT.RU

12. Danilishin, A.M., Kartashov, S.V., Kozhukhov, Y.V., Kozin, E.G. The methodology for the
existing complex pneumatic systems efficiency increase with the use of mathematical modeling
(2017) IOP Conference Series: Materials Science and Engineering, 232 (1), Ne 012069.
DOI:10.1088/1757-899X/232/1/012069

13. Aksenov, A.A., Danilishin, A.M., Dubenko, A.M., Kozhukov, Y.V. Development of the
virtual experimental bench on the basis of modernized research centrifugal compressor stage test
unit with the 3D impeller. IOP Conference Series: Materials Science and Engineering, 2017,
232(1), 012042. 10th International Conference on Compressors and Their Systems; City,
University of London, London; United Kingdom; 11 September 2017 no 13 September 2017.
DOI: 10.1088/1757-899X/232/1/012042.

14. Aksenov, A.A., Danilishin, A.M., Kozhukhov, Y.V., Simonov, A.M. Numerical simulation
of gas-dynamic characteristics of the semi-open 3D impellers of the two-element centrifugal
compressors  stages (2018) AIP  Conference Proceedings, 2007, Ne 030025.
DOI:10.1063/1.5051886

15. Neverov, V.V., Kozhukhov, Y.V., Yablokov, A.M., Lebedev, A.A. The experience in
application of methods of computational fluid dynamics in correction of the designed flow path
of a two-stage compressor. (2018) AIP Conference Proceedings, 2007, Ne 30048. DOL:
10.1063/1.5051909

16. Cheng Xu, Ryoichi S. Amano, Empirical Design Considerations for Industrial Centrifugal
Compressors, Hindawi Publishing Corporation International Journal of Rotating Machinery
Volume 2012, Article ID 184061, 15 pages doi:10.1155/2012/184061

17. Verstraete, T., Alsalihi, Z., & Van den Braembussche, R. A. (2010). Multidisciplinary
Optimization of a Radial Compressor for Microgas Turbine Applications. Journal of
Turbomachinery, 132(3), 031004. doi:10.1115/1.3144162

18. Sun, T., Wang, Y., Xie, R., & Ma, Z. (2011). Application of FSI on Turbomachinery. 2011
Asia-Pacific Power and Energy Engineering Conference. doi:10.1109/appeec.2011.5748920.

19. Lerche, A. H., Moore, J. J., White, N. M., & Hardin, J. (2012). Dynamic Stress Prediction
in Centrifugal Compressor Blades Using Fluid Structure Interaction. Volume 6: Oil and Gas
Applications; Concentrating Solar Power Plants; Steam Turbines; Wind Energy.
doi:10.1115/gt2012-69933.

20. Rong Xie, Liang Guan and Muting Hao, 2014. Numerical Analysis for Blade Loading of
Centrifugal Compressor under Multi-operating Conditions. Information Technology Journal, 13:
286-293.

21. Edward J. Walton, Choon S. Tan, Forced Response of aCentrifugal Compressor Stage Due
to the Impeller—Diffuser Interaction, DOI: 10.1115/1.4032838

22. K. Kabalyk. FSI modelling of an industrial centrifugal compressor stage operation at stable
and unstable operating points. Proceedings of 13th European Conference on Turbomachinery
Fluid dynamics & Thermodynamics ETC13 doi: 10.29008/ETC2019-051

23. Mischo, B., Jenny, P., Mauri, S., Bidaut, Y., Kramer, M., and Spengler, S. (October 10,
2018). "Numerical and Experimental Fluid—Structure Interaction-Study to Determine
Mechanical Stresses Induced by Rotating Stall in Unshrouded Centrifugal Compressor
Impellers." ASME. J. Turbomach. November 2018; 140(11):
111006. https://doi.org/10.1115/1.4041400

24, Jenny, P., & Bidaut, Y. (2016). Experimental Determination of Mechanical Stress Induced
by Rotating Stall in Unshrouded Impellers of Centrifugal Compressors. Journal of
Turbomachinery, 139(3), 031011. doi:10.1115/1.4034984

25. Kang, H.-S., & Kim, Y.-J. (2016). A Study on the Multi-Objective Optimization of
Impeller for High-Power Centrifugal Compressor. International Journal of Fluid Machinery and
Systems, 9(2), 143—149. doi:10.5293/ijfms.2016.9.2.143

MORE ABOUT COMPRESSOR TECHNOLOGY AT WWW.KVIHT.COM
BOJIBIIE O KOMIIPECCOPHOU TEXHMKE HA WWW.KVIHT.RU




MORE ABOUT COMPRESSOR TECHNOLOGY AT WWW.KVIHT.COM
BOJIBIIE O KOMIIPECCOPHOU TEXHMKE HA WWW.KVIHT.RU

26. Zhang F., Baar R. Geometric optimization of turbocharger compressor and its influence on
engine  performance = MATEC  Web  Conf, 108  (2017) 08012  DOI:
https://doi.org/10.1051/matecconf/201710808012..

27.  Hongkun Li , Xuefeng Zhang and Fujian Xu,, Experimental Investigation on
Centrifugal Compressor Blade Crack Classification Using the Squared Envelope
Spectrum,Sensors 2013, 13, 12548-12563; doi:10.3390/s130912548.

28. Hongkun Li, Xuefeng Zhang, Xiaowen Zhang, Shuhua Yang, and Fujian Xu, Pressure
Pulsation Signal Analysis for Centrifugal Compressor Blade Crack Determination,
Mathematical Problems in Engineering Volume 2014, Article ID 862065, 15 pages
.doi:10.1155/862065.

MORE ABOUT COMPRESSOR TECHNOLOGY AT WWW.KVIHT.COM
BOJIBIIE O KOMIIPECCOPHOU TEXHMKE HA WWW.KVIHT.RU




