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Abstract. This paper is aimed at refinement of the computational model of the turbopump rotor systems associat-

ed taking into consideration the effect of rotation of moving parts and compliance of bearing supports elements. The 

up-to-date approach for investigation of non-linear reactions in rotor’s bearing supports is proposed for turbo-pump 

units for liquid rocket engines. Five models for modelling contact interaction are investigated, and comparative bear-

ing stiffness characteristics are given. The geometry of the housing and corresponding design scheme are set for each 

support due to the assembly drawing of the turbopump unit. Rotation of the shaft is taking into account by applying 

corresponding inertial forces to the inner cage of the bearing. Experimental points of the dependence “load – dis-

placement” as the diagram “F – v” are built by the calculated points as an array of numerical simulation data, ob-

tained by the ANSYS software. As a result of numerical simulation, including loading of the bearing support on the 

scheme “remote force” in a wide range of rotor speeds, the corresponding displacements are determined. The brand-

new approach for evaluation of bearing stiffness coefficients is proposed based on the linear regression procedure. As 

a result, the obtained values of coefficients are summarized and approximated by the quadratic polynomials. 

Keywords: Ansys Workbench, axial preloading, centrifugal force, contact interaction, finite element analysis, numer-

ical simulation, remote force, stiffness characteristic. 

1 Introduction 

Intensification of the development in the field of pow-

er engineering occurs by using the modern energy-

intensive equipment, an essential role of which is per-

formed by multistage rotor machines. Permanently rais-

ing theirs parameters leads to increasingly significant 

problems of vibration reliability. Furthermore, the prob-

lem of investigation of dynamics of flexible rotors is 

based on determination of the critical frequencies and 

corresponding mode shapes. This problem is currently 

actual due to the impossibility of absolutely accurate 

dynamic rotor balancing [1]. 

General approaches are used for investigation of the 

rotor dynamics that are closely intersected with the issues 

of strength of materials and the theory of elasticity, the 

theory of linear and nonlinear oscillation of mechanical 

systems, as well as the problems for the identification of 

mathematical models of dynamic systems. Most prob-

lems can be solved in combination of 2D and 3D formu-

lation by using modern software. 

The problem of identification of bearing stiffness 

characteristics is complicated in the case of new designs 

with the insufficient experimental data. At the same time, 

the process of creating reliable mathematical models of 

the rotor dynamics is usually carried out in a permanent 

comparison with experimental data by means of the iden-

tification of coefficients of mathematical models and 

structures of design schemes. This process takes place in 

researching the vibration reliability and rotor balancing 

for centrifugal pumps and turbochargers [2, 3]. 

2 Literature Review 

Up-to-date approaches for refinement of mathematical 

models of oscillatory systems according to experimental 

data is presented in the work [4]. The monograph [5] is 

aimed at evaluation of coefficients of mathematical mod-

els for oscillatory systems, including rotary systems for 

multistage centrifugal machines. The paper [6] dials with 

the phenomena of stability loss of rotor rotation at tilting 

pad bearings. 
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Modern treatments in the feld of linear and non-linear 

rotor dynamics is stated in the work [7] with the related 

practical applications. Estimation of segment bearing 

stiffness with the balancing procedure for flexible rotors 

of turbocharge units in the accelerating-balancing stand 

are presented in the paper [8]. Modern approaches for 

determination of active magnetic bearings stiffness and 

damping identification from frequency characteristics of 

control systems are realized within the work [9]. 

Application of the finite element analysis for stiffness 

and critical speed calculation of a magnetic bearing-rotor 

system for electrical machines is proposed in the work 

[10]. The problem of stability and vibration analysis of 

non-linear comprehensive flexible rotor bearing systems 

is analyzed in the paper [11]. A phenomenon of subhar-

monic resonance of a symmetric ball bearing-rotor sys-

tem is investigated in the paper [12]. Approaches for 

analytical research and numerical simulation for investi-

gation of critical frequencies of a centrifugal compressor 

rotor taking into account non-linear stiffness characteris-

tics of bearings and seals are proposed in the paper [13]. 

3 Research Methodology 

The ANSYS Workbench software is used for determi-

nation of bearing stiffness. The related design scheme is 

presented in Figure 1. 

 

 

Figure 1 – Design scheme of bearing supports loading  

and determination of corresponding displacements 

In the simulation of contacts by using ANSYS soft-

ware, one of the most important problems is the selection 

of reliable model of interaction between elements of the 

contact pairs “target – contact”. There are five models of 

contact interaction, the comparative characteristics of 

which are given in Table 1. 

Further calculations are provided for each of the se-

lected contact type: 

– “bonded” – from the group of linear contacts; 

– “frictional” – from the group of nonlinear contacts. 

These models allow determining the maximum possi-

ble range of variation for the stiffness of bearing sup-

ports. 

Table 1 – Comparative table of the main characteristics  

of models for the contact interaction between the surfaces  

of mating parts 

Contact  

model 

C
o

n
ta

ct
  

ty
p

e Number  

of  

iterations 

Normal  

behavior 

Tangent  

behavior 

Bonded 

L
in

ea
r 

One 
Not  

allowed 

Not  

allowed 

No  

sepa- 

ration 

Allowed 

Rough 

N
o

n
li

n
ea

r 

Several Allowed 

Not  

allowed 

Friction- 

less 
Allowed 

Frictional Allowed 

 

“Bonded” is the contact model, in which the target and 

contact surfaces of the matched bodies are connected to 

each other, and the contact area does not change under 

the action of the applied loads. The sliding between faces 

and edges, as well as their separation is not allowed. 

“Frictional” is the contact model that takes into ac-

count the sliding of the surfaces “target” and “contact” 

relative to each other. In this case, the contact area 

changes, if the module of the tangential force takes the 

limiting value. 

4 Results 

4.1 Basic approach 

As a result of numerical simulation (loading of the 

bearing support according to the scheme “remote force”) 

for discrete values of the force F in a range from zero to 

the maximum load capacity, the corresponding displace-

ments are determined (Figures 2, 3). 

The calculated points allow determining an array of 

data by means of a numerical simulation, on which the 

points of the “load – displacement” diagram “F – v” are 

built (Table 2, Figure 4). 

The obtained data are interpolated by the correspond-

ing curves F = F(v). In this case, the stiffness of the bear-

ing supports for linear models is determined as the tan-

gent of the initial slope angle α of the diagram “F – v”: 

 .
0












v

F
tgc   (1) 

 



 

 

D 8 MECHANICAL ENGINEERING: Dynamics and Strength of Machines 

 

 

    
a b 

    
c d 

Figure 2 – Determination of the bearing stiffness for the model “bonded” of the contact interaction between the rolling elements  

with cages of bearings 45-216 (a), 45-276214 (b), 46-276212 (c) and 36-211 (d) 

    
a b 

    
c d 

Figure 3 – Determination of the bearing stiffness for the model “frictional” of the contact interaction between the rolling elements  

with cages of bearings 45-216 (a), 45-276214 (b), 46-276212 (c) and 36-211 (d) 
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Table 2 – Results of numerical simulation  

for determining diagram “F – v” 
 

Bearing Load, N 
Displacement, m 

“frictional” “bonded” 

45-216 

1·10
3 

3.03·10
–6 

3.43·10
–7 

1·10
4 

2.12·10
–5 

3.43·10
–6 

7·10
4 

1.12·10
–4 

2.40·10
–5 

45-276214 

1·10
3 

4.76·10
–6 

3.62·10
–7 

1·10
4 

1.96·10
–5

 3.62·10
–6 

6·10
4 

1.0·10
–4

 2.17·10
–5 

46-276212 

1·10
3 

7.69·10
–6

 3.16·10
–7

 

1·10
4 

2.43·10
–5

 3.16·10
–6 

5·10
4 

8.82·10
–5

 1.56·10
–5

 

36-211 

1·10
3 

3.85·10
–6

 4.18·10
–7

 

1·10
4 

3.90·10
–5

 4.18·10
–6

 

4,5·10
4 

1.26·10
–4

 1.88·10
–5

 

 

 

Figure 4 – Diagram “ F – v” for the model “bonded” 

The stiffness coefficients for bearings calculated by 

the abovementioned procedure, are summarized in Ta-

ble 3. 

Table 3 – Stiffness coefficients for bearing supports 

Bearing 
Stiffness coefficient, 10

8
 N/m 

“frictional” “bonded” 

45-216 3.3 29.2 

45-276214 2.1 27.6 

46-276212 1.3 31.7 

36-211 2.6 23.9 

 

4.2 Refinement of the numerical model 

This part is aimed at refinement of the computational 

model of the turbopump rotor systems associated taking 

into consideration the effect of rotation of moving parts 

and compliance of bearing supports elements. The first 

factor causes an increasing quadratic dependence of the 

bearing stiffness on the rotor speed, and consequently, 

shift of the spectrum of critical frequencies to the right. 

This circumstance increases the detuning from the reso-

sanse mode. The second factor decreases the bearing 

stiffness and critical frequencies. 

The clarification of the stiffness parameters of the sup-

porting units is carried out by combination of two compu-

tational means. Firstly, the loading patterns of supporting 

units using ANSYS software (three-dimensional finite 

element models) are considered due to a significant com-

putational time. 

ANSYS software is used for determination the bearing 

stiffness with considering rotation of the rotor and com-

pliance of housing elements. The related design scheme is 

presented on Figure 5. 
 

 
Figure 5 – Refined design scheme of bearing supports loading 

 

The geometry of the housing and corresponding design 

scheme are set for each support due to the assembly 

drawing of the turbopump unit. The rotation is taking into 

account by applying corresponding inertial forces to the 

rotating (inner) cage of the bearing. 

Modelling of contacts by using ANSYS software is 

performed according to Table 4. 

Table 4 – Models of contact interaction between surfaces 

Mating surfaces Contact model 

Shaft Inner cage “bonded” 

Inner cage 
Rolling  

elements “frictional” 
Rolling elements Outer cage 

Outer cage Housing 

 

As a result of numerical simulation (loading of the 

bearing support on the scheme “remote force” 

F = 1·10
3
 N for the following values of operating rotor 

speed: 0, 10 500, 18 750, and 21 150 rpm), the corre-

sponding displacements are determined (Figures 6–9). 
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a 

 
b 

 
c 
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Figure 6 – Bearing stiffness for the support 45-216: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 

In this case, determined bearing stiffness coeffi-

cients are summarized in Table 5. 

Table 5 – Bearing stiffness of the supports 

Bearing 

Stiffness coefficient, 10
8
 N/m,  

for the operating frequency, rad/s 

0 1100 1963 2215 

45-216 2.9 5.3 7.3 8.3 

45-276214 2.4 2.9 4.4 4.5 

46-276212 2.2 2.4 3.4 4.4 

36-211 1.1 1.1 1.2 1.3 

The analytical dependence for creating the mathe-

matical models of free and forced oscillations of the 

turbopump rotor is proposed taking into account the 

rotation: 

 ,0

 cc  (2) 

where с – stiffness coefficient of the bearing sup-

port; ω – rotor speed, rad/s; с0 – stiffness coefficient in 

case of ω = 0; α – additional coefficient, N·s
2
/m. 
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a 

 
b 

 
c 

 
d 

Figure 7 – Bearing stiffness for the support 45-276214: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 

The evaluation of the coefficient α of the formula 

(2) is carried out by the linear regression procedure 

according to the following formula: 

 
 

,
3

1

4

3

1

2

0












k

k

k

kk cc




  (3) 

where ck – bearing stiffness, determined as a result 

of the numerical simulation for the rotor speed ωk (Ta-

ble 5); k – number of the experimental point. 

Finally, the obtained values of coefficients α are 

summarized in Table 6, and approximating curves (2) 

are also shown on Figure 10. 

Table 6 – Bearing stiffness parameters 

Bearing 
Coefficients 

с0, N/m α, N·s
2
/m 

45-216 2.9 116.3 

45-276214 2.4 46.6 

46-276212 2.2 38.3 

36-211 1.1 4.1 
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b 

 
c 
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Figure 8 – Bearing stiffness for the support 46-276212: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 
a 
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b 

 
c 
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Figure 9 – Bearing stiffness for the support 36-211: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d) 

 

 

Figure 10 – Dependence of the bearing stiffness  

on the rotor speed 

5 Conclusions 

In this paper the methodology of determination of the 

bearing stiffness is proposed based on using different 

models of contact interaction between the mating surfaces 

of bearing parts. An appropriate methodology for refine-

ment of the computational model is proposed taking into 

account the effect of rotation of moving parts and com-

pliance of bearing supports elements. 

The clarification of the stiffness parameters of the sup-

porting units is carried out by combination of several 

computational means. 

Further research should be aimed at obtaining spec-

trums of critical frequencies and related mode shapes for 

the rotor systems in abovementioned bearing supports. 

6 Acknowledgements 

The main part of the achieved results were obtained 

within the research project “Rotordynamic Research  

for the Turbopumps of the Liquid Rocket Engines”  

(Reg. no. 51.24-01.15.SP). 



 

 

D 14 MECHANICAL ENGINEERING: Dynamics and Strength of Machines 

 

References 
1. Pavlenko, I., Simonovskiy, V., Pitel’, J., & Demianenko, M. (2018). Dynamic analysis of centrifugal machines rotors with com-

bined using 3D and 2D finite element models. Lüdenscheid, RAM-VERLAG. 

2. Vance, J., Zeidan, F., & Murphy, B. (2010). Machinery vibration and rotordynamics. New York, John Wiley & Sons Inc. 

3. Simonovskiy, V. I. (2006). Rotor dynamics for centrifugal machines. Sumy, Sumy State University. 

4. Simonovskiy, V. I. (2010). Refinement of mathematical models of oscillatory systems according to experimental data. Sumy, 

Sumy State University [in Ukrainian]. 

5. Simonovskiy, V. I. (2015). Evaluation of coefficients of mathematical models for oscillatory systems. Saarbrücken, LAP 

LAMBERT Academic Publishing [in Russian]. 

6. Gadyaka, V. G., Leikych, D. V., & Simonovskiy, V. I. (2011). Phenomena of stability loss of rotor rotation at tilting pad bear-

ings. 13th International Scientific and Engineering Conference “Hermetic, Vibration Reliability and Ecological Safety of Pump 

and Compressor Machinery (HERVICON-2011)”, Vol. 39, 244–253. 

7. Ishida, Y., & Yamamoto, T. (2012). Linear and nonlinear rotordynamnics. A modern treatment with applications. Verlag, Wil-

ley-VCH. 

8. Gadyaka, V. G., & Simonovskiy, V. I. (2005). Estimation of segment bearing stiffness while balancing flexible rotors for turbo-

charge units in the accelerating-balancing stand. Bulletin of Sumy National Agrarian University, Series “Mechanization and Au-

tomation of Industrial Processes, No. 11, 145–150. 

9. Jin, C., Xu, Y., Zhou, J., et al. (2016). Active magnetic bearings stiffness and damping identification from frequency characteris-

tics of control systems. Cairo, Hindawi Publishing Corporation. 

10. Wang, T., Wang, F., Bai H., et al. (2008). Stiffness and critical speed calculation of magnetic bearing-rotor system based on 

FEA. Electrical machines and systems, IEEE Xplore. 

11. Villa, C., Sinou, J., & Thouverez, F. (2008). Stability and vibration analysis of a complex flexible rotor bearing system. Com-

munications in Nonlinear Science and Numerical Simulation, Vol. 13(4), 804–821. 

12. Bai, C., Zhang, H., & Xu, Q. (2013). Subharmonic resonance of a symmetric ball bearing-rotor system. International Journal of 

Non-Linear Mechanics, Vol. 50, 1–10. 

13. Pavlenko, I. V., Simonovskiy, V. I., Pitel, J., et al. (2017). Investigation of critical frequencies of the centrifugal compressor ro-

tor with taking into account stiffness of bearings and seals. Journal of Engineering Sciences, Vol. 4, Issue 1, pp. C1–C6. 

 

Ⱦɨɫɥіɞɠɟɧɧɹ ɧɟɥіɧіɣɧɢɯ ɪɟɚɤɰіɣ ɩіɞɲɢɩɧɢɤɨɜɢɯ ɨɩɨɪ ɪɨɬɨɪіɜ  
ɬɭɪɛɨɧɚɫɨɫɧɢɯ ɚɝɪɟɝɚɬіɜ ɪіɞɢɧɧɢɯ ɪɚɤɟɬɧɢɯ ɞɜɢɝɭɧіɜ 

ɉɚɜɥɟɧɤɨ І. ȼ.
1*

, ɋɢɦɨɧɨɜɫьɤɢɣ ȼ. І.1, ɉɿɬɟɥь ə.
2
, Дɟɦ’ɹɧɟɧɤɨ М. М.

1, ȼɟɪɛɨɜɢɣ Ⱥ. Є.1 

1 ɋɭɦɫьɤɢɣ ɞɟɪɠɚɜɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ, ɜɭɥ. Ɋɢɦɫьɤɨɝɨ-Кɨɪɫɚɤɨɜɚ, 2, ɦ. ɋɭɦɢ, 40007, ɍɤɪɚʀɧɚ;  
2 Ɍɟɯɧɿɱɧɢɣ ɭɧɿɜɟɪɫɢɬɟɬ ɦ. Кɨɲɢɰɟ, ɜɭɥ. Ȼɚєɪɨɜɚ, 1, ɦ. ɉɪɟɲɨɜ, 08001, ɋɥɨɜɚɱɱɢɧɚ 

Аɧɨɬɚɰіɹ. ɋɬɚɬɬɹ ɩɪɢɫɜɹɱɟɧɚ ɭɬɨɱɧɟɧɧɸ ɱɢɫɥɨɜɨʀ ɦɨɞɟɥɿ ɞɨɫɥɿɞɠɟɧɧɹ ɪɨɬɨɪɧɢɯ ɫɢɫɬɟɦ ɬɭɪɛɨɧɚɫɨɫɧɢɯ 
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ɦɨɞɟɥɟɣ ɤɨɧɬɚɤɬɧɨʀ ɜɡɚєɦɨɞɿʀ ɬɚ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜɿɞɩɨɜɿɞɧɿ ɩɨɪɿɜɧɹɥьɧɿ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɠɨɪɫɬɤɨɫɬɟɣ 

ɩɿɞɲɢɩɧɢɤɨɜɢɯ ɨɩɨɪ. ȼɪɚɯɨɜɚɧɚ ɝɟɨɦɟɬɪɿɹ ɤɨɪɩɭɫɚ ɬɚ ɜɿɞɩɨɜɿɞɧɚ ɫɤɥɚɞɟɧɚ ɜɿɞɩɨɜɿɞɧɚ ɤɨɧɫɬɪɭɤɰɿɣɧɚ ɫɯɟɦɚ 
ɞɥɹ ɤɨɠɧɨʀ ɨɩɨɪɢ, ɳɨ ɛɚɡɭєɬьɫɹ ɧɚ ɫɤɥɚɞɚɥьɧɨɦɭ ɤɪɟɫɥɟɧɧɿ ɬɭɪɛɨɧɚɫɨɫɧɨɝɨ ɚɝɪɟɝɚɬɭ. ɍɪɚɯɭɜɚɧɧɹ ɨɛɟɪɬɚɧɧɹ 
ɜɚɥɚ ɡɞɿɣɫɧɟɧɨ ɲɥɹɯɨɦ ɩɪɢɤɥɚɞɚɧɧɹ ɫɢɥ ɿɧɟɪɰɿʀ ɞɨ ɜɧɭɬɪɿɲɧьɨʀ ɨɛɨɣɦɢ ɩɿɞɲɢɩɧɢɤɚ. ɉɨɛɭɞɨɜɚɧɨ 
ɟɤɫɩɟɪɢɦɟɧɬɚɥьɧɿ ɬɨɱɤɢ ɡɚɥɟɠɧɨɫɬɿ «ɧɚɜɚɧɬɚɠɟɧɧɹ – ɩɟɪɟɦɿɳɟɧɧɹ» ɞɿɚɝɪɚɦɢ “F – v” ɡɚ ɞɨɩɨɦɨɝɨɸ 
ɪɨɡɪɚɯɨɜɚɧɢɯ ɞɚɧɢɯ ɹɤ ɦɚɫɢɜɭ ɪɟɡɭɥьɬɚɬɿɜ ɦɨɞɟɥɸɜɚɧɧɹ, ɨɬɪɢɦɚɧɢɯ ɿɡ ɡɚɫɬɨɫɭɜɚɧɧɹɦ ɩɪɨɝɪɚɦɧɨɝɨ ɤɨɦɩɥɟɤɫɭ 
ANSYS. ɍ ɪɟɡɭɥьɬɚɬɿ ɱɢɫɥɨɜɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ, ɭ ɬɨɦɭ ɱɢɫɥɿ ɧɚɜɚɧɬɚɠɟɧɧɹ ɨɩɨɪɧɨɝɨ ɩɿɞɲɢɩɧɢɤɚ ɡɚ ɫɯɟɦɨɸ 
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Зɚɩɪɨɩɨɧɨɜɚɧɨ ɧɨɜɢɣ ɩɿɞɯɿɞ ɞɨ ɨɰɿɧɤɢ ɤɨɟɮɿɰɿєɧɬɿɜ ɠɨɪɫɬɤɨɫɬɿ ɩɿɞɲɢɩɧɢɤɿɜ ɧɚ ɨɫɧɨɜɿ ɩɪɨɰɟɞɭɪɢ ɥɿɧɿɣɧɨʀ 
ɪɟɝɪɟɫɿʀ. ɍ ɪɟɡɭɥьɬɚɬɿ ɨɬɪɢɦɚɧɿ ɡɧɚɱɟɧɧɹ ɤɨɟɮɿɰɿєɧɬɿɜ, ɳɨ ɚɩɪɨɤɫɢɦɭɸɬьɫɹ ɩɨɥɿɧɨɦɚɦɢ ɞɪɭɝɨʀ ɫɬɟɩɟɧɿ. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: Ansys Workbench, ɩɨɩɟɪɟɞɧє ɨɫьɨɜɟ ɧɚɜɚɧɬɚɠɟɧɧɹ, ɜɿɞɰɟɧɬɪɨɜɚ ɫɢɥɚ, ɤɨɧɬɚɤɬɧɚ ɜɡɚєɦɨɞɿɹ, 
ɫɤɿɧɱɟɧɧɨɟɥɟɦɟɧɬɧɢɣ ɚɧɚɥɿɡ, ɱɢɫɥɨɜɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɜɿɞɞɚɥɟɧɚ ɫɢɥɚ, ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɠɨɪɫɬɤɨɫɬɿ. 
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