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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.
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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 § 8 Nug}ber Normal | Tangent
model SIS behavior | behavior
O iterations
Bonded Not
5 allowed
> Not
No £ One allowed
sepa- — Allowed
ration
Not
Rough § allowed
Friction- é Several Allowed | Aflowed
less Zo
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 a of the diagram “F — v

c:tgaz(?;:jo. ey
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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)
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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”

. Displacement, m
Bearing Load, N “frictional” “bonded”
1-10° 3.03-10°° 3.43-107
45-216 1-10* 2.12:10°° 3.43-10°°
7-10* 1.12:10°* 2.40-10°°
1-10° 4.76:10° 3.62-1077
45-276214 | 1-10* 1.96-107 3.62:10°°
6-10* 1.0-107* 2.17-107°
1-10° 7.69-10° 3.16-107
46-276212 | 1-10* 243107 3.16-10°°
5-10* 8.82-107 1.56-107
1-10° 3.85-10°° 4.18-10"
36-211 1-10* 3.90-107 4.18-10°
4,5-10* 1.26-10°* 1.88-107°
210t
- 45-210
610Y
) 16-276212 45-276214
= Sx10
o . 36-211
E 210

310"

210"

1x10°

1.5107° 21077 2.5x107° 3u107*

0 52107° et
Displacement, m

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

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.

Contact interaction |
(model "bonded") Contact interaction

(model "friction")

wl

v - Displacement

1F - External force
("Remote force")

7 7 Y

@)

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

Bearing Stiffness coefficient, 10° N/m Mating surfaces Contact model
“frictional” “bonded” Shaft Inner cage “bonded”
45-216 3.3 29.2 Inner cage Rolling
45-276214 2.1 27.6 elements “frictional”
46-276212 1.3 31.7 Rolling elements Outer cage
36-211 2.6 23.9 Outer cage Housing

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.

As a result of numerical simulation (loading of the
bearing support on the scheme “remote force”
F=1-10°N for the following values of operating rotor
speed: 0, 10500, 18 750, and 21 150 rpm), the corre-
sponding displacements are determined (Figures 6-9).
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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° N/m,
for the operating frequency, rad/s

0

1100

1963

2215

45-216

2.9

5.3

7.3

8.3

45-276214

24

2.9

4.4

4.5

46-276212

2.2

24

34

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:

c=c¢,+ aa’, 2)
where ¢ — stiffness coefficient of the bearing sup-

port; @ —rotor speed, rad/s; ¢, — stiffness coefficient in
case of @ = 0; a — additional coefficient, N-s*/m.
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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 a of the formula
(2) is carried out by the linear regression procedure
according to the following formula:

3

where ¢, — bearing stiffness, determined as a result
of the numerical simulation for the rotor speed w, (Ta-
ble 5); kK — number of the experimental point.

Finally, the obtained values of coefficients a are
summarized in Table 6, and approximating curves (2)
are also shown on Figure 10.

Table 6 — Bearing stiffness parameters

Coefficients

Bearing co, N/m a, N-s¥/m

45-216 29 116.3

45-276214 24 46.6

46-276212 2.2 38.3

36-211 1.1 4.1
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Figure 9 — Bearing stiftness for the support 36-211: 0 rpm (a), 10500 rpm (b), 18750 rpm (c), 21150 rpm (d)
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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.
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JocaixxeHHs1 HeJIHIHHUX peakliil MiIIMIHUKOBUX ONOP POTOPiB

TypOOHACOCHMX arperaTtiB PiIMHHUX PaKeTHHUX ABUIYHIB

[TaBnenko I. B.l*, CuMoHOBCBKHI B. I.l, ITitens 51.2, Jem’ssHeHko M. M.l, BepOosuii A. €'

! Cymchkuit neprxasuuii yaisepcnrer, By Pumcskoro-Kopcakosa, 2, M. Cymn, 40007, Vipaina;
2 Texuiunuii yHiBepcuteT M. Komrie, Byn. baeposa, 1, M. IIpemios, 08001, CnoBauurna

Anoranist. CTaTTs NPHUCBSIYEHA YTOYHEHHIO YMCIIOBOI MOJIENI JOCHIIKEHHS POTOPHUX CHCTEM TYpOOHAaCOCHUX
arperaTiB piAMHHUX PaKeTHHX IBHUTYHIB, IO 0a3yeThCs Ha ypaxyBaHHI 0OepTaHHS BaJONPOBOIY Ta MOJATIUBOCTI
€JIEMEHTIB MiJIINITHAKOBUX OIOp. 3alpONOHOBAHO CYYaCHHH TIIXiJ 1O MOCTIKEHHS HENHIMHUX peakmii y
MAMUITHAKOBAX OTOpax POTOPIB TypOOHACOCHHMX arperariB piIWHHUX PAaKETHHX ABUTYHIB. JlOCHiIKEHO W’'SATh
MoOJleNieii KOHTAKTHOI B3a€MOJil Ta TIPEICTABICHO BIiAMOBIMHI TOPIBHAIBHI XapaKTEPUCTHKH IKOPCTKOCTEH
IIMINITHUKOBHUX ONop. BpaxoBaHa reomeTpist Kopiyca Ta BiAIIOBiZHA CKJIaJeHa BiINOBiJHA KOHCTPYyKILiiiHA cxema
JUTSL KOXKHOT OTIOpH, 10 0a3yeThCsl Ha CKIIaJalbHOMY KPECIeHHI TypOOHACOCHOTO arperaty. Y paxyBaHHs oOepTaHHs
BaJla 3IHCHEHO WUIIXOM MpPHKIAJaHHA CHJ iHepuii 10 BHYTpimHboi o6oiiMu migmmmHuka. [loGymoBaHO
eKCIIEPIMEHTAIbHI TOYKM 3aJIeKHOCTI «HABAHTAKEHHS — TMEpeMillleHHs» naiarpaMud “F — Vv’ 3a JIOIOMOTOIO
PO3paxoBaHMX JaHHX SIK MACHBY Pe3yJIbTaTiB MOJEIIOBAHHS, OTPUMAHHX i3 3aCTOCYBAaHHAM IIPOTPAMHOT0 KOMILIIEKCY
ANSYS. V pe3ynbTari 4HCIOBOTO MOJEIIOBAHHS, Y TOMY YHCII HABAaHTa)KCHHS OMOPHOTO IIANIMITHMKA 332 CXEMOIO
«BiJ1aNieHa cuila» B IMPOKOMY Jliana3oHi 4acToT o0epTaHHs pOTOpa, BU3HAUCHI BIANOBIIHI pajiialibHi epeMillleHHs.
3anporoHOBaHO HOBHUIl MiAXiA 0 OLIHKHM KOE(II[i€HTIB )KOPCTKOCTI MiJUIMITHUKIB HA OCHOBI MPOLEAYPH JIiHIHHOT
perpecii. ¥ pe3ynbrati OTpUMaHi 3HaYCHHS KOS(iLi€HTIB, 110 alPOKCUMYIOTHCS TOJIIHOMaMH JIPYTOi CTEeTeHi.

Kawuosi cioBa: Ansys Workbench, monepense ocboBe HaBaHTa)KCHHS, BIIIIEHTPOBA CHIIA, KOHTAKTHA B3a€EMOJIs,
CKIHYEHHOEJIEMEHTHHU I aHaJi3, YMCIIOBE MOICIIOBAHHS, Bi/[aJieHa CHJIa, XapAKTEePHUCTHKH )KOPCTKOCTI.
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