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Abstract. This article dials with the refinement of the mathematical and computational models of the oxidizer tur-
bopump rotor considering bearing gaps, axial preloading, compliance of the housing parts and the effect of rotation.
The loading scheme consists of four substeps is proposed considering preliminary displacement of the outer cage, ax-
ial displacement as a result of the support deformation due to the axial preloading force, radial displacement due to
the support deformation, as well as centrifugal forces of inertia caused by rotation of the rotor with an inner cage.
Modelling of contacts interactions using ANSYS software is carried out according to the appropriate models of con-
tact behaviour. The contact areas between the rolling elements, inner and outer cases are obtained. The contact angle
is determined. Isosurfaces of axial and radial displacements for the bearing supports are built. Nonlinear stiffness of
bearing supports is determined as the tangent of the angle of inclination for the curve “radial load — radial displace-
ment”. The proposed approach, which used for designing turbopump units for liquid rocket engines, will allow
refining the reliable mathematical and computational models of rotor dynamics for turbopump units and providing
appropriate computer simulation of forced oscillations of the rotor systems for given permissible residual imbalances
considering nonlinear stiffness characteristics of bearing supports.

Keywords: compliance of housing, initial clearance, axial preloading, radial load, contact angle, radial stiffness, axial

stiffness.

1 Introduction

The creation of reliable models of rotary systems is an
urgent problem that allows designing high-power rotary
machines including turbopump units of liquid rocket
engines. The process of modelling should be based on the
existing experience in designing of reliable equipment the
requirements for which are permanently increased.

Based on the experience of the Faculty of Technical
Systems and Energy Efficient Technologies (Sumy State
University, Ukraine) in mathematical modelling of rotary
systems, and the Faculty of Mechanical Engineering
(University of West Bohemia, Czech Republic) in provid-
ing numerical simulations, as well as the Faculty of Man-
ufacturing Technologies with a seat in PreSov (Technical
University of KoSice, Slovakia) in carrying out experi-
mental research, this paper is devoted to refine the com-
putational model of rotor dynamics for turbopump units

and further computer simulation of forced oscillations of
the rotor systems for given permissible residual imbal-
ances considering the nonlinear stiffness of bearing sup-
ports.

The proposed clarifications are related to effect of ro-
tation on deformation of moving parts of bearings, com-
pliance of the housing, as well as gaps and axial preload-
ing of the bearing supports.

The clarification of the stiffness parameters of the
bearing supports is carried out by a combination of 2D
and 3D finite element models using up-to-date computa-
tional means.

The proposed approach will allow refining the reliable
mathematical and computational models of rotor
dynamics for turbopump units and providing computer
appropriate simulation of forced oscillations of the rotor
systems for given permissible residual imbalances con-
sidering nonlinear stiffness characteristics of bearing
supports.
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2 Literature Review

The problem of identification of the nonlinear bearing
stiffness is highlighted in recent research works. Particu-
larly, the paper [1] dials with the investigation of
nonlinear reactions in rotors’ bearing supports of tur-
bopump units for liquid rocket engines. However, this
work does not consider the impact of initial bearing gap
and axial preloading.

The problem of dynamics and diagnostics of vertical
rotors with nonlinear supports stiffness is solved in the
doctoral thesis [2].

Clarifications considering the impact of gap seals with
floating rings are presented in monograph [3]. Addition-
ally, it is shown that the presence of gaps in the bearing
supports reduces the bearing stiffness. However, gap
seals with floating ring, axial preloading and rotation of
the rotor cause an increasing dependence of the bearing
stiffness on the rotor speed. Consequently, the critical
frequencies of the rotor increase.

A review of investigations of nonlinear dynamic on
bearings with rolling element is presented in the research
work [4].

The calculation of forced oscillations under the system
of imbalances (direct synchronous precession) performed
using the computer program [5] considers the dependenc-
es of the bearing stiffness on the rotor speed and impact
of the gyroscopic moments of inertia of bushing parts.

Paper [6] is aimed at theoretical and experimental
study of spindle ball bearing nonlinear stiffness.

General scientific and methodological approach for the
identification of mathematical models of mechanical
systems using artificial neural networks is delivered in
paper [7].

[ 1 2

Nonlinear dynamic response for the system “cylindri-
cal roller bearing — rotor system” is presented in the
paper [8]. The proposed mathematical model with 9 de-
grees of freedom allows considering combined localized
defect at inner—outer races of bearings.

The need to consider clarified mathematical model of
rotor dynamics for investigation of critical frequencies
considering stiffness of bearings and seals is justified in
the work [9] on the example of on examples of the cen-
trifugal compressor’s rotor.

The influence of bearing stiffness on the nonlinear dy-
namics of a shaft-final drive system is presented in the
research paper [10].

3 Research Methodology

The connection of shafts of the turbopump unit causes
a weak dynamic interaction between them. In this case,
the partial critical frequencies of separate rotors do not
differ much from the corresponding frequencies, obtained
as a result of calculations for the entire rotor. This fact is
confirmed by the calculations presented in the work [2].
Therefore, the oxidizer turbopump and fuel pump rotor
systems should also be considered as the separate dynam-
ic systems. The design scheme of the oxidizer turbopump
rotor is presented in Figure 1.

The ANSYS software with the modules “Static Struc-
tural” and “Transient Structural” is used for determining
the bearing stiffness considering initial gaps, axial pre-
loading, rotation effect and compliance of the housing.
The basic design schemes for loading bearing supports
are presented in Figure 2.

BEBL B 19 20

Figure 1 — Design scheme of the oxidizer turbopump rotor
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Figure 2 — Design scheme of the bearing supports 45-216 (a) and 45-276214 (b)

The loading scheme consists of four substeps:

1. Preliminary displacement of the outer cage (for the
bearing support 45-216) and the shaft (for the bearing
support 45-276214) towards the application of axial pre-
loading force. Axial displacement x; is determined due to
the maximum radial gap Ay = 0.095 mm [11].

2. Determination of the axial displacement x as a result
of the support deformation due to the axial preloading
force T'= 4,5 kN [11]. Investigation of forced oscillations
of the rotor on ball bearings.

3. Numerical calculation of the radial displacement y
of the shaft axis as a result of the support deformation due
to the radial force R = 10 kN.

4. Considering centrifugal forces of inertia caused by
rotation of the rotor with an inner cage of the bearing
support.

Modelling of contacts by using ANSYS software is
carried out according to Table 1.

5,5232¢-5
0 Min

000 25,00 50,00 (rrm)
1250 31,50

Table 1 — Models of contact interaction
between the mating surfaces

Mating surfaces Contact model
Shaft Inner cage “bonded”
Inner cage Rolling elements
Rolling elements Outer cage “frictional”
Outer cage Housing

The contact areas between the rolling elements and
cases are shown in Figure 3. The loading schemes accog-
ding to substeps 2—4 of bearing loading are presented on
Figures 4-6.

Isosurfaces of axial and radial displacements for the
bearing supports are presented on Figures 7-8.

Y
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Figure 3 — Contact areas between the rolling bodies, inner (a, c) and outer (b, d) cages
for the bearin supports 45-216 (a, b) and 45-276214 (c, d)
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Figure 5 — Deformations of the bearing supports 45-216 (a) and 45-276214 (b) as a result of axial preloading and radial force
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Figure 6 — Deformations of the bearing supports 45-216 (a) and 45-276214 (b)
as a result of axial preloading, radial force and rotation of the rotor
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Figure 8 — Isosurfaces of radial displacements for the bearing supports 45-216 (a) and 45-276214 (b)

4 Results

The results of numerical simulation are summarized in
Table 2.

The stiffness ¢ of the bearing support is determined
due to the following formula:

c=0R/dy, )

where R — radial force; y — radial displacement.

As a result of numerical simulation (the determination
of radial displacements of the rotor axis under the discrete
values of the radial force), the approximated curves “ra-
dial load — radial displacement™ are defined (Figure 9).

Analytical expressions describing the dependence “ra-
dial load — radial displacement” determined as a result of
approximation of the experimental data are summarized
in Table 3.
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Table 2 — The results of numerical simulation

Displacement, pm
Bearing h Rotor speed, 10° rad/s
0 o s 0 11 | 20 | 22
45-216 95 620 80 51 50 48 47
45-276214 95 620 100 40 40 39 39
1.5x10% 1.5+107
= qw &l = qu 4 =
m“lm e m"lm ///
e o = -1
[=] - =] -
% - q_r_u - -
E 4 oy T - E 4 < - 7
o =10 g o S=10
o=l
] 01 02 03 04 05 0 01 02 03 04 05

Radial displacement, mm

a

Radial displacement, mm

b

Figure 9 — Dependence “radial force — radial displacement” for the bearing supports 45-216 (a) and 45-276214 (b)

Table 3 — Analytical dependences “radial load — radial displacement”

Bearing support 45-216 45-276214
Radial displacement y, um 5 100 150 5 100 200
Radial force R, kN 0.9 1.95 30 1 22 45

Approximated curve (R, N; y, m)

R(y) = 1.94-10%y + 4.0-10'%-y?

R(y) =2.12-10%y + 6.7-10'%-y?

Nonlinear radial stiffness (¢, N/m; y, m; R, N)

c(y) =1.94-10° + 8.0-10'% y

c(y) =2.12-10%+ 1.34-10""y

c(R)=1.94-10%(1 + 4.2-10°R)*?

c(R) =2.12-10° (1 + 6.0- 10 °R)"?

The linear radial stiffness of the support is defined as
the tangent of the initial angle of inclination of the curve
“radial load — radial displacement” (Figures 9, dash line):

o _[°R
0 ayo-

Taking into account the expressions given in Table 2,
the values of the bearing stiffness ¢, of the supports
45216 and 45-276214 are equal 1.94-10° N/m and
2.12-10° N/m respectively. Exceeding the bearing stiff-
ness of the support 45-276214 in comparison with the
bearing support 45-216 is explained by the relatively
large number of rolling bodies.

Similar values of the bearing stiffness, determined
without the rotor speed for the supports 45-216 and
45-276214 are equal 1.88-10° N/m and 2.10-10° N/m
respectively.

For further designing the mathematical models of free
and forced oscillations of the rotor systems for tur-
bopump unit considering the impact of the rotor speed on
bearing stiffness, the following analytical dependence is
proposed:

2

cl@)=c, +a o’ 3)
In this case, the estimation of the coefficient o is car-

ried out by the linear regression formula [1]:

: 2

Z (C « —Co )a)k

q=tr ()

3
> o
k=1

where ¢, — bearing stiffness, determined as a result of
the numerical simulation for the rotor speed w, (Table 2);
k — number of the experimental point.

As a result, values of the coefficient o are obtained
(Table 4), as well as the approximated curves are built
(Figure 10).

The obtained data allows determining the depen-
dence of the bearing stiffness on the radial force
(Figure 11).

Table 5 and Figures 12—13 contain the data pre-
senting the axial stiffness of the bearing supports.
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Table 4 — Parameters of the nonlinear bearing stiffness

Bearing stiffness, N/im

Bearing support Parameter
2
£ Supp co, N/m a, N-s”/m
45-216 1.88 1.223
45-276214 2.10 0.408
22:10° S0
45-276214
21x10° = E a0
=
g
2107 ] £ 310%
w
45'_2_1;6__/5'/5/ E
1.910° —— R 8 0%
S @
1810% 1x10% - | | | |
0 s00 1107 15AF 30 2540 a0 0 Lo’ 2x10° 3x10° &0 10

Rotor speed, rad/s

Figure 10 — Dependence of the bearing stiffness
on the rotor speed
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Figure 12 — Dependence “radial load — radial displacement”
for the bearing supports 45-216 (a) and 45-276214 (b)

Radial force, N

Figure 11 — Dependence of the bearing stiffness
on the radial force
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Figure 13 — Dependence “axial load — axial displacement”
for the bearing supports 45-216 (a) and 45-276214 (b)
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Thus, the proposed comprehensive approach is
approved on the example of the oxidizer turbopump’s
rotor for the liquid rocket engine that will allow refining
the reliable mathematical and computational models of
rotor dynamics for turbopump units and providing appro-
priate computer simulation of forced oscillations of the
rotor systems for given permissible residual imbalances
considering nonlinear stiffness characteristics of bearing
supports.

5 Conclusions

As a result of numerical simulation (the determination
of radial displacements of the rotor axis under the discrete
values of the radial force), the approximated curves
“radial load — radial displacement” are defined. Analyti-
cal expressions describing the mentioned dependence are
determined as a result of approximation of the experi-
mental data.

The results of more precisive calculations of rotor dy-
namics for the turbopump considering bearing gaps, axial
preloading, rotor speed and compliance of the housing
parts will allow clarifying the detuning from the reso-
nance.
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Amnoranist. CTaTTs NpHUCBsTYEHA YTOYHEHHIO MAaTEMaTHYHMAX Ta OOYHCIIOBAIBHUX MoJelell poropa TypOoHacoca
OKHCIIIOBaYa 3 ypaxyBaHHAM 3a30piB y IiJIIMITHUKAX, IMONEPEJHHOTO OCHOBOTO HABAaHTa)KEHHS, ITOJATINBOCTI
KOPIyCHHUX €JIEMEHTIB Ta BIUIMBY 0OepTaHHsS Bajia. 3alpOIIOHOBAHA CXEMa HABAHTa)KEHHS CKJIAJAEThCSA 3 YOTHPHOX
mariB 3 ypaxyBaHHSAM MOINEPEAHBOrO 3MIIIEHHS 30BHINIHBOI OOOWMH, OCBHOBOTO 3MILICHHS Yy pe3ynibTari
MIEPEMILICHHS. OMOPH BHACTIIOK IOTEPEAHFOTO OCHOBOTO HABAHTAXKEHHS, PalialIbHOTO IEPEMIIlCHHS BHACTIJOK
nedopmanii miaITMITHAKOBOT OIIOPH, a TAKOX BIJIEHTPOBHUX CHII 1HEpIil, BUKIMKAaHUX 00EpTaHHAM pOTOpa pasoM i3
BHYTPIIIHB0I0 0001MOI0. MopemoBaHHsS KOHTAKTHOI B3a€MOJIl 3 BUKOPHCTaHHSIM IPOTPaMHOTO 3a0e3reueHHs
ANSY'S 3IilficHIOETBCS BIZIMOBIIHO O JOCTOBIPHUX MOjejel. BCcTaHOBICHI 30HM KOHTaKTy MK TilaMH KOYCHHS i
BHYTPILIHBOIO Ta 30BHIMIHBOI0 000HMaMH, a TaKOK BU3HAYCHUH KYT KOHTAKTY. [100y1oBaHO 130MOBEpXHI OCHOBUX Ta
pazianpHUX MEpeMIlIeHb MiAIIUIHAKOBUX omop. HemiHiliHA >KOPCTKICTH OMOp BH3HAYAETHCS SK TAHTEHC KyTa
JOTHYHOI 10 KPUBOi, III0 OMHCYE 3aJCKHICTh «pajialbHe HaBaHTa)XKEHHS — pajialbHe 3MIIIEHHS». 3apOIIOHOBAHUI
MiXid, SKAH BHKOPUCTOBYETHCS IJISI NPOEKTYBAaHHSA TYpPOOHACOCHHMX arperariB piIMHHAX PaKeTHUX [BHUIYHIB,
JIO3BOJIMTH YTOYHUTHU JOCTOBIpHI MaTeMaTH4HI Ta OOYHMCITIOBAIbHI MOJENI AWHAMIKH POTOpa i 3a0e3MEeUnTH SKiCHEe
MOJICIOBAaHHSI BUMYIICHUX KOJIMBaHb POTOPHHX CHUCTEM JUIS 3aJaHOi CHCTEMH JOIYCTUMHX 3aJIHIIKOBHX
IucOaaHCiB 3 ypaxyBaHHAM HENIHIHHUX XapaKTEPHUCTHK KOPCTKOCTI i JIIUITHUKOBHX OTIOP.

KuiiouoBi c0oBa: MONAaTIMBICT KOpIyca, MOYAaTKOBHH 3a30p, IOIEPEIHE OCbOBE HABAHTAXKEHHS, palialibHE
HABaHTa)KEHHS, KyT KOHTAKTY, paiajdbHa )KOPCTKICTh, 0CbOBA JKOPCTKICTb.
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