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Dynamic analysis of aero-engine spindle ball bearings with
thermal-mechanical coupling
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Abstract: In order to analyze the dynamic characteristics of aero-engine bearings more accurately, a
thermal-mechanical coupling dynamic model of aero-engine spindle ball bearings was established based on
the dynamic theory of rolling bearings and heat transfer theory. Then, the dynamic differential equations
were solved using the GSTIFF variable step size integral algorithm, and the effects of bearing oil supply
and temperature on bearing temperature and bearing dynamics were analyzed. The results showed that the
dynamic characteristics of ball bearings were greatly affected by bearing heat generation when ball
bearings were running at high speeds. When the oil supply increased, the bearing temperature and the
collision force between the ball and the cage were reduced. However, too much oil supply could lead to an
increase in bearing cage vibration. The oil supply temperature mainly affected the bearing temperature and
lubricating oil viscosity. The acting force between the cage and the guide ring decreased with the increase
of the oil supply temperature. The bearing cage vibration was minimal when the oil supply temperature

was 120 C.
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Fig. 1 Schematic diagram of relative position of thermal-mechanical coupling steel ball and center of curvature of inner and outer groove
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Fig. 6 Thermal-mechanical coupling flow chart
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Table 3 Main parameters of test bearings

ZH E¢(:)
RS ME /mm 220
HlA P AR/mm 150
BRELA%/mm 22.225

WIhaEfb /() 30
HERAEL 22

Mtz K AL R R TH 5 T 004 AR 2
af W58, A FH Pt100 I A% Sk 2 (e e 0 o Y8 B
300 °C, K BE A2 °C) X il AR A1 P iR RE 0 A7 0
o MU R IR T AR T LA OB T 5 4
FLAE AT R, T BN 35 4 s

Fa4 HEITR

Table 4 Test conditions

B N g L
1 10 000 3300 1800 135
2 10 000 3300 1 800 155
3 14 000 9 800 2800 135
4 14 000 9 800 2800 165
5 16 000 2900 3700 145
6 16 000 2900 3700 165

20220890-12



%124

WRETELE: PSR FIROL S K sh L Rk ihR 3 0 2 A

A7 EL TSI A B 5 U S
(¥ 6 o T30 00 1Y %) A1 Pl 38 R A7 %ot EE, Xt L 4%
R 5 FR, Hoh i B a5 R/ ()RR BRI #E
BREER, U7 BA5 R () A H BT 5 1Y

45

x5 AR

Table 5 Comparison of test results

TH i fFE iR22(1)/ iR2:(2)/

P gRC gR(D/C gRQ)/C % %
1 14146 15652 160.13 10.65 13.19
2 17398  175.16 181.49 0.68 43
315489 17432 179.43 1254 15.84
4 18298  199.81 208.94 9.20 14.18
5 17985 17857 184.59 0.71 2.64
6 18658  192.93 202.89 3.40 8.74

HI3E 5 X R 0T DL, A5 B G
(075 ELAS SRAR LB eI R A 7 ELAS SRR,
X JE PR R 25 B AT 5 1 07 BRI, A2 31 7l
JE Y S5 R W, FLAR 16 T B A2 /0N, AR T A 32 fik
AL /I, AT ik 7 1 e FBE 458 Th RE I AT, 9 A1 il
TR FE BRI HE o

Zr LR, BRI A B0 BLA R I
TIRE AR Hig KR ZEA T 15%. 4955
b, —EFEEE DIRUE T ASBIR I IE B M

5 & ¢

ARSI FH A S 1 5 ok sh ) 2g R B ST T
(8T KA 1R Bl 7 sl ) 2 A, X HE T AN P R A
TIRBE W 8 D) 2F R, I 5300 25 R AH X e, 50
WE T RERI W HEME o IR R FHZ B A0 B T il K
BV B 5 AT i Al R ) s A DA
TEELES

1) o Kl A L [ B JEE 45 AR R Y il K
TR R W L B ) A A RS, B R Y
T e S A PO R S A RE S A . e
Xof e AR AT B0 1 250 BN RE 22 Il iR
AT

2) Bl 5 O AL R T 37 AR I R Y 5 e 4R
K, b o A B — A BR B, BRSO e 2L Al i
T3 2 BRAR, XA B ST T AT LU
ML 10 L/min B iR OREF SRR 31 DL K B9 5k
X R A BRI 8 7 B /0N, Ak S 1 R i B 2 5 2
R AR AR Bh 38 K DL Al R SRR I, R g X T

I T AL CEE M 5 10 L/min,

3) AL I B T Bl 7 ) R ) S A B 7 X B
AR T B0 00 G R DA R BOARE 7 o AR
FEAR 2 T B0 Wb 3 0 BB o R R S
S SR DLANER Z VR R o it ksl
e A A I B A 2 S BUR R AR R B R . DRt
SO AT AR SO SR T A I I B R A 1L AE 120 °C
Kt

S Wk

[1] PALMGREN A. Ball and roller bearing engineering[M]. Philadel-
phia, US: Svenska Kullager Fabriken (SKF) Industries Incorpora-
tion, 1959.
ooy =, A A, 3K SC R BE B S i fh ok A R 45 0 R U B
P43 BF [0]. i 45 3 224k, 2018, 33(7): 1713-1724.
DENG Sier, HUA Xianwei, ZHANG Wenhu. Analysis on friction
torque fluctuation of angular contact ball bearing in gyro motor[J].
Journal of Aerospace Power, 2018, 33(7): 1713-1724. (in Chinese)
[3] XBPU =, 220k, TE AN, S5 £ fih Bk b 7K 5 45 0y R 5 1
WESE[3]. LR T F2 24 4f, 2011, 47(5): 114-120.
DENG Sier, LI Xinglin, WANG Jiugen, et al. Frictional torque
characteristic of angular contact ball bearings[J]. Journal of Me-
chanical Engineering, 2011, 47(5): 114-120. (in Chinese)
[4] AYLIC, WM&, B, 26 47 50 1 5 B 98 Bl R 4L 1 BE 45
HE R DB HLER (3] 04 3l 7 22 4k, 2023, 38(3): 752-768.
DENG Kaiwen, XIE Pengfei, LIAO Hui, et al. Mechanism of ab-
normal fluctuation of friction torque of control moment gyro bear-
ing assembly[J]. Journal of Aerospace Power, 2023, 38(3): 752-
768. (in Chinese)
XIBLBH ., WA, 9K, 55 A R SRS £ 4 fl 7R E
B IFET FL AT 0], HLAAZ 31, 2021, 45(2): 129-135.
LIU Yueyang, YANG Haisheng, SU Bing, et al. Simulation analy-

[’}

w

sis of the friction power consumption of double row angular con-
tact ball bearings for aero-engine[J]. Journal of Mechanical Trans-
mission, 2021, 45(2): 129-135. (in Chinese)

(61 ik, I 7 18 A e falh SR ot 7 P 958 07 66 199 2l 285 T B ARk 1k

SrHTID]. M 22 FE T oK 2%, 2016.
GAO Chao. Dynamic prediction of friction torque and analysis of
thermal characteristics in grease lubricated angular contact ball
bearings[D]. Lanzhou: Lanzhou University of Technology,
2016. (in Chinese)

[7] BRWZR, ERAK, I 2R, 55w iRl R ) A 28 0 B [0 i 2
3 J1% 4%, 2007, 22(1): 163-168.

CHEN Guanci, WANG Liqin, GU Le, et al. Heating analysis of
the high speed ball bearing[J]. Journal of Aerospace Power, 2007,
22(1): 163-168. (in Chinese)

[8] M5B AL, #4 Ju, XA 3 T A L A5 2 1Y) o 3o 3K il 7
FE& 4 HT (1] 7K, 2019(10): 5-8, 51.

NI Zhenzhen, DONG Jinlong, LIU Wei. Analysis on power con-
sumption of high-speed ball bearing based on oil-gas proportional
model[J]. Bearing, 2019(10): 5-8, 51. (in Chinese)

[9] TRUONG D S, KIM B S, RO S K. An analysis of a thermally af-
fected high-speed spindle with angular contact ball bearings[J]. Tri-
bology International, 2021, 157: 106881.

[10] #ijd, PWHOT, ¥ T, 5. FIEE M S M S EE AR T
SRV 114 7 T 42 S 3K Al 7R I T S0 BIF T (). AU TR A

20220890-13


https://doi.org/10.3901/JME.2011.05.114
https://doi.org/10.3901/JME.2011.05.114
https://doi.org/10.3901/JME.2011.05.114
https://doi.org/10.3901/JME.2011.05.114
https://doi.org/10.1016/j.triboint.2021.106881
https://doi.org/10.1016/j.triboint.2021.106881
https://doi.org/10.3901/JME.2021.07.061

IR DA

%39 %

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

2021, 57(7): 61-67.

JIN Lan, RUI Zhiyuan, JIANG Haiyuan, et al. Research on predic-
tion of temperature rise of high speed angular contact ball bearing
considering interaction between contact parameters and friction heat
[J]. Journal of Mechanical Engineering, 2021, 57(7): 61-67. (in
Chinese)

e DROC. B TTHL 32 080 4% 1Y il 7R £ 20 BT BF 5T (D). 7 AT
LS i R K22, 2013,

CHENG Qingyuan. The thermal analysis research on bearing of he-
licopter main reducer[D]. Nanjing: Nanjing University of Aeronau-
tics and Astronautics, 2013. (in Chinese)

HARRIS T A, KOTZALAS M N. Advanced concepts of bearing
technology: rolling bearing analysis{M]. Boca Raton: CRC Press,
2006.

Al Siyuan, WANG Wenzhong, WANG Yunlong, et al. Tempera-
ture rise of double-row tapered roller bearings analyzed with the
thermal network method[J]. Tribology International, 2015, 87: 11-
22.

TR, Mgk JRL, FE, 55 5 I K B B4 A T e A
2 fih 3 il 7R HACRR VR 2 BT [J]. 95 R R 2 2 R (B SRR D,
2022, 62(3): 482-492.

ZHANG Chang, TIAN Jiyin, GUO Dan, et al. Thermal character-
istics of grease lubricated high-speed angular contact ball bearings
with thermal deformation[J]. Journal of Tsinghua University (Sci-
ence and Technology), 2022, 62(3): 482-492. (in Chinese)
TAKABI J, KHONSARI M M. Experimental testing and thermal
analysis of ball bearings[J]. Tribology International, 2013, 60: 93-
103.

TAKABI J, KHONSARI M M. On the thermally-induced failure of
rolling element bearings[J]. Tribology International, 2016, 94: 661-
674.

ZHENG Dexing, CHEN Weifang. Thermal performances on angu-
lar contact ball bearing of high-speed spindle considering structural
constraints under oil-air lubrication[J]. Tribology International,
2017, 109: 593-601.

NEUROUTH A, CHANGENET C, VILLE F, et al. Thermal mod-
eling of a grease lubricated thrust ball bearing[J]. Proceedings of

the Institution of Mechanical Engineers: Part J Journal of Engineer-

(19]

[20]

(21]

[22]

(23]

[24]

[25]

(26]

[27]

20220890-14

ing Tribology, 2014, 228(11): 1266-1275.

ZHENG Dexing, CHEN Weifang, LI Miaomiao. An optimized
thermal network model to estimate thermal performances on a pair
of angular contact ball bearings under oil-air lubrication[J]. Ap-
plied Thermal Engineering, 2018, 131: 328-339.

POULY F, CHANGENET C, VILLE F, et al. Investigations on the
power losses and thermal behaviour of rolling element bearings[J].
Proceedings of the Institution of Mechanical Engineers: Part J Jour-
nal of Engineering Tribology, 2010, 224(9): 925-933.

TR U, B, AR PR TR A S Mk R gl il R
Bl 3 2 R P B AT AR 3 (9] LA TR 241, 2022, 58(9):
87-97.

GAO Shuai, HAN Qinkai, CHU Fulei. Analysis of dynamic char-
acteristics and skidding state of angular contact bearing by thermo-
hydro-elasto-dynamic coupling model[J]. Journal of Mechanical
Engineering, 2022, 58(9): 87-97. (in Chinese)

B — ik i A fih R T R B R 1 B E e R EE BF 52 (D]
K K K2, 2019,

ZHANG Yiqiang. Research on temperature characteristics and rota-
tion accuracy of high speed angular contact ball bearings[D].
Dalian: Dalian University of Technology, 2019. (in Chinese)

XBPY =, BERE S, mE IR TR SRR BT B [M]. 2 bt JE AL
H A o A 2014,

BURTON R A, STAPH H E. Thermally activated seizure of angu-
lar contactbearings[J]. Tribology Transactions, 1967, 10(4):408-417.
K SCR L B IR TR 3 01 2 i Kk B B 5T (D).
P2 P Tl R4, 2019.

ZHANG Wenhu. Study on the dynamics simulation and semi-phys-
ical experiment of cylindrical roller bearing[D]. Xi’an: Northwest-
ern Polytechnical University, 2019. (in Chinese)

XU =, HE, BEKAE, S XS A 4 i 1R A R S W0 R
SRHT )] 5% L34, 2015, 36(6): 1140-1146.

DENG Sier, DONG Xiao, CUI Yongcun, et al. Analysis of dynam-
ic stiffness characteristics of double-row angular contact ball bear-
ings[J]. Acta Armamentarii, 2015, 36(6): 1140-1146. (in Chinese)
WANG Yanshuang, YANG Boyuan. An investigation into grease
behavior in thermal EHL circular contacts[J]. Tribology Transac-
tions, 2006, 49(3): 449-453.

(¥ REZ)


https://doi.org/10.3901/JME.2021.07.061
https://doi.org/10.1016/j.triboint.2015.02.011
https://doi.org/10.1016/j.triboint.2012.10.009
https://doi.org/10.1016/j.triboint.2015.10.004
https://doi.org/10.1016/j.triboint.2017.01.035
https://doi.org/10.1177/1350650114526387
https://doi.org/10.1177/1350650114526387
https://doi.org/10.1177/1350650114526387
https://doi.org/10.1177/1350650114526387
https://doi.org/10.1016/j.applthermaleng.2017.12.019
https://doi.org/10.1016/j.applthermaleng.2017.12.019
https://doi.org/10.1243/13506501JET695
https://doi.org/10.1243/13506501JET695
https://doi.org/10.1243/13506501JET695
https://doi.org/10.3901/JME.2022.09.087
https://doi.org/10.3901/JME.2022.09.087
https://doi.org/10.3901/JME.2022.09.087
https://doi.org/10.1080/05698196708972200
https://doi.org/10.1080/10402000600781382
https://doi.org/10.1080/10402000600781382
https://doi.org/10.1080/10402000600781382

	1 高速球轴承热力耦合的动力学模型建立
	1.1 轴承工作径向游隙
	1.2 热力耦合作用下的钢球受力分析
	1.3 油膜厚度及钢球拖动力
	1.4 轴承动力学模型建立
	1.4.1 动力学仿真坐标系建立
	1.4.2 钢球的非线性动力学微分方程建立
	1.4.3 保持架非线性动力学微分方程建立


	2 球轴承热平衡的建立
	2.1 球轴承生热
	2.1.1 钢球与滚道弹性滞后摩擦功耗
	2.1.2 钢球与滚道间差动滑动摩擦功耗
	2.1.3 钢球自旋摩擦功耗
	2.1.4 钢球油膜黏性损失摩擦功耗
	2.1.5 保持架与套圈引导面间的摩擦功耗
	2.1.6 钢球与保持架间的摩擦功耗
	2.1.7 球轴承总摩擦功耗

	2.2 热平衡模型
	2.2.1 导热热阻
	2.2.2 对流热阻
	2.2.3 数值求解


	3 结果分析
	3.1 考虑热力耦合对轴承性能的影响
	3.2 供油量对轴承性能的影响
	3.3 供油温度对轴承性能的影响

	4 试验结果对比
	5 结　论
	参考文献

