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Fig.1 Right spline structure of the low-pressure shaft
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Fig.2 Internal rotor spline coupling structure
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Fig.3 Spline coupling structure
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Fig.4 Mechanical model of the spline coupling structure
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Fig.5 Schematic diagram of the cylindrical surface contact
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Tab. 1 Stiffness of the equivalent shaft segments
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Fig. 6 Simplified model of the spline coupling structure
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Fig. 7 Finite element model of the spline coupling simplified

structure
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Fig. 8 Test piece of the spline coupling
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Fig. 9 Modal test of the spline coupling
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Fig. 10 Measurement points for the modal test of the spline coupling
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Fig. 11 Modal amplitude-frequency curve
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Fig. 12 First-order modal shape of test results
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Fig. 13 First-order modal shape of simulation results

\ o

14 K ERIE 2 RS IRE

Fig. 14 Second-order modal shape of test results
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Fig. 15 Second-order modal shape of simulation results
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Fig. 16 Third-order modal shape of test results
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Fig. 17 Third-order modal shape of simulation results
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Tab.2 Mean and standard deviation of test frequencies for the first
three modes

28 55 1B $2Br 53
(& /Hz 243.59 617.96 1277.50
PR /Hz 4.58 14.69 9.42

ARG S 1A ) RIS AR ] P A 2R 5 5 o T M JBE
A T F2 fi DO 38 0 B e R M 38 SR A G o AR SR B
T A AN () K T AR B B RS (K AR AT A
ANTR] A TR L6 9 47 B8 T R A7 A /N ER 22 , A
TR0 R R AN ] 2 0 22 sl T % R A FE 8 52 i 3K
Ba R P, X B A SRR AT AN RE Bt

3 FMBESHIEE

HTFEEM FMREM L, kK TELER
15 000 r/min, H i 2 PrAs i S 5 H 5 &, i
55 1B RS 2 B i A0 B R R 25 2 R/ N B T
H br L >k 3150 7 Ak i 55 200 Be iy s PE B & E 5 A
WA o

WESE E e [15 000,45 000] MPa, w €[0. 2,0. 5], 4t
P TS 7RIS 7 %, R 50 A BEA T, X 50 AR AR
ST AT MR 50 4105 BB , 1B £
2 (A1 3 005 o7 TS 65 1 VAR 2 A S A R A i)
7 TS 18 & 19 Bz o

R 5 8 ST 19 ] 7 T, 7 LA AR e 5 TR B Y X
] R EE 10 J7 A4S R AT A, LIS 1 B RN 2 B Ao
BRZEZ MR/ R H AR SR AR, an & 20 Fros Ch
TAEFMEE, Kb g R T 50040 5) . BIEE, #dk



5 48 B4 6 1Y)

BAFT, 45 - B RN RE PR B MO e 1 80 ) 2 R PR 2 23

K E 423 292. 0 MPa, JAMA w4 0. 419 7,

N
£
K
E 18 &5 1 BrSaE-n i
Fig. 18 First-order frequency-response surface
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Fig. 19 Second-order frequency-response surface
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Fig. 20 Sum of errors of each order frequency for 500 randomly
sampled points
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Fig. 21 MAC values of the first three modes
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Tab.3 Comparison of simulation and test data before and after
parameter correction

ol - BRI ) E%ﬁ%/@gi‘” MAC/
1 243.59 246.73 1.29 243.39 0.08 99.71
2 617.96 627.15 1.49 618.05 0.01 93.92
3 1277.50 1311.92 2.69 1304.50 2.1 96.09
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Tab. 4 Error between test and identification results
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Fig. 22 First-order probability density curves
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Fig. 24 Dual rotor equivalent model
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Fig. 25 First-order modal shape
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Fig.26 Second-order modal shape
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Fig. 27 Third-order modal shape
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Tab.5 Critical speed for excitation of low-pressure rotor

S8 Al 528 53
I/ (r/min) 5322.12 9960.06 15 631.82
FRUEZ/(r/min) 2221 2.46 16.82
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Tab. 6 Critical speed for excitation of high-pressure rotor

ZH 55 1By $20r 553
Y4/ (r/min) 5390.41 9715.8 15 984.68
Frifi2%/(r/min) 8.40 0.12 4.83
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Fig. 28 First-order strain energy distribution
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Fig. 29 Second-order strain energy distribution
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Fig. 30 Third-order strain energy distribution
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Tab.7 Mean and standard deviation of rotor strain energy

proportion
Gt 28 ¢ oaliy 20 H3E
¥I{E/% 54.50 5.44 59.51
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Fig. 31 First-order critical speed of low-pressure rotor excitation for
different elastic moduli
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Fig. 32 Second-order critical speed of low-pressure rotor excitation

for different elastic moduli
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Fig. 33 Third-order critical speed of low-pressure rotor excitation

for different elastic moduli
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ERE , th TR AN T8 7 RGOk BLIA
BN, E RS SEO T8 7 3 1 # R rERE
PR BRAGSEMA , HAAR 09 52 0 B JEE i ARG e 1 IR Y
ol SRR T A L B LR R E

5 it

F T S5 B AN 2 T R AR AR X E bR 2 A
HEAT T ik, FETT R T A OGRS, 45 Hh R i ip
mr:

1) 3 i A A, o O L A AR AR A 5 S )
PEUEAT T X L, S0 T R AR AR ) T B 1 5 3 2o o iy
T 925 % fR] AR R AT T AE , IF 04T T N6 5 1 4y
B 5 MR 0 S i) 4% 136 15 30 A0 45 SR, TN T e A A ok
TN 3 B I R S N AR B G R R o
BURER AR5 R BB A 5 i T

20) 3 38 7 B S 1R A o A A5 B ) M AR
Sz B iR AV 138 il 0 1 S 2 ol B A8 SR A e B
2 U LA A ) BN T 3 0, U S i o 2 D I
(3 G . %7 0 AE RE b7 FLAR TR

3) M R BT 1500 7 8l ) 2 e R B 1A 25
P 2 BO6H I L2 3 5 0 A R 1 s i A B, LG R 26
B G B S N A RE LT R PR AR R . LR R
M e 30 B2 AR 483 7 - R AR 5 2 O 5 A T A o7
FeRIPeE .

ARSCHE A TR AR 1L AT Sk, OF:
AR B ] PSS 0 A 5 1A 2 e 45 A X XU 1 3 g o
PERIREE o 5 Sk it — 20 58 % S BB I J7 i e 1
2 1A 05 HAOR, BRI $ R B AT B, O TR 52
B T B S S I e T SRR AL Bl g et B A
HE%,

2% 30 i (References)

(1] 2302 BRI kNG . 2SR SR 1A 3 e 2 1) M B e 1 L

ST BAREE S [T R E PR TR, 2022,33(18) : 2249-2257.
LI Lunxu, CHEN Guo, YANG Mohan. Simulation analysis and
experimental study of stiffness characteristics of aero-engine spline
couplings[J]. China Mechanical Engineering,2022,33(18) : 2249-
2257. (In Chinese)

(2] KM Wi, XN , S5 500 e A 1) 0~ R 2R e FE M JEE S i A

ZLI1. LB S, 2019 (4] 1) :86-90.
ZHU Bin, YANG Cheng, LIU Yehui, et al. Mechanical modeling
for the spline joint and the influence factors investigation for its
stiffness[J]. Machinery Design & Manufacture, 2019 (Suppl. 1) :
86-90. (In Chinese)

[3] WUFY,LIANG Z C, MA Y H, et al. Bending stiffness and
dynamic characteristics of a rotor with spline joints [C]/
Proceedings of the ASME 2013 International Mechanical
Engineering Congress and Exposition. New York: ASME, 2013:
V04AT04A058. (In Chinese)

(4]  mila, EREAs (o, 55 . BN SR 7 A AR X s 1Rk 4y
Brld]. fiizs ks, 2023,49(6) : 62-68.

GAO Yuan, WANG Xiaowei, HE Aodi, et al. Simplified modeling
and dynamic characteristics analysis of rotor with spline coupling
[J]. Aeroengine,2023,49(6):62-68. (In Chinese)

[5] s kbl T HwZ S . s ZsilisatF0F: 45 190 %
TEI BRI M ], JERT A Tl Hh #2000 79-158.
Editorial Board of the Aircrafi Engine Design Manual. Aircraft
engine design manual: volume 19, rotor dynamic and unit vibration
[M]. Beijing: Aviation Industry Press,2000:79-158. (In Chinese)

(6] XUHE, i AH TR, 55 . JET AR AR 1 e L% 1 RGL S 16

PEBALT]. HUA TR0, 2023,59(17) : 136-147.
LIU Cong, YANG Hai, YANG Zhefu, et al. Dynamic property
design of high-speed rotor system based on strain energy
distribution[J]. Journal of Mechanical Engineering, 2023,59(17) :
136-147. (In Chinese)

(7] BRsE, 5200, AR . REas K sh Bl % 5 Bk a5t it 5 3

SFYETAG ()], BLALAE L, 2023(15):27-33.
CHEN Liang, PENG Gang, TIAN Jin. Overall structural design
and dynamic characteristic evaluation of high-pressure rotor for a
certain aero-engine [J]. Mechanical and Electrical Information,
2023(15):27-33. (In Chinese)

(8] G, J8MWG, B4R, 55 . S TR FOUTE R IR A A5 A R

TRRRIARINLT ). SRS FRE, 2019,46(6) :41-50.
QIN Qingzhen, GUO Qintao, ZHAN Ming, et al. Finite element
model validation of bolted connection structure basing thin layer
element method [J]. Structure & Environment Engineering, 2019,
46(6):41-50. (In Chinese)

(9]  HEHE A, A5 rh e, 55 B I MR R M) ] AL A S A A 1E T 1%



28 L Ui

5k

i 2026 4F

[10]

[12]

[13]

[J]. fizs & 8L, 2026,52(3) :47-53.

DONG Chao, ZHENG Nan, LI Zhongsheng, et al.
simplified modeling and model correction method of spline
coupling[J]. Aeroengine,2026,52(3):47-53. (In Chinese)
MURA A. Sensitivity analysis of a six degrees of freedom

Study on

displacement measuring device [J].
of Mechanical Part C:
Engineering Science,2014,228(1):158-168.

ZHANG Q C,LI W X, LIANG Z C, et al. Study on the stiffness
loss and its affecting factors of the spline joint used in rotor systems
[Cl//Proceedings of the ASME Turbo Expo 2014: Turbine
Technical Conference and Exposition. New York: ASME, 2014:
VO7AT31A019.

A . BN T RGN B RS (D
K2#,2020:87-90.

HU Jianwei. Research on dynamic characteristics of rotor system

Proceedings of the Institution

Engineers, Journal of Mechanical

LB AR

with spline coupling [D].
2020:87-90. (In Chinese)

e T, B s fias R S HLIRAS i S 2 e iRy vk
(1] Jbsthiuas fioR K24, 2015,41(12) :2269-2279.

YAO Xingyu, WANG Jianjun, ZHAI Xue. Modeling method of

Shenyang: Northeastern University,

bolted joints of aero-engine based on thin-layer element [J].
Journal of Beijing University of Aeronautics and Astronautics,
2015,41(12):2269-2279. (In Chinese)

JREFR . MR A A Bl g o 22 e o B RUE IE 5 R A iR E S
[D]. MRt MRt AR K2, 2020 1-137.

ZHAN Ming. Research on model updating and validation of bolt
jointed structures based on multi dynamic responses[ D]. Nanjing:
Nanjing University of Aeronautics and Astronautics, 2020: 1-137.
(In Chinese)

W20, T RS, XA 8L R T e 17 T 5 S AR A AT 1 X ) AN
ETESHARSIET]. R85 ihili,2019,38(16) :267-273.
CHEN Xueqian, SHEN Zhanpeng, LIU Xin’ en. A method of
interval uncertain parameter identification based on a response
surface model and sensitivity analysis[J]. Journal of Vibration and
Shock,2019,38(16) :267-273. (In Chinese)

SREAS /N, X R, 45 L R T SRR I Rk A BT S
HRHHEBE I ] S BIE AR, 2021,64(12) :94-101.
ZHANG Xueyi, HE Xiaomei, LIU Junfeng, et al. Evaluation of
uncertainty in blade parameter measurement based on Monte Carlo
method [J]. Aeronautical Manufacturing Technology, 2021, 64
(12):94-101. (In Chinese)

Uncertainty analysis of simplified spline coupling model and its impact on rotor
dynamic characteristics

XI Jiali' GUO Qintao' LIU Jiwen' JIA Zhigang
(1. College of Mechanical & Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)
(2. Aero Engine Academy of China, AECC, Beijing 101300, China)

Abstract: [Objective] In the rotor dynamic calculation of aero-engine, spline coupling is usually omitted, which leads to
the problem that the influence of the change of its stiffness characteristics on the rotor dynamic characteristics cannot be
reflected. Aiming at this problem, a simplified model was established considering the stiffness characteristics of the spline
coupling, and the related rotor dynamic analysis and calculation were carried out. [Methods] Firstly, according to the simplified
method of the equivalent stiffness of the spline coupling, the single-sided spline coupling of an aero-engine test bench was
simplified, and a simplified model of the spline coupling was established. Secondly, the test pieces were used to carry out the
relevant rotor inherent characteristic test, and the parameters of the simplified model were identified according to the test
results, and the uncertainty of the parameters was analyzed. Finally, the influence of the critical speed and strain energy of the
rotor was studied for the elastic modulus of the equivalent shaft section in the simplified model. [Results] The test results show
that the maximum calculation frequency error between the simplified rotor model and the test model is less than 3%, which
proves that the simplified modeling method of the spline coupling has high reliability and accuracy, and the accuracy of the
model is better improved by parameter correction. Through the analysis of parameter uncertainty, it is proved that the
simulation prediction calculation is in good agreement with the test. In the rotor dynamic calculation of the simplified model, it
is found that with the increase of the equivalent elastic modulus of spline coupling, the critical speed of each order and the
strain energy of the rotor increase in different ranges. This study provides a method and reference for the efficient design of
rotor with spline coupling and the dynamic analysis of the whole machine in the subsequent engineering practice.
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