%537 % 4 2 W) o ML M TR Vol.37 No.2
2026 4F 2 1 CHINA MECHANICAL ENGINEERING pp.332-341

L8 fo T PEE 45 Y 22 M A O e 4 M W AR
SRR 5 AR A HLIE o0 By

O TEARY e xR BERE M
LA RMEMR KR F RAMF %, d 7% ,210016
2HATFMEMRARFRMEMEREMNEFELP T EERET, H7%,210016
3. A E A A RS, diB, 226371
4. BVALE # & 3 S LR AT R PT B, 412002

BME DA INEREFEBEM AL BT EEFEBLENBBEMTEEES LTINS R-E
WA FEESEREMNOITXE XA FHRXGRMAERERET —FEFELIBREGERS
ok, @it 5 ANSYS A FRTAEA 25 3R 3k 4T 2 )b, B4 T Fr 323+ 5L 5 k09 & R AL 2k & Ao K AL & #
W, ARMREKB T EFApNTEREBLZEMNEEZBEFIER XL aIAE, F LS %S
HANBERREGEUAEBFTEANEELE TN ENE, 2R AW .2 HEBLZ AN EEE
% o B A% 7 F B A2 F ik F 32 B0 D, S A2 P B R 2 25 vk A8 B ik o AR /D R R R TR AR 09 AR
ARE, BRBEEBH . SGNE . EHFTARBEN I, EFEBLEMNESARS . L+
FEHHRERANR,

KR G T A AN 5 W) R R s 2 Ml - PR AR R ¢ B A

RESES:V231.96

DOI:10.3969/j.issn.1004-132X.2026.02.008 FFA R (R IRAR 55 ) #R1R 45 (OSID):

Numerical Modeling and Nonlinear Mechanism Analysis of Spline Coupling
Stiffness Considering Contact Surface Friction

JIANG Ke' YU Pingchao"”  YAN Xunjin® ZHENG Huagiang® JIANG Zihan' TAO Xuanjun'
1.College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016
2.Key Laboratory of Civil Aviation Aircraft Health Monitoring and Intelligent Maintenance , Nanjing
University of Aeronautics and Astronautics, Nanjing, 210016
3.Nantong Airport Group Co. L.td., Nantong, Jiangsu, 226371
4.AECC Hunan Aviation Powerplant Research Institute, Zhuzhou, Hunan, 412002

Abstract: Taking the flexible spline coupling structure of an engine as the research object, a contact-
friction model was introduced at the meshing points of all shaft segment in the spline coupling. Combined
with the geometric relationships of the structure, force equilibrium conditions, and numerical iteration meth-
ods, a modeling and calculation approach for the nonlinear stiffness of the spline couplings was proposed.
The high solving efficiency and accuracy of the proposed calculation method were validated through com-
parisons with ANSYS finite element model results and experimental results. Using the proposed method ,
detailed analyses were conducted on the nonlinear stiffness characteristics of the spline couplings and the in-
fluence patterns of key parameters. The intrinsic mechanism of the nonlinear stiffness variation was re-
vealed by combining the changing patterns of contact states in the meshing tooth pairs. Results indicate that
the stiffness of the spline coupling structures gradually decreases with the increasing linear displacement,
while the decreasing rate progressively diminishes. The reduction in contact area of meshing teeth during
this process was identified as the fundamental cause of the stiffness degradation. The stiffness of the spline
couplings shows improvement with the increase of the friction coefficient, the meshing stiffness, the spline
width, and the applied torque. Among these parameters, the torque exhibits the most significant influence.
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Fig.1 A splined low-pressure rotor system of

an aeroengine
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Fig.2 Deformation of spline coupling under

external load
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Fig.4 Schematic diagram of the penetration and slide

caused by the deflection and torsion of the turbine shaft
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Fig.5 Definition of parameters of meshing teeth
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Fig.7 The solution flow chart of the proposed model
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Tab.1 The structural parameters of spline coupling
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Fig.9 The solid finite element model of spline coupling
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Fig.11 Schematic diagram of the stiffness testing device

of the spline coupling
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Tab.2 The structure parameter of the spline test piece
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Fig.12 Comparison of stiffness results between

numerical calculation and experiment
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Fig.13 The effect of the load amplitude on the

proportion of contact area and the torsion angle
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Fig.15 Influence of load on the penetration of each teeth
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Fig.16 The influence of the friction coefficient on the

stiffness of the spline coupling
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stiffness of the spline coupling
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Fig.18 The influence of the torque on the stiffness of

the spline coupling
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Fig.19 The influence of the tooth width on the stiffness
of the spline coupling

1A S A 7R 5 1A 1 2 445 K il B e 4% W
SRR TN fih - R A, 45 5 B A A 1) LA
KA 52 IV R AR AR B A R T — A
TR N I A R I A BT L R RS 1 o)
] i 1 360 3 8 AR T 2 BORAR AS [R] R I B
T 12 4 A W 2 A O R A5 2 R 1A X ) 4
JEE R A L Ml bR 28 A T B G el e A2 AR A
L5 ANSY S A BRITHAL [ 2T 45 SR X L Ik
W7 AR SCHE D7 i SR B E B ORI T
R

2) e T A SCWI LR M 07 3k 3 1 5 14 38 4k
S5 K W 3 AR LR AR R AIE L 45 G IR 1 Al 22 AR R A 4
IR T WIBE AR LR AR 7 A HLBE, S5 SR B B LR 8 11
NI U A T BTSN G R S S
W/ o RSN T B 1 RS I R R L B A T
8 Tl R 2 ) B AR AR T )38 A
SR D7 ) R B o el e v G 4 fh DX I3 A
W /0N 3R R I AR Y T BRI Y T B

2 AN B 1IN B — 7 AR I L W 4 i DX sl AL
PR FR I3 AT AL » HLAEAS DREFARE & B IS 14 2 4
LEF I B IR AR E

SIWFTE 1 K 2 ok 5 1 2 4 235 4 W JEE 1) 52
MR L 5 SR I < TR L DO JBE | fh v 4 T
B R TE I O S A S A5 R I R B A B
o Hrh A5 DR BIORI S 1A 14 9 2 B0 /N RS Y
B W 32 52 0 B A k5 O JRE 09 R B — E R R
5 PR $5 DRBSORI R 58 640 53 W A B 5 T L 384 DA e,
AL B DX T0] (Y S 147 34 45 A I R 0 4R v A
B3,

& & 3 k-

C1] Eokse, BT, ANVEEIE, . M EMERT S 2i T ], fiiss
il H AR, 2017, 60(3): 91-100.

WANG Yongliang, ZHAO Guang, SUN Xucong, et al.
Summary of Aviation Spline Research [J]. Aeronautical
Manufacturing Technology, 2017, 60(3): 91-100.

(2] ERHE, BRARIL, 8, 55 . 5T Mook iyl T k18
WAL b A LT ). HLBRAE 3, 2014, 38(1): 134-137.
WANG Qingguo, CHEN Dabing, WEI Jing, et al. Con-
tact Analysis of Involute Spline Joint Based on FEM[J].
Journal of Mechanical Transmission, 2014, 38 (1) :
134-137.

[3] BARROT A. PAREDES M. SARTOR M. Extended
Equations of Load Distribution in the Axial Direction in a
Spline Coupling[J]. Engineering Failure Analysis. 2009.
16(1): 200-211.

[4] HONG J, TALBOT D, KAHRAMAN A. A Semi-
analytical Load Distribution Model for Side-fit Involute
Splines[J]. Mechanism and Machine Theory, 2014, 76.
39-55.

[5] HONGIJ, TALBOT D, KAHRAMAN A. Load Distribu-
tion Analysis of Clearance-fit Spline Joints Using Finite Ele-
ments[J|. Mechanism and Machine Theory, 2014, 74 42-
57.

[6] HONGJ, TALBOT D. KAHRAMAN A. A Generalized
Semi-analytical Load Distribution Model for Clearance-fit,
Major-fit. Minor-fit. and Mismatched Splines [J]. Pro-
ceedings of the Institution of Mechanical Engineers, Part
C: Journal of Mechanical Engineering Science, 2016, 230
(7/8): 1126-1138.

[7] CURA F. MURA A, ADAMO F. Fatigue Damage in
Spline Couplings: Numerical Simulations and Experimental
Validation [J]. Procedia Structural Integrity, 2017, 5:
1326-1333.

(8]  Z=fedh. MR, B . iz R S HLE D i He 25 1 W) A

P45 F 0 A KR g S [T]. R LA TR . 2022, 33
(18): 2249-2257.
LI Lunxu, CHEN Guo, YANG Mohan. Simulation Analy-
sis and Experimental Study of Stiffness Characteristics of
Aero-engine Spline Couplings[ J]. China Mechanical Engi-
neering, 2022, 33(18): 2249-2257.

(9] ZE3e7R. BT, B, 4 it 2s 26 B4 kW BE 07 0 5 ik

LT, fias 3 f 24, 2024, 39(12): 20230070.
LI Yingjie, ZHAO Guang, YUAN Yunbo. et al. Simula-
tion and Experiment on Contact Stiffness of Aviation
Splines[ J]. Journal of Aerospace Power. 2024. 39(12) :
20230070.

(TEE352T7)
« 341 -



