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A TSHBM method and its application in response calculation of
dry friction damped blades
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(College of Energy and Power Engineering,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: A novel nonlinear forced vibration response calculation method based on the time-
spectral form of harmonic balance method (TSHBM) was established and applied to the response analysis
of dry friction damped blades structure with contact interfaces. A general framework for the nonlinear
forced response computation was established based on the TSHBM, of which the principles and
characteristics were emphasized. In order to appropriately account for the contact nonlinearity, the
computational schemes for dry friction force and the construction of an analytic Jacobian matrix were
proposed. The novel computational method for nonlinear forced responses of blades with contact interfaces
was built. The numerical simulation results showed that for the FE model of a bladed disk sector with
dovetail joint, when the 1st and 3rd harmonic orders were respectively reserved, the nonlinear vibration
response calculation time of this method was reduced by 37% and 46%, respectively, compared with
traditional multi-harmonic balance method. So this method has unique advantages in terms of ease of use,

generalizability and computational efficiency.
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Fig. 5 Amplitude-frequency curve of cantilever beam with dry

friction element by different methods
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Table 1 Normalized computational time of amplitude-
frequency curve of cantilever beam with

dry friction element
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Table 2 Normalized computational time of amplitude-

frequency curve of duffing oscillator
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Fig. 7 FE model of a bladed disk sector with dovetail joint
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Fig. 8 Amplitude-frequency curve of bladed disk sector with
dovetail joint by different methods
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Table 4 Normalized computational time of amplitude-
frequency curve of bladed disk sector

with dovetail joint
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MIEL 9 T LAFE Y, FEAR RN IR T, 42 fih 2 10
[F1] % 42 fil 0 LA AL T30 58 A R i R A, 42 Mk S i
(1] FR ARG T B IR G AN B, T B 452 BELJE 800 525,
A5 I 91 5l {2 RO R P O H, —
IR 0 (L0 22 /0N il 3 IR 9 10 % fk
T 2542 0 32 T P b DR 2 A B 6 - v A
AR, Fh I 7™ A R fd SR AT ) 1 B 45 280 1 328 ¥ o
S, A I SR ) — R I R 22 R, H
WEE R R IR SR A, B0 R IR Sl R 2k
I AR LR

4 % it

AR SC LA T 35 18 XA 388 1 Ak O A,
SE TR fh S TR 2 A 4 A e i 3 IR sl ) e AR

20220195-10



%1040

b

%%, TSHBM ¥t K H JEEREERELJE it R i 97 53 R

ATk, A X AR LR P A AR T T
JEE J8 03 gt P R T B T ) o 7 e Ak B
DA R AR TT %

R I 3 0 2K 1) VR e ST A7 o e by AR
MR85y 8h 124 5 REgG A0 Ry ik s iy AR 2R i R B0
FEHEAT SR AR, e T A% 48 208 P 12 rh T
FE e 14 B30 3l 2 B e 4 ds SRR, AR S F L T
A SRR Dy T A SRR . B Dy
A5 B, TE O 1 2 4 ol B T g R AR
PE Bl Sy 2EAS R T i R R 2 3 T A A A
Ph Bk A1 25 4 0 SR A J7 2, Re A% B8 4 b & #5035
BRI, H R A5 Fh 2R ik 1 EE 5 RH JE 45
I 4 sh o A A AL B TR A4S T SRR

o B U I A 2, AR S ST I 3 R i O 9T
R JR B BE A B e v A i S, AT L (8
AT B A A B AR LRt I s R B R Gt
(Al 7K -55 1 2R 5 bl B e 1 R 5055 A Ze
M 17 2

SE Bk

[1] 2ok, Bk, RIEE, 5. % 18 S BRI ) 4R B JE 25 08 4k
PERES Hr [J]. 25 3 Ty 2441, 2021, 36(8): 1657-1668.
LI Lin, GAO Qian, WU Yaguang, et al. On the vibration reduc-
tion performance of underplatform dampers considering parameter
correlation[J]. Journal of Aerospace Power, 2021, 36(8): 1657-
1668. (in Chinese)
BRI, JE A, S0 7 2 42 il 5 16 6 It 45 205 44 588 301 41 3 o oz
PR I Ty ¥ (0] A =S B 1 224K 2019, 34(9): 1953-1961.
YANG Gang, ZHOU Biao, ZANG Chaoping. Fast response pre-
diction method for bladed disks with contact interfaces[J]. Journal
of Aerospace Power, 2019, 34(9): 1953-1961. (in Chinese)
ZUCCA S, EPUREANU B I. Bi-linear reduced-order models of
structures with friction intermittent contacts[J]. Nonlinear Dynam-
ics, 2014, 77(3): 1055-1067.
SIEWERT C, PANNING L, WALLASCHEK J, et al. Multihar-

monic forced response analysis of a turbine blading coupled by

(2]

[31]

[4]

nonlinear contact forces[J]. Journal of Engineering for Gas Tur-
bines and Power, 2010, 132(8): 082501.
LAXALDE D, THOUVEREZ F. Complex non-linear modal analy-

sis for mechanical systems: application to turbomachinery bladings

(5]

with friction interfaces[J]. Journal of Sound and Vibration, 2009,

322(4/5): 1009-1025.

[6] PETROV E P, EWINS D J. Analytical formulation of friction inter-
face elements for analysis of nonlinear multi-harmonic vibrations of
bladed disks[J]. Journal of Turbomachinery, 2003, 125(2): 364-371.

[ 71 PETROV E P. Method for sensitivity analysis of resonance forced

response of bladed disks with nonlinear contact interfaces[J]. Jour-

nal of Engineering for Gas Turbines and Power, 2009, 131(2):

022510.

SALLES L, BLANC L, THOUVEREZ F, et al. Dual time step-

ping algorithms with the high order harmonic balance method for

[8]

contact interfaces with fretting-wear[J]. Journal of Engineering for
Gas Turbines and Power, 2012, 134(3): 1.

HALL K C, THOMAS J P, CLARK W S. Computation of un-
steady nonlinear flows in cascades using a harmonic balance tech-
nique[J]. ATAA Journal, 2002, 40: 879-886.

LABRYER A, ATTAR P J. A harmonic balance approach for large-
scale problems in nonlinear structural dynamics[J]. Computers &
Structures, 2010, 88(17/18): 1002-1014.

MUNDIS N L, MAVRIPLIS D J. An efficient flexible GMRES
solver for the fully-coupled time-spectral acroelastic system: AIAA
2014-1427 [R]. Reston, US: ATAA, 2014.

SICOT F, PUIGT G, MONTAGNAC M. Block-jacobi implicit al-
gorithms for the time spectral method[J]. AIAA Journal, 2008, 46
(12): 3080-3089.

WOODGATE M A, BADCOCK K J. Implicit harmonic balance
solver for transonic flow with forced motions[J]. AIAA Journal,
2009, 47(4): 893-901.

SU X, YUAN X. Implicit solution of time spectral method for pe-

(9]

[10

(1]

(12]

[13]

[14]
riodic unsteady flows[J]. International Journal for Numerical Meth-
ods in Fluids, 2010, 63(7): 860-876.

RAMEZANIAN D, MAVRIPLIS D, AHRABI B R. An order N
log N parallel solver for time-spectral problems[J]. Journal of Com-
putational Physics, 2020, 411: 109319.

KRACK M, GROSS J. Harmonic balance for nonlinear vibration
problems[M]. Cham: Springer International Publishing, 2019.
XURE, FRR, BB, 45 & il IOF A 7 i b AR B Ok
TR B ik J5 1 WS []. J1 2 241, 2016, 48(4): 897-906.
LIU Nan, BAI Junqiang, HUA Jun, et al. Investigation of the

[15]

source and improvement of non-physical solutions in high-order
harmonic balance[J]. Chinese Journal of Theoretical and Applied
Mechanics, 2016, 48(4): 897-906. (in Chinese)

LI Hang, EKICI K. Improved one-shot approach for modeling vis-
2018,

(18]
cous transonic limit cycle oscillations[J]. AIAA Journal,
56(8): 3138-3152.

SAAD Y. Iterative methods for sparse linear systems [M]. Second
Edition. Philadelphia,US: Society for Industrial and Applied Math-
ematics, 2003.

[19]

(¥ K F)

20220195-11


https://doi.org/10.1007/s11071-014-1363-8
https://doi.org/10.1007/s11071-014-1363-8
https://doi.org/10.1007/s11071-014-1363-8
https://doi.org/10.1115/1.4000266
https://doi.org/10.1115/1.4000266
https://doi.org/10.1115/1.4000266
https://doi.org/10.1115/1.1539868
https://doi.org/10.1115/1.2969094
https://doi.org/10.1115/1.2969094
https://doi.org/10.2514/2.1754
https://doi.org/10.2514/1.36792
https://doi.org/10.2514/1.36311
https://doi.org/10.1016/j.jcp.2020.109319
https://doi.org/10.1016/j.jcp.2020.109319
https://doi.org/10.1016/j.jcp.2020.109319

	1 基于时间谱形式的谐波平衡法的非线性振动响应通用求解方案
	1.1 经典的多谐波平衡法
	1.2 时间谱形式的谐波平衡法
	1.3 通用求解方案
	1.3.1 基于Newton-Raphson法的求解方案
	1.3.2 基于伪时间步推进的全隐式求解方案


	2 时间谱形式的谐波平衡法在干摩擦结构中的应用
	2.1 干摩擦力的计算
	2.2 解析雅可比矩阵的构建

	3 算　例
	3.1 带干摩擦单元的悬臂梁模型
	3.1.1 计算过程
	3.1.2 “失真”现象及处理结果
	3.1.3 准确性验证
	3.1.4 计算效率对比

	3.2 杜芬振子
	3.2.1 准确性验证
	3.2.2 计算效率对比

	3.3 带燕尾型榫根的叶片单扇区有限元模型
	3.3.1 准确性验证
	3.3.2 计算效率对比
	3.3.3 激振力对响应特性的影响分析


	4 结　论
	参考文献

