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Initial conditions: Number of iterations: k=0 / ;garg;tc{lodg o= Target segment Y
Lagrange multiplier 2% (2)=0 5." on 4 nof -e HContact segment

(1) Solving static equations (Ke +K, +K* (a)) u* -B X (a)= R*
(2) according to (1), the initial static deformation u* of the

system under the action of centrifugal force and preload Contact bOdY /

e y
(R%can be calculated . Etis the closest target node to contact node F; A

(b) The configuration of target body and
contact body during the zeroth iteration.

Penetration criteria: &5 > &i=12,....

The step shows that the penetration between the two contact
interfaces has occurred. The relevant Lagrange multipliers and
tangential forces are corrected as follows:

(D) AG™ @t + A1) =25 (0 + A + 5,88 A& (t+ A = &/ (6) + A4
@) Y+ A=t (O)+ AL
M ve gt i lri o+ A).:‘i +e, :i < ;d.,’j”i(t +A) Tali'ngential dis'placement'
e " g = (B - x(Fr ) -
t (t)+A).r +e&

ki

Normal gap: g% = (x(Ef, )~ x(Ft,)-n

t+AL

A 4

m,’;”‘(mm) t'(t) else

Note: When k=0, )-;i It is the Lagrange multiplier of The
N ith contact pairs., 422'=0

¢ k=k+1

(1) Modified statics equation (Ke +K, +K* (a)) u* - B X (a)=R* (¢) Configuration of target body
and contact body after K iterations

(2) Calculated displacement u*

Note :

&, (>0) :penetration tolerance

&, (>0) :tangential displacement tolerance

&, (>0): tolerance corresponding to static friction
n : contact normal vector

e : contact tangential vector
q :the number of nodal contact pair

Convergence judgement
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Output stiffness matrix K=K, +K,+K} ()
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Fig.1 Flow chart of solution based on contact dynamics
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Fig.2 Schematic diagram of bolted thin-walled cylindrical shells
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Fig.3 Test piece and analysis system
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Fig.4 Knocking point of test piece
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Table 1 Comparison of the first 6 order natural frequencies

between simulation and experimental results

Natural S S S Jus Jus Jue
frequency (Hz) (Hz) (Hz) (Hz) (Hz) (Hz)

Experimental

899.5 1182.5 1338.4 1693.7 1929.8 2047.1
result

Simulation

903.1 1187.9 1356.7 1654 1966.2 2010.4

result

Relative

0.40 0.46 1.37 -2.35 1.89 -1.80
error (%)

Note: error= ( simulation—experiment ) /experiment
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Fig.5 Comparison of simulation and experiment mode shapes
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Fig.6 The first 6 natural frequencies of the system under different preload and speed

(2) BEE R G5 AN, RGTRIHET 6 B 6 A (3) RS LG R, R GE 00 [ A BR 221

PR AN I, e e o, 25 S T AR b T ARG O, R TRGE D DAY, tLIAlE UL A O H A
B2l Et ey dvp S R AW INITES &= e U e KU SR iU A UG - NS I T A PO LIRS R R 2
FEM AR GE I B AR LSRN, REEH A WERA .

Wi K.



5 6 3

HROCHESS IR HE RERE 52

LER AT R S M 573

3 #Fig

AL LIRS S HE BEA L SC B M A T X 5, 1
JoE T ANSYS A FROC/Hr i i Sr RS A BT
B LYGE i 5 A SRR AT B A 4R
I 0 250 E S 7 R TR £ o e A M A 28K
P, e BRI T IR TR ) MR Ge e R 5 1 ]
RTEEAE A R R R L AT

(1) i MGG X2 422 90 BE A 7 45 M BEA T B 250K
SRR ERT - Mk ) I T AR AR T RO BE R O
HG A R R RIR 22200 -2.35% , IE W AR SO
N7 R A A VB T 4 R G A PR A Y ) 4 A
PRI HE.

(2) Bl e R A T 55 T BB A0, 445 5 THI A9 3 4
W 0 2R GE A A5 AL T BE A TS T, RETAART 6 B [l
A ERANBTIG NN, e B AR, 005K 0 % 28 2 1 [
ARFER R G T N PR RS R, R
[ A A ) 2 Al T e e

2 £ x W

1 AU P & 2. AU S T ORS)
Jeat AU Tl B ARAE, 2008 ( Editorial board for prac-
tical manuals of mechanical design. Practical handbook
for mechanical design. Beijing: Machinery Industry Press,
2008 (in Chinese) )

2 R, TRDAER, T R OSCSE. REEAS MRS 15 B S S gkt
FeAFSE. 4k h 5 i, 2005,24(1) :28~29 (Zhao M,
Zhang Y D, Ma L W, et al. Comparative study on modal
simulation and experiment of assembly structure. Journal
of Vibration and Shock, 2005,24 (1) :28~29 (in Chi-
nese) )

30 WERFEBRERE, RLE. AU (9 M) . JEIT &
SEUH WAL, 2013 (Pu L G, Chen D G, Wu L Y.
Machine design ( Edition 9). Beijing: Higher Education
Press, 2013 (in Chinese) )

4 Bickford J H, Saunders H, Bickford J H, et al. An intro-
duction to the design and behaviour of bolted joints. Mar-
cel Dekker Inc., New York, 1981, 442

5 SKBIR. BRI AR R GAE R K RSPl
BIRE . IR, 1988(4) ;51 ~54 (Zhang X D. Ap-
plication of extruded bolt thrust termination system in sol-
id rocket motor. Shanghai Aerospace, 1988 (4) :51 ~ 54
(in Chinese) )

10

11

12

13

14

15

16

LLFE AL In Bl 4. 2R3l T 00 TR R 1148
PEW B8 h SRR RS, BEAL K, 2016,33(S1) .
153~157 (Liu H B, Li H B, Teng H, et al. Dynamic
characteristics of welded bellows for low temperature
valves under complicated vibration conditions. Shanghai
Aerospace , 2016,33(S1) :153~157 (in Chinese) )

Maio D D, Schwingshackl C, Sever I A. Development of a
test planning methodology for performing experimental
model validation of bolted flanges. Nonlinear Dynamics,
2016,83(1-2) :983~1002

Kim J, Yoon J C, Kang B S. Finite element analysis and
modeling of structure with bolted joints. Applied Mathe-
matical Modelling, 2007,31(5) :895~911

Boeswald M, Link M, Meyer S. Experimental and analyti-
cal investigations of non-linear cylindrical casing joints u-
sing base excitation testing. In:International Modal Anal-
ysis Conf, Kissimmee, Florida, 2003

WRER T, EAEA . A R EhHUIB AR )2 o
AT AR A AR R A2 4k, 2015,41(12)
2269~2279 (Yao X Y, Wang J J, Zhai X. Thin layer el-
ement modeling method for Aeroengine bolt connection.
Journal of Beijing University of Aeronautics and Astronau-
ties, 2015,41(12) :2269~2279 (in Chinese) )
Jalammanavar K, Kasina L, Srinivasan R K, et al. Bolted
joint simulation techniques in gas turbine components. In
ASME 2014 Gas Turbine India Conference. American So-
ciety of Mechanical Engineers, New Delhi, India, 2014
Fernlung I. A method to calculate the pressure between
bolted or riveted plates. Sweden: Charmers University of
Technology , 1961

Kwon Y D, Kwon H W, Hwangbo J H, et al. Finite ele-
ment modeling for static and dynamic analysis of struc-
tures with bolted joint. In: Key Engineering Materials.
Trans Tech Publications, 2006,306:547 ~552

SR BRI R R A I e 32 I MERE AT FROT A,
MR, 2009,25(11) :91~93 (Guo Z. Finite element
analysis of mechanical behavior of friction high-strength
bolt connections. Gansu Science and Technology, 2009 ,25
(11):91~93 (in Chinese))

FREOE , #R AR AIRZE. 5 R T0UER ) R 4 B el i
FEATHT. MU S5 H05E , 2009(8) :219~220 ( Zheng
Z G, Cai G W, Li Z ]J. Strength analysis of automotive
steel wheel with bolt. Mechanical Design and Manufac-
ture, 2009(8) :219~220 (in Chinese) )
R, B A OR. R B A R T B



574 g % 5 & 6 ¥ W 2018 4E55 16 4

BLOPARHIE TR, 2002(1) :48~49 (Xie HM, Ma Y structural dynamics / Simmermacher T, Cogan S, Moave-
F, Han J B. The FEM simulation of workpiece connected ni B, et al. Topics in model validation and uncertainty
by bolts. Modern Manufacturing Engineering, 2002( 1) . quantification, Volume 5. New York: Springer, 2013
48~49 (in Chinese) ) 20 Wei L D, Duan S L, Xing Q L, et al. Modal experiments
17 Qin Z Y, Han Q K, Chu F L. Bolt loosening at rotating and finite element analysis of the bolted structure consid-
joint interface and its influence on rotor dynamics. Engi- ering interface stiffness and pretension. International
neering Failure Analysis, 2016,59.456 ~ 466 Journal of Plant Engineering and Management, 2012,17
18 Yao X, Wang J, Zhai X. Research and application of im- (2).87~94
proved thin-layer element method of aero-engine bolted 21 Chang X L, Zhou W. Contact model based on augmented
joints. Proceedings of the Institution of Mechanical Engi- lagrange method and its engineering application. Chinese
neers, Part G. Journal of Aerospace Engineering, DOI. Journal of Rock Mechanics and Engineering, 2004, 23
10.1177/0954410016643978 , 2016 (9) :1568~1573

19 Zang C, Yang J, Friswell M I. Robust tolerance design in

ANALYSIS OF INHERENT CHARACTERISTICS OF
BOLTED THIN-WALLED CYLINDRICAL SHELLS "

Zhang Wensheng' Xu Shijun' Meng Chunxiao® Li Kun®> Ma Hui** Qin Zhaoye’
(1.Shanghai Aerospace Equipment Manufacturing Company Limited, Shanghai 200245, China)
(2.School of Mechanical Engineering and Automation, Norhteastern University, Liaoning 110819, China)
(3.Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China )

Abstract In this paper, the thin-walled cylindrical shell with bolted connections was taken as the research ob-
ject, and the finite element model was established based on ANSYS. The natural characteristics of the system
were analyzed by the contact-based prestressing method, which was verified by experimental results. The influ-
ence of rotating speed and bolt preload on the inherent characteristics of the system was analyzed. The results
show that, with the increase in the speed and preload, both the connection stiffness and system stiffness increase,
and the first six natural frequencies of the system increase continuously. When the speed is low, the preload has
a greater impact on the natural characteristics of the system. However, when the preload is large enough, the

speed dominates the change of the natural frequencies.

Key words bolted connection, thin-walled cylindrical shell, inherent characteristics,  preload, speed
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