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Modeling Method of Subarea Thin-layer Element for Casing Bolted Joints
WANG Pan,ZANG Chao—ping
(College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: The pre—tightening force of the casing bolted joints had a great influence on the dynamic characteristics of the bolt. In order
to reflect more accurately the change of contact stiffness with pre—tightening force,a thin-layer element method was used to replace the
bolted joints structure. Based on the stiffness theory of bolted joints supermodel,Hertz contact theory and M—B fractal model,the elastic
modulus of thin—layer element with different bolted pre—tightening force was derived. The axial contact stiffness of the casing joints part was
simulated,and the simplified modeling method of the bolted joints casing was given. Taking a bolted joints test casing as an example,the
maximum error was only 2.83% ,compared with the simulation frequency and modal test frequency of the casing under different bolted pre—
tightening force. The results show that the modeling method of the thin-layer element can effectively simplify the modeling of bolted joints
casing under different pre—tightening forces.
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N R, B G KR Lin 40 T
0 3IT R P AR AT TRUR L T s
SRR SRR SE R 0 STTMEBRAROEA. | FPE . I T 402 45 H s Abmadian 2514032
W R FAS R S LU R T2 e £ | PRI B TC s e 4 M AT 00 TP AR
TR SRR AT 200, A8 | SCURITE, MEFT A1 L I PR AP0 T
RIS — R TR Sy, (BRI B2 07 | J2 ST RP RS T UL ST 2 2 e T A
AR, Tt R R BT BN 7 S DL B 5504 th OO BT A
BOMLERI BN 2T, TR, SRR | ShHLHLIT B e T R BRI S BFIE T 2 8
Iy RSO Ay 4 3 R S A LY, TR SO LR Y I BN AL (PSR
B AT TR TP A 2 6 AR ROt T ) U8 7 90 5 22 e e
RICGTH AR T T . A B (ST, SEBEBL fh, LA S A R

rfm HHA:2018-03-30
YEE I : T2(1992), Y, AR - AF 58 A, WFSE 5 10 B0 12 ANHf e 1 AN 3 S B0R G LA AR AU IE 3 E-mail: 15605193693@163.com.,

SRR A, . PLIF IR R % 1200 X I 34 SR BT R Oy [T 25 2 3581, 2019,45(2) : 7-12.WANG Pan, ZANG Chaoping. Modeling Method of
subarea thin—layer element for casing bolted joints[]]. Aeroengine, 2019,45(2): 7-12.



8 fii

K

¢ g Bl

5545 &

B RN IC AR B Bl T 2 R L
AR SO T MG 1A R 2 g P RS R 2 W JRE 3
A s FABRRE R PIE L K M-B SRR,

T TSR] TSR A T e R A R e S
B IR T AR BRI ML D 9], X AL

TR 45 ELAR R S A SR IO RS R AT X L
1 SRIBERRTEERE
11 SXEERRT

ST A X R0 2 20T XU R e B A AT I
LRI 1 P, PSR QHIMURAUEOONIE st a, e AR, IR R0 72
BB ML L I 2T AR TS ) SRk

DX 3

o | Hel

B1 SREHERERTEEER

LB 2 | WEHIE 2 IR 2Ok % 3 L
BRI UL R

Sy IR PR AL A, T AT BT A A P A ) S5
13

1_1_ 1 1 _g_
F ok e T ke

kl(k21+k22)k3 (1)
kl(k21+kzz)+(k21+k22)k3+k1k3

ft':':' shi ool R ks ﬁ%ﬂ%t%&%fié \Eﬁfifﬁﬂ]

TR 2 (T W BE 3 ooy 0 e S350 1 PRI

#0739 2 A 2 (2 22 P 1 T
G DRI B 3 AR A i A R

k2:k21+k22:7E21A ZIZEZZA = (2)
2

TR ; L, R AR
1.2 HEBITH @ 5N E

S UE A 14 B SR AT 0 012 40T , 34 B IX
LB S 2 A SR PE R R T 2 AN
DI, NP 2 % P R 34 32 45 A 1 b 1 348 2
O = B ph BT T P DX R 5 S M TR B

(1987 7 534 56 PP A IR AR AT VIR BE 5 Bl 0 12 45 o 1)

PosEe,

S|
o
£

N

Tl % )
VFFH[A\‘EZ

\

B2 BieEREXIE

RT3 D IR i ) U g
k=AE Loz d, EJ(AL,) (3)

Y

IR SR i 5 L, IR A Y R
Xof PR T 4 X3, K e TR

A I R ) 2 T S T DA TS DX A
BRI

k ﬂEOid tan o (4)

‘“:1 (D+d)(D—d+2i tan &)

" (D=d)(D+d+2t tan @)

o A By % B W AR R 0 R 2 R s a

A, SRR TR T F R/ K.
F TR TR ORI X, BT 2 A

K H E:km_ ko+ke ()
P M AT 5 A WA 3 2 DX 3l g 32 2 L W BE
ks=n(kh+km) (6)

1.3 ERZXERIE
1.3.1  BF2EHE MRS
Pt B S bl 2 ASHDRE SR T4, RS

S S L A CEY
RS T R R RS ST
S
R B o A T (0 BRI (0 K SR
PERERE 34 B Ao 45590 0P o 20603005 F125 464

13%L EVR w" (7)
T
1l T,
E  E, * E, (8)
_ RR, 9
R_R1+R2 (9)

REZNE SN €P L SR ISEE 3 SN D RPN LRI e
AR i DI Ak T AR AT LASRZR O @'=2 1 Rwo
Bl B PSR I IRS w SR, SRR RN



5 2 3 £

HESE LI R i 1 DX IO Z BT AR 1k 9

7 PRI\ i
¥
|
| R, 10" |
g Loy
W™ T /
X { 2

3 RmESMLTEER TR R
fi AP

k= af’_zE\/ _2E\/ (10)

ﬁﬁ&ﬁ*%ﬂ&%%ﬁﬁ””
w:CO Lo (11)
FrX (1) A o =2 Rw , A A5 G5d2 fir o, 01 3 14 il
okt

!

a 1 10.5D
= 12
2w 21'r G a (12)

A KR I B FE 1 T A0, i 15 4 R R 1
WL TG T 4e % D $RAERSFRE G 5T
MRS R, ZBIH R R 5)

p=1:54 (13)

0.042

QJO (14)
1.3.2 M-B 43JEAR R
FELRS ZR 1 R AR R R U AT A 4 s
HAE M-B A3 TR BRI G AR TR o 42 ik
KNG AT RRE n(a' ) H

n(a' ):O.SDlpl—O.sna,:.sn a,—lf()__s]') s)
oy A RS
¢FMD-(1+¢$5DYﬁ7=250 (16)
o ¢ o ° .
* ¢ L4 ° [
° e

o . R

o o« .

[ ] ™ . *

hd Y ° [ ) °

4 EMEREHROESS

TESEAMTETAL , XA IBE AT I T R o,
a:‘: GO 2/(D-1) (17)
(0.5x¢)
o k=Hlo; D=0 JE; H WEHM R o, Jok

O R B
Moo <a AT IBYEIR S M 0 > a, 1,3

R

T AR [ BB M T AR oy S A TR OC R

p=0.5k8.4' (18)

25 P TIR 6 25 SR I 9 B AR g 4 ik 1

J& M=B 5T F il A R0 L K% 4565 v A9 325 1 2 b

AT H A A i MR =X (Lo ARHE R H 43 n(a) R
pant

ZED 1-0.5D '0.5D _ '0.5-0.5D '0.5-0.5D

= o (1D) a, |a -a, 1 (19)

P (1) (12) i A7), i b 38 4T A48 2 o

(18), M4 RST oA B0, A5 B 45 45 1T 110 325 1) i 0
pSX=

4D (D-1) 1-0.5D '0.5D '1.5-D '1.5-D
sz G() lﬁ ay, a —a, )+
™
1-0.5D '0.5D 1 0.5D
%£0VW¢ @ (D#1.5) (20)
P: A/ 2 EG(;S (700‘25 a'l(‘)JS IH&I_F%KO-S (700.25 a'l(‘)JS a:‘()AZS

e a/r

(D=1.5) (21)

FE A AT A0 R K RS AT P A A R ik i
B, B9 REL, PR 2 (19) A1(20) Bt (21 ) HE 7 s
] HZ A NI K A [a) 2amr P2 8] B B el ﬁ%%o@
58 P, T LU R SR R R BB A TR (6 T
193 K,

1.4 HXEHEERTHEES
M TREZR 00, X TIRAF A2 0 J IR 4775

J15E M RTRE S F Z A A 250 820N

M~0.2Fd (22)
TRk S AT PRI P IR Y B TR

C TR T 2 e T A R JBE K Ay 3 X o 2 2P

rb R 22 DI B - Py AR S A 0 1 A I B
i IR KRNI, 25, 456 20(23) F1=t(24) n]
PSR 43 DX 35k 7 2 PR T A S P A o

K-L
E =25 23
= (23)




10 it = 3 Al $45%
(k-K)-L, 5.10 212

EZI_ A 21 ( 24 ) 5.05 t
|
2 IEREEYIERE s |
21 MEHHEH . |
XTI 5 (a) B B9 MR R 5 LI fh 36 4 = |
M6 R 5 0 MR A TR B )k | SR PR S A |
GRS WL P R T IR SRR J12%5) |

BT, W I Al B AR A% R A 3 mm, 2R
FH 2 B 4 TR PRSTRI 0 PAE, an i 5(b) s o 1
RIRUEA 148 TT AT 5,444 T HHE

(a) TPr&hth

(b) MY
5 E#ENE

TEZERZR FAr e 3.5.7.9.11 Nem 1L
I, W AT A R IE (6T SRR ke, W 1

F1 AREBEN THEEZE A E 2N E

BESME N-m  FEH/N BHIEM rad  GHIRLERIEE /N/m
3 2500 0.083 4.67E+10
5 4167 0.113 4.83E+10
7 5833 0.134 4.95E+10
9 7500 0.158 5.08E+10
11 9167 0.161 5.09E+10

ANTRIST B8R AL 3 1 P B8 g 72 A
6 FIT7i o MNP AL DL il i 3242 9 B2 A PO R B
37 R IR I OZ s, BTG 3T 5
R AL BR VL 22 R B W T I
22 BBEEENERL

AR 73 D= T T ik, S BRPILIF S S
52210 ERIRER AL SCIRRE SO WA 7 BRI 23 IX
=T,

7 9 11
F7EEJIHE /N em

6 @R EREFT XA EREL

e 28 Ny B AL 3
PR R e AL an i 8 it
TN RH 2 B 4 THIASASG,
BEE Mg RS R 10 mm,
Z BRI 14 1A
T2 AN AME, S
AR R A L, 3 B2 ML A5
TR0 S R G E DR 1Y)
110,

A4 (23) Fiak
(24) WEAFIE ST

B7 BRATER

4 43 DX 37 )22 B G 1Y)
B, W 2, B8 iEEEE R
*2 HEBRTHMEES
A /N-m E,/GPa E,/GPa
3 1.540E+10 4471 E+07
5 1.597 E+10 7.763 E+07
7 1.633 E+10 1.112 E+08
9 1.677 E+10 1.452 E+08
11 1.670 E+10 1.794 E+08

2.3 MERHLERIEINR
EE%%@L%W’
3~1IN-m f9¥7 & ST,
W38 3 2 AL IR (18 455 285 A3
RN 9 fFim o SR J1 R
PR L AR SRR N :
B SR AR S Ay B9 EER e EAS SN
55, 3 L 0] 43 B 2924 X A5 (8 A0 i) R 50 0E A 743
BT, HEEIGE AL FT 8 B,
2.4 ZER3TEE
FERERE 47 B AE 500 3.7 .11 Nem B, 43 X 35k




5 2 3 £

SRS AL R I 1 00 DX 2 SR T R T 11

THZ AR EORCR S LRI IR W3 3. R
AT, 3 ML IR R A A A T 5 T R KT
P2 34 R AR A B o B, Ul IR AR TV R
PINK T FEATLIRE PR 8l 3 2 SO A RS Tl AR R )y

TR SR IR L, BRIRZEN 2.83%,
R TRRBO 2R . e R] L, 23 DX 2 oo
7 VR REVE A M ASHDUAE AN [ 102K ) T 8 1 P 24y
AN EE AR AL, S ST A AR RS R A RO AR T

&3 EITRNEA 3711 N-m 5 RIiFH R BT R B AR IS Z

B 3 Nem W RS H He W 7 N-m WSS /Hy W/ 1 N-m BRI He iR22/

B N i HH 1% I HH % R T %
1 238.22 238.60 0.16 239.30 238.86 -0.18 239.44 238.98 -0.19
2 238.82 238.78 -0.02 239.94 239.02 -0.38 240.28 239.13 -0.48
3 280.17 278.62 -0.55 290.26 286.50 -1.30 296.65 291.40 -1.78
4 281.14 279.62 -0.54 295.49 287.12 -2.83 299.32 291.85 -2.50
5 387.77 393.23 1.41 391.59 394.03 0.62 393.83 394.56 0.19
6 388.20 393.40 1.34 393.24 394.12 0.22 394.47 394.63 0.04
7 612.12 609.36 -0.45 612.42 609.52 -0.47 613.19 609.62 -0.58
8 613.06 616.54 0.57 613.86 616.66 0.46 614.52 616.75 0.36

[5] Shiryayev O V,Page S M,Pettit C L,et al. Parameter estimation and
3 #Fig

AR SR T IR S T RS R A D1 32 B B 2 5 fih
R LA e M=B 3R, 25 iR A R0 Ak 2210
(e A, A7 T 3 DX Il 2 R P A 1 ] T A
J7 ik S T AR T T 7 XSO = o A
A Al B I I R UE 1 AN [R] R A T X ) g
PR I AR I AR B AR 45

M TS T R HILIFEL 322 120 0 140 325 1 4 Ak 1 2 52
WA R , BT SR, vk e A W BE RS T, =2 ) i
Wl TR LI B2 B A Rt g AL i bk,
2T,

AR SCHE AR i R A, AT 25 S R A e
BEJE 52 , (EA HE— BRI 5 TR AR R IR AR 14
B R RIESEE T AR,

SE 3k

[1] Shuguo L, Yanhong M, Dayi Z, et al. Studies on dynamic character—
istics of the joint in the aero—engine rotor system [J]. Mechanical Sys—
tems and Signal Processing, 2012, 29:120-136.

[2] Liu S G,Wang J,Hong J,et al. Dynamics design of the aero—engine
rotor joint structures based on experimental and numerical study[R].

ASME 2010-GT-22199.

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

[4] Ahmadian H,Jalali H. Identification of bolted lap joints parameters in

assembled structures [J]. Mechanical Systems & Signal Processing,

2007,21(2):1041-1050.

investigation of a bolted joint model [J]. Journal of Sound & Vibration,

2007,307(3-5):680-697.

ﬁ
2

Boeswald M, Link M,Meyer S. Experimental and analytical investiga—
tions of non—linear cylindrical casing joints using base excitation testing
[CY/IMAC-XXI. Conference & Exposition on Structural Dynamics.
Kissimmee: Society for Experimental Mechanics,2003: 1-9.

XU, ot R S HULIR L R A 5 3l 2RISR D). Bt
TR R, 2012,

MA Shuangchao. Structure dynamic analysis and model validation of

—
~

aero—engine casings [D]. Nanjing :Nanjing University of Aeronautics

and Astronautics,2012.(in Chinese )

(8] BhART, EAZE, T Aias L shLIRE B2 B iR 1)),
bR A B R K 2F 4], 2015,41(12): 2269-2279.
YAO Xingyu, WANG Jianjun,ZHAI Xue. Modeling method of 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)

[9] BhET*, FHA. e R SRR IR 5 45 SO R NI
SRR, R AR, 2017,38(2) :424-433.
YAO Xingyu, WANG Jianjun. Effects of load and structure parameters
of aero—engine bolted joints on joint stiffness [J]. Journal of Propulsion
Technology,2017,38(2):424-433. (in Chinese)

[10] X 0. BRI T 25 % S HLATL I iR 3l

FH s PRFRALZS R R, 2012,

ZHAO Shuai.Study of effects of bolt connection on aeroenging case

BT D] ik

vibrational behavior [D]. Shenyang: Shenyang Aerospace University,
2012. (in Chinese)

(1] BAPF, SERERE o, 45, 3% 1 42 fih 9 JBE o WA 122 R 2 M iR Sl A 25
HYREMABIT L)), U2 3L, 2012,38(3) :54-57.
ZHAO Dan, Al Yanting,ZHAI Xue,et al. Effect of normal contact
stiffness on vibration modes of bolted structure

2012,38(3):54-57. (in Chinese)

[J]. Aeroengine,



12 it = Kk 3 #l 45 %
[12] B, RIS A R S UL S5 A R NI BERFSE [D]. 1079 K3% K [15] Biar. HeT MBS R G L BRI fe e ko BEAT S [D]. B HE

[13

—

[14]

HEHLT R, 2016.

YIN Yue. Study of stiffness of aeroengine casing with bolted joints
[D]. Liaoning Dalian: Dalian University of Technology,2016. (in
Chinese )

Wang S, Komvopoulos K A. A fractal theory of the interfacial temper—
ature distribution in the slow sliding regime: Part [—Elastic contact
and heat transfer analysis [J]. Journal of Tribology,1994,116(4):
812-822.

Wang S, Komvopoulos K. A fractal theory of the interfacial tempera—
ture distribution in the slow sliding regime: Part II—Multiple do—

mains, elastoplastic contacts and applications|J]. Journal of Tribology,

1994,116(4):824-832.

[16]

BRI RAE, 2010.

CHEN Qi. Research on gear contact strength analysis of automobile
gearbox by fractal theory [D] .Hefei: Hefei University of Technology,
2010. (in Chinese)

TRIBUE, k7 R, 3R, 55, 455 T ) Be il W B 0 TR AR R e 7
552 AR, 2009,40(11) :197-202.

WEN Shuhua,ZHANG Xueliang, WU Meixian, et al. Fractal model
and simulation of normal contact stiffness of joint interfaces and its
simulation [J]. Transactions of the Chinese Society for Agricultural

Machinery,2009,40(11):197-202.(in Chinese)

(ZhifH  BULLHF)



