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Analysis of bolt preload mistuned model and its impact on stress
distribution of curvic couplings

YUAN Shuxia, ZHANG Youyun, JIANG Xiangjun, ZHU Yongsheng

(Theory of Lubrication & Bearing Institute, Xi'an Jiaotong University, 710049 Xian, China)

Abstract: The mistuned stiffness model of bolted rotor with curvic couplings was established, and the effect of
bolt preload mistuning on dynamic characteristics of the rotor was studied. At last, the dynamic response of the
rotor was applied to finite element model as displacement boundary conditions to analyze the dynamic stress
distribution under the condition of dynamic bending, and the influence of bolt mistuning on stress distribution
of curvic couplings was obtained. The results show that the stiffness anisotropy of the rotor can be reduced
when positive mistuning bolt lies on the major axis of the running orbit, or negative mistuning bolt lies on the
minor axis. The stress variation of each tooth can be reduced if negative mistuning bolt is on the compression
side, and it will be further increased if negative mistuning bolt is on the tensile side when dynamic bending
happens, whereas the stress change tendency of curvic teeth is opposite under the positive mistuning
condition.

Key words: curvic couplings; bolt; rotor; mistune; stress distribution; equivalent stiffness

RIS RS ek o AR, BRIV R SR AT G T A s 1T I 147 2 5.
IR 25t e — AR PO A B2 AR A 1 i AT 1 S T AT SR P ] — T 3 i I, R 7 7
BB oA i g i e B S e — . i REE Rl Sl AR I Eosiw i A A B AR i
TR SR Y SR SRR AL, TN TAR2E b 1A AN 2 R e 1 g I B S R [
BHUREPEAN ] P A IR S5 5 R SRR i A RS B8 1 IR SR A B2 IR H I, X T
BRI L SRR S 3 BT AR RIAOBE ST R A e N 4 (blisk ) 45440 B

LIRS BR AR RS M, XA A b R —

WeFS 58 2012 —04 — 16, FLAE T i g S A R B A R S e R
EETE . ERILAPFT KRR VB H (2007CB707706) . Rl I K 298 i B 2 3 i 5 RS B9 i 1 3R 3 =3 Ak
EEEA: I (1977—) 2, Wik PG, xS TR R £ g5 0, DIdESL Skt

KRz (1947—) Lo, 282, T A H 0.
e o PRI f 2 IIIC BEMI SRR, Ut



H5H

R, A IAF R IR K OGS g 1T 44T 73 73 B 5 - 65 -

Fr A S AR A LRSS, — B ORE i A D B
BELEH R Campbell FIGET T30, IR AT A
SR R S R 1 N JR AR B G X T S 1) i
FE AR — TR R R, BRI B A 1Y
SYIFF BRI IR ARBLAF O HUR T S e
PIFFASE], WRZRAT R 55 7 2 i 952 1) 5 E
PIFTAN IR DTS e 125 W 38 A el e, 97 A
W25 16 S o) 1) AT 9 52 T4 D05 R AT B Ak
PEEA 5, e T le s S BURWERLAT 7 B /Y A 4
AR, DA 5 | KB 25 P 8 5 1 S Py Fof A
BRI ANR] T - 2 14 55 18 45 45 A ) 2R 08 T
FAZRECE 17 2 1R I 4% 1) S G 53
THLAF IR R I 5 36 0 3 W B2 145 17 Sl
JEASCEMF TN 2

ARSCHESE T PEFFHE 52K W W RE RS, R4 Hr
FRARIE R 5613 1 S R PRS2 Wi, AR 3 30 122
Mt 2R, — 2P FERLAT 2R W I s AT 067 10 77 22
PRLHEE, i A B HR 2%

1 HAF 8% F kR EAR A

FEFF I 0T TR B RS I A 1 2 2L 80
T T RGN , T S0 - RI B i3 B 2 A R
ZWF R R A R L T 9
T AR TR RGO R
SNBSS BB BRI BE ST TR AT S T
v R 7 R 4% i S 15 2 T T P A
P AL, Tl e B B0 T BB 5 5 v  AH 5 %
TR, L T RS2 B 7, TR 5 11
TR SRR AR Z B J7, S B 738 5] —
SEFLBEI , SRR AT L AR SZ B 7. SR
TR ROBESE , SRR (19 ] B 2848 T HIBE Y
FE IR 388 3 B 37 S5 IO B TR AT 6 0F. % R
A 2 R T 5% TN P 76 e fh R TG R
T 52 130000 (0 R AT by AT R 3% AT A5 B 725
I By P 2 DA B T S A T, FL Rk L
A1) A SCHE SRl b 452 R AT 55 2 S N
JiE AT

El = f[EJy - h)ldA + Y EALh +

i(0;=0)
R sin(2mwi/n) 7. (1)
s BTN 25800, B, e Bt e v
SN ONSENR S SN Y S Y WS E DR AT
B by VRS Z SRR n NHIAFEG R, VL
FEHG PR
MR AT SR SR I, 2 i e 7 W B
FEA A ) S, O HLh TR TR Sl %45 1) AT

TERTARPE. BBER) IR B R VS HE AT T 0° i 8, 7E
g bkt g5 n, 1 R ERIRE 1 rP AT
RTINS M B LT 1 A A
THEFE T, TR LT AN S S AT 19 o7 Bt &k 4B
AN AR X FICIAE M) n — 1 ARPLAT, Hat 8y
SR 19 ] BEAHRR] , (H 2% JE e % f B Ak
A& 1 Sk, I A (3) ~ (4) HIEX (sin) B
A% (cos) BT EN I wt. TR AIERT, $L
AR AN IUE R B 2 L (=Y E IS SR A A B 1]
PR FHU s P A oTlk, B A o, =0 B RR
A MR T RAEHIAT , T RIS S R AT iy 7l 5
NS ERFFAR, IEREEE K FHER
FF, SRS 75 ) /N TR B R, 2% 18 2k
R R R A, BI(3) ~(4) (T =
n) W, m HIIER, RIE R E LA KR KA K
(2):

n=(P-P)/P. (2)
s PR TCRIEHIFFBUE T 5 PR IR 5
71, RIERBBUEIEE Ry (- 1,1).

e
g2

LN 91 78
[ o8 2
A
P i

1 BIRFEFRIERETHFER

1 T 7553, RS RO E A AR,
SRARLFT e 31 52 B M, HEAFHLIE 9800 AT
X FHUA IO TTER , 55 W1 E -5 0k I AR TRD 5 1
R PLFTE 2 SZ B, SRIERATHLI 738, %
Fer uss = A oTiik, %5 7%5 IE AR BT RS20, 51
W BE 5 JC R W B A A I el i s R AL SRS
EROPIREIES dR

255 (1) WJ7EE, BOAF IS8 i WS i 353
JREIE CRLY J5 1 1, X J5 1 5 2 L) -

R Y iz

JLECy = h)/plan =

n-1

EAd,/p +EA(1 £9)d,/p,(d, =0);

i1=1(0,;=0)

n-1
EAd,/p,

i=1(0,;=0)

(d, <0).

(3)
Horpr
d, = Rsin(2wi/n + wt) + hy,
d, = Rsin(2wn/n + wt) + h,.



- 66 - e S

N

45 &

MR (3) AT LA PR JZ by 07
Y [0 S0

n-1

f[Ew(y—h1>2]dA+ EAL, +
A i=1{g;=0)
EA(1 £n)d,, (d, =0);
EI - n-1
LBy = h)*TdA + EAL
A i=1{z,=0) ’
(d, <0).

(4)

X 5 it Ik S Y Jr e, H s
(3) ~(4) "1 sin BUCH cos BT,

T RIS RLATAL T 32 H 0 F0 32 He ) < FF A
B, R(3) FIR(4) H5H dy =0 Rl d, <0
PIRME BL. Ho n B RIE3 HARZSHS R (1) H
. BEA(D) S C RSBt 1
Bk, AR SCAR M 0 2 0 MRS 55T vk RO A A
(1) WYFERL b0 1 ISR AT , % A% 1) Sk
PEATHE T X J7 A Y J7 18] SRR EE AT, 5K
(1) By rwf BEAR TR, Br2Aa(3) ~ (4) T ik
(AT

DL e I — AR R I i1 O, 2 4R
PIAFRIEI, Hi M (3) Fi(4) ;e kg ik
F s JRAE PLAT N AE e 3 W ep B AT, W] DL Rt
(5)#zX(6) K.

[ LBy =h)/plaa =

A

iz Sooo—aXx—xc—2

Y EAd,/p+ Y EA(l £n)d,/p, (5)
i(0,;=0) ’ j(i=0) '
El= [[E(y-h)?]dA+ 3 EAd, +
A i(o,;=0) ’
Y EA(1 £n,)d,. (6)
Jj(o;=0)

Horr, d, = Rsin(2mi/n + wt) + hy, (i HICKIE
i) 5 dy, = Rsin(2mj/n + wt) +hy, (G HRIE
FIkF5).

2 AT KRG X EE T 50 J 0 BB

PR PR 2R 0 2 X e 1 14 3l 25 e B3 il —
SN T S [ BT T AT 3l J 2 o Mg 4 fh 5
AR AT 2 W BE v 3 (1) B (4) 383, 501
MG RIEKE R T, 0 (4) AR R RE T,
L X R L G R B TS WL

ARSOR A FROGIE R — R LSS T
AT T B Sh 2R PR 2R AT T 0T, 1R TR
T 2, BT AGE SRR PR DL 1. i T S
TR EEFARELIE (445 16 S, 2% 77 A il O I
15 AR B SR e ) AR A —
e Sz b, IS IR B 2. X Tag sl iy
AE—F 21, e 7RO PR T D — S Rl T 2, anle] 3. 4% 1
JH1 8 B 25 MR L S B 20 AN ] A 1 5 v A —
T RAL A AT 3o e 2R — e B 1) 3 2 o 1o
PEAT I3, A5 SRR X e S 2 i Bz A S LR

= i

1 2 3 4 5 6 7 8

9 10 111213 14 15 16 17181920 21 222324252627 28 29

30 31 32 34 36 38 40 42 44 45 46 47 &8
33 35 37 39 41 43

OO0 ©06 6 0 OOOOB ® O GOBGEOOBBEDOD ® (ONEEIETTTTCDOE) @

2 E-ERMSRIEFRERT RIS TEE

Y [0 S, /mm

UM

s 10 12
B Al ) K8 /m
B3 HFRIERE FRIShSmEL

®1 R EMEES
WA PPERIR/GPa JARALL I/ (kg - m ™) 002/ MPa
KT 204 0.300 8 240 1050

B 198 0.375 7930 950
BUEA T ARBLFT A A2 8. PLAF R LA IE
RIS, RISRAT PR R T ERAT
PROTIESRE , S FR o TG Hi 4R 9 AR
JE A5 i) S, AS TR B AT G 38 B 7 A ) e 1




H5H

R, A IAF R IR K OGS g 1T 44T 73 73 B 5 - 67 -

P J32 R 4 A BEL 2 R At AN A T B 2R W AT 20
BINLTF AL T Hp 0° A1 90° {37 B ( Pl R W BE FHLJE R
A 1) S, A TR B o B A S R B R )
FEARRB G, 7 A A ) RO M BERELRE ) , P B LT IE
TR 30% 15 J0 2K 1 e 1 58— G 8 B 14 ) L i
fEDXFEE LI 4. S 5% A 25 T8 1% 1 A NI
JBE {68 55— W0 SO W BN 5 T 12 34 DU A =5 3
%5 T W JE 68 5 e RO W R/ . 5 AR Y
W E 2B IR, 35 X6 Al 910308 PR T AR i A Iz
B, 40T O B RAT 7 2 I 5 1 A 152 e J3E
TN, T2 U6l A A 152 e B i/ ) 5 T Ak 90437
PIAT S WA 5. T R 98 R AT 67 Tl O L A [
KL, B R VLA A0 (53 6 ol 2 75 1 el LA
WL/ NI 4% 1) S, NS AR E . VR IR
Ui, IERIE N —E TR AR T 5% 7 sh e i, (5
RSV A AT REE A S B AT R 2o v i 5 BCRAR.
DAL e PR 5 T S0 Bl R B ST TR ]
T ANEE AR ORI o 7 AR IR O T L AR A o
PESIRD.

—a— 0%
—o— -30%_0°

—0— +30%_0°
—A—-30%_90°

100 7 —A— +30%_90°

Y/pm

_100 T T T T T T T T T 1
-125 -100 =75 =50 =50 -25 0 25 50 75 125
X/pm

4 HFARXEEXTHRFE-RLEEMH T

3 AT Sk A 3 A B A Y
o AL

Hi P&l 4 R, SR RLAT AL T A [ 67 B ik 4% 1
ol Co I8 A A ) P EE ATl e 3B, B ORI
FFALT 30°(210°) iAo 08 PR G I P2 e
K8 TERAM LI, 0061 B 5 30° 4 B FLAF K
JIe 7= A 0 Bl 25 W S AR ZE AR /. S 55 AR s il A X
IS, BIFFE 2R 98 BT Ak 1 0° s S 17 5847 BE A3 A
L

TR FUEE I 3 Ik, S A 50T IO 77 A L 850 4%
SIPURIA — & X, 3% 204 P 5 T LA < 15 5
SERVETUIE 1 e 1 [ 105K 7, 66743 g 17 9 147 A i

BTN S A B TC R T TR O
T AR R iy T 5 1 S A0 N 5 | R Bl 0 T 1Y)
AR

AR SR FEAT BRGS0 5 4 Vs T 9/ 1A
SRR X 10K TR AL S R AT 4y
BT, FFHERAT SR F 1y o 7 i R AR B D0 22 4
BTAR Y A5 SRR R 8 B s 187 I 1 7 ) 437
TG AR —ERR I T, 2% T B
R AT 180 A4, BN I A R 10, v ]
R 105 0 — ke S A 4. 12 MR JE
IR S SR A — . R AR T 15 A~
Vi —AHikT. Xt iE & 5 (4hF 0°f ERiFT
T 5 1E KIS 30% S0 F 1SS AT AR
R R % E ) P OE R TAR R A3 15° 3 Bl —
R IS D PR 1208 Bl 32 B2 vl B0 T A
FAGIER, TR AL, BUEFE 8 1) B i A
FREIAT TR AEAE TR PR AL, AT AR 2 B 3
K, I HARBIE R T HEC 8BRS, 78
BLOIMPERT PR ELO IER T A, S5
PIFFAL B MR W ARTE K, B TIAAARON , Hofi )
& 1] ) B AR T K, T o 3800 T 9 0 & 1) g
J3 ) N 9 LR B AL E R, BT LUE B
TR ST 8.

—— %P ——-30% 1k

——0%TAF ——+30%Ti%

4001 —— —30% & ——+30% L fE

von Mises W JJ/MPa

0 ' 3'0 , 60 ‘ 90 ' 120 '150 180
ity IATICEAT G

B5 AT s I A R

MELS AT LA H, 55 IE 712 380k s T 9IR
YT B 7 o0 A1 5 i SE AR AR . TAR B Bl A 4%
AL M N R AEL A AN [|) 5 90058 & s 2 7= AN
[) FA) 5 L. b i B AR BELJE R PR e e T RIS
RARAE, 1 W SO BB AT SR Z MR R, T A 2
(], X AR SCRIFFE A0 -, L3l 2w 1 7 30°(210°)
J7 ) d5c K, T 150°(330°) J7 [l de/h (456 & 4 /)
D) FELA, 25 007 8 AT 1E 2R 18 I, 0° 407 5 i [
WE{B e KA 045 1) 1E SRR B hn 1z 7 i b, g
6l 1E 218 5 g 1T I 047 18 7 43 A1 BTN 34, EE 2= A
T IR 5 A R WS — 2L K T 0° 47 &
) 50 285 W 1, o8 s 1T S04 102 1 2 m K. SR 4b
9037 B PLAFF 1 S35 D) 23 oA i TR I 7 (49 107 ) 22



- 68 - MoK R

T

A

N

45 &

AbF 90° (7 BEALFT T 2K W B IR oo M — i 8 B ik s
S T I A4 IV 7 2% 1HL B R3O 8l 2 iy B3 K [l A
Sy R 3 07 7. DRl AR HE 2 AT I
SR L5 dre /Nt R I 7 B A I, AT A fie ok
i TAT AT IO 73 2 A BI04 2, AEL IE 2R 3 b 25 —
E FREE, 73 )22 S BV i Rmisi n g% 1.

PAETHE IR ARBIAT RO 2 PTARTE
FRARIS I, G 5, QSR 2R R AT X Bk 201, )
PRI AR S A ] 520 i HE 2R 520
it E2 D ) TP 2 X U s YA 6 A2
oA (E (R 2N T SO # 2R, 2Rk
WERLFFARXIRR AT, AR IR 227 A= e 8. TARR S
PR 1B 2™ A AN TR IS g A, AR B0 ml
AR AR AT 7 B R FHAS SCHR 19 05 i kA3t
B X T 2 RT3 B I D m] R T2 50(S)
HIC6) T (R ZARALFT 238 X O o ik s WP
N RAVERLAT, WL Sy T I BLAT, BT L, ZARAT
SR I T A L A T ST, LT 1 T
A SR TTEA R, A SO BARTHE 2
RTS8 ]

6 e 7 RIAT AR R BE R IS 25 00T
S 1T N A4 IO T3 AR AR FEEL 6 Hp 7 1 AT 0047
RN WERLAT AL, 4 90 £ T 180° i .,
SR BT 100 B 70 S BIF 5T 1 A A Ak s i 9K
IAERS LU0 N SRR . B R, i T
RIEBAT IR /0T HERAT, RSB X4 £
VR I/, e i 52 3 Jol 1) AN 3% 50 B9 SR 48 7 i
K = HE G 2l 12 5% Sl Rl A BT 2% 18 5 (0 3 o ir 3
K VAT BR T 2R W A7 1 1 91 247 12 7 A
B, FRVERLAT X T S 1A SN AT IO g 2 g 4% 5 T 4K Ik
ARTHE. R 1 AR 90 BN ) A2 A A
S S0 J3 AL I A R BOAE T 9I 1A
TR ABAS 22 R S TR FE 51, G ik s 1T 91247 17
TIR/NBUE AH A .

390

—a— i 1 TH 1
—— i1 Th2
= 360 —A— i1 TH3
= —— {1 THl4
R i —o— 1490 L 1
2} 330 —o— 17 90 T.% 2
8 —A— 190 T4t 3
= 300 —#— 1 90 T 4
§
270
2407, 0.2 0.4 0.6 0.8
UNLES

T 11— )5, T.00 2—7+5# % 3 000 /min,
T 3—HISER, T0 4—sh 54
Eo6 HNHAREREEHKRIEHEINEGE 3T

A 7 (A5 T 04 T 2578/, I
o S EARLFTA T 0° (7 8 , T ARl 7K R AL
R A0 A T 0 5 032 0 R
AU 3 38005 45 2 RT3 T 180° 37 8, W4
Tl 2525 0 52 000, 0 T 0457 7 K5 )
Soifh— AR A% SR T I 0 8 ) 2% , B R
2 1) S o TR 177 A TS RS0, T
T 2 U2

SRR R B, 78 550 H PR R A
A A R FT 05 1N E O, Bk RES T8
AT MR 53 e 1 W, DRI T 15 B 240 22 1 O
R
4 % %

1) 45 T4 2 R A .

2) I 2 R FT A Tl B 1 4 i
72 LT T . 52 5 37 T 2
PNEET A% 1) S I TR . I FLRIRFIE 2
VRS 5 /N 7RO NG R B ) o 4
A AR S TG 24 087 430 A A5, (LI 2%
DRAT — i WL , 76 W 2 5 B80T % 9 3o K T 454 2
5 F-

3) BOIERT BT R RA T — i R
B, A T R 2 SRR TS 1N O, 5 47
HPRR 5 e f e, DRI T 6 e 4 1

4) SR RLFF b T S5 9 52 P U
AR AT AL ST I B 107 7 90, I8/ T 4% 35 T
IR ) 2% £ T AL T 3h 2525 i A2 LU , 2% s
FFALS TG 7 70/ 1N , WU 23 3 — A1 1 4% 4 T
IR 125, T 2 0 U A L.

2% Sk

(1] Fars. ZAE R T - R R g ka8
T (D], PY2e: PEAL Tl R 2, % 2% B,
20061 -2.

[2] GANINE V, LEGRAND M, MICHALSKA H, et al. A
sparse preconditioned iterative method for vibration
analysis of geometrically mistuned bladed disks [ J].
Computers & Structures, 2009, 87 (5/6) ; 342 - 354.

[3] SHAHRUZ S M. Technique to eliminate vibration localization
[J]. Review of Scientific Instruments, 2004, 75 (11):
4629 -4635.

[4] SHAHRUZ S M. Elimination of vibration localization in
mistuned periodic structures[ J]. Journal of Sound and
Vibration, 2005, 281 (1/2) . 452 -462.

[5] YANY]J, CUIP L, HAO H N. Vibration mechanism of
a mistuned bladed-disk [ J ].

Journal of Sound and



H5H

R, A IAF R IR K OGS g 1T 44T 73 73 B 5 - 69 -

Vibration, 2008, 317 (1/2) . 294 -307.

[6] YOO H H, KIM J Y, INMAN D J. Vibration
localization of simplified mistuned cyclic structures
undertaking external harmonic force [ J ]. Journal of
Sound and Vibration, 2003, 261 (5): 859 —870.

(7] F%, 2HD iz & SIS - 355 20 4
RISR A M. de st BB Tk d etk 2009
1-21.

[8] CHASALEVRIS A C, PAPADOPOULOS C A. A
continuous model approach for cross-coupled bending
vibrations of a rotor-bearing system with a transverse
breathing crack[ J]. Mechanism and Machine Theory,
2009, 44 (6) . 1176 —1191.

[9] DARPE A K. Dynamics of a Jeffcott rotor with slant
crack[ J]. Journal of Sound and Vibration, 2007, 303
(172):1-28.

[10]LIN Y L, CHU F L. The dynamic behavior of a rotor
system with a slant crack on the shaft[ J]. Mechanical
Systems and Signal Processing, 2010, 24 (2). 522 -
545.

[11 ] ANDRIER B, GARBAY E, HASNAOUI F, et al
Investigation of helix-shaped and transverse crack
propagation in rotor shafts based on disk shrunk
technology[ J]. Nuclear Engineering and Design, 2006,
236 (4): 333 —349.

[12]DARPE A K, GUPTA K, CHAWLA A. Dynamics of a

two-crack rotor [ J]. Journal of Sound and Vibration,

2003, 259 (3): 649 -675.
[13] SEKHAR A S, MOHANTY A R, PRABHAKAR S.

Vibrations of cracked rotor system: transverse crack
versus slant crack[ J]. Journal of Sound and Vibration,
2005, 279 (3/4/5) : 1203 —1217.

[14]DONG G M, CHEN J. Crack identification in a rotor
with an open crack[ J]. Journal of Mechanical Science
and Technology, 2009, 23 (11) : 2964 —2972.

[15]GREEN I, CASEY C. Crack detection in a rotor dynamic
system by vibration monitoring-Part 1 Analysis [ J ].
Journal of Engineering for Gas Turbines and Power-
Transactions of the ASME, 2005, 127 (2) . 425 -436.

[16 JISHIDA Y, INOUE T. Detection of a rotor crack using
a harmonic excitation and nonlinear vibration analysis
[J]. Journal of Vibration and Acoustics-Transactions of
the ASME, 2006, 128 (6) . 741 -749.

[17] PRABHAKAR S, MOHANTY A R, SEKHAR A S.
Crack detection by measurement of mechanical
impedance of a rotor-bearing system[ J|. Journal of the
Acoustical Society of America, 2002, 112 (6) ; 2825 —
2830.

[18 ]SEKHAR A S. Crack identification in a rotor system; a
model-based approach [ J ]. Journal of Sound and
Vibration, 2004, 270 (4/5) . 887 -902.

[19]YUAN S X, ZHANG Y Y, ZHU Y S, et al. Study on
the equivalent stiffness of heavy-duty gas turbines
composite rotor with curvic couplings & spindle tie-bolts
[ C]//Proceeding of the ASME Power Conference. New
York: ASME, 2011 567 - 576.

(%WE # )



