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ABSTRACT

In the structural design of modern aero-engines, rotating blades—serving as core
work-performing components—directly determine the overall performance of the engine through their
operational state parameters. Among these, blade tip clearance is a critical parameter governing both
engine efficiency and operational safety: while a smaller clearance enhances aerodynamic efficiency,
it significantly increases the risk of blade—casing rub; moreover, even minor rub events in the early
stages may initiate and promote crack nucleation and propagation within the blades. Once a crack
propagates, it leads to a dynamic reduction in tip clearance, thereby exacerbating rub-induced faults.
Concurrently, transient impact loads generated during rubbing can further accelerate crack growth,
establishing a positive-feedback-driven damage cascade that poses a severe threat to engine safety.
Nevertheless, current research on such compound faults remains confronted with several critical gaps:
@ a lack of high-fidelity whole-engine dynamic models that integrate blade cracks and casing rub,
particularly those incorporating refined coupling among blades, rotors, casings, and nonlinear
supports; @ insufficient systematic understanding of vibration response characteristics and energy
transfer pathways in the presence of compound faults at the whole-engine level; @& absence of
comprehensive experimental platforms capable of simultaneously replicating multiple operating
conditions involving such compound faults; and @ no established diagnostic metric framework or
identification methodology specifically tailored for compound fault scenarios. Addressing these
challenges, this study focuses on the compound fault of blade cracking coupled with blade—casing rub
in aero-engine whole-system dynamics. It systematically investigates coupled dynamic modeling,
vibration characteristic analysis, and fault diagnosis methodologies. The primary research components
include:

(1) A dynamic model of the entire aero-engine system, incorporating the compound fault of blade
cracking and blade—casing rub, is developed. For the rotating blades, dynamic equations are
formulated based on Hamilton’s principle, explicitly accounting for centrifugal stiffening, rotational
softening, and Coriolis effects. A breathing crack model is introduced to accurately capture the
time-varying stiffness associated with the cyclic opening and closing of the crack. This single-blade
formulation is subsequently extended to a coupled blade—disk—shaft system, wherein finite element
methods are employed to rigorously enforce kinematic constraints and dynamic interactions among
blades, disk, and shaft. For the thin-walled casing structure, an efficient modeling approach based on
conical shell elements is adopted. The rotor and casing subsystems are then interconnected via a

five-degree-of-freedom nonlinear rolling-element bearing support model combined with linear
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support elements, thereby establishing a comprehensive whole-engine dynamic model. Building upon
this foundation, an innovative integration of aerodynamic excitation and a dynamic blade tip
clearance-dependent blade—casing rub model is implemented. Rub-induced contact forces are
formulated based on energy conservation principles. Consequently, a complete whole-engine dynamic
model encompassing the compound fault of blade cracking and casing rub is established. Notably, this
model represents the first effort to achieve coupled characterization of blade cracks and casing rub at
the full-engine scale, providing a high-accuracy theoretical framework for vibration mechanism
analysis and fault diagnosis of aero-engines.

(2) Building upon the proposed whole-engine dynamic modeling methodology, this study
conducts systematic modeling and validation efforts on a casing-equipped rotor test rig. Initially,
in-house dynamic models are developed for key components—including individual blades, the
integrated blade—disk—shaft assembly, and the casing—using custom-coded numerical programs. The
accuracy and validity of these component-level models are rigorously verified through comparative
analyses against ANSYS finite element simulations in terms of both modal shapes and natural
frequencies. Subsequently, elastic supports and nonlinear rolling-element bearing characteristics are
incorporated to assemble a complete in-house whole-engine dynamic model. The fidelity of this
integrated model is further validated by comparing its predicted modal characteristics with
experimental modal test data obtained from the physical test rig. This comparison confirms the high
accuracy and reliability of the model in capturing the engine’s global dynamic behavior, thereby
establishing a trustworthy numerical platform for subsequent investigations into complex
fault-induced dynamics. With regard to fault mechanisms, refined fault-specific models are developed.
For crack-induced faults, a breathing crack model is implemented for the blades, and a systematic
parametric study is carried out to elucidate the influence of crack location and depth on the blade’s
natural frequencies. For rub-induced faults, a coupled rub-force model between cracked blades and
the casing under aerodynamic excitation is formulated. This model not only undergoes comparative
assessment against classical rub-force formulations but also enables an in-depth investigation into
how crack parameters and aerodynamic loads modulate the characteristics of rub forces. Collectively,
the aforementioned modeling and validation efforts lay a robust foundation for subsequent nonlinear
dynamic simulations involving the compound fault of blade cracking and casing rub, facilitating
deeper insights into whole-engine vibration mechanisms and enabling effective extraction of
fault-sensitive features.

(3) Dynamic simulations and experimental validation are conducted to investigate the

whole-engine vibration characteristics under the compound fault of blade cracking and blade—casing
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rub in aero-engines. To this end, a aero-engine simulation test rig is independently developed. This
platform integrates a modular bladed disk with prefabricated cracks, a controllable aerodynamic
excitation system, a real-time dynamic stress monitoring system for rotating blades, and an active
rub-inducing mechanism based on servo actuation and triaxial force sensors. This comprehensive
setup provides robust experimental support for the study of complex fault interactions. Using this
platform, in-depth analyses are performed under three distinct conditions: isolated blade cracking,
isolated rub, and their compound interaction. The results reveal that aerodynamic excitation plays a
pivotal role in triggering blade resonance and transmitting characteristic vibratory signatures to
stationary components such as bearing housings and the casing. While blade cracks induce a
measurable reduction in the blade’s natural frequencies, their influence on the macroscopic
whole-engine vibration response remains subtle, rendering them insufficiently distinctive for reliable
detection in isolation. In contrast, rub faults generate pronounced transient impacts, manifesting in the
global vibration signals as impulsive waveforms, rich high-order harmonics of the rotational
frequency, and combination tones involving both the rotational frequency and blade natural
frequencies. Moreover, the impact energy propagates along the casing from the rub location toward
distal regions, exhibiting spatial attenuation. Under compound fault conditions, the vibration response
exhibits a superposition and nonlinear interaction of the individual fault features: the concurrent
action of aerodynamic excitation and rub not only preserves the resonant peaks associated with blade
modes but also excites additional higher-order modal combination frequencies and intricate harmonic
structures. Notably, across all tested scenarios, the presence of a crack primarily manifests as a
consistent downward shift in blade natural frequencies, without generating independent, uniquely
identifiable spectral features. Furthermore, parametric studies on crack propagation demonstrate that
the progressive decline in blade natural frequencies serves as a robust and sensitive indicator for
online monitoring of crack growth. Collectively, these findings significantly advance the mechanistic
understanding of compound faults and provide a critical foundation for the development of
engineering-oriented diagnostic methodologies for aero-engine health monitoring.

(4) To address the diagnostic challenges posed by the coexistence of blade cracking and
blade—casing rub—a compound fault scenario in aero-engines—this study systematically investigates
feature extraction and intelligent classification methods based on casing-mounted acceleration signals.
First, to overcome the difficulty in directly detecting the subtle shifts in natural frequencies induced
by cracks, a resonance-speed inversion method centered on a combination-frequency intensity metric

is proposed. This approach transforms minute frequency deviations in the spectral domain into
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pronounced shifts of resonance points in the rotational speed domain, thereby enabling highly
sensitive crack detection without the need for strain gauges. Second, to enhance the detectability of
weak rub signatures that are often obscured by noise in acceleration measurements, a signal
enhancement strategy is developed, wherein genetic algorithm-based optimization is employed to
identify the most informative frequency band. This strategy synergistically integrates autocorrelation
analysis and cepstral features, significantly improving the sensitivity and robustness in identifying
incipient rub faults. Building upon these advances, a hierarchical diagnostic framework tailored for
compound fault scenarios is established. Under the premise of confirmed rub occurrence, the
broadband vibratory response excited by rub-induced impacts is leveraged to extract high-order modal
combination frequencies of the blades from the casing vibration signals. These extracted combination
components are then used to inversely infer shifts in blade natural frequencies, thereby enabling
accurate identification of crack-induced damage. Experimental validation demonstrates that the
proposed methodology effectively discriminates among multiple operational conditions, including
healthy states, isolated cracking, isolated rub, and the compound crack—rub fault.

Keywords: aero-engine, whole-engine dynamic modeling, blade crack fault, blade—casing rub fault,

compound fault mechanism, vibration characteristics, fault feature extraction, fault diagnosis
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Ry + Xp u, Ry + X +U,
=r+Ar,=| VYo [+ V% [=] VYpt+VY 2.0
Zop W, Zyp W,

HA, Xp v Yoo s Zp 23 A RIFAA SR SR U I KT ) JEERE T AR T T ) A
bro

e RS AR B U &S, I R Timoshenko $RREATELL, @ik 2.2 iR, o,
SE I TR JR R AL AR R R IR T G o I b i P TE B AR R R A AS ) B AT DRI :

cosd -sin@ 0| Ry + Xy, +U, — Yp, &,
r,=|sing cosd 0} Yoo + V4 }
0 0 1 Zp, + W,
COSO(Ry + Xup + Uy — Yoo, ) —SINO(V, + Yo )
=| SiNG(Ry + Xy + Uy — Vpoy ) +€OSO(V, + Y,p)
Z,, +W,

(2.2)

Hoif, 0 NAEELINERE A RES, 0=t .
T PR AR R, BRI BB IRED RO, 7 DA U I i

SRR R LRI (35 TR 3830, 42, =0 w, =0.
TR R, JEEAE To T LA A

1. e s . 1
T, :EIrspdm :EIrJP - Fpdm =

EIoLh o Lb i7F,,dAdx (2.3)

Hrf, pyy ARIL, G0 AU R (K85 B L RERBTE R K

hy
] L\, Voo DA =D, [ 3 v,y = 1, (2.4)
2

Herf, b,y hys L PR ITEEE. R R .
B e AR T R WAL, G AR B GRIE RN DLE B - HLERLEE, ek
- B3 RERT AR RN

1 0 ou
v,=3], Eblb[a‘)‘(’:] dx, + jEAb( bj dx,

1¢L ov, (N ovp Y2
+§IO K, AG, [a‘@bj de+EIO fbc(xb)(a) dx,

He, Epv Gy ks fr (%) 28 AIFRIRIH R IREE R BIUIREE . BIUIREL. EO0 7.
HPE 2.3 Al%n, oo dx BTS2 20 B0 77 df L (X) s
df,. (x) = (0, AdX) @’ (R, + X) = p, A @ (R, + X)dx (2.6)

(2.5
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DRIk, P R e SR R BTS2 2 88 0 T ] AR ON «

(0= ["df, (0= pe [ AR, +xX)dx

1 2.7
= pra)zA] (2R + L, +x)(L, —x)
Vo oy %-0,
7/ Yb Ry L,
y Op jﬁ [T dfue) — X,
p— o X OX
2.2 Timoshenko $245 175 & 4] 2.3 ToTRE L IR E K
A T30 R BT R T, BT AR IR A
W, = IoLb F, v,dx+F, Ub|x:Lh +F, "b|x:Lb (2.8)

Hrh, R MK BRSSO EST Ry, N R HRITZIAI T Ry M R AR
ZICRsE
R IR 20 75 #2 0] B Hamilton JEERHEATHES:, HO7RRWF:
5jt: (T, —V, + Wy, )dt =0 (2.9

¥ (2.3), X (25) Az (2.8) RARK (2.9, Loy, su,« 6V, « Sp, Fl 66 NI AT
ALy, 2 60 W, 153 ek v 78 2 B e iis sl T iR .
A su, BSZIAR Sy, LAt AT

L .. Ly - . L - Ly s
pbA\)J.o ubdx_zpbAb_[O Hvbdx_pbphjo ezubdx_pbAb'[o v, dx

(210
+EAUL)- [ E A=A [ (R, +X) 0k + Fy |
LA ov, BALHIAR Ty, 2 HEFALTRIAS
PbILb AV dx + ZprLb Av,6u,dx — prLb A 6%, dx + prLh A 6u,dx
+x,Gy A (Vp — J 5,G, (AV: + Ay dx+J .G, (Ao, + Aoy ) X o1t
+ fo (X)Vy N —IOL“(be (x)vy + o, (x)vg’)dx+ anv{)|xzLb —jo (FonVy + Fyvy ) .

Ly o Ly
=—p, [ A (Ry +x)8dx+ [ * R dx+ F,
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meod
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sin(e; x)

.

Bi (X) =

¢z (X) = cosh(4 x) —€os(4 X) + &, [sinh(4,X) —sin(4 )] (2.14)
_$a(X)

Brsi (X) = —iﬂ

Hob, o=2i-1)7x/(2L,) , =123 =+ Nomoa» FH, Noma A H 25 8 W7 B %0 .
&, =—(sinh(AL,) —sin(4 L))/ (cosh(4L,) +cos(AL,)) s A M cosh(4L,)*cos(AL,) =—1 I HEME
WA b, N AUE . AL, ~+1.875104; J,; m,; AL, ~+10.995541; HiT 4, (X) N
HERE, BTl AL BUEHIERERATLL, SRR, 2 i=4 B, SAMRHERR A2 88 HE i by
AL, =(n-1/2)z,n=45--,

Kl (213) M3 (2.14) AR (22100 -2 (2.12), WL THILL G, oy M 6q; 15

Npmod .. Npmod . . Nbmod b .
Po Z IOL A)¢b1i¢bljdxubi -2p, Z IOLb Ab9¢b2i¢mjdvai Py z _[OL Ab92¢b1i¢b1jdxubi
ij=1 i=1 i=1

Nbmod

Ly . . Npmod ,
P z .[o A O P DV + Z By Adif;
i=1 i=1

Ubi
x=L
(2.15)

_ ,I)Zm:d .[oLb E, (Aa%li%lj + Ab¢t’)’1i¢blj )dXU bi

Ly . .
:pbjo A\: (Rd + X)‘92¢bljdx+ an¢blj|x:|_b (J =12, meod)
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Npmod
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i1
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meod
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mead mead
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BRER 0.Xo,Yb,20 L TARIA] L A )RR B 7 1] AR AE A% AT £
A A, AR R

cosd,, 0 sing,,
A =

1

0 1 0
-sing,, 0 cosé,,

1 0 0
=0 cosf,, —sing, |:
0 sing,, Cosb,

A, =|sin(9+86,) cos(3+6,)

0 0

cos(4 +6,,) -sin(4+6,,) O
0
1

Hrr, 8 =0(t)+(i-1)27/N,, O(t) NEeHIZEIMAE, (1-1)27 /N, fii& 75 | DA
R A AL, No A THG O Oy A1 G, 23 TRUT XY BRI F AR RO FHL A 41
AN G AL R E AR R PR T IO RS s Blw, =0 o JUES 0 AN R BB RERIA
EWSE
1pb 2
Tibzgfo Pydm (220

(22D

—

i=1

Jre#ent P>k Al & Timoshenko %2, HHSRECLIRIT /T2 i3 RE . BhIa L 4a 9B AE. BT RE
LB BE DAL HH IR TIUSE AT 7 A B 550 AR K B S AR R ARSI O

V, == j“ (dﬂ] +1ijEbA)[dijzdx

. (2.22)
1t dv, dv, 1 L[ dv,
+§j0 KA,Gb(dX j dx+= j fbc(x)[ j dx+§anj0 (WJ dx
N,
Vi, =DV, (2.23)
i=1

RACRAET A, i 5 MNITEER, fRashieas rashmfikazhse, HE
BN
Td=%Jp(9+9dz)2+%md()'(f+Yf+Zf)—Jp(9+édz)édY0dx+%Jd(éjx+6’jY) (2.24)
Hor, 3, NERIREE SR, I VR BN EAENIE, 0 N mIEE, m iR
X~ YR Z 5 BORE RO AR /K. 3 B A 7 W BRI RS, O, 1, U XY HhiE
BRI, 0, R Z Fhiii A .
AR AR 7 WL, A0 S5 AT O AL 2 R (08 R 2«
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X, =X, +e,c08(0+6,,)
Y. =Y, +¢,sin(@+6,,) (2.25)
Z,=2,
Hrr, e, NRETUL SR OAESI WO X, Y M Z IO KIK. 2B A
[ 77 18 BRI AS, ANRR AL BhRE: |
1 . . \2
T, =§Jp(e+0dz) +

%md ((Xd —esin(0+6,,)(0+ édz))z +(Yd +ecos(6’+6’dz)(9+¢9'dz))2 + Zj) (2.26)

o 1 . .
=3, (6+ 65, ) Oy O +53, (65 +63)
e HER A PR IT Timoshenko ZEAARUELALL, He Al hRe s N:
T, =%qu M,q, (2.27)

Hr, M AR R R, g I R .
) B aER AN
v, =%qIqus (2.28)

Horb, K ONFSHIIRIIERE,  q, NFRAIA 17 &
R - f - B S RGURE AR RIS R

Ttotal =TTb +Td +Ts (229)
MR- B - HRER S RGRER AR
Vi =V +Vy +V, (2.30)

T 2GRz~ AMH A A AN Hamilton J5 BRI -
5_[:2 (Ttotal _Vtotal )dt = 0 (231)

KA IRTC R0 Fe A ge £ 34T oo didE, KA Galerkin J5 20 it f AT B AL, fe2& ]
DAS R Fr - 4 - B S RGUBARIZ S IR

MI’Sql’S +(CI'S +GI'S)QI'S + KI’SqI'S = FI’SO (232>

Hrf, Mo G K Mg oAl T - MRS ARG R FESRAERE . IR EEA

SRR C ON¥T - MRS KRG R IARLEERE;  F o . R - 4 -
R B R RS B E I 2.6 s, MR - B - SRR GEE R R
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(Nod~ R RS ARITEN L (Nomoa) s M T HRZNTT A0 F L (Nodots 53 Noaor = 3D+ Fefili H1 7T 4k
B (ND BLEFERT ST HHE (Nrots A3 Negor = 6) A5G, Fert My A3 i MoH Fy iR
B, My RIS | S TR RS, M IR - R A TR ERE, M, i R R
RO, M, BRI . M - £ - B G NI R R 5 BE R 4 20 2 JR LS o
B8 W 2.7-K 2.9 Fos, e KOS | MO RIEERERE, K OB AR | SRR,
Ky AT FERE AL B K BINRIBERE RS, Koo AT - B - SR G S IE A SRR A I 2R
B, Ky AR - - BRGS S A RS NIEERERE: G, NE | M R BEIRAERE, G oM
REENSE | ANFERRAERE, Gy, NN TERA AL B M INFEARAERE, G, i - i - BRGNS
FEIRIERE . M - & - ARG RARS) T A AR UL =% 2.

Ny % Npog X Npgor Nimog X Npgor

2
P4

X

£
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X
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=
EaNy

B [t s aman g
=z
X

—
—

* I S A
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:
»

X2 Ai [ &
z M=+ i =
=
. ul EETE
AN
T

(‘Nr+l)XNrdof
Kl 2.6 it f - 8 - Hi RS REMF AR R

Ny, % Niag X Nigor Nimog X N
; E D[t s o s
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| Mt | Rl 3

3 * e 12 R
5 i z
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=
| T

bmod bdof

Np X Niyog X Nipgor

e

e Ne
T

(‘Nr+l)>< N gor
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N X Niymog X Nt Npmag X Nigor

Ny, X N X Npgor

| R
g [[rtre ramaa

F
X
X
—
< ’ _ +
] - B >
£ L L
z 5 €

-
3 =
o 5 W

alN
A=

x N

BB Iy R

)]
E
A"

T
T (N, +1)x N g

Kl 2.8 M - 4 - B RGFIRA M A RR = A

N}, % Npod X Npgor + Npmog X Npger +(Nr +1)X N gor
|

T T T A A O b
W

K29 it - A - MRS R A

2.3 HEENNFER

PUARHT A RS EARALIE B A PR B R AR T RN I 5e ik, R HLE
BEJEARRT R . BEXT SRS RFIE, AT DA S A A =R B S Wik i Fe 5ok
HEFE T AR Ttk S LUAT ST SR il i 7 # e B HE 5T T, AR T SERG SR
B RER B EE AT MRS TTHEAT /AT, RZEAINT B . EANERIR, BT
B b T 52 o BAT /A B E B, AR ORUIEAS L A (R IN AT 2 AT 5 AR BT 4R LI A
e, J&F ERRFTaiie, AUER A FRoTHHE e e ik T AL 3 7y @i

FERHLIE SN /2 A, SR T 00 R B OMBMBUE & 1 R, A 5 24 2 9 70 e 1
QUELAERTE E R L. EE T, HRKEAZ;
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6] 2.10 #iHEFE TR AR
Bl 2.0 e o AHETIAIE 2 ROZ NWHLIEEHAKR: RO,Z, AHLIE s kApR (LR
B R TR R AT AR R AR s u JINLE R AR s v, LIRS w, bl
FARRARE: B, ANLER .
FEAHLIF TS 2 AN 8 (A, 500, 19 i, R AL, AR 2 BN -

sci :[Uci \_/ci V_Vci Eci i (233)
Scj = [ch \_/cj V_ch Bcj ]T ( 234)

UIALIE BT A% 0 .
Sce :[Uci \_/ci V_Vci Bci ch \_/cj V_ch Bcj]T (235)

HUIL AR A AR AL ES 55 WL IR & AR AR A% 2 8] R 9% & ) R SR

- |8,] [r, 078,
o =" |= (2.36)
8| L0 A8,

Forb, h UL ARAR A AR -

cosp, 0 sing, O
Y (2.37)
—sing, 0 cosp, O
0 0 0 1
HUE R AR AA AR 2 BHESE B e AR P RoR
M m;
Uy =Y Uy, (s)cosng  Hhia W, = > W, (s)cosnd 427
i ; e (2.38)
V=DV, (s)sinng - Vil By = B (s)cosng A
n=0

I
o

n

Foerb, o m LIl R
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TREA:
L_lcin
me \7 me _
Z _— = ZTcn 8cm
n=0 Wein n=0
cosnd, 0 0 0
T - 0 sinné, 0 0
N 0 cosnd, O
0 0 0 cosné,
FeT 3 T B MR N N
1-& 0 0 0
Nci = 0 1- éc 0 0

0 0 1-3¢7+28° L(&-382+¢&0)

E 0 0 0
Ny=| 0 ¢& 0 0
0 0 35-2&° L(-&+&)

Hep, & =S /L, S, NTRANR, L oANLE IR,
HLIE F.T0 AR — s AL W] 3 RS R -

A (2.39) A (2.43) 715

n=0

¥

_ a0
b =
K

HFe AR B, AR &, KN A AR R Z ] 5 e

e-gnn e -gn waf]

(2.39

(2.40)

(24D

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(247
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e.=[e &, N, O oo, o8, (2.48)
as,
sin g, 0 COS @,
I, r.o06, r.
19 0 _sing, 0
r, 00 s, T, _
& = o f, (2.49)
0 0 -—
as,
cosp, 0 o*  sing, 0
0 2 Ap T 2~p2 <
r.” 00, r.°00, r. oS,
0 cosp, 0 sing, cosg, sing, & 0?
i r. oS, r’ r} 06, 105,00, )
(1 4 O 0 0 0 ]
g 10 0 0 0
0 0 K g 0 0
2
Eh 2 2
D,=—"|0 0 0 _he_sh 0 (2.50)
1-u 12 12
2 2
0 0 _#hT o he
12 12
1-pu)h?
0 0 0 0 0 (Gl
L 12 i

Seobr, D BURBEARE, p STHUEIAEL, b SHUESEIREERE, bl .
FHLIE AL R AAERE, s

m,

82 :Z[Bcin Bcjn]}“cﬁin (251)
B - SchnTcn
(2.52)
{B SchTcn

HLIE e NIRRT -

K:, =[ ["[B.] DB, Lrdods HZ”E;"BCE'” :Egi’":ldedg (2.53)

jn=c~in in=c=jn
:/H\:EP’ Ein:Bin;“; Ejn:Bjn;\’
MU 570 5 B AR RN R
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M(ﬂ) M(n)

MO MO

Me=| o o

|: cji c”:l
Mgll) J.J. |: :' |: ci:|pcthcrcdgcd§c
My =[ [, TN ] [N5 ] phLrdods,
MG = [ [ [N; T [N5 ] phLrdgde,

I
((:jr]) _I J.ZI[[ :' [ cJ]pcthcrcdgcdéc

He, NL=N,T, A, Nn N Ten2e

HE PR ER G VRSR R TT IR N AR -5 R A B2, K B0 (1 M PR o 2 2l o 5 PR M)
FEFERE M., 5 K 50T 0 o R e 2 e RS e ) s SRR R K, LI AR e M 2 2 e R [
211 fl, A& RARHLIE R G814 T R

M6, +C.4. + K0, = F, (2.55)

(2.54)

b, C Mg, 70 AONHLIE RSB FIE e FERE A SCABAR I &, F,, LI R S8 T 524 Ui
i [ o XPZ T REREAT SRt BE15 BN LI 2N J1 et

CREIERMERR T sUtefERRERGR A
i B o fr SRFERE

K 2.11 HLIE RS 2o =
2.4 IE M AT @R

P RSN SOR Z Gl R A A i Bk AR ORSZh R 542 R 2 &8 ) AR & (3
FR AR A I FRVEH R RIS ) o DS HERRIEAT BRI, 75 70 e S b P TR Bk 5 TRAE
RN /AR, IR SR - FLEA R TR &, W@se BT - Sk - PLERS R
i

2.4.1 RIRMA TN T F ER

B ST RER AR SN S22 A, KA T I MRS OMEMEGE NS R, AR R0 2 5
SEFE; QUEERS WA ks i Hertz £z v Sy EE1£053],
BREARRE X. Yy Z 7P Kge X FLY 77 mEEshi 5 N E B, WEE j ANEER Gl &
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A FBIIR Z T T 3500 ) Quuy 5 HARINALY 8, ZIHI IR F

Qballj = kballné‘ballj ot (2.56)

Fort, Ky FURER S P A1 2 8] (1 S R8T T R (B NIm™,  ny,, AEERMEESL, X T
WERF AT LA A N, =15,

2.4.1.1 281 - TRERH

RIS WA Z TR R BT - 22T R Ky, THR A N

kballn :{ o L o } (2.57)
(1/ kballi) + (1/ kballo)
b, BRI ARAT - 5T R M K+ Ko 275102
1 1
32 2 32 2
Kyaii = {ﬁ} Koaiio Z{ 3 = } (2.58)
9(Ouai ) Moat” P (Spaio) Thoait” Poatto
:/H\:EP ’ nball ygéﬂ%%éﬁ‘lﬁﬁﬁ:
-ty 1= oy’
Toat = Heanii n Heallo (259)
Eballi Eballo

HorFy gt~ Epa 70 A A BB BRVARA LE MR B, g0~ B 70 SN RENRITE A ELAT AR
B o~ Opuo PAEIRIR S W REMINRE R AL R HL R ST R Ry, (o) K
INES®

27 4 1
1- f .
Foat (Poan )i = ;/ ol baml (2.60)
4 + ﬂ _ -
1- 7 fballi
_ 2 v n 1
1+ f
Foat (Poai)o = 27ba|| bazllo (2.6
4_ Vo _
1+ Yoar Founo

Hor, f NAMNEVE IR R, BUEAE 0.515-0.525 2 06, f,,, A BV R R 5L B
fE7E 0.515-0.525 Z [a]. ¥RERE WAl 2 o, A P, 775012

Poalli = L x(4+ 2V - ) (2.62)
D 1= Yo fo
2
P = ——x (4o _ L (2.63)
D 14 Zoa  foano

HHA, Voar = Dy C0S o / Ay » Fo, - Dy NIRIREAR, Ay NI EARS  COS oty AVIUHHE
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ful £ o
2.4.1.2 SRR K BT

Obalt, Xball, Ybal, Zbatl FIRIRFAALFR R, B AL Ovan AW E 1L, AL TRBN A SME 0 1AL,
Zoan AFHIFARE, Xoan Yoan AR AR . AE LR B4R b 1K A3 R R (1 7R 3 il K s AR
TEarmN: Foy ={Funo Foatry » Foanzs Moty s Mpanz ~ AGuan =4 hains oaty » Ovatiz + Ovattox s eaioy § ©

XFTE | NRER, IERIRS N eSS ASMER SRR = B nE 212 (@ FiR, OpRuZ N
TRER MR IR AAAR &R, o O Zyy VHITD, Oy Ropy NI o o NTRER S PN AME]H] W U4
Fl AR s Oy A1 Ope 73 A S BT A A1 BBV il 32 1 O RN A1 BBV il R F o B, 3230 A
A1 Bl e R L B O, A O,y Z THHIWIUERE BN Ly o

B A A BRER 5 N AMBI A R e B 2.12 (b)) Fos. Hdr, o, IR
A gy NRBGHIFEREA, Oy ARG NN Ao B . SMEIFE, B2 8E
SRV 2 1) AL EASEE Opye A8 Ly 9 Oy FH Opayo ZIAIKIEETES, 6y, 5 | ANRERAE Ak
PRI 7 ) BB R AR, Oy SITRIRAERN A ISR AR T B, 6, ATRERAEAR 1] A SRV AR T

/.
R,

Obal\l
(a) IRERE A Hh el o = 18 (b) k5 WAMBI RN AT
B 2.12 TR 2R P AT ek LA R AR R AR 7 T
58§ MRERE AN

S = Loaj — Lbano Opay >0
ballj 0 5ba”j < O

(2.64)

ﬁ\:l:'j 2 LbaIIO = ( fballi + fballo _1) DbaII 2 yﬂ%ﬁﬁﬁﬁ W 9}%]?@ EHE{%EP‘[L‘{EEZI‘EU E‘J%}Jﬁﬁﬁﬁ% o
RERGAR TG R A 32 A2 A i BRANER S ECE W) & LR g, BRI By » WU
IR FES S -
Otyo =COS (1_ P / (Zpbauo )) (2.65)
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UG IR N
Lo = \I(Lba,lo SIN Gyt + Spaizg)” + (Lo COS Zoao + Gy )? (2.66)
Horp,
{5ba,,zj = Sz + Roaty (Braie SIN Wi — Bty COSW i) (2.67)
Ooairj = Ovaiix COSW e + Gy sin y/ba"j)
Horpr, Ry AATRIE R Ok, |
Roayj = db;””‘ {fba,” Dy — D;a” }:osazba”O (2.68)

Wy N | MRHALE A, BIRHECH m, WEIRREEEN o, SMERTEEEEZAN o, ,
HMNRTE A2 Rogio = Ouan / 2+ Dy / 2% C0S 0 WIRTE A2 Ry = Ao / 2 — Dy / 2X COSyy0 5
TRAF AR Sy -

@, = (@, % Rogio + @ % Rogi )/ (Roio + Roai ) (2.69)

BRI, I 258§ MRERALE A vy 9
‘//ba||j=a)c><t+2”(j_1)/m j=12,--m 270
Oty 9T i SEFREOFEAL A, A2

Lo SIN At + Sz
Lo COS Ao + O

tan o, = (27D

2.4.1.3 FEERTK SR A ShE S

5§ NRERM SRR ST Quy PTHEN (256) FHHH, % 5 ANHHE T BT, BRI
B RIAEIR B R 1 BISMAT Fogy ={Foang» Foany» Foanzis Mian s Mpaizg > B

Foaixi = Qe SIN Ay COSW i Foanyg = Qo SIN Qi SIN Wiy
FbaIIZj = Qballj SIN gy M ballXj — Rballj Qballj SIN @y SINW gy (2.72)
M ballyj — _Rballj Qballj SIN @y COSY g5 M ballzj — 0

DU o E T Rk R0 Rl D
Foaix = Z Foari  Foany Z Foarvi  Foarz = Z Foaizi
j=1 j=1 j=1

m m
ballX — Z M baIIXJ bally z M ballYj

j= j=

(2.73)
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2.4.2 FHEMEN N FER

FEOMIREE R RS /A, SR T I IR OFBHEGE & R E, A 2% & 2 i 50
SERE QBCEIRT - RIEAAE AT T &4z A 1T A A AT LRI oy — @ B <Dl s Ofi
SEFRMARICARAN, BRSOV R R VIR A7, A5 FE AR AR .

VR TR IEBR N Sy ~ T EHAN v MIFENK ~ VI TERE Wy, =Ly / Ky o
Orolt,Rroit, Zron FRAEHIAMNR R, 5 | MRAEHATR T AL EE S IRIRAAR T2, t IFZ]
B MNMRTALEIN o V3HZ (2700 BEATUHR, EXHFRER THK, HEMMNa,, =0.

At 1 AR R BR TR B, RO R T - IRIEEM RN A £, AR =
MR ORABAER | MR ERAI 6 g s @B TR TS A MR L7~
MY S, s @HIT R FIFIANRE THURHES | MR T B 60, s B 213 N
A BUR R BB AR ERRE .

2.4.2.1 WINEIR R FE 5| 2RI /2

iﬁ Xr0||\ YI’O" jjr‘ﬂﬂ@*ﬁxﬂ"/fé]_"ﬂﬁi$§%%uy‘j 5r0||x A} 5r0||y ’ )l_\“J? EB 5m||x A} 5r0||y %IEE‘]% J /I\?ﬁ
T AR AT 70 39 5
(1) 8y GIERIZ R AT

1
Opoiiryj = §(5roux -COSY/ ) 274
(2) 8y BHERIZR AT
1 .
Orolry = §(5r0IIY SSINY gy ) (2.75)

Lru\l
Wrull ; K
A K
5m|l0j ﬂﬂﬂﬂ
X
A
eroll 5r0IIRj }'
= A
A 5"’”“# 5 Al ¢_
(a) HhkBRb S =B (b) BT - WiE Ay BoR = B

K 2.13 HlRBIR AR T - BB BoR B -
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2.4.2.2 RSMERRXS R =4 R R

eroux A €r0||\{ ﬁ%u%% Xroll\ éfjﬁ' Yroll ﬁWE(J*HXﬁﬁéW%%’ }qugﬂ erollx N erollY %IEE@% J /l\/fg
TR AT 73 31
Oy 71 AR ] AT«

1 1
Ogxaj = 5 Bronx (’1 - E] “ Wy - COSY/ (2.76)
Oy TN ARHIAE[A) AL TE -
1 1 .
O 2 :_EerollY (//L_E]'Wroll SSINY g 2.77)

2423 FFOMEFERREEITH

AR A R FE R BRI 1, B RAER TR BRI — &R il A L B, i HR AR 5 9R
N, HosmEmE 2.14 Jros, Hh, Ly, AREMAR TIIARKE: B, NELBK
FEREL BERBKEE Ly, = Bor - Lan s Ay R TR AR T - IR 2
BN

2 2
[21 -1 J [ I‘roIIs J
_1 - 2 2
KroII I‘roII (21 -1 _1] _( Lrolls ] >

Aro :
50"(;;~ = ' 1- LroIIs/LroII

r KroII oll (278)
2 L 2
0 [21_1_]) _[ rollsj <0
KroII I-roll
-t I‘roll >

K 2.14 5 R ERR Foa K
2424 FjNREF. EANB TR

i 214 fos, HjNRT BAN AR =0 BN D AR e A AR
ﬂéé‘m”m; 2) EE%F?E?&EFEEE‘J/E}%5M|CJ'; 3) Hﬂﬂ:§$7¥(1@jﬁ4ﬁ§£%§5ﬁz5m”g] o %&l\’ JC]JH‘
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TN Z AR AL S g FOBEIRES S BRI, 28 j MR T BANIA R 6, 79

SI’O
5ro||,1] = é‘roIIRXj + 5r0IIRYj - % + 59)(1] + 59\(11‘ - 5ro||c/1 (2.79)

2.4.2.5 RAEEHE A EHA 1

B, B NRT I K g DI AR | MR T AT Qg » B

W08 Kot i1

124)(18)1'5 « K011 Z(gfolllj) (2.80)

ol A=1

Qrollj =

SRJE . TUMS RIS 5 KR A& T A 0, B,

Nroll

ij = erlj COSY/ g

o1
I

p=4

I:roIIX =

ol

1]
2N

Ny

=z

rol

= 2, Qu;siny (2.81)

F

rolly — Vi
i=

T

iN
iN

<

Nroll
FroIIZ = Z sz =0; Mroux =
i=1

roll

NroII
vi =O;MroIIY =2sz =0
i i-1

i=1

2.5 BEISOREN NI FEE

NSEBN A R EPUFE T EHLE RS @, T 08 38 Z IR IER S SRR AR . AIEX
TIRSORES G ¥ SRR IR SORIERE,  DLURHLIE S Sl 8] 1) 2o P SORERE .

FEXSESHCOREN 1A, SR T MBS OIRBIH R A [l 5 5T R R [ 2 5 2
55 @QURBN AR SR 5 e K B8 2 8] R SR P ERPE I EE S RE e, SR P 58 5% BHLJE B e R A AL 5
(R e S5 AL 2 ) S ARCR P 2 PRI R S P e AT, SR 3 BHJE ST RN @A TESC
ARSI B B, D5 R A A4z A A IR Eh E H .

2.5.1 %F - HlE X%

BRGNS m AN SRR TR [ 2R 73 N Xer, ~ Yo P9 Zan » 2 X = Xen = Xui ~ Y = Yem = Yai ~
Z=1Zp, — 2, » P LUESLIR BN AR S )3 2 R AT B TR I T35 1 SOR BRSO & 7,
KT ST 2.4 ST TR 1T THES R4 .

ey - HUE ORI R & B & 2.15 s, B8 | SOR S 87 B3 m A1 s ML 55
n AN S AE, Rk, FTHES S | ARSI SNE S B RN

Myyi Xi + K Ki = Xoasei) + Cuupi i = Roasei) = Fr

my, ywi + kwbyi(ywi - ybasei) +Cwbyi(ywi - ybasei) = FRyi -m,9 i :1’2"”’NRC (2.82)
m; Zwi + kwbzi(zwi - Zbasei) + Cwbzi(zwi - Zbasei) = FRzi
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Hrh, Npo W TSP Z BSOS, m, N T NIRRT R, K, N T AR
| 5 Bl 2 TR RS SR NI, c,,, AR SN P 5 Sl R o 2 TRT I BELJE R B, R, N THEH
T AR 1.

(R, ]IS A | MR PR IS 30 oy 7 1R
Misei Koasei T Kot (Xoasei = Xuwi ) F Couoi (Xoasei — X )
+Kpexi (Xoasei = Xen ) F Cooxi (Xpasei = %en ) =0
Missei Vousei  Kutyi (Voasei = Yui) + Cuyi (ybasei ~ Vi)
Koy (ybase. Yen )+ Cocxi (Vimsei = Yen ) = ~MyiG
m (Zoasei = Zuwi )+ ot (Zusi - Zbasei)
*Kioei ( Zoasei = Zen ) * Cooxi (Zosei = Zen ) = 0
Horb, My A TR R Koy oy 70 A ML Bl 88 2 18] () SR WIEERIBRL G, X,
LSS n AR X 7RIS, Hor SPLEA RS HE )CEEPL.

i=12, N (2.83)

basei basel wa|

EZILV
& s B m,,;
Kiui Cuoi
b7 Migsei
Keci Cpei
ML

Kl 2.15 1 - HLE A BEAO R EE
2.5.2 HLE - EAliz&

ARSCHCENLEER | A9 m 5 LA (R P 3 SR, SOURBNERAZ NI Nk, Ky
Ky s FHFIREE I Ky v Kegy s Koy, s ARFIEREILE N, » €0 ¢y s ATRIBLENC,, » Cuy s Cos
BEHLESS | TR Xy Vs Zas O Oyis O R Xy Vs 2y Oyn O
O o WVEFHAENLIE T 50 BB TR 53 3 A -
Foi = Ko Xs — CorXgi FC.:—kcyyci—ccyyci' F. =—K,Z; —C,Z;;

cox i cox “Nci ! czI cz—cl cz “ci
kcaxgcn - caxgcm ; kcaygcw - cayecyi ; (2.84)
kCaZHCZI CO(ZHCZI ;

2.6 M FIFIR Y HERN 15 @R

BRI P PR SR SO Sl F) AR, SR T I M ORGE M A RECERAURKIT R @
TBUE REUR B BRI JE L0 — s OO RS K JBET7 R R 17 R 25 AR 804
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FEWIR 2, HEREUZ G DL, AL RGOy =R AR, 4 2.16 firm. R
R =26 SOT R (L AD WEIFR QEARD RO an D, iR, 1R
guza 5 RLOm AN R, R EIKOT: 1 BREEZ AT T RE0EE I B TR0
GAIBIN IR, e BRI RGOS AN T 2l NN BRSO 32147 - RS AT 4 1) B
TR, G BT R BT REUT AR B I =R R0 S LA R PR A A A SRR o
Horb DUSKIT R GUR H Ws 10 HLR 5 AR T W, DS A TR B4 X sk O R SR B AT

h 1 AR A
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1R8Iy N8 2y &3y

K 2.16 RarRmfit AR
AT TGO BN 25K ) S LR, 7 R S RO E — IR R R IR
NI B EEAERE . Nk, it A — SR S R SRR, il 2.17 s, wE
RGO 7, T B BRAL, REURE N, » BUYE y, BIRES 5. R &Sz il 7
R,» BIUIJIR,. P AP, Py Pygo

A Yy Py
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[ D
b
Y h P
% b b6 D
Xb; bb ps hbc rEL b1
vA / Vi | Y D‘G
b/t — b3
< be 1 >
b

K217 MR REEER R ER
HI T REUNAEAE, AR 8T By AR IR W R S A8 X I AT 7 160 77 A A 2 1 BRI 52 72

U, 2. ¥ Castigliano JFLFE & Paris 223034, FHnfifs u,, Alit5A:
ouU

Uy = —22% (2.85)
oP;
HA, U W RO AR RE, FIRIR N
bh hbc
U crack J-O J.O ‘]crackdybdzb ( 286 )

Hort, I NRONAZRERE TR -

57



At R s L R SCHLIE AL BE R & i B LIRS ot S 2 I

— 2 6 2
‘]crack = L Elub {(ZK j (z Klllj 1+:ub (z KIIIlJ :| (287)
b i=1 =1 -1
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R WA i 2106 5 07 4G R AN K 3.10 53 3.4 i, M 1B AR 10 A5 R 51
BRI R Z I 1L6% AN, Bt PAEM] 1A SRR G HERIE . JF H & 80 7 [ A 3%
HILFREGOL, T RECR LR, MR RS B RREE I AR, W [ 0 N B
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(a) fe Ry Mg Amh 2 (b) 1 5ZRE0H FriE 4 £k
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— — ANSYS{iZL i
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[ 47 A EEERIES HIXHRZE EEERIES HAR R

Rt 115.8Hz 115.83Hz 0.03% 115.5Hz 0.3%
1538804 113.1Hz 114.17Hz 0.95% 113.7Hz 0.5%
2 SRAM K 114.3Hz 114.65Hz 0.31% 114.3Hz 0.0%
3 SR K 108.8Hz 109.71Hz 0.84% 107.1Hz 1.6%

333 MKF - £ - shiERIIEIF

RIER 3.1-K 3.7 HEH - £ - JNzEh 28, @M - 8 - sl AR A Il
3.11 (a) s, T ANSYS i AL | - 4 - BrA IRoos A, Horpb 3t 8 f, ok
PR BT, BRI R i 24 DR TTA R, TR R S FRR T ANSYS [ 2 s ]| 5
TOHHTER:; #IT 24, RS R R, 56 A YRR A e Ty sOE RS BRhR
IR ITHHATIERL, 306 24 DNRESTH R UL - i - A IRTERIL A 120 D 3EE
JElA K 2 DMRTEAET . REET ANSYS BT BLERIEAT B - 4 - Bl BROTER (RS
orifr, R 3.12 Fk. B 3.12 (@) O 1 SR G AR, HASHIR 0y 110.31Hz, 44
SIRBOM B AR 1, BARIRAUOH T IRETEIEAL, IBAR AR B ARk, I H
B AESREEG K 312 (b) O 2 BrfS IR SR, HASHRy 116.13Hz, #iZ
IRBLym Fr Rl LB, HAARBDy M AR IC AL, A AR B SOk, I Bt
FrBSIRA Z A B — S 5 181 3.12 (o) 3 TR 50, HBSHIR Ty 134.20Hz,
BEAIRBONH R 1 2 i S 5eA0 1 s diil S, SRIRABDS PR, B IRA S B A
ErREER AR, AR LA, BARIREDAH A AL, MR AR, IF B
BESIRAZ B IA —F0I R K312 (d) N 4 SR 555, HEBESA A 236.01Hz,
BESIRAUUH B8R 1 S iR &, BARIRAUDA I AR ES R T RAS, AR B A EEAE, A
PAAET ARy, I H AN SR 2 183,12 (o) 5 MR 540, HAEZ
PN 304.35Hz, MR F A 2 B2 il S A RIS 1 B MRS G, i L AR A M
TR R AT - B - Ak - A - [T - A - [ BB, MR IREDY 1S
i, I HA A ARV B 3.12 (F) J 6 Brfi SR 5HR, HASHIR Jy 598.69Hz, &R
RUONFRh 2 Bres ih, SRR IRB A g e S B A B - OB - AR - oA - 1Ak -
TR - [ EARIES, R BRBE R AR RO RS AL, B 3.12 (@) O 7 ISR S
A, HAEIAR Y 659.65Hz, AR yFA 2 Bras i, Fedi B AR A A ST dh 2 B
T - LA - k- TR - T - BB - 1A BRI, I BREE R R AR B RS T
A2 [B3.12 (h) O 8 ISR SR, HAEMIAOY 720.57THz, BESIRBOGH )= EE 2
S, AR ARSI, A REEIH R 2B LA - [T - A - AR
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A JEEM A ERESIR A IA—BELER: K312 (D 9 BRI 5E, B
N 739.69Hz, HAZHRAGH 84k 2 pras i, BRI RETEIZAR, A AR AR R 2R 2B
TR - R - oA - [\ BB, I BN A AR — 2

FEF AR - £ - SRR S A A5 R WA 3,13 P, HESIRE SRR
5T ANSYS BRI | - £ - Rl PROCHE RS A 4 R s T — B PR E T
BESPRXS LN 3.8 Fon, fAKAXFRZEANAEL 3.47%, AT 3 WA iR Z AT
1.83%, FeER] 7 AT - £ - Bhsh AR R IR R I S R 1

R 3.5 FRRR AR 24

PR SRR e
7800kg/m? 2.1><10"Pa 0.3

1% 3.6 FEHIAR AN RS 24

OUEES  RoUKMMm RORAMEfEmM BT fULKEmm oSk EfEmm

1 24 20 13 42.45 30.8
2 30 25 14 42.45 30.8
3 43 30 15 42.4 30
4 21 35 16 42.4 30
5 52.9 34.2 17 21 285
6 52.9 34.2 18 38.3 27
7 42.45 33.3 19 47 24
8 42.45 33.3 20 415 215
9 42.4 325 21 415 215
10 42.4 325 22 16.5 19
11 42.4 31.7 23 16.5 19
12 42.4 31.7 24 22 19

® 3.7 [ ZH

PS5 R L i IR B E WAL 5 R T RS

#1  22kg 0.1 mm 0.003 kg m= 0.006 kg m= 3
#2  9.1kg 0.1 mm 0.0223 kg m= 0.0446 kg m= 19
Lo
— @

— /

(a) Whpr - & - LT
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m s
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7.0517¢-11 Beh \
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=8 QR
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-
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-
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CHA (R) -& (R) -8 (R) SR
DER 24

R RTR
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i
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17016 BX
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e \< / \ /
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(h) 8 Wi IR T 5 A - J i 2 B Hl1-720.57Hz

C:RA (R) -2 (20 - (R) #ER1

BETH 32

28 BT

YR 73969 Hz
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2025/11/1 20:10

B ok \
10139
88714

WJ \ 7

(h) 9 IR ASHRAL 5 43Ity B4k 2 725 HR-739.69Hz
K 3.12 T ANSYS {7 F I Fr—fi AT FR TR T AR R SR

A 63.367
50694
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25347
I 12673
2.5673e-11 i@

\ / g

I
I«

)
/ \
(a) 1Pk B 550 384k 1§25 ih-110.93Hz

/ el

/4
B

I

£/

\
(b) 2 PSR S5 M-I J i 1 B2 fi-115.55Hz2
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(g) 7 Hri IR MY SR e By 2 775 11 -682.55H2

R
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I
v S/
P
7l
Z

(h) 8 Wi IRTL 5 M-I J i 2 B #f1-722.91Hz

ey
I 4
L~
\\ o
IH- *
\ \
)ﬂl_‘
B — D
oo _ /) |
/o

(h) 9 PRI 5 AR - B4k 2 (25 H1-742.29H2
K 3.13 TS Fr— - R RS IR SRR
7 3.8 M - A - BB ANSYS 1) B 5 A SO B ARES S ) HE

1 W 2 By 3Fr 4 [y 5 B 6 B 7By 8 B
iR
I di /Hz [Hz /Hz /Hz [Hz [Hz /Hz /Hz

9 v
/Hz

ANSYS 110.31 11513 13420 236.01 304.35 598.69 659.65 720.57

739.69
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g ]
AR H
g ]
MXRZE  056% 0.36% 1.83% 164% 1.97% 2.83% 3.47% 0.32% 1.85%

110.93 11555 136.66 239.89 310.36 615.62 68255 72291 742.29

3.3.4 HERBLGIE

AR SR FH B 7 B O AR B L T IR BT VBT LR B0 ) 2 285, N SeiE A SR 3y ) %
EERIVEMERRTE . Q1R 3.9 FuR, ASCHE SRR SCER[L76]h R RF, B T AR SCLIE ) /)
AR AR T EESL T LI B R, SRR LA B SR b IR 45 AT TN LB E,
Al HEEAT 13T ANSYS B A3 2 S 5 B, e A U0 IR A LI B ) 2 A U5 %
(AR o
BT ANSYS B R SCER[L76] R ALIE A AL, il 3.14 (a) -1 3.14 (b) Fw, BB
121068 /™15 555 17325 N, HET ANSYS BEATHLIFARBUSEES 70, Hai RunE 3.14 (o) -
Bl3.14 (D foR. [FFLEETASCHLIE 2)) ) % @7 20 SCER[L76]h AL IR AR k4T 2 7 2 At
HUH S TTHCN 10 4, SREREATIAS /08T, I HAS RS 045 A ANSY'S #2543 4t LA SOk

RS AT a AT XL, Bt SR

% 3.0 oo AIEJ5VE RIS 40 45 RS BRI 45 A AR W 0, 0 /HE T AL

By )5 SR T VE AR
# 3.9 SCHR[L76]H HLIF AL Z) /)2 240

K JZIE i ERER HER EE MRV
0.37m 0.005m 0.1825m 205GPa 0.3 7850Kkg/m®

(a) =4Epi (b) A FRyeAEMY
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() FRIAFpc 2 ) 1 Fr

B: B35

23R 12

SR IR

$5i%: 282.78 Hz
{7 mm
2025/11/25 14:35

10728 @

! 9.8798

90316
81833
73351
6.4868
56386
47903
39421
3.0038 &

(e) IR 3 I 1 fr

B: i
B 16
B BT
S 541,55 Hz
B4 mm
2025/11/25 14:35

11.356 |k
5 10.326
9.2969

8.2674
7.238
6.2085
o 5791
o 41497
3.1202
2.0908 g

(@) 5% 4 1 1

HE: QIR

$A%: 87443 Hz
B mm
2025/11/25 14:36,

1213 8%
| 10938
" 9745
85523
73597
6167
49744

;;‘! 37817
25891
1.3964 &

D) RS I 1Y

M mm
2025/11/25 14:36

12.936 @K

! 11597

" 10258
89192
7.5801
62411
49021
35631
22241
0.88506 i)

(k) PRI EH 6 I 1B

(d) M-k 2 i 2 By

R IR

3% 333.57 Hz
MEE mm
2025/11/25 14:35

18.114 |k
™ 16,104
14,003
12,082
10.071
8.0605
6.0497
4.0389
20282
0.017388 @i

(F) R~k 3 I 2 B

B: i

ST 18

HEL: TR
SR 60049 Hz

Bz mm
2025/11/25 14:35

™ 18.707 @A
N 16629
14552
12475
10397
832
62427
o 41654
20881
0.010733

Ch) IR 4 1 2 fr

B: i
SR 22

2

3w 93714 Hz
F6: mm
2025/11/25 1436,

18.992 @k

F 16.882

Y am
12662
10551
8.4412
63311
42209
21107
0.0005782.

() 5 i 2 B

B: 8%

DT 26

R DI

% 13451 Hz
B mm
2025/11/25 14:36

19.179 &

H 17049

1 14918
12787
10656
85249

o 6394

o 42631
21322
0.0012626

(D I35 6 I 2 fr

K] 3.14 FET ANSYS H)SCHR[176] 7 ML AL i 24 70 B 45
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7 3.10 SCHR[L76]H ALIFAR Y ) AN [7) 5 VA RS2 20 H 45 R B

g ey omOUBl o ANSYS o SRl o AR SR
BARRAR BEHILAR MEE BEHIER N Re
1 2 98.17 Hz 100.05 Hz 1.92% 98.99 Hz 0.84%
2 2 132.12 Hz 132.03 Hz 0.07% 131.62 Hz 0.38%
3 3 276.82 Hz 282.78 Hz 2.15% 279.98 Hz 1.14%
4 3 330.55 Hz 333.57 Hz 0.91% 305.02 Hz 7.72%
5 4 529.79 Hz 541.55 Hz 2.22% 536.85 Hz 1.33%
6 4 591.95 Hz 600.49 Hz 1.44% 566.60 Hz 4.28%
7 5 855.27 Hz 874.43 Hz 2.24% 868.21 Hz 1.51%
8 5 921.21 Hz 937.14 Hz 1.73% 900.22 Hz 2.28%
9 6 1254.86 Hz 1280.7 Hz 2.06% 1273.66 Hz 1.50%
10 6 1323.70 Hz 1345.1 Hz 1.62% 1306.81 Hz 1.28%

S AN B) Fy 2 @R T i, W AR SR S 96 i s B4R A A g 2 A LI B A7 3 7
R, SRR AT FOH L, ML 8 70 28R 3.11-3% 3.12 fr. [FIEEEE T ANSYS
i PR A AR B AR LI A AR A PROCA AR IF BEAT RS 00T, SR A0 3.15 From BERTille &%
WU ER A B PR S 0 B VA I LA R

R 313 Pow, PIRTEITEM S RARR L, FEIEM T A SCE X e as LI B3l 74
TR LW S R

% 3.11 IR A HLIE AR S 5

PR SR e
7800kg/m® 2.1>10%Pa 03

# 3.12 WA LI A RS 25

BILF S HIJF H-4F E A2 /mm Ja -4 E AR /mm BEZR/mm JEJZ/mm
1 350 350 86.6 7.8
2 350 350 52 7.8
3 350 311 67.715 7.8
4 311 272 67.715 7.8
5 272 272 41 7.8
6 272 308 73.16 7.8
7 308 344 73.16 7.8
8 344 344 66.5 7.8
9 344 344 66.5 7.8
10 344 344 52 7.8
11 344 344 86.6 7.8
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e
SO
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() =ZEfiRy (b) A RyCHE

M: #35-HERFR7.8155mm

B 8 M: 825 EBE7.8155mm
AL B BER 10
S 18715 Hz SR TR
B mm == 309.77 Hz
2025/11/25 18:50 62 mm
2025/11/25 19:14
1232 @K
H 10957 11.351 X
95934 10.096
82302 = gsm
oRer 7.5859
55039 :
41407 9:3309
27775 5.0758
14143 3.8208
0.051071 & 25658
13107

() FRIAFc 2 I 1 fr

M: 5 UEBE7.8155mm
BEH 14

2B DI

5% 51001 Hz
Bl mm
2025/11/25 18:50

15.309 X
1361

= 11912
10214

85156
I 6.8173
5119

3.4207
I 17225
0.024169 &)

(e) PRI 3 I 1 fr

M: 835-EEE7.8155mm
SR 18

HE: QTR
i 95952 Hz
£2(7: mm

2025/11/2518:51

16.744 BX
5 14,883
13.023
11.163
9.3026
7.4423
5.5821
37218
1.8615

0.0012642 )\

(@) 5% 4 1 1

0.055681 v

(d) HFH 2 I 2 fr

M: iZ5-HEEE7.8155mm
DI 16

HE: QI
$iE#E: 55319 Hz
67 mm
2025/11/2519:15

19.824 X
F 17.622
15.42
- 13218
11.016
88138
66118
4.4098
22078
0.0058556 /)r

(F) PRk 3 I 2 B

M: 51 E/EE7.8155mm
D3R 20

HEL: QI

i 98749 Hz
67 mm
2025/11/2519:15

19.501

17.064

14.627

1219

9.7524

73152

4.8781

24409
0.0037797 @)

F 21.938 |k

Ch) IR E0H 4 15 2 fr
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M: 8i5-EEE7.8155mm

BT 24

% 15368 Hz

{(2: mm

2025/11/25 18:51

™ 17.342 @k
15416
13.49
11563

9.6367
w 7.7103
= 57839

38575
I 19311 \
0.0047189 i)y

D) 55 I 1Y

M: 835 ERE7.8155mm
BER 43
B DIR
B 22421 Hz
({7 mm
2025/11/25 1851
™ 17122 @k
15.22
13318
11.415

95127
1 7.6102
| 57078

38054 -
I 1903 -
0.00055929 /)

(k> FR[H 6 1 1B

M: #35-HEFE7.8155mm
BER 26

HE: ST

SR 15552 Hz
B2f7: mm
2025/11/25 19:15

. 22.844 @K

20.306
17.768
15.23

. 12,691
10.153
& 76152

5.0771
I 25389
0.00079209 &)

(1) AIFREL S I 2 Bir

M: {R5-HEEE7.8155mm
R 45

AR DT
iR 2242.8 Hz
F240: mm

2025/11/25 19:15

. 2248 @K
19982
17.484
14.987

12.489
O 9.9913
& 7493
49959
I 2.4982
0.00054696 /)

(D M55 6 I 2 fr

K] 3.15 T ANSYS Bl 25 AL [ FRAF FR s ot 4

2R 3.13 IS A AL B (AN 5] 05 925 (AR 2 20 #r 45 R0 Ee

Bric AR ANSYS BRI 45 R /Hz

A SO RS LA A Hz HXTRZE

2 187.15
309.77
510.01
553.19
959.52
987.49
1536.80
1555.20

2242.10

2242.80

© 00 N O Ol A W DN P
o O 01 O A B W WDN

[EEY
o

173.98 7.04%
322.95 4.25%
491.81 3.57%
496.70 10.21%
942.17 1.81%
947.45 4.05%
1522.88 0.91%
1528.07 1.74%
2233.72 0.37%
2238.43 0.19%

3.3.5 I EREEH AR AL BT IE

HIZE —FE R, ASCENT RN R SINUIENLEN J1 AR R, R R ERENE 5 AR A SORAR
e, EEEEH AR, SR BRI DU L AR SR A AR Sy . NIRRT B /)
FREBITE IS TE SHETRIE, AR ITENL B AR 55T ANSYS i B R
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A PR ITHERBEAT XS LE AT, B R G By 2 . HLEL S R DLy - 4 - Bl &
B R SR S A R . TR, T RSB s A v A
J% T ARSI RSN 1%, T ANSYS BRAF SR M AR A 72 B B R T
BT S B0 ERE LA RS RIRYE,  PIA ST ST RS0 ) 2 R R B 5 L
U A% HEAT RS IR Y 5 AT A 0 PR AR IE

3.35.1 IR ENRBERSMHE

T BRSO, AR e, BN RS T - - R
GANIERR L ARL MRS RSN T AR L Bl RS S A L WL ) SR DL R R S
ARBIERRET . TR R SRl AR R B )5, TS ANSYS BRI SEBL AR Al
AL H R THERCRICT . S Hs BRI EE RRE, HUIEAS P
SL R ENLEN J AR AT RS 05 b AR T47 10 LA At i 71, RE ot 1
BT T K7 T IR EE A L, 3 1145 B2 4 o o ke P R B30, 748 93 s A0 s il
K 3.16 e RS AR S SR SRS IR U 25 R A 3.17 53k 3.14 o,
FRIRIG A T 1 BB ROy 43.02Hz, IREUDNETIRID; 2 B ARy 88.44Hz, IRALN
JEANEESD; 3 A SE )y 108.38Hz, IRELVHE 125 i .

ir 2.5
2.0

3
; §°1.5 =
&2 =

1

0.5
0 0.0 1 :
0 50 100 150 200 0 50 100 150 200
B (Hz) Bz (Hz)
(a) 77 A5 1 A5 bk 4 (b) 5 51 6 AT bR %L

0.5 0.5

0.4 0.4
g g
L0o.3 0.3
EU-Z B Eo.z -

0.1 F 0.1k

0.0 0.0

0 50 100 150 200 0 50 100 150 200
B (Hz) Wi (Hz)
(c) 7785 19 A3 ok £ (d) 75 55 25 A3 ok £

B 3.16 A5 47 FLBM R 2505 A T R 2
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(a) 1EriRAY (B firfa (b) 2R UESHESD (o 3FHRAE (EraD
K 3.17 RS H A A B SRR 45 2R

F 3.14 FET B B MR 2SR R 5 45 1
B % H1Hr 20 %3
[ 5 49123 IHz 43.02 88.44 108.38
AFGTBELJE Tt 0.0042 0.0464 0.0269

3.3.5.2 i G BB G

ey il SRS IR A U e U 11 A T (R SR T, o o ELAE Tl 1A HE (3
PRNMR G55 ER, KGR R 7 RGN EhARHE

o ZIRI A RENS R IR 7 2
G AR . FLE b RIRESE RS S, il S S 5 B A LU S8 IE, SR E

BRI A HERATE, ARSI Bt S e B -

% B RGN R EH, (0) 2 SCON: 755 | A E BRI AL IR AR ) F S B, 28

i A E B A R AR A N R AE . W8T, B | B IR o BIRERD, F
ZEEIVE % S22 ) S P
%1
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