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Dynamic characteristics analysis of the complex rotor-blade system for
the aero-turboshaft engine
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Central South University, Changsha 410083, China)

Abstract: The equivalent contact model of the end-tooth connection including three stages such as
the elastic, elastoplastic and plastic deformation was proposed using the Hertz contact theory in
conjunction with the mathematical statistics method. In view of the complex structure of the aero-
turboshaft engine, the general dynamic model of the complex rotor blade system, including the end tooth
connection considering the contact effect, was established based on the finite element method and
Hamilton's variance principle. The concrete finite element results demonstrated the validity and correctness
of the analytical model. And on the basis, the effects of the pre-tightening forces on the natural frequencies,

transient and steady unbalance responses were further investigated. The results showed that the effects of
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the pre-tightening forces had a significant effect on the contact state of the end-tooth connection. In the

relaxation state of the pre-tightening force, the slippage of contact interface can reduce the bending and

torsional stiffness of the end-tooth connection, leading to a decrease in the connection stiffness of the end-

tooth connection. For the transient and steady-state unbalanced responses, there existed obvious amplitude

amplification phenomena in the rotor vibration in x direction, torsional direction and bending vibration of

the blade tip. The saturation stage of the pre-tightening force was selected at the range of

2.0x 10*—2.0 x 10° N, the end tooth connection was approximately equivalent to the rigid connection.

The results provide a quantitative reference for the design of the aero-turboshaft engine considering the

end-tooth connection under the action of the pre-tightening forces.

Keywords: end-tooth connection; contact model; aero-turboshaft engine;

the transient and steady-state unbalanced responses; dynamic characteristics
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Fig. 1 Schematic diagram of the complex turboshaft engine rotor blade system considering the end-tooth connection (unit: mm)
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1.2 Sty tA7 376 2 45 40 10 2 fh ) B 3 46

Uiy VA7 32 4 235 ) =2 10 114 52 o e T R T DR A
BV 22 180 B 0 AT AN TR) A6 T AR 4, 7 SO 422 fi
Sy AT HR, H T S A T AT A 1 R A AR R ]
PR b i A7 372 52 45 ) 1) 44 S8 i T B 32 K S B
£ LATTR AN

sl 3 s, A, Rt 45 SCHERRTETRR, A, 0 v
Vi 2 SCA i T R T el 1) 2 A AT PN P 4 S 80

K,
K -
A
4, <
LR ke
feo ﬁﬁ ko

T3 S AT 4 2 ) i RN 38 2 £
Fig. 3 Contact area and stiffness transformation of

end-tooth connection

Blo ey R heyy SR BAAS i K7 32 42 235 A0 11 2% 1) MY B2
e T ke 9 BAS S W47 TE SR ZE A B U 1 W BEE . K, A
K., 718 75 18 il 58007 1) R R i 7 3 45 4 B )
1] P J32 60 2 o) R JEE, R A i 7 34 2 5 46 ) 2k ] 4
S O J32 FFETD ) 2 i O 32 224 B b 7 2L 45 T A,
FEPRam 4 T~ X AESCHR [12,19] FR &R, I
ARSCAE N T HE TR, HAES

anl anZ . anl anZ
K, = + sin @ + 4, + cos a =
dWl dW2 dWl dW2
2 dF contact sin « N cos @
i zdw \u.cos a+sin ’uc,uC cos @ +sin @
(D
dF, dF, dF, dF,)\ .
K, = 1-}- 2 cos a + . 1+ 2 S @ =
dw,  dw, dw, W
2 dF ontact cos @ sin @
Z - +u, -
—  zdw \u,cos a+sin « M, COs @ +sin a
(2

20220739-4



%1040

RN USRI IIPLE 25 i i R G S 1 AR

K, &

sin « Ccos
N, = +

[.cos @+sin @ 'uc,uccos a+sin « 3

cos a sin «
T, = +

- M -
U.cos a+sin @ " ‘pu cos @+sin @

S 2R Ui Ay P42 fil T 4 EE R IR R 2 RO
A i A7 F A5 R ) 1A
113 Uitk 1 FR 2 4 44 SCIE fh T AU 4 1

T i EA7 (S0 T Ak, 2 floh T L RE IR I
ANBEARBTAL T, R0 FE BT 7™ A 9 B AT AL
52 e 4 1E TR 7 S A3 12 f i S 1 g ml DAA%

d+we +w,
Acontact :Ae+Aep+Ap:T]Ac [L ae¢ (Z)dZ‘f‘J\ paep¢(z)dz+j

S8y 1 d S B M 0 AR 2 A
S TR . w.. w, 40 TIH275 30 14 2 B 25
BT A 0 T AT | 5 4 9 A TS B s
SO @ (2) 0% S A B A 8 1 4
7 1 B38BT, A, Ay Ay 530 B i
Sl TR T . VB | B I BR Y S T
Qv oy ay 53 WV BRIEDY S RIBVEIEL . 94
B A A 4 L, LB 2 5 S
Fikat S Ik [20].

5 I A S RS I 2L e )

I HL, Jal ) g a] DUA% g b e g o AR AT SO
T fk DI T g AR TR, OF 5 o S A — 2, T
S TAT 328 42 45 R 1Ay DO JEE BBk T i 1A 4 S figh 1 AR
A Tl 1) R AT PN Y 5 A Ak AR A4, MRS L
(EESIFSE

A sin a = A, (4)

114 v VA7 3% 10 235 ) 118 L ST 422 i T R 5 22 fh 28K A
VG A Al i v AT T 4 R T L SIS fil

TR A T A ™ AR 4 fll T AR 2 i, BV 4 22 TR Y

Uity AT 325 2 245 ) 1 L ST fh T L

. apq><z>dz] (5

d
d+we d+w,

d+we
Fcontact =(F6+Fep+Fp)=nAch|:L fe¢(2)d2+

Ld:wpﬁpdi(z)dz+ [ fptb(z)dz]
N " 6)
K F. Fo. F, 530 A v 14 42 fil 18D A% 5L 1 L 36 9
V. M X B TS BT o S f, S I
PR B . A B B B B B AR A 4 i

FE A =2 18] 14 g AT S F A 1Y LS 1) 2 fk
W

% IS dtwe d+wp +o0
KCH=ZNC(K6+KSP+KP):;ZnACNCUd ke¢(z)dz+Lmekepdi(z)dz+L+wpkp¢(z)dz] <)

i=1

SR K, K, K, 7S 4 A 90
I P 00 S0 S B L e g Ky 905
P B SO BB 90 R G B 1 E B

12 WHEEY

P T Sty 07 3 2 245 R ) ik A 1T B4 A AR, o
P4 ik N 5 37 282 2 B 1) N O AN W, Sl IE
FAEFE T -0 - M AR B AT o, JF
LT 5 A o T O i 14 A R R SRR Y
FERUAT BN FE A Y 15 19 ] AR T AR A I E R,
8 SR 2 ft R 110 it O 2 B 65 4 S5 8RR AL
ORHZ 1 2 451, FLARTE OC R BRI (ANSYS)
Kl 4 PR o

AL b o 147 25 R0 DI Bt 2 T i Rk =X

Low = Lo +10 +1 (8
S, St VT 2 2 0K B A T e 1 ) A 1R R B 1Y

fire,
ERRETTES T
K i R o BT 625 1

Sl 80 L PR S A7 T 42 4 ) ) L7 B A

F; tact 7(i) F; tact 7(; F;
_ contacf i contac i contact
Wour=250a T3E0A T2k,

K, 3718 S A7 38 4 25 AL 1Y K 1) 452 A 11 R
(K= A, k 2 i V7 322 4 45 ke B0 T AR A 4 fih 191
BE), EVHI EY FoR s e R (X s A

FRELEEH

& 4 st R S RGS BRI (ANS YS A4
Fig.4 Schematic diagram of equivalent progress of the

end-tooth connection (ANSYS model)

20220739-5



IR DA 5 39 &

F?ﬁmﬁ% Fcomact /f/E}:H‘Fa %&&)ﬁé@ﬁ‘%ﬁﬁ 122 j%ﬁ%&i%g

e M 1 AR 0, AR 453 4 7 0 15 5K 19
W B o) gy PRI R R Gy ). 1538
® 7 3E, A, A A 038 5 e M 1) S
FELH 7 2 5 B2 O YD 4Dy
J5 JF: ELA T M I 0 75 5 R 8 0 5 L B P = Vo =Pea D)

motaleequ’ %ﬁﬁﬂﬁ@ﬁ%ﬁﬂ?&ﬂj E"Jl‘fﬂ%ﬁﬁfﬁéﬁ ft':':' p(i)ﬂl p(/)ﬁ%u%\:{ﬁﬁmﬁﬁ}%%ﬁﬁgg%rgo
123 th SRR L

Ko ECED (17 +17) (b S S 2 ) OB HE B4 i

Eeu= . . . . N B
q Kan(j)l(l) + K ,ED[W +E<1)E</>AC ,ﬁ\/zErﬁJ/}E%s; rlﬁﬁirﬂ@ﬁﬁ&mzl‘ﬂE’\Ja‘é%ﬂv

13>

(€3] (€3} 2} 2
) Fcomactl ! M ! +u J Fcomact + @) Fcontactl / )/(Z(,‘) +l(j))

Eloral = ~H Erotal = —(# E®A, * 2 K., # EWDW A,

TESE R HE UM RHZ i 0 NS g, B 3 @0 v o HZARHIATTET R 2 UXA5 7E R B Bo.

5 137 75 2 €, FEP 2 T 2R Bi Bow By By 75 T MU ME 4 (1) 4 YCFE 5 AL
o = =g o ay  ERPRBSERA R RS P
TR TRER) A HEA3 I = rfrion S rfri i S HY R 15103 5 €, b

124 S U350 ) A A 159 5% By N AR 2 [ B A AR

R0 it 7 2 4 o 2 4 80 1 400 ran (£ = ri[1+ (1= £]
FL LA 5 0 ) B R R R 06 R 5 o) =nls osog] 7

O A (14), FA S8 il 35 7 11 3 147 1 e 24
(AR QI iR U
E

PRl IH A S S A T SRR Al 1) 3 8 &, AL PO
T T AR (&) AR 8T R (8 ik 5

G = FISETI) (15 nr:
13 EAEET R A €D = Au[l= U—x D& - Al - (1-6) €]
1.3.1 2SR BBl A5 droe BT LCED =1 [1- (I—x &l - Li[1- (1-6D&]"
5% 5 2o T 2 45 10 25 H A T SR 2 0 (18)
TR AT 372 P 125 A T 5 372 B 7 % A 2 8 g HE— 2 R (18) PR AT (16) . SRS 5

FTRER WS B, g rs 235000 A7 AT A £ T E REERIE A5 N
ARRNNEAR, rgy ry 2390 ZE A THT AR D242 A

PR SRS NOE R MRS T ,
BB 5, L, 467 0008 K, T A 40 4 2 A 4”- 0 (;)(vg)
br €=S/Lyc 79N, T RS E T2 01, sL_I L, :I SI = ;Z(w) 000
HB 2800 «=2(1+v,) /(4+3v,), Hih v, btk S
‘ 20) WA WAB) uuy) X
HERLL. () BRI T
ik & Ab i T T AR A (&) M B SRR E vA
FA) R B, BT L(E) W EA 4 FE VA’(VB)
i Y B RO, L BT S (8 5 1 -
R A oG, Bk BRI R0 T w,,g“gg) 0.(0.5)
A (E) =+ aié + aél  mAB) ) X
I, (&) =Py + Bi&, + ol + &7 + &S (16) (b) Lk SR T
(&) = %15 &) B PRI

Fig. 5 Two type of beam elements

20220739-6



%1040

BRAE S IRl A S LAE 2 T R R G Bl 1 R TR

ay, = (A, —Ay)
a; =2[(1=6) A — (1 —x) Ap] (19)
=[x %A= (1-607A
Bo= (Ly—I)
B =[-4(1=x) Ly +4C, 1]
Br=61-x) hy—6C3 1]
Bs=|1-x) 1, - Gl (20)
A HLAR R T 2 (04T R R R I 4 B D) R B A
R YT AL B R W F
12EI, (&)

= 21
¢s GsAshearLg ( )
A (&)
Ashear = f 2
7 + 6v; N 20+ 12u,[ 4ror;
6(1+v,) T+6u, \4rp +4r;

AP E R G, 0359 3278 728 BT 2 3.0 1Y P A

0 HSV
UShaft-rod E j ( gs [|:

+

0z

89&“] ]dz+ KGJ A (D (

FIY) AR
RTINS R i RIBA RN T
Gshaft-rod =

[uA,VA,WA,HxA,HyA,l//A,MB,VB,WB,exmgyB,lﬁB]T (23)
R BhfERBAN
Ls 2.2 L 2 1 Ls'
psfo A (&) (us+vS +ws)dz+ 2psf0
|1 (60 @ +1.(£D (2 +82) +21, (£D 92+
20, (£ 90,0, 21, (£) 90,0, |dz

T shaft-rod — E

Q4
A gy v, w PR ORUTE X\ yy 2 J5 -3
Fi%%, O 0, 52K x. y OT I EE SIS, v Q
FORUTE z WV HLEE GRS RUBERE e . py. L. A,

I 53 ) 7R R o E | RRE | T v B 78 I 15

PR
A FeRIL AT
du, |’ v |°
Sy+E + HSX'I'E ]dZ+

Gf J.(ED (a‘”S)dﬁ EA(fs)f (aws)dz

Kp K, Ron g R28.
1.3.2 WUHEBETiE ey A
BT B R (0 2 2 B, K BT AR —
AN XUHE B R, & 6 B, Hod w, vy w434l
TR BERE T B TE R AL BR R OX, Yo, 1T A
B QS WARN BAAEES L i & R
TG AT 38 A8 A (E,=x/Ly) , % PG 1) B 14 3 A1
A AR5 R g BE A R TR B AR G, 4 A by AN
By, K FoR, DR S il ) 7 £, Ak i S EE
W R Ay R R AT

bb(fb) :b1[1+(1_nb)§b] (26)

L

(a) JLATRSE
T
b
—2—|
e Ly »l e by »
() HRIVERINAE (o) 2RI Y 58 B AR B

e WHEREREREM R
Fig. 6 Schematic diagram of the double taper blade

hb(fb) :hl

o g, FBERE M U B D ) B HERE L, my=1-
bolby, by F by 43 3 2 75 Shy i AR A 2R b 1Y BE B
Heon, R I RV R TR R 1) B HE R LE, =1
holhy, by B By 53590 R AR T SR AL 1 JEE B

fifi FH 20 (26) ~30(27) AT #E 5 Hh AL 45 & Ab 1Y
AR FRTA TR A, (&) 19 2 A R AR AR
TR L(&,) 1 4 IR REER A R AR

Ay (&) = Ay (1 + 2.6 + 2.8 (28)

I (&) = Iy (1 +nié+na€l +v:éa+ 7)) (29
A
g =—(ngy+ny) & = Ny 30
Y1 ==3m =1 ¥, = on;,

ys=—4m  ya=mom, 3D

LT Ay Loy 3 590 SRy A A ) 4B T TR L R T
i, KIKAIP N Ay=bih, F1,=(1/12) b, 1] .

55 i A R AR [ E AR AR AR B SUHE BE i R Y
e RAXA T

1 Ly .2
Toide = prjo A, (&) I‘de (32)

20220739-7



IR DA

%39 %

Horf py Ly 50 5 F R e - 1) 5 FE RN E, g
PR [ E AR AR T RRLRS, 55 () R a1 By
i 5, HEAR B9 A5 5 40 8 A 3% 38 50 2 00 SOk

[12,22].
F 8R4 Mg . YOI AR L il e 4 LA K
BB I HARE, e fe i AR SRR T

1 b av\’ 1 b d¢ :
Ublade = EJ;) fc ()C) (a) dx + EJ;) Eblb (fb)(a) dx+

1 (b du\’ L o ’
z\J;) EbAb (fb)(a) d.x+§J;) KbAb (é:b)Gb(a_(p) dx

Ho E,. Gy fi(x) | &, 50 3R BERE I R (10 3 1
B, YIRS | B0 By 228 2 K 3y DI 7,
FLRFF S48 2 0L 3Gk [12]
1.3.3 AR 4 4 A

B X 52 2% 11 A 4 T e A A A (R AR T £
HE L BIAE), ARSOR S DA S B R S
B, Jf e Lo W 7 TR, 0,X,YeZy 3R
RN TARFR R, 0.X,Y,Z, i s AR 2R,

IR A BR A5 O, SETERIAR B 2l 0,7,

RS Yy MES, o Mo, 200 KR Z4 5

ov
(33)

TS BRI o dy dy 53 50 R 28 R AN 56 B RPN
AN (RIFG) B s 0,2, WIEE . R
38 SCHR [23] 7T 0, R 3 A8 b 2R P SR B3 1Y
DA B A R AR e N (B IR 5 L IR B
OB, B Bl LA R B Bl I 0 A X
mr:

1
Maigc = Maisoa = Maigeia = gpnhd (Rlzo + R R, + Rfo) -

%pnhd (R +RiR;+R2)

2o X X A R Ry 5B 0 A (34
T4 1 22 AR R K42, R Ry 403138085 L
Jo==J,+ —Myo (35
AR S B AT SRR A A AR, by R AR ¢ e
J, = %Mdisk-odR,?+Mdisk-odd12U(xi -y + %Mdisk-odSinzal (/llh‘zj—4R,?)U(xi —yi) = 36)
3

10

K34 H, Mygeoq Tl Mygia RN B NEEELAY
Fiit, RGOPHFTRT. R 4. . oy, a4y dy.
dy [ AR F AT S WSOk [23], Uxi—y) By
BRpREL, kAR

1, X; <Xj(§lu‘lﬁl%ﬁi\ IEI/FI‘)

, (37
0, X 2 Xi (?I'E’D‘*f,fzt)

U(xi—yi) 2{

5 R 17 25 i, Al 1) 28R DL SCHL R AR
AR 1, Ao e T e A sh BE R A R

K7 AR e s A

Fig. 7 Schematic diagram of a variable-sectional rigid disk

3 .
—Mdisk-odR'i - Mdisk-idng (xi— Yi ) - _Mdisk-odsnlzaz (ﬁzhi - 4R/§) U(x; - Yi )

1 . 1
Tdisk = z.lp (Q+ (,0) 2 + szisk (xczlisk +yflisk +Z(2!isk) -

4<Q+¢>aﬁu+%z¢9;+@>
(38)
14 BEXZE
Fh T T RT3 LA 9 8
e 70 0 % R 15 o R B 7 P
S o R S A 2 T (075 b 5
FEAF AR 0, SR 5 A 24 4004 26 3 T e
0L R R  BE BV 25 x 07 60y 97 1 (R
FEAZNINEE, LA ST A0 B AT - B Bl 110 25 Ak 4
FEREA (L oxy 10 R 91) , W1FEL 8 7%, B Bl -
ORI ARG SRR IR N

Ucoup]ing =

1
ke (2 = x| )2 + ikyl(% =¥ )2"'

NS

l , l ’
5 x2(x2 - xz)z + Ek}'z(yz _y2)2 (39)

Fo ks ko Ky g 23 0 2 [ 6 B - RO AT
W x Fy 7 ] ARSI EE

20220739-8



%1040

RN USRI IIPLE 25 i i R G S 1 AR

s

F 8 Birkshh- s OB A s IR
Fig. 8 Schematic diagram of the coupling relationship between

the central tie rod and stepped shaft.

1.5 HEEFES KR
A v A T B SE AN B A T 2 sh LIRS
R G0 AR S RE A GE S ) R -

Np
Ttotal = Z Tblade + Tshaft-rod + Tdisk (40)

i=1

Np,
Utotal = Z Ublade + Ushaft-rod + Ubearing + Ucoupling (41 )

i=1

F k2l 2 ULk [24]
T Hamilton 728 43 JF FH , $F 22 48 2 4K 5 fig Al
e (K (40) FL(41)) 3BT

5]’2 (T = Uy dt = 0 (42)
sl

A 6 KRNI, ¢ F 6, Fon AR BT TE]

R TR R A T AR, R R R S e
FIFFRE A RGN (ugs vew wes Os O, F ) J7 1] 1)
1 # 3 ok FOKE DL AL ok BOE X Rk N(E) .
N(E) . NJ(E) . No(&) . Ny(&) L NJ(&), H R
FikAXAES W SCHR [12], Befent 7)™ SOt 42
W bR U (0) o W B A% Ve (0) o I #2380
B W (0) AT LA LUIE SRS 1 ulx, o) | v(x, o) |
o(x, ) i JE 2, B AR A 28 01 S W3
#ik [25].

g5 bRk, 25 p g 1 14 42 25 A A S A -
T R A R G UG iz sh i 7 f R

Mppgsrs + (Csp + Gerp) Gsrp + Kggpqsrs = Fopg

(43)
M _ M shaft-rod MCT
e M c M blade
Gs aft-ro G—cr
GSRB=I et } (44)
_Gcl Gblade

acc

Kcl + Kacc Kblade

T
F shaft-rod j|
F, blade

Kshaft—rod K;:l'l + KT
Ky =

(45)
Fy _l

Cshaﬁ-rod

C =
S [ Cblade ]

(46)
G shafi-rod :|

Gblade

qsrB = [

A HHARRE 5 5 18 7 2 W SCHK [12], T 47 SRB
PN OB A -RIAT - R BSOS

2 URiAEES R ARV IGHIE

T 0 ity 07 2 il S TRy A 5 R A B R, L
BB 28 E=E,=2.07 x 10" Pa, fifi if J}y 1.96 GPa,
A v=v,=0.29, H.H S5 g 1 o/R W] L 2K
THE B 8 A o 7 2 Ao R v P B R ) 2 TDHEDRE 2,
Uy TR TR bR . BTG TR S, A SCiE
B B2 50 B=0.003 9, o/R=1.6 x 107*, ¥ 1 $5
Fr wi=0.70 T B0 UEAS SCHE R 4 2 fioh o3 B AR 78
BRCEFIE#TE, 2T Lk TR S R B K
T STV 1 550 e AR (FRT PR ZMIC B AY)
AR SRR 25 AT T AL

WAL 9 T 7, Hh JC 8 49 vt 07 325 1) 22 A 1 2 5
P AR Y | JC R TE ) 5 AT | G 4 g
Vi i NI B TR ) 2 R S R T LU
7R SCRE 45 R 5 ZMC B 4 B 45 LT
56 4 — B, DT 2 BH AR ST 8 ST 1% i 145 42 HE 45 4
P18y TSI M A1) 8 R foh 155 T AR TE A 1,
AT DA T T N7 i A 2 ke O 42 A 8 A g
WSS R IR B . AN, anlEl 9 i T LLFE
H, TGt 20 ity 1A 3 ) o ) B S BTG e N 4 fi
TS 5 AR B 0 SRR B, AE TG B AR Bl AR Y
SR/, BTG AN il 9 T BN, TE N

—
S

AR AR
———— ZMCHi# |

—_
(=]
T

SR
i ONE|

SN E SN 2]
T T T

eI (Ko/EA)/107

107 102 l(l) ! 10° IE)'
Tt BRI il
(a) BV BRI S BT 6

20220739-9



%39 %

IR DA
14 T T T I‘ .

IS — AR
2 12F D
= ———— ZMCHiAY
g

&

R

2k

B

=

i

=

10 1073 102 107! 10° 10!
T AR Y Ehio
(b) S 45 T S B Ay S B A AR T S 2R

-~ —— A
g 10 ———— ZMCHE
s |
@ 10710 ':—F\A I
£ 1 ONES
Q[% 10720 - .
i
R

0 0.2 04 0.6 0.8 1.0

ToE N E ) (F/IEA)N07
(c) Sy P73 T 22l D 8555 i 4 S 2y G 3R

9 ARICHALE ZMC B LA

Fig. 9 Comparison of ZMC model with current model

i AT 325 1) 2 e P 52 USR8 o o 42 S 5K ) i
TG T, G A i 147 35 1 2 fi Y ) A2 A RS A X
B2 VAR, 10 A P I 20 i 1A 32 1] 4 fh Y 32
BB PR ALRES o

3 BAERFERMNEIE

K FH— P8 08 A FR 0 514 o fige 22 o 1) LB, Py
TARICHA R BR S, H A2 1k 5 iy 4 il ik
B, TCVE P TR f AT A IO AR 1, AT I AR X ik
HE B Y 20 BT, T SO AR 2 1 T T e A
1 25 40 Y 5 Al A5 R 5 ANSY'S APDL2020 i FH 4K
PERIZE A 0 7, LA 220 3 & sh BL-F% -
A RGBT G, B HE B Z G0 o i Ry 72 48 T
(515 A W T o =N 2/ L W DTN 1A S K
S St AT T 4 R S A R A, 3 TR A LA
JRSFChn ] 1) 7 2B oT A BROTA A

M RGP A RS B Ry B il Y o
PR 2.25 x 10" Pa, JAFA LA 0.35, %N

8 140 kg/m’, JiEHE M A (3P A 1.31 x 10" Pa,

AR LA 0.419, BN 8 700 kg/m®, HOHEFTF )
HPERT R K 2.04 x 10" Pa, JAFAFL 9 0.3, B K
8240 kg/m®. LI S 1 iy 1) Ak 1) 1l ) I Oy
2.5 x 107 N/m, % ) 77 1) 59 MILEE R 4 x 10° N/m

A5 T T B A il R e B AT R S W 1R
1x10° N/m. #G R, Bl pk @ 16 B,
17 A DRI 4 B, 35 AN
O I o I I = N I D = W o 3 [ o D 4
Brpb il s 8 SIS 11 AT s B AL . i A A
T AN+ 728 AT B A il R e O AT R A i Y
AR I H R R L R
R DL R BEAS i R i AR A SR B NI o 42 T 5
(ANSYS H1 ) Cerig fiT %) o FET WA K ahblixit
F-CH, i 1A 7 A5 R Y BRSOl CC1066, HUAM B
N 44 mm, N ET A2 36 mm, 5 1/ K 30°, 5%k
916, T R 1.6 mm, (AR 50 1.1 mm, L5 T
{50 ff1 =54 0.3 mmo R (B AE 22 5050 14 1 4004
J2 R 7 ST ity 1A A 0 5 AR 1 4 A A R 3 2 S [ 9
SRR B O S A5 R AR S B AR L
SRMER R PRSI R R ) R RIE S A
Sk AR 10 B 1 T R A 1) g 2 R, TR A 4R
IR G FR G0 P oy 145 3 H2 25 4 1 BT, SR 28R A
R R R ) 0 1 T S R 0 B A T R
WA RGMRL, T KU S 4 E A5 B
il & shHLE 2255 -t B # A R G n @y
T B IE B R R E M, a5 ANSYS A BR TR
PR3 2 Ge 00 [ A5 EA T 5T BT o

10 R 1% J1 ok 160 kN B, #A R G 1E
Q=0 r/min I} AYHRALE], H A AR AR LK 1,
TR RA R, Zrheg L T4 3. 6.9.10, 11, 12,
13, 14, 16 By (Y IEACHEES, Hodp £, Bl G R4
55 r B0 A A R IR A A, o =1, 2,3, -
R AT R, R GAEAE D BT B R L,
F 25 il 5 s Sl e A i B0, DA R s il S By
BN 7 ) R AR A . AR ST BT 7 VR A

(d) fias)

20220739-10



%1040

RN USRI IIPLE 25 i i R G S 1 AR

v /
A /

(e) ./‘(ln7) ® ﬁns)

| X
— @ — <0 <
| X

(g)ﬁnw) (h)f(nn)

10 FETRE T 160 KN AERIR, M2 i R ShL R & R 4E
TE Q=0 r/min fYPREIE]
Fig. 10 Mode shapes from the coupling system for the
turboshaft engine under ;=160 kN and Q=0 r/min

®1 FEWESN 160 kN EA T, ZEREEZRFEHNNBE RS
7£ Q=0 r/min B EIH R
Table 1 Natural frequencies of the coupling system for the

turboshaft engine under F;=160 kN and 2=0 r/min

i — ﬁ; Ji/ﬁg; b S

Jon  93.02 92.06 0.26 1 Frini

Jo»  103.38 103.63 0.06 A R B0
Jon 17321 171.08 0.31 g
fas) 47890 47256 0.33 k]
forn 52918 539.42 0.48 n;g;;ggg%%
Jus)  546.63 557.87 0.51 R
Sy 910.85  961.86 136 TR 1 S
S 111790 112370  0.13 2 B
S 137724 136480 023 1 A

TE: FA () [0 R PSR A L A i 25 S 25 O AR ], 2
2R

XA PR T B A R R 22 BN, lORIR 22
1.36%, Ui WA SCHE S B R AT B2 5 ANSY'S A Y
SERW) G B, S T BT R AL A 1, TE
S AT AR R A b w] DA — 2P T R AR S MBS A
S8 e 57 BT

4 T 13t B /SRR RN

AN EEMIE T RIS R EHE
il I 20 04 ] A7 AR A< W), Jd s PR 1T RRD, Bl T
B2 0 B0 U, HG AR G T AR R

e HJE R Ge A T S P st 0 T Y 1 2l R A
X7 1) T AT AR AR H AU . DU RS 1
AR AL B, an & 11(e) Fias, 24305 ) 3 i
1% 10 N <F,e<l x 10° N, X I i T 75 % 7 %%
A TS A 2 AN P i A7 3 2 28 R 9k 1) Y AT
TR A W, BB B A B AR, 1) o 147 3% B
S A e LR A I BE R/, BRI 2R G Y A R
B R AR GG, 3 U 150 B 12 it U 3 2 45 A 1) B
ARAS R A F FUE A B B . Y TR e
F 1 x 10° N <F,.0<3 x 10* N, I} 2 4 [ A 4 %
B 2 905 (1 2 AL R 4 ) e, X
P 5 A 4 R R0 1 ity A7 32 2 45 4 12 1) ) 3 4
B30 T vy 17 B 0 W, O i 147 3 2 285 4 1Y
T Ao DR Ak 0 B R B B . M IV e
Bl R 2.0 x 10° N < F,,,0<2.0 x 10° N, Fifi % 751 % J
(A3 0, O RS A 4 Al 807 ) ey 1A T 2 W B 5
T30 43 W R R 285 R K, 0 B it 07 37 02 495 4 1) 22 fk
RS T FUE AR AP B, FLiz it T8, s,
— o2 41 AR ) A st B B A S 57 B
A0 i 20 11 41 80 B, I L AE 000 At B B, [
B TR R, X EEARANRE: OF
35 (R0 W B 53 00 R A it S gL AR 30, B T
B 1 WA IR 785 (D7 WL RE 3 2k 4 R, IR

TS T A T A
. L BB BB BB
2 el o R
5 1s0f , E
T 140k — L L
B 10° 10° 10°
& JIN
(@) B 57 3)
AT T A A
. L BB BB BB
= 480 [¢ Lan —r —>
B 4751 ! ! R
J@: II 1 ! 1
= 5 10° 10¢ 10°
&N
(b) MRS
TSRt TEHErE BRI
. L BB MB BB
\E 1500 — T ':‘ T "I‘ T =
glﬁo;___——_i//////T——_f
T 1000 E I . : L
E e 10° 10¢ 10°
& JIN
(c) 1Bl

B 11 BTG RGeS S it A AR A
Fig. 11 Effects of the pre-tightening forces on the bending

natural frequencies of the coupling system

20220739-11



IR DA

%39 %

PR AT AR LT TR 1 PR

MIE 12 AT LU Y, 525 R S A L, &R
G 2 [ HLE IR LAY TSR RN B B A, HLAE TR
F st i B B I AR o e BT A i T 1 B2
PRI UL TR MAS T, R GRS IR 3h A n] Bk
2, T RE i il TR 2 Al it o AR TR A
st B B, 2 A1 2 % sl 8 A AR B4 T I L 45 )
5 T RS R L A GRS B i) ) AL B AL
ezl IFH 1 Br LIRS R B Rl X
EEENTE T 1 B A R B2 e 5 A WA ™ A=
R LA A8 T, CH 2 figh 28007 ) e 1 2 8 ) MU A HH A
AR AT BR o it 5 A Al L R 5 (R S

T AT b2 len T AR D
. L BB BB BB
= oaf an o >
% %;—’//J////”'T——__f
.}@ II 1 ! 1
B e 108 10° 10°
WEJI/N
(a) 1515
TSt o oA T AN
L BB BB BB
iém L —
}H,’:s 500 | :
Jf@ 400 : Il ! 1
H ¢ 10° 10¢ 10°
WEII/N
(b) M H SR LR A
TS TEEE  WUEMA
. . BB BB BE
ilmo‘ — . L E—
% 1000 ! ]
< i /
w 800 : . D
H g 10° 10¢ 10°
WEII/N
(c) 21rH%%

12 BRI G RGeS AL A R R
Fig. 12 Effects of the pre-tightening forces on the torsional

natural frequencies of the coupling system

) i) = AR M R A R 3l e X 1
R G L AT A HO A ORI O AR AL
AW R IRE S R, R SR RIS
S AR . 28 LRI, B5E 5 1R Y o
R 80 X e 2R 4 1 2 Y L A 31 3 7 S
AR SURK, PRI 2t B e R R U ) A
Bl 5 2R ST ) 181 A5 4315 B 5 4R T

5 TR XA &0 B B 53 A

AT F BT T AE v V7t 0 TR ) X R SRR
A5 NGRS AN - £ 10 107 1) 5% ), AR 48 b SC oA, T
BT IR R 4 R A ) 7 o B R
Ay WEAR, b T E M X 4 TR R,
B3 KNy i) 3 B B RS A 1 TR A o B B
(1kN) ., TS 5- 934 B BE (5 kN) | TS A0 A0 B Bt
(100 kN), I HL ik B (5% 7 (TC i 14 7 $2 4540 )
E RS, HRAGSMS S L SCHR, RIEAE
AR 8L 11 AMEEN G EECA 1 mm,
5.1 TR FEN AR5

13 Bz 43 ) e R 3 000 r/min BF, RS0
FERS BEAL x J7 1) Fe AR b L e il b i R
BARFEMmn . B, 1,5, 100 kN, K 745
SIFRETE S 1,5, 100 kN VEF X RS0
F M, R R 3R AT P T e A N,
SCHTEl. MR 13(a) | [ 13 (b) BT, 7615 14X
9 1 kN B, HAR R K 2.66 x 107 m, 58K 5E 11y
PRUE A (1.47 x 107 m) , HARIFHE N T 180%.
W R, 5% S0 SKN PRI L (1.88 x 104 m),
FHRMEHEINT 141%, XM T & S 512
T IO X A 22 6 1) R A RS- A i) I 1) 2 i
LR

X F it R A, EE YRR R E T
Tt JIT % 422 ik 28007 1) A - B AR 24 SRR BE A S AL
stb B B, b 3% B2 S IR 0T AR A 4 Ak 4 D,

TR KN WS R5 kKN % 124100 kKN AR
— 26}
2 ] 24F
g g
T v 22t
(=] S
= = 20
BV B 1.6
8 a4t ///\\\\
12F \
_3 1 1 1 1 1 1 1 1 h 1
320 325 330 335 340 345 3.50 3.400 3402 3.404 3406 3.408
At 1a]/s At /s
(a) FeAEAbx T W) (b) FefAbxr Ak B SRR OR:

20220739-12



%1040

& S MR S L AR T RGTB ) 2 R 5

730 -

M2 13 14 15 16 17 18 19 20
A1l /s
(c) 5o ARAbHIEE Iy 18]

HiASIR{E/10° m

-1.6
-1.81
—2.0r
—22r
o4t
o6k
o8t

NiALIRAE/10° m

.0 1 1 1 1 1 1 1 1

1.1 1.2 13 14 15 16 1.7 1.8 19 20
Fifa)/s

(e) MFRE 7 1)

107

10°¢
£
= \ ~——
EE‘: 1010 .i:::‘i'liuullnluu.ul.l.uun Lelatiidylol

i M Mlalabivdalalatay

E Hnummmmmnmmummmu

10}

10714 L L L L L 1 Il L L

50 100 150 200 250 300 350 400 450 500
Hi%/Hz
(d) FEALALAHEL J7 1) A R A58 17

107

1010
£
= 10" R
?_& ““hm::‘I““l““"“1-nmm.mnnuum
el ‘"'““"“il-huun.uuuu.mnu

10714 §

—-16

50 100 150 200 250 300 350 400 450 500
AR /Hz
(f) AR5 il 5 1) B AL AR

K13 AREPEDEHT, #8 REARREA -6 v (5334 3 000 r/min)
Fig. 13 Effects of the pre-tightening forces on the steady-state vibration (rotating speed of 3 000 r/min)

B T R RS | RS A A A A T R B S
AT 5 1 A i U7 % H2 W BE T B, S 3RS A A x )
AR IRE RIS . I 13(c) . Bl 13(d)
A LA, A B AL 07 o] A 1 53 2 A
B, X JE TR AR SRS TE T B 45 5 .
F TR0 EEAL x J5 i), FLA G J5 1 1 B 3 o 1 A
it AR 50 58 77 68 A FH T 4 M b %, AR AR SR
[29], 5 455 o AN U0 AR RS AR AE QDR W OC R
Geg=Ee/2(1+uy) , Bl T0UEE 7 09855 , 23 7] Bsf U 55
A F AR ) i AT 3 R 5 R 1 2 ot I R B )
WL EE, PR] Ikt S 3E5CHHL A i e R L T 25 1t i 20 5 m
Fo K 13(e) A 13(0) ] LLE 6 T it 22y
4 2, 4k s A S IR S A L, R E R R

A B 5 AR 5 2 R R DR B AR,
HE {5 5 Z AA eSS EN . 4%
IKF) 100 kN B, HAD T 10 KA B B, &R 40 h9 ik
R JC PR B2 T AR 3 1 R IR R, AL PR T 42 o A 1
HIFAAE , LR MR 4f 2R T AR T 1 A R e

&l 14 Fr 7R 43 3 R % 38R 6 000 r/min B, R 46
FERC BEAL x J7 1) | Fe AL b | w2 il b i R
BARFAm R . ME 14(a) FE 14 (b) AT LA
A TR F PR IE 8.1 x 10 m Tl &5, Tl
L1 1N BIIR IR 4 1.96 x 107 m, H 4R I8 5 i
T 235%. AT SKN BHRIE 1.16 x 107 m, Hik
BRI T 165%. 3 2 PR oAy B 3 5 A 2 AN - 4 i)
N JAE B, TSN B B, B Y T,

TS 1 kN T %% S35 kN %% 734100 kKN LN
T 20_ T T T T
2 AN >
!HHHHHHH:HH 51'5'
iﬁ 0 @ 1.0}
= =
8 \ D
SUEH U UM AU WU 2 osl
HHHHHHHHHH =0
1.20 1.'25 1.'30 1.'35 1.40 0 1.3'50 1.3'51 1.3'52 1.3'53 1.3'54 ]
i i /s Al /s
(a) e A4y Ty 1) (b) e AT A A SRR

20220739-13



—4
_6 L .
=
0 WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWY
S 8r i
&
% -10
i}_‘
714 1 1 1
2.20 2.25 2.30 2.35 2.40
AT /s
(c) B ALALHEE Jr 1)
-3
_4 L
g
s 7f
T 6
]g
R 7
4\;\_
_8 -
9 . . . .
220 222 224 226 228 230
AT /s
() MR iy i

B 14 RIEBEEAEHT, #E R GER AP b

5539 4
107 T T =
2 \,v\ \J\WL‘NW W mw

10 : IR i
£ [V
o
E 10
s
i?l

10*10

10*]2 1 1 1 1 1 1 1 1 1

50 100 150 200 250 300 350 400 450 500
Wi Hz
(d) FeAEALFELT5 13 B W A5 S
1070 v
4 Ik Wu W\”«W i ww,u

108 F i I
= \n i
i i ——
Eﬁ 101§ &‘:“Wwwwww
£ LI
= 1012 i

10714

50 100 150 200 250 300 350 400 450 500
i %R /Hz
() AR5 il 5 1) B AT AR

(%348} 6 000 r/min)

Fig. 14 Effects of the pre-tightening forces on the steady-state vibration (rotating speed of 6 000 r/min)

i AT 2 2 4% R 2 fh S T 7R 52 R 94 B 2 1
&, T SRR AR RN B R R, B A AR
B AR LA, e DR R A SE B BT,
Ui AT 2 H22 235 KA )2 fh B T 32 81 ) 1 2 A 9 PR
DA Re S Y SR AN AR S e A Al
2 figh ST B9 2 A R S A A, T RSCHG M 5 K T A
7 BEAR U AR, S RS | A%

£/ N RN I T R WA R D 1T
TR BT AN B AT A R R A s e T

T B B A B SR
5.2 HFFEA &5

Bl 1S RARFEARTTEIEH T, M6 25 E
T A sk A v ) B A AN ST A e 0, A e R i
k200 rad/s’, H Ak bR o I B R], P\ AR AR R R
M@ . I 8409, 9533, 10460, 10 560 r/min 43
FIFERTETE S 1. 5. 100 kN, B A5 5 X7 7 Y
1 B 25 il 5 1 2l S A

ME15(a) AT LA, FE B4 x 5w, 3
FEAFNE (4 1 B 25 il 5 7 3 55 38 B 0 41 2 o iy
15 B e K, I L BE A 005 T W AT, 45 I A
ot SR R (3 W U 2 %, i A A S A i 7 2 T
By B 23 2 Rt BRI R I 42

M 15(o) HAf LA, SEeRAL x 71 AH H

B, BEAE TSR T AR, L 10 25 A - A o 1oz A
PO 25 MR S A 2 AN, R REAL LA TS

— WESHIKN —— FE S RSN
—— TSI H100 kKN —— HefkiET

2k 9533 r/min 10460 r/min
8409 r/min

10560 r/min

(iR HRAE/10° m

35 40 45 50 55 60 65

Hs 1) /s
(a) FeAAbx )7 17
— WES AN —— FE SRS KN
— THEIINI00kN —— %Msfﬂf%
1.5 L I 8409 r/mm
E Lor 9533 r/min
o 05F g
= 10560 r/min
% -0.5 =3935 2’5“12 10460 r/min
= 1.0 [
-1.5F
2 3 4 5 6
H 1) /s
(b) Fe AL )

20220739-14



%1040

RN USRI IIPLE 25 i i R G S 1 AR

— WS NN —— FE SRS KN
5 — S H100 KN —— Befhih 7

8409 r/min

e It
< 9533 r/min
= .
@ ol !0560 r/ml}n |
& < :
2 PP 10460 r/min
SN N e ——
Q'=4134 r/min
[
0'=3935 r/min
2k T L L
2 3 4 5 6
s al/s
(c) MRS )

15 ARBENERT, #ia RE7E RS
R
Fig. 15 Effects of the pre-tightening forces on the

transient vibration

) AN AE 125 5 - 2l £l S5t 3 ) 4 e e
{EL, T L AR5 T Q" B IT B /N R A, X 32 B
DRk B N R A A S LR A A AR Q7 B i
Ak B /N AR LR PR S T AL, T DA i A Q7
Ab B IR R R GERY 1 BHHE R S R G 2 A
AR, LR GRS U] T L 4R 3 0 B2
st By BEAE B AU AT 15(c) s T LA
-2 25" 77 17 14 i 2 AN S48 W JO7 A1 e A 41 5% T
o] ARSI EAR R o BeAb, HLE% I 37 T il A 50
HILB AR ST # X A3 2o b S 45 5 ok il i
3y, X T TSR B A AR, Tk
8 70 DR Sl Ao e A S A A il e e e
R B 4 3 B R R AT B R AR AR, B DL TR
TAC O PR GIE R 5 P il 1) 0%, DO R H i 1A
RS A I 58 S A5 F L S IR R AR

6 %&£ it

Bt X g AT T 2 45 A 1 L - i P - A f
ST AL, 308 3 5 2% B AL G A 30 A
ARAG A A RO 4 i A7 2 P A LS ke T A
LS fh A7 R LS o 4 Ak P JBE R U e
A S5 R JZ o R S 147 8 2 22 1) P42 Sl 8002, O
A B 2 il R S LA AR - R i 3
SRR, G T ANSY'S AR IE T AR SCR R Y IE
Witk fm, BT T AR R XS RS A
PR A T I A AN S A i 7 ) 5 e R, G
BEHET

1) X AR ST A 7. 14 i A 2 4 45 ) P - i 0
Y- BB VE Al I ML 2E AT T B I E, JF A BT

S T ) 2 M N S e T G e A i T R 5 AR
TVt i SRR S

2) FEWUE IR, &5 2 Ml Rsh
(18 1A AR A0 E AP 8 1 1 s i iR o0 1% A
B UL AL HR S A LT il R Sl X T A st
9 B3 S i b AR

3) FETE AR AR, BT A AL
I U AL, S S A O R I R R,
T {5 75 2R 0 114 AR A8 AN Y- A i 7+ 0 S s {75
KL . HAM, AH T AR AL x J5 my ATt 22 4 il
7 i), A 4R 2 e B R B0 4 B R WA 2, BE &
S BN, FRGE B RS AS AN S A5 ) 7 R (B 2 T

4) XoF Tk A AN YA o 1, B S T Y
R AR, LT 7 1 6 A 52 SR 1% 91 3 i) 7 2% 947 A %
VL RHRR G 22 G0 2 70 54 1) ] ) B RS R R4

5) TR N ETHERLAS] 2.0 x 10°~2.0 x 10° N,
TUES 75 A 4 42 i A Yo ity 143 2 422 45 ) 30 {0 bt 25
0 Ui V47 3 A 1 WP B A CRE AR B 1)

AR SCHIFSE 25 5 R o St A T R A 4 A S
W R ShPLE Ze5E T RGN B SRk Rt —
2%,

CESd S

[1] ARELZ, ROHAT. AL 2 8 5 & S L& o 3 0] i 2= 3l g 2
2, 2019, 34(12): 2577-2588.

ZOU Wangzhi, ZHENG Xingian. Development trends of aero tur-
boshaft engines[J]. Journal of Aerospace Power, 2019, 34(12):
2577-2588. (in Chinese)

[2] KDE, BRER, FEE, T ETRELSIPLERR SR
o BRR A AL 5 1 (0], A BOR, 2018, 39(12): 2670-2678.
ZHANG Shaofeng, CHEN Yuchun, LI Xiaxin, et al. A coupling
assessment method based on turboshaft engine performance and
size-weight[J]. Journal of Propulsion Technology, 2018, 39(12):
2670-2678. (in Chinese)

[3] Z=¥e. ikl & sh ML 7 3% 42 38 A% 10 0 32 5 78 7 i BF 5 [ D,
T A T AU 2 LR R, 2000,

LI Ling. Research on strength and creeplife of connecting bolts in
turboshaft engine rotors[D]. Nanjing: Nanjing University of Aero-
nautics and Astronautics, 2009. (in Chinese)

[4] FHEG, BRI &, BIA0 2, 55 ot 7 3 B8 i ) B 5% R [J].
fif 25 81 J1 231k, 1994, 9(2): 20-23.

YIN Zeyong, OU Yuanxia, HU Boan, et al. End-tooth connection
and influence of variable axial force[J]. Journal of Aerospace Pow-
er, 1994, 9(2): 20-23. (in Chinese)

[5] 28, 452201, #8009, 55 MR M 45 4 T fol 00 2 Ml A5 B ). #L

B TR 3R, 2016, 52(7): 205-212.
LI Ling, CAI Anjiang, CAI Ligang, et al. Micro-contact model of
bolted-joint interface[J]. Journal of Mechanical Engineering,
2016, 52(7): 205-212. (in Chinese)

[6] SUN Wei, LI Tao, YANG Dongjian, et al. Dynamic investigation

20220739-15


https://doi.org/10.3901/JME.2016.07.205
https://doi.org/10.3901/JME.2016.07.205
https://doi.org/10.3901/JME.2016.07.205

IR DA

%39 %

(8]

[91]

[10]

(1]

[12]

[13]

[14]

[15]

of aeroengine high pressure rotor system considering assembly
characteristics of bolted joints[J]. Engineering Failure Analysis,
2020, 112: 104510.

d ARG, RSO, M, A IR AR M RS B T A5 B ) &
Rk 23 A7 (0], Uk 85 TR 224K, 2019, 32(3): 517-525.

MENG Chunxiao, ZHANG Wensheng, MA Hui, et al. Analysis of
dynamic characteristics of a bolted drum rotor structure[J]. Journal
of Vibration Engineering, 2019, 32(3): 517-525. (in Chinese)
AR, BRR, TP, &5 1k IR 7 A 4 AR LR W
HL IR 53 7 K B 07 ZLLI). A 28 3 ) % 3R, 2021, 36(2): 358-
368.

LI Lunxu, CHEN Guo, YU Pingchao, et al. Nonlinear stiffness
mechanism analysis and numerical simulation of rabbet-bolted con-
nection structure[J]. Journal of Aerospace Power, 2021, 36(2): 358-
368. (in Chinese)

ThH 2T, BT, MRS B, A5 RBLAF- 1k 113 4 4 ol W 45
o B e 5 F GE IR B W LR W [J]. A 25 A AR, 2021, 4203):
223861.

MA Yanhong, NI Yaoyu, CHEN Xueqi, et al. Bending stiffness
loss of rod-rabbet joints and its effect on vibration response of ro-
tor systems[J]. Acta Aeronautica et Astronautica Sinica, 2021, 42(3):
223861. (in Chinese)

BRI, RS, IR R, A R T R S W AR K
P& Bl RR P[], A6 BUAL 25 AR R 222241, 2019, 45(1): 18-25.
HONG Jie, XU Xiru, SU Zhimin, et al. Joint stiffness loss and vi-
bration characteristics of high-speed rotor[J]. Journal of Beijing
University of Aeronautics and Astronautics, 2019, 45(1): 18-25. (in
Chinese)

YT, B, ZEE, S5 S U A BRI EE K X B T3
PR S WA ()] IR 3 TR AR, 1993, 6(1): 63-67.

YIN Zeyong, OU Yuanxia, LI Yan, et al. Stiffness of a shaft sec-
tion with curvic couplings and its effect on dynamic characteristic
of a rotor[J]. Journal of Vibration Engineering, 1993, 6(1): 63-67.
(in Chinese)

Sk, AR, E55 W, 55 % 8w 14 5 A9 B b0 h A -
B F-m A R G ) R S BT 0] PLB TR AR R,
2021, 57(23): 124-136.

JIN Miao, WANG Ailun, WANG Qingshan, et al. Dynamic char-
acteristics a analysis of a new type of central Tie rod rotor-blade-
bearing coupling system considering the end-tooth connection
structure[J]. Journal of Mechanical Engineering, 2021, 57(23): 124-
136. (in Chinese)

WUk, 25, 0 BE, S 3 I SOR-B T RGO A IR 30 o
KB [1. i as 3 712 4, 2020, 35(11): 2293-2305.

LEI Binglong, LI Chao, HE Kang, et al. Coupling vibration char-
acteristics analysis and experiment of shared support-rotors system
[J]. Journal of Aerospace Power, 2020, 35(11): 2293-2305. (in Chi-
nese)

FORE, AR, 2 I, A5 77 B HT il IR BE JE & X B4
I R % F 2 T AS SF- i 0 N 5 e 43 BT (D). %S 3h ) A AR
2015, 30(11): 2771-2778.

XIA Yebao, REN Xingmin, QIN Weiyang, et al. Analysis of the
effect of floating ring squeeze film damper on sudden unbalance re-
sponse of low pressure rotor[J].
2015, 30(11): 2771-2778. (in Chinese)

XORE R, S0 7R, 00 S, AL SR R R R A A R X
7R WA TE 5 125 []. $R 3 5 i, 2020, 39(7): 29-35, 66.
DENG Wangqun, WU Shizhi, LIU Wenkui, et al. Support stiff-

ness modification method for a high-speed rotor with flexible sta-

Journal of Aerospace Power,

[16]

[17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

20220739-16

tor[J]. Journal of Vibration and Shock, 2020, 39(7): 29-35, 66. (in
Chinese)

Eledl, ELAE, TR % HIESRAYRMME K IHPLE
ZRHe TR SRR (7). A% 3 J1 2441, 2023, 38(4): 901-912.
WANG Longkai, WANG Ailun, YIN Yijun, et al. Vibration char-
acteristics of complex aero-engine rotors considering support con-
straints[J]. Journal of Aerospace Power, 2023, 38(4): 901-912. (in
Chinese)

Elegl, EXAE, FOEE s B LS E Ty
Bl g S R T 1 (0], v B LA TR, 2022, 33(13): 1513-1520.
WANG Longkai, WANG Ailun, YIN Yijun, et al. Dynamic mod-
eling method to complex rotor for aero-turboshaft engines[J]. Chi-
na mechanical engineering, 2022, 33(13): 1513-1520. (in Chinese)
FEIRTE, KRR, 5, 55 MURIEE -0 T R A RS
PEWFSE (0], HEBEEE R, 2022, 43(2): 246-255.

TANG Zhenhuan, MI Dong, LU Yu, et al. Coupling vibration
characteristics for shared bearing bore-coaxial rotor system[J].
Journal of Propulsion Technology, 2022, 43(2): 246-255. (in Chi-
nese)

JIN Miao, WANG Ailun, WANG Qingshan, et al. The vibration
characteristics of central Tie rod rotor-blade-bearing coupling sys-
tem considering the influence of the Hirth couplings[J]. Archive of
Applied Mechanics, 2022, 92(12): 3533-3561.

R R, fR R, i T Ax, ARk T AR RHE AP T4
foh 1A S AR O 9 (0], W KU Tl R A 2 4R, 2021, 53(1): 117-
123.

ZHAO Runchao, JIAO Yinghou, QU Xiuquan, et al. Modeling
method of gas turbine rotor contact surface based on virtual materi-
al layer[J]. Journal of Harbin Institute of Technology, 2021, 53(1):
117-123. (in Chinese)

WAL, B, skl R, 55 5 I il BN A o A7 O e
F 3l 1 2= R 5 (3], MLAK 58 B, 2020, 42(6): 1489-1495.
YANG Zhenglie, WANG Ailun, ZHANG Haibiao, et al. Study on
dynamic characteristics of end-toothed connection rotor consider-
ing contact effect[J]. Journal of Mechanical Strength, 2020, 42(6):
1489-1495. (in Chinese)

MA Hui, LU Yang, WU Zhiyuan, et al. A new dynamic model of
rotor—blade systems[J]. Journal of Sound and Vibration, 2015, 357:
168-194.

3 B T k2 WA T A T il 9 e S 48 A 4 5 [0). %
JRE U & 2 4R, 1988, 5(4): 29-32.

YANG Kechang. Calculation formula of moment of inertia of coni-
cal rigid body about arbitrary axis[J]. Journal of Loudi Teachers
College, 1988, 5(4): 29-32. (in Chinese)

MA Hui, YIN Fanli, WU Zhiyuan, et al. Nonlinear vibration re-
sponse analysis of a rotor-blade system with blade-tip rubbing[J].
Nonlinear Dynamics, 2016, 84(3): 1225-1258.

FEEW, FTE, SO, R R Lo - R A A R
GUIR B FRAE (9], 025 24 4, 2022, 43(9): 625442

WU Zhiyuan, YAN Han, WU Linchao, et al. Vibration character-
istics of rotating cracked-blade-flexible-disk coupling system[J].
Acta Aeronautica et Astronautica Sinica, 2022, 43(9): 625442. (in
Chinese)

KR, BB WY, 0 S R R T 5 0 M e A L[],
LB T #2248, 2007, 43(3): 95-101.

ZHAO Yongwu, LYU Yanming, JIANG Jianzhong. New elastic-
plastic model for the contact of rough surfaces[J]. Chinese Journal
of Mechanical Engineering, 2007, 43(3): 95-101. (in Chinese)
ZHAO Yongwu, MAIETTA D M, CHANG L. An asperity micro-


https://doi.org/10.1016/j.engfailanal.2020.104510
https://doi.org/10.3901/JME.2021.23.124
https://doi.org/10.3901/JME.2021.23.124
https://doi.org/10.1007/s00419-022-02247-6
https://doi.org/10.1007/s00419-022-02247-6
https://doi.org/10.1016/j.jsv.2015.07.036
https://doi.org/10.1007/s11071-015-2564-5
https://doi.org/10.3901/JME.2007.03.095
https://doi.org/10.3901/JME.2007.03.095
https://doi.org/10.3901/JME.2007.03.095

%1040

& ARSE: R R S A1 i R GE B AR R

(28]

contact model incorporating the transition from elastic deformation
to fully plastic flow[J]. Journal of Tribology, 2000, 122(1): 86-93.
(i zs B shHL it F 0 ) B & & iz & sh il it Tt
55 190 #e 7 3 J1 2 B ALAR 3 [M]. b 50 T 28 Tl R
i, 2001: 210-220.

The Editorial Committee of Aviation Engine Design Handbook.
Aviation Engine Design Handbook: Volume 19 rotor dynamics and

engine vibration[M]. Beijing: Aviation Industry Press, 2001: 210-

[29]

20220739-17

220. (in Chinese)

S, T, BV, AR R T )2 BT Y AT 4 i
S B 1 2 B B AE AE [J]. 25 31 3 2441, 2019, 34(9): 1927-
1935.

MIAO Hui, ZANG Chaoping, LUO Xinyang, et al. Dynamic mod-
eling and updating for contact interface of rod fastening rotor based
on thin-layer element[J]. Journal of Aerospace Power, 2019, 34(9):
1927-1935. (in Chinese)

(h#t: T27)


https://doi.org/10.1115/1.555332

	1 动力学建模的建立
	1.1 端齿连接结构的接触模型
	1.1.1 端齿连接结构的基本假设
	1.1.2 端齿连接结构的接触刚度转换
	1.1.3 端齿连接结构名义接触面积的修正
	1.1.4 端齿连接结构的真实接触面积与接触载荷

	1.2 端齿等效
	1.2.1 端齿等效弹性模量
	1.2.2 端齿等效密度
	1.2.3 端齿等效泊松比
	1.2.4 端齿等效切变模量

	1.3 复杂转子-叶片动力学建模
	1.3.1 变截面阶梯轴与中心拉杆
	1.3.2 双锥度旋转叶片建模
	1.3.3 变截面轮盘建模

	1.4 耦合关系
	1.5 组装矩阵与求解

	2 端齿连接结构的接触模型验证
	3 耦合系统建模的验证
	4 预紧力对固有频率的影响
	5 预紧力对不平衡响应的分析
	5.1 稳态不平衡响应的分析
	5.2 转子升速不平衡响应分析

	6 结　论
	参考文献

