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Experiment of rotor dynamics under fan blade off
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Abstract: In order to research the dynamic response of the high bypass ratio turbofan
engine under fan blade off, and finish the safety design better, the sudden unbalance experi-
mental system with fan blade off device based on similarity theory were designed and experi-
mental verification was finished. Research shows that the sudden unbalance experimental
system has high similarity to some demonstration engines, which can finish the sudden un-
balance experiment with good repeatability, clear mechanism and big unbalance, furthermore, it
can simulate the fan blade off of the engine really. Through the experiment, it was found that when
the large sudden unbalance occurred, the superharmonic frequency spectrum appeared and the im-
pact coefficient didn’t show a linear relationship due to the limiting effect of the squeezed film damp-

er, so the rubbing problem caused by the limiting should be concerned in the subsequent research.

Key words: fan blade off; sudden unbalance; similarity theory;

experimental verification; safety design

s B H:2018-11-21
TEF T A PR (1994 —) B LR BN FALAS & B HLEE 13 3 2 e 5% HLML B 12 T 5%

E-mail; lizhenhou@ mail. nwpu. edu. cn

S| A B, B, £ R E LS. i OB T sl 2 N se3e 1) A 3 1 2= 4k, 2019, 34(5) : 1010-1019. HOU Lizhen,
LIAO Mingfu, WANG Weiguo,et al. Experiment of rotor dynamics under fan blade off[J]. Journal of Aerospace Power,
2019,34(5):1010-1019.



LHER:]

PREBER A 0T ) TRBE T #% T3 ) 2 m B S 1011

RO T S K Bl B — ol B 0 45
BRI SRR B 98 55 R 8 RORUST I 1 4 4
PR s s BV 1 e S S Rl e A SRR R
SECR LA I ERIR B F g R AT
B MRAEIE L A PR, o [ R AL S R B
BORKRMVBEBUERA PR D 15s NG
Ko BB WA R 3 E IR s
B BRI S A R A JE sk, B
AR R SIS IS 19 8l ) 2 e B X 2k
Wias R ELA @ i B EE TR S E X,

H A [ Sb 2% B BT X 5 58 in A SF- i 0] 330 ik
17 K& W HE ML 5 58 . Dzenan' F il %
T30 1505 B X 3 AN [ 1168 B R S LA T
TSR NNAS YA e 1 75 B A BT R 4 R S S 8K
AT T X . Stallone 28 ) Ff 4 /4 2 G s~ 1
1P 3B 7 3 s % O 1 100 58 4 K ML R S b &
S5 ph 1 R R 8 T A B IR A A 4 i
HIUE T Hras R B A A% . Alam f1 Nel-
son 3 3o 52 AR A ) S A A3 A o R FH o o i 1k 6 R
M2 VR 5% Al R R G A 28 INAS ST A5 T 1 46 8% 0
{80 B B BRAR AL EAT T3

AR o [ PR 58 AN Y- 4 [a) b T B T F
I8 AT IR AE BIGHE T % 0 1 1% 338 R IR T 6 2 A
S L TR SR PR L AR T R S R
BN 2 B 1 T I A% 3 I SR L DE T TR
fiff 2 1 72 5 58 0 AN Y- £ i) R7 1 e FE B0 AR A O
B I ARG i 25 R WL 1 R FHAZ O 255K il
T RANA i B F U ZE B S S T
T EE AR BH #8750 9 IR - A i 1 Y
SRR Sy BT T % 1 2 58 50 AS -4 1 g o B9 IE T
F B S T EEAE B E 4R BE A SR il e T R R
TIAS - ) 41 sy oz . 2R SR E T )
T o T3 7 o A T R O 0 o B g AT A
ilf » S5 H R L M SR IS S A S

SR o AT BT X 5 IS S A 30 47 0 S5 56 B 5%

B I Hm H R R S 254 g S /NG 7
B KA T8 L A S LAE 2544 A3l g 2 B i R
AP EL B F HL R INAS P 3 /N ASBEAS B A2 5K
KAWL TR o L B4 R R A — &
4 3 38 AT B AT BR 1 JR BRAE S 5 A B 4%
BT B SRR B AR SOR AR BB 8 33
15 R AS K SHILAS H A B g 2 R AR LA S
B BT T SN AS S A K L RE B SE B
10000 N 5 Il 28 fif F) R AN -ty 2 QU0 52 3 o 52
oADK BRI I B 7 =l D AT S R TR T L
% Fi 5 SRR T A - A i o DA B B R G 2 4
PEBETH R S50 S

1 B FIIHRIZIT

Ry TS AU 2 - 58 I AS S A8 S 6 0 3 A5 40 %o
B RNILEA 2% M8 ] B A v % 7 55 0
i e W 2 SR AV R O X E S H SR E)
BURR T IF HL 5% 85 0% 57 15 5% 2l 0 3 L 5 b 0 D91 32
SR () B RN gl ) o B A A R B TL S R B LR
AT AR IR AR, BRI R
1.1 HFRRBEET

RREALL S 50 45 1Y) SR J7 22 R0 8L 1 T s Y i B i
LR TR —8G R T 0-2-1 AT E., 7K 2
W 1SR N A S AL KU il T A R
AN 2 B i A PR A5 RS S K
F A B B E B B #8 (squeeze film damper,
SED) ;2 5§l R A B 38 5o 0 it o) 2 22 258 70 B AL XL
Ja Bl B R A B 22 2 B Al A AR A R Y SR B
b Ho1 S H 2 5 Bl R ] B 3% )% SR A |l
b SORERE 58 ) 5% 1 3 5 R S AL v Y SR HE
R Z5 R AR I 5 5 5 il R N 20 55 B 4000 48 Al
ot BC A R Sh B 42 3 3 i A LU XM SOK
Al A e L I Ab iR 1A SFD,

B 2 B 5% 5% 3 i a0k 22 R 15K Al s
A S LK Bl . 7R XU A o R A AN S

I IT"‘I 1

s
N

K1 BRI IEHUIR R S5 1

Fig. 1 Low pressure structure of a demonstration engine



1012 it =

LRI

Era e L

R
:TF:
iy
i
#
%%
#

Lmtesr | [emsor] [ BxoE

Eﬁ?ﬂ

B2 BT SRR

Fig. 2 Design of simulate rotor

R3O 56 0 AP 0 4% B 2 00 )
(0 A B IR 5B S - 6 5%
B,
1.2 FFECHEFIRIT

AV 5 8 B0 LA 0 4650
0 AU SR 028 . B 5
2] I 5 B L2 A I

ANE 3 A« 5 o 2 L 2 R
PR PRI 25 A0 5 0 LA 5 500 2
R E SRR T T N [T SN
s L3 500 BB OB WL AR R 22
e T LSRRI 4 25 2 2 DR 9 54 T
00 1 R 1 5 P 25 OB

[ TP

3 Bl A Bl AL K A

Fig. 3 Driving motor coupling

LA o IR b e 5 0 2 A 2 ] SR P T I 5 5
R 1o i 1 B0 5 i o K DR TG 1 R
TIBN S RERRLEE T V-5 LA AL S AT

S I W2 K 1 RS AR (ot el 1] e
U AL 14 45 F R FH 7 A TR el i o LA B e i A4
S PR K SIHLE S5 I HA A T 900 A 19 2 i

BT

\
'1

W —

B4 BB ES
Fig. 4 Splined coupling

1.3 #HFFZ&IET

222 JEARVIG TR AL B SR R R 1S oK
2 5t R A B AE KU Bl L O TRl — K g HE
PR B IR b B S i, Horp 1 SR N
70 mm AR B AT VR - Jl K L 20 AR S I R
PO OL B 3 g B S S 3 T E N
MEEAEE 1 FLIFEA SFD, 2 5 8RR
120 mm A A28 1) T A Al 7K 3 el DAY it 7 A 22 3% 7 XL
it Bt R A T 3 A AL G Ao AT K R 3 A S
1k,

55 AECRTYE 15 4RAMER 70mm N2
) 58] A R St 3 ek B 7 R SR O o
JE 5 2 B8 NE 6 PR .

SFD Wy ix it = % (i & kK h Pl &% + 3h )
SO R Ry i e A A RGBT AR
P RELJE 485 15 2 7% —F A ST 168 e 07 8 P 5 5K L 45 B 0l
JE R I B S 7% 1 BHLJE 2 450 R 48 B e 2 4k
T R BE R 3 RS 1158 SFD i HR 2806
A SED BLRL, K5 5 SFD % i /2 75 1 2 225K, R
T /2 2R X SFD RS #E A7 130008 B 2 0 2 58



5

PEIBERAE 0 ) R T B T 3 g A e R S 1013

Bk, RS R 1 R,

E5 15/ 2530k
Fig.5 No. 1 and No. 2 support

K6 553K
Fig. 6 No. 5 support

X1 SFDiEiItSH
Table 1 Parameters of SFD

7 N iﬂ‘ N N "/é
- Ik 2 R/ THh THh R

(Pa+s) 42 /mm KEF/mm 8]/ mm
1 0.0165 70 21 0. 20
5 0.0165 70 20 0. 20

1.4 RIMAFHREZI

WNSCHR 13T I 5 28 i AS - £ Jin 28 4 ' = 2L
ST NSNS L ol D7 A K o
B 7 fios . s B 5 ik 5 i w4 98 B O AL BR
MR TERE . 5 T hese . an &l 8 i, [
kSRR RE WA T B0 TG R
Je AR, AR T w ik 8] AL B, i 6, SE
GEINAST-Mr 3 2T BT Sk 9 B L B e LRI
LB b kI EE AT DA A A i i B B
B, AT SZ I 6000~10000 N 4 5 il A S 25,74

B E ek Je B g 9 R, %98 B 5 KU
LT 16 A iR o B RS % 2, OF B IR A e
B BRAIE 5 XU 8 2 1810 Rl 2 . A6 RBERT . e B
WU BL IR i A i R Bt e el T v A B0 IR
T T B P 5 e B AR A B BRI e 2R
ik it 1 A e A AR T o Mk BB S S R T
RBE T e L 7 v pR T Y e R O kAR
U e N T N 8 RS0 S AN
TS 17

aky

B
K

E_

R

LI F

P b B AR X o7

Fig. 7 Relative position of static

i
o B
~ D
Z et H
R

&8 TR A B AH XA
Fig. 8 Relative position before fan blade off

AR

B9 ke B
Fig. 9 Elastic clamp



1014 R T %34 %
SR 2B T RC B 5% 500 %2 HESH
WE 10 frs . S2Ee v, SR DG H AL s (BRAK P- Table 2 Parameters of shaft
840 VI T % o £ IR (BRK VS e, pryS——
0S0) WELFE T LML RAMBIEE g o
(B&.K IN-085) i 5 % F 4R sh (i 8 . I (1 47 B il
[ 5 2 LR SRS 0 5 B I 28 AT 15 e 0 0 v
(R SR AE D R 23 .0 " o
3-4 15.5 70 45
4-5 44.5 70 45
5-6 125.0 62 45
= AR R0
6-7 5.5 62 0
7-8 12.0 62 0
8-9 12.0 62 0
—_— 9-10 12.5 62 0
10-11 14.0 81 0
K10 T
Fig. 10 Rotor experiment rig 1-12 13.5 81 0
12-13 15.0 55 0
2 RINAFELIWIIE 13-14 5.0 55 0
BB 75000 28 2 2 T N T B o S >0 > 0
HTWEFIA LA FEHTREWR R MAE 1510 1493 50 0
A LI DL R S B R AW AT AT S A L 16-17 149.3 50 0
R G005 R ST 0 BB R - R e 1 I A e 17-18 149. 3 50 0
Ty B2 R AW AR 2 SR 1o o3 - .
2.1 %:?*ﬁ'{}ﬂ-%: 19-20 149.3 50 0
B 11 A s as A RocTH AR, ) 920-21 470 77 0
I3 F R G A5 W R E X Z A PR TR R AT T R oT 21 99 6.0 - 0
X1, B35 28 A T . WY SE g ARl A 22 25 - - .
A BA ST LA IT., 2 MRt
A AR 4D %6 L 3 iR B T 43 e 19-0 0 0
BIBERL 125K 2 SHURA 5 SR, 24-25 120.0 60 0
25-26 78.0 60 0
26-27 35.0 80 0
3 71012 212224 27-28 15.0 140 70
EH xR3 B#BY
1046 U5 © @ & © 0| 83 25 2698 Table 3 Parameters of disk
0 LTS (1
11 7 SC 0 0 A BROG A A o WS/ HREE s/
Fig. 11 Finite element model of rotor experimental rig (kg * m?) (kg » m®)
B TR R RIS RO 4 2~ 2% 5 T ooy o -
7R TS U 0 R A B T AL 2 o8 206 132

HE 5 T S A7 AEAR 2 19 28 B o AR BEAT A R OG- A



PREBER A 0T ) TRBE T #% T3 ) 2 m B S 1015

5590
x4 ZAEASBH
Table 4 Parameters of support

R SR ML B
TR ORFRIE/10°(N/m) B ERIEE/10° (N/m)
4 4.58 4.53

11 218.00 200. 00

23 4.52 4.52

RS BEESHY

Table 5 Parameters of splined coupling

£ A i B i TEEES
7-12 0.92
13-15 0.92

IRF SRR 2R 40 b B 08 S0 b IR 4 i
SRR ) il B R T 2 L S 2 P Y Bl B ER T
FAT TR I DA T 52 Wi %% 5~ 2y g s R TR ot
it 2 X AR 3 4 il B B T HE AT 3 2 R 55 A Ak B
FIAEWR S R B W0 B IR B XA S
BN BUAY IS R ECE 0. 9~ 1. 0 JRUE Z (8] 8k
A A5 U PR B PR LS S 5 S g I ™
ANFF . R Y S 56 I R A A L B E AR
S AR B A I R BN 0. 92,

A BRITRE Y g BT 15 B Sl g
AR DL R 5 P B 1 12~ 18] 14 Frz, \l LA
B TSR ARR 1 B2 B im S o ok
2211r/min 5 2676 r/min, H .1 iy I3 —fL PR 5
VAR g 3 B IR AR B 2 B 0 — A ik 2 Dy XL
F 103 % i W DR O 24 B 45t PR 2

100
80 —T |
N | —
T =
% 60—
= L —
@ 40
)
N 20
L —
0 1000 2000 3000 4000
74 % /(r/min)

K12 5k DRI
Fig. 12 Campell of rotor

2.2 BHFEFUWR

18 3o A A A I 3 AT A B B B e B
TR T 45 S B BE 25 2 M BB T B 4 2R I
J& S 5 B A T A R S AR

LT TR LR

K13 Fer 1 it 5riRsy

Fig. 13 Calculation 1st mode of rotor

B Py AR

14 BT 2 it B R

Fig. 14 Calculation 2nd mode of rotor

P15 FT o Ry 58 0 KR - i e 1 52 60 4 42 4
AR HR B A s R o AR 3 5 56 25 A
SERRRAE 7 7 XU B E R e Sk T
AN R AR TS ER AR 0 1 B R AL 2 B PR A
e 16 & 17 fiR. LR B 5 7058 1 5
PRAA AN IRAL, 2 B R 280 O 25 i PR AL 53 F
xR4T

Pl 18 Sy AU FIAHAS P 5k 42 g + em AR
A 0 107 5 38 o XU A8 KT I Ak S 3 5 A
M EE . T RLE W S A e R G 1 By

A

Bl 15 %5050 25 4R B 5 s = B (B mm)
Fig. 15 Modal point of rotor experimental rig

(unit;mm)



S
[ox}
=
¥
&

DA LRI

2.3 RMAFHLE

SCEYN AR 7 s i T 3 AR MR
A S . BT R R 316 g SEINAS P
15700 + em, KM 6071 N F]3F 10000 N
U B SR RIS R TE E R B & S L R

e o0 1000 To00 T 2 A - 06 0 3 08 T 0
Adtii 78 /mm £7 TBHS
B 16 %51 HrocihiEm Table 7 Experimental data

Fig. 16 Experimental 1st mode of rotor

xE WA Mk G TR
Fes MR S5 /mm (r/min) i fif/N

i 100 1 40Cr 3.61 3120 6071
% s 2 45 4 3.61 3410 7253
E ~100 3 15 4 4. 50 3970 9831
Eﬂ 200
200 2.3.1 1 RK KR
zﬁié%_ 200 400 600 800 1000 1200 51 S0 8 0 IR e % L AR TRl 3120
“ A r/min T 0= s i 2076 KB B b 0% A i 4k %€
B17 T 2 B s s R 5700g » em APl KA 2] 1= 0~3 s i [A] B
Fig. 17 Experimental 2nd mode of rotor P9 XUBR 5 1432 20500 19 T . Forh AR 0
s o SR B8 2 5 403 8 B B o MR T
180 pevvon ST T 10— ML . 7T LA U 4 Ak
1ol I T i | A SR T — (R 75 o R BTB B . e
| | ' AR5 42 P 5 SR 0 SR 9 1 22
£ 10 T B B 3 5 7 R E T — I (K 675
® sof pm BRI UGE . B S R XU 4 A R KA
%em 1178 pm e R BB b B A 9 138, 0°,
X 4o}
20+

0 3 4 L 1 1 1
1000 1500 2000 2500 3000 3500 4000
& % /(r/min)

P 18 A o 7 e A3 2 il 6
Fig. 18 Rotor unbalance response amplitude-

frequency curve

I AL %% 3 S 2100 r/min, 2 Py i 5L 5% 3l 2 646
r/min, W 6 Fi R iR E AN 5. 3% . HIR3hiE
S5 HRSRSE.

Fxo6 IEFRFEHELI 270°

Table 6 Comparison of critical speeds

19 55 1 RGN R AT 52 30 1 XU 45 4L 36
i 55 53 / (r/min) Fig. 19  Orbit of fan of the 1st experiment
w2/ % with sudden unbalance

s
=3

HHEER EMTEE S
1 2211 2100 5.3 P 20 Jiv7s o R B Ak 4R B0 B9 Bp 3880655 mT LA
2 2676 2646 1.13 by bt R L = | A — A




5

PREBERAE 0 ) RB T 5% T3 ) 2 B

i 1017

For A R RINASF- 7 )5 19 e R AL RS . A g 5
ANV AR RE LA A D SRMNAS - 1 RiT Y B E
fi¥s . & 21 s g KU B A 4k 3l 45 5 2R A 1L
A i A B A AR L B R f SRR R f R
AR ATLUR L XU A IR S 5 S R T
T AR SNE A L AFEARY 2 A5 o
PAK 2 AT 1.2 A58 Z 18] B9 45 A€ B 7y (81. 3
94. 3 Hz) o X — R BLIF M2 H1 T 2N A F- i
A R SFD b ik i K Tl 5 (8] Bt S 20— S
Ab e A TR EE L O HE U T AR E A 4 Sl EE
P BR T 5 sl R 1 1.2 A58 Ik 3 4k - S A
S I GRS TR U

1000

" LA
N ‘ MHHWM

T TR

-1000
0

AU 25 PR3 1 (H/um

20 55 1 YRR RS- 467 52 56 XU 48 I £
Fig. 20 Time-domain signal of fan of the 1st experiment

with sudden unbalance

550
=40t
im 21,
E 30t e
£ /
=20}
i
= 10
K ‘
100 150

$ii7R Hz
Bl 21 55 1 RGN KA 52 30 XUB 400 30 5

Fig. 21 Frequence-domain signal of fan of the 1st

experiment with sudden unbalance

2.3.2 52 WK RBESLE
M AEFE M 3410/ min F 0= 1s B ZI £E X
E’aﬁt O HILLALZR I 5700 g » em ASP- i £ L 4K
143 1=0~3s W] BN XU 35 1932 2l B0 4n
22 i o AT LA o RUBE 28 Ak 1 B30 S R A e A
— K5 1 R AE A 85 pem, 8 5 1] R AE A 50
pm (RAG RDE 9038 . 58 A P15 & A e s KU &
M) o7 3 3 K L8R 5 TR T T RS R B B S
B E B — DK I I B 785 pm, B H
] WEAEL A 660 o (A B T Bl . 2 A 3 72 b XL
Ji B ) B KA S 1164 o, fie KA B8 Ak 14 AH A7
& 180.0°,

90°

270°

22 5 2 YOI RS- 165 5 36 1) KU 4% B
Fig. 22 Orbit of fan of the 2nd experiment with

sudden unbalance

i 23 ﬁ?ﬁﬂﬁaﬁiﬂ?z@ﬁ‘]ﬁﬂ‘iﬂi ALl
A R L, = [Ana—
Bl 24 ez KU ﬁkﬂ&ﬁlf%ﬂéﬂ%@%ﬂf LS
JE A% B B A 5 - R XU A 9 9IR 3 155 B
TSR INE A 1 AR 2 5
1 N 1 e e e R SR e el IR T 5%
(80.7.98.3H2).

—

(=

(=

S
T

ST TR

S

AU 2R S IR (E/um

Ak

(=

(=3

S
T

B 23 45 2 I 900 SR B
Fig. 23 Time-domain signal of fan of the 2nd

experiment with sudden unbalance

50 : .

§40 ,

gzo— “ f 1
@20- / l /2fn 1

G O A \
0 50 100 150
$5i7R /Hz

24 5 2 WA T 500 LY BB 5

Fig. 24 Frequence-domain signal of fan of the 2nd

experiment with sudden unbalance

2.3.3 53 YR KBS
HFAEFE T 3970 r/min FL,e=1s B} Z 7 X,



1018 o= @ o R #34%
B 1 O MR FENN 5700 + cm AT 4 L Wik g %0 p
350 (=0~ 3 s IWf ) B 4y SR 4 9 42 50 40308 L P 2 40y "
25 R o T BATE th XU SR 008 0 R A Bl '
— AR A 75 e B B R 9 100 | MJL
e SO I B30 0 IS 4 % 2 0 KB =S N
0 100 150

e o R I KL SR R AR 1 RS R B ik Bl e
B E 2 — A K J7 M BEAE A 1150 pm, B F
J5 A WEAE A 1050 pm BYHR RJE H0E . B A
DU B0 d5 R AL RS D 1501 s dge KAV A0 1Y AH
i 131.5°, Horp fe % K B fF5H —
FE I HIE S X2 BT S APl e KL T A%
TR I 30 L 3 Y

300°
270°

Bl 25 55 3 RSN KA T 552 36 114 JKUB 48 0500
Fig. 25 Orbit of fan of the 3rd experiment

with sudden unbalance

&l 26 7 iy XU ﬁ&ﬁﬁ@ﬁﬁ@ﬂﬁﬁ%%ﬂu
B 2B L, = A —A
Bl 27 BFR R R B A R 3l 15 5 mﬁﬁﬁiﬂfﬂ*}ﬁ%
JE A5 B B AT L 5 T RS 0 4 SRR [ U A
Qb )R B AT 5 BR G AT 53 S0 I8 A B AR 2 RS AR

BT LA KA T 102 A5 A 2 [a) 1 40 8 B 43 (813,
100. 3 Hz) ,fH It 100. 3 Hz - A+ 40 B1 &,

1500 T T T
1000
500

() RsEE
=500
—1000 [
-1500 .

{B/um

2]

thﬁﬁﬁﬂfeiﬁm

t/s

26 55 3 YGRS - 17 52 6 XU A% I I A5
Fig. 26 Time-domain signal of fan of the 3rd experiment

with sudden unbalance

$ii %/ Hz
B 27 553 KGR ARV 52 56 KU 4003815 5
Fig. 27 Frequence-domain signal of fan of the 3rd

experiment with sudden unbalance

3 &

AR SCAR A Y 5 GE AT R 3 AL, it T
RINAT-H5 L5 R G0 AT T 5 IR A 15 5 19
MR RS AR E AR AT

D) A SCBR T 2 AP 52 56 4%, 5 B
TEBUAR R e TR 2 AL 2ok, B %
MEEEL SRR,

2) A SCBETE I 58 IS - A5 5255 R 46 W] LA
CH T J 5 M AS V- 17 52 55, I e 68 = 42 gk AT
FRBE L SER TR B G 4T SRR SEIR AR R AT

3) Bl E Z3 0 A7 134 K B e S i KU A7
BRI A REOLRA W B RM LR, 0
TA R 3 J2 5% s Tl R A1 A PR S 3 B 1Y

4 BR T BRI 12 A5 IR B A0 5
A7 308 2 15 BB G B8 2 2 5 B RS U8
PRI & 7 i B2 BT 98 I ROAS ~F- 47 52 56 145 1) 2 47
B SEBG 2% R SFD . %% B 5 07 B AL 1] B A i
T I FLI0EA HR 00 A (8] Bt 9 2 (8], DA U R B8 fin o
Xof S 36 2% 1 3l ) 2E R P EAT O LT ST

S0k

[1] hERMAME SR = K 5Pl it 8 e : CCAR-33-R2
(ST dbnt . [ B AL 2 J5 8 )R 2011 : 38-78.

[ 2] Federal Aviation Regulations. Airwor-thiness standards:
aircraft engines: 14 CFR Part33[ S]. Washington: Federal
Aviation Administration,1993:81-99.

[ 3] European Aviation Safety Agency. Certification specifica-
tions for engines: CS-E[S]. Cologne, Germany: European
Aviation Safety Agency,2009:140-141.

[ 4] DZENAN H. Mechanical loads on a turbofan engine struc-
ture at blade-off[D]. Lulea, Sweden: Lulea University of
Technology,2009.

[5] STALLONE M J,GALLARDO V,STORACE A F,et al.
Blade loss transient dynamic analysis of turbomachinery
[J]. ATAA Journal,1982,21(8):1134-1138.

[6] ALAM M,NELSON H D. A blade loss response spectrum



5

PREBER A 0T ) TRBE T #% T3 ) 2 m B S

1019

7]

L8]

[9]

[10]

[11]

for flexible rotor systems[]]. Journal of Engineering for
Gas Turbines and Power,1984,107(1) :197-204.
A6 RS JBRZEMN. i 28 R B HLER TSR R 58 19 A -
w7 ). 3R 8h TAR R . 1991,4(3) . 75-82.

REN Xingmin, GU Jialiu. Response of suddenly applied
unbalance for aeroengine rotor-bearing systems[ J]. Jour-
nal of Vibration Engineering, 1991,4 (3):75-82. (in Chi-
nese)

JBRZE N S AT 2% B SRR B 7 28 458 5 0 AS ST 4 Wi 1oz 7 5 1) F
FELI]. B ) 22441, 1991, 8(4) : 56-62.

GU Jialiu,REN Xingmin. A study on solution of suddenly
applied unbalance response of rotor-suooprt system[]].
Chinese Journal of Applied Mechanics,1991,8(4) :56-62.
(in Chinese)

E U, B, 3l 558 7 TR 5 R JE A R T R
S B R BFFE L) ). HLAR AL 5 R L 2008, 27(5) - 667-
672.

WANG Siji, LIAO Mingfu. Application of an active elastic
support dry friction damper to controlling sudden unbal-
ance response of rotor systems[ J ]. Mechanical Science and
Technology for Aerospace Engineering, 2008,27(5):667-
672. (in Chinese)

F VU B . o 5 0 AS - M ) 7E 2R 4 1R vk 1
FE LI, U2 5 AR . 2012,31(1) : 77-80.

WANG Siji, LTAO Mingfu. A method for online control of
sudden unbalanced vibration response of rotor[J]. Me-
chanical Science and Technology for Aerospace Engineer-
ing,2012,31(1):77-80. (in Chinese)
2L AR R Al SRR R SOR BB T R B R
N A e 17 S 5 i g LT . W =S 3 ) A . 1992, 7(2)
103-107.

LI Qihan,ZHAO Fuan,ZHANG Shiping. Experimental in-

vestigation on blade loss transient response of rotor with

[12]

[13]

[14]

[15]

[16]

[17]

[18]

flexible damped support[ ] ]. Journal of Aerospace Power,
1992,7(2):103-107. (in Chinese)

IhHALT R EARE SEL A R S AL R )
FERR LI, fias 30 s 41,2016, 31(3) :513-526.

MA Yanhong, LIANG Zhichao, WANG Guihua,et al. Re-
view on the blade loss of aero-engine[ ]J]. Journal of Aero-
space Power,2016,31(3):513-526. (in Chinese)

T BT R R BER L AL AT R B L SE IR 2 5 AR T
7 ) 2 2% . 106611553 P, 2017-05-03.

B . e T S A ST o AR PE BT SE LD P %2 PE AL T
K 2,2017.

JIA Runtian. Response characteristics of rotor with acci-
dental dynamic imbalance[ D]. Xi’an: Northwestern Poly-
technical University,2017. (in Chinese)

REFRVR. QLR 5% 13 ) 2w RS LD 76 %2 75 b
Tl k22,2018,

XIONG Yunong. Study of rotor dynamics under blade-off
status[ D]. Xi’an: Northwestern Polytechnical University,
2018. (in Chinese)

FFR. B 5SR-S 56 S LD PE 2 7
JE Tk K, 2018.

WANG Jue. Experimental study of the sudden imbalance
impact response of rotor system[ D], Xi’an: Northwestern
Polytechnical University,2018. (in Chinese)

B R 7S RSB £ 3 2 ML 04 22 96 3L ol K2
AL, 2015,

E U, B XK AL 5. LA K 3 LA R S B R T T
2ol T R AR LR ()], iz 3l ) 4. 2015,
30(1):82-89.

WANG Siji, LIAO Mingfu, LTU Yongquan, et al. Review
on the blade loss of aero-engine[ J]. Journal of Aerospace

Power,2015,30(1) :82-89. (in Chinese)

(i A



