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Prediction of Damage to Fan Blade from Bird Strike Based on Response Surface Method
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Abstract: The cost of finite element simulation of bird strike fan blade damage is high. In order to solve engineering problems, the
classic bird strike cascade slicing model is used to establish the mathematical model for the dynamic load of bird impact. Combined with
the results of bird strike component tests, the fitting technology was used to clarify the functional relationship between the degree of fan
blade damage and the calculated value of the maximum critical dynamic load, and the blade damage prediction response surface was
formed. Rapid prediction of fan blade damage due to bird strike was realized, and the prediction workflow based on the response surface
method was established. Combined with the requirements of the turbofan engine bird ingestion test, the fan structural features, and the
results of the conducted bird strike component tests, the blade damage prediction response surface was established, the radial bending, and
chordwise bending of two bird-strike schemes were preliminarily identified, and the tearing ranges do not exceed 0.3867 and 0.3941,
respectively. The tearing and the chordwise bending are significantly correlated, showing a parabolic trend. The results show that the
predicted damage is within the acceptable safety level. The prediction method can identify the damage range and trend. It can provide
quantitative technical support for subsequent work such as bird strike finite element simulation, test planning, safety analysis, fan blade
bird strike resistant design, etc.

Key words: bird strike; fan blade; damage; response surface method; aeroengine

0 5= R L/ B L A 7, R
ORI H I % S HLRURS RS HRA K B L4 )

8 3 R B HLIE AT T RE I BRI AR BISME  y 809% 1 I, 7 KRR HBESR T, SR I 2 fi R
N T A5 07 L B R TR O R WL R SHLIO SR sk B g sk ARk o A B IR T
Yo B S (Foreign Object Debris, FOD) 48 75 15 B3R 0 7 45 , W14 £ 1 GJB 241A . GJB 3727,
SO 226 38 MO FOD b — LS CCAR-33 bRl LT , TR ek 53 B A 50 1 L

i HH:2022-04-28  EL£TIH iz 3 EEaF 5 H v
EERA X7 (1985), 3B, Wi+, TR,

S| &I XU, B L, FRIGEF, S5 38 T Bz [ 721 25 4 KUk i (7 LT, A 55 K 51 911,2024,50 (2 ):95-100.LIU Yang,LUO Zhong,ZHANG Haiyang,
et al. Prediction of damage to fan blade from bird strike based on response surface method[]].Aeroengine,2024,50(2 ):95-100.



N

96 it =

% 8 Hl

5550 &

P LSS RE T o PR, A AE B S iR A
ST IXUBR 3 RSP A58 e P AR E 2

2 g2 R ] S i e S B E TR 456 1 7 v it
7 53 Bt BRO(E B R B A% B9 H 5 (Lagrange

Lagrange.Euler Approach, ALE) G R sl 112
% (Smoothed Particle Hydrodynamics Approach, SPH)

UL fa ol XU A P2 A ARG AL, B 1 XUB

7 i B B TR AL

i 5 B 2 R A IR TH R, T 1

SR TR FOD A TRE RS AT A, JF ptom | VTR ASCES B IR TR BROG £5 S Ay A7 — 72

SRR H SR (A g gy | O ROTR RRIKRAT AR e

UL M [ g T e b Lo VORI R . o

ARG B gy | VRN TS SRR 1 PR AT 2

TSP LN R —"
O A s

A S5 4+ TR

AR SO fifp AR Y S E A T S S A A i TR

I R I S S )R g 0 Ve SERE R RIXT RS

BN DR S5 SR R s | TR
WL A I S B e B DA ISR VAR

AT LV, A
R V.

ISk
1 EBigRIEE
1.1 BERXEBM R ERER

PR ARSTART AR e b A A L R X S
SR AR T [0 8 ol SCRT o3y WU o A R R
T F GBI K RSB BE

P IXUBR I A T v s 25 R o e e AR, LY [ 7y

Jo 2 S AL i A m] S O R o S, Hop
SO AT U FARAR
Approach, LA) AT 4% B H . BR 7 7 (Arbitrary

T S 4 AU I S BEA g i A DD 224

UL AT B 5D R I 4 160 3

REIA S HIN S A S Bk

SR RS AR R P SPH TV F RSO o o o 2 40 AU T 43 2 1

P aRIE SRR FH SPH VA FF i T S fi o g otk R 7 8 i TE A [ M o L T AR T

AT R F RO RRBFIE IR B S 3 5y i sk F T S0 6 - 5 e 5 A

B, BUIOH G4 BB B DS o e L AVKOR S R A e

KU S AR W T AR S )
I (B 5 (R T 9 A% G S A T

U T R A EUIC R 2 TR KU L

< \; = ‘{H?S S *"‘,‘A?’“‘ \#“—\:\L - . o -
iii;% Xﬁf@fﬂi?fi& fﬁ jﬁ@%ﬁ,ﬁiﬁgﬂ - ATRIRER I CE KR TR T A D)
R I G T PO SRANRIITE NS b skt A B O B s T
F T AR 5 55 R o A X0 SR U S s AR

, - " i R A 2 ) bR BB
R A S A BT
RSB AR, (D, Beootie 0
T04EAR Wilbeok % EIF 6 R MRS oy | 0 T

A 5 et o R 0 PR FTBLER  Jeng 4R S R
R 3R BT S R AT A IR Ls—Dynadic o R WREITRIE o (155 e e 7 L
#F?l:ii?ifﬁﬁﬁlﬂﬁiz%; T 2 B RR T 1 ;@W%Jﬁ W 2 LA v MBS S AR e B AT, T
10 1Y B BT (Discrete Element Method, DEM ) 55 5 i UL A
1.2 BEREM R e HFRE

16 77, A% B& 55 U0 g IXUBE I B89 1) 3 520
DI R 450U S Y02 KU I (R

i b, Syt XU I sl i T B SO D) S

H1 T 55 A RRACRAAE , 72 730 i b 3 g o [ A

P

N

B MEE S E SR
Rt BT IE Bh LI

BV TE AU I i G4 el A5 20 i W 0k 1] i

VA GBI V,. HSSSFT R AT
PEE G35 e 50 280 2 HREE S 9%

TAAE T G 160 07 [ A B B p, , ARG RE— 2015



F2M X A R TR 1 TRV £ % 4 DX R 45 T 97

JRUB I T2 M 23R T 1R )

.V2
p.= P (1)

Kb p, W
P2 0 g R RS S i DI A, nl A i

SRR ISE CHGT B 5 IS AT Y,

FIV AT sp 7 T 1] 22 A 5 oo 5 7 o S TS Box Z81W HL 5 Vg — R R A

OB R S 6 ML B R, R

IS o

BB S 9 AL, ’

N s BT r 1 ; 4
#HB, BHB. K -

I 2 TR ARV R ﬂ%iq///

Vi
L RIE B 2 sy Z
Yl B e K 5 A, o E2 BiE
HITRME A
T X By 60xV,
B, =p, X% 4 X RXN (2)

it
U4 (RIS ) 7 XU P i 2 I 45 3 T 1% 1]
JIF.H
F. =p,B, (3)
Ko B Al AR

FE ) Ho B RS | B S MK TET

SEI , B AR A, U F ARk B i R A
1.3 BEREM R #5G
RRIE LU i Bl A SAILIKURS I A A R 00 4 )

HEJEE , B3 ] B8 T BB R RSk e )4 ik DX
LS B SR 5 S A A RE AU I A S 4 AT g

Tithe

LR PR A o
(1) il R RASIE | b A T IR 48 G 5
(2) 30 28 AL B R o3 B A B — B AN SE T /Y

fiF%;

SRR R AR AL
SR SR 45
AU R
S HAM SRR 4
(3) B« ph1— R 9] B S R T 3 AR O B0 T

- MR R E R

ARSCAX 25 i A R A 15 DL A5 oA, 4 2 K

RS IR, B0 PR R SO
TSR

1.4 BiE XU R 15 4% 0 5wk
e 7 T 3 ( Response Surface Method , RSM) 1 Box

U AR PR Ay SR B LR 7 A %
BB B, AR S Sl R 3 i
IR RS R IR S R AL G Rk
DR REOCR . R B s SR i KU
AR R O B T SR R R 1 )
VRS AR SR TR VL L
R e R P 5 A 003 ST A 16 25 5
VIR o AR SR 16 R AR

B MBS R, RO AU 3, N R XU SRy R HEAT AT

By AR B X R

X = (XepoXo) (4)

S X, X AR I BT R R

Iy A R B e 1 A R A R Y (X5 i A X
PRECC AR, B

Y(X) =Y (XX (5)

A e 4 P A 2 NEEAS B, R NEEAS

B2 S5 ) BB T R A L
BT O R A B T R
M APk 226, JEh, SR MU T bR

Y(X)=a,+ BX + X"CX (6)

S, W R 5 B R YO R B 5 € K
R

SURB AT R, BB R o TiEimie B R B
SSBHRR P N A RS, B R A PLIE R R 54 Temae
TR i, 75 B BRI R AR
i ARSCIUSMHT 4 KU 50 S A BPRRURI g ok 5 B 195005
H A5 B A AR R, SO BB o Ft T 0 e F A ) 3
PR

S5 U1 R 1 1] 710k 46 s XU R 3 R 5405 3

7k % E}I: 71'_\ ?Jﬁ *515 s % ﬂ: 0
it 5 HE

M T L 4 o —

ATROC U

E3 ETFWMEELNEE
ESBCCRMRE M &S M RGRERRTERE



98 e

% 8 Hl

5550 &

HASHNBA LR I TE 120 Ay SR

T RCARTY 258 S R 25 A AR 2 2R
e 5 Uh 3 4 5 S A T o S T 5 R 48 5 Y
NG T7 5, T 00 O 10 P 56 75 S 45405 , W]

PE:
22 NMATRHG
2.2.1 AR RTG530 2 B0

7 (A2 SR R 6 KU & S B L

J5) (GJB 241A-2010) (L% & LA Bl 52k ) R TSR AU AR R Al R R R

(GJB 3727_1999) [/j\ })7( << ﬁi g:z ﬁ fﬁ] m ﬁ ﬂﬁ ﬂl % >> #mﬁﬁ%*ﬁﬂi+%%iﬁ%\%?§ﬁg[H“ﬁﬁ%j(z%rﬁ“jj s
(CCAR-33)fat F 5 S HLAE it & ety TP RARUN - UM A L

RPAZOR BRI 2R

AR 2B 7R L 2 18 CCAR-33 FF SR L5
5 T AR, CCAR-33 PHEIRA S, h 3 NG Kk
RUREE 40 BB T HEBLEE K0 R RO

SR, 38 3 A 5 28 AT, 1K e e A B XU
I i o AN ) 07 B R B D R L, A R BT B 1 1Y
PR F o e M A SIS LR -

Lt B B KU AR S0 R 2 F P AR

SRR OLE

FSALEE B R SRS A 100% F KT
K SHLEL . Kk shHLIR INT R R

AT IRAS 5

RSP SRRSO 0E it
, AR R Chonieie
SOt TR (0% IS B R

S [ AR 78 H ] 5 5

(4 XU I, 20 BT e S B 2 15

FEEE LA AHAR R NT RHLEY V, /N 5 5 RS
iR E R KL, 23k 370 km/h,

222 LA A LA I S A SR

eSS
ok I - -

Rt WIRE BB, R o s

HETARBE AT 0

TS NI 1 Y

SR

S SN ATREE 3
HUERE e S ] Y7

E4 MESESHM
PEXR

I E ] Rog
‘ e W, gk E0.6
IRPEEL AR 8 3250.4

0.2

WVTE Ry TR A
Bl SR O LS PR A BT 400 .
AR A BRI K ) KRR AR

W SR,
224 HENTAR U W

" o i hoxt R MR Y S
SIS NIRRT o o g g 1 g
i 460 m I8 TR IE BT AN R gy o e = g

223 N hEMITE

T RTE RN EO TR T, T
M 04 T 06 B
AR ] 5 3 B

E5 REHEERERRE S

MR R RIE T T, st E s R e kR

e S A b A Bl R SR 40 B

F1 SESEIERGEHTESXERN
LV~ I K AN i1 A VN VAN i § N7 P

0.53 0.07 0.07 0.07
0.57 0.23 0.23 0.17
0.40 0.23 0.23 0.24
25+ 2 0.53 0.14 0.23 0.30
0.31 0.08 0.00 0.34
0.83 0.18 0.40 0.41
1.00 0.12 0.33 1.00

iR TR AR R 2 i 205 kA
R - B R BB AR ARAT 5 4 - 0

- Tear vs. radial bending,
chordwise | i

060310
Radial bending

10.2%, T Ax 1 AR

E6 Tl SRR G

e PEXR
| W RO
Y,(X,,X,) =-0.5329 + 0.5386X, + 6.19X, -
0.1447X? - 0.2353X, X, — 16.17X? (7)

R LY, (X)W BB 1 6 T AR
Tear; X, 25 142w )T, 8] 6 14573 4 RadialBending;;
X, s 5% e K1, B 6 bR id b ChordwiseBending .

AR L 4 R m] 25t RS SR T A SRR

W= CRLE TR S PN VR PR

1) 25" RS R 1) 25 il RS2 5 D e 2R R



552 M X

TG < T 7 TR 3 P4 5 58 XU 452 3 300 99

G A BRI SEEESR 7 BER A 2 2 1
TR 1 O LA L 1 25 KR
TS AU R

AT A 2 NS —— I TR Rk 1] 7 pRERSG
F, ARAG S A — TR A KO 1) 0 T A G AR

HUR..,,,,=0.9821,7 4 & 46 45 5 5 0 M At
Xf 1 22 B N 10.5%
FH T 1 46 P BT ol L
I, & i A A
1% M 5 1 4y BT _ Chordwise bending _ Radial bending
K REA A B, okt * 2 0.20
ﬁé‘ﬁ*uéim% ’ %J:H 2 ::: . 0.30.40.50.60.70.80.5 1.
2l E . 2 Radial bending
B Rk gy BT SERGSEKE
AR T R, RAmERR
LA sRECh
Y,(X,.X,) = 05665 - 3.727X, + 10.33X, +3.77X} -

4.09X, X, - 26.4X? (8)

Y, X, X)L B TR

N Force; X, A 45 il #2 ) RSF, /7 b i3 o0
RadialBending; X, i 25 fllf 5% [a] R =t , & 7 o ds v 0
ChordwiseBending,

B AD A 245 R« 2 o S 25 R 5
F T S 1) S 4 1 S G R 5 7
25 S T 25 R 2 S R
PRI G WS R . (A FHRAE B
BRI R R T Rk I S AR R

PG TR EAT AL B
2.2.5  PENEEE T S

(1) 4% FRA BROTALAUAI A & LI 4 1 A 2 Ao
N R G TS MRYE A 121 52 A R i

B 2007 R B M TR AR 1 S 8, FE 40 3

&, 9 0.57 F110.65,
T, TR I T i K3 1) F3 (B A 0.57 F10.65 B, 43 51 X6

7N MNEIHRT UL T A

Kk m SR 0570, 72 o
] A5l Y5 [ h 0.8513~ =
0.9721, 5% w1 2 i yu [ o
0.0105~0.23003 7E I T 5 cporguioe iy 0

—

TForce
Sooo:
Lo RO D

REBESEH0.65 12 me 2MEEERESHE
] 25 i 3 Bk 0.8861~1, Xt Rz H9 5 B R ~F X3

A 05 T
AL A 4
OB a  RF
HDGHERE, S
A R R g

5% 1] 25 i 96 L R 0.007~0.2297 ., 38 3t 25 i 45 45 -

(3) MR 405 257 45 07— S8 00 i 1 v, DA ot

ﬁﬁmﬁ&mﬁ@ﬁamﬁo@ﬁmﬁmémgﬁﬁ
L W B A HE— SR B
BRF KR, WP 9 R . AT I K 3

0] JI{E M 0.57 B, #2470 Bl R 0~0.3867 5 I 1T e Kk
] JI{H A 0.65 B, #5245 Bl oA 0~0.3941, 3 #od “25 fy

AR 0.
Chordwise bending

Radial bending

AR PN

(a) 34k
0.5 0.5
0.4 0.65 0.4 0.57 ~
0.65
_03 0 3
!5
=02 0 2
057\ s
. 0.1 63

0 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Chordwise bending Radial bending
(b) %A M RS- 2RSE ()R m 2 RS- 2
B9 2#BERZRASH RN MAHERR X
25 L BT S R R R , AN U B i

0.05 0.1.0 0.15 0.2.0

A0 AR L 1 A U Y
AT
4 s

(AT B AT TR B RE RS 25 5 KU
R GRS R, B Al S R A R AU I

(2) 108 75 W 5 —— Kk g R BRORHESLARAT

(2) 25 W o7 [T 3 A 7. 25 A A 47 — T e R0 1)

L% 25 R U3 25 R B s Y S - R T S

R4 BTG 1 D 2 LA 2 ST R

EN 0]k
(3) 2 4 509 7 Wi 7 T 32 ) 5 4R P 458 £ A it

T AR A T SRR A BT G
R AL SRR

Radial bending

(D EEEWHRIT R T 2P SN RA BT &
F1% 25 5047 0 44 240 0 T, Sy B AT FROTARADL 3K



100 =

% 8 Hl

5550 &

B AR 45 TARSR B AL T AR 385
BE LM

(1] WAl , QR BE, W TP A AL B 4 o Wk 2 o B Fr) 5 (LA AULT).
fii 23 2441, 2003, (6) : 531-533.

CHEN Wei, GUAN Yupu, GAO Deping. Numerical simulation of the
transient response of blade due to bird impact[J]. Acta Aeronautica et
Astronautica Sinica, 2003, (6) :531-533.(in Chinese )

(2] X0 A s 42 S ALK T R 48 ik 8 g 2 )3 BF 5 D). e
KHR,2019.

LIU Zhiyuan. Study on impact dynamic responses of aeroengine fan
blade after bird striking[D]. Tianjin: Tianjin University, 2019. (in
Chinese)

(3] SKIETE BT L, FAR, 45 S0 i U e 7 e S 0L 5 1
WS HEBEROAR ,2015(9) : 106-112.

ZHANG Haiyang, YU Duokui, WANG Xiangping, et al. Numerical and
experimental investigation of damage of bird impact on fan blades[J].
Journal of Propulsion Technology,2015(9) :106-112.(in Chinese )

(4] B577, 22 W T BRI U A SHLER 1 S0 XUm I S5 B R[],
25 KL, 2014,40(2) :65-69.

MA Li, JIANG Jiayu, XUE Qingzeng. Research on bird impact of
aeroengine first stage fan[J]. Aeroengine, 2014, 40 (2) : 65-69. (in
Chinese)

(5] TRARLL, X AR , S , 45 o (02 ¥ 5 XU A 0T 5 35 e Y 5
Wa[J]. FAER A4 (A SRR 5 TR M) ,2020(1) : 56-65.
ZHANG Junhong, LIU Zhiyuan, DAI Huwei, et al. Effect of impact posi-
tion and fan rotational speed on bird—impact process[J]. Journal of
Tianjin University (Science and Technology) , 2020 (1) : 56-65. (in
Chinese)

(6] SRMG , XL, sk By, 4 . B 43 o v 8 o 3 8 9 SR A0 XA
MR- RO AT R 30 5 i, 2021,40(12) - 124-131.

GUO Peng, LIU Zhiyuan, ZHANG Guichang, et al. Study on effect of
bird impact position and attitude on fan blade damage[J]. Journal of
Vibration and Shock,2021,40(12):124-131.(in Chinese )

(71 SBRLSC, il AR, 55 . S s R S WU I 3l o 1o R (LA
FACY/2019 4F (26 PU i ) v [ L 28 B2 BOR R SCfl TR P
JiL 75 %45 ,2019: 1014-1020.

GUO Yingwen, ZHOU Xiong, DAT Lei, et al. Numerical simulation of
dynamic response of bird impact on aeroengine fan blade[C]//Proceed-
ings of the 2019 (4th) China Aviation Science and Technology Confer-

ence. Shenyang: Chinese Society of Awronautics and Astromantics,

2019:1014-1020.(in Chinese)

[8] Wilbeck J S, Barber J P. Bird impact loading[J]. The Shock and Vibra-

tion Bulletin, 1978, 48(2):115-122.

[9] Wilbeck J S. Impact behavior of low strength projectiles[D]. New York:

DTIC Document, 1978.

(101 % W1 . B30 L e st 26 S LI 1 254 2 4 Pk 0 A 55 34 D7 ¥4 (D).
F I B AU S R K77, 2018,

LUO Gang. Structural safety analysis and assessment method[D].
Nanjing: Nanjing University of Aeronautics and Astronautics, 2018.
(in Chinese)

[11] Sinha S K, Turner K E, Jain N.Dynamic loading on turbofan blades
due to bird—strike[J]. Journal of Engineering for Gas Turbines and
Power, 2011. 133(12):1017-1031.

(121 PR ZR B, B M, 2255, 45 L S 380 7 S ALK R I e 44 S 1.
fiizs 31 47,2021(6) : 68-71.

SHEN Erming, WANG Gang, WANG Yu, et al. The influence of bird
strike to the material selection of commercial aeroengine fan blades[J].
Aerospace Power,2021(6) :68-71.(in Chinese)

[13] B 05, WAl , X, 25 PP M S i 5L 0 19 25805 O Tk (1.
fii 25 % #1HL, 2005 (1) :28-30.

HUANG Zhiyong, CHEN Wei, ZHAO Haiou, et al. Parameters and
methods for evaluating bird impact damage of fan/compressor blade[J].
Aeroengine,2005(1) :28-30.(in Chinese)

[14]Box G E P, Wilson K B. On the experimental attainment of
optimumconditions[J]. Journal of the Royal Statistical Society, 1951,
13(1):1-45.

[15] Box G E P, Draper N R. A basis for the selection of a response
surfaceDesign[J]. Journal of the American Statistical Association,
1959, 54(287) :622-654.

[16] 35 . T gk ey 07 1T 355 1) I e 24 80 I 5 i ] S 43 BT D). 1y
IR W R I TR, 2020.

WANG Ze. Reliability analysis of blade crack propagation life based
on improved response surface method[D]. Harbin: Harbin University
of Science and Technology ,2020.(in Chinese )

[17] BRI, X0 B SO s A sh Pl Ay S e 2R S I e ). s
KL, 2021,47(UFTI 1) 69-75.

WEI Haitao, LIU Tao, XUE Wenpeng. Requirements and verification
on bird ingestion test of aeroengine[J] . Aeroengine, 2021, 47 (S1) :
69-75.(in Chinese )

(k. 2 1)



