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ABSTRACT: The work aims to reveal the impact damage law of aeroengine fan rotor blades caused by the shape, trajectory
and attitude of falling ice and enhance the ability of blades to resist ice impact. LS-DYNA was used to conduct numerical simu-
lation to investigate the impact process between falling ice and blades, and the improvement design of blades. The extent of im-
pact damage to the blades was affected by the structural strength of falling ice. Under the same impact conditions, the spherical
ice caused the most damage to the blades whereas the flake sustains the least amount of impact damage. The damage degree of
blades was determined by both the relative velocity between the blades and the falling ice and the mass of the ice cut by blades.
The plastic deformation degree of blades increased with the mass of falling ice cut by blades. The blades suffered the most se-
vere damage when the incidence angle of falling ice was 45°, with the maximum impact force of 17 8§28 N and the maximum
internal energy of 126 J. The leading edge of blade experienced the greatest impact load and the most serious plastic deforma-
tion when the ice flake rotated 90° around the y-axis from its initial attitude. After the improvement, when the blades were im-
pacted by the falling ice at the incident angle of 45°, the maximum internal energy of the blades decreased by 16%, the stall
margin increased by 16.2%, and the peak efficiency increased by 0.33%. The impact damage position of transonic fan rotor is

near the leading edge and increasing the inlet geometric angle and local thickness of the blades can significantly enhance the

ability to resist ice impact.

KEY WORDS: aeroengine; transonic; fan blade; falling ice; damage law; improvement design
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Tab.1 Constitutive parameters of ice

Parameters Value
Density/(kg-m™) 897.6

Young’s modulus/GPa 9.31

Initial compressive flow stress/MPa 172.4
Initial tensile flow stress/MPa 17.24
Plastic tangent modulus/MPa 6.89
Poisson's ratio 0.33

Pressure cut-off in compression/MPa 4.93
Pressure cut-off in tension/MPa 0.433
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Tab.2 Equation of state parameters
Volumetric strain Pressure/Pa Bulk modulus/Pa

0 0 8.964x10°
~7.693x107° 6.89%10’ 8.964x10°
~3.125x1072 6.89x10’ 2.206x10°
-10 6.89x10’ 6.895x10°
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Fig.1 Experimental installation
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Fig.5 Test of stationary blade subject to ice impact
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Fig.2 Image of blade
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Fig.6 Numerical simulation of stationary blade subject
to ice impact
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Fig.4 Cloud map of axial displacement of stationary blade £3 MHEHRSH
subject to ice impact
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Tab.3 Blade material parameters
A/MPa B/MPa n C m
1 100 590 0.41 0.0152 0.833




T & 2024 4 8 H

£ 100 - % &
FEH
K, =F, 3)
K. =, B"DBdV 4

b Ke WHRITTHIEER I ue N AL F.
NS D AR ERERE 5 B DAL ARRE R

TERPRAR DT AR LA 6 0F T, NERERE B
MBI D o0 BTy Rl AR B R B, A
o 52 58 I it B G A S % AR AR T AR A

B=B(u) 6]

D = D(x,) (6)

TEML T VK-S M drd B v, R A7 e SR 2 ik
()R 4 o T ) DR RN R Y, O HL4%
A R 2 A7 s B R A AR AR AR Y, A B 2
FRLNE .

JIt 7 iz Sl A AR R AN 7 B o TR KA
7 BOYE R, 2 IR R e T 1) A 1 E 0 4 )05
Fegi's, MR LARGE o e, R ddE i e
o R, TRV KA 5 1) 5 5l 1) 18 B2 7 [l B9 AR o R
NI o DR B I R A o g i 19 g £ AU A
TINIE 8a o, BRIRACERIE K, HELF R A
INZe, M R A DL EE D V.o & 8b Y,
LM R T, B UK LIGEEE vy R, B
PR VKT I R BT AE Y TR ) B BE 3 iR 0, i U 1)
BREE Voo TEMHH L 2SR TR AR BR &, TR R R AR AR &R
Jli v VK 18 SR BE S 7, ANE AR TE — A 5 T2

Cascade

(0]

a I-HHERY

BT A B . R/NER Ve B SR )R, M K A
PIFE R VR A IR LA AR

tan 8 = M 7

V.=V, +(V,+7,) (8)

A 9 VKU B Bl 5 7 15 B (a=0° ) e
B I

Vo=N+7, ©)
ot VK ok o

1
Ek =En/liceVs2 (10)

LB S0 T T vl i v A s SR .

K7 g vkiz shiis
Fig.7 Movement path of the falling ice

b JRERALAR R

P8 DA oy i D) A

Fig.8 Cutting model of cascade subject to ice impact: a) cascade model; b) local coordinate system

2 HR5HH

BN ST A B2 KA S R B i), i v
0 ok Bt o XUB IR, ok LAEAR | 32 shid
LS BAREHLED Y, 7 vkdg vt s R v

R R JLP AR BN AE , INRERY S Ak F2 2 h i R8I
G, ASCREATBME AR A | i A RE
INA B AR A5 BT DR A A I A A R AR R
ARIUAIEAR | 3B sl | 12 S 2T M R 4 o 1543
pSIKE 8



F21E M

TR, 2. 5 st XURR B 1 DIk o 153 0 KL S ok i o st i i it e - 101 -

2.1 BRI AR IS KU T 45005 B 220

SZE VKA FIBR UK R GERI LR, ET& vk BT AR B
2Rk NIRRT RSB 5% 1 i R B
T, (ALY AR 5 1 e T OB AR R KU e 5 i
Fr vk ot O i RS S DRSS EATT R T
5 KU e BRI 7 1 o XU I o )
TER 4 PaS R T A3 BBV AR A 9 B, 4%

d Kok

e AL

BB 7 vK BN AU 2 1A o BURUK E 2% TR
FIRFAE , FobR oK 2 2 v T 2 B A% W 52

®4 KRB ERH

Tab.4 Icing test conditions

Rotation speed/
(r'min™")

1200

Tempera- Droplet parti- Liquid water
ture/K cle size/um  content/(g-m™)

264.15 20 0.45
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Fig.9 Ice types obtained from ice falling test: a) cube; b) flake; c) polyhedron; d) cuboid; e) cylinder; f) sleek sphere
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Fig.10 Different geometric shapes of falling ice: a) sphere;
b) cylinder; c¢) cube; d) cuboid; e) thick flake; f) thin flake
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Tab.5 Geometric parameters of falling ice

Shape Geometry dimensions/mm
Sphere Radius=12.7
Cylinder Bottorrhl radius=11.09
Height=22.18
Cube Length=20.47
Length=23.43
Cuboid Width=23.43
Height=15.62
Length=32.74
Thick flake Width=32.74
Height=8
Length=46.3
Thin flake Width=46.3
Height=4
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Fig.11 Deformation of blades impacted by falling ice with different shapes: a) sphere; b) cylinder; c) cube;
d) cuboid; e) thick flake; f) thin flake
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Fig.12 Impact force of blades impacted by falling ice with different shapes: a) sphere; b) cylinder; ¢) cube;
d) cuboid; e) thick flake; f) thin flake
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Fig.13 Internal energy of blades impacted by falling ice with different shapes: a) sphere; b) cylinder; c) cube;
d) cuboid; e) thick flake; f) thin flake

T RIS ML S BTG AT ; 7 —Jr i, i 8o
Fras i, FEmHRAR BRI . M R RS AEAE
DU B PERE S K, AR RS % Ay e 110K 7 XUBR PO 5252
TAEhE— Y, SE R R AR ST IR

5



- 104 -

*om W B TR

2024 4 8 H

BRI, R AR 5 Y DK A S R 5 A
JBE 7% DRI AARBR AT T BRI, S5AA 5 BE AR, Xof i )
fi o 4 A

2.2 B vkiE shBE xS XUEE T A 4545 B9S2 00

ZR N F1 BB VKA B R, YR VK2 Sl
LA BEHLYE o R HRSE 75 vKaz sl st i B i) 4 o 46
Vi, K it T vK i shual ) 1k R Bk, o2 AT
1 o B9/ IN AT 75 VKAS TR A9 A S 7 180 o 24 8 7% vk
TREE B 7 815 e R Gl T w0 [R) [ s, BT vk S R
(YRR T RE /N, W R R, AR SO R
IR o AR R AT B, A S A o 33N
—15°, 0°, 15°, 30°, 45°, 60°, FEHERMA 5 VK
it R, WiE vKis B B A 150 mis,

ZAB SN B, B TE VKIE B U0 R e L B
T VKO I B g T 0 RN I i AR T A B0 2 BE A S £
H AL IEAS TRl . Y5 vk5 ik R s s ot AR w14
Fin, B R B ) 1) R A v AR RE I vk g
i R BT T R T, BT R Rk W T
o ey vkdE gt R e, B e Rk, R
YIEIh 240K R, DIBIIG B9 % vk 1 1 T R 2
o MASAHR-15°, 0°nF, WEVEUKIUE T 2 A~F14E
MR, WAL 2 34y, MR BRSBTS UK,
TEVKER AU A 1 B D, R4Sk R R

|2

4

& 14

it f

2 FEStE, MR 1 A ETZR I T 0 o R AR
BN, Wz T A R ARt R R
WL B AR . AN 15°0F, SRR 7% vk o
3 ANFRARIE R, B A 1 ORI R 2 BiZIEE, R4
VKRR 3, ERAVKA TR, PR
FAELIIRM | 3, WA 3 R m Ak i, 78
MR 1 RTZIE R T 17.5 mm F5 R0 . S A ST N
3001 45°0F, MivsvkiEd: 4 AR, HE R 4 %
BRI . W 4ol dint, o R sz iEd:
ik, A 17 828 N, Hi 3 AN A RSk 18] 25 il
FEH AR R BT, FEM R 2 AU E R T Ak
4 mm FORLE, AR B YT, B b AR R T
AP BT, IR 1S AT, YA 6008, iV
PKBEVIRIS 5, B—ER v vk it A/, Rt
- i B K FE o 0 A K N REAT L 45048 o G T
AN, AR R AT AT, 4 S R B8 R IR AT
Z, (HREHMAED, (HEAREERERE, A 2 M
L 458 g i N REIE/)N 20 T, R i B oK o I R fiE
BE A G A B A AL RN IR 16 Frs , & AR Tk i —
o TE4SPLIN, WA B R, FdE s A
I BEREA ST A G R A; ASAKT 45°8), B
SRAFNT SR ARS8, AH R T 5~ i R DRI 9% vk i) ot
SN, Az S TN, i R R AT I
RS (WA 14), rhRagsES o (LA 17)

2018 T &%

)/ v‘\‘ I b =
v T o

JE 73 THI R 2% B 3

45°

¢ 0.4 ms

ANTRLA S 0 I8 % vk o v ol

Fig.14 Process of blades impacted by falling ice at different incidence angles
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Fig.16 Maximum impact force and internal energy of blades
impacted by falling ice
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Fig.18 Internal energy of blades impacted by falling ice at different incidence angles
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Tab.6 Blade improvement parameters of scheme 1

Blade B B/(®) /)
Original 58.5 49 55.71
Bladel 60.5 50 56.71
Blade2 62.5 51 57.71
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