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A : Eigenvalue of beam function
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XYZ : Global coordinate system
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uvw : Displacement in middle plane [mm]

€ : Strain

K : Curvature [/mm]

o : Stress [MPa]

W : Bird width [mm]



Ly : Bird length [mm]

Xby Vb : Local coordinate of bird strike position
L : Span length of fan blade [mm]
b : Chord width of fan blade [mm]
h : Thickness of fan blade [mm]
R : Disk radius [mm]
t : Time [s]
T : Impact duration time [s]
p : Density [kg/mm?]
E : Longitudinal stiffness [MPa]
E> : Transverse stiffness [MPa]
G2 : In-plane shear stiffness [MPa]
Vi2 : In-plane Poisson’s ratio
(0] : Stiffness matrix in material coordinate
ABD : Constitutive matrix
M : Mass matrix
K : Stiffness matrix
F : External force vector
Feen : Centrifugal force vector
1 : Identity matrix
q : Displacement vector
D : Modal matrix
N : Total number of modes
& : Generalized coordinates
B : Parameter in Newmark—f method
AR : Aspect ratio, L/b

: Lagrange function
T : Kinetic energy [mJ]

: Potential energy [mJ]
1. : Potential energy due to centrifugal force [mJ]
w : External work [mJ]
a : Crack length [mm]
A : Crack area [mm?]
G : Energy release rate [N/mm]

ijklmn  : Mode number, natural number
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Fig. 1.2 Von-Mises stress distribution due to bird strike impact [11].

Fig. 1.3 A blade without a leading edge reinforcement tested by NASA [9].
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Fig. 1.5 Tip and trailing edge reinforcement by metal [16].
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Fig. 2.1 Overview of numerical model of simplified composite fan blade.



Fig. 2.2 Numerical model of simplified composite fan blade in local coordinate system.

Table 2.1 Geometric property of cantilever rectangular composite plate on base analysis.

Plate size
Span length L 1000 mm
Chord length b 500 mm
Thickness / 20 mm
Disk radius R 500 mm
Bird model
Width W, 10 mm
Length Ly 10 mm
Center coordinate of impact xp 500 mm
Center coordinate of impact yy 0 mm

Table 2.2 Material properties of CFRP lamina.

Longitudinal Young’s modulus E; 120 GPa

Transverse Young’s modulus E> 7.9 GPa
Transverse Young’s modulus Es 7.9 GPa
In-plane shear modulus G1» 5.5 GPa
Out-of-plane shear modulus Gas 5.5 GPa
Out-of-plane shear modulus Ga; 5.5 GPa
In-plane Poisson’s ratio vi2 0.3
Out-of-plane Poisson’s ratio v23 0.3
Out-of-plane Poisson’s ratio va1 0.01975
Density 1580 kg/m?
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Fig. 2.3 History of reaction force due to bird strike [22] and impulsive curve approximated by author.
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Fig. 2.4 Definition of fiber orientation angle.
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Fig. 2.5 Geometry of N-layered laminate.
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Thbd. Mzx<T, XR2DEV, ELHNIESFEIZoONT—kkE L. £7-, E, E,, E,iX
W LT AL A B 72 0 DA 1 &R T,

Fig. 2.6 Equilibrium of representative volume element under centrifugal force.

2.2.3 Hamilton's principle

HEHVEEROHEINETE DA EBET D856, X(2.23)EX(2.24)I12K2.7)B L OKQ2.17) %
RAT DL, witBiT 5 4BEOMY HRADE LN, TO—REAMITAICES LN TE
5. LovL, TRUSNOEE TIIMITIICHES 2 L3 TE 20, KRB TIX, EAMEENR
EXRIRICH D 7o, NIV b OJFEEERWT, PR RIS T s 2B 2D,
Tabh, X(2.23.1), X(2.23.2), K@233)FNENHREDEN DSBSy, Svy, Sw
BT, 7 L— ROEBRSERIZELSRE S &, LERHG N O6LETORMSEITH 2 LT, U
TOX IR EFHEATRB TS LN TE 2.

ftzf 0Ny oy O e haR,)s
¢ s ax ay nu'atz ceny u u
1

ONyy, ON,  9%v
+ “ox + W + HW + Fcenyh +E, |ov (2.26)

0 (M OMiy) | O (OMiy  OMy | OW o htVow|dade =0

ox \ ox dy dy \ ox dy Hggz T Feen, z[OW h

H(2.26)12:42.6), X (2.7), QINERAL, HHETEITH> 2L T, UTOXNRELND.
ty

§| Ldt=o0 (2.27)

ty

2L, Lo 770 vaBBThy, UToX5cRELNS.
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L=T—-O+M.+W (2.28)

1 (ow\? 0\ owy’
r=f 3ol )+ G |
1= j %{{so}T [A]{e0} + 2{£0}[BI{xc} + (1} [D{x}} dA (230)
W= f {E,F, F,} {u,v,w}TdA (2.31)
S

ZIT, TIHEIH =L X —, NIRRT ¥ LT —, WIIH DL DIRFETH 5.
o, IATELHIZEDANMERELZRTEHTHY, UTOLITKELND.

1, = J f FL. - dudv (2.32)
|4

Feon IR EBUNEG EN TV DO TRIFEN TIERWD, N—FRA T A 712X 55 NEFE
WERILEDITHED ZENTE D,

TIT, EMAERRIEC )&, EEREEA Y L LR ICHTTERD. T
b,
uo(x,y,t) = Up(x,y,t) + o (x, y, t)
uo(x,y,t) = vo(x, y,t) + o (x, 3, ) (2.33)
w(x,y,t) =w(x,y,t) + w(x,y,t)
ThbH. Fh, TV I70VaBBICET AR RAX -G, UTOX I ITEFRREC DR
Gk, EEIRIEAIEUEL L IRENRRE( ORI H 2 E N TE 5.

(1 (fe@+w)\* | (0@ + D)\ | (0@ + W)\
T—fv Ep{< ot ) +< ot ) +<T> }dV (234)

m= f %({50 + 8o} A&, + Eo)T + 2{E, + &} [B]{K + BT + (K + R}[D]{K + ©}T)dS  (2.35)
N

W= j (Fur By B} (v, w)TdA (2.36)
S

1, = fV [ Feen + Foen) - dca+ v (2.37)

ZIZT, NINDPUDOFEBEEUTOL I DI TEZD.
t, t, t,
§| Ldt=6| Lidt+6]| L,dt=0 (2.38)

ty t1 t1
LUTEFIREEZRET DT-0DT VIV ale U, LITRENREZRET -0
7oV ailEZDL. LIeho T, ERIREDOHDOMS ZLITE Lo, IRENKEL 5T
A ELICEEOTEHEATHE, TNENOMEITLLTOL 1275,
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t2
ty

ty 1
B 5f f — 5 (E}ANE)T + 2{2,}BI}T + {RYDI{K} TV dt
ty JV

ty 1
+ 6J- f p? [xﬁo + —ﬁ(z]] dv dt
ty v 2

(2.39)
ta 1 1
+ 6J- f p? [y(ﬁo sin @ — w cos @) sin ¢ + 5175 sin? ¢ +EVT/2 cos? ¢
ty Jv
— UyW sin ¢ cos (p] av dt
o) 703 50) |~ {250 () G v
%02\ ox Fevo g dy
5 f L,dt
6J‘ au 2 (6W) av

B at at ot
v [ S @A + 2023 B + IDIGE AV d

t, v

ta 1
+ 5[ f p0? [xﬁo +—ag] av dt

t1 v 2

1

ta 1 1
+ 5[ f pN? [y(ﬁo sin @ — W cos @) sin ¢ + zﬁg sin? ¢ + EVTIZ cos? ¢

t1 v

— ¥y W sin ¢ cos (p] dv dt
(2.40)

wof [ b GG G -2 GG ()
= {(Z—f)(i—i’%(i—i’)(a—w) + (G5e) G v o
wof ], el +2 (GG () )

- 7% {(a—w) w2(55) () (5) | =200 (52) (3] v

t2
+ 6[ f pN?[TUyTiy + (7, sin @ — W cos @) (¥, sin @ — W cos @)]dV dt
t Jv

+ 6[ Zf _({EO}[A]{Eo}T + {ég}[B]{E}T + {EO}[B]{k}T + {E}[D]{k}T)dV dt =0
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72721, R(2.40)DEH DS, wituyRv, EMSLTH D EIRE LT, T772bh, HRE DG
NHEAIMRENC 52 DT/ NN E LZ[37]. ZOREIZHESL &, LUIFOZE ORI

ASH
ftzf O W SwdV dt = 5jt2f Ouo 1 aw dv dt 241
ax Ea ax )" axz (2.41)

NIV DFEEZ, EERIE L BIEISEO AT TR SIO EIRET H. T7R2RDb,
t, t,
§| Lidt=6| Lydt=0 (2.42)

ty ty
MDD ET D, LIz TC, TNENDOT 7T v 2 BEE, B RrLX—T, KT
VU VEROVX I, w0 K BEEN, mWNISIC LA E VT,

L1 = —ﬁ + Hc
~ (2.43)
L,=T—M -1,
TRIND. EL,
1 (/0m\* [09\* [0W\>
r= 2ol G <G -G J 244
_ 1
m= j 7 ({20}"[A1{E} + 2{,}T[BI{K} + {x}T[D]{x})dS (2.45)
N
_ 1
M= [ 5@ A1) + 26 BIRET + ®TDIR)S (2.46)
N
fe=| | Feen(i)- dudv (2.47)
JV j (w) - du
1 (9m* AAY oWy (9w
m= [ 3150 (5) +a0(50) + 260 (50) (G} av 2.48)
ThHD. £z, KQA)DEHOBR, JATHIE71E S5, IREPRIRIZEV THNIG /I

b, HHEPREDEOEE —ETH D & W I RUEZE V.

2.2.4 Rayleigh—Ritz i

N B D E RYBIZIE Rayleigh—Ritz % IV /2. Mahmoodi 5 [38]DHFZE A B 512, HNZE
G RSBV THLRIEE— ROERGDLEREHTE L LIHETH. 51T
Qian H[33[I2 XK % &, IOEANEFITR O IFIRENCEE T 2 E— RROT ST TRET
5. ZNEFERRIC, mNANMICE L CTHEREFLZH T — MO TRT LR T
EHEWETD. Uy, Vi, Wiy, Uy, Vi, WU%: AVEIR &5 &, i O ZALREEIT
LIFO XD e A Citik cx 5. £z, EHIRAE & IRENRECRI Ut — FBISZ/H A L
7z
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Ny Ny

B3, = D) U (X (¥ @)
J

i

Ny Ny

B8y, = ) Ty(OXe ()Y, 0) 249)
J

i

Ny Ny

Wy,0 = ) Wey(©)Xw, (¥, )
J

l

Ny Ny

Bo(6y,0) = ) > Ty(O©Xy (Y @)
ij

Ny Ny

BCoy ) = ) > Ty, (Y%, 2.50)
ij

Ny Ny

Dy,0 = ) > Wy(O©Xw, (¥, )
ij

7220, Xy (), Y, ODETRENAFEHR, Wik H HRORHREICE Y 55— FRETH
D, X, () &Y ODIFRBRAI L VIRE L2, H72, X, (0) &Y, DIFTNTHAFFHR, Wik
[ 20 T IRBNC BT 5 — FEIM221 8 T5. Xy, (0 &Y, DICIHERM R HS. Zh
HOE— FEE % Fig. 2.7 IZKRT 5. SR L7-mANOE— REEUILITOEY ThH.

C@2n—-Dmx
Xy, (x) = SIHTZ
1 n=1
= 2n—3)wx
%, ) {cosg— n>2
2 L 2.51)
X n
Xvn(x) = (Z)
o (nmy (n—Dm
Y,, (¥) = sin (T + > )
£72, Xy, (013,
Anx Anx e Anx
_ X X inh 2% _ ginZn% 2.52
Xy, (x) = cosh [ oS~ (smh [~ sin—, ) (2.52)
THY, i,
cosh4,, cosd, = -1 (2.53)

e T L O REAETH Y,
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coshl, + cos 4,

In = sinh A, + sin 4, (2.54)
ThbH. —F5T, Yy, O)IX
Y, )
( n=1
j _@ n=2 (2.55)
An b An b An b
Lcosh—(y+ )+cos?(y+ ) ,8n<smh?(y+2>+sin?(y+§>) n=3
THY, LT
coshd,cosd, =1 (2.56)
72T 8O REAMHETHY,
_cosh, —cosi, 557
" sinh A, —sin4, @57)
ThHb.
VA
y 5
N/ [/ /
Y77 x.
V/4
\\_:I 77 27—
\ 77 77 1 X
Vi a4
/b' ¢ /Y

S

N
NVi
/B

Fig. 2.7 In-plane mode function (upepr) and out-of-plane mode function (lower).
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225 EEHEX

RQA)EZES D &, KWEICET DT 7T 0¥ 2 BT —ALEIED;, Vij, Wy, Uy,
Vijy WjlcB8T 222770 VafBiBE2528R8TES. ULEOXEHANT, Ly, LI2H

ij>

LTENENLUT DT 7T 02 TRAZML.

d aL1 0L,
dt FIy

oL oL
( 1) —L-0 (2.58)
d (oL aL1 _ 0
d (oL, 0L, 0
dt\aU;;) oU;
d (9L, oL, 0 559
de\ov;;) vy (2.39)

d(oL\ oL, .
dt\ow;;) owy;

EFIRE L IREMREECRICE— FRERAMEH L2 Licky, UTokd>EHIL
1THIET, EHREZ KD 2 A L EH T RANEH T 5.

LT K D EHIREE:

Ku Kuv K'LlW K’ 0 0 U fCu
K, Ku,|- K;J 0 {V}:QZ fcv (2.60)
sym K, sym K, |/ \w few
0] OEB) TR
Mu 0 0 ﬁ K, K. Ku U
M'U 0 ? + KU KUW {V}
sym M, | sym K, |\w
(2.61)
0 0 0 K, 0 O0W\(i) (Fu
( o o] e omz{ﬂ,}
sym K.y sym K(/v w F,

RIS RER 95 &,
([KT = [K'D{q} = {Fcen}

. _ (2.62)
[M1{q} + ([K] + [K.(@)] - [K'D{g} = {F}
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L%, 2L, [MIFEETY, [KNIHWESTH, (FHIST1_7 tov, {qUIZERL~2 v
THY,

(M, O 0
[M] = M, 0
| sym M,
[K] = K, Ky,
| sym K,
{F} = {Fu'Fv'Fw}T
q={Uyvw}
F7-, Q.60 HLDOIHET, =2 L Za%ﬁlﬁf%é X(2.62. I)ELOD’“’“: TH M O(2.61.2)
FEID DAL %6mmi BT & @ﬁ@ﬁmm TEBELIZZEICLDETHD.

F72, RQ.622)EHNDFE =IHD[K C(q)] O KD ENGIRIC K o TA U 7= e Tl 2

FLTEY, RN LELND.
{Fcen} = -Qz{fcu’fcwfcw}T

[ K;, 0 0]
[K'] = K, 0
| sym K(/v_ (2.64)
0 0 0 7
[K ()] = 0 0
| sym K.,

INHIE, MEEEZBE LRWEATIZ0 &0, QR.60)FEEMIZHKY 2 H, K (2.62)ILLL

TOXIHITEL LR TES.
M{q} + [K1{g} = {F} (2.65)

£, THIB IO PAOFRTTENENLLT DL S22 5.

HEITH
M, = f Xy Yo Koy Yoy AV
v
M, = f PX Yy X Yy AV (2.66)
v
M, = f Xy Yo X, Yoo, AV
v
WS T4
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Kul-]-kl = .fV {AIIXI{LL'Y‘U.]‘X{LkYul + (A16 + A61) (X‘ltl.iYquukY‘L:l + XuinjX{LkYul)
+ 2A6Xu, Yo Xy Yo} AV

Kvl-jkl = L {AZZXUL'YU,]'X‘U](Y‘UII + (A26 + A62) (X‘l]iY‘Ii’jX‘l;kY‘Ul + X‘I’il'Y‘UjX‘IikYU’l)
+ 2A66 X, Yy X0, Yy } AV

K UVjjkL

= .[ {AIZXIII.iYqu‘UkY‘U,l + A16X‘l,l.iYqu‘l;kYUl + A21XuiY11jX1’7kYU1 (267)
%4

+ A26XuiY12le,7kY1il + A61X1’LiYqu1’7kYUl + A62XuiY11ijka’l

+ 246X, Yot X0, Yoy} AV

KWijkl = .[V (DllXxiijXkaw, + DlzxxiijkaYv(/’l + 2D16Xl:l;iYWjX\:VkY\/:11

+ Do1 X Yol Xty Yo + Doa Xy Yo X Yoo + 2D36 X, Yol Xy Yo

+ 2D, X0y, Yo, Xy Yo, + 2D62 X, Yo, X, Vi + 4066Xv’vin’v,-Xv’kav’vl) av

S)_7 bov

Fy, J FuXoy Yy, dV
|4

Fo, j F X, Y, dV (2.68)
14

F

wiy J FuXw Y, dV
|4

TN L

= {Ull: Uz, U, o, Ugjyeee, UNN}T
{V11'V12'""VlN'""Vij""'VNN}T
{W11:W12'""W1N""'Wij""'WNN}T
{Ull: U12:""U1N:""Uij""'UNN}T
V= {Vll'Vlz'""VlN'""Vij""'VNN}T
w= {W11:W12'""W1N""'Wij""'WNN}T

(2.69)

< S oo
I
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DN KD i
Ki= [ 0t pmipnay
v
Ky = f p2? sin? ¢ §im;EmmndV
v
K, = —f pA2? sin ¢ cos @ &1 i Xy YndV
4 (2.70)
K, = f p? cos? @ X;Y; X YndV
v

fev =f pR2? sin® @ y&n;dV
|4

fow = —f p£2? sin ¢ cos @ yX;Y;dV
v

2.3 fRETFRE

AT, (2.62)% WV CEAIRENENT IS X ONREISE N 21T - 72, ST LI
DOWTLLTIZERT.

23.1 EFEREENTFIE

BN OFAFHREN 2 5 2 TG = Goe't L BE, 17 POV TH{F} =0 B &, K
2.65TiE, AT XHITe 5.
(—w?*[M] + [KD{q,} = {0} (2.71)
[M)IZRENE — FOEARMEMIZRAITIITH Y, HITFINGFET D, XQIDDENS[M] T
EDTAHZ LT,

(—w?I + [M]7[KD{go} = {0} (2.72)
Lipdh. Lo, [Al=[MITHKIEBL ZET,
(4 - w?D{go} = {0} (2.73)

70, [ANCEET 2 —AbEA R Z iR < 2 &2 5. RQRIB)DEAMEE L OFEA~RY
ruiE, KQR65DZENHITMZR BNV D Z EIZER SNV,

Tz, EAEFHRERTHELND | ROBHRT Mg e~ 7-t D %E— RT5l[d] & F
5. Thhbb,
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[¢] = [{4’1} {¢N}] (2.74)
—WACEIER 7 FAE BN D &, BT FgHE

{q} = [@]{$} (2.75)
LRBTHENTED. f(z 65T (2. 75)7&»1&)\?‘5 &,
®){¢} + [K][@](5} = (F} (2.76)
WA DA G, [(D]T%ﬁiﬁ% SHDE,
[@]"[M][®]{¢} + [@]"[K][®]{§} = [@]"{F} (2.77)

(Y
(Y

[M]* = [®]"[M][®]
[K]" = [®]"[K][®] (2.78)
{F} = [®]"{F}

<L, UTO XD Rt ARIC B9 S LU OEE GG 60 5.

M (€} + [K]"(§} = (F}" 2.79)

F72, o —BALEEORMERE ZHWT, 22 To X HIcRT.
Ny, Ny

W63, = D WX, (Ve @)

i=1j=1

Ny Ny

=D PhE(OX, (e, ) 050

i=1j=1

Mz

O Xy, (Vi ()& 0)

=
21

1
= wy ()
k=1

DL X, ()Y, SODOH, kROBEFIREE— FPIRZRTBEE LR, §E2nTHI LItk
S THRESNIzw (O, k WOBRFREE— FORBELRT Z L2 s. LIzR-T, K
ZERURIF DN %, KT — FEORTIE LTREHTH I ENTES.
ARFEHTTIL, Python OEMEMENT Y 7 N 7 =7 Numpy & SciPy Z U 7=, Numpy Ti3174
ZEF L, Scipy THEHANZ bk L OEAREE A KO-,

2.3.2 BEISEENTTRE

Newmark—p & LT, RQ2.62)ZFMEAICRIFE > L. i FEHDOA 7 U AL BT
BT OERMZGETD. il FEOA LTIV AN i FBOA L7 )AL MHDOH A X
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AT v T At %,
At =t — t; (2.81)
L35,
T, iBHOA L7V A MIBIFDLEMRY "vEGET D, BEDOA 27 ) A2 b
(1) LEHTDOA 7D A2 b () 1B AINEEG ., EG;1%, A LAT v AN TIE,
RN T D EARET D &, BEDOAL 7 Y A N TOREERY ML,

Givr =G+ % (Gier +:)4t (2.82)
Thh, BT MV,
Giv1 = G; + Atq; + G - ﬁ) At2q; + PAL? G4y (2.83)
LERELND.
— 5T, BIEORT v (i+]1) 1ZBWT, FK(2.65)TiI,
[M1Gi11 + [K1Gis1 = {F}iss (2.84)

LD, LIRS T, K(2.83)ERQEHITRAL, il THEL &,

Goar = (M1 + AR [P,y — (K1 (@, + a6 + (5 - §) 2%, )} 2:85)

AT TIE, QR8T HWT, MR LELEZRT =14 ZH\, XA LAT v T % —E
fEAt=10°s & LCEE L. ZhOOHIERIRIZIE, - THIRHR T A 77 U Bigen & ff
A L.

2.4 HIRERMEHT

FRNTET VO EZEET 2720, WHAREREMYTY 7 b7 =7 MSC Marc2017 %
HAWTCHREZMNT (Finite Element Analysis : FEA) 17> 72. Fig.2.8 IZ/r9° X 912, FEA
W20 x SFIANT 20 4381, y AT 10 23BN S 72 5F 200 O 4 EiS UM TEERBEAM Y = VEFHE
NFEL, 2EHZCTHEBEERSERSNTWD. EREMEL LT, x=0 LofiSz2HH
FEEE L7z, FEAIZHBWT S, [EAIRENENT & B INE R 21T - 7. IS AT I B0
T, BEEMEE U CEAMEL Y ERICAR Lz, 70, BUEMT & Rk, 21 A
AT T h—EED At=107s & LT2BEITRRAEIC CRIR 21T o7, 72721, FEA IZHBW
TIERETGT & 2 BT FRIIERIENEIC DWW T B BE LTz

F 72, [BlERA B RE L 72 FE AR I L OIS E T 1T o 72, BEAAIREIEITIZ BV C
X, BEEE R 72T EEN 7 BIERERC AR Y T D O ) A AT LIRRETITV, BRGSO
HIFERIE 258 L=, £z, BIEISEMITIC BV L, =—W%—¥% 7 /L—F > FORCEM[39]
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IR EFR U DTE S [ENERmEAL AN Lz, £72, FEA [ZRBW CRERNE T4
OB, BONC L2890 BVEFIRBZIERT 2 &, M - HERD 23 %> TLE DR
BNEUT. 20k, LA U —EE AV CINEEE « RS % 012 L2890 A VIRiER
TERL L, ZO®%IBEEREE 0 12 L TR FIIERRIE 2 B8 U 7o BT R R o CRIR & AT
Sl HEHALZ VA U —BEDEL L ORI Z L% Table 2.3 & Fig. 2.9 IZ/”7.

0

Impulsive Load F

T.E.

6DOF fixed

L

Fig. 2.8 Overview of finite element model with or without rotation velocity.

Table 2.3 Coefficients of Rayleigh damping.

Steady State Transient State
Mass damping o 1.0 0.0
Stiffness damping f 1x107 0.0

Damping Coefficient

0 CPU Time

0 Analysis Time
‘ Steady state> ‘ Transient >

Fig. 2.9 Time table of Rayleigh damping coefficients during finite element analysis.
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25 N—FRRNIFIA IV I=2Vb—vayv

Ty 7 L= R, BRFETVICEAN=RARNIA 7 Ialb—var&{iol.
Fig. 2.10 T3 & O RAREFMTET NV EMEHA Lz, ARERET METT7 7 07 L—F,
TART, Favyxr I3y R, RSN TEY, KX TIE7VETVEMNESTD
LIZT D, FEAERICITRIREIER XYZ & JRFTHEIER xyz D OB EZRSNTND. BIKFE
TR XYZ TIIENCREO N1 24T 5. JRPTEER xyz TIE, MRMERC M A R AL,
JSET) s OFTHBERSINTND., ZNENOEIILLTO X 2 ICERT S.

X il o BgEh5R, 7 L— Ka— K5

Y #ih o T A7 EERSN, 7 L— RSN
Zgh - T AT KRN, T L— KA
x il o AT

yH#l . =— K5

z#h o EA W

Tip 7°5, LE.,, TEIZE 72> TEBD > — RAENFIE L, T OIS CFRP O
JER & VORI > TV D, @R —AEIE 8 Fii Y U v FELFR A L, CFRP @
HGE 71 8 Bl S AR = VR A LT D, FEERAIE, 0°&+45°D— 7t
ZRIRAIICFERE LT 528, 7 L— ROfg Lifil - i FifiiZ X GFRP Of 2 f8E L7z —

M=K DIFEL TV D,

HHLZY 7 b7 =7 IZLS-DYNA O RIL.IOARXR—V 3 VOEY2—/LTHY, [EHAKSE
FRBTIZ IR 2, TS B MAT (VX BT IG5 2 AW CRFE L7z, B IRENRATIC B0
THETZ7 77T V—RETNAVDORFELTEY, BREFE LTRKRT 0 A7 LEfilL T
LEFTOE SO 6 HHEEZBEE L7 (Fig.2.11). F7=, WENEMITIZB N T, EOBEIC
BOETKRERAIETET MEL, Ki7-[A O BEfRI% Smoothed Particle Hydrodynamics (SPH)
HBEHEH LTS, 72, ZoRkiEraERL,

P = Co+ Cipt+ Cop® + C3p® + (Cap + Csp® + Ci)E
p (2.86)
#=%—1
THzZbN5. 727120, EfEMOARQR.86)E LTEFEL, FIEMTIXZOENT0 &L
TWa., PIIGEE LT, 2ok +2TIT, WHEEV, =5.2x10° mm/fs, Vy = —2.4x10°
mm/s, V, =0.0mm/s Z5-27-. ZiUL, Vel EMB-X FEICHATH2HETH Y, Vi IiLE
HA RS Q = 3224 rpm T L— RAEHE L TWA R TRIZFED, EOMXHEETHSH. 5
REMEELT, T4 A7 ETHEZREEEL TS, £z, 77T —FK—Favxr
73y R, Fayxr 78y F=7F 4 27 BICITIERR DT miEfilds L O 5 m o4l (B
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B) ZERLTHY, BEREIT03 L L. &I, 777 b— F—kRFRICIZIERS
MOEMOHEER L THD. £, FTIITEROT UV —7 7 AE— Rl 3572912
TO—T T A BN LTz, XA LAT v 7L LS-DYNA WDT 7 4 /L R E T HEN
WCIRESINDD, BBLZ At=1x10"s ThH otz @BPEISEMITIEL, 0.01s T TITo7-.

O X DS T % B LI BT - 72, EAIREIAET ICB WV TiE, Fig.2.11 OF
TITEWT, A Q= 3224 rpm (TS T 20N A2 K BERITWE ) & L CAfm L.
TG 77 % Z 18 U 7 [E A IR B ARHT CIX ML Doy % 5D D BN 572, FERLTEAR
Wreind.

F 77, WEISEMNTIZIB N TUL, 7 4 A7 IS o 72 X 1 & [ 7z [mlisgh 2 0,
—EDOAHE Q=3224rpm T7 7 7 L — RZ& [R5 S+, BOK-E T /L % %€ S 7= (Fig.
2.12). fENTIZIZ 2 DO 7 = —ANFEEL, @012 AN LI T EfE 21TV ES
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Fig. 2.11 Overview of fan blade model for natural frequency analysis.

Bird

Rotation axis

Fan blade

Fig. 2.12 Overview of fan blade model with rotation velocity.
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Fig. 3.1 Natural frequencies of modes 1 to 4 when each mode number is used.
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Table 3.1 Natural frequency of composite plate.
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

FEA [rad/s] 142.8 500.6 887.4 1677 2133
Numerical analysis [rad/s] 143.9 502.2 897.3 1683 2134
Difterence [%] 1.162 0.4513 1.114 0.8732 0.5957

Mode 6 Mode 7 Mode 8 Mode 9 Mode 10

FEA [rad/s] 2567 3396 3576 5044 5597
Numerical analysis [rad/s] 2563 3397 3570 4989 5496
Difterence [%o] 0.2529 0.7140 1.065 -0.7159 -1.606
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Fig. 3.2 Mode 1 shape of recutangular composite blade; numerical analysis (left) and FEA (right).

Fig. 3.3 Mode 2 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Fig. 3.6 Mode 5 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Fig. 3.7 Mode 6 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Fig. 3.8 Mode 7 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Fig. 3.9 Mode 8 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Fig. 3.10 Mode 9 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Fig. 3.11 Mode 10 shape of recutangular composite blade; numerical analysis (left) and FEA (right).
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Table 3.2 Natural frequency, natural period and modal participation factors and.

Mode Natural Natural Modal participation factors
number frequency period [s]
[rad/s] X Y Z
1 264.6 0.02375 —0.0113 —0.0411 —0.000865
2 782.6 0.008029 —0.019311 0.0299 0.000390
3 1326 0.004739 —0.00392 0.00322 —0.00326
4 1855 0.003387 0.0228 —0.0165 —0.000268
5 2344 0.002680 0.0297 0.00994 0.000740
6 2701 0.002326 —0.00737 —0.00137 —0.000467
7 3503 0.001793 0.0234 0.0150 0.00198
8 3609 0.001741 —0.0107 0.00900 0.00207
9 4797 0.001310 0.00289 —0.00323 0.00107
10 5134 0.001224 0.00741 0.0171 —0.00309
11 5943 0.001057 0.00327 —0.00183 —0.00152
12 6363 0.0009875 —0.00186 —5.44x10° 0.00216
13 6612 0.0009503 —0.00108 0.00492 0.000567
14 6897 0.0009110 —0.00287 —0.00657 —0.00430
15 7609 0.0008258 —0.00665 0.00885 —0.00167
16 8170 0.0007691 0.000181 —0.00154 —0.00348
17 8360 0.0007516 —0.00404 0.00330 7.85%107°
18 9407 0.0006680 —0.00120 —0.000642 0.00139
19 9546 0.0006582 0.00588 —0.00614 0.000411
20 9993 0.0006287 —0.00100 —0.00474 —0.00542
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Table 3.3 Natural frequency, natural period and modal effective mass of each mode.

Mode Natural Natural Modal effective mass ratio [%]
number frequency period [s]
[rad/s] X Y Z
1 264.6 0.02375 2.72 36.07 0.02
2 782.6 0.008029 10.65 55.15 0.02
3 1326 0.004739 10.97 55.37 0.25
4 1855 0.003387 22.04 61.17 0.25
5 2344 0.002680 40.81 63.28 0.26
6 2701 0.002326 41.97 63.32 0.26
7 3503 0.001793 53.65 68.12 0.35
8 3609 0.001741 56.08 69.85 0.44
9 4797 0.001310 56.26 70.08 0.46
10 5134 0.001224 57.43 76.31 0.67
11 5943 0.001057 57.66 76.39 0.72
12 6363 0.0009875 57.73 76.39 0.82
13 6612 0.0009503 57.76 76.9 0.82
14 6897 0.0009110 57.93 77.82 1.22
15 7609 0.0008258 58.88 79.5 1.28
16 8170 0.0007691 58.88 79.55 1.54
17 8360 0.0007516 59.23 79.78 1.54
18 9407 0.0006680 59.26 79.79 1.58
19 9546 0.0006582 60 80.59 1.58
20 9993 0.0006287 60.02 81.07 2.21
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Fig. 3.13 Relationship between modal effective mass ratio and mode number.
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Fig. 3.15 Distribtion of spanwise surface strain ¢, in numerical transient analysis.
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Fig. 3.16 Distribtion of chordwise surface strain ¢, in numerical transient analysis.
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Fig. 3.27 Resultant displacement of fan blade.
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Fig. 3.37 Displacement history of Tip and L.E. node in global coordinate system.

200
—X. with disk
150 F —7Y. with disk
_ — 7. with disk
E 100 X. without disk
=, s0 F —7Y . without disk
= —— Z. without disk
E 0 Il :
5 /]
2
= -50 F
=
R
O -100
-150 |
-200
0 0.002 0.004 0.006 0.008 0.01
Time [s]

Fig. 3.38 Displacement history of T.E. and L.E. node in global coordinate system.
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Fig. 3.43 Distribution of spanwise stress under centrifugal force derived from numerical analysis (left)

and FEA (right).
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Fig. 3.44 Distribution of chordwise stress under centrifugal force derived from numerical analysis

(left) and FEA (right).
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Table 3.4 Natural angular frequency with different rotation velocity with ¢ = 0°.

Q [rad/s] 0 100 200
Numerical Numerical Numerical
Analysis FEA Analysis FEA Analysis FEA
Mode 1 144 143 200 200 310 312
Mode 2 497 494 510 512 544 561
Mode 3 908 883 961 941 1102 1095
Mode 4 1681 1651 1719 1684 1820 1779
Mode 5 2175 2122 2187 2130 2218 2152
Mode 6 2546 2541 2601 2594 2760 2748
Mode 7 3368 2777 3469 2779 3599 2785
Mode 8 3422 3326 3586 3368 3681 3488
Mode 9 3554 3496 5054 3515 5227 3574
Mode 10 4995 4945 5583 5003 5610 5173
Q [rad/s] 300 400 500
Numerical Numerical Numerical
Analysis FEA Analysis FeA Analysis FeA
Mode 1 433 437 560 564 694 692
Mode 2 581 635 612 723 687 821
Mode 3 1299 1310 1527 1558 1771 1820
Mode 4 1973 1924 2158 2104 2287 2245
Mode 5 2255 2181 2279 2218 2416 2329
Mode 6 3002 2795 3301 2809 3642 2827
Mode 7 3810 2989 4031 3292 4261 3627
Mode 8 3833 3629 4076 3754 4419 3907
Mode 9 5500 3716 5666 3963 5671 4261
Mode 10 5643 5439 5854 5682 6268 5702
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Table 3.5 Natural frequency, natural period and modal participation factors of each mode with rotation

velocity 2 = 3224 rpm.

Mode Natural Natural Modal participation factors
b frequency 0d [5]

number eriod [s

[rad/s] P X Y Z

1 4343 0.01447 —0.00802 —0.0459 —0.000410
2 1059 0.005930 0.0220 —0.0232 —0.000995
3 1375 0.004570 0.00651 —0.00648 0.003057
4 2110 0.002978 0.0320 —0.00907 8.49x1073
5 2544 0.002470 0.0191 0.0154 0.000990
6 2798 0.002246 —0.00253 —0.00128 —0.000315
7 3633 0.001729 —0.0253 -0.0119 —0.00150
8 3921 0.001603 —0.00468 0.0113 0.00213
9 4870 0.001290 0.000166 —0.00714 0.00152
10 5397 0.001164 —0.00691 —0.0158 0.00200
11 5043 0.001057 —0.00334 0.00221 0.001408789
12 6363 0.0009821 —0.000836 0.00166 0.002178574
13 6612 0.0009270 0.00224 —0.00234 —0.000814
14 6897 0.0009074 0.00255 0.00652 0.00389
15 7609 0.0008150 —0.00488 0.00898 —0.000553
16 8170 0.0007568 0.00256 —0.00169 0.00336
17 8360 0.0007417 0.00438 —0.00439 —-9.2393x10°
18 9407 0.0006720 —0.00301 0.000949 0.000563
19 9546 0.0006611 —0.00503 0.00556 —0.00139
20 9993 0.0006201 0.000420 —0.00515 —0.00438
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Table 3.6 Natural frequency, natural period and modal effective mass of each mode with rotation

velocity 2 = 3224 rpm.

Natural

Mode Natural Modal effective mass ratio [%]
b frequency 0d [5]
number eriod [s
[rad/s] P X Y Z

1 434 0.01447 1.37 45.02 0
2 1059 0.005930 11.66 56.52 0.02
3 1375 0.004570 12.56 57.42 0.22
4 2110 0.002978 34.46 59.17 0.22
5 2544 0.002470 42.21 64.24 0.25
6 2798 0.002246 42.35 64.28 0.25
7 3633 0.001729 56.03 67.28 0.3
8 3921 0.001603 56.5 70 0.39
9 4870 0.001290 56.5 71.09 0.44
10 5397 0.001164 57.52 76.43 0.53
11 5043 0.001057 57.75 76.53 0.57
12 6363 0.0009821 57.77 76.59 0.67
13 6612 0.0009270 57.88 76.71 0.68
14 6897 0.0009074 58.02 77.61 1.01
15 7609 0.0008150 58.52 79.33 1.01
16 8170 0.0007568 58.66 79.39 1.26
17 8360 0.0007417 59.07 79.81 1.26
18 9407 0.0006720 59.27 79.83 1.26
19 9546 0.0006611 59.81 80.49 1.3
20 9993 0.0006201 59.81 81.05 1.71

77



0.05
0.04
0.03

0.01

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

Modal participation factors

0.02 | %

£ 4\ o A XA i
AN LAy CEaERl ¢ Y
AR ‘vu /

—A— X direction
—B—Y direction

—— 7 direction

Fig. 3.47 Relationship between modal participation factors ratio and mode number with rotation

velocity 2 = 3224 rpm.
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Fig. 3.48 Relationship between modal effective mass ratio and mode number with rotation velocity Q
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Fig. 3.49 Natural frequency mode shape from 1 to 10 with rotation velocity £ = 3224 rpm.
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Table 3.7 Natural frequency with different rotation velocity.

Q [rpm] 0 100 500 1000 3224 5000
Mode 1 265 265 271 289 434 564
Mode 2 783 783 791 814 1059 1278
Mode 3 1326 1326 1328 1332 1375 1478
Mode 4 1855 1855 1864 1889 2110 2232
Mode 5 2344 2344 2348 2359 2544 2846
Mode 6 2701 2701 2705 2714 2798 2929
Mode 7 3503 3504 3508 3522 3633 3774
Mode 8 3609 3609 3617 3641 3921 4267
Mode 9 4797 4797 4797 4799 4870 4972
Mode 10 5134 5134 5141 5163 5397 5638
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Fig. 3.50 Difference in natural frequency in each rotation velocity with respect to natural frequencies

from mode 1 to mode 6 without rotation.
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Fig. 3.51 Difference in natural frequency in each rotation velocity with respect to natural frequencies

from mode 6 to mode 10 without rotation.
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Fig. 3.54 Displacement history of Tip and L.E. node in global coordinate system.
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Fig. 3.55 Displacement history of Tip and T.E. node in global coordinate system.
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Fig. 3.56 Distribution of spanwise strain in CFRP part with rotation velocity £2 = 3224 rpm.
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Fig. 3.57 Distribution of spanwise strain in CFRP part with rotation velocity £ = 3224 rpm.
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Fig. 3.62 History of contact forces due to bird strikes in a coordinate system fixed to the disk.
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Fig. 3.63 Displacement history of node under impact point.
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Fig. 3.65 History of spanwise surface strain at (x, y) = (500, 250) with respect to impact position varied

in spanwise direction.
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Fig. 3.66 History of spanwise surface strain at (x, y) = (500, 250) with respect to impact position varied

in chordwise direction.
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Fig. 3.67 Maximum value of modal spanwise surface strain amplitude in T.E. with different impacted

position.
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Fig. 3.68 History of chordwise surface strain at (x, y) = (1000, 0) with respect to impact position varied

in spanwise direction.
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Fig. 3.69 History of chordwise surface strain at (x, y) = (1000, 0) with respect to impact position varied

in chordwise direction.
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Fig. 3.70 Maximum value of modal chordwise surface strain amplitude in Tip with different impacted

position.
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Fig. 3.71 Modal force vector with different impacted position.
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RIEIT/ NS <725, IEET— NEICOML, TORKEE LI L= 00 Fig. 3.76 ThH D
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y) = (L, ODNLEIZIIT 5 = — R ROT Fre, OIFHEE Z Fig. 3.77 17”7, ZH5H AR =
1 DL ERBREROTHOE—ZENETL, 7 AT FHRKE K R DITHONTRIEIZ/
S molz. RET— MM L, TORKMEZLELTZ b D% Fig. 3.78 IR T . g2
WTHRERIZ, 7 AT MHD/NIWE SRR OIREIE— RO ST D 2 & 23 55h
5. EHIZ, AR=10 D L&D, {KKE— ML OMIKRE— FETHER LT XKD, FEHE
JBIEDZEAZ R LT=H D8 Fig.3.79 TH L. KRG 16 ROE— REZHEHLTH, £2TO
EF—F (N=64) ZfEH LI RO AR TE ol ZOZENDHL, TAR
7 MERREWGEIIZZ— FHROEENECIZS Ko TkY, BAESOOTHE—
T EMZDHZENTE DN RIB ST, —H T, TAXY RN EWNWHDIFERE
ROTHBEC TS Z Enghotz. LER- T, /INUT 77 L— REMERT D & XIZ
X, N=FRARNTAZIZEDEFHOWIEN L VLD & D T &R EnTe.

Table 3.8 Natural angular frequency with different aspect ratio.

AR 1 2 5 10
Mode 1 580 143.9 22.7 5.63
Mode 2 1185 502.2 142 35.2
Mode 3 2777 897.3 180 86.9
Mode 4 3674 1683 398 98.8
Mode 5 4597 2134 556 194
Mode 6 6131 2563 7845 263
Mode 7 7156 3397 978 322
Mode 8 10150 3570 1301 446
Mode 9 10757 4989 1474 483
Mode 10 11210 5496 1921 642

99



w [mm]

Mode 1 H“” Mode 2 i

w [mm]

w [mm]

w [mm)

W (mm]

Fig. 3.72 Natural frequency mode shape from 1 to 10 with AR = 1.
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Fig. 3.75 History of spanwise surface strain at (x, y) = (0.5L, 0.5b) with different aspect ratio.
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Fig. 3.76 Maximum value of modal spanwise surface strain amplitude in Tip with aspect ratio.
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Fig. 3.78 Maximum value of modal chordwise surface strain amplitude in Tip with different aspect

ratio.
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Fig. 3.79 Number of vibration modes to describe history of chordwise surface strain in Tip where

maximum strain occurs.
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Fig. 4.1 4 devided regions; Leading Edge region, Trailing Edge region, Tip region and Root region.
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Fig. 4.2 Maximum value of spanwise surface strain with different bending stiffness of each area.
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Fig. 4.3 Maximum value of modal spanwise surface strain amplitude in T.E. with respect to the

representative stiffened or softened each region.
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Fig. 4.4 Maximum value of chordwise surface strain with different bending stiffness of each area.
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Table 4.1 Natural angular frequency with different fiber orientation.
0 [deg.] 0 15 30 45 60 75 90
Mode 1 177.3 171.9 158.2 143.9 135.3 132.5 132.1
Mode 2 342.6 395.6 474.2 502.2 459.8 370.9 3153

Mode 3 1106 1070 978.4 8973 845.1 830.0 827.9
Mode 4 1282 1390 1629 1683 1553 1311 1169
Mode 5 1372 1477 1687 2134 2356 2323 2318

Mode 6 2266 2584 2783 2563 2726 2826 2656
Mode 7 3097 3024 3138 3397 3162 3125 3276
Mode 8 3198 3358 3454 3570 3745 3743 3709
Mode 9 3338 3500 4171 4989 4675 4560 4544
Mode 10 3748 3924 4302 5496 5444 5032 4779
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Fig. 4.6 Natural frequency mode shape from 1 to 10 with fiber orientation 6 = 0°.
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Fig. 4.10 History of spanwise surface strain at (x, y) = (500, 250) with different fiber direction.
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Fig. 4.11 Maximum value of modal spanwise surface strain amplitude in T.E. with different fiber

direction.
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Fig. 4.12 History of chordwise surface strain at (x, y) = (1000, 0) with different fiber direction.
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direction.
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422 HHWRBEREROBIIC X HE

WIZ, Fig. 41 DX T 77 L— % 4 SOREMIC/TT, T 0O FEE CHHERL
RIS, ERISEMTZ1To72. 22T, BHMEEZRRBICERT 5720, MR
ff % 0=0° 45°, 90°DH N LEA L, Table 4.2 OFEHERL A A DA A HOE TIRIEOT 74
DE— 7 A7l L7z, BERISEIZBWT, (v, p) = (500, 250)DALEIZIS T D A FEO
P e, DRFEEIEZ Fig. 4.17 1259, £72, (x,¥)=(1000, 0)DOALEIZRBIT 5 a— RFHOT
Frey, DIRFHJEIE 2 Fig. 418 1=, KANOLBNE, NEIZ LE., TE. Tip, Root i TOHk
HERCIA1 A O[deg ]2 LTV A, Bl 21X 45 0 90 45 1%, L.E.fEE T[0/45/0/~45]ss, T.E.fHKT
[0/0/0/0]ss, Tip fEIE T[0/90/0/90]ss, Root fEIE T[0/45/0/—45]ss & 72 D FE @M i % LT 5.
Table 4.2 |27 K 9 7242 6 7r— A CHEAIRENRNT IS L OIS E T 21T - 72

Table 4.2 @ Case 1 — Case 6 |29 2 10 E— R E TORE A HIEEELOE% Table 4.3 12
AT E£7, £OHT Case 1, Case?2, Case3 COEAHIKEIE— N4 Fig. 4.14 — Fig. 4.16 |Z
9. Tip fEIBCCRRKERL 7 /4 2 2 b S 72556 TiX, Tip COMITEENAE T 2 EAKREE
— ROEARBHAZEN L TEBY, ZOFR/NIBLRAITET L, BEROF IR OETZSGE
TIHEARBEIIRE 2D, TOELHFRITHOETESE CIEEAREEIIT/ NS 5.
F7o, TOMOFEE T FEEROBRA OIS . Tip fEI T ORRHER M)A DO Z IR D
HIREEIZ G 2 5 2803/ s <, LEMW, TEfEK, Root fEIE COMEGHERL M A XK DOE
AIRBEICE 2 DR KREW. £, EAKRBE— FIRIIRESZEL THRVA, F
FTHNCHIF AR AR TWD Z EN 00D, LTIehRo T, filfainbEzZ itk 2ol
O g TR BA- U, RFTeeih P2 28T 2 & & big, ERREEE LRI %
KT 5 ENTEDLEEZEZDLND.

Table 4.2 Fiber orientation angle (unit: deg.) in the divided region.

L.E. T.E. Tip Root

Base 45 45 45 45
Case 1 45 0 45 45
Case 2 45 45 90 45
Case 3 45 0 90 45
Case 4 45 0 90 90
Case 5 0 90 90
Case 6 0 90 0
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Table 4.3 Natural angular frequency with different fiber orientation.

0 [deg.] Base Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Mode 1 143.9 149.2 143.9 149.3 139.5 142.9 177.2
Mode 2 502.2 439.1 480.9 416.6 381.7 317.3 344.5
Mode 3 897.3 969.0 895.0 967.8 941.9 1017 1096
Mode 4 1683 1621 1459 1423 1341 1310 1384
Mode 5 2134 1884 2495 2285 2213 1986 1938
Mode 6 2563 2688 2668 2639 2578 2756 2942
Mode 7 3397 3179 3115 3166 3041 3060 3246
Mode 8 3570 3460 3754 3538 3488 3295 3264
Mode 9 4989 4831 4860 4844 4731 4209 3935
Mode 10 5496 5166 5181 5045 4904 4548 4538
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Fig. 4.14 Natural frequency mode shape from 1 to 10 in Case 1.
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Fig. 4.15 Natural frequency mode shape from 1 to 10 in Case 2.
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Case 1 — Case 6 DENEILDREERERRDAAITIT D5 OT H D ARE% Table 4.4 |[ZF &
7o, RREEDNE U2 W T ERTOOT HNAE L L HF RO EL FiF5 2 & TF
DOTHEARILT 5 Z LN TED & D RIHTTE LAV F R A HIZ, T.E ST 0005 1M Ofk
HEFCR Z 80 L2 b DA% Case 1 ThH Y, Tip FHIKT 90° 5 A OREHEEL M A2 H° L 72 b D)
Case2 THD. ZNHDORERER S L, Casel Tlde, DY — 7N 22.1 % L, Case2 T
(Zey, DE—ZEN 482 %A LTHY, TNENHKE LTWZOTAOE =7 fE% T
HTLEMTETND., ZDO—FT, Casel Tlle, D —ZHAY, Case2 Tlde, Dt —7 fEHN
REIRTLTWARND, HDOWTENITHZ TLESTWD. LIRS T, homEROFE
JEHERRIZ L T, TNHDOE—J7EICHENLNLEENFELTWNDL LWV ZEE2HE
LTEBLILENDHSD. £72, TEMKTO 0°45h & Tip fEIEKTO 90°77 (A OfHERL R 2 [E E
L2, LE.fEK & Root fEIK TOMEGHMERLR A & 2L SH 72D, Case3—6 Th 5. LEFHIK
& Root fHI CTOFEEHERLOEIC LY, TEMEBTDe, & Tip fHlle, OfEIE Case 1, 2775
L TWa 2y, ZOZEENI/NE L, EOMITIZIBW TS Base fffT L VR TE T\ D 2
EWGEIND . LIeo T, 7 U T 4 NI OT B34 2 fEI T O RS R e b K& 72
WREH 22D N T ENRENT.

Table 4.4 Maximum surface strain in each stacking sequence distribution case.

L.E. T.E. Tip Root Max. &xin TE. Max. g, in Tip
Base 45 45 45 45 0.0197 0.0162

Case 1 45 0 45 45 0.0153 0.0154

Case 2 45 45 90 45 0.0202 0.00840
Case 3 45 0 90 45 0.0176 0.00756
Case 4 45 0 90 90 0.0179 0.00790
Case 5 0 90 90 0.0156 0.00700
Case 6 0 90 0 0.0169 0.00754
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Fig. 4.17 History of spanwise surface strain at (x, y) = (500, 250) with different fiber direction

distribution.
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Fig. 4.18 History of chordwise surface strain at (x, y) = (1000, 0) with different fiber direction

distribution.
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Fig. 4.19 Maximum value of modal spanwise surface strain amplitude in T.E. with respect to each

stacking sequence distribution.
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Fig. 4.20 Maximum value of modal chordwise surface strain amplitude in Tip with respect to each

stacking sequence distribution.
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Fig. 4.21 Bending stiffness matrix components with different fiber direction.

127



Difference in bending stiffness

0 10 20 30 40 50 60 70 80 90
Fiber orientation, & [deg]

Fig. 4.22 Difference in bending stiffness matrix components relative to 6 = 45°.
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Fig. 4.23 History of spanwise surface strain at (x, y) = (500, 250) with stacking sequence of Case 3
under centrifugal force at = 300 rad/s.
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Fig. 4.24 History of chordwise surface strain at (x, y) = (1000, 0) with stacking sequence of Case 3
centrifugal force at Q = 300 rad/s.
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Fig. 4.25 History of chordwise strain in Tip where maximum &, occurs in the transient analysis with

different fiber direction.

0.03
—apa=0°

0.025

0.02

0.015

0.01

Equivalent strain, &

0.005

0
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time [s]

Fig. 4.26 History of equivalent strain in Tip where maximum &, occurs in the transient analysis with

different fiber direction.
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Fig. 4.27 Distribution of chordwise strain in CFRP part with fiber orientation angle & = 0° at Tip.
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Fig. 4.30 History of equivalent strain in Tip where maximum &, occurs in the transient analysis with

rotation with different fiber direction.
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Fig. 5.1 Finite element model of tip region with initial crack.
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R TH D, KT, VCCT TILEHEIC L 2HOME NG EN TE LT, AIRESEMR
HHiZHBI1F 5 VCCT TOZ R AF—RIIUU TOX LV EH IS,

1

(1 =55 101
1
= 5.3
Gi = 55 F28 (5.3)
Gy = ! F.6
HI_ZAa 393

72720, EAFEEUEEOHEH R IITH Y, ST AN TH D, £DO—F T, Iy ILE
g X—ZEETHZLNTE, LTOXRTERERIND.

139



]=J' [(W+T)n —O'--Tl-%] dar (5.4)
- 1 ij ‘6xi

=17 L, AIREHZERITICBWTIE, RG4HYEA F—27 ZOEHRZAWTLL IO X 5 A b
MBS TEHEL TV,

J= L [Uijg_zz_ W+ T)(Su]g—(ZdA (-5)
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I DOEMNTICE I D = R VX — iR 1ER T VCCT 24 L THUS L 7-.

Displacement
upper & lower surface

X
Crack length a P
B T .
' ’ w(y,t)
b

Fig. 5.2 Static analysis with displacement distribution w(y, ¢) obtained from dynamic analysis.

Fig. 5.3 Static analysis using deflection d(¢) obtained from dynamic analysis.
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Fig. 5.4 History of energy release rate.
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Fig. 5.5 History of out-of-plane displacement due to impulse load.
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Fig. 5.7 History of mode II energy release rate due to initial crack on L.E..
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Fig. 5.8 History of mode II energy release rate due to initial crack on Tip.
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Fig. 5.9 Distribution of chordwise surface strain at the time of mode II energy release rate peak.
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Fig. 5.10 Distribution of chordwise surface strain at the time of mode II energy release rate peak.
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Appendix A BEFREIE— FEEROEH
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BRLND. T2EL, GIMEREHTHS.

FEBROBERSM T
w(0) =0
dw
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Appendix C Abaqus Z Wz X— KX I A 7TV
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% Table C.1 IZ/”T. F72, AT THHA I TV HIEIZ DOV T S Table C.1 3 &L UF Table
C2ITHER L. £, THH DT A —& —& ] L7-3(C.7)% L OR(C.10)% Fig. C.1 12
Y.

Table C.1 Parameters of Mie—Griienisen equation of state defined in Abaqus.

Abaqus po lkg/m?] ¢y [m/s] s "
Nanami et al. [43] 911 1482.9 2.0367 0
Y. Zhou et al. [44] 950 1438 0 0

H. Liu [45] 1060 1450 1.87 1.09
Curve Fit 950 1887.9 2.222 4.444

Table C.2 Parameters of equation of state defined in LS-DYNA.
LS—DYNA po [kg/m3] C; [MPa] C, [MPa] C; [MPa]
R. Hedayati et al. [18] 938 2323 5026 15180
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Fig. C.1 Equation of state curve in this study and previous research.
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Fig. C.3 Y-direction displacement history of Tip and L.E. node in LS—-DYNA model and Abaqus model.
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