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Abstract: Composite rotor blade becomes one of the important components in the aerospace and energy industries, owing to its
advantages of lightweight, high specific strength and modulus, and tunable mechanical properties. Determining the effects of
material parameters and layup on structural load-bearing capacity is valuable for engineering application. With energy method, a

theoretical model for strength evaluation, stiffness analysis, and layup optimization of this structure are proposed. Based on
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Rayleigh-Ritz method, theoretical models about the simulating specimen for composite rotor blade under different loading conditions
are established, including the blade solely under centrifugal force and the blade under combined centrifugal force and uniform
pressure. The theoretical model is verified by the finite element method (FEM). And a higher order of the trial function induces
higher prediction accuracy of the model. Finally, the effects of different layups on the strength and stiffness of the rotor blade
simulator with ply drops are evaluated with this model. The results show that the prediction error of the theoretical model in radial
deformation is lower than 6%. And for transverse deformation prediction, the error is no higher than 15%. The theoretical analysis
aligns well with simulation results in predicting stress distribution. Besides, it shows that the layup significantly influence the
mechanical performance of the structure. The deformation in x-direction of the structure with [0], layup is the smallest, followed by
the structure with [0/90], layup and [+30], layup. The deformation in x-direction of the structure with [+45], layup is the largest.
The increase in proportion of 0° plies improves the structural stiffness. As for stress along the principal material axes, the structures
with [0],, [£30],, and [+45], layups have similar magnitude, which are smaller than that of the structure with [0/90] ¢ layup. The
theorical model proposed in this paper provides a method for efficiently evaluating the mechanical properties of the composite rotor

blade. Compared to traditional method, this model can shorten the design period and improve the efficiency, which is helpful for

optimal design of composite power components.
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Fig. 1 Mechanical analysis of the composite laminate with uniform thickness under centrifugal force

i FIZ AW P45 2 M A Ry ARk, Rt
MRS (8 BE AT B BI RN A HE S o B - FE 2% 7k
SR UZ PR /NI A /N 81 ) — T B s,
M T 571 R G e /N R IR B . AR O ik
FToR A st AR U 25 #4100 A% pR B SOE AR pR LY E
X, HFAH RGERAGE RS, @ AR R
G BE PR AR/ NI PR A S B 7RI S A - FEL 2%
AT R A, — BB B 1 s B Z U
=K, = (1) s

M

A wBRIMIR i vIORBRIAS R 5 my 55 mp I35

FORIK BRI NEL a5 b RN R BN e R AL
SR A PORZ G B e RS B0 TR

KA o NI, (7R R (2)



9 1]

ST E A - B REE M SRR T B o2

ot SHEIE 121

mj

MR(XI)ZZaixli 2

i=0
vR(x1)=0
A a MR RS 5 my 2R 200085
B8 s ur (x) RRTE R ERALAR R O N SE IR R A
MERHZ G R x T AR B R TEERM
i 1FT [, AT = (3)

ur(0)=0=>ap=0 (3)
A EIPEIVER, WZ R G FHREFRR A

K (4):
g = Ug + Vg (4)

Krp: Thr R BRFEEEZGH; Lhr C RoRf—
B IAER]; USRS — 0 e, SRR
BEHZE GRS BE s VS RS

W 2510 x5 T AR B — e B, % dx o 10T
dxy 32 T 1 s o ARPE RIS — e i, B0
15 i ROnsE B R IE FE e &, WIBOoT 2R
fap A (5):

dfy, =pTr (x1) Wa, (x1)dx; %)

Krf: o AHOCHY BB s WRZ G IRITREE ; Tr (x)
FIMICH IR o X T AEREEZMR, Tr(n) =Tr;
a, (x1) = w (x1+lfr)%ﬂrﬂlfnl?lﬁﬁ Co MR BE 5 dfy, Wi
JC doey BB 3R 07, e LAZ AT T x O 18] B 67 %
uR(X1)EUj\7M71:LT’fT$ﬁH1ﬂIJJQ POEAT RN
Uy, AT HZ(6) K15 2R 58 SR 2 far i) i R

VS = jdfx1 ug (x1)
Hg 5
= j PTRWw? (x1 + L) ug (x1)dx; (6)

AT R A MBHZE G AR N AR BE TR, h
FHITEZ PR, IR, H— ﬁﬁE’Jf“
IS RN T7 18] AT, i 25 5 SO Ty ) 1
AN o BRI, X T IEAS A ) S R 2 A, T P AR
e X (7):

U(”:j w(g)dV

SlH

2 wie) h AR BE B B R A & &0 5904
N k}:'ﬂi?%xﬁrﬁlﬁ’]f“x\yﬁﬁﬂ’]fjﬁu&¥ﬁ
WIBTEIRIAE ; o | o\ 5 70 55 k2RI I (1
IV

XA BB - UL, x 5 1) AR R]
P RS ur (o) B — B 383w, WaX(8):

O'(k)s(k) + O'(k) s(k) + rﬁ")yﬁk))] dxdydz (7)

£y = up (x1) ®)
SRR R BB O Ji xT7 18], WU HC AL 75 16
ARSI RTE VA R e (2R () PRI 33

k k k k
&) = —vyel A = el ©)

e ny———j\?{EWAHz a5 x 77 1) 77 T 5 R Y

)ﬁﬁ%f;ﬂm=gﬁA@ﬁA%Aiﬁmﬁm
RS R -y Y Y RIS

T ETE RS2, o A AR R 1 2T DR R
Voo S B2 AR TR R B2
SRR AR, 472 (10)™

— 1 = 1 el 1
x = y= 7 »Uxy=
ha hayy hagg
_ Ayx Ayxy _ Uxs
Vg = ———, Vyx = — o=
Axx Ayy Ags
— Agx — Asy _ dys
Mxs = Mys = sy (10)
Xx Ayy Ass

At e RIE AR 5 [a] )25 MR A 3 BE S
X o7 0 R 5 37 39
X TS T 7R T A B R, R R T 1)
(R F1-RiAE X RN o = Qe Forh, Q& —HERI B K
W, 5 TR R B o, R 6 AR, BTk
TR AT 7S T I - e 2R, Bk (1) Y,
] Fmg% &18
=[Ow Oy Oyl|| €

[ o
TY Osx st Oss
s FEA5 5 0% 206 Ul ) B8 B [Qy 1 R R AR, el
F 07 5 A 0 e £ o (Gl i EF R R IOE, 2R
) L T RIEE [Q 1 E -

Bear s (8) . (9). (11), nJ it —2515 2| L ZE AR
(A2 e R R (7) rh AT KRB (K (12) )

o_ka) ggck)

=

X

(11)

S

Vs

©

(Ot (x1) = QuyVyttg (X1)
+ Qulxsttg (X1)ug (x1)
= —[Qyxttp (x1) = QyyVayttn (x1)
+ Qs xsUg (X)) ]V yug (x1)

(k) (k)
Ty e (12)

k), (k) _

Ts Vs [stuR(xl) stnyuR(xl)

+ QuﬂstR(xl)]stuR(Xl)
MRGAEE L IVERT BN AR N (13):

NR Hg
= WZrka w (1) daxy (13)

Kot win) = ((Tac)g(k) +oPe 10y 0) g
kF%F*KLE’JVE,NR%%/T%? B A MRHZ
AR EEG WAR GBI TERE ;s Hr W JZ 5
%J—EO



i

e
73
iy

)

122

2,
&

T i 55 46 4

WAL (4) . (6)5(13), RITRK REERE = 3R
NHIK RS o RR R RS RS &,
il ZGEH e lUm/IME, A3(14):

omg
=0 (14)
8ai
X Faz 8, AT 2 my AR, FAL S m R

TR, SR Z2 o0y B 4L, A Al 13 3] e AR
ug (x) BIFRIK o I R — B S RO 25 R T in 2
T3 1) (AL & (2R 3, T3t N7 i) (415 7 0 m] 5
VD) RAG . Tz m (AR | A2 5 5 77 1Y
ik (15):

mj

ur (x1) = Zam'

i=1
n

SS (x1) = Z iajx =Y
i=1
o€ (x1) = QxS (X1) = QuyViy €S (X1) + Qs 5ES (x1)
(15)
1.2 TEESEEMEESR
ARV E R A MRHE AR SRR ZE OfZ ) B &
AL, 38 I A B R R R S B R ) AR
fbo H7E 20 tHh2g 80 AFEACH I, Tk HHIZ S5 LA
YD R AR SR L Oy T, B R A AR AR

&l 2

AR IE R G RBUR SRR 1500

Fig. 2 Mechanical analysis of composite laminate with ply drops

ST AR JL . 4 W A R, ZE ML SR Y . T
LU e 5 o B A AR A AR (T P AR LA P 53—
D5, 3T AL AR R AL, 1T LK R
DR AL R L e e Y M TR
FEJRA IR, A SR A ARBENE T A B L AR A,
VIR LR TR SRR A, AR A
T L3 Ao 2 45 A 1 78 A 5 B W B R
A RLE A SR 1 £ X B 5 2 18] T 35
m,@[zsl 5

75 JEL A e S AR ) TV A A, HE R
VO AR 1 A 4 T A MR Bl A e
R , B RS 1 AR R A AR
TEAN R EE 2, SR 2 BTG HEA TR . A
TR B (3 5, A T 220 3 2 (0 B 01,
57 JELRE I - F G R (DL VA T, 45 2RO
S 2 0 = XU SRR 7

FILJS 78 IS A R R A R EE R T 5
Z ARG 2 B, e BB R T —
SR BE0 I VE F,  E  E ELs FRE P T A
(LR A, — IR B0 54 TR R A 1R, %0
() B R BT ) 5 0 A7 A A F A 2 28
GRS,

(b)

/ X = HV
A
_ A
—_—
I A% h
= v Z4 3
A ¢ X =0 op V.
L A-%A
,}/ ‘} z
/// w Oéé’y

(a) B—EO BT s (b) B0 1 5 1A e TR & 2t

(a) under centrifugal force; (b) under

centrifugal force and uniform pressure

12,1 B0 ER

B, AT — B0 JIE T B B AR R i
Fo XTREREE A MENER, MBI %
JEEH 3 B RIY R (SR %) = (16):

uy (x1) = )’
i=1
v (x1) =0

(16)

FEAE TEE O IERR, X RGN RER R A
H(17):

c C, y,C
Iy = Uy +Vy

(17)

S TR V R A PR A B b
bR © FR g0 I s USFR — g5 0 M
FHR AL 5 A BRHR A AR A s VE R



9 1]

ST Ea M- B REE S SRR T B 22 i S DA 123

PEEAT N

78 JEL B O W RLFG 1 it e B OT B
o iRk G20 (5) —5, Hrp AR E 24 A
Ty e)AEF L HIE 2 AT, Ty (x) 5Bk %k, LA
AR AR F {01 R, AE(18):

{ Ty, 0<x; <h3
Tv(x))={ Tyv-2(x;—h3)tana, h3<x;<H, (18)
1, H> <x1 <Hy

K Hy=hy+hss Hy =hy+hy+h3 i B 09 6
FEs o it R 2 iR EE s Ty i R R ER Ay
WYL s o PR A, 2R E R 1] 22 B8 i
T IS S J& 7 1) 5 -2 - T Y ST A

WAz (5) 550(18), AIRAR B &2 & 4 kL2
M 32 B B — 2.0 T VE I, R G B B far ik )y
X(19):

vy = jde| uy (x1)
=ﬂ%nwﬁuwumwmml
+j:2 p[Ty =2 (x1 — h3)tana]
Ww?(xy + Luy (x1) dxy
Hy 5
+ fﬁz ot We? (x1 + L) uy (x1) dxy (19)
H5EEE S G MEZE S EE R E F: 28
0L, X725 J5L B 2 Al 1 AR RE A T HE A, SR 2

S, SR 38 3 0 RN SR A5 G5 A A 1 R AR fE 2% 36
#:(20):

Ny
he | 1
C_ (k) (k) k) (k) (k) (k)
Uy = Wk_gltkjo [E(a'x & +oy ey T Yy )}d)q
(20)

K mRRB LR IR R . 5 R
Ty en) 2B, m RT3 B B (50(21) ) o

tA
s+ y —— 1<k<0.5(Ny —
3 ]Z:;tana/ (Nv —ny1)
Hy, 0.5(Ny —n;) <k <0.5(Ny +n;)
k
t.
Hy - —_0.5(Ny+n)) <k<Ny
Jj=0.5(N+ny)+1

21

AP Rl EER 1 B2 E Ny FRoR S5 S

BZE ., HEWS)ZIEE B, KA, WA
ny =t/ty, Nv=Ty/tyo

Bz (19) 530(20), RIALE A — 2.0 fEH

T AR JE R R i AU R G RE R R N T

PRE S oA R PREL . #2:K(14) FoR i3t 5ad

e, M ATAR 5% T 00 B A28 B 1 R AU AL
A% | AR 50 H130(22)

mjy

“V(xl)zzaixll

i=1
mj

e (x)) = Z iaix, Y

i=1
o$ (x1) = QxS (x1) = QuyViy €S (1) + QuesS (1)
(22)

122 &E.O0 58 EIREE-

X RS VR, 25 5 A MRHE T
B DL 0 S S R R L . B0 7 5 MR Ry 4
IRV P M0 7208 L 8 I R R A 2 PR 2()
JTR o 16 EVERE I, BT 2 880 R 4
BB, S T R R R S S ) A
T, 3Rl 7 B 1) v 16 R R 2 A
AFI I, BN S IR Y B0 A SRR A
F FE P 0 0, B 06 5 O ) 1 2 O i e
W L P VA PR R R R B 2 2 Tl e %,
I, S AR UE TR IR A (0 T ST, A TAESE T2
JELEL, A3 SRRSO 5 AR Fy Ve 4
(O AETE 5 09 1, SR 5 4 T3 45 1 B,
TS0 75 9 1% 7 2 1 R S8 K (4 187 3 43 A 5 0

BP0 FT R I T A8 I B A MR i
AR B R AR B T % AR P 74
F 1 B R R 9 R 76 PR 7, A2 B T 1
AR A ARE AR, AR R (23):

uy (x1)=0
my ‘
vy (x1) = Z bix'
i=0

s vy o) FoR B AL (i y J7 18] ) o X A5
FUPFIX IR A, 1 5 i 1) (2 7% 55 5% A0 A1
%, AR (24):

(23)

{vv 0)=0=ag=0 4
Vv(0)=0=>a;=0
WA s HE R, REHREE R L (25) !

my, = Uy + Vs, (25)
A TAR V RRRREERG N, EiR PR
FE e US R AR IR B 5 G M RHZ G i A2
AE; Vo R 8
A TEIZ 0T WS IR Ay a5 iy, ) v
B RARASIE, 75— R4 A28 o X T8EY
At Y, FEREEIT b (x, ) A0 xJ7 [ (4 i A8 3R
71N A 12 s B PR 2 RS |y 3R LA [ 152 B 19 — By



124 o= Mok % R 55 46 4
S5, =t (26): B, H=(31):
d%v P
SE(XI,YI) = i|y1|?2v (26) 881-;7 — (31)

TERE, X T 45— BE A, BOL A w2 = 5

FREIVE A I IME
TEXA R JIERTE, S5t R A ) i A g 3R ik =X
F(27):
Ny  Fy 1
Uy = Wzlkf{5[O'ECk)(thl)e&k)(XhM)
=10
+0—§r]<)(xl’y1)5§;k)(xl’y1)+T(sk)(xla)’l))’ka)(xl’yo]}dxl

27)
A i RER G QD -8 & 00,y5
YO Gyl a2 (9) T E M S B (1) 55

(26), A gE—A5 3| N AR RERE(27) AT 234
oA (28):
o Vel = 10,,8P (x1,71) = Quyviy P (x1,y1)

k k
+st77xs8§c )(xl,yl)]gg( )(xl,yl)

k) (k k k
(T§, )8§, ) = _[nyggc )(xl Y1) = nynygSc )(xl Y1)

(k) (k) (28)
+st77x55x (x1 »V1 )]nygx (x1 ,yl)

(k) (k) _ [stg(k)
X

TS ’YS
k k
+ Q4P 1,y D IMese P (1, 31)

e &© (o, yn) iR (26) 55 H)

P4 JE 1 d s oe U B AR A . U
EFE x 7 ) L — S TC B doey MBSO 1 B A1 RN Ry
#(29):

k
(x1,y1) — stnyggr )(xl »Y1)

dP,, = P(x;) Wdx, (29)

Fe IOt y 7 AL vy (x1), BIROT I
FEI . XFAEE T, A P () = P, W45 1%
PRIEATRUY, TR RGN AN 1 ZhvE, B (30):

Hr
= jdpx1 vy (x1) = sz PWwy (xpdx;  (30)

T BB Ho B Hy 22m $5945 R 1A AR 2
S =15

a7 (27) 530(30), BRIl 58) R G HEEA &
F o eRE . &R S Y PUEF S R G H e

KA L AAF BN (my - 1) ICTT AL, RT3 53K
PR vy (o) YR IR 2, XTI R 1] 132 8% | O 1] iy 2%
SN S FA A N (32):

my
vy (x1) = Zbixll
i
my

&8 (e, yn) = £yt Y ii= 1) b
=2
P (x1,1) = Qe (x1,y1) = Quyviy e (x1,31)
+st77xs8§ (xl’y1)
B (22) 53(32), FRGERE O 54
JE 3 L [RE T AR 8 0m 2 A bR T e B
BN 153, an=t(33):

(32)

o (x1,y1) o€ (x1) a® (x1,y1)
oy(xry) |=| oSG |+ UE (x1,y1) (33)
Ty (x1,¥1) 5 (x1) Ty (x1,)1)

2 ERRBIGIE S

2.1 BRTEBELE

St BRI AR R AT UG UE, A S R R S AR
S G MBHE it R B A BR TR, AR Sk
HUT i 21 A 3G s A Bl B2 52 5 4L (carbon fiber rein-
forced polymer, CFRP) ™" 5 3% 55 2T 24k 1 31 v} Jig 3t
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HEATA LI IE . Hor, CFRP H 2R T 2w 2B 7 1Y)
T7008S fik £F 4 5 XM -A FR 2 i i, 2% 52 R
1.57 g-cm; GFRP H1 Angeloni Group A R4/, %
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ABRITER T, R4 52 A AR Z B R S
FESEAT RS R 43 o it BT R = 4 SR, 45 S
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BT —3 ., TEMEHES T, ou RS S B)ZE R
FERER S K — R AR A T A BT
IRl —ER G, R R4 BT R R A AR R AR A

®1 EEMEERESEL

Table 1 Material parameters of composites

Material p/( g Cmd ) El 1/GPa Ezz/GPa E33/GPa Glz/GPa G13/GPa G23/GPa Vi2 Vi3 V3 f
CFRP 1.570 132.80 6.70 6.70 3.70 3.70 2.40 030 030 039 054
GFRP 1.925 39.2 7.75 7.75 341 341 2.82 029 029 037 0.50
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K3 ARROTHR () BB IER T YRR Sk
BT 5 (b) B— B0 A ERTT B SRR B A 5 A e 7
M5 (o) BLO T SRS R R IR A4k
B TR
Fig.3 Finite element model (a) composite rotor blade with
uniform thickness under centrifugal force; (b) composite rotor
blade with ply drop-offs under centrifugal force; (c) composite
rotor blade with ply drop-offs under centrifugal
force and pressure
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Table 2  Effect of mesh density on structural maximum stress

Structure Element size/mm’ Element number S11/MPa S,,/MPa

Rotor blade with uniform thickness 0.2x0.2 400000 55.15 3.518
0.2x0.4 100000 53.18 3.310
0.2x0.6 44220 52.15 3.220

Rotor blade with ply drop-offs 0.2x0.2 546000 68.38 7.478
0.2x0.4 135500 67.00 7.205
0.2x0.6 65620 67.00 7.227
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Fig. 4 Uniaxial tensile specimen (a) and test verification (b)
for composite laminate
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Fig. 5 Ply number setting for composite rotor blade simulating specimen
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(a) rotor blade simulating specimen with uniform

thickness; (b) rotor blade simulating specimen with ply drop-offs
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Fig. 6 Verification of theorical analysis for rotor blade simulating specimen(deformation)

(a) equal thickness under a single cent-

rifugal force; (b) variable thickness under a single centrifugal force; (c) variable thickness under the coupling effect of centrifugal
force and pressure; (1) [0],; (2) [0/90],; (3) [+45]
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Fig. 7 Verification of theorical analysis for CFRP rotor blade simulating specimen (stress)

(1)[07,; (2)[0/90],,5; (3) [£45]

(a) equal thickness under a single

centrifugal force; (b) variable thickness under a single centrifugal force; (c) variable thickness under the coupling effect of centrifu-
gal force and pressure; (1) [0],; (2) [0/90] 55 (3) [+45]
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Fig. 8 Verification of theorical analysis for GFRP rotor blade simulating specimen(stress)  (a) equal thickness under a single

centrifugal force; (b) variable thickness under a single centrifugal force; (c) variable thickness under the coupling effect of
centrifugal force and pressure; (1) [0],,; (2) [0/90] ,¢; (3) [+45]

KA AR, HE5 S e B A B/ st =
B, A PBHEA ATBHE, i )2 Al s
SERR R MERE o A TAE A th A LA BI A GR 6%
PR VAL 5 MR 7 i i 25 R I 2 5 45 44 5
B, DI 5 A 3T . 2E45 5 M 248 J L]
SMERGTS&ET, #E Ta= Ak .

B XoF 722 JEE B Tk 2T 4 B 9 A 5 bR 1
B, L (01400 [0/90]5000 [£3015050 [£45750,
S, VAR 4 FhOR ) A 2 XS5 R 1 2E M RE RS RE R
G5 RSF 2 Ty=8 mm, ;=4 mm, *}: 72 ffi « = 30°,

h1=40 mm, h3=4 mm, W=20 mm. P N0 T, i
HR/INE 2094.4 /s, THAELE R AE 9 frs. Bl
SN HSTI R ZE R, R LN AR . A
HT U, SR BEAE E B S AN R 42 0 22
S GRS K 9(a) AEEBOIERT, 45
FIUS AR i, BEAS I LSS R W o 11525 51
FEM, WA T 1, [245],50, B2 A9 45 HI I B 22,
FE B O JIVE T K i 19 48 1) 7 B K F 0.05 mm;
(0] 40 Hl1 23 1) 285 ¥4 W B d5e e, S RAR 1) i B AL
0.005 mm Z£47; [0/90] 50 55 [£30] 5, PIFHEHZ M2



13 Mz A1} j:ﬁ N
>
130 o= M OB % 5 46 4
s, 811 LE, LET1
(a) Ok  [0/90ko [£30kes  [£45kos o u1 (b)  On  [090k. [£30km (45} (Avg: 75%) (€) Ol  [0/90ks [£30ke  [£45ke (Avg: 75%)
+1.200%102 70.00 +3.000%x10*
+1.100x102 64.17 +2.733x10*
+1.000%102 58.33 +2.467x10*
+9.000%10% 52.50 +2.200x10*
+8.000%10* 46.67 +1.933x10*
+7.000%10* 40.83 +1.667x10
+5.000x10* 35.00 +1.400%x10*
+4.000%x10* 2917 +1.133x10*
+6.000x1073 23.33 +8.667x10°
+1.000%10* 17.50 +6.000%x10°
£3000-16 _— 1% | a0

007 — [0]4 (Theoretical) 84 — [0]s (Theoretical) 55 — [0]s (Theoretical)
-@- [0]4 (Simulation) 78 B -@- [0]4 (Simulation) 50 r . -@- [0]4 (Simulation)
0.06 | — [0/90]: (Theoretical) 72 + — [0/90]05 (Theoretical) [ — [0/90]05 (Theoretical)
~@- [0/90]0s (Simulation) P @ 66 é ~@- [0/90]0s (Simulation) 45} % 3 ~@- [0/90]05 (Simulation)
— [+30]0s (Theoretical) N @ 60 § — [#30]20s (Theoretical) 40+ P — [+30]0s (Theoretical)
0.05 | » (30}, (Simulation) N e 9 [£30]0, (Simulation) . " @ [£30],0, (Simulation)
—— [#45]0, (Theoretical) 4 54 P i —— [#45],0, (Theoretical) 35+ %3 —— [#45],0, (Theoretical)
| @ [#45]0s (Simulation) © 4 . - @ [£45]5 (Simulation) ¥ v X +45]50, (Simulation)
£ 0.04 " g ol L 3.0k
3003} 4 S/ X 25
- ?// [¢] 30 H w 20 o
0.02 4 Jgrer s =L b 15754
/;/ a2 2 12 V 1 0
OO A asaanar i e of 05
0 = |‘; e | | 1 L L L or L L L ! L L L 1 0 ! L I 1
75 85 95 105 115 75 85 95 105 115 75 85 95 105 115
x/mm x/mm x/imm

Ko RZabrpe it i BRI BT

(a) HJZXTEERI NI EE A E I 5 (b ) B2 X S5 A5 52 (520 5

(o) B2 XS5 Ha 22 (5L 1)

Fig. 9 Layup optimization of composite rotor blade simulating specimen
(b) influences of layup on structural strength;

TR BE AR , A i KN T (0049 55 (2450 505 P
= 2 18]

SRR B 7 T, PR 75 R LR R (A
SRR WO 5 R R o DO A A I A o ) 2
LT (A 20 SR U S 2R 3
B RE 37 18] L (0 R N AE AU T B
16X I PO PR A, 75 000 B % 2 R . A TR LA e
TR 3 9 U IR R I 2 Y U Ay 51, % 75 2 i 5 4
St T PR 1 5 R SR A T AT

LRI I S, 3o R4y T B
/N, T 3 o L R K (34) 3R i

g1 Ty
[ oy |=[T]| oy ‘ (34)
T6 Ts

i LA B R ARV D) A I, DU 248 Ty 1) o7 A 1)
KR AN (35) iR

&1 | &x
[ & |=(T7")] & ‘ (35)
Y6 Vs

B 9(b) .\ (o) Fiom a5 Fg£F 4t J7 1) i ) 5 g AR
WA fE Ol o B 11 )2 (Ply11) B ZF 47 0] )i )
SRAEHATR . B D EAVERTT, [0/90] 5, 4
JEH 0B Z R T R, 2L R T4
HoAth 3 B B 2 0 7 (8 A ST, Hod SCRL [45] 5,
B2 S50 0 R N de /N, (01405 [£30] 50 PH
FhER 2 M S5 F I RS R o AR B AR Ak 4 5 h

(a) influences of layup on structural stiffness;
(c) influences of layup on structural strain

PIES e
4 it
(DA AR Tk Fe | SETF R f ik i

—MhERE T TR E AT AR R UL
5 22 700 5 T RGBS 0 rASETR  R) A
PSR UE T B RTINS, WA E R E M fE
IR RO T7 REEAT AR

(2) Bph s 2 W, BT RRIAT BRoc 4
R BIG IR LN T 2%, 2 T0 M CFRP,
GFRP W25 G APRH B IESS R R I, BRRIAINS
A i) AE Y i P R TN 1R 22 AN 8 T 6%, XA i) A2
AR A PN IR 22 AR T 15%. BEAYREREH 4T
IR L0 AR ) (B RE AL | )2 2o 5 DX A R )
A L KN 5 RS L FE SR XS FRRRAE, (EX [ 5E
it FITH J2% 3 90 DX ) v e {ELI ) A AR A
(3) 4l JZ 90 BE W 35 R R A 5 B RHG 1 R A4
PER NI EE 5 2 NI 3 20 TC o AR [R] LT A0 280 3
i 26 1ER, [0]y SRS NI R i, [£45]° HlI)Z
SER W BE A, [0/90] 505 15 [£30°] 50, HHH R LA 1Y
A T P Z 8 BRI . 27 4875 [0 S
J7 18, [0/90] 50, HlIJZE Y 0°JZ I J1 R, HoAw 3 #h
B R BN S KA . BRI, SR 2R
R AR AL LY TR IR R0 L, AN Al L B —
JEE S S HEAR I AE



9 1]

T E M- HL2Z L I G MR T R BAUE 2 i SR DAL 131

S Lk

K TLLL, R AL, LA i R A i it Al : PhARS ARok
(1], Wiz 4R, 2024, 45(5): 1-7

Zhang W H, Tang C H. Lightweighting of aerospace and
aeronautical equipment: challenges and perspectives[J].
Acta Aeronautica et Astronautica Sinica, 2024, 45(5): 1-
7.

KA, VEMRE, BRI, 55, 504 G AL B RIS ot i
[J]. BUBR T #2444, 2023, 59(24): 177-196

Zhang L, Xu S K, Chen J, et al. Research progress in
lightweight design of train body[J]. Journal of Mechani-
cal Engineering, 2023, 59(24): 177-196.

Seyfried P, Taiss E J M, Calijorne A C, et al. Light
weighting opportunities and material choice for commer-
cial vehicle frame structures from a design point of
view[J]. Advances in Manufacturing, 2015, 3(1): 19-26.
THEMR, 22K 10, T, %, GE Al Bl k-m3 T2
SiCySIC & G MR W58 P 8 B a7 [T, i zs A1kt
24, 2025, 45(2): 1-17

Wang Y N, Li T S, Wang H R, et al. Application and
implications of GE prepreg-melt infiltration process in
SiCy/SiC composites research[J]. Journal of Aeronauti-
cal Materials, 2025, 45(2): 1-17.

I, ol i, 5. A PRHERTUXM 1
AN 5 A JRe D). S5 BT, 2023, 40(3) 2 1274-
1284.

LiCL, Yang C, Ni A Q, et al. Application and develop-
ment of composite materials in large-scale wind turbine
blade[J]. Acta Materiae Compositae Sinica, 2023,
40(3):1274-1284.

FRES, BRBGS, #oE e, 5. BRI S RHEN 2 K 5
BIL A s 28 7 7 B B4 73 BT 0 5 0 R (). k2 R
2022, 43(2): 107-125.

Du K, Chen Q H, Meng X L, et al. Advancement in
application and thermal analysis of ceramic matrix com-
posites in aeroengine hot components[J]. Journal of
Propulsion Technology, 2022, 43(2): 107-125.

e, AL, X, 4%, Jo N ELTHHLRES S M-St
Besh Jy s et o M L s T AR Bk, 2024, 15(3)
151-156.

Gao H B, Shao T S, Liu X N, et al. Rotor blade design
and dynamic characteristics analysis of unmanned heli-
copter[J]. Advances in Aeronautical Science and Engi-
neering, 2024, 15(3): 151-156

W, HEOC AT, BEEELT A A AP RHESR A AR T
HLI R R ST L. i 50R, 2024, 44(3) 2 70-
73.

Yao C, Pan G Q. Applied research of glass fiber compos-
ite material on a type of hovercraft lift fan blade[J].

[

[

[

Marine Electric & Electronic Engineering, 2024, 44(3):
70-73.

Dastjerdi S, Malikan M, Eremeyev V A, et al. Mechani-
cal simulation of artificial gravity in torus-shaped and
cylindrical spacecraft[J]. Acta Astronautica, 2021, 179:
330-344.

[ 10 ] Hagen J. Rotor landing technology for crew exploration

vehicle earth-to-orbit crew transport[C]//Ist Space
Exploration Conference: Continuing the Voyage of Dis-
covery. Orlando: AIAA, 2005: AIAA2005-2508.

D10 ] ERKIE, VR, FLUE. —Fhiot i TR e 4 2l -F- 1

fRah&i [1]. fiksh 5 i, 2016, 35(3):204-208.
Wang Q X, Wang F, Kong B. Improved vibrational
mechanism for dynamic balance of satellite-borne rotat-
ing playload[J]. Journal of Vibration and Shock, 2016,
35(3):204-208

[12] FEMRali, 2505, BERE, 55, s RS pLM i R i 5 16

APk 9], i K shill, 2024, 50(2): 32-44.
Cheng Y R, Li T, Xue H, et al. Research progress on
aeroengine blade surface damage and inspection[J].
Aeroengine, 2024, 50(2): 32-44.

(13 ] FREN, s, WImE, 5. it A bR LRI T

B 0], SRS RIRIZ HAEAR, 2007(6): 40-44
Guo J G, Han Z F, Hu L G, et al. Numerical stress analy-
sis on turbine blade with nonlinear elasticity[J]. Missiles
and Space Vehicles, 2007(6): 40-44.

[ 14 ] Boyle R J, Parikh A H, Nagpal V K. Design considera-

tions for ceramic matrix composite high pressure turbine
blades[C]//Volume 6: Ceramics; Controls, Diagnostics,
and Instrumentation; Education; Manufacturing Materi-
als and Metallurgy. Phoenix: American Society of
Mechanical Engineers, 2019: GT2019-91787.

PR e, XKAE, BUR. BLOJIE R RS 7 A2 m)
ARTE [T]. AR T2, 2011, 31(2): 177-180.

Fang Y L, Liu Y B, He X. Study of the radial elonga-
tions of the turbine rotor with the centrifugal effect[J].
Ship Electronic Engineering, 2011, 31(2): 177-180.
P, FTM. A R LR A I AR ST R
G307 (00, fiizs & 8ipL, 2012, 38(1): 17-20.

Fei C W, Bai G C. Probabilistic analysis of turbine blade
radial deformation for aeroengine[J]. Aeroengine, 2012,
38(1):17-20.

BR/NEE, LRI, XK FF. X FREIE SRR 1A
FROG/MT (V). 955 53R, 2006, 33(1): 9-13.

Shao X J, Yue Z F, Liu Y S. FEM analysis of symmetri-
cal composite structure with ply drop-off[J]. Structure &
Environment Engineering, 2006, 33(1):9-13.

[ 18 ] Jayasree N A, Airale A G, Ferraris A, et al. Process anal-

ysis for structural optimisation of thermoplastic compos-

ite component using the building block approach[J].


https://doi.org/10.7527/S1000-6893.2023.29965
https://doi.org/10.7527/S1000-6893.2023.29965
https://doi.org/10.1007/s40436-015-0103-8
https://doi.org/10.11868/j.issn.1005-5053.2024.000105
https://doi.org/10.11868/j.issn.1005-5053.2024.000105
https://doi.org/10.11868/j.issn.1005-5053.2024.000105
https://doi.org/10.11868/j.issn.1005-5053.2024.000105
https://doi.org/10.11868/j.issn.1005-5053.2024.000105
https://doi.org/10.13801/j.cnki.fhclxb.20220715.001
https://doi.org/10.13801/j.cnki.fhclxb.20220715.001
https://doi.org/10.13675/j.cnki.tjjs.210380
https://doi.org/10.13675/j.cnki.tjjs.210380
https://doi.org/10.13675/j.cnki.tjjs.210380
https://doi.org/10.16615/j.cnki.1674-8190.2024.03.15
https://doi.org/10.16615/j.cnki.1674-8190.2024.03.15
https://doi.org/10.16615/j.cnki.1674-8190.2024.03.15
https://doi.org/10.16615/j.cnki.1674-8190.2024.03.15
https://doi.org/10.3969/j.issn.1003-4862.2024.03.017
https://doi.org/10.3969/j.issn.1003-4862.2024.03.017
https://doi.org/10.1016/j.actaastro.2020.11.005
https://doi.org/10.13465/j.cnki.jvs.2016.03.032
https://doi.org/10.13465/j.cnki.jvs.2016.03.032
https://doi.org/10.13477/j.cnki.aeroengine.2024.02.004
https://doi.org/10.13477/j.cnki.aeroengine.2024.02.004
https://doi.org/10.3969/j.issn.1004-7182.2007.06.011
https://doi.org/10.3969/j.issn.1004-7182.2007.06.011
https://doi.org/10.3969/j.issn.1004-7182.2007.06.011
https://doi.org/10.3969/j.issn.1627-9730.2011.02.051
https://doi.org/10.3969/j.issn.1627-9730.2011.02.051
https://doi.org/10.3969/j.issn.1672-3147.2012.01.007
https://doi.org/10.3969/j.issn.1672-3147.2012.01.007
https://doi.org/10.3969/j.issn.1006-3919.2006.01.002
https://doi.org/10.3969/j.issn.1006-3919.2006.01.002
https://doi.org/10.3969/j.issn.1006-3919.2006.01.002

132 it

HY

)

B W 5 46 %

Composites Part B, 2017, 126: 119-132.

[ 19 ] Kumar Y. The Rayleigh-Ritz method for linear dynamic,
static and buckling behavior of beams, shells and plates: a
literature review[J]. Journal of Vibration and Control,
2018,24(7): 1205-1227.

[ 20 ] Daniel I M, Ishai O. Engineering Mechanics of Compos-
ite. Materials[M]. 2nd ed. Oxford: Oxford University
Press, 2006.

[20 ] X5, Ak, WIESC, 5. s 1 e )2 5 2 50

ko B K A5 4 1] L e i) 0F 5 9E e [J/OL]. T2 ) 2%
(2024-11-11) [2024-12-11]. https://link.cnki.net/urlid/
11.2595.03.20241108.1717.051.
Liu Z H, Yang X W, Tu B W, et al. Research progress of
Peridynamics in strength and damage problems of lami-
nated composites[J/OL]. Engineering Mechanics(2024-
11-11) [2024-12-11]. https://link.cnki.net/urlid/11.2595.
03.20241108.1717.051.

[22] Diniz C A, Méndez Y, de Almeida F A, et al. Optimum
design of composite structures with ply drop-offs using
response surface methodology [J]. Engineering Computa-
tions, 2021, 38(7): 3036-3060.

[23 ] BR/NE, EERIE, T3, 45, ZatrROCRII S5 R4

5 AR O LI 5 [0 25 M4 RL 241, 2007, 27(5)
95-100.
Shao X J, Yue Z F, Wang Y, et al. Compressive experi-
ment and damage simulation studies of composite struc-
ture with plies drop-off[J]. Journal of Aeronautical Mate-
rials, 2007, 27(5): 95-100.

[ 24 ] Mukherjee A, Varughese B. Design guidelines for ply
drop-off in laminated composite structures[J]. Compos-
ites Part B: Engineering, 2001, 32(2): 153-164.

[25] 23, WRlrhe, £, 45 5L T Blob s S e R ik i 718
JE S A Bl R e AU A BT [T]. FLBR TR 24,
2024, 60(19):199-211.

Peng X, Chen K N, Wang M B, et al. Optimization
design of stacking sequence for variable thickness com-

posite structure based on improved stacking sequence

table method[J]. Journal of Mechanical Engineering,
2024, 60(19): 199-211.

(261 AT 5, RETC. ISy v b o % 5 O XE 17 3 149 52 Wi
[J]. J12E 550K, 2016, 38(5): 570-572.
Yin Y Q, Di Y. Effect of axial force on the maximum
normal stress of beam with longitudinal-transverse bend-
ing[J]. Mechanics in Engineering, 2016, 38(5) : 570-

572.
[27]) W88 A BRICH AT KR IM]. dEst: SR8 R i,
2004.

Zeng P. Finite element analysis and applications[M].
Beijing: Tsinghua University Press, 2004.

[28 ] Yamamoto G O, Kurisak S, Atobe S, etal. Determina-
tion of full elastic constants of carbon fiber in carbon
fiber reinforced plastic composites[C]//American Soci-
ety for Composites 2018, 2018: 1508-1514.

[ 29 ] Balasubramaniam K, Ziaja D, Jurek M, et al. Experimen-
tal and numerical analysis of multiple low-velocity impact
damages in a glass fibered composite structure[J]. Mate-
rials, 2021, 14(23): 7268.

[30] Lee K H, Goel S C, Stojadinovic B. Boundary effects in
steel moment connections[C]//Proceedings of 12th
World Conference on Earthquake Engineering. New
Zealand: WCEE, 2000: 1098.

[31] De Luca A, Caputo F. A review on analytical failure cri-
teria for composite materials[J]. AIMS Materials Sci-
ence, 2017, 4(5):1165-1185.

AR H $99: 2024-12-12; 5 H #: 2025-10-20

R4 H b E A 4R AP 2RI AR H (HFZL2022CXY
026-2 ) ; v [EIfL & 5 AN FHAIHT H (2023-05-2016-ZB)
WIRES : &g (1980—), B, 1A, A5 61, 5k
TRATRREE TS AR 2, B AR Mok« b 5T I E XX
FA 9 5(100094), E-mail: hfzhao@csu.ac.cn; FE{d(1976—),
B, W, BEE 6L, TE T 1 P AR, B R bk b
T 81 {548 5 4346 (100095 ), E-mail: jian jiao@biam.ac.cn

(ALorsm: k%)


https://doi.org/10.1016/j.compositesb.2017.06.007
https://doi.org/10.1108/EC-07-2020-0354
https://doi.org/10.1108/EC-07-2020-0354
https://doi.org/10.1108/EC-07-2020-0354
https://doi.org/10.3969/j.issn.1005-5053.2007.05.020
https://doi.org/10.3969/j.issn.1005-5053.2007.05.020
https://doi.org/10.3969/j.issn.1005-5053.2007.05.020
https://doi.org/10.3969/j.issn.1005-5053.2007.05.020
https://doi.org/10.1016/S1359-8368(00)00038-X
https://doi.org/10.1016/S1359-8368(00)00038-X
https://doi.org/10.1016/S1359-8368(00)00038-X
https://doi.org/10.1016/S1359-8368(00)00038-X
https://doi.org/10.6052/1000-0879-15-251
https://doi.org/10.6052/1000-0879-15-251
https://doi.org/10.3390/ma14237268
https://doi.org/10.3390/ma14237268
https://doi.org/10.3934/matersci.2017.5.1165
https://doi.org/10.3934/matersci.2017.5.1165
https://doi.org/10.3934/matersci.2017.5.1165
mailto:hfzhao@csu.ac.cn
mailto:jian.jiao@biam.ac.cn

	1 基于瑞利-里兹法的理论分析模型
	1.1 等厚度复合材料层合板
	1.2 变厚度复合材料层合板
	1.2.1 单一离心力作用
	1.2.2 离心力与均布压力耦合作用


	2 理论模型验证与分析
	2.1 有限元模型设置
	2.2 理论模型验证
	2.2.1 层合板单轴拉伸试验
	2.2.2 基于仿真的理论模型验证


	3 复合材料转子叶片模拟件铺层优化设计
	4 结论
	参考文献

