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Dynamic Response Analysis of Rotating Functionally Graded
Thin-Walled Blades Exposed to Steady Temperature and Extemal
Excitation
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Abstract

This paper is dedicated to the thermoelastic modeling and dynamic response of the rotating blades
made of functionally graded ceramic-metal based materials. The blades modeled as non-uniform thin
walled beams fixed at the hub with various selected values of setting angles and pre-twisted angles. In
this study, the blade is rotating with a constant angular velocity and exposed to a steady temperature
field as well as external excitation. Moreover, the effect of the temperature gradient through the blade
thickness is considered. Material properties are graded in the thickness direction of the blade according
to the volume fraction power law distribution. The numerical results highlight the effects of the volume
fraction, temperature gradient, taper ratio, setting angle and pre-twisted angle on the dynamic response
of bending-bending coupled beam characteristics are provided for the case of a biconvex cross section

and pertinent conclusions are outlined.
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Fig. 1 Geometry of the pre-setting and pre-twisted
thin-walled blade
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Fig. 2 Geometry of the tapered blade



2004

) g2l 7] M ERNE K| 34
9 BAol RS o] ASE 13y oRow
23ty) SlElA W uE e HREL thgo] A3
o] EH T}

U(X,y,Z,t)ZUO—y¢(Z,t)

V(X,Y,z,t) =V, + X¢(z,t)

w(x,y,z,t>=wo(z.t)+9x<z,t)[y<s>—nj—:] 3)

+6y(z,t)[x(s)+ng—)sl]
—¢'(2,1)[F, (s) +na(s)]
0,(z,t) = 7,,(2,t) -V, (z,1)
0,(2.t) =7, (2.t) =, (2,1) (4)

fola e Solgeel AXE vehde,
?l’ yxzs’%' Vv = Z}Z} XZQ]' yz \*gud}g-oﬂ/\ﬂg ﬁoﬁ
9 HYES dehuy W@, %@, wzhe
6(zt), 0,2t Hz) = 22 xy.7 % wpapo)
gk BXEY 3]s e
23 AAP|SMES] FAEHA
AN EARE BRAolnT HaTaEel 8
geh Qw4 wEAe ohleh Po| ¥a
2+ ot
Oss Q, Q, O 0 0 |[es—aAT
=] 0 0 Q44 0 0 Eny (5)
O, 0 0 0 Q44 0 Een
O_sz 0 O O O Q66 gsz

9o AelA mAY A

S EEES
E Ev
Qll_livz’QIZ 1-v2
E
Qe = Gy O Q= =kC ®)
“ E
a=—ua
1-v

VER  AT(S, Z, )= g 2abe

kK= g wgAs-E

645

3
L
:O.L
il
"
)

I
o°
o
S
e

4 Jn ! dn
7dn -h/2 k(n)

=T, -T,)/T, (T, =300K) =
FA ] ok FARstE 2%
(Temperature Gradient)S <] 7| dtth. HAL7 |54 &
o] A 2xo FHAHoER 219 R
T A i AATlsARe] BAAE
ofefje} e FEjE mALAT
P(n)=PR, (P, /T +1+PT + P,T %+ P3T3)

7] A
Loz

©)

o714 Py, Py PPy
T2 AFgorRYH dojAe= FAHE
gholth, & Aol ARRH éﬁ}ﬁli(smcon
nitride)2} =€)l FA*Z}(stainless steel)o] Z}Z}e]
ATES K1, 29 ZASH S B3 BA ]S
Azl EA= EHo= T77'ﬂ 22 R=d = o)

A=
WA meh A

P, = 20 %I}

10

rj:d

(10)

4714 KO<K<®)g 2% gole

s,



2004

24 SWE AR R} A
$EPANT AAxAL fEsted AAw
WER 7L A8l

OUy =0V, =06, =06, =0 at t=t,t, (12)

L

R

, V& wgeqAo]

pile

LepdTh 12
T

lo
ot
N
)
oz
o,
o

(13)

j; SKdt = [ [ b, + 204 Q- 0,080, 17,6V,
+by[W, — 20,Q— (R, + 2+ W Jow, + 1, (6, —€76,) 50,
+[1, (6, %0+ 21204160, +[1 p— 21 .Q4 - 1. OV¢
(- NSz~ [ T, (- oL

(14)

Aol obash k.

g€ydr

1
v=3le (15)
it Lt ' 2 '
ovat :jto [ T/5w, + (M -Q,)36, +(M; -Q,)5,

+[B;, + M, +(T.¢') 106 +[Q; + (T,ug) 16U,

+[Q + (T, V)16V, Yzt + j“l [T, 5w, + M, 58, + M, 56,
—B,.04 + (B, + M, +(T,4")5¢ + (Q, +T,uy)oU,

+(Q, +T,vp)dv, I dt

(16)

25 2sUHA 2 AAH=xA
ey A et HEquUAE sidd
Aes Ao 27t Qejak b9t
A (flap)-2 L(lag)7t A HE +&5LAHA S

A
SUy: [a,0; +a, Uy +6,) '+ Q*{Rug} —bti;— p, =0
8V, o [ 8,0, +ag (v +6,) I+ QRv; Y —by, — p, =0
00, [[ay0, +ay (Vo +6,) 1 —a,,(U;+6,)—a,0,
—(b5+b15)(éy—Q26y)—my:(M;)’
DLl +ay, Uy +6,) 1 —as (Vo +6,) —as,0,
— (b, +b,)(6, —Q%6,)—m, = (M])

EERT
ol
o] o

=

|

0%
v o

o
it

17
50,

A71A Pu, Py, My, Mz FE HEsh A
goll distel Hgshe 9¥n wuEeln g

i R(z)=[Ry(L-2)+0.5(L*-z%)] & A o]w}

646

S|t waEE JpgE Beol=E z=09
AMoaRE £2olal z=LolMe Ard 24
HSetne e #22 AAXRAS de 7
t}.

At 2=0 u,=Vv,=6,=6,=0 (18)
At z=L ou,: a0, +a,(U,+6,)=p,
OV & ag,0, +ag (Vo +6,) = p, (19)
00,1 8,0, +ay(Vy+6,)=m,
00, . a0, +a,,(U; +6,) =m,
3. Tl H Zzf

=R Edol=i biconvexd THIENS
zhe W ahgtR R mds] sojglon FAHE
> Ashtaet ZHRIgRAeR o]Folft
BAZ s A E ke B £ 1, 28 A &s)

Table 1 Material Properties of FGM constituents

Material Silicon Nitride

properties E(N /mz) v (kg /m3)
P, 348.43%10° 0.24 2370
P, 0 0 0
R |-3.070x10™ 0 0
P, 2.160x107 0 0
P, |-8.946x107" 0 0

Table 2 Material Properties of FGM constituents

Material Stainless Steel

properties E(N /m2) v p(kg/m3)
P, | 201.04x107 |  0.3262 8166
P, 0 0 0
P, | 3.070x10™" |-2.002x10"" 0
P, | -6.534x107"| 3.797<10"" 0
P 0 0 0
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Table 3 Dimensionless flapping natural

frequency @i vs. rotational speed Q

0.04
_ — Ref.3 Ref.4 1=5 1=0
R Present
Q 0 | (FEM)
0 0 3.51602 | 3.51602 | 3.51602
1 3.51062 | 3.51602 | 3.51602 v
1 0 3.68165 | 3.68165 | 3.68166
1 3.8882 3.88883 | 3.88882
2 0 413732 | 4.13732 41373
1 | 483369 | 4.83366 | 4.83367 oo ‘ ‘ ‘ ‘
3 0 479728 | 4.79727 | 4.79725 0 01 0'2_ 03 04 05
1 | 6.08175 | 6.08174 | 6.08176 metees)
A 0 5.58500 | 5.58501 | 5.58500 Fig. 4 Variation of the bending mode dynamic
1 7.47505 | 7.47496 | 7.47514 response for the different thermal gradient
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