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Abstract: A theoretical model for the free vibration characteristics of Functionally Graded Carbon Nanotubes
Reinforced Composites (FG-CNTRCs) thin cylindrical shells considering the scale effect of Carbon Nanotubes
(CNTs) was established. First, the nonlocal Eshelby—Mori-Tanaka (EMT) constitutive model of macroscopic
CNTRCs was developed based on the EMT method and nonlocal theory by considering the orientation and scale effect
of CNTs. Then, based on the Kirchhoff~Love cylindrical shell assumption, the free vibration governing equations for

FG-CNTRCs cylindrical shells on the visco—Pasternak foundation in the thermal environment ware derived by
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applying the Hamilton principle. The natural frequencies of the simply supported cylindrical shells at both ends were
obtained by the Navier method, and the results were compared with those in the literature to verify the correctness of
the model and method. Finally, the effects of nonlocal parameters, volume fraction and distribution of CNTs, length—
to—thickness ratio of cylindrical shell, ambient temperature, and foundation parameters on the free vibration
characteristics of simply—supported FG-=CNTRCs cylindrical shell were analyzed. It is found that considering the
scale effect of CNTs can reduce the bending stiffness of FG=CNTRCs cylindrical shells. The influence of ambient
temperature on the imaginary part of the natural frequency of simply supported FG-=X-CNTRCs cylindrical shell

increases with the increase of CNTs volume fraction, and the influence of length—thickness ratio and foundation

damping parameters on the imaginary part is coupled.
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boundary conditions

0= wR M (59) N (m, n) AR Ai Loy/i"?—r‘“’ﬂ FAXT1R2E/%
E (1,1) 132110 132110 0
2 AT RUA AN R n T, AR SCH5 5 (1,2) 4.480 1 4.480 0 +0.002
FA) TR i 157 S 447 [B0 A 772 G 4R [ A 0% 5 Sk [ 28 1 (1.3) 4.1570 41569 +0.002
I8 2 TR WA R (1,4) 7.038 4 7.038 4 0
(1,5) 11241 11.2410 0
2 S-SBFFM T Kirchhoft-Love B (1,1) 13.10 4 13.103 0 +0.008
T ENE TR LI LR 2 (1,3) 4.123 6 41235 +0.002
Tab.2 Comparison of dimensionless natural frequencies of (1,5) 1151 111510 0
uniform Kirchhoff—Love cylindrical shells under S-S (1.1 12.99 8 12.998 0 0
boundary conditions 5 (1,3) 4.089 2 4.089 1 +0.002
(m. n) AR Loy %128 AT 22/% (1,5) 11.061 0 11.061 0 0
(1,1) 0.016 1 0.016 1 0
(1.3) 0.0221 00221 0 CNTRCs [BIFE 72 1Y G Fa: 4R [ A 053845 Ry Sl A0 e 3
(1,5) 0.068 0 0.068 0 0 53 7R F2 48 0 B PR FAT B JE 81 A A%, Horp
(1.7 01372 01372 0 RYFE W B R B I S8 S 1, Hkg
(1,9) 0.229 6 0.229 6 0

Loy %5/ 3£ °F Rayleigh-Ritz 15 8 T S-S i1 A&
%M F FG Kirchhoff-Love [B FE 72 19 3% 3 45 1 , I 1t
117 SHGEW T . 24 206 9K I 24 10 KRB RN
visco—Pasternak i 3E FIH N AL (5200 (a=k =k =c,=AT
=0) B} , A SCHT AR A 3R 46 FG Kirchhoff-Love
FEFERERY | R A 52 248 R=1 m, A=20,£=0.002, 1
RESEE 5 3CHR[29 ] — 5.

# 3K S-S AT FG Kirchhoff-Love [Rl £
FEIC AN A AR F g SR . 2 3 A, AR SOk
fift (%) 7 Sz Ty B (B A 5 [ A 00 3 LA 5 v B R
JE ;S-S AL T FC RIHEFE M A H BLAE (m,n) =
(1,3)4b . J52: F B Hr AN F S H06 FG-CNTRCs [
SN 52 i LA
32 S MO

4 0 R[] i 35 S HOMAE R B 50 CNTRCs
[l B 52 11 G f 49 [ A5 450 . th £ 4 0T LA H

SR L T AR AT A I EE R R, AR S F AT A
RO TG 1t 0 [ A 450 R T s e AR L 3R RS
B o % TGtk 20 [ A 00025 S B R /N | 1T R S B
A SR EB S EL o B HE TR /DN . 2 R SRy 3 2 A0ORn b
s ME 2 BOR TR, S TRl CNTs 43 A 28 0% 107 8 S—S
CNTRCs [BI 76 TG 15 49 [ 7 431 23 ji R840 {1 4% K/ NHE
¥ N : FG-O<FG-V<UD<FG-X, i% J& i T [B A= 52 1Y
P AR X I AR 37 1E W 7 118 322 X3, T8 1 A )
BER B X d8R 43 A B 22 14 CNTs , A F T 7850 K 4% CNTs
XFE A MRS P AR 3G 5 AE L I, FG-X-
CNTRCs [RIAT: 72 4 JC 5 44 [ A7 40 2% il 3 e K Tml Bsf 3R
BT CNTs 75 FG-X 4341 7 2 F BT W B Je ok . it
A, AR JR3 R S IO TG 1t 44 [ A 0025 K8 5 14 5 i) S
Bt 45 K4 0 25 T B2 3 RT3 K, S [] CN'T's 43 A 25
XoF V7 ) TG 2 29 [ 0 23 S sl /N 4 R/ INHE 7
(k=k=0) : FG-0 (23.34%) < FG-V (23.35%) < UD
(23.36%) < FG-X (23.41%).
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Tab. 4 Dimensionless natural frequencies of CNTRCs cylindrical shell with different foundation parameters and nonlocal

parameter

(k,, k)/

CNTs 5 A2 i

o

(MN/m?*, MN/m)

uD

FG-X

FG-V

FG-0

0 -0.010 8+2.560 2i -0.010 8+2.617 91 —-0.010 8+2.551 51 -0.010 8+2.539 1i
(0,0) 0.1 -0.010 8+2.357 2i -0.010 8+2.409 9i —-0.010 8+2.349 2i -0.010 8+2.338 0i
0.2 -0.010 8+1.962 2i -0.010 8+2.005 1i —0.010 8+1.955 61 -0.010 8+1.946 5i
0 -0.010 8+2.832 5i -0.010 8+2.884 7i —0.010 8+2.823 6i -0.010 8+2.813 5i
(100,0) 0.1 -0.010 8+2.650 4i -0.010 8+2.697 4i —0.010 8+2.642 2i -0.010 8+2.633 4i
0.2 -0.010 8+2.306 0i -0.010 8+2.342 6i —0.010 8+2.299 2i -0.010 8+2.292 8i
0 —-0.010 8+3.053 5i —-0.010 8+3.102 0i —-0.010 8+3.044 4i -0.010 8+3.036 0i
(0,10) 0.1 —-0.010 8+2.885 4i -0.010 8+2.928 5i —0.010 8+2.877 0i -0.010 8+2.869 8i
0.2 -0.010 8+2.572 4i -0.010 8+2.605 2i —0.010 8+2.565 4i -0.010 8+2.560 7i
0 -0.010 8+3.284 7i -0.010 8+3.329 8i -0.010 8+3.275 4i -0.010 8+3.268 5i
(100,10) 0.1 -0.010 8+3.128 9i -0.010 8+3.168 7i -0.010 7+3.120 3i -0.010 8+3.114 6i
0.2 -0.010 8+2.842 6i -0.010 8+2.872 2i -0.010 7+2.835 2i -0.010 8+2.832 0i
K] 3 4 HE JB &0 2 B0 visco—Pasternak Hit 38 (10 55 135
PES RO S-S i 4444 F FG-X-CNTRCs [A #£5¢ 6 1122 I
20 [ A S S B L 3 T R A R A § nof
% 1 T8 1 DRl N S B 25 A S S S o () B Fousp TTTT— Y

K . #1F visco-Pasternak 1 5 (1) 54 2 80 (K, , k)1
TIngh Fa 6 WIBE , TR I 3 4 N & 3 Fp G 1 24 [ A 455 B
i3 B Winkler 55U ASE i RN BT DA I (4386 KM 388 K
K visco—Pasternak Hb & /1) 535 P 2 B0 2 FEAK AR Jr 58
S a X CNTRCs [543 58 TG 5 2K [f] A 401 25 1 30 114 52
W) 198 5, 24 visco—Pasternak Hb 3L 18 380 S 80 (K, k)
43 5 B (0, 0) , (100, 0) A1 (100, 10) B , FG-X-
CNTRCs [F4: 78 JC 12t 49 [ A7 4305 1) B8 s 1 43 3100
23.41% .18.79% 1 13.74%. H.4b , 24 visco—Pasternak
by S 11 55 DR R kK B — e (E I 4k S R L AUE
Xof TG ek 20 [ A5 4015 S 190 55 i S R 8 /0, LIS 3R S
5 S BONT TG 1 20 [ A 400 23R i 308 52 il G R 1 A2 b
BUIN.

5 N [R] CNTs 1R B 20 B0 30 55 6 8
CNTRCs [5] ¥ 52 1Y JC 12 40 [8 A 400% . i 28 5 a0,
CNTs FIARFRSHO6 BIRE 72 NI EE e 83, 22 1 (300 K)
T FG-X-CNTRCs [AI#E 72 54 F I FE CNTs AR
B 10.0% B, AT 4l PMMA JE 04 (1 6+ 49 [
AR RN T 108.2% , AN THFE CNTs AR FR
LS N 5.0% B REFRIG TN T 53.92%. Hh, E T
24 CNTRCs [# #5271 CNTs (RT3 50 H 2.5% 3
% 10.0% , IRl CNTs 43 #ii 2 AT G 12 2 [ 7 40 K 3
KW B e KN HEJF A 2 UD (51.36%) <FG-0
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Fig.3 Effect of nonlocal parameter on the imaginary parts of the
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(52.09%) <FG-V (52.48%) <FG-X (53.92%) , & M
B/ CNTRCs [RIA3:5E 7 CNTs i) & HEF, UD-CNTRCs
[ A 52 A I 42 AR 2 /N T FG-CNTRCs BRI AE 52 , 171
3 Ml CNTs B B 5341 %) i i FG-CNTRCs &4 7¢ i NI
FEFETHIR L 52540 17 S NI BE S IE AR G .
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Tab.5 Dimensionless natural frequencies of CNTRCs cylindrical shell with various values of CNTs
volume fraction and ambient temperature
TIK £ 1% CNTs S
UD FG-X FG-V FG-0

0 —-0.008 6+2.056 7i
2.5 —-0.010 8+2.760 0i —-0.010 8+2.781 5i -0.010 8+2.748 8i -0.010 8+2.746 5i
300 5.0 —-0.010 8+3.284 7i -0.010 8+3.329 8i -0.010 8+3.275 4i -0.010 8+3.268 5i
7.5 -0.010 8+3.750 1i -0.010 7+3.822 3i —-0.010 8+3.749 4i -0.010 8+3.738 7i
10.0 -0.010 7+4.177 6i -0.010 7+4.281 2i -0.010 7+4.191 4i -0.010 7+4.177 2i
2.5 -0.011 7+2.758 1i -0.011 7+2.783 6i -0.011 7+2.745 6i -0.011 7+2.741 9i
5.0 -0.011 6+3.195 6i -0.011 6+3.250 1i -0.011 6+3.185 4i -0.011 6+3.175 3i
400 7.5 -0.011 6+3.598 1i -0.011 5+3.686 4i -0.011 6+3.598 5i -0.011 6+3.582 9i
10.0 -0.011 5+3.978 1i —-0.011 5+4.105 4i —0.011 5+3.996 4i -0.011 5+3.975 9i
2.5 -0.012 7+2.723 6i -0.012 7+2.754 9i -0.012 7+2.709 2i -0.012 7+2.703 1i
5.0 -0.012 7+3.006 6i -0.012 6+3.076 2i -0.012 7+2.994 5i -0.012 7+2.978 7i
200 7.5 -0.012 6+3.290 4i -0.012 6+3.405 4i -0.012 6+3.291 61 -0.012 6+3.267 1i
10.0 -0.012 6+3.577 1i -0.012 5+3.744 8i -0.012 6+3.601 4i —-0.012 6+3.569 4i

[&] 4 S} R85 Yk B %} FG-X—-CNTRCs [B FE 7% T &
24 [ A7 A4 2R R A S2 R L b T B 0 BRE R E S k
CNTRCs [RIAE 72 25 F WI B2 T B, R G &1 4 R 5 e
et 20 [ 0 2% i S it S T R P 3 R I a0, LU
AN . R 4 0T LA Y PRBE IR X S-S
FG-X-CNTRCs [R ¥ 72 TG £ 45 [5] 47 4 255 i 350 114 52 1
W0 Bl CN'T's A R 40 550 ) 348 A T 348 R . A 40 2 ik 3t
1, FG-CNTRCs [R A4 72 1) JC 12k 2 [ 5 41 5% g 350 e 2¢
SRRy ] 4] IR Y, TG R 40 [ A AR
5 Ay T X 7 ) i /N A 5 3 B CNTs AR R A3 0
SN2
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Fig.4 Effect of ambient temperatures on the imaginary parts of
the dimensionless natural frequencies of

FG-X-CNTRCs cylindrical shell
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5, UL/ S TR I, TG e 2 A 3 R R ek A
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