Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 52(1) (2020) 59-62
DOI: 10.22060/mej.2018.13950.5761

Nonlocal Analysis of Chaotic Vibration, Primary and Super-Harmonic Resonance of
Single Walled Carbon Nanotube Considering Thermal Effects

H. Ramezannejad Azarboni'* , H. Keshavarzpour?, M. Rahimzadeh?

! Department of Mechanical Engineering, Ramsar branch, Islamic Azad University, Ramsar, Iran.
2 Department of Mechanical Engineering, Rasht Branch, Islamic Azad University, Rasht, Iran.
3 Department of Mechanical Engineering, Faculty of Technology and Engineering of Gorgan, Golestan University, Gorgan, Iran.

Review History:

Received: 12 Jun. 2018
Revised: 27 Apr. 2018
Accepted: 24 Jun. 2018
Available Online: 1 Jul. 2018

ABSTRACT: In this article, a nonlinear elastic Bernoulli-Euler beam model is presented to investigate
the chaotic behavior and primary and superharmonic resonance of single walled carbon nanotubes
embedded in a visco-elastic medium at an elevated temperature. Using the Galerkin method and fourth-
order Runge-Kutta method the governing equation is solved. The bifurcation diagram and largest
Lyapunov exponent are employed to detect the critical amplitude of external force of periodic and

chaotic response of single walled carbon. Having known the critical values, phase portrait and Poincare

maps are presented to observe the periodic and chaotic behavior of the system. Moreover, the amplitude—  Keywords:

frequency response for the primary superharmonic resonance of system is derived with the multiple  ~  © o

scale method to investigate the feasibility of jump phenomenon. The sensitivity of jump phenomenon are . o
. . . . . . Chaos, Bifurcation diagram
studied for the selected viscoelastic foundation parameters, detuning parameter and external amplitude

load. The results show that the amplitude of external force, viscoelastic foundation parameters, detuning Jump phenomena
parameter and temperature change in the cases of high and low temperature have a significant effect on ~ Superharmonic resonance
the frequency response with jump phenomenon of system. In addition, the chaotic vibration of carbon

nanotube can be controlled by changing of amplitude of external force.

1- Introduction

Carbon nanotubes exhibit remarkable electronic,
mechanical, physical and chemical properties such as
exceptionally high strength-to-weight and stiffness-to-weight
ratios as well as superior electrical and thermal conductivities
over any other existing material known. Since many nonlinear
dynamic phenomena e.g. spring hardening, jump, bifurcation
and chaotic motions, which essentially modify sensitivity
and performance of Carbon NanoTubes (CNTs), have been
discovered experimentally, a comprehensive understanding
of all characteristics of nonlinear mechanical response of
carbon nanotubes at resonance frequencies under different
boundary and environmental conditions is of high importance.
Therefore, many research efforts have been focused on these
intrinsic nonlinear behaviors of nano-structures. From the
research status of vibrational behavior of CNTs, one can be
found many researches were focused to investigate the effects
axial thermal force, magnetic field, fluid velocity effect,
amplitude of excitation, viscoelastic foundation parameters
and nonlocal coefficient analysis on the linear and nonlinear
dynamic behavior of CNTs have also been investigated [1-5].
Since many nonlinear dynamic phenomena such as chaotic
vibrations and jumping at frequency responses of CNTs were
analytically and numerically studied.

The main objective of this work is to examine the nonlinear
nonlocal primary and superharmonic resonance and chaotic
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vibration of a single walled CNTs subjected to transverse
harmonic forces surrounding to viscoelastic foundation. Using
the Galerkin methods and multiple time scales perturbation
technique, the nonlinear frequency response of a Single
Walled Carbon NanoTube (SWCNT) in the case of primary
and superharmonic resonances cases subjected to transverse
harmonic force are analytically studied. The influences of
amplitude of excitation, viscoelastic foundation, detuning
parameter, temperature change and small scale on the
instability condition and occurrence of jumping phenomenon
at primary and superharmonic resonances response of a
SWCNT are investigated. In addition, the chaotic domains
of excitation amplitude according to bifurcation diagram
and largest Lyapunov exponent are detected by applying the
fourth-order Runge-Kutta method. The periodic and chaotic
vibration of a SWCNT are demonstrated in phase plane
and Poincare map corresponding to the selected external
amplitude values.

2- Methodology

Fig. 1 shows a multi-walled CNT of length L, Young’s
modulus E, density p, cross-sectional area A4, and
crosssectional moment of inertia 7, resting on a linear
viscoelastic medium.

Based on the nonlocal elasticity theory in conjunction with
the von Karman geometric nonlinearity and by considering
the thermal effect, the dynamic governing equation of single
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Fig. 1. Schematic of carbon nanotube under viscoelastic
foundation

walled CNT subjected to transvers harmonic external force
can be expressed as [7]:
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In Eq. (1), the applied pressure to the outermost layer which
is in direct contact with the surrounding viscoelastic medium
based on the Winkler foundation model can be described by

p(x,t):fKE(lf(eoa)2 Vz)w 2)
In addition, the thermally induced force w,is given by
EAq
1= o, ATO, 3)

For a CNT with simply supported boundary conditions at
k.

K

both ends, w(x,t):ZWk(t)sin ’sz are defined. Applying Eq.
k=1

(1) to single walled CNT yields a set of the nonlinear

equations. For the SWCNTs having simply supported

condition at the two ends, the nonlinear vibration equations of

an embedded SWCNTSs can be written in term of the function

Wi (1) as:
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The non-dimensional form of Eq. (4) can be presented as:
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dzuk
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+yd—k+uk +au2 =Aj cosQr
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(6)
The analytical closed form of frequency response of SWCNT
can be derived by applying the multiple time scale method

in the cases of primary and super-harmonic resonances as
following respectively:
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3- Discussion and Results
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The material and geometric parameters of the CNT
are taken to be, the Young’s modulus E=1.1TPa , the
mass density p=1300kg/m®, the Poisson’s ratio v=03
, the length Z=45nm, the outermost diameter dj=3nm
, the inner outermost diameter d;=2.32nm, the coefficient
of thermal expansion in the cases of low temperature
a, =—1.6x107°K™", the coefficient of thermal expansion in
the cases of high temperature, a,=1.1x10"°K™", change of
temperature A7 =100K , the Winkler foundation modulus
K =10" N/m? , the damping coefficient ¢ =3x10"'> Ns/m> and
the scale coefficient eja =1nm . Fig. 2 shows the effect of non-
dimensional amplitude of external force on the frequency
response amplitude of single walled carbon nanotube for
different values of A at primary resonance. It can be observed
that increasing values of A intensifies the jump phenomena
and makes the unstable region wider.
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Fig. 2. Primary frequency response of CNT

A bifurcation diagram of excitation amplitude A for
SWCNT is shown in Fig. 3. For regular response there is a
one-by-one correspondence between excitation amplitude
and nanotube displacement amplitude and in the chaotic
response, any particular points on horizontal axis are mapped
to multiple points of displacement amplitude.
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Fig. 3. Bifurcation diagram

4- Conclusions

In this paper, the nonlinear primary and superharmonic
resonances and chaotic vibration of a single walled
carbon nanotube embedded in viscoelastic foundation
was investigated. The Galerkin method and multiple time
scales perturbation method were implemented to drive the
frequency response. The effects of amplitude of excitation,
temperature change, high and low temperature conditions
on the frequency resonance were investigated. Moreover, by
employing the bifurcation diagrams and the largest Lyapunov
exponent, the effects of amplitude of external force was
investigated to predict the chaotic and periodic parameters.
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The results show that these parameters have a significant
effects on the dynamic behavior of SWCNT.
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Fig. 1. Schematic of carbon nanotube under viscoelastic foundation
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Fig. 12. The largest Lyapunov exponent diagram of carbon nanotube respect to the amplitude of external force

n g5l glad jd osdolyl pw b ja Cul sdd dpule Blie Sbj
L ablis oyl g5y blis 504 dled 1Y dry b 0y Slgy alado (glyld (gam
ool S e o5 A5 s 335 0m paSiie duaiis )
)5 0yl glate plan jl gim S ypitie fad 4 ) 0)\SSlyy alae S
33905 2 30 Sy bl 5uios oyl (gl 39 co 0duols 0,y sl
0, S0l ClSs S0 S o S sl D9 gl Sloj
S sl sl opl a5 s ys 039 Jradie bl 5l (639000 dluws Jolis
o5y Lol ] Jatin blas | iy dove Jold Sdgsp dns ¢Sy
o5 sl ol oSl 13l ,e5he b 93 51 Sygun 0,\Silgy Bl
Cool Slgal S Sy oI L blie <8 oAbl ol g bl
wold yuss b 3is opl 33 b (gls L g0 a5 (sl [V0 V]
s o b Lz 0, S0lsy blis 5 005 o YU sulyigd dlslas Sy 50
2bj 4 arg b ol 9y 5 gl Hkdy 5l Sodgp 513 (slaojl 5 oad
ol &)l il (clasligd Hages el Lasuis BB o) Sily bl s
bl& slaad dgaome 9 Sy S @ dsgi b S o flo VY S
imar JB) /YA <A <[5 g0 <A Glaojl glp o)l
<A A Gy 0)Slgy bl slaws 3gamels b5 4 d g b g plate

ol Spgll | platoyed wiges )3, /¥

Sobld sl (35S, Y -0

gl Ll pd 4y s (gad (Sialy 6)ln] Glagians 5> gl

lolid jglateds md oo £ g L) BSS oS (S5 slaobul>
5 Sodppaed 9 Sosn )15y cloyiolly sl Sl sl
Wle oyl 5l Slugal oles) ,kdy b yiel)b oyl Sl s diel (puuss
905 030kl (g5 o0 BPbY (slod (S5 g (00 (Sl Ligd slalages
2l (2l )3 s 3] 18, 50 gl Sl (gla el ly e
x5 gl 0Kl 1S3 s o bl (656 (slaloges LB 31,
Lol gl 8 50 cplpls 0900 sdalive Jlg cals (slajlyges 5 (loj
4 Beibld sl (1385 g b (gldlied (slayloges il g 5l ealizul
el plsisas S0 el (78,5 a3 50k gl oy 585 (i S

Db e A3y Sige)ls )l cod VST )S dglgil 5 it

Od glasligy sl ylages =Y —0
@ (S gl olas g Jols bl (o)lul (Sealid i S5 5
$)95 Eydee (ad s Pl )3 &5 )l (Seolnd s sl iel)l
Saaliys 18y S5aSa g Jolss blis ) s 050 i (31 (sl Lisgd
Ot 4 Cawl 3555 10 oYL Coenl dn )y 5l ol bIE ol 55w
Selod Jld) CoaS oS Salyd s S5 gl el 5l (g 00l S
solie b Glso polie gleie cos wmd e ) 8l cod ) e
(14393 513903 s 5 5 gl el (glyr Nigd g0 (Byre (D (glasLigd
(OF) Ay e e gyl &8 oy @Sl Lumslyigd ¥olaa il (i

Gy s U e Jl3dle i )3 (odie ey 4 s (S, g, 5l eslil |

yey



Y¥A B YYY asiaw VAQ le A b)L«.ﬁ QY 0)9 ‘,...S,..al t_i.ulSw (eWARe 4;).-“.:

07 : : 0.8
0.6 - S~ 1 0.6
™\
05F ; ' )‘r“””a\. 1
1 e 0.4
: dl 3 ' X
04} it -~ U AR
i . (U 0.2 “ "// )
/. 10 ', a i\ \ W“
2 03F £ B E3 2 ! i)
§ NS J § 0 ‘ ‘ ‘J‘
2 o2f 1 ¢ "\ ‘
ol -0.2 \
. R 0.4
of L. .
01 F i 4 -0.6
0.2 L L L L L L L 0.8 L ) L L L L
-1 04 02 0 02 04 06 08 1 1.5 -1 0.5 0 0.5 1
displacment displacment
A=-/¥ Gl aY G )8 dodgl Slugal jlb, () 0,)ls sl g (W) (56 Hhbges VY IS0
Fig. 13. Phase portrait (a) and Poincare map (b) of chaotic response of single walled carbon nanotube A=0.4
05 : : : : : . 06 : ‘ : : :
Foed - ‘”\;:
P ”. 4
04 “, ,?“ ° I 04
3 C
031 iy K 1
it £
H o . 02}
02 ] - ! i
z "/ £ z
8 o1t & i ' 4 8 of
s r 2
oFf o 4
rd 0.2}
0.1 4
04
0.2 1
03 . . . ‘ . . . 06 . . . . .
- 04 02 0 02 04 06 08 1 1.5 -1 0.5 0 05 1
displacment displacment
A=y Slp Y & (o) dolgib Jhﬁ.ﬁﬂ ) () 0)0lgy cuslSS g () (g5 Jlrgei 2V E IS
Fig. 14. Phase portrait (a) and Poincare map (b) of chaotic response of single walled carbon nanotube A=(0.22
0.2 : : : ; : 02 : : : ; : : :
015 F . oasl A
041 - , 01k
0.05 . 0.05
= z
8 ot - 8 ot
[ [
> >
-0.05 . -0.05
0.1} . 0.1
015 F . 0.5 F
02 . ‘ ‘ ‘ ‘ 02 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.5 06 065 07 075 08 085 09 05 055 06 065 07 075 08 085

displacment displacment

A= 1N el &Y S5 S gl a5k, () 0, S0ly cadls g (Gll) (636 lages 130 JSUS

. 15. Phase portrait (a) and Poincare map (b) of periodic response of single walled carbon nanotube A=0.15

yeg



VA B YYY doio AFAR Jlo o) 0yl DY 095 ¢3S puol SilSn sunio 4y pii

S o a1y s (glaslig cla s 5| Jols s
0)Slgs g (5518 (slanyldg05 =Y =0

dalllae @y il (lasligy (sla,ldges ool Cawddy b asg b
CuslS g ol slas slaybaes I eslatel b el B, (Sss
b 5 0)S0ley cuilsS g (o518 (slad (slayloged dgus o a3y 0,0lgs
odlitwl b Il jolate (pl (sly sl 0ads gl il (s34 5o, 5l oalitul
Lg o pie &8 2 ol Jpuilyiss S¥olas U S, (s,
o 5 (538 513909 Sl pinss s poo g 2l 87 Lo Gl el
s 005 48,5 L5 5 bl 12 (sl oS0y CABISS iona g
O (sladligy Jages ol oddd i b (slasligs HIoged gl il
by A=V g A= /¥l 4w das o S5 55 alely sl
Sodg2y 1) isns Ji8y A =21N0 sl g Slugdl @908 1) s
odalin VO U WY o S5 o ylo o 1y aylidy cpl S o i
L8 1 i 55 52 ol (650 loged VF 5 WY (el IS5 55 390
MPged (yizped WS (Soym (paSude )1 Sl en ) 1) (556
8y lbaasuin | aS 035 dgu0mel bla dlaws (glyls 55 b lie 0,y
o 48l 0, S5lgy cuilSs g (65 loged 4 dgi b primeds ol Sl gad]
das Sy 5 (36 slge0 ) Aty (dxdie JSw S 4 dagi VO JSB )
L i a8 8l 0 g5 o 0SSl S5 Hlngad jo sl 0, SSlss

ol Sodg0 s (6,8,

5 325 ot =
ooyt g Sl lae Sl (85 Ja o b Alie oyl
Far gy Y S )S Gadgdsl (Seelud )8y Gl (las e Jae
Syl g ol )l (2 )b Sigela (598 Jlasl cod St Vg
390 Sisa)lmjpges g adgl (uilia) o S ety 5 Slogdl sy
S sl 55 Jde ol il Bua ol (gl ol 8,57 )18 Lilos
Sl )8y n oSl S Jewilied OVolee (adgeps (Jad yd
&l olyon &y (1S B () jl ookl b e g glyanl Y S5 )8
Soere Jowilyad c¥olee &4 Jia ¥olee oK pl Slile S
obysy & bgye (Jlod Ly, glysal slp a8 0oy Jials plej &b
o sl g olinal Ay elde (o) 5l Sige)laygw o oyl
2l yohaiads sl 005 455 IS, S (K, codde sy ]

A3 g kb leligy (slaloges oy 93 | il sla el

Yo

Soop a9 jl 56 slad > uw bad g ST aS me cpl 4 )b
Hgdee 193 3N e ©gods (loj IS L K9 g9y o 4
e Gygods (656 clad > &S Wbl e i (o polie Beill] slales
ols o Jloj b a3y (lise gloj CudIS b (pionen L oo iy
@l ©ygon |y 56 ain I (ol (K6 Sy 3 pw S S5 1 So 8
b (Sl s So sl Olgin ) Bl (slales a8 (0 pasule
2Eilesl claodls I L g Lasuio cS > p WSl Juwilid SVole
Sl Joboo Bl slales lawgs o &) slafilod 2y aloxe
Sy il bla o e oo bl () Ko™ 4y i o 040l CBgibL
dole (gl s JB s Slugsl 9 Kodgrp 4 <8 gy
Sy sy 3 0ol b 1) piuges <8 > 1 oSl c¥les Gyl ol
(S5 > b 4y K05 el 53 alold oS Jlej el o 3 5 > B
01 (5,503l Kilod,S €8 1> &y gy il agl Lasl s L S 1, (4508
pilio b d () =d 2" L Bl a5 Jo Slej ol bl 2 5
Jolgd ol o9 15y ogo )3 gdioe 0dls Lkl ojly a > alolé
P9 o b yho Sygo )3 g cul Slogal (6,b8) e 45 03¢ oo
o D0 ] sl Sdgn 5 Sedmn 4d 18 e S 4
alols loj t usdS e M3b gops dais 93 oo g adgl o5lal 3]
Sy 9l bl oy walss d () =d, X 2% ©jon b o
b bl el e Byl colas 1) slad sl olysds g camsbio 5]
Slgal slacidle Hloa b came ol (e Cute bl (slales
9 bl Sy el cuto Boill) sl Ll g5l 5> i
e sbod g (2l Sy Sl cute slod gl gj (gL >y LS
Sl b (oo o o Bllas 135 (S50 ool (ol Sam i
(s NS (0 Ol |) e (51)35 b s (392 o 30 (LS
salg Slogsl (o)) 2 Lile oo 5 Cute Bginld slei oo &5,
slaaligy (gbayldses 5l odlatwl b piwpw Jb8) dw i Cous bl
JK5.08,5 )13 (awy 2 3y90 SPbY sles (0 S5 lages Lawgs ¢y
Olis S8 S el G 1) Bl slos (55550 Slpus)Y
ok 03> yinles yao ks b Slugal |l 5l wlate [ldy oy jpe a0 o
VY sloojly gl BPbl (slad (235 )5 e jlade 4y g
o & drg b g plate pimw HlB,) /A AL /F 5 <A<
poges S8y VNS AIEA (ol Bl sloi (5 S)5 o

@l Bl led (2355 Joge3 (it Sl gl b plaie s



VA B YYY doio A¥AQ Jlo o) 0,leud DY 055 ¢S ool SilSn i 4y

L JAL@J &S p.la.uc)& dl.m‘:‘oao <l 6[»9»)1 3 )‘3903 -4
e oS3l (g ym gh |y 3B (sLad | pasuie (i5u (396
odalie A = ~/YY9/1 = ¥ Koo sladialy (gl kb, plas sl
G S S a gl cla adag b A= N0l piomen 03
O 58 Jds (g (2l s (gl (S (ialol sl oozl e
g0 ol Vb
(el 432 3 4 Gbwd jslaie 4 piY (loj il 4 a2gT L e
N sieS Cilye a gloy e > 432 VoT (VL gladd 2 4 s,
o & 58,5 Jleel L sl caw She Cuond 3 jhs JialS e
Do o dl
@ 5SSl L bul caw Sle Cuand o Lol Ll e
D500 4l o
25 1y ilS” ISl Ko V- F Vo ¥0 (gl ol ol S plSioetal o

WSMS« w,{}—v

RTINS

m? weolus A

N}

bl an o asls

NS/ S z¥I5Sy s 40555ty oty
nm Wysils sl s

nm Jydgil >l s do

= Q0

O

TO TR )5:{]]_;‘

T] )5_\])_)‘

T2 e )53])_3.‘

S}

n OO

N/M? sVl g0

M ndgeyel o €,a

N 75 508

m* el oles

N/M StV g g s SVl g
nm dJglsis Jsbo

N ol 9,

N Selsnss s 5905

sec obs;
ol Jie i

K bs s AT

e R T T St SIS

sl 5 bt ), celoojly zlscal 5 us g A5 oolitol gl celes
(o pmplrly) 5 (sLad sl lages B ) s (Seoliad Gy
Ao L)’] 3D 0l C‘)z.w)] e el Al 030> quo.: o)lfxﬂy cuslss 9
ool g gd A

LY S5 S (slaalglyls s Jae 3 by cosllact oy )
N Y2 /13§ P Y- WP PSSR E P
Do yalls (S8 oniiS el yoll 5 ()1 Sy aield
S e g8 (2B S deld il 8l a8 Jls g andls oy 0y
A ol l_iuyo)h‘b).:y.u 9 du.ls‘ uwl.:g)) Js 90 2 d‘).: u‘ﬁ‘ O’I

>y Fawly dlold lages ;0 uilS )8 oaiiS oulal jiel)ly s -V
cage gl 5 Sga)lapgw (uilig)) b lp ()b S0l
P9Sis O 9re 0NN S92

Gl calie Sl 9> obled 9 Yhled cls 95 p3 Led yus —F
Sigolapgw g adsl (uilysy b 93 1 (gl ()8 dglgl il 5
L cage Yhled s o by alpuss iolj8l a5 g ysbody atsly
P9 5Ll (il cage mbles b 3 5 5y luLL

o 5)lulk adaw (2590 (6755 4 Capd S (5555 0
S 6ygbdr 035 it Sgo)lapgew 9 gl (uily)) Cundy 93 2
el diny g 025 039381 by 0y D (udge e el ol Bl
o Gl S Ayl

0,y bla dgummal sl as (glasligy (slaybges o =F
Sodgrp by oximdlis ol dgame sl g platel b, osiadLis
5 g <A YN Glaojly 3 oSl 4Y 5 ) cladlglgil
Sy /YN <A IFA 0jb 0 plate e HlB, </FA <A<
sddgl (oly JLuy.uT Hldy oniad L Cute Hlade g plaie LS,
<A o5 5 <A Glaosl o &8 cwl &Y S (o)
W )L.S) '/V\ < A< . /\;A D)L‘ BEl w.lam W )L.B) '/fA
A5 Saohe Slasal

e min Slp oM 143U sl lages | Jol> gl —A
2590 B (slod 5S35 Joges Loy Sliagal )b, L S o0 asels

288 ) sl

el



VA B YYY doio AFAR Jlo o) 0yl DY 095 ¢3S puol SilSn sunio 4y pii

on Nanotechnology, IEEE, 2014, pp. 689-692.

[5] Z. Saadatnia, E. Esmailzadeh, D. Younesian, Nonlinear
Forced Vibration Analysis of Fluid Conveying Nanotubes
Under Electromagnetic Actuation, in: ASME 2014

International Design Engineering Technical Conferences

and Computers and Information in Engineering

Conference, 2014.

[6] H. Askari, E. Esmailzadeh, Chaotic and periodic
vibration of a carbon nanotube supported by nonlinear
foundation, in: 14th IEEE International Conference on

Nanotechnology, IEEE, 2014, pp. 632-635.

[7] H. Askari, E. Esmailzadeh, Forced vibration of fluid
conveying carbon nanotubes considering thermal
effect and nonlinear foundations, Composites Part B:
Engineering, 113 (2017) 31-43.

[8] T. Xu, M.I. Younis, Nonlinear dynamics of carbon
nanotubes under large electrostatic force, Journal of

Computational and Nonlinear Dynamics, 11(2) (2016)
021009.

[9] W. Hu, Z. Deng, Chaos in embedded fluid-conveying
single-walled carbon nanotube under transverse harmonic

load series, Nonlinear Dynamics, 79(1) (2015) 325-333.

[10] W. Hu, M. Song, Z. Deng, H. Zou, B. Wei, Chaotic
region of elastically restrained single-walled carbon
nanotube, Chaos: An Interdisciplinary Journal of
Nonlinear Science, 27(2) (2017) 023118.

[11] M. Sadeghi-Goughari, S. Jeon, H.-J. Kwon, Effects of
magnetic-fluid flow on structural instability of a carbon
nanotube conveying nanoflow under a longitudinal
magnetic field, Physics Letters A, 381(35) (2017) 2898-
2905.

[12] R. Liu, J. Zhao, L. Wang, Nonlinear vibrations of

carbon chain resonators tuned by temperature, Materials

yey

g 2l u

REERIE 13 u,

nm e olol> w
wbrlr ol &b W,

M (5570 b, ;o daisee x

Sy pidle

bt oy a
1/K sl 3585 o a,

3 gl e

Saer S Al A

Szg8 b )b &

roga el Fualily 4 atadly o n
38wl 0

Sl w2 2 H

Oplsy wpd v

kg/m® . Ji&x P

ol e el c

Oles dma el T

bl by &b o ps V'

@lrlz ol &b o 9050 7
rad/s <G o0 LS )3 0]
Joilty (5551 & iy e S5 05 w,
St SVl (95 4 wnly (orb S5 05 o

Xbe

[17Y. Kuang, X. He, C. Chen, G. Li, Analysis of nonlinear

vibrations of double-walled carbon nanotubes conveying

fluid, Computational Materials Science, 45(4) (2009)
875-880.

[2] Y.-Z. Wang, F.-M. Li, Nonlinear primary resonance of
nano beam with axial initial load by nonlocal continuum
theory, International Journal of Non-Linear Mechanics,

61 (2014) 74-79.

[3] S. Souayeh, N. Kacem, Computational models for
large amplitude nonlinear vibrations of electrostatically
actuated carbon nanotube-based mass sensors, Sensors

and Actuators A: Physical, 208 (2014) 10-20.

[4] Z. Saadatnia, A. Barari, E. Esmailzadeh, Nonlinear
forced vibration analysis of free-form nanotube

conveying fluid, in: 14th IEEE International Conference



VA B YYY doio A¥AQ Jlo o) 0,leud DY 055 ¢S ool SilSn i 4y

[15] X. Yao, Q. Han, Buckling analysis of multiwalled
carbon nanotubes under torsional load coupling with
temperature change, journal of engineering Materials and

Technology, 128(3) (2006) 419-427.

[16] A.H. Nayfeh, D.T. Mook, Nonlinear oscillations, John

Wiley & Sons, 2008.

[17] F.C. Moon, Chaotic vibrations: an introduction for

applied scientists and engineers, Wiley, 1987.

YA

Research Express, 4(10) (2017) 105026.

[13] M. Hosseini, R. Bahaadini, M. Makkiabadi, Application
ofthe Green function method to flow-thermoelastic forced

vibration analysis of viscoelastic carbon nanotubes,

Microfluidics and Nanofluidics, 22(1) (2018) 6.

[14] L. Wang, Q. Ni, M. Li, Q. Qian, The thermal effect on
vibration and instability of carbon nanotubes conveying
and

fluid, Physica E: Low-dimensional Systems

Nanostructures, 40(10) (2008) 3179-3182.



	Blank Page - EN

