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ABSTRACT

In this paper, the nonlinear dynamic buckling of double-walled boron-nitride nanotube
(DWBNNT) conveying viscous fluid is investigated based on Eringen's theory. BNNT is
modeled as an Euler-Bernoulli beam and is subjected to combine mechanical, electrical and
thermal loading. The effect of viscosity on fluid-BNNT interaction is considered based on
Navier-Stokes relation. The van der Waals (vdW) interaction between the inner and outer
nanotubes is taken into account and the surrounding elastic medium is simulated as Winkler
and Pasternak foundation. Considering the charge equation for coupling of mechanical and
electrical fields, Hamilton's principle is utilized to derive the motion equations based on the
von Karman theory. Dynamic buckling load is evaluated using differential quadrature method
(DQM). Results show that dynamic buckling load depends on small scale factor, viscosity,
elastic medium parameters and temperature changes. Also, dynamic instability region is
discussed for various conditions. © 2012 IAU, Arak Branch. All rights reserved.
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1 INTRODUCTION

ITH discovery of BNNTSs in 1995, increasing researches have been conducted on these materials. BNNTs

have excellent chemical and thermal stability, so they can be used in equipments with high thermal resistance.
BNNTs are in amorphous and crystalline forms and unlike carbon nanotubes (CNTs), have strong piezoelectric
property. This property makes them a novel choice for producing sensors and actuators. The electrical properties of
CNTs are very variable and change between metallic and semiconducting materials, but BNNTs have been
considered as semiconductors, so they have stable electrical properties also.

Recently nanotubes are used as vessels for keeping fluid and solid particles; also they can transfer vitamins and
proteins in medicine equipments. It should be noticed that flowing fluid induces electric potential due to
piezoelectric property. Flow-induced instability of nanotubes is one of the popular topics these years and many
papers have been studied the vibration and stability of CNTs. In continuum mechanics, nano structures have been
considered as continuous beams, so investigating the behaviors of beams are very essential in nanotubes studies
[1L[2].

Vibration and stability of tubes containing fluid have been studied in literature. Paidousis [3], in 1998, examined
the effect of flowing fluid in pipes and other structures and several articles are based on the results of this work.
Amabili et al. [4] studied nonlinear dynamics of cylindrical shells conveying flowing fluid and used Auto software.
They also obtained divergence velocity for imperfective circular cylindrical shell [5]. The effect of viscosity on
nonlinear dynamics of cylindrical shells is reported by Karagiozis et al. [6]. Paidoussis et al. [7] investigated coaxial
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cylindrical shells conveying viscous fluid, results show that viscosity destabilize the shell. Ni et al. [8] implied
differential transformation method (DTM) for pipes conveying fluid.

The properties of CNTs as fluid transmitter can be observed recently. Yan [9] reported the stability of triple-
walled carbon nanotubes conveying fluid; nanotube is modeled as an Euler-Bernoulli beam and the frequency of
beam is derived. Also, the role of internal flow and vdw forces on the stability of CNTs is investigated in this
analysis. Yoon et al. [10] studied the influence of internal flowing fluid on resonant frequency. Wang [11] utilized
the nonlocal elasticity theory [12] in study of vibration and instability of nano beams conveying fluid and small
length specified as an effective parameter on critical flow velocity. Ke et al. [13] considered small scale effect
according to couple stress theory and studied the vibration and stability of DWCNTs, differential quadrature method
(DQM) is used in this survey. The effect of viscoelastic Winkler foundation on the instability of CNTs conveying
fluid is studied by Ghavanloo et al. [14]. Considering the viscous fluid in CNTs is reported by Khosravian et al. [15]
for the first time and improved by Wang et al. [16], results show that the effect of viscosity on the instability of
CNTs can be neglected.

As mentioned in the first paragraph, BNNTSs have piezoelectric properties that can be used in smart control. Few
studies have been done on the properties of BNNTSs. Salehi-khojin and jalili [17] investigated the buckling of BNNT
reinforced piezoelectric polymeric composites under different loadings. Results show that buckling resistance of
polymeric composite increases by BNNT reinforcement. Ghorbanpour Arani et al. [18] studied the axial buckling of
DWBNNTs considering the nonlocal piezoelasticity. In above articles the coupling between electrical and
mechanical fields is neglected. Recently, torsional buckling of a piezoelectric polymeric cylindrical shell reinforced
by DWBNNTs is investigated by Mosallaie et al. [19] considering the coupling between electrical and mechanical
fields.

In mentioned articles static linear buckling load is evaluated. Unlike above studies in this work the charge
relation is taken into account and electro-thermo nonlinear nonlocal dynamic buckling of clamped supported
DWBNNT conveying viscous fluid is investigated. Using Hamilton’s principle, the couple governing equations are
derived and DQM is presented to estimate the dynamic buckling load of DWBNNTSs. Small scale effects, vdW
forces, Pasternak foundation and viscous fluid are considered in this survey.

2 DERIVING MOTION EQUATIONS

A DWBNNT conveying flowing fluid is shown in Fig. 1. The cylindrical coordinate is used in this study and the
displacement components in the X, 0 and z directions are shown by u, v and Wrespectively. R, and R, are the

internal radiuses of inner and outer tubes, L is the length, his the thickness of tubes,V  is the flow velocity and
DWBNNT is embedded in an Pasternak medium under electrical loading.

\\\\w
o . ’UM\‘
= \
)
/
h. - :‘;WM‘ )
. QN‘ DWBNNT conveying fluid embedded in Pasternak
W\\M ‘ medium.

2.1 Fluid-BNNT interaction

The velocity components of the flowing fluid in the axial and radial directions can be expressed as [3]:

X

\Y, =ai+vw cos((x), (1
ot
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oW,
V, =—L+V,sin(a), )
ot
where a represents the attack angle of flow and u; and w, are the middle surface displacements of the inner tube.
Above equations can be simplified by considering cos(ot) =1 and sin(oc) = ;ﬂ ,[3] as:
X
ou
V, =—L+V,,
x =5 TV )
oW, oW,
vV =1,y 1
foat T ax @

To evaluate the interaction between DWBNNT and fluid, Navier-Stokes equation can be used as [16]:

DV
Pr—=-Vp+p;g+uVv>V, (5)

Dt
L . . . D .
wherep, p; and pare the viscosity, density and pressure of the fluid respectively and — represents the material

derivative. Eq. (5) can be expanded in the r direction considering Egs. (3) and (4) as:

@:_p 62W1+2V 62w1+6iazwl L ou o*w, +V262W1 o o’w >w
ar "l a2 ®oxot ot oxot ot ”° ”

+uV, .
ox? ox? ox? ot H ox® ©)

The above equation indicates force per unit volume in the r direction, so it can be used to evaluate fluid-BNNT
interaction. The energy of the fluid-DWBNNT interaction can be obtained as [4]:

L
[ [
W; _J.Az!lér w,; dx dA (7)

2.2 Strain- displacement relation

In this study von Karman nonlinear equation is used to state the relation between strain and displacement
components. Displacement field is considered as [26]:

OW, t
E(x,z,t):ui(x,z,t)—z% “
W, (X,2,t) =w; (X,z,t) i=12

where U, and W, represent the total displacement of the i tube and u; and w; are the middle surface displacements.

Using Eq. (8), the strain-displacement relation based on the von Karman nonlinear theory can be expressed as [26]:

Lo_ou 1fowY (o
“ox o 2\ ex x>

)
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2.3 Strain energy of the beams
The governing equations in this study are derived using energy method. The strain energy for Euler-Bernoulli beam

is:

IT;

.P'—.

L
J‘GXISXI dx dA, (10)
y 0

where o,;and &, represent the axial stress and strain components of the i BNNT and A represents the cross

section area of the i tube. The variation form of the strain energies for the inner and outer tubes are obtained after
substituting Eq. (9) into Eq. (10) as:

L

L L 2
_ ON; 0 ow; 0°M
OIT; S[J. ‘([cs i€xi ddi} ‘([ o 3y, dx—‘([[ax[in o ]+ pe%: Jéiwdx (11)

where N; = chi dA and My = chi ZdA are the force and momentum implied on the i tube.

2.4 Kinetic energy of the beams

The kinetic energy of the beam and the variation form can be expressed as:

Y L

IST dt = —pJI—A,Su dxdt+pt“‘( -ﬂ— -6;W1 JEW dx dt. (13)

where p, is the density of BNNTSs in above equations.

2.5 Kinetic energy of the fluid

The kinetic energy of the fluid and its variation form can be obtained using Egs. (3) and (4), as:

2 2 ) 2
oF 8u1 ow, ow, 2 07w,
T +| —+V, — | +z°| —— | |dxdA,
- J.Af.[ [ wj (at ? ox oxot (14
t tL 2 2 2
J-STfZ—prI PN T PGS NRVICALI P
ot? ot xot 6t
0 00 (15)
2 2
vAv, T A2 Ty, azwl dx dit
ox ot ox ox2ot
R

where A; = nT, represents the area that fluid passes through the inner BNNT.
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2.6 Electric field energy
This energy is expressed as below according to [20] :

W, = [ DEqaV, (16)
\

where D, and E, are the electric displacement and electric field in the axial direction for the i™ tube respectively.
Relation between electric field and electric potential is expressed as:

0P y;
E, =——X
W= a7)

So variation form of Eq. (16) can be derived as:

e

oD,
SW :-J’ =80,V (18)
\

2.7 Surrounding medium energy

The elastic medium in this study is considered as Winkler and Pasternak foundation. The interaction between this
medium and outer surface of the 2™ BNNT according to [21] is:

o*w
Fn = KyWw, _Kg aTzz’ (19)

where K, is the spring constant of the Winkler foundation and K is the shear constant of the Pasternak foundation.

The variation form of the medium energy can be stated as [22]:
L 2
o'w
W, = —IZnROz KuW, —Kg —22 W, dx (20)
OX
0
where R, represents the outer radious of the 2" BNNT.
2.8 Energy of the Van der Waals interaction

The pressure exerted on the 1* and 2™ nanotubes due to the vdW interaction can be expressed as [23, 24]:

R’ =cw, -wy), (21a)

R
Ry = - cwy —w), (21b)
2

where C is the vdW coefficient and R, is the outer radius of the inner BNNT, so the variation of this energy can be
written as [25]:

L L
W, :j 27R, C(W, — W)W, dx—j 2R, C(W, — W, ) 5w, dX (22)
0 0
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2.9 Hamilton's principle

The motion equations of embedded DWBNNT conveying viscose fluid can be derived by Hamilton’s principles as
follows:

t
J' (BIT, +8IT, 5T, — 5T, — 5T — W, — dW, — W, —8W, ) = 0. (23)
0

Integrating Eq. (23) by parts and setting the coefficient of mechanical (du;, dw;) and electrical (Jg;)
displacements to zero, lead to the following motion equations:

N, oy, oy,
- +p A +pfA =0,
o PtAy o Pf G (24a)
Ny, d*u,
T (24b)
0 ow, ) o°M ’w *w o'w
——| N, — -4 p Ay | 2V, —L 4+ V2L [ (p, ), +p | ) ——=
ax[ Xl axJ PR f{ 2 oxat ° ox? (el +o f)axzat2
o*w o*w o*w, ou, o’'w, ou, , d*w o*w
+(p A +pi A )—L=—p A Liov Ly 1”1 1y —Liy2- 1 24
(Pt 1 TPt f)6t2 Py f{atz “oxot | ot oxot | ot * o = 2 (24¢)
3 3
0
"y ;XZW,;t TRAN, aTVZl+2nRolc(W2 —w,).
0 ow, ) 0°M 0w o’w
—~IN a2 X2 | 2 + 2 —
a)([ X2 GXJ 8x2 Py 26X26t2 ptAZ atz
P, (240)
-27R,, | KW, —Kg " —2mRy e (W, —w, ),
oD
——XlgA =0,
I X (24e)
Al
oD
——22dA =0.
-[ ox (249)
A
In above equations, 1, |, and |; are defined as:
2 .
Ii :inZ dA, =12 (253)
2

f

Neglecting the effects of Pasternak foundation, electric loading and flowing fluid, Egs. (24a)-(24d) reduces to the
relations in [26].
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2.10 Eringen theory

Nonlocal elasticity theory is used in this study [11] , [21]. Eringen's theory for the Euler beam under combined
loading is expressed as [19] :

2 2 2
O, _(eoa)z 0o = E[aui + ! (&N,] _26 i —axT]_hllExi’ (26)

6x2 & E E 6x2

where E,a,,T and h;; represent the Young modulus, thermal expansion coefficient, thermal changes and
piezoelectric coefficient respectively. Considering the definitions of N,;and M,; (as mentioned in section 2-3), Eq.
(26) results in:

2 2
2 0°Ny; ou; 1 ow;
in_(eoa) aszleAi {6_)('-*—5[6_)('} _axTJ_hllExiAiﬂ 27
2 2
2 0°My; o°w,
M,; —(e,a X = —El, ! 28
0~ (®3) x> ' ox? .
A combination of electro-thermo mechanical loading is exerted on the DWBNNT, so according to [18]:
M T E
Ny =Ny + Ny + Ny, (29)
where superscript M, T and E indicate mechanical, thermal and electrical components of load as:
Ny =-EAa,T, (30a)
E
Nyi =—h ExiA, (30b)
Ny =Ny +Nj cos(pt), (30¢)

where p represents the frequency of the applied excitation [24], N, is the static component of N M and N, is the
dynamic load amplitude, which may be expressed as:

No =a N, (31a)
N, = a,N,,. (31b)

In above Egs. a and a, are the static and dynamic load factors, respectively and N is the static load buckling
[2]. In Egs. (27) and (28), 2™ derivatives of N,;and M,; can be evaluated from Eq. (24), so Egs. (27) - (28) can be
arranged as:

au, ow } }

2
! 2 o’u 2 o’u
N,, =EA —+—EA | —-| -EAa, T-h ,E A +(ga) pA —L+(g,a A 1
x1 "% 2 1[8)() 10x 1Exi A (0)pt P (o)Pf f@x&tz (32a)
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ou, 1 ow, \’ 2 o',
N,, :EA2§+EEA2 e —EA0, T —h E, A +(g,a)" pA, P (32b)
o*w, > o*w, *w,
MX1=—EI167+2(eOa) PrAN (eoa)’ (PA +p1Af ) — e
3 3 2
—(8pa)’ Ay va—VZl+ azwl +(e0a)2(EA10LXT—N)'(V'1 “hy A &ja o
ox>  ox~ ot OX ) ox
(32¢)
> ow, 0*°® 2 o*w 2
~(epa) h“Ala—Xl—zl—(eoa) (pflf +Pt|1)m—2’TRmC(eoa) (wy —w; )
2 2 2 2 2
+(&oa) py Ay o, +2V, ow, o, oW, +vw%m+2v§8—w
ot2 oxot ot oxot ot ox? ox?
o’w. 2 o*w. 2 o*w.
M., =—El, —2%+(e,a —2 (e a) pyl, —=
X2 28X2 (0)ptA2 o (O)ptzé‘xzé’[z
o*w, ow, &*0,
— (32d)

+(eoa)2(EA2axT—N>'(\g 11A2 ja > ( ) llAQE ox2
2 2 e W2
+27Ry c(ea)” (W, —w, )+27R, (epa)” | K,w, —Kg —= o
X

Final equations of motion can be derived by substituting Egs. (32a) — (32d) into Eq. (24a) - (24d) as following

4

oy, ow, o*w o* o'y,
—EA —- 2 -EA— 21 -y 1_21_(60 ) PA 5
X OX ox X ox“ot (330)
a
(e a)zp A 84u1 +p A azul +psA azul =0
T a2 T
d*u, ow, 8*w, o’ 2 o*u, o*u,
e TP ga MR e T M A G =0 (30
oD, o’w 8*D, ow, 0w, o'w,
Ny, +h A L —EAa,T [Z=L—h A L L EL S0 0(e AV
( 1o ) k2 ox boxt (e4a) Py aat
2 o*w, oSw, dw o*w,
_(eoa) (ptA1+pfAf)axzat2 ( ) F‘Af[ 5] +8X481t]+(eo ) (N +h11A1 -EA T) 8X]
P oD, *w, _&*D, Fw o*w, 0*® o'w, 8°D, ow, oD
+(e,a)” h,, A 1 Li2 1+hAe 1 L= 1 L1 1
(&) 1( o’ x> o o A (82 ) o’ ox? o oo ax axt
o*w, o*w, fu, 0w, 6u o*w, ou, o*w o’u, o*w o*w,
e A ) ! 1 PR AT Ly S8y T 2l
() e, (8x28t2 "ot ocat ot ot acat C ot o | Cacet ot okt (33¢0)
P o°w, P o*u, &°w o*u, o*w 2 (0w, 8w
+(e,a I, +p,l. ) ———(ea A |2 1 Lo L 1+27R  (e,a) ¢ 2z _ 1
CRONCUR f)ax“at2 (&03)" o f[ oxet ox®  oxat ox2at o1 (€2) ol

o'w, o*w o*w o*w
_(Ptll"'Pflf)axziatlz"‘(ptA] +pfAf)at721+pfA [2\/ 6(’7“; +V7 6X2]
W,

2 2 2 3 3
o A [Ty, TV OO B O O (O OV e wy —w),
or o oo ot axat ¢ ox a7
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ox“ot X ox
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4
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2 o’w, 0w, 2 0%w,
-2(eya) Ry, | —&— +pl, (gpa) —=
(e02) 01( ox?  ox? Pula (€08) ox*ot?

52
- —ZTE[Roszwz Ry K 2
OX

+CR,; W, —CRy W, J

Electrical — mechanical coupling is expressed as following according to the [27], [19]:
D, =Ce, +hy,E,,

where ¢ is the dielectric permittivity. Hence, Eqs. (24e) and (24f) can be changed as below:

Ca2c1>2 A [a%z Lo azwz]

+
axr Ml ax o ax

-

2 2
()
0 21+h11 oy, 8W16w1 _o,
X ox? 5X ox?

In this study, the following dimensionless groups are used :

t [E X g A A A, Pt
T=—|—, X=2, a=22 - = =2 52

L pt’ L’ a L An L2’ Anl L2’ An2 L2’ p pta

®,h, d,h R, Ry, Ryp5 Ry
(0 @0) = TP o B (R R o ) = ),
u,u 'Y P Bt cL K, L
(ul,uz):w, (|,|m,|n2):%, “":'—PTVOO’ C:E, Koy = E ,
K (Wlswz) h h? NM
Kes=—2 A=a,T, (W,W)=—-"= B=—, H=—L — i
nG EL) ax ’ ( 1 2) h > B La EQ’ M EA,I

23

(33d)

(34)

(35a)

(35b)

(36)

So non-dimension motion equations can be derived by substituting Eq. (36) into Egs. (33a) — (33d) and (35a) —

(35b) as presented in Appendix A.

3 DIFFERENTIAL QUADRATURE METHOD

This method is based on Gauss approximation. N point are selected as discrete points in the domain using

Cheybeshev approximation as follows:
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i1
X, :%{l_co{nl(\lj—l)}} j=1,2,..,N. 37)

According to this method, the functions U;, W;, ®; and their derivatives are approximated as [13],[28]:

{Ui,Wi,Qni}:ZN_:Im(X){Uim(X,T),Wim(X,T),q)i(X)}, i=12 (38)
;(—kk{UiaWi»@mFmiCEﬁ )(X){Uim(X’T)’Wim(X’T)’(Dim(x)}’ i=12 39)

where |, (X) and CE::]) represent the Lagrange interpolation polynomial and it's k™ derivative, that can be found in

[28]. Implying this method to equations of Appendix A, a set of ordinary differential equations can be derived which
are presented in Appendix B, where derivatives with respect to dimensionless time are shown with dot. In this study
the boundary condition of DWBNNT is clamped-clamped that can be stated as :

N
1 .
Wy =Uy =0, Dchw,. i=12
m=1
N (40)
1 .
Wiy =Uiy =0, Zcﬁlzlmwima =12
m=1
Equations of Appendix B can be arranged in the matrix form as:
(KL + Ky —(@ Py +2,Py cos(pt)) (K + Ky, ))d +(CL+Cy )d+(My + My )d =0, (41)

where K, K , C and M are the stiffness, geometric, damping and mass matrixes, L and NL indexes indicate linear
and nonlinear terms [28] and d is the defined as:

d
d :{ } (42)
db

In above equation, subscript b denotes boundary points and other points are indicated by subscript a as:

T -
da = {Ui3’""UiN—Z’Wi3’""WiN—Z’(I)i3""’(DiN—2} N 1= 1,2
. _ (43)
db:{UnanZanN—lanNaW Wiz, Win 1 Wiy, @ (Diza(piN—la‘DiN} : 1=12

il il»

Solving Eq. (41) results the dynamic load factor (az) as stated in the next section.

4 NUMERICAL RESULTS
The final converged solutions using the numerical procedure outlined in section 3 above (with 15 grid points in

length direction of beam ) are illustrated as effects of buckling modes, small scale parameters, elastic medium,
temperature changes, fluid velocity and frequency on dimensionless dynamic buckling load. All calculations are
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performed for a beam having the following geometrical parameters: R, =11.43nm, R, =12.31nm, L =10xR, and
h=0.075nm which indicate the inner radius, outer radius, length and thickness of DWBNNT, respectively. The

mechanical, thermal and electrical characteristics of DWBNNT are E=1.8Tpa, p, =2300kg/ m?,
Ke=2.071273 N/m, K, =89995035x10'" N/m*,  ¢c=9.91866693x10" N/m*, o, =12x10"°1/K,

h,, =0.95C/m? and {= 0.9824x107% F/m which represent elastic modulus, mass density, Pasternak and Winkler
spring constants of elastic medium, vdW coefficient, thermal expansion coefficient, piezoelectric coefficient and
dielectric permittivity, respectively [17, 21]. In order to analyze the effect of flow velocity on the response
frequency of the DWBNNT, we assumed that the flowing liquid is water and its mass density and viscosity are
1000 kg/m* and 1.12x107 Pas [19,21].

In the absence of similar publications in the literature covering the same scope of the problem, one can not
directly validate the results found here. However, the present work could be partially validated based on a simplified
analysis suggested by Ansari et al. [29]. On the dynamic stability of embedded single-walled CNTs for which the
electric field and vdW force in this paper were ignored. For this purpose, a single-walled CNT

with E =1.1TPa, p =1300 Kg/ m3, d=3nm, t=034nm and T =50 °’K was considered. The results of

validation are shown in Fig. 2 in which dynamic buckling load factor versus frequency for different nonlocal
parameter is plotted. As can be seen the two analyses agree well and show similar results.

— o eya=2, Present work

0.9
______ ¢,a=0, Present work

epa=2, Ansarictal [29]  f
€,a=0, Ansariet al. [29]

0.8

0.7

0.6

0.5

0.4+

Dynamic load factor

0.3

0.2
Fig.2
Dimensionless dynamic buckling load factor versus

0 02 o4 06 o8 8 2 frequency for different nonlocal parameter.
frequency

0.1

Figs. 3-7 show the dynamic load factor versus non-dimensional time. Generally, with increasing the non-
dimensional time the dynamic buckling load sharply decreases and becomes asymptotic with the horizontal axis.

Fig. 3 represents the effect of nonlocal parameter on the dynamic load factor versus dimensionless time. It shows
that the nonlocal effect decreases the dynamic buckling load. So the classical continuum model (o =0), predicts
higher dynamic buckling load than the nonlocal model. It is perhaps due to the fact that increasing the nonlocal
parameter results in B—N bond elongation, so less dynamic buckling load is required for DWBNNT buckling.

Fig. 4 shows the effect of temperature changes on dynamic load factor versus dimensionless time. As can be seen
with increasing the temperature change results in less dynamic buckling load. It is perhaps due to increasing
temperature change will weaken the B — N bond and subsequently makes the DWBNNT softer.

The effect of Pasternak foundation on dynamic load factor versus dimensionless time is represented in Fig. 5.
The obtained results show that the dynamic buckling load increases with increasing Pasternak shear modulus. This is
because increasing Pasternak coefficient increases the DWBNNT stiffness.

Fig. 6 shows the dynamic load factor versus dimensionless time in different buckling modes. The least buckling
load is related to the first mode and the dynamic buckling load will rise as the mode number increases.

Fig. 7 indicates the effect of geometrical parameter of DWBNNT (i.e. thickness to length ratio (3 )) on dynamic

load factor versus dimensionless time. It is observed that increasing B results in higher dynamic buckling load;
because DWBNNT becomes stiffer and more dynamic buckling load is required.
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In Figs. 8-10 dynamic load factor is plotted versus dimensionless frequency. These figures indicate the dynamic
stability of DWBNNT. Generally, as dimensionless frequency increases, dynamic buckling loads decrease sharply
first to a minimum, before they increase sharply again.

The effect of nonlocal parameter on dynamic load factor versus dimensionless frequency is represented in Fig. 8.
It's observed that dynamic instability region (DIR) is at higher frequency for the local model. Increasing the nonlocal
parameter shifts the instability zone to the lower frequency.

Fig. 9 shows the effect of fluid velocity on dynamic load factor versus dimensionless frequency. It's observed
that increasing the fluid velocity in DWBNNT shifts the DIR to the lower frequency zone so DWBNNT is more
stable when the velocity of fluid is zero.

Fig 10 indicates dynamic load factor versus dimensionless frequency for different buckling modes. As can be
seen, the DIR is at the minimum frequency zone for the first mode and with increasing mode number shifts to the

higher frequencies.
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Fig.8
The effect of nonlocal parameter on DIR.
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5 CONCLUSIONS

Applying DQM and considering charge equation, nonlocal nonlinear dynamic buckling of embedded DWBNNTs
conveying viscous fluid was investigated using Euler-Bernoulli beam theory. The effects of the surrounding elastic
medium, such as the shear constant of the Pasternak type as well as the vdW forces between the inner and outer
nanotubes were taken into account. The following conclusions may be made from the results:

e Nonlocal continuum model predicts lower dynamic buckling load than the classical one.

e  Dynamic buckling load is increased when the thermal changes are reduced.

e DWBNNT embedded in a stiffer medium buckles at higher dynamic buckling load.

e Dynamic instability region occurs at higher frequency zone when the nonlocal Eringen's theory is implied.

e Dynamic instability region occurs at lower frequency zone by increasing the velocity of flowing fluid in

DWBNNT.

ACKNOWLEDGMENTS

The authors are grateful to University of Kashan for supporting this work by Grant No. 65475/33. They would also
like to thank the Iranian Nanotechnology Development Committee for their financial support. This research was
supported by the Thermoelasticity Center of Excellence, Mechanical Engineering Department, Amirkabir University
of Technology.

© 2012 TAU, Arak Branch



Electro-Thermo-Dynamic Buckling of Embedded DWBNNT Conveying Viscous Fluid

APPENDIX A

U,
ox?

, AW, O°W, 62®n1+a2 o'u, +oc2pAn o'u, U, pA U,

+ =
P X ox?  ax? oX%eT? A, ox*eT? oT? A, oT?

E)

2 2 2 4 2
6U2+ 28W26W2+6 q)”2+a2 o'u, 2y,
ox? oX ox?  ox? ox2oT?  oT?
+B[N +a®nl —A] az\Nl +B%az®nl _ Inll3 64Wl +2a2BpAnV 64Wl

Max X2 U aX ox? A, ox* A, axaT
4 2 5 5 4
+a’B 1+% W, aBuyVA, [ O°W, +va W, —(xZB(NM +a®n1 —A]a Wi
A, )ox2oT? Ay oX*eT  oX’® oX ox*
_a2B[63¢>m oW, 0Dy W, ]_az (a3w, Iy W Oy, +avv]a4q>m]

:0’

ax? ax? ox? ax? x> ax? X oox?  aX oxt
B I oW, +(x2BpAn o'w, Ly o'w, . U, oW,
o 4 2 A 2 2 3 2 XOT

Ay Ay jaxter m o Lax2aT X3T  ax2eT oXo
au, a'w, oy, a'w, du, o'W, 5 , 8'W, 5 U, W, ) 207BpA, 8V, &W,
71_ 3 +V7T 2 +V 2 2 + 2V 2 + 2V XaT 3 + A XOT >
oT ox%eT  oT ox*  ax2aT ox X oXaT ax . OXaT ox2aT

Ay X2 oxt ) Ay ox2t? | Ay )" atT?
_BrA, [2v62W1 +v2jazwl pAB O°W, . BoA, [ . W, LY W, LY W, o W,

A, | oxoT x> A, ot> A, | T axaT | aT ax® | aT axeT | ox?

BraA [ OW, | 0'W, ) 27Ry, CB
A, ax?er  ox® Ay

2 2 2 4 2
| 2Ry Bc[a w2 w2j+[3(pl+ )2, [1+pAnJB[? w,

(W, -W, )

nl

AuNu | 0P, Bazwz +B52q>2 oW, 1,8 o'W, vl o'W,
A, X ox* U ooxr X Ay, oxt ox*or?

_[AMNM , 00, _A]azﬁ o'W, _azﬁ[3 W, Py, W, B0, W, a“cban
ox

A, ox4 ox3  ox? ox? ox®  oX oaxt

LB W, W, 20y, (an W, K 8w, J+ 20°BCAR (azw2 B azwl]

A, ox%oT? T aT? A, X2 ox* A ox?  ox?
I,0%Bp &°W 27R B o°W, | 2nCPR
B ";nz 6X46'T'2 - A:;u Ko ~Koe 6X22 ’ A “ (W2 _Wl)
O D, H U, h W oW, o
2 2 ﬁ 2 ’
oX X X X
O’Dy, H U, g W, 0°W, _o.
ox? ox? X ox?

© 2012IAU, Arak Branch

29

(A1)

(A2)

(A3)

(A4)

(A3)

(A6)



30 A. Ghorbanpour Arani and M. Hashemian

APPENDIX B

N N N
ZCE U +B ZICJmWImZICJmWIm+ZICJm m [0‘ A[:Anjzlcg m [ 'Z:] 1j =0, (B1)

1 1

Mz

N N
C};)U2m+BZZCE:n)W2mZCEé)WZ +chm om TO zcjm am ~Usj =0, (B2)
m=1 m=1 =

1

3
Il

Sl Chy 1B L 20%BpAY
+B NM"’Zij(Dlm -A ZCJ +Bzcjm lmzcjm Im — zcjm Im+ An chm Im
m=1

m=1 1ml

N N
+(x2[3(1 +’:“j > i, —O‘IXWA“(ZCEQWM +v2c§§)wlm]—a2ﬁ[NM +ZC§2<D1m —A] > chw,
m=1

1/ m=1 1 m=1 m=1 m=1

N
Bzcjm lmzcjm hm =200 BZC lmzcjm Im QB(ZC lmzcgfn)wlm
+zzcgsgcp,mzcg;>wlm+zc5;><plmzc5;zwmj (o1, 3l
m=1 m=1
OczﬁpAq N N @
+ 2 PP chm +2vZCJm +Zch lchJm i UUZC W, +vUUZCJmW1m (B3)
m=1 m=1

Aﬂ m=1

2 N N N N
+°%[vzcg;>ulmzcgfg o Zc]mwlerzvzcjmulmZCJm +2Zc}3n)ulm2c}§n)wlmj
m=1 m=1 m=1
| 27Rgo°BC N
Trnol ’p (chm chm zm] p|+|m)Zc5 i B(H‘:’“j s
2

m=1

N N
p:B [ZVZC W, +v ]Zc}fn)vvlm _+M”B[ +2VZC,me U, ZCEfn)Wlm +v22c}fn)wlm]
=1 m=1 m=1

1

N 2R .C
Pty [chm +VZC§;)W1mJ‘n /2?11 B(sz -W;)
m=1

N N N N \
AN | )
S Bk 3 83 i3 s b3 e
" m=l m=1 m=1
N N N
AN
[ r:Ale +ZC£m)CD A]OL BzcijZm o B 3ZCJ chm(DZm +3ZC ZmZCESm)(DZm]
n m=1 m=1 mel o ~
N N
—-a B[ZC :n)WszCJ Dy + ZC ZmZCE;)(I)Z ] [ nzBJZCJm o BWZJ -
m=1 m=1
N N
2a Banoz[ z 2)WZm nGZCJmWZm] 20! BC“an [ZC 2)\N2m zcjm ]WZCE;)WM =
i n m=1

271R00B 2 2nCPR
An02 [anwzj _KnGzCEm)WZm]JrAnOI(WZJ _le)
n2 m= n2

© 2012 TAU, Arak Branch



M= MM

3
Il

N N N
Cj(ﬁq)q’lm - HZCJ%)Ulm - HBZZCE%)WmZCE?Wm =0,

Electro-Thermo-Dynamic Buckling of Embedded DWBNNT Conveying Viscous Fluid 31

(B5)

m=1 m=1 m=1

N N
CJ('rzn)(DZm - HZCE;)UZm - HBZ chrln)VVZm ch(rzn)WZm =0. (B6)
m=1

N
m=1 m=1

REFERENCES

(1]
(2]

(3]
(4]

(5]
(6]
(7]
(8]
(9]
[10]
(1]
[12]
[13]
[14]
[15]
[16]
[17]

(18]

[19]

[20]

[21]

[22]

[23]

Xu X., 2010, Dynamic torsional buckling of cylindrical shells, Computers and Structures 88: 322-330.

Patel S.N., Datta P.K., Sheikh A.H., 2006, Buckling and dynamic instability analysis of stiffened shell panels, Thin-
Walled Structures 44: 321-333.

Paidoussis M.P., 1998, Fluid—Structure Interactions: Slender Structures and Axial Flow, Academic Press, London.
Amabili M., Pellicano F., Paiidoussis M.P., 2002, Non-linear dynamics and stability of circular cylindrical shells
conveying flowing fluid, Computers and Structures 80: 899-906.

Amabili M., Karagiozis K., Paidoussis M.P., 2009, Effect of geometric imperfections on non-linear stability of circular
cylindrical shells conveying fluid, International Journal of Non-Linear Mechanics 44: 276-289.

Karagiozis K., Amabili M., Paidoussis M.P., 2010, Nonlinear dynamics of harmonically excited circular cylindrical
shells containing fluid flow, Journal of Sound and Vibration 329: 3813-3834.

Paidoussis M.P., Chan S.P., Misra A.K., 1984, Dynamics and stability of coaxial cylindrical shells containing flowing
fluid, Journal of Sound and Vibration 97: 201-235.

Ni Q., Zhang Z.L., Wang L., 2011, Application of the differential transformation method to vibration analysis of pipes
conveying fluid, Applied Mathimatics and Computation 217: 7028-7038.

Yan Y., 2009, Dynamic behavior of triple-walled carbon nanotubes conveying fluid, Journal of Sound and Vibration
319: 1003-1018.

Yoon J., Ru C.Q., Mioduchowski A., 2005, Vibration and instability of carbon nanotubes conveying fluid, Composite
Science and Technology 65: 1326-1336.

Wang L., 2009, Vibration and instability analysis of tubular nano- and micro-beams conveying fluid using nonlocal
elastic theory, Physica E 41: 1835-1840.

Eringen A.C., 1983, On differential equations of nonlocal elasticity and solutions of screw dislocation and surface
waves, Applied Phyics 54: 4703-4710.

Ke L.L., Wang Y.S., 2011, Flow-induced vibration and instability of embedded double-walled carbon nanotubes based
on a modified couple stress theory, Physica E 43: 1031-1039.

Ghavanloo E., Daneshmand F., Rafiei M., 2010. Vibration and instability analysis of carbon nanotubes conveying fluid
and resting on a linear viscoelastic Winkler foundation, Physica E 42: 2218-2224.

Khosravian N., Rafii-Tabar H., 2007. Computational modelling of the flow of viscous fluids in carbon nanotubes,
Journal of Physics D: Applied Phyics 40: 7046.

Wang L., Ni Q., 2009, A reappraisal of the computational modelling of carbon nanotubes conveying viscous fluid,
Mechanics Resaserch Communication 36: 833-837.

Salehi-Khojin A., Jalili N., 2008, Buckling of boron nitride nanotube reinforced piezoelectric polymeric composites
subject to combined electro-thermo-mechanical loadings. Composite Science and Technology 68: 1489-1501.
Ghorbanpour Arani A., Amir S., Shajari A.R., Mozdianfard M.R., 2012, Electro-thermo-mechanical buckling of
DWBNNTSs embedded in bundle of CNTs using nonlocal piezoelasticity cylindrical shell theory, Composite Part B:
Engineering 43: 195-203.

Mosallaie Barzoki A.A., Ghorbanpour Arani A., Kolahchi R., Mozdianfard M.R., 2012, Electro-thermo-mechanical
torsional buckling of a piezoelectric polymeric cylindrical shell reinforced by DWBNNTSs with an elastic core, Applied
Mathimatical Modelling 36: 2983-2995.

Chen L.W., Lin C.Y., Wang C.C., 2002, Dynamic stability analysis and control of a composite beam with piezoelectric
layers, Composite Structures 56: 97-109.

Mohammadimehr M., Saidi A.R., Ghorbanpour Arani A., Arefmanesh A., Han Q., 2010, Torsional buckling of a
DWCNT embedded on winkler and pasternak foundations using nonlocal theory, Journal of Mechanical Science and
Technology 24: 1289-1299.

Ghorbanpour Arani A., Mosallaie Barzoki A.A., Kolahchi R., Loghman A., 2011, Pasternak foundation effect on the
axial and torsional waves propagation in embedded DWCNTSs using nonlocal elasticity cylindrical shell theory, Journal
of Mechanical Science and Technology 25: 2385-239.

Ru C.Q,., 2001, Axially compressed buckling of a doublewalled carbon nanotube embedded in an elastic medium,
Journal of Mechanical Phyics and Solids 49: 1265-1279.

© 2012IAU, Arak Branch



32

[24]

[25]
[26]

[27]
(28]

[29]

A. Ghorbanpour Arani and M. Hashemian

Ghorbanpour Arani A., Hashemian M., Loghman A., Mohammadimehr M., 2011, Study of dynamic stability of the
double-walled carbon nanotube under axial loading embedded in an elastic medium by the energy method, Journal of
Applied Mechanic Technology and Phyics 52: 815-824.

Kuang Y.D., He X.Q., Chen C.Y., Li G.Q., 2009, Analysis of nonlinear vibrations of double-walled carbon nanotubes
conveying fluid, Computational Material Science 45: 875-880.

Reddy J.N, 2007, Nonlocal theories for bending, buckling and vibration of beams, International Journal of Engineering
and Science 45: 288-307.

Yang J., 2005, AN Introduction to the theory of piezoelectricity, Springer, USA.

Ke L.L., Xiang Y., Yang J., Kitipornchai S., 2009, Nonlinear free vibration of embedded double-walled carbon
nanotubes based on nonlocal Timoshenko beam theory, Computational Material Science 47: 409-417.

Ansari R., Gholami R., Sahmani S., 2012, On the dynamic stability of embedded single-walled carbon nanotubes
including thermal environment effects, Scientia Iranica 19: 919-925.

© 2012 TAU, Arak Branch



