Chin. Phys. B 32, 046201 (2023)

Analytical determination of non-local parameter value to
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We analytically determine the nonlocal parameter value to achieve a more accurate axial-buckling response of carbon
nanoshells conveying nanofluids. To this end, the four plates/shells’ classical theories of Love, Fliigge, Donnell, and
Sanders are generalized using Eringen’s nonlocal elasticity theory. By combining these theories in cylindrical coordinates,
a modified motion equation is presented to investigate the buckling behavior of the nanofluid-nanostructure-interaction
problem. Herein, in addition to the small-scale effect of the structure and the passing fluid on the critical buckling strain,
we discuss the effects of nanoflow velocity, fluid density (nano-liquid/nano-gas), half-wave numbers, aspect ratio, and
nanoshell flexural rigidity. The analytical approach is used to discretize and solve the obtained relations to study the

mentioned cases.
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1. Introduction

Plates and shells are the most widely used tools in in-
dustrial and manufacturing applications. With the advance-
ment of technology, applications of these devices in vari-
ous fields, especially in micro and nano scales of such as
micro/nano-electromechanical systems, U-51 nano-mechanical
and biological sensors, ®7! fluidic transfer devices in med-
ical laboratories,!®”! are indisputable. Therefore, the stud-
ies of mechanical behaviors such as bending,!'”! buckling, ']
vibration,['?! and wave propagation,!!3! have been highly re-
garded by researchers in various fields.

One of the materials that have recently received a lot
of attention for their amazing properties and potential such
as their mechanical, thermal, and electronic properties is the
carbon nanotubes (CNTs) discovered by Iijima.['*l To study
the mechanical properties, analyze the behavior, and model
the carbon nano-shells and tubes, there are various classi-
cal and non-classical computational methods using continuum
mechanics or laboratory methods and molecular dynamics
simulations (MD). As the most well-known and widely used
computational methods, which are much more cost-effective
than molecular simulation, the models and theories of Euler—
Bernoulli and Timoshenko for beams and Love, Fliigge, Don-
nell, and Sanders for plates and shells can be declared that
they produce acceptable results, especially in cylindrical coor-
dinates.

DOI: 10.1088/1674-1056/ac9cba

On the other hand, one of the topics discussed for prac-
tical applications is the behavior of systems with nano-fluid-
structural interaction such as fluid conveying CNTs.1>-18]
Size, condition of nano-materials, and nature of atomic bonds
can affect the properties of the materials and systems. So far,
many studies have shown the inaccuracy of classical theories,
and it has been proved that very small-scale structures have
different mechanical behavior, and they are length-scale de-
pendent parameters. Hence, with the help of non-classical the-
ories such as nonlocal theory, surface stress theory, coupling
stress, strain gradient, and so on the mentioned models are
generalized so that the corresponding effects of the small-scale
can also be considered for the structures. For example, Zhang
et al. investigated the accuracy of the Euler Bernoulli beam
and Donnell cylindrical shell models as well as their non-local
counterparts in predicting the buckling strains of SWCNTs. 1]
They revealed that the Euler—Bernoulli beam model with large
aspect ratios is sufficient for predicting the buckling strains of
CNTs. Silvestre et al. demonstrated that the Sanders cylindri-
cal thin shell theory is completely suitable to model the CNTs
buckling behavior with small aspect ratios.?°! They reported
that the values of buckling strains and modes obtained by the
cylindrical shell theory of Sanders have a close agreement with
the MD simulations.

In the present work, by combining the four classical cylin-
drical shell theories and generalizing them for small scales
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using an applied non-classical theory, the buckling of carbon
nanoshells (CNSs) that transfer various nanofluids with differ-
ent velocities and densities is analytically investigated. Hence,
based on the modified classical theories of Love, Fliigge,
Donnell, and Sanders, a governing equation is derived and
presented for studying the nanofluid-nanostructure interaction
problem. For this purpose, the small-scale effects of the struc-
ture and fluid are considered using the non-local parameter of
Eringen’s elasticity theory and Knudsen number, respectively.
Using the obtained governing relations, it is shown how the
value of the non-local parameter can be effective in achiev-
ing accurate results so that they are highly consistent with the
simulation results of molecular dynamics. In other words, it
is observed that the value of this parameter is a more impor-
tant factor than the selected theory. Herein, in addition to the
effects of the nanoscale size on the amount of critical buck-
ling strain, we examine and discuss effects of fluid flow and
its velocity, effect of the fluid flow density (nano-liquid/gas),
effects of the longitudinal and circumferential half-wave num-
bers, the effects of the aspect ratio and flexural rigidity. To
investigate the mentioned cases, the energy method and ana-
lytical approach are used to discretize and solve the obtained
relationships.

2. Theoretical development

As shown in Fig. 1, a circular cylindrical shell with the
mean radius r, thickness /4, and length L is considered with a
cylindrical coordinate system (x, 8, z). The origin point O is
assumed to be at the center of a shell end. The longitudinal co-
ordinate of this system is x€ [0; L], circumferential coordinate
is ¢ [0; 27], and the radial is ze [—h/2; h/2]. In this system
and intervals, the coordinates of displacement of an arbitrary
point in the middle of the shell surface at the longitudinal, cir-
cumferential, and radial directions are represented by u, v, and

w, respectively.

A
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L= .

Fig. 1. A schematic illustration of a CNT shell structure and passing
nanofluid with the coordinate system (x, 6, z) and displacement compo-
nents (i, v, w).

In the following, in order to achieve the cylindrical
displacement field equations, a set of basic field equa-
tions, namely, compatibility (displacement—strain), structural
(strain—stress), and equilibrium (stress—force) equations are
studied.

2.1. Compatibility equations

In this subsection, taking into account the coordinates of
the cylindrical shell, the strain—displacement relations are pre-
sented using four classical theories of Love, Fliigge, Donnell,
and Sanders, respectively. All the four theories are based on
the assumptions of the first Love’s approximate theory. In
other words, the basic assumptions related to the tiny deflec-
tion theory (classical theory) are expressed for thin, elastic,
homogeneous, and isotropic plates that are based on the geom-
etry of the deformation. By considering the strain components
at a desired point in the shell, the compatibility equations con-
cerning the cylindrical shell coordinates are generally given
by

0
Exx = &y + 2Ky,
0
€90 = Egg 1 ko0,

€0 = €0y + 2kyp, (1

in which, according to the used theory, the strains and varia-
tions in the curvature of the middle surface are slightly differ-
ent.

2.1.1. Love shell theory

The Love plate theory represents a two-dimensional
mathematical model that is used to determine stresses and de-
formations in thin sheets under the influence of forces and mo-
ments. This theory is a generalization of the Euler—Bernoulli
beam theory, which was proposed by Love?!! using the kine-
matics assumptions of Kirchhoff. Accordingly, based on
the Love shell theory, the strain—displacement components of

Eq. (1) are presented as follows:

{€ €00, Yoo }
= {u_yx, (1/r)[v,e +wl, v,x—i—(l/r)u?g},
{kxxskoo,kro
= {—wa, (1/P) Vo —woel, (1/r)vx—2wa0]}. ()

2.1.2. Fliigge shell theory

In this membrane theory of shells, the mechanical prop-
erties of thin and short shells are defined so that torsion and
small bending moments can be neglected. This unusual sim-
plification in the theory of shells makes it possible to examine
different types of geometric shapes and supports, especially
the shells of tanks and shell roofs. However, there are a lot
of negative effects for this simplification and some defects ap-
pear during the review of problem-solving, this theory is more
than a first-order approximation. If a shell is constructed and
stored to withstand loaded stresses in the membrane, a desir-
able solution to the design problem in cases such as thin, light,

22

and shell straightness can be the use of this theory.??! Com-

patibility equations in this theory are defined as the following
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relationships:

{eh- €90 %o |

= {ux, (1/r)vo+w], vit+(1/rug},
{kx,keo,kx0 }

= { =W (1/7)[~w—we0], (1/r)
X[V —w.o = (ue/2r)]}. )

It should be noted that, unlike other theorems that strain-
displacement relations are linear functions of thickness along
the z-direction, these relations are not linear in Fliigge the-
ory, therefore the expression (1 +z/r) is used, instead of the
[(1=2z/r) = 1] approximation.

2.1.3. Donnell and Sanders shell theories

These theories are very much considered due to the sim-
plicity and accuracy of their application, and so far many
researchers have used these theories to derive the governing
equations for various problems. The disadvantage of the Don-
nell theory is that the resulting responses are reliable only in
the range of very thin shells due to the inertial effects of inertia,
in-plane stresses, and the effect of the shear modification. (23]
Sanders?*! managed to overcome the problem of instability
in previous theories using the principle of virtual work. The
strain-displacement relations are defined based on these shell
theories as follows: 2!

{000 M0} = {ux+(1/2)(wa)® +(1/2)B2, (1/r)[vie +wl+ (1/2)B2 +(1/2)B2 v+ (1/r)ug —w.Bi}
{kee.koo Ko} = { =W, (1/7)Bee. [(—wxo/r)+Bro+ (B:/ )]} @

where

ﬁx = —W,Q/V, ﬁz = 07

Be=(1/r)lv=wel, B.=(1/2)x

With the definition of z (in Eq. (1)) as the distance of an
arbitrary point of shell from the middle surface, B, and 3, are
the rotation in the perpendicular direction to the rz plane
(around the x-axis), and the rotation in the perpendicular di-
rection to the rOx plane (around the z-axis) respectively, so
that the rotation z is orthogonal relative to the mid-surface.
These two parameters play a key role in determining the re-
sults. Compared to Donnell’s theory, the major drawback of
Sanders’s theory is the complexity of the final governing equa-
tions. To simplify these equations and the ability to duplicate
them, the 3, value is considered to equal zero.

In order to provide a comprehensive compatibility rela-
tionship that includes all these four main and most popular
theories, Eq. (1) is rewritten as

2
(04 0 Uue
Exx = Ux+ 7 (W,x) + ? (V,x - , — W xx,

2 2
Ve+w o) [0y w o u
Eo0 = 0 _A'_il wv e _|_72 le_i
r 2 r r 8 r

1
+z|5(ave —auw—weg)|,
E s ,
ug (052% )
r r r
1 Ol
+z ;(*W,errO!sV,x* Gr'e)]- (6)

The unknown coefficients of the above relations are pre-
sented in Table 1 so that the compatibility equations of each
theory can be achieved by putting them in Eq. (6).

—(ug/r)], for Sanders theory.

for Donnell theory, )

Table 1. Unknown coefficients of compatibility equations based on the
Love, Fliigge, Donnell, and Sanders theories.

Unknown Shell theories
coefficients Love Fliigge Donnell Sanders
o 0 0 1 1
[7) 0 0 0 1
o 1 0 0 1
oy 0 1 0 0
s 1 1 0 32
O 0 1 0 172

2.2. Constitutive equations

The constitutive equations (stress—strain relations) de-
pend on the structure material. Based on the classical the-
ory of thin plates and shells in which the transverse tension is
not taken into account, the stress—strain relations are in-plane
stress (one dimension is much smaller than the other two di-
mensions) for an elastic, homogeneous, and isotropic material
and is defined as follows: >

Oy E Iv 0 Exx
Cpe | = 12 vi 0 €00 | » @)
O9 001-v Exo

where E and v are Young’s modulus and Poisson’s ratio, re-
spectively. It is obvious that a nanoscale structure, such as a
carbon nanotube, is very thin in the z-direction, so there may
be a small change in the stress components along its thickness.
Therefore, of the plate, it can be deduced that other non-zero
components will have a slight change over z for in-plain stress
state. This conclusion can be summed up by considering the
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cylindrical coordinates:

Gx:Gx(X76), Op :GG(X,Q),

Tvo = Teg(x,0), O, =T, =Tp,=0. (8)

An important issue for obtaining more realistic results
is the consideration of the nano-scale for the structure and
the effect of size in the governing equations. As stated ear-
lier, nanostructures will behave differently from macrostruc-
ture behavior due to the size-scale and other effective factors
such as surface stress, strain gradients, and nonlocal effects
of stress. In order to consider such effects, one can use non-
classical theories such as Eringen’s nonlocal theory and gen-
eralize the governing equations. One of the reasons for us-

(Myx,Mgg,Myo,Mp,)

h/2
= /h/z(cxx(l + a4Z/r)7669, Gxg(l + O(4z/r)7gex)zdz' (10)

In the above relations, the value of @y is presented in Table 1
for various theories. As mentioned above, it should be noted
that the difference between the theory of fliigge and other the-
ories is that the strain-displacement relations are not linear
functions along the z-direction. Hence, it is observed that Nyg
and M, are not equal to Ny, and My,, respectively. Applying
Eringen’s nonlinear theory and in accordance with Egs. (9),
we can rewrite Eqgs. (10) as

/2
ing Eringen theory in this study, as well as the widespread Nex— (€0a)*VZNyy = / Zcxx(l +ouz/r)dz,  (11a)
use of other researchers, is the close and consistent agreement 02
of the obtained results to the results of molecular dynamics Ngg — (eoa)2V2N99 = / Ogedz, (11b)
simulations.?°! Thus, in accordance to this theory, Hooke’s ;;12/2
law for stress and strain relations in cylindrical coordinates are Nyg — (e0a)*V*Nyg = / (1 +auz/r)dz, (llc)
given as follows:?7] 7:/22
O O Nox — (e0a)*V2No, = /%/2 Goxdz, (11d)
Ooo 2v2 ) Ooe
— (ega)“V h/2
6 (coa) Obx My — (e0a)*V*M,, = / onz(1+ayz/r)dz, (11e)
Ogx Ox0 7hh52
[ 011 Q1n Qi3 Qu Exx Mgg — (e0a)*V>Mgg :/ Ogozdz, (111)
_ | Qu On 03 0Oxn €06 ©) —h/2
| Q31 On 03 O o [’ 22 h/2
_ \V/ =
| On On O Qu Eox Mg — (e0a)” VMg /_ s Croz(1+ ouz/r)dz,
h/2
where Q13 = Q31 = E/(1-V?), Q12 = Q21 = VE/(1 - V?), My — (e0a)>V>Mey :/ Opxzdz. (11g)
—h/2

033=044=E/2(14+V),013=031 =023 =03 =0,014 =
Q41 = 024 =042 =0, and Q34 = 043 =0.

In addition, due to the considered geometry at cylindri-
cal coordinates (Fig. 1), the Laplacian operator is defined as a

Substituting the constitutive equations, Egs. (9), into
Egs. (11) and introducing the following parameters,

simplified state of V2 = 59722 + 3‘9—922. 02 02

2.3. Equilibrium equations Aij = / Qijdz=Qijh, Bij= / 20ijdz=0,
Thli stfatic equilcilb.rium eclluations, i./e., the relatilo.n}slhips ‘Ze- 7];// 22 . —h/2 »

s esuing s ndcoulng.srpesndasollows: 0~ | 700 = 00Ty, 2y= [ F0u8:=0
(Nxx,Nog,Nyg,Nox) for i,j=1,2,3,4. (12)

)2
= /h/z(o-xx(] +a4z/r), 090,040 (1 + a4z/7), 0px) dz,

Equations (11) can be rewritten in the following matrix form:

Nyx Nix Ayr Ap Az Ay B B2 Bz By
Nogg Nogg Ay Ay Az Axy By Bx Bz Buy
Nyo Nyo A3z Az A3z Az Bisr B B3z Bu
Nox (e0a)2V> Nox | _ Aqr Agp A4z Ay By By Biz By
My Mix Biy Bip Bis By Cip Ciz Ciz Cui
Mpyg Mpyg Byy Byp Bys By G Cpn (G Cy
M M, B31 B3 Bsz By G Gz Ci3 Cy
Mgy Mo, | Bat Bap Bazs Ba Cay Cio Cyz Cag |
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By
0
B3
0
Ci
0
G3
0

The second part of the matrix on the right-hand side of
Eq. (13) relates to the inclusion of the 1+ z/r term instead of
(1z/r) =~ 1 approximation. It should also be noted that since
N9 = Ng, and M, 9 = My, in the Love, Donnell, and Sanders
theories, the coefficients g and kg are multiplied by 1/2.
Considering the values of A;;, B;;, Cij, D;; [Eq. (12)], and Q;;
we have

Nio(1 = (epa)*V?)
= Créy, + VCrEGy + (DR /1)ke + (0w VDR /r)kgg, (14a)

Noo(1 — (e0a)?V?*) = vCrel + Credg, (14b)

Nyg(1 — (e0a)*V?) = GrhY% + (0GR /12r)ky,  (14c)

Nox(1 = (€0a)*V?) = GrIp, (14d)
M, (1 — (epa)*V?)

= (ouDr/r)€’ + (ayvDR /r)egg + Drky 4+ VDRrgg, (14e)

Mgg(1 — (epa)*V?) = vDgky, + Drkegg, (14f)
Myg(1— (epa)?V?)

= (ouGrI?/12r)5 + (GrK? /12)kyp, (14g)

Mo (1 (e0a)’V?) = (GrI*/12)ksp, (14h)

where Cr, Dr, and GR indicate the shell membrane rigidity,
the shell flexural rigidity, and modulus of rigidity (shell mod-
ulus), respectively, which are defined as

ERW?

Cr = —
R 12(1—v2)’

Dr =

Eh
1 . (15)

—v2’ _2(l+v)

Finally, the general nonlocal structural equations can be
obtained by substituting the strain components of generalized
compatibility equations [slpj and k;; in Eq. (6)] into Eq. (14).

2.4. Hamilton principle

In this subsection, Hamilton’s principle is used to obtain
the governing equations of the problem. Based on this princi-

ple we have
I1 =K, (16)

where K is kinetic energy and IT represents the total potential
of an elastic system defined as follows:

O=U+W, (17)

Bi» Bi3 By Cii Cip Ciz Cua | e,
0O 0 0 0 0 0 0 e,
By Bsz By G311 G Gzz Gy Y%
o 0 0 0 0 0 0 7 13
Ci» Ciz Cus4 Dy Dpp Dz Dy kx
0 0 0 0 0 0 0 koo
Cy» C3 Gy D31 D3y D3z Dy kyo
0 0 0 0 0 0 0 [)|ke

in which U and W are the strain energy function and the poten-
tial energy of the external forces (virtual work), respectively.
The Lagrangian form of Eq. (16) can be written as

1
/2(6U+5W75K)dt:0, (18)

I
where 0 is the variation operator and ¢ represents the time. The
variations of strain energy, virtual work, and kinetic energy in
cylindrical coordinates are expressed as follows:

wf [
f/ /2'”r [p(x,0)5w]dxd6,

%m ph)2
5K = // / p (i;8i;) dxd@dz.  (19¢)

In the following, after the determination of each of these

0;0¢;)dxdOdz, (19a)

(19b)

integrals and substituting them in Eq. (18), the final relation of
the governing equations will be obtained.
2.4.1. Strain energy

Given the cylindrical coordinates and the insignificance
of changes in the direction of the thickness (radial direction),
the variables of Eq. (19a) are considered as i = 1, 2, 4 in a
symmetric system and are discretized as follows:

h/2
o= f [
QJ-hn

where 2 represents the surface area (i.e., d2 = dxd@). It

0,08+ 0p0&y + 19 019)dZdQ, (20)

should be noted that due to the non-symmetry coordinate sys-
tem of the Fliigge shell theory, the third term on the right side
of Eq. (20) is considered as (09 + Ogx)O&g)). Therefore, in
order to achieve a general relationship that includes all theo-
ries, Eq. (20) is rewritten as

h/2
SU = / / (0.6, + 055

+(OC4GX9 + 0px)0€p)dZdQ. 21)

By inserting the compatibility equations [Eq. (6)] in
Eq. (21) and separating them, the strain energy variations are
expressed as

2 h/2
SU = / 5¢0. / 0.dZdQ + / Sk / 26,dZdQ
Q ) Q —h/2

/2 h/2
+/ 5839/ ngZdQ+/ 6k99/ 265dZdQ
Q —h/2 Q —h/2
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h/2
+/ a46£)?9/ 0.0dZdQ
o Y

12
+/ Ot45kxg/ 70,9 dZdQ
Q )2
h/2
n / 5%, / o, dZdQ
0 7h/2
12
+ / Skeo / 26,0dZdQ. (22)
Q —h)2

Considering the general definition of resultant stresses
and moments in the classical theory of shells, the above re-
lation can be given as

SU = / N8l + / Nog5elydQ

Q Q

+/ 04N, Sl d Q2 +/ N, 5€%dQ
Q Q

—|—/ Mxx6kxde+/ Mg Skged2
Q Q

—|—/ M, Sk d 2 —‘r/ M,g0kdQ. (23)
Q Q

Then, by substituting the strain components of general-
ized compatibility equations, Eqgs. (6) (&;; and k;;), in Eq. (23)
and using the integral by part method, Eq. (23) is discretized.

2.4.2. Virtual work

This part of the potential energy, also known as the work
of external forces, is presented in two general types of body
forces such as weight, and surface forces (distributed loads)
such as hydrostatic pressure applied to the system. These
forces can be categorized as

W =Wy + Wi, 24)

where

v

ox +Nw

_ A du .

Wo = /{qu+Px+Nxv+Px
0 ox

L

_ dw 2w
“!‘ng +Qxax2}rd9

0

o u sy
+/{N9u+Pgag+Ngv+Pga;+New

_ dw 2w 0
+M9%+Q67862 }dx ) (25a)
W, = // (fru+ fov+ fow)rdxdo, (25b)
xJ0O

in which N, Ng, M,, and My are the forces and bending mo-
ments (per unit length) applied over the middle surface; £,
Py, 0O, and Qg are the shear forces applied to the boundaries
of the structure; and f, fg, and f; determinate the distributed
loads.

Herein, regardless of the surface forces and considering
the linear buckling analysis with in-plane uniform pre-stress,

we can rewrite the virtual work variations carried out by the

internal forces as!28!

6Wb:/Q(Nxx6£xnl+N69686nl+1vx96%59nl)d97 (26)

where €7, €gn, and Y,y are the nonlinear strains. One can
use the nonlinear terms of the main strains defined in the gen-
eral compatibility relation (Eq. (6)) to introduce them.

Here, due to the reasons like considering just the axial
buckling, simplifying the relations, considering the buckling
in a cylindrical system under lateral and axial pressures, as-
suming the conditions where w is constant, v = 0, and the de-
formations are also independent of 6. Before the buckling oc-
curs, the following relationships will be established based on
Stein’s research:[?"]

Ny =—N%, Ngg=—-Ngg=0— W =—-Nowy, (27)

where N, and Nyg are the axial and transverse critical buck-
ling strain values.

2.4.3. Kinetic energy

The kinetic energy of an object is due to its movement.
In Eq. (19¢), u; is the velocity of the object in the direction
J and the volume integral p correspond to its mass. In New-
tonian mechanics, macroscopic objects move at a fraction of
the speed of light, and kinetic energy is calculated as half of
the object’s mass in its square of velocity (K = 1/2m x v?). In
these cases, in addition to the velocity of the object, a force is
applied to it by the fluid or particle passing through the struc-
ture, it is necessary to consider the effect of this external force
on the body’s behavior in order to more accurately solution.
In general, the structure and passing fluid are considered as a
system. Therefore, in these issues, also known as the problem
of fluid-structure interaction (FSI), the velocity and accelera-
tion in the direction of displacement must be the same at the
contact point of the structure and fluid, based on the physical
principle of consistency condition.**! Therefore, to achieve
the speed of the whole system, we can calculate the velocity
of the fluid at the point of contact with the structure.*! More-
over, both structure and fluid are nanoscopic scales here, and
so the effects of size should also be taken into account in the
relation. To achieve the equations of motion, the initial defini-
tion of kinetic energy is adopted as

1 2r
k=2pA /0 (42 + i +u?)dz, (28)
and its variation is

6K

1 R S
EpA/0 8(i2 +uf +u2)dz

1 21
S / (2 Sty + 2t Sitg + 20,811,)
0
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21
—m / (e 81ty + 119 St + 11, 811,) dz
0
21
— 8K =m / (a8 + 8y +wdw)dz,  (29)
0

where p is the density, A is the cross-sectional area, and m
represents the mass per unit length. Now, using the ma-
terial derivation in cylindrical coordinates defined as % =
% + i’% + 8 ; 89 + za , the last relation of Eq. (29) can be dis-
cretized.

It should be noted that in order to obtain the equations
of motion of a fluid, the momentum equilibrium equation,
known as the Navier—Stokes equations, is used in fluid dy-

namics problems.
[31]

This equation is expressed in cylindrical
coordinates as

(3ur+ 3u,+u9 du, @—i—u 314,)
a oy 20 r C0z
JdP 19 [ du, Uy
- ‘ar“’gf”[rar <a> P
1 0%u, 2 dug 9*u,
23962 7296 T a2 ]
dug dug ug dug  urug dug
<ar+“’ar+rae_ az)

IBP (9 8u9 Uug
:7;%+p 9+/.L{ or < 3r> ”2

10%ug 2 du, J%ug

2067 206 92 ]

<8uZ du,

U u: _urtg  ou:
r 90 r = 0z

oP 10 ([ du, 1 9%u, d%u,
:_a+”g1+“[ ar ( 8r> 23902 822] G0

According to the studies and experiments, *!%3%! each of

+M,~7+

ot " or

+

the two sides of the Navier—Stokes equations (Eq. 30), which
represent the applied force of fluid obtained by different ap-
proaches, can be used in the system’s equations of motion.

It can be observed that taking into account the conditions
and assumptions in each problem and integrating Eq. (29), the
resulting equations will be consistent with the Navier—Stokes
equations. Using the material derivative of the components of
Eq. (29), the velocities and their variations are given as

. _Du_du Judu 1dvdu Jdwdu
YT T e T arox Trarae ar oz
~ Dv dv Jdudv 1dvdv oJdwadv
T D T T arox T racae  ar o
) Dw oJdw Jdudw 1dvdw Jdwoiw
Y=o "o Tarox Trarae Tar oz O
Si — D75u ddéu <85u 8u+(9u85u>

Dt ot ot dx Jdt Jx

196vdu 1dvdou

<r8t89+r8t86)

dowdu Jdwdéu

<8t 9z 8t(9z>

g9 = DO 00 (9000 306
Dt ot Jt dx dr ox
19d6vdv 1dvaddy
<ratae+razc’)e>
6w dv  Jdw ddv
(ataﬁataz)
Svo — LM:%J <85u8w+8u85w>
Dt ot dr dx Jdr OJx
19d6vow 10dvaddw
(ratae razae>
déwdw  Jdw déw
(a5 ) atb

By substituting Eqgs. (31a) and (31b) into Eq. (29), and
after multiplying and separating the parameters, the displace-
ment variations fields caused by the passing fluid are obtained.

Finally, in order to simplify the equations, taking into ac-
count the assumptions such as the fact that due to the very
thin structure, the variations along the z-direction are negligi-
ble and the derivatives relative to z are considered to be zero.
In addition, regarding the nano-scale system, the displacement
variations of the circumference variable, 8, are also neglected
if it is enough small. Then, the relations obtained for the fluid
displacement field will be as follows:

ou: 872144_872“@_*_ _(921/[ ‘azuﬁ_k‘zaizu
e o T o ax T oxar T Moxarox Y 92|
5o [P Pudv
VRS2 T o2 ox T oxar
+,82u +2,(9214 v
Yoxar T xan oxt it Ly
5 . 827w+z972u87w+ 'azw
Yo T o ax T oxar
~d0%u 0%u ow 282
T TR R PR 8x} 2)

The above relationships can also be obtained by consider-
ing the simplified material derivative (2 = 9+ ), so it can
be utilized for different problems such as buckling, vibrations,
and bending. In the buckling problem, the time derivatives
are eliminated concerning the fact that only the displacement
variables are investigated.

It is also worth noting that in this study, for the first time,
the effect of the passing fluid on the nanoscale structure has
been studied using a cylindrical shell model, and it should be
noted that the mass in the final relation of Eq. (29) includes
both the structure and fluid. Therefore, these relations with
the maintenance of the explained principles will be considered
as follows:

21
8K = (me +m) /0 (S +v8v+wdw)dz,  (33)

where m; is the mass of the structure (CNT) and my is the mass
of the fluid. It is clear that the expression inside the integral
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for each mass is related to the velocity of those masses, that
is, the mass of the fluid is multiplied by the fluid velocity, and
the mass of the structure is multiplied by the velocity of the
structure. However, it is noteworthy that for the fluid-structure
interaction problems, the velocity at the contact point is in-
tended and calculated, which is equal for both structure and
fluid in accordance with molecular physics.

2.4.4. Knudsen number

To investigate the small-scale effects of the nano-fluid
flow and for having the slip-boundary condition the velocity
correction factor (VCF) should be inserted into the FSI equa-
tion of motion multiplied by the flow velocity term. This pa-
rameter is introduced as the ratio of the mean flow velocity
of fluid passing through the CNT in a slip boundary condition
to the mean fluid velocity of the same fluid under a no-slip

boundary condition. Thus, the VCF parameter is defined as!*?!
Vati
VCF = 1P
Vnofslip

1 2—0, Kn
~ Cr(Kn) {4< o, ><1—bkn>“]’ (34

where Vi, and Vi —g1ip are the flow velocities with and with-
out slip boundary conditions, respectively. Also, 6, and b are
the tangential momentum accommodation coefficient and the
general slip coefficient, and Cr is the rarefaction coefficient
that, by using the Pollard suggestion relation for viscous fluid,
is defined as[?!

1

where o is a theoretical constant that is computed as @ =
(2/7) aftan™! (oyKnP)], in which o = 64 /[37(1 — (4/b))]. In
addition, oy and B are some practical parameters obtained by

implementing experimental observations. The Knudsen num-
ber and the other unknown parameters in Egs. (34) and (35)
are given in Table 2.

Table 2. The values of nano-flow parameters. 34l

Parameter Symbol Range of value

Knudsen number Kn 0.001-0.01 for liquid
0.001-2 for gas

Tangential momentum ac- (o 0.7

commodation coefficient

general slip coefficient b —1

Other parameters oy, B 0.4

3. Solution procedure

In the above sections, the field equations were obtained
and generalized using the elasticity theories. These equations
include a set of differential and algebraic relationships be-
tween stresses, strains, and displacements that express specific
physics at all points of the object being investigated. Here, first
the final equations are presented. Then, the field equations are
completed by defining the appropriate boundary conditions,
and finally, the non-dimensional form of equations will be an-
alytically solved.

3.1. FSI governing equations

In this subsection, by substituting the results obtained in
the previous subsections relating to potential energy (strain
energy and virtual work) and kinetic energy into Hamilton
principle relation, the final governing equations of the motion
and carbon nanotube-passing nanofluid interaction are yielded
through the four non-localized theories of Love, Fliigge, Don-
nell, and Sanders. These equations are written after sorting
as

1—v ouh? 14+ ourh? ouh? 1% U g
rzu,xx+ T(l + ﬁ)u,ee + T”V,xe +row, — A;TW.,xxx - (2::’,2(1 - U)) W x00 1 Ij (NQX+N39) [T - V,xe}
r? L 0%u
= (1— (eoa)ZVZ)C—R {mf(VCF)zuzaxz } (36a)
v ozh? o0 h? 1-v , K
TU xg + 1+W Voo + 1+ 12,2 we+ r +ﬂ(l—v)[4(x3+3a4—3a2] V xx
2 2
(071 azh
T (Otz(v —D+o(2-v)+ 7(3 - U)) Woaxd = 75 5 W.000
2 %
—(1— 2y2 rr 22
(1 —(e0a)“V7) o {mf(VC U5 (36b)
r*h? (X4h2 (X4h2
—(1 fza])?v“w—rv(og — 0y — 0 —0)ux+ <1 + 12r2>v‘,9 - <1 + 12r2> (1—-2ap)w
ourh? 2 ou o V> ozh?
— Tu’mx BT {062(1) —D4+o(2—v)+ 7(3 — D)} Vxxo T B Wy — 122 V. 660
ouh? h? n(1—-v
+ Ztl-r (1— ‘l))u’xgg T [—31) +au(1— U)]W,xxee + %u’xeg —NBXW,M
2 92w
—(1— 2y2 r 22w
(1~ (v o {mtver e (360)
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Here, V* declares the bi-harmonic operator, which is calcu-

lated as Laplacian of Laplacian V#( ) = V2(V2()). This ex-

2 201\ 2
pression can be shown as V4() = (aax(; + %2%) in cylin-

drical coordinates.

3.2. Boundary conditions

The boundary conditions determine the physical occur-
rence at the boundary of the object. In other words, the applied
loads, which physically cause to create the stress, strains, and
internal displacement fields, must be considered. Although
the formulation of the field equations for each theory is simi-
lar, the boundary conditions for each problem will be different.
Therefore, determining the appropriate boundary conditions is
necessary to solve the problem.

In this study, the essential type of boundary conditions is
considered. On the other hand, to analytically solve the equa-
tions, the field variables (i.e. u, v, and w) are considered as!33!

W) cos(n0)

u= Umn
dx
v = Vi ®(x) sin(n6),
w = W, ®(x) cos(nb), 37

in which U,,,,, Vi, and W,,,,, are the unknown coefficients that
represent the motion altitudes; n is the half circumferential
wave; @ is an axial function, which specifies the geometric
boundary conditions. This function is considered as the char-

acteristic function of the structure as follows: 3%

A A
& = ajcosh (Lx> +ajcos (Lx>
. A’}n . A’Wl
. [a3 sinh ( Lx) +aysin (Lxﬂ . (38)

where a; (i = 1, 2, 3, 4) are constants that are 0, 1, or —1
depending on the structure ends. Moreover, A, represents the
roots of non-algebraic equations derived from the CNT bound-
ary conditions and ¢, indicates the parameters of the same
boundary conditions.

Considering that the purpose of this study is to investigate
the effect of external force caused by passing nano-fluid on the
mechanical behavior of the nanostructure, to simplify the ex-
act analytical solution, and also with respect to the considered

1—

cos(mmx™) cos(nrf*) { —(m7) Uy — 7

L (04
552 (1 + 1;53) (nr)zU,,m +

geometry, the simply supported ends (SS) type of boundary
conditions is utilized. Hence, Eq. (38) is rewritten as

mmc> (39)

& = sin (—
L

Substituting Eq. (39) in Eq. (37) leads to the values of the
following variables:

.
u = Uy, cos —mLx cos(nB),
. X .
v = Vjpn Sin % sin(n),

w = W,,, sin me cos(n0). (40)

3.3. Solution of the dimensionless governing equations

Having developed the theories, we are in a position to
solve Eqgs. (36a)—(36¢) with boundary conditions of simply
supported ends adopting the analytical approach [Eq. (40)].
Before proceeding, it is convenient first to define the follow-
ing dimensionless quantities:

X 0 {u,v,w}
* 9*:7 *: Y
X L r {M,V,W} h s
h L h
ﬁl_;a BZ_;7 ﬁ3_Za
h L h
B4*Wa ﬁS*Wa ﬁﬁfwa
eopda L% my .
en:Ta Up = auﬁ
92 92
*2 2
vVie= <8x*2 +Bs 39*2>7

*4 *2 y7*2 9t 2 9" 4 ot
VE=VEVE =G TP gaggn Th g ) (4D

Moreover, using the above non-dimensional parameters,
the boundary conditions in dimensionless form make displace-
ment variables [Eq. (40)] as

u* = Upy cos(mmx™) cos(nr*),
V=V sin(mzx™) sin(nr6™),

w* = W sin(mzx™) cos(nr6”). 42)

Considering non-dimensional parameters of Eq. (41) and
substituting Eq. (42) into Eqgs. (36a)—(36¢), the final dimen-
sionless governing equations are reached as

14+v

ﬁS (I’I’lﬂ:) (nr) an

0B (m)Wos -+ 1o BB () Wo+ 22 (1= 0)BEBs () (17 W,

24

= [1—e; ((mm)* + B2 (nr)?)] [~ (VCF)*i* (mm)* Upn }

1+v

sin(mmx*) sin(nr6*) {

(43a)

Bs () (1) Up) — B3 (14 33 B2) (47 2Vo)
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_BZﬂS(l asaz&ﬁl)(( ) mn) 2 |:1+lf;(4053+3054—3062)] ((mTC)ZVm”)
—Lf;ﬁs (Oﬂz(v—l)+a3(2—v)+%(v—3))((mﬂ:)z(nr) W) — ﬁ1ﬁ4ﬁ5((nr) W)

= [1—e; ((mm)* + B3 (nr)*)] [-(VCF)*i *2((mn)2vmn)}}, (43b)

2061)

sin(mmx*) cos(nr@*){ (1- [33 (((mﬁ)4Wm,,) + Zﬁsz((mﬂ:)z(nr)zwmn) + ,Bf((nr)“Wmn))

+B20(0 i — ) (7)) + BoBs (Vo) — (1~ 200082 (14 452 ) W

— 2 BB ()’ mn>+%[ (v = 1)+ 06(2 =) + 5 (0= 3)] (m) (1) Vi)
4 2% G302 (1 W)+ % 1 B (1) Vo) + P2 (1 — 0) () )7Vt [1 — 2]
B v - o)) (R n )
= [1=en ((mm)* + B3 (nr)*) ] [~ (VCF )it ((m)* W) — Ny () mn)]} (43c)

To achieve the solution of the above equations, the following relations are rendered and solved by forming the coefficient
matrix and factorizing the trigonometric expression:

cos " cos(nf) Fi1 Fi2 Fi3 Upn 0
sin mfx sm(ne) Fy Fy Fs [ Vo ] = |:O] , (44)
sin 2 cos(n6) F F3 Fs3 Winn 0
where
Fir =~ = <5282 (14 S 7 ) 0 = [1 = & (0nm) + B20n)] [~ (VCR P nm ) Fia =152 o) o)
Fiy = +0Ba(m) + % py(mm) + 24< — 0)B2Bsmm)(nr 2, oy = 5 s () (o)),
Fo = g1+ 12B12> () =152 1 B B 40y + 30— sas) | ()
— [1—e2 ((mm)? + B2(nr)?)] [f<VCF>2u:f2<<mn>2> —NoB3].
P = ~Bafs (1 53548 ) () - P2 (oo = 1)+ 02 =) = 3 0)) (mm? (o)
% By B2 (1)) — 1~ €2 ((mm) + B2nr)?)] [N (Bafisnr))]
Fyi = +Bov(0s — 0 — o — o) (m7r) — %/31/33((,%)3) + le—g‘*z(l —0)((m7) (nr)) o [1 - %] :
P = +BoBs(m) + PP [aa v 1) +o6 2 v) + B3 0)] () ur)) + B pupap2((nr)?),
R = = U3 B () + 283 )+ (o)) — (120083 (14 5
2
22 ()~ B 30 a1 - w)] ()
1 (o B2 [V CF P )M (). 3)
|
4. Numerical results and discussion the equation of motion of CNT, the effects of nonlocal dimen-

In this section, the axial buckling behavior of the carbon sionless parameters, e, and Kn, the effect of nanofluid velocity,
nanotube conveying nanofluid is discussed. For this purpose, the effects of circumferential and longitudinal half wave num-

all the parameters are used in dimensionless form. By utilizing  bers, the CNT aspect ratio, and also bending rigidity effects on
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the critical buckling strain are studied. To analyze the effect of
existence, scale size, and velocity of the flowing fluid on the
critical buckling loads and mode shapes of CNT buckling, the
flowing fluid is assumed to be water. Moreover, water and ace-
tone as liquid flow and air as gas flow are considered to study
the fluid density.

The material and geometric parameters of carbon nan-

otube and fluid are given in Table 3.

Table 3. Material and geometrical properties of carbon nanotube and
the flowing fluid.

Parameter Symbol Value Unit
CNT Young’s modulus E 5.5 TPa
CNT diameter d 6.78 A
CNT thickness h 0.66 A
Poisson’s ratio v 0.19 -
CNT mass density Pe 2.3 g-cm 3
Water mass density Pw 1 g-cm ™3
Acetone mass density Pace 0.79 g~cm_3
Air mass density Dair 0.001169 g-cm ™3

4.1. Validation of present results

In this subsection, our obtained numerical results of criti-

cal buckling strains are compared with those of molecular dy-

[20

namic (MD) simulation results.!?’! To this end, the passing

nanofluid is ignored and then the obtained results of MD sim-

ulations and nonlocal shell theories of Love, Fliigge, Donnell,
and Sanders are shown in Table 4.

According to observations of Silvestre et al.,[*"! the use
of Donnell’s theory leads to accurate results only for modes
of the high circumferential half-wave number n. In addition,
Pellicano and Amabili®®”! revealed that the condition n? > 1
must be satisfied in order to have fairly good accuracy and
proposed that n > 1 is adequate. Herein, to compare the re-
sults of the four-mentioned theories with the results from MD
simulation, the values of the circumferential half-wave num-
ber n and the longitudinal half-wave number m are considered
to equal 10 and 1, respectively. From Table 4, it can be seen
that the critical buckling strains are in good agreement with
the MD simulation results. To achieve the best result in terms
of the agreement with the results of the molecular dynamics,
different values of the internal characteristic length parameter
(epa) of the nanotubes were investigated and the closest an-
swers to the molecular simulation results are shown in Table 4.
Moreover, the results show that the proposed Egs. (36a)—(36¢)
could capture correctly the length-dependent buckling strains
of CNTs for the mode of shell-type buckling. It can also be
found that the available models are unable to indicate the cor-
rect trend in critical axial buckling strains of carbon nanotubes
with a specific length if the correct value of the parameter of

eopa is not considered.

Table 4. Comparison between critical buckling strain of CNT (5,5) obtained from MD simulations and proposed nonlocal Love, Fliigge, Donnell, and

Sanders shell cylindrical theories (m = 1, n = 10).

Proposed Eq. (43)

Length (A) MD Love shell theory Fliigge shell theory Donnell shell theory Sanders shell theory

epa (nm) LST % epa (nm) FST l;/?—g epa (nm) DST IR/I—SS epa (nm) SST %
16.09 0.08146 0.7 0.08957  1.09 1.0 0.08259 1.014 1.0 0.08331 1.02 1.0 0.08140 0.999
21.04 0.07528 1.0 0.07462  0.99 14 0.07188  0.95 14 0.07251  0.96 1.4 0.07084  0.94
28.46 0.06992 1.4 0.06946  0.99 1.9 0.07130 1.019 1.9 0.07193  1.03 1.9 0.07027 1.005
40.83 0.06507 2.1 0.06343 0975 2.8 0.06751 1.037 29 0.06349  0.98 2.8 0.06654  1.02
53.21 0.05499 3.0 0.05275  0.96 4.1 0.05346  0.97 4.1 0.05392  0.98 4.0 0.05535 1.006
77.96 0.04208 49 0.04243  1.008 6.9 0.04170  0.99 6.8 0.04207  0.999 6.8 0.04234  1.006

102.71 0.02494 8.5 0.02447  0.98 11.7 0.02487 0.997 11.8 0.02466  0.989 11.6 0.02494 1.0
115.09 0.01929 10.7 0.01938  1.004 14.9 0.01918 0.994 14.9 0.01935 1.003 14.8 0.01917 0.993
176.97 0.00821 254 0.008199  0.999 349 0.00820 0.998 35 0.00823  1.002 34.6 0.00823  1.002

238.82 0.00470 45.2 0.004698 0.999 62.1 0.00471 1.002 62.4 0.00470 1.0 61.6 0.00470 1.0

362.54 0.00250 94 0.002497 0.998 129.2  0.00250 1.0 1348 0.00250 1.0 1333 0.00250 1.0

4.2. The effect of half-wave numbers

In this subsection, in order to investigate the amount
of efficiency of the longitudinal (m) and circumferential (r)
half-wave numbers on the critical buckling load, the variation
amount of it is considered at the 20 first buckling modes of
CNT. For this purpose, first the m value is considered to equal
1, and n is increased from 1 to 20. It is observed that up to

n =5 for the Love shell theory, and n = 2 for the rest men-
tioned theories the value of critical buckling decreases and
then the upward trend takes place. If the circumferential half-
wave number is put to equal 1 and the longitudinal half-wave
changes from 1 to 20, the critical buckling load will always
have a decreasing trend. The yielded results are listed in Ta-
bles 5 and 6, respectively. It should be noted that these results
are obtained for a CNT (5,5) with a length of 16.09 nm.
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Table 5. Comparison between critical buckling strain of CNT (5,5) ob-
tained from Love, Fliigge, Donnell, and Sanders theories for various
circumferential half-wave number n.

Critical buckling load

S

LST FST DST SST

1 0.3958 0.0114 0.0115 0.01143
2 0.1282 0.0027 0.0043 0.0028
3 0.0663 0.0071 0.0080 0.0064
4 0.0477 0.0130 0.0137 0.0121
5 0.0437 0.0205 0.0212 0.0195
6 0.0465 0.0296 0.0303 0.0286
7 0.0535 0.0404 0.0411 0.0393
8 0.0635 0.0528 0.0535 0.0517
9 0.0759 0.0669 0.0676 0.0657
10 0.0905 0.0826 0.0833 0.0814
11 0.1070 0.1000 0.1007 0.0987
12 0.1254 0.1190 0.1198 0.1177
13 0.1457 0.1397 0.1405 0.1384
14 0.1677 0.1621 0.1629 0.1607
15 0.1915 0.1861 0.1869 0.1846
16 0.2169 0.2118 0.2126 0.2102
17 0.2441 0.2391 0.2399 0.2375
18 0.2730 0.2681 0.2689 0.2664
19 0.3036 0.2987 0.2996 0.2970
20 0.3359 0.3310 0.3319 0.3292

Table 6. Comparison between critical buckling strain of CNT (5,5) obtained
from Love, Fliigge, Donnell, and Sanders theories for various longitudinal
half-wave number (m).

Critical buckling load

3

increasing the amount of longitudinal half-wave number, the
critical buckling strain value is always reduced. The reduction
rate decreases after m = 2 and the critical buckling values are
almost the same for all the theories from m = 10 onwards.

1.4+

\ =3 - Love shell theory (L5T)
s - ¥ - Flugge shell theory (FST) |
~ O - Donnell shell theory (DST)

L 5 ~< ~ % = Sanders shell theory (5ST) |
¥:01282 ~

X3
Y:006629

[ x1
Y:001903

===oo o ¥:0006358
mmpsmmmm=m= === )
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-
¥
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Circumferential half-wave number, n

oot M
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- ¥--Flugge shell theory (FST)
-a--Donnell shell theory (DST)
) ) ) ) - - Sanders shell theory (SST) 7
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Circumferential half-wave number n

Dimensionless critical buckling load (10~?)

Fig. 2. Dimensionless critical buckling strain of shell cylindrical CNT
against the circumferential half-wave number n considering nonlocal
Love, Fliigge, Donnell, and Sanders shell theories.

LST FST DST SST
1 0.3958 0.0114 0.0115 0.01143
2 0.0424 0.0096 0.0103 0.0101
3 0.0090 0.0041 0.0042 0.0041
4 0.0031 0.0020 0.0020 0.0019
5 0.0014 0.0011 0.0011 0.0011
6 0.0009 0.0008 0.0008 0.0008
7 0.0006 0.0006 0.0006 0.0006
8 0.0005 0.0005 0.0005 0.0005
9 0.0005 0.0005 0.0005 0.0005
10 0.0004 0.0004 0.0004 0.0004
11 0.0004 0.0004 0.0004 0.0004
12 0.0004 0.0004 0.0004 0.0004
13 0.0004 0.0004 0.0004 0.0004
14 0.0004 0.0004 0.0004 0.0004
15 0.0004 0.0004 0.0004 0.0004
16 0.0004 0.0004 0.0004 0.0004
17 0.0004 0.0004 0.0004 0.0004
18 0.0004 0.0004 0.0004 0.0004
19 0.0004 0.0004 0.0004 0.0004
20 0.0004 0.0004 0.0004 0.0004

For a better visibility, these results are shown in Figs. 2
and 3. In these figures, the dimensionless critical buckling
strain variations with increasing the circumferential and longi-
tudinal half-wave numbers are illustrated. As can be seen in
Fig. 2, e.g., for the Sanders theory, the critical buckling load
values at n = 1 and n = 2 are 0.01143 and 0.002827, respec-
tively, and at n = 3 its value increases to 0.006358. This pro-
cess will then consistently increase by enhancing the n value.
This is also the matter in other theories, with the difference that
the increasing trend of the critical buckling strain starts from
n =15 in Love theory. In Fig. 3, it can be identified that by

—~
I T T T T T T T T T
! - 4-- Love shell theory (LST)
o 0.40 [
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'
< 035} - - Donnell shell theory (DST)
g | -+ - Sanders shell theory (SST)
= 1
L
w 030
1
= o I x2 T TTToTTTTTmeTT
2 0.25}F ¢+ E°% Y:0.04238
O - - & - Love shell theory (LST)
B “ H - v -Flugge shell theory (FST)
] - & - Donnell shell theory (DST)
- 0.20 F n‘ Z 003 ~ # -Sanders shell theory (SST)
< vz |
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£ 0.15 \ £ 00
= ' B
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1
E
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w0 0'10 l|G 001 =
2 1 I x2 .., |
=t 0.05 ' 1995075 950981 995085 999991 Y: 001008 Y:0,0095%353 000012.00001 2 000022000025
o} . [
= .
= L P
g 0 %
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2 4 6 8 10 12 14 16 18 20
Longitudinal half-wave number m

Fig. 3. Dimensionless critical buckling strain of shell cylindrical
CNT against the longitudinal half-wave number m considering nonlocal
Love, Fliigge, Donnell, and Sanders shell theories.

In Fig. 4, changes in dimensionless critical buckling strain
value are shown relative to the simultaneous increase of the
longitudinal and circumferential half-wave numbers. With this
simultaneous increase, the buckling mode shape of shell cylin-
drical carbon nanotubes can be observed in modes 1 up to 10
considering all the four theories. As shown in this figure, by
increasing the mode shape number, the critical value of the
buckling load is reduced, so that the process gradually pro-
gresses to the smoothing state. It is noticeable that the high-
est critical buckling load is related to the first mode shape
(m =n =1). These maximum values are 0.09047, 0.08331,
0.08259, and 0.0814 for the nonlocal theories of Love, Don-
nell, Fliigge, and Sanders, respectively.
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Fig. 4. Dimensionless critical buckling strain of shell cylindrical CNT
against the same half-wave numbers (m = n) considering nonlocal
Love, Fliigge, Donnell, and Sanders shell theories.

The maximum critical buckling strain values of modes 1
to 10 are listed in Table 7 for each mentioned nonlocal shell
theory.

Table 7. The maximum value of dimensionless critical buckling strain val-
ues in mode shapes 1 to 10 for nonlocal shell theories of Love (LST), Fliigge
(FST), Donnell (DST), and Sanders (SST).

Mode Maximum of the critical buckling strain
(m=n) LST FST DST SST
1 0.09047 0.08259 0.08331 0.08140
2 0.02288 0.02092 0.02110 0.02062
3 0.01037 0.009501 0.00958 0.009366
4 0.005988 0.005504 0.005548 0.005427
5 0.00396 0.003654 0.003682 0.003604
6 0.002858 0.00265 0.002668 0.002614
7 0.002194 0.002044 0.002057 0.002017
8 0.001762 0.001652 0.001661 0.00163
9 0.001467 0.001382 0.001389 0.001365
10 0.001255 0.00119 0.001194 0.001175

4.3. The effect of passing fluid

As mentioned above, in this study, the effect of flowing

nanofluid on the buckling of the shell cylindrical carbon nan-

otube is investigated, for the first time. Therefore, first this

scale characteristic parameters for the structure (e,) and the
fluid (Kn) are considered to equal 1 and 0.05, respectively.
The obtained results of the first five buckling modes for
the CNT lengths of 16.09, 21.04, and 28.46 A are presented in
Table 8 based on the four nonlocal theories of Love, Fliigge,
Donnell, and Sanders. These results show the velocity value of
the flowing fluid in which the system buckling has happened.
It can be observed that the fluid velocity value in which the
critical buckling strain has taken place is decreased by increas-
ing the buckling mode number. In addition, it is found that the
critical buckling load occurs in a more fluid speed value for the
longer carbon nanotubes. It means that more fluid velocity is
needed to reach the critical buckling load if the longer carbon
nanotube is selected. Moreover, the highest fluid flow velocity
is related to the considered nonlocal shell cylindrical theories
of Love, Fliigge, Donnell, and Sanders, respectively. On the
other hand, Fig. 5 illustrates that under a given condition such
as the specified structure length, the nonlocal parameter, and
the Knudsen number, the increase in the velocity of the fluid
passing through the carbon nanotube increases the critical load
of buckling. In Fig. 5, it can be observed that approximately
up to the non-dimensional velocity of the nanofluid of 0.01,
the value of the critical buckling strain is almost constant, and
then it is increased by increasing the nanofluid flow velocity.
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subsection examines that the system critical buckling occurs at
how much fluid flow velocity is and how the increasing fluid
speed affects the system buckling. For this purpose, the nano-

Dimensionless fluid flow velocity

Fig. 5. Dimensionless critical buckling strain of shell cylindrical
CNT against dimensionless nanofluid flow velocity considering non-
local Love, Fliigge, Donnell, and Sanders shell theories.

Table 8. Dimensionless fluid velocity for the first five buckling modes of CNT (5,5) using various CNT lengths and various nonlocal shell
cylindrical theories considering e, = 1 and Kn = 0.05.

Dimensionless fluid velocity

Mode Love shell theory Fliigge shell theory Donnell shell theory Sanders shell theory
(m=n) Length (A) Length (A) Length (A) Length (A)

16.09 21.04 28.46 16.09 21.04 28.46 16.09 21.04 28.46 16.09 21.04 28.46
1 0.1605  0.2607  0.4429 0.0154 02471 0.4196 0.0638  0.0956  0.1387 0.0620  0.0912  0.1270
2 0.0595 0.0928  0.1413 0.0014  0.0024  0.0018 0.0029  0.0037  0.0050 0.0025  0.0028  0.0035
3 0.0281  0.0468  0.0831 0.0011  0.0016  0.0024 0.0016  0.0022  0.0035 0.0014  0.0019  0.0029
4 0.0033  0.0057 0.0105 0.0011  0.0016  0.0026 0.0013  0.0020  0.0032 0.0012  0.0018  0.0029
5 0.0021  0.0034  0.0061 0.0011  0.0016  0.0027 0.0013  0.0019  0.0031 0.0012  0.0018  0.0029
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4.4. Nano-scale effects of structure and fluid

In this subsection, the effects of scale-size effects on the
critical buckling load of the system are investigated. In this
regard, the scale of the structure and the fluid are studied sep-
arately and simultaneously. In order to investigate the nano-
scale in structure and fluid, variations of the nonlocal parame-
ter egpa and Knudsen numbers Kn are considered.

4.4.1. Effect of nonlocal parameter

As mentioned above, to make the model more realistic,
the nonlocal parameter ega needs to be calibrated such that
the nonlocal shell model predicts the results of MD simula-
tions. Here, using MATLAB programming the most proper
value for the nonlocal parameter is determined. From the val-
ues in Table 4, the developed nonlocal shell model is capable
of predicting the results of MD simulations provided that the
nonlocal parameter is properly calibrated. It indicates that the
axially critical buckling strains of CNTs significantly depend
on the small-size effects of the structure, especially when its
aspect ratio decreases. It means the bigger values of the nonlo-
cal parameter should be considered for the longer CNTs with
the same radius. Moreover, Hu et al. studied the flexural wave
propagation in armchair (5,5) and (10,10) SWCNTs for a wide
range of wave numbers by using the nonlocal beam models
and the MD simulations.?® They proposed the scale coeffi-
cient e = 0.288 for a wide range of wavelengths from ~ 0.2 nm
to ~ 70 nm. Since e is dependent on the material of the struc-
ture, this parameter can be considered as a constant parameter
for carbon nanotubes. Hence, the change of the ega is due to
variation of a, which indicates the internal length (such as the
web parameter and crystalline distance). Therefore, it is in-
ferred and justified that the value of parameter a is increased
by enhancing the carbon nanotube length.

On the other hand, when the length of the nanotube is
constant, the change of the nonlocal parameter can affect the
critical buckling strain value. In Fig. 6, the CNT length is con-
sidered to equal 16.09 (A) and it can be seen that the critical
axially buckling load is decreased by increasing the nonlocal
parameter (epa). As shown in Fig. 6, a larger critical buck-
ling load is obtained respectively using LST, DST, FST, and
SST theories and according to the obtained results in Table 4,
it can be revealed that the accuracy of the results is reduced,
simultaneously. It means that the order of the theories’ ac-
curacy is Sanders, Fliigge, Donnell, and Love. For example,
for an SWCNT (5,5) shown in Fig. 6, the dimensionless crit-
ical buckling strain value is 0.02114, 0.02145, 0.02164, and
0.0235 respectively for SST, FST, DST, and LST at nonlocal
parameter value of 10. It should be noted that the results are
obtained by inserting VCF = 1. From Eq. (34), the parameter
of the velocity correction factor (VCF) will be equal to 1 if the
parameter of the Knudsen number is considered to be zero.
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Fig. 6. Dimensionless critical buckling strain of shell cylindrical CNT
against nonlocal parameter, epa, considering nonlocal Love, Fliigge,
Donnell, and Sanders theories.

4.4.2. Effect of Knudsen number

In this subsection, we investigate the size effect of nano-
flow with a nonzero Kn on the dynamic response of a nano-
tube conveying a liquid, herein water. Figure 7 illustrates that
the non-dimensional critical buckling load of the system in-
creases as the value of the Knudsen number increases. This
means that, firstly, taking into account the small scale of the
flowing fluid, a greater amount of critical buckling load is
yielded. From this figure, it can be detected that consider-
ing the slip velocity could lead to appreciable effects on the
general dynamic response of the CNT conveying nano-flow.
It means that the considered coupled fluid-structure interac-
tion model predicts that CNT conveying nano-flow would lose
its stability later than that predicted by continuum plug flow
theory or without considering the flowing fluid through CNT.
This means that the system loses its stability later and reaches
the critical buckling strain value later.

g5 —LST

—FST
30F __psr
25F  —SST

Dimensionless critical buckling load (10~%)

1 2 3 4 5 6 7 8 9 10
Knudsen number Kn

Fig. 7. Dimensionless critical buckling strain of shell cylindrical CNT
against Knudsen number, Kn, considering nonlocal Love, Fliigge, Don-
nell, and Sanders theories.

Moreover, it is noticeable that after about Kn = 6 the crit-
ical value of the buckling obtained from the Love, Fliigge, and
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Donnell shell theories will be equal to each other, approxi-
mately. For the Sanders shell theory, in which two rotations of
By and fB; are considered, the critical buckling load values will
be less.

4.4.3. Simultaneous effects of nonlocal parameter and
Knudsen number

In this subsection, we would analyze the small-scale ef-
fects on both elastic structure and fluid dynamic responses
of CNT conveying liquid nano-flow. Figure 8 shows the di-
mensionless critical buckling strain of a CNT conveying fluid,
herein, water against dimensionless mean flow velocity for
nonlocal shell theories of Love, Fliigge, Donnell, and Sanders.
To better compare the simultaneous effects of the dimension-
less parameters of the Eringen nonlocal parameter and Knud-
sen number, the values of them are considered as (a) ¢,, = 0 and
Kn=20, () e,=0.5and Kn=0, (c) ¢, =0 and Kn = 0.01,
and (d) e, = 0.5 and Kn = 0.01.

Dimensionless critical buckling load (10-3)

= O = N W ke o O N
. N " PV

0 02 04 06 08 10 12
Dimensionless fluid flow velocity uf

12 ; ; ; ; ;
(c) en=0, Kn=0.001 i
10t
8 .
6 'Xl
. Y 4.55,

X1
Y —0.2191

0 02 04 06 08 10 1.2

Dimensionless fluid flow velocity uf

-2

Dimensionless critical buckling load (10~3)

As it was expected from the results obtained in Subsec-
tion 4.3, Fig. 8(a) illustrates that by increasing fluid velocity
the carbon nanotube-containing nanofluid would reach a criti-
cal amount of buckling load, later, and thus the system would
be more stable. In Fig. 8(b), it is seen that with consider-
ing e, = 0.5 and Kn = 0, the non-dimensional system critical
buckling load is decreased by increasing dimensionless flow-
ing fluid speed. With a comparison between Figs. 8(a) and
8(b) it is obvious that by enhancing the nonlocal parameter
as an example, for #; = 0 the dimensionless critical buckling
strain is closed to origin using all mentioned shell theories, and
for 1y = 10 those values are reduced about to —0.98 utilizing
Love, Fliigge, Donnell, and Sanders shell theories. Thus, it
can be deduced that increasing the amount of the nonlocal pa-
rameter meanwhile increasing the velocity of the flowing fluid
inside the structure will have a greater effect on the critical
values of the buckling strains.
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Fig. 8. Dimensionless critical buckling strain of shell cylindrical CNT against dimensionless nanofluid flow velocity considering nonlocal
Love, Fliigge, Donnell, and Sanders shell theories for (a) e, =0 and Kn =0, (b) ¢, = 0.5 and Kn =0, (c) ¢, =0 and Kn =0.01, (d) e, = 0.5

and Kn = 0.01.

In Fig. 8(c), the value of the Knudsen number is assumed
to be 0.01. The results show that, at the fluid velocity of zero,
the critical buckling value is equal to the values obtained in
Fig. 8(a) and, by applying the velocity correction factor (VCF)
at a fluid velocity of 10, these values are 10.44, 7.127, 3.791,
and 3.755, respectively, for the shell theories of Love, Fliigge,
Donnell, and Sanders. Therefore, increasing the amount of

Knudsen number increases the critical amount of buckling, or

in other words, increases the stability of the system.

In Fig. 8(d), the values of ¢, and Kn are considered to be
0.5 and 0.01, respectively. It has been reported here that the
amount of critical buckling load is reduced by increasing the
nonlocal parameter [see Fig. 8(b)] and increasing with the in-
crease of the Knudsen number [see Fig. (c)]. From Fig. 8(d),
it can be observed that with a simultaneous increase of both

parameters, the critical load value of the buckling increases by
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increasing the flow velocity. Although this incremental trend
is less than the magnitude of increase in the state a [Fig. 8(a)],
it can be concluded that the effect of small-scale fluid is greater
than the small-scale effect of the structure on the buckling of
the system.

In addition, it can be deduced from Figs. 8(b) and 8(d)
that the application of the nonlocal parameter (i.e., taking into
account the effect of the nano-size scale on the structure) re-
sults in convergence of the obtained results from diverse theo-
ries.

4.5. The effect of mass density on the critical buckling
strain

In this subsection, we consider the effect of the mass den-
sity of the passing fluid through the CNT on the system’s crit-
ical buckling strain. To this end, water and acetone as liquid
and air as gas are investigated, herein. Before using data in
Tables 2 and 3, it should be noted that according to Rashidi
et al.,!3?! the range of Kn could vary from 0.001 to 0.01 for a
liquid nano-flow and 0.001 to 2 for a gas nano-flow. Here, in
order to compare the results, the value of the Knudsen num-
ber for all three fluids is considered to equal 0.01. In Fig. 9,
the dimensionless critical buckling load variations are shown
toward the increase in the fluid flow velocity. It is noticeable
that in all the cases the amount of critical load increases.

It is indicated that in all the cases the value of critical
buckling load increases. The ratios of this increase for dis-
tinct fluids are different so that for example at the dimension-
less fluid velocity of 10, the critical loads’ values of buck-
ling are 70.3, 55.54, and 0.07944 for passing nano-water
(p=1 g-cm™?), nano-acetone (p=0.79 g-cm ), and nano-
air (p = 0001169 g-cm~3), respectively. Hence, it can be con-
cluded that increasing the mass density of the passing fluid
through the structure leads to an increase in the critical buck-
ling load value. The results in this subsection are derived using
the nonlocal Sanders shell theory.
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Fig. 9. Dimensionless critical buckling strain of shell cylindrical CNT
against dimensionless nanofluid flow velocity considering nano-liquid
of water and acetone as well as nano-gas of air.

4.6. The CNT aspect ratio effects

In this subsection, the effects of the aspect ratio of the
carbon nanotube are studied by taking into account three nan-
otubes CNT (5,5) with d = 6.78 A, CNT (7,7) with d =
9.492 A, and CNT (8,8) with d = 10.848 A. For verification
purposes, the obtained results of the critical strain are com-
pared with the results of the molecular simulations (MD) and
the results of Refs. [20,21] in Table 9. It should be noted that
the aspect ratio for the transition between shell and column
behavior is given by !l

L r

— ) ~3.8,/-.

ORE

The aspect ratios for shell-column transition are (L/d); =
8.6121, 10.190, and 10.894 using thickness & = 0.66 A, half-
wave numbers m = 1 and n = 5, and Knudsen number of

0.001. The results presented in Table 9 show a very good
agreement for all the four nonlocal shell theories with the re-

(46)

sults of molecular simulations. As mentioned above, it is im-
portant to use the appropriate value for a nonlocal parameter
to achieve acceptable results.

Table 9. Comparison between critical buckling strain of CNT (5,5), CNT (7,7), and CNT (8,8) obtained from MD simulations, Refs. [20,21]1,
and proposed nonlocal Love, Fliigge, Donnell, and Sanders shell cylindrical theories considering given properties'! (im = 1, n = 5).

Present work

(3) I MD Reference data Love shell theory Fliigge shell theory Donnell shell theory Sanders shell theory
t epa LST epa FST epa DST epa SST
CNT (5,5) 8.6121 0.0753 0.0818 2.67  0.0750599 1.78  0.075631 1.82 0.07510 1.74 0.07504
CNT (7,7)  10.190  0.0651 0.0613 4.15 0.0651447 230 0.064828 2.33 0.06537 224 0.06490
CNT (8,8) 10.894  0.0314 0.0311 6.59 0.0314362 3.34  0.031458 3.40 0.031415 3.49 0.031403

IResults of CNT (5,5) and CNT (7,7) are put from Ref. [20], and the result of CNT (8,8) is put out from Ref. [21].

IThe considered properties are E = 5.5 x 10'2 TPa, h = 0.66 A, v = 0.19.

Il Herein, the unit of measurement for (L/d); is Angstrom (10719, and for ega is nanometer (10~2).

Moreover, the effect of increasing the aspect ratio with
and without flowing fluid on the critical buckling load is shown
in Fig. 10 using the nonlocal Donnell and Sanders shell theo-
ries. In Fig. 10, it can be seen that the critical buckling load

value is somewhat reduced by increasing the amount of the

aspect ratio. The critical buckling loads of the carbon nan-
otubes conveying nanofluid with the aspect ratio of 1 are equal
to 0.6309 for both SST and DST, and with the aspect ratio of
10 are equal to 0.6228 and 0.6227 using SST and DST, re-

spectively. These results show a decrease of 1.3%, approxi-
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mately. In addition, the critical buckling loads of the carbon
nanotubes without passing fluid are equal to —6.264 x 1073
and —5.796 x 107> for the aspect ratio of 1, and are equal to
—0.005227 and —0.005689 for the aspect ratio of 10, respec-
tively, using SST and DST. These results demonstrate a de-
crease of about 99%. Furthermore, it is obvious that the criti-
cal load of buckling with the presence of fluid passing through
the carbon nanotube is greater than that when the fluid does
not pass through the structure.

m X1 T T T T T T
Yo.6309 -
X1 S —— [
0.6 yo.6300 f / T
With fluid
0.5 —DST without passing fluid i

—=-DST with passing fluid :
04F"" SST without passing fluid ..
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0.1+ Without fluid

X1
Y —5.796X10°

Dimensionless critical buckling load (10~3)

X1
L Y—6.264x10 L L L L 1 1 L

1 2 3 4 5 6 7 8 9 10
CNT aspect ratio (L/d)

Fig. 10. Dimensionless critical buckling strain of shell cylindrical CNT
against CNT aspect ratio with and without nanofluid flow utilizing non-
local Donnell and Sanders shell theories.

4.7. Shell flexural rigidity effects

In this final subsection, we study the shell flexural rigid-
ity effects of the CNT on the critical buckling strain value.
Figure 11 demonstrates that the highest obtained amount of
critical buckling load is related to the use of the nonlocal shell
theories of Love, Donnell, Sander, and Fliigge, respectively. It
can also be seen that increasing the amount of bending rigidity
of the structure causes increase in the critical buckling load.

5.5 f x"-—;———"
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45| —TFST |
——DST

4.0 r

Love theory,

o

Critical buckling strain (103 nN)

10 20 30 40 50 60 70
Shell flexural rigidity D (nN-nm)

Fig. 11. Critical buckling strain of shell cylindrical CNT against shell
flexural rigidity utilizing nonlocal Love, Fliigge, Donnell, and Sanders
shell theories.

Regarding Eq. (15) and the relationship between Cr, Dg,
and Gg, it can be inferred that a similar incremental process is
carried out by increasing the shell membrane rigidity, modulus
of rigidity (shell modulus), and even the modulus of elasticity.
Therefore, different values of Young’s modulus used in var-

2]

ious references?! can play an important role in the achieved

results.

5. Conclusions

In summary, we have presented the buckling behavior of
CNTs embedded in simply supported ends subjected to pass-
ing nanofluid flow on the basis of the modified nonlocal Love,
Fliigge, Donnell, and Sanders shell theories. The governing
equation containing the small-scale parameter for both struc-
ture and fluid is derived, which can be used for all four theories
using different coefficients. By introducing the dimensionless
parameters, the analytical solution is obtained for the dimen-
sionless FSI governing equation in an explicit form using cod-
ing in MATLAB. In this study, it is shown that the key issue for
the successful application of the nonlocal continuum mechan-
ical models and various theories to CNT conveying nanofluid
is to determine the measure and magnitude of the small-scale
parameter epa. In most studies, e is usually taken to be 0.39
proposed by Eringen. In addition, in many articles, the small-
scale parameter epa is found to be less than 2.0 nm for a CNT.
However, there are no experiments conducted to determine the
epa value. Moreover, it has been shown that the small-scale
parameter has different values under different loading cases.
Herein, the estimation of parameter epa is given by match-
ing the critical buckling strain of CNT with the numerical re-
sults obtained from the molecular simulations. Moreover, the
small-scale effects of the flowing fluid are investigated con-
sidering the velocity correction factor and various mass den-
sities of nano-liquid and nano-gas. It should additionally be
noted that the values of the longitudinal and circumferential
half-wave numbers are also important in determining the crit-
ical load of local and general buckling and the buckling mode
shapes.

Furthermore, in this study, other issues such as the ef-
fect of passing fluid and its velocity, structure aspect ratio, and
shell flexural rigidity on the critical buckling strain and system
stability are investigated. The results obtained from the ana-
Iytical solution of the non-dimensional governing equations
yielded by the Hamilton principle, taking into account all four
theories, are briefly given as follows:

(1) In order to obtain the correct and precise value of the
critical buckling strain, the value of the appropriate nonlocal
parameter must be considered. This suitable value depends
on varied conditions, such as the structural geometry (length,
radius, chiral angle, etc.) and even the value of longitudinal
(m), circumferential (n) half-wave number, and the buckling
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mode shapes. For example, by increasing the length of the
nanotubes, the value of the nonlocal parameter must also be a
larger number.

(ii) In general, from n > 5, the critical buckling load is
increased by increasing the value of n. By increasing the value
of m, this value is always reduced. In addition, by increas-
ing the number of the mode shape, the decreasing trend of the
critical buckling load can be observed.

(iii) The presence of fluid through the carbon nanotubes
and the increase in fluid velocity will increase the amount of
critical buckling load. The highest obtained value for the crit-
ical buckling load, respectively, is related to the shell theories
of Love, Fliigge, Donnell, and Sanders. It can be stated that
the results obtained from the sanders theory are slightly more
precise according to the molecular dynamics simulations re-
sults.

(iv) Under the same conditions, increasing the nonlocal
variable value and Knudsen number causes reduction and en-
hancement of the critical buckling strain value, respectively.
By simultaneously increasing the value of the nonlocal param-
eter and the Knudsen number, it can be seen that the amount
of critical loads will slightly increase, which means the greater
effect of the small scale of the passing fluid relative to the scale
of the structure. The proper choice of the nonlocal parameter
value results in the convergence of the obtained results regard-
less of the selected shell theory and model.

(v) The critical buckling load for a structure containing a
nano-liquid is greater than that when the nano-gas is passed
through it. This means that increasing the fluid flow density
will increase the critical buckling load and thus the system will
be more stable.

(vi) By increasing the aspect ratio, flexural rigidity, shell
membrane rigidity, rigidity modulus, and elasticity modulus,
the buckling critical load increases.
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