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1. Introduction

Abstract. The effect of Knudsen number (Kn) on the nonlinear vibration and
instability of double-walled boron nitride nanotubes (DWBNNTSs) conveying fluid has
been investigated, based on Fluid Structure Interaction (FSI). The embedded DWBNNT
is simulated as a Timoshenko Beam (TB), which includes rotary inertia and transverse
shear deformation. The electro-mechanical governing equations are derived using the
nonlocal piezoelectricity theory and discretized by a Differential Quadrature Method
(DQM). Regarding the types of flow regime in FSI, including continuum, slip, transition
and free molecular, the value of Knudsen number as a small size parameter is designated
and utilized to modify the fluid velocity. Considering the slip condition for an internal
nanotube, the effects of Knudsen number on various vibration modes, small scale, and
nonlinear frequency amplitude are also taken into account for a clamped-clamped boundary
condition. Results indicate that, based on the slip flow regime, the Knudsen number is an
important parameter in FSI that changes the critical flow velocity and instability of nano
systems and, therefore, should be considered in nanotubes conveying fluid.

(© 2015 Sharif University of Technology. All rights reserved.

range of a nano-meter, it has an impacting effect on the
boundary conditions of the fluid-structure interface,

One of the applied branches of nano-mechanical sci-
ences is nano-fluid structure interaction (nano-FSI),
which has attracted much research into nanotechnol-
ogy. Many parameters affect the mechanical behavior
of a fluid, the most influential being the molecular mean
free path. The mean free path is the average distance
covered by a moving particle, such as a fluid molecule,
between successive collisions that modify its direction
or energy, or other particle properties. Whenever the
length parameter of a mechanical problem is in the
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as well as on fluid properties, like viscosity and mass
density [1]. Similarly, the Knudsen number (Kn) is
a non-dimensional, small size parameter, defined as
the ratio of the mean free path to the characteristic
length of a geometry problem. In a micro/nano-flow
field, this parameter discriminates between different
flow regimes [2]:

I. 0<Kn < 102 for continuum flow regime;
II. 1072 <Kn < 107! for slip flow regime;
ITI. 107! < Kn < 10 for transition flow regime;

IV. Kn > 10 for free molecular flow regime.

The Kn in micro/nano size FSI problems has been
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considered to have more than 10~2 value, in which the
slip flow or transition flow regimes are active.

On the other hand, Boron Nitride Nano-Tubes
(BNNTSs) are selected in this nano-system. They
show great promise due to their mechanical and ther-
mal properties. BNNTs, apart from having high
mechanical, electrical and chemical properties, prove
more resistant to oxidation than carbon nanotubes
(CNTs). It has, therefore, found multiple applications
for BNNTs, including mechanical reinforcements and
composites, batteries, fuel cell components, transistors
and biosensors.

In recent years, a large amount of research work
has been carried out into the buckling and vibration
of nano-tubes/micro-tubes conveying fluid. Based
on the TB theory, Chang and Lee [3] analyzed the
effects of flow velocity on the vibration frequency
and mode shape of the fluid-conveying single walled
carbon nanotube (SWCNT). Their results indicate
that the real component of the frequency of a higher
mode is always larger than that of a lower mode for
different flow velocities. Séllstrom and Kesson [4]
worked on an exact finite element method for advanced
study of the free and forced non-synchronous har-
monic linear vibrations of piecewise, uniform, straight
beam structures. They considered that the beam
was surrounded by a Winkler-type ambient medium
which conveyed a piecewise constant-speed plug flow
of material along the deflected beam axis. An ex-
act, complex-valued, non-symmetric stiffness matrix
was established for a uniform beam element, based
on the generalized second-order Rayleigh-Timoshenko
beam theory, and the exact member stiffness matrices
are also found for the Euler-Bernoulli Beam theory
(EBB) and strings. Narendar and Gopalakrishnan [5]
researched the effect of nonlocal scaling parameters
on terahertz wave propagation in fluid filled SWC-
NTs. The SWCNT was modeled as a TB, including
rotary inertia and transverse shear deformation, by
considering the nonlocal effects, and a uniform fluid
velocity of 1000 m/s was assumed. Their results
showed that, for a fluid filled SWCNT, the wave
number of flexural and shear waves will increase, and
corresponding wave speeds will decrease, compared
to an empty SWCNT. Also, the frequency decreases
with an increase in the nonlocal scaling parameter,
for both wave modes. They showed that the effect
of fluid density and velocity have no remarkable effect
on the frequencies of flexural and shear wave modes.
Wang [6] presented an analytical model for predicting
inner and outer layer effects on the free vibration
of fluid-conveying nano-tubes, based on the nonlocal
elasticity theory. They indicated that the surface
effects with a positive elastic constant or positive
residual surface tension tend to increase the natural
frequency and critical flow velocity. Also, Lei et

al. [7] and Gheshlaghi and Hasheminejad [8] investi-
gated surface effects on the free vibration of nano-
tubes, based on nonlocal TB and EB local beams,
respectively.

Based on the strain gradient theory, Yin et al. [9]
researched the size effect on the vibration and stability
of micro-scale pipes conveying fluid. They revealed
that the strain gradient theory is more accurate than
the modified couple stress theory. Ghorbanpour and
Arani et al. [10] utilized a modified couple stress theory
to study the nonlinear vibration and stability analysis
of DWBNNTSs conveying fluid embedded in a visco-
Pasternak foundation. They concluded that the length
scale parameter has an important role to play in the
vibration and stability of DWBNNTs.

The electro-thermo nonlinear vibration and in-
stability of embedded DWBNNTSs conveying viscose
fluid are studied, based on the nonlocal piezoelec-
tricity theory and EBB model, by Khoddami and
Maraghi et al. [11]. Their results indicate that the
small scale parameter, elastic medium, temperature
change and electric potential have significant effects
on dimensionless natural frequency and critical fluid
velocity. Furthermore, the effect of fluid viscosity on
the vibration of DWBNNTSs may be ignored.

The effects of the type of flow regime and Knudsen
number have not been considered in any of the research
mentioned above.

In the following, the work in which the Knudsen
number has an important role to play in results is
introduced. The effect of nano-flow on the vibration of
a nano-pipe conveying fluid, using the Knudsen number
(Kn) effect and EBB plug-flow beam theory, was
investigated by Mirramezani and Mirdamadi [2]. They
rewrote the Navier-Stokes equations, with modified
versions of Kn-dependent flow velocity, and showed
that, for the passage of gas through a nano-pipe
with non-zero Kn, the critical flow velocities decreased
considerably, as opposed to those for zero Kn. They
indicated that ignoring the Kn effect on gas nano-
flow may cause the non-conservative design of nano-
devices. Ghorbanpour Arani and Amir [12] studied
the electro-thermal vibration of two BNNTSs, which
are coupled by a visco-Pasternak medium using the
strain gradient theory and a Euler-Bernoulli model in
which one of the BNNTs is conveying fluid. In this
paper, the effects of Knudsen number, aspect ratio,
thermal and electric fields, velocity of conveying fluid
and visco-Pasternak coeflicients, on the stability of
a coupled system were investigated. Mirramezani et
al. [13] studied the vibration of CNT conveying fluid
using four theories, including classical, nonlocal, strain
gradient and strain/inertia gradient theories. They
showed that the forces acting between a fluid element
and a neighboring CNT wall could be implemented as
action and reaction forces in opposite directions. Then,
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the motion equations of CNT conveying viscose and
non-viscose fluids are the same.

A new coefficient for the distribution of viscosity
in terms of Kn is used by Roohi and Darbandi [14].
They presented a new formulation for variation of fluid
viscosity in terms of size effects, using Information
Preservation simulations (IP), and considering shear
stress distribution. Rashidi et al. [15] studied the
divergence-type, single-mode stability of nano-tubes
conveying fluid in a slip flow regime with slip bound-
ary conditions and Kn parameter using the simply-
supported Euler-Bernoulli beam theory. In order to
compensate for the size-free continuum formulation
of fluid dynamics (Navier-Stokes equations) by size
effects, and the effects of the molecular mean free path
through Kn, they suggested a non-dimensional param-
eter called the Velocity Correction Factor (VCF). They
concluded that Kn decreases divergence mode critical
gas velocity and that this influence on critical liquid
velocity can be ignored. The influence of Knudsen
number on fluid viscosity for the analysis of divergence
in fluid conveying nano-tubes was investigated by
Kaviani and Mirdamadi [1]. They studied the effects
of Knudsen number and slip boundary condition on
the viscosity of nano-flow passing through a nano-
tube. Since the dimensionless parameter, Kn, as
a small size parameter, considerably influences the
stability behavior and critical flow velocity of a nano-
tube conveying gas fluid, they demonstrated that with
an increase in Kn, at first, the fluid viscosity would
change drastically, and, with a further increase in Kn,
representing a traverse of the slip layer, the rate of
these changes will decrease and become approximately
uniform.

The behavior of smart materials such as BNNTs
has been a topic of great interest in nano-mechanics.
The present work is motivated by the use of the
piezoelectricity theory to study the nonlinear vibration
and instability response of DWBNNTSs conveying fluid
embedded in a Pasternak foundation, due to the lack of
study in this area. The TB theory is used for modeling
DWBNNT, which is better than the EBB, since the
effects of shear deformation and rotary inertia are
considered. Most importantly, in this work, the effect
of Knudsen number has been considered. Since the
slip or transition regime govern conveyed nanotubes,
it is recommended to apply a small size parameter
(Kn) to obtain more accurate results. Furthermore,
the effects of slip flow regime on critical fluid velocity,
dimensionless small scale and frequency amplitude are
discussed in detail.

2. Fundamental equations

A schematic diagram of a fluid-conveying embedded
DWBNNT modeled as a TB is shown in Figure 1 in

Fluid In
o pmiq

FEFTIT

Figure 1. A DWBNNTSs conveying viscous fluid
embedded in an elastic medium modeled as the nonlocal

—> Shear foundation

Timoshenko nano-beam.

which the geometrical parameters of length, L, inner
radius, Ry, outer radius, R, and thickness, h, are also
indicated.

Using the TB theory, displacement fields are
assumed as [16]:

Ui(z, 2,t) = Ui(x,t) + 29 (x, 1),
ﬁ(a@z,t) =0,
Wi(:v,z,t) = W;(z,t), (1)

where U;, V; and W; denote the longitudinal, circum-
ferential and transverse displacements of the middle
surface, respectively. Also, ¢; is the rotation of the
beam cross-section and ¢ is time. It is noted that 7 =
1,2 represent the inner and outer nano-tubes. Using
the above equation, the nonlinear strain-displacement
von Karman relations are considered as:

ouU;, 1 [oW;\> oy
%—aﬁz(ax) o @)
oW,

Using Eqs. (2) and (3), the total electrostatic energy of
DWBNNT can be expressed as:

= {Nav’ IRV (M)
0 ox

2 or 2 or
oW,
+ Qm‘T + Quithi
T
oU; d¢; 1 OW; \? 0¢;
e Oz Oz * 2611A1 ( Ox ) Ox

N\ 2
— A, e (%) }dw, (4)

where ¢, €17 and ej; are the electric potential, dielec-
tric constant and piezoelectric coefficient, respectively.
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Also, N.;, M,; and Q.; denote the resultant force,
bending moment and transverse shear force, respec-
tively, which can be defined as:

Nyi :/Umm'dAiv
A
Mzi:/o':rziZdAia
A

QxiZ/AJmidAi~ (5)

The kinetic energy of DWBNNT can be written as
follows:

PN AN LAY

- Pt i i

K =

¢ 2/0 (8t>+<8t> de, (6)
where p; is the density of BNNT.

The work undertaken due to the surrounding
elastic medium and vdW forces can be written as:

L L
1

1
Q :§/Q1W1d$+§/QQW2d$

0 0

+

N | —

L
/ FElastic medium WQ dx. (7)
0

The second term of Eq. (7) is related to the vdW force,
which can be expressed as:

q = c(Wy = W), (8)
= = (W2 = W), (9)

where, ¢ is the vdW interaction coefficient. The third
term of Eq. (7) is related to the elastic medium. Based
on the Winkler and Pasternak foundations, the effect of
the surrounding elastic medium on the outer nano-tube
is written as follows [17]:

FElastic medium — kWW2 - kGV2W27 (10)

where ky and kg are Winkler’s spring modulus and
Pasternak’s shear modulus of elastic medium, respec-
tively.

Figure 2 shows the velocity field, V = (V,, V.), for
the fluid conveyed through the inner nano-tube. For
the beam model, V, and V, are defined as [18]:

Ve = % + Uy cos®, (11)
V. = agl — Uy sin®, (12)

77777 T, uo

Q — —
Undeformed beam i
Z

Deformed beam
(TB model)

2, Wo

Figure 2. Deformation of a transverse normal line in
Timoshenko beam model.

where Uy is the constant velocity of fluid.

According to Mirramezani et al. [13], the forces
acting between a fluid element and a neighboring CNT
wall could be implemented as action and reaction
forces in opposite directions. Then, the forces due
to viscosity, as internal forces, do not appear in the
motion equations. The kinetic energy of the fluid can
be written as follows:

Ko P Llrov,\?  [ov.\?
2 /0 (8t> +(8t>
where py is the density of the fluid.

Flow regimes in fluid structure interaction were
identified by Knudsen number. The Knudsen number
is a dimensionless parameter defined as the ratio of
the mean-free-path of the molecules to a characteristic
length scale, which is used for identifying the various
flow regimes in FSI. For micro and nano-tubes, the
radius of the tube is assumed as the characteristic
length scale.

According to the Knudsen number, classification
of the various flow regimes is given as: Continuum flow
regime (Kn < 1072), slip flow regime (1072 < Kn <
1071), transition flow regime (107! < Kn < 10), and
free molecular flow regime (Kn > 10) [14].

Therefore, the assumption of no-slip boundary
conditions is no longer credible, and a modified model
must be used.

S0, Vavgsiip is replaced by VCF X Vg (no-stip) i
the basic equations in which VCF is determined as
follows [2]:

dz, (13)
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‘/avg,slip
Va

vg,(no-slip)

v [ (52) (5],

where ¢, is the tangential momentum accommodation
coefficient. For most practical applications, o, is
chosen to be 0.7 and a can be expressed as in the
following relation:

VCF =

a= aO% [tan~! (alKnB)] , (15)

in which, a; = 4 and B = 0.04 are some experimental
parameters. The coefficient, aq, is formulated as:

64

1. = =
m a ag 37‘_(1_%)7

Jm (16)
where b = —1.

Figure 3 shows the changes of VCF versus Knud-
sen number. It is concluded from this figure, for
example, that when Kn = 0.02, the value of VCF is
equal to VCF = 1.1711.

Using Hamilton’s principle, the variation form of
the equations of motion for the DWBNNT can be
written as:

/ [6K — 6U + 69 dt = 0. (17)

ty

Substituting Eqs. (4), (6) and (7) into Eq. (17), and
using the fundamental lemma of the calculus of varia-
tion, the motion equations for viscous and non-viscous
fluid-conveying embedded DWBNNTSs are yielded as
follows:

6U12
2 2
Not le A ¢1+(m —|—m)(9 Uy
- — €114 1
or 2 92 T
100 . " - ‘ o0
= 1.20 o
S o ]
> : 0©
T 80r 4 o° 1
= .10 (o]
o o°
< 70} 1.05 o° 1
IS o°
s 60 1.00 0°
P F0.00 0.01 0.02 0 1
<} OO
£ 50} o° 4
3% (o)
o} o()
= 40t o° i
3 0°°
L (o] i
5, 30 0°°
ps o
S 20} o° -
) o®
C) o
=10 40 J
OO
002 . | | . ! . . . )

Knudsen number

Figure 3. Variation of VCF versus Knudsen number.
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3. Nonlocal piezoelectricity theory

There is a coupling between electrical and mechanical
fields in piezoelectric materials. According to the
nonlocal piezoelectricity theory [19], the constitutive
equations, including stress, o;;, and strain, €, tensors
on the mechanical side, as well as flux density, D,,, and
field strength, E}, vectors on the electrostatic side, may
be combined as follows [20]:

(1—(e0a)>V?)0ij = Cijrihl — €mij Em, (26)
(1 — (ega)QVQ)Dm = €emij€ij+ efnk Ey, (27)

where ¢;jr1, emi; and Eik are elastic compliances,
the piezoelectric module and the dielectric permittivity
constant, respectively. Also, ega denotes the small scale
effect. It is also noted that the electric field, E, can
be written in terms of electric potential (E = —V¢).
According to the assumption of the TB model, Eq. (30)
can be written as:

p 320mi oU; 3%‘
Tari = (e00)" =5 5= = C”{ or oz
1/ ow:\? 0¢;
+2(3ZE> }+6113Z’ (28)
02044 oW,
o 2 Tz — 7 )
Orzi — (€0a) 52 [&v +¢l]. (29)

Using Egs. (2), (3) and (5), the resultant force, bending
moment and transverse shear force can be written as:

L 0N, oU 1 ow\?
2 T
No = (con) =0 = Cud g #5004 (a)
3
+ 6111478?, (30)
2M o
— 2 z — _
Mz (600,) ax2 011]8x7 (31)
82Q oW
_ 2 LA g
Q. — (eoa) 52 K,GA [33: +14 , (32)

where K, is the shear correction factor. The dimen-
sionless parameters for DWBNNTSs can be introduced
as follows:

W, U; L
) (wi7ui) = !7 == cod

R R;’ L

_ ol t |E § EA;
[i = T 5 = 7 DR =, T = )
AR T T I\ V=9 = gy,

C:

1=

__Pr _ |ps -~ _ cL? _ KuGA;
p_pt7 uf_ EUf7 Cz_EAiv ﬁl_ EAl 3
= kwL? ka cenE - den
I/\/w: R szi’ V= 5 s ¢: .
EAz EAZ 611 E (33)

Substituting Eqs. (30) to (32) into Eqgs. (18) to (25),
one obtains the governing equations in terms of the me-
chanical and electrical displacements that are attached
in the Appendix.

4. Solution method

Motion equations could not be solved analytically due
to the existence of nonlinear terms. Hence, DQM is
employed, which, in essence, approximates the partial
derivative of a function, with respect to a spatial
variable at a given discrete point, as a weighted linear
sum of the function values at all discrete points chosen
in the solution domain of the spatial variable. Let F be
a function representing w;, w;, ¥; and ¢;, with respect
to variable ¢, in the following domain of (0 < £ < L),
having N¢ grid points along these variables. The nth-
order partial derivative of F(§) with respect to &, may
be expressed discretely [21] at point (&;), as:

n Ne
PR ) et e

k=1 (34)
where AEZ) is the weighting coeflicient associated with
the nth-order partial derivative of F'(£), with respect
to &, at the discrete point, £;, whose recursive formulae
can be found in [20,21]. A more superior choice
for the positions of the grid points is the Chebyshev
polynomial, as expressed in [21]. According to DQM,
the mechanical clamped and free electrical boundary
conditions at both ends, in each layer of DWBNNT,

may be written as:
N

Z Cézwm = O,
m=1

at £=0, (35)

Ui = wip = ¢ =0,

N
Uy = wiy = ¢in =0, Z Cg(\}),lmwim =0,
m=1

at £=1. (36)

Applying these boundary conditions to the governing
equations, which are presented in the Appendix, yields
the following coupled assembled matrix equations:

. o (d
([M] +[Cnp + CL]Q+ [Knp + K1]Q ) (dz):(()é7)

where d, and d; represent boundary and domain
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points. [M] is the mass matrix, and [K] and [C] are the
stiffness and damping matrices, respectively, including
both linear and nonlinear terms. For solving Eq. (37)
and reducing it to the standard form of an eigenvalue
problem, it is convenient to rewrite Eq. (37) as the
following first order variable as [22]:

{2} =141z} (38)

in which state vector Z and state matrix [A] are defined
as:

z:{$}7 (39)

and:

_ [0] 1]
[A] - |:_ [M_ll(] _ [M—lc] ’ (40)

where [0] and [I] are the zero and unitary matrices,
respectively. However, the frequencies obtained from
the solution of Eq. (37) are complex due to the damping
existing in the presence of the fluid flow. Hence, the
results contain two parts; real and imaginary. The
real part corresponds to the system damping, and the
imaginary part represents the natural frequencies of the
system.

5. Numerical results and discussion

In order to obtain the nonlinear frequency and critical
fluid velocity for a fluid-conveying DWBNNT embed-
ded in the Pasternak foundation, a computer program
based on the DQM was written, where the effects of
Knudsen number on different modes, fluid velocity and
viscosity, nonlocal parameter and nonlinear frequency
amplitude were investigated. We assume that the flow-
ing liquid is water and its mass density is 1000 kg/m3,
while the properties of DWBNNTs are p; = 2300
kg/m?, £= =10, Ry = 11.43 nm, Ry = 12.41 nm [12].

Figures 4 and 5 show the imaginary and real parts
of the dimensionless frequency versus dimensionless
flow velocity for three values of Knudsen number.
As can be observed from this figure, the critical
fluid velocity of DWBNNT decreases with increasing
Kn. The dimensionless critical flow velocity, without
considering Kn, iS Uy (critical) = Uavgnostip = 2.11,
while this value in slip flow regime with Kn = 0.01 is
Uf(critical) = Uavgslip = 2.24. Hence, the small Knudsen
number can enlarge the stability region of the system;
as can be seen Ug(critical) = Uavgslip — 1.98 when
Kn = 0.02. On the other hand, the Knudsen number is
an effective parameter that changes results, and which
should be considered to obtain more accuracy in nano-
tubes conveying fluid.

Dimensionless frequency, Im(w)

1 Hl I

0.0 0.5 1.0 1.5 2.0 2.5 3.0

us (dimensionless flow velocity)

Figure 4. Imaginary part of dimensionless frequency
versus dimensionless fluid velocity for various Knudsen

number.
4 T T T T
3 3| —Kn= i
o | | meme- Kn = 0.01
B ol | Kn = 0.02
>
z
¢ 1t
=
g
Lf: 0
0w
g4
g
= -2f
2
<
£ -3r 1
=)
-4 L L L L L
0.0 0.5 1.0 1.5 2.0 2.5 3.0

uys (dimensionless flow velocity)

Figure 5. Real part of dimensionless frequency versus
dimensionless fluid velocity for various Knudsen number.

6 : . : . ‘
------ Mode 1
57 = "'-!'..,," - =+=e== Mode 2| |
BT No-slip flow | === Mode 3
TS,
41 g ) R

N'
e’ Kn = 0.02
~l

Dimensionless frequency, Im(w)

3.5

wy (dimensionless flow velocity)

Figure 6. Imaginary part of dimensionless frequency
versus dimensionless fluid velocity for the first three

modes of DWBNNT.

Figures 6 and 7 have been plotted for three modes
of vibration. Simultaneously, the effect of Knudsen
number is investigated for every mode separately. As
can be seen, the instability region shrinks when the
Knudsen number appears, and this process was ob-
served for all modes. On the other hand, the Knudsen
number shows its effect on different modes.
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6 . : : .

First mode: No-slip flow

N
T

Second mode: Kn = 0.02

First mode: Kn =0

M
T

(

|
o
T

Third mode: Kn = 0.02

Second mode: No-slip flow

'
i
T

Dimensionless frequency, Im(w)

Third mode: No-slip flow

'
(=2

I 1 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5

o
o

uys (dimensionless flow velocity)

Figure 7. Real part of dimensionless frequency versus
dimensionless fluid velocity for the first three modes of

DWBNNT.

It is noted that Im(w) is the resonance frequency
and Re(w) is related to damping. Generally, the
system is stable when the real part of the frequency
remains zero, and it is unstable when the real and
imaginary parts of the frequency become positive and
zero, respectively. It can be seen that the Im(w)
generally decreases with increasing uy. For zero
resonance frequency, DWBNNT becomes unstable, and
the corresponding fluid velocity is called the critical
flow velocity. As can be seen, the critical fluid velocity
corresponding to the first mode is reached at uy = 1.97.
Thereafter, for the slip fluid velocity within the range
of 1.97 < wuy < 2.14, the Re(w) of the first mode
is positive, at which the system becomes unstable.
Afterwards, the Im(w) of the first and second modes
combine in the region of 2.2 < wuy < 2.33. This
physically implies that a single coupled-mode between
the first and second modes occurs which is unstable,
with flutter instability. Also, this phenomenon may
be observed in different modes for higher velocities.
For example, a coupled-mode between the second and
third modes takes place in the range of 2.33 < uy <
2.45. It should also be noted that the divergence and
flutter instability obtained from Figures 6 and 7 is
the same as observations made by [23,24]. The real
and imaginary parts of the frequency versus the flow
velocity for different values of dimensionless nonlocal
parameter (en) are illustrated in Figures 8 and 9,
respectively. Research regarding Eringen’s theory and
small scale effects in slip and no-slip flow regimes
is the purpose behind presenting these figures. It
is noted that en = 0 corresponds to the classical
TB model. The effect of a nonlocal parameter in
both slip and no-slip regimes was investigated. As
can be seen, the resonance frequency is significantly
affected by en and Kn. It is observed that the Im(w)
and critical fluid velocity of DWBNNT increase with
decreasing en and Kn. This is perhaps due to the
fact that increasing the en decreases the interaction
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Kn=0,en= 0A5_
No-slip flow
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T No-slip flow /",‘
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Figure 8. The effect of small scale on the imaginary part
of dimensionless frequency in slip and no-slip regime.
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Figure 9. The effect of small scale on the real part of
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Figure 10. The effect of Knudsen number on
dimensionless nonlinear frequency amplitude along BNNT
in various Knudsen number.

force between nano-tube atoms, which leads to a softer
structure.

The effect of Knudsen number on nonlinear fre-
quency amplitude along the DWBNNT is shown in
Figure 10. All the figures express that when the slip
flow regime governs the system, the Knudsen number,
as a characterization parameter, declines the instability
region. Also, in this figure, increasing Knudsen number
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Figure 12. Distribution of electric potential along the

BNNT for different values of fluid velocity.

creates a decrease in frequency amplitude, where it
decreases along the DWBNNT.

In order to show the effect of nonlinear terms
on the results, the nonlinear frequency ratio versus
the frequency amplitude of DWBNNT is illustrated
in Figure 11. This figure demonstrates that at lower
frequency amplitudes of DWBNNT, the results of
linear and nonlinear analyses are similar, while non-
linear terms should be considered at higher frequency
amplitudes of DWBNNT. In addition, it is found from
this figure that due to considering the shear effect in the
Pasternak model, the stability of the system is greater
than in the Winkler type.

Figure 12 depicts the distribution of electric po-
tential (¢) in the DWBNNT for various fluid velocities.
This figure demonstrates the excellent piezoelectric
property of DWBNNTs. As can be seen, constant
electrical boundary conditions at both ends of the
DWBNNT are satisfied.

In Figure 12, electric potential, ¢, is directly
related to uy. Due to coupling between mechanical
and electrical fields in piezoelectric materials, the stress
and deformation of DWBNNT lead to higher electric
potential, as fluid velocity increases. It can be used in
warning systems and sensors.

Conclusions

The effects of fluid structure interaction using Knudsen
number parameters on the vibration and instability
behavior of DWBNNT conveying fluid while embedded
in a Pasternak foundation were investigated. The
DWBNNT is modeled as a TB, and the vdW forces
between two layers were considered. The nonlocal
piezoelectricity theory was used to drive the motion
equations according to system size (nano) and prop-
erties (Piezo). Based on the slip flow regime, the
dimensionless Knudsen number was applied to the
equations as a parameter that modifies fluid velocity
and viscosity. Using DQM, the governing equations
were solved to obtain nonlinear frequency and critical
fluid velocity with clamped-clamped boundary condi-
tions. Regarding Knudsen number, the divergence and
flutter instability of DWBNNT for the first three modes
of resonance frequencies are discussed in detail. The
results demonstrate that decreasing the nonlocal pa-
rameter can enlarge the stability region of DWBNNT.
In addition, it has been found that the vibration behav-
ior of a system is strongly dependent on flow regime,
so, increasing Knudsen number significantly decreases
critical flow velocity and shrinks the instability region.
Also, it is shown that the trend of the figures is in
good agreement with previous research. Already, in
such work, the various types of flow regime were not
considered by their authors, but it is now known that
they can change the results significantly. This paper
indicates that the application of Knudsen number in
conveyed nano-tubes is important and its consideration
is recommended.
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