Steel and Composite Structures, Jol. 23, No. 6 (2017) 691-714
DOI: https://doi.org/10.12989/scs.2017.23.6.691

Comparison of different cylindrical shell theories for stability of
nanocomposite piezoelectric separators containing rotating fluid
considering structural damping

H. Rahimi Pour *', A. Ghorbanpour Arani "? and G.A. Sheikhzadeh'

' Faculty of Mechanical Engineering, University of Kashan, Kashan, Iran
2 Institute of Nanoscience& Nanotechnology, University of Kashan, Kashan, Iran

(Received October 31, 2016, Revised February 21, 2017, Accepted February 24, 2017)

Abstract. Rotating fluid induced vibration and instability of embedded piezoelectric nano-composite separators subjected to
magnetic and electric fields is the main contribution of present work. The separator is modeled with cylindrical shell element and
the structural damping effects are considered by Kelvin—Voigt model. Single-walled carbon nanotubes (SWCNTSs) are used as
reinforcement and effective material properties are obtained by mixture rule. The perturbation velocity potential in conjunction
with the linearized Bernoulli formula is used for describing the rotating fluid motion. The orthotropic surrounding elastic
medium is considered by spring, damper and shear constants. The governing equations are derived on the bases of classical shell
theory (CST), first order shear deformation theory (FSDT) and sinusoidal shear deformation theory (SSDT). The nonlinear
frequency and critical angular fluid velocity are calculated by differential quadrature method (DQM). The detailed parametric
study is conducted, focusing on the combined effects of the external voltage, magnetic field, visco-Pasternak foundation,
structural damping and volume percent of SWCNTSs on the stability of structure. The numerical results are validated with other
published works as well as comparing results obtained by three theories. Numerical results indicate that with increasing volume
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fraction of SWCNTSs, the frequency and critical angular fluid velocity are increased.
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1. Introduction

The prevalent engineering applications of a kind of
separators containing rotating fluid flow are coming to be
ever more obvious. Rotational fluid flow can leads to
significant changes in stability behavior of the structure.
However, in this paper, the separator conveying rotating
fluid is modeled with a cylindrical shell element to analyze
the stability of it.

Piezoelectric cylindrical shells have great application in
different industries. In this regards, there are many works
for mathematical modelling and mechanical analysis of
them. Dong and Wang (2006) reported the result of an
investigation into wave propagation in orthotropic
laminated piezoelectric cylindrical shells in hydrothermal
environment. Sofiyev (2011) focused on the thermal
buckling analysis of functionally graded material (FGM)
shells resting on the two-parameter elastic foundation.
Amabili (2011) presented a comparative study on the
nonlinear forced vibration of laminated circular cylindrical
shells using different cylindrical shell theories. SSDT was
used by Mantari and Guedes Soares (2014) for the bending
analytical solution of FGM shells. An accurate solution
approach based on the FSDT was developed by Yang et al.
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(2015) for the free vibration and damping analysis of thick
sandwich cylindrical shells with a viscoelastic core under
arbitrary boundary conditions. The dynamic behavior of
moderately thick FGM embedded cylindrical shell based on
the FSDT was studied by Bahadori and Najafizadeh (2015)
using DQM. Sofiyev (2016) investigated the non-linear free
vibration of functionally graded (FG) orthotropic cylindrical
shells taking into account the shear stresses.

None of the above works has analyzed the nano-
composite structures. For obtaining the equivalent
characteristic of the nanocomposite structures, there are
many methods such as Mori-Tanaka, micro-mechanic,
mixture and etc. Vibration analysis of SWCNTs reinforced
composites was presented by Formica et al. (2010)
employing Eshelby—Mori—Tanaka approach. Free vibration
of continuous grading fiber reinforced (CGFR) annular
plates on an elastic foundation, based on the three-
dimensional theory of elasticity, for different boundary
conditions at the circular edges was investigated by
Tahouneh and Ceruti (2013) using DQM. Tahouneh and Yas
(2014) presented 3D elasticity solution for free vibration
analysis of 2D continuously graded carbon nanotube-
reinforced (CGCNTR) annular plates resting on a two-
parameter elastic foundation based on Eshelby-Mori-
Tanaka Scheme. Static stresses analysis of carbon nano-tube
reinforced composite (CNTRC) cylinder made of poly-
vinylidene fluoride (PVDF) was investigated by
Ghorbanpour Arani et al. (2015a) based on Mori—Tanaka
theory. Using micro-mechanical model, Ghorbanpour Arani

ISSN: 1229-9367 (Print), 1598-6233 (Online)



692 H. Rahimi Pour, A. Ghorbanpour Arani and G.A. Sheikhzadeh

et al. (2013a, 2015b) studied nonlinear vibration, stress
analysis and stability of embedded piezoelectric composite
cylindrical shell reinforced by nanotubes. An accurate
buckling analysis for piezoelectric fiber-reinforced
composite (PFRC) cylindrical shells subjected to combined
loads comprising compression, external voltage and thermal
load was presented by Sun er al. (2016) utilizing the
Mixture rule. Eshelby-Mori-Tanaka approach was used by
Tahouneh (2016) for 3-D elasticity solution for free
vibration analysis of continuously graded carbon nanotube-
reinforced (CGCNTR) rectangular plates resting on two-
parameter elastic foundations. Kumar and Srivastava (2016)
compared the effective elastic properties of CNT- and
graphene-based nanocomposites using 3-D nanoscale repre-
sentative volume element (RVE) based on continuum
mechanics using finite element method (FEM).

Stability analysis of cylindrical shells containing
internal and rotating fluid flow has been presented by many
researchers. Dowell et al. (1974) studied aeroelastic
stability of cylindrical shells subjected to a rotating flow.
Paidoussis et al. (1992) presented a study of the effect of
some of the system parameters on internal and angular-
flow-induced instabilities of clamped-clamped or
cantilevered cylindrical shells in coaxial conduits. A linear
stability analysis was presented by Chen and Bert (1977)
for a thin-walled, circular cylindrical shell of orthotropic
material conveying a swirling flow. Flexible cantilever
pipes conveying fluids with high velocity were analysed by
Ganesan and Ramu (1995) for their dynamic response and
stability behaviour. Amabili et al. (2001) studied nonlinear
stability of circular cylindrical shells in annular and
unbounded axial flow. Cortelezzi et al. (2004) investigated
flutter instability of rotating shells with aco-rotating axial
flow. By coupling the Donnell-Mushtari shell equations to
an analytical inviscid fluid solution, the linear dynamics of
a rotating cylindrical shell with a corotating axial fluid flow
was studied by Gosselin and Paidoussis (2009). Numerical
analysis of the stability of stationary and rotating cylindrical
shells interacting with a fluid flowing and rotating inside
them was presented by Bochkarev and Matveenko (2012a).
In another work by the same authors (2012b, 2013a, b), the
stability and dynamic of stationary orrotating elastic

Rotating Fluid In

Carbon nanotube

circular cylindrical shells interacting with a fluidflow
having both the axial and circumferential components of
velocity was analyzed. Viscous fluid induced nonlinear free
vibration and instability analysis of a functionally graded
carbon  nanotube-reinforced  composite  (CNTRC)
cylindrical shell integrated with two uniformly distributed
piezoelectric layers on the top and bottom surfaces of the
cylindrical shell were presented by Ghorbanpour Arani et
al. (2015c). Axially flowing and rotating fluid-particle
mixture induced vibration and instability of a sandwich
cylindrical shell were investigated by Ghorbanpour Arani et
al. (2016) based on Mindlin shell theory and using DQM.

However, to date, no report has been found in the
literature on stability analysis of separators conveying
rotating fluid flow. Motivated by these considerations, in
order to improve optimum design of separators, we aim to
investigate the nonlinear vibration and instability of
embedded  piezoelectric  nano-composite  separators
containing rotating fluid subjected to magnetic and electric
fields. To describe the motion of the rotating fluid, the
perturbation velocity potential function in wave equation
for the case of small perturbations is used. The separator is
reinforced with the SWCNTs which the equivalent material
properties are obtained by Mixture rule. The nonlinear
formulation is based on the CST, FSDT and SSDT
considering structural damping based on Kelvin—Voigt
model. Nonlinear frequency and critical fluid angular
velocity of the structure are calculated using DQM. The
effects of the external voltage, magnetic field, visco-
Pasternak foundation, structural damping and volume
percent of SWCNTs on the vibration and instability
behavior of the structure are disused in detail.

2. Mixture rule

A piezoelectric separator reinforced with SWCNTs
containing fluid is shown in Fig. 1. The structure is
surrounded by an elastic medium which is simulated by
spring, damper and shear constants. The cylindrical
coordinate is considered in the middle surface of shell in
which x, € and Z represent the axial, circumferential and

Spring Foundation
Damper Coefficient

Fig. 1 A schematic figure for piezoelectric nano-composite separator conveying rotaring fluid
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radial directions, respectively.

According to mixture rule, the effective Young and
shear moduli of nano-composite structure can be expressed
as (Lei et al. 2014)

=mVenrEay +A=Venr)E, (1
1 _Vor  0Vor) "
22 r22 m
s Vowr (1 (A=Venr) ’ 3)

Gy Grlz G,
where E, |, E,» and G, indicate the Young’s moduli and
shearmodulus of SWCNTs, respectively, E, and G,
represent the Young’s moduli and shear modulus the matrix;
n; G =1, 2, 3) is the SWCNTSs efficiency parameter; Veyr
and V,, are the volume fractions of the CNTs and matrix,
respectively, which are

Wenr
Wenr + (pCNT /P, )_ (pCNT ! P )WCNT 4)
Vm =1- VCNT >

Venr =

where wewny, pn and peyr are the mass fraction of the
SWCNTs, the densities of the matrix and SWCNTs,
respectively. Similarly, the density (p) of the structure can
be obtained as follows

p: VCNTpr +Vm,pm,’ (5)

where v,1, and v,, are Poisson’s ratios of the SWCNT and
matrix, respectively.

3. Piezoelectric material basic equations

In piezoelectric material, the constitutive equation
includes stresses ¢ and strains ¢ tensors on the mechanical
side, as well as flux density D and field strength E tensors
on the electrostatic side, which may be combined with each
other as follows (Ghorbanpour Arani et al. 2013b)

O_I/ = Ci/'kl gkl et/m Em H (6)

D, =e;, &, €, E,, @)
where Cyy, ejm €in are elastic constants, piezoelectric
constants,dielectric constants, respectively, which can be
determined for separator reinforced with SWCNT from
Mixture’s rule. In addition, £, (m = x, 6, z) representing
electric field which can be defined as a function of electric
potential as

F -9 p_ 00 p_ O (8)

o’ Re®T 7 6z

The electric potential distribution in the thickness
direction of the piezoelectric separator can be assumed as

follows which satisfying the Maxwell equation
(Ghorbanpour Arani et al. 2015c¢)
2V,
CD(x,H,z,t):—cos[%j¢(x,6’,t)+ hOZ, ©)

where V is external electric voltage. Substituting Eq. (9)
into Eq. (8) yields

—cod 2192
E. —cos( p j@x , (10)

—cod B 192
Eg—cos( P jR@H’ (11)
EZ:—%Sl ( j¢——. (12)

Based on Kelvin—Voigt (Ghorbanpour Arani et al.
2015¢) model, the elastic constant of structurecan be
defined as

k k a
C;)=Cé-)[l+gat : (13)

where g is structural damping parameter. In the above
equations, the effect of viscoelasticity in mechanical form
has been considered and electrical Hysteresis effect (Jalili
2010) has been ignored.

4. Motion equations

Here, three theories of CST, FSDT and SSDT are used
for mathematical modelling of system.

4.1 CST

Based on CST, the displacement fieldscan be expressed
as follows (Amabili 2008)

0y (5, 0,2,0) =u(x, 0,0) 2 28D g4y
o0x
ow(x,0,t)
50a at = ’95t TeTT T T
u,(x,0,z,t) =v(x,0,t)—z 200 (14b)
Uy (x,0,z,t) =w(x,0,t), (14c¢)

where u(x, 0, t), v(x, 6, t) and w(x, 6, t) are translations of a
point at the middle-surface of the shell. Using Donnell’s
theory, the nonlinear strain-displacement relations may be
expressed as

2
gﬂza—”+ (awj —za—vf, (15a)
Ox Ox Ox

(15b)

Eoo =

ov w ( ow ] o*w
+—+— —z ,
ROO R 2\ ROO R*06*
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ou Ov Ow Ow ) 0w
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The piezoelectric basic equations for CST may be
simplified as

O G, C, 0 |le, 00 eBl_ E,
O |=|Cia Co 0 |964 1—|0 0 €5 |NE, (16)
z-xﬁ 0 0 C66 7/):'9 0 O 0 B Ez

D 0 0 0ffe e, 0 0](E
Dy|=[0 0 0ege+| 0 €, 0 NE,p  (17)
0 0 ey]l|E

D, e e 0](7,

The potential energy of CST can be written as follows

2
U=0.5J' N, a—”+l[a—wj
Tlox 2\ ox

o w 1 owY
+Ny| —+—+—=| —
Ro6 R 2\ R0OO

2
+ng(1ng +?+ ﬁgeaa_wj_M“ Z g
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-M —
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B O.SJ‘ h ) ox h ) RoO
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h h h

where the stress resultants (N, Ngg, Nyg, My, Mo, M.y) are
defined in Appendix B. The kinetic energy of CST can be
expressed as follows

S LERER)
) 1(6u O w v aZWJ

—— +_—
ot otox | ot Rot00 (19)

P 2 4 2
+1, ow + ow dA
Otox R?0t*06*

where the moment of inertia (ly, [;, I) are defined in
Appendix B. The external works can be induced by
nonlinear orthotropic visco-Pasternak medium, rotating
fluid in the separator and 2D magnetic fields due to the
existence of SWCNTs. The force induced by nonlinear
orthotropic visco-Pasternak foundation can be written as
(Ghoorbanpour Arani et al. 2015c)

q, =—k w—kmw3 —c,W (20)

1w

2 2 2
+k . c05267a W 4+ 2cos@sin b 0 W i sin? Qa—w
¢ ox? Ox0y 2

(20)

2 2 2
+k | sin’ 96 ¥ 2sin@cosd 0w +cos? Ha—w ,
ox? 0Ox0y oy?

where angle 6 describes the local & direction of orthotropic
foundation with respect to the global x-axis of the system;
kiws kow ca, kge and kg, respectively are linear spring,
nonlinear spring, damper, ¢ -shear and {-shear constants.

The pressure induced by a fluid (Pygiq) can be obtained
by the linearized Bernoulli formula as follows (Bochkarev
and Matveenko 2013a)

oD oD oo
P,o=p U 0, 21
Fluid p( ot ox (oF 89) (21)

where p, U and oy are the density, axial velocity and angular
velocity of the fluid. Using Egs. (A1)-(A6), the generated
forces and the bending moment caused by Lorentz force
may be calculated as (Ghoorbanpour Arani et al. 2015c)

” o*u  d%u
R! =77hH§5gg(a)C—2+—Rza E ] (22a)
” ov 0%
R(9 :ﬂhH§5xg[¥+R2692 j, (22b)
’w 0w
m __ 2
. ’”{“(ma—]
S ?*w  d*w (22¢)
T et R0 )|
. o’w 0w
= "h{’%{m‘ax—zJ
2 *w  O*w (23)
+H, | S22
* ”{axz R2692]
m nhH? o*w o*w
Mi=="0 5”{R3593+Raaax2 ' (23b)

The motion equations can be derived based on
Hamilton's principle as follows

'[:(511 _ W — 5K )dt =0. (24)

Substituting Egs. (18)-(23) into Eq. (24) yields the CST
motion equations as follows

oN, oON o

ou: +—0 LR =] —, 25
o RoO o (25)

oN., @N, o
ov: —axg +—R66; +R9 = ]0 y, (26)
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20. 2 2 (29)
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Noted that the last equation is the perturbation velocity
potential @, in the cylindrical coordinate system (x, 6, z) for
small perturbations to describe the motion of the rotating
fluid. In addition, C and M = U/C are respectively sound
velocity in liquid-particle and the Mach number.

In above relations N. and N/ are combination of
mechanical and electrical forces which can be expressed in
dimensionless form as

NY =0,
N =N g > (300
' Nf=2631V0,
NM =0,
N/ =NM+NE>{° (30b)
Ng =2e,l,,

The following boundary conditions are assumed for the
separator based on CST

* Simple-Simple (SS)

x=0=v=w=M_=¢=0=0,
oD (31a)

* Clamped- Clamped (CC)

x=02u=v=w=¢=0=0,
oD (31b)

x=02u=v =w=¢=—-=0,
ox

* Clamped- Simple (CS)

x=02u=v=w=¢9=0=0,

1
x=L>=v =W=Mm=¢=a£=0. Blo)
’ ox

4.2 FSDT

Based on FSDT, the displacement field can be expressed
as may be written as (Amabili 2008)

u,(x,0,z,t) =u(x,0,t)+zy (x,0,t), (32a)
u,(x,0,z,t) =v(x,0,t) + zy,(x,6,1), (32b)
uy(x,0,z,t) =w(x,0,t), (32¢)

where w, (x, 6, f) and y, (x, 6, ) are the rotations of the
normal to the mid-plane about x- and - directions,
respectively. However, the nonlinear strain-displacement
relations associated with the above displacement field can
be derived as

2
g o ou L(ow) 0w, (33a)
Tooox 2\ 0ox Ox
2
Egp = v w L ow +za%, (33b)
R0® R 2\ ROO ROO
ow v
= ——+y,, 33c¢
Ve R0 R Vo (33¢)
ow
Ve = Vo (33d)
Ox
ov 0 ow ow 0 0
Vi =—+ i +2( Vs | W"). (33¢)
Ox ROO Ox ROG RO  Ox
Eqgs. (6) and (7) for FSDT can be simplified as
o] [CiCo 0 0 0fen
Ooo CrCy 0 0 0 ||&y
7, |=| 0 0 C, 0 0 [{7,
sz O O 0 C55 0 ]/xz
T, 0 0 0 0 Cgxlly.
P ] L ] 66 1 (Vxo (342)
0 0 e
0 0 e,||E,
-1 0 e, 0 JE,,
es 0 0 ||E,
10 0 0]
ng
D, 0 0 0 e,0||¢plle, 0 O0]|E,
Dy|=10 0 e, 0037, 0 €, 0 |JE,;. (34b)
D, e ep 00 0]y |[0 0 ey]lE,
7/):9

The potential energy of FSDT can be written as follows
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oy, Vo pg [ OV OV )|y
RGO ox

_O.SJ(D{COS(%+Da(cos(%)§—§;J

(33)

where the stress resultants (Ny, Ngg, Ny, Ox, On, Myx, Mg,
M,y) are defined in Appendix B. The kinetic energy of
FSDT can be obtained as follows

ceosf |1 (%] +(2) (2]

o ot ot ot
2 2
+1, W, + Az, dA.
ot ot
where the moment of inertia (ly, I;, I) are defined in
Appendix B. However, Egs. (A1)-(A3) and (A7)-(A9), the

generated forces and the bending moment caused by
Lorentz force may be calculated by

. o’'u  ou
Rx = UhH;é‘&g(ax—z + WJ’ (373)
" v o
R9 = nthé‘,\g(a 2 2892 J: (37b)
o*w oy,
R™ =ph| H25,,| — + 0
= = { Z ‘”(aﬁ Raej
A (37¢)
+HS,, W, Ve ,
’ ox?  Ro6
m 77h3H2 azw.‘( 62(//)(
M =059 o e ) (382)
w_ NPH? Py, Oy
M§ =700 g7 o | (38b)

Noted that the induced forces due to the viscoelastic
foundation and rotating fluid are the same as Egs. (20) and
(21), respectively. Substituting Egs. (35), (36), (37), (398),
(20) and (21) into Eq. (24) yields the CST motion equations
as follows

2
s N Ny pu_y O AT/
ox  Ro6O 62 or?
2 2
ov: Ney +—6N€9 +%+R”’ I, a—+l a%, (40)
ox RO R ’ o or?
ow: aQ 99 +a Nx/@ +—6 N} ow
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m 0w
+4q.+q,+ R} _10?3
oWy : —aM”+aM -0.+M7
ox RO6O
, 5 42)
., O0u 0wy
Tt
8M 8
7% -0y + My
8x R@H
5 ) (43)
_ oy I oy,
hE TR e
5p: G,+G,-G,=0. (44)
2 2
Sb- 6(D+L6(D
ox* R? 06?
2 2 2
- 12 6J?+U28q2)+2an)
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2Q 2 2 (45)
20, @0 1
c, " ax06 Caoar

Q. (e
+ '/2 _aqz)_R(a_W+U6_W+Qfa_Wj
C, \ 00 ot Ox 00
The following boundary conditions are assumed for the
separator based on FSDT:
* Simple-Simple (SS)

x=0=>v=w=y,=N

0 (46a)
x=L=>v=w=y,=N_=M_=¢=—2=0,
Ox
* Clamped- Clamped (CC)
X :0:}” =V =W :(//x :w9:¢:q):0
46b
x=0u=v=w=y, = ¢_6(I) (46)
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* Clamped- Simple (CS)

XZL:>V =W :Wx :N)cx:Mxx:¢:Z£:0'(460)
X

4.3 SSDT

Based on SSDT, the displacement field can be obtained
as (Thai and Vo 2013)

ow,(x,0,1)
ox

Zawb(xﬁ,t) B

u](xaeyzat):u(xaeat)_ 9(473)

Z@wb(x,ﬁ,t)_faws(x,ﬁ,t)

uz(x,g,Z,t):V(x,e,t)_ Rae Rae

. (47b)

Uy (x,0,z,t) =w, (x,0,t) +w,(x,0,1), (47¢)

where f = z—ﬁsin%; wy(x, 6, 1) and wy(x, 0, f) are the
V1

bending and shear components oftransverse displacement.
The nonlinear kinematic relations can be expressed as
follows

2 2 2
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2 2
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5 (48¢)
o’w, o'w,
-2z -2f ,
Roxo0 Rox060

where p:cos%. Egs. (6) and (7) for SSDT can be

simplified as

o] [Ci Gy 0 0 0 ][
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D. e e 00 0]y |0 0 ey]lE
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The potential energy of SSDT can be expressed as
follows

2 2
U= osj ou l% oo
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ROGRx " RoO o

ol Dol 2)
ol -2 o

where the stress resultants (N, Ngg, Nyg, Or, Op, Myv, My,
M., Sx> Sos, Swe, Frx» Feg) are defined in Appendix B. The
kinetic energy of SSDT can be obtained as follows

o] o[ 2] (2 (22 (22
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1)

where the moment of inertia (lo, Iy, I, I, Iy, I5) are defined
in Appendix B. However, using Egs. (A1)-(A3) and (A10)-
(A12), the generated forces and the bending moment caused

by Lorentz force may be calculated by
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Rx = ﬂhHéé‘HB(y "rm],

" orv o
w5 =i S i)
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(52b)
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) (53a)

2nh*H? O*w. O*w.
+7739§x9 o+ |
T R°06° ROGox

oW, + + +
12 Yl RG> RoGOx* R06° ROGOX*

J (53b)

Noted that the induced forces due to the viscoelastic
foundation and pulsating fluid are the same as Egs. (20) and
(21), respectively. Substituting Egs. (50)-(53) and (20)-(21)
into Eq. (24) yields the SSDT motion equations as follows

ON_, ON, " 0%u
— t R =l —,
ox  ROO ot
2
Ny +—8N‘95 +%+Rg’ :Ioﬂ,
ox RoO R ot*
o0*M oM M
&’Vb . XX 00 + a x0
ox?  R?06* Rox06

/ aWb

N, . ow
——‘9+i N/ —t |+ 0 N,
R oOx ox ) ROO ROO

)

(54

(35)

(56)

+qe+qf+RZ’” +MT+ Mg

_; 82wb+62w5
% et e

(56)
—(1,+1 0w, + 0w,
2 M arPox®  RY0r00* )
6\’\7 : aQSxx + aQSBH +2 aQSXH _,r_anx +6F99
: ox*  R%*06? Rox06 ox  RoO
+i N{% +i Ng aWS
Ox Ox ROO ROO
+q,+q, + RO+ M7+ My (57)
o*w, O*w
=I b + K
0( orr o j
o*w o*w
-+ =+ |
. “)(aﬂaxz R26t26¢92]
op: G,+G,-G,=0, (58)
2 2
Sb- 0D +L8 ()
ox?  R? 06?
2 2 2
~ 12 a?* 26?+2U6(D
CE//,. ot ox OoxOt
0 ) ) (59)
_0,( 20 100
Cy ox00 C 060t

Q2
+ fZ a_CIZ)_R[a_W+Ua_W+Q/a_Wj
c, \oer Lo o o

The following boundary conditions are assumed for the

separator based on SSDT:

+ Simple-Simple (SS)

x=0=>v=w,=w,=M_=¢=0=0,
x=L=v zwbzwszMX=¢=%(::0, (60a)
* Clamped- Clamped (CC)
x=0u=v=w,=w=¢=0=0,
x:O:>u=v:wb:wS:¢=g;f=0, (60b)
* Clamped- Simple (CS)
x=0=v=w,=w =¢=0=0,

x:L:>v:wb:wS:Mm:¢=Z;j=O (60c)

5. Solution method

There is a lot of numerical method to solve the initial-
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and/or boundary value problems which occur in engineering
domain. Some of the common numerical methods are FEM,
Galerkin method, finite difference method (FDM), GDQM
and etc. FEM and FDM for higher-order modes require to a
great number of grid points. Therefore these solution
methods for all these points need to more CPU time, while
the GDQM has several benefits that are listed as below
(Bert and Malik 1996, Liew and Liu 2000, Gupta et al.
2006)

(1) GDQM is a powerful method which can be used to
solve numerical problems in the analysis of
structural and dynamical systems.

(2) The accuracy and convergence of the GDQM is
higher than FEM.

(3) GDQM is an accurate method for solution of
nonlinear differential equations in approximation
of the derivatives.

(4) This method can easily and exactly satisfy a
variety of boundary conditions and require much
less formulation and programming effort.

(5) Recently, GDQM has been extended to handle
irregular shaped.

Due to the above striking merits of the GDQM, in recent
years the method has become increasingly popular in the
numerical solution of problems in engineering and physical
science. DQM is used in this paper which approximates the
partial derivative of a function with respect to a spatial
variable at a given discrete. Hence, the n™-order and m™-
order of partial derivative of function F(x, 8) with respect to
x and O respectively, can be written at the point (x;, 6;), as
follows (Nie and Zhong 2007, 2010, Tornabene and Ceruti
2013, Fantuzzi et al. 2015, Ghorbanpour Arani et al. 2013,
2015c¢)

"F(xl,@ i

Z F(x,0,) n=lL.,N

«~L (6D

d"F(x,0)
TJ=ZB§?")F(XH5’/) m=

=1

LN, =1, (62)

dn+mF( ” j) N, Ny o o)
dx"do" Z:I:;Aik B_jl F(xkael)a (63)

where A4(” and B(’") are the welghtmg coefficients corres-
ponding to the »' order and m™-order partial derivative of
F(x, 6) with respect to x and 6 respectively, which can be
written for fist derivative as follows

&, for i#j, i,j=12,....N,
(x; —x, )M (x,) 2
47" = (64)
_ZA’/ , for i=j, i,j=12..,N,
1#]

_ PO g s i j=12..N,
(91‘_0/')})(‘91')
1 _
BY = (65)
_ZB;I)’ for i=j, i,j=12,.,N,
i‘;j
where
NX
M) =] [ -x)). (66)
J#i
No
Py =T1® -6y (67)

J=1
J#i

Noted that for higher order derivative, the following
formulas can be used

(n-1)
A(”) — HLA(” 1)A(1) —] (68)
(x; —x;)
B(m 1
B(rn) =m B(m HpM _ 69

In addition, Ny and N, are the number of grid points in x
and @ directions respectively, which can be obtained by
Chebyshev polynomials as follows (Ghorbanpour Arani et
al. 2013, 2015¢)

L i—1
P , i=L.,N
X; 2{ cos(Nx_Jﬁ} i . (70)
0= 1—cod =L 2| iz1w, (71)
2 N,-1

However, applying DQM to motion equations yields the
following coupled matrix equations

¥, Y,
[M]| . |+][C,+Cy1]| .
Y, \— LY
Y, 0
+| [K, +K,, ] = ,
(K] Y 0

where [K] and [Ky;] are the linear and nonlinear stiffness
matrixes, respectively; [C;] and [Cy;] are the linear and
nonlinear damp matrixes, respectively; [C] and [K] are the
respectively, damping and stiffness matrixes related to
pulsating fluid; [M] is the mass matrix; {Y} is the
displacement vector (i.e., {¥Y} = {u, v, wp, wy, Wy, Wo, @, O};
subscript b and d represent boundary and domain points.
For solving the Eq. (72) and reducing it to the standard
form of eigenvalue problem, it is convenient to rewrite Eq.
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(72) as the following first order variable as
(Zy=141Z}, (73)

in which the state vector Z and state matrix [4] are defined
as

(74)

e [0] [1]
_[M_I(KL +KNL)] _[M_I(CL + CNL)]

where [0] is the zero matrix; [/] is the unitary matrix. Noted
that the eigenvaluses obtained from Eq. (73) are complex
which the imaginary and real parts are related to frequency
and damping of structure, respectively.

6. Numerical result

A separator made from PVDF is considered with the
mechanical and electrical properties listed in Table 1
(Ghorbanpour Arani et al. 2015b). The geometrical
parameters of separator are considered as length to
thickness ratio of a/h = 20and thickness to radius ration of
h/R=0.03. In all of the figures, the dimensionless frequency

Table 1 Mechanical and electrical properties of PVDF

PVDF SWCNT
Ci, = 238.24 (GPa) E=1(TPa)
Cs, = 23.6 (GPa) v=034

C), =3.98 (GPa)
Ces = 6.43 (GPa)
ey =—0.135 (C/m?)
e, =-0.145 (C/m?)
e =1.1068x10"* (F/m)
p = 1780 kg/m’

p = 2300 kg/m’

_ =\

5 - . 4
~ P "
S - /
= -~
— 4 / -
> e
o
5 /
g 3l Bochkarev and Matveenko (2013) Va i
é’ \ Present work /
2
[}
R / 1
2 AN /
g 4l i
a N\ \ /

O L L L / L L L L L

02 04 06 08 1 12 14 16 18
Dimensionless fluid angular velocity,

(@

(Q=wh4p/C,) and dimensionless angular fluid velocity

(Q, =w,hp/C,) are used. The key issue for successful

application of the rule of mixture is to determine the
SWCNT efficiency parameter #; (j = 1, 2, 3). For short
fibers, #; is usually taken to be 0.2 (Lei et al. 2014).
However, there are no experiments conducted to determine
the value of #; for the PVDF matrix reinforced with
SWCNTs. However, for parametric study, we chose from
the reported values of Lei ef al. (2014).

6.1 Validation

In this section, neglecting the piezoelectric properties,
volume percent of SWOCNT, structural damping and
viscoelastic medium, the results are validated with the
Bochkarev and Matveenko (2013a) for vibration and
stability of cylindrical shell containing rotating fluid. The
comparison results are shown in Figs. 2(a) and (b) for
imaginary and real parts of eigenvalue. It can be seen that
the present results are close to the results of Bochkarev and
Matveenko (2013a), indication validation of present work.
Noted that the little difference between this work and
Bochkarev and Matveenko (2013a) is due to the different
solution method (i.e., DQM in this work and finite element
method in Bochkarev and Matveenko (2013a)).

6.2 DQM Convergence

The convergence and accuracy of the DQM in
evaluating the imaginary and real parts of eigenvalue are
shown in Figs. 3(a) and (b) for CST, 3(c) and (d) for FSDT,
3(e) and (f) for SSDT for different grid point numbers. Fast
rate of convergence of the methods are quite evident and it
can be found that 15 and 17 grid points can yield accurate
results in CST and FSDT-SSDT, respectively.

6.3 The effect of different parameters

In all of the figures, the imaginary and real parts of
dimensionless eigenvalue are shown for different theories
versus dimensionless fluid angular velocity for the

Bochkarev and Matveenko (2013)
3L Present work

Dimensionless frequency, Re (2)
o

-4+ \
Il Il Il Il Il Il Il Il
0 02 04 06 08 1 12 14 16 18
Dimensionless fluid angular velocity, €2,
(b)

Fig. 2 Validation of present work with the result of Bochkarev and Matveenko (2013a)
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Fig. 3 Convergence and accuracy of DQM

SWCNTs volume percent of p = Veyr = 0.01. Figs. 4-9(a)-
(b), (c)-(d) and (e)-(f) are related to CST, FSDT and SSDT,
respectively. Noted that the imaginary and real parts of
eigenvalue are corresponded to frequency and damping of
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structure, respectively. Generally, the dimensionless
frequency is divided to two parts of forward (the increasing
part) and backward (the decreasing part) propagating
waves. As can be seen at a special value of the dimension-
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Fig. 4 The effects of external electric voltage on the imaginary and real parts of frequency
(a), (b): CST-(c), (d): FSDT-(e), (f): SSDT

less fluid angular velocity, the backward frequency reaches eigenvalue becomes positive and consequently, the flutter
to zero and then grows until the forward and backward instability has been occurred.
frequencies reach to each others at a certain dimensionless Figs. 4(a) and (b), 4(c) and (d), 4(e) and (f) show the

fluid angular velocity. In this state, the real part of the dimensionless eigenvalue, respectively corresponding to
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Fig. 5 The effects of SWCNT as reinforcer on the on the imaginary and real parts of frequency
(a), (b): CST-(c), (d): FSDT -(e), (f): SSDT

CST, FSDT and SSDT, for different dimensionless applied frequency and critical angular fluid velocity. It is because
voltage (V" =V,/h/{C, /€, ). It can be found that applying negative voltage induces tensile force in structure
applying negative and positive voltages to separator, while the positive one leads to a compressive force in
respectively increases and decreases dimensionless separator. However, it can be concluded that the applied
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Fig. 6 The effects of magnetic field on the imaginary and real parts of frequency
(a), (b): CST-(c), (d): FSDT -(e), (f): SSDT

external voltage is an effective controlling parameter for
vibration and stability smart control of separators conveying
rotating fluid flow.

The SWCNT volume fraction effects (p) on the
dimensionless imaginary and real parts of eigenvalue are

illustrated in Figs. 5(a) and (b) corresponding to CST, 5(c)
and (d) corresponding FSDT, 5(e) and (f) corresponding to
SSDT. As can be seen, the dimensionless frequency and
critical angular fluid velocity of the separator are increased
with reinforcing the structure with SWCNTs. In the other
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Fig. 7 The effects of structural damping on the imaginary and real parts of frequency
(a), (b): CST-(c), (d): FSDT ~(e), (f): SSDT

words, increasing volume fraction of SWCNTs leads to
higher dimensionless frequency and critical angular fluid
velocity. Physically it means that with reinforcing the
separator with SWCNT, the stiffness of structure increases.

In results, reinforcing the structure with SWCVT causes to
delay in the flutter instability of structure.

Figs. 6(a) and (b), 6(c) and (d), 6(e) and (f) for CST,
FSDT and SSDT, respectively are plotted for showing the
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Fig. 8 The effects of viscoelastic medium type on the imaginary and real parts of frequency
(a), (b): CST-(c), (d): FSDT ~(e), (f): SSDT

effect of dimensionless axial magnetic field (Hy = H,/C);)
on the dimensionless frequency and critical angular fluid
velocity of structure. Here, fourvalues of 0, 0.2, 0.4 and 0.6
are considered. It can be observed that with increasing the

dimensionless axial magnetic field, dimensionless critical
angular fluid velocity and frequency will be increased. It is
physically due to the fact that with increasing the
dimensionless axial magnetic field, the stiffness of structure



For presenting the effect of dimensionless structural
damping parameter (G = g/ h/Cy,/p), Figs. 7(a) and (b),
7(c) and (d), 7(e) and (f) for CST, FSDT and SSDT,
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Fig. 9 The effects of boundary conditions on the imaginary and real parts of frequency
(a), (b): CST-(c), (d): FSDT ~(e), (f): SSDT
increases. respectively are plotted. As can be seen, with increasing

dimensionless structural damping parameter, the dimension-
less frequency and critical angular fluid velocity of system
are decreased. It is due to the fact that with increasing
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dimensionless structural damping parameter, the damping
force which results in more absorption of energy by the
system will be induced.

In order to show the effects of surrounding viscoelastic
foundation, Figs. 8(a) and (b) for CST, 8(c) and (d) for
FSDT, 8(e) and (f) for SSDT are shown. Four different
viscoelastic medium are considered namely as without
medium, Visco-Winkler, orthotropic visco-Pasternak and
orthotropic Pasternak. As can be seen considering elastic
foundation increases the dimensionless frequency and
critical angular fluid velocity of separators. Physically it
means that putting the separatorin a viscoelastic medium
makes it more stable and stiffer. It is also observed that the
dimensionless frequency and critical angular fluid velocity
of orthotropic visco-Pasternak or visco-Pasternak model is
higher than Visco-Winkler one. It is due to the fact that
Pasternak model considers not only the normal stresses but
also the transverse shear deformation and continuity among
the spring elements. In addition, the frequency and critical
angular fluid velocity predicted by orthotropic visco-
Pasternak medium is lower than visco-Pasternak one. It is
because in orthotropic visco-Pasternak medium, the shear
layer is considered with the angle of 45 degree.

Figs. 9(a) and (b), 6(c) and (d), 6(e) and (f) for CST,
FSDT and SSDT, respectively are plotted for presenting the
effect of different boundary conditions on the dimensionless
frequency and critical angular fluid velocity of structure.
Here, three boundary conditions of SS, CS and CC are
considered. It can be observed that for the CC separator, the
dimensionless critical angular fluid velocity and frequency
are higher than CS and SS separators. It is physically due to
the fact that for the CC boundary conditions, the stiffness of
structure increases.

A comparison of three different theories in predicting
the dimensionless frequency and critical angular fluid
velocity is presented in Figs. 10(a) and (b) corresponding to
CST, 10(c) and (d) corresponding FSDT, 10(e) and (f)
corresponding to SSDT. It can be found that the dimension-
less frequency and critical angular fluid velocity predicted
by SSDT are lower than FSDT and CST. It is perhaps due to

the fact that the flexibility of structure modeled by SSDT is
lower that other theories. Furthermore, the displacement
field in SSDT is close to the deflection of structure and it
can be another reason for more accuracy of this theory. It
can be also found that the results calculated by CST are
much overestimated with respect to FSDT and SSDT.

7. Conclusions

Assessment of CST, FSDT and SSDT for nonlinear
vibration and stability analysis of piezoelectric nano-
composite separators containing rotating fluid was achieved
in the present work. To consider the structural damping
effects in the structure, Kelvin—Voigt theory was incor-
porated. The behavior of the rotating fluid was described in
the framework of the potential theory and linearized
Bernoulli formula. The separator was subjected to 3D
electric and 2D magnetic fields and was surrounded by
nonlinear  orthotropic  visco Pasternak  foundation.
Numerical simulation is done using a DQM for calculating
the dimensionless frequency and critical angular fluid
velocity. The effects of different parameters such as external
voltage, magnetic field, visco-Pasternak foundation,
structural damping and volume percent of SWCNTs were
shown on the vibration and stability of structure. Numerical
results shown that at a special value of the dimensionless
fluid angular velocity, the forward and backward
frequencies reach to each other’s which the flutter
instability was occurred. It can be found that applying
negative and positive voltages to separator, respectively
increases and decreases dimensionless frequency and
critical angular fluid velocity. The dimensionless frequency
and critical angular fluid velocity of the separator were
increased with reinforcing the structure with SWCNTs. It
can be observed that with increasing the dimensionless axial
magnetic field, dimensionless critical angular fluid velocity
and frequency will be increased. In addition, with
increasing dimensionless structural damping parameter, the
dimensionless frequency and critical angular fluid velocity
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of system were decreased. It can be also found that the
dimensionless frequency and critical angular fluid velocity
predicted by SSDT were lower than FSDT and CST. The
results of this study were validated by Bochkarev and
Matveenko (2013a). Finally, it was hoped that the results of
this paper would be beneficial for the design of separators
used in oil and gas industries.
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Appendix A

The Lorentz force due to a steady magnetic field, H, can
be obtained as follows (GhorbanpourArani et al. 2015c)

fm—n[VX(VX(uhXHO))]XHO, (A1)

where 7, V, u, h and J are the magnetic permeability of the
SWCNTs, gradient operator, displacement field vector,
disturbing vectors of magnetic field and current density,
respectively.Noted that in this paperthe magnetic field
isassumed as H,=H J 4,6 +H,0,,6, where J is the

Kronecker delta tensor. The generated forces and the
bending moment caused by Lorentz force may be calculated
by

(Re Ry )= (f for ), (A2)
ERTERVE S WV AR (A3)

Using Egs. (14a)-(14c), the Lorentz force per unit
volume for CST can be calculated as
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Using Egs. (31a)-(31c), the Lorentz force per unit
volume for FSDT can be expressed as
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Using Egs. (46a)-(46c), the Lorentz force per unit
volume for SSDTcan be expressed as
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Appendix B

The resultant force and moments may be calculated as

N, O
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where k' is shear correction factor which used in FSDT.
Furthermore, the moment of inertia in kinetic energy of
three theories can be defined as

h/
(o, 1,,1,,1,,0,,15) = Jihpll,z,zz,fz,zf,f)dz. (BS)

Using Egs. (16) and (17), the resultant force and
moments for CST can be written as
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Using Egs. (33) and (34), the resultant force and
moments for FSDT can be written as
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