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Abstract. This paper deals with nonlinear dynamic stability of embedded piezoelectric nano-composite separators conveying
pulsating fluid. For presenting a realistic model, the material properties of structure are assumed viscoelastic based on Kelvin-
Voigt model. The separator is reinforced with single-walled carbon nanotubes (SWCNTs) which the equivalent material
properties are obtained by mixture rule. The separator is surrounded by elastic medium modeled by nonlinear orthotropic visco
Pasternak foundation. The separator is subjected to 3D electric and 2D magnetic fields. For mathematical modeling of structure,
three theories of classical shell theory (CST), first order shear deformation theory (FSDT) and sinusoidal shear deformation
theory (SSDT) are applied. The differential quadrature method (DQM) in conjunction with Bolotin method is employed for
calculating the dynamic instability region (DIR). 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 SWCNTs on the
dynamic instability of structure. The numerical results are validated with other published works as well as comparing results
obtained by three theories. Numerical results indicate that the magnetic and electric fields as well as SWCNTs as reinforcer are
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very important in dynamic instability analysis of structure.
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1. Introduction

Separators which can be used commonly in oil and gas
industry are a pressure vessel for separating the fluids into
their constituent components of oil, gas and water. The
separators can be divided into horizontal, vertical, or
spherical separators. Usually, the inlet fluid of separators is
pulsating and the dynamic stability analysis of them is
essential. However, in this paper, the separator is simulated
with a cylindrical shell conveying pulsating fluid.

Mechanical analysis of cylindrical shells has been
investigated by many authors. The mechanism of wind-
induced ovalling vibrations of cylindrical shells was
numerically investigated by Uematsu et al. (2001) using a
vortex method. Vibration and buckling analysis of
composite cylindrical shells conveying hot fluid were
studied by Kadoli and Ganesan (2003) using semi-
analytical finite element method. Patel et al. (2006)
investigated static and dynamic instability behaviors of
stiffened shell panels under the uniform in-plane harmonic
edge loading based on Hill’s infinite determinant. Axial
stability of cylindrical shell with an elastic core was
investigated by Ghorbanpour Arani et al. (2007) using
energy method. Nonlinear dynamics behaviours of pipes
conveying pulsating fluid was investigated by Wang (2009)
using Runge-Kutta scheme. Vibration analysis of CNTs
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reinforced composites was presented by Formica et al.
(2010) employing Eshelby-Mori-Tanaka approach. Donnell
shell model in conjunction with the beam models, the
transverse vibrations of single-and double-walled CNTs are
investigated by Ghorbanpour Arani ef al. (2010). De Bellis
et al. (2010) considered the behaviour of a fluid conveying
pipe on a partial elastic foundation based on Timoshenko
beam model. Using the Amabili-Reddy higher-order shear
deformation theory, Amabili (2011) presented nonlinear
forced vibration of laminated circular cylindrical shells by
Lagrange method. Buckling analysis of laminated
composite plates reinforced by SWCNTs was carried out by
Ghorbanpour Arani et al. (2011a) using an analytical
approach as well as the finite element method. Mohammadi
and Sedaghati (2012) presented vibration response and its
optimization of viscoelastic sandwich cylindrical shell. A
closed-form formulation based on 3D refined higher-order
shear deformation theory was presented by Khalili et al.
(2012) for free vibration analysis of laminated composite
shell was investigated by Kumar et al. (2013b) using an
efficient 2D finite element (FE) model based on higher
order zigzag theory. Analyzing the vibration of circular
cylindrical shells subjected to different boundary
conditions. Influence of latitude wind pressure distribution
on the responses of hyperbolodial cooling tower shell was
presented by Zhang et al. (2013). In numerical modeling
procedure, soil parameters were modeled by Srivastava and
Sivakumar Babu (2011) as two-dimensional non-Gaussian
homogeneous random field using Cholesky decomposition
technique. Static analysis of laminated composite and
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sandwich shell was presented by Kumar et al. (2013a)
developing a CO finite element (FE) formulation based on
higher order zigzag theory (HOZT) using Sander’s
approximations. An another work by Kumar et al. (2013b),
free vibration analysis of laminated composite skew hypar
shells were presented using a CO FE formulation based on
HSDT where the isoparametric FE used in the present
model consists of nine nodes with seven nodal unknowns
per node. Using Navier-type closed-form solution, Mantari
and Guedes Soares (2014) presented the optimization of the
sinusoidal higher order shear deformation theory (HSDT)
for the bending analysis of functionally graded shells.
Forced vibration response of laminated composite and
sandwich shell was studied by Kumar et al. (2014) using a
2D FE (finite element) model based on higher order zigzag
theory (HOZT). Liew et al. (2014) studied postbuckling
analysis of CNT-reinforced functionally graded cylindrical
panels using a meshless approach. Lei et al. (2014) used the
mesh-free kp-Ritz for dynamic stability analysis of CNT-
reinforced functionally graded cylindrical panels under
static and periodic axial force. Nonlinear behaviour of CNT-
reinforced functionally graded cylindrical panels was
addressed by Zhang et al. (2014a) based on the Eshelby-
Mori-Tanaka approach. Zhang et al. (2014b) employed
mesh-free kp-Ritz for vibration analysis of CNT reinforced
composite cylindrical panels based on FSDT. Nonlinear
vibration and dynamic response of imperfect eccentrically
stiffened functionally graded thick circular cylindrical shells
were studied by Duc and Than (2015) using both the FSDT
and stress function. Based on FSDT, Yang et al. (2015)
studied free vibration and damping analysis of thick
sandwich cylindrical shells with a viscoelastic core.
Vibration analysis of cylindrical shells conveying fluid was
studied by Seo et al. (2015) using FE method. Static
stresses analysis of CNT reinforced composite cylinder was
investigated by Ghorbanpour Arani et al. (2015a). A CO FE
formulation based on HSDT was developed by Kumar et al.
(2013c) for free vibration analysis of composite skew
cylindrical shells. A new reinforcing element including the
elements (anchors) attached to the ordinary geogrid for
increasing the pull-out resistance of the reinforcement, was
used by Mahdi and Katebi (2015). Vibration analysis of
embedded functionally graded (FG)-carbon nanotubes
(CNT)-reinforced piezoelectric cylindrical shell subjected
to uniform and non-uniform temperature distributions were
presented by Madani et al. (2016).

Considering the immense advantages offered by
piezoelectric structures, Tzou and Gadre (1989) proposed a
multi-layered thin shell integrated with PVDF actuator
layers based on Hamilton’s principle. Based on Hamilton’s
principle, Maxwell equation and FSDT, Sheng and Wang
(2010) studied free vibration and buckling of the
functionally graded piezoelectric cylindrical — shell.
Alibeigloo and Kani (2010) focused on the vibration
analysis of hybrid laminated shell with various boundary
conditions based on an analytical solution for simply
supported boundary condition and DQM for the other
boundary conditions. Ghorbanpour Arani et al. (2011b)
studied electro-thermo-mechanical stress analysis of
rotating functionally graded piezoelectric cylinders.

Ghorbanpour Arani et al. (2012) studied nonlinear vibration
of embedded piezoelectric composite microtube conveying
fluid based on Reddy beam theory. In another work by the
same authors (2013), nonlinear vibration and instability of
embedded double-walled boron nitride nanotubes based on
nonlocal cylindrical shell theory were presented.
Ghorbanpour Arani et al. (2013a) studied electro-thermo-
elastic stress analysis of piezoelectric polymeric thick-
walled cylinder reinforced by BNNT. Ghorbanpour Arani et
al. (2015b) investigated electro-thermal nonlinear vibration
and stability of a embedded smart composite micro-tube
reinforced by Boron-Nitride nanotubes (BNNTs). 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 Rabani Bidgoli ef al. (2016).

To the best of our knowledge, the mechanical analyses
of separators however have not received enough attentions
so far. Motivated by these considerations, in order to
optimize the separators designing, our end is to investigate
pulsating fluid induced dynamic stability of piezoelectric
separators reinforced with SWCNTs. The elastic medium is
simulated with nonlinear orthotropic visco-Pasternak
medium. The Kelvin-Voigt model is assumed for
incorporating the structural damping effects. CST, FSDT
and SSDT are applied for obtaining the motion equations.
The separator is subjected to 2D magnetic and 3D electric
fields for smart dynamic stability control of structure. DQM
in conjunction with Bolotin’s method is used for calculating
DIR. The effects of external voltage, magnetic field, visco-
Pasternak foundation, structural damping and volume
percent of SWCNTs on the dynamic stability of separator
are shown.

2. Mathematical modeling

Consider a piezoelectric separator modeled with cylin-
drical shell as depicted in Fig. 1 in which geometrical
parameters of length L, radius R and thickness % are
indicated. The cylindrical coordinate is considered in the
middle surface of shell in which x, 8 and z represent the
axial, circumferential and radial directions, respectively.

2.1 CST

Based on CST, the displacement components of an
arbitrary point in three directions may be written as
(Amabili 2008)

0y (50,2, = u(x,0,1) — z A0 (1a)

ox
uﬂxﬁ,z,t)zv(x,&,t)—z%, (1b)
u3 (x7 09 Z’ t) = W(x9 9’ t)) (lc)

where u(x, 0, t), v(x, 6, t) and w(x, 6, t) are translations of a
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Fig. 1 A schematic figure for piezoelectric nano-composite separator conveying pulsating fluid

point at the middle-surface of the shell. Using Donnell’s 2.3 SSDT
theory, the nonlinear strain-displacement relations may be
expressed as Based on SSDT, the displacement field can be obtained
u 1(ow)  w using Eq. (5) as (Thai and Vo 2013)
TR .
ox 2\ 0ox ox ow,(x,06,1) ow,(x,6,t)

995 1) = 969t - - )
u(x,0,z,t) =u(x,0,t) -z - S - (5a)

(2b)

Ego =

oV w ( ow ) o*w
+—+— -z ,
RO6 R 2\ RO6O R*06*

4y (5,0, 2,1) = v(x, 0,1) — z 20D _ pOWOD) -
ou v ow ow *w ROO ROO

V= L, . 2¢)
ROO ox  ox ROO - Roxod

u}(xagszst):Wb(xaeat)-‘rws(xsgst)s (SC)
2.2FSDT

h . m
Based on FSDT, the displacement field can be expressed where /= z—;s1n7, wix, 0, 1) and wi(x, 0, 1) are the

as may be written as (Amabili 2008) bending and shear components of transverse displacement.

(5,0, 2,6) = u(x, 0,1 + 2 (x,0.,1), 3a) The nonlinear kinematic relations can be expressed as

follows
0, (x,0,2,) = v(x,0,1) + 2y, (x,0,1), (3b) ou 1(ow, P oifew, Y _dtw, 0w
E = +— . -z P _f 2 ’ (6 )
| 6x 20 ar Ox Ox Ox
uy(x,0,z,t) = w(x,0,t), (3¢)
2 2
where y(x, 6, 1) and yy(x, 0, f) are the rotations of the c ov W, W l ow, +l ow,
normal to the mid-plane about x- and O- directions, o= RO R R 2\ ROO 2\ R0OO
respectively. However, the nonlinear strain-displacement 5 e e (6b)
relations associated with the above displacement field can —( W ] -z— sz -f—= sz ,
be derived as 2\ ROO R°00 R°00
2
. :Z_MJF%(Z_WJ +Zaé/’x ’ (4a) ow, v 6
X X X Voo =D -—— c
ROO R’
o w1 ow) oy,
Epp=——F—F—| —— | +z 4b ow,
“ RO6 R 2(R6¢9J RO’ (4) Ve —pg (6d)
ow v
Vo =————tY,, (4c) Ou Ov (oOw, Ow, \[ Ow, oOw,
ROO R w=- Attt +
70~ Roo "ax ax  ox J\ROO  RoO
5, o’w o’w (62)
w
=——+vy,, 4d -2z b2 s
Te = Vs () Roxoo > Raxod

Q+ Ou +6w ow +Z(6l//x 61//9).
Ox ROO 0Ox ROO ROO  ox

Vo = (4e) where p = cos%.
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3. Constitutive equations for
piezoelectric separator

As it is well known, applying an electric field and
mechanical displacement to piezoelectric materials yield a
mechanical displacement and voltage, respectively.
However, 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)

(le = C1ijkl 8/{/ eym Em’ (7)

D =e, ¢, +€,E,, 8)

ijm < jm

where Cyi, e, €in are elastic constants, piezoelectric
constants, dielectric constants, respectively, which can be
determined for separator reinforced with SWCNT from
Mixture’s rule. In addition, E,, (m = x, 6, z) representing
electric field which can be defined as a function of electric
potential as (Ghorbanpour Arani et al. 2015¢)

Ex:_%’ Eﬁz_ﬁ’ Ez:_% (9)
Ox ROO oz

The above equations for CST may be simplified as

O G, G, 0 |l&, 0 0 e |lE
Op |=|Co Gy 0 964 —|0 0 ey, |1E,p (10)
T, 0 0 Cull7, 0 0 0]|E
D 0 0 O0|le, g, 0 0 |[|E,
Dyi=| 0 0 O0[q6p+| 0 €, 0 RRE, - (11
D e e, 0]7, 0 0 eyu]lE

Egs. (7) and (8) for FSDT and SSDT can be simplified
as

o G, G, 0 0 0 |le, 0 0 g
0wl |Co Cy 0 0 0 |ley| |0 0 ey,
T |=| 0 0 Cy 0 0 37270 ey 0[{E(12)
T, 0 0 0 Cx 0 ||y, es 0 0| E
7] L0 0 0 0 CullVe 0 0 0

g)ﬁx
DT [0 0 0 e5 0]leyl[e, O O0T7[E,
D,|=10 0 e, 0 0|37/ 0 €, O (13)
|D.] & e, 0 0 O0]jy. (L0 0 e5][L.

Vxo

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. 2015b)

D(x,0,z,t)= —cos( j (14)

where 7} is external electric voltage. Substituting Eq. (14)
into Eq. (9) yields

7z \0¢p
E = — ==,
. cos( P j o (15a)
mz\ O¢
E, = — =,
P cos( - )R@H (15b)
T Y4 2V
E =—-"-sin| — |¢p - —2.
. ) sm( p ] p (15c¢)

Based on Kelvin-Voigt (Ghorbanpour Arani et al.
2015b) model, the elastic constant of structure can be
defined as

Y =cy [1 +g 66 ) (16)

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. Mixture method

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

Ey =nVenrE +(1=Veyr)E,, (17a)
M _ Venr (1 (A=Venr) ’ (17b)
E22 Er22 Em
/- Venr (1 (=Veyr) ’ (17¢)

GIZ GrlZ Gm

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

Went

Wewnr T (pCNT /P, )_ (pCNT /Py )WCNT ’ (18)
V, =1-Veyr,

Venr =

where wenr, 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
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szCNTpr +I/m,pm,’ (19)

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

5. Energy method

In this section, energy method and Hamilton’s principal
are used for obtaining the motion equations. The total
potential energy of the structure is the sum of potential
energy, U, kinetic energy, K and the work done by the
external forces, W which may be written generally as

U= [, (20)
K =2 () + )+ ) v, @1
W= j gwdA. (22)

5.1CST

The potential energy of CST can be obtained by substi-
tuting Egs. (10) and (11) into Eq. (20) as follows

2
U:O‘SJ. N, a—“+l[a—wj
Tlox 2\ ox

v w 1 owY ou oOv oOw ow
+ Ny, +—+—=|——=| [+N, +t—t——
R6O R 2\ ROO ROO 0Ox ROO ox

2 2 2
O P M}M 23)

“o  "R206° T " RoOox
—0.5“- D, COS(EJ% +D, cos{zjﬁ
' h ) ox h )ROO
+D, —fsin(ﬁ}ﬁ—% dzdA.
o Uh h

The kinetic energy of CST can be obtained by substi-
tuting Eq. (1) into Eq. (21) as follows

2 2 2
K:O.SJ.IO (N U I el
ot ot ot
B ou 62w+@ o*w
'\ or otox ot Rotod

2w\’ o'w )
+1, + dA.
Otox R?0t%06*

The external works can be induced by nonlinear
orthotropic visco-Pasternak medium, pulsating 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 (Ghorbanpour

24)

Arani ef al. 2015b)

— _ 3 _ .
q,=—k,w—k,w —c,w

2 2 2
+kg5[coszﬁg—?+2cosasin9 ow 2
X

+sin” @ zj
Ox0y oy (25)

2 2 2
+k,, sinzﬁa—w—2sin9cost9 ow +00529a ld A
’ ox? Ox0y oy*

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

The force induced by internal fluid may be described by
the well-known Navier-Stokes equation as flowers

av
,o_I.E:—VP+,uV2V+Fdey, (26)

where V = (v,, vy, v,) is the flow velocity vector in polar
. D . . ..
coordinate; Ft is the material or total derivative; P, u and

pr are the pressure, viscosity and mass density of the fluid,
respectively; Fj.q represents the body forces. After some
mathematical operations, the external work of the fluid can

be expressed as
2 aZW
VX
ox?

o*w o*w
qr=—p; +2v, ——+
N 63w+ o*w . 83_w+ ow
Movar R\ av | R00%x )|

or’ oxot
The pulsating internal flow is assumed harmonically as
follows

@7n

V. =V,(1+ feos(an)). (28)

where V), f and w are the mean flow velocity, the harmonic
amplitude and pulsation frequency, respectively. The
Lorentz force due to a steady magnetic field, Hy can be
obtained as follows (Ghorbanpour Arani et al. 2015b)

£, = n[v x w} H,, (29)

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 paper the magnetic field is
assumed as H,=H 0 e +H,0,4e, where J is the

Kronecker delta tensor. Using Eqgs. (1a)-(1c), the Lorentz
force per unit volume can be calculated as

Qu, Pu | [Pw Dw (300)
o’ R0 o Roxoo” | 8

o*v o*v o*w *w
fo= va5){{(§+ RZGHZJ_Z(R%@ " RoGex H (300)

fo= 77H§599 |:(
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*w  *w o*w
A S C¥ N .
f UI: 4 QS[R 602 axz J x x&( axz R

The generated forces and the bending moment caused

by Lorentz force may be calculated by

(Re Ry R)= [ (fos S )

~h/2

hi/2
(M;_”’M;”,M:”)zJih/z(fx,fg,‘fz)ZdZ,

as a results

0*u  0%u
R = phi 25, :
7 (8x2 R*00?
. o*v 0%
Ro _”th(S*&(?+Rzaez ’
o*w 0w
R =nh| H2S
77{ ’ 93(R28492 ox?

e nh’H; 0w o*w
¥ 12 *lox®  R*0x06*
nh*H? 0w o*w
M™ =— X +
¢ 12 "\ R0O  RoGOX>
5.2 FSDT

Combining of Egs. (12), (13) and (20)

potential energy of FSDT as follows

oo 342

ov w 1 owY
+Ng| —+—+=| —
RO6 R 2\ ROO

ow v ow
+0,| ———+ +0,| —+
Qg[R@H R ‘//gjj Qx[ax (//xj

—+ + +
Ox RO6 Ox ROO

ROO  oOx

My Yo [a‘”* a—DdA
~0.5 J' (D{cos(%)%) + Dg(cos(%j_
+ DZ[—%sin(’Z j¢ ——Dd dA.

(6\/ ou Oow 8wj M,

substituting Eq. (3) into Eq. (21) as follows

e-os (3] +(3) ()
ot ot ot
Uy, Wy
@D I‘[ar o o atj

oy, ’ oy, ’
o [( AN ]]

Using Eq. (3), the Lorentz force per unit volume for

ﬂ The kinetic energy of FSDT can be obtained by
(30c)

(36)

FSDT can be expressed as
(33a) ~ _
o'u  du Py, 'y,
S =00 6x_2+R286’2j+Z( o roer )| O
(33b) ) )
(o3 &% oy, o, )]
H?S || —+ + 0 4+ -0 11 (37b
Jo =, 1 ax? Rzéﬁzj (R 2007 ax* )| (G70)
(33¢) ,o [OPw Oy, o*w oy, )]
=n| H}6, + +H?S +—2 | 37
fz n 0Y 63 axz R@H x“x8 axz R@H | ( C)
However, using Egs. (31) and (32), the generated forces
and the bending moment caused by Lorentz force may be
(34a) calculated by
o*u  0'u
R™ = nhH25,,| — + ,
(34b) X 77 0 H&(axz Rzaez j (383)
o*v 0%
=nhH?2S 4| —+——— |,
(i ”{axz RZ@@ZJ (38b)

yields the

0’w Oy o’w Oy
R =nh|H2S5,5| —+—% |+H2S +—2
;=1 { 0 09( " R J x xS(a > " Roo (38¢)

nh’H; oy, Oy
Mlﬂ — é‘ X X N
* T2 9% e T R007 (39)
nh’H; Oy, Oy,
M) = x 39b
¢ 12 | R06*  ox? (395)

Noted that the induced forces due to the viscoelastic
(35) foundation and pulsating fluid are the same as Eqgs. (25) and
(27), respectively.

5.3 SSDT

Substituting Eqs. (12) and (13) into Eq. (20) yields the
potential energy of SSDT as follows

Lfow, ), L am )
U= 05.[( [6x+2(8xj +2(8xj] (40)




Pulsating fluid induced dynamic stability of embedded viscoelastic piezoelectric separators using

- ing... 505
1(ow, Y 1(ow, Y

+— +—
2\ Ro0) 2\ RoO

{ o*w,  O*w, 0w,
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+ S
R?*00> R?06*
S =1 HjSp
N, Q Bwb ow,
ox R6¢9

ox?
62
U p)
R&H ROO (42¢)
o ot o*w, N 62w§ _ 0w,
+Q0 R ( bJ ( 280’)2J +H25 . 6x2 6x2 R2592
X X 82
ow, o*w, o*w - —p)
M b -S s _§ s 4
xBQx[RaHaxJ xx sz 06 Rzaez ( 0)
-28,, Ow, +F, Mg My However, using Egs. (31) and (32), the generated forces
** ROGox ROO 7 Rx and the bending moment caused by Lorentz force may be
o SI . o9 + b, cos =) o9 calculated by
ox h )ROO 621/[ 6214
R = nhH92§99[—2+ﬁ], (43a)
+D{—%sin(fj¢— 2: desz. o K06
v 9%
The kinetic energy of SSDT can be obtained by Ry f5xs[ o R2 20° } (43b)
substituting Egs. (5) into Eq. (21) as follows
t at at 5t R” znh H;5g9 R ae R 80 ax
’ 2. 0w,
o ) (Gudw, v &, —-—)—==
ot ot orox ot Rowoo , , ) (43¢)
, 0*w, . 0w,  0°w,
62W o 2 o 2 R2692
( tax (Raraba] ] N 2 Zzw '
—_(1-= 5
2 2 (1) ( 72') R*00?
[ (Rataﬁj J
{ o*w, N o*w,
w, 0w, 0’w, 0O’w o PHS o | o R20x06”
oiox orox | RO00 Roro0 ' 2 % LOw o, i
3 2 2 a
J ou 0w, N ov 0w, 4 v’ R°0x00
- T — . 3772 3 3
\'or arox o Rotoo L2 Hy o (0w, 0w,
3 09 3 2 2 )
Vg Ox R-0x060
Using Eq. (5), the Lorentz force per unit volume for
FSDT can be expressed as *w 3w
b b
3172 3 3 2
aZu azu Mm _ M& R 80 R@é@x
fo =8| 5 Koae? B AT (44b)
x — 44
. . . . (428.) R3893 R@H@xz
6 W, 0w _f oW, + o"w, 2nh*H, 5 0w, o’w,
o | R'ox00" o | Roxd6” )| T %\ Roeo  Roter |
ov 9%
fo= 35*{((9 i)

Noted that the induced forces due to the viscoelastic
foundation and pulsating fluid are the same as Eqgs. (25) and
(42b) (27), respectively.
oO’w, oO’w, s o’w, N o*w,
R%06° ROGOX? R06°  ROGOx?

In above relations, the resultant force and moments may
be calculated as
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N . |
o
Noo wa | %
Nol=[ |ow | (45)
-hi2|
0, ko,
19y | ko,
_Mxx O-xx
/2
My, |= J. s Oy |2dz, (46)
_ng O-XH
_Sxx ] _O—XX
)
Soo | = .[h/z O | fdz, 47)
_Sxe_ O-XG
_F)oc i J‘h/z _O-xx d
= paz, 48
_F%_ —h/2 | O ( )

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!
(10,11,12,13,14,15)=‘MQ,Z,Z{ e fle (49)

6. Motion equations

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

J' (U =W — 5K )dt =0. (50)

6.1 CST

Substituting Eqgs. (23), (24), (25), (27), (33) and (34)
into Eq. (50) yields the FSDT motion equations as follows

2
su: W (N gy T4 (51a)
ox  ROO or?
2
S 6N—X"+6N—‘9‘9+R;”:106—:, (51b)
ox  ROO ot
5. OM. My M, N,
ox>  R00> Rx00 R
0 - OW 0 . ow
+—| N/ — |[+—| N] — 51
8x( : ﬁxj R@G( gRaej (51c)
+q9,+q,+R; + M+ M, :on,
S¢:  G,+G,—G, =0. (51d)

6.2 FSDT

Substituting Egs. (35), (36), (25), (27), (38) and (39)
into Eq. (50) yields the CST motion equations as follows

ON, N, u . Oy,

o ROO T "ot e e
2 2
5. Nup Ny +&+Rgf :[Oa—:+lla#, (52b)
ox  RoO R ot ot
su: 09, 000 Ofy ow), 0 (), ow
Oox RoO ox ox ) Ro@ Ro0O
(52¢)
m azw
+q,+q,+R} :]0?3
5(//x: aM,r,r+aMxt9 _QX+M;W
ox RO6
2 2 (52d)
G aa
Yot et
oM oM
Sy, —L+—L-0,+M}
ox ROO
i . (52e)
o‘v az
:IIW'F 2 812 B
asdf o : Gy +G, -G, =0. (521)
6.3 SSDT

Substituting Eqgs. (40), (41), (25), (27), (43) and (44)
into Eq. (50) yields the CST motion equations as follows

2
iz Pee N gy 01 (53a)
ox  RoO ot?
2
S ON , +5N,99 +&+ ” :[OQ’ (53b)
ox RoO R or?
S - o*M +62M99 ?*M, N,
b ox*  R*00> T Roxd0 R
+i NX/% +i Néf’%
ox Oox ROO ROO
+qe+qf+RZ'" +MT+My (53¢)
0w, 0*w
:[ b + K
0( ot o J
o*w o*w
—(I,+1 b b |,
(r 4{5#5# Rzaﬁaazj
5‘W . aZSxx + 62500 + aszﬂ +anx +8F00
* ox*  R?00* Rox00 ox  ROO

(53d)
. Ow 0
L9 N/ — |+ 0 N/ s
ox ox ROO ROO
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+q,+q,+R'+M"+ My

=10(82&+82W5‘J
ot? ot?

—(13+I4{ 0w, + o'w, J,
ot*ox*  R*0t*00*

5¢: G,+G,—-G, =0,

(53d)

(53e)

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

NM =0,
N/ =NY+NEF - { (54a)
=2eyV;,
X NM =0,
NJ =Ny +NE—{"* (54b)
NHE =2ey,V,,

However, combining Egs. (10)-(13), (45)-(48), the
motion equations may be obtained.

7. Solution method

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, ) with respect to
x and 6 respectively, can be written at the point (x;, 6;), as
follows (Ghorbanpour Arani et al. 2015b)

d" F(x,,e) i
=D APF(x,,0,)  n=1.,N -1, (55)
k=1
de(x,,e) No
—ZB(’”)F(xi,H,) m=1,..,N, -1, (56)
dn+mF X, N, Ny
( i /) Al(,‘")B(m)F(xk,Hl), (57)

dx"do"

k=1 [=1

where A4}" and B are the weighting coefficients corres-
ponding to the n"™-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

M(x;)
(x,—x))M(x;)’
AV =1 N

for i#j, i,j=12,.,N

(58a)
for i=j, i,j=1,2,.,N

x

Lﬁi), for i#j, i,j=12,..,N,
(gi - gj )P(ej)
B =1 (58b)
_ZB!'(/I) Jor i=j, i,j=1,2,...,N9
=
where
Ny
M(xf):H(x[_x/) (59a)
];
No
P©O)=] -0, (59b)

J#i

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

A(" 1)
A[(/.") =n A,(," I)AI;I) 7 I
(xi _xj)

(m=1)
B =m| BU" VB — By
6-0))

In addition, Ny and N, are the number of grid points in x
and O directions respectively, which can be obtained by
Chebyshev polynomials as follows

xl.:£ 1 cos| =1 7|, i=1..,N, (61a)
2 N, -1

9,,:2_”1—cos izl i=1,...N,  (61b)
2 N, -1

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

o5 | RSNG| H
1o || o)

where [K] and [Ky;] are the linear and nonlinear stiffness
matrixes, respectively; [C;] and [Cy,] are the linear and
nonlinear damp matrixes, respectively; [CY and [KY 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, wy, wy, Wy, Wo};
subscript b and d represent boundary and domain points.

(60a)

(60b)

(62)
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For obtaining the DIR of system, the Bolotin method
(Ghorbanpour Arani et al. 2015b) is used which, the
displacement vector in the Fourier series with period 27 can
be expressed as follows

T }
- (63)

Substituting Eq. (63) into Eq. (62),
coefficients of sine and equal to zero, yields

[[K] (1+a+ ][K]]
[t )ier |-

However, based on a direct iterative method, the
variation of @ with respect to a as DIR of system can be
obtained.

0

2.

m=1,3,...

%)=

+{b} cos m

m

o] o2

setting the

0.

8. Numerical result

In this section, a PVDF separator modelled with
cylindrical shell is considered with a/h = 40 and A/R = 0.04.
The mechanical and electrical properties of PVDF are listed
in Table 1 (Jalili 2010).

Table 1 Mechanical and electrical properties of PVDF

PVDF SWCNT
Cy =238.24 (GPa) E=1(TPa)
C, =23.6 (GPa) v=0.34

C1, =3.98 (GPa)
Ceo = 6.43 (GPa)
e;; =—0.135 (C/m?)
e, =—0.145 (C/m?)
e =1.1068x10" (F/m)
p=1780 Kg/m’

p=2300 Kg/m’
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Defining the dimensionless parameters as follows

(U’V’M,WY):(u,v,wb,ws)’ X:f, Z:E,
) h a h
h h
IB_E r=% V=%
0, = C11 (Cw)z o® _&_ GGy
11— > 12 = >
C]l C11C3 11 C]1C33
C C C C C
0, =—= 2_ 8/ > Q44:_44: @) =3, Qsﬁzﬁ
Ci GiCy W Gy Cy
@ :¢_, V= n , ¢ =h Gy elzezz’ , 633,
& ¢0 e” € €n
klwh ka(h )3
Ky = c K,y = C >
11 1
(E319E325E24’E15)
Cs Cy ]
€1 76363 T 63,66
_( Gy, Gy, ’ G
G S
k ,k
Q= wh fﬂ (ch,KG;) (sf ) C, - Cd
G C
11 p 1

Ca
11

(H;,H;)=<—, T—

JT

and clamped-clamped mechanical and free electrical
boundary conditions, the dimensionless pulsation frequency
is obtained and the effects of different parameters are
shown.

8.1 Convergence of DQM

The convergence and accuracy of the DQM in
evaluating the DIR for CST, FSDT and SSDT are shown in
Figs. 2(a)-(c). The results are illustrated for different values
of grid points. Fast rate of convergence of the methods are
quite evident and it can be found that 14 and 16 grid points
can yield accurate results in CST and FSDT-SSDT,
respectively.

018 0.1 0.1 p
0.091 ! 0.09F oogj L, —N=8
—>—N=10
oo8f | L . 0.08, 0.08F v —O—N=12
@ s - —O— N=14
o 0.07 = 0.07F o 0.07F — N=16
g 2 ) X
& o006 %= 0.06F & o.06F
e 3 e i
3 o.05¢ S 0.05- S 0.05-
é o.0al E 0.04F E 0.04
< <
£ 003} < 0.03r £ 003
[a] = [a
002} QA 0.02p 0.02 r
001} 0.01p 0.01 < L
. . . . . 0 . . . . . .
8_12 0.13 014 © 015 0.16 0.17 0.18 0.105 0. 11 0.115 012 0.125 0. 13 0.135 0.14 0.145 %T EL] 2 04 014 045 016 o1 0.18

Dimensionless excitation frequency, Q
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Non-dimensional excitation frequency, Q

(b)

Dimensionless excitation frequency, Q

(©

Fig. 2 Convergence and accuracy of DQM
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8.2 Validation

To the best of our knowledge, dynamic stability of
viscoelastic piezoelectric separators conveying pulsating
fluid has not reported by researchers. However, neglecting
fluid, structural damping, SWCNTs as reinforce,
piezoelectric properties and elastic foundation, present
results obtained by SSDT are compared with other
published works for vibration analysis of cylindrical shell
using 3D elasticity (Armenakas et al. 1969), refined higher-
order shear deformation theory (RHOST) (Khalili et al.
2012) and parabolic shear distribution theory (PSDT)
(Bhimaraddi 1984). Considering the material properties the
same as (Armenakas et al. 1969), the first dimensionless
frequency (Q=wh/7\p/G) for simply supported
cylindrical shell is reported in Table 2. As can be seen,
present results are in a good agreement with those reported
by Armenakas et al. (1969) and Khalili ez al. (2012).

509

8.3 The effect of different parameters

In order to show the dimensionless external electric
voltage (V") effect on the DIR of the structure is illustrated
in Fig. 3(a)-(c), respectively for CST, FSDT and SSDT. As
can be seen applying negative voltage increases the
dimensionless pulsation frequency and consequently shifts
the DIR of system to higher frequency zone. This
phenomenon is vice versa for positive voltage. This is due
to the fact that the imposed negative and positive voltages
generate the axial tensile and compressive forces in the
separator, respectively. However, external voltage is an
effective parameter for controlling the DIR of system.

In realizing the influence of SWCNT volume percent,
the DIR of viscoelastic structure is shown in Figs. 4(a)-(c),
respectively for CST, FSDT and SSDT. It can be found that
with neglecting SWCNT as reinforcer, the resonance region
will be happen in lower frequencies with respect to

Table 2 Comparison of first dimensionless frequency for simply supported cylindrical shell

h/R
L/R
0.06 0.10 0.12 0.18
Armenakas et al. (1969) 0.01853 0.03100 0.03730 0.05652
5 Khalili et al. (2012) 0.01853 0.03100 0.03729 0.05650
Bhimaraddi (1984) 0.01853 0.03100 0.03730 0.05653
SSDT, Present 0.01853 0.03100 0.03730 0.05654
Armenakas et al. (1969) 0.02781 0.04784 0.05853 0.09402
! Khalili et al. (2012) 0.02780 0.04779 0.05847 0.09385
Bhimaraddi (1984) 0.02781 0.04785 0.05856 0.09409
SSDT, Present 0.02781 0.04785 0.05855 0.09405
Armenakas et al. (1969) 0.03691 0.07618 0.10057 0.18894
0.5 Khalili ez al. (2012) 0.03688 0.07607 0.10042 0.18864
’ Bhimaraddi (1984) 0.03692 0.07615 0.10047 0.18832
SSDT, Present 0.03694 0.07620 0.10056 0.18898
Armenakas et al. (1969) 0.08639 0.20529 0.27491 0.50338
e Khalili et al. (2012) 0.08635 0.20525 0.27493 0.50406
’ Bhimaraddi (1984) 0.08639 0.20478 0.27286 0.49818
SSDT, Present 0.08642 0.20533 0.27499 0.50345
0.1 19 9 0.1 01 ' it »p
0.09 —O0—v'=10 - 0.09r 0.09 —0—v'-_10 %
0.08 I :/’ 5 s % 0.08¢ 0.08 I 1’: )
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2 oo .2 0.04F E 0.04
é 0.03 g 0.03r QE 0.03
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Soss So1  odo om Vois Bz o%m ot 0075 008 0.085 009 0.095 01 0105 0.11 0115 8os 0% oo T oo ° 008 © o1
Dimensionless excitation frequency, Q Non-dimensional excitation frequency, Q Dimensionless excitation frequency, Q

(@

(b)

©

Fig. 3 The effects of external electric voltage on the dynamic stability of separator
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Fig. 4 The effects of SWCNT as reinforcer on the dynamic stability of separator
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Fig. 5 The effects of magnetic field on the dynamic stability of separator
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Fig. 6 The effects of structural damping on the dynamic stability of separator
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Fig. 7 The effects of shear constant of viscoelastic medium on the dynamic stability of separator

Figs. 6(a)-(c) demonstrates the DIR of structure for natural frequency of viscoelastic separator are lower than

CST, FSDT and SSDT, respectively for different structural those of non-visco one. This remarkable difference shows
damping parameters. It can be found that the DIR and that considering the nature of separator as viscoelastic can
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Fig. 8 Comparison of DIR obtained by CST, FSDT
and SSDT

yields the accurate results with respect to non-visco ones.
The reason is that assuming viscoelastic structure means
induce of damping force which results in more absorption
of energy by the system.

Figs. 7(a)-(c) illustrates the influence of shear constant
of elastic medium on the DIR of structure respectively for
CST, FSDT and SSDT. As can be seen, the higher the shear
constants for elastic medium, the higher are the DIR and
dimensionless resonant frequency. This is perhaps because
increasing Pasternak coefficient increases the structure
stiffness.Final figure is related to comparison of DIR and
pulsation frequency for three applied theories namely as
CST, FSDT and SSDT. It can be seen that the DIR obtained
by SSDT is happen in lower pulsation frequency with
respect to two other theories. 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.

9. Conclusions

Based on CST, FSDT and SSDT, a comparative study
on the dynamic stability of piezo-visco-separators
conveying pulsating fluid was presented in this work. In
order to consider the nanotechnology effects on the
dynamic stability of separator, it was reinforced with
SWCNT. The separator was subjected to 3D electric and 2D
magnetic fields and was surrounded by nonlinear
orthotropic visco Pasternak foundation. Using DQM in
conjunction with Bolotin’s method, the derived motion
equations were discretized and solved to obtain the DIR and
resonance frequency of system. 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 dynamic instability
of structure. The most important findings of this paper are:

® The DIR obtained by SSDT was happen in lower
pulsation frequency with respect to two other
theories.

e Applying negative voltage increases the dimension-
less pulsation frequency and consequently shifts the
DIR of system to higher frequency zone.

® With increasing magnetic field intensity, the
pulsation frequency increases and the DIR shifts to
right.

e With neglecting SWCNT as reinforcer, the resonance
region will be happen in lower frequencies with
respect to considering SWCNT.

e Tthe DIR and natural frequency of viscoelastic
separator were lower than those of non-visco one.
The results of this study were validated by other
works.

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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