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Free vibration of Cooper-Naghdi micro saturated porous sandwich cylindrical

shells with reinforced CNT face sheets under magneto-hydro-thermo-
mechanical loadings
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Abstract. In this paper, free vibration of Cooper-Naghdi micro sandwich cylindrical shell with saturated porous core and
reinforced carbon nanotube (CNT) piezoelectric composite face sheets is investigated by using first order shear deformation
theory (FSDT) and modified couple stress theory (MCST). The sandwich shell is subjected to magneto-thermo-mechanical
loadings with temperature dependent material properties. Energy method and Hamilton’s principle are used for deriving of the
motion equations. The equations are solved by Navier’s method. The results are compared with the obtained results by the
other literatures. The effects of various parameters such as saturated porous distribution, geometry parameters, volume fraction
and temperature change on the natural frequency of the micro-sandwich cylindrical shell are addressed. The obtained results
reveal that the natural frequency of the micro sandwich cylindrical shell increases with increasing of the radius to thickness

ratio, Skempton coefficient, the porosity of the core, and decreasing of the length to radius ratio and temperature change.
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1. Introduction

In recent years, cylindrical shells are the major parts in
various industries that are employed in gas turbines, rotary
kilns, aircrafts, spacecraft, tankers, pipelines and so on. For
proper design, strength to weight ratio of shell should be as
high as possible for material consumption and optimal cost
reductions. Combinations of material in the nano-scale can
be developed for new engineering application such as
photocatalytic oxidation reactions (Zhang and Park
(2017a)), visible-light driven trichloroethylene degradation
(Zhang and Park (2018a)), light-driven hydrogen peroxide
production (Zhang and Park (2018b)), and efficient
photoreduction of aqueous Cr (Zhang and Park (2019).
Hence, sandwich structures have been used to achieve this
goal. A sandwich structure consists of a combination of
light and thick core and two thin composite face sheets. One
of the novelty materials that are used in the sandwich
structure is porous materials. The main concerns about
sandwich structures are the possibility of cracks and
bending at the joint between face sheets and core due to the
tension concentration of the stiffness difference. For solving
it, reinforced fiber composite materials are used. Carbon
nanotubes (CNTs) and boron nitride nanotubes (BNNTS)
can be used as the reinforcement materials in various
structures including sandwich beam, plate and shells.
Special properties of CNTs, such as the high Yang’s
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modulus and good tensile strength on one side, and the
nature’s of carbon (light weighted, very stable and simple
material for processes rather than metals) can be practically
useful for these structures. The porous composite sandwich
shell is developed for electrochemical capacitor (Jiyoung et
al. (2018)), super capacitor (Guijun et al. (2018), Zhang et
al. (2018)), fuel cell (Chen et al. (2018)), high-performance
supercapacitor (Zhang and Park (2017c)) and high
temperature applications (Gui et al. (2018)).

Couple stress based strain gradient theory for elasticity
is developed by Yang et al. (2002). Their symmetric couple
stress relations (the displacement gradient (strain tensor)
and the rotation gradient (symmetric curvature tensor)
included the symmetric curvature tensor with properly
conjugated high order strain measures for total strain energy
of the system. They used modification relation for the
torsion of a cylindrical bar and the pure bending of a flat
plate of infinite width. In the other study, some researchers
used from size dependent theory such as nonlocal elasticity
theory (Murmu et al. (2012), Mohammadimehr and
Rahmati (2013), Ke et al. (2015)), modified couple stress
theory (MCST) (Tsiatas (2009), Shaat and Mohamed
(2014), Shaat et al. (2014), Li and Pan (2015), Dehrouyeh
Semnani et al. (2015), Lei et al. (2015)), modified strain
gradient theory (Mohammadimehr et al. (2016a,c)).

Ansari et al. (2011) extended first order shear
deformation theory (FSDT) for functionally graded
materials nanoshell vibration. They indicated that the
amount of the natural frequency decreases with increasing
of the length to thickness ratio of micro beams for all the
small-scale parameter values. Akbari Alashti and Khorsand
(2012) examined three-dimensional elastic analysis for FG
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cylindrical shells with piezoelectric layers under dynamic
and thermal loads. They illustrated that the distribution ratio
of metal to ceramics and electrical loading has a more
prominent role in the stress distribution than other
parameters. Jabbari et al. (2013) analyzed the buckling of
the porous circular plate with piezoelectric layers under the
uniform compressive wave. They showed that in plates with
great porosity, increasing the piezoelectric layers are more
effective than the increase in the thickness of the porous in
flexibility of plate.

The vibrational and damping behaviors of sandwich
shells using Rayleigh and finite element methods are
investigated by Yang et al. (2014). They found that there is
an appropriate approximation between theoretical and
experimental results. Ghorbanpour Arani and Amir (2013)
completed electro-thermal vibration analysis of the double-
walled boron nitride nanotubes (DWBNNTS) using
differential quadrature method (DQM). They depicted that
increasing of temperature and aspect ratio, reduces the
natural frequency but increasing of Winkler modulus
increases the natural frequency. Zeighampour and Tadi
Beni (2014) modeled free vibration of the thin cylindrical
shell. They concluded that the rigidity of the nanoshell in
the modified strain gradient theory is greater than that in
classical models which leads to the increase in natural
frequencies. Bahadori and Najafizadeh (2015) investigated
the free vibration of two dimensional functionally graded
cylindrical thick shell surrounded by Winkler—Pasternak
elastic foundation based on FSDT theory. They showed that
the natural frequencies in this case are more than cases in
which properties are changed merely in one direction. Tadi
Beni et al. (2015) studied the small-length scale parameter
in cylindrical nano shells using MCST. They proved that
increasing of the small length scale increases the natural
frequencies of the system. Mohammadimehr and Alimirzaei
(2016) presented nonlinear static and vibration analysis of
Euler-Bernoulli composite beam model reinforced by FG-
SWCNT with initial geometrical imperfection using FEM.

Shaat (2015) found effects of grain size and
microstructure rigid rotations on the bending behavior of
nanocrystalline material beams. They showed that bending
rigidity changes for the grain size effects and microstructure
rotations based on MCST. In the other work, Shaat and
Abdelkefi (2015) also studied modeling the material
structure and couple stress effects of nanocrystalline silicon
beams for pull-in and bio-mass sensing applications. They
used the MCST and size-dependent micromechanical model
including the interface and the grain size effects to estimate
the beam’s size effect and the heterogeneity nature of the
material structure, respectively. Physical and mathematical
representations of couple stress effects on micro/nanosolids
are presented by Shaat (2015). He used two higher-order
material constants in classic couple stress theory. The
modified couple stress theory includes rotational effect of
the applied force inside its conventional effects. They
concluded that the skew-symmetric rotation gradient tensor
is the measure used to capture the couple stress effects.

Pourasghar and Kamarian (2016) obtained thermoelastic
response of CNT reinforced cylindrical panel resting on
elastic foundation using elasticity theory with temperature-
dependent materials. Kamarian and Shakeri (2016)

performed the natural frequency analysis of composite skew
plates with embedded shape memory alloys in thermal
environment. They showed that with an increase in the
temperature, the initial natural frequency of the plate
without  sequential multiplex amplification (SMA)
continuously decreases to zero, but for the plate with a
booster, firstly the natural frequency decreases, then reach
to the maximum, and finally reaches to zero.

Ghorbanpour Arani et al. (2016) investigated free
vibration of sandwich composite micro-plate under electric
and magnetic fields. They used DQM to indicate the
important effects of material length scale parameter, aspect
ratios, different fiber angles, electro-magneto-mechanical
loadings on sandwich composite microplate frequency.
Razavi et al. (2016) performed free vibration analysis of
functionally graded piezoelectric cylindrical nanoshell
based on consistent couple stress theory using Navier’s and
Galerkin methods. They proved that geometric parameters
play a significant role on the natural frequency values with
the size-dependent piezoelectric theory. Dey and
Ramachandra (2016) developed non-linear transverse
dynamic response of laminated composite simply supported
circular cylindrical shell under periodic radial point and
static axial partial loadings. They showed that the amplitude
of the frequency is influenced by the total load, not the
manner in which it is applied. Kheibari and Tadi Beni
(2016) investigated free vibration of piezoelectric nanotubes
by using consistent couple stress theory and based on
Love’s cylindrical thin-shell model. They indicated that by
increasing the size parameter, the natural frequency
increases. Vibrations behavior of a temperature-dependent
functionally graded rectangular plates with simply-
supported boundary condition subjected to thermal load is
performed by Dong and Li (2016). They revealed that the
natural frequency decreases with presence of the thermal
load. The high-order free vibration analysis of two type
sandwich beams including CNTs reinforced nanocomposite
face sheets and different core is studied by
Mohammadimehr and shahedi (2016).

The Vibration analysis of CNT reinforced functionally
graded composite cylindrical shell in thermal environments
is carried out by Song et al. (2016). They investigated the
CNTs distribution, CNTs volume fractions and thermal
effects on the natural frequency. Mohammadimehr &
Mostafavifar (2016) studied the free vibration of
temperature-dependent sandwich plate with FG-CNTSs
reinforced nanocomposite face sheets under magnetic field.
They proved that although dimensionless natural frequency
increases with rising the aspect ratio and magnetic field, it
decreases by increasing the temperature.

Mohammadimehr et al. (2016b) performed the
vibrations of composite plate reinforced with different FG-
SWCNT under electric-magnetic field using FSDT. They
showed that with increasing the volume fraction of
SWCNT, the natural frequency of the system increases.
Also, the presence of the elastic foundation raises the
natural frequency. Free vibration of double-bonded micro
composite sandwich cylindrical shells conveying fluid flow
is investigated by Mohammadimehr and Mehrabi (2017).
Their study showed that increasing of the magnetic intensity
and volume fraction leads to increase the dimensionless



Free vibration of Cooper-Naghdi micro saturated porous sandwich cylindrical shells... 353

< L .
h: <+ \ \
hy —
% ¢ ¥
h /
ey <<

P T

VA A S R A

Fig. 1 Schematic view of circular micro sandwich cylindrical shell

Fig. 2 Porosity for core of the micro sandwich cylindrical shell a- porous-nonlinear nonsymmetric b- porous-monotonous

- porous-nonlinear symmetric (Jabbari et al. (2013))

natural frequency of the micro shells. Static stress analysis
of carbon nanotube reinforced composite (CNTRC)
cylinder under non-axisymmetric thermo-mechanical loads
and uniform electromagnetic fields is developed by
Ghorbanpour Arani et. al. (2015). They concluded that
CNTs and its orientation angle have important effects on
the mechanical behavior of the CNTRC cylinder composite.
Dynamic responses of embedded double-layered graphene
sheets under longitudinal magnetic field with arbitrary
boundary conditions are performed by Jalaei and
Ghorbanpour Arani (2018). They showed that magnetic
field effect on deflection is more considerable for higher
nonlocal parameter. Shen et. al. (2018) analyzed nonlinear
vibration of functionally graded graphene-reinforced
composite laminated cylindrical panels resting on elastic
foundations in thermal environments.

Thermal conductivity and thermo-physical properties of
nanodiamond-attached  exfoliated  hexagonal  boron
nitride/epoxy nanocomposites presented by Zhang et al.
(20173, b).

In this paper, the free vibration responses of Cooper-
Naghdi micro sandwich cylindrical shell with saturated
porous core and reinforced carbon nanotube piezoelectric
composite face sheets under magneto-hydro-thermo-
mechanical loadings is investigated. Modified couple stress
theory and Cooper-Naghdi shell theory are used for this

research. Material properties are function of temperature
change. After obtaining the governing equations using
Hamilton's principle, they are solved by Navier’s method,
then, the effects of different factors on the natural frequency
for the micro sandwich shell are presented.

2. Geometry and simulation

Fig. 1 illustrates the schematic of micro sandwich
cylindrical shell with saturated porous core and reinforced
carbon nanotube piezoelectric composite face sheets under
magneto-hydro-thermo-mechanical ~ loadings.  Length,
thickness and inner radius of the micro sandwich cylindrical
shell are L, h and R respectively. hc is the thickness of core,
and, h, and h; are for lower and upper face sheets,
respectively. The micro sandwich cylindrical shell with
temperature dependent material properties is embedded by
Winkler-Pasternak foundation with Kw and Kg. The micro
sandwich cylindrical shell is subjected to applied voltage o
and magnetic field go.

Fig. 2 shows three distribution types of porous material
(porous nonlinear-nonsymetric, porous-monotonous and
porous-nonlinear-symmetric) along thickness of the micro
sandwich cylindrical shell. The initial shear modulus,
Poisson’s ratio and density are Go = 24GPa, Vo = 0.3 and po
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= 2700kg/ m® (Jabbari et al. (2013)).

According to variation of porous distribution types
along thickness, the following relations can be written
(Jabbari et al. (2013)):

For porous nonlinear-nonsymetric distribution

G (2) =G,—e, cos(Z)(z +))

E () =B, (1€, cos()(2 +%») (a-1)

p@) = poll-e,cos(Z)(e +%»)

For porous-monotonous distribution (Jabbari et al.
(2013))

G(2)=G, (-, cos(7 )

E(z)=E,(e, cos(%)) (b-1)

p(2) = po(i-e,cos(")

For porous-nonlinear-symmetric distribution (Jabbari et
al. (2013))

G(2)=G,(1-e,)
E(z)=E,{l-¢,) (c-)
p(Z ) =P (l_el)

Extended mixture approach is used for effective material
properties of upper and lower face sheets as follows
(Ghorbanpour Arani et al. (2016, 2012), Mohammadimehr
et al. (20184, b))

Ell = 771VSWCNT ElSlWCNT +Vm Em

My _ Vswewr |, Vo

E. EX° E, )
M Vaewr Vo

GlZ GlSZWCNT Gm

where, #; (i = 1,2,3) are efficiency coefficients of SWCNTSs.
These coefficients are listed in Table 1. Ei1, Ex and Gy, are
the Young’s modulii and the shear modulus of the SWCNT,
and Vswent and Vm are the volume fraction of the WCNT
and the matrix, respectively. The material properties of
SWCNTs for different temperatures are listed in Table 2.
Various distributions of SWCNT are defined as
(Ghorbanpour Arani et al. (2016), Mohammadimehr et al.
(2018a))

*

VSWCNT (UD - SWCNT)
1+ %)VSWCNT (FG -V — SWCNT)
\Y )= 2 . 3
swenr (2) 2(1_¥)VSWCNT (FG-0O-SWCNT) )
2] .
ZTVSWCNT (FG - X —SWCNT)

where
* W
V swent = SWENT
Pswent 4
Wowent T [ (l_ Wawent )
m

where, wswent is the mass fraction of the nanotubes. pswenr
and pm are densities of SWCNTs and the matrix,
respectively.

Density, Poison’s ratios, thermal and hydro properties of
face sheets are written as (Ghorbanpour Arani et al. (2016),
Mohammadimehr et al. (2018a, b))

P= pSWCNTVSWCNT + pme

., SWCNT:

Vlz - V12 VSWCNT + vam
___SWCNT

an - all VSWCNT + amvm

©®)

_ SWCNT SWCNT!
a22 - (1+ VlZ )a22 SWCNT + (1 + Vm )amvm - VlZ all

ﬂll = ﬂlsl\NCNTVSWCNT + ﬁmvm
ﬂZZ = (1+ VlsZWCNT )ﬁZSZWCNTVSWCNT + (1+ Vm)ﬂmvm - VlZﬂll

The face sheets are reinforced by SWCNTSs. The volume
fractions of SWCNTs for the top and the bottom of face
sheets are as (Ghorbanpour Arani et al. (2016))

t—z )\
Ve 22('[11_% ]VCNT

z-t, |"
VCNTb - 2 2 VCNT
ts _tz
Stiffness, piezoelectric and magnetic coefficients for

face sheets can be stated as (Ghorbanpour Arani et al.
(2016), Mohammadimehr et al. (2016a)).

(6)

E.(2) m
Qu(z) = _1_ o, ?Z)Uﬂ ) v €y :VSWNT ezsxv T+ (1_VSWNT )824
E.(z m
sz (2)= 22( ) €3 :VSWNT e3S;N "4 (1_VSWNT )632

1—1)12(2)1)21(2)'
Q,(2) = v, (2)E,(2)

1-v,(2)vy(2) ’
1_V eSWNT V em
)
11 11

()

m o SWNT

— E22 (Z) — e15e15
TN E

Q55(Z) = Qee(z) = Glz(z)’
Ty = (=Vaunr )7 +Vounr 77151WNT

SWNT

My = A=V M1, Vo

SWNT

Mas = (L=Vaunr )75 +Vunr 773

m SWNT
VSWNT e15 + (1 - VSWNT )e15

Displacement fields of the micro sandwich moderately
cylindrical shell based on Cooper-Naghdi theory are given
by (Cooper and Naghdi (1957), Bahadori and Najafizadeh
(2015)).
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Table 1 Efficiency coefficients of SWCNTs (Ghorbanpour
Avrani et al. (2016))

Vient U M2 3

0.11 0.149 0.934 0.934
0.14 0.150 0.941 0.941
0.17 0.149 1.381 1.381

Table 2 Temperature dependent material properties for (10,
10) SWCNT (R=0.68nm, L=9.26nm, h=0.067 nm, p =
1400kg/m 3 v12 = 0.175 ) (Farajpour et al. (2016)).

Temperature  Ef}” ESYT GH" aft” afy”
(K) (TPa) (TPa) (TPa) (1/GPa.K) (1/GPa.K)
300 5.6466 7.08 1.9445 3.4584 5.1682
500 55308  6.9348 1.9643 45361 5.0189
700 54744  6.8641 1.9644 4.6677 4.8943

U, (x,0,z,t)=u(x,6,t)+zp, (x,0,t)
U,x,6,z,t)=v(x,0t)+z8,(x,6,t) (8)
U, (x,0,z,t)=w(x,0,t)

where, u(x, 6, 1), v(x, 9, ), w(x, 6, 1), px(X, 6, £) and B (X, 6, ©)
are middle surface displacements and rotations in the
longitudes, peripheral and thickness direction of the micro
sandwich moderately cylindrical shell, respectively.

Strain—displacement relations for each of face sheet and
core can be expressed as (Tadi Beni et al. (2015)):

ou, ou _ap,
E =—2=—+1 —*
OX OX OX
u, 10y, 1 aﬂg
=—W +
=R "R 20 R( ae 0
1,14U, aU, 1 16\/\/ v
= —(— + —_— [R—
b2 Z(R 00 oz 2(R 00 *Po R) ©)
1,0U, o8U
= (—r 4+ ——X)=(—
& 2( az) 2(6)( +8.)
A Wy Ll Oy N O,
ox 2R 80 80  ox X

Hamilton’s principle can be stated as follows:
J;(éT—5U—é\N)dt=O (10)

where 6U. 6W and JT are the variations of strain energy,
work done by external force and Kkinetic energy,
respectively.

The variation of strain energy for three layers of the
micro sandwich moderately cylindrical shell based on
modified couple stress theory can be written as follows:

he

1 2
U =~ hj (0,0, + M8y, — D,SE, —BSH, )V

’?L’hu

1
+§ (00 + Moy )V (11)

N} \F —'m\ﬁ:"

NS

7+h\
+f J’ (0,0, + M5y, — DSE, — BSH, )V

2

where the stress tensor ¢jj, Symmetric stress tensor m;; and
symmetric rotation gradient tensor are defined as (Tadi Beni
et al. (2015)):

O Qi Q 0 0 0 ||&x—auAT
Ogo Q. Qp 0 0 0 || — AT
oup=|0 0 kQ 0 0 V20
sz 0 0 0 stSS O 72)(
Oy 0 0 0 0 (O Vo
0 0 ey 0 0 aq
0 0 e,|[E) |0 0 q,lfH,
-0 e, O0}E -0 q, O |JH,
6. 0 0J|E] |as 0 0f[H,
0 0 O 0 0 O
m; = 2|2ﬂ){ijrgi
1 1
:Ecurl(u),;giJ :5(6’” +6,) (12)
1,10w 1ov g
== ﬂ”)
2 Roxo0 R ox
oL la dw 0B o,
2R 0x Ro0O oxo060 00
Lot L 16ﬁX+%)
2'R200 R 06
L@ o o 1, oh,
Hou =20 =74 R2 06? X2 R o0 ox
o0 1au B, 1B,
= =— —_ 4+ — + =
Zo =20 =2 o6 Roe T ox loxos Rog DY)
1,v 10u v 1ow _&° o
X =X = 7(72_77*—7_7274— ﬁz‘}_iﬁ_&)
4°R R ooox ox2 R? o6 oX RoGox R

Electrical and magnetic potential functions can be
expressed as

w(x,0,2,t) = %V/o -y (x0,1) COS(E—Z)

p p
o(x,0,2,t) = Egoo —qo(x,e,t)cos(”—z) (13)
h, h,
7=z N
2 2

Electric field Ei, magnetic field H;, piezo-magnetic
strain tensor B;i and dielectric displacement tensor D; are
considered as the following form (Arefi and Zenkour
(2016))

op 71

—cos(—

OX ( hp )

_¢x
E, ' ~
Eg — _& — la_(pcos(ﬂ-_z) ,
R R 66 h (14)

E p
z _w,z 2 -
~22 2 p(x,6,t)sin(2)
hP hp hp
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[ : ] 72
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v h, p
H, i 13 - P ~
Vo v s X
H,|=| -2 |= ——Z_cos(=— D Tz
‘ R R 00 ) P, |=| —Zcos(—) |dz,
H, P R h
_‘//,z 2 i Pz P
T . T -
% h—l//(x,H,t)sm(h—) ju 7
R P DX(h_) cos(h—)
0 0 ey " (&, i p P
D, 0 0 ey |&p i z
D=1 0 &, 0| 7re¢+ B, cos(”—z)
| b, es 0 O Vo hp
0 0 0] |y, O, -
- B, Tl
k, 0 OT](E) [gy, O O7](H, O, |=| —*cos(—)
k, 01E,l+[0 g, o |IH, o R h
[0 0 KJE] [0 0 g.llH, Z .
0 0 q] (& Bx(h_) COS(h—)
B, 0 0 gy Eog = P P
By|=| 0 g O Vot The variation of kinetic energy is given by:
_BZ q15 0 O yzx

ja‘r Ji b‘HH a‘r+2 T

ou, . .oU

(g, 0 O7(E) [ O O7[H, o7 = [T ﬂ"‘*” G (16)
0 g, O |E,t+| 0 g, 0 |iH, o = [Pl G +2 oG B (G oG w2 T+ GhaG o
E H . N
L0 0 9 : 0 0 i : Variation of kinetic energy must be extended for three
The following relations are defined as follows layers of the micro sandwich cylindrical shell. Variation of
(Mohammadimehr et al. (2018a)) work done by foundation forces can be written as
( ) (Mohammadimehr etal. (2011), (2016d))
Nxx’ N99’ N .
2 OW = [ Fe=* swdA
= I (O-xx’G%’Gxe)dZ’(Mxx’MHQ’M ) A 2 (17)
—hy =, /2 Felastic _ 1o\ _k ( 10 Wo a )
h,+hg /2 ( ) . w0 9 R2 892
= 0,,0,,0,,)20Z
e, e Using Eqg. (15) to Eq. (17), the governing equation of
b micro sandwich cylindrical shell can be obtained as follows:
1 1 1 1
N, _+=N +—=Y
Q. Qy) XX R 0,0 ,n2 00" 2Rz 260" 502 20,00
h+h, /2 2
(15) 1 %u P
= o.,0,)dz,(Y..,Y,,,Y ,Y .Y .Y il = - X
W /2( xz 92) ( xx1 100 'z '20 T x 0x) + ZRYXZ,X9 I(O) &2 +1 @ atz
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_ 1 1 1
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hoh 2 2R2 X807 oR
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The coefficients of Eq. (18) are addressed in Appendix
A.

Substituting Egs. (12-15) into Eq. (18), the governing
equations based on displacement are derived as:
ou:
au D,l> &'u Dy l?
_(D10+A20) 2t 5,02 2~n2 5’?1 2
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3. Solving method

Navier’s type solution is employed for simply supported

boundary conditions of the micro sandwich cylindrical shell

as follows:
u(x,0,t) = iiu COS(—) cos(n@)e™*
v(x,0,1) :2 mlvm sm(_)sm(ne)e.mt
wW(x,0,1) = ingSin(%)COS(ne)em
A x.0.0 :il > 4, C03(—) cos(nd)e”  (20)

A(%.0.1) = i i  cos(" ) cos(ng)e"”!

8

o(x.0,1) = iZ(pm Sin(?) cos(ng)e

m=1 n=;

l//(X, g!t) = zzl/lm

m=1 n=1

8
8

sin(%) cos(ng)e'*

where m and n are half axial and peripheral wave numbers,
respectively.
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In the matrix form:
([K]-[M]er}u} =0

Ul=U, vV, W, B B o. V.}

where [K], [M] and {U}are stiffness matrix, mass matrix
and displacement vector, respectively.

(1)

4. Numerical result and discussion

In order to ensure the obtained results for the free
vibration analysis of Cooper-Naghdi micro sandwich
cylindrical shell with saturated porous core and reinforced
carbon nanotube piezoelectric composite face sheets, they
are compared with other researches in Tables 3-5. The
dimensionless natural frequencies of micro composite
sandwich cylindrical shell (@ = wR\{p(1 —v2,)/E11)
based on classical theory (without any small scale
parameter, (I = 0) and modified couple stress theory (I # 0)
are reported in Table 3. The dimensionless natural
frequencies of piezoelectric cylindrical nanoshell are
reported in Table 4. The dimensionless natural frequencies
of porous cylindrical nanoshell with uniform distribution
are listed in Table 5. For three tables, the obtained results
have a good agreement with literature results.

The effects of various parameters such as SWCNT
volume fraction, length to thickness ratio, temperature
change, porosity distribution, small scale coefficient, the
face sheet thickness to the core thickness ratio, foundation
constants on the natural frequency of Cooper-Naghdi micro
sandwich cylindrical shell with saturated porous core and
reinforced CNT piezoelectric composite face sheets based
on the modified coupling stress theory are studied.

Table 3 The dimensionless natural frequencies of micro
composite sandwich cylindrical shell based on classic
theory (I = 0) and modified couple stress theory (@ =

wR\p(1 = vf,)/E1

(Mohammadi
mehr and Present

(Mohammadimehr

Error present work Error

h/R n l\{lzeglrgt)n Ellv:og; %) and (II\/:Ie;l;:?lgiﬂ(’ig)ﬂ) (MCST) (%)
(1=0)
01 1 0934 0932 021 1.116 1119 027
01 2 0777 0774 039 1.054 1056 019
02 1 1049 1039 095 1525 1489 236
02 2 0971 0951 206 1574 1527 299
03 1 1181 1152 246 1.875 1782 496
03 2 1163 1110 456 1.964 1866 4.99
Table 4 The dimensionless natural frequencies of

piezoelectric cylindrical nanoshell

n Keetal (2015) present  Error (%) L((?lggt;;l' Error (%)
1 0.0168 0.0158 1.37 0.0161 14
2 0.00938 0.00936 0.2 0.00938 0.2
3 0.02210 0.02209 0.08 0.02210 0.06
4 0.04209 0.04206 0.09 0.04209 0.08

Table 5 The dimensionless natural frequencies of porous
cylindrical nanoshell with uniform distribution

n Wang and Wu (2017) present Error (%)
1 0.0161 0.0168 43
2 0.0094 0.0096 212
3 0.0221 0.0222 0.45
4 0.0421 0.0423 0.47
5 0.0680 0.0683 0.44

Geometric and mechanical properties are taken as
follows (Farajpour et al. (2016)):

For matrix of face sheet (BiTiOs— CoFe;04):
elastic constants

C,, =C,, = 226MPa,C,, =125MPa, C,, =124MPa,C,, = 216MPa
C,, =C,, =44.2MPa,C,, =50.5MPa,

piezoelectric constants

e, =6, =-22C/m’ e, =e, =5.8C/m’ e, =9.3C/m?
piezomagnetic constants

Oy =0, =290.1H /m,q,; =q,, =275H /m,q,, =349.9H /m,
dielectric constants

K, =K,, =5.64,K,, =6.35,

magnetoelectric constants

0y, = 0,, =5.367V /mOe, g,, = 2737.5V / m.Oe,

magnetic constants

Iy =ty =—297N [ A%, 11, =53.5N / A®,

other

p =5550kg / m®,a = 4.74e-51/ K,y =0.25,h = 2um,
=17.6um,L =20h,K,, =600GN/m? K;=1000N/m

Fig. 3 depicts first four dimensionless natural
frequencies of micro sandwich cylindrical shell with
saturated porous core and reinforced carbon nanotube
piezoelectric composite face sheets for a- radius to
thickness ratio (R / t) b- length to radius ratio (L / R). As the
figure shows, with the increase in radius to the thickness
ratio of the micro-shell, the dimensionless natural frequency
of the system increases. In the other words, in higher modes
and same radii to the thickness ratio, the natural frequency
is greater. It can also be seen that as this ratio increases, the
non-dimensional natural frequency increases.

Under the same conditions, by increasing length to the
radius ratio of the micro-shell, the dimensionless natural
frequencies for different modes are examined (Fig. 3-b). As
it can be seen, the natural frequencies of the system
decrease with increasing of this ratio, particularly in higher
modes.

Fig. 4 illustrates the effect of the small scale coefficient
on the dimensionless natural frequencies of the micro
sandwich cylindrical shell. As it is shown in the figure, the
dimensionless natural frequency increases and this increase
is more in higher modes.

In Fig. 5, the effect of volume fraction of SWCNTSs has
been shown. It is expected that with adding SWCNTSs to the
micro sandwich cylindrical shell, rigidity of the structure
increases leads to enhance the dimensionless natural
frequency.
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Figs. 6-a and b display the natural frequencies of the
micro sandwich cylindrical shell for radius to thickness
ratio (R / t) b- length to radius ratio (L / R) and different
face sheet thickness to core thickness ratio (h: /h¢). Total
thickness of the micro sandwich cylindrical shell is
considered constant. As the face sheet thickness is higher
than the core thickness, the natural frequency is greater.

The effect of temperature change on the dimensionless
natural frequencies of the micro sandwich cylindrical shell
is shown in Fig. 7. It can be seen that as the temperature
rises, the natural frequency and the stiffness of the micro
sandwich cylindrical shell decreases.

Increasing the porosity coefficient and radius to
thickness ratio (R / t) lead to enhance the natural frequency
of the micro sandwich cylindrical shell, as shown in the Fig.
8 that this increase is more in the higher porosity
coefficient. As the porosity increases, the free space volume
of the micro sandwich cylindrical shell increases, and the
weight of the structure decreases, as well as its stiffness.
But the effect of the structure's stiffness is higher, so the
frequency of the structure increases with increasing
porosity.
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Fig. 9 Effect of Skempton coefficient on the
dimensionless natural frequencies of the micro sandwich
cylindrical shell
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Fig. 10 The natural frequencies of the micro sandwich
cylindrical shell versus magnetic field

According to the Fig. 9, as the porosity coefficient, the
increase in Skempton coefficient increases the natural
frequency.

Fig. 10 shows the magnetic field and applied voltage
effects on the natural frequency of the micro sandwich
cylindrical shell. As it can be observed from this figure, the
natural frequency raises with presence of magnetic and
voltage applying. Also, effect of magnetic field on the
natural frequency is higher than applied voltage.

7. Conclusion

Free vibration of the Cooper-Naghdi micro sandwich
cylindrical shell with saturated porous core and reinforced
carbon nanotube piezoelectric composite face sheets under
magneto-hydro-thermo-mechanical loadings was
investigated. Modified couple stress theory was used for
considering small scale effect. The governing equations
were obtained by Hamilton’s principle and the natural
frequencies are derived using Navier’s method. The



362 Raziye Yazdani, Mehdi Mohammadimehr and Borhan Rousta Navi

following results are obtained:

» With an increase in the radius to thickness ratio of the
micro sandwich cylindrical shell results, the natural
frequency particularly increases.

« Increasing of the length to radius ratio for the micro
sandwich cylindrical shell decreases the natural frequency.

« Increasing of the face sheet thickness of the micro
sandwich cylindrical shell with porous core, increases the
natural frequency.

» Enhancing of the porosity of the core for the micro
sandwich cylindrical shell, enhances the natural frequency.

e The natural frequency of the micro sandwich
cylindrical shell increases with increasing of skempton
coefficient.

« Adding carbon nanotubes to the micro sandwich
cylindrical shell enhances the stiffness of the structure.

* An increase in temperature in the micro sandwich
cylindrical shell causes a decrease in the natural frequency.

» Applying magnetic and voltage fields strengthen the
micro sandwich cylindrical shell.
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