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Transient response of a simply supported functionally graded
material (FGM) cylindrical panel integrated with sensor and
actuator piezoelectric layers and subjected to electric field anc
thermal shock is investigated using generalized couplec
thermoelasticity based on the LordShulman theory. Thermoelastic
material properties of the FGM are assumed to vary continuousl:
along the radial direction according to simple power law with

assumption of constant Poisson ratio. Applying Fourier series
expansion alongthe axial and circumferential direction and state
space technique along the radial coordinate to the constitutive
equation and governing differential equation of motion result in
state space matrix equations which are solved analytically by usin
Laplacetransform. The inverse Laplace transform is used to obtair
the solution in time domain. In parametric study effect of relaxation
temperature constant, applied voltage and thermal shock or
thermoelastic response of FGM cylindrical panel attached t
piezoelectric sensor and actuator layers are studied.From

parametric study it was concluded that the material inhomogeneity
significantly affect coupled thermoelastic behavior of the hybrid
FGM cylindrical panel.

Keywords : Functionally graded material Cylindrical panels;
Piezoelectric material; Thermal shock; State space
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1 Introduction

Functionally graded materials (FGM) are modern
composite in which the composition of materals
varies continuously as function of spatial
coordinates which causes to achieve continuous
and smooth variation of material properties.
Usually FGM are made from combination of
ceramic to provide hightemperature resistance
due to its low thermal condudivity and metal to
prevent fracture caused by stresses due to the high
temperature gradient in a short time. Stresses in
FGM structures subjected to mechanical or thermal
loads can be optimized by selecting an appropriate
material distribution. On the other hand,
piezoelectric materials have coupled effects
between the electric fields and the elastic
deformation. It is possible to make a system of
intelligent materials by combining these
piezoelectric materials with FGMs.

New structures including FG1 members
bonded with piezoelectric actuators and sensors
are smart in response to environmental changes.
For example, thermal loading causes significant
thermal stresses due to thermal gradient across the
thickness and due to widely different thermal
properties of the adjacent layers. Surface bonded
piezoelectric layers reduce unwanted
displacements and stresses caused by elevated or
reduced temperature environment. Many studies
on electromechanical and thermal response of
smart structures are available inthe literature.
Based on threedimensional piezothermoelasticity
formulation, Ootao and Tanigawa [1] presented
transient response of FGM rectangular plate
bonded to a piezoelectric layerBased on theory of
elasticity, Cho and Kardomateas [2lised Hankel
and Laplace transformation to investigate
elastodynamic behavior of orthotropic cylindrical
shell subjected to thermal shockBased on firsg
order shear deformable plate theory (FSDPL), Liew
et al. [3] presented a finite element formulation for
active conftol of the shape and vibration of FGM
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plates integrated with actuator and sensorlayer
under thermal gradient. Axisymmetric dynamic
thermoelastic analysis of a norhomogeneous
orthotropic long cylindrical shell subjected to
thermal shock was studied by Dig et al.[4]. Dai
and Wang [5] presented an analytical method for
stress wave propagation of spherically symmetric
motion in laminated piezoelectric shells subjected
to thermal shock and electric excitation loadshy
using finite Hankel transform and Laplae
transform. Thermo-electro-elastic  transient
response of a piezoelectric hollow spherical shell
and cylindrical shell subjected to arbitrary thermal
shock waspresented analytically by Dai and Wang
[6] using Hankel transform and Laplace transform.
Oh [7100AA
finite element method to analysis of nonlinear
dynamic of piezolaminated plates under therme
electric load. Based on higheforder shear
deformation plate theory and using general von
Karman-type equation, Huang ad Shen [8]
presented dynamic response of FGM plates with
surface-bonded piezoelectric layers in thermal
environments. Giannopoulos and Vantomme [9]
used finite element method to analysis dynamic
behavior of composite plates integrated with
piezoelectric layers under different thermal,
mechanical and electrical loads. Li et al. [10]
investigated bending behavior of a functionally
graded, transversely isotropic, magnetgelectro-
elastic circular plate subjected to uniform load by
using appropriate polynomials in the radial
coordinate for the displacements and electric
potential. Based on the classical plate theory,
Ebrahimi and Rastgoo [11] investigated
analytically free vibration behavior of thin circular
FG plates integrated with two uniformly
distributed actuator layers made of piezoelectric.
Nonlinear vibration analysis of thin annular FG
plate embedded in two piezoelectric layers was
carried out analytically by Ebrahimi and Rastgoo
[12] in the frame work of Kirchhoff plate theory.
Based on Mindlin platetheory, Ebrahimi et al. [L3]
studied analytically free vibration of moderately
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thick circular FG plate integrated with two thin
piezoelectric layersin the framework on Mindlin
plate theory. Thermo-elastic behavior of
functionally graded orthotropic hollow sphere
under thermal shock was studied by Kar and
Kanoria [14] using linear theories of generalized
thermo-elasticity and Laplace transformEbrahimi
et al. [L5] studied free vibration of moderately thick
shear deformable annular functionally graded
plate coupled with piezoelectric layers in the frame
x] OE T &£ -ETAIEIT 80 bl AOA
of piezoelectrically actuated circular FGM plates
was studied by Ebrahimi et al. [16] based on
+ E O A E-EovemyRotiisis with vonKarman type
geometrical large nonlinear deformations.
Alibeigloo [17] used Fourier series state space
technique to analyze thermoelastic behavior of
simply supported FGM rectangular plate
embedded in piezoelectric layers. Two-
dimensional elastodynamic transient behavior of
finite simply supported cylindrical shell under
nonuniform thermal shock was investigated by
Ying and Wang 18] using uncoupled linear
thermoelastic theory. Based on Lord and Shulman
theory, Chitikireddy et al.[19] used Generalized
thermoelastic theory proposed by Lord and
Shulman to investigate dynamic thermoelastic
behavior of the anisotropic infinite cylinder
subjected to concentrated heating at the outer
surface. Based on theory of elasticity, Alibeigloo
[20] presented an exact solution of a FGM
cylindrical panel embedded in piezoelectric layers
under thermo-electro-mechanical loads Ebrahimi
[21] performed analytical study of a therme
piezoelectrically actuated sandwich circular plate
made of functionally graded material.Based on
classical theory of linear thermaelasticity, Asemi
et al. 2] used Rayleighe Ritz energy method and
Crank-Nicolson algorithm to consider transient
thermo-elastic behavior of an axisymmetric thick
truncated FGM coneBased on higher order shear
deformation theory and the geometric nonlinear
theory, Shao et al. 23] investigated nonlinear
dynamic of piezoelectric fiber metal laminated

(FML) plate using Galerkin and DQM. Based on
Green and Lindsay, Lord and Shulman, and coupled
thermoelasticity theories, Zenkour R4] carried out
exact threedimensional analysis of the
temperature, displacements and stresses of a
rectangular plate subjected to thermal shock.
Transient response of FGM annular sector plate
with arbitrary circular boundary conditions was
presented semi analytically by Liang et alg5]
using state space differential quadrature method
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deformation plate theory, nonlinear dynamic and
vibration analysis of FGM piezoelectric plate
resting on Pagernak foundations subjected to
electro-mechanical load and in thermal
environment was performed by Duc et al. Z6].
Thermoelastic analysis of thin plate was carried out
analytically by Wang et al.[27] using Lord and
Shulman theory. Based on a higheorder layer
wise theory, Pandey and Pradyumn&]8] studied
thermally induced vibrations of FGM sandwich
plates and shell panels under thermal shoclby
using finite element formulation. Based on first
order shear deformation plate theory, Jafarnezhad
and Eslami[29] presented response of an FGM
annular plate under lateral thermal shock using
Laplace transformation and Galerkin finite element
method. Alibeigloo BO] employed generalized
coupled thermoelasticity and Fourier series state
space technique to study tine dependent response
of sandwich plate with FGM core under thermal
shock. From the above mentioned reviewing the
literature, it is evident that 3-D coupled
thermoelasticity analysis of simply supported FGM
cylindrical panel embedded in piezoelectric layes
and subjected to induced voltage and thermal
shock has not yet beerreported. Applying state
space Fourier series approach as welis Laplace
transform to the constitutive relations, equation of
motion and generalized coupled thermoelasticity
heat condiction equation based on the Lord
Shulman theory leads to the first order differential
equations in Laplace domain which can be solved
analytically . Then, inverse Laplace transformation



is employed to convert the obtained solution in to
time domain.

2. Formulation and analysis

Functionally graded cylindrical panel bonded to
piezoelectric layers with simply supported
boundary conditions and geometrical dimension in
cylindrical coordinate system according to Fig. 1 is
considered. The edges of piezoelectriayers are
electrically grounded and panel with initially at the

ambient temperature, T, and applied voltage is
suddenly subjected to thermal shock at the outer

surface whereas the inner surface as well as four
ends has zero temperature difference.

2.1 FGM layer
It is suppose that material property of FGM layer

varies along the radialdirection according to the
simple power law with the following relation

LA B & B
=E,&&—— 0,a = g&—— 0@,
meg +h O & +h 8
G p = Ci p =
a, 6 a, o
k=k &—— 0, r = re—— @ (1)
m"eg +h O " +h O
¢ior ¢iop
In5 In—¢
Where  m, = En , m, = %o,
r r
In o In o
r‘|+hp r+hp
InL In—¢
o km —_— rm
M, = ro Ma= r
|n70 n—o
r +h r.+h
i p I p

Governing differential equations of motion in
cylindrical coordinate system for FGM layer are

1, .1 Wy,
Sr,r +zr1.:z ?+rq,th( ;'- % -th

1
+ S + t
r Ta 2

N

rotoe
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t i t o+ s% + K (2
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Stressstrain relations are

E > akE
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SNE 2)% Jp gt mefihe
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9 _2(1+ r) 24 ©

Strain-displacement relations in linear elasticity
are

1
T rr q r q 4 z
e dH e T(U u- )J e #H
gzr uz,r u‘I"-Z
1 1
9 T(ur, o Y )1 Ut g, 3, fuz, (4)

Equilibrium equation of energy as a function of
space and time in cylindrical coordinats are
L )
W rygqzp t

Where R is internal heat generation and Sis
entropy with the following relation

s=2(T-T) b g ¥ ®)

Where b =
1-2r

Three-dimensional heat conduction equations,
without internal heat generation, are
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function of r and time to be determined.
y =V at r=r, (9-¢) For simplicity, following non dimensional
guantities are introduced

s, =, ralo D,=0 at r=r (9-d)
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Following Fourier series expansion for stress and c + ¢
displacement  components  satisfy  simply T
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Using Egs.(1)(4), (8), (10)-(11) leads to the
following dimensionless state space equations

ddf —
pERlE (12)

Where d,

—> = ==
“n
|
Nen
-
o
—
=
N
i
_Q‘
<= o o
o

column matrix of state variables and3; is square

coefficient matrix (see appendix)
Accompanied with the state equation, the induced
variables are obtained as
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nl nl
N

(13)
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C
Qo
N
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cooococn

Where g: . is the matrix of constant coefficients

(see appendix)
2.2 Piezoelectric layers
Thermo-piezo-elastic constitutive equations of

an orthotropic piezoelectric layer in Cartesian
coordinate system (x, y, z) are

s €€E-T (14-a)
D=ee +ERp,T (14-b)
N T
e [2]
é u
£ u
Where S ézs qS s, tqrt 3
é u
é U
T
e 2]
¢ u
e 2.4 €4 8 oY%
é u
é u
N T . T
e 2 e 2
é U é U
-6 u - u
E=E & G 0=, O 0 |
é U é U
é U é 1]
. T N T
e g e [
é v é U
£ Up=6 U
b érb qbZ b 0O u'P éO 0 P g
é u é U
é a é U
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€, G G 0 0 08
eClZ G G 0 0 0y
3313 G G 0 0 0 3
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€0 0 0 0 O u
: -y
& u
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& e
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Differential equations of motion and strain
displacement relations for piezoelectric layers
are the same as Eqgs. (2) and (4) respectively.
Electrostatics for elastic defornations of the
panel is

D D
Dr,r"'Tr ? 4 EBz,z 0: (16)

Electric field-electric potential relation in three

dimensions are
1
E=-y B=< % E=-y (7)

r
It is noted that electric potential,y , at the bottom

surface of actuator and top surface of sensor is

zero. Following Fourier series expansion for the
electric potential and electric displacement satisfy
the simply supported boundary conditions.

v A & sinl b)infp,2)

n=1m %
D, =é aq sin(pn z) sin( B, ()| (18)
n=lm %

Equations of energy balance and entropy for
piezoelectric layers are thesame as Egs.(5) and (6),
respectively. In the absence of internal heat
generation, three dimensional heat conduction
equations are

:kr J’E qq + 5% * £

[l pt ¥ u

ZLT (19)
b\

By using Egs. (5)6) and (19), following equation
can be obtained

3 . =
tj? e k a2 ﬁa 7; I‘10 t2 % g
@é boau o T1a ' fiYe
Otiz . 7%r +8
pt ¢ u ZH r(;, =
(20)

Where gq=k, HT
pr

Using Egs.(2),(4), (10)(11), (14ab), (16)(20)
leads to the following dimensionless state space
differential equations

d
Ed” :Gpp< (21)
Here
T

e U
A o

dp'TerUr Uql; Zrtrthqu %J
i b

andeis constart coefficients square matrix

(Appendix ).

Using Egs. (10), (11) and (14a,b), iplane stresses
in term of state variables can be obtained as the
follow

& 0

i1 T

ig 1 ¢ 2

§7z % e . _ _ _u

1Sq E':g:p g_rs U Ugy TP 3 (22)
| | 2

il € g

1] € u

[

Where gFa is coefficient matrix (Appendix).

3. Solution procedure



Before solving governing equations it is
convenient to transform Egs. (12) and (21)into
Laplace domain as follows

& ¢

9% _¢ 23
dr F f (@3)

T

é U

T e
Here & $G6s & UGy Ga  Gr 6$are

1 7

f Y

the state variables in Laplace domain, anﬁ is
Laplace transform of G, (Appendix).

Since @f is not constant so to solve EQ.(23)

analytically, it should be changed to constant
matrix. In this paper, FGM layer is divided into N
fictitious coaxial thin layers. The coefficient matrix

é at the mid radius of the kth layer can be

assumed to be constaninatrix é?k . Hence solution
to Eq. (12) for kth layer is

A, (1) =85 1 et g (24)
Where T_ =1 % k_li)hf, T =1 % E:Tf ,
d, ‘fk#’wm
Eq. (24) atT =
dy (7)) M, o (25)

s h
Where M, =expgl, N
¢

By using continuity of displacements and
equilibrium of traction at each fictitious interface,
relation between statevariables at inner and outer
surfaces of the FGM layetan be written as

a h 0 ah,
dfé. -I? 8M di% (26)
¢ k4
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f@k

HereM, = expae— , and d;, d, are the
Q

state variables at the inner and outer surface of

FGM layer, respectively.

Employing the same procedure to Eqg. (21), as was

used for the FGM layer, leads to theolfowing

solution for the j-th fictitious layer of sensor and

actuator layers, respectively

d,(r) =@ Ter ¢ (27a)
_ (i-1)n _ _ jh

Here 1 =r +—1*%, r=r +% |
j i M iTMm

d, = .#L_, ., M and sdenotes the number of
Il S| I'—I'k_1

fictitious layers and sensor layer, respectively

q,(1) = Ter g (27b)
Where E, =T My T=r M,
o M i o M

d, = #L, and a refers to actuator.
j Qr=n._,

Using the same procedure in Egs. (27a) and (27b),
which has been used in deriving Eq.(26) , results in
the following relation between state variables at
bottom and top surfaces othe sensor and actuator
layers, respectively

d (7 A,) ™, () (28a)
d (%) ™, a(ﬂ Hp') (28b)
WhereM_ = F?_Mexp%h’;vlg E’Ma: F?_Mexp%h»,vwg

and d,(0), da(r0 hp) d (r A )
vectors at the inner and outer surface of sensor and
actuator layers, respectively. Electric displacement
at the bottom surface of actuator layer is derived
from Eq. (28b) as follow

o1 ) =& ) g, (8 7)8) 1

m109

( ) are state

(29)
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Here miog is the 10th row of matrixMaand

d;” (1 -ﬁp) are mechanical part of state variables of
actuator at lower surface.

Substitution of Eqg. (29) into the Eq.(28b) and
settingy(l -ﬁp) @results in the following
relation

d'(1) =, 1 h;) B (30)

HereTa:(gm?i ﬁ{mf‘g} m%J )EJQL ,

109

B:{ mj‘g} )rln(j:g) and {miag} is the 9th column of

matrix M_and

T

e u

1 1

m o T T - - F ol

d -r I'S Uf Uq L% zr t rq t qu

1 1

f y
i=j 4,2....8

Electric potential,y , at the inner surface of sensor
is computed from Eg. (28a) as follow

-1 s )

y(O) :signmj ﬁp 0) ] K., 1 (31)
mlOlO

Here mjoj is the 10th row of matrixM_and d; (O)

are mechanical part of state variablest the lower
surface of sensor.

Substitution of Eqg. (31) into the Eq. (28a) and
setting DZ(O) =0, leads to the follaving relation

a7 (h,) . ;40) (32)
HereTS:(gmfj e mfw} mgk )E%;
i=j 2,2,...8

Applying continuity of state variables at the
piezoelectric/FGM interfaces to Egs. (26), (30) and
(32) leads tothe following relations between the

state variables at the outer and the inner surfaces
of the hybrid FGM cylindrical shell

d(,) % (a) B (33)
Here K=T 3 M, T: and I is square matrix
(Appendix).

Applying  electro-thermo-mechanical  surface
boundary conditions, Egs. (9¢)9d), to Eq. (33)
leads to the following matrix equation in term of

displacement components and temperature at the
bottom surface of the sensor layer

%12 K13 K14 Kl7 g@ 9 a Ae 09
Ko Ko Ky Ko 04 1 B 0
g<62 Ko Ko Ko ﬁgr ij = - % Eﬁio ﬁ(34)
g<7z K Ky Ky ﬁq : E}' i! }
8 H i::ﬁ)'/ i . i )'/‘

Substitution of obtained displacement components
from Eq.(34) into Egs.(24), (27a) and (27b) results
in displacement, transverse stress field and
temperature gradient along the radial direction.
Moreover, in-plane normal and shear stresses are
computed by using the obtained state variables in
Egs. (13) and (22). Finally, obtained results are
converted to the time domain via applying inverse
Laplace transform.

4. Results and discussion

Consider a simply supported FGM cylindrical
panel with the following material properties and
integrated with piezoelectric sensor and actuator
layers with the material properties according to
Table 1;

Zirconia: E = 227.24 GP, a_ 0 F0*/K,
k.= 2.09W/mK,
r, =5331kg/m’
c = 456.7 3/ kgt
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Monel : E = 12583GP;, a_ 95 10° /K,
k.= 75W/mK,
r., =4420kg/m’
c = 5373 /kgK
&:20’ £:3’ B:lo , T— :Tz_TO ,
h R h 2 T
P 0
T, =300 °K

Where T, is initial temperature .

Since coupled thermoelasticity analysis of FGM
cylindrical panel embedded in piezoelectric layers
under thermal shock has not yet been reported in
literature so it is not possible to assess validity of
the present approach directly. Before, uncoupled
thermoelasticity behavior of FGM clindrical panel
integrated with piezoelectric layers subjected to
temperature gradient has been studied by author
[20] using state space Fourierseries method. In
other word, changing the thermal shock to
temperature difference and using uncoupled
thermoelasticity formulation in this formulation,
the results are equal to the results reported in the
above mentioned reference. Moreover, present
paper is extension of work presented in Ref3D]. It
should be noted that the present three dimensional
coupled thermoelasticity solution, can be used to
validate application range of approximate
conventional two dimensional formulation in the
future works. In what follows, numerical
illustration for time history as well as through the
thickness distribution of stresses, displacements,
temperature and induced voltage are computed
and plotted in Figs. 26 and tabulated in Table 2.
Time history of stresses, displacements and
temperature at mid radius of hybrid FGM
cylindrical panel with different thermal relaxation
time are represented in Figs.2a2f. From the figures
it is observed that increase thermal relaxation time
causes to increase all of quantitiesThis is due to
the increasing applied thermal shock loading
compared to the static loading.According to the

A. Alibeiglog M. Talebitooti

figures, effect ofT_on stresses is more significant

than that on the displacements. Distribution of
stresses, displacements, induced voltage and
temperature along the radial direction for various
peak values of thermal shock are depicted in
Figs.3a3f. According to the figures and as expected,
stresses, displacement, voltage and temperature
gradient increase by increasing applied
temperature difference at top surface. Moreover,
continuity of displacements and transverse normal
and shear streses are exactly satisfied. In addition,
from Figs. 3a3c it is concluded that influenceof
thermal shock on stress distribution for FGM layer
is more noticeable. According to Figs.38f, radial
and axial displacement as well as temperature at
the top surface is more affected than that at the
bottom surface. Distribution of temperature along
the thickness direction in FGM layer is nonlinear
whereas it is linear in piezoelectric layers (Fig.3f).
It should be noted that this is due to the variation
of thermal conductivity coefficient according to
power law along the thickness direction in FGM
layer whereas it is constant in piezoelectric layers.
Figs.4a4c represents effect of applied voltage on
stress and displacement fields of FGM hybrid
cylindrical panel in the absence of thermal shock.
According to the figures increase applied voltage
causes toincrease all of physical quantities. Effect
of applied voltage on stresses and displacement at
the top surface is noticeable which is due to the
applied voltage at the top surface. Moreover, it is
observed that increase applied voltage causes to
increase  nonlinearity of  through-thickness
distribution of stresses and displacement. Effect of
mid radius to thickness ratio on through the
thickness  distribution  of  stresses and
displacements is depicted in Figs. 5&c. Increase
mid radius to thickness ratio caises to decrease the
stiffness of the panel and consequently stresses
decrease whereas deflection increase
Furthermore, it is concluded that by increasing,

R .
S= H , stresses converge to a constant value which
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denotes the thin shell behaior. Effect of FGM to
piezoelectric thickness ratio on time history of

stresses and displacements of hybrid FGM
cylindrical panel is demonstrated in Figs.6&c.

Since piezoelectric layers are measuring
instrument so in the absence of applied voltage
they should not affect the behavior of FGM layer.
For this reason thickness of the sensor and actuator
layers compared to the FGM layer thickness should
be selected such that to provide this behavior.
From the figures it can be concluded that increase

h .
h—f causes to converge stresses and displacement
P

to a constant value. In this paper When::—leoo,

P
influence of piezoelectric layers on the bending
behavior of FGM layer in the absence of voltage is
negligible. Effect of themal relaxation time on Non
dimensional stresses and displacements at mid
radius of FGM hybrid panel with different mid
radius to thickness ratio are presented in Table 2.
From table it can ke observed that regardless ofS

by increasing t stresses, radial and axial

displacement increase whereas circumferential
displacement decreases. Besides, it is concluded

that effect of t | on stress and displacement fields

is noticeable in thick FGMpanel compared to the
thin panel.

5. Conclusion

Three dimensional coupled thermeelectro-elastic
behavior of simply supported FGM cylindrical panel
imbedded in piezoelectric layers and subjected to
thermal shock was investigated. Thermeelastic
material properties of FGM layer are supposed to
vary according to power law function of radial
coordinate. Basedon the LordzShulman theory,
analysis was carried out by using Fourier series
state-space approach for space domain and Laplace
transform for time domain. From parametric study

it was concluded that thematerial inhomogeneity

significantly affect coupled thermoelastic behavior
of the hybrid FGM cylindrical panel. Moreover,
following additional conclusions are made;

- Effect of T on stresses is more significant than that

on the displacements.

- Due to the FGM, distribution of stresses,
displacements and temperature along the radial
direction vary nonlinearly in host layer whiles
they vary linearly for the piezoelectric layers.

- Effect of thermal shock on stresses, displacement
and temperature at the top surface is more
significant than that at the bottom surface.

- Variation of thermal stress in FGM layer,
compared to piezoelectric layers, is more
considerable.

- By increasing thermal shock, nonlinearity of
distribution of displacement increase.

- Increase midradius to thickness ratio stresses

converge to a constant value which denotes the

thin shell behavior.

- When piezoelectric thickness riches to a specified

value its effect on bending behavior of FGM layer a

in the absence of voltage is negligible.

- Effect of t | on stress and displacement fields in

thick FGM panel is noticeable.

6. Figures

Fig.1. Geometry of the hybrid FGM cylindrical panel
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Fig. 3. Through thickness distribution of stresses,
temperature and displacements of hybrid
FGM cylindrical panel with different thermal
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7. Tables

Table 1 Material properties of piezoelectric sensor and actuator.
Property (GPa) Cui G2 Gs Ca2 Cs (6% Caa Gss Gss
Sensor (PZ14) 139 78 74 139 74 115 25.6 25.6 30.5
Actuator

239 104 5 247 52 135 65 66 76

(Ba,NaNk Q)
Property * e1 €2 €3 €4 €5 10 & & di P3

Sensor (PZ¥4) -52 -52 151 127 127 6.5e9 6.5e-9 5.6e9 -3.92e12 54e5
Actuator

(Ba,NaNk Q)

The unit of matrix e is coul/n?, matrix W is farads/m, di is coul/N and ps is coul/m2K

04 -03 43 34 28 196e9 20le9 0.28e9 -3.92e12 5.4e5

Table?2. Effect of thermal relaxation time on stresses and displacements at middius of hybrid cylindrical Panel
with different S

S t, 5, 5, 5, T, U, U, U,

10 0.0 -0.0545 -0.3918 -0.2884 0.1841 14.6627 2.9902 -7.7034
0.1 -0.0584 -0.4079 -0.3042 0.1898 14.8187 29777 -7.8217
0.2 -0.0654 -0.4340 -0.3301 0.1994 15.0580 2.9503 -8.0087
0.3 -0.0760 -0.4722 -0.3682 0.2137 15.3993 2.9045 -8.2800

20 0.0 -0.0520 0.3930 -0.2827 0.1805 29.6124 5.9416 -15.5355
0.1 -0.0562 -0.4093 -0.2985 0.1862 29.9303 5.9171 -15.7762
0.2 -0.0632 -0.4356 -0.3241 0.1957 30.4187 5.8629 -16.1574
0.3 -0.0736 -0.4740 -0.3618 0.2098 31.1130 5.7728 -16.7082

50 0.0 -0.0508 -0.3938 -0.2795 0.1783 74.4502 14.7896 -39.0243
0.1 -0.0549 -0.4102 -0.2951 0.1840 75.2538 14.7288 -39.6322
0.2 -0.0619 -0.4366 -0.3207 0.1935 76.4889 14.5942 -40.5954
0.3 -0.0722 -0.4751 -0.3581 0.2075 78.2416 14.3711 -41.9846
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