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ABSTRACT

In this article, the vibration and dynamic response of an orthotropic
composite cylindrical shell under thermal shock loading and
thermal field have been investigated. The problem is that the shell
is initially located at a first temperature, and some tension caused
by a mild heat field is created, then the surface temperature of the
cylinder suddenly increases. The partial derivative equations of
motion are in the form of couplings with the heat equations. First,
the equations of motion are derived by the Hamilton principle; here
first-order shear theory and considering strain-shift relations of
Sanders are used. Then, the equation system including the
equations of motion and energy equations by the Runge—Kutta
fourth-order method are solved. In this study, the effects of length,
temperature, thickness and radius parameters on natural
frequencies and intermediate layer displacement are investigated.
The results show that the increase in external temperature decreases
the natural frequency and increases the displacement of the system.
In addition, the results of radial transitions were evaluated with
previous studies and it was found that it is in good agreement with
the results of previous papers.
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1 INTRODUCTION

OMPOSITE materials have identified their position in engineering and are now used at various points as

common materials, especially for structural purposes. Today, in the military industry, airplane, automotive,
construction of sporting and entertainment products, electronics, mechanical and medical materials, composite
materials are used. One of the most important structures used in various industries is the thin-walled cylindrical
shells used in various applications The use of thermoelastic behavior of cylindrical shells subject to extreme
temperature changes is very important in the design of advanced engineering structures. However, both in metal
structures and in composite structures, the temperature changes both during production and when used are very
common. Changes in temperature make two important effects. First, the amount of material is expanded when the
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temperature rises and contracted when cools. This expansion and contraction are usually proportional to the
temperature variation. The thermal expansion coefficient o is a constant correlation between thermal strain and
temperature variation relative to a reference temperature. In which there is no strain or thermal stress. The second
effect relates to the stiffness and strength of the material; many materials become softer, more flexible and weaker
when heated. Unwanted vibrations in systems result in poor performance, system life, or major failures and system
disruptions, resulting in huge economic losses. Therefore, initial studies to control the vibrations of any system can
prevent the occurrence of vibration problems when using the system. In this study, the dynamic response and the
frequency response of composite cylindrical shells under thermal shock and a mild initial thermal field are Studied.
One of the first studies in this field is the McQuillen, E.J. and Brull [1] paper, by numerical studies They checked
the thermoelastic coupling of a thin cylindrical shell by using the traditional Gallerican method. In that study, they
considered a nonlinear distribution of temperature in the shell thickness, and found that the difference between the
coupling and non-coupling was about 1%. Fundamental monograph about coupled thermoelasticity was published
by Biot [2]. The thermal problems of the theory of plates and shells have been considered in the series of
monographs [3—8]. In addition, we would like to mention also the following important works devoted to the subject
of the paper. Thermal stress solution of conical shells (semi-coupled) was first considered by Huth [9,10]. The
coupled thermoelasticity of shells of revolution was studied by Eslami et al. [11-13], based on second-order shell
theory, and the governing equations including normal stress and strain as well as the transverse shear and rotary
inertia were considered. Coupled dynamic thermoelastic equations of cylindrical thin shells were solved by
Hakimelahi and Soltani [14] who used the numerical Galerkin method. They assumed variable mechanical and
thermal shocks along the cylindrical shell with axial displacement and parabolic temperature distribution through
thickness. Dynamic equilibrium equations of conical shells were obtained by Eslami and Moosavi [15] using a
general linear theory which includes normal and lateral shear stresses and assuming dependency of strain field on
temperature. Thus, semicoupled dynamic equations of conical shells were derived and solved by using the Galerkin
finite element method. Tarn[16] examined the exact solution of thermal and thermal loads on a FGM cylinder. In his
research, he considered the Yang model as a function of radius. In this study, a precise solution is presented for
temperature distribution, thermoelastic deformation and stress field for a non-homogeneous thick cylinder.
Alibeigloo [17] studied the thermoesthetic problem of static deformations in piezoelectric coated cylindrical shells.
He used Navier's and state space methods to solve ordinary differential equations and the governing equations. R.
Ansari,and J. Torabi [18] Free vibrations of cylindrical shells made of functional reinforced composites with carbon
nanotubes under thermal loading and enclosed by elastic substrates have been investigated. They have affected the
various parameters such as thermal loading, different boundary conditions, elastic bedding and geometric conditions
Different on the natural frequency of the structure. Alibeigloo [19] studied the Elasticity solution of functionally
graded carbon nanotube-reinforced. Y. Kiani and M. Eslami [20] Based on the uncoupled thermoelasticity
assumptions, axisymmetric thermally induced vibrations of a circular plate with the arbitrary type of time-dependent
boundary conditions made of FGM are analyzed. S.E. Ghiasian et al. [21] studied geometrically nonlinear thermally
induced vibrations of functionally graded material beams and solved via a hybrid iterative central finite difference
method and Crank-Nicolson method. S. M. Alipour et al. [22] investigated thermally induced vibrations of
functionally graded material rectangular plates and solved the equation by means of the GDQ accompanied by the
successive Runge—Kutta algorithm in the time domain. A. Keibolahi et al. [23] analyzed large amplitude thermally
induced vibrations of a shallow curved beam that is made from an isotropic homogeneous material. H. R. Esmaeili
et al. [24] investigated Large amplitude thermally caused vibrations of cylindrical shells made of a through-the-
thickness FGM. All of the thermo-mechanical properties of the FGM shell are considered to be functions of
temperature and thickness coordinate. A. Keibolahi et al. [25] studied the dynamic buckling of a shallow arch
subjected to a transient type of thermal loading by following the Budiansky—Hutchinson criterion. M. Javani et al.
[26] analyzed nonlinear vibrations of the FGM shallow arches subjected to different sudden thermal loads Based on
the uncoupled thermoelasticity assumptions. The heat equations solved numerically by a hybrid iterative GDQ
method and Crank-Nicolson time marching scheme. M. Javani et al. [27] investigated large amplitude thermally
induced vibrations of an annular FGM plate subjected to rapid surface heating.

2 PROBLEM FORMULATION

Consider a thin cylindrical shell of thickness 4 and an average radius R in the coordinates (x, ®, z), as shown in Fig.
1, which z is measured from the midpoint of the cylinder, it is assumed that this The shell is on a uniform thermal
field, with which it reaches the thermal equilibrium and suddenly it enters a thermal shock (this shock can be a
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sudden increase in temperature at either one of the internal or external surfaces, or both), The shell is isolated on its
edges and the boundary conditions are considered to be clamped.

Fig.1
Cylindrical shell coordinates.

In order to obtain the governing equations, a relatively thin cylindrical shell is assumed to be hypothesized. The
displacement components are based on the first order approximation of the shells as follows [28]:

U(xﬁ,z)=u0(x,l9)+zwx(x,(9,0) )
V(x,H,z):vo(xﬁ)—i-zz//g(x,@,O) 2
W(xﬂ,z)zwo(xﬁ) 3)

In these relations, uy, vo and wy represent the components of displacement vector of the point on the middle of the
crust, and y, and y, represent the rotation of the tangents of the middle surface along the x and O axes,
respectively. Therefore, in the hypothesized theory is just the normal strain &, = 0, the components of other normal
and shear strains at each point of the cylindrical thickness are obtained as follows [29]:

ou 1 (6’\/ J ov 10U low v
&, = g = | 2 tW o = T, Ew =32 5 TV =TV
Ox R\ Ox ox R 06 R ox R Ox @)
oy 1 Oy, loy, Oy, 11(ov 1 ou
k. =—= k,=— ky=—"7"+—""+——| —+——
) Ox R 00 R 00 ox 2R\ox ROO
According to Hooke's law, stresses are obtained according to strain components as follows [28]:
Gx Ql] Q12 Q13 Ql4 0 O _gx ] _a”_
Gy 0y 0p 0y 0y 0 0 o )
g, Q Q Q Q 0 0 2 53
Tez — - 31 - 32 - 33 - 34 x 7,9: _ 0 AT (5)
[ Ou 9pn Qs Qu 0 0 Vsz 0
Fxo 0 0 0 0 Q_ss Q_ss Vo 0
0 0 0 0 Q404 ]

Note that the coefficients of thermal expansion affect the longitudinal strain and have no effect on the shear
strain. In addition, in the present problem, each layer is transversally isotropic (in directions 2 and 3, the properties
are similar), and we have v, = vi3, Gi» = Gi3, E5 = E33, and the simplifications for O coefficients are expressed as
follows [30]:

v, E E
0, = : 0, =0, =—22 0, = 2

l_Vlzv 21 l_Vlzv 21 1_V12V21

O =G, (6)
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For a single layer of composite:

o 0, 0, 0 & —a AT

X _ _ X 11
Oy = 0, 0, 0 &, —oy, AT @)
Tx@ O O §§66 7x9

According to the stresses presented in relation 8, forces and moments will be as follows [30]:

hi/2
(N, ,M,)= J.(Tl. (Lz)dz ()
—h/2
hi2
0= [od ©)
—h/2
N. ] [4,4, 0 B, B, 0 00 |[e. | [NL]
N, A, A4, 0 B,B,, 0 00 [g N}
N, 0 0 44,0 0 B,0 0 &0 0
M, | |ByB, 0 D;D, 00 0|k | |M] 10
M, B,B,, 0 D,D, 00 0]k, M;
M, 0 0 B, 0 0 D, 0O k., 0
0. 0 0 00 OO0 4,0 &, 0
19, | [0 0 0 0 0 0 0 4, ||le. | |0

In this relation, the coefficients, D, B, and 4, are as follows:

(4, B, D[jjzizféy{l,z,zz}dz (11)

Zk-1

The forces and moments created by thermal loading are calculated by the following relationships:

_]\fz‘ _ 2 g2“ £212 _CZH
N }_ZI{Q sz_azjwz (12)
_]L1:: _ Y g2]] £212 ] CZH
M) }—ZI{ . Qn[azjmdz (13)

with regard to the loading symmetry and the geometry of the problem relative to the cylinder axis, the strain
components can be considered as follows [31]:

N, =4y, +A,6, +Bk, —N/ (14)

Ny =4, +A458, + Bk, _N(JT (15)
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M, =B, +B¢, +D11kx _MxT (16)
M, =By, +Bye, +Dpk, —M, (17)
Qx :A558xz (18)

To obtain the equations of motion, we use Hamilton's principle for these equations. The general form of this
principle is as follows [32]:

}éLdt =T[(5K -o6U )dt =0 (19)

0

After performing several integral integrators and separating the coefficients for du, dv, ow, the motion equations
are as follows [33, 34]:

Ngx,g e ..
Nx,x + R _11”0 +12l/jx (20)
0.0 0, .
+N ., +F211V0+12'//0 (2D
N 0 . I, -
_?U+Qx,x + ;ﬂ —Rq. =1w,+1,y, +33¢z (22)
M, , . .
Mx,x + R _Qx _IZMO +13(//x (23)
M,, e .
M, + R -0, =1y, +1.y, 24

Due to the axial symmetry of geometry and loading, (¢/ 06 = 0), the number of motion equations for dynamic
cylindrical shell behavior is reduced in the general case of sanders theory and Egs. (2) and (5) are self-sufficient
[35]. The motion equations in this case will be as follows:

Qu A, ow . Py, 0T, 0T, du 10,

ZZ o T el NV it B e 25

"o R ax  Maxr 'ax T 'ox ‘o R ot (23)
o'w oy, 1 ou w oy, ow

A556x_2+ S ar E( IZa—FAZZ;_'_B]ZE_(at;TO—i_bt;Tl) :11&_2 (26)
ou B, ow o’y oT, or, ow 1, 0u oy

B, 2 2 p Z P 220 2Ty T =22, x 27

U TR ax Wk ey My fua VTR Thae @7)

To solve thermoelastic coupling problems, it is necessary to solve simultaneously the equations of motion and
energy equations.

k,T, ~[e, pT +T,B,£,]=0 (28)
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T(x,H,z,t):To(xﬁ,t)—i-le(x,H,t) (29)

T, and T are functions that we must obtain from the equation system. The Galerkin method is used to obtain two
non-dependent thermal conductivity equations of Eq. (31). by averaging it in the thickness z of the shell, assuming a
linear distribution in the thickness of the shell given by Eq. (32), the two variables T and T, appear in the energy
equations. For a multilayer cylindrical shell under thermal shock with axial symmetry and a uniform distribution
along x, the energy Eq. (8) in terms of displacement terms is summarized as follows [36]:

, . Y ; . o°T T 1
Residual = pcT +T, U +——W+p.W_+B V. |-k . ——k —+—
p al:ﬂxx X R+Z ﬂzz Z ﬂxﬁ X 22(822 R+Z 6

XX ax 2 ) (30)

The two integrals (32) and (33) yield two non-dependent energy equations, using two non-dependent 77 and T
functions:

[(Residual).(1)dz =0, (1)

z

1 1
ROT +RPT, +RMi, +RPyr  +R vy, +RMW, +RPy. +RP ¢, to R R,w 0oty Ry

(32)
1 . . . 1
+—RR(§3)(/)Z +RYT, . +ROT,. —ER,S)TI —(h, =h,)Ty+h(h, —h)T, +[hT, (t)=hT,]=0
and
I(Residual).(z )dz =0, (33)
RC(Z)T() +R;3)Tl +R;2)u.o,x +R;E3)‘// +R(2)l//()x +R(;x) 0,x +R(3)l// +R(3)(p + ! R(Z)W +11? R(S)V/Z
(34)
1 . . 1
+_RR0(4)¢Z +R/§f)T0xx +R/$)T1,xx __R Z)T h[(h _h )To (h ) 1 _(hiTi (t)_hoToo)] =0

In these equations, some of the parameters are eliminated due to the axial symmetry (6/06 = 0). Relationships for
the coefficients Rj(.'() are given in the appendix.

As already mentioned, S is the volumetric expansion coefficient and % is the conduction coefficients in different
directions of the composite. To solve the problem, we need to solve a device that contains the equations of motion
and energy equations. These equations are in the partial derivative (pde), that is, the function x and ¢. To solve the
equations, we need to write them to the finite element matrix form Mx +Cx +Kx = F. Matrix form can be used in
a variety of ways, including the Rang Kuta method. The steps in converting the pde equations into the matrix form
of the finite element are as follows. First, using the Galerkin method, we write the equations in a weak form, and
then write them in a common matrix.

The initial conditions of the problem are considered zero:

uy (x,0)=w,(x,0)=y,,(x,0)=0 (35)

Ouy (x,0) _ w, (x,0) _ 0o (x,0) _ (36)
ot ot ot

The weak form of the equations will be:
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L L L
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By integrating the final form of the ode's equations is as follows:
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R®L . ROL_. RP RO RPL R (mm) . RE (mz)’
c T0+ c Tl + x (mn-)u-_'_ X (mn-) -X + 1z} WO_ kx ( ) TO_ kx ( ) Tl
2 2 2R 2L oL
RAL h(h —h )L h, —h YhL
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(46)

L
T, + AT, ) = hT. 1-—cos (")) ) =0

Now, the equations can be written in the form of the matrix Mx"+Cx +Kx = F', and this equation can be solved
by different methods. In this study, the Runge—Kutta methods has been used.

3 RUNGE-KUTTA FOURTH-ORDER METHOD

This method was first presented by two German mathematicians named Renge and Kuta. This method has several
levels that we use in this paper from its fourth order state. Runge-Kutta fourth order method is a numerical technique
used to solve ordinary differential equation of the form

L f (w)r (0)=, 7

Ky, K5, K, and K, are the values of the Rang Kuta method, which should be weighted average of these values
with the values of displacement and velocity in the previous step in order to calculate the velocity and displacement
in each step [37].

k,=hf (xi’yi)’ k,=hf [‘xi +%7yi +%jv ky=hf (xi +%>yi +k_22} k,=hf (x, +h,y, +k;)
(48)

Via=Y; +%(kl +2k, +2k, +k,)

which 7 is time step of solving.

4 NUMERICAL RESULTS AND DISCUSSION

In this section of the work, we will verify the results of the research with other studies of scholars that are presented
in valid journals. For this purpose, we compared the results of the radial motion of the intermediate layer with the
results of the Jeng-Shian Chang et al [28], which can be seen in the Figs. 2-4 for the shells of different fiber angles.
In all of these cases, the shell is considered as a double-headed. As you can see, the results are very close to the
results of Chang et al [28] work.

(8]

n ) a'
-0/0005 | y
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€  -of001 \ ref
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= E \
8 -0/oo1s |
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~  -0/0025 | . . .
/ b Comparison of the interlayer displacement for the fiber angle
-0/003 L . . ) (45,- 45, 45, -45) with ref [6].
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time(sec)
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this work
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work
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o/o8 o/1

o/12

Fig.3
Comparison of the interlayer displacement for the fiber angle
(0, 90, 0, 90) with ref [6].

Fig.4
Comparison of the interlayer displacement for the fiber angle
(0,0, 0, 0) with ref [6].

All results are obtained using the properties listed in the Table 1. Otherwise, the values that have been changed
in the description of the image are listed.

Table 1
Geometry and material properties of composite shell.
Parameter value Parameter
254 cm Cylindrical length (L)
50 cm Middle layer radius (R)
0.0635¢cm Thickness of each layer (H)
(-45,45,-45,45) Fiber angle
137.9 Gpa Young's modulus for direction 1 (£7;)
8.96 Gpa Young's modulus for direction 2 and 3 (Ep,=FE33)
7.1 Gpa Shear modulus (G,=G3)
3.447 Gpa Shear modulus (G»3)
0.3 Poisson's ratio (v)
46.2x10° J/em s K Heat transfer coefficient in direction 1 (Kj;)
7.2x107 Jem s K Heat transfer coefficient in direction 2 and 3 (K,,=K33)
16.35 J/em® s Thermal shock load (f))
100 °C Initial temperature change (AO)

The effect of change in shell thickness on the displacement of the middle layer and frequency is shown in Figs. 5

and 6.

central displacement(cm)

o
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|- "“.-
N "
N )
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L ~
)
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.
o 0/05 0/1 0/15
time(sec)

Fig.5
Changes in the radial displacement of the interlayer in
different thicknesses of the layers.
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1/20E+04
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2/00E+03 m— h=0.2em
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frequency(rad/s)

4/00E+03

2/00E+03 Fig.6
Changes in natural frequencies by changing the thickness of

the layers.
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)
8]
w |
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Mode number

In Figs. 7 and 8, the length of the cylindrical length parameter is investigated. It is seen that in Fig. 7, with
increasing length of the cylinder, the displacement of the middle layer is increased, as can be seen in Fig. 8, by
increasing the length of the cylinder. The natural frequency has decreased.

o F

n L=0.25
__-0jo02
= :
S :
= o004 [ === sls0s
=
2 [
a -0/006 r L=1
g _
2 ofoos [
= E .
8 o | Fig.7
F Change in the radial displacement of the middle layer by
om12 L - : - - ‘ : changing the length of the cylinder.
o 0/02 0/04 0/06 0/08 o/1 0/12
TIME(SEC)
1/20E+04
1/00E+04 ; ——=0.25
= g/ooE+03 |
E .
? 6/00E+02 |
g i
=] F
g :
& 4/00E+03 |
2/00E+03 | .
: Fig.8
o/ovE+00 L . Change in natural frequencies by changing the length of the
0 . 2 3 4 3 cylinder.

Mode number

Another important geometric parameter in the cylindrical shell is the radius of the intermediate layer, which in
Figs. 9 and 10, respectively, deals with the effects of the middle layer radius on the displacement of the middle layer
and the frequency. By increasing the radius, the displacement Dropped. In Fig. 10, it is also observed that the natural
frequency increased by increasing the radius.

0 F
L — + —R=25m
ojoo1 |
T F R=50m
= -0/002 F
c N
g b ———R=100m
§-vjoos |
o b
T opo0s [
5 b
£ b '
& -0/005 ¢ Fig.9
o006 f‘ L Changes in the radial displacement of the intermediate layer
0 o2 o4 006 008 oL 012 by changing the radius of the cylinder.
time(sec)
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25000 r
—— R=25m
20000 |
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E L
B 1s000 | R=100m
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§ L
g 10000 r
2
so00 [ X
b Fig.10
o L X . ‘ , Change in natural frequencies by changing the radius of the
o 1 2 3 a 5 cylinder.

Mode number

In the next study, Fig.11 shows the effect of different angles of the fiber in the dynamic response.

0 time(sec)
§ N, 0/02 0/04 0/06 ofos o/1 0/12
_o/o005
_ F 45.-45.45.-45
EL L 0.0.0.0
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o — -—90,0.90.0
g
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5 0/0015 |
2
2 b
£ -0fooz - .
s F S Fig.11
-af0025 [ ) Changes in the radial displacement of the intermediate layer
F by changing the Fiber angle.
o003 L

The basic parameter to be considered in this study is the effect of the shock load (f;) on the range of vibration
displacement. The result of this study is shown in Fig. 12.

O pog = = m i m s
-0foo02 |
-0focos F
-0fo006 f
-0fooos |
0/001 £
-ofoo1z |

=== 10jfcm2Zs

central displacement{cm)

13 jfem2 s
-0/0014 £ .
0/0016 F 16.35j/cm2 5 Fig.12
o018 E e Changes in the radial displacement of the intermediate layer
0 0/02 0/04 0/06 0/08 01 0/12 with a change in thermal shock.
time(sec)

Figs. 13 and 14 show a change in the natural frequency and displacement of the middle layer by changing the
thermal field temperature. As the temperature rises, the material becomes softer so that the displacement rises, but
due to the initial stresses it causes that the natural frequency decreases. Fig. 13 shows that the field does not have
much effect on the original frequency (first frequency), but the increase of the field affects the subsequent
frequencies and reduces the frequency.

1/20E+04 [
1/00E+04 |
8/00E+03 |

6/00E+03 |

frequencylrad/s)

4/00E+03 [

2/00E+03 — Fig.13
b Changes in natural frequencies by changing the temperature

of the initial thermal field.

o/ooE+00 © L L L L
4] 1 2 3 4 =)
Mode number
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In Fig. 14 it is seen that the existence of a mild initial field (up to 100 degrees) does not have much effect on the
dynamic response but will reduce the natural shell frequencies (especially higher frequencies). However, the thermal
field does not have a significant effect on the dynamic response in the short time, but after a while it reduces the
hardness matrix values and will reduce the frequency and increase the range of displacement.
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5 CONCLUSION

In this paper, the dynamics and vibrational responses of cylindrical shells of thin-walled composite materials under
the primary thermal field and thermal shock were investigated. The influence of parameters such as radius,
cylindrical length, shell thickness, temperature of the field and ... on the range of radial displacement of the middle
layer and Natural frequencies were dealt with. By examining the effects of the heat field and thermal shock, it was
found that a mild heat field (far away from the melting point of the composite matrix) does not have an effect on the
dynamic response but reduces the natural frequency, especially higher frequencies. But the effect of increasing the
thermal shock on the increase in displacement is considerable, but with transient effects it has no effect on natural
frequencies.
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