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This article presents a two-dimensional problem of generalized thermoelasticity for a fiber-
reinforcement anisotropic half-space under a thermal shock at its upper surface. The effects of initial
stress and rotation are both studied. Green and Naghdi’s theory of thermoelasticity is employed to
study the present problem. The inclusion of reinforcement anisotropic elastic parameter is made and
two additional terms are added to the displacement equation. The problem is solved numerically
by using the finite element method. Numerical results for displacements, stresses and tempera-
ture are given and presented graphically in different positions. Comparisons are made for different
values of the angular velocity and initial stress. The inclusion of the reinforcement parameters is

also investigated.
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1. INTRODUCTION

The problem of a half-space subjected to a thermal shock
in the context of the theory of uncoupled thermoelastic-
ity is solved firstly by Danilovskaya.! In the uncoupled
thermoelasticity theory the temperature is governed by
a parabolic partial differential equation which does not
contain any elastic terms. So, the elastic changes have
no effect on the temperature. It was not much latter that
many attempts were made to remedy the shortcomings
of this theory. Biot> formulated the theory of coupled
thermoelasticity to eliminate the paradox inherent in the
classical uncoupled theory. The heat equations for both
theories, however, are of the diffusion type predicting infi-
nite speeds of propagation for heat waves contrary to phys-
ical observations.

The theory of thermoelasticity that includes the effect
of temperature change has been well established. Accord-
ing to this theory, the temperature field is coupled with
the elastic strain field. This theory covers a wide range of
extensions of classical dynamical coupled thermoelastic-
ity. Lord and Shulman® and Green and Lindsay* extended

*Author to whom correspondence should be addressed.

J. Comput. Theor. Nanosci. 2014, Vol. 11, No. 2

1546-1955/2014/11/001/008

the coupled theory of thermoelasticity by introducing the
thermal relaxation times in the constitutive equations.
Additional thermoelasticity theories have been presented
and investigated by other researchers.’!2

Lord and Shulman® considered isotropic solids and
introduced one relaxation time parameter into the Fourier
heat conduction equation; that is, both the heat flux and
its time derivative are considered in the heat conduction
equation. The heat equation associated with this theory is
thus hyperbolic. A direct consequence is that the paradox
of infinite speed of propagation inherent in both the uncou-
pled and coupled theories of classical thermoelasticity is
eliminated and the heat wave feature can be modeled
by the generalized thermoelasticity. Green and Lindsay*
developed a temperature-rate dependent thermoelasticity
which does not violate the Fourier’s law of heat conduc-
tion when the body under consideration has a center of
symmetry. In this theory, both the equations of motion and
heat conduction are hyperbolic but the equation of motion
is modified and differs from that of classical coupled ther-
moelasticity theory. Green and Naghdi® provided sufficient
basic modifications in the constitutive equations to permit
treatment of a much wider class of heat flow problem.
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Fiber-reinforced materials have many applications in
aerospace and automotive fields, as well as in sailboats,
and notably in modern bicycles and motorcycles, where
their high strength-to-weight ratio is of importance.
Improved manufacturing techniques are reducing the costs
and time to manufacture, making it increasingly common
in small consumer goods as well, such as laptops, tripods,
fishing rods, paintball equipment, archery equipment, rac-
quet frames, stringed instrument bodies, and classical gui-
tar strings. Hashin and Rosen!® gave the elastic moduli
for fiber-reinforced materials. Sengupta and Nath'* dis-
cussed the problem of surface waves in fiber-reinforced
anisotropic elastic media. Singh!® showed that, for wave
propagation in fiber-reinforced anisotropic media, this
decoupling cannot be achieved by the introduction of the
displacement potentials.

The one-dimensional thermal shock problem has been
considered by Sherief and Dhaliwal'® using Lord and
Shulman’s theory. The same thermal shock problem has
been considered by Dhaliwal and Rokne!” using Green
and Lindsay’s theory. Once again, the same thermal shock
problem has been considered by Li and Dhaliwal'® using
Green and Naghdi’s theory. In this paper, two-dimensional
thermal-shock problem of a fiber-reinforcement anisotropic
half-space is studied. The effect of both initial stress
and rotation is investigated. The governing equations of
medium are derived based upon Green and Naghdi’s theory.
The finite element solution for the coupled governing equa-
tions is obtained. Numerical results are provided to show
the influence of the fiber-reinforcement parameters on the
temperature, displacements and stresses.

2. FORMULATION OF THE PROBLEM

Let us consider the problem of a thermoelastic half-space
(x > 0) such that its surface is subjected to a thermal shock
which is a function of y and ¢. Thus, all quantities consid-
ered will be functions of the time ¢, and of the coordinates
x and y. The medium is rotating uniformly with an angular
velocity ) = Qn in which n is a unit vector representing
the direction of the axis of rotation. The components of
the displacement vector u; and temperature 7 can be taken
in the following forms:

u,=u(x,y,t), wu,=v(x,y,t), u;=0

T=T(x,y,1) M

According to Green and Nagdhi,” Singh'? and Qian et al.?

the linear equations governing thermoelastic interactions
in the homogeneous anisotropic solid in the absence of
body force and heat sources are given as follows:

= plii; + {2 x (@ xu)}; +2(Q x u),]
ij=1,2,3 ()

’J Jj + (ul ko-]?])

Abbas and Zenkour
K'T;+ KT, = pc, T+ Tyli; 3)

where p is the mass density; o is the stress tensor; a,g. is
the initial stress tensor; 7; is the reference uniform temper-
ature of the body; c, is the specific heat at constant strain;
K;; is the thermal conductivity; and K* is the material char-
acteristic of the theory. The comma notation is used for
spatial derivatives and superimposed dot represents time
differentiation.

The constitutive equations for a linearly thermoelas-
tic fiber-reinforced anisotropic medium whose preferred
direction is that of a unit vector a is

0- - Aekkalj +2MT61] _|_a(akamekm5 +a a; ekk)
+2a, (1, —
~By(T ~T)5,.

MT)(aiekj + ajeki) + Bakamekmaiaj

i’j’k’m=1’273 (4)

where ¢;; is the strain tensor; 9;; is Kronecker’s delta; 3;; is
the thermal elastic coupling tensor; A and u, are Lamé’s
elastic parameters; «, 3, and u, are additional rein-
forced anisotropic elastic parameters; and a@ = (a,, a,, a;),
at+as+ai=1.

The displacement equation of motion in the rotating
frame of reference has two additional terms (Schoenberg
and Censor?'): Centripetal acceleration, £ x (Q x u) due
to time-varying motion only and the Corioli’s acceler-
ation 2(Q x u). These terms should be disappearing in
the non-rotating media. We choose the fiber-direction
as a=(1,0,0) so that the preferred direction is the
x-axis and there exists only two constant initial stress
components g, = gy, = 0. So, Egs. (2)—(4) may be
simplified to be

Pu v u
(A11+0'0) +(A12+/J’L) +( 0+ML)_
aT Pu
_B” ——Q —ZQ— (5)
v v
(A 12+ML) +(Uo+,U~L) +( 22+Uo)
T v
= /322 ﬁ—ﬂz +ZQ— (6)

K*+K g é?ZT—i- K*+K I\ET
"ot ) ax? 29t ) ay?
2T 02 du
= pc. QFy +00t2(B” +Bn—— ) (7

—Bu(T—-T) (®)

oy =A— +A12

ax

BZZ(T TO) (9)

Opn=Ap— +A22

Jdx
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(g (10)
T, = J—
12 El dy
where
Ay =A+2(a+pr) +4(pu, —pr)+B
Ap=Ada, Ap=u., Ap=A+2ur

Bii=QCA+3a+4u, —2ur +B)ay; + (At a)ay, (11)
Brn = (2A+a)a; + (A+2ur)ay,

in which «@,, and «, are coefficients of linear
thermal expansion. For convenience, the following non-

dimensional variables are used:
X,y u,v)=cx(x,y,u,v), t =c*xt

ﬁll(T_TO) Q :g

T/ — !
pc? 2y
! ! / / (12)
(01), 0135 Oy, 0) = 7(0119 013, O, Oy)
A C
C2 = ¢, /\/ = p ¢
P Ky,

In terms of the non-dimensional quantities defined
in Eq. (12), the above governing equations reduce to
(dropping the dashed for convenience)

Pu v 2
(1+0'0) +(BI+B4) +(0'0+B4)
T  9? d
- —”—Q2u—29—” (13)
dx = 012
Pu v 821)
(B, +‘To) +( 1 +B4) >+ (B, + 0'0)
=B aT+82 Q% +2Q (14)
T ey oo
a\ T a\ T
Sty Joe T\ 218y )5
_62 L 0? 8u+ dv (15)
o "o \"ax T %1%y
du Jv
0-11_8_4_315_7‘ (16)
du Jdv
0y =B, —+B,— —B;T 17)
dx dy
B (2042 (18)
o, = — 4+ —
12 W\ 7% dy
where
1 _Bzz
(31’32’34)_A_(AIZ’AZZ’AB)’ By ==
11 B
K, TyB1,
= -, , = , 1
2 K, (g0, &) = A, pe, (Bi1> Bx) (19)

1 /K*
(85, 83) = [7 7, K x

e
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3. APPLICATION

We consider the problem of a half-space W, which is
defined as follows:

T={(x,y,2): 0<x<o00,—00<y<oo,—oc0o<z<oo} (20)

The surface of the half-space is taken to be traction free,
and the thermal shock g(y,t) applied on the surface at
x = 0 is taken of the form

8O, 1) =T H()H(l—1y) (21)

where H is the Heaviside unit step function and 7] is a
constant. This means that heat is applied on the surface
of the half-space on a narrow band of width 2/ surround-
ing the y-axis to keep it at temperature 7,, while the rest
of the surface is kept at zero temperature. Assuming the
following initial conditions:

i=v=7=0,

u=v=T=0, atr=0 (22)

4. FINITE ELEMENT FORMULATION

The Finite element method is a powerful technique
originally developed for numerical solution of complex
problems in structural mechanics, and it remains the
method of choice for complex systems. A further ben-
efit of this method is that it allows physical effects
to be visualized and quantified regardless of exper-
imental limitations. On the other hand, the finite
element method in different generalized thermoelastic
problems has been applied by many authors (see for
instant®>-%%),

In this section, the governing equations of generalized
thermoelasticity based upon Green and Naghdi’s theory
are summarized, using the corresponding finite element
equations. In the finite element method, the displacement
components u, v and the temperature T are related to the
corresponding nodal values by

W= N, o= N, T=3NT0 @3)

where m denotes the number of nodes per element, and
N; are the shape functions. The eight-node isoparametric,
quadrilateral element is used for displacement components
and temperature calculations. The weighting functions and
the shape functions coincide. Thus,

du=Y) Ndu;, Sv=) Ndv;, 8T=) NOT, (24)
i=1 i=1 i=1

It should be noted that appropriate boundary conditions

associated with the governing equations, Egs. (13)—(15)

must be adopted in order to properly formulate a prob-

lem. Boundary conditions are either essential (geometric)

3
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or natural (traction) types. Essential conditions are pre-
scribed displacements u, v and temperature 7 while, the
natural boundary conditions are prescribed tractions and
heat flux. They expressed as

=7, o.n.+o,n =71,
y y ) wihty =T (25)
qxnx +qyny =4

o .n.+o.n

xx'fx xy

where n, and n, are direction cosines of the outward unit
normal vector at the boundary, 7., 7, are the given tractions
values, and ¢ is the given surface flux.

In the absence of body force, the governing equa-
tions are multiplied by weighting functions and then are
integrated over the spatial domain @ with the bound-
ary I'. Applying integration by parts and making use
of the divergence theorem reduce the order of the spa-
tial derivatives and allows for the application of the
boundary conditions. Thus, the finite element equations
corresponding to Egs. (13)—(15) can be obtained as

ax ety 4w

86T 8T+ d8T dT
©2 dx dx ©2 dy dy

2 ]
sul 22 —ru—20%
12 Jt
82u+82u
%o\ ox2 dy?
9 ]
su[ 22— av+20
or? ot
+ dw (26)

v v
(5 5))
T(aZ—T+8—2(sa—u+a@>
arr o\ %ax oy
d (PT  &PT
‘835(@“@))

Substituting the constitutive relations Eqs. (16)—(18),
and Egs. (24) and (25) into Eq. (26) leads to

Mg 00 ii
> 0 M; O v
My My, Mg || T

Abbas and Zenkour
0 ¢, O u

+1 G5, 0 0 V¢
0 0 C4||T°

K Ky, K| [« Fy
+ | Ky K, Ky v =1 (27)
0 0 K&4l||T° Ff

where me is the total number of elements. The coefficients
in Eq. (27) are presented in Appendix A.
Symbolically, the discredited equations of Eq. (27) can
be written as
Md+ cd+Kd = F* (28)

where M, C,K, and F*' represent the mass, damping,
stiffness matrices, and external force vectors, respectively,
d=[uvT]". On the other hand, the time derivatives of the
unknown variables have to be determined by the Newmark
time integration method (see Wriggers?’).

5. NUMERICAL EXAMPLES

To illustrate the proposed finite element approach, the fol-
lowing physical constants for generalized fiber-reinforced
thermoelastic materials are used.

A=565x10"N-m?, pu;,=246x10"N.-m?
w, =566x10°N-m™2, p=2660kg.m™>
a=-128x10"N-m™2, B=22090x10""N-m™
@, =0017x 107" k™', @, =0.015x10"* k™'
c,=0.787x10° J-kg*' - k™', T,=293k, [=05
K,;=0.0921%x10*T.m"'.s7". k!, T,=1
Ky =0.0963 x10° J-m~"'.s7'. k!

To study the effect of reinforcement on wave
propagation, some numerical examples are presented
graphically. The numerical applications will be carried out
for the displacements u and v, temperature 7, and stresses
oy, 0, and 0,, that being reported herein at y = 0.5,
t=0.2, T, =1, and for different values of initial stress o,
and angular velocity ).

The distributions of u, v, T, oy,, 0, and o0,, are pre-
sented in Figures 1-6 through the longitudinal x-direction
for () =2 and for different values of oy,. All quantities,
except the temperature, are very sensitive to the variation
of the initial stress 0. As g;, increases the displacement v
and the longitudinal stress o, increase while the displace-
ment u decreases. The temperature may be independent
of o, while the values of the normal stress o, and in-
plane stress o, oscillate randomly with distance x. The
displacements vanish at x = 1.6, the longitudinal stress o7,

J. Comput. Theor. Nanosci. 11, 1-8, 2014
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0.05 T T T T T T T

03 L L L L L L L
0 02 0.4 06 0.8 1 1.2 14 1.6

X

Fig. 1. Variation of horizontal displacement u with distance x.

0.16 T T T T T T T

1 1.2 14 1.6

Fig. 2. Variation of vertical displacement v with distance x.

and the normal stress o,, vanish at x = 2.0, the in-plane
stress o, vanishes at x = 1.5, and the temperature van-
ishes at x =2.5.

The effect of the angular velocity €2 is also discussed
here. Similar plots for all quantities are presented in
Figures 7-12 for o, = 1 and different values of (.

0.8 =9 7
o 2

0.7F b

0.6 i

0.3 1
0.2 4
0.1 1

X

Fig. 3. Variation of temperature 7 with distance x.
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Fig. 5. Variation of stress component o, with distance x.

Figure 7 shows that the horizontal displacement u is
no longer increasing and decreasing monotonically with
maximum values at 0.3 < x < 0.5. Figure 8 shows that
the vertical displacement decreases directly as x increases.
Both u# and v reach to zero when x = 1.5. Once again,

-0.005

-0.01

-0.015

-0.02

-0.025

-0.03

-0.035
0

Fig. 6. Variation of stress component o,, with distance x.
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Fig. 8. Variation of vertical displacement v with distance x.

the temperature is independent of () and it decreases
as x increases and vanishes when x = 2.5 as shown
in Figure 9. The longitudinal stress o,;, as shown in
Figure 10, increases as () decreases and this irrespective
to the value of x. The same behavior is illustrated by
05, in Figure 12. The two stresses vanish when x = 2.0.

0.9
o8 N e Q=5 ]

0.7f b

04} E
0.3 -
02} E
o1} E

Fig. 9. Variation of temperature 7 with distance x.

6

Abbas and Zenkour

0.2 T T T

7]

12 . .
0 05 1 15

X

Fig. 11. Variation of stress component o, with distance x.

Also, Figure 11 shows that o}, oscillate randomly with
distance x and vanishes when x = 1.5.

Finally, the inclusion of the fiber-reinforcement coeffi-
cients is also discussed. The quantities of thermoelastic
medium with fiber-reinforcements (WRE) and those
without fiber-reinforcements (NRE) are presented in

-0.005
-0.01
-0.015

N 002
-0.025
0.03

-0.035 [

0.04 L L L
0 05 1 15 2

X

Fig. 12. Variation of stress component o,, with distance x.
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05

X

Fig. 13. Variation of horizontal displacement u with distance x.

0.25¢ : : . .
: ——WRE
T NRE
0.2} m
0.15} _

Fig. 14. Variation of vertical displacement v with distance x.

Figures 13-18 for o, =1 and ) = 2. It is observed that
the variations of all quantities with fiber-reinforcements
(WRE) are least oscillatory than the variations of all quan-
tities without fiber-reinforcements (NRE).

0.7
0.6

0.4
0.3
0.2
0.1

X

1.5

Fig. 15. Variation of temperature 7 with distance x.
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Fig. 16. Variation of stress component o, with distance x.
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Fig. 18. Variation of stress component o,, with distance x.

6. CONCLUSION

As observed of the plots of all quantities, the inclusion of
the fiber-reinforcement coefficients, as well as the initial
stress and rotation play an important role of deformation of
the medium. The variations of displacements may be more
uniform than those of stresses. However, the temperature
still independent of all variables.
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APPENDIX A

The coefficients appeared in Eq. (27) are given by
M = [ INV[Nldw,  Cjp = [ —20[N'[N]dw
. INT'ToN INT'ToN
K, 2/ — | | == [+Bs| — | | —
@ \ | 0x dx dy dy
?*N N

—o,[N]" |:6_x2 + a_yZ] — QZ[N]T[N]) dw

. INT'ToN INT'TaN
a [ 7] [T 5] 7)) e
Kf3=fm—[aNT[N]dw, M§2=/ [N]'[N]d=

ax @

Csi = [ 20N [N)dw
oo [ (B[] [N p [N TN
A e e e e
. INT'ToN INT'ToN
ko= (o5 ] 52l 5]

—oo[N]T[fo + aaTN} - QZ[N]T[N]) dw
KS, =/w —33[%] [N]dw
M, = /m aO[N]T[i—];]] dw, M= /WSI[N]T[(Z_])\;,] dw

M= [ [N]'[N]dw

o= [ et ([ 5]+l 5] oo

Abbas and Zenkour

. INT'TONT  [aNT'ToN
= Lel[w] L E]F]) e
Fe= /F [N]'7.dT, Ff= /F [N]',dr

F = [ [NV gar

References

. V. Danilovskaya, Prikl. Mat. Mekh. 14, 316 (1950).

. M. Biot, J. Appl. Phys. 27, 240 (1956).

H. W. Lord and Y. Shulman, J. Mech. Phys. Solids 15, 299 (1967).

. A. E. Green and K. A. Lindsay, J. Elasticity 2, 1 (1972).

. J. Ignaczak, J. Thermal Stresses 2, 171 (1979).

R. S. Dhaliwal and A. Singh, Dynamic Coupled Thermoelasticity,

Hindustan Publishing, New Delhi, India (1980).

. R. S. Dhaliwal and H. Sherief, Q. Appl. Math. 3, 1 (1980).

. D. S. Chandrasekharaiah, Appl. Mech. Rev. 39, 355 (1986).

9. A. E. Green and P. M. Naghdi, J. Elasticity 31, 189 (1993).

10. R. B. Hetnarski and J. Ignaczak, Int. J. Solids Struct. 37, 215 (2000).

11. A.S. El-Karamany and M. A. Ezzat, Int. J. Eng. Sci. 42, 649 (2004).

12. A. M. Zenkour, D. S. Mashat, and K. A. Elsibai, Math. Problems
Eng. 1 (2009), Article ID 962351.

13. Z. Hashin and W. B. Rosen J. Appl. Mech. 31, 223 (1964).

14. P. R. Sengupta and S. Nath, Sadhana 26, 363 (2001).

15. S. J. Singh, Sadhana 26, 363 (2001); Sadhand 27, 1 (2002).

16. H. H. Sherief and R. S. Dhaliwal, J. Thermal Stresses 4, 407 (1981).

17. R. S. Dhaliwal and J. G. Rokne, J. Thermal Stresses 11, 241 (1989).

18. H. Li and R. S. Dhaliwal, Indian J. Pure Appl. Math. 27, 85 (1996).

19. B. Singh, Arch. Appl. Mech. 75, 513 (2006).

20. Z. Qian, F. Jin, K. Kishimoto, and T. Lu, Int. J. Solids Struct.
46, 1354 (2009).

21. M. Schoenberg and D. Censor, Q. Appl. Math. 31, 115 (1973).

22. X. Tian, Y. Shen, C. Chen, and T. He, Int. J. Solids Struct. 43, 2050
(20006).

23. 1. A. Abbas, Int. J. Thermophys. 33, 567 (2012).

24. 1. A. Abbas and M. 1. Othman, Int. J. Thermophys. 33, 913 (2012).

25. 1. A. Abbas and A. N. Abd-Alla, Arch. Appl. Mech. 78, 283 (2008).

26. 1. A. Abbas and M. Othman, Chin. Phys. B 21, 014601 (2012).

27. P. Wriggers, Nonlinear Finite Element Methods, Springer Berlin

Heidelberg (2008).

AN B RN =

Received: 30 October 2012. Accepted: 28 November 2012.

J. Comput. Theor. Nanosci. 11, 1-8, 2014



