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ABSTRACT: A new mathematical model of thermoelectro
viscoelasticity theory was constructed in the context of a
new consideration of heat conduction with fractional
order. The state space approach developed earlier by Ezzat
was adopted for the solution of a one-dimensional prob-
lem in the presence of heat sources. The Laplace-transform
technique was used. A numerical method was employed
for the inversion of the Laplace transforms. According to

the numerical results and their graphs, a conclusion about
the new theory was constructed. Some comparisons are
shown in figures to estimate the effect of the fractional
order parameter on all of the studied fields. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 124: 2187-2199, 2012
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INTRODUCTION

The linear theory of elasticity is of paramount im-
portance in the stress analysis of steel, which is the
most common engineering structural material. To a
lesser extent, linear elasticity describes the mechani-
cal behavior of the other common solid materials,
for example, concrete, wood, and coal. However, the
theory does not apply to the behavior of many new
synthetic materials of the elastomer and polymer
type, such as poly(methyl methacrylate) (Perspex),
polyethylene, and poly(vinyl chloride).

With the rapid development of polymer science
and the plastics industry, as well as the widespread
use of materials under high temperature in modern
technology and the application of biology and
geology in engineering, the theoretical study and
applications of viscoelastic materials have become
important tasks for solid mechanics.

Linear viscoelasticity remains an important area of
research not only because of the advent and use of
polymers but also because most solids, when sub-
jected to dynamic loading, exhibit viscous effects.'
The stress—strain law for many materials, including
polycrystalline metals and high polymers, can be
approximated by linear viscoelasticity theory.” The
mechanical model representation of linear viscoelastic
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behavior results has been investigated by Gross,’
Staverman and Schwarzl,* Alfery and Gurnee,® and
Ferry.® One can refer to Ilioushin and Pobedria’ for
the formulation of a mathematical theory of thermal
viscoelasticity and for the solutions of some boundary
value problems and to Pobedria® for coupled prob-
lems in continuum mechanics.

The modification of the heat-conduction equation
from diffusive to a wave type may be affected either
by a microscopic consideration of the phenomenon
of heat transport or in a phenomenological way by
modification of the classical Fourier law of heat con-
duction. The first is due to Cattaneo,” who obtained
a wave-type heat equation by postulating a new law
of heat conduction to replace the classical Fourier
law. Lord and Shulman'’ introduced the theory of
generalized thermoelasticity with one relaxation
time (tp) for the special case of an isotropic body.
This theory was extended by Sherief and Dhaliwal'
to include the anisotropic case. In this theory, a
modified law of heat conduction including both the
heat flux and its time derivative replaces the conven-
tional Fourier’s law. The heat equation associated
with this theory is hyperbolic and, hence, eliminates
the paradox of infinite speeds of propagation inher-
ent in both the uncoupled and coupled theories of
thermoelasticity. Earlier, we investigated'? the prop-
agation of discontinuities of solutions in this theory.

The generalized thermoviscoelasticity models ignor-
ing the relaxation effects of the volume, were estab-
lished by Ezzat et al.'> and Othman at el.'* Among the
theoretical contributions to the subject have been our
proofs of uniqueness theorems under different condi-
tions'® and the boundary element formulation.'® For a
half-space of an electrically conducting viscoelastic
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material, a lot of problems describing interesting phe-
nomena that characterize different theories of general-
ized thermoviscoelasticity have been solved by many
researchers,”” >’ among others.

Differential equations of fractional order have
been the focus of many studies because of their fre-
quent appearance in various applications in fluid
mechanics, viscoelasticity, biology, physics, and
engineering. The most important advantage of the use
of fractional differential equations in these and other
applications is their nonlocal properties. It is well
known that the integer-order differential operator is a
local operator but the fractional-order differential
operator is nonlocal. This means that the next state of
a system depends not only on its current state but
also on all of its historical states. This is more realistic,
and it is one reason that fractional calculus has
become more and more popular (see Caputo,”
Podlubny,** and Mainardi and Gorenflo®).

Although the tools of fractional calculus have
been available and are applicable to various fields of
study, the investigation of the theory of fractional
differential equations was started quite recently by
Caputo.”! Differential equations involving Riemann-
Liouville differential operators of the fractional order
0 < a < 1, appeared to be important in the modeling
of several physical phenomena in Kiryakova24 and,
therefore, seem to deserve independent study of
their theory parallel to the well-known theory of
ordinary differential equations.

Fractional calculus has been used successfully to
modify many existing models of physical processes.
One can state that the whole theory of fractional
derivatives and integrals was established in the sec-
ond half of the 19th century. The first application of
fractional derivatives was given by Abel,”® who
applied fractional calculus to the solution of an
integral equation that arose in the formulation of the
Tautochrone problem.” The generalization of the con-
cept of derivatives and integrals to a noninteger order
has been subjected to several approaches, and some
various alternative definitions of fractional deriva-
tives have appeared in Oldham and Spanier,”” Miller
and Ross,?® Samko et al.,”® Gorenflo and Mainardi,
and Hilfer.?! In the last few years, fractional calculus
has been applied successfully in various areas to
modify many existing models of physical processes,
for example, in chemistry, biology, modeling and
identification, electronics, wave propagation, and
viscoelasticity in Caputo and Mainardi,”* Caputo,*
Bagley and Torvik,>* Koeller,®® and Rossikhin and
Shitikova.** One can refer to Podlubny® for a survey
of applications of fractional calculus.

Recently, a considerable research effort was
expended to study anomalous diffusion, which was
characterized by the time-fractional diffusion-wave
equation by Kimmich:*
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pC =A’V?C,0 < v <2 (1)

where p is the density, C is the concentration, A is
the diffusion conductivity, and I" is the Riemann-
Liouville fractional integral.

I" was introduced as a natural generalization of
the well-known n-fold repeated integral I'f(t), writ-
ten in a convolution-type form by Mainardi and
Gorenflo:*?

=0~ 070k oy

where I' is the gamma function and ¢ is the time.
According to Kimmich,” Eq. (1) describes different
cases of diffusion where 0 < v < 1 corresponds to
weak diffusion (subdiffusion), v = 1 corresponds to
normal diffusion, 0 < v < 2 corresponds to strong
diffusion (superdiffusion), and v = 2 corresponds to
ballistic diffusion. It should be noted that the term
diffusion is often used in a more generalized sense,
including in various transport phenomena. Equation
(1) is a mathematical model of a wide range of im-
portant physical phenomena, for example, the sub-
diffusive transport that occurs in widely different
systems ranging from dielectrics and semiconductors
through polymers to fractals, glasses, porous, and
random media. Superdiffusion is comparatively rare
and has been observed in porous glasses, polymer
chains, and biological systems and is the transport
of organic molecules and atomic clusters on the sur-
face. One might expect anomalous heat conduction
in media where anomalous diffusion is observed.

Fujita®™ considered the constitutive equation for
the heat flux in the following form:

q=—x["'VT,1<v<2 3)

where q is the heat flux vector, k is the thermal con-
ductivity, and /T is change in the absolute
temperature.

Povstenko® used the Caputo heat-wave equation
to define the fractional heat-conduction equation in
the following form:

q=—xI"'VT,0<v<2 4)

Cattaneo’ introduced a law of heat conduction to
replace the classical Fourier law in the following form:

0
q-+ 1 a—ctl = —xVT (5)

Sherief et al.** introduced a formula of heat con-
duction and took into account Eq. (7):
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oL

q+roat3:—KVT,0<oc§1 ®)
where
o flx,t) = f(x,0) a—0
—f(x,t) = 1“4% 0<a<1 (7)
ot A (x,0) _1
50 a=

They proved a uniqueness theorem and derived a
reciprocity relation and a variational principle.

In the limit, as o moves toward 1, Eq. (6) is
reduced to the well-known Cattaneo law used by
Lord and Shulman'® to derive the equation of the
generalized theory of thermoelasticity with one
relaxation time. It is known that Lebon et al.*' and
Jou et al.** showed that the classical entropy derived
with this law, instead of being monotonically
increasing, behaves in an oscillatory way. Strictly
speaking, this result is not incompatible with the
Clausius’ formulation of the second law, which
states that the entropy of the final equilibrium state
must be higher than the entropy of the initial equi-
librium state. However, the nonmonotonic behavior
of the entropy is in contradiction with the local equi-
librium formulation of the second law, which
requires that the entropy production must be posi-
tive everywhere at any time, as Lebon et al.*' During
the last 2 decades, this has become the subject of
many research articles and has resulted in the intro-
duction of what is known now as extended irreversible
thermodynamics. A review can be found in Jou et al.*

Youssef** introduced another formula of heat con-
duction that took into consideration egs. (3)—(5):

q+ro(2—?: —xI"'VT,0 < v <2 8)

A uniqueness has been proven.

We** introduced two general models of a fractional
heat-conduction law for nonhomogenous anisotropic
elastic solids. Uniqueness and reciprocal theorems
were proven, and the convolutional variational
principle was established and used to prove a
uniqueness theorem with no restriction on the elas-
ticity or thermal conductivity tensors, except symme-
try conditions. The two-temperature dynamic
coupled theory (Lord-Shulman) and fractional
coupled thermoelasticity theory resulted as limit
cases. For fractional thermoelasticity, which does not
involve two temperatures, we* established the
uniqueness theorem, reciprocal theorems, and convo-
lution principle. The dynamic coupled and Green-
Naghdi thermoelasticity theories resulted as limit
cases. The reciprocity relation, in the case of a quies-
cent initial state, was found to be independent of the
order of differintegration.***

Earlier, we*** investigated the fractional order theory
of a perfect conducting thermoelastic medium and the
theory of fractional order in electrothermoelasticity.

Thermoelectric devices have many attractive fea-
tures, such as a long life, no moving parts, no noise,
easy maintenance, and high reliability, compared
with conventional fluid-based refrigerators and
power-generation technologies. However, their use
has been limited by the relatively low performance
of current thermoelectric materials. The efficiency of
a thermoelectric material is related to the so-called
dimensionless thermoelectric figure of merit (ZT).
ZT was defined in Goldsmid:*®

0052

K

ZT

T 9)

where oy is the electric conductivity and S is the
Seebeck coefficient.

The best thermoelectric materials that are cur-
rently in devices have a value of ZT >> 1.

A related effect (the Peltier effect) was discovered
a few years later by Peltier, who observed that when
an electrical current is passed through the junction
of two dissimilar materials, heat is either absorbed
or rejected at the junction, depending on the direc-
tion of the current. This effect is due to the differ-
ence in the Fermi energies of the two materials. The
absolute temperature (T), S, and Peltier coefficient
(IT) are related by the first Thomson relation, as dis-
cussed by Morelli:*

M=ST (10)

In this study, a new model of the time-fractional
derivative of a in the heat-conduction equation was
derived in the context of generalized thermoelectric
elasticity theory. The governing coupled equations
were applied to a problem of an electroconducting
half-space with heat source distribution in the pres-
ence of a transverse magnetic field. Laplace trans-
forms and state space approach techniques (Ezzat™’)
were used to obtain the solution. Laplace transforms
were obtained with the complex inversion formula
of the transform, together with Fourier expansion
techniques proposed by Honig and Hirdes.”! The
effects of various physical parameters on various
stress and heat-transfer characteristics are discussed
in detail and are represented graphically.

DERIVATION OF THE FRACTIONAL
HEAT-CONDUCTION EQUATION

Conventional electrothermoelasticity is based on the
principles of the classical theory of heat conductiv-
ity, specifically on the classical Fourier’s law, which
relates q and the conduction current-density vector
(J) to the temperature gradient, as given by

Journal of Applied Polymer Science DOI 10.1002/app



2190

q=—-«VT +1IJ (11)
J:Go(E—‘rg‘:/\B—SVT) (12)

where E is the total electric field, u is the displace-
ment vector, and B is the magnetic induction vector.
The energy equation in terms of q introduced by
Biot™ is

0
7(pCET + YToe) =-Vq+Q,

T (13)

where Cg is the specific heat at a constant strain, y =
(BX + 2w)oy (where A and p are Lame’s constants and
at is the coefficient of linear thermal expansion), Ty
is the reference temperature, e is the strain deviator
tensor, and Q is the intensity of the applied heat
source per unit volume.

Over the past 3 decades, nonclassical electrother-
moelasticity theories, in which Fourier law [Eq. (11)]
and the heat equation [Eq. (13)] were replaced by more
general equations, have been formulated with Taylor’s
series used to expand q(x,t + 1o) and with terms up to
the first order in 1, retained. The first well-known gen-
eralization of such a type is as follows:>*

9q

q+T=t = —kVT +1IJ

ot (14)

This generalization leads to the hyperbolic-type
heat-transport equation in the theory of electrother-
moelasticity:*>°°

1o} 0
g (1 1o at) (PCET +¥Toe) = KVT — VI
e

+Q+T0§

(15)

In this study, the new fractional Taylor’s series of
time-fractional order o developed by Jumarie® was
adopted to expand q(x,t + 19), and with terms up to
o in the thermal 1y retained, we obtained

5 0*q

a%, O<CX§1

q(x,t+10) = qlx,£) + (16)
From a mathematical viewpoint, Fourier law
[Eq. (11)] in the theory of generalized fractional heat

conduction is given by

w0 9
al Ot*

q+ = xVT+0J, 0<a<l (17)

Taking the partial time derivative of o of Eq. (13),
we get‘r’8

o+1 8aq auQ
gt (PCET +7Toe) = _V'<atu> T (18)
O<a<l.
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Multiplying Eq. (18) by 13/a! and adding it to Eq.
(13), we have

0 o > o
<1 +T0> (pCeT + yToe) = —V. (q 40 q)

ot\" " olor ol oF
5 0°Q
() <
Qg 0=l (1)
Substituting from Eq. (17), we get
0 g 0* R
—-v.aj+ 1Jrﬁﬁ O<a<1l (20)
ol Ot* -

Equation (20) is the generalized energy equation
with fractional derivatives and with 1ty taken into
account. Some theories of heat-conduction law fol-
low as limit cases for different values of the parame-
ters o and 1.

Limiting cases

1. In the theory of thermoelasticity
Heat Eq. (20) in the limiting case 1y = 0 trans-
forms to the work of Biot.”
Heat Eq. (20) in the limiting case 1y, = 0 and
v = 1 transforms to the work of Povstenko.*
2. In the theory of generalized thermoelasticity
Heat Eq. (20) in the limiting case o = 1 trans-
forms to the work of Lord and Shulman."
Heat Eq. (20) in the limiting case 0 < o <1
transforms to the work of Sherief at el.*’
Heat Eq. (20) in the limiting case a = 1 and v =1
transforms to the work of Youssef.*’
3. In the theory of electrothermoelasticity
Heat Eq. (20) in the limiting case 1y = 0 trans-
forms to the work of Kaliski and Nowacki.”
Heat Eq. (20) in the limiting case o = 1 trans-
forms to the works of Ezzat and Awad,”
Ezzat et al.,*° and Ezzat and Atef.®!

THE PHYSICAL PROBLEM AND STATE SPACE
APPROACH

We consider a conducting thermoelectric viscoelastic
solid of finite o) occupying the region x > 0, where
the x axis is taken to be perpendicular to the bound-
ing plane of a half-space pointing inwards. A con-
stant magnetic field with components (0, Hy, 0),
where H; represents the magnetic field intensity, per-
meates the medium in the absence of an external
electric field.'” The governing equations for general-
ized thermoelasticity when the thermoelectric
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properties of the material are taken into account con-
sist of the following:

1. The figure of merit at Ty is

ZT() Gok

—2T (21)
where kg is the Seebeck coefficient at T,
2. The first Thomson relation at Ty is

Ty = koT() (22)

where 1 is the Peltier coefficient at Tj,.
3. The modified Ohm’'s law is

J; = oo(Ei + pesitH; — koT;) (23)

where J; represents the components of the elec-
tric density vector, L, is the magnetic perme-
ability and ¢ represents the components of
the strain tensor.

4. The equation of motion in the absence of body
forces is

jij + Wogi)Hj = pui s (24)

where o represents the components of the
stress tensor such that c;; = and B is given
by Bi = }loHl'.

5. The constitutive equation®

]l/

t

S; = /R(t —1) wm = R(ey), (25)
0

where S;; represents components of the stress
deviator tensor.

Gkk L

1
Sij = ojj — =0, & = 5 (wij + wjs) e

O
=g - 8,,,e £, 0 = =3 (26)

where §;; is the Kronecker delta function.
c = Ko[e — 30(T(T — TO)} (27)

where K, is the bulk modulus and is equal to
A+ (2/3)u.
R(t) is relaxation function given by®>

t
R(t) =2u (1 —Ax / e—ﬁ*ftu*—ldt) (28)
J0

where o*, B* and A* are nondimensional em-
pirical constants. T'(a*) is the gamma function:”

B*
(o)’

()>0£

0<o<1,p">0<A < >

R(f)<0

Substituting from Eq. (26) into Eq. (25), we
obtain

— e
Cij = R<Sl’j — 551']') + K0€8i]' - Y®8ij- (29)
where O is a temperature equal to T — T.
6. The fractional heat equation

o* oT oejj
<1 45 ) (pCE+ Toy 220 Q)

= 711_HJ715 O<0L§1 (30)

In the previous equations, a comma denotes mate-
rial derivatives, and the summation conventions are
used. For the one-dimensional problems, all of the
considered functions depend only on the space vari-
ables x and t and u has components [u(x,t), 0, 0].
Because no external electric field is applied and the
effect of polarization of the ionized medium can be
neglected, it follows that E vanishes identically
inside the medium."”

The components of the electromagnetic induction
vector are given by

B, =Bz =0, B, = pyHo = By (constant)
whereas the components of the Lorentz force (F;)
appearing in Eq. (23) are given by

Fy=—oBju,F,=F. =0

Let us introduce the following nondimensional
variables:

X =conex, u=conou, = cénot‘7 Tp = C(Zmon
¢) 2 Toy? B2
@*:L’ R*:7R7 e = 2027 7 :GO 07
Ko 3K0 p COCE K()T]O
Gij - KO’ q = pchnO qi, Mo = P

where ¢y is the speed of propagation of the isother-
mal elastic waves and is equal to the square root of
Ko/p, no = pCe/x, and M is the magnetic field pa-
rameter. With these dimensionless variables applied,
egs. (27)-(30) reduce to the following (with the aster-
isks dropped for convenience):

= Pu  *u ou 00
B T+M5+a, (31)

e 3 9+t ou
(1421952 = ( i atm) (®+aax>

< +'6t°‘> , O0<a<l1 (32)

ou
Ox

=6n=R+1)>—-0, (33)
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R(t) = ;1? 1- A* / e—ﬁ*fta*-ldt] R(f(x, 1))
0
= /R(t — T)%d‘t (34)

0

From this point, we consider a heat source of the
form Q = Qud(x)H(t).

To simplify the algebra, only problems with zero
initial conditions are considered. With the Laplace
transform defined by the following formulas applied®®

L{g(t)} = 8(s) = [ eg(t)dt
o , (35)
L{D"g(t)} = s"L{g(t)} n>0

On both sides of egs. (31) and (32) and with the
resulting equations written in matrix form

O(x,s) 0 0 1 0 O(x,s)
d Jua(xs) (_J0 0 0 1 u(x,s)
dx ) @'(x,s) [ |a 0 0 ae O'(x,s)
u'(x,s) 0 os(s+M) a O u'(x,s)
0
0
- QuBsRd | . (36)
0
where ’ is the Laplace transform
- 0Pu _ P 4p AT (o)
LIREEL —sREZ R(s) = 1— |,
{ 8x2} SR (%) 3sK, (s +B")”
__s T
1y 7T, (ch!s )
1
= do ==
B=a/sand ® Ror1

Equation (32) can be rewritten in constricted form as
G/'(x,s) = A(s)G(x,s) + B(x,s) (37)

where G(x, s) denotes the state vector in the trans-
form domain, whose components consist of the
transformed temperature and displacement and their
gradients.

To solve the system in Eq. (37), we need first to
find the form of the matrix exp[A(s)x].

The characteristic equation of the matrix A(s) has
the form

K — [0s(s + M) +a(1 + 0g)]k* + avs(s + M) = 0,
(38)
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where k is a characteristic root. The Cayley-Hamil-
ton theorem states that the matrix A satisfies its own
characteristic equation in the matrix sense. There-
fore, it follows that

A* — [0s(s + M) + a(1 + we)]A% 4 aws(s + M)I = 0.
(39)

Equation (39) shows that A* and all higher powers
of A can be expressed in terms of A3 A% A, and I,
the unit matrix of order 4. The matrix exponential
can now be written in the form

exp[Ax] = ag(x,s)I + a1 (x,5)A(s) + ax(x,s)A%(s)
+ a3(x,5)A3(s). (40)
The scalar coefficients of Eq. (40) are now eval-
uated by the replacement of matrix A by its charac-

teristic roots *k; and *k,, which are the roots of the
biquadratic Eq. (38) and satisfy the relations

G +13 = os(s + M) +a(1 + o)
3k3 = aws(s + M)

(41a)
(41b)

This leads to the following system of equations:

exp(*ki.x) = a,*a1ky + llzk%ia[;k% (42a)

exp(ikz.x) =a,*a1k, + lek%ibhkg (42b)

By solving the system of linear eqs. (42), we can
determined ay — a5 (see Appendix A).

Substituting the parameters a, — a3 into Eq. (40),
computing A* and A’ and using eqgs. (4la) and
(41b), one can obtain after some lengthy algebraic
manipulations the following:

exp[A(s).x] = L(x,s) = [lij(x,s)], 1i,j=1,2,3,4. (43)
where the elements /;{(x, s) are given in Appendix B.

In the actual physical problem, the space is
divided into two regions accordingly as x > 0 or x <
0; inside the region 0 < x < oo, the positive
exponential terms, not bounded at infinity, must be
suppressed. Thus, for x > 0, we should replace each
sinh(kx) with —lhexp(—kx) and each cosh(kx) with
Lhexp(—kx). In the region x < 0, the negative expo-
nentials are suppressed instead.

We now proceed to obtain the solution of the problem
for the region x > 0. The solution for the other region is
obtained by the replacement of each y with —x.

The formal solution of Eq. (37) can be expressed as

G(x,s) =exp[A(x,s)x] (G(O, s) +/exp[—A(s)z]B(z, s)dz)

0
(44)
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Evaluating the integral in Eq. (40) using the inte-
gral properties of the Dirac 6 function, we obtain

G(x,s) = L(x,s)x[G(0,s) + &(s)] (45)
where
kiko+os(s+M)
itk
g =28
Rk

Equation (45) expresses the solution of the prob-
lem in the Laplace transform domain in terms of the
vector £(s) representing the applied heat source and
the vector G(0,s) representing the conditions at the
plane source of heat. To evaluate the components of
this vector, we note first that, because of the symme-
try of the problem, the temperature is a symmetric
of y, whereas the displacement is antisymmetric. It
thus follows that

u(0,t)=0 or u(0,s)=0 (46)

Gauss’s divergence theorem is now be used to
obtain the thermal condition at the plane source. We
consider a short cylinder of unit base whose axis is
perpendicular to the plane source of heat and whose
bases lie on opposite sides of it.

Taking limits as the height of the cylinder moves
toward zero and noting that there is no heat flux
through the lateral surface, upon using the symme-
try of the temperature field, we get

40.9=2 )

q(0,t) = %H(t) or s

2

With Fourier’s law of heat conduction in the non-
dimensional form, namely

Q(xvs) = —%8_/(9(78) (48)
we obtain the condition
- BQo
/ = —_—
®'(0,s) = s (49)

Equations (46) and (49) give two components of
the vector G(0,5). To obtain the remaining two com-
ponents, we substitute x = 0 on both sides of Eq.
(45) to obtain a system of linear equations whose so-
lution gives

B BQO [klkz + (DS(S + M)]

0.9 = = ka (kr + o) (50)
—/ _ B(DQO
W0.9 = 3 (51)

Inserting the values from eqs. (46) and (49)-(51)
into the right-hand side of Eq. (45) and performing
the necessary matrix operations, we obtain the tem-
perature and the displacement component in the fol-
lowing form:

= - BQo kK —os(s+M) ..
®m@%ﬁ+@y{ ky ¢
B k3 — 0);(25 + M) e+k2x] (52)
a(x,s) = %[ *hx _ eikﬂ]. (53)

- 25(k2 - K3)

Substituting from egs. (52) and (53) into Eq. (33),
we get the stress component in the form

_ Bo(s + M)Qy

*hix *hox
= 72k1k2(k% ey [koe™ " — kje™]. (54)

G(x,s)

We can obtain the strain component from Eq. (33)
as

_ B BoQy *kyx “kox
e(x,s) = 5E - ) kie kie="]. (55)
In the previous equations, the upper (plus) sign
indicates the solution in the region x < 0, whereas
the lower (minus) sign indicates the region x > 0,
respectively.
Those complete the solution in the Laplace trans-
form domain.

INVERSION OF THE LAPLACE TRANSFORM

We now outline the numerical inversion method used
to find the solution in the physical domain. This nu-
merical technique has the advantages that it is easy to
implement (relatively speaking), gives good results,
and converges quickly. Let g(x,s) be the Laplace trans-
form of a function g(x,t). The inversion formula for
Laplace transforms can be written as follows:

c+ioco

s =5 [

c—ioo

eg(x,s)ds, (56)

where ¢ is an arbitrary constant greater than all of
the real parts of the singularities of g(x,s).

With s = ¢ + iy, the previous integral takes the
form

ct w° .
s =5 [ egerinay. @)

-0
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TABLE 1
Values of the Constants

k = 386 N/Ks

or =178 x 107° K!
Cr=3831m?>s 2K
Mo = 8886.73 s m 2
=386 x 101°N m2

A =776 x 10N m?
p = 8954 kg m~>

Ky =10.33 x 10'°° N m?
Co=233971ms "

To =293 K

e = 0.0168

o = 1.256 x 107 ° Ns* C 2
19 = 0.02

BO = HOHO =1 Tesla

o* = 0.5

B* =0.05

A* =0.106

Expanding the function h(x,t) = exp(—ct)g(x,t) in a
Fourier series in the interval [0, 2L], we obtain the
approximate formula proposed by Honig and Hirdes:"'

Q(x,t) = goo(x,f) + Ep, (58)
where Ep is the discretization error and
1 (o)
oo (6,1) = 5.0, 1) + > clx,t) for0<t<2L, (59)
k=1
and
ect .
c(x,t) = TRe[e’k“t/Lg(x,c +iknt/L)], k=0,1,2,...
for 0 <t <2L (60)

where Ep can be made arbitrarily small if ¢ is large
enough.”’

Because the infinite series in Eq. (59) can be
summed up to a finite number (N) of terms, the
approximate value of g(x,f) becomes

EZZAT AND EL-KARAMANY

1 N
an(x,t) = ECO(X’ ) + ;ck(x, f) for 0<t<2L
(61)

Using the above formula to evaluate g(xf), we
introduce a truncation error (Et) that must be added
to Ep to produce the total approximation error.

Two methods are used to reduce the total error.
First, the Korrecktur method® is used to reduce Ep.
Next, the ¢ algorithm is used to reduce E; and,
hence, to accelerate convergence.

The Korrecktur method uses the following for-
mula to evaluate the function g(x,#):

g(x,t) = guo(x, 1) — Lo (x,2L +t) + t + Ef,

where |E'p| < |Epl. Thus, the approximate value
of g(x,t) becomes
gank(x,t) = g, ) — e Lg(x,2L+t)  (62)
where N’ is an integer such that N’ < N.
We now describe the ¢ algorithm that is used to
accelerate the convergence of the series in Eq. (61).
Let N be an odd natural number, and let the

following be the sequence of partial sums of a series
in Eq. (61):

m

Sm(x’ t) = Z Ck(xa t)

k=1

We define the & sequence by ¢y ,, =0, & ,, = s, and
Ep+1,m+1 = Ep—1,m+1 + 1/(Sp,m+1 - 8p,m)/ p= 1,23, ...

It can be shown that the sequence51 €11, €31, €51,

. &n,1 converges to g(x,f) + Ep — c¢o/2 faster than
the sequence of partial sumss,, m =1,2,3, ...

t=01,Z7T,=0.3,M=1.0
@ o
g a=10 5
E ------- 0<ac<l 'é
£ £
-14 -1 -0.6 -0.2 0.2 0.6 1 14
Distance, x

Figure 1 Dependence of the temperature on the distance for different values of o.
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t=D.1,ZT,=D3, M=10

/\\ a=09,05,01

Displacement, &

Displacement, &

Figure 2 Dependence of the displacement on the distance for different values of a.

The actual procedure used to invert the Laplace
transform consists of the use of Eq. (62) together
with the ¢ algorithm. The values of ¢ and L are cho-
sen according to the criteria outlined in Honig and
Hirdes.”'

NUMERICAL RESULTS AND DISCUSSION

Copper material was chosen for purposes of numeri-
cal evaluations. The constants of the problem used
are shown in Table 1.**

The investigation of the effect of o on the thermo-
electric material with heat source distribution in the
presence of a magnetic field was carried out in
the preceding sections. The computations were
performed for a value of time, namely, t = 0.1. The
numerical technique outlined previously was used
to obtain temperature, displacement, stress, and

strain. The results are represented graphically at dif-
ferent positions of x in Figures 1-8. In these figures,
we noticed the difference in all functions for the value
of o (0 < o < 1), where the case of & = 1 (normal con-
ductivity) indicates the old situation and the case 0 <
o < 1 (weak conductivity) indicates the new theory.
For a normal conductivity, o = 1, the results coincided
with all of the previous results of applications that
were taken in the context of generalized thermoelas-
ticity in the absence of the effects of thermoelectric
properties on the various fields.

In Figures 1-4, which exhibit the space variation
of the temperature, displacement, strain, and stress
fields at different values of o, we observed the
following:

* The fields were continuous functions for differ-
ent values of o (0 < o < 1).

Stress, &

-0.16 4

012

t=0.1,ZT,=0.3,M=10

a=1.0
cmmme- D<g<1

Stress, o

Distance, x

Figure 3 Dependence of the stress on the distance for different values of o.
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Strain, e

\

a=09050.1

t=0.1,2T,= 0.3, M=1.0

Strain, e

Distance, x

Figure 4 Dependence of the temperature on the distance for different values of o.

The fractional order o had a significant effect on
the fields.

The waves reached a steady state depending on
the value of the fractional orders o.

The curves were smoother in the case where
O<a<l1.

The waves cut the x axis more rapidly when
oo =1 than when 0 < o < 1.

Figures 1 and 3 display the temperature and
stress distributions for the wide range 0 < x < 1.4
at a value of time t of 1.0 and for different values
of the differential o (0 < o < 1). We noticed that
for a wide range of 0 < x < 0.3, the increasing
value of the parameter o caused decreases in the
temperature and magnitude of stress, whereas
through the interval 0.3 < x < 1.4, the decreasing
value of the parameter o caused decreases in the
temperature and magnitude of stress.

In Figures 2 and 4, the displacement and the
strain fields show the same behavior as the tem-
perature and stress fields, except in the wide
range of x.

Figures 5-8 show the space variation of the tem-
perature, displacement, strain, and stress fields
at different values of ZT, (1.0, 0.5, and 0.1). The
important phenomenon observed in these fig-
ures was that the effects of ZT; on the entire
fields were identically the same as the effects of
the introduced fractional order on the corre-
sponding fields.

CONCLUDING REMARKS

The main goal of this work was to introduce a
new mathematical model for the Fourier law of

0
o

Lg

Temperature, 8

ZT,=10,05,01

i=01,a=01,M=10

Temperature, ©

Distance, x

Figure 5 Dependence of the temperature on the distance for different values of ZT,.
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0.002

ZT,=1.0,05,0.1

t=0.1,a=0.1M=10

Displacement,

-

Displacement, #

Distance, x

Figure 6 Dependence of the displacement on the distance for different values of ZT,.

heat conduction with time-fractional order and

to include the thermoelectric ZT,. This model

will enable us to improve the efficiency of a

thermoelectric material ZT. It is known that to
achieve a high thermoelectric material ZT,, one
requires a low thermal conductivity.** This can
occur for small values of a.

Previously, the discontinuity of the stress distri-

bution was a critical situation, and no one has

explained the reason physically, whereas in the
context of the new theory of thermoviscoelastic-
ity with fractional order heat transfer, the stress
function is continuous.

This article indicates that the generalized theory
of thermoelectric viscoelasticity of fractional
order heat transfer describes the behavior of the
particles of an elastic body more realistically
than the theory of generalized thermoelasticity
with integer order.

* According to this new theory, we have to con-

struct a new classification for materials accord-
ing to their fractional parameter o, where this
parameter becomes a new indicator of a materi-
al’s ability to conduct heat under the effect of
thermoelectric properties.

The results provide a motivation to investigate
conducting thermoelectric materials as a new
class of applicable thermoelectric viscoelastic
materials; these materials include beryllium,
magnesium, calcium, barium, and steel.

To the best of our knowledge, the consequent
thermoelectric ZT, of all of the iodine-doped
copolymer with the stretch treatment shows one
of the best thermoelectric performances among
conducting polymers ever reported; this is com-
parable with that of an inorganic thermoelectric
material, such as B-FeSi,, as reported by Hirosh-
ige et al.®

Stress, o

Z1,=1.0,05,0.1

t=01,a=01,M=10

Stress, o

Figure 7 Dependence of the stress on the distance for different values of ZT),.
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Strain, e

t=01,a=01AM=10

27,=10,05,0.1

Strain, e

0.6 0|8

Figure 8 Dependence of the strain on the distance for different values of ZT,.

APPENDIX A
k2 coshkyx — k cosh kyx
ap = k2 — k2 a1
175

k3 sinhkyx — k3 sinh ky x
T RRE-R)

~ coshkix — cosh kox ko sinhkyx — ky sinh kpx

TR YT kk(E-8)
APPENDIX B
(k3 — a) coshkyx — (k — a) coshkyx
by = e 2
171

= agos(s + M)

k2 sinh klx — k1 sinh kzx
knko (kK — K3)

bz =
ka[k? — ws(s + M)] sinh kyx — k1 [k3 —ws(s + M)] sinh kpx
kika (k7 — 13)
’ 2 [cosh kix — cosh kzx} P
14 = s €21
ki — k5

_|kasinhkix — ky sinh kyx
N kikz (kK — K3)

by =
[k — ws(s + M)] coshkox — [k3 — ws(s + M)] cosh ki x
K-k

cosh kyjx — cosh kpx

23 — k2 — k2 s £24
171
 kao(k} — a) sinhkyx — ky (k3 — a) sinh kpx
k(G )

Journal of Applied Polymer Science DOI 10.1002/app

U3 =
a{kz[k% — 0s(s + M)] sinh kyx — ky [k3 — @s) (s + M)] sinhkzx}

ks (k= K3)

hkix — coshk
U3 = agws(s + M) {COS };C ;;)S zx} 33
172

(k2 —ws(s + M)] cosh kyx —[k3 — ws(s + M)] cosh kox

k2 — k3
’ ne [kl sinh k1x — kp sinh kzx]
34 = )
k2 — 13
’ . {cosh kix — cosh kzx]
41 — y
k3 — k3

ko (k3 — a) sinh kyx — ki (k3 — a) sinh kpx
lyp=ms(s + M {
pres R~ )

ky sinh k1 x — ky sinh kpx

by = o
K
(k8 —a)coshkyx — (k3 — a) cosh kx
ey
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