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On a two-dimensional model
of generalized thermoelasticity
with application

Ethar A. A. Ahmed'™, A. R. El-Dhaba?, M. S. Abou-Dina® & A. F. Ghaleb®

A 2D first order linear system of partial differential equations of plane strain thermoelasticity within
the frame of extended thermodynamics is presented and analyzed. The system is composed of

the equations of classical thermoelasticity in which displacements are replaced with velocities,
complemented with Cattaneo evolution equation for heat flux. For a particular choice of the
characteristic quantities and for positive thermal conductivity, it is shown that this system may

be cast in a form that is symmetric t-hyperbolic without further recurrence to entropy principle.
While hyperbolicity means a finite speed of propagation of heat waves, it is known that symmetric
hyperbolic systems have the desirable property of well-posedness of Cauchy problems. A study of
the characteristics of this system is carried out, and an energy integral is derived, that can be used to
prove uniqueness of solution under some boundary conditions. A numerical application for a finite slab
is considered and the numerical results are plotted and discussed. In particular, the wave propagation
nature of the solution is put in evidence.

The hyperbolic systems of partial differential equations have been a subject of permanent interest, whether in the
theory for their unique properties, or for their appicability to the phenomenon of wave propagation in several
branches of Science and Technology. Problems of generalized thermoelasticity leading to heat wave propagation
have provided great opportunity to investigate solutions of hyperbolic systems of partial differential equations
under various initial and boundary conditions. Ruggeri' presented a survey on the relations between mathemati-
cal problems for quasi-linear hyperbolic systems and extended thermodynamics in continuum theories. It was
shown that the system of balance laws can be symmetrized by use of an appropriate choice of the field variables.
A purely thermal case was treated by Wilmanski? ch. 9] using an undetermined multipliers technique. Miiller’
investigated the symmetric hyperbolic systems of partial differential equations in extended thermodynamics.
Selivanov and Selivanova* studied the computability properties of a system of symmetric hyperbolic equations
by a difference scheme. Othman et al.” investigated generalized thermoelastic diffusion in a homogeneous, iso-
tropic elastic half-space based on the Green-Naghdi theory. Abbas and Zenkour® used finite elements to inves-
tigate a two-dimensional problem under Green and Naghdi theory of thermoelasticity for a fiber-reinforcement
anisotropic half-space subjected to a thermal boundary shock to assess the effects of initial stress and rotation.
Cimmelli et al.” presented a review of the modern mathematical methods in the generalized thermodynamics
of continuous media. He et al.® studied a two-dimensional generalized thermoelastic diffusion problem for a
half-space. Mishra’ solved a 2D-problem of heat transfer in a thin plate based on single-phase-lagging heat con-
duction by superposition technique and Fourier series expansion. Ghaleb et al."® presented a model of electro-
thermoelasticity within the theory of generalized thermodynamics. Abbas and Marin!! studied a 2D-problem of
generalized thermoelasticity for a half-space with surface laser heating. Rogolino et al.'* derived two generalized
heat-transport hyperbolic equations and studied thermodynamical compatibility for both. Jou'* considered
some fundamental aspects of non-equilibrium thermodynamics with a view on heat transport in nanosystems.
Mahmoud et al.'* investigated nonlinear heat wave propagation in rigid thermal conductors. Alzahrani et al.'®
studied a two-dimensional problem of a porous medium in extended thermodynamics using spectral method.
Ahmed et al.’*"!® investigated two-dimensional problems of piezo-thermoelasticity within the dual-phase-lag
model for layered media and a quarter-space. Solutions were presented based on normal modes technique, as well
as numerical solutions by finite differences. Concerning the solution of systems of hyperbolic partial differential
equations, Bonet et al."” proposed a novel computational framework for thermoelasticity based on the use of a
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system of first order conservation laws. An explicit stabilised Petrov-Galerkin framework was proposed for the
numerical solution of thermoelastic problems. Numerical examples were presented.

It thus appears from the exposed literature that 2D systems of equations of thermoelasticity in extended
thermodynamics have been tackled in few cases with the aim of finding solutions to particular boundary-value
problems. Analysis of such systems to explore the behaviour of solutions and well-posedness of Cauchy prob-
lems has been done only rarely sofar. The present work is situated in this context. A first order 2D linear system
of plane strain thermoelasticity for a transverse isotropic material is presented within the frame of extended
thermodynamics. The equations are those of classical thermoelasticity, supplemented by Cattaneo evolution
equation for the heat flux. This system, in which velocities replace mechanical displacements, is shown to be
reducible to a symmetric t-hyperbolic form for a particular choice of the characteristic quantities and for positive
heat conduction coefficient, without further reference to an entropy principle. This result is to be contrasted to
that stated by Miiller®, according to which the set of quasi-linear first order balance equations of extended ther-
modynamics may be written in symmetric hyperbolic form by a suitable choice of fields, provided the entropy
principle is observed. It is known that symmetric hyperbolic systems behave well, in the sense of well-posedness
of the Cauchy problem, i.e existence, uniqueness and stability of solutions with respect to boundary conditions.
A study of the characteristics of the system is carried out, and an energy integral is derived, that can be used to
prove uniqueness of solution under some convenient boundary conditions. It is thus shown that the proposed
system of equations is valid for the description of heat wave propagation. A numerical experiment is consid-
ered for the rectangular slab under specified boundary conditions and zero initial conditions using COMSOL
Multiphysics software. Numerical results are produced for a particular solution and the obtained quantities of
practical interest are represented graphically and discussed.

The linear system of equations

Let uy, u, denote the mechanical displacement components, vy, v,- the corresponding velocity components,
Oxx> Oyy Oxy- the identically non-vanishing stress components in the plane, 6- the temperature measured from
a reference temperature 6p and gy, gy- the heat flux components. The linear equations of plane generalized ther-
moelasticity for a transverse isotropic material within the theory of extended thermodynamics read:

1. Equations of motion

-z . 7 _ O)
Pt " ox oy @
2. Heat equation
vy dvy 00 0qx  0qy
0 i i Cer+—+—=0,
0y(8x+8y>+p 68t+8x+8y (3)

3. Cattaneo-Vernotte relations. These evolution laws for the heat flux components replace the classical Fourier
law for heat conduction. Divided throughout by thermal relaxation times 7; and 7, respectively, these relations

read:
9qx a6
PQOE +”11q::+mlla =0, (4)
aqy a0
Oy —= — =0,
pGo o + n2gy + mp 3y (5)

4. The generalized Hooke’s law differentiated w.r.t. time, thus allowing to eliminate the mechanical displacement
components in favour of the velocities:

005y OVy vy a0
— G2 —= -2 4y =0,

T P RV ©
00,y OVy . avy a0
2 _ = 2u)—2 +y— =0,
ot % (2 +2w) 3y try; (7)
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— U —p—=2 =0
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The problem thus reduces to the solution of eight basic partial differential equations of the first order. These
equations involve eight unknowns: two velocity components, three identically non vanishing stress components,
temperature and two heat flux components. Having resolved this system of equations, one can then find the
mechanical displacement components by quadrature from the relations:
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Here, p is the mass density, 4, - Lamé coefficients, y- the thermoelastic coefficient and m, my; are constants
related to the coefficients of heat conduction. Young’s modulus will be denoted E and Poisson’s ratio o.

It is not difficult to anticipate a time damping of the heat wave, due to the terms involving 17 and ny; in the
Cattaneo evolution equations. In order to relate the coeflicients m1, m23, 1111 and nz3 in Egs. (4 and 5) to known
physical quantities, it is sufficient to compare these two equations to the well-known standard forms of the evolu-
tion equations for the heat flux (C.f.1%!):

0qx

T
Vot

20
+ qx + ki1 — =0,
0x
aqy a6
— koy — =0,
12} 9t +4qy + 223)/
where 71, 75 are the thermal relaxation times for the x- and y-directions respectively, and k11, k7 are the thermal

conductivities in these two directions. Direct comparison of these last two equations with (4) and (5) reveals that

pOok11 000k22 06 b
my = s My = s M =——, Np=-—.
T1 1] T1 (%)

The above governing equations need to be cast in a convenient form for later work. For this, Egs. (6 and 7) will
be replaced by their symmetrized forms:

9 (ow;x + ﬂcr}j},) Iy

— (11)
at ax
8(040’ + Bo )
Ny +how) oy _ o 12)
ot dy
where
0L, =0xx + V0, O‘J;), =0y + ¥,
A+2u 1— 12 5 n 14+v)(1—=2v) (13)
o = = = — = — .
4p A+ p) E 4p(A+ p) 2E
It may be easily verified that
1 14+v)2(1 —2v
az—ﬂzz =( )(2 )>0. (14)
4+ ) E

Excluding Eqs. (9 and 10) which may be considered independently in a later stage as explained above, the system
of eight basic equations is written in matrix form as:
aU aU aU

A 4B o
ar TP TO%, (15)

Matrices A, B and C have dimension (8 x 8) and are given as:
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0p0OOO O 0 O 0 0 0 0—-1 000
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00000 O pby O 0 0 0 0 0 m;00
00000 0O O pb 0 0 00 0 000
0O 0 0 0 -1 000 0 Vx
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0 0 0 O 0 0 00 0 Oy
c| 0 —10o0 0 o0oo00| _f-m _ |
-« 0 0 0 0 0 00} —nyp |’ Oxy
0 6y 0 0 0 0 O1 0 0
0 0 0 O 0 0 00 0 qx
0 0 0 0 0 mp0o0 0 dy
The following definitions are taken from Godunov?®’, pp. 85-88]:
Definition 1 A surface S with equation ¢ (x, y,t) = 0 on which
0 d 0
det( a5, 9%0) 2, (16)
ot ox ay
or; equivalently,
det(tA + B+ nC) =0, (17)

where (T, &, 1) denotes a vector normal to the surface S, is called a characteristic for the system of Eq. (15).

Definition 2 The system of Eq. (15) is said to be t-hyperbolic if its characteristic equation has exactly 8 real and
different roots t for arbitrary real values of the parameters (&, ).

In the case of multiple roots, the system still preserves all the main properties of hyperbolic systems.

Definition 3 The system of Eq. (15) is said to be symmetric, t-hyperbolic if the matrices A, B, C are symmetric
and, moreover, matrix A is positive definite.

It is well-known that for symmetric, t-hyperbolic systems one can deduce the so-called energy integral, which
represents a powerful tool to prove a theorem on the uniqueness of solution.

Reduction to symmetric t-hyperbolic form

In what follows, we investigate the possibility of diagonalizing the matrix TA 4+ £B + nC for all values of (£, )
andt > 0, in order to simplify the considered system of equations and reveal its nature. As a first step, the basic
equations will now be reformulated in dimensionless form. To this end, introduce the following set of dimen-
sionless variables for length, time, temperature heat flux, velocity and stress:

.x L _ ~ 0 R 2 o,
X = —, y:l) t=—, 9:—) q:i) V=, U;xzﬂ)-”
Lo Lo To o Qo c "

The characteristic quantities 6y, Lo, Ty, Qo, ¢ are kept undetermined at this stage, but will be defined later on
step by step so as to achieve some properties and simplifications. The two characteristic quantities Lo and T are
related to each other by:

Loy
— =c
To

It may be noticed that the characteristic quantities 6y and Qp are independent of each other according to the basic
assumption of extended thermodynamics adopted in the present model (see'”, for example). This fact provides
some flexibility in attaining the required final form of the equations.

After removing the tilde, the system of eight basic equations in dimensionless form reads:

vy & dol ¢z 9o 20
o T XX T Xy l =0, (18)

at 2 ox ¢z dy Yox
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where
0
o =ap, B =pBu V/=Lg~
pc
The matrices of the system now read:
2
C
10000000 0 0 —-F0 0 ¥y 00
01000000 00 0 0-% 0 o0 0
00« f 0000 -1 0 0 0 0 0 0 ©
A=|00A 00001 5 1 0 0 0 0 0 0 0 Of
000 00100 Pt o000 0o
b4 Q
00000010 e 000 0 0 b O
0 0 0 0 0 M g o
00000001 pcQo
00 0 0 0 0 0 0
2
0 00 0 —% 00 0 0
2 0
0 00-% 0 y 0 0 0
0 00 0 0 00 0 T
c=| 0 -1t0 0 0o 00 0 | p_ Pl
100 0 0 00 0 ozl
Y Q
0 &0 0 0o 0 0,2 0
000 0 0 00 0 8
m
0 00 0 0 Mo 0

Matrices B and C can be made symmetric by suitable choices of some parameters, taking in consideration that
some characteristic quantities of the system are still kept arbitrary. First, let us choose the characteristic velocity
to be equal to the speed of propagation of the purely elastic transverse wave in the linear approximation:

I'L
c=crT = —.
\/,o

Next, assume the material parameters are such that the following relation holds:

r_ Y
/Oce)

14

which amounts to defining the reference temperature as:

2
C
b = ° 3

B pCe B ,OCe.
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Finally, define the characteristic heat flux so that:

Qo m
= = M, say — Qo = /mC.,b, m=mp = my.
pcCeby — pcQo Y ¢

The characteristic time Ty will be determined depending on the thermal relaxation time in the numerical example
treated below.
The final form of the basic system of eight equations is:

vy Doy Doy 06 (26)
ot 0x ay ox
av. do o, 26
Y W ’7_()’ (27)
at 0x ay ay
20 S0V vy 0qx  Oqy
_ x4 2 4 Y=o,
at 7 ( ox 3y ax | dy (28)
! ! !
0 (a o+ B oryy> % o (29)
at 0x ’
! ! ! !
ey +Ho%) o, oo
ot dy ’
do av av
7 _ = _ Yy, (31)
ot ay ox
9qx a6
— M— =0,
ot + ngx + o (32)
¢ g+ M2 0
o, ~Z—,
ot qy 3y (33)

where

nilo  npnTo
P P

for the transversely isotropic case under consideration.
By elimination, one easily deduces from the above equations the following expression for the dimensionless

speed of the heat wave:
m m k
M= =,/ = . (34)
pcQo pCeblo TuCe
Characteristics

In order to find the characteristics of the system of partial differential equations under consideration, note that
the symmetric matrices A, B and C are now given by:
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and
detA = (a'z - ﬂ’z) > 0.

Matrix A is positive definite as can be directly verified, with eigenvalues:1,’ + 8/, &’ — B, the first eigenvalue
being repeated six times. The corresponding normalized eigenvectors are shown below together with their cor-
responding eigenvalues:

-

<d + 8, <ad - B,

$

=
cocooylslo e
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SO OO OO O
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Introduce the matrix T whose columns are the eigenvectors of matrix A, arranged as shown above:

100 0 0000
01 0 0 0000

1 1
00? 1ﬁoooo
T— |00 5 0000
000 0 1000
000 0 0100
000 0 0010
000 0 0001
'The similarity transformation with matrix T: X’ = TTXT applied to matrices A, B and C yields the following:
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The new matrices are all symmetric. Moreover, A’ is positive definite. Thus, the transformed system of equations
is symmetric, t-hyperbolic.
Further, consider the symmetric matrix W = A'"~1/2(£B' + nC')A'~1/%

_ 1 & 1 & _ /
. 0 ; . 0 _ﬁ o +p _\76 o —B _S yn 0 0
R S 5 _ 1 1
f/i %/+ﬂ/ \45 Ot/+ﬂ’ O 0 0 0 0 0
= A1 s 1L _ 1

W= NN NN 0 0 0o o0 0 O
b & 0 0 0 0 0 0

y'E y'n 0 0 0 0 M& My

0 0 0 0 0 M& 0 O

0 0 0 0 0 Mn 0 O

This matrix is diagonalized by means of a matrix O, say:
OT (A/—1/2 (SB/ + nc/)A/—l/Z)O — D.

Then the two symmetric matrices A’ and (§ B’ + nC’) are simultaneously diagonalizable by means of the transfor-
mation S = A’~1/20 for all real values of (&, n). Moreover, the diagonal form of the first matrix is the unit matrix:

sa's =(oTa M)/ (420) = 0T0 =1,
s (6B +nC')s =(0TAT2) (6B + 5C') (47/20) = 0" WO = D,

The diagonal matrix D may be obtained from the eigenvalues of matrix W. The characteristic equation of this
matrix is:

(28 —aiit + 0p? —a3) = 0. (35)

The expressions for the coeflicients are as follows:

a/
a1 =(& +n%) (1 M /5'2)’

11 2 o 2 2\2
|:20l/—ﬂ/+M (1+a/2—ﬁ’2):|($ +77)

o) =
11 , 2 (1+d +p)
+ |:Eoz’+ﬁ’ +)/2} (52 - 7]2> + Wéznz,
M2
0 =g o (6040 8 407 (14 o 28],

from which it is seen that they are all positive. For sufficiently small absolute values of £ and n, the value of «; is
much larger than the values of the other two coefficients o, and a.
Consider the related cubic equation:

(f(2) =)2° — 122 + @2z — a3 = 0. (36)
One easily verifies that
f/(O) =ay >0, f”(O) = —2a; < 0. (37)

The local extrema of function fare located at:

Zl=0l1—\/05%—3a2, Zz=0£1+\/0[%—30(2. (38)

The discriminant for this cubic equation is:
A = 18(1) (a2)(@3) — 4(@1)*(@3) + (@1)*(@2)* — 4(@2)’ — 27(a3)’ (39)

It is easy to see that sufficient conditions to get a curve shape for the cubic polynomial as in fig.1, i.e. for the
eigenvalues to be real, are:

af =3a >0, (27 —onzf + oz —a3) (53 — a1z + oz —a3) < 0. (40)

For the used values of the material parameters, these two conditions are likely to be satisfied for all values of
& and n. The fulfillment of the two conditions was achieved numerically as illustrated in Figs. 2 and 3. At the
particular point (§ = 0,1 = 0), all eigenvalues are coincident and equal to zero. Thus the Eq. (35) has eight real
roots: A double root equal to zero, three positive roots, and three negative roots, the roots being symmetrically
positioned with respect to the origin. One is finally led to the following:
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Figure 1. Cubic polynomial.

Figure 3. Satisfaction of the second condition for —0.5 < &, < 0.5.

Theorem For all real values of the parameters (&, n), the characteristic Eq. (17) of the considered linear system of
equations has eight real roots symmetrically positioned w.r.t. origin of the real line: there are three positive roots,
three negative roots and a zero root of multiplicity 2.

The energy integral

It is well-known (c.£.%%) that an energy integral can be derived for symmetric t-hyperbolic systems of partial dif-
ferential equations. I V denotes a region of the (¢, x, y)-space included in the domain of definition of the solution,
bounded by a surface S, then the energy integral for the transformed system reads®, p. 123]:
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a=04m b=04m 7=0444 x 1070

0o = 300 K =0.333 x 10* kg/m? v = 0.435

E=0861 x 101 kg/(m.s?) |4 =2.000 x 10" kg/(m.s*) | =0.300 x 101 kg/(m.s?)
y =0230 x 107 1/K C. = 0.300 x 10* J/(kg.K) |k =400 W/(m.K)

Table 1. Values of the material parameters.

// ([tA"+&B +nC],U)ds = /// [(D'U,U") 4+ 2(F,U")] dv, (41)
S \%
where operator D' is defined as:

/_a / 0 / 0 /
D=_—-A+_—-B+—C
at x dy

and (f, g) denotes the scalar product of the included functions. For the case under consideration, lengthy manipu-
lations lead to the following form of the r.h.s. of (41):

// ([rA"+&B +nC'],U') ds
S
= //r (Ivl2 +1g + 0%+ (& — oL’ + (o + B)oy,” + a;yz) ds (42)
S
+2 // (GO v.n+ M6 q.n — (0”'v).n]ds,
JJs

where n = (&, 1) and we have introduced o” with components:

1 1
"o / / "o ro_ "o 7
Oy = —ﬁ <ay}, + axx>, Oyy = —ﬁ (ayy axx>, Oyy = Oy

It is known that the characteristic surfaces for the wave equation are parts of conuses with axis parallel to the
t-axis, so that T > 0. The boundary conditions are taken in the form:

v.n=gq.n= (a”v).n =0, (43)

yielding

///V [(D'U,U") +2(F,U")] dv = 0. (44)

It is well-known that this last inequality leads to uniqueness of solution. The first two boundary conditions in
(43) mean impermeability and thermal insulation of the boundary. The third one englobes many cases, among
which complete fixing of the boundaries.

Numerical application
As a confirmation of the existence of solutions to the investigated system of equations, we have considered a
Cauchy problem for rectangular slab under specified boundary conditions. The solution includes the propagation
of three types of waves, the heat wave, the transversal and the longitudinal thermomechanical coupled waves.
Setting T = 1; = 75 the thermal relaxation time and k = k1 = k2, the coefficient of heat conduction, one has to
make assumptions concerning the orders of magnitude of constants appearing in (4) and (5):

90 kp@o

P
ni, N2 ~ ——, My, M ™~ .
T T

Thus the dimensionless parameters M and » appearing in the dimensionless Cattaneo Eqgs. (32 and 33) satisfy

the rules
k T
M~/ ) n~ 0
nCet T

For the example treated below, one has M ~ land n ~ 1, hence

T~ —, To~ .

With this in mind, let us consider the case of a transversely isotropic material having tentative values of the dif-
ferent geometrical and material parameters shown in Table 1. Consultation of the available tables of material
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Figure 4. Schematic representation of the problem.

coefficients for metals and alloys reveals that the used values of mass density and specific heat capacity as dis-
played in Table 1 are within the normal range, while the thermal conductivity lies in the higher range.
Corresponding to these values:

Lo~10%m, To~10""s,  c~10°m/s.

Motion is induced by a thermal boundary regime. For this, consider a rectangular domain occupied by a ther-
moelastic material, with dimensions a and b and sides labeled Sy, Sz, S3 and Sy as shown in Fig. 4. The origin of the
plane Cartesian coordinate system is chosen at the left lower corner of the rectangle, with x-axis along the side S4.

Initially, the medium is at rest at zero temperature (measured from an initial ambient temperature 6y) and
heat flux, and in a stress-free state. The chosen boundary conditions are of mixed type. Mechanically, sides Sy, S»
and Sy are traction-free, side S3 is completely fixed so that to suppress rigid body motion of the slab. As concerns
the thermal conditions, the normal heat flux is taken to vanish on boundaries S;, S3 and S, together with Robin
thermal condition. Side S; has a prescribed heating regime that generates the motion. It should be remembered
that temperature and heat flux are independent thermodynamical quantities. For definiteness:

(1) At the side S; (x = 0,0 < y < b):

af; (O,y, t) = of; (O,y, t) =0 (45)
and
s _ [ 200y(b—y)texp(—0.11), 0 <t <5x 1073
0 (O’y’t)_{o, f-s5x10-? 0 0=y=b (46)
The graphical representation of this function for b = 0.4 is illustrated in Fig. 5.
(2) Attheside S; (y = b,0 < x < a):
0,2 (%, b,1) = 02 (x,b,1) = ¢, (x, b, 1) =0, (47)
together with Robin thermal condition
S2
(x,b,t) + Bi 652 =0, (48)
dy
(3) At the side S3 (x = 4,0 < y < b):
af; (a,y, t) = af; (a,y, t) = q,sf (a,y, t) = uy (a,y, t) =u, (a,y, t) =0 (49)
and Robin thermal condition
365
——(a,y,t) +Bi 6% =0, (50)
ax
(4) AtthesideS4 (y = 0,0 < x < a):
Ot (%,0,1) = 0! (x,0,1) = )" (x,0,£) =0 (51)
and Robin thermal condition
S4
- (x,0,t) + Bio% = 0. (52)
y

Here, Bi is a dimensionless Biot number, with value taken as Bi = 0.0144. All the remaining functions not speci-
fied in the above boundary conditions are set to zero on the boundaries.

Following similar guidelines as in?***, COMSOL Multiphysics is used to solve the considered boundary-value
problem for Eqs. (26-33) under the boundary conditions (46-52) and zero initial conditions. For definiteness,
we mainly consider the case with M = 3.0, n = 1.0. The value of M, however, was varied to take on other values
in some plots. The produced particular solution has been obtained by the method of finite elements embedded
in the above-mentioned software. The mesh could be refined and adjusted for best results.
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Figure 5. The applied thermal boundary condition.
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Figure 6. Top view of the temperature distribution in the slab at three consecutive time moments.

From symmetry of the considered problem about the median line y = b/2, it follows that the quantities
Uy, Vy, gy, Oxy must vanish everywhere in the slab. The numerical computations have confirmed this fact . It thus
follows that the displacements, velocities and heat flux take place along the direction perpendicular to the heated
face of the slab (the x-direction), and that shear stress vanishes inside the slab.

Figures 6,7, 8,9, 10 and 11 represent topviews of the 3-D distributions at three consecutive time moments
of the main physical quantities induced inside the material due to applied boundary conditions.

The calculations are performed for a dimensionless heat wave speed M = 3. This wave thus travels three times
faster than the transversal coupled thermoelastic wave whose dimensionless speed is ¢ = 1.0. For the chosen
values of the material constants, the longitudinal coupled thermoelastic wave travels at speed >~ 2.944. In all these
figures, wave propagation phenomenon is clearly illustrated for both the mechanical and the thermal variables,
with oscillations between positive and negative values near the heated side of the slab, and amplitudes mono-
tonically decreasing to zero with distance. For the considered time values, the wave fronts are clearly noticed
and the propagating disturbances have not yet reached the far end of the slab and therefore no reflected waves
are expected. Larger time values could not be considered due to lack of stability of the computational scheme.

The first remark concerns the distribution of temperature in the slab. Although the motion was initiated by
heating of the left boundary for a finite lapse of time, it is noticed in Fig. 6 that temperature assumes negative val-
ues near this boundary for the considered values of time. This seemingly paradoxical situation may be explained
by the fact that part of the thermal energy supplied to the medium at the boundary is spent to generate mechani-
cal wave propagation and, therefore, cooling may take place in some parts of the medium. Again, as shown by
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Figure 7. Top view of the distribution of g, in the slab at three consecutive time moments.
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Figure 8. Top view of the distribution of uy in the slab at three consecutive time moments.
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Figure 9. Top view of the distribution of v, in the slab at three consecutive time moments.
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Figure 10. Top view of the distribution of o,y in the slab at three consecutive time moments.

_ x

Ahmed et al.** for the case of a rigid thermal conductor, negative temperatures can result from unphysical values
assigned to the thermal relaxation time.

As noted above, heat flux and temperature are independent thermodynamical variables. Heat flux is initially
generated by the thermal boundary condition. In subsequent time moments, it propagates as a wave, with speed
M, independently of temperature as shown in Fig. 7.

Still at the heated end, the displacement and the velocity components u, and v in Figs. 8 and 9 take on nega-
tive values in the initial phase of the motion, as the medium expands under heating. Both quantities are seen to
tend to zero as the corner points are approached.
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Figure 11. Top view of the distribution of o, in the slab at three consecutive time moments.
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Figure 12. Distributions of T, u, and o, on the median line y = b/2fort = 3.2 x 1073 and three values of M.

The stress components oy, and o), are illustrated in Figs. 10 and 11. These two components take on negative
values near the heated end of the slab, while )y assumes zero value at the ends y = 0, b in conformity with the
applied boundary conditions. In order to confirm the satisfaction of the boundary condition for the first stress
components, we have produced 2D-Fig. 12 for the distributions of the functions 6, uy and oy, on the median line
y = b/2 for time value t = 3.2 x 107 and for three values of parameter M, from which it is seen that the stress
component oy, in fact satisfies the boundary condition on S;. These figures clearly show the effect of increase of
parameter M on the amplitudes of the functions.

Conclusions

We have investigated a two-dimensional system of first-order, partial differential equations of classical thermoe-
lasticity, supplemented with Cattaneo-type evolution equation for the heat flux to replace Fourier law for heat
conduction. The model includes only one thermal relaxation time for each component of the heat flux vector. It
differs from other well-known models of extended thermodynamics, e.g. Lord and Shulman, Green and Naghdi,
two-temperature model, dual-phase-lag model, which all start with different assumptions and yield heat wave
propagation (C.f.°). Under the assumption that thermal conductivity must be positive, it turns out that the
present system is reducible to symmetric t-hyperbolic form by special choices of some characteristic quantities.
This result is to be contrasted with that expressed by Miiller’, stating that the set of quasi-linear first order balance
equations of extended thermodynamics may be written in symmetric hyperbolic form by a suitable choice of
fields, provided constitutive functions are subject to the requirements of the entropy principle. The characteristics
of the system were studied and an energy integral was obtained which leads to uniqueness of solution under
proper boundary conditions. Thus the present system of equations behaves well in the sense of well-posedness
of Cauchy problems, and is therefore valid for the description of heat wave propagation. To confirm the exist-
ence of solutions, a numerical experiment for a finite slab was carried out using a finite element scheme built in
COMSOL Multiphysics and with tentative values of the different material parameters to produce a particular
solution to the problem under specified boundary conditions and zero initial conditions. The numerical results
could be obtained only for sufficiently small time values due to difficulties related to the stability of the numeri-
cal scheme. The presented three-dimensional plots clearly show the phenomenon of thermal and thermome-
chanical wave propagation. It was noticed that temperature attains negative values at certain locations inside
the slab, although the left boundary is subjected to heating for a certain lapse of time. This is due to the fact that
part of the supplied thermal energy is spent on generating the motion. Such phenomenon should not appear in
rigid thermal conductors once the value of the thermal relaxation time has been properly assigned (C.£.*). The
presented figures show the wave front and the damping of the solution as disturbances progress along the slab.
Verification of the satisfaction of the boundary conditions was carried out.

Data availability
All data generated or analyzed during this study are included in this published article
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