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Abstract

In this study, a two-dimensional thermoelastic problem is investigated within the framework of modified couple stress theory (MCST) incorporat-
ing double porosity and governed by the hyperbolic two-temperature (HTT) model under the influence of a moving thermal source. The governing
equations are reformulated in non-dimensional form and potential function techniques are employed to simplify the analysis. By applying normal
mode analysis, closed-form analytical expressions are derived for key physical fields including displacement components, stress distributions,
equilibrated stress tensors and temperature profiles. Numerical computations are carried out using MATLAB and the effects of the HTT model
and the moving thermal load on the thermoelastic response are illustrated through graphical representations. Several particular cases of interest
are examined to validate and interpret the model’s behaviour under different physical conditions. The problem finds practical significance in areas
such as microelectronics, civil engineering and biomedical device design particularly in areas involving thermal shock.
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1. Introduction This theory has particular importance in modeling composite
) ] ) structures and naturally fractured rock formations.
Modern engineering materials and structures frequently Initial developments in this field were made by Wilson &

consist of multiphase porous media where pores and microfrac- Aifantis [1] who formulated a consolidation theory incorporat-
tures develop due to natural degradation processes like erosion, ing double porosity effects. This was later extended by Beskos
corrosion, material fatigue or accidental impacts. These dis- g Aifantis [2] who provided analytical approaches to address
continuities can significantly alter the dynamic and mechanical  poundary value problems in such materials. Further develop-
behaviour of the structure. To capture these complexities, the  ments were carried out by Svanadze [3-7] who studied the re-
double porosity theory has been introduced which accounts for  gonge of elastic, viscoelastic and thermoelastic materials with
two distinct void systems: one embedded within the matrix ma- double porosity. Scarpetta ef al. [8] enriched this domain by
terial and the other associated with microcracks or fractures. establishing uniqueness theorems and deriving fundamental so-
lutions within the thermoelastic double porosity context.
*Corresponding author Tel. No.: +91-988-892-2806. In parallel, advances in non—classwal.contlnuum mecl.lam(‘:s
Email address: sachin_kuk@yahoo. co. in (Sachin Kaushal) have emerged. The couple stress theory introduced by Mindlin
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& Tiersten [9] incorporates additional material length scale pa-
rameters refining the classical elasticity framework and making
it suitable for microscale analysis. A later enhancement, MCST
proposed by Yang et al. [10] introduced a symmetric couple
stress tensor by incorporating the balance of angular momen-
tum, thereby improving the theoretical consistency.

Thermal modeling has also undergone significant refine-
ment. Gurtin & Williams [11, 12] introduced a two-temperature
theory (TT) by distinguishing between thermodynamic and
conductive temperatures, even in scenarios devoid of external
heat sources. This approach gained traction due to its capacity
to resolve inconsistencies present in single-temperature mod-
els during time-dependent thermal processes. Subsequently,
Youssef & El-Bary [13] extended this concept into HTT for-
mulation allowing for finite-speed thermal wave propagation by
modifying the classical relationship between the two tempera-
tures.

In a complementary development, Tzou [14] formulated the
dual phase lag (DPL) model, which introduces two separate
time delays-one for the heat flux and another for the temper-
ature gradient through a Taylor series expansion of the gener-
alized heat conduction law leading to a more comprehensive
thermal response model.

Recent investigations have focused on specialized imple-
mentations of these advanced theories. For example, Sharma
& Khator [15, 16] explored applications related to renewable
energy technologies while Gajroiya & Sikka [17] studied wave
propagation at interfaces involving porothermoelastic and dou-
ble porous materials. Sharma ef al. [18] examined thermoelas-
tic diffusion with temperature dependency and multiple phase
lags. Mahato & Biswas [19] analyzed wave phenomena in
nonlocal thermoelastic double porous media and Miglani et
al. [20] investigated fractional-order models under DPL con-
ditions. Additionally, Khatri et al. [21] studied thermal wave
interactions in transversely isotropic double porous structures
incorporating rotational and conductivity variation effects rele-
vant to fiber-reinforced composites.

The present work focuses on the deformation characteristics
of a modified couple stress thermoelastic double porous half-
space exposed to a moving thermal source. The hyperbolic two-
temperature theory is employed to accurately model the ther-
mal field. Using the normal mode analysis method, analytical
expressions are derived for displacement fields, stress tensors,
equilibrated stresses and temperature profiles. The results are
visualized graphically to elucidate the combined effects of the
moving heat source and HTT model on the system’s physical
responses. Additionally, specific limiting cases are discussed
to highlight notable special configurations and provide deeper
insights into the physical behaviour of the medium.

2. Basic equations

Based on the formulations by Iesan & Quintanilla [22],
Youssef et al. [13] and Kumar et al. [23], the governing equa-
tions for thermoelastic with HTT and double porosity without
body forces, equilibrated forces and heat source are as

Stress-Strain-Temperature Relations:

tij = Aeyij + 2pe;j + bojj¢" + dojy” — p1T6i5, (1)

o = b + g, 2
m;; = 2ayij, 3)
Xi = b9’ + ol (€]

Governing equation of motion:
A+ p+ %A)VV.u +(u— %A)(Vz.u) + bV + dVy*

8*u
o’

Equilibrated stress equations of motion:

—BiVT =p &)

V2" + bV —bVu— 14" — ey’ + 1T = g9, (6)
bV + vV —dV.u— azd” — oy’ + voT = palf*. (7)

Governing equation for heat conduction:

K(l + TTQ)Vz(ﬁ = [1 + Tqﬁ + T—é—z] 1Tod* +y2Todr"
ot or 2 0%
+BiToew + pC.T). ®)
Here
1

Xij = E(wi,j +twj), W= > Ciratap:

u, 4, i, a - couple stress parameter, A - Laplacian operator,
V - nabla (gradient) operator, T - temperature change, T - ref-
erence temperature assumed to be such that |7/Ty| < 1, ¢; and
¢, - coeflicients of equilibrated inertia, K- thermal conductivity,
p - density, c,- specific heat, b;-coefficient describing the mea-
sure of mass diffusion, 77, 7, - thermal relaxation times with 77,
74 2 0, 81 = 34+ 2u)a;, a; - coeflicients of linear thermal ex-
pansion, ¥* and ¢* - volume fraction fields corresponding to fis-
sures and pores respectively, b,d, by, Yo, Y1, V2, @0, @1, @2, Q3 -
constitutive coeflicients, #;; - stress tensor, ¢;; - Kronecker delta,
e;jk - alternate tensor, m;; - couple stress tensor, ; - equilibrated
stress corresponding to fissures, o; - equilibrated stress corre-
sponding to pores respectively. The relation for HTT is given
by [13]:

T =¢—-p'Ap, where T = ¢ — al¢, )

and * is the hyperbolic two temperature parameter, a is the two
temperature parameter (TT).

3. Statement and solution procedure

We consider a two-dimensional thermoelastic half-space
x3 > 0 modeled by modified couple stress theory with double
porosity and hyperbolic two-temperature effects. The x; — axis
points downward into the medium and the boundary at x3 = 0
is exposed to a thermal load moving along the x; direction (Fig-
ure 1). All field variables depend on x|, x3 and t. Consequently,
we write each quantity as follows:

u = (u(x1, x3,1),0,u3(x1, x3, 1)), T(x1, X3, 1),
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Figure 1: Geometry of the problem.

¢" (x1, x3, 1), 4" (x1, X3, 1). (10)

Using equation (10) in equations (5)-(8), recast the follow-
ing equations:

Oe a [ de 0p* o*
A — A —A|l—-A b d
( +ll) 6)(1 M 4 (axl ul) * 6x1 * 6x|
oT 82u1
B =1 11
Bi o P (11
de a [ de 0p* o*
A — A —A|l—-A b d
( +ll) 6X3 T pAUs 4 (6x3 Lt3)+ 6.X3 * (9x3
oT 62u3
B =y 12
Bi o o (12)
b]Vzdl* + aoV2¢* + ’)/1T -bV-il— a’3(ﬂ* - alqﬁ*
%"
= QDIW’ (13)
2 g %
biV?§" +y0VY* —dV - il — a3’ — o’ + 7T = pr—— Y
(14)
d, 7 9
K1+TTE:|V¢: ]+Tq(?[+3ﬁ
[71To¢* + 7Tl +BiToVau + pC, T] (15)
Ous
t3g—/le+2u(a )+b¢ +dy’ /3’1 (16)
8u1 8u3
t —, 17
31 = (6x3 + 6x1) a7)
a 0 [Ouy Ous
- = - =], 18
32 2 6x3 (6x3 6x| ) ( )
= b , 19
o3 a06x3+ . (19)
= . 20
X3 blax3 +706x3 (20

The following dimensionless quantities are used:

* *

—u, (t',7,,77) = W' (t, 74, 77),
1

/ ’
X, = —X, 0 =
C1

%/ QD](,() ¢
¢ —_
0
T o1w*? 1 c
T/ =—, * *’ ’ , = N
To v a ¢ ij = ,B T, 1] X; 2w Xi
gﬁ:(asm)ah @)
’ w*
@ BiToer
where
. PpCeci  ,  A+2pu
W= = .
o

By utilizing equation (21), the system represented by equations
(11)-(15) can be simplified to the following set of equations,
with the primes omitted for clarity:

0 0 op*
a —e + arAuy + azA —e —Auj |+ ay ¢ (22)
6)61 (9x1 aX]
N o* T  u
a —ag— = —,
Yox,  Cox, 0P
0 0 op*
a —e + arAuz + azA —e —Auz |+ ay 4 (23)
6X3 a)@, (9X3
N o* T P us
a —ag— = —,
> 0x3 66)63 or?
2 gk 2 g * s % 62¢*
a7V ¢" +asVyT —ave —ao¢” —any” +anT = — 5=, (24)
2 gk 2 gk 5 * 82‘”
asVPT + VYT —aise —aied” —any” +al = — 5,
(25)
0
apg (1 +Tr— ) V2¢
ot
T, 0 de op* 6zﬁ
= 1 + — 4 —_—
"o 2 6:2“ 09 T o ar az
(26)
where
(A+p) K b AW
1 5 2= "5 3= = 5
pei pei 4 pei
ba; da, 4 B1To
as = as 6 = s
pipciw*? prw**pcy cip
do b b
a7 = 5> ag = —> ag = —,
picy p1c7 ay
a a3 Toy:
ap = wE an = —-s ap =
1w prw @
by Yo _ dgy
a;z = 7 ayg = 7> ais = ——,
QDZC] ‘chl a1$2
3 @ _ v2Top:
die = ) 17 = ") =,
prw prw a2
a ke’ axy = Bi a = yia
19 = ) 20 = —=> 20— >
pCeC% Ce 901w*2PCe
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Y201

ap = ——.
pCeQOl(U*z

The displacement components u; (x|, x3,1) and uz(xy, x3,1) re-
late to scalar potentials ¢ (xy, x3,7) and ;(xy, x3,¢) in dimen-
sionless form as

_ 01 Oy _ 01 oY
= -2t e

- 3x1 aX3 ’ 0= 6x3 6)61 ’

With the aid of (27), equations (22)-(26) yield:

27

62
(a] +a2)A— ﬁ]ﬂﬁ] + a4¢* + aslﬁ* —asT = 0, (28)

62
—agA¢y + (617A —aj - ﬁ) ¢

+(agA —a)y* +apT =0, (29)

—aisAg; + (a3A — aje) ¢
2

0y
+ (6114A —ap - ﬁ)"b +aigT =0, (30)

d TP aag) g
SACF” ?W} o =5 +
awr oT
+ azz? + E N (31)
62
WA + az A’ + ﬁ] Y1 =0. (32)

We assume the solution of equations (28)-(32) as:

(G101, 8" 07, 9) = ($1, 01, ", 7, e 17, (33)

where w = kc, k is the wave number and c is the phase velocity.
Using equation (33) in equation (9) determine:

T =[1+(D?* -k, (34)
where
B >, HTT
%k (’U*
=34, TT
0, IT.

d .
D= T 1T indicates one temperature.
X3

Inserting equation (33) in equations (28)-(32) and with aid
of equation (34) gives:

2 2115
apD” —axy as as ars — aeD”| [ 1
—(lgD2 + ajg (17D2 + asp a3D2 + asg a32D2 + ass ¢*
—aisD* +ay  aiD*+ass auD*+aze ayD* +ass||Y*

2 2 2
—azoD” + ay —ay —agp agpD” +agll ¢

=0 (35)
[a3D4 + 1127D2 + (128]!&] =0, (36)
where

axz = a + ap,

ary = a23k2 + 0.)2,
ars = ag({"k* = 1),
axs = asl",

—(az + 2ask®),

arg = a3k4 + a2k2 - wz,

azy

2
azo = agk”,

aszy = —617](2 —ajn+ wz,

az = —ask® — ap,
azy =apl’,

az; = —ap(('kK - 1),
azy = a5k,

2
aszs = —a;3k” — aye,

2 2
aze = —ask” —ap; + w°,

asz; = aigl",
_ .
asg = —ag({"k” - 1),
0
azg = a7,
2
asqo = azok”,
0
asy = axT,,
_ 0
A4y = ATy,
0 0 o
as3 = aTy —T,07,

7'2({*k2 -1)- 6119T(7)~k2,

‘r(} = (1 + 17 (-iw)),

asq

2
.
™0 = (—iw)| 1 + 74(-iw) + E‘I(—iw)2 :

On solving equation (35), we obtain:

(A1D®+AyD° +AsD* + AyD?* +As)(1, 9", 0", §) = 0,(37)

where A, A,, A3, A4, As are given in Appendix 1.
The analytical solutions for equations (36) and (37) are ob-
tained and presented below:

T Tk ] 4 * * * —m ;X
@80 =), (LR.SLUDAC™™ . (38)

6 s
A (39)

¥y =

and m;(j = 1,2, ...,6) are the roots of equations:

(A D + A;D® + AsD* + AuD? + As) = 0, (40)
(a3D* + ayyD* + axg) = 0, 41)

and the coupling constants R}, Sj. and U;f are given in the Ap-
pendix L.
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4. Boundary restrictions

A moving thermal shock is applied to the boundary half-
surface x3 = 0 along with the vanishing of normal stress, tan-
gential stress and equilibrated stresses. According, the bound-
ary conditions imposed on the surface x3 = 0 are expressed as
follows:

t33=0, 133 =0, m3, =0,03=0,x3 =0,

¢ = FaoVoe' 10, (42)
where F» is the intensity of the load applied and Vj is the ve-
locity of applied load.

Also,

ou . . .
133 = cije + 2"12(@_3) +eng” + ey’ —(1+0A)g, (43)
X3

0 0 o? 0*\(o 0
r31=c12(ﬂ ”3)—c15(— )(ﬂ—ﬁ), (44)

0x3 " ax, ox3 " 0_x§ Ox3  Ox
8 614] 81,{3
=2c157—(z——7), 45
m3; = 2c15 e (8X3 8x1) (45)
o6 ot
= —C 46
03 =6 s c17 o’ (46)
6 * 6 *
v 47

X3 = C17 —C18 .
a)@ 6x3

where C11,C12,C13,C14,C15,C16,C17, C18 ArC giVCH appendix 1I.

By substituting the expressions for ¢,y ,¢*, ", ¢ from
equations (38) and (39) into the boundary conditions speci-
fied in equation (42) and utilizing equations (43) through (47)
along with equation (27), the resulting formulations for the
stress components and temperature distribution are derived as
follows:

3 = %[Q?Ale_m‘x3 + Q3Ase ™™ + QAze ™™
+ QA4 + QIAse™™™ + Q0N |, (48)
3y = %[H?Ale”"‘“ + HYAye ™™ + HyAze ™™
+ H)Awe™" + HIAse ™™ + HjAge ™|, (49)
my = %[MQAS(?’"W + MyAge™ "], (50)
73 = %[N?Ale_m‘“ + NYAye ™
+ N9Aze ™ + N{Age ™), (51)
X3 = %[E?Ale_mm + E9Aye™m™
+ ESAse™" + EfAse™™ ), (52)
¢= l[L?Ale—"“Xs + LYAye ™™

A
+ LOAze™" + L2A4e_’"4"3]. (53)

where
o) & 0} 0 Qg Qﬂé
H HY HY HY HY HY
0
A= 00 00 00 00 Ms Mg- (54)
N Np Ng Np 00
E) EJ E8 ES 0 0
LY Ly LY Ly 0 0

Ai(i = 1 — 6) are obtained by replacing j” column of equa-
tion (54) with [0,0,0,0,0, F2Vy]" where Q(;,H? G =1-
6),Mj?(j = 5,6),N§’,E;?,L‘; (j = 1 —4) are given in the Ap-
pendix III.

Particular cases are obtained as:

(i) If * — a in the equations (48) - (53), we obtained the
corresponding expressions for MCST with two tempera-
ture and double porous medium.

(i) Ifd = by =y, = a, = @3 = y, = 0in the equations (48) -
(53), yield the corresponding expression for MCST with
HTT and single porous material.

(i) g=b=b=a1=mx=a3=y1=y2=d=%,=0in
the equations (48) - (53), determine the resulting quanti-
ties for MCST with HTT.

5. Numerical results and discussion

Following Sherief and Saleh [24], copper is selected as the
material for numerical analysis, with the corresponding thermo-
physical parameters defined as follow:

A=776x10"kgm™'s™2, u=386x10"kgm 's72,
Ty =0.293 x 10°K, C, = 383.1Jkg 'K,

a,=1.78x10° K™, p=28954kgm>,
K =386Wm 'K, «@=5x10"2kgms™>,
t=0.01s, 77 =04s, 7,=0.6s.

and double porous parameters are taken as:

@ =13%x107N, a; =23x10""Nm2,

@ =24x10°Nm2, a3=25x10""Nm>2,

yo=11x107N, 7 =0.16x 10° Nm2,

2 =219% 10°Nm™2, b; =0.12x 107N,
d=1x10°Nm™2, b=0.9x10""Nm™>,

@1 =0.1456 x 1072 Nm™2s%, ¢, = 0.1546 x 1071 Nm~2s°.

The software MATLAB has been used to find the value of
normal stress 33, tangential stress #3;, tangential couple stress
ms;, conductive temperature ¢ and equilibrated stress o3. The
variations of these values with respect to distance x; have been
shown in Figures 2 - 11 respectively. In Figures 2 - 6, solid
line (—) corresponds to vy = 0.5, dash line (...) corresponds
to vo = 0.3 and dotted line (—*—*-) corresponds to vy = 0.1.
In Figures 7 - 11, solid line (—) corresponds to MCSTDH,
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Vo= 0.1

0 2 4 6 8 10 12 14 16 18 20

Distaun:xl

Figure 2: Variation of normal stress 33 with x; for different
thermal source velocities vy.

sxlﬂb

r I
0 2 4 6 8 10 12 14 16 18 20

Disranrcxl

Figure 3: Variation of tangential stress #3; with x; for different
thermal source velocities vy.

dash line (...) corresponds to MCSTDT and dotted line (—*—*—
corresponds to MCSTDO. MCSTDH denotes modified couple
stress theory with double porous for hyperbolic two tempera-
ture (HTT), MCSTDT denotes modified couple stress theory
with double porous for two temperature (TT) and MCSTDO
denotes modified couple stress theory with porous for one tem-
perature (1T).

Figure 2 illustrates the variation normal stress 733 with re-
spect to distance x;. As seen in the plot for a higher value of
vo = 0.5, 133 exhibits the largest amplitude and most pronounced
oscillations, indicating HTT effect and higher stress sensitivity.
With a moderate value of vy = 0.3, the amplitude of 33 de-
creases and the waveform becomes smoother whereas, for the
lowest value vy = 0.1, the stress response is the least dynamic
with small amplitude and damped oscillation.

Figure 3 shows the variation of #3;. For vo = 0.5, 3 dis-
plays the largest amplitude and most pronounced oscillations.
As vy decreases to 0.3, the amplitude reduces and the waveform
becomes smoother, suggesting a moderate nonlocal influence.
With vy = 0.1, the variation of t £3; is the most subdued showing
low amplitude and flatter oscillations.

Figure 4 demonstrates the variation of ms, with respect to
distance x;. For vy = 0.5,ms3;, exhibits large amplitude and
sharp oscillations. As vy decreases to 0.3, the amplitude of m3,
reduces and the oscillations become smoother oscillations.

a7

ol L L I L L L L L
0 2 4 6 8 10 12 14 16 18 20
Distance X,

Figure 4: Variation of tangential couple stress m3, with x; for
different thermal source velocities vg.

o 10"
8

é
Z

-“l'l 2 4 6 8 10 12 14 16 18 20

Distance X

Figure 5: Variation of conductive temperature ¢ with x; for
different thermal source velocities vy.

gxlﬁ"

0 2 4 6 8 10 12 14 16 18 20
l)iil:u-mex1

Figure 6: Variation of equilibrated stress o3 with x; for different
thermal source velocities vy.

Figure 5 shows the variation of ¢ with respect to distance
x1. For vg = 0.5, ¢ shows large amplitude and distinct oscilla-
tory behaviour. vy decreases to 0.3, the amplitude of ¢ reduces
and the waveform becomes smoother, whereas at vo = 0.1,¢
is significantly damped with a flatter profile and minimal varia-
tion.

Figure 6 displays the variation of o3 with respect to dis-
tance x;. For vy = 0.5, o3 exhibits the largest amplitude and
most pronounced oscillations. When vy = 0.3 (red dashed line),
the amplitude of o3 decreases, and for vy = 0.1, o3 shows the
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—MCSTDH| |
- - -MCSTDT
MCSTDO

1
"o 2 4 6 8 10 12 14 16 18 20

Distance X

Figure 7: Variation of normal stress f33 with x; for HTT, TT,
1T.

x 10

—MCSTDH|
MCSTDT

MCSTDO!

3 L L L 1 L L L 1
0 2 4 6 8 10 12 14 16 18 20
l)ismm:u_\‘]

Figure 8: Variation of tangential stress #3; with x; for HTT, TT,
IT.

smallest amplitude and the flattest variation.

Figure 7 demonstrates the variation of t33 with respect to
distance x;. In the MCSTDH model, #33 varies smoothly with a
low amplitude and long wavelength. For the MCSTDT model,
t33 exhibits moderate oscillations with increased amplitude and
a slightly shorter wavelength whereas, in the MCSTDO model,
t33 shows the most significant variation characterized by high
amplitude and rapid oscillations.

Figure 8 displays variation of #3; with respect to distance
x1. For MCSTDH, #3; varies gradually with low amplitude
and a broad wavelength. In the MCSTDT model, #3; shows
a more pronounced oscillation with increased amplitude and
shorter wavelength whereas for MCSTDO model, #3; exhibits
the highest amplitude and most rapid oscillations.

Figure 9 depicts variation of ms3, with respect to x;. In the
MCSTDH model, ms3; exhibits a prominent sinusoidal pattern
with large amplitude. In contrast, both MCSTDT and MC-
STDO models show significantly reduced amplitude with much
flatter variations.

Figure 10 shows the variation of ¢ with respect to x;. For
MCSTDH, ¢ exhibits a strong sinusoidal variation with large
amplitude. In contrast, both the MCSTDT and MCSTDO mod-
els display much lower amplitudes with smoother and less pro-
nounced oscillations.

Figure 11 demonstrates variation of o3 with respect x;.

5 107

| |——MCSTDH
- - -MCSTDT
MCSTDO
2 T L s L I 1 1 L
0 2 4 6 B 10 12 14 16 18 20
Distance x,

Figure 9: Variation of tangential couple stress m3, with x; for
HTT, TT, 1T.

x 10
8

——MCSTDH

- - =MCSTDT

MCSTDO
T

8 L L L 1 L L 1 L
[} 2 4 6 8 10 12 14 16 18 20

Distance x

Figure 10: Variation of conductive temperature ¢ with x; for
HTT, TT, 1T.

> 10

— MCSTDH| |
- - -MCSTDT
MCSTDO)
L L s s L s L T
0 2 4 6 8 10 12 14 16 18 20
Distance X

Figure 11: Variation of equilibrated stress o3 with x; for HTT,
TT, 1T.

For MCSTDH, o3 exhibits a smooth low-amplitude response
with broader wavelength. In comparison, the MCSTDT model
shows a more pronounced oscillatory behaviour with higher
amplitude and shorter wavelength. The MCSTDO model dis-
plays similar behaviour to MCSTDT but with slightly higher
frequency oscillations and comparable amplitude.
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6. Conclusions

In this study, the deformation behaviour of a thermoelastic
half-space incorporating modified couple stress theory, double
porosity and the hyperbolic two-temperature (HTT) model un-
der a moving thermal load has been analyzed. The normal mode
analysis method was employed to derive solutions for phys-
ical field quantities such as displacements, stresses and tem-
perature distributions. The effects of the moving thermal load
and HTT model have been illustrated graphically. The numeri-
cal results reveal that the magnitudes of normal and tangential
stresses are significantly higher at the initial and final positions
for increased values of thermal wave velocity. Additionally,
tangential couple stress and equilibrated stress exhibit opposite
trends across all cases considered. The variation of HTT dif-
fers notably from both the classical one-temperature (1T) and
two-temperature (TT) models, especially in terms of tangential
couple stress and conductive temperature. It is observed that
HTT both amplifies and diminishes the magnitudes of normal
and tangential stresses, depending on position while the con-
ductive temperature shows reverse behaviour in HTT and 1T
models as the distance increases.

The study provides new insights into how microscale struc-
ture and advanced heat conduction models, such as the hyper-
bolic two-temperature theory, influence the thermo-mechanical
response of copper-based porous media under dynamic thermal
loading. These findings contribute to improved design and reli-
ability of copper components in thermal management systems,
electronic packaging and bioMEMS applications.
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from the corresponding author upon reasonable request.
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Appendix I

Al = a7a14a3a43 — AgA13G23043 + AgA13A26439,
Ay = ara23(a36043 + Q14044 + A37042) + A23030014043
— agax(azsaqs + a13aq4 + az7a41) — 23031013043
+ axaz(aisas — a13as) + as3(agaruai — aza14a4 + A4G9a14)
+ agas(az7asg — a15a43) — A4A14a32039 — A5A9A13043
+ asaz(ai1sas3 — a37a39) + A5a13a32a39 — Aodos(A14a41 — A13042)
— arax6(aisas + a14azg + a3z — a14440)
+ agaxs(aisas + aszsazg — a13a40) — dgdasa|3asg + Ar6031A13039,
A3z = a7a23(azeaas + asgas) + ax3azo(azedss + ar4ass + az7asn)
— axzag(azsass + asgas) — axaz1(azsass + aj3day + azragr)
+ ax3axo(azeaar — azsas) + axzazz(aiaas) — azasy)
— a7a24(A36043 + 14044 + A37042) — A25030014043
+ agar(azsass + a13aa4 + az1a41) + A24031a13043
— ax4a32(a14a41 — A13042) + A4a9(A36043 + A14G44 + A37042)
— 4029014043 + a304(A34043 — 15044 + A33039 — A37040)
+ asaz1(azrazo — a15a43) — Asa3(ai1sasn + azeazo — a14dsp)
— 4014033039 — A509(A35a43 + A13044 + A33042) + A5A30A13043
— asa7(a3aa43 — a15a44 + A33a39 — A37040) — Asazo(az7azg — aisass)
+ asazn(aisaq) + azsasy — a13dsp) + Asa13a33azo
— agaos(azeas1 — azsdsn) + agars(aiaas — a13aqn)
+ axoare(a1aa41 — arzas) + azazs(azsas + asedso)
+ azaxs(arsas + a14a39 + A36a39 — A14040)
— az6a30(a15042 + 14039 + A36G39 — A14040)
— agass(azaaqr + assas) — agars(aisas + azsazg — aizdap)
+ assaz1(a1s5aq1 + azeaso — a13a40) — A25031013039,
Ay = azoa(aseass + azgaqn) — ax3a31(assdss + azgagr)
+ ax3a33(azeaa) — azsas) — ara7(azeaus + asgdan)
— a24030(A36G43 + A14G44 + A37047) + A3A24(A35044 + A33041)
+ a310a24(a35a43 + Q13044 + A37041) — A32024(A36041 — A35042)
— a24033(A14G41 — A13042) + a409(A36044 + A3804))
— a20a4(A36043 + A14G44 + A37042) + A4a3(A34G44 — A38040)
+ a4a31(a34a43 — 15044 + A38a39 — A37040) + A4a32(A34442 + A36040)
— a4a33(a15a42 — a14a40 + a36a39) — Asay(azsasy + azgds)
+ asaxg(azsass + a13aa4 + az1a41) — asa7(assdss — asgago)
+ asaszp(azqas43 — 15044 + a38a39 — Az7040) — A5a32(A34a41 + A35040)
+ asazz(aisasr + azsazg — ayzaq) + asass(azeasr — azsdsn)
+ axoaz6(azeaar — azsas) — axars(aiaas) — azas)
+ azoass(a15a42 + 14039 + A36G39 — A14040) + A25a8(A34a41 + A35040)
— axsa31(azsaq) + azsasn) — axsazi(aisas) + azsazg — ai3dap),
As = —ax4a30(az6a44 + a3gasn) + a24a31(a3sa44 + az0a42) — A24a33(A36041 — A35042) — A4a29(A36044 + A38042)
+ a31a4(a34a44 — a3ga40) + a4a33(A34042 + A36A40) + A5A29(A35044 + A38041) — A5a30(A34044 — A33040)

— asaz3(azsas; + azeds) — a20a25(a36041 — A35033) — A25a30(A34042 + A36040) + A25031(A34041 + A35040),
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(agm’; — azo)hny + (agm’; + as)hiy — (asm’ + az3)his

*

I (a7m§ +azo)hyz — (a8m§ +az)his + (6132171? +az)his
g (=asm; + azx)his — (a7 + asolhi + (axm’ + azs)his

I (a7m§ + azp)hiz — (a8m§ +as)hiy + (a32m§ +az)his
U (Cl9m5 —ax)his - (a7m§ + azo)hiz - (asmi + az)hie

J

- )
(a7m5 + azo)hi2 — (agmf +azhis + (aszmi + az3)hys

4 2 2 2
hii = (@1aaa3m + azeaszm; + a14as3m; + azedas + azrasnm; + asgdsn),
Wiy = 4 2 2 4 2 2
2= (—61156143mj + a34a43m’; — A15044M7; + 34044 + A37039M; + A38A391; — A37040M; — asgaso),
hia = 2 4 2 2
13 = (@14a40m; — A34a4 + A14a39M; + A36a39M; = A14A40M; — A36040),
4 2 2 2
hy = (a13a43m; + a35a43M5 + A13044M + A35044 + A37041M; + A38041),
2 2
his = (—ai3aam; — azsas + aiaas m; + azedsr),

2 4 2 2
hie = (a1sas1m’; — azsas) + A13a39m; + a3sazgm; — a13a40M; — d3sas0),

Appendix II
A u ba da;
Cll = =7 Cn= ’ 3= ———7> Cl4=—"1T7—"77>
BiTy BiT w1w?B Ty e1w*?Bi Ty
a w? ay bia; Yoy
cs=———, Clg=——, Ci7=——, =
15 4 BiToc 16 >0 17 > 2ag; 18 20107
Appendix ITT

Q) = cium; + cia(m; — k%) + 3R + 148’ = [1+ £ (m — KU,

3
I

2ikc12mj,

0
N = cléijj. + c17ij;~,

S
|

* *
= C]7ijj + C]gMij,

L) =(m; -k, j=1234

Q(j) = —2ik012mj,
H? = [clz(m§ + k) + Cls(m§ -k,

M) = (m; - k), j=5.6.
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