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Abstract: This study explores the influence of a magnetic
field on a two-dimensional photo-thermoelastic material with
a dual porous structure, based on the Lord—Shulman theory
of thermoelasticity. The model presents a novel approach to
understanding magneto-thermoelastic interactions in such
elastic semiconductor materials. The model incorporates the
Lorentz force to account for magnetoelastic interactions and
considers a uniform double-porosity thermoelastic half-space.
Analytical expressions for key physical quantities are derived
using the normal mode analysis technique, assuming exponen-
tial representations for the variables. The governing equations
for the generalized double-porosity structure of photo-thermo-
elastic materials, incorporating a single relaxation time, are for-
mulated and solved under specific boundary conditions. The
results provide insights into the coupled behavior of thermal,
elastic, and electromagnetic fields in dual-porosity materials and
highlight the significant role of magnetic fields in influencing
wave propagation and stress distribution. The work underscores
the critical role of magnetic fields in altering wave propagation
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and stress behavior, offering potential advancements in mate-
rials science and engineering applications.
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Nomenclature

A U Lame’ parameters (Pa (N/m?)

U; displacement vector (m)

i Kronecker delta

p mass density (kg/m®)

T relaxation time (s)

T photogenerated carrier lifetime (s)

E, the energy gap of the semiconductor (eV)

Ce specific heat at constant strain (J/(kg K))

D carrier diffusion coefficient (m?%s)

K= %%, Ny  carrier concentration at temperature
Ty (m™)

T stress tensor (Pa (N/m?)

Uy volume fraction field corresponding to
pores

Uy volume fraction field corresponding to
fissures

oY volume fraction fields corresponding to v;
and v,, respectively

K* volume coefficient of thermal expansion
(W/(m K))

K thermal conductivity (K™)

ki, k acoefficients of equilibrated inertia
(kg/m?)

Ty reference temperature (K)

b,d, by, y, YiYs constitutive coefficients (Pa (N/m?))

o1 equilibrated stress corresponding to v,
(Pa (N/m%)

T equilibrated stress corresponding to v,
(Pa (N/m%)

T temperature change measured at T (K)
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& thermoelastic coupling parameter
& thermoenergy coupling parameter
& thermoelectric coupling parameter

1 Introduction

The study of the influence of magnetic fields on two-dimen-
sional photo-thermoelastic materials with a dual porous
structure has significant implications for real-world
applications. Such materials are integral in advanced engi-
neering and technology fields, including aerospace, biome-
dical devices, and geophysical exploration. Understanding
their behavior under magnetic and thermal effects enables
the development of sensors and actuators that operate reli-
ably in harsh environments. For example, these materials can
be used in magnetic field sensors for medical imaging or
as components in devices requiring precise thermal and
mechanical stability, such as energy storage systems and
structural health monitoring. Moreover, the incorporation
of dual porosity in the analysis allows for better modeling
of materials like rocks or porous composites, which are cru-
cial in oil extraction, carbon sequestration, and earthquake
prediction. By combining theoretical advancements like the
Lord-Shulman (L-S) theory and practical considerations, this
study paves the way for innovations in material design and
multifunctional device applications.

Photo-thermoelasticity is the study of the coupled
behavior of thermal, elastic, and optical properties in
materials under stress [1]. This field is particularly relevant
in the analysis of complex materials, such as porous media,
which exhibit intricate behaviors due to their internal
structure. Double porosity [2-4] describes a material pos-
sessing two distinct pore systems, leading to complex
mechanical and thermal responses. The study focuses on
the interaction between light and materials subjected to
thermal stress, which allows for the measurement of stress
and strain using optical techniques, specifically photoelas-
ticity. The governing equations of photo-thermoelasticity
incorporate the principles of thermodynamics, elasticity,
and optics. Double-porosity models are employed to char-
acterize materials with two separate pore networks, a concept
that is particularly important for materials such as rocks, soils,
and certain biological tissues [5]. The two-pore systems can
interact, influencing the material’s overall mechanical and
thermal properties. The thermal behavior in double-porosity
media is complex, as the heat transport mechanisms in each
pore network differ. Consequently, thermal expansion and
conduction may vary significantly between the two systems,
leading to heterogeneous stress distributions. The L-S theory
of thermoelasticity, introduced in 1967, incorporates a single
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relaxation time for the thermoelastic process, accounting for
the time-dependent response of the material [6].

Double porosity refers to a material with two distinct
pore systems: macropores and larger pores that dominate
the bulk material, and microfissures indicate smaller cracks
or fissures within the material. The interaction between these
two pore systems influences the material’s thermal and
mechanical properties, making it suitable for applications
such as oil and gas extraction and geothermal energy systems.
The linear theory of elastic materials with double porosity
was first introduced in the publications by Barenblatt et al.
[7,8]. Khalili and Valliappan [9] utilized the idea of flow and
deformation in double-porous media. Masters et al con-
ducted a study on the correlation between temperature and
a twofold porosity model of deformable porous media [10].
Khalili and Selvadurai [11] examined the comprehensive
coupled constitutive model for thermo-hydro-mechanical
analysis in elastic media with dual porosity. Zhao and Chen
[12] presented a comprehensive dual-porosity model that
is fully coupled and applicable to anisotropic formations.
Svanadze [13] investigated the dynamic issues related to the
theory of elasticity in solids with dual porosity. Ainouz
researched the homogenized double-porosity models for
poro-elastic media featuring an interfacial flow barrier [14].
Svanadze [15] conducted research on the theory of elasticity
for solids with double porosity, specifically focusing on plane
waves and boundary value problems. In their study,
Straughan [16] examined the stability and uniqueness of elas-
ticity in a double-porosity system.

Previously, academics have explored many issues
related to magnetic fields. Mahato and Biswas [17] specifi-
cally examined the state space method, three-phase-lag
model, Rayleigh waves, Eringen’s nonlocal thermoelasti-
city, and double porosity. Berryman and Wang [18] have
devised analytical and numerical techniques to solve the
intricate equations that govern thermoelasticity in mate-
rials with dual porosity. Finite element analysis and
boundary element techniques are frequently employed to
model the response of these materials under different
thermal and mechanical loads [3]. Experimental studies
are essential for verifying theoretical models of thermoe-
lasticity in double-porosity materials. Thermal loading
experiments, acoustic emission monitoring, and digital
image correlation techniques are used to quantify the
stress and strain responses of materials having double
porosity under controlled settings. The investigation of
thermoelasticity in double-porosity materials holds great
importance in various domains like geothermal energy
extraction, petroleum engineering, and materials science.
Gaining insight into the thermal and mechanical charac-
teristics of rocks with dual porosity is crucial for
maximizing the efficiency of resource extraction from
underground formations. Furthermore, researchers [19]
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are currently investigating synthetic materials that include
customized double-porosity architectures for applications
in enhanced insulation, filtration, and medicinal implants.

An essential obstacle in this domain is the intricacy of
the models needed to precisely depict the behavior of
double-porosity materials when subjected to thermoelastic
loading. These models typically necessitate advanced
numerical techniques for their resolution, which can be
computationally demanding. Another difficulty lies in the
integration of multiple physical processes, such as heat
transport, fluid flow, and mechanical deformation, into a
cohesive model. Subsequent studies could prioritize the
development of more streamlined algorithms and compu-
tational strategies to manage these interconnected activ-
ities. Precisely determining the material parameters of
double-porosity systems, including permeability, thermal
conductivity, and elastic moduli, is crucial for enhancing
the accuracy of predictive models. Progress in imaging
techniques and material testing will be pivotal in this field.
Double porosity models are employed to characterize
materials that possess two distinct pore networks. This
concept is especially significant in the examination of
materials such as rocks, dirt, and certain biological tissues.
Interactions between the two pore systems can have an
impact on the material’s overall mechanical and thermal
properties. The thermal effects in porous media with
double porosity are intricate because of the distinct heat
transport mechanisms in the two-pore networks. The
thermal expansion and conduction in the two systems
might vary greatly, resulting in distinct stress distributions.

Marin and Marinescu [20] further examine dipolar
thermoelastic materials, a particular case of multipolar
continuum mechanics. This hypothesis posits the existence
of two porosity types: macroporosity, denoting the pre-
sence of pores inside the material, and microporosity, indi-
cating the presence of minute fissures within the porous
structure. The theory of thermoelastic dynamics is ana-
lyzed for materials with a dual-porosity structure and
microtemperature. This study is distinctive as it addresses
an issue of double-porous thermoelastic materials with
microtemperature, previously examined by Florea [21].
The originality resides in the exploration of a temporal
regression problem. The research examines Rayleigh-type
waves in a layered model comprising a thermoelastic
material with a dual porosity structure. The dispersion
relation is obtained by implementing appropriate
boundary conditions, demonstrating the existence of mul-
tiple modes and the dispersive and attenuative properties
of Rayleigh-type waves. The dispersion relation reduces to
the dispersion equation for Stoneley-type waves when
Kumar et al. [22] posit that the thickness of the overlying
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layer is sufficiently substantial. Arusoaie [23] examines the
spatial and temporal properties of solutions to the initial
boundary value problem associated with the linear theory of
thermoelastic materials exhibiting a double porosity struc-
ture. We examine two appropriate time-weighted integral
measures and develop exponential estimates that define the
spatial characteristics of solutions. Rana et al. [24] performed a
study on the vibrational characteristics of a hollow cylinder
composed of a homogeneous and isotropic elastic material
exhibiting double porosity. The study focuses on the impact
of a magnetic field on the cylinder’s behavior, particularly
with nonlocal elasticity. Kumar and Vohra [25] investigated
the vibration behavior of a microbeam with a twofold porosity
structure (TDP), which is both homogenous and isotropic. This
vibration is caused by pulsed laser heating. The study is con-
ducted within the L-S’s theory of thermoelasticity, which
includes one relaxation time. Seema and Singhal [26,27]
explored how wave propagation affects SAW macro- and
nanosensors. Thus, shear horizontal (SH) waves are studied
in an orthotropic piezoelectric quasicrystal (PQC) layer above
an elastic framework (Model D), a piezoelectric substrate, and
an orthotropic PQC substrate (Model II) using surface piezo-
electricity theory. Previous research on surface acoustic wave
sensors found significant restrictions in piezoelectric material
selection and wave propagation orientation [28]. They study
how wave propagation direction affects SAW macro and
nanosensor efficacy to overcome technical barriers. A model
is proposed to examine SH and anti-plane SH wave propaga-
tion in piezoelectric materials, considering surface effects.
Seema and Singhal [26,29] discussed the potential applications
of our findings in advanced engineering fields, such as
geothermal energy extraction, oil recovery, and biomedical
devices. It also highlighted the need for further experimental
validation and the development of more efficient computa-
tional models for complex porous materials [30]. This study
investigates the dynamics of hybrid nanofluids under electro-
magnetic fields, providing valuable insights into the coupling
of thermal, mechanical, and electromagnetic effects. The tech-
niques used in this work, such as the modeling of coupled
fields and the use of numerical methods, are highly relevant
to our study [31]. This work explores the reflection of hygro-
thermal waves in nonlocal thermoelastic materials, which
aligns with our focus on wave propagation in double-porosity
materials. The use of nonlocal theories and coupled thermo-
elastic models in this study provides a strong theoretical foun-
dation for our work.

This work examines the equations governing the beha-
vior of a thermoelastic material with a double-porosity
structure and one relaxation time, in the presence of a
magnetic field. The graphical representation illustrates
the impact of the thermoelastic coupling parameter,
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thermoelectric coupling parameter, and influence of the
magnetic field on physical quantities with photo-thermo-
elastic effect and double porosity. The integration of
double porosity and magneto-thermoelasticity is a novel
approach, potentially opening doors to enhanced designs
for semiconductors and porous materials. The integration
of magnetic fields, dual porosity, and L-S thermoelasticity
in a single model provides a new, more accurate approach
to understanding material behavior in complex systems.
The study’s predictive power, ability to model real-world
material behavior, and applicability to advanced materials
for semiconductor and nanotechnology offer significant
advantages for both scientific research and industrial
applications. This is especially valuable for cutting-edge
technologies in energy, sensors, and material optimization.

2 Formulation of the problem and
basic equations

Suppose a homogeneous photo-thermoelastic half-space
with a double-porosity structure in the undeformed state
at reference temperature Ty under the effect of Lorentz
force E. It is clear that from the geometry of the problem
(Figure 1), all physical functions will depend on (x, z, t)

and how we obtain the displacement vector U as
U = (u, 0, u3). Consider a magnetic field with constant
intensity H= (0, Hy, 0) in the y-axis direction. This results
from an induced magnetic field h = -Hpe and an induced
electric field E [32,33]:

y-axis (Ho)Magnetic field

Free Surface (z = 0)

Double-Porosity Material

Semi-Infinite Half-Space (z > 0)

X-axis

z-axis

Figure 1: Geometry of the problem.
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where p, (H/m (N/A%) is the magnetic permeability for the
free space, & (F/m (C%(N m?)) is the electric permeability
for the free space, and J (A/m? is the current density
vector.

The equations and relations that describe the behavior
of a thermoelastic solid with a double-porosity structure,
which is both homogenous and isotropic, in the presence of
a magnetic field and without any additional forces or heat
sources, are provided by the L-S model:

Stress equation [1,6,34]:

tyj = 2ue; + (Ae + bd + d¥ - yT - §,N)S;. )
Equations for double porosity [35]:
g =ad;+ bh¥; (6)
G=D0®;+y¥. (7
Equations of motion [1,6,35]:

0P
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Equilibrated stress equations of motion [35]:
avid + b\V?¥ - be - 1@ - ¥ + y,T = Kb,  (10)
bV + yV2¥ - de - P - Q¥ + ,T = K. (A1)
Equations of heat [35,36]:
d . : . _
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For simplicity, we introduce the following dimension-
less variables [37,38]:
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Using the above dimensionless quantities, Egs. (8)—(13)
become
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a12V2<15 + algvzllf - e — ais® - ag¥ + apT = lfl} «¥)]
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0

[VZ - Qg — ana IN + &T = 0. 19)

The stress components can be expressed in dimension-
less variables in the following manner:

oy
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X
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We define the displacement potentials ¢, and i,, which
are related to the displacement components u; and us
as [39]

U= ¢1,x - lpl,z’ Uz = ¢1,z + ll)l,x' (23)

Using Eq. (23) in Eqgs. (14)-(18), we obtain

2

0
(@ + @)V? - as

F¢1+a3<15+a4‘{’— T-N=0, (24)
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¥, =0, (25)

[azvz - asﬁ

aGVZtP + a7V2’P - agvz¢1 - a9® - qp¥ + ayT = é, (26)

apV?® + @V - a2, - as® - a? + apT= ¥, (27)

0 . . . ,
V2T - [1 + TOE](T + (118¢ + alglp + 81V2¢1) -gN=0. (28)

3 Normal mode analysis

The solution of the given physical variable can be expressed

as the decomposition in terms of normal modes (derived by
assuming exponential representations), as follows [40,41]:

[ul) us, e, T) ¢1) lply (py w) Tl]: N](Xy Z, t)

= (ul*) u;, e*: T*’ ¢1*: lpl*x (p*: l/)*: T;a

N*)(2)e @),

(29)

where i is the imaginary unit, w is the complex time constant
(frequency), and a is the wave number in the x-direction.
Using (29) in Egs. (19)-(22) and Egs. (24)—(28) we obtain
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(aD? - gy = 0, 31
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+aT* =0,
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= O’
(D? - go)N* + &T* = 0, (35)
where D = ;—Z, G =m+a, g =(ga*+asw?), g =

@ma* + asw?, g, = aga® + ag + W% g = aa’ +ay, gy = asa’,

80 =
@+ 1+ ), g = asw(l + Tw), g, = aw(l + Tw),

& = apa® + as, &= a30® + arg + W2, 8 = ayua?,

i = &l + W), gy = AGyy. &5 = ~E 81 = A+ G + AW
Eliminating T*, N*, ¢/, ¢, and " in Egs. (30), (32),
(33), (34), and (35) yields

(D - ADB + 0,D6 - AD* + AD? - AS){T", N,
¢y, ¢, PH@er =0,

where

(36)
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(@13068; = A12181) |+ an(agy G168y ~ MOE1sEies *+ WuBi0B168abo + Gi816848y ~ AaE10E1e8s8y ~ EnbieBso

+ 8148587€3 ~ 81582858763 ~ 812868763 t Au8158687€3 ~ 814848583 T 81582848853 T 8118685E3

~ (3815868583 T 812848063 ~ A48158489€3 ~ 81858063 + (38158580€3

t angn88s t 168108168285 t 8148188 T 81810816848 t 8138168488 T 810828485 T 816828485

~ (38108688 ~ 818688 ~ 8168688 ~ M1a88y t a8y — AaleS1081689

(681281689 ~ Q48108489 ~ 8128489 ~ 248168480

+ 38108580 + 8118580 T Us8168580 ~ a81o84E3 T 138148, €3 + (144858, E3

~ 13815858483 t 148118583 ~ (128148583 ~ 40383158583 + (128158,85€3 ~ A1381186€3

+ 028128683 + M130381585E3 ~ 12a81586E3 T As8187E3 — (8148763 ~ A4A881587€3 * A78158,87€3
T 813858763 T 81815858763 ~ As8u8sE3 T A681485€3 t 308815853 ~ (68158,85E3 t 8138485€3

~ 81815818563 T W18118€3 ~ A6812893 + A4ll681584E3 ~ A30781584E3

Technical factors were used to solve the main ordinary differential equation (ODE) (36) as follows:

(0% = mpYD? = mD? =MD = mpD*
- mdTY, N, ¢, ¢, Y20 =0,

where miz(i =1,2,3,4,5) represents the roots that they
may take in the positive real part when z — . The solution
of equation (ODE) (42) takes the following form (according
to the linearity of the problem):

5
T*(z, 0, a) = Y Bi(w, a)e™z, (43)
i=1
In the same way, the solutions of the other quantities
can be expressed as follows:

5 5
N*(z,b, w) = ZBi’(a, w)e Mz = ZhliB,-(a, w)e ™Mz (44)
i=1 i=1

5
¢,(z,b, w) = ) B/ (b, w) exp(-m;z)

i=1
3

= > hyBi(b, w) exp(-myz),
i=1

5
2 B/ (a, w) exp(-mz)
i=1

5
> hyBi(a, w) exp(-mz),
i=1

¥z, a, w)

5
Yz, a,w) = ) B{" (a, w) exp(-m;z)

i=1

5
= ) hyBi(a, w) exp(-miz),

i=1
&3

91z, 4, 0) = By(a, w)e™?, mg= |7
2

Influence of a magnetic field on photo-thermoelastic materials
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(40)

(41)

(45)

(46)

47

(48)
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Since
u(z) = iag; - DY/,

u;(z) = D, + iay;.

(49)
(50)

Then,

5
u(z) = ia ) B{'(b, w)e™? + mgBy(b, w) exp(-mez), (51
i=1
5
u;(2) = - mB{'(b, w)e™” + iaBy(b, w) exp(-msz). (52)
i=1
The stress components can be expressed using dimen-
sionless variables. By substituting the stress displacement
from Egs. (51) and (52) into Eqs. (20)—(22), we obtain the
components in the following form:

5
Tix = 2 hsiBe™? + hsBge ™,

(53)
i=1
5
T;, = ) heiBie™* — hsBee ™, (54)
i=1
5
Ty, = D hyBie™ + heBee M. (55)

i=1

[— ((@a(=by + agm?) + as(bs - amP))(@aay; - (1 + hy)(bg — azm?))
+ (agap — (1 + hy)(bs — aymP))(aqg(=b; + apym?) + az(bg - azm?))

DE GRUYTER

The dimensionless variables for the components of g;
and 7 are

03 = r’1¢,z + nzq/,z; (56)

B =0,P,+ NY 2 (57)

by L
aw?’ B~ Gt

_ @ —
where n; = 7, 11, =

To obtain the solution of o3 and 7, we substitute from
Eqs. (46), (47) in (56) and (57), and obtain
5
0; = ) hgBie ¢, (58)
i=1
5
T = ZhgiBie‘mfZ, (59)
i=1
where Bg, B;, B{, B, Bl-(?’), B,»(4), and B,-(S), i=1,2,3,4,5, are
unknown parameters depending on the parameter (a, w).
The relationship between the unknown parameters Bg,
B,B/,B/,B®,B®, and B®,i=1,2,34,5 can be
obtained when using the main equations (Egs. (21)-(26)
and (27)), which take the following relationship:

2i =
l [(a4(—b7 + alzmiz) + as(bg - alSmiZ))(a4(b6 - aSmiz) + (bs - a7mi2)(_b2 + blmiz))

- (as(=by + agm?) + az(bs — asmP))(aa(by = aym?) + (bg — azm?)(=b, + bym?))

{(1+ hu)(ge8s — 8585 + (Qags — ansgy — Aslls + azg)M + (—auaay + agzag)m;*)

+ay7(ad(-gs + asm?) + (g5 — aymP)(g, — &mP)) + an(as(gy — aum) + (as = aymP)(=g, + gmH)}

h3i = bl
828587 ~ Q4887 ~ 88406 + Asgsls + Q48,85 ~ A38s8y + (—MaQag, + Q1388 + Quadags — A128)8;
- algaggﬁ + a12a4g6 + a4a8g7 - a7g2g7 - g1g5g7 - azagdg + a5g2a6 + glg4a6 - a4a6g9 + a3a7g9)ml-2
(M4A40e — (14l3ay + (130305 — AipA4Qg — A13degy + Apdrg, — Magi8y |, 6
+ m; + (a3a6 - apas)gim;’)
t apgi8s + 478187 — Ae81as
“((1 + M) (Ee8r ~ 848y + (Qiagy — Ay — Asgy + A€M + — Aulls + Apagm?)) + an(-asg, + auasm;
+ (g - apmd)(g, - gmP))an(as(gs - asm?) + (g, — agmP)(=g, + gmMH)|}
hy =

(88587 — 04858y ~ §8406 + A38gls + (48,80 ~ (38380 + (~A1a0agy + Mi38y8, + A1aags ~ (1a8y8;
T Q3038 t Apay + AalgSy — A18,87 ~ 818587 ~ 3As8y + Ae8p8s t 818485 ~ A4de8y

2
+ (43a78)M{" + (A140406 — Q140307 + Q130308 — ApA4Ag — A13ae8, + A1p78, — 13818,

+ apgigs + 18,8, — Asgig)M; + (A3as — apar)gmy)
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Figure 2: Variation of physical field distributions with distance at different thermoelastic coupling parameter & values when & = —1.4 x 1073 under
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hs; = (ap(m{ - a2) - apa®hy = 1 = hy + (@a)hs; + (Az5)hai, a =0, (64)
hei = [an(mf - a®) + a213mi2]h2i =1-hy +(ahsy+ (axs)ha, T = pyelwt+iax), (65)
hs = (iameaz), he = (-3a(m¢ + a®), hy = (~iamiazhy), hsi = e .
(~n,mihs; = n,mihg), hoy = (~nymihs = nymihgy). Substituting ].Eqs. (60)—(65) in (43), (44), (53), (55), (56),
) ) ) and (57), we obtain
The solutions to the major variables that transform the
domain in terms of unknown parameters B;(a, w) are >
. P . {d, ) 2 hsiBi + hsBg = Py, (66)
given above. The parameters can be obtained from the bart
following boundary conditions. 5
> hyiBi + heBs = 0, (67)
i=1
5
4 Boundary conditions 21uiBi = o, (68)
i=
. e 5
We apply six boundary conditions for the present problem z hoiB; = 0, (69)
at the plane surface z = 0: i1
T = Ppe@+iao, (60) 5
. S hgB; = 0, (70)
Tz = 0: (61) i=1
N = pgel@t+ia), (62) >
‘ > B = Py (7D)

5 =0, (63) i=1
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Figure 3: Variation in physical field distributions with distance at different thermoelectric & values when & = 0.0017 under the influence of a magnetic
field and double porosity.
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Figure 3: (Continued)

To obtain By, B, .., Bs, Bg, we can substitute Egs.
(66)—(71) in the following matrix:

Bi| |hs hs; hss hsa hss hs| (p,
B, hn hz hys hsy hys he 0
Byl (M1 hi hiz hiy his 0 no (72)
By| |hgy hey hes hos hes O 0
Bs| |hg hsy hgs hgs hgs 0 0
B {1 1 1 1 1 of P

5 Numerical results

The effect of a magnetic field on double porosity is now
investigated, and numerical findings are presented. Silicon
is chosen as the thermoelastic material, and the following
values of physical constants are employed to attain this
purpose [26,27].

A=64x10° N m™2?, U=65x10" N m2?, K =386 x
103 N s K1, ¢ =25 m/s, w=-1 rad/s, a; = 4.14 x 1078 K7,
p=2330 kg m3, C*=695] kg K, T, =800 K, 7=0.7,
x=05 &=-1, p;=1x1072 p,=2x102, 7=5x107,
d, = -9 x 10731, Dp = 2.5 x 1073, E,=111,t = 05.

Following Khalili [35], the double porous parameters
are considered as a=13x10° N, b; =012 x 1075 N,
y=11x10"° N m2, y, =016 x 105 N m2, y, = 0.219 x
105 N m?, d=01x10° Nm™?, b=09x10"° N m2
K, =0.1546 x 107> N m™2, K; = 0.1456 x 1072 N m™2,

To solve the issue, we utilized the numerical technique
described above to distribute the real part of the tempera-
ture T, the components of displacement uy, us, the compo-
nents of stress Tyy, T, Tz, and the components of double
porosity o and 7. The outcome is a non-dimensional form
of all the variables.

Figure 2 shows a comparison between the three dif-
ferent values of the thermoelastic coupling parameter &.
The first case when & = 0.0017, indicated by red color (—),
the second case when g = 0.0027, indicated by green
color (-—-), and the third case when & = 0.0037 (- )
on the physical fields under study. All results are for
& =-14 x 107% and Hy = 10° under the effect of a mag-
netic field with double porosity. In this figure (uy, u, ¢, ¥,
Tixs Tz Tzzy T3, 03, and T), the variation in the thermoelastic
coupling parameter results in different values being
observed, but the carrier density N does not have an effect.
The application of a logarithmic transformation is
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Figure 4: Variation in physical field distributions with distance at different magnetic field Hy values when & = 0.0017 with double porosity.
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Figure 4: (Continued)

particularly useful for capturing variations in temperature
and stress distributions over a wide range, aligning with
similar methodologies presented in recent studies (e.g.,
Seem and Singhal [27]). The logarithmic scale improves
the clarity of trends in regions where small-scale behavior
is critical, thereby enhancing the interpretability of the gra-
phical results. Figure 3 illustrates the primary physical fields
as a function of horizontal distance z within the framework
of PT theory and L-S theory with double porosity. The results
are evaluated in the presence of an external magnetic field
when & = 0.0017 (Si). All curves discuss three cases of &5. The
solid line (—) represents & = —1.4 x 1073, the line (-—-)
shows when & = -2.4 x 1073, and the dotted lines (---** )
show when & = -3.4 x 107%, From the subfigure, it is clear
that the variation in the thermoelectric coupling parameter
has a great effect on all physical quantities, except that the
carrier density has no impact, as it starts at a positive
minimum and approaches the thermal insulation condition,
and the temperature rises gradually. These plots align with
the approach discussed in the study of Seema and Singhal
[27]. Owing to the combination of an external magnetic field
and photoexcitation, it quickly rises from the initial range to
its surface maximum value. Conversely, for the other

12

distributions, it is clear that the behavior of temperature,
displacement, elastic waves, double porosity, stress
force, and temperature distributions is greatly influ-
enced by the thermoelectric coupling parameter. How-
ever, it does not have a discernible effect on carrier
density distribution. Figure 4 illustrates the primary
physical fields as a function of horizontal distance z
within the framework of PT theory and L-S theory with
double porosity. The results are evaluated in the pre-
sence of an external magnetic field for & = 0.0017 (Si).
All curves discuss three cases for Hy. The solid line (—)
represents Hy = 0 (in the absence of a magnetic field), the
line (---) shows when Hj = 105, and the dotted lines
[GRERRRRE ) show when Hj = 10’. From the subfigure, it is
clear that the variation in the magnetic field has a great
effect on all physical quantities, except that the carrier
density has no impact. Figure 5 shows three-dimensional
(3D) graphs between the time and distance with different
physical quantities. Figure 6 introduces some samples of
3D heat maps. Temperature distribution shows varia-
tions in temperature using a red-yellow heat map, and
stress distribution displays stress variations with a blue-
red color scale.
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Figure 5: 3D graphs of physical field distributions with distance and time.
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Figure 5: (Continued)
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Figure 6: Heat map for temperature and stress distributions.

5.1 Validation

To ensure the accuracy and reliability of the proposed model,
we validate our numerical results by comparing them with
the existing theoretical and experimental data from the lit-
erature (Table 1). Specifically, we compare our results with
those obtained in previous studies that analyze similar ther-
moelastic and double-porosity systems [42].

Table 1: Comparison of numerical results with previous studies

Influence of a magnetic field on photo-thermoelastic materials
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First, when the magnetic field parameter is set to zero, our
results align closely with those reported by Abdou et al [43],
who studied generalized thermoelastic media with double por-
osity under the L-S’s theory. This confirms the consistency of
our model in the absence of an external magnetic field.

Furthermore, if both the magnetic field and the
double-porosity effects are neglected, our findings reduce
to the results obtained by Lotfy et al. [42] in the context of
classical photo-thermoelasticity. The agreement between
these cases demonstrates the robustness and adaptability
of our model under different physical conditions.

The numerical comparisons indicate that the com-
puted results, including displacement, stress, temperature,
and porosity variations, exhibit a strong correlation with
previously established findings. This validation confirms
the effectiveness of our analytical approach and numerical
implementation in capturing the complex interactions of
thermoelasticity, magnetoelasticity, and double-porosity
effects in semiconductor materials.

By successfully reproducing known results in limiting
cases, our study provides confidence in the applicability of
the proposed model for analyzing magneto-photo-thermo-
elastic interactions in double-porous media.

Table 1 highlights the consistency of our results with
previous studies, reinforcing the validity of our model and
its applicability to different physical scenarios.

6 Discussion and conclusion

The study has examined a novel mathematical model of the
L-S theory within photo-thermoelastic theory, considering
the effects of the magnetic field and double porosity. The
research investigates the impact of thermoelastic and ther-
moelectric coupling parameters and magnetic fields on
various physical phenomena within the problem. The
external magnetic field affects the transmission of funda-
mental physical fields. The propagation of waves is regu-
lated by the interplay of coupled photo-thermoelasticity,
magnetic fields, dual porosity, and the physical constants
of the material. The relationship between thermoelastic
and thermoelectric properties is evident within the frame-
work of photo-thermoelastic theory.

Study Considered effects Key findings

Agreement with present work

Abdou et al. [44]
Lotfy et al. [42]
Present study

Double porosity, no magnetic field
No magnetic field, no double porosity
Magnetic field, double porosity

Thermoelastic behavior in double-porous media
Classical photo-thermoelastic response
Magneto-photo-thermoelastic interactions

Strong agreement
Strong agreement




18 —— Khaled Lotfy et al.

To enhance the analysis, logarithmic scaling has been
introduced in Figure 2 for the horizontal axis, allowing a
more comprehensive visualization of parameter variations
across different scales. The application of a logarithmic
transformation is particularly useful for capturing varia-
tions in temperature and stress distributions over a wide
range, aligning with similar methodologies presented in
recent studies, such as Seem and Singhal [27]. The loga-
rithmic scale improves the clarity of trends in regions
where small-scale behavior is critical, thereby enhancing
the interpretability of the graphical results.

6.1 Clarification of double porosity

In this study, double porosity refers to a material posses-
sing two distinct pore systems, typically classified as
macropores and microfissures. Macropores are larger cav-
ities that dominate bulk fluid flow, while microfissures are
smaller cracks or pores within the material. This dual-por-
osity structure leads to complex mechanical and thermal
responses, affecting how waves propagate and stress is

distributed within the material [44,45].

The presence of double porosity significantly influ-
ences the behavior of materials in engineering and geophy-
sical applications. In porous geological formations, such as
oil reservoirs and aquifers, the interaction between macro-
pores and microfissures controls fluid transport, stress
distribution, and wave propagation, making this concept
crucial for enhancing oil recovery and geothermal energy
extraction. Similarly, in biomedical engineering, porous
materials with double porosity are used in bone implants
and tissue scaffolds, where controlling the mechanical
properties and fluid permeability is essential for biological
integration. Furthermore, in semiconductor and nanotech-
nology applications, structured porous materials play a key
role in thermal management and electronic cooling sys-
tems. By incorporating double porosity into our analysis,
this study provides a deeper understanding of wave inter-
actions in complex media, offering insights applicable to
diverse scientific and industrial fields [46—48].

Furthermore, we analyze the physical significance of
the studied parameters and their impact on the half-space
behavior:

» Thermoelastic and thermoelectric coupling: The thermo-
elastic coupling parameter governs the interaction
between thermal and mechanical fields. Higher values
lead to increased thermal stresses and temperature gra-
dients, causing stronger mechanical deformations. This
behavior is particularly relevant in applications such as

DE GRUYTER

geothermal energy extraction and high-temperature elec-
tronic materials, where managing thermal expansion is
crucial.

Magnetic field influence: The applied magnetic field intro-
duces Lorentz forces, which act as a damping mechanism
on mechanical oscillations and wave propagation. This
effect is critical in semiconductor applications and electro-
magnetic shielding materials, where reducing unwanted
vibrations enhances stability and performance.

Double porosity and wave propagation: The presence of
two distinct pore systems significantly modifies wave
speeds and stress distributions. This insight is essential
for oil reservoir modeling and carbon sequestration,
where understanding wave behavior in porous forma-
tions can optimize resource extraction techniques.
Geometrical considerations: The depth and spatial extent
of porosity variations influence stress concentrations
and fracture propagation. This effect is particularly rele-
vant in earthquake modeling and rock mechanics, where
stress accumulation can lead to seismic activity and
structural failures.

6.2 Real-world applications

The findings of this study have significant implications in

various engineering and technological domains, including:

1) Geophysics and earthquake engineering: Understanding
wave propagation in double-porous materials helps
improve seismic wave analysis and earthquake predic-
tion models, which are critical for designing safer infra-
structure in earthquake-prone regions.

2) Oil and gas industry: The study provides insights into
fluid dynamics in reservoir rocks, enhancing techni-
ques for oil recovery and carbon sequestration by
modeling how waves and stresses interact in porous
geological formations.

3) Semiconductor and nanotechnology: The integration of
magneto-photo-thermoelastic effects is valuable for opti-
mizing semiconductor devices, including photonic and
optoelectronic sensors used in precision applications.

4) Biomedical engineering: Double-porosity structures with
thermoelastic properties can be utilized in biomedical
implants, particularly for materials that require enhanced
stress distribution and controlled thermal expansion.

5) Aerospace and structural health monitoring: Magnetic
and thermal effects in porous materials play a crucial
role in the design of lightweight, thermally stable mate-
rials for aerospace structures and real-time structural
health monitoring systems.
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Neglecting the effects of the external magnetic field and
photothermal stimulation, the research findings underscore
the importance of thermoelectric, thermoelastic, and mag-
netic fields in various modern geophysical engineering appli-
cations, such as solar cells, display technologies, and electrical
circuits. Magnetic fields substantially influence the precision
of measuring displacement, tension, and strain. Phase delays
substantially affect all distributions [48,49].

The main aim of this work is to examine the effect of a
magnetic field on a medium characterized by dual porosity
levels, particularly with L-S’s theory. The investigation
aims to determine the extent to which the magnetic field
influences the amplitude of certain physical parameters,
either by enhancing or diminishing them. The data were
acquired by contrasting the twofold porosity with and
without a magnetic field. This comparison unveiled note-
worthy instances. The normal mode method has been uti-
lized to ascertain general solutions, which yield accurate
responses by converting partial differential equations into
ordinary differential equations through the implementa-
tion of boundary conditions. Programming enables us to
observe the functionality of functions at certain values.
The MATHEMATICA program was used to calculate numer-
ical solutions. When exposed to a magnetic field, the differ-
ences between the existence and non-existence of double
porosity are significant. All the physical quantities satisfy
the boundary requirements. All physical quantities tend
towards zero, and all functions exhibit continuity.

While this problem is theoretical, it can provide useful
insights for experimental researchers in the domains of geo-
physics, earthquake engineering, and seismology, especially
those who are studying mining tremors and drilling into the
Earth’s crust. Applying numerical approaches to solve the
system of equations and conditions that govern the phenom-
enon can help overcome the limitations of the normal modes
technique. This undertaking is currently in progress. The
importance of this problem lies in its potential to improve
our understanding of complex material behaviors, leading to
innovations in the design and application of advanced mate-
rials in a variety of high-tech fields.

We examined the thermoelastic and fluid flow behavior
of a double-porosity material under a magnetic field and the
effects of many dominant factors. The parameters include
thermoelastic, thermoelectric, and magnetic field intensity
coupling parameters. First, thermal and elastic fields interact
via the thermoelastic coupling parameter. Our results indi-
cate that higher values increase thermal stresses and
temperature-deformation field coupling. This increases dis-
placement amplitudes and stress concentrations at the free
surface. Geothermal energy extraction materials with higher
porosity are more vulnerable to heat cracking, which
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improves the fracture fluid flow. Controlling helps biomedical
device materials like thermal actuators and sensors respond
reliably to thermal stimuli. Second, the thermoelectric cou-
pling parameter controls the thermal-electric field interac-
tion. We found that higher values increase thermal energy
conversion into electric energy, carrier density (N), and heat
transfer. Semiconducting materials, where thermoelectric
coupling is crucial to energy harvesting, exhibit this phenom-
enon. Optimization improves thermal-to-electric energy
conversion in solar cells. In electronic cooling systems, custo-
mized materials improve heat dissipation and prevent over-
heating. Finally, through the Lorentz force and induced
electric fields, the magnetic field intensity greatly affects the
material reaction. Our study shows that the opposing Lorentz
force dampens elastic waves and reduces displacement
amplitudes. Higher magnetic fields reduce stress concentra-
tions at the free surface. Magnetic field sensors use controlled
materials to detect and quantify magnetic fields precisely.
Aerospace engineering uses magnetic fields to stabilize
thermal and mechanical loads.
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