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Abstract

This study investigates the combined effects of fractional order heat conduction
and variable thermal conductivity on the propagation of thermal, acoustic, and
optical waves in a rotating hydro-semiconductor medium. The novelty of this
work lies in incorporating both fractional heat transfer theory and variable
thermal conductivity within a hydrodynamic semiconductor model subjected to
rotational effects, which has not been thoroughly explored in previous studies.
The governing equations are formulated based on photo-thermoelasticity and
fractional calculus, introducing a fractional heat conduction model to account for
nonlocal and memory-dependent thermal responses. The normal mode analysis
technique is applied. Numerical solutions are obtained and graphically
represented to analyze the influence of fractional order parameters, variable
thermal conductivity, and rotational effects. The results highlight significant
deviations in wave propagation behavior when fractional heat transfer and
thermal conductivity variations are included compared to classical heat

conduction models.
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Nomenclature

At Lame’s parameters.

5, =(32+2u)d, Deformation potential coefficient.
T Absolute temperature.

TO

Reference temperature.
y=BA+2u)a, The thermal expansion of volume.

a, The thermal expansion coefficient of semiconductor grains
P, Density of semiconductor grains

DO Density of pore water.

P The density of the medium.

d, The electronic deformation coefficient
C. Specific heat of the medium.

K, Constant thermal conductivity.

De The carrier diffusion coefficient.

T Lifetime.

t Time variable

E, The energy gaps.

u, Displacement vector

N Carrier concentration (density)

m Volumetric heat capacity of medium

n, Porosity

7, Thermal memory

P Excess pore water pressure

a, Thermal expansion coefficient of pore water
g Gravity

oy The stress tensor

C, Heat capacity of pore water

C, Heat capacity of semiconductor grains
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K, Coefficient of permeability

P Excess pore water pressure

e Cubical dilatation

d The coefficient of electronic deformation

1. Introduction

The interaction of thermal, mechanical, and optical fields in semiconductor
materials has attracted increasing interest due to their wide-ranging applications
in advanced optoelectronic devices, nanotechnology, and energy-efficient
systems. These interactions are particularly crucial in hydro-semiconductors,
which are characterized by their ability to exhibit coupled hydrodynamic and
semiconductor behavior under thermal and mechanical excitation. The focus of
this problem is on the intricate coupling of fractional order heat conduction,
variable thermal conductivity, and rotational effects within hydro-
semiconductors, where thermal, acoustic, and optical waves propagate under
complex physical conditions. This work aims to address the growing need for a
deeper understanding of such synergetic field interactions, which are pivotal for
designing high-performance semiconductor-based technologies. The combined
effects of fractional heat transfer theory and variable thermal conductivity in
hydro-semiconductors have yet to be thoroughly explored, particularly under
rotational fields. These factors profoundly influence the propagation
characteristics of thermal and mechanical waves, especially in modern
semiconductor applications where nonlocal effects, memory-dependent behavior,
and spatial variations in conductivity are prominent. By incorporating photo-
thermelasticity theory, this study examines the impact of these effects and

provides a comparative analysis with classical heat conduction models.
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Thermoelasticity is a classical theory that studies the coupled behavior of
thermal and elastic fields in a solid medium. The foundations of thermoelasticity
were established by Duhamel and Neumann, who demonstrated that temperature
variations in an elastic material induce stress and deformation [1]. Over time, this
theory evolved to include generalized thermoelasticity models such as the Lord-
Shulman (LS) [2] and Green-Lindsay (GL) [3] models, which incorporate finite
wave speeds for heat transfer, addressing the limitations of classical Fourier’s
law. The coupled thermoelasticity framework allows for the simultaneous
treatment of thermal and mechanical fields, which is essential for understanding
the wave propagation characteristics in materials subjected to dynamic thermal
loads [4-6]. In recent years, the development of nonlocal thermoelasticity and
fractional order heat theories has further expanded the applicability of
thermoelasticity to nanoscale systems and materials with memory-dependent
effects. Such advancements are particularly relevant to semiconductors, where
thermal, optical, and mechanical fields interact at microscopic scales [7-10]. The
inclusion of rotational effects introduces another layer of complexity to the
analysis of hydro-semiconductors. Rotation induces Coriolis and centrifugal
forces, which alter the propagation paths and speeds of thermal, acoustic, and
optical waves. These rotational effects are particularly significant in rotating
semiconductor devices, such as gyroscopes and sensors, where precision wave
propagation is essential [11-14]. In hydro-semiconductors, the rotational field
interacts with the hydrodynamic flow of charge carriers, leading to anisotropy in
the wave propagation characteristics. The combined effects of rotation, fractional
heat conduction, and variable thermal conductivity create a highly dynamic

environment where thermal, mechanical, and optical waves exhibit unique
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behaviors. Understanding these effects is critical for optimizing the performance
of semiconductor-based devices subjected to rotational motion [15-17].

Semiconductors are materials whose electrical conductivity can be precisely
controlled, making them essential components in electronic and photonic devices
[18]. The study of thermoelasticity in semiconductors becomes more complex
when optical and thermal fields are introduced, leading to the development of
photo-thermoelasticity theory [19, 20]. This theory describes the simultaneous
interaction of optical (photon-induced), thermal, and elastic fields, providing a
comprehensive framework for analyzing wave propagation in semiconductors
[21]. In semiconductor materials, photon excitation causes temperature changes,
which in turn generate stress and deformation [22]. The photo-thermoelastic
effects are particularly significant in laser-excited systems, where intense thermal
and optical loads influence the mechanical stability and wave propagation
properties of the medium [23, 24]. The coupling of photo-thermoelasticity with
hydrodynamic behavior further extends the applicability of this theory to modern
semiconductor systems [25, 26].

The classical Fourier heat conduction model assumes an instantaneous
response to thermal disturbances, which is unrealistic for systems with memory-
dependent and nonlocal effects [27]. To address this limitation, fractional-order
heat conduction theories have been developed. These models incorporate
fractional calculus to describe the thermal diffusion process, allowing for the
inclusion of memory and nonlocal behaviors. In semiconductors, fractional heat
conduction plays a critical role in capturing the behavior of thermal waves at
nano-scales and under short pulse heating conditions [28]. Fractional models are
capable of describing sub-diffusive and super-diffusive thermal responses, which
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are essential for accurate thermal management in semiconductor devices. By
combining fractional heat theories with photo-thermoelasticity, we can gain
deeper insights into the propagation of coupled thermal and mechanical waves in
semiconductor media [29].

Hydro-semiconductors are a special class of materials that exhibit both
hydrodynamic and semiconductor behaviors [30-33]. In these materials, the flow
of charge carriers (electron-hole plasma) behaves like a fluid, leading to
significant interactions with thermal and mechanical fields [34-36]. The
hydrodynamic nature of the charge carriers introduces viscous and inertial effects,
which influence wave propagation in ways not observed in classical
semiconductors [37-39]. Hydro-semiconductors are particularly relevant in high-
frequency and high-power applications, where the coupled thermal, optical, and
mechanical effects must be carefully managed [40-42]. By incorporating
hydrodynamic models with photo-thermoelasticity, we can analyze the
propagation of waves under dynamic thermal and mechanical loads, providing
insights into the behavior of these advanced materials [43-45].

Thermal conductivity in semiconductors is not always constant and can vary
with temperature, carrier density, and spatial position. In many real-world
applications, such as high-power electronic devices and thermoelectric systems,
thermal conductivity variations play a significant role in wave propagation
behavior [46, 47]. This variability introduces additional complexity to the
coupled thermal-mechanical analysis of semiconductors. Materials with
temperature-dependent thermal conductivity exhibit nonlinear thermal responses,
where the thermal wave speed and amplitude are influenced by the temperature
gradient [48]. In hydro-semiconductors, where the hydrodynamic flow of charge
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carriers interacts with thermal fields, variable thermal conductivity further
modulates the propagation characteristics of thermal, acoustic, and optical waves
[49, 50].

This study addresses a significant gap in the literature by analyzing the
combined effects of fractional order heat conduction, variable thermal
conductivity, and rotational fields in hydro-semiconductor materials. These
factors play a crucial role in the propagation of thermal, acoustic, and optical
waves, particularly in modern high-performance semiconductor applications. The
novelty of this work lies in its comprehensive approach, which incorporates
fractional heat theories, photo-thermoelasticity, and hydrodynamic models to
study the behavior of rotating semiconductor systems. The results presented in
this study provide valuable insights into the interactions between thermal,
mechanical, and optical fields, offering a deeper understanding of wave
propagation in complex semiconductor environments. Graphical comparisons
will illustrate the impact of fractional parameters, thermal conductivity variations,
and rotational effects, highlighting the importance of these factors in wave
propagation analysis. This work lays the foundation for future research on
advanced semiconductor materials and their applications in optoelectronics,
thermoelectric systems, and micro-electromechanical devices.

2. Mathematical model and basic equations

The study employs a hydro-photo-thermoelasticity framework, which
considers photo-generated carrier interactions, thermal expansion, and
mechanical stress. The governing equations are derived based on the
fundamentals of poro-thermoelasticity theory, with suitable modifications to
integrate both rotational dynamics and variable thermal conductivity. This
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approach enables a comprehensive understanding of wave behavior in rotating
hydro-semiconductors, highlighting the combined influence of thermal, optical,

and mechanical fields. Rotation introduces Coriolis 2Qx uand centrifugal forces
Qx(Qxu), whereQ represents the uniform angular velocity(Q=Qn) and fiis the

unit vector aligned with the rotation axis. The system's behavior is governed by
the intricate interplay between thermal conduction, fluid motion, elastic
deformations, and optical fields. Thermal conductivity effects, along with
fractional heat conduction, are incorporated to account for scale-dependent
responses and memory-driven thermal dynamics within the material. To obtain
the main equations, we combine the laws of conservation of momentum, energy,
and mass with constitutive relations for the fractional thermal behavior. This
approach enables a comprehensive understanding of wave behavior in rotating
hydro-semiconductors, highlighting the combined influence of thermal, optical,
and mechanical fields.
(1) Charge Carrier Density n or plasma (Photo-thermal effects):

In semiconductor materials, the interaction of light with the medium generates
photo-induced charge carriers, such as electrons and holes, leading to a change in
the charge carrier density. This phenomenon, known as the photo-thermal effect,
plays a significant role in the thermal and mechanical response of the medium
due to the coupling between optical excitation, thermal conduction, and elastic
deformations [30, 41, and 43].

@zDEva N T (1)
ot T

Here x is the thermal activation coupling coefficient.

(i)  Equation of Motion with Rotation
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The Equation of Motion with Rotation describes the dynamic behavior of a
medium under the influence of rotational effects, where the inclusion of Coriolis
and centrifugal forces modifies the motion of the system, leading to anisotropic
wave propagation and altered mechanical responses [36, 44]:

A+ )V(V-0)+ VG- VP - NT -5 VN =
(U +Qx(Qxu) +2Qx U)

@)

Where &°=./ae, /| denotes the nonlocal parameter, | represents the external
length scale, a expresses the internal length scale, and e, is the non-dimensional

material property coefficient

(ili)  The fractional heat equation
The fractional heat equation generalizes the classical heat conduction model by
incorporating fractional derivatives of order « (« represents the parameter of
fractional), which account for memory effects, providing a more accurate
description of thermal behavior in materials with variable thermal conductivity
[31, 36, 50]:

o

o Gl o) E,
(KVT)—(1+1° m— T E |+ —¢N=0. 3
V.(KVT) - (1+7 )( 7T j+ N=0 (3)

a

Where expresses the « -order fractional derivative (weak diffusion appears

a

when O<a <1, =1 gives the strong diffusion, super-diffusion appears when
O<a <2 and ballistic diffusion is obtained when « =2) that can be applied to
any functionn(t), yields [46]:

o

dt”

n(t) =n'(t). 4)

lim
a—1l

(iv)  Fluid Flow Equation:
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The fluid flow equation for a poro-semiconductor medium describes the
movement of charge carriers as a fluid, considering the effects of porosity,
pressure gradients, and interactions with thermal and mechanical fields, which

are essential for analyzing coupled wave propagation [38-40]:

oT  oe o%e
b, (e, — = VP =0, 5
o, T2y p, 0 5)
90,

where m=n,p,C, +(@-n,)p,C.and b, = C
d

(v)  The constitutive relations are [32, 36]:
oy =AW, 6+l +uuy, —(P+yT —6,N)J, . (6)

o Ol
In many semiconductor materials, the thermal conductivity is not constant but
varies with temperature, carrier density, or other factors, influencing heat
distribution within the medium. Variable thermal conductivity K(T) introduces
additional complexity to thermal wave propagation, as the material's ability to
conduct heat becomes dependent on the local conditions, leading to non-linear
temperature gradients and altering the wave behavior, the linear dependent
temperature form of thermal conductivity with negative small constantk, is
K(T)=K,1+KT), (7)
The Kirchhoff transformation is a mathematical technique used to simplify heat
conduction problems, particularly when dealing with varying material properties
such as temperature-dependent thermal conductivity. By transforming the
temperature field into a new coordinate system, the Kirchhoff transformation
linearizes the governing equations, making it easier to solve for temperature
distributions and analyze thermal wave propagation in media with spatially

varying thermal properties.
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. 1%
TzK—ogK(z)dz- (8)

According to the linear form of thermal conductivity, yields:
KoT, = KT, = KT, = (KT, K,T =KT. (9)
When the non-linear terms are ignored equation (8) can be rewritten as:
Kof,ii = K,iT,i + KT,ii =K, 1+ KlT),iT,i + KT,ii = K0K1(T,i)2 + KT,ii = KT,ii . (10)

Studying the problem in a 2D hydro-semiconductor medium (in the xz-plane)
involves analyzing the complex interactions between thermal, acoustic, and
optical waves within a material subjected to various physical fields. In this

context, the displacement field in 2D takes the form of a vector function

~ ou ow . ) )
u=(u,0,w) ;u=u(xz,t) ,W=W(X,Z,t),e=&+5 - which describes the deformation

of the medium at any given point in space and time. This displacement field
incorporates the effects of thermal expansion, mechanical stress, and photo-
induced carrier generation, all of which contribute to the material’s overall
dynamic behavior. The governing equations for such a system are derived from
the principles of hydro-photo-thermoelasticity, considering the two-dimensional
nature of the medium, and accounting for rotational, thermal, and mechanical
influences. In this case the 2D main governing equations with variable thermal
conductivity (equations (7)-(10)) take the following form:
SRR S .
oX® oz

oX OX OX ( 11)

2
(a—‘j—gzu + 2ij,
at
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oe o’w o*w) oP  oT oN
(/1+ﬂ)§+ﬂ

_2+_2 ___7/__ n_
OX 0z 0z 0z 0z (12)

2
(a W—sz—zguj,
ot

2

GXX=(2ﬂ+,1)a_“+,16_""-ﬂ—P+(3/1+2y)an, (13)
O X oz

Gzz=(2ﬂ+,1)(;ﬂ+,1Z_“—yT—P+(3/1+2y)an. (14)
YA X

To simplify the governing equations that can be reduced into dimensionless form,
we introduce dimensionless variables by scaling the original variables with
respect to their characteristic scales. By applying these scaling transformations,
the equations are simplified, making them more manageable and revealing the
key parameters that govern the system's behavior. This approach not only reduces
the complexity of the problem but also allows for a clearer understanding of the

dominant physical effects and their relative importance.

N =N, (R,0,8) = C,£(x,u,0). T =C2et.(7,7,) =C&(r.7,),
2u+ A (15)
f: Y T Ezi F_)= P é::ﬂ C2=ﬂ+2/u QIZ Q .
2u+A Y o 2u+A’T K, p ci'
Using equation (15) and the transformation, yields [46]:
(Vz—gl—gzg)ij:o, (16)
oe ou d%u) oP  oT oN U,
A+ )= Lt D | =y — =8, — = p| = — Q%+ 2QW |, 17
( +”)ax+”[ax2+az2j x Tax O ox ’o[at2 o WJ (17)
e o’w o°w) oP  aT . éN o*w
A+ )+ u| £ LIS —O*w-2Qu |, 18
( +“)az+“[ax2+az2j a a " a ’O(at2 " uj (18)
) a " 8a+l - 8 " 6a+l 19
A% —(E—FTO F) T+87N +88(E+T0 F)e=0, ( )
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de oT d%
V2P284a+855+56¥1 (20)
axx=2a—”+ie—82(f+P—N), (21)
X U
c, =2a—W+ie—BZ(f+P—N) : (22)
oL u
here
& = ! g, = L &, = KO, = b, ———b‘”aw
borDeECET T DLClT U DGt a2’ pel
E 2 2 2
862—&,52:/14_2#,87:7/ g ,6‘827/—1-0,V2=8—2+8—2.
o, u Tmo, m(A +2u) oX° oz

By using these scalar potentials T1I(x,y,t)and w(x,y,t), the displacement

components can be written as the gradient of the irrotational potential and the curl
of the solenoidal potential, thus decoupling the system into more manageable
equations. This formulation helps in reducing the complexity of the problem,
especially in media where rotational effects and fluid-structure interactions play
significant roles. Specifically, the displacement components can be expressed as
[47, 48]:

u:a—H+ a—l/jand W:a—H—a—"”. (23)
OX 0z oz 0X

These relationships help decouple the system and make the analysis of wave
propagation in such complex media more tractable. This approach greatly
simplifies the equations of motion, especially when dealing with a rotational and
poroelastic medium. In this case, the equation of motion (17) and (18) can be
introduced in the following form:

2

(V2+Qz—a—jﬂ—(P+f+N)+2§26—W=0, (24)
ot ot
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oIl
—Q?) |y —20B? — =
)Jt// ot

62
ot?

[vz —B( 0- (25)

3. Solution to the problem

The normal mode technique is a powerful analytical method used to solve
complex wave propagation problems, particularly in systems with multiple
coupled fields such as thermal, mechanical, and optical waves. In this approach,
the solution is assumed to be a sum of harmonically oscillating functions, each
corresponding to a specific frequency of oscillation. The normal mode technique
simplifies the analysis of wave interactions in heterogeneous media, such as
hydro-semiconductors, by allowing the separation of different wave components
(e.g., thermal, acoustic, or optical) and their contributions to the overall response
of the system [31, 38]:

[N, ILy,P,T,0,1(x, y,t) =[N",e",IT,y",P"T", o] (x)e“"™, (26)
where o represents the frequency, b is the wave number for each mode, and
N e" I ,w ", P, T and o, express the amplitude based on the axisx.

Substituting these expressions into the governing equations leads to a set of

coupled equations for each mode as:

(D —a)N" +£,T =0, (27)

(D? =, )T +&,N —a, (D> —b?)IT" =0, (28)
(D? —b*)P" + a, (D? —b*)IT" + ¢, T =0, (29)
(D?—a ) )IT —(P"+T +N")—a,py”" =0, (30)
(D? — )y — T =0, (31)
a:x=2Du*+%e*—82(f*+P*—N*), (32)
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d

Whereaz D,a, =b*+¢ +we,,a,=b*-Q% —0* ,a, =b* + 0(l+{ 0%) ,

a, = go(l+{0"), a0y = (e, + we,) , ay =iy, a, =200, 0, = 2B*Qu,

a, =’ -B*(0® -Q°) .

The elimination technique for N*,e",IT ", P", T "and o, that helps to simplify

complex coupled systems by reducing the number of variables:

(D°—ED®+E,D*—E,D* +E){T ,N",IT",y",P"}(x) = 0. (34)

Here
E =(BA+A+A)A, (35)
E, =(BAL oA + oy Ay —afi(as +85) +asAg ) AT (36)
Ey = (BA, — a0y + Ay — a5 A + ot Ag + 550, A ) AT (37)
E, =(AAs +a,ab* (@, —5,) ) A (38)
A=~ A =a,+a,+BA,A =00, (A +28,), A, = Blag + ),
A =a+a, A =, A=A+ AA+A, A =& A+28,A - B;),
A =B +ar) +ay, A= By —aqage’, Ao = BsAs + ag, A = Poy +atg,
A, = Aley +a,B) + o A A, =ABE+28°AB,, A,=ab’B+a (e +b%),

As=Af oA, Ay =B +ay, Ag=ay(0,f + )~ a,04f5;

To represent an ordinary differential equation (ODE), such as equation (32), in a
factored form, the goal is to express it as a product of simpler terms, which can
make it easier to solve or analyze. Here is a general approach to rewriting an ODE
in a factored form:

_li{(Dz—kf)(f*,N*,H*,c//*,P*)(x)=O. (39)
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k?(n=1,2,3,4)are the roots (chosen in positive and real) of the characteristic

equation (39). The solution to the homogeneous equation (39) will take the form:
4
(T NIy " P () =D M, {La’",b"c",d e ™ (40)
n=1 !
where

*__T& b = k: —(0{1+053)k§ +A c = ag(gzknz - Bz)(k;1 _(051"'“3)kn2 +A)
Tokima T ekl o)k b)) T ay (k) —a)(Boky —ap)(ks —b?)

a

a’ :_Ols(kr?_(051*'053)kn2 +A1)+a4a6(kf _al) .
” o, (k? —a) (kZ ~ )

From the boundary conditions, M, (are unknown coefficients) can be obtained.
To express the 2D displacement components uand w in terms of a scalar
potential 1and a vector potential w, we use the following standard

decomposition in the context of a fractional-rotational and poroelastic

semiconductor medium:

4
u'(x)=DIT" +ib y" => M, (-k b +ibc")e ™", (41)
n=1
4
W =ibIT +k " =>M, (ibb"+k c')e™. (42)
n=1

Assuming that equations (32) and (33) provide relationships between the strain

and stress tensors, we can express the stress-strain relation in a reformulated form:

4

2(k*b" —ibk c") 2 (k2 -b*)b" —B*(1+d" -a")
o ()= =
n=1

M e ", (43)

21,2
oy —&°k;

4

ob(ik ¢ —bb*) =2 (k? +b2)b" —B?(L+d" —a’)
LAOEDY a
n=1

M e ™, (44)

21,2 n
o, —&°K;
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4. Boundary conditions

In the context of wave propagation problems, the decay parameter often
refers to how the amplitude of a wave decays or diminishes with distance. For
boundary conditions involving the decay parameter, especially in problems
related to wave propagation in elastic, poroelastic, or hydroelastic media, these
conditions typically specify how the waves behave at the boundaries, especially
as they extend to infinity or approach a boundary where their effect diminishes.

To obtain the values of M, some boundary conditions at x = 0involving a decay

parameter for a hydro-semiconductor are introduced [42, 43]:

1) If the system involves waves propagating outward in a semi-infinite
domain, the thermal boundary condition can be expressed in terms of a
decay parameter. If thermal effects are present, a similar decay condition
can be applied to the temperature field.

T°(0,2,t) =T, exp(-At) . (45)
Where 2 the decay parameter is associated with the rate of thermal diffusion. The
decay parameter plays an important role in defining the boundary conditions for
wave propagation problems in media with rotational, poroelastic, and
photothermal effects. By introducing a decay factor (exponential), these boundary
conditions help model the dissipation of wave amplitude, stress, strain, or energy
at the boundary, allowing for more realistic solutions that consider damping.

2) In the context of hydroelastic media (e.g., in a hydro semiconductor
medium or similar systems), the excess pore water pressure boundary condition
is crucial for modeling the behavior of the fluid phase (e.g., water or another fluid)
within the pores of the material. The excess pore pressure reflects the deviation

of the pore pressure from its equilibrium value and can significantly affect wave
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propagation, especially in porous materials. If the boundary is impermeable,
meaning there is no flow of fluid through the boundary, the excess pore pressure

at the boundary is either constant P, (is the prescribed excess pore pressure at the

boundary):
P@,z,t)=PF,. (46)
3) The carrier density boundary condition in a semiconductor or hydro-
semiconductor medium governs the distribution of charge carriers (such as
electrons or holes) at the material's surface or interface. This is a crucial factor in
many semiconductor physics problems, especially when photothermal or
photoelastic effects are considered, and it can influence the propagation of waves
within the material. For a system with waves propagating in the semiconductor,
the carrier density may decay as it moves away from a source or the material's
boundary. This can happen, for instance, when the semiconductor is excited by a
localized source, and the carrier density decreases with distance from the source.
With equilibrium carrier concentration N, , this condition takes the form:
N™(0, z,t) = N, exp(—At). (47)
4) The boundary conditions for stress generally specify the mechanical
behavior at the surface of the material or the interface with other materials (e.g.,
air). If the stress at the boundary is known and fixed (for example, from an
external force or a uniform pressure applied on the surface), the boundary
condition can specify the stress directly. This condition is common when a

uniform load or pressure ¢, is applied to the material:

0,(0,2,t)=—0,. (48)
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By applying boundary conditions (45)-(48) and using normal mode analysis, the
problem is reduced to a system of equations for the spatial components of the
fields.

2 M, =T exp(-At), (49)
24: _aS(kn _(a1+a?;)kn +Alz+a;a6(kn _al) Mn: PO*’ (50)
a,(k* —a) (k> —b)
L
B 2 : Mn = Noexp(_ﬁt) ' (51)
n=1 kn —0(1
[ 2b(ik ¢ —bb)~ 2 (k2 +b2)b —B(1+d"—a)
Z z 2|2 M n o _¢1*' (52)
n=1 058 —& n

These equations can then be solved to obtain the mode shapes and dispersion
relations for the system, which describe how the fields propagate and interact
under the influence of external forces, rotational fields, and other material effects
5. Validation
To assess the validity of the proposed model and its predictions related to
wave propagation, thermal diffusion, and mechanical stress in hydro-
semiconductors subjected to rotational effects, variable thermal conductivity and
fractional-order derivatives, several key scenarios were considered.
5.1 The rotation effect
When the rotational angular parameter is disregarded (©=0), the study focuses
on variable thermal conductivity the behavior of a fractional hydro-
semiconductor medium. In this case, the motion equation is simplified as outlined
in [44]:

(A+w)V(V-U)+uV2i-VP-NT -5 VN =1. (53)
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5.2 The variable thermal conductivity impacts

When the variable thermal conductivity is excluded (K,=0andK =K, ), the

analysis is carried out for a fractional hydro-semiconductor medium with

rotational effects. The resulting motion equations are derived as presented in [41]:

a

« E
KVZT—(1+rg§t )(mﬁ—ﬂ §J+—9N=o. (54)

5.3The fractional parameter

The heat equation is an extension of the classical form, incorporating fractional
derivatives to capture scale-dependent and memory effects. When the fractional
derivative of order aissetto 1 (e =1), the heat equation reverts to its classical

form as follows [43]:
V.(KVT) - (L+7, %)(m——ﬂ —j+5N =0. (55)
T

5.4The photo-thermoelasticity theories

When the thermal relaxation time effect is ignored (z, =0 ), the equations reduce

to classical coupled thermoelasticity theory (CD) [47]. On the other hand, when

r, >01is considered, the model predicts the Lord and Shulman (LS) model.

6. Numerical results and discussions

In this section, we present the numerical results and a thorough discussion of our
study, which is based on the physical constants of poro-silicon (PSi) for performing
the calculations. The computations are conducted using MATLAB to ensure precision
in the modeling and analysis process. All parameters are expressed in Sl units to
maintain uniformity and standardization throughout the study. The following analysis
provides a comprehensive review of the numerical solutions and their significance in
the context of the poroelastic model. The physical constants specific to the PSi
medium are listed in Table 1 [49, 50].
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Unit Symbol | Value Unit Symbol | Value
N /m? A 3.64x10% N p 100
a 5.46 x10%°
kg /m’ 2 2.3x10° 1/cm? N, 9.65x10°
K To 800 kg /m’ Pu 10°
S T 5%x107° m/s K, 1078
m?® d, -9x107* J/kgK C, 4x10°
m°/s De 2.5%x107° °c? a, 2x107™
eV E, 1.11 J kg K C, 6x10°
K a, 4.14x107° J kg K C, 695
wWm™K ™ K 150 S 7, 0.0002
kg /m? P 2000 o, =05 6,=300K | n =04
o=, +i& @, =—2 £=0.001 i=-1 t=0.02s b=1

Table 1: The physical constants of the PSi material

6.2. The influence of variable thermal conductivity

Figure 2 illustrates the impact of variable thermal conductivity K, on the

propagation of primary physical fields (temperature, horizontal and vertical
displacements, carrier density, normal stress, and excess pore water pressure)
against the distance x for a fractional heat order of « = 0.5, under the influence
of rotational fields and the decay parameter A =0.3. Three cases are presented:
K, =0(constant thermal conductivity),

K,=-003, and K,=-0.06

(temperature-dependent thermal conductivity). Temperature Field T : The results
show a sharp initial peak, followed by a gradual decay. With increasing thermal

conductivity dependence (K,=-0.03, and K,=-0.06), the temperature

decreases more rapidly, indicating enhanced thermal diffusion due to the

temperature-dependent  thermal conductivity, which accelerates heat

dissipation.The oscillatory behavior of horizontal displacement diminishes with

increased thermal conductivity variation. The amplitude reduces notably for
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higher K_, reflecting the energy loss through enhanced thermal conduction,

which suppresses the mechanical response. Similar to horizontal displacment,

vertical displacement exhibits higher initial amplitudes for smaller K, and

diminishes more rapidly as thermal conductivity becomes temperature-
dependent. This demonstrates the coupled effect of thermal and mechanical
fields, where temperature variations dampen the mechanical wave propagation.
The carrier density decreases more steeply with increasing thermal conductivity
dependence. This behavior indicates that the thermal effect accelerates the
redistribution of photo-generated carriers, reducing their concentration over
shorter distances. The stress field displays pronounced oscillations with smaller

K, increases in magnitude (K,=-0.06), the oscillations are dampened,

reflecting the influence of thermal diffusion on mechanical stress, where
enhanced heat conduction mitigates stress accumulation. The pore pressure
initially increases and then oscillates as the distance progresses. Higher thermal

conductivity variation (K, =-0.06) amplifies the oscillations, indicating that

thermal effects strongly influence fluid flow behavior within the porous medium.
The results emphasize the significant role of variable thermal conductivity in the
coupled photo-thermo-mechanical responses of hydro-semiconductor media. As
thermal conductivity becomes more temperature-dependent, thermal diffusion
increases, leading to faster dissipation of thermal energy, reduced mechanical
wave amplitudes, and accelerated redistribution of carriers and fluid pressure.
The rotational field and decay parameter further influence wave attenuation and
propagation characteristics, highlighting the interplay between thermal,
mechanical, and fluid fields in such complex media.

6.2. The impact of fractional-order parameter
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Figure 2 demonstrates the effect of the fractional-order parameter « on the
key dimensionless physical fields (temperature, displacements, carrier density,
stress, and pore water pressure) in a hydro-semiconductor medium under
rotational effects and variable thermal conductivity with a decay parameter. Three
cases are considered: « =0 (classical derivative, CD), « = 0.5(fractional case,
FR), and « =1 (local derivative, LS model). The temperature field reveals that
the classical derivative (o = 0) decays more rapidly compared to the fractional
case and local derivative, indicating that fractional effects extend the influence of
thermal diffusion over a larger spatial domain. The two displacement components
show significant oscillations, with « = 0.5producing intermediate damping
behavior, highlighting the fractional model’s role in balancing local and nonlocal
characteristics. Carrier density (middle-right) exhibits sharper peaks in the local
case (a =1), while the fractional case smoothens the distribution. Stress, and
excess pore water pressure display oscillatory behavior, with the fractional case
providing a transition between highly damped (« = 0) and less damped (& =1)
responses. This analysis reveals that the fractional-order parameter significantly
influences wave propagation, thermal diffusion, and mechanical responses,
offering a versatile framework to capture both local and memory-dependent
behaviors in hydro-semiconductor systems under rotational effects.

6.3 Impact decay parameter

Figure 4 illustrates the wave propagation of the primary physical fields against
distance x for varying decay parameters under the combined effects of a

rotational field and variable thermal conductivity K, =—0.06 with fractional heat

order « =0.5. The results demonstrate that the decay parameter significantly

influences the amplitude and attenuation of the wave profiles. For temperature
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and carrier density fields, increasing the decay parameter leads to more rapid
attenuation as the distance increases, indicating stronger energy dissipation. The
horizontal and vertical displacements exhibit oscillatory behavior, with the
amplitude and wavelength varying based on the decay parameter, reflecting the
influence of thermal and rotational effects on elastic deformation. Similarly, the
normal stress and excess pore water pressure fields show more pronounced
oscillations and slower attenuation for smaller decay parameters, while larger
values accelerate the damping of oscillations. Physically, this suggests that higher
decay parameters enhance energy dissipation and reduce wave propagation
effects, while the rotational field and variable thermal conductivity modulate the

interaction between thermal, mechanical, and elastic responses in the medium.

Conclusions

In this study, we investigated the propagation of thermal, mechanical, and
carrier density waves in a hydro-semiconductor medium under the combined
effects of a rotational field, fractional heat theory, and variable thermal
conductivity. The results revealed significant insights into the influence of
fractional-order parameters and thermal decay on wave behavior, including
oscillations, and the distribution of physical fields such as temperature,
displacements, stresses, and pore water pressure. Fractional heat order introduced
a more generalized and realistic description of heat conduction, providing a
smoother transition between classical and nonlocal thermal responses.
Additionally, the variable thermal conductivity parameter played a critical role in
controlling energy dissipation and wave propagation distance. The findings of
this study have practical applications in several advanced technologies and
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industries. For example, in semiconductor manufacturing, understanding wave
propagation under variable thermal conductivity aids in designing efficient
thermal management systems for microelectronics and nano-devices. In
geophysical engineering, the results apply to the analysis of subsurface thermal
and mechanical behavior, such as heat and stress distribution in hydro-poroelastic
materials subjected to rotational forces.
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Figure 2. The results of wave propagation of the primary physical fields against distance for
different values of variable thermal conductivity are obtained under the effect of the rotational
field, decay parameter, and fractional heat order.
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Figure 3. Influence of the fractional-order parameter on the main dimensionless physical

fields in a hydro-semiconductor medium subjected to rotational effects and variable thermal
conductivity with a decay parameter.

146



CATTLE PRACTICE ISSN 0969-1251

32(12) I ——

0.3 T T 0.05

0.25

o
[N

Temperature (T)
Horizontal displacment (u)

Distance(x)

(w)

o
o
S
a

Vertical displacment

-0.005

Carrier density (N)

-0.01 ¢

Distance(x)

o

005} ¢

Normal Stress (o__)
XX

]
)}

Excess pore water pressure (P)

-10 - - -0.1 : '
0 2 4 6 0 2 4 6

Distance(x) Distance(x)

Figure 4. Wave propagation of the primary physical fields against distance for different
decay parameter values under the influence of a rotational field, fractional order, and variable
thermal conductivity. The computations are carried out to demonstrate the effect of decay
parameters on wave oscillatory behavior.
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