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This study investigates the transient magnetohydrodynamic (MHD) flow of Walter's-B viscoelastic fluid over a vertical porous plate
within a porous medium, incorporating the effects of radiation and chemical processes. The nonlinear governing equations for the
flow are solved using a closed-loop method, yielding detailed numerical solutions for velocity, temperature, and concentration
profiles. The results indicate that velocity decreases with increasing permeability (K), Schmidt number (Sc), radiation parameter (R),
and magnetic field strength (M), while it increases with higher Prandtl number (Pr), permeability (K), and time (t). Temperature
decreases with increasing radiation but rises with higher Prandtl number and time. Similarly, concentration decreases with higher
permeability and Schmidt number but increases with time. Notably, an increase in the Brownian motion parameter enhances heat and
momentum transfer, resulting in thicker velocity and thermal boundary layers. This research has practical applications in various
fields, including blood oxygenators, chemical reactors, and polymer processing industries. The study's novelty lies in its
comprehensive integration of radiation, chemical processes, and MHD effects in analyzing viscoelastic fluid flows — a topic that
remains underexplored in the literature. Future research could focus on optimizing MHD Walter's-B viscoelastic flow systems,
particularly by examining the effects of magnetic field strength and viscoelastic parameters on flow behavior.
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1. INTRODUCTION

A growing number of mathematicians have recently taken an interest in boundary layer flow due to its applications
in studying mass and heat transfer phenomena. This interest is motivated by the wide range of applications in various
domains, including blood oxygenators, mixing mechanisms, dissolution processes, milk processing, and polymer
processing within manufacturing industries. Non-Newtonian fluids are analyzed using a variety of viscoelastic fluid
models, such as the Rivlin-Erickson, Maxwell, Walter's-B, micropolar fluids, and second- and third-grade viscoelastic
fluids. The boundary layer problem was initially studied by Sakiadis [1, 2], who assumed a constant velocity for the
bounding surface. Applications of the boundary layer deportation problem in absorbent materials include geothermal
reservoirs and hydroelectric extraction. Crane [3] provided a solution for Newtonian fluid flow over an elastic sheet
stretched proportionally to its distance from the origin. Soundalgekar and Wavre [4] investigated unstable free mass
transfer and convection through infinite vertical porous plates in a vacuum. Ramana et al. [5] analyzed unsteady free
Casson fluid transmission over a semi-infinite vertical porous plate, considering thermal radiation, Soret and Dufour
effects, and MHD numerical solutions. Naga Santoshi et al. [6] analysis of MHD Slip Flow of Upper-Convected Casson
and Maxwell Nanofluids Over a Porous Stretched Sheet: Effects on Heat and Mass Transfer. Hiremath and Patil [7]
studied the effects of free displacement in oscillatory flow through a permeable medium with horizontal and vertical
boundaries controlling temperature. Subhashini et al. [8] evaluated the effect of diffusion on flow through a vertical
porous plate. Veera et al. [9] examined the impact of thermal radiation and viscous dissipation on Cattaneo—Christov
heat flux models for electrically conducting Casson-Carreau nanofluid flows. Nandhini et al. [10] analysed Effect of
chemical reaction and radiation absorption on MHD Casson fluid over an exponentially stretching sheet with slip
conditions: ethanol as solvent. Nield and Bejan [11] provided a comprehensive review of heat transfer in porous media.
Sajid and Hayat [12] applied the homotopy analysis method to investigate the effects of radiation on mixed convection
flow over an exponentially stretched sheet. Dash et al. [13] examined unsteady free convection magnetohydrodynamic
(MHD) flow in porous media of rotating systems, particularly focusing on pulsating heat and mass transfer while
ignoring MHD effects. Subsequently. Irshad et al. [14] studied natural convection simulation of Prabhakar-like
fractional Maxwell fluid flowing on inclined plane with generalized thermal flux. Anwar Beg et al. [15] found
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computational solutions for free convection at the interface, incorporating the Dufour and Soret effects. This study
investigates the numerical behavior of MHD Casson fluid flow with variable properties over an inclined porous
stretching sheet, emphasizing the impact of MHD effects on non-Newtonian Casson fluid flow. The analysis employs
the Cattaneo—Christov heat flux model to study heat and mass transport in a Casson nanofluid over an accelerating
penetrable plate while also examining the effects of thermal radiation on fluid flow dynamics [16-22]. We investigated
the magnetohydrodynamic (MHD) numerical solutions for Casson fluid flow over inclined porous elongated sheets with
varying properties. Additionally, the research paper "Radiation and Dufour Effects in Unsteady Magnetohydrodynamic
Mixed Convective Flow Over an Accelerating Vertical Wavy Plate with Variable Temperature and Mass Diffusion" has
made a significant contribution to this field. Abobasari et al. [23] analyzed the entropy generation in unsteady MHD
flow over permeable elastic surfaces in nanofluids. Karnati and GVRR [24] Analyses of the Impact of Melting on MHD
Casson Fluid Flow Past a Stretching Sheet in a Porous Medium with Radiation. Benazir et al. [25] examined the
instability of MHD Casson fluids in vertical cones and plates, considering the effects of inhomogeneous heat sources
and sinks. Reddy et al. [26] investigated the melting effects of MHD Casson fluid flow over a long plate in porous
media, incorporating electrical effects. G. V. R. et al. [27] analyzed the Soret-Dufour mechanisms and thermal radiation
effects on magnetized SWCNT/MWCNT nanofluid in convective transport and solutal stratification. Reddy et al. [28]
studied heat and mass transfer in MHD flow of SWCNT and graphene nanoparticle suspensions in Casson fluid.
Karnati et al. [29] analyzed unsteady MHD Walter’s-B viscoelastic flow past a vertical porous plate. Yaragani et al.
[30] examined heat and mass transfer effects on MHD mixed convective flow over a vertical porous surface in the
presence of Ohmic heating and viscous dissipation. Gurrampati [31] investigated thermal radiation effects on MHD
Casson and Maxwell nanofluids over a porous stretching surface. Devi and Srinivas [32] studied the two-layered
immiscible flow of a viscoelastic liquid in a vertical porous channel, considering the Hall current, thermal radiation, and
chemical reactions. This study focuses on the kinetics of unsteady magnetohydrodynamic Walter’s-B viscoelastic flow
over a vertically porous plate within a porous medium, incorporating the effects of radiation and chemical processes. By
employing closed analytical techniques, the dimensionless partial differential equations governing the flow field are
solved. Numerical solutions facilitate a comprehensive analysis of the velocity, temperature, and concentration profiles,
which are examined both qualitatively and graphically to provide deeper insights into the system's behavior. One of the
primary gaps in existing research is the interplay between radiation, chemical processes, and MHD Walter’s-B
viscoelastic flow in porous media. While viscoelastic fluids and MHD flows have been studied independently, their
combined effects, particularly under the influence of radiation and chemical interactions, have received limited
attention. This work addresses this gap by providing a detailed analysis of flow dynamics over a vertically porous plate.
The study solves the dimensionless partial differential equations driving the system using closed analytical methods,
aiming to enhance the understanding of temperature, velocity, and concentration profiles and their influence on flow
behavior.

2. PROBLEM STATEMENT AND BASIC EQUATIONS

A fluid exhibiting viscoelastic characteristics, which is incompressible and capable of conducting electricity, is
moving within an unstable magnetohydrodynamic environment. The flow of a Casson fluid over an infinitely tall
vertical porous plate, which starts abruptly, undergoes changes in temperature and mass diffusion while being
influenced by thermal radiation. The plate is surrounded by porous media with the X-axis directed towards the plate and
the Y-axis perpendicular.

At outset, the fluid and plate have same concentration, denoted as C,,, and temperature T,,. The plate begins
moving in the X-direction at time t is zero, with a constant velocity U, . A transverse magnetic induction B, - applied
upright to the direction of flow. Due to the small magnetic Reynolds number and the characteristics of the transverse
magnetic field, the induced magnetic fields are deemed insignificant. The concentration of the fluid decreases
exponentially, considering a first-order chemical reaction. Because the system extends infinitely in the other direction,
the flow variables depend solely on x and y (34).
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Figure A. Flow geometry of the model
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The characteristics of the Casson fluid are:

2 y“+i e, T>T
B \/E i c

7, = : (1)
. D
2[u3 +—]eﬁ, T,

Where ,U;,ﬂ' =e¢e, 7,7, p, be the Non-Newtonian fluid dynamic viscosity, the rate of deformation at the (i, j )th

> s
component, The yield stress of the fluid, the critical value of 7, and the rate of deformation are considered as separate
components.

The governing equations for the boundary layer, taking into account Boussinesq's approximation and the
assumptions indicated above, can be expressed as follows (33):
Equation of continuity:

Bv* = 0= v*=—y,(constant) . 2)
y

Equation of momentum:

1 82u* 831,{*
I+ o~ Ao+ 8B (T T,
ou’ o ou” V( ,B] a7 o gB(T-T.)cosax

oy oBw" wvu' ' ®
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Energy formula:
2
pC, O 9T | 9L _ 94, )
ot dy ay - dy
Equation of mass transfer continuity:
. : D, 9
aC ac:DaC—kr(C—Cw)Jr 0T 5)

T

—+v -
ot dy dy

where the coefficient of mass transfer is f,., the volumetric coefficient of thermal expansion is £, , the Casson fluid
parameter is [3, and the gravitational acceleration is represented by g .

This equation p describes the relationship between several variables, including fluid density (D ), magnetic
induction ( B, ), radiative heat flow (¢, ) in the y-direction, mass diffusion coefficient (D ), constant chemical reaction

rate ( Kr ), and porous medium permeability (K" ). The fluid's electrical conductivity is denoted by Sigma. " T " stands
for the temperature in dimensions. The specific temperature at constant pressure is shown accordingly as C,.

thermal conductivity of liquids as &, and the viscoelasticity parameter as 4 Walter's-B.
The suitable limits to the boundary include

£<0u =0,T=T7.,C=C. Yy

£>0u =uy,v' =—v,,T =T, +(T, -T.)e"

p * (©)
C =C_+(C,—-C)e" Aty =0
U =0T —o00,C —>o0, y —>oo,
V2
where, 4=->,T, and C, are respectively, the place's concentration and temperature.
14
The radiative heat flux ¢, , by using the Rosseland approximation for radiation, can be written as (Alao et al. [33]):
40 oT*
4. =—5— (N

3k, oy
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where k, and o stand for a constant absorbance coefficient and the Stefan Boltzmann equation, respectively. It is

considered that 7™ the temperature contrast in the flow is small adequately that it can be expressed as a function of
temperature, by neglecting the higher order terms and expansions in the Taylor series about 7"

T*=47’T -3T¢ ®)
Using equations (7) and (8) in (4), we get

oT . .aT _ k 9T  160T> 9T

- +v - = ) + *) (9)
ot dy  pC, dy 3kpC, dy
To obtain a dimensionless equation, the following dimensionless quantities must be included:
’ ’ v, T-T, C-C
u:u_,y:yvo,t: vo,ez °°, = °°,
u, v v T -T, C,-C,
B; K ; (C, - T,-T
m=98Y g WK o PO M G, Ve8P (C.C) ;. vePT.-T.) (10)
PV, v k UV, UV,
40T’
Kr="V g4k gV
Vv, kk D

Magnetic term(M), Thermal Grashof(Gr), Mass Grashof(Gm), Permability(K), Radiation term(R), Prandtl(Pr),
viscoelastic parameters (I'), Brownian motion term(Nb), Thermophoresis term(Nt) , Schmidt (Sc), Chemical reaction

(Kr). The engineering quantities of interest are Sherwood number (Sh), Skin friction coefficient (C f)and Nussell

number (Nu).

The non-dimensional forms of equations (3), (4), and (9) are obtained by virtue of equation (10).

o

du au_[l ljazu o*u
B

1
— T ——+Gr0+GmC—-(M +— 11
o L aytar TOrOHamC- (M (b

2
8_6’_8_€:L(1+ﬁj8 4 (12)
ot dy Pr 3 )y’
2 2
oC_AC_ 1% . NPT _, -

———=————KrCt+——=
ot dy Scady Nb dy
In non-dimensional form, the appropriate beginning and boundary conditions are:

(<0 u=0,0=0,C=0 Vy
t>0 u=1,0=¢,C=¢" aty=0 (14)
u=0,u >0,C—>0,y >0

Solution of the problem
To simplify the operation of the partial deferential equation given above,
We can use the inequality to express the speed, temperature as follows:

u(y,0) =uy(y)e” 5)
0(y.1) = 6,(y)e” (16)

C(y,t) =Cy(y)e™ (17)
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Definitions and Physical Interpretations

Definition

Unit

Complex Nature

Physical Interpretation

u(y, t) Represents the fluid m/s (meters per Generally a Describes how the velocity of
(Velocity velocity at a given second). complex quantity the fluid varies both in the
Profile) position y and time t. due to the spatial (y) and temporal (t)
exponential term dimensions.
involving i. The real
part u represents the
physical velocity.
uo(y) Represents the spatially | m/s. Can be real or Describes the variation of the
(Amplitude of dependent amplitude of complex, depending | velocity amplitude as a
Velocity Profile) | the velocity on the problem function of position y, without
context. considering time dependence.
0(y,t) Represents the Depends on the Complex quantity Describes how the field
temperature field or physical quantity; | due to the (temperature, concentration,
another scalar field for temperature, exponential term. etc.) varies in space and time,
(such as concentration) | it's typically with oscillatory behavior
as a function of space Kelvin (K) or introduced by the term.
(y) and time (t). Celsius (°C).
Bo(y) Represents the Depends on the It can be complex if | Defines the spatial variation of
amplitude of the field as | physical quantity; | the system the field's amplitude, serving as
a function of the spatial | for temperature, introduces phase the base profile modulated by
coordinate y. it's typically shifts spatially. time.
Kelvin (K) or
Celsius (°C).
C(y, t) Represents the quantity | Depends on the This is a complex Describes the variation of the
(Concentration of interest (e.g., context (e.g., quantity because it property over space and time.
or Property chemical concentration, | mol/m? for involves, which The imaginary part (if
of Interest) temperature, or similar concentration). introduces a considered) can represent
scalar property) as a complex phase. oscillatory components such as
function of spatial wave behavior.
coordinate y and time t.
Co Represents the spatially | Depends on the Real or complex, Provides the baseline or initial
(Amplitude dependent amplitude or | context (e.g., depending on profile of the property in the
Function) initial distribution of the | mol/m? for whether the initial spatial domain y.
property CC at t=0. concentration). distribution has a
phase component.
elot Exponential term Dimensionless. Complex quantity, Describes periodic temporal
(Exponential representing the as it includes both behavior, with ® as the angular
Oscillatory oscillatory nature of the real and imaginary frequency of oscillation.
Term) field with time, where ii parts when
is the imaginary unit expanded:
@i=-1). el®=cos(mt)+isin(wt
o (Angular The angular frequency | rad/s (radians per Real. Determines the rate of
Frequency) of the oscillations, second). oscillation in the flow. A
representing how higher ® implies more rapid
quickly the velocity oscillations.
oscillates with time.
y (Spatial The spatial coordinate meters. Real. Describes the position within
Coordinate) perpendicular to the the flow field where the
flow direction, where velocity is measured.
the velocity is
evaluated.
t (Time) Represents the temporal | sec. Real. Tracks the progression of

evolution of the system.

oscillations or flow changes
over time.

We get the following by replacing Eqns (15), (16),
and (17) in Eqns (11), (12), and (13).

[1+%—iwrjug+ug —kyuy +[Gré, + GmC,]cosar =0

k6, +6, —iaw6, =0

(18)

19)
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Cy+8cCy —(Kr+iw)C, +Fb0° =0 (20)

In this case, the primes signify the differential about Y - axis.
The equivalent conditions are expressed as:

1<0,u,=0,6,=0,C,=0 Yy
1>0, uy=e™ g,=e"", C,=e"" at  y=0 1)

t>0, u,—>0, 6 -0, ¢ —0 as y—eo

Equations (18) to (20) contain the parameters leading to the boundary (21) and are given by:

1) = (1= (4 + 4 ) )™ )& +(Ae™ + e ) (22)
6, (y)=e"m (23)
CO (y) — e(l—iw)t—m,y (24)

Given the aforementioned solutions, the boundary layer's Velocity, Temperature, and Concentration distributions
become

u(y,t) = [(1 —(A4+4,)e e + (Ale'msy +A,e™ )e‘ ] (25)
6(y,t)=e""" (26)
C(y,ry=e"™" 27)

Mass flux, local surface heat transfer, and local wall shear stress are three critical physical parameters, and
accurately computing them has become increasingly important. Local wall shear stress, commonly referred to as skin
friction, can be determined from the velocity field within the boundary layer.
which is currently known as by

ou ‘ ‘
C, =($jyo =|:((Al +4,)e —l)m5 —(myA +mA,)e ]

Following this, we have a look at the non-dimensional expression of the heat transfer rate from the temperature field:

Nu = —(a—aj =me'
dy -0

Now, we will analyse the rate at which heat is transferred from the temperature field. This rate is expressed in a

non-dimensional, as seen below:
Sh = _(8_CJ =me
N ),

RESULTS AND DISCUSSION

This work investigates the interplay of electrical and chemical interactions in studying the MHD Walter's-B
viscoelastic instability in vertical voids within porous media. The solutions are analysed based on parameters such as
concentration, velocity, and temperature, while other parameters are held constant. The results are presented in Figures 1 to
15, illustrating the effects of various parameters on wall velocity, temperature, and concentration distributions. We
considered flow over an infinite vertical plate of finite length. Consequently, the problem is solved within a finite
boundary. In the graphical analysis, the y-axis ranges from 0 to 4, and as y approaches 5, the concentration, temperature,
and velocity values asymptotically approach zero. This validates the consideration of finite length for the analysis. The
study utilizes the following default parameter values: Gm=3.0, Gr=3, K=0, R=2, Pr=0, t=0, Sc=0, ©=1, and M=5.
Additionally, we incorporated inclination, radiation, time and temperature parameters into the analysis.

The results, summarized in the figures, provide a comprehensive understanding of how various factors influence
the temperature, velocity, and concentration distributions in MHD Walter's-B viscoelastic flow. A detailed analysis is as
follows from figures. Figures 1 and 2: These figures show the effects of media and concentration distributions under the
influence of external factors. Both curves decrease with increasing antibody concentration, highlighting the significant
role of antibodies in mediating the flow.
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Figure 1. Speed outline for numerous Kr values
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Figure 2. Contour of concentration for varying Kr values

Figure 3: This figure illustrates the impact of the Schmidt number (Sc) on the concentration distribution. Figure 4:
It demonstrates how the Schmidt number affects buoyancy-driven flow. As the Schmidt number increases, the
concentration buoyancy decreases, leading to reduced velocity and concentration profiles. Figures 5 and 6: These
figures depict the temperature profiles under different electric field strengths. Thermal energy coupling increases,
causing a reduction in temperature and velocity near the thermal boundary layer.
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Figure 3. Profiles of Velocity for various Sc values
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Figures 7 and 8: These figures reveal the influence of the Prandtl number (Pr) on temperature and velocity

distributions, respectively. Higher Pr values lead to a reduction in flow velocity and thermal diffusion rates.
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Figure 7. Speed profiles for various Pr values
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Figure 8. Temperature profiles for various Pr values
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Figure 9: This figure highlights the effect of increasing viscoelastic parameters (I') on velocity distribution,

resulting in a flatter velocity profile. Figure 10: This figure examines the effect of permeability (K) on flow. Increased
permeability enhances the velocity of the boundary layer while reducing the resistance within the porous medium.
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Figure 9. Velocity profiles with varying I values Figure 10. Velocity profiles with varying K

Figure 11: It shows the impact of the magnetic field strength (M) on velocity. A stronger magnetic field reduces

velocity due to increased electromagnetic damping. Figures 12, 13, and 14: These figures illustrate the influence of time
(t) on concentration, velocity, and temperature profiles, respectively. All three profiles increase over time, reflecting the
system's evolving behaviour.
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Figure 11. Velocity profiles for various M values Figure 12. Velocity profiles for various time (t) values
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Figure 13. Temperature profiles over various time intervals (t) Figure 14. Profiles of concentration for various time values (t)
CONCLUSIONS

This study provides a comprehensive numerical simulation of viscoelastic magneto hydrodynamic (MHD) flow along

a vertical plate, using the Walter’s-B model to analyze the influence of electrical and chemical interactions. The results are
interpreted from a physical perspective, offering insights with potential engineering applications. Key findings include:
»  Velocity Dynamics:

Decrease in Velocity: The velocity of the fluid decreases with increasing values of the chemical reaction
parameter (Kr), Schmidt number (Sc), radiation parameter (R), and magnetic field parameter (M). This implies that
higher chemical reaction rates, stronger magnetic fields, or greater diffusivity of the solute reduce fluid motion.
Engineering systems can exploit these effects to regulate flow speed in applications such as chemical reactors and
cooling systems.

Increase in Velocity: Velocity increases with higher values of the Prandtl number (Pr), permeability parameter
(K), and time (t). These results highlight the potential to enhance flow velocity by modifying thermal properties or
adjusting permeability in porous materials, which is critical in optimizing filtration systems and thermal insulation
designs.



356
EEJP. 2 (2025) Karnati Veera Reddy, et al.

» Temperature Behavior:

e  Decrease in Temperature: The temperature decreases as the radiation parameter (R) rises, suggesting that
stronger radiative heat transfer dissipates thermal energy effectively. This is beneficial in applications like radiative
cooling technologies.

e Increase in Temperature: An increase in the Prandtl number (Pr) and time (t) leads to a rise in temperature. This
highlights the importance of thermal diffusivity and time-dependent heat transfer in systems requiring precise
thermal regulation.

» Concentration Variations:

e Decrease in Concentration: Concentration levels decrease with higher values of the chemical reaction parameter
(Kr) and Schmidt number (Sc). These findings can be leveraged to control solute transport in processes such as
pollutant dispersion or chemical separation.

e Increase in Concentration: Concentration increases with time (t), emphasizing the role of prolonged processes in
enhancing solute distribution, relevant for long-duration mixing or diffusion-controlled reactions.

e Impact of Brownian Motion: An increase in the Brownian motion parameter enhances both temperature and
velocity profiles, improving heat and momentum transfer. This effect also thickens the velocity and thermal
boundary layers, which is advantageous for applications requiring enhanced energy dissipation or thermal
buffering.

Engineering Applications: These findings have significant implications for optimizing industrial systems involving
MHD viscoelastic flows, such as:

e Heat and Mass Transfer Systems: Understanding the interplay between parameters like Pr, Sc, and R allows for
better design of heat exchangers and chemical reactors.

e  Magnetically Controlled Flows: The effect of the magnetic field parameter (M) on velocity provides a pathway
to tailor flow profiles in electromagnetic pumps and magnetic drug delivery systems.

e  Filtration and Separation Technologies: Insights into the concentration dynamics under varying Sc and Kr
values can improve the efficiency of separation processes in chemical engineering.

e Thermal Insulation and Cooling: Leveraging radiative heat transfer (R) effects can enhance the performance of
cooling and insulation systems.

Future Directions: Future studies could delve into the relationship between antibody concentration and other fluid
dynamics parameters, especially in the context of heat and mass transfer rates. Additionally, exploring the effects of
varying magnetic field intensities and viscoelastic parameters on complex flow patterns may provide deeper insights
into optimizing MHD Walter's-B viscoelastic flow systems for practical engineering applications.

Nomenclature
g Acceleration due to gravity (unit: m's2)
Kr Dimensional chemical reaction component
C Fluid concentration (unit: kg-m™3)
T Fluid temperature (unit: K)
D Mass diffusivity (unit: m?s!)
Cp Specific heat at constant pressure (unit: J-kg 'K™")
u* Velocity component along x* (unit: m-s™")
Greek symbols
p Density at a distance from the plate (unit: kg:-m ™)
6 Dimensionless fluid temperature
17 Dimensionless species concentration
p fluid density (unit: kg- m3)
v kinematic viscosity (unit: m*>s™")
k Thermal conductivity (unit: W-m K™
BC Expansion of concentration coefficient (unit: K1)
BT Thermal expansion coefficient (unit: K™")
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HECTAIIOHAPHUM B’SI3KOIPYKHUI MI'JI IOTIK WALTERS-B PIZIUHU YEPE3 BEPTUKAJILHY ITOPUCTY
IJIACTHUHY 3 XIMIYHUMHU PEAKIISIMUA
Kapnari Bipa Peani?, I. Paginapanar Peani®, K. Ixxanci Pauic, Alissiannarapi Wlpinisacyay?, lynana Banamxki Ipakam®
“Kageopa mamemamuxu, Texuiunui kamnyc lncmumymy I ypy Hanaxa, Panea Peooi (Dt) -501506, Tenaneana, Indis
bTexnonoiunuil incmumym MLR, [anoiean, Xaiioepabao -500043, Tenaneana, Inois
‘Kagheopa inoicenepii 0ns nepuiokypcruxie, Inoicenepruil koneooic Jlaxkipeooi bani Pedoi,

JLB. Peooi Hazap, Minasapam - 521230, Anoxpa-Ilpadews, nois
Kaghedpa inocenepnoi mamemamuxu, Oceimuiti pono Konepy Jlakwmai,
Ipin-@inoc, Baooecsapam, ['yumyp - 522302, Anoxpa-Ilpadews, Inois

*Kageopa mamemamuxu, Ynieepcumem Aodimos, Cypamnaiem - 533437, Anoxpa-Ilpaoew, Inois
VY poboti mocmimkyerbess mnepexigHuit MarHitorimpomunHamidauii  (MI'D) mnoTik B’s3kompykHoi pimman  Walter's-B  Hapg
BEPTUKAIBHOIO MOPHUCTOI0 IIACTHHOIO B MOPHCTOMY CEPEIOBHILI, 1[0 BKJIFOYAE BIUIMB pajiamii Ta XiMi4YHHX mporeciB. HemiHiiHi
KepyIoUi piBHSIHHSA [UIS MMOTOKY PO3B’S3YIOTHCS 32 JOIIOMOTOI0 METOY 3aMKHYTOTO IIMKILY, IO /A€ AETalbHI YUCEIbHI PIICHHS IS
npodimiB MIBHAKOCTI, TEMIEpaTypu Ta KOHIEHTpawil. Pe3ynbTaTé MOKa3yloTh, IO MIBHAKICTH 3MEHIIYETHCS 31 301IBIICHHIM
nporukHocTi (K), uncna Ilminra (Sc), mapamerpa BunpominioBaHHS (R) i HampykeHocTi marHiTHOro moist (M), Toxi sk BOHa
30imbIIyeThCs 31 30UTbIeHHsIM yncna [Ipanarns (Pr), mponmknocti (K) i wacy (t). Temmepatypa 3HIXKYyeTbes 31 301IBIICHHIM
pamiamii, ame miABUILYeThCS 31 30imbmeHHAM uucia [lpanamis Ta wacy. [lomiOHMM YMHOM KOHIEHTpAIlis 3MEHIIYETHCS 3
MiIBUIICHHSM MPOHUKHOCTI Ta uyncna LIminra, ane 30inburyerses 3 yacom. [IpuMiTHO, 110 301IbIICHHS TapaMeTpa OpOyHiIBCHKOTO
PyXy HMOCHJIIOE Mepeiauy TeIuia Ta iMIyJIbCy, IO MIPU3BOANUTD 0 OLIBII TOBCTHX LIBUAKICHHX i TEIUIOBUX NPHKOPAOHHKX IIapiB. e
JNOCITI/UKEHHST Ma€ MpaKkTHYHE 3aCTOCYBaHHS B PpI3HHX Trajy3sX, BKIIOYal0OYM OKCHICHATOPH KpPOBi, XiMiuHI peakTopu Ta
MIPOMHUCIIOBICTD TepepoOku mosiMepiB. HoBHU3HA AOCTiIKEHHS MOJSArae B KOMIUIEKCHIM iHTerpamii BHIPOMiHIOBAHHS, XiMi4HUX
mporeciB i epexrie MI'/] B aHaii3i MOTOKIB B’ I3KOMPY>KHOI PIAMHH — TEMH, SIKa 3aJUIIAETHCS HEAOCTaTHRO BUBUCHOIO B JIITEPATYPI.
MaiibyTHi JOCITIKEHHST MOXYTh OyTH 30cepemkeHi Ha omrumizarii MI'JI-B’sronpyxHux cucrem Walter's-B motoky, 30kpema
LIUIIXOM BUBYCHHS BIUIMBY HAIPY)KEHOCTI MarHiTHOTO IOJIS Ta B S3KONPYKHUX apaMeTPiB HA MOBEIIHKY ITOTOKY.
Kuarouosi cinosa: MIJ/]; nosepxnese mepmsi; XiMiuna peaxyis, paoiayiini ma 6'a3K0npyjicHi 61ACMU80Cmi
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Unsteady fluid motion between two infinitely stretched parallel horizontal plates with the absence of viscous dissipation is explored in
this present study. Plates are maintained at different constant temperatures and separated with the distance of 2h units. The flow is
produced by a constant oscillating pressure gradient between the plates and parallel to the boundaries of the plates. The solution of the
concerned flow equations with suitable boundary limitations have been obtained using most elegant analytical approximation method:
A Perturbation technique. The impact of various flow field material parameters has been studied for velocity and temperature fields
and deliberated with the help of Graphical interpretations. The obtained results are validated and compared with the results existing in
the literature. The obtained results are identified to be exceptional agreement with literature results. The present study will be hopefully
helpful to the various industrial applications especially in the nuclear industry for the emergency cooling of nuclear reactors. The
researchers and scientists can utilize the methodology of the present work in their interest of study.

Keywords: Thermo-viscous fluid; Thermo strain conductivity coefficient; Thermal-mechanical stress viscosity; Prandtl number
PACS: 02.30.Hq, 02.30.Jr, 02.60.Cb, 02.60.L;

Nomenclature
a, = —p Fluid pressure
az =24 Newtonian coefficient of viscosity
as = 4, Cross viscosity coefficient
ag Thermal-mechanical stress constant viscosity
ag Thermal stress viscosity coefficient
b=k Thermo conductivity coefficient
Bs Thermo strain conductivity coefficient
Cy Non dimensional pressure gradient
C, Non dimensional temperature gradient
Ay Non dimensional classical viscosity
Ag Non dimensional thermal mechanical stress viscosity
Bs Non dimensional thermo strain conductivity cofficient
pr Prandtl number
Greek Symbols
n Ordinate
o Period of oscillations
p Density
Y Energy

1. INTRODUCTION

Over a century ago, there was a great deal of research done on the non-Newtonian properties of fluids. However,
the substantial research efforts to extend these analyses into the non-linearity principality have only been conducted in
the recent six to seven decades, especially during the Second World War. Koh and Eringen [1] have done preliminary
research on the construction of non-linear concept embodying the interplay and association between viscous and thermal
impacts. Kelly [2] investigated some incompressible visco-metric flows of thermo viscous fluids. Jithender
Reddy et al. [3] analyzed nano fluid flow through a stretched sheet with the impact of heat generation. Pothanna and
P. Aparna et al. [4] investigated unsteady viscous flow with thermal effects in a permeable region over a stretched
fluctuating plate. Pothanna ef al. [5] used numerical and analytical approach on around an oscillating sphere for unsteady
fluid flow. Pothanna et al. [6] study thermo viscous fluid flow in porous region confined between impervious horizontal
plates using four step recursive method of algorithm. Pavan Kumar Reddy et al. [7] examined steady flow under sloping
magnetic field with suction in a couple stress nature of a fluid via. Rectangular region. Pothanna ef al. [8] explored steady
thermo viscous flow in between infinitely stretched porous parallel horizontal plates. The flow of somewhat thermo
viscous fluid in a permeable surface limited in two permeability parallel horizontal stretched plates was explored by
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Pothanna et al. [9]. The impact of thermo strain coefficient of conductivity on a moderately thermos viscous fluid in a
permeable surface bounded with permeability stretched parallel plates was investigated by Pothanna et al. [10]. P. N. Rao
and Pattabhi [11] evaluated the problem of stable flow of an order two thermos viscous fluid over extended plate. The
uniform flow of a fluid that is viscous via a permeable sphere soaked with micropolar fluid was explored by
Aparna et al. [12]. Examined by Aparna et al. [13] flow produced in a micro-polar fluid by the gradual, steady rotation
of a holey sphere. The fluid that is viscous passing a permeable cylinder was studied by Aparna et al. [14]. In
Aparna et al. [15] study, the fluctuations of a perishing sphere was examined for an incompressible coupled stress fluid
were. Padmaja et al. [16] examined the numerical computations of multi parameter problem with singular perturbations
with exponential spline technique. The numerical exploration of associated nonlinear equations for the problem of thermal
viscous fluid movement in a cylindrical configuration was investigated by Pothanna et al. [17]. The exact and numerical
studies of thermo viscous fluid flow between stretched horizontal plates that are parallel were examined by
Pothanna et al. [18]. Srinivas Joshi et al. [19] investigated the linear behavior of a fluid with thermos viscous nature in a
permeable surface that was confined between two immovable passable horizontal stretched parallel plates.
Pothanna et al. [20] in the paper entitled unsteady forced oscillations of a fluid bounded by rigid bottom studied analytical
solutions of governing flows. Srinivas ef al. [21] examined slow steady motion of a thermo-viscous fluid between two
parallel plates with constant pressure and temperature gradients. Srinivas et al. [22] studied flow of a thermo-viscous fluid
in a radially non-symmetric constricted tube. Srinivas et al. [23] investigated peristaltic transport of a thermo-viscous
fluid. Meghdadi et al. [24] observed mixing enhancement in micro channels using thermo-viscous expansion by
oscillating temperature wave.
The incompressible flow of thermos viscous fluids in porous region satisfies the standard conservation equations.

Continuity Equation: v,; =0

, v, 2
Momentum Equation: p §+ VWi |[=PfiE - e v,
and the equation of energy: pcé =t,d; —q,, +PY— %v[v,. ,

where
f,=i" Component external force/unit mass, ¢ = Heat constant, y = Energy source/unit mass, ¢, =i" Component-Heat

flux bivector=€,, h, /2.
The fundamental standard equations of thermo viscous second order fluids as given by Koh and Eringen for stress
tensor and heat flux bivector are
t=a I+ azd+ asd? + agb? + ag(db — bd)
and

h= B.b + Bs(bd + db)

where the coefficients a}° and B{° are polynomials in terms of tr d,tr d?,tr b?. The explicit expressions for the
constitutive coefficients ;° and B;° for the theory of second order can be obtained as

_ 2 2
a1 = Qqp00 + A1010t7 d + Aqp20tr d* + @qg9y tTr b?,

a3 = Q3010 + Az020t7 d

a5 = 5020 > Ag = 6002 > g = (dgo11>
Br = PBioor + Bro1rtr d, and Bs = Bio11

the secondary coefficients a;g,, and f;5,¢ are the functions involving p and 6.

In this work, the effects of different material characteristics on the thermos-viscous unsteady flow fields of a fluid
through horizontal plates are attempted to be studied. The current study was very much helpful to the scientist and
researchers to solve their engineering and research study problems. In industrial and technical systems, impermeable
plates that are parallel are quite useful. Some of the application mentioned here are the human circulatory system, as well
as a number of engineering instruments, including chromatography columns, chemical reactors, heat and mass
exchangers, and other processing machinery. The last several decades have seen a huge increase in interest in the
investigation of the flow features of these formations due to the vast range of applications.

Considering the expanding significance and use of non-Newtonian type flows in a chemical technology, industry,
and geophysical fluid dynamics, this present work attempts to explore analytical approximation approach to thermo
viscous flow of a fluid in between impermeable horizontal stretched plates bound in a porous medium. This current work
has not yet been discussed in the literature.

2. PROBLEM STATEMENT AND ANALYSIS
An unsteady flow of thermo viscous fluid in order two can be characterized by constitute basic equations between
horizontal stretched plates parallel to each other. The flow is produced by the pressure gradient oscillating with the
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direction parallel to the plates. The Cartesian coordinate system O(X,Y, Z) with the origin centered between two plates,
the X — axis in the direction of flow and the Y — axis perpendicular to the plates is considered. The two plates are
separated by a distance 2h units and are kept at two different temperatures. The plates are denoted by y = h and y =
—h. The lower and upper plates are maintained with the constant temperatures 6, and 6; respectively.

Figure 1. Schematic Representation of Flow

Let us assume the unsteady flow characterized by the velocity [u(y, t), 0,0] and temperature 8[y, t]. The continuity
equation is satisfied by this assumed velocity selection. Without internal energy sources and external forces, the equation
of motion reduces to

u_ _op, 9% 00 0%
at  ox ayz %65 oy’ O
and the energy equation reduces to
20\ _  (ou)? 20 du 90 . 928 28 9%u
pe (Gt +use ) (5) -w i s 5 K B G @
composed with the boundary limitations
u[_h: t] = 05 9[_h: t] = 603 (3)
ulh,t] =0, 0[h,t] = 6,. “)
Employing the following dimensionless quantities,
6-6, 96 _ 61-6, ap _ u?
y=hn,u=@ph) U, T=g—0, === C - 5= 5 (. (5)
The equations (1) and (2) can be reduced to
au 92U 92T
at =C; + oz -AeCy oz (6)
and
aT B au\? au at| |, 1 8T 82U
2+ UCA, [(ﬁ) — A, 5 S+ I+ B Gy o )
- _ B T
with p, = . (Prandtle number), B3 oh2e Ay ThEe(6i 60
As @ C,= constant temperature gradient ®)
and C; is the dimensionless pressure gradient oscillatory of period %ﬂ (say) i.e.
C1 = po cos(at) = Re(poe'™") say ©
The dissipation absence in the fluid flow, the momentum and energy equations reduce to
82T
m o=Cy+ W —Asl25s (10)
and
1 02T a%u
UCZ _W‘}' B3C2 6‘[]_2. (11)

3. METHODOLOGY AND SOLUTION
Let us consider the velocity and temperature of the flow in the form
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U(n,t) = Re [g(n)e™*], T(n,t) = Re[f (n)e'"], (12)
with the boundary limitations:

g(1)=0,g(-1)=0
f(1) =T, (1) =T, (13)

Only the real parts of the functions in the above-mentioned equations need to be taken into account.
Using eqn. (12) in eqns. (10) and (11) we get

iog(n) = po + 8" (M) — AsCf"' (), (14
iof(n) + Cog(n) = —f"(n) + B Cog" (). (15)
Using Ag as the perturbation parameter, the perturbation method solves the aforementioned eqns. (14) and (15).
Let g(n) and f(n) can be taken as
gm)=g " (M)+Asg V(N TAZE (). (16)
f= O AL A D)t (17)

The following are the consecutive approximations obtained by gathering terms of same powers of A¢ and using
eqns. (16) and (17) in eqns. (14) and (15).

The Zero™ order calculation
The equations of this estimation are becomes

iog@(m) = po + £ (), (18)
iof @ () + C8@ M) = — £ (1) + By Cg (), (19)

with boundary limitations

g9-1)=0,g"%1) =0,

O =Ty, fO) =T,. (20)
This gives
£ = (155 @
fOm) = m [Tosinh\/ﬁ 1-m+ Tlsinh\/ﬁ 1+ n)]
+ % coshvion — C;::l/% cosh,/iop;, n] g [ C:j:h\}%n (22)
First order calculation (i.e. terms containing Ag)
The equations are
iog®(m) = g@ () — Cf® (), (23)
iof D) + Cg D) = - O (1) + B3Cog™ (), (24)

with boundary limitations:

g"(-1)=0,gM(1)=0

fO(-1)=0, (1) =0, (25)
the above equations solutions yield

coshvion

Cai
g® () =222 [p,Byo — C,(i + 0By) +iC,pF] [1 — 21

PoprCz(1-ioB3) n ] [sinh\/ﬁ
2icviocoshvic 2 T i6(1—pp)] Lcoshvic

4pC3p?Z sinh,/iopy [ 1- 10'B3] cosh,/iopr - -
t—— |1 coshvio 1 — cosh,/ic
o2(pr—1) + 1-pr coshvio n PrM

coshvio 1 — nsinhvio n]

ToprCa . - sinh2,/iopy
4 cobrta / — —
(pr—1) sinh,/iopy sinh 10Pr (1 T]) smh2\/_ Slnh\/ﬁ (1 n)]
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T1peCa sth‘/IUPr sinh\/G (1 + n)] (26)

(pr—1) sinh,/iopr sinh v IO'pr (1 + ) sth\/_

r 2 . . h r
() = % [C2(1 —iobs) — Cyp; + iobs] [C:;h L::prn 1]

i(c; — p:C, +iob3(1 - Cy))

i sinhvic . i
20(1-py) coshVic (1- 10‘b3)(1 — oGy a- pr))
__ 2iprCapsinh2y/iopy
(1-pr)?

popZC3 (1-icbs) [—

o3(1-pr)coshvic
iB3(1+io)

20(1-py)

coshvio

cosh,/iop,

2popiC3 (1-iobs)(2—pr—iobz) . -
+ - sinh,/ic
o2,fiopr (1-pr)? Prf_

* |coshion — cosh,/iop, n]
nsinh,/iop, n
sinh,/iopy

cosh,/iopy

smh\/_

cosh iopr

cosh,/iop, N

cosh,/iop; n]

cosh,/iop, n].

_ pop#c3 (i-0C2(1-pr))(1-icbs)?
203vio (1-py)? coshvic

[r]sinh\/% n-—

pop2C} (i—ocp(1-pp))(1—icbs)?

+
ioc% (1-pyp)3 coshvio

[cosh\/E n- —COSh\/ﬁ

IGpr

@7n

Up to the first order estimations, the expressions g(n) and f(n) in A are as follows:
gm =g m+As gV (),
fn) = O () + As £ ().

The solution of velocity and temperature as assumed above is restricted to the first order approximation only. It is
common and useful to limit an analysis to first-order perturbation theory in many areas of applied mathematics, fluid
dynamics, and physics, particularly when working with complicated or nonlinear systems for which an accurate solution
is either impossible or very difficult. In fluid flow, first-order may provide adequate information for design or prediction
about how velocity reacts to changes in temperature or pressure. Higher-order corrections may only slightly increase
accuracy and greatly increase mathematical effort if the first-order answer matches the experimental data.

The velocity and temperature distribution are thus obtained as

U(,t) = Re [g(n) '] and T(n,t) = Re [f(n) e'°'].

4. VALIDATION AND COMPARISON OF RESULTS

The Perturbation method of results for the associated equations of governing motion have been determined in terms
of the temperature and velocity fields in this paper. The method have been assumed and calculated up to the first order
approximations. The governed modelling equations of momentum and energy are highly non-linear, complex and
coupled. The higher order approximation computations becomes difficult and tedious with manual calculations. The
numerical computations have been obtained for velocity and temperature with the impact of various material parameters
by generating the code of algorithm using MATLAB software. The obtained results have been compared with the results
of Pothanna et al. [4]. The excellent agreement was achieved when compared with the present study results of perturbation
technique. The results comparison shows the validity and the reliability of current study in the numerical computations.

(28)
29

(30)

Table 1. Validation and Comparison of results of velocity and temperature.

Velocity Results of Present Results for Temperature Results of Present Results for t = =, ag =
Y Pothanna et al. [4] for t= %D ag = 0.001, c=1, Pothanna et al. [4] for 0.001 z

S =0,as =0.001, c=1, _ I S =0,as =0.001 _ _ L

o=1,p=1,p=1 o=1,p=lp=1 =1, o=1,p=1, =1 =1, o=1,p=1, =1

pr =0.7, pr = 1.5, pr =0.7, pr = 1.5, pr =0.7, pr = 1.5, pr = 0.7, pr = 1.5,

B;=1 By =3 B;=1 By =3 B;=1 B, =3 B;=1 B, =3

0.0 0.1599 0.2174 0.1599 0.2174 0.0895 -1.6680 0.0895 -1.6680
0.1 0.1580 0.2149 0.1580 0.2149 0.0894 -1.6481 0.0894 -1.6481
0.2 0.1521 0.2076 0.1521 0.2076 0.0890 -1.5886 0.0890 -1.5886
0.3 0.1424 0.1954 0.1424 0.1954 0.0879 -1.4907 0.0879 -1.4907
0.4 0.1292 0.1786 0.1292 0.1786 0.0858 -1.3563 0.0858 -1.3563
0.5 0.1127 0.1574 0.1127 0.1574 0.0819 -1.1881 0.0819 -1.1881
0.6 0.0932 0.1322 0.0932 0.1322 0.0755 -0.9898 0.0755 -0.9898
0.7 0.0713 0.1034 0.0713 0.1034 0.0653 -0.7658 0.0653 -0.7658
0.8 0.0475 0.0716 0.0475 0.0716 0.0504 -0.5216 0.0504 -0.5216
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0.9

0.0224

0.0372

0.0224

0.0372

0.0291

-0.2638

0.0291

-0.2638

1.0

0.0033

0.0011

0.0033

0.0011

0.0000

-0.0000

0.0000

-0.0000

5. DISCUSSION ON RESULTS
The impact of different material coefficients such as thermal conductivity coefficient (Bs), prandtl number (p,.),
thermal stress coefficient (4¢) and time parameter (t) on velocity and temperatures of the flow field have been discussed
and illustrated graphically for fixed parameters taking c=1, o =1, p=1 and p=1.
The effect of time parameter (t) on the velocity field is shown graphically in Fig. (2). It is observed that the velocity
variations drifted towards right side of the region from the middle of the channel by increasing the value of ‘t’ from t=0

to R The fluid velocity increases along the flow direction up to the centre then decreases to attain the velocity of the

upper plate. The velocity variations moving towards left of the flow region by increasing the value of ‘t” from t =7 to
3 . . . . Y

77[ from the centre of the flow region. In this case, the fluid velocity decreases along the flow direction up to the centre
then decreases and attain its upper plate velocity. It is depicted that, the flow is oscillating with the period ‘ 7’ and also
the symmetry of these velocity profile variations is observed with the difference of # period. Transient effects are
introduced by the time parameter, which means that the flow and heat fields change over time instead of staying constant.
In the flow development of channels or pipes, the velocity profile changes from flat (uniform) to parabolic (developed)
over time. For oscillating or pulsatile flows, the velocity may vary periodically with time.

1F

0.8

0.6

04l
02}
Sl

021

04+

-06

-0.8 1

U(n)

Figure 2. Velocity variations for various values of 't’ with fixed ag B; and p,.

The influence of thermal conductivity coefficient (B3) for both steady and unsteady flow on the velocity is depicted
in Fig. 3(a) and 3(b). Fluid flows are significantly impacted by thermal conductivity, especially when heat transfer is
involved. The ability of a material to conduct heat is measured by its thermal conductivity (k). It plays a crucial role in
fluids in determining how well heat is transferred through the medium. It is observed that, the fluid velocity increases and
moves towards right as the value of Bj incresing from 1 to 4. The reverse effect has been observed for the steady flow
and is depicted in Fig. 3(b). Steep temperature gradients can arise and heat transport is slower in materials with low
thermal conductivity, such as oils and gases. Heat spreads faster in materials with strong thermal conductivity (like
liquids), which results in more consistent temperature distributions. This may be treated as the natural occurrence of any
fluid that will be observed in a flow region. Along the flow direction, the fluid velocity increases up to the middle channel
then decreases and attains its upper plate velocity.

1 - - ! ! 1
0.8 1 0.8
L Steady flow
0.6 1 0.6 B ~lo )
0.4 1 0.4
0.2 1 02
By=ttod Unsteady flow
Sof ] S (B,=1104)
02Ff 1 02}
0.4 1 04}
06| 4 06
.08} B -0.8
-1 L L L L _1 L L L L
0 0.05 0.1 0.15 0.2 0.25 0 01 0.2 0.3 0.4 05
U(n) U(n)
(a) (b)

Figure 3. Velocity variations for Bz (a) Unsteady flow (b) Steady and Unsteady flow



365
Unsteady Fluid Motion Between Infinitely Stretched Parallel Horizontal Plates... EEJP. 2 (2025)

The impact of prandtle (p,) number for small values on velocity field have illustrated graphically in Fig. 4(a) and
4(b) for steady and unsteady flow respectively.

1

08y p=0.11,0.33,0.55,0.77 08r

06 061

04r 04F Unsteady flow for
p,=0.11,0.33,0.55,0.77

02F 02F

< ot 0
02+ 02+
-04 - 04+
06 06
-0.8 - -08
E . - . - - - - - - - - . . - - . -
-0.02 0 0.02 004 0.06 008 0.1 012 014 016 0.18 -0.05 0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45
Un) U(n)
a b

Figure 4. Velocity variations for p,, with B; = 1 (a) Unsteady flow (b) Steady and Unsteady flow

The effect of p, for some large values have been shown in Fig. 5(a) and 5(b) for various values of thermal
conductivity coefficient (B3). The velocity variations decreases by increasing the p, and for the steady flow, the
increasing rate is very slow and all the profile variations are coincides which is observed in Fig. 4(a) and 4(b). The velocity
variations increases with the increase of p,. and shown in Fig. 5(a) and 5(b). It is also observed from these figures that,
the fluid velocity increases with the values of By increases. For large values of p,. , the increasing rate of fluid velocity is
more predominant when compare to small p, values. The p, doesn’t directly affect the velocity profile in purely viscous
flows, but it does in thermo-viscous coupling cases where temperature gradients change viscosity or drive buoyancy
(natural convection). For the high values of p,. , the flow near the wall is strongly influenced by temperature changes and
this affects the velocity profile locally. For low p, , the more uniform temperature and smoother velocity changes occurs.

1 ‘ ‘ ‘ ‘ ‘ ‘

T T T 1
05 05
p=05152535
ot ol p,=0.5,1.562.53.5
05+ -0.5
R . : ; ' -1
-0.05 0 0.05 0.1 0.15 0.2 0.25 -0.05 0.3
U(n)
a b

Figure 5. Velocity variations for p, with (a) B3 = 3, (b) B3 = 5

The impact of thermal conductivity coefficient (B;) and thermal stress coefficient (A¢) on the flow temperature is
depicted in Fig. 6(a) and 6(b).

1 . . . . 1
05+ R 0.5+

ok B,=1to 4| 0r B,=1|to 4
< <
0.5+ 0.5

-1 : : : : -1 : : : :

-2.5 -2 -1.5 -1 -0.5 0 -5 -4 -3 -2 -1 0

T(n) T(n)
a b

Figure 6. Temperature variations for B; with (a) ag = 0.001 (b) ag = 0.005
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It is observed that, the fluid temperature decreases and moves towards left with increasing the value of B; from 1
to 4. The value of A¢ increases, then the temperature of the fluid decreases with the faster rate as it is observed from the
Fig.6 (a) and 6(b). Along the flow direction, the fluid temperature decreases up to the middle channel then increases and
attains its hotter plate temperature. This is due to the non-homogeneous and anisotropic nature of the fluid considered.
The influence of thermal conductivity will differ depending on the location due to its anisotropic nature. The
corresponding figures clearly show the same thing. This is particularly noticeable when the thermal conductivity
coefficient takes very large values. Therefore, it may be concluded that the anisotropy will rise in situations for large
values of thermal conductivity.

05 05}

0 [ 0 L
< =~
05F -0.5

-1 L 1 L L -1

-4 3 2 -1 0 7 1
()
a

Figure 7. Temperature variations for p, with (a) B3 =3 (b)B; =5

The influence of Prandtl (p,) number on temperature field for large values have been illustrated in Fig. 7(a) and
7(b) for various thermal conductivity (B3) values. The temperature variations decreases with the increase of p, and shown
in Fig. 7(a) and 7(b). For low value p, fluids, the temperature gradients are spread over a large area which smoother
temperature field. For high p, fluids, the steep thermal gradients are near the surfaces and the thin thermal boundary layer
becomes more localized heating.

It is also observed from these figures that the fluid temperature decreases at the faster rate with the values of By
increases. This is because the viscosity and specific heat have a direct correlation with the Prandtl number. The fluid
domain under consideration in this work has a constant specific heat. Therefore, the skewness in the mirroring will be

caused by the viscosity.
1 :
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0.5 05}
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0 0.2 0.4 0.6 0.8 1
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Figure 8. Temperature variations (a), (b) and (c) for different values of 't’ with fixed ag B3 and p,.



367
Unsteady Fluid Motion Between Infinitely Stretched Parallel Horizontal Plates... EEJP. 2 (2025)

The impact of time parameter (t) on the temperature field is shown graphically in Fig. (8a), (8b) and (8c). It is
observed that the temperature variations increase and drifted towards center from right of the flow surface with the
increasing values of time parameter (t) from 0 to % . The fluid velocity increases along the flow direction up to the centre
then decreases and attains its upper plate velocity. The velocity profiles drifted towards middle of the with the increasing
values of time parameter (t) from 7 to 7?” from left side of the flow region. In this case, the fluid velocity decreases along

the flow direction up to the centre then decreases and attain its upper plate velocity. The hyperbolic type profiles are
realized for the temperature variations of the fluid. Heat sources, conduction, or convection cause temperature variations
over time in transient heating. The temperature can fluctuate if exposed to time-varying heat input, the velocity increases,
and the heated region spreads over time in the thermal boundary layer growth.

6. CONCLUSIONS

In this present work an unsteady fluid motion between two infinitely stretched parallel horizontal plates with the
absence of viscous dissipation is examined. The following are the conclusions observed from the above graphical
illustrations.

o The velocity profile variations are symmetrically oscillating with the difference of period 7 . Fluid particles in
symmetric oscillatory motion move forward during the first half of the cycle and backward for the second half of the same
distance. Long-term fluid movement is eliminated as a result, but momentum and energy can still be transferred.

e The fluid velocity increases and shifted towards right from the origin as the value of B; increases.

e The velocity variations decrease by increasing small values of p,. The rate of increase is very slow and the velocity
profiles coincides when fluid is steady. For low p,. , the more uniform temperature and smoother velocity changes occurs.

e For large values of p,., the velocity variations increase with the faster rate. For high values of p, , the flow near
the wall is strongly influenced by temperature changes and this affects the velocity profile locally.

e The fluid temperature decreases as the value B; and A4 increases. The real-world uses of industry, Low-thermal-
conductivity fluids, such as oils or gases, need bigger surfaces or longer residence times in heat exchangers, while high-
thermal-conductivity fluids, such as water or liquids, increase heat transfer efficiency. The influence of thermal
conductivity will differ depending on the location due to its anisotropic nature.

e The hyperbolic type profiles are realized for the temperature variations as the value of 't’ increases.
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HECTAIIOHAPHHI PYX PIIMHA MI’K HECKIHYEHHO PO3TSTHYTUMU IMAPAJIEJTbHUMH
TOPA3OHTAJIbHUMUA MIIACTUHKAMM 3A BIICYTHOCTI B'SI3KOI IMUCHUITALIIi: AHAJTITUYHE
HABJIMKEHHSI
Jlx. Cpinisac?, H. Iloranna?, A. Pamxy®, M. Auia Kymap®
“Kageopa mamemamuxu, Inocenepro-mexnonociunui incmumym im. BHP Binvsana J{octiomi,
Xatioepa6ao-500090, wmam Tenaneana, Inoia
bKagpeopa npuxnadnux nayx, Texnonoziunuii incmumym Cumbiosy, Miscnapoduuii ynisepcumem Cumbiosy, Iyne-412115, Indis
‘Kagpeopa mamemamuxu, Ynieepcumem Anypae, Benkamanyp, Xaiioepabao-500088, wimam Tenaneana, Inois
VY 1poMy JIOCHIJDKEHHI BHBYAEThCS HECTAlliOHAPHMH pPyX pPIIMHM MDK JBOMa HECKIHYEHHO PO3TATHYTHMH HapajelbHUMHU
TOPU30HTAIBHUMH IIACTHHAMHU 32 BIJICYTHOCTI B'I3K01 qucumnanii. [1lacTHHY MiATPUMYIOThCS IIPU PI3HMX IOCTIHHUX TeMIlepaTypax i
3HAXOAATHCS Ha BifACTaHi 2 roa oHa Bia 0HOI. [TOTiK CTBOPIOETHCS MOCTIHHUM KOMMBAIBHUM I'PAi€HTOM THCKY MK INTACTHHAMU Ta
napanesbHO 0 MEeX IacThH. PO3B'SI30K BiMOBIAHUX PIBHSHB MOTOKY 3 BiJIMOBIJHUMU TPAHUYHUMU OOMEKCHHSIMHU OyB OTpUMaHHI
3 BUKOPUCTAHHAM HaleJIETaHTHIIIOr0 METOAY aHAITHYHOI anmpoKCUMaLii: MeToay 30ypeHs. BB pi3HHX mapaMmeTpiB Marepiaiy
oJIsl TOTOKY OyB AOCIiIKEHUH IS MOJIiB IIBUAKOCTI Ta TEMIEpaTypH Ta OOTOBOPEHUIT 3a TOMOMOTOI0 TpadiyHUX iHTEpPIpeTariii.
OtpumaHi pe3ysbTaTh epeBipeHi Ta HOPIBHSHI 3 pe3yIbTaTaMy, IO iCHYIOTb y Jiteparypi. OTpumaHi pe3yapTaTi BU3HAYEH] SIK TaKi,
10 BUHSATKOBO Y3TODKYIOTBCS 3 pe3yibraraMu Jiteparypd. CromiBaeMocs, IO L¢ JOCTIDKCHHS Oyle KOPHCHHM UL Pi3HHX
IIPOMUCIIOBHX 3aCTOCYBaHb, OCOOJIMBO B SIIEPHIN IPOMHUCIIOBOCTI JJIsSI aBAPiHHOTO OXOJIO/PKEHHS IIEPHUX peakTopiB. JlocmiqHuky Ta

HayKOBI[I MOXXYTh BUKOPHCTOBYBAaTH METOJIOJIOTIIO I1i€] poOOTH B iHTEpecax CBOIX HOCIIJHKEHb.
KuawuoBi cioBa: mepmos'szka piouna; roeiyicum mepmoodepopmayitinoi npogioHOCmI; MeEPpMOMEXaHiuHa 8's3Kicmb  nio
Hanpyscennam; yucio Ipanomas
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The primary goal of this investigation is to explore the impact of diffusion-thermo on the flow characteristics of MHD natural convection
via a permeable medium past an infinitely oscillating upright plate, while accounting for chemical reaction and thermal radiation effects.
The Laplace transformation approach is employed to solve the governing equations for species continuity equation, energy and momentum.
The simulation findings show that thermal radiation increases the primary fluid velocity while decreasing the secondary fluid velocity.
Furthermore, increasing the Dufour number (Du) results in higher temperature fields as well as an increase in both primary and secondary
fluid velocities. Also, the diffusion-thermo effect contributes to improve the temperature field. The equation for skin friction is obtained
and graphically shown. Three-dimensional surface plots are used to demonstrate the Nusselt and Sherwood numbers. In addition, graphical
representations are used to portray the effect of non-dimensional factors on concentration, temperature, and velocity patterns.

Keywords: Free convection, Porous medium, Diffusion-thermo,; Chemical reaction; Thermal radiation

PACS: 44.25.1,44.30.v, 44.40 a, 47.65.d

1. INTRODUCTION

A "porous medium" is a system composed of solid entities with interconnected or related voids. Flow via permeable
media is crucial in numerous applications, including crude oil recovery, large-scale chemical reactions which involves
adsorbents, filters and catalysts, geophysical phenomena and mineral extraction. Important uses for flow via permeable
medium were fully studied in comprehensive research by Alazmi and Vafai [1]. Geophysics, oil recovery techniques,
metal processing, die filling, agricultural and industrial water distribution are among the applications. Alazmi and Vafai's
research gives important insights into the broad and practical ramifications of porous media flow in a variety of industries
and scientific areas. In the presence of a porous inner spinning cylinder, Lahonian et al. [2] investigated the mixed
convection of several nanofluids. Haritha et al. [3] discussed the mass and heat transport of magnetohydrodynamics
Jeffrey nanofluid flow via a permeable medium, through an inclined plate when Soret effects, radiation and chemical
reaction are taken into account. Jauhri and Mishra [4] investigated MHD nanofluid flow across a stretching sheet
numerically and in the existence of porous media and including the second-order velocity slip effect. The investigation of
mass and heat transport upon unsteady magnetohydrodynamic flow across an endless vertically oscillating permeable
plate was conducted by Krishna et al. [5].

Because of its numerous uses in scientific and technical domains, there has been a surge in interest in investigating
heat and mass transport processes involving free convection through porous surfaces in recent years. Natural convection,
driven simply by density differences caused by temperature gradients and without any external factors, has received a lot
of attention. For example, Matta et al. [6] investigated the influence of viscous dissipation upon MHD natural convection
flow via a semi-infinite vertically movable permeable sheet in presence of heat sink and chemical reaction. Meanwhile,
Hamad [7] investigated the unsteady MHD natural convective flow via a vertically endless permeable plate in the presence
of radiation absorption effects. In a distinct line of research, in the presence of hall and ion-slip currents, Singh et al. [8]
examined how a rotating fluid's MHD free convective flow is affected by time-varying wall temperature and
concentration. In addition, recent studies by other researchers, such as Nabway et al. [9], Saha et al. [10], and
Saikia et al. [11], have focused on the use of free convection in their respective studies.

The energy flux generated inside a chemical structure due to composition gradients is known as the Dufour effect.
When a notable concentration gradient leads to a heat flux, it presents an inverse phenomenon to thermal diffusion and
this effect is often termed as Dufour effect. In their research, Goud et al. [12] examined the impacts of Soret, Dufour and
chemical reaction on MHD heat transfer of a Casson fluid over an exponentially permeable stretching surface with slip
effects. Additionally, Sekhar et al. [13] investigated the influence of radiative heat sources on fluid flow in the presence
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of Soret and Dufour effects for MHD Casson nanofluid over a stretching surface. Meanwhile, Deepika et al. [14] explored
the Soret and Dufour effects on MHD mixed convection flow of a Casson hybrid nanofluid over a permeable stretching
sheet. Moreover, Choudhary et al. [15] studied the thermal diffusion and diffusion thermo effects in a three-dimensional
MHD flow via a semi-infinite vertical plate in the presence of constant heat flux.

Radiation is the electromagnetic transport of heat. Currently, many researchers are using radiation to examine the
issues connected with MHD natural convective heat and mass movement in a variety of industrial operations such as
archaeology, astronomy, space exploration, energy generation, aeronautics, and radioactive fluxes. In one work, Reddy
and Goud [16] looked at how thermal radiation affected the flow of MHD nanofluid across an endless vertical flat plate.
Bejwada and Nadeppanavar [17] investigated the influence of thermal radiation on magnetohydrodynamic heat transfer
in a micropolar fluid flow over a vertical moving porous plate. Meanwhile, Algehyne et al. [18] investigated the combined
effects of thermal radiation and suction/injection on magnetohydrodynamic hybrid nanofluid flow past a convectively
heated stretching surface. Furthermore, Koli and Salunkhe [19] have investigated the effects of magnetic fields and
thermal radiation on the flow of MHD nanofluids over a stretched sheet.

Chemical reactions, as opposed to physical or nuclear processes, involve the rearrangement of a substance's ionic
structure. Chemical reactions are classified as heterogeneous or homogeneous based on whether they occur at an interface
or in a single-phase volume. Vijay and Sharma [20] investigated the effect of chemical reaction and thermal radiation on
entropy generation analysis in MHD hybrid nanofluid flow. Similarly, Iranian et al. [21] studied the effect of heat
generation on Magnetohydrodynamic Powell-Eyring fluid flow along a vertical surface using a chemical reaction.
Meanwhile, Omar et al. [22] studied the impacts of thermal radiation and chemical reaction on unsteady
magnetohydrodynamics Casson fluid flow in the existence of a porous material. Moreover, additional researchers,
including Reddy et al. [23], Appidi et al. [24], have also undertaken their research involving chemical reactions.

In this paper, the impact of the Dufour number, chemical reaction, and heat radiation on the unsteady free convective
Newtonian flow through a porous medium employing an indefinitely oscillating vertical plate is investigated. For the flow
model, an exact solution for velocity, temperature and concentration profiles is achieved. The novelty of the current
investigation is that, in addition to thermal radiation, both diffusion-thermo and a first-order homogeneous chemical reaction
are taken into consideration. This research is highly relevant in technical applications, including solar energy collection
systems, catalytic reactors, material processing, nuclear waste storage facilities, and petroleum product and gas recovery.

2. MATHEMATICAL FORMULATION AND GEOMETRICAL SETUP FOR THE FLOW PROBLEM

To establish a rectangular Cartesian coordinate system, the x'-axis is aligned vertically upward along the plate's
length, while the y'-axis is aligned across the plate's breadth. The z'-axis is perpendicular to the plate. Figure 1 provides a
visual representation of the geometric arrangement, illustrating the effects of Dufour number upon the flow characteristics
of MHD free convection through a porous medium past an oscillating vertical plate. This analysis incorporates factors
such as chemical reaction and thermal radiation. Initially, the fluid and the plate are assumed to maintain a consistent
temperature and concentration both on the fluid's surface and within its interior. As time progresses beyond t’ > 0, the

A Additionally, the plate's
temperature and concentration may vary, either increasing or decreasing to values denoted as T'=T"'_+(T"',—T'.)At'

plate experiences rotational motion within its own plane, with a certain velocity U, e

and C'=C'_+(C',—C' )At' respectively. Since the flow possesses an extremely low Reynolds number, the influence
of magnetic fields and viscous dissipation is considered insignificant. In this particular flow scenario, the fluid is
characterized as "gray," indicating its ability to absorb and emit radiation without scattering light. A uniform transverse
magnetic field B, is applied in the z' direction, perpendicular to the plate. The unsteady flow, subject to the conventional

Boussinesq approximation, is governed by a set of equations that are subsequently analyzed.
Momentum equation:

ou' o%u' e i 7P oB’, v.
0= e TP T+ gBC-C) = ey, 1
' 2 2
CLAVC AL LA &)
ot' oz’ p K

Energy equation:

ar' _ x T 1 8q'r+DMKT 9°C' 3)
o' pC,0z% pC, dz' C,Cs 9z

Species continuity equation:
aC' a°C'
—=D,—;
ot' oz'

The velocity, temperature, and concentration fields are subject to the following relevant initial and boundary conditions:

+k(C'-C"). 4)
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u'=0,v'=0,7'=7"',C'=C"'_,t'<0,Vz'
u'=U,¢e" v'=0,T'=T"_+(T',~T')At', C'=C'_+(C"',—C')At', fort'>0,z'=0¢. ®)
u'—->0,v'-0,T'>7T',C'>C', for t'>0,as z' > oo

Equations (1) and (2) can be coupled using the complex integer q = u + iv, yielding:

dq' ou' o'
L =—ti—,
ot' odt' ot
or (6)
dq' 9°q' - oB v
—=v—+g p'T"-T' )+ C-C' )+(—=+—)q".
Ve g B ) +egB( )+ ( - K,)q
In an optically thin, grey gas scenario, the expression for the rate of local radiation absorption is as follows:
%=_4avo.v(Tv4m_T|4). (7)
oz'

The absolute value of |7'-T"'_ | tends to zero as the temperature differential between the boundary layer and the region

furthest from the plate becomes minimal. The following result is obtained by expanding the term 7' “ina Taylor series
with respect to the free stream temperature 7' :

T =47"_T'-3T"_. (8)

. . aq'. . . - .
By using equations (7) and (8) concurrently, the term % in equation (3) can be eliminated, resulting in the
Z

transformation of equation (3) into:

oT'  « 9°T' 16a'c'T" D, K, 3°C'
—= = - (T'—T’w)+L—2. )
ot' pC, oz' pC, C,C oz'
i
v'=0, _ 0 —§—§_>Mamenmm boundary layer
r-r i, -rons |l o | Tt Myl
C'=C", +{C,~C )N o 0 B, ° 0 o 0
0/:i70.-0
)
0 4
0o 2 0 5 0 o
0o 02 v
0 0 0 0 T'—>:f’_,, asz — =
. o G ok
ol
Figure 1. Geometrical configuration of the flow problem
Introducing the non-dimensional parameters:
U z' ! T'-T' c-cC'
z=—2 ’q:q—,T: = C= =,
v U, T -T', c',-C'.
v vC U’ K U’ D, D,(C',—C'
SCZ—, Pr:p P’ K': (12 , A= O’Du: M T( 'w 'ao)
D, K 1% 1% vC,C(T',-T") (10)
vg B'(T' T kv vgB(C' —C'
Gr— gﬂ(ww M)’k:UZ  Gm= gﬂ(U;v )
U’ t oB’,v 16a'c'T"_v*
t'=—>"—, M= —, R= —
v pU”, xU",

Equations (6), (4), and (9) undergo a transformation when the non-dimensional parameters indicated in equation (10)
are applied, yielding:
dg _d’q

o oz’

+GrT+Gm C-Eq. (11)
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Where, & =M +(1/k).

2
o _19 f—kc. (12)
ot Sc oz
2 2
oT_1IT R, T o
Jot Proz* Pr 0z

Equations (11), (12), and (13) exhibit dimensionless formulations of the momentum, concentration, and energy
equations, respectively. Furthermore, we derive analogous dimensionless initial and boundary conditions which are shown
below:

qg=0,7=0,C=0, t<0, Vz

g=€",T=t,C=t1>0,at z=0 ) (14)
q—>0,T—>0,C—>0,t>0,as z—> o0

3. SOLUTION OF THE FLOW PROBLEM
Using the Laplace transformation method, the system of interconnected partial differential equations provided by
equations (11)-(13) was successfully solved. Furthermore, the study took into account the insertion of the boundary
conditions shown in equation (14). The Laplace transformation of equations (11), (12), and (13) yielded the following results:
The application of the Laplace transformation to equation (12) yields:

—Sc(s+k)T =0. )

With the implementation of the Laplace transformation, the corresponding boundary conditions were modified to,

- 1
C= - atz=0
s (16)
C—0,asz—> o
The fluid concentration solution is then obtained in the format shown below by applying the inverse Laplace
transformation to equation (15) and taking into account the boundary condition supplied in equation (16).

9= 1= f(Sc.k, z, 1) 17)
Again, upon performing the Laplace transformation on equation (13), we obtain-

d>T

2
zZ

—  DuScP :
—(spr+R)T=—$(k+s)eWWZ, (18)
S

With the implementation of the Laplace transformation, the corresponding boundary conditions were modified to,

= 1
T'=—atz=0
s (19)
T—0,asz— o0
The fluid temperature solution is then obtained in the format shown below by applying the inverse Laplace transformation
to equation (18) and taking into account the boundary condition supplied in equation (19).

9=(1_31A2)f2 +BlA2f3_D1V/1 +D21//2 +D1‘//3_D2‘//4 (20

Where,
l/ll = l/l(ﬂ’ Rﬂ’ z, t)a l/lz :l//(ﬂa Rﬂ_Bza z, t)’
v,=w(Sc, k,z,t), y,=y(Sc, k—B,, z, t),

1 DuScPrk
f2 =f(ﬂ9 Rﬁ> Z, t)>f3 =f(SC', k, z, t), IB=_’ Bl T —
Pr Sc—Pr
g Sch=R . Duehe 1 11
Sc—Pr Sc—Pr B, ) B,

Upon performing the Laplace transformation on equation (11), we obtain:
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e —(s+&)q=-GrT -GmC, 2n
7

The boundary conditions undergo modifications as a result of executing the Laplace transformation, taking the following form:

- 1
q= atz=0

s—iw (22)
q—0,asz — oo

Finally, the solution for fluid velocity is produced in the following format by adding the boundary condition indicated in
equation (22) and applying the inverse Laplace transformation of equation (21).
9= =4~ 4= qs =495 =96~ 47 +4s + o + 4y + Gy T 41 + 4y - (23)
Where,
g, =" hW(S+im, z, t)=h,
4,=GK h+GK, F,+GK,h,,
4, =G;L h+G,L, Fi + Gy Ly hy + G, L, b,
4, =G,L, i, +GN, h + G,N, h,
qs = G5B hy+ G, P, Fi+ Gs P, by + G5 P, b,
q, =GB h+G,0 h +G,0, h,
q, =Gl b, +Gyl, F + Gy b,
95 =G K ¥, +GK, [, +G K, ys,
9, =G Ly, +GL, /,+GL vy, +G,L, v,
%0 = GL Y, +GN, y, + G, N, s,
4, =GPY,+G.P, ,+GPy, +G.Py,,
9, =GRy, +GO v, +G Oy,
9 = Gl s + Gy, f; + Gyl yr,

2
— ‘B
G, =— Gr’G2=Rﬂ f’G3=Gr1,
B-1 B-1 B-1
G _GrB; __GrB G :S(:k—é,g
Yp-1T 7 Se-10 % Se—1
B
7=_Gr3’G8= Gm,
Sc—1 Sc—1
1 1 1
KIZ_GZ 9K2_EaK3=G2 s
2 2 2
_[(BtG) L 1 _ 1
1 Bzz G22 o BzG2’ : Bzz(Bz_Gz)’ ) Gzz(Bz_Gz)’
_ 1 _ 1
1 Bz(Bz_Gz)’ ’ Gz(Bz_Gz)’
B, +G, 1 1 1
1= 7| p2 2 |27 s B== 2 T, >
BZG6 Bst Bz(Bz_Gs) Gs(Bz_Gs)
1 1
0= 0, = ,
1 BZ(BZ_GG) ’ Gé(B2_G6)
Ilz_Lz’Iz:L:Q: 12 :
Gs 6 GG
h=e"hE+im, z, 1), h=h(, z, 1),
hy=e “WE-G,, z, 1), h,=e™hE-B,, 2, 1),
hS = e_thh(é:_Gﬁa Za t)) WS = e_GZtl//(ﬂa Rﬂ_Gza Za t)n

wo=¢“y(Sc, k-G, z,t), F =F( z,1).



374
EEJP. 2 (2025) Dibya Jyoti Saikia, et al.

3.1. Solution for skin friction
The following procedure, in accordance with Newton's law of viscosity, can be used to estimate the viscous drag
per unit area at the plate.

T'=—pu— = = | ==
H 0z oz' H ? 9z 9z vV oz

' ' 2
aq} =_ﬂU08q£ U qu(Uoz ]=_,UU0 B_q
0z' |, 1%

The skin friction coefficient at the plate is defined as

T= 4 ) = —a—q:‘
/'on aZ z=0
Vv

=_%} +%} ﬁ&} +%} +%} +%} ﬁ&}
oz |, 9z, 9z, 9z ], 0z |, 0z ., 9z |,

_%} _%} _%} _%} _%} _aq_w}
oz |, 0z, 0z |, 9z ], Oz |, Oz FO’

ie
T=-h,+(DK, +G,L, +G,L,+G,R) h, +(D,K;+G,L, + G,N,) I, +
(G,Ly+ GuN, + G P, + G,0)) 1y +(GsP, + G0, + Gyl I +
(Dle +G3L2 +G5P2 +G812) Fl _(GIKI +G1L1 +G4Lz) Ql -
(G3L3 + G4N1)Qz _(Gspl + G7P2 + GSII) Qs - (24)
(G5P3 + G7Q1)Q4 _(G1K3 + G3L4 + G4Nz) Q5 -
(G5P4 + G7Q2 + G8[3) Q6 _(Gle + GaLz) (%3
(GsP, +Gil,) ¢,
Where,
i, :ﬁ} =" W& +im, 1), hzzaﬁ} =n(¢, 1),
aZ z=0 aZ z=0
0 h
h} = _hS:I - e’GZ‘ h(f_ G27 t)a h4 :a_4:| - eiBZ[ h(é:_BZJ t)a
aZ z=0 aZ z=0
I _
his :%} = h(é:_Gaa 1), Q, :% = Q(ﬂ, Rﬂ, 1),
Z z=0 aZ z=0
0= | _ oo RE-B 1, 0.=2Y| —Q(se k1),
0z 1., 0z |,
aW4 ] —B,t al/lz 1 ~G,t
Q,=—4| =e®'QSc, k-B,,1), Q.=—2%| =% Q(B, RE-G,, 1),
dz |, oz |,
Q= aaﬁ =e "' Q(Se, k=G, 1), @, = %} =@(B. R, 1),
z z=0 aZ z=0
e) oF
(2 =£:| = ¢)(SC, k» t)» F] =_1:| = F(g’ t)
aZ 2=0 aZ z=0

3.2. Sherwood number
The Sherwood number, which pertains to the rate of mass transfer at the plate, is computed using Fick's diffusion
law. The following approach can be employed to find the mass flux M,, from the plate at z'=0:

M =-D E_ __DMUO(C'W_C"”)%
" Moz, v oz ﬁ)’

Thus, the coefficient of rate of mass transfer at the plate is,

M. 00 | aq af}
Sh= » =—o-| s Sh=-0m| =—2h = =S k1),
DMU()(C’W_C"’") aZ-z=0 aZ z=0 aZ z=0 q)l q)( ‘ )
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3.3. Solution for Nusselt number
Estimating and comprehending the rate of heat transfer at the plate is crucial in estimating the Nusselt number. This
includes computing the ratio of convective to conductive heat transfer in the fluid across the boundary. Fourier's law of
conduction is utilized to calculate the heat flux Q' from the plate at z'=0 to the fluid.

' KU (T" -T'.
0= a_T} __MU,(T,-T.)ar|

' = g
oz' |, 1% oz | _

0

The coefficient of rate of heat transfer at the plate is,

Ny—__ Vo _ 08
kU (T',-T'.) oz

:| =(1_BIA1)¢2+BlA1¢3_D191+D292+D193_D294-
z=0
4. RESULTS AND DISCUSSION
A comprehensive investigation is performed to quantitatively determine primary fluid velocity (u), secondary fluid
velocity (v), temperature (), concentration (@), rate of heat transfer (Nu), and mass transfer (Sh) to enhance the

comprehension of the fluid flow phenomena. In this research endeavor, Prandtl number (Pr) and Schmidt number (Sc) are
deliberately chosen to be 0.71 and 0.22, respectively, to match the properties of dry air and hydrogen at a standard pressure
of 1 atmosphere. To preserve uniformity and enable comparison analysis, the variables t and R are continually assigned a
fixed value of 1.2 and 1 throughout the inquiry.

Figures 2-3 demonstrate how the Schmidt number (Sc) and chemical reaction parameter (k) affect fluid
concentration. Figure 2 depicts a drop in fluid concentration as the Schmidt number increases. This discovery is consistent
with scientific principles, as a higher Schmidt number correlates to reduced molecule diffusivity, which accelerates
concentration decline in the boundary layer.

1.2

0.8

0.8

Se=0.22, 1=1.2

04f E| 0.4

0.2 E| 02

Figure 2. Concentration pattern versus distinct Sc Figure 3. Concentration pattern versus distinct k

Figure 3 depicts the effect of chemical reactions on concentration patterns, exhibiting a decreasing fluid
concentration as the chemical reaction parameter (k) climbs. This is due to the physical phenomena in which a rise in k
causes a denser fluid, resulting in a declined concentration pattern.

115

Pr=0.71, Sc=0.22, Du=1, k=2,t=1.5

Figure 4. Temperature pattern versus distinct Du Figure 5. Temperature pattern versus distinct R

Figures 4-6 depict the temperature patterns as the Dufour number (Du), radiation parameter (R) and dimensionless
time (t) are varied while the other parameters remain constant. As apparent in Figure 4, raising Du causes a boost in
temperature (8 ). This is due to the increased heat flux caused by the concentration gradient, which results in increased
thermal stimulation in the fluid. Figure 5 shows the effect of the radiation parameter (R) on the temperature profile,
indicating a considerable fall in fluid temperature as the radiation parameter increases. This discovery is related to



376
EEJP. 2 (2025) Dibya Jyoti Saikia, et al.

radiation's inhibitory effect on energy transfer to the fluid, resulting in lower temperatures. Figure 6 depicts the progressive
rise in fluid temperature as dimensionless time (t) advances. Figures 7—8 showcase how the magnetic parameter (M)
affects the primary velocity profile (u) and secondary velocity profile (v).

wi—7/2, Se—0.22. Pr—(.71. Gr—3. Gm—5.
R—1, K—0.5, Du=0.2, k=2, t—1.2

wt=m/2. Se=0.22, Pr=0.71. Gr=3, Gm=5, 1
R=1, K=0.5, Du=0.2, k=2, i=1.2 wr=m/2, Sc=0.22, Pr=0.71. Gr=3, Gm=5,
R=1, M=0.5, Du=0.2, k=2, r=1.2

= 0.6

04

0.2

Figure 8. Secondary velocity pattern (v) versus distinct M Figure 9. Primary velocity pattern (u) versus distinct K

A rise in the magnetic parameter (M) is accompanied by a decline in the velocity components u and v in both
visualizations. The interaction of the magnetic field and the magnetic parameter (M) produces the Lorentz force, a
magnetic body force that obstructs the velocity field. As a result, the fluid's mobility is restricted and slowed. Figures 9
and 10 show how the fluid velocity components u and v change as the permeability parameter (K) changes.

25 : r : . . - : r T 09
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wi=m72, 5 71, Gr=3, Gm=35,
R=1, 1

e R=1, K=0.5, M=0.5, k=2,
M=0.5, Du=0.2, k=2, 1=/.2
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Figure 10. Secondary velocity pattern (v) versus distinct K Figure 11. Primary velocity pattern (u) versus distinct Du

These graphs show that an increase in the permeability parameter (K) corresponds to an increase in the velocity
components u and v. Significantly, as the permeability parameter (K) upsurges, the resistance of the flow medium reduces,
resulting in quicker fluid motion in accordance with physics principles.

The relation between the velocity components u and v and the Dufour number (Du) is demonstrated in Figure 11-12.
Both velocity components hike as the Dufour number (Du) grows. This discovery suggests that the fluid's velocity is
accelerated as a result of the combined action of the diffusion-thermo effect and thermal buoyancy force. Physically, these
factors contribute to the rise in velocity of the fluid observed in the data.

Figures 13-16 demonstrate the impact of thermal Grashof number (Gr) and solutal Grashof number (Gm) on primary
and secondary velocity patterns. These graphs, spanning from 13 to 16, indicate that enhancing the thermal and solutal
Grashof numbers coincides with a considerable rise in the velocity components u and v. The elevated values of Gr and
Gm indicate a strengthened presence of thermal and solutal buoyancy forces near the plate, resulting in a notable
acceleration of fluid motion. These empirical findings support the notion that changes in Gr and Gm have a direct effect
on the fluid dynamics in the experimental setup.
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Figure 16. Secondary velocity pattern (v) versus distinct Gm Figure 17. Primary velocity pattern (u) versus distinct R

Figures 17—18 demonstrate the influence of radiation parameter R on the velocity components u and v. Specifically,
an increment in the parameter R corresponds to a decrease in the primary velocity component u, whereas it leads to a hike
in the secondary velocity component v. Analysis of Figure 19 reveals that an elevation in the oscillation frequency ( w? )
is associated with a reduction in the primary fluid velocity u. In contrast, Figure 20 depicts contrasting results, indicating
an augmentation in the secondary fluid velocity under the same conditions. These experimental findings provide valuable
insights into the impact of radiation parameter R and oscillation frequency (w?) upon the current flow problem,
contributing to a comprehensive understanding of the observed phenomena.

Pr—0.71, Se=0.22, Du—0.2, R—1, M=0.5, K-0.3, [|
Gr=3, Gm=5, k=2, (=1.2

Figure 18. Secondary velocity pattern (v) versus distinct R Figure 19. Primary velocity pattern (u) versus distinct w¢
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Figure 20. Secondary velocity pattern (v) versus distinct @¢

The Figures 21-24 depict the relationship between skin friction (7 ) and the non-dimensional parameters Du, Gr,
Gm, and R. Figures 21-23 show that elevating the Dufour number (Du), solutal Grashof number (Gr), and thermal
Grashof number (Gm) enhances skin friction. Figure 24, on the other hand, shows that as the radiation parameter (R)
grows, skin friction diminishes. These findings demonstrate that these non-dimensional parameters have a major impact
on the skin friction phenomena, providing useful insights into the fluid flow behaviour in the investigated system.
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Figure 23. Skin friction (7 ) vs distinct Gm Figure 24. Skin friction (7 ) vs distinct R

Surface charts are an effective visualization method for depicting the relationship between a dependent variable and
two independent variables in 3D-format, allowing for a more comprehensive understanding of the data rather than
individual data points. Figures 25-29 show surface plots of the Nusselt number (Nu) and Sherwood number (Sh) for
various flow parameters. The Nusselt and Sherwood numbers are plotted along the z-axis, while the non-dimensional
parameters Du, Pr, R, Sc, and k are plotted along the y-axis.

Figure 25 reveals that boosting the Dufour number (Du) and non-dimensional time (t) diminishes the heat transfer
rate (Nu). Figure 26, on the other hand, exhibits the effect of the Prandtl number (Pr) on the Nusselt number. The heat
transmission rate (Nu) declines as the Prandtl number and duration (t) rise.

Figure 27 illustrates that the rate of heat transfer (Nu) improves as the radiation parameter R and non-dimensional
time (t) increase. Furthermore, both surface plots in Figures 28-29 show a significant corelation between the Sherwood
number, the Schmidt number (Sc), and the chemical reaction parameter (k). As the Schmidt number and the chemical
reaction parameter grow, so does the Sherwood number, which represents the mass transfer rate.
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™

Figure 25. Nu versus Du and t Figure 26. Nu versus Pr and t

Figure 28. Sh versus Sc and t

. Figure 29. Sh versus k and t

5. CONCLUSIONS
This study examines the impact of diffusion-thermo on the flow characteristics of MHD free convection through a
porous medium past an infinitely oscillating vertical plate, taking into account thermal radiation and chemical reaction.
The investigation considers a viscous, incompressible fluid with optical properties as an optically thin grey gas, exhibiting
both absorbs and emits radiation. The study yields the following key findings:

e  With the increase of Dufour number, the momentum boundary layer becomes thicker significantly. As a result,
it accelerates the flow.

e Higher mass diffusivity hikes the concentration field and a faster chemical reaction consumes chemical
substances present in the fluid rapidly and as a result fluid concentration decline.

e  The primary fluid velocity declines with rising radiation parameter R, while the secondary velocity profile shows
the opposite trend, with an overall augmentation.
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e  An clevated radiation parameter R leads to a diminish in temperature patterns, while fluid temperature rises with
higher Dufour number (Du) values. A hike in the Dufour number indicates a comprehensive rise in concentration
gradient over temperature gradient. Hence increment of concentration gradient hikes the fluid temperature.

e Increased contributions of the Dufour number (Du), solutal Grashof number (Gr) and thermal Grashof number
(Gm) result in increased skin friction. However, the radiation parameter R has a contrary effect, causing a decline
in skin friction.

e The rates of heat transfer (Nu) decrease due to the effects of Dufour number (Du) and Prandtl number (Pr).
Conversely, rates of heat transfer (Nu) accelerate when radiation parameter R hikes.

e The rate of mass transfer (Sh) increases with higher values of the chemical reaction parameter (k) and Schmidt
number (Sc), respectively.

Nomenclature

Du Dufour number Gr thermal Grashof number
D,, molecular diffusivity T' fluid temperature
k chemical reaction parameter Gm solutal Grashof number

j current density vector V' secondary fluid velocity in y' direction
C'. concentration in the free stream U, characteristic plate velocity
Cp specific heat at constant pressure u' primary fluid velocity in x' direction
c', concentration at the wall Greek Symbols
T, temperature at the wall 14 kinematic viscosity
C, concentration susceptibility o Stefan-Boltzman constant
T'. temperature at the free stream s coefficient of volumetric expansion
M magnetic parameter E coefficient of solutal expansion
q'. radiating heat flux K thermal conductivity
C' species concentration P fluid density
K' permeability of porous medium Subscript
Sc Schmidt number w wall conditions
a' absorption co-efficient of the medium o free stream conditions
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OCHOBHa MeTa I[OTO JOCIIKCHHS MOJATae B JOCTIKCHHI BIUTUBY Iu(dy3il-TepMO Ha XapaKTepUCTHKU MOTOKy MIJI mpupoaHoi
KOHBEKLIT 4epe3 NPOHHKHE CEPEIOBHUILE TOB3 OS3KiHEUHO OCIMIIIOIYY BEPTHKAIIBbHY IIACTHHY, BPAXOBYIOUHM XIMIYHY peakiiiio Ta
eexTH TeroBoro BumpoMiHioBaHHS. [linxix meperBopenHs Jlamnaca BUKOPUCTOBYETHCS Uil BHPIMICHHS KEPiBHUX PIBHSIHB IS
PiBHSHHS Oe3MepepBHOCTI BUIIB, CHEPTii Ta iMITy/bCcy. Pe3ynbraTi MOJeOBaHHS TOKA3yIOTh, 110 TEIUIOBE BUITPOMIHIOBAHHS 301IIbIIy€E
NIePBUHHY MIBUAKICTH PiIMHHU, OJHOYACHO 3MCHIIYIOYH BTOPHHHY MIBUAKICTH pimuHu. Kpim Toro, 36inpmenns yucia dodypa (Du)
TIPU3BOAUTE 0 OUIBII BUCOKHUX TEMIIEPATypPHHUX IIOJIB, @ TAKOXK JI0 30UIBIICHHS IEPBUHHOI Ta BTOPUHHOI IIBHAKOCTEH pianHu. Takox
nudy3iiiHO-TepMalbHUH e(DeKT CHpHsE MONINIIEHHIO TeMIepaTypHoro mnoisi. OTpUMaHO PIBHSHHS LIKIPHOTO TEPTS, SIKE ITOKAa3aHO
rpadivno. [y nemoncrpaii uncen Hyccensra ta lllepByna BUKOPHCTOBYIOTECS TPUBUMIPHI Tpadiku moBepxHi. KpiM Toro, rpadiuni
300pakeHHs] BUKOPHCTOBYIOTHCS JIsl 300pa)K€HHsI BIUIMBY 0e3po3MipHHX (JaKTOpiB Ha KOHIIEHTpALIO, TEeMIEepaTypy Ta MoJemi
IIBUIKOCTI.

Ku1rouoBi ciioBa: ginbHa koneekyis; nopucme cepedosuuye; OUPy3itlHo-mepmanrbHull, XiMivHa peaxyis, menioge 6UNPOMIiHIO8aAHHS
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In the current paper, a comprehensive examination is carried out to investigate heat transmission under the influence of several factors that
include magnetic field, moving lid, porous medium, and joule heating within a lid-driven cavity (LDC). The cavity features a moving lid,
vertical walls with thermally insulated boundaries, and horizontal walls kept at uniform temperatures 7 (bottom) and 7 (top). The objective
of the study is to analyze mixed convective heat transfer behavior of the system using contour plots to visualize the flow and thermal
pattern under the various considered parameters: Richardson numbers (0.01 < Ri < 10), and Joule heating parameters (0 < J < 107),
Hartmann numbers (0 < Ha < 30), and Darcy numbers (0.001 < Da < 0.1). The lattice Boltzmann method (LBM) is applied to employ the
governing transport equations. The Joule heating effects are critical in systems where internal heat generation must be controlled, such as
in electrical systems or battery cooling, where resistive heating may either aid or hinder the desired thermal dynamics.

Keywords: Lattice Boltzmann method (LBM); Lid-driven Cavity; Magnetohydrodynamics, Mixed convection; Joule heating; Porous
medium

PACS: 44.05.te, 47.11.-j, 41.20.—q, 47.15.Rq, 47.65.-d, 47.55.pb, 44.30.+v

1. INTRODUCTION

Convective heat transfer has been the focus of extensive research by scientists and engineers seeking fluids with
enhanced thermophysical properties. Recent studies have concentrated on innovative techniques to improve heat transfer
systems, with the development of nanofluids emerging as a pivotal strategy. Nanofluids are fluids that contain suspended
nanoparticles smaller than 100 nanometres, which contribute to several advantageous characteristics, such as increased
thermal conductivity and stability, as well as improved heat transfer capabilities compared to traditional fluids.
Addressing the issue of overheating during operation is crucial, as it can significantly shorten the lifespan of modern
electronic devices and, in extreme cases, lead to system failures. Therefore, implementing effective heat transfer solutions
to efficiently dissipate excess heat from these devices is vital. Nanofluids show great promise as coolants and Fluids used
for heat transfer in various electronic applications, featuring computer chips, LED lights, and solar cells, ultimately
enhancing their performance and reliability.

One of the significant areas of study has been the influence of magnetic fields on mixed convection in enclosures.
Turabi and Munir [1] conducted CFD simulations to inspect the effects of magnetohydrodynamics (MHD) on combined
convection of thermal flow in a LDC equipped with cylinder using Casson fluid. As a result of their study the application
of a field of magnetism suppresses convective currents due to the Lorentz forces reduce the rate of motion due to their
generation in heat transfer efficiency. Similarly, as a result of Oztop and Dagtekin's [2] study, mixed convection occurred
in an enclosure driven by both sides of the cavity under differential heating and found that Richardson and Hartmann
numbers play crucial roles in controlling the fluid flow structure and thermal distribution. In a more advanced study, the
study was reported by Parveen et al. [3] investigated magnetohydrodynamic (MHD) mixed thermal flow within an oblique
wavy enclosure packed with ferrofluid under lid-driven conditions, incorporating heat generation and absorption effects.
Their findings indicated that wavy geometries enhance thermal mixing, but stronger magnetic fields dampen convective
currents, leading to a decline in heat transfer. Further insights into the impact of strong magnetic fields were provided by
Zikanov et al. [4], who examined mixed convection in duct and pipe flows, highlighting turbulence suppression and
reduced convective heat transfer under intense MHD conditions.

The effect of nanofluids in mixed convection systems has also been extensively studied to leverage their superior
thermal conductivity properties. Devi et al. [5] conducted an insightful exploration of thermal flow behavior within an
enclosure. Their study examines the influence of applied magnetic field and the presence of a heated square blockage,
contributing valuable knowledge to the field. Their numerical simulations revealed that the buoyancy ratio and
nanoparticle volume fraction significantly affect the heat and mass transfer characteristics. Mondal et al. [6] explored
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similar phenomena in a trapezoidal enclosure and emphasized the role of heat generation and absorption in modulating
temperature gradients. In another study, Parveen and Mahapatra [7] examined entropy generation in a nanofluid-filled
curved chamber, demonstrating that increasing the magnetic field strength suppresses convective currents, resulting in
higher thermal irreversibility. Yu et al. [8] extended this research by incorporating Buongiorno’s nanofluid model to
analyze the effects of Brownian motion and thermophoresis on heat transfer in an inclined lid-driven cavity, concluding
that these mechanisms enhance thermal conductivity but alter velocity profiles in complex ways. Mahmood and Khan [9]
further contributed by assessing the Darcy-Forchheimer effect in mixed convection of nanofluids, showing that
nanoparticle aggregation leads to significant changes in flow stability and heat transfer performance.

Geometrical modifications and internal obstructions in LDC’s have been another focus area. Munshi et al. [ 10] analyzed
mixed convection within square cavity containing elliptic heated blocks with corner heaters, observing that heat sources at
the corners create asymmetric flow patterns that influence convective heat transport. Similarly, Sivasankaran etal. [11]
studied forced convection in an oblique LDC with partially heated elements, reporting that inclination angles significantly
impact fluid circulation and overall heat dissipation rates. Khanafer and Chamkha [12] inspected combined convection in a
porous LDC, concluding that permeability parameters, such as the Darcy number, govern the dominance of either conduction
or convection-driven heat transfer. Additionally, Munshi et al. [13] focused on Mixed convection within a square enclosure
containing a porous medium and featuring pairs of heat sources and sinks, demonstrating that the arrangement of heat sources
strongly affects temperature distribution and vortex formation within the cavity.

Several recent studies have focused on advancing numerical methodologies to Make the computations more accurate
and efficient of mixed convection simulations. Nawaz et al. [14] explore an analysis of Williamson non-Newtonian
nanofluid flow over oscillatory sheets using a two-stage multi-step numerical technique, achieving improved convergence
and stability. Qaiser et al. [15] performed a numerical assessment of Walters-B nanofluid over a elongating sheet
incorporating Newtonian heating and mass transfer, utilizing finite difference methods to obtain precise predictions of
temperature and velocity fields. These advancements in numerical techniques play a crucial role in solving complex mixed
convection problems, particularly in configurations involving nanofluids, MHD, and non-Newtonian fluids. The transient
behavior of MHD convection has been significantly enhanced through the contributions of various researchers.
Sheremet et al. [16] utilized finite element techniques to analyze time-dependent flows, highlighting the crucial role of
computational precision in accurately capturing dynamic phenomena, particularly in the context of geothermal viscosity.
Building on this, Alam et al. [17] effectively applied the Finite Element Method to investigate MHD natural convection,
demonstrating the method's capability in managing complex geometries and heat sources on base walls.
Geridonmez et al. [18] made valuable contributions by examining mixed thermal flow in a driven cavity influenced by a
partial magnetic field, thus enriching the understanding of cavity flows in the presence of combined convection fields.
Furthermore, Suchana et al. [19] explored the effects of Lorentz force and non-uniform thermal conditions on convection
in trapezoidal enclosures, employing FEM to shed light on these interactions. Mohan et al. [20] analyzed double-diffusive
convection in porous cavities under MHD effects using an FVM approach, further expanding the field's knowledge base.
Additionally, Bakar et al. [21] and Moria [22] have investigated specific configurations, such as inclined magnetic fields
and heat-generating blocks respectively, which contributed to a deeper understanding of unique cavity designs.
Meanwhile, researchers like Wang et al. [23] and Nee [24] have adopted spectral methods and hybrid FDM-LBM
techniques to improve computational accuracy in modeling MHD convection, demonstrating a collaborative effort to
advance the field comprehensively.

The extensive research into MHD convection in porous cavities provides valuable insights into the complex
interactions among magnetic fields, the properties of porous media, and boundary conditions that influence heat transfer.
The application of advanced numerical techniques such as FEM, LBM, FVM, and hybrid approaches has significantly
improved the accuracy and relevance of these studies. This progress offers a deeper understanding of transient, steady-
state, and double-diffusive behaviours in various configurations. Nonetheless, there are promising opportunities for
further exploration. In particular, more comprehensive studies that integrate Joule heating effects, hydro-magnetic mixed
convection, and porous medium interactions under realistic boundary and operational conditions are needed. Investigating
the effects of internal heat generation due to Joule heating, alongside the complex dynamics of buoyancy-driven
convection, forced convection, and magnetic fields, presents a crucial area for future research. Moreover, while the Lattice
Boltzmann Method has demonstrated its effectiveness across numerous studies, its application in simulating multi-physics
scenarios remains underexplored. To bridge these gaps, the current study intends to utilize Thermal Lattice Boltzmann
simulations to examine hydro-magnetic mixed convective transport phenomena in a square cavity filled with a porous
medium and subjected to an inclined magnetic field. The configuration involves air-filled cavities that are with heat
applied to the lower side and cooling on the upper side, with Joule heating effects incorporated. This research aims to
enhance our understanding of the intricate interactions between magnetic and thermal forces, ultimately contributing to
the optimization of thermal management systems.

Research Gaps and Motivation for The Current Study
Despite extensive research on MHD mixed convection in porous enclosures, several critical gaps remain in
understanding the complex interactions between magnetic fields, porous media, lid-driven forces, and Joule heating
effects:
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e  The combined effects of Joule heating, inclined magnetic fields, and lid-driven forces in a porous enclosure have not
been fully explored.

e  Existing studies (e.g., [4, 7, 15]) have investigated entropy generation and thermal transport in nanofluid-based MHD
systems but overlooked Joule heating effects.

e  Existing studies on nanofluid convection focus primarily on Brownian motion and thermophoresis, with limited
investigations into electromagnetic heating effects.

e  While some studies (e.g., [14]) have explored LBM for nanofluid convection, its application to MHD mixed
convection with Joule heating and porous media interactions remains limited.

e  While LBM has demonstrated effectiveness in modelling MHD flows, its potential for simulating Joule heating-
driven mixed convection remains underutilized.

To address these gaps, the present study focuses on Thermal Lattice Boltzmann simulation of hydro-magnetic mixed
convective transport phenomena in a square cavity filled with a porous medium, subjected to an inclined magnetic field.
The bottom-heated and top-cooled configuration is chosen to mimic practical thermal management scenarios, while Joule
heating effects are incorporated to analyze their impact on heat and fluid transport.

3. MATHEMATICAL FORMULATION

The computational model of the lid-driven square cavity, as illustrated in Figure 1, presents an intriguing study of fluid
dynamics. This cavity, characterized by equal height and width (H), features a top boundary sustained at a fixed temperature
(T,.) while moving to the right at a steady velocity (Uy). The bottom boundary is kept at a constant elevated temperature (T},),
while the vertical side boundaries are thermally insulated to maintain heat distribution within the system. To enhance the
practicality of numerical simulations, several assumptions have been implemented. The fluid flow within the cavity is
analyzed as a two-dimensional, laminar, and incompressible flow. Additionally, an inclined field of magnetism (B, ) is
imposed across the cavity, complemented by a downward gravitational force (g). This model innovatively utilizes a lid-
driven cavity with permeable characteristics, treating it as an isotropic and homogeneous porous medium. This medium is
defined by constant permeability and porosity, allowing for uniform fluid passage through it. The thermal gradients present
across the cavity walls result in density differentials that, along with the lid motion, facilitate the fluid movement within the
cavity. The operational effectiveness of the permeable zone is governed by the principle of local thermal equilibrium, a
critical condition for its functionality. Furthermore, under the Boussinesq approximation, the analysis intentionally excludes
factors such as radiation, viscous dissipation and internal heat generation as a joule heating.

T'="T, a=U,7=0
S>> S>> > > S>> >

Figure 1. Physical model of the geometry

3. LATTICE BOLTZMANN METHOD

The Lattice Boltzmann Method (LBM) offers a highly versatile and efficient framework for simulating fluid
dynamics and related phenomena. Its mesoscopic approach, coupled with computational efficiency and adaptability,
positions it as a preferred option for a wide range of scientific and engineering applications. Among the various collision
operators available in LBM, the BGK (Bhatnagar-Gross-Krook) model is particularly noteworthy for its simplicity and
extensive use in the field. When applied to a D2Q9 lattice—a two-dimensional grid comprising nine discrete velocity
directions—the BGK model serves as a solid foundation for fluid dynamics simulations in two dimensions. This method
effectively balances computational efficiency with accuracy, making it a valuable tool for researchers and engineers
engaged in two-dimensional fluid dynamics studies. The flow field and distribution function of the SRT (single relaxation
time) model within the BGK LBM, especially when incorporating external forces, can be articulated as follows [25-27]:
f and g, refers for the flow and temperature fields of distribution functions, respectively

f,.(x+c,.Az,z+Az)=ﬁ(x,z)—i(ﬁ(x,z)—ﬁq(x,t))+AtE., (1
T

/

g (x+cAnt+At) =g (x,t) L (g,. (x,t)—g (x,t)) +S., )
T
g
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the local equilibrium particle distribution function for flow and temperature are calculated from Egs. (3) and (4).

PR I PO R >
c 2c 2¢

g" = W,-T{Hiz(é’,-'u)} : “
C

The D2Q9 model is utilized in this study for analyzing flow and temperature; The lattice weights are calculated as follows;

‘i
9
1.
w =9—,i=12,3,4 (5
9
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The discrete velocities are obtained from the eq. (6).
0 i=0

¢ = (am{a_:)”},ﬁn{u_:)ﬂ}] i=1,2,3,4 6)

Ax .
Here ¢ = A is the lattice speed.

macroscopic pressure is determined for incompressible fluid flow by

2

P=pc,(c = %) ™)
The single relaxation times are given by
[ 1l
v=|7,——|¢ At and o =| T, ——|c At ®)
2 2
The external body force with LBM as
F=w.F. L )
CS

2
c .
The value ¢} = 3 Joule heating acts as an external source term:

S; = w;oB¢v? | F,=w,.F (10)

F=Fx+Fy

Fx:—wk9p%u+3wk,0A(vsin/1005/1—usin2 2), (11)
Fy :—wk9p%v+3w,€,0(gﬂ(T—TC)+A(usinﬂwosft—vcos2 /1))

Here A = Ha? # and K = DaM?
Finally, Macroscopic variables are expressed as:

p=3/f (12)

i
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pu=> fi¢ (13)
T=3g, (14)

3.1 Method of mixed convection
The Mach number is considered as 0.1for this simulation. Since, the Mach number for the incompressible flow is
Ma <0.3.
By taking the Mach number, Prandtl number, thermal Grashof number and the thermal diffusivity are employed
from definition of:

szMaMc. (15)

JGr

.. . . 1
The speed of the lattice is constant and it considered as ¢ = ﬁ .
The condition for the lid-driven speed is utilized the following:
_Rev
Ak
Table 1. The analysis of Grid independence for Y,;,, and Nu, at Pr = 0.71,Re = 100, Ri = 1, and Ha = 0,] = 0.

U, (16)

Grid size | Y min | % Error Nu, % Error
41x41 0.5992 ——-- 3.1214 -

41x41 0.8430 0.4124 3.0030 0.03793
81x81 1.0580 0.2551 2.9342 0.02291
101x101 1.2491 0.1806 2.8910 0.01472
121x121 1.4196 0.1365 2.8636 0.00948

Table 2. Average Nusselt Number Comparison for a Mixed convection in a Lid-Driven Cavity at Gr = 100 and Pr=0.71.

Re Ri Tiwari and Das [28] Iwatsuetal. [29] Present
100 0.01 2.10 1.94 2.09

400 0.00062  3.85 3.84 4.0808
1000 0.0001 6.33 6.33 6.5469

3.2. Boundary Conditions
Solid (or no slip) walls are considered bounce-back boundary conditions. At the top boundary, the particle
distributions are considered as follows:

py=— (St 4 2+ o+ 1))

I1+v,

2
Jo=1s _gpNvN
(17)

1 1 1
fr=75 +5(f1 _fs)_gpNVN _EpNuN

1 1 1
Js =7 +5(f1 _f;)_gpNvN +EION”N

u and v refer horizontal and vertical velocity on the north (top) boundary, respectively.
The adiabatic wall (East and West), bounce back boundary conditions are used. Temperature at bottom and top walls
are known in the bottom wall, 7 =7, . Since we are using D2Q9, the unknowns are computed as follows.

&, =(Th—Tc)(Wz+W4)—g4
g5=(7’,,—7:,)(w5+w7)—g7 (18)

g =(T, = T.) (ws + ) — g
In terms of the local Nusselt number and the average value on hot wall, they can be calculated as follows:

_Lor
u=— 3 (19)
Nug =7 [ Nudx (20)

Finally, the stream function can be defined in a manner consistent with its standard definition, as outlined below:
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_w
u=gv=—o 2D

The value of the stream function (y) on all boundary walls is considered as zero.

3.3. Grid Independence and Validation of LBM

Table 2 presents the results of the grid independence test conducted across various grid sizes: 41x41, 61x61, 81x81,
101x101, and 121x121. The computational grids were systematically refined and optimized to achieve an accurate
discretization of the governing equations within the examination domain. Upon analysis, no significant differences were
observed between the grid sizes, particularly between the 101x101 and 121x121 configurations. As a result, the 101x101
grid size was chosen for the simulations. This decision aligns with the findings of Moallemi and Jang [30], underscoring
the importance of conducting a grid independence test to ensure numerical stability and solution accuracy. By minimizing
discretization errors, we can effectively capture critical flow and thermal characteristics in our simulations.
The Thermal LBM used in this study has been effectively validated through simulations of lid-driven mixed convection
heat transfer at a Reynolds number Re=1000, Pr = 0.1, and Ri = 0.01. As illustrated in Figure 2, the streamline and
isotherm patterns derived from the LBM simulation reveal a high degree of alignment with the findings of Moallemi and
Jang [30]. This strong correlation highlights the accuracy of the flow structures and thermal distributions captured within
LDC. Such validation not only supports the reliability of the numerical method used but also sets a solid foundation for
further investigations into hydro-magnetic mixed convection in porous cavities, particularly under varying thermal
conditions and influences including inclined magnetic fields and Joule heating.

— )

0
0 0.1 02 03 04 05 06 07 08 09 1

A\;.;"q 00 0.1 0.2 0.3 04 05 0.6 0.7 08 09 1
Moallemi et al. [30] Present (LBM)

Figure 2. Comparison results of flow patterns and thermal contours of present and Moallemi et al. [30]

4. RESULTS AND DISCUSSION

This section introduces the graphic diagrams of the simulations concerning the heat and fluid flows of mixed
convective flowing in a LDC saturated with porous medium in presence of inclined field of magnetism and joule heating.
The density gradients inside the enclosure cause buoyancy forces, leading to the production of streamlines, heatlines, and
isotherms. The study investigates the influence of various ranges of involved factors such as Richardson numbers (0.1 <
Ri < 10), inclination angle (0 < A < 180°), Darcy number (0.001 < Da < 0.1), Hartmann number (0 < Ha <
30) and Joule heating parameters (0 <J < 107%). The Pr = 0.71 and Re = 100, are kept constant.
Figure 3 presents the influence of the Ri on the flow and thermal structures within the square cavity. As Ri varies from
0.01 to 10, a clear transition from forced convection to natural convection is observed. At lower Ri values (0.01 and 0.1),
inertial forces dominate over buoyancy effects, resulting in strong recirculatory motions and skewed streamlines. The
corresponding isotherms exhibit substantial distortion, indicating vigorous convective heat transfer. As Ri increases to
1.0, buoyancy and inertia attain comparative magnitudes, generating more symmetric vortex structures with moderated
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thermal gradients. At the highest Ri value considered (Ri = 10), buoyancy forces clearly prevail, leading to weakened
circulatory motion and vertically stratified isotherms. The thermal field under these conditions is predominantly governed
by conduction, with minimal convective mixing, illustrating the classical characteristics of natural convection dominance.

Ri=0.01

Ri=0.1

10

Ri=

Figure 3. The behavior of streamlines and temperature distribution contour plots for diverse Ri values with fixed Re = 100, J =
1x1075 ,Ha=2,Da=0.1, A=7/4.

Figure 4 demonstrates the suppressive effect of a magnetic field on the convective flow, illustrated through
increasing Hartmann numbers (Ha = 0, 10, 20, 30). In the case Ha = 0, the flow exhibits strong circulation cells, and
isotherms show significant distortion due to the active convective transport of heat. Higher Ha values amplify the Lorentz
force due to magnetic field-fluid interactions, exerting a decelerating effect. This is evident at Ha = 10 and more
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prominently at Ha =20, where the streamlines become compressed and vortex strength diminishes. At Ha= 30, convective
motion is substantially suppressed, and the isotherms tend to align horizontally, marking a shift towards conduction-
dominated heat transfer. These results clearly highlight the magnetic field's ability to regulate convective strength and
control thermal gradients within the cavity.
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Figure 4. The behavior of streamlines and temperature distribution contour plots for diverse Ha values with fixed Ri = 1, Re = 100,
J=1x%x107% Da=0.1, A=7x/4.

Figure 5 explores the effect of varying the permeability parameter (Da) to assess how the porous medium's
permeability influences the transport characteristics. For an effectively non-porous cavity (Da = o), the fluid moves freely,
yielding strong convection currents and highly perturbed isotherms. As Da is decreased to 0.1 and 0.01, the permeability
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of the porous matrix diminishes, increasing the flow resistance. This attenuation in fluid motion results in weaker vortices
and a noticeable reduction in isothermal curvature, signifying a gradual suppression of convective heat transport. When
Da reaches 0.001, the medium becomes nearly impermeable, and the streamlines collapse into stagnant zones. The
isotherms exhibit vertical alignment, characteristic of purely conductive regimes. The observed transition underscores the
critical role of porous media in modulating convective intensity and controlling heat flow pathways.
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Figure 5. The behavior of streamlines and temperature distribution contour plots for diverse Da values with fixed Ri = 1, Re = 100,
J=1x10"% Ha=20, A=7x/4.

Figure 6 focuses on the impact of the Joule heating parameter (J) on the flow dynamics and temperature distribution.
At J = 0, the cavity is unaffected by internal heat generation, and the flow field is governed by buoyancy and inertial
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forces alone. The resulting streamline pattern exhibits moderate vortices, and the isotherms reflect smooth, convective
bending. As J increases to 0.01 and 0.03, resistive (ohmic) heating due to electromagnetic effects becomes significant.
The added thermal energy intensifies buoyancy-driven forces, leading to enhanced vortex strength and increasingly non-
uniform isotherm distributions. At J = 0.05, the convective motion becomes even more vigorous, with pronounced
distortion in both flow and temperature fields. This escalation of thermal gradients and circulatory activity demonstrates
how Joule heating amplifies heat transfer mechanisms by injecting energy directly into the fluid domain, thereby
intensifying the hydrothermal interaction under electromagnetic influence.

0.01

J =

J1=0.03

08

07

06

05

J1=0.05

04

03

02

0.1

0 . . 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Figure 6. The behavior of streamlines and temperature distribution contour plots for diverse J values with fixed Re = 100, Da = 0.1,
Ha=2,Ri=1.0, A=7x/4.
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Figure 7 depicts how the average Nusselt number (Nu,) varies with the Hartmann number (Ha) across three distinct
Richardson numbers (Ri = 0.1, 1.0, and 10.0). This figure encapsulates the combined effect of magnetic field intensity
and buoyancy-to-inertia ratio on thermal transport in the cavity. For all Ri values, it is evident that Nu, decreases
monotonically with increasing Ha, which indicates a progressive suppression of convective heat transfer by the magnetic
field. At Ri = 10.0, where buoyancy dominates, Nu, starts at a significantly higher value (~4.5) and drops steeply as Ha
increases, demonstrating that the magnetic damping effect is especially potent when natural convection is dominant. This
steep reduction in Nu, can be attributed to the Lorentz force, which opposes the fluid motion and suppresses thermal
plumes that enhance heat transfer in buoyancy-driven flows. For intermediate buoyancy influence (Ri = 1.0), Nu, also
declines with Ha, but the gradient is less severe, reflecting a balance between inertial and buoyancy effects, and a
moderated sensitivity to magnetic suppression. At low Ri (0.1), the system is primarily governed by forced convection,
and the Nu, values remain relatively low across all Ha. The impact of increasing Ha under such conditions is more
subdued, as the flow is already mechanically driven and less susceptible to Lorentz-induced resistance. The convergence
of Nu, values across different Ri levels at high Ha (>25) suggests that, under strong magnetic fields, conduction becomes
the dominant mode of heat transfer, regardless of the initial convective regime.

5r
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Figure 7. Average Nusselt number (Nu,, ) variation with Hartmann number (Ha) with distinct Richardson numbers (Ri).

Figure 8 illustrates the variation Nu, with respect to the Joule heating parameter (J) for three distinct Ri (Ri = 0.1,
1.0, and 10.0). The results clearly demonstrate a significant decline in Nu, as J increases, indicating the pronounced
influence of resistive (Joule) heating on thermal transport within the cavity. Joule heating acts as an internal volumetric
heat source, which leads to temperature homogenization and subsequently diminishes the temperature gradients that drive
convective heat transfer.

45
—6—Ri=01
4l —6—Ri=10
Ri=100

Nu

-0.5

J
Figure 8. Average Nusselt number (Nu, ) variation with Joule heating parameter (J) with various Richardson numbers (Ri)

For Ri =10.0, where buoyancy-driven natural convection dominates, the initial Nu, is notably high (~4.5). However,
a sharp decline is observed as J increases, with Nu, approaching zero at J = 0.05. This underscores the suppressive effect
of Joule heating on buoyancy-induced circulation, where thermal diffusion overtakes convective mechanisms. In the case
of Ri = 1.0, representing a mixed convection regime, the decrease in Nu, with increasing J is more gradual, reflecting a
competitive balance between forced and natural convection effects being gradually overpowered by Joule heating. For Ri
= 0.1, indicative of forced convection dominance, the Nu, values are the lowest across the board, and exhibit a near-linear
decline with J. Notably, at J = 0.05, the Nu, values for Ri = 0.1 and Ri = 10.0 converge near zero, implying that under
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strong internal heating, the nature of convection—whether forced or natural—becomes irrelevant, as conduction becomes
the dominant mode of heat transfer. The results collectively reveal that Joule heating can significantly deteriorate
convective efficiency, especially in thermally buoyant regimes, due to the suppression of temperature gradients and flow
circulation.

Figure 9 presents the variation of the average Nusselt number Nu, with respect to the inclination angle A of the
applied magnetic field for three different Richardson numbers: Ri=0.1 (forced convection dominant), Ri=1 (mixed
convection), and Ri=10 (natural convection dominant). It is observed that for all values of Ri, the average Nusselt number
remains nearly constant as A increases from 0 to /2. This indicates that the inclination of the non-uniform magnetic field
has a minimal impact on the overall heat transfer in the cavity. In particular, the Nu, values are highest for Ri=10,
signifying that natural convection significantly enhances heat transfer independent of the magnetic field’s positional
alignment. For Ri=0.1, the values of Nu, are lower, as expected due to the reduced influence of buoyancy, and they too
show minimal variation with A. The negligible slope in each curve suggests that the reorientation of the Lorentz force has
little effect on disrupting or altering the thermal boundary layer development and flow structure. This behavior implies
that the damping effect imposed by the magnetic field is primarily governed by its magnitude and spatial variation rather
than its directional alignment. Therefore, in uniform magnetic strength, altering its inclination angle does not significantly
affect convective heat transfer in the cavity under mixed convection conditions.
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Figure 9. Influence of inclination angle (1) of magnetic force on average Nusselt number (Nu,) for different Richardson numbers (Ri)

5. FINAL REMARKS
The study of hydro-magnetic mixed convective transport phenomena in a 2D square cavity, incorporating Joule
heating effects and porous media, reveals several critical insights into the underlying physics and parameter interactions.

By using the lattice Boltzmann method to simulate fluid dynamics, the study explores the coupling between thermal, flow,

and magnetic forces under various dimensionless parameters such as Reynolds number (Re), Hartmann number (Ha),

Darcy number (Da), Richardson number (Ri), and the Joule heating parameter (J). The key conclusions are summarized

as follows:

e Increasing Ha significantly suppresses fluid motion due to enhanced Lorentz force, which dampens convection and
shifts the heat transfer mechanism towards conduction. A higher Ha consistently leads to a lower average Nusselt
number.

e  As the Hartmann number (Ha) increases from 2 to 30, a significant reduction in fluid circulation is observed. For
instance, at Ha = 30, streamlines become nearly parallel, indicating a 70-80% suppression in convective motion
compared to Ha = 0, leading to more uniform isotherms and reduced thermal transport.

e Atlow Ri (e.g., 0.01), forced convection dominates, allowing stronger thermal mixing. As Ri increases, buoyancy
becomes more influential, but it is also more susceptible to suppression by magnetic fields and Joule heating.

e Anincrease in J introduces greater internal heat generation, which intensifies local thermal gradients. However, this
effect also increases entropy generation, thereby reducing the overall heat transfer efficiency, especially in buoyancy-
driven flows.

e  With increasing Joule heating parameter J from 0 to 0.05, internal energy generation enhances local temperature
gradients. The peak Nusselt number increases by up to 25%, but spatial uniformity of heat transfer degrades,
indicating thermal instability and less efficient global heat transport.

e  High Da enables strong convection, producing pronounced vortices and thermal mixing, while, Lower Da reduces
permeability, constraining fluid motion. At very low Da, conduction dominates, as indicated by vertical isotherms
and diminished flow patterns.

e  Changes in the inclination angle of the non-uniform magnetic field (A) have a relatively minor influence on the
overall heat transfer rate, suggesting that the direction of the magnetic field is less critical than its magnitude.
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e  The highest average Nusselt number is recorded under low Ha (2), low J (0), high Ri (10), and high Da ()
conditions—signifying strong convective transport. Conversely, Ha = 30, J = 0.05, and Da = 0.001 result in a
conduction-dominant regime with significantly reduced heat transfer efficiency.

Limitation.

Some constraints of this examination include that the considered numerical model is based on idealized conditions and may not
accurately reflect real-world variability.

Future Research Directions:

The study opens several avenues for future research, particularly in exploring the effects of variable properties such as temperature-
dependent viscosity and thermal conductivity, as well as more complex boundary conditions. Additionally, the use of the lattice

Boltzmann method provides a valuable framework for extending these investigations to more realistic geometries and larger-scale
systems, including those involving non-Newtonian fluids and multi-phase flow.
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Notation
Roman
B Magnetic field intensity [Tesla]
¢ = 0x/0t streaming speed for LBM code.

C, = c/\/g speed of the sound in the fluid flow field for LBM code

e velocity in the D2Q9 lattice for the discrete type

g Acceleration due to gravity [m/s’]

L Width and height of square enclosure [m]

Nu Nusselt number [-]

p Dimensional pressure [Pa]

T Dimensional temperature [K]

t Time (s)

u,7, Dimensional velocity components in X,y — coordinates [m/s]
Wi weighting coefficients.

Xy, Dimensional coordinates [m]

o Thermal diffusivity [m*/s]

p Thermal expansion coefficient [K']
U Dynamic viscosity [kg/(ms)]

v Kinematic viscosity [m?/s]

P Density of base fluid (water) [kg/m’]
A Magnetic field inclination angle
Key parameter

Pr Prandtl number (Pr=v/ )

Da Darcy number ( Da = K/H?* )

Gr Grashof number (Gr = gB(T, -T.)H’ Jv )

Ha Hartmann number ( Ha = LBO\/O'/—,U )

J Joule magnetic parameter ( J = gﬂLHaz/(cha) )
Ri Richardson number ( Ri = Gr/Re’)
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BIIJIUB I’KOYJIEBOT'O HATPIBAHHSI TA I'TIPOMATHITHUX E®EKTIB HA 3SMIIIAHY KOHBEKIIIO
B HOPUCTIA MOPOKHUHI 3 BUKOPUCTAHHAM METOIY BOJBIIMAHA 3 IT'PATKOIO
C. Benkara Jlakmmi?, Anypanxa Apasanawii?, K. Benkaraapi®, O. Ausap Ber¢, B. Pamauanapa Ipacan?
“Kageopa npuxnaonoi mamemamuxu, LLpi Ilaomasami Maxina Biweagiovsanasm, Tipynami, Anoxpa-Ilpadews - 517502, Inois
bKagpeopa mamemamuxu, Yuieepcumem Moxana Baby (konuwniti inoicenepruii koneoaic Ipi Bidvanixeman),
Tipynami, Anoxpa-Ilpadews - 517 102, Inoisn
“I'pyna bazamoizuunux ingcenepnux nayk, Aeponasmuxa/Mawunobyoyeanns, Yuisepcumem Congopoa, Jlabopamopis kopos3ii,
3-08, 6yoiens SEE, Manuecmep, M54WT, Benuxa bpumanis
dKageopa mamemamuxu, Illkona nepedosux nayx, Texuonoziunuii incmumym Bennop, Bennop, Tamin Hady 632014, Indisa

V wiit cTaTTi NIPOBOAUTHCS KOMIUIEKCHE JOCIIDKSHHsI TeIuIonepe/iadi MmiJ BIUTMBOM KiTbKOX ()aKTOpiB, BKIIOYAIOYM MAarHiTHE IOJe,
PYXOMY KPHIIIKY, HOPHCTE CEPEIOBHUILE Ta JUKOY/IEBE HarpiBaHHs B HOpoxkHUHI 3 Kpuikoto (LDC). I[ToposkHHHA Ma€e pyXOMY KPHILKY,
BEPTUKAJIBHI CTIHKH 3 TEIUIO130JIbOBAHIMHU MEXaMH Ta TOPU3OHTANBHI CTIHKH, IO MiATPUMYIOTHCS TP PIBHOMIPHUX TeMIIEpaTypax
Th (BHm3Y) Ta Tc (Bropi). MeToro HOCHIiIKeHHS € aHaIi3 MOBEAIHKY 3MiIIaHOI KOHBEKTUBHOI TeIIoNepenadi CHCTEMH 3a IOTIOMOTOI0
KOHTYpPHUX JiarpaM Ui Bi3yaii3amii MOTOKy Ta TEIUIOBOI KapTHHM 3a PI3HHX PO3NISTHYTHX IapaMeTpiB: umcia Pidapncona
(0,01 <Ri < 10) Ta mapamerpu mxoynese HarpiBauus (0 < J < 107%), uncna ['aptmana (0 < Ha < 30) ta uncna Hapci (0,001 <Da<0,1).
Jlnst BUKOpPHCTaHHS OCHOBHHMX DIBHSIHB IIEPEHOCY 3aCTOCOBYEThCs MeTon Ipardactoro Bomsumana (LBM). Edextn mxoyneBoi
TepMiYHOi 0OpPOOKH € KPUTHYHO BOKIMBHMH B CHCTEMaXx, Jie HEOOXiTHO KOHTPOJIIOBATH BHYTPIIIHE TEIUIOyTBOPEHHSI, HAIIPUKIIAL, B
CNIEKTPUYHUX CUCTEMaxX ab0 OXOJOKEHHI aKyMYISITOPIB, A€ PE3UCTHBHA TepMiyHa 00pOOKa MOXeE SIK CIIPUSITH, TaK 1 MepeIIKoKaTH
OaxaHii TemI0Bil AMHAMILI.

KurouoBi cioBa: memoo Bornvymana 3 tpamxoio (LBM); noposchuna 3 Kpuwikorw; MacHimo2iopoOuHamixa, 3miliaHa KOHEeKyYis,
0orcoynesa mepmiuHa 06pobxa; nopucme cepedosuuye
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This study investigates the development of advanced protein-based drug delivery systems for doxorubicin (DOX) by integrating
lysozyme into albumin-based carriers, incorporating both radionuclide (technetium-99m complexes) and fluorescence (near-infrared
dyes) imaging modalities. Utilizing molecular docking simulations, we examined the binding affinities and sites of technetium-99m
complexes and near-infrared fluorescent dyes within these hybrid protein systems. The results demonstrate that the incorporation of
lysozyme significantly modulates the binding landscape, enhancing the specificity and stability of technetium complexes and
fluorescent dyes. Notably, the binding affinities of indocyanine green were markedly higher in lysozyme-containing systems,
suggesting improved imaging capabilities. Additionally, our analysis revealed distinct binding sites for doxorubicin in the presence of
different technetium complexes, which could influence drug release and therapeutic efficacy. These findings support the potential of
albumin-lysozyme hybrid systems as nanocarriers with dual imaging capabilities for DOX delivery, offering a promising approach to
enhance therapeutic efficacy while reducing systemic toxicity in anticancer treatment and contributing to the design of more
sophisticated and targeted delivery platforms for cancer therapy.

Keywords: Protein-based drug delivery nanosystems; Human serum albumin; Lysozyme; Doxorubicin; Technetium complexes; Near
infrared dyes; Molecular docking

PACS: 87.14.C++c, 87.16.Dg

The development of multifunctional effective drug delivery systems remains a critical challenge in modern
oncology, where the need for improved therapeutic efficacy must be balanced against the risk of systemic toxicity,
particularly for potent but toxic agents like doxorubicin (DOX). Protein-based carriers have emerged as promising
platforms due to their intrinsic biocompatibility, structural versatility, and capacity for targeted drug transport [1,2]. These
characteristics enable precise control over drug pharmacokinetics and biodistribution while allowing for the incorporation
of imaging agents that facilitate real-time monitoring of drug delivery. Among the various proteins explored for this
purpose, human serum albumin (HSA) has been extensively studied for its ability to enhance drug solubility, prolong
circulation time, and promote tumor accumulation through passive targeting mechanisms [3]. Our previous works
established transferrin-albumin hybrids as effective DOX delivery vehicles with integrated imaging capabilities [4,5].
However, lysosomal entrapment and extracellular matrix viscosity may limit the translational potential of such systems
in hypoxic solid tumors [6,7]. In response to these potential clinical challenges, we are compelled to explore alternative
protein combinations that can overcome these barriers, and in the present contribution we introduce lysozyme (Lz),
cationic, membrane-permeabilizing protein with inherent glycosidase activity [8,9], as a strategic partner to HSA in
designing the next-generation theranostic platforms. Unlike transferrin receptor-mediated targeting, lysozyme confers
unique advantages through pH-dependent structural reconfiguration and enzymatic degradation of bacterial cell wall
analogs, a property exploitable in tumor microenvironments enriched with peptidoglycan-mimetic glycoproteins. Using
computational modeling approaches, this study aims to characterize the molecular interactions between DOX, albumin,
and lysozyme to assess the structural and energetic factors influencing drug loading and stability. Additionally, we explore
the potential of these hybrid protein carriers for applications in multimodal imaging, where the incorporation of
radiopharmaceutical and fluorescent labels could provide new opportunities for non-invasive tracking of drug
biodistribution.

METHODS
Dimeric conformation of human serum albumin (HSA) (PDB ID: 1A0O6) was selected as the principal constituent
of the constructed protein-based drug delivery systems (PDDS). For PDDS formulation, twelve radiopharmaceuticals
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based on technetium-99m (TCC) were selected [4,5]: [**"Tc]Te-Sestamibi (T¢SES), [*™Tc¢]Tc-Tetrofosmin (TcTET),
[*"Tc]Tc-Medronate (TcMED), [*™Tc]Tc-dimercaptosuccinic acid (TcDMSA), [*™Tc]Tec-
diethylenetriaminepentaacetate (TcDTPA), [**"Tc]Tc-mercaptoacetyltriglycine (TeMAG), Pertechnetate [*™Tc¢]TcO4
(TcPER), [*"Tc]Tc-Exametazime (TcEXA), [*"Tc]Te-diisopropyl iminodiacetic acid (TcDIS), [**"Tc]Tc-ethylene
cysteine dimer (TcECD), [*™Tc]Tc-hydrazinonicotinic acid-H6F (TcHYN), and [**"Tc]Tc-Mebrofenin (TcMEB). To
enable multimodal imaging with both radionuclide and optical tracking capabilities, these [*™Tc] complexes were
combined with four near-infrared (NIR) fluorescent dyes: Methylene Blue (MB), Indocyanine Green (IG), cyanine AK7-
5, and squaraine SQ1. Molecular docking analyses were conducted using the HDOCK server to determine the optimal
binding sites for technetium-labeled agents, DOX, and fluorescent dyes in HSA-Lz protein assemblies. Prior to docking,
molecular dynamics (MD) simulations of 1 ns were performed to refine the structures of HSA dimers and their complexes
with lysozyme (Lz). Ligand structures were created in MarvinSketch (version 18.10.0) and underwent geometry
optimization using Avogadro (version 1.1.0). The best docking conformations were visualized with UCSF Chimera
(version 1.14) and analyzed via the Protein-Ligand Interaction Profiler [10].

RESULTS AND DISCUSSION

Our previous studies have explored the potential of albumin-based drug delivery systems for doxorubicin (DOX) with
integrated radionuclide and fluorescence imaging modalities [4,5]. Specifically, our first work demonstrated that human
serum albumin (HSA) can serve as an effective carrier for DOX, forming stable complexes with technetium-99m-based
radiopharmaceuticals and near-infrared fluorescent (NIR) dyes. Molecular docking and molecular dynamics simulations
revealed that these multimodal nanocarriers exhibit strong binding affinities and structural stability, supporting their potential
use in theranostic applications. Expanding on this approach, our second paper from this series introduced transferrin (TRF)
as an additional protein component, investigating its role in enhancing the targeting capabilities of albumin-based drug
delivery platforms. The findings indicated that HSA-TRF complexes maintain favorable interactions with TCC and
fluorescent dyes, highlighting their promise for improving the therapeutic efficacy and specificity of DOX delivery. The
present study focuses on drug delivery systems based on albumin and lysozyme, aiming to further refine the design of
protein-based carriers by evaluating their binding interactions and stability in multimodal imaging.

As illustrated in Fig. 1, left panel, the best docking scores (BDS) for TCC binding to the albumin-lysozyme
(HAS-Lz) complexes reveal a hierarchy of affinities: HSA + Lz - TcHYN > TcDIS > TcMEB > TcDTPA ~ TcTET ~
TcDMSA ~ TcSES ~ TcMED ~ TcECD ~ TcMAG ~ TcEXA > TcPER.

TcMEB \ TeMEB |

TCHYN TCHYN :
TeDTPA | TcDTPA

TcPER [ TcPER

TeDIS | TeDIS
TcDMSA | TcDMSA

TcECD \ TCECD ]:
TCEXA | TCEXA J
TcMAG | TcMAG E
FeHiED \ TCcMED E
TeTET \ TcTET { l
TeSES | TCSES,....,....,....,....,....,........,,,
© 25 200 as0 <00 80 = S0 G2 =20 SRl 2 g

Best docking score Change in the best docking score

Figure 1. Absolute values (left panel) and changes (right panel) in the best docking score values obtained for the TCC complexes
with HSA in the absence and presence of Lz

Interestingly, the BDS value for the HSA-Lz complex was estimated to be -205.2, corresponding to 71 interface
residues, involved into the complexation (Table 1). This indicates a strong interaction between HSA and Lz, suggesting
a potential stabilizing effect of Lz on the albumin structure and its ligand-binding properties. The formation of HSA-Lz
complexes resulted in a reconfiguration of the ligand binding domains, thereby modulating the binding affinity for specific
TCC molecules.

Table 1. Interfacial amino acids and interaction modes for TCC binding in albumin-lysozyme complexes

HSA-Lz-TCC interface residues
TCC Type of interactions
HSA Lz

TI_IR420B"‘; PRO421B; GLUSOSB, THRSOGB’

Hydrophobic
TcSES gﬁs“m’ gi%”“’ 1;555""3’]’}55 S128, LYSs3, TRP34, ARGyjs, GLN 23, TYR 24 interactions, hydrogen
516B» 520B» 523B» 524B» bonds

THR527B9 ALASZXB, GLUSSIB’ Pl_IESSlB
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HSA-Lz-TCC interface residues
TCC Type of interactions
HSA Lz
Hydrophobic
TcTET ASNioop, ARGi145, LEU 1158, GLU258, TRP34, ARGy5 interac{ions, hydrogen
GLUsy0s, ILEsy3, LY Ss248 bonds
GLUjs, ASN44, ASNyg, SERs;, ASPs;,
TcMED VAL1 16B GLng, ILEsg, ASNG(), TRP64, ALAmg, Hyd.rogen bonds
TRP99, VAL 10, ALA )
ASP107A3 ASPIOSA: ASNIO‘)A: ARG145A3
TcMAG HSD146A, PRO|47A, TYR14gA, LYSlgoA, Hydroger} bOndS, salt
ALA]g]A, SER]Q}A, ALA194A, ARG197A, brldges
GLU425A: ASN458A, GLN459A
LEUI 15A, VALI 16A5 ARGl 17A5 PROI 18A,
MET 231, PHE 344, LY S1374, TYR 384, Hydrophobic
TcEXA LEU 394, interactions, hydrogen
GLU 414, ILE 1424, ARGiysa, TYR 614, bonds
PHEIGSAa LEUISZA; ARGIS()A
I];EI[}JEHSB, 125(83117B9 TPIY{glmBy gESIZSBs Hydrophobic
TcECD 1348, 1378, 1388, 1418, ALA4, interactions, hydrogen
ILIE:MZB, TYRIGIB; LEUISZB, ASPISSB, bOndS Salt bridges
LEU185B: ARGIXéB ’
LEUIISA; VALllﬁA; ARG117A7 PROIISA;
METIZ}A, TYR138A1 ILEMZA; HSD14()A,
TcDMSA PHE 494, LEU) 542, PHE 574, TYR g1, Hydmgbel? db"“ds’ salt
LEU 524, LEU 554, ARGsga, ASPis7a, reses
GLYISQA; LYS19OA
Hydrophobic
TcDIS GLUsgss, HSDs 105, LY Ss245, THRs275 ARGs, LYS3;, TRPsy, TYRsg, GLN123, interactions, hydrogen
TYR24 .
bonds, salt bridges
TYR308, HSDg78, THR4s5, PHE 708,
TcPER GLY7;5, LEU7p, GLUys, ARGogp, Hydrogen bonds
ASN99B9 PHE]OZB
LEUI 15A, VALI 16A5 ARGl 17A5 PROI 18A,
TcDTPA MET123A, PHE134A, LEU135A, LYSl37A, Hydrogen bonds, salt
TYR138A, GLU141A, ILEMZA, TYR](,]A, bridges
LEUISZA, ARG]86A
GLU}SBA; LEU387A, ASN391A, LEU394A1
ALA406A: LEU407A: VAL4O9A9 ARG410A:
TCHYN TYRy11x. LYSutsr, LEUssor, LEUus, e o
SER489A> GLU492A1 LYSS41A1 GLU542B, ?
LYSS45A
THR42()B, PRO421B; ASN5035, GLU505B, HydrOphObiC
TcMEB THRsO(,B, HSD51(]B, LY5524B, THR527B, ARGS, LYSGS}_";‘RP%%’Y’.TI{YR:;S’ ARG“S’ interactions, hydrogen
GLUs315 123, 124 bonds, salt bridges

*_A and B denote monomer subunits of the HSA dimer

As illustrated in Fig. 1, right panel, the most pronounced changes in binding affinity were observed for TcMEB,
with a less pronounced effect for TcDTPA. This suggests that the presence of Lz may induce conformational perturbations
in HSA, exposing or altering binding sites that favor specific TCCs.

>

Figure 2. Structures of the most stable TCC complexes with HSA-Lz assemblies

The binding sites for TcMEB and TcDIS in the HSA-Lz complexes differ significantly from those on albumin alone,
involving residues from both HSA and Lz. Specifically, interaction domain involves GLUsgs, HSDs19, LY Ss24, THR 527 of
HSA and ARGs, LY S33, TRP34, TYR35, GLN 23, TYR 24 of Lz (Fig. 2). These findings imply that Lz may act as a structural
modulator of HSA, potentially facilitating cooperative binding interactions between the two proteins and their ligands.
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To further investigate the impact of Lz on drug delivery systems, we employed a multiple ligand docking approach
to explore ternary ((HSA/HSA-Lz)-TCC-DOX) and quaternary (protein-TCC-DOX-FD) protein-ligand systems. The
ternary systems were obtained by docking doxorubicin (DOX) to the best-score complexes of TCC with HSA and HSA-
Lz (Fig. 3).

(TeDMSA, TeDTPA
TeEXA)

C
DOX
(TeTET)

Figure 3. The highest affinity binding sites for DOX in the HSA-Lz-TCC systems

The following features of the ternary systems are worthy of mention: i) when the binding sites for TCC and DOX
on HSA do not overlap, DOX binds to a site within domain I of the HSA molecule, spanning 16 residues between PRO1 3
and ARG g6 (designated as site HSA3.156); i) when the binding sites overlap, as seen with TcMED, TcEXA, TcDMSA,
and TcDTPA, DOX binds to an alternative site on HSA that includes 23 amino acid residues between ASP197 and GLNyso;
iii) presence of Lz slightly enhances DOX binding affinity only in systems with TcTET and TcMED; iv) in systems
containing Lz, DOX binds to site HSA113-186 in the absence of TCC and with TcMAG, TcECD, TcDIS, TcPER,
TcHYN, and TcMEB. However, with other TCCs, the DOX binding site involves residues from both HSA and Lz. These
results suggest that Lz may have a stabilizing effect on specific DOX binding sites, possibly due to alterations in protein
conformational dynamics or indirect allosteric effects. The presence of Lz appears to promote a more defined and stable
binding environment for DOX in certain ternary complexes, potentially influencing drug release kinetics and
bioavailability. Further molecular dynamics simulations would be required to elucidate whether these observed changes
are due to direct electrostatic interactions, hydrogen bonding stabilization, or shifts in protein secondary structure upon
complex formation.

To achieve systems with dual imaging modalities, the best-score protein-TCC-DOX complexes were docked with
NIR fluorophores, including methylene blue (MB), indocyanine green (IG), heptamethine cyanine dye AK7-5, and
squaraine dye SQ1. Comparison of the docking results for quaternary systems (protein + TCC + DOX + FD) shows that
the affinities of the examined dyes for HSA/HSA-DOX decrease in the following order: IG (BDS = -207.2 / -190.3) >
SQ1 (BDS = -186.1 / -185.9) > AK7-5 (BDS = -162.4 / -162.9) > MB (BDS = -127.1 / -117.3). While the amino acid
composition of FD binding sites varies among different TCCs and protein components, key residues that predominantly
interact with FD can be identified. Notably, the albumin site spanning 12 residues between LEU;;5 and ARGjss (site
HSAu15.186) is the preferred site for MB binding in HSA-DOX, HSA-TCC-DOX, and HSA-Lz-DOX complexes. In
contrast, MB binding sites in HSA-Lz-TCC-DOX systems involve residues from both HSA and Lz (Table 2).

Table 2. The interface amino acid residues and the types of interactions involved in the binding of MB to HSA-Lz-TCC-DOX complexes

HSA-Lz-TCC- DOX-MB interface residues

LYSI37Aa TYR]}SA, GLUMIA, ILEMZA,
TYRIGlAg ARGIS()A

Complex Type of interactions
HSA LYS
LEUi1sa%, VALi16a; ARG1174, PRO113a,
HSA-Lz-MB VALiza, MET 234, ALA126a, PHE 344, Hydrophobic

interactions, n-stacking

GLUss, ASNy4, ASNys, ASPs3, GLNGs,

HSA-Lz-TcMED-DOX-MB

VALIIGB, ARGIHB, PR0118B

Hydrophobi
HSA-Lz-DOX-MB VAL, 8, ARG75, PRO) 55 ASNgo, ARGg,, TYRg, TRPg4, interacgonzpn?stfckin
ALA g5, TRPy0, VAL 39 ’ ¢
ARG 78, MET 235, PHE 34, LYS 378, Hydrophobic
HSA-Lz-TcSES-DOX-MB 2R Gl Usem B B lydrophobi
HSA-Lz-TcTET-DOX-MB THRy438, GLY 2458 LYSs I?Iﬁrrzlzzgﬁlsc
GLUss, ASNys, ASNyg, ASPs;, GLNsg, Hydrophobic

ASNg), ARGez, TYRg3, TRPgq,
ALA 08, TRP09, VAL 1o

interactions, n-stacking

HSA-Lz-TcMAG-DOX-MB

VALIIGB, ARGIHB, PR0118B

GLUss, ASNy4, ASNys, ASPs3, GLNGs,
ASNg), ARGez, TYRg3, TRPgq,
ALA;os, TRP;g9, VAL 10

Hydrophobic
interactions, n-stacking

HSA-Lz-TcEXA-DOX-MB

P1{0421B, HSDSIOB’ LYSSZ4B

Hydrophobic
interactions
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Complex

HSA-Lz-TCC- DOX-MB interface residues

HSA

LYS

Type of interactions

HSA-Lz-TcECD-DOX-MB

VAL116B7 ARGIHB, PROllBB

GLUss, ASNus, ASNys, ASPs3, GLNGg,
ASNg), ARGz, TYR3, TRPgq,
ALA 3, TRPg9, VAL 1o

Hydrophobic
interactions, n-stacking

HSA-Lz-TcDMSA-DOX-MB

VALIIGB, ARGIHB, PROIISB

GLUss, ASNus, ASNys, ASPs3, GLNGg,
ASNgo, ARGez, TYRg3, TRPgq,
ALA 3, TRPg9, VAL 1o

Hydrophobic
interactions, n-stacking

HSA-Lz-TcDIS-DOX-MB

VAL116B7 ARGIHB, PROllBB

GLUss, ASNu4, ASNys, ASPs3, GLNss,
ASNg), ARGez, TYRg3, TRPgq,
ALA 3, TRPg9, VAL 1o

Hydrophobic
interactions, m-stacking

HSA-Lz-TcPER-DOX-MB

VALIIGB, PROIISB

GLUss, ASNu4, ASNys, ASPs3, GLNss,
ASNgo, ARGez, TYRg3, TRPgq,
ALA 08, TRP09, VAL 1o

Hydrophobic
interactions, m-stacking

HSA-Lz-TcDTPA-DOX-MB PRO415, HSDs108, LY Ss248 i‘i‘i‘;‘;‘;ﬁgﬁ‘:
VAL 165, ARG 175, PRO) 155 GLUss, ASNys, ASNyg, ASPs3, GLNsg, Hydrophobic

HSA-Lz-TcHYN-DOX-MB

ASNgo, ARGez, TYRe3, TRPg4,
ALA1089 TRP]O‘); VALI]O

interactions, n-stacking

HSA-Lz-TcMEB-DOX-MB

VAL116B7 ARGIHB, PROllBB

GLUss, ASNu4, ASNys, ASPs3, GLNss,
ASNg, ARGez, TYRg3, TRPgq,
ALA 3, TRPg9, VAL 1o

Hydrophobic
interactions, m-stacking

*_A and B denote monomer subunits of the HSA dimer

A remarkable characteristic of the HSA binding sites for IG is the consistent presence of three identical amino acid
residues: ARGi14a, PRO421a (With the exception of the system involving TcEXA), and ILEs>34. In contrast, the IG binding
sites within HSA-Lz-TCC-DOX systems exhibit a higher degree of heterogeneity (Fig. 4). This observation suggests that Lz
may introduce variability in fluorophore binding preferences, possibly due to subtle changes in local electrostatic potential

or steric hindrance effects.

Figure 4. The most energetically favorable docking poses in the complexes HSA-Lz-TCC-DOX-1G
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Notably, IG binding affinities are markedly higher in Lz-containing systems compared to HSA alone. This enhanced
affinity could be attributed to the structural modifications induced by Lz, which may expose additional binding sites or
alter the electrostatic properties of the protein surface. The interaction of AK7-5 with HSA occurs through sites composed
of 18 (site HSA115-523) or 12 amino acid residues from albumin domains I and I1I, with the most pronounced increases
in binding affinity observed in the systems HSA-Lz-TcSES-DOX and HSA-Lz-TcTET-DOX. These findings highlight
the potential role of Lz in modulating fluorescence imaging properties within dual-modality drug delivery systems,
opening avenues for further optimization and experimental validation.

Our findings support the hypothesis that the incorporation of lysozyme into albumin-based drug delivery systems
can enhance the specificity and stability of TCC and NIR fluorophore binding. The observed changes in binding affinities
and sites may be attributed to the structural and electrostatic modifications induced by Lz, which could influence the
pharmacokinetics and targeting efficiency of these systems. Further experimental validation is necessary to confirm these
hypotheses and explore the potential therapeutic benefits of these hybrid systems. The molecular mechanisms underlying
these interactions may involve conformational changes in the protein structure upon complexation with Lz, which could
expose new binding sites or alter the accessibility of existing ones. Additionally, the electrostatic properties of the protein
surface may be modified, influencing the binding affinities of TCC and NIR fluorophores. These modifications could
enhance the stability and specificity of the delivery system, potentially improving its therapeutic efficacy and reducing
systemic toxicity.

CONCLUSIONS
Taken together, the results of this study suggest that Lz-containing drug delivery systems may offer enhanced
stability and altered binding characteristics for both radionuclide and fluorescent imaging agents. The cooperative
interactions observed between HSA and Lz could be further explored to develop novel multimodal nanocarriers with
improved pharmacokinetics and targeting capabilities. Future work should focus on molecular dynamics simulations and
experimental binding assays to validate the observed docking trends and assess the potential of these systems for clinical
translation.
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Jane nmociipkeHHsS MPUCBSYEHE PO3poOIi OLMKOBHX CHCTEM JOCTaBKH JKapChKUX 3aco0iB mius mokcopyOimmay (DOX) mumsixom
iHTerpamii jizomuMy B HOCII Ha OCHOBI anbOyMiHy, IO BKIIOYAIOTh SIK PaJiOHYKIIAHI (KOMIDIEKCH TeXHemi-99m), Tak i
¢nyopecuenTHi (6apBHUKY OJIMIKHBOTO iH(PPaIEpPBOHOIO JAiana3oHy) METOIH Bisyasisawii. BUKOPUCTOBYIOUH METO/ MOJICKYIIIPHOTO
JOKIHTY, OyJIO IOCIIUKEHO CIIOpiIHEHICTh 3B’SI3yBaHHS Ta CaWTH KOMIUIEKCIB TexHewilo-99m i dQuyopecneHTHHX OGapBHHKIB
6mmkHBOTO iH(pauepBOHOro Aiana3oHy B riOpuaHMX OiTKOBHMX cucTeMaX. Pe3ynbTaTd IEMOHCTPYIOTb, IO BKIOUCHHSI JI30LHMY
CYTTEBO MOMYJIIOE JaHAMA(T 3B’S3yBaHHS, MiJIBHITYIOUYN CHEMU(IYHICTS 1 CTaOLIbHICT KOMIUIEKCIB TEXHEIIIO Ta (IIyOPEeCIeHTHHX
GapBHUKIB. 30KpeMa, CIIOPIAHEHICTh 3B sI3yBaHHsI 1HAOLIAHIHY 3€JICHOr0 OyJia 3HaYHO BHIIOKO B CHCTEMaXx, L0 MICTATH JI30LUM, L0
CBIIYNTH MO MOKPAIIEHHS MOXIMBOCTEH Bisyanizamii. KpiM Toro, aHamni3 BUSBHB pi3HI caiiTh 3B’s3yBaHHS Ul JOKCOPYOIIMHY B
MIPUCYTHOCTI Pi3HUX KOMILJICKCIB TEXHEIIi10, [10 MOXKE BIUTHBATH HA BUBLIbHEHHS MpenapaTy Ta Horo TepaneBTudHy eheKTuBHiCTb. LIi
pe3yIbTaTH IMiATBEPIKYIOTh TOTCHIAN TiOPUAHUX CUCTEM AITBOYMIH-TI30IMM SIK HAHOHOCIIB 13 MOABIMHUMH MOKJIMBOCTSMH
Bisyamizawii i moctaBku DOX, NpomoHyoo4YM MHEPCHEKTUBHUEA MIiAXi[ OO IMiJBHILNEHHS TEPaneBTHYHOI e(PEeKTHBHOCTI HpPHU
OJTHOYaCHOMY 3HIDKCHHI CHCTEMHOI TOKCHYHOCTI B MPOTHPAKOBOMY JIIKyBaHHI Ta CIIPHUSIOUN PO3poOLi OLIBII CKIAMHUX 1 HUIBOBUX
1atopM JOCTABKHU JUIS TepaIlii paky.

KuouoBi cioBa: wanocucmemu oocmaeku aiKkie HA OCHOGI OLIKI8;, NIOOCHKULL CUPOBAMKOBULL ANbOYMIH, NI30YuM, OOKCOPYOIYUuH,
KOMMIEKCU MeXHeYit0; IHPpaiepeoni 6apeHuKu, MOJIEKYIAPHUL OOKIHE
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The rational design of technetium-99m (**™Tc)-based radiopharmaceuticals requires a nuanced understanding of how physicochemical
properties influence in vivo behavior and molecular interactions. In this study, we employed an integrated in silico framework to
characterize ten clinically relevant ®™Tc-labeled tracers using ADMET prediction, molecular docking with functional proteins
(albumin, insulin, lysozyme), and multivariate statistical analysis. The results revealed that polarity, hydrogen bonding capacity, and
molecular flexibility critically govern both pharmacokinetic properties and protein-binding profiles. Tracers such as TcSES and TcTET,
with low topological polar surface area and minimal binding affinity, were associated with rapid clearance and are well suited for
dynamic imaging protocols. In contrast, compounds like TcDTPA and TcDIS demonstrated strong albumin interaction and metabolic
stability, supporting their use in delayed-phase imaging. TCHYN emerged as a unique tracer, exhibiting extreme polarity and
promiscuous high-affinity binding across multiple protein targets. Principal component analysis and hierarchical clustering grouped
tracers into functionally distinct categories, highlighting structure-dependent design trends. Collectively, these findings suggest that
combined ADMET-docking profiling offers a scalable strategy for preclinical evaluation and supports the development of safer, more
targeted **™Tc-based radiopharmaceuticals.

Keywords: Technetium-based radiotracers; Human serum albumin; Lysozyme, Insulin; Molecular docking;, SPECT imaging

PACS: 87.14.C++c, 87.16.Dg

Radiotracers based on technetium-99m (°*™Tc) remain at the forefront of diagnostic nuclear medicine, enabling non-
invasive visualization of physiological and pathological processes across a broad spectrum of clinical applications [1].
Their widespread use is underpinned by favorable nuclear properties, well-established radiochemistry, and ability to tailor
molecular structures for targeted imaging of specific organs and disease states. However, the continual evolution of
molecular imaging demands rigorous preclinical evaluation of new and existing radiotracers to optimize their
pharmacokinetic behavior, safety, and diagnostic efficacy. Along with high target specificity, the effective design of
radiopharmaceuticals necessitates optimal biodistribution, metabolic stability, minimal off-target toxicity, and favorable
protein-binding characteristics. In particular, interactions with transport and carrier proteins, such as serum albumin,
insulin, and lysozyme, can profoundly influence plasma retention, tissue delivery, and imaging contrast [2]. However,
systematic molecular-level comparisons across multiple *™Tc compounds are rarely undertaken, in part due to the cost
and complexity of experimental pharmacological profiling. In this context, in silico methodologies offer a compelling
alternative. In particular, advanced platforms such as ADMETIab 3.0 enable high-throughput prediction of absorption,
distribution, metabolism, excretion, and toxicity (ADMET) properties [3], while molecular docking allows for detailed
interrogation of tracer-protein interactions at atomic resolution. When used in concert, these tools provide a
multidimensional framework for evaluating the safety, efficacy, and mechanistic underpinnings of radiopharmaceuticals.
The present work is directed at comprehensive in silico characterization of clinically relevant *™Tc-based tracers,
integrating ADMET predictions with molecular docking against three functionally relevant proteins, human serum
albumin, insulin, and lysozyme. Our aim is to uncover structure-dependent trends in pharmacokinetics and binding
profiles, offering mechanistic insights that may guide future tracer design and optimization strategies.

METHODS

A representative set of ten clinically utilized technetium-99m (*™Tc)-based radiopharmaceuticals was selected to
capture structural diversity across approved diagnostic agents. The compounds analyzed included [**™Tc]Tc-Sestamibi
(TcSES), [®™Tc]Tc-Tetrofosmin  (TcTET), [*™Tc]Tc-Medronate (TcMED), [*™Tc]Tc-dimercaptosuccinic acid
(TcDMSA), [*"Tc]Tc-diethylenetriaminepentaacetate  (TcDTPA), [*™Tc]Tc-mercaptoacetyltriglycine (TcMAG),
[*™Tc]Te-diisopropyl iminodiacetic acid (TcDIS), [*™Tc]Tc-ethylene cysteine dimer (TcECD), [*™Tc]Tc-Mebrofenin
(TcMEB), and [*™Tc]Tc-hydrazinonicotinic acid conjugate-H6F (TcHYN). Physicochemical and pharmacokinetic
parameters were predicted using ADMETIab 3.0 (https://admetlab3.scbdd.com/), an integrated platform for the data-
driven prediction of ADME and toxicity profiles. Each compound was converted to a canonical SMILES representation

Cite as: V. Trusova, U. Malovytsia, P. Kuznietsov, I. Yakymenko, G. Gorbenko, East Eur. J. Phys. 2, 405 (2025), https://doi.org/10.26565/2312-4334-
2025-2-49
© V. Trusova, U. Malovytsia, P. Kuznietsov, I. Yakymenko, G. Gorbenko, 2025; CC BY 4.0 license
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and processed through the platform to retrieve a comprehensive panel of descriptors. Predicted parameters included
molecular weight, topological polar surface area (TPSA), partition coefficient (logP), hydrogen bond donors and
acceptors, number of rotatable bonds, and absorption-related features such as human intestinal absorption (HIA) and
Caco-2 permeability. Additional metrics included plasma protein binding (PPB), volume of distribution (VDss), blood-
brain barrier (BBB) penetration, hepatic microsomal stability (HLM), total plasma clearance (CL), and biological half-
life (T1). Toxicity endpoints, including AMES mutagenicity, hERG inhibition, drug-induced liver injury (DILI), skin
sensitization, and carcinogenicity, were also assessed. Three biologically relevant proteins, human serum albumin (PDB
ID 1A06), human insulin (PDB ID 4EYN), and human lysozyme (PDB ID 8§Y9W), were selected as docking targets to
evaluate potential interactions of *™Tc-tracers with endogenous carrier and regulatory proteins. Prior to docking, each
protein structure was subjected to 10 ns molecular dynamics relaxation using a standard explicit solvent protocol to ensure
conformational stabilization. Relaxation simulations were performed with position restraints applied to backbone atoms
and standard temperature and pressure conditions. Molecular docking simulations were performed using the HDOCK
server (https://hdock.phys.hust.edu.cn/) [4], a hybrid docking platform integrating template-based modeling and free
docking via a fast FFT-based algorithm. All ligands were submitted as energy-minimized structures. For each protein-
ligand pair, blind docking was conducted to explore global interaction surfaces.

RESULTS AND DISCUSSION
Due to the diversity of their chelating ligands and pharmacophore groups, TCC exhibit substantial chemical
heterogeneity. This complexity underlies their varying pharmacokinetics, biodistribution, and safety profiles. To
systematize this variability, we conducted a high-throughput computational analysis of ten clinically employed *™Tc-
labeled compounds using the ADMETIlab 3.0 platform, focusing on key descriptors of absorption, distribution,
metabolism, excretion, and toxicity (ADMET). The results are given in Table 1.

Table 1. ADMET properties of *™Tc-based radiopharmaceuticals

o a 2 < < a 0 z
2] = =) = & < E Q = >
Z 5 z | 8| 8 = 2 e Z g
= = & = & & = = = =
Mv‘il:igﬁlfr 113.08 | 38224 | 173.95 | 181.97 | 393.14 | 259.03 | 350.18 | 321.1 | 386.05 | 1252.6
TPSA 1359 | 3692 | 120.72 | 74.6 | 19622 | 133.64 | 10694 | 78.73 | 106.94 | 438.63
logP 1.084 | 2.179 | 2.092 04 0914 | 034 | 0055 | 1561 | -0.003 | 1334
Number of
Physicochemical | hydrogen bond 2 4 6 4 13 8 7 6 7 27
properties acceptors
Number of
hydrogen bond 0 0 2 2 5 0 3 1 3 16
donors
Number of
romatablo bonds 2 19 2 3 16 10 10 13 8 45
HIA 0.018 | 0.028 | 0964 | 0317 1 0.016 | 0.798 | 0.009 | 0.445 | 0.606
Absorption Caco-2. 4727 | -5.189 | -594 | -4.884 | 5195 | 4821 | 516 | -5542 | -5305 | -6215
permeability
P-gp substrate | 0.063_| 0.094 0 0.002 0 0.001 0 0 0 0.003
VDss 0115 | 0.028 | -026 | -0171 | -054 | -0413 | -0278 | 0.199 | 0.075 | -0.578
Distribution BBB 0285 | 0.096 0 0.001 0 0216 0 0 0 0
permeability
PPB 2795 | 12.97 | 12224 | 94.613 | 14.538 | 7.819 | 92.556 | 57.144 | 97.438 | 77.494
CYP2D6 0 0.38 0 0 0 0 0 0 0 0
inhibitor
Metabolism CYP3A4 0 0.408 0 0 0 0 0 0.59 0 0
inhibitor
HLM stability 0 0755 | 0.003 | 0286 | 0.077 | 0002 | 0953 | 0989 | 021 0
Excretion CL pasma 10213 | 8257 | 1518 | 1.953 | 1464 | 2.021 | 2.346 | 5.701 | 2.088 | 0.844
xerett Ti 1.739 | 0.797 | 2.224 1.97 1528 | 1.801 | 1.158 | 0.784 | 1264 | 1.563
AMES 1 0.023 | 0078 | 0332 | 0514 | 0782 | 0.149 | 0935 | 0.172 | 0.046
hERG 1 0728 | 0269 | 0.81 | 0.033 | 0.013 | 0.165 | 0.004 | 0.093 | 0.052
DILI 0.116 | 0.006 | 0467 | 0974 | 0331 | 0.779 | 0.142 1 0222 | 091
Toxicity Skin 1 0991 | 0997 | 0857 | 0774 1 0.951 1 098 | 0.557
sensitization
Carcm‘;gem““ 1 0409 | 0987 | 0009 | 0.138 | 0196 | 0853 | 0.032 | 0883 | 0574

As seen from this table, the examined TCC are characterized by a broad distribution in molecular weight (113.08-
1252.6 Da), topological polar surface area (TPSA 13.59-438.63 A?), and lipophilicity (logP; from -2.092 to 2.179). As
expected, two cationic, lipophilic agents used for myocardial perfusion imaging, TcSES and TcTET, exhibited low polarity
(TPSA < 40 A?), moderate lipophilicity, and minimal hydrogen bonding potential. These values align closely with their
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experimentally established passive membrane permeability and mitochondrial accumulation [5]. In contrast, highly polar
tracers such as TcDTPA and TcHYNIC demonstrated elevated TPSA and rotatable bond counts, aligning with their renal
clearance and low membrane permeability [6]. Predicted absorption characteristics were found to correlate also with the
reported clinical behavior of TCC. High human intestinal absorption (HIA > 0.75) was observed for TcDIS and TcMED,
the tracers previously evaluated for enteral administration under experimental protocols. In contrast, TCC with reduced
HIA and Caco-2 permeability (e.g., TCHYNIC, TcDTPA) are administered strictly via intravenous routes, consistent with
their poor predicted epithelial transport.

Analysis of the systemic distribution revealed general low tissue accumulation, as can be judged from the values of
VDss which are ranged from -0.578 to 0.199 L/kg. Notably, only TcSES and TcMAG exhibited predicted blood-brain
barrier (BBB) penetration probabilities above the threshold of 0.2, being in partial agreement with prior studies reporting
minimal but detectable cerebral uptake for lipophilic cationic complexes. Predicted plasma protein binding (PPB) was
also dependent in TCC chemical structure. Specifically, TcMEB, TcDIS and TcDMSA showed PPB > 90%, which is in
line with empirical data confirming strong affinity to serum albumin [7], whereas TcMAG and TcTET exhibited lower
predicted values (<15%), suggesting more rapid plasma clearance.

Predicted hepatic microsomal stability (HLM) also varied markedly across tracers. TcDIS and TcECD exhibited
high metabolic stability (HLM > 0.95), consistent with renal excretion, whereas TcSES and TcMAG showed minimal
stability, aligning with their known hepatobiliary clearance [8,9]. These metabolic trends were reflected in plasma
clearance values, with TcSES demonstrating the highest systemic turnover (10.2 mL/min/kg). All compounds exhibited
half-lives within the clinically favorable range (0.78-2.22 h), balancing imaging efficiency and radiation safety. TcTET
and TcECD showed the shortest predicted half-lives, supporting their utility in dynamic protocols. Toxicity predictions
revealed elevated hERG inhibition risk for TcSES and TcTET, likely due to their cationic lipophilicity and mitochondrial
affinity. TcECD and TcHYNIC were associated with high DILI risk, while TcMED and TcMEB showed increased
carcinogenicity potential. These findings warrant further in vivo validation, particularly for tracers considered for repeated
or high-dose use.

To explore molecular determinants of tracer-protein interactions, we next conducted docking simulations against
human serum albumin (HSA), lysozyme (HLz), and insulin (HIns). The best scored docking poses of the protein-TCC
complexes are presented in Fig. 1.

TeDIS
TeDMSA
)

HLZ TeECD

Hlns

TeMAG
TeMEB
TeDIS

TeDMSA
TeMED TeTET-_|

TeDTPA

Figure 1. Best docking poses of the protein-TCC complexes

The resulting interaction scores and interface maps revealed compound-specific trends in affinity, interaction types,
and binding site architecture (Tables 2-5). The analysis of the obtained data revealed marked differences in binding
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affinity, interaction type, and binding site localization. Accordingly, TCHYN exhibited the strongest affinity across all
targets (-249.5 for HSA, -194.8 for HLz, and -163.7 for Hlns), driven by its extended n-system, high polar surface area,
and flexible coordination geometry. TcDTPA and TcDIS also showed strong binding, particularly to albumin, reflecting
their polyanionic nature and multivalent hydrogen bonding. In contrast, TcSES and TcTET displayed weaker binding,
particularly to insulin, suggesting passive diffusion may be their dominant transport mechanism.

Table 2. Binding affinities of technetium-99m radiopharmaceuticals for functional proteins

TCC Albumin Lysozyme Insulin
TcSES -148.84 -138.37 -116.92
TcTET -141.24 -126.06 -121.66
TcMED -137.01 -133.67 -96.81
TcMAG -137.33 -127.38 -105.69
TcECD -137.71 -120.27 -99.43

TcDMSA -156.73 -132.46 -100.25

TcDIS -170.32 -162.07 -143.44
TcDTPA -182.8 -149.79 -129.09
TcHYN -249.51 -194.79 -163.74
TcMEB -159.93 -153.45 -137.67

Table 3. Interface residues in the complexes of technetium-99m radiopharmaceuticals with human serum albumin

TCC HSA-TCC interface residues Type of interactions
TYRis0a, GLU1s3a, PHE156a, PHE157a, ARG160a, GLU 1884,
TeSES ALA191a, SER1924, LY S195a, GLN196A, LY S199A, ARG2184, Hydrophobic interactions,
ARG2224, HSD2ssa, GLU2924, VAL293a, LY S436a, HSDa440a, hydrogen bonds
TYRa4s24
TeTET ASN1098, ARG114B, LEU1158, ARG1458, LY S1908, GLU4258, Hydrophobic interactions,
ARGu288, GLUs208, ILEs238 hydrogen bonds
LEUi15a, ARG117a, TYR1384, ILE1424, HSD146a, PHE 1494,
TcMED LEUis4a, PHE 574, TYR161a, LEU1824, ASP183a, LEU 854, Hydrogen bonds

ARGissa, ASP1s7a, GLY 1894, LY S190a
ASP107a, ASP10sa, ASN109a, ARG1a5a, HSD146a, PRO1474,
TcMAG TYRui48a, LYS190a, ALA191a, SER1934, ALA194A, ARG1974, Hydrogen bonds, salt bridges
GLUu425A, ASNasga, GLN4soa
LEUi11s8, ARG1178, PRO1188, MET1238, PHE 1348, LY S1378B,
TcECD TYRi3s8, GLU141B, ILE1428, TYR161B, LEU1828, ASP183B,
LEUissB, ARGissB

LEUi1sa, VAL116a, ARG117a, PRO118a, MET 123, TYR1384,

ILE142a, HSD146a, PHE149A, LEU154a, PHE 157, TYR1614,

Hydrophobic interactions,
hydrogen bonds, salt bridges

TeDMSA LEUis24, LEU18sa, ARGigsa, ASPig7a, GLU188a, GLY 1894, Hydrogen bonds, salt bridges
LYS190a
ASN109a, PRO110a, LEU112A, ARG114a, LEU115A, ARGl1454, Hydrophobic interactions
TcDIS HSD146a, ARGisea, LY S190a, PRO421a, GLU4254, GLUs204, yarop ’
hydrogen bonds
ILEs23a
LEU11sa, VAL116a, ARG1174, PRO118a, MET1234, PHE 1344,
TcDTPA LEUissa, LYS137a, TYR138a, GLU1414, ILE1424, TYR1614, Hydrogen bonds, salt bridges

LEUis24, ARGisea
GLUszs3a, LEU387a, ASN391a, LEU304A, LEU1074, VAL409a,
TcHYN ARGu10a, TYR411a, LEU430a, LEU453a, GLU4924, SER489A,
LYSs41a, GLUs424, LY Ss45a
GLUissB, LYS1958, TRP2148, ARG2188, GLN2218, ARG2228B,
TcMEB GLU292B, VAL2938, GLU294B, ASN29s5B, LY S4368, HSDa408,
LY Sa448, PROu4478, CY S4488, ALA4498, ASP4s18, TYR4s528

Hydrogen bonds, n-stacking,
salt bridges

Hydrophobic interactions,
hydrogen bonds, salt bridges

Table 4. Interface residues in the complexes of technetium-99m radiopharmaceuticals with human lysozyme

TCC HLz-TCC interface residues Type of interactions
TeSES ARGs CYS30 LYS33 TRP34 TYR3s ARGi15s CYSi16 ARG119 Hydrogen bonds, hydrophobic
ASPi120 VAL121 ARG122 GLN123 TYR124 interactions
TcTET TYRe3, VAL74, ASN75, ARGlo7 Hydrophobic interactions
TeMED GLUss ASN44 ASN46 SERs1 ASPs3 GLNss ILEso ASNeo ALA 108 Hydrogen bonds

TRP10o VAL110 ALA111

GLU35 ASN4s ASP49 SERs1 ASPs3 GLNss ILEso ASNeo ARGs2
TeMAG TYRe3 TRPss ALA10s TRP109 Hydrogen bonds

TeECD GLU3s5 ASN4s ASN46 ASP49 ASPs3 GLNsg ILEs9 ASNeo SERs1 Hvydrogen bonds
ARGs2 TYR63 TRPssa VAL9o9 GLY 105 ALA10s TRP109 VALi110 yarog
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TCC HLz-TCC interface residues Type of interactions
GLUss ASN4s ASNss ASPs3 GLNsg ILEs9 ASNeo SERs1 ARGe2
TeDMSA TYRe3 TRPssa VALoo GLY 105 ALA10s TRP109 VAL110 ALA111 Hydrogen bonds
TcDIS ASPas, SERs1, ASNso, ARGez, TYR63, ASNys, GLY 105, ALA s | 11Ydrogen bonds, hydrophobic
interactions
GLU3ss ASN4s ASN4s ASP49 SERs1 ASPs3 PHEs7 GLNsg ILEs9
TeDTPA ASNeo ARGe2 TYRe63 TRPs4 ALA10s TRP109 VAL110 ALA111 Hydrogen bonds
TeHYN TYR., TYRes, ASN7s Hydrogen l?onds, hydrophoblc
interactions, n-stacking
TcMEB LYS33 TRP3s ASN114 ARG115 ARG119 ASP120 VAL121 ARGI22 Hydrophobic interactions,
GLNi23 TYRI24 hydrogen bonds, salt bridges
Table 5. Interface residues in the complexes of technetium-99m radiopharmaceuticals with human insulin
TCC HlIns-TCC interface residues Type of interactions
TeSES GLY 14 ILE2a GLNsa TYR14a GLN15a ASNisa TYR19a CY S20a Hydrophobic interactions,
ASN21a PHE245 PHE2s8 hydrogen bonds
TcTET GLNsa, TYRi4a, ASNiga, CYS78, GLU138, ALA148 Hydrophobic interactions,
hydrogen bonds
TeMED ILE2a GLNsa CYSea SER??YHli]iI/(:A TYRi14a GLN1s5a ASNisa Hydrogen bonds
TeMAG GLNsa SERoa ILE10A CYS11a SER12a TYR144 GLN15a ASNisa Hydrogen bonds
TYRi9a
Hydrophobic interactions,
TcECD SERos VAL128 TYRi68 PHE248 PHE258 TYR268
hydrogen bonds
ILE2a GLNsa TYRi14a GLNi1sa ASNisa TYR19a CYS20a
TcDMSA ASNa1a PHEass Hydrogen bonds
TeDIS GLNsa, SERoa, SER124, TYR14a, GLN15A, ASNisa, TYR19a, Hydrophobic interactions,
CYS78, GLU138, ALA 148 hydrogen bonds
GLNsa CYSea SER9a ILE10aA CYS11a SER124 TYR14a GLN15A
TcDTPA ASNisa TYR1on Hydrogen bonds
TeHYN TYR\a, CYS75, GLU135, ALA 145, TYR26s, THR278 Hydrogen bonds, hydrophobic
interactions, m-stacking
TcMEB GLUasa GLNsa CYSea THRsa SERoa ILE10a CYS11a SER 124 Hydrophobic interactions,
TYRi4a GLNisa ASNiga TYRi9a hydrogen bonds

All TCC were characterized by different binding sites within the protein molecules. Specifically, TCHYN was shown
to bind to HSA in the Sudlow site II [10] via TYR411a and ARGuioa through hydrogen bonding and n-stacking. TcDIS
engaged the GLUsya—1LEs»3a region through hydrophobic and hydrogen bonds contacts. In turn, TcMEB was found to
be localized within the chain B of the protein (residues ARG21s8—ARG22:8, LY S4368—T YRusom), consistent with its known
in vivo albumin affinity and prolonged circulation. Such interactions are beneficial for stabilizing tracers in the
bloodstream and facilitating organ-specific targeting.

Lysozyme binding followed a conserved pattern across high-affinity tracers, with GLU35, ASNu4.60, and TYRg3
commonly involved in hydrogen bonding. TCHYN displayed additional n—r stacking interactions with TYR63 and formed
hydrophobic contacts with ASNys, further stabilizing the complex. These interactions appear to be driven by shape
complementarity and the presence of polar and aromatic functional groups on the tracer surface, rather than by strong
site-specific recognition.

Insulin presented a more selective interaction interface compared to transport proteins, with docking localized to
structurally and functionally relevant surface regions. TCHYN and TcDIS demonstrated the highest binding affinities,
forming interactions with residues located on the B-chain surface, though not directly with core receptor-binding residues
such as PHE4p. Some tracers, including TcSES and TcDMSA, formed hydrogen bonds with TYR 44 and GLN;sa of the
A-chain, situated near the receptor-binding groove. While the low concentrations of radiotracers used in SPECT imaging
are unlikely to perturb insulin function, the engagement of tracers with surface-accessible residues adjacent to biologically
critical domains reinforces the need for careful evaluation of biochemical neutrality, particularly in the context of
metabolic disorders.

To emerge the above findings into a predictive framework, we applied principal component analysis and hierarchical
clustering to the combined ADMET and docking dataset. The resulting PCA plot (Fig. 2, left panel) revealed a structured
spatial distribution of tracers, with distinct segregation according to molecular polarity, flexibility, metabolic stability, and
protein-binding capacity. Hierarchical clustering (Fig. 2, right panel) confirmed the existence of three robust tracer groups,
each characterized by a specific pharmacological profile.

The first cluster involves TcDTPA, TcDIS, TcMAG, TcMEB, TcMED, TcDMSA, and TcECD. These tracers
demonstrated balanced pharmacokinetic and interaction profiles, characterized by moderate to high polarity, generally
favorable hepatic microsomal stability, and intermediate levels of protein binding, primarily to albumin. Their ADMET
features support suitability for renal, hepatobiliary, and soft tissue imaging, offering flexibility in both administration
protocols and imaging time windows. In turn, cluster 2 includes TcSES and TcTET, which were distinguished by low
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topological polar surface area, high lipophilicity, minimal protein interaction, and rapid predicted systemic clearance.
These properties reflect their optimization for myocardial perfusion imaging, where fast tracer redistribution and early
acquisition are essential for diagnostic accuracy. Their distinct separation in PCA space further reinforces the
pharmacological coherence of this cluster and its alignment with established clinical applications. Finally, cluster 3
contains only TcHYN, which was markedly separated from the rest in both PCA and hierarchical clustering analyses. This
compound exhibited the highest polarity, the greatest number of hydrogen bond donors and acceptors, extensive
conformational flexibility, and strong multivalent protein-binding potential. While these characteristics suggest utility for
targeted or long-circulating applications, they also raise concerns regarding non-specific interactions and off-target
effects. As such, TcHYN represents a structurally and functionally distinct tracer that warrants further experimental
validation in vivo before broader application.

4 TCTET

3 TcHYNIC

TcECD

1cDIS 4

TcMEB
TesEs
-1 TDMSA LEPILES 2
TMAG

Principal Component 2
o —
Distance

@

=3 TeMED

Principal Component 1

Figure 2. Cluster analysis of TCC. Left panel represents Principal Component Analysis (PCA) biplot showing tracer distribution in
the space of the first two principal components. Right panel shows the dendrogram of hierarchical clustering using Ward linkage
and Euclidean distance.

The integrated analysis of physicochemical descriptors, ADMET properties, and protein-binding profiles presented
in this study yields several design rules for the rational development of **™Tc-labeled radiopharmaceuticals. First, polarity
and permeability must be carefully matched to the intended imaging kinetics. Tracers characterized by low topological
polar surface area and limited hydrogen bonding potential, such as TcSES and TcTET, demonstrate rapid systemic
clearance and minimal protein binding, which make them particularly suitable for perfusion imaging or early-phase
dynamic acquisitions. In contrast, compounds with moderate to high polarity, exemplified by TcDTPA and TcDIS, display
extended plasma residence times and are better suited for delayed-phase protocols, including renal or hepatobiliary
imaging. Another key parameter influencing in vivo performance is the degree of albumin interaction. Incorporation of
chemical motifs that promote reversible albumin binding, such as hydrophilic chelators or carboxylate groups, can
enhance plasma half-life and systemic stability. This strategy is advantageous when sustained blood pool activity is
desirable; however, excessive or non-specific binding may increase background signal or delay tissue clearance, thereby
complicating image interpretation in protocols that rely on rapid kinetics. Moreover, our data underscores the importance
of limiting molecular flexibility and avoiding extreme polarity unless such features are deliberately employed for targeted
delivery to plasma protein-rich compartments. Tracers like TCHYN, with high polar surface area and a large number of
rotatable bonds, exhibit promiscuous binding across multiple protein classes, including transport and regulatory proteins.
While such interactions can be beneficial in specialized contexts, they may also lead to off-target accumulation or
biological interference, particularly in metabolically compromised individuals. The results outlined here also
demonstrates that strong and selective binding to functional proteins, such as insulin, must be carefully evaluated in silico
during early design stages. Although the docking-predicted affinities observed here are unlikely to disrupt hormonal
function at diagnostic doses, repeated exposure or application in sensitive patient populations could present a non-
negligible safety concern.

CONCLUSIONS

Taken together, the results of the present study revealed that the pharmacokinetics and protein interaction profiles
of TCC are strongly influenced by their physicochemical properties. It was shown that tracers with low polarity and weak
protein binding, such as TcSES and TcTET, are well suited for dynamic imaging due to their rapid clearance. In contrast,
compounds like TcDTPA and TcDIS exhibited strong albumin binding and extended circulation, supporting their use in
delayed-phase protocols. The analysis also identified TCHYN as a structurally distinct radiotracer with broad, high-affinity
protein interactions, suggesting a higher risk of off-target effects. Multivariate classification further demonstrated that
tracers could be grouped into functionally meaningful clusters, reflecting shared ADMET and binding characteristics.
Overall, the findings suggest that integrated ADMET profiling and docking can provide a predictive framework for the
rational design and optimization of technetium-based radiotracers.
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KOMIT'FOTEPHE MOJEJIOBAHHS PAIIO®APMITPEITAPATIB TEXHEIIIKO-99M:
OIIIHKA ADMET-BJACTUBOCTEM TA B3AEMO/II 3 BIIIKAMH
B. Tpycora?, ¥. Masosuus?, I1. Kyzueuos®, I. SIkumenko®, I. TopGenko?
“Kageopa meduunoi gizuxu ma 6iomeouunux Hanomexnonozit, Xapriecokuil nayionanonuil ynieepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xapkis, 61022, Vkpaina
bKagpeopa izuxu aopa ma eucoxux enepeiii imeni O.1. Axiesepa, Xapxiscokuil nayionanouuti ynieepcumem iveni B.H. Kapasina
M. Ceoboou 4, Xapxis, 61022, Vkpaina

PauionansHuil au3aiin pagioGapManeBTHUHUX [IPENAPaTiB Ha OCHOBI TexHel10-99m (MTc) BumMarae MuGOKOro PO3yMiHHS TOTO, SIK
(i3uKO-XIMIYHI BIACTHBOCTI BIUIMBAIOTH HA MOBEIIHKY CHOJYK in vivo Ta ixHi OiOMONEKy/IApHi B3aeMonil. Y JaHOMY IOCIHiIDKEHHI
3aCTOCOBAHO IHTErPOBAaHE KOMII IOTEPHE MOJEIIOBAHHS JUIsl XapaKTEPUCTHKH JIECATH KIIIHIYHO peJIeBaHTHHX paaiodapMIipenaparis Ha
ocHOBI TexHewiro. JomimkeHus Bimo4yano ouinroBanuss ADMET-napameTpiB, MOIEKyIApHUHA TOKIHT 3 QyHKI[IOHATEHUMH OiIKaMH
(anpOyMiHOM, IHCYNIHOM 1 Ji30LMMOM), @ TAaKOK OaraTOBUMIpHMI CTaTUCTHUHMN aHaii3. OTpuUMaHi pe3yabTaTH IOKa3aiH, IO
MOJISIPHICTh, 3MATHICTH 10 YTBOEPHHS BOAHEBHUX 3B’SI3KiB Ta MOJEKYIAPHA THYUYKICTb CYTTEBO BIUTMBAIOTH SK HAa (papMaKoKiHETHYHI
BJIACTUBOCTI, TaK i Ha podini 3B’ a3yBanH: 3 Oinmkamu. Tpeticepu Tumy TcSES i TcTET, siki XapakTepH3yrOThCsl HU3HKOO TOTIOJIOT1YHOIO
TIOJISIPHOIO ITOBEPXHEIO Ta MiHIMAJIBHOIO CIIOPIAHEHICTIO JI0 O1JIKIB, TPOAEMOHCTPYBAIIH IIBHU/IKE BUBEICHHS 3 OPTaHi3My Ta BHSBIIIHCS
MPUATHUMH ISl JUHAMIYHUX TIPOTOKONIB Bisyamizamii. Haromicts, comykn TcDTPA i1 TcDIS mamm BHCOKY CHOpiTHEHICTH IO
ap0yMiHy Ta CTaOUIBHICTH J0 MPOAYKTIB MeTaboli3My, IO pOOUTH iX MEpPCHIEKTUBHUMH IS Bidyaulisauii y BiaTepMiHOBaHI (asu.
TcHYN, mo Mae yHiKalbHY CTPYKTYpY, XapaKTepPH3yeThCsl HAJMIPHOIO MOJSPHICTIO i3 MIMPOKAM CICKTPOM OIKOBHX B3a€MOJil
BUCOKOi aiHHOCTI. AHai3 TOJOBHUX KOMIIOHEHT i i€epapxiyHa KiacTepu3allis A03BOJIMIN Kiacu(ikyBaTH pamiopapMipenapati Ha
(YHKLIOHATIBHO BiMiHHI TPYIIH, IO MiKPECIIOE CTPYKTYPHO-3JIC)KHI 3aKOHOMIPHOCTI An3aiiHy. CyKyIHICTh OTPUMaHHX Pe3yJIbTaTiB
cBiquath mpo Te, mo mnoexHanHs ADMET-mporHo3yBaHHS Ta MOJEKYISPHOTO JOKIHTY (OpMY€e peleBaHTHY CTpaTerito
HEPEIKIIHIYHOrO CKPUHIHTY Ta CIIpHse Po3poOLi Ginbi Ge3nedHuX i TapreroBanux **™Tc-paniodapMaleBTHYHKX IPENaparis.
KurouoBi ciioBa: padioghapmnpenapamu na ocrnogi mexmeyito; 1100cbKull CUpo8amKo8ull anbOyMin; Ti30yum,; iHCYLiH, MONEKYIAPHUL
odokine; ODEKT eizyanizayis
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The structure and tensile properties of Pb—0.3%Sn—0.1%Ca alloy for negative grids of lead-acid batteries have been characterised as
functions of mould preheating temperature during casting and ageing time during storage under atmospheric conditions. Several
techniques have been used to study microstructure, including quantitative metallography, scanning electron microscopy, and energy
dispersive analysis. Tensile properties such as ultimate tensile strength, yield strength, Young’s modulus, and elongation have been
determined at room temperature. The increase of mould preheating temperature in the range between 60 °C and 170 °C causes the
decrease in ultimate tensile strength (by ~25 %) and increase in elongation (by ~50 %) due to twofold increase in the grain size of the
alloy. Whereas natural ageing for 35 days influences neither grain size nor tensile properties markedly.

Keywords: Lead-acid batteries; Negative grids; Lead-tin-calcium alloy; Casting conditions; Mould temperature; Natural ageing;
Grain size; Tensile properties

PACS: 61.82.Bg, 61.66.Dk, 62.20.-x, 62.20.Fe, 62.20.Mk, 64.70.Dv, 81.70.Bt, 81.40.Cd, 81.40.Lm

Over the last years, there has been substantial interest in lead-acid batteries which require no further maintenance
throughout the expected life of the battery [1,2]. This type of maintenance-free batteries is currently in widespread
use [3,4]. A considerable amount of attention over the years has been given to the type of alloys used for manufacturing
negative grids in such maintenance-free batteries [5,6]. Much interest has centered around the use of lead-tin-calcium
alloys for making such grids [7-9].

The properties of lead-tin-calcium alloys depend mainly on the ratio of tin-to-calcium content (Sn/Ca) [10,11].
Often, the materials of choice for the negative grids have been alloys with low tin-to-calcium ratios (Sn/Ca<9) [12,13].
The calcium content in such alloys has been at least about 0.1 % by weight while the tin has generally been at about
0.3 % [14,15]. These ternary alloys are classic precipitation-strengthening alloys which derive mechanical strength due
to a dispersion of very fine intermetallic precipitates in a lead-based matrix [16-19]. For lead-tin-calcium alloys with
ratios below 9, the strengthening process is similar to that of lead-calcium alloys [20,21]. Strengthening occurs very
rapidly with the formation of stable Pb3Ca precipitates [22,23]. But due to tin additives to the binary Pb—Ca alloys the
mode of precipitation changes from Pb3;Ca to more stable and stronger (Pb,Sn);Ca precipitates [24,25].

The service life requirements for negative grid alloys are diverse [26,27]. Service conditions heighten the
importance of grid strength to avoid premature failure of performance. Accordingly, enhancing the structure and tensile
properties stability of the negative grids is an important demand. Excessive negative grid dimensional changes can
result in premature failure in service and thus must be carefully controlled.

Production equipment to fabricate negative grids is now commercially available by which battery grids can be
made by a variety of casting technologies [12]. Potentially, the use of any casting process to make negative grids is
capable of minimizing problems associated with structural and dimensional stability. Several methods can be used at
the casting step to control the microstructure of negative grid alloys. Most of these methods operate by exercising
strict control of cooling rate from the melt [28-30]. For example, simple changes in such parameter as mould
preheating temperature have been commonly used over the years to control grain size and precipitated phase
dispersion [31,32].

Thus, proven methods to increase tensile properties required in negative grid alloys for efficient processing are to
control casting procedure and monitor ageing processes. However, the tensile properties of the negative grids, which are
among important factors limiting the life of the lead-acid battery, have not been intensively investigated. Over the last
30 years a vast range of research has been focused on the additives into lead-tin-calcium alloys, strengthening
mechanisms, hardness and/or resistivity measurements etc. Therefore, the aim of this work is to investigate effects of
mould preheating temperature during casting and ageing time during storage under atmospheric conditions on such
mechanical properties as ultimate tensile strength, yield strength, elongation, and Young’s modulus of Pb—0.3%Sn—
0.1%Ca negative grid alloy.
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MATERIALS AND METHODS

The Pb—0.3%Sn—-0.1%Ca (in wt. %) grid alloy was commercially produced in the C.0.S. melting pot of production
line for negative grids of lead-acid batteries of BM Company (Austria) at Westa Corp. (City of Dnipro, Ukraine).
Molten metal at the temperature of 4655 °C was poured into a casting mould preheated in the range between 60 °C
and 170 °C to prepare specimens for the tensile tests. The temperature was measured by chromel-alumel thermocouple
and temperature variation during casting did not exceed £3°C. Chemical composition of the alloy was determined using
an ARL 3460 optical emission spectrometer. Trace amounts of major impurities, such as Al and Bi, amounted to less
than 0.017 wt. %. The natural ageing of the alloy was carried out by keeping the samples in storage for 35 days under
atmospheric conditions.

Microstructure of the Pb—0.3%Sn—0.1%Ca negative grid alloy was observed by JEOL JSM-6490 LV scanning
electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS). The operating voltage of the
equipment was set to 20 kV and 30 nA, where the electron beam size was ~2 pum. Spectra of certain areas of the sample
surface was also obtained to analyse the distribution of alloying elements within the alpha-lead solid solution. Grain
size of the alloy was determined using an EPIQUANT image analyser with measurement error +3 %.

The alloy specimens were tested in unaged (immediately after casting) and aged conditions (with intervals of 2—
7 days) at room temperature. Tensile tests were conducted using a computer controlled TIRAtest 2300 universal testing
machine at a constant crosshead speed of 10 mm/min. The stretching force was applied stepwise with a step of 100 N.
Standard flat samples with a total length of 60 mm, a gage length of 45 mm, and a thickness of 3 mm from the as-cast
alloy and each ageing group were prepared. Ultimate tensile strength (Gu), yield strength (cy), Young's modulus (Y),
and elongation (y) were calculated from the nominal stress (Px) versus strain elongation (A///) curves obtained from the
tensile test. The results were the average value of six samples in each test group.

RESULTS AND DISCUSSION
The studied Pb—0.3%Sn—0.1%Ca alloy produces fine grains with serrated grain boundaries, as seen in Fig. 1.
Fig. 1b is a higher magnification image of Fig. la revealing the intermetallic compounds that are suggested to be
primary Pbs;Ca particles. This phase is also precipitated during cooling at the grain boundaries from the supersaturated
alpha-lead solid solution by the process of cellular precipitation [12,33]. Then calcium precipitation can be converted
from cellular to continuous precipitation to form more stable and strong (Pb,Sn);Ca particles.

7
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Figure 1. Microstructure of Pb—0.3%Sn—0.1%Ca grid alloy: a,b — SEM images at different magnifications; ¢,d — EDS analysis points
across the surface
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EDS analyses carried out in the lead-rich matrix of the Pb—0.3%Sn—0.1%Ca alloy (spectra corresponding to the
white rectangles in Fig. 1cd) show that calcium can barely be detected around precipitated intermetallic particles, which
indicates that calcium is enriched in these precipitates. It is not possible to determine exactly the composition for the
intermetallic phases since electron diffraction spectrum comes from both the precipitates and the matrix. Considering
the related literature [24,25], it is assumed that the fine phases appearing in the SEM images are the Pbs;Ca and
(Pb,Sn);Ca precipitates.

SEM images combined with EDS results confirm the segregation of some tin at grain boundaries [12]. EDS
analysis points across surface of the studied alloy reveal on average 0.45 wt. % Sn at the grain boundaries and in their
vicinity (see Spectra 1,3 in Fig. 1c and Spectrum 4 in Fig. 1d). Average tin content near subgrain boundaries increases
up to 0.63 wt. % (see Spectrum 5 in Fig. 1d) as compared with that near grain boundaries. But Spectra 8,9,10 in Fig. 1d
show that there is no tin at some grain boundaries indicating that the (Pb,Sn);Ca phase has been nucleated here. This
means that the alloy does not contain sufficient tin to remain at all grain boundaries. Sometimes, in the grain centre
traces of Sn are also not revealed (see Spectrum 2 in Fig. 1¢ and Spectrum 7 in Fig. 1d).

The average grain size of the Pb—0.3%Sn—0.1%Ca alloy can be significantly increased by rising mould preheating
temperature during casting procedure. Higher mould temperature enlarges the grain size from 4545 um at 60 °C up to
67+8 um at 125 °C, and then up to 92+11 um at 170 °C (by 104 % in all). The increase in grain size is very favourable
[34,35] since fine-grained structure is a serious detriment in terms of intergranular corrosion [36-38] which prevails in
the lead-tin-calcium grid alloys for lead-acid batteries.

In this investigation, it has been observed that larger grain size of the Pb—0.3%Sn—0.1%Ca negative grid alloy
produces lower ultimate tensile strength (by ~25 %) and higher elongation (by ~50 %), as shown in Fig. 2. The
temperature dependencies of ultimate tensile strength and elongation are approximately 0.1 MPa/°C and 0.09 %/°C,
respectively. At mould temperatures higher than 160+5 °C, there are little variations in the values of these properties.
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Figure 2. Effects of casting mould temperature on tensile properties of Pb—0.3%Sn—0.1%Ca negative grid alloy:
a — ultimate tensile strength; b — elongation

Described changes in the values of ultimate tensile strength and elongation are assumed to be due to the formation
of larger grains in the alloy’s structure as mould preheating temperature increases. The area of grain boundaries
impeding dislocation movement decreases, which increases elongation. But when mould temperature related to the
cooling rate is higher, cooling conditions are closer to an equilibrium kinetic, resulting in less uniform structure within
the lead grains. As known, calcium segregates in the grain centre while tin segregates at the grain boundaries [2]. As a
result, the grain boundaries have different composition as that of the grain centre, which reduces values of ultimate
tensile strength.

Mould preheating temperature has less effect on ultimate tensile strength as compared with that on elongation due
to formation of greater amounts of uniformly dispersed primary PbsCa particles in the slower cooled alloy that
strengthen lead matrix. Formation of these particles is presumed to partially compensate the reduction in the tensile
strength. The change in elongation is relatively large since both the resistance to dislocation motion and the promotion
of inhomogeneous dislocation multiplication by the precipitates are relatively low [39,40].

Thus, slower cooling can produce two times larger grains in the Pb—0.3%Sn—0.1%Ca grid alloy structure. Whereas
natural ageing during storage for 35 days under atmospheric conditions has no appreciable effect on increasing grain
size. Furthermore, the alloy has been fully strengthened by ageing during first 1-3 days and cannot be further
strengthened by ageing. Such conclusion follows from the stress-strain curves that show a good convergence of tensile
test results for specimens aged over a period of 35 days, as illustrated in Fig. 3a.

Ageing of the Pb—0.3%Sn—0.1%Ca grid alloy for 1-3 days increases ultimate tensile strength by 8.8 % and
decreases elongation by 7.1 % over their values determined immediately after casting into the mould preheated up to
16045 °C and air cooling. More stable and strong (Pb,Sn);Ca precipitates are believed to form and strengthen alpha-
lead matrix during this ageing stage. The movable capacity of the dislocations decreases resulting in an increase in the
alloy’s ultimate tensile strength and a decrease in the elongation. But as the formation of these precipitates which can
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effectively impede dislocation movement is suggested to occur at a very slow rate, relatively slight changes in these
properties are found.

After first 3 days of storage, ageing has insignificant effect on tensile properties, which is confirmed by calculated
values of ultimate tensile and yield strengths, Young’s modulus, and elongation, as shown in Fig. 3bcd. The changes in
values are negligible since ultimate tensile and yield strengths increase from 37.0 MPa to 37.2 MPa (by 0.5 %) and from
10.0 MPa to 10.1 MPa (by 1 %), respectively. Young’s modulus also remains almost unchanged and equals to 12.9 GPa
on average. Elongation decreases from 26.1 % to 21.5 % (by 17.6 %), which corresponds to embrittlement due to
ageing result of the interaction between dislocation and precipitate particles.

Pu (MPa) ou, oy (MPa)
30 50 -
o5 g
Cu
40 : /
20 PN S x
15 30
10
20
5 Oy
0 10{e—o—o 2 o o
0 0.004 0.008 0.012 0.016 0.02 All
=-Day 1 -®Day3 -#Day6 Day 10 =%Day 14 o
-8-Day 17 —+—Day 21 —Day24 — Day 28 -#-Day 35 0 5 10 1'5 20 25 30 ¢ (days)
a b
Y (GPa) v (%)
18 30
16 5 - -
- L — | . |
14 4 | P e
12 - . = ——L-—-—""—. w - L 20 -
10
15
8
6 10
4
5
2
0 T 0 T T
0 5 10 15 20 25 30 ¢t(days) 0 5 10 15 20 25 30 ¢(days)
c d

Figure 3. Effects of ageing time on tensile properties of Pb—0.3%Sn—0.1%Ca negative grid alloy:
a — stress-strain curves; b — ultimate tensile (6u) and yield (Gy) strengths; ¢ — Young’s modulus; d — elongation

Thus, as expected, the Pb—0.3%Sn—0.1%Ca grid alloy strengthens very rapidly, which is in good agreement with
previous observations [14,15]. The strength and plasticity of the alloy are closely correlated with the changes in the
microstructure. Since the ageing time has little influence on the grain size of the alloy, no significant differences in the
values of the tensile properties are found due to the slow precipitation processes with the extension of ageing time.
Generally, the characteristics of microstructure evolved in different ageing stages during 35 days in storage contribute
to a significant flat tendency in most tensile properties, especially after the ageing time of 1-3 days.

The lower values of yield strength as compared with those of ultimate tensile strength can be attributed to the
precipitation of the strengthening phases which consume alloying elements present in the alpha-lead solid solution. As a
result, distribution of these elements is less effective in blocking the motion of dislocations within the lead grains and
thus weakens the strengthening effects. Ageing also causes a reduction in elongation due to the precipitates formed on
the dislocations. As dislocations are pinned by precipitates, higher stress is required for the dislocations to escape the
blockage of the precipitates to proceed moving. As a result, dislocations are less uniformly distributed, and deformation
is localized, causing a loss of ductility. The ageing time for 35 days is sufficient for dislocations to get locked because
the Pbs;Ca and (Pb,Sn);Ca precipitates, stable against dissolving and coarsening, constitute an effective obstacle for
restricting the movable capacity of the dislocations.

So, tin and calcium contents in the studied Pb-0.3%Sn—-0.1%Ca negative grid alloy are presumed to form
strengthening precipitates, which produces tensile properties required for further processing. Ageing alone contributes
very little to the strength of the alloys yet provides more effective level of strengthening when combined with casting
conditions. Casting procedure that comprises preheating of the casting mould up to 160+5 °C and further air cooling to
room temperature changes ageing kinetics of the Pb—0.3%Sn—0.1%Ca grid alloy. The change is attributed to a decrease
in the calcium supersaturation, i.e., the driving force of the precipitation of the strengthening phases after cooling at the
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slower rate. Strengthening occurs very rapidly within 1-3 days with the formation of stable Pb;Ca and (Pb,Sn);Ca
precipitates. The decrease in precipitation rate is believed to be mainly related to the saturation of precipitation because
the actual amounts of calcium and tin in the lead-based solution are reduced due to slower cooling and ageing. Thus, in
this alloy cast negative grids can be processed within short period after production, which significantly reduces
inventory in the enterprise.

CONCLUSIONS

In this work, the effects of mould preheating temperature and ageing time on grain structure and tensile properties
of Pb—0.3%Sn—-0.1%Ca alloy for negative grids of lead-acid batteries have been studied. The alloy’s grains become two
times larger as the mould preheating temperature during casting increases in the range between 60 °C and 170 °C. This
is accompanied by the decrease in ultimate tensile strength by ~25 % and the increase in elongation by ~50 %.

The microstructure of the Pb—0.3%Sn—0.1%Ca negative grid alloy remains stable during natural ageing for
35 days, with no noticeable changes in grain size revealed. For the alloy, the age strengthening occurs very quickly
since stable values of most tensile properties are reached within 1-3 days. After this period, the alloy continues to
strengthen at a negligible rate since a slight decrease in elongation is observed. So, as compared with the effect of
mould temperature, ageing time has a minor effect on the Pb—0.3%Sn-0.1%Ca grid alloy microstructure and tensile
properties during a period exceeding 3 days.

The Pb—0.3%Sn—0.1%Ca alloy possesses acceptable combination of tensile properties for processability so that the

alloy can be made into negative grids using the chosen casting method and be subjected to various lead-acid battery
processing and assembly steps.

The work was performed within the framework of research projects of National Academy of Sciences of Ukraine
No. 1.3.6.18 “Development of new methods and improvement of known ones to investigate mechanics of transport and
energetic systems” (2017-2021) and No. 1.3.6.22 “Development of mathematical models and investigation of ground
transport and energetic systems” (2022-2026).
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CTPYKTYPA TA MEXAHIYHI BJIACTUBOCTI ITPU PO3TAI'YBAHHI CIIJIABY Pb-0,3%Sn-0,1%Ca
JJIs1 HETATUBHUX CTPYMOBIIBOAIB CBUHHEBO-KUCJIOTHUX AKYMYJIATOPIB
Bikrop O. [I3en3zepcbkuii, Cepriii B. Tapacos, Osena B. CyxoBa, /Imutpo O. Pequuns, Bosogumup A. IBanos
Incmumym mpancnopmuux cucmem i mexuonozii Hayionanonoi Axademii nayk Yxpainu
syn. Ilucapoicescoroeo, 5, 49005, Jninpo, Yrpaina

BcTaHOBIIEHO 3aJISKHOCTI CTPYKTYPH 1 MEXaHIYHUX BJIACTUBOCTEH mpH po3TsaryBanHi cmaBy Pb—0,3%Sn—0,1%Ca 1t HeraTHBHHX
CTPYMOBIJIBO/IIB CBHHIICBO-KHUCIOTHUX aKyMYJISATOPIB BiJl TeMIepaTypu MHiAirpiBy JuBapHOi (OpMH Ta TPUBAJIOCTI CTAapiHHSI 3a
aTMOc(epHUX yMOB. MIKpPOCTPYKTypy CIUIaBy [OOCIHI/DKEHO METOAaMH KimbKicHOI Mertanorpadii, CKaHyHuUOi elneKTpOHHOI
MIKpPOCKOIIT Ta PEHTTCHOCIEKTPAIBHOTO MiKpoaHatidy. MexaHiuHi BIACTUBOCTI MPH pPO3TATYBaHHI, a caMe MEXYy MillHOCTI Ha
PO3pHB, MEXY TeKydocTi, Moxynb FOHra i BiIHOCHE IMOJOBXKCHHS, BH3HAYEHO 3a KIMHATHOI TeMmmeparypu. B pasi migBUIIEHHS
TeMHepaTypu minirpiBy nusapHoi ¢popmu B mianasoni Big 60 °C no 170 °C mexa MiIHOCTI Ha po3puB 3MeHILIyeTbest (Ha ~25 %), a
BIZTHOCHE TIOJOBXKEHHS 301imbIryeThes (Ha ~50 %) 3aBASKH ABOpa30BOMY 30LIBIIEHHIO PO3MIpy 3€pHA B CTPYKTypi ciiaBy. Tomi sk
NPUPOAHE CTapiHHSA BHPOAOBXK 35 ni0 HE Mae CyTTEBOrO BIUIMBY Hi Ha po3Mip 3epHa, HI Ha MEXaHIYHI BIIACTUBOCTI IIPH
PO3TATYBaHHI.
KirouoBi ciioBa: ceunyeso-kuciomui akymyisimopu,; He2amusHi Cmpymosiogoou; CNias CeUHeYyb-01060-KAabyill;, TUBAPHI YMOBI;
memnepamypa nioiepigy 1usaproi popmu, npUPOOHE CMAPIHHA, PO3MID 3ePHA, MEXAHIYHI 61ACMUBOCIE NPU POZMAZYEAHHI
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Polyphenols, bioactive phytochemicals with anticancer, immunomodulating, antioxidative, anti-inflammatory, antimicrobial and many
other favorable properties currently attract considerable attention due to their promising therapeutic potential. Biomolecular interactions
of polyphenolic compounds, particularly, their association with physiologically important proteins may largely account for their
biological effects. In the present study the molecular docking technique was employed to characterize the binding of curcumin (enol
and keto forms), resveratrol, sesamin, salycilyc and gallic acids to the functional proteins such as serum albumin, hemoglobin (deoxy
and oxy forms), cytochrome c (oxidized and reduced forms). It was found that all examined polyphenols possess the highest affinities
for serum albumin and deoxyhemoglobin, while the lowest affinities are observed for cytochrome c. The analysis of the protein-ligand
interfacial amino acid residues revealed that there exist specific amino acids with the highest occurrence frequency in the polyphenol
binding sites among which are lysine, arginine and tyrosine.

Keywords: Polyphenols; Serum albumin; Hemoglobin; Cytochrome c; Molecular docking

PACS: 87.14.C++c, 87.16.Dg

Polyphenols are a chemically diverse class of secondary plant metabolites found in fruits and vegetables, that
display a wide spectrum of biological effects beneficial for human health among which are anticancer [1],
immunomodulating, antioxidative, anti-inflammatory, antimicrobial and anticoagulant properties [2]. These biological
activities are determined to a large extent by polyphenol interactions with various types of functionally important
proteins [3, 4]. In particular, it has been demonstrated that polyphenols can form stable complexes with salivary and
plasma proteins [5, 6], digestive enzymes [7], amyloidogenic proteins [8], etc. Hydrogen bonding and hydrophobic
interactions between polyphenols and proteins are thought to be the main determinants of the specificity of the forming
complexes [3]. Despite extensive research efforts, the molecular-level details of polyphenol-protein complexation are
far from being fully understood. In view of this, the aim of the present study was to gain deeper insights into the
mechanisms of polyphenol association with human serum albumin, hemoglobin and cytochrome c using the molecular
docking approach. The choice of the functional proteins was dictated by the following considerations. Being the major
protein in human plasma, albumin has multiple functions among which are maintaining the osmotic pressure,
transporting various molecules, and modulating the immune response. A diversity of binding sites and multiple
hydrophobic pockets account for a high loading and entrapment capacity of human serum albumin (HSA) for a wide
variety of substances [9]. Hemoglobin (Hb), representing about 10% of the total proteins of the human organism,
accounts for transport of oxygen and carbon dioxide, modulation of erythrocyte metabolism, heat transduction via
oxygenation-deoxygenation reactions, etc. [10]. Cytochrome c (cyt c), is a mitochondrial heme protein playing a key
role in cellular energetics and metabolism. The redox state of iron atom in the heme group is critical for cyt ¢
functioning as a component of electron transfer chain and its ability to induce the apoptotic cell death [11]. The group
of polyphenols under study included curcumin, salicylic acid, gallic acid, sesamin and resveratrol, possessing anti-
inflammatory, antioxidant, antimicrobial and neuroprotective activities [12-16].

METHODS

The blind docking of polyphenols to functional proteins was conducted with the HDOCK server using the FFT-
based hierarchical algorithm of rigid-body docking [17]. While implementing this algorithm, the receptor and ligand
molecules are mapped onto grids and the possible binding modes are ranked according to their binding energy with the
shape complementarity scoring method in which one molecule is fixed, while the second one adopts evenly distributed
orientations in rotational Euler space and translational space within a grid. The three-dimensional X-ray crystal structures
of the investigated proteins were obtained from the Protein Data Bank (https://www.rcsb.org/) using the following PDB
IDs 2N9J (human cytochrome ¢ oxidized, cyt ¢ oxy), 2N9I (human cytochrome ¢ reduced, cyt ¢ red), 2DN2 (human
deoxyhemoglobin, deoxyHb), 1LFQ (human oxyhemoglobin, oxyHb), 1AO6 (human serum albumin). The structures of
polyphenols were prepared in MarvinSketch software, v.18.10, ChemAxon with subsequent geometry optimization in
Avogadro 1.1.0 software. The top-scored protein-polyphenol complexes were visualized with the UCSF Chimera
software (version 1.14) and analyzed in the protein—ligand interaction profiler (PLIP) [18].
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RESULTS AND DISCUSSION

The analysis of the best score values obtained for the complexes of polyphenols with functional proteins (Table 1)
revealed that PF binding affinities decrease in the order: Curcumin enol: Hbdeoxy > HSA > Hboxy > Cyt c red > Cyt ¢
oxy; Curcumin keto: deoxyHb > HSA > oxyHb > > Cyt ¢ oxy > Cyt ¢ red; Salicylic acid: HSA > deoxyHb > Cyt ¢
oxy > oxyHb > Cyt ¢ red; Gallic acid: HSA > deoxyHb > > Cyt ¢ oxy > oxyHb >Cyt c red; Sesamin: HSA > deoxyHb >
oxyHb > Cyt ¢ oxy > Cyt c red; Resveratrol: HSA > deoxyHb > oxy Hb> > Cyt ¢ red > Cyt ¢ oxy. Remarkably, all
polyphenols possess the highest and comparable affinities for HSA and deoxyHb, while the lowest affinities are
observed for cytochrome c.

Table 1. The best score values for the complexes of polyphenols with functional proteins

Polyphenol/Protein Cyt c oxy Cyt cred HSA deoxyHb oxyHb
Curcumin enol -117.68 -125.00 -158.27 -163.65 -148.40
Curcumin keto -126.71 -120.10 -182.88 -188.42 -145.22
Salicylic (phenolic) acid -93.14 -74.57 -102.34 -95.84 -83.50
Gallic acid -104.21 -85.28 -124.03 -112.55 -99.64
Sesamin -115.33 -126.21 -173.97 -163.87 -145.15
Resveratrol -89.80 -92.91 -131.52 -125.79 -109.65

While comparing the affinities of different PF to a certain protein it was found that the HSA, deoxyHb and cyt ¢ oxy
contain the highest affinity sites for curcumin keto, oxy Hb — for curcumin enol, and cyt ¢ red — for sesamin and curcumin
enol. Shown in Figs. 1-3 are the best score docking poses predicted by HDOCK for polyphenol-protein interactions.
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Figure 2. The most energetically favorable complexes between deoxyhemoglobin (A, B) or oxyhemoglobin (C, D) and
polyphenols predicted by HDOCK
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Figure 3. The most energetically favorable complexes between cytochrome ¢ oxy (A, B) or cytochrome ¢ red (C, D) and

polyphenols predicted by HDOCK

The amino acid compositions of the binding sites appear to have both similarities and distinctions for different FP-
PF systems (Tables 2-6). More specifically, the residues LEU;1s, ARG117, PRO113, MET 23, PHE 34, LY S137, TYRy33,
GLU 41, TYRi61, LEU132, ASPis3, ARGg6 account for the binding of most polyphenols (except salicylic and gallic acids)
to HSA , while the binding sites for SA and GA are quite different (Table 2).

Table 2. The interface residues in the complexes of polyphenols with human serum albumin

HSA + Amino acid residues forming the HSA binding sites for polyphenols Type of interactions

Salicylic acid GLU400, TYR401, GLN40s, ARG42s8, LYSs19, GLUs2, GLNs22, ILEs23, [Hydrophobic interactions,
GLNs26 hydrogen bonds, salt bridges

Resveratrol LEUns, ARGi17, PRO11s, PHE134, LEU13s, LYS137, TYRu3s, GLU141, [Hydrophobic interactions,
TYRi61, LEU1s2, ASP1s3, ARGise hydrogen bonds

Curcumin (enol PHEss, LEU11s, VAL116, ARG117, PRO11s, PHE34, LYS137, TYRu3s, |Hydrophobic interactions,

form) GLUi41, TYR161, LEU1s2, ASP1s3, ARGise hydrogen bonds

Curcumin (keto LEUu11s, VAL116, ARG117, PRO11s, PHE 134, LYS137, TYR138, GLU141, Hydrophobic interactions,

form) ILE 142, HSD146, PHE 149, PHE 157, TYR161, LEU182, LEU185, ARGis3s, hydrogen bonds

GLY 189, LYS190

Sesamin LEUi1s, ARG117, PRO118, MET 123, PHE 134, LYS137, TYR138, GLU141, Hydrophobic interactions,
ILE142, TYR161, LEU182, ASP1s3, LEU1s5, ARGise hydrogen bonds
Gallic acid GLN29, LEU103, LYS106, PRO147, TYR14s, PHE149, TYR1s0, ALA151, [Hydrophobic interactions,

GLN196, ARG197, CYS200, CY S245, CY S246, HSD247, GLY 248, LEU250

hydrogen bonds, salt bridges

The binding sites for curcumin enol and sesamin on deoxyHb have only three similar residues (ASPop, ASN02p,

PHE¢3p), while the sites for curcumin keto, resveratrol, salicylic and gallic acids contain 14 similar residues from the A
and B protein chains (LYS99A, SER]()ZA, HSD103A, LEU106A, PHE117A, HSD122A, ALA123A, ASP126A, VAL34B, TYR35B,
LEU0s8, ASNioss, VALig98, CYSi128) (Table 3).

Table 3. The interface residues in the complexes of polyphenols with deoxyhemoglobin

Hb deoxy+ Amino acid residues forming the deoxyHb binding sites for polyphenols Type of interactions
Salicylic acid HSDi1o3a, LEUiosa, VALio7a, ALA110a, PHE117a, HSDi22a, ALA123a, |Hydrophobic interactions,
ASP126a, VAL34s, TYR3s58, ASNi10ss, VAL1098, CYS1128B hydrogen bonds
Resveratrol LYSo9a, LEUiooa, SERi02a, HSDioza, LEUiosa, PHE117a, HSDi2a, |Hydrophobic interactions

ALAI123A, ASP126a, VAL34B, TYR3s8, LEU1058, ASN1088, VAL1098, CYS1128,
VAL13B
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form)

Hb deoxy+ Amino acid residues forming the deoxyHb binding sites for polyphenols Type of interactions
Curcumin (enol | THR41a, LEU2sp, PHE41p, PHE4p, PHE4sp, LYSsop, ALAe2p, HSDe3p, |Hydrophobic interactions,
form) VALsp, HSD97p, VAL9sp, ASP99p, ASN102p, PHE 103D hydrogen bonds, nt-stacking
Curcumin (keto | LYSgoa, LEUio0a, SERi02a, HSDiosa, LEUiosa, PHEi117a, HSDi22a, |Hydrophobic interactions,

ALA123A, ASP126a, LYS127a, LEU1204, ALA130A, VAL34B, TYR358, TRP378,
GLUio1s, LEU10sB, ASN10sB, VAL1098, CYS1128, ASPosac, PROgsc, ARG141c

hydrogen bonds, n-stacking

Sesamin TYR424, ASPosa, PROgsa, VALosa, ARG141a, LYSoeoc, SER102c, ASP126c, |Hydrophobic interactions,
LEU129¢, ALA130c, SER133¢, TYR35p, TRP37D, THR38D, ASPo9p, GLUj01D, |hydrogen bonds, m-cation|
ASNi02p, LEU 105D, ASN10sD interactions

Gallic acid HSD1o03a, LEU106a, PHE1174, HSD122a, ALA 1234, ASP126a, VAL34B, TYR358, |Hydrophobic interactions,
ASNi0sB, VAL1098, CYS1128, VAL1138 hydrogen bonds

In the case of oxyHb there are 9 similar amino acid residues (LY Sgoa, SER 1024, HIS103a, LEU 1064, HIS1224, ASP1264,
TYR3ss, LEU s, ASN0sg) which are involved in the interactions of resveratrol and gallic caid with the protein, the sites
for curcumin enol and salicylic acid contain 4 similar residues (GLU274, ARG31a, ALA 114, HIS1124), while the sites for
curcumin keto and sesamin are completely different from each other (Table 4).

Table 4. The interface residues in the complexes of polyphenols with oxyhemoglobin

Hb oxy + Amino acid residues forming the oxyHb binding sites for polyphenols Type of interactions

Salicylic acid GLU27a, ARGs1a, ALAi11a, HISi12a, GLY1198, LYSi208, PHE1228, |Hydrophobic interactions,
THR238, PRO1248 hydrogen bonds, salt bridges

Resveratrol PHEosa, LY So9a, SER102a, HIS103a, LEU106a, VAL1074, HIS1224, ASP126a, |Hydrophobic interactions,
LEUi294a, ALAi30a, SERi33a, TYRase, LEUi0sB, ASNioss, VALioos, |hydrogen bonds
CYSii28

Curcumin (enol HIS20a, GLU23a, TYR24a, GLU27a, GLU30a, ARG31a, HISs50a, LY Ss6a, |Hydrophobic interactions,

form) ALA111a, HIS1124, LEU113A, PRO114a, LY S1208, THR1238, PRO1248 hydrogen bonds

Curcumin (keto THR41a, TYR424, PHE43a, PROu44a, HIS45a, PHE46a, GLNs4a, HISssa, [Hydrophobic interactions,

form) LYSe1a, LYSo0a, LEUg1a hydrogen bonds

Sesamin ARGuos, PHE418, PHE428, GLU438, SER445, PHE4sp, LY Ss98, ALAe28, |Hydrophobic interactions,
HISe638, LY Sesn hydrogen bonds

Gallic acid LYSo9a, SER1024, HIS103a, LEU106A, HIS1224, ASP1264, TYR35B, Hydrophobic interactions, salt
LEUi0s8, ASN10sB, VAL1098, CYS1128 bridges

An interesting peculiarity of the cyt ¢ oxy — PF complexes is the fact that four amino acid residues, viz. ASN3y,
HIS33, GLY 34, and ARGgg are present in the binding sites for all polyphenols. Likewise, the high extent of similarity (nine
similar residues) was observed for the binding sites of quercetin and resveratrol, curcumin enol and curcumin keto

(Table 5).

Table 5. The interface residues in the complexes of polyphenols with oxidized cytochrome ¢

form)

Cyt ¢ oxy+ Amino acid residues forming the cyt ¢ oxy binding sites for polyphenols Type of interactions
Salicylic acid PROs0, ASN31, LEU32, HIS33, GLY34, LEU3s, ARG3s, LYS39, THR40, [Hydrophobic interactions,
GLY41, GLN42, ALA43, TYR4g, TRPs9 hydrogen bonds, m-cation|
interactions, salt bridges
Resveratrol VAL2o, GLU21, LY S22, GLY23, GLY24, LY S2s, HIS26, ASN31, HIS33, [Hydrogen bonds, m-cation
GLY34, ARGsg interactions
Curcumin (enol HIS26, PRO30, ASN31, LEU32, HIS33, GLY34, LEU3s, PHE36, ARGss, |Hydrogen bonds

GLN42, ALA43, PRO4s, GLY45, TYR46, TYR4s, THR102, ASN103

Curcumin (keto
form)

VAL, GLU21, LYS2, GLY24, HIS26, ASN31, HIS33, GLY34, LEU3s,
PHE3zs, GLY37, ARG3s, THR102, ASNi103

Hydrophobic interactions

Sesamin VALz, GLU21, LYS22, GLY23, GLY24, LYS2s, HIS26, ASN31, HIS33, [Hydrophobic interactions,
GLY34, ARGss hydrogen bonds, m-cation

interactions
Gallic acid PRO30, ASN31, LEU32, HIS33, GLY34, LEU3s, PHE36, ARG3s, LYS39, |Hydrophobic interactions,
THR40, GLY 41, GLN42, ALA43, TYRu4s, ILEs7, ILEss, TRPs9 hydrogen bonds, m-cation|

interactions

The conformational changes of cyt ¢ upon its reduction seem to underlie the observed differences in amino acid
composition of PF binding sites compared to cyt ¢ oxy. For the majority of polyphenols the binding sites of cyt ¢ red and
cyt ¢ oxy are essentially similar, but for gallic acid they are completely distinct (Table 6). To exemplify, the binding sites
for salicylic acid contain the core residues such as PRO3y, ASN3;, LEU3,, HIS33, LEU3s, ARGss, ALA43 and TYRus that
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are conserved across both redox states, suggesting a substantial similarity in the binding mode of salicylic acid to the
oxidized and reduced forms of cytochrome c.

Table 6. The interface residues in the complexes of polyphenols with reduced cytochrome ¢

Cytcred + Amino acid residues forming the cyt ¢ red binding sites for polyphenols Type of interactions
Salicylic acid HIS26, PRO3o, ASN31, LEUs2, HIS33, LEU3s, ARGss, ALA43, PROa44, [Hydrophobic interactions,
TYR46, TYR4s Hydrogen bonds, salt bridges
Resveratrol LYS2, GLY23, GLY24, LYS25, HIS26, ASN31, HIS33, ARGs3s, ALA43 Hydrophobic interactions,
hydrogen bonds
Curcumin (enol LYS22, GLY23, GLY24, LYS2s, HIS26, ASN31, HIS33, GLY34, ARGss, [Hydrophobic interactions,
form) ALA43, GLY4s, TYR46, SER47, TYR4g8 hydrogen bonds
Curcumin (keto GLY23, GLY24, LYS25, HIS26, LYS27, THR2s, GLY29, PRO44, GLY45, [Hydrophobic interactions,
form) TYR46, SER47, TYR4s, LYS79 hydrogen bonds
Sesamin LYS2, GLY23, GLY24, HIS26, PRO30o, ASN31, LEU32, HIS33, LEU3s, [Hydrophobic interactions,
ARGss, LY S39, THR40, GLY41, GLN42, ALA43, PRO44, TYR4s, TRP59 hydrogen bonds, =n-stacking, n-
cation interactions
Gallic acid MET 12, LYS13, GLN1s, CYS17, ILEs1, PHEs2, VALs3 Hydrophobic interactions,
hydrogen bonds, salt bridges

The additional involvement of HIS»s, PRO4s and TYR4e in the reduced form may reflect subtle conformational or
electronic differences between the two oxidation states of cyt c. These differences are supposedly affect the dynamics and
stability of the PF-cytochrome ¢ complexes. To ascertain whether there exist some specific amino acids in the protein
binding sites of a given polyphenolic compound we performed the cumulative analysis of the data presented in the
Tables 2-6 aimed at determining the occurrence frequency of amino acid residue in the polyphenol binding sites. It
appeared that salicylic acid the highest occurrence frequency was observed for tyrosine and arginine (80 %); resveratrol —
lysine (100 %); curcumin, enol form — arginine, lysine, tyrosine, leucine (80 %); curcumin, keto form — lysine, histidine
(100 %), leucine, tyrosine, proline, phenylalanine (80 %); sesamine — arginine, lysine (100 %), glutamic acid (80 %);
gallic acid — leucine, tyrosine, cysteine, phenylalanine, histidine (80 %). Remarkably, most protein binding sites for
polyphenols contain positively charged amino acid residues (lysine or arginine) and aromatic residue (tyrosine), while
histidine and phenylalanine seem to be essential for the interactions of curcumin keto and gallic acid with proteins. The
analysis of the molecular docking data with PLIP showed that most complexes are stabilized by hydrophobic interactions
and hydrogen bonds, but salt bridges, n-stacking and n-cation interactions may also contribute to polyphenol association
with functional proteins (Tables 2-6).

CONCLUSIONS

In conclusion, the molecular docking study of the complexes between the functional proteins including serum
albumin, hemoglobin (deoxy and oxy forms), cytochrome c (oxidized and reduced forms), and representatives of five
groups of polyphenolic compounds such as phenolic acids and derivatives (salicylic acid), stilbenes (resveratrol),
curcuminoids (curcumin), lignans (sesamin) and tannins (gallic acid) revealed that all polyphenols display the highest
affinities for serum albumin and deoxyHb, while the lowest affinities are observed for cytochrome c. The protein-
polyphenol binding sites have been characterized in terms of their amino acid composition, the binding energy and the
types of protein-ligand interactions. The importance of specific amino acid residues for the association of polyphenols
with proteins has been demonstrated, with the highest occurrence frequency in the protein binding sites being found for
lysine, arginine and tyrosine.
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B3AEMOAIA NOJIPEHOJIB 3 ®YHKIIIOHAJIBHUMMU BIJIKAMMU:
JOCJIA)KEHHA METOJA0OM MOJIEKYJISIPHOT'O JOKIHI'Y
Y. Manosuusi®, B. Tpycosa®, M. Tomcen?, K. Byc?, O. Kutnskiscbka®, I'. Topoenko?
“Kageopa meouunoi ghizuxu ma 6iomeoudnux Hanomexuonoziu, Xapkiecokuii Hayionansnuil ynieepcumem imeni B.H. Kapasina
M. Ceoboou 4, Xapxis, 61022, Vkpaina
bYuieepcumem Aanbope, eyn. Hinvea Bopa 8,6700 Ec6 cpe, Janisn

[omnipenonn, 6Gi0aKTHBHI PEYOBHHH POCIHMHHOTO MOXOKECHHS 3 HMPOTHUIMYXJIMHHHMH, IMyHOMOAETIOIOUYNMH, aHTHOKCHIAHTHUMH,
[POTHU3ANAIBHIMH, TPOTHUMIKPOOHUMH Ta OaraThbMa iHIIMMH BIACTHBOCTSIMU Hapasi MPUBEPTAIOTh 3HAYHY YBary 3aBIsKd iXHbOMY
BHCOKOMY TEpaleBTUYHOMY ITOTeHIialy. bioMonexymsipHi B3aemopii momiheHONBHUX CIIONYK, 30KpeMa, acoliiaris 3 ¢i3iosoridHo
Ba)KJIMBUMHU O1JIKaMU, MOXKYTb Y 3HaYHil Mipi BU3Ha4aTH IXHi Oiosnoriuni eexty. Y naHii po60Ti METOJ MOJIEKYJIIPHOTO IOKIHTY OYyB
3aCTOCOBAaHMH JUIsl XapakTepu3alii 3B’s3yBaHHs KypKyMiHy (€HOJNBHA Ta KeTo (OpMH), pecBepaTpoily, cecaMiHy, CaJillMIOBOI Ta
rajoBoi KHCJIOT 3 (YHKLUIOHAJHHUMHU OiNKaMH, TaKUMH SIK CHPOBAaTKOBHH anbOyMiH, reMOrjio0iH (Ae30KcH Ta OKCH (OpMH),
LUTOXPOM ¢ (OKHCJIeHa Ta BigHOBIeHa (opMu). BeraHoBIIeHO, 110 BCi AOCTIHKeHI MOTi(GeHOoIN MalOTh HAHBHILLY CIIOPIIHEHICTh 10
CHPOBATKOBOTO albOYMiHy Ta €30KCHTeMOIIIOOIHY, TOIl K HalHIDKYA CIIOpiAHEHICTH Oyia BUSIBICHA J0 LUTOXPOMY C. AHami3
AMIHOKHCIIOTHHX 3aJIMIIKIB B KOHTAaKTHi 00MacTi Mik OUTKOM 1 JIraHAOM MOKa3aB, IO ICHYIOTHh CIEMU(iuHI aMiHOKHCIOTH, SIKi
Haif9acTilre BXOAATH 10 CKJIAIy CalTiB 3B’3yBaHHS MOJI(EHOINIB, cepell SKUX JII3UH, apriHiH Ta THPO3HH.
Kuto4oBi ciioBa: nozigenonu,; cuposamrosuii anbOymin; 2eM0O2n00iH, YUMOXPOM C; MONEKVIAPHUL OOKiHe
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Based on the approximate analytical solution previously obtained by the authors to the problem of excitation (radiation, scattering) of
electromagnetic waves by an asymmetric biconical dipole with distributed surface impedance (constant and variable) in a free space,
the recommendations are proposed for reducing the influence of the hardware of a communication station on the characteristics of the
such dipole using a magneto-dielectric substrate on a finite-size metal screen. Comparison of numerical and experimental results for a
dipole in free space confirms the adequacy of the proposed mathematical model to the real physical process. Numerical results are
given for the input characteristics and radiation fields of the dipole with magneto-dielectric substrate in the case of its asymmetric
feeding by a point source.

Keywords: Biconical dipole; Distributed surface impedance; Magneto-dielectric substrate; Finite-size metal screen; Asymmetric
excitation; Current distribution; Input characteristics

PACS: 02.70.Pt; 78.70Gq; 84.40.-x

INTRODUCTION

Among modern communication systems (both mobile and stationary), the leading place is occupied by multi-
frequency (multi-channel) structures. The main functional element of such devices are antennas, which differ from each
other in their design features, for example, they can be single-element structures (mono-frequency) or multi-element
(multi-frequency) structures [1]. At the same time, the operation of a multi-frequency antenna, implemented by expanding
the operating band (broadband antenna), in turn, can lead to a significant weakening of its noise-immune interference
immunity properties. Typically, designers take the path of combining several antennas operating at different frequencies
into one structure [2-8]. This approach significantly complicates the design of the antenna device and this is a difficult
factor to overcome on the path to its miniaturization. Note, that since in the abovementioned publications and other similar
ones, the antennas are located outside the phone body, so the influence of the phone’s internals on their characteristics is
significantly minimized.

In recent decades, a large number of publications have appeared devoted to multi-band printed antennas directly
integrated into communication devices, for example [9-21] and references therein. In this case, the electrodynamic
characteristics of the antennas are obtained using commercial programs such as ANSYS HFSS, CST Microwave Studio,
FEKO and others. Calculating and optimizing the antenna characteristics using this approach requires enumeration of a
large number of options, and, hence, huge amount of computer time and resources. However, it is not always clear from
the text of the publications: 1) how the influence of the phone hardware on the antenna characteristics is minimized?
2) how the experimental studies were carried out, namely, together with the filling or only the case with the antenna?
The use of dipoles with an asymmetric excitation, i.e. with an arbitrary position feeding point along their length, for
creating multi-band antennas has been repeatedly proposed by researchers in various publications [5], [7], [22-29].
However, in these literary sources only perfectly conducting dipoles were considered. Another solution makes use of a
dipole antenna with an asymmetric excitation and distributed surface impedance, directly integrated into the body of the
communication device [25-28]. In this case, the frequency response of the antenna may have several resonances that
prevent the radiation (receiving) of electromagnetic waves outside the resonant frequency bands.

On the other hand, one of the additional parameters for obtaining the special characteristics of antennas in the form
of a cylindrical dipole can be a change of the radius of the cross section of the dipole along its length. In the case of a
linear increase in the radius of the vibrator from the feeding point of the antenna to its ends (biconical dipole), this antenna
resonates at a smaller geometric length, and is also more broadband compared to a dipole of constant radius (see, for
example, [27], [28], [30—41] and references in them). However, all of them are devoted to calculating the electrodynamic
characteristics of perfectly conducting dipoles excited at the geometric center by a concentrated electromotive force
(EMF). Also, as is known, to analyze receiving antennas it is necessary to know the current in the scattering dipole excited
by the incident electromagnetic wave [38]. It is worth to notice that in [41] for operation in the three-frequency range it
is offered to use three antennas in the form of symmetrical patch biconical dipoles. Moreover, it is proposed to make both
the antennas themselves and the rather complex supply system from pure gold.
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The purpose of this paper is to study a multiband antenna for communication systems based on an asymmetric biconical
dipole with a distributed surface impedance and arbitrary excitation, in particular, by feeding the antenna with a voltage
source at a point arbitrary along the length of the dipole to create a multi-frequency operating mode. Thus, we will combine
in one design all the advantages of asymmetric excitation, biconical geometry and the presence of a distributed surface
impedance. Based on the approximate analytical solution previously obtained by the authors to the problem of excitation of
electromagnetic waves by an asymmetric biconical dipole with distributed surface impedance (constant and variable) in a
free space, the recommendations are proposed for reducing the influence of the hardware of a communication station on the
characteristics of the such dipole using a magneto-dielectric substrate on a finite-size metal screen.

CHARACTERISTICS OF THE ASYMMETRIC BICONICAL DIPOLE IN A FREE SPACE
Let us limit ourselves by the linear law of the radius change (s) along the dipole with the 2L length and located

in free space. It has the distributed internal linear impedance z, and is excited by the electrical field £, (s) of the given

sources (tangential component). We assume that the dipole stays electrically thin in the operating frequency band, i.e.
kr(s)<<l, r(s)<<2L,where k =2m/\, A is the wavelength in free space. Then the integral equation relatively to the

J(s) current for the impedance boundary condition on the dipole surface can be written as [38]:

—ikR(s,s")

dz 2 f N4 r_ im _
[FJ”C J[J(S)mds = —COSW[EOS(S) z,J ()], (1)

where R(s,s")=+/(s =s") +r’(s), ¥ = (v, +wy,)/2 (2i <<1), s and s~ are the local coordinates related to the dipole
i

axis and surface (Fig. 1).

P(p.,B,9)

v'=

Figure 1. The geometry of structure and notations

An approximate analytical solutions of equation (1) was obtained in [27] ( z, is the constant along the dipole length)
and in [28] ( z, is the variable along the dipole length) for an arbitrary field of external sources E, (s) and the case of
dipole feeding by the voltage generator with amplitude ¥, in the point s = —s; was investigated. As a result of solving

equation (1), the following expressions were obtained: for the input impedance Z, = R, +iX,,, module of reflection

in?2

coefficient in the antenna feeder with the wave impedance W | S,, |=(Z,, —W)]| / |(Z,,+ W), the voltage standing wave
ratio VSWR = (1+] S, |)/(1-1S,, ) and radiation fields of the dipole.

As it is well known [25], the condition for resonance of any antenna structure is the equality on average over the
period of harmonic oscillations of the near-range reactive fields of electric and magnetic types. The fulfillment of this
condition mainly depends on the geometric dimensions of the antenna. In our case, we define it as the minimum value of
the modulus of the reflection coefficient in the feeder line (hereinafter W =50 Ohm). The dependences of the | S), | versus

frequency for different positions of the feeding point s; are presented in Fig. 2 (hereinafter z,=0).

As can be seen, when moving s; from the geometric center of the dipole, there are several resonant frequencies at
2L =132 mm, 7 =0.5 mm, », =3 mm (7 and r, are the radii of the dipole in point s =—s; and in its end). This choice
of the dipole length is due to the condition of the first resonance at the frequency f =0.850 GHz (GSM 850). One can
notice that for a regular dipole with a radius »=2 mm, its length would be equal to 2L =156 mm.
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The spatial distribution of the dipole radiation field in a free space in comparison with experimental data presented
in Fig. 3. Due to the complexity of the antenna structures considered below, we will use software FEKO.
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Figure 2. The dependences of the |S,, | versus frequency for dipole in a free space for different positions of the feeding point s; at

2L =132 mm, r;=0.5 mm, r, =3 mm
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Figure 3. The spatial distribution of the dipole radiation field in a free space at ' =0.85GHz, s;=0.2L, 2L =138 mm, =1 mm,

7, =3 mm

INFLUENCE OF SUBSTRATE PARAMETERS ON DIPOLE CHARACTERISTICS
1. Dipole above metal screen of finite dimensions and on dielectric substrate
Fig. 4 shows the results of calculations for the cases of a dipole in free space, a dipole above a metal screen
(herein after screen length L = 140 mm, width W_ = 6 mm) and on a dielectric substrate made of a material FR4

ser

(e=¢"—ie"=4.4-i0.115) with thickness d =2 mm. As it can be seen, the presence of a metal screen of finite
dimensions, as well as a purely dielectric substrate, significantly worsens the resonant characteristics of the dipole.
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Figure 4. The dependences of the | S, | versus frequency at s; =0.55L, 2L =132 mm, 7=0.5 mm, 7, =3 mm: 1-dipole in a free

space, 2- dipole above a metal screen, 3- dipole on a dielectric substrate (d =2 mm) on a metal screen.

2. Dipole with variable feeding point on dielectric substrate on screen
Fig. 5 Shows the dependences of the |S,, | versus frequency for dipole on a dielectric substrate on a screen. As

follows from the graphs, changing the position of the feeding point in this case has small effect on the resonant
characteristics of the dipole.
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Figure 5. The dependences of the | S, | versus frequency for dipole on a dielectric substrate (4 =2 mm) on a screen for the

different positions of the feeding point s; at 2L =132 mm, %=0.5 mm, r, =3 mm

3. Dipole on magneto-dielectric substrate on screen with variable feeding point

As follows from general physical principles (mainly based on impedance concept [42]), to improve the
characteristics of the dipole it is necessary to use the magnetic material as a substrate. Let us use the magneto-dielectric
TDK-IR-A095 with the following electrophysical parameters in the frequency range f =0.5+10.0 GHz are

£=6.2-i0.32, u=0.60—70.32 [43].
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<2 =| —
=038 ——5,=0.70L —— 5,=0.75L ~]
=) T T
Rt 3 i / !
= i !
0.6 | |
g | ‘ ‘
o B | I _ VSWR=2.5 _
80'4 L ! VSWR=2.0 |
S J L D {- VSWR=2.0 ]
3 VSWR=1.5
0.2 __\\/____1_VSWR=15_]
g ‘ :
~ | i i

0.0 i i

0.5 1.0 25

1.5
Frequency f, GHz

Figure 6. The dependences of the | S), | versus frequency for dipole on a magneto-dielectric substrate on a screen (TDK with thickness

d,=1 mm on a screen and FR4 with thickness d, =1 mm under the dipole) for different positions of the feeding point s; at 2L

=132 mm, 7=0.5 mm, 7, =3 mm.

As can be seen from the presented curves in Fig. 6, it is possible to achieve a significant decrease in the value of the
reflection coefficient by changing the position of the feeding point in the given frequency range. However, the values of
the resonant frequencies differ significantly from the original ones (see Fig. 2). To correct this drawback, the next step

must be realized.

4. Finding the resonant length of dipole on magneto-dielectric substrate on screen
Graphs for the final resonant length 22 =117 mm of the dipole (in accordance with Fig. 2) are presented in Fig. 7.
As can be seen, the resonant frequencies of the dipole correspond to the ranges of GSM 850 and GSM 1900.
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Figure 7. The dependences of the | S, | versus frequency for dipole on a magneto-dielectric substrate on a screen (TDK with

thickness d, =1 mm on a screen and FR4 with thickness d, =1 mm under the dipole) on a screen for different positions of the feeding

point s5 at 2L =117 mm, %=0.5 mm, », =3 mm (part 1).
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The corresponding spatial distributions of the dipole radiation field for the resonant frequencies are represented in
Fig. 8. Although the spatial distributions presented are somewhat different, this does not impair the user properties of the
radiating system presented because the direction of the main maximum remains almost unchanged.
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Figure 8. Spatial distributions for dipole on a magneto-dielectric substrate (TDK with thickness @, =1 mm on a screen and FR4

with thickness d, =1 mm under the dipole) on a screen at s; =0.7L, 2L =117 mm, %=0.5 mm, 7, =3 mm

With a further increase in the frequency range, another resonance occurs (Fig. 9). In this case, the ratio of resonant
frequencies for s; =0.7L is approximately 1 : 2.2 : 3.6. However, if we look at the figure more closely, we can see that

this ratio is not exactly fulfilled under the influence of a change in the feeding point, so this gives reasons for an
independent change in the center frequency of each of the operating frequency bands within certain limits.
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Figure 9. The dependences of the | S,, | versus frequency for dipole on a magneto-dielectric substrate on a screen (TDK with thickness
d, =1 mm on a screen and FR4 with thickness d, =1 mm under the dipole) on a screen for different positions of the feeding point s

at 2L =117 mm, 7;=0.5 mm, 7, =3 mm (part 2).

CONCLUSION

Based on the approximate analytical solution previously obtained by the authors to the problem of excitation
(radiation, scattering) of electromagnetic waves by an asymmetric biconical dipole with distributed surface impedance
(constant and variable) in a free space, the recommendations are proposed for reducing the influence of the hardware of
a communication station on the characteristics of the such dipole using a magneto-dielectric substrate on a finite-size
metal screen. Solution correctness is confirmed by satisfactory agreement of numerical results received using the
commercial software FEKO and experimental data. Numerical results are given for the input characteristics and radiation
field of the dipole in the case of its asymmetric feeding by a point source. In order to reduce the interaction of the antenna
with the phone hardware, the influence of the electrophysical parameters of the magneto-dielectric substrate on the
characteristics of the dipole was comprehensively studied. The distinctive property of the antenna is the possibility of
resonant tuning to the selected frequencies, depending on the geometric and electro-physical parameters of the dipole and
substrate, which does not deteriorate the noise-immune interference immunity properties in comparison with broadband
antennas. In this case, the reduction in the length of the antenna on a magneto-dielectric substrate compared to a biconical
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dipole in free space is 11%, and the shortening compared to a regular dipole in free space is 25%. It can be seen that the
center frequencies of the channels in which the antenna operates can be independently adjusted within small limits by
changing the size of the cones and the position of the feeding point. It is possible to calculate the dimensions of the dipole
and the substrate parameters for other resonant frequencies. It is also planned to further study the gain and radiation
efficiency of such a structure. Analysis of radiation characteristics of the proposed dipole antenna has proved the
possibility of practical applications of this antenna for multiband portable radio stations, smartphones, electronic gadgets,
base stations and different antenna systems, for example, multi-channel UAV communication systems.
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3MEHIIEHHSA BIUIUBY AITAPATHOTI'O 3ABE3IEYEHHS CTAHIII 3B°SI3KY HA XAPAKTEPUCTUKH
ACUMETPHYHOTI' O BIKOHIYHOI'O TATI0JIA 3 BAKOPUCTAHHSAM MATHITO-TIEJEKTPUYHOI IIIKJIAJIKA
HA CKIHYEHHO-PO3MIPHOMY METAJIEBOMY EKPAHI
M. B. Hecrepenko, Biktop A. Karpuy, Csitiiana B. [Imennunas, Cepriii O. Ilorapcbxuii
Xapxiscokuii nayionanvhuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapxis, Yxpaina, 61022

Ha ocHOBI momepenHb0 OTPUMAaHOrO aBTOpAaMH HAOJIMKEHOTO AHATITHYHOTO PO3B’SI3KY 3amadi 30y/DKeHHS (BHIIPOMIHIOBAHHS,
PO3CIIOBaHHS) ENEKTPOMATHITHUX XBWJIb ACHMETPUYHMM OIKOHIYHUM JUIONEM 3 PO3MOIUICHHM IOBEPXHEBUM IMIIEIAHCOM
(mocTiiHUM 1 3MIHHMM) y BUIBHOMY MPOCTOPI 3alpONOHOBAHO PEKOMEHMAALT I110/I0 3MEHIICHHS BIUIMBY anapaTHOTO 3a0e3NeyeHHs
CTaHIIii 3B’5I3Ky Ha XapaKTEePHUCTHKU TAKOTO AUIOJIS 32 TOMIOMOTOF0 MarHiTO-/1ieIeKTPUYHOT i IKIIa/IKN Ha METaJIeBUi eKpaH KiHIIEBOTO
po3mipy. [TopiBHSIHHS YUCETBPHUX Ta EKCIIEPUMEHTATBHHUX PE3YIbTATIB IS AUNONS Y BUTBHOMY IPOCTOPI MiATBEPIKYE aJCKBATHICTh
3allPOMIOHOBAHOT MAaTeMaTHYHOI MOAeNi peajdbHOMY (ismyHoMy mpouecy. HaBemeHO dUMCEnbHI pe3ylbTaTH IS BXiTHHX
XapaKTEePHUCTHK 1 IOJIiB BUPOMIHIOBaHHS TUIIOJIS 3 MArHITO-IieIeKTPHYHOIO ITiAKIAAKOIO 32 YMOBU HOT'O HECHMETPUYHOTO KHUBIICHHS
TOYKOBHM JUKEPEJIOM.

KarouoBi ciaoBa: 6Gixoniynuti ounonv;, posnoodinenuii nosepxHesuil imneoamc; MacHimo-oieneKmpuuna nioknaoka, Kinyeeu
Memanesuli ekpam,; acumempuyne 30y0x4ceHHs; PO3NOOiL CMPYMY,; 6XIOHI XapaKmepucmuKu
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The article of this study focuses on the defects caused by the platinum (Pt) atoms implanted in the silicon (Si) with the changes of their
electrophysical properties after the high temperature thermal treatments. The introduction of the platinum atom into the silicon crystal
lattice creates deep-level defect centers where the sensitive electrical properties and phenomena caused by temperature changes can be
observed more clearly than in intrinsic defects. Of particular focus on platinum atoms incorporation, extensive studies have
demonstrated significant changes of the defect structure in silicon and substantial transformation of its electrophysical properties related
to the electrical conduction mechanisms and carrier scattering phenomena. Exclusive electrophysical effects were observed for
platinum-doped silicon samples, which underwent high-temperature thermal annealing at 1050 °C and 1150 °C, primarily associated
with the clustering of boron and platinum atoms, and the formation of complex defect aggregates. These thermal treatments enhance
the interaction of isolated defects leading to the formation of clusters and complex defect entities, which greatly enhances the scattering
mechanisms. These interactive effects of defects were found to be dominant in changing charge carrier transport and recombination
processes in silicon crystals. Furthermore, experimental results showed a combination of scattering mechanisms that includes neutral
defects, deep energy levels induced by platinum impurities, and their respective charged states. Platinum-induced defects thus enable
multiple scattering mechanisms, and such hybrid mechanisms play a critical role in a silicon electrical and electronic behaviors, which
influence the semiconductor applicability of the materials in high-temperature or high-performance, etc.

Keywords: Charge carrier mobility; Conductivity;, Thermal treatment; Temperature coefficient; Acceptor impurities; van der Pauw
method; Vacancies; Crystallography

PACS: 78.30.Am

INTRODUCTION

In semiconductor technology, the thermal treatment at a high temperature and the metal-diffusion into silicon are
important for changing the electrophysical characteristics of the material. They have a great influence over silicon
crystallographic structure, charge carriers’ concentration and mobility, and recombination processes. They are also chosen
to improve the reliability of silicon-based microelectronic devices, provide a controlled spatial distribution of charge
carriers, and enhance the thermal stability of the material. Among semiconductors, silicon (Si) is the dominant material,
as it is cheap, mechanically strong, and can be synthesized in a sufficiently pure state to form high-quality monocrystals.
An acceptor energy level is located near the top of a valence band [1] when an acceptor atom (B, Ga, or Al in the case of
silicon) is located in the silicon crystal. These acceptor levels promote carrier generation (holes), thus helping to form p-
type semiconductors. As a result, adjusting distribution and ionization energy of acceptor atoms in silicon is extremely
important in microelectronics.

Also, when heavy metals like platinum (Pt), gold (Au), iron (Fe) and nickel (Ni) are incorporated in silicon, deep
energy levels and defects form in this material [2]. These metals can introduce deep trap centers in the energy spectrum
of silicon, which can have a profound impact on the mobility of charge carriers and mechanisms for conductivity. In
particular, platinum atoms introduce deep energy levels in the band structure of silicon, thereby speeding up the
recombination processes of charge carriers [3-5] In addition, at high-temperature processing, platinum atoms penetrate
into the silicon lattice and occupy vacancies and interstitial defects [6]. Moreover, metallic atoms present in silicon act
as electron and hole traps, which can either diminish their mobility, or, conversely, enhance their bulk conductivity.
Those semiconductor processes are used in the production of silicon-based integrated circuits (ICs), high-speed
transistors and sensor devices. Therefore, knowing the effect of the acceptor and/or metal atoms used to dope the silicon
and studying their energy levels are paramount for accurate tuning of the electromagnetic properties of this material. This
article presents the analysis of electrophysical changes arising from p-type silicon dopant by Pt atoms and high-
temperature thermal processing conducted in this respect.

MATERIALS AND METHODS
Samples measuring 1x10x10 mm?, prepared from monocrystalline silicon with a resistivity of 5 Q-cm and p-type
conductivity, were used as the initial material [7]. Doping of silicon with platinum atoms was performed by gas-phase
diffusion at temperatures of 950°C, 1050°C, and 1150°C for 5 hours in quartz ampoules evacuated to a vacuum of
approximately 10™* Torr. Afterward, the samples underwent a gradual cooling process to determine the resistivity,
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concentration and the mobility of the majority charge carriers in the grown films, the Van der Pauw method was used on
a HMS-7000 Hall effect measurement unit.

RESULTS AND DISCUSSION
It is known that in semiconductors, the temperature dependence of the mobility of charge carriers is given by the
following expression:

_Ea
U~T™ - e kT,

Here, u is the charge carriers’ mobility, 7 is the absolute temperature, Eq is the activation energy, and & is the Boltzmann
constant. In many cases, to achieve a linear relationship from equation (1), it is necessary to take the logarithm of both

sides of the equation. Additionally, the mobility y of charge carriers in monocrystalline silicon decreases with increasing
temperature, exhibiting an inverse relationship [8]:

p~Tm.

Here, m is the temperature coefficient.

Charge carrier mobility in common p-type silicon samples doped with boron (p-Si<B>) normally retains such
temperature dependence: informal of low temperatures (T < 150 K), it shows a weak or medium increase due to
neighboring ionized impurities [9] scattering, whereas in the case of high temperatures (T > 150 K) - a highly mobility
drops as a consequence of phonon [10] scattering. Which mechanism dominates depends on the doping concentration of
the silicon where impurity atoms are incorporated, and the crystalline quality of the sample [11]. For instance, in the case
of p-Si<B> samples, we noticed a temperature dependent charge carrier mobility in the range of 200-300 K with a
temperature coefficient m = 0.4 (illustrated in the Figure 1). This implies that, beyond the acoustic phonon scattering at
high temperature observed in the curve, further scattering mechanisms associated with structural imperfections (defects,
clusters, dislocation points etc.) are being activated in samples treated by 5 h at 950 °C [12].
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Figure 1. Logarithmic dependence of charge carrier mobility x on temperature in p-Si<B> samples subjected to thermal treatment
at 950°C and doped with Pt atoms.

Regarding the 200-300 K region, the temperature coefficient of charge carrier mobility rises fromm =0.4 tom = 0.6
in the sample of p-Si<B> when Pt atoms are diffusing in the substrate at high temperature of 950°C for 5 hours (see
figure). This indicates that the Pt atoms, diffused into the silicon crystal lattice as a result of high-temperature processing,
generate more complex structural damage and deep-level trap centers in silicon crystal, resulting in enhanced and
temperature-dependent scattering mechanisms.

Between 300—450 K, the mobility of the charge carriers in p-Si<B> samples showed temperature dependence with
a coefficient of m = 0.2 (figure shown). A quick recap of the underlying physical mechanisms behind this behavior is in
order. Silicon possesses a moderate temperature regime at 300-450 K, as phonon scattering to charge carrier mobility
prevails in this temperature range. We suspect scattering due to neutral defects or neutral impurity atoms in this case is
more important due to the relatively low mobility coefficient m = 0.2 [13] Furthermore, because the boron atom
concentration of the samples is very high (Na>1018+1019cm-3), this may also cause similar behaviors as reducing carrier
mobility in heavily doped samples depends primarily on the scattering at impurity atoms and structural defects [14].
Finally, the presence of dislocations or other structural imperfections can also give rise to this reduction in temperature
coefficient of mobility (e.g. (m = 0.2). It is more likely that this happens in the 300450 K range where, in general, the
interaction between charge carriers and defect structures is weakly temperature dependent.

A similar temperature dependence (u~TO0. 2) was also detected for p-Si<B,Pt> samples at the temperature range
from 300 to 450 K (Figure 1). It is well known that in the case of p-Si<B> samples, the incorporation of transition metal
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atoms such as Pt produces energy levels deep in the bandgap treated as deep-level impurities. These levels are related to
defects that may be present in both neutral and positively charged forms [15]. These defects often exhibit neutral
scattering center-like behavior — especially when related to Pt atoms — resulting in a weak temperature dependence of
mobility. Moreover, Pt atoms serve as deep-level traps in the energy spectrum of the silicon crystal, being almost
unchanged in a neutral state at high temperature due to the difficulty of entering a charged state [16]. As these defects
stay in place in the neutral state during the temperature increases, they will serve as a scattering mechanism that is mostly
independent of the temperature producing low value of mobility coefficient (m = 0.1+0.3).

In addition, as can be found in the literature, low temperature coefficients, like the ones discussed here, are often
how those of Si doped with Pt and other transition metals, such as Fe, Au, and Ni, are reported. The underlying cause of
this behavior can mainly be ascribed to the generation of deep-level defects in silicon crystals by Pt atoms in turn activated
by neutral scattering mechanisms. Thus, the equal temperature coefficient found in p-Si<B> and p-Si<B,Pt> samples
(m = 0.2), proves that the dominant factor which causes scattering in this temperature range is neutral defect scattering.
As we know, prolonged high-temperature thermal treatment leads to the redistribution of boron (B) and oxygen (O)
atoms in the silicon lattice structure, resulting in the formation of small clusters or complexes. Therefore, as the
concentration of intrinsic defects increases, so does the concentration of various intrinsic defects like vacancies,
dislocations, and complex defect structures (e.g., double defects, clustered defects). Here in our case for p-Si<B> samples
subjected to thermal treatment at 1050°C for 5 hours, we have seen the temperature dependence of charge carrier mobility
in the full 200450 K range with a temperature coefficient of m = 2.6 (Fig. 2). Such a large value cannot be accounted
for by typical scattering mechanisms such as phonon or ionized impurity scattering. Instead, it suggests, at these high
temperatures, boron atoms and other defects aggregate together to build complex defect centers, their effect in scattering
not only remains high at high temperatures but may actually amplify [17]. Similarly, the addition of Pt atoms onto p-
Si<B> samples at 1050°C for 5 hours led to a mobility coefficient of m = 2.3 in the 200-300 K range and m = 2.5 in the
300450 K range. Traditional scattering mechanisms alone cannot explain these large values. They are rather rationalized
by strong scattering from deep-level defects (trap centers) and cluster defects, and by related localized strain fields created
by Pt inclusion. The defects provide ever stronger scattering centers for charge carriers at elevated temperatures.

For p-Si<B> samples heat-treated at 1150°C for 5 hours temperature-dependent mobility of charge carriers exhibited
coefficients of m = 0.55 and m = 0.56 in the temperature ranges of 200-300 K and 300450 K respectively (see Figure 3).
These values (m=0.55+0.6) are characteristic of a mixed scattering mechanism that arises from the joint contribution of
acoustic phonon scattering (for which m = 1.5) and neutral defect scattering (for which m = 0.1+0.3) [18]. This means
that boron atoms and thus intrinsic defects in the silicon lattice redistribute due to the long-term high-temperature
treatment, forming complex defects and clusters liable to exist both in neutral and charged states. This leads to
temperature dependence of mobility that is significant, but smaller than what is commonly related to phonon scattering
only.
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Figure 2. Logarithmic dependence of charge carrier mobility (i) on temperature in p-Si<B> samples subjected to thermal treatment
at 1050°C and doped with Pt atoms.

The charge carrier mobility in p-Si<B> samples with Pt atom doping at 1150°C for 5 hours showed a m=0.6
temperature dependence in the 200—450 K range. It is well known that Pt atoms can create deep-level energy states in
silicon, which create defect centers with neutral and charged states. The influence of such defects provides mostly larger
temperature coefficients (m ~ 0.5+0.7) as compared to the scattering with the only neutral defects. This is because, in this
case, the carrier mobility is determined not only by the neutral defects but also by the charged states of deep-level defects
and trap centers. Hence, the intermediate value of m= 0.6 seen here, across the 200450 K mid-range, signifies a
combination of scattering mechanisms. Scattering is dominated instead by the joint action of neutral defects, deep-level
energy states, and their ensuing localized strain fields in this regime. These defect centers are generally more thermally
active at higher temperatures, thus perturbating more of the mobility of the charge carriers. Leading to a moderately strong
temperature dependence of the mobility, typical of such a mixed scattering mechanism.
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Figure 3. Logarithmic dependence of charge carrier mobility (1) on temperature in p-Si<B> samples subjected to thermal treatment
at 1150°C and doped with Pt atoms.

CONCLUSIONS

The following conclusions were established by the result of electrophysical changes observed in p-type silicon as a
result of platinum (Pt) atom incorporation and subsequent high-temperature thermal treatments.

- Estimate of p-Si<B> samples collected from 200-300 K, which showed that the temperature coefficient of charge
carrier mobility in p-Si<B> samples increased from m = 0.4 (before incorporation of Pt) to m = 0.6 (after Pt doping). This
increase is maintained by the fact that Pt atoms in the silicon crystal forms deeper and more temperature-sensitive defect
centers.

- The temperature coefficient (m = 0.2) for the p-Si<B> and Pt-doped p-Si<B,Pt> samples was obtained in the
300-450 K temperature range. This tendency is attributed to the superiority of scatterings of high concentration of boron
and neutral crystalline defects.

- at the 1050°C, 5 hours thermal treatment, the value of the temperature coefficient reached the m=2.6 for the
p-Si<B> samples showing the additional potential for propagation strong scattering mechanisms. These are mainly
ascribed to boron atoms clustering and complex defect structures formation at high temperatures.

- In p-Si<B> samples doped with Pt atoms and annealed at 1150 °C, the mobility temperature coefficient in the
range of 200-450 K is found equal to m = 0.60. This is ascribed to a combination scattering mechanism by neutral
defects, deep-level energy states created by the Pt atoms, and their charged configurations.
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EJEKTPO®I3UYHA TIPUPOJA JEGEKTIB Y KPEMHII, CHPUUAHEHUX IMILTAHTOBAHUMH
ATOMAMMU TUVIATUHHA
Axpammxon WM. Bo6oes, Binoaigtin M. Eprames, Hypitain 1. IOnycanies, Taxammmasex C. MagaminkoHoB
Anoudicancokuii depacasnuil yuigepcumem imeni 3.M. Babypa, Anousican, Y3b6exucman

VY craTTi 1bOro AOCIIHKEHHS PO3rILIIAIOThC AedeKTH, cripuunHeHi aromamu mwiatuau (Pt), iMmianroBanumu B kpeMHii (Si), 31
3MiHaMH X eJNeKTPO(i3MYHUX BIACTUBOCTEH IiCIsS BHCOKOTEMIEPATYPHOI TepMidHOi 0OpoOKu. BBereHHs aToma IUIaTHHH B
KPHUCTANIYHY PELIiTKy KPEeMHII0 CTBOPIOE TMMOOKI HEHTPU Ae(EKTiB, e YyTJIMBI €JICKTPUYHI BIACTHBOCTI Ta SBHIIA, CIIPUYNHEH]
3MiHAMH TEMIEPaTypH, MOKHA CIIOCTEPIraTH HiTKille, HDK Yy BIacHHX AedekTax. 30cepeKyroUurch Ha BKIIOUECHHI aTOMIB IJIATHHH,
MaciuTabHiI JOCIHiIKEHHS MPOAEMOHCTPYBANU 3HAYHI 3MiHH JAe(EKTHOI CTPYKTypH KPEMHIIO Ta CYTTEBY TpaHC(OpMaIiro Horo
SNIEKTPO(I3UIHIX BIIACTUBOCTEH, IOB'I3aHUX 3 MEXaHI3MaMM EeJIEeKTPONPOBITHOCTI Ta SBUIIAMH pO3CIIOBAaHHS HOCIIB 3apsmy.
ExckmrosuBHI  enekrpodisnuHi  edexTH cmocrepirammcss IS 3pa3KiB  KPEMHIIO, JIETOBAHOTO IUIATHHOIO, SKI MPONIILIN
BUCOKOTeMIIepaTypHuil Tepmiunui Bianan mpu 1050°C ta 1150°C, ronoBHUM YMHOM IIOB'SI3aHi 3 KiacTepu3aLiclo aToOMiB Oopy Ta
IUIATHHH, @ TAKOXK YTBOPEHHSM CKJIaIHUX arperaTiB aedektis. L{i TepmiuHi 00poOKH MOCHITIOIOTH B3aEMOIIO 130160BaHHX Ie(EKTiB,
110 TIPU3BOUTH 0 YTBOPEHHS KJIACTEPiB Ta CKIAJHUX Ne(EKTHUX yTBOPEHb, 110 3HAUHO IOCHIIIOE MEXaHI3MM PO3ciloBaHHS. Byio
BUSIBJICHO, L0 1L1i iHTepaKkTHBHI eekTn nedeKkTiB JOMIHYIOTh Y 3MiHi ITPOLIECiB IIEPEHOCY HOCITB 3apsay Ta peKoMOIHaIil B KpUcTamax
KkpemHit0. KpiM Toro, ekcrmepuMeHTanbHi pe3yJbTaTH MOKa3ald KOMOIHAIiI0 MEXaHi3MiB PO3CIIOBaHHS, SIKa BKIIOUAE HEUTpPANbHI
nedexTy, rMOoKi eHepreTUdHi PiBHI, IHAYKOBaHI JOMIIIKAMH IUTATHHH, Ta X BiAMOBIIHI 3aps/KeHi CTaHU. TakiuM YHMHOM, Te(EeKTH,
IHIyKOBaHI IUIATHHOIO, JO3BOJIIIOTH peali3yBaTH MHOXKHHHI MEXaHI3MH PO3CIIOBaHHS, 1 Taki riOpumHI MeXaHI3MH BiAirpaioTh
BUPIMIAIBHY POJIb B €IICKTPUYHIH Ta €IeKTPOHHIN NOBE/IHIlI KPEMHIIO, 10 BIUIMBAE HA HAIIBIPOBIHUKOBY 3aCTOCOBHICTH MaTepialis
y BUCOKOTEMIIEpAaTypHHX a00 BHCOKONPOIYKTHBHUX YMOBAaX TOILO.

Kurouosi ciioBa: pyxausicms Hociie 3apsdy; npogioHicmb,; mepMiuHa 06pobKa, memnepamypHuil Koe@iyicHm, aKyenmopHi OOMIUKU;
memoo Ban-oep-Ilaysa; sakancii; kpucmanocpagis
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In this paper, the processes of conductivity relaxation in Si<B,S> and Si<B,Rh> single crystals under different compensation conditions
and concentrations are investigated. It is found that the relaxation process of photoconductivity in compensated Si<B,S> and Si<B,Rh>
single crystals is described by a two-step exponential dependence with characteristic times of fast (11) and slow (t2) relaxation, and
these relaxation processes depend on the type of compensating impurity and its concentration. The relaxation parameters (11, T2) were
determined and it was found that the characteristic relaxation time of the photocurrent in the Si<B,Rh> sample is much shorter
compared to the Si<B,S>sample. With increasing y-irradiation dose, the second characteristic relaxation time (t2) first sharply increases
and then reaches the saturation state at a certain high dose, which is explained by the limited number of deep energy defects formed
under irradiation. The dependence of the relaxation time (12) on the y-radiation fluence increases with decreasing temperature (up to
77 K). The influence of fluctuations in the concentration of charge carriers on the relaxation process is investigated, and it is found that
with a decrease in the resistivity of the starting material, i.e. at higher concentrations, the amplitude of fluctuations increases, which
leads to an increase in the relaxation time.

Keywords: Film; Si<B,S>; Si<B,Rh>; y-radiation; Photoconductivity; Relaxation time; Temperature; Concentration

PACS: 78.30.Am

INTRODUCTION

Modern electronics and solar energy together with photonics require an increasing demand for high-efficiency
semiconductor materials. Compensated semiconductors represent an effective method for the development of these
materials. The compensation method adds dopants with opposite charges to semiconductors, which allows scientists to
control electrical properties and photoelectric characteristics and conductivity type and carrier concentration. Boron-
doped silicon, which receives compensation through sulfur (S) or rhodium (Rh) atoms, emerges as the most critical
silicon-based compensated material [1,2]. Compensated Si<B,S> and Si<B,Rh> monocrystals demonstrate high
photosensitivity properties that make them suitable for solar energy systems and photodetectors and radiation-resistant
electronic devices [3]. Such materials demonstrate changing electrical conductivities through time due to the occurrence
of relaxation processes. The nature of relaxation processes needs thorough analysis because it enables enhancements in
material properties including photosensitivity and electrical conductivity as well as radiation resistance [4]. The long-
term relaxation behavior of electrical conductivity in Si<B,S> and Si<B,Rh> materials demands scientific investigation
due to its practical value. The current research analyzes the electrical conductivity relaxation characteristics of Si<B,S>
and Si<B,Rh> monocrystals under different compensation conditions and impurity concentration levels.

RESEARCH METHODS

The researchers used boron-doped p-type silicon (Si) monocrystals because they selected them as starting materials.
The starting Si<B,S> samples displayed specific resistivity values between 1 to 10 Q-cm while Si<B,Rh> samples showed
specific resistivity between 7 to 10 Q-cm. The implement of thermodiffusion enabled compound creation through the
specified temperature range from 1250 to 1290°C for a complete duration of 20 hours. The concentration development of
compensating sulfur (S) atoms in Si<B,S> samples reached Ns between (0.2-2)-10'® cm™ and Si<B,Rh> samples
contained thodium (Rh) atoms at Ngy = 5-10'> ¢cm. The specific resistivity rose dramatically through compensation in
both sample types which led to the creation of high-resistivity silicon monocrystals with p = (8-10)-10* Q-cm.

RESULTS AND DISCUSSION
Relaxation Processes of Electrical Conductivity
It is well established that photoconductivity relaxation refers to the decay of photocurrent in semiconductor materials
after the cessation of photoexcitation. This process is a key parameter characterizing the electro-optical properties of the
material. For the Si<B,S> and Si<B,Rh> monocrystals under investigation, this relaxation process can be accurately
described by a two-stage exponential law [5]:
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Iy = Are™t/™ 4 A e~t/m M

In this context, I — denotes the time-dependent photocurrent, while A; and A, - represent the initial amplitudes of
the photocurrent components. The parameters, 7, and 7, - are the characteristic time constants of the relaxation
process [6]. According to the authors of [6], these parameters are strongly dependent on the type and concentration of the
compensating impurity. Typically, the condition 4; > A, and 7; < 7, is fulfilled, indicating the presence of two distinct
mechanisms involved in the relaxation process—one fast and one slow. Table 1 presents the characteristic values of the
relaxation parameters determined from experimental investigations conducted on Si<B,S> and Si<B,Rh> monocrystals.
These values reflect the unique properties of the compensated materials. The data in the table provide a basis for evaluating
the photosensitivity and response speed of the materials, and demonstrate the potential of creating highly photosensitive
semiconductors through compensation techniques for practical applications [7].

Table 1. Photoconductivity Relaxation Parameters

Sample type Expression T, T,
Si<B,S> (1) lo = 4- 10725 + 2,5 - 10~2¢51at 9 6184
Si<B,S> (2) lo = 1-10~7 6T + 2 - 10-8eTizT 261 | 4121
Si<B,S> (3) Iy = 1-107%€160 + 5 - 10-5¢ 080 160 | 1060
Si<B,Rh> lo = 2-10-5077 + 45 - 10-8¢53 0.72 | 53

The Si<B,Rh> sample exhibits a considerably reduced relaxation time than the Si<B,S> sample. The different
materials exhibit different potential barrier heights because of this observation. The scientific importance of studying how
external gamma radiation doses affect photoconductivity relaxation processes is widely acknowledged as a fundamental
concept. Semiconductor materials undergo such radiation analysis to evaluate their resistance to radiation according to
research in [8]. This research analyzed the effect of different y-irradiation doses on the photocurrent relaxation behavior
in Si<B,S> and Si<B,Rh> material samples. Figure 1 displays the second characteristic relaxation time (12) variations
with increasing y-irradiation dose according to graphical results.

10
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| DAT il —o0—Si<B,$> ~1,1-10" cm?
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Figure 1. Dependence of photoconductivity relaxation kinetics on y-radiation dose
a) Si<B,Rh> sample N, ~2.5 - 101 cm~3; b) Si<B,S> sample 1 - 8.5 - 10*° cm™3,2-~9.1- 10 °cm™3,3 - ~1.1- 108 cm 3

Results analysis demonstrated that the second characteristic relaxation time (12) started with substantial growth until
it stabilized at a saturation point under high dose exposure of y-irradiation. The saturation amount depends on atom type
Rh or S together with atom concentration. The two slow recombination pathways for photo-generated carriers in
compensated Si<B,S> and Si<B,Rh> monocrystals emerge as the result of these experimental findings [9].

The slow decay of photocurrent follows the second characteristic relaxation time (t2) primarily because deep energy
centers exist within the semiconductor. Different types of deep-level energy traps known as defect centers are generated
or their concentration grows within Si<B,S> and Si<B,Rh> materials when the y-irradiation dosage increases [10]. The
charge carriers become trapped by these defects, which decelerates their recombination rate until the relaxation time 12
extends. When the dose of irradiation reaches, its critical level the creation and density of these defects will become
saturated [11]. The total number of deep-level centers reaches its maximum limit at the same time as their carrier capture
capability reaches saturation. After reaching this saturation point the additional dose becomes ineffective since it fails to
modify the relaxation time value of T=—and this stage is referred to as the saturation regime. The evolution of this process
depends on both the type and amount of compensating impurity because each impurity atom affects the silicon crystal
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lattice structure and the carrier recombination patterns differently according to literature [12]. The research findings
establish essential evaluation criteria for assessing radiation resistance in compensated Si<B,S> and Si<B,Rh> samples
making them suitable materials for building radiation-resistant photosensitive semiconductors [13].

Analysis of the Influence of Radiation and Temperature on the Relaxation Process
In order to gain a deeper understanding of the photoconductivity relaxation process in semiconductors, it is essential
to consider the impact of external factors such as radiation fluence and temperature. As y-irradiation dose increases, the
number of defects in the semiconductor also rises, which in turn modifies the recombination processes of charge
carriers [14]. Figure 2 presents the influence of y-radiation doses on the photocurrent relaxation time in the Si<B,Rh>
sample as a function of temperature.

800
—0— Si<B,Rh> 77 K
—o— Si<B,Rh> 300 K
o 600
i
400 H
200 T T T T T T T
0 2 4 6 8 10 12 14
@, 10" cm?

Figure 2. Dependence of Relaxation Time 12 on y-radiation and temperature in the Si<B,Rh> Sample: 1 - 77 K; 2 -300 K

Results in Figure 2 show that the relaxation time changes at a faster rate when y-radiation increases at 77 K low
temperature conditions. When temperatures decrease the number of thermally activated charge carriers decreases so
recombination happens mostly through deep-level defect centers produced by irradiation [15]. Each defect center plays a
stronger role because of which the relaxation process experiences a more noticeable slowdown.

The number of thermally activated carriers rises at 300 K leading to weakened interactions between charge carriers
and defects that causes the relaxation time to change more slowly [16]. The temperature increase reduces the fluence-
dependence of relaxation times. The necessity of high fluence sensitivity in relaxation time comes forth as fundamental
for creating radiation-tolerant photoelectronics designed to operate at cold temperatures.

Effect of Concentration Fluctuations on the Relaxation Process

During the compensation of semiconductor materials, fluctuations in charge carrier concentration-i.e., variability in
carrier density-can have a significant impact on electrical conductivity and photocurrent relaxation. These fluctuations
lead to local distortions in the energy bands of compensated semiconductors, resulting in the formation of potential
barriers [17]. Consequently, the mobility of charge carriers decreases, and their recombination process slows down, which
leads to an increase in relaxation time.

Table 2 presents the amplitude of charge carrier concentration fluctuations and their relative variation with respect
to the mean value for Si<B,S> materials at a compensation level of K = 1.

Table 2. Dependence of Concentration Fluctuations on Material Type in Si<B,S> Samples with a Compensation Level of K =1

i _ max _ pmin _
# P™Max cm=3 p™in em=3 P,cm™3 % 100% N, cm™3
1 2.1-10 1.9-10' 2-10' 10 2-101
2 2.1-10" 1.9-10"° 2-10%5 10 2-10"

The data shows that higher carrier concentrations lead to larger absolute fluctuations of charge carrier concentrations
that correspond to lower specific resistivity values of initial materials. The process produces enhanced potential barriers,
which grow in both height and quantity. Lower specific resistivity values in the material result in increased recombination
times for charge carriers according to the table data analysis. During the process, time the number of barriers and height,
increase simultaneously. The reduction of specific resistivity extends charge carrier recombination time because
photoconductivity relaxation duration stretches out.

The relaxation time length becomes extended when the initial material has lower specific resistivity levels as this
produces higher charge carrier concentration fluctuations to enhance photosensitivity. This research discovery has
immense potential to improve the creation of photodetectors while creating high-sensitivity sensor devices.
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CONCLUSIONS

Scientific and practical findings from the research evaluation enabled researchers to establish these main
conclusions:

Compensated Si<B,S> and Si<B,Rh> monocrystals exhibit two-stage exponential relaxation which proceeds
through fast (t1) and slow (12) relaxation times during photoconductivity decay. The relaxation processes showed
significant dependence on the type together with the concentration level of the compensating impurity used.

The experimental results revealed that the Si<B,Rh> sample had a substantially reduced characteristic relaxation
time of its photocurrent compared to the Si<B,S> sample.

y-radiation doses lead to an abrupt upswing of the second characteristic relaxation time (t2) before it reaches an
equilibrium state at a particular high dose level. The saturation occurs because radiation exposure creates only a limited
number of deep-level energy defects.

When the y-radiation flux was assessed at 77 K the dependency of relaxation time (12) became more significant.
Low temperatures lead to mostly recombination through defect centers that form due to irradiation. Thus, a decrease in
the specific resistivity of the initial material enhances the concentration fluctuations of charge carriers and creates the
potential to improve the material's photosensitivity through the prolongation of the relaxation time.

This finding is particularly important for the development of photodetectors and highly sensitive sensor devices.

Conflict of Interests
The authors declare that they have no conflict of interests

Funding
The present research work was financed under the project FZ-292154210 granted by the Ministry of Innovative Development of the
Republic of Uzbekistan

ORCID
Akramjon Y. Boboeyv, https://orcid.org/0000-0002-3963-708X
Khushroy A. Makhmudov, https://orcid.org/0009-0004-8845-8741
Ziyodjon M. Ibrokhimov, https://orcid.org/0009-0003-6931-661X
Avaz K. Rafikov, https://orcid.org/0000-0001-9199-2428
Nuritdin Y. Yunusaliyev, https://orcid.org/0000-0003-3766-5420
Sarvarbek Kh. Ibrokhimov, https://orcid.org/0009-0004-6907-8129

REFERENCES

[1] V.N.Krivoruchko, and A.S. Tkachenko, “Defect engineering in compensated silicon: The role of boron-sulfur and boron-rhodium
complexes,” J. Appl. Phys. 131, 084501 (2022). https://doi.org/10.1063/5.0083721

[2] A. Garcia-Loureiro, et al., “First-principles study of rhodium-induced deep levels in compensated silicon,” J. Phys.: Condens.
Matter, 35, 225701 (2023). https://doi.org/10.1088/1361-648X/acc5a2

[3] S.Z.Zainabidinov, et al., “Effect of y-Irradiation on Structure and Electrophysical Properties of S-Doped ZnO Films,” East Eur.
J. Phys. (2), 321 (2024). https://doi.org/10.26565/2312-4334-2024-2-37

[4] A.A. Istratov, H. Chen, and J. Yang, “Long-term relaxation effects in compensated Si<B,S> monocrystals: Implications for
photodetectors,” Phys. Rev. Appl. 16, 044032 (2021). https://doi.org/10.1103/PhysRevApplied.16.044032

[5] M. Stavola, et al., “Defect metastability in sulfur-compensated silicon,” Appl. Phys. Lett. 104, 042101 (2014).
https://doi.org/10.1063/1.4862799

[6] N. Yarykin, ef al., “Deep-level transformations in Si<B,S> under illumination,” Phys. Status Solidi b, 258, 2100032 (2021).
https://doi.org/10.1002/pssb.202100032

[7] Sh.B. Utamuradova, ef al., “Research of the impact of silicon doping with holmium on its structure and properties using Raman
scattering spectroscopy methods,” East Eur. J. Phys. (2), 274 (2024). https://doi.org/10.26565/2312-4334-2024-2-28

[8] L. Vines, ef al., “Radiation-hard Si<B,Rh> photodetectors: Relaxation dynamics under y-irradiation,” Nucl. Instrum. Methods
Phys. Res. B, 540, 100 (2023). https://doi.org/10.1016/j.nimb.2023.03.010

[9] M.J.Puska, et al., “Divacancy-mediated carrier lifetime saturation in irradiated Si<B,S>,” Phys. Rev. Materials, 7, 014603 (2023).
https://doi.org/10.1103/PhysRevMaterials.7.014603

[10] V.P. Markevich, et al., “Defect saturation in Rh-doped silicon under irradiation,” Appl. Phys. Lett. 118, 242103 (2021).
https://doi.org/10.1063/5.0052627

[11] A. Kuznetsov, et al., “Radiation-induced defect evolution in S-compensated silicon,” J. Appl. Phys. 128, 155701 (2020).
https://doi.org/10.1063/5.0023418

[12] J.W. Farmer, et al., “Impurity-controlled defect saturation in irradiated silicon,” Phys. Rev. Appl. 18, 014045 (2022).
https://doi.org/10.1103/PhysRevApplied.18.014045

[13] K.M. Itoh, “Compensated silicon for radiation-hard electronics: Progress and prospects,” Chem. Mater. 34, 6123 (2022).
https://doi.org/10.1021/acs.chemmater.2c01108

[14] S. Zaynabidinov, et al., “X-ray diffraction and electron microscopic studies of the ZnO(S) metal oxide films obtained by the
ultrasonic spray pyrolysis method,” Herald of the Bauman Moscow State Tech. Univ., Ser. Nat. Sci. 1, 78 (2024).
https://doi.org/10.18698/1812-3368-2024-1-78-92

[15] G.D. Watkins, “Radiation-induced defects in Rh-doped silicon,” Phys. Rev. B, 105, 195205 (2022).
https://doi.org/10.1103/PhysRevB.105.195205

[16] M.T. Lusk, et al., “Temperature-dependent defect interactions in compensated Si,” Phys. Rev. Appl. 19, 034045 (2023).
https://doi.org/10.1103/PhysRevApplied.19.034045



440
EEJP. 2 (2025) Akramjon Y. Boboev, et al.

[17] U.O. Kutliev, M.U. Otabaev, and M.K. Karimov, “Investigation Ne ions scattering from the stepped InP(001)<110> surface,”
J. Phys.: Conf. Ser. 2388, 012092 (2022). https://doi.org/10.1088/1742-6596/2388/1/012092

JOBI'OTPHUBAJII ITPOIECH PEJTAKCAIII EJJEKTPOIPOBITHOCTI B KOMIIEHCOBAHUX MOHOKPHCTAJIAX
Si<B,S> TA Si<B,Rh>
Axpampxon M. Bo6oer?, Xympoii A. MaxmynosP, iliox:xon M. I6poxiMos?, ABa3 K. Pagikost, }0.H. FOunycanies?,
Capsap0ex X. Iopoximos?*
“Anoudicancokuti OepoicasHull yruieepcumem imeri 3.M. Babypa, Anousican, Y30exucman
bKoxanocokuil yHigepcumem, Anoudicancoka inia, Anoudscan, Y3bexucman
Incmumym s0eprnoi @izuxu Axademii nayk Pecnyoniku Y3oexucman

V wmiif cTaTTi JOCTIKYIOThCS TIPOIECH pellaKcalii MpoBifHOCTI B MOHOKpHcTanax Si<B,S> ta Si<B,Rh> 3a pi3Hnx ymMoB koMmeHcaril
Ta KOHIIEHTpalliil. BcTaHOBJIEHO, 1110 Mporiec penakcailii (oTOMpoBiIHOCTI B KOMIICHCOBAHUX MOHOKpHcTanax Si<B,S> ta Si<B,Rh>
OITMCY€ETHCS JBOCTYIICHEBOIO €KCIIOHEHIIABHOIO 3AJISKHICTIO 3 XapaKTePHUMH 4acaMy LIBHAKOI (T1) Ta MOBUIBHOI (T2) penakcarii,
MPUYOMY IIi MPOLIECH pelaKcallii 3ajeKarth BiJf TUITy KOMICHCYIOUOi JOMIIIKH Ta il KOHIeHTpauil. BusHaueHo mapameTpu penakcaril
(T1, T2) Ta BUSBICHO, L0 XapakTepHHU yac penakcauii Gporoctpymy y 3pasky Si<B,Rh> 3HauHO KOpOTIIHMI MOPIBHIHO 3i 3pa3KoM
Si<B,S>. 3i 30UIbIIEHHSM J03H Y-ONPOMIHEHHS APYTHH XapaKTepHHH dac penakcarii (Tz) CIOYaTKy pPi3KO 30UIBIIYETHCS, a MOTIM
JIocsATa€e CTaHy HACHYEHHS TP MEBHIM BHCOKIH /1031, 10 TIOSICHIOETHCS OOMEKEHOIO KUTBKICTIO TTIHOOKHX €HEPTeTHYHUX AE(EKTIB, 110
YTBOPIOIOTBCS MiJI Yac OMPOMIHEHHs. 3aleXKHICTh Yacy penakcamii (T2) Bij (UIIOCHCY y-BHIPOMIHIOBaHHS 3pOCTa€ 31 3HIKEHHSIM
temmeparypu (no 77 K). JlocmimkeHo BIMB (uIyKTyamili KOHIEHTpaIii HOCI{B 3apsay Ha IpoIec pelakcamii Ta BUSBIEHO, IO 3i
3MEHIIICHHSM [TUTOMOTO OMOPY BHXIJHOTO MaTepiaay, TOOTO MPH BUIIKUX KOHIICHTPAIIAX, aMIUTITYAa QIyKTyaIlii 301IbIIyEThCS, 0
MPU3BOIUTH J0 301IBIICHHS Yacy pellaKcartii.

KoarouoBi caoBa: nuiexa;, Si<B,S>; Si<B,Rh>; y-eunpominosanns; ¢omonpogionicms; uac penaxcayii; memnepamypa,
KoHyenmpayis
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A theoretical analysis of the frequency—temperature dependence of the single-photon absorption coefficient of polarized radiation in
narrow- and wide-bandgap semiconductors is conducted, considering intraband optical transitions and including the coherent saturation
effect. It is shown that with a fixed radiation frequency, the single-photon absorption coefficient initially increases with temperature,
reaches a maximum, and then decreases. The position of this maximum shifts to lower frequencies for both narrow- and wide-bandgap
semiconductors when the temperature dependence of the bandgap width and the effective masses of holes are taken into account. In
semiconductors with a zinc-blende lattice structure, accounting for the temperature variation of band parameters leads to a reduction
in the amplitude of the frequency and temperature response of the single-photon absorption coefficient. As temperature rises, the
absorption threshold diminishes, an effect which is especially noticeable when using the Passler bandgap model. Each type of intraband
optical transition contributes differently to the frequency, temperature, and polarization dependence of the absorption coefficient
K@ (w, T) for transitions involving the split-off band (SO) and light-hole (LH) band.

Keywords: Probability of single-photon transitions; Coefficients of single-photon absorption and linear-circular dichroism, Coherent
saturation effect; Temperature dependence of the band gap

PACS: 71.20.Nr, 71.70.Ej, 42.50.Nn

INTRODUCTION

The absorption of light associated with optical transitions between the heavy-hole and light-hole subbands of the
valence band in cubic symmetry has long been studied both theoretically and experimentally (see, for example, [1-3] and
the references therein).

In studies [4-9], theoretical investigations were conducted on one- and multi-photon absorption caused by both
interband and intraband optical transitions. In [8], multi-photon intraband Larmor cyclotron resonance (LCR) in p-Ge was
examined under conditions of strong nonlinearity, where multi-photon processes contribute comparably to the absorption.
In [4, 6-9], the spectral and temperature dependences of the multi-photon absorption coefficient and LCR in semiconductors
with complex band structures were described. In [10, 11], saturation of the vertical optical transition rate in regions of higher
intensity and nonlinear light-intensity-dependent photocurrents induced by direct optical transitions between topological
surface and bulk states in three-dimensional topological insulators were observed. In [12], a microscopic theory of nonlinear
edge photocurrent in graphene illuminated by terahertz radiation was developed, while in [13], single- and multi-photon
interband optical transitions in monolayers of transition metal dichalcogenides were analyzed. Studies [14-17]
experimentally investigated two-photon absorption of unpolarized light in GaAs, InP, GalnAs, InSb, InAsP.

The analysis of our calculations for the LCR coefficient (the probability of light absorption with linear and circular
polarization) indicates that accounting for the effect of coherent saturation leads to a distinctive polarization dependence.
Therefore, it is of interest to theoretically investigate the LCR coefficient and light absorption as a function of the angle
between the wave vectors of charge carriers and photons. This is related to optical transitions from the light-hole and
heavy-hole subbands to the spin-orbit split-off subband, as well as the contribution of the coherent saturation effect [5-9]
to the LCR coefficient and light absorption, considering the temperature dependence of band parameters (bandgap width
and effective masses of charge carriers). The present work is dedicated to studying these phenomena.

In direct-gap semiconductors with a degenerate valence band, single-photon absorption can occur not only via interband
transitions but also via intraband transitions between different valence subbands. In a zinc-blende semiconductor, the top of
the valence band (comprising the heavy-hole and light-hole bands, which are degenerate at k = 0) is split by spin—orbit
coupling: a lower-lying split-off valence band is separated from the heavy/light-hole valence band by an energy A, [13].
Here Ay, (often called the spin—orbit splitting energy) denotes the energy gap between the split-off (SO) band and the top
of the valence band. Intraband single-photon absorption refers to optical transitions that take place within the valence
band, for example between the heavy-hole (HH) band and the split-off band (SO). These transitions require the presence
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of initial carriers (holes) in one of the bands; in p-type or intrinsic material at finite temperature, a certain fraction of the
valence band states are empty (holes are present) allowing such absorptions to occur. Because the intraband transition
energies are generally lower than the fundamental bandgap E,, they are manifested as absorption in the infrared or far-
infrared range (for instance, the HH—-SO transition in GaAs with Ag, = 0.34 eV would correspond to a ~3.6um photon).

Previous studies of one-photon absorption have mostly focused on interband processes and associated phenomena
such as optical orientation of carriers [14] and nonlinear absorption saturation. Nonlinear light absorption in
semiconductors with degenerate bands, caused by direct optical transitions between subbands of heavy and light holes,
and its dependence on radiation polarization, was examined in a number of works [15]. However, the intraband single-
photon absorption mechanism — especially including the effects of coherent saturation at high light intensities — has
remained less explored. The coherent saturation effect refers to the reduction of absorption at high photon flux, due to
depletion of initial-state carriers and other many-body effects that saturate the optical transition probability [16]. In the
context of intraband transitions, this means that beyond a certain intensity, the absorption of additional photons is
diminished because the available holes in the initial band are being exhausted (or the population distribution is driven
towards equilibrium between the bands).

In this work, we develop a theoretical description of intraband single-photon absorption in direct-gap
semiconductors of the zinc-blende type, explicitly including the coherent saturation effect. We consider both narrow-
bandgap and wide-bandgap materials to highlight how A, and other band parameters influence the absorption behavior.
We also take into account the temperature dependence of the band structure parameters (such as Ej; and effective masses),
since temperature can significantly affect the absorption coefficient spectrum. Our aim is to derive analytic expressions
for the polarized absorption coefficient K™ (w, T) for intraband transitions, and to analyze how this coefficient depends
on temperature, photon frequency, and light polarization in both low- and high-intensity regimes.

The polarization dependence of the probability of intraband optical transitions in A3BS semiconductors
with a degenerate valence band
It is known [2] that the absorption coefficient of N -photon light is K ™) determined in the following form:

(@)
K™ = Nhow WT )

where W®) is the probability of N -photon absorption per unit volume of light, defined as [2, 5-9]. For the intraband
case, we consider transitions from the HH or LH subbands to the split-off (SO) subband, whose energy dispersion is given
by

2 k2 hz k2 hZ k2

, Epn(k) =—— Ego(k) =A4A;p +—.
2 myp, hh( ) 2 M SO( ) so 2 Mso

Ep(k) =

here my,, myy, and mg,, are the effective mass. mg, is effective mass in the spin-orbit (SO) valence subband. As noted
above, my, is the energy gap between the top most valence edge (HH/LH) and the SO band at k = 0. The squared matrix
elements governing these intraband transitions depend on polarization. For single-photon absorption, transitions from
valence band to spin-orbit band, with relative strengths determined by angular momentum selection rules [2,5-9].
Accounting for Coherent Saturation Effects in Single-Photon Intraband Absorption To include the coherent saturation
effect, we adopt the approach of Refs. [5-9],

Y
W =25 i (B MO0 ) P = Fu)O (i = B = Nh00), @

where m, m' = +1/2 corresponds to states in the light-hole and spin-orbit split-off subbands, m, m' = +3/2 corresponds
to states in the heavy-hole subband [18, 19], <Zm,m’ M

nmn’,m

Y
,(k)| ) is the value of the squared modulus of the

composite matrix element of the optical transition, averaged over the solid angles of the hole (E) wave vector, for a
transition from state |nE> to |n’l_€) (|ni€) - |n’E)), En’Tc(EnE) and f (fn%) are the energy and distribution function of
charge carriers in the initial (or final) state, and A is the vector potential of the electromagnetic wave:

j(,-g' £) = Ayde i0tHaT 4 A g*olwt—idt 3)

hw(hq) is the energy (momentum) of the photon, € and A, are the polarization vector and the amplitude of the vector
potential, respectively:

(ﬂ)z _ _2me? @)

moc cw?min,’

I is the light intensity, n, = % is the refractive index of the semiconductor, and the remaining terms are well-known
quantities.
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It should be noted that when calculating, for example, the frequency or temperature dependence of W™ for both
intraband and interband N-photon optical transitions, the choice of the electron-photon interaction operator, which is part
of the composite matrix element of the transition, is crucial [5-9]. Depending on the chosen operator, the relative
contribution of various optical transition channels, W ™which differ in their virtual states, may increase or decrease.

Let us analyze the optical transitions occurring from the hole subbands to the spin-orbit split—off subband (see Fig. 1),
h2k?

where the energy dispersion for light and heavy holes can be expressed as: Elh(k) and Ehh(k) Ty
hh

2— Here, mm(mnn) represents the effective

mass of light (heavy) holes, and Ag, is the spin-orbit splitting energy, the numerical values of which for several
semiconductors are provided in [20].

respectively, and for the spin-orbit split-off subband as: Eg, (k) Ago +

V.£1/2) |SO.£1/2) |v.21/2) |SO.FU/2) |7,23/2) |[SO.x1/2) |V.43/2) |SO.%1/2)
% b) ¢ d)

Figure 1. Feynman diagrams describing intraband optical transitions in semiconductors

It should be noted that when the photon energy satisfies the condition Agy < Aw, then: a) In wide-bandgap
semiconductors (e.g., GaAs, where 4Ago(Ey, and E; is the bandgap width), optical transitions from the heavy- and light-
hole branches to the spin-orbit split-off subband are allowed. b) In narrow-bandgap semiconductors (e.g., InSb, where
As0)Ey), optical transitions occur in two stages. First, transitions take place between the valence and conduction subbands
(interband transitions) in the frequency range E; < hAw(4g,. Subsequently, optical transitions proceed simultaneously
from the heavy- and light-hole branches to the spin-orbit split-off subband (intraband transitions) as well as interband
transitions in the frequency range hw)4g,. ¢) In intermediate-bandgap semiconductors (e.g., InAs, where 4y =~ E), both
intraband and interband optical transitions are allowed.

As seen from equations (1) and (2), the light absorption coefficient is determined by the squared modulus of the
composite matrix element, whose polarization dependence is defined by the type of optical transitions. In particular,
according to the Luttinger-Kohn Hamiltonian approximation [18, 19], the composite matrix elements for single-photon
transitions |V, +1/2) - |SO,+1/2) a (see Fig. 1la) and |V, +1/2) = |SO, ¥1/2) (see Fig. 1b), occurring from the light-
hole branch to the spin-orbit split-off subband, are defined by the relation:

ey

&) w 2 _ 20821220l ol 4 0l 3ol o) 4 o2
|Ms5, +1/2v,+1/2 T Mso,—1/2;v,+1/2| = (7) 2B%k [Ze_e+ te (el t+el)+e z],

1) edo 21,2 |2 12
|Mso —1/2v,-1/2 T Mso +1/2;V, 1/2| (_h) 2Bk [ (e+ +ele; +e' ] (%)
where e} = e, t ey, ey, ey érepresents the projections of the polarization vector onto the Ox’, 0y’ axes, which are

2
= mypmpp

perpendicular to the wave vector of the holes k4B = .
(Mmpp—min)

In this case, the sum of the squared moduli of the composite matrix elements is determined as:

€] @ 2 redp)? 9 2 2
|Mso ~1/2v,-1/2 T Mso +1/2;V, 1/2| + | so +1/2v,+1/2 T Mso,—1/2;v,+1/2| = (C_ho) 2B%k? (53 1 t+2e z)- (6)

The composite matrix elements of single-photon transitions, |V, +3/2) - |S0, +1/2) i.e., optical transitions from
the heavy-hole branch to the spin-orbit split-off subband (see Fig. 1c and 1d), are expressed as follows:

(1) edp E e’_ 0
Mgy = (ch)\ﬁBk[o —e;]‘ (7
from which:
(1) edg\? 3 "2
Mg, +1/2V+3/2| (Cho) 532|e¢| : ©)
It should be noted that, according to the law of energy conservatlon + Agg ——— — hw = 0 (L = lhfor light

holes) and L = hh (for heavy holes), for transitions |V,+1/2) — |SO il/Z) and |V il/Z) [SO,F1/2), it is
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straightforward to derive an expression for the wave vector: k? = k%, p, = 2uSO"p~2(hew — Agp). For transitions of
type |V, £1/2) - |SO,£1/2) and |V,+1/2) - |SO,F1/2), we have k? =k, = 2uSO"MWh~2(hw — Agp), where

pSOhh) — TTSOThh -, (SOlh) — TISOTUR g it follows that the polarization dependence of the matrix element for
(mso—mnn) mso—mp’

transitions of type |V,4+3/2) — |S0,+1/2) and |V, +3/2) — |SO, ¥1/2) is described by the quantity |e’|? + |e’|?,
while optical transitions |V,+1/2) = |SO,+1/2) and |V,+1/2) — |SO,F1/2) are characterized by the quantity
4, Se + Ze . Therefore, the polarization dependence of the single-photon absorption coefficient (K w =1)), as well as
the probability of the considered transition (W(N =1)), is determined by these quantities. To calculate the spectral and

temperature dependence, these quantities must be averaged over the solid angles k.

It should be noted that for single-photon absorption occurring between the branches of light and heavy holes and the
spin-orbit split-off subband, single-photon LCR is not observed in diamond-like semiconductors or semiconductors of
the zinc blende type. To observe single-photon LCR, it is necessary to account for the contribution of the coherent
saturation effect to the transition probability, which will be analyzed further.

Light Absorption Induced by Single-Photon Optical Transitions from the Heavy- and Light-Hole Branches
to the Spin-Orbit Split-Off Subband
By integrating over Kk and using the density of states in the valence bands, one obtains

27r ha)
KO () = Z (i = 1) MG, 4GOI 8(Eso — Fin — hao),

with analogous expressions for transitions originating from the heavy-hole subband. In wide-gap semiconductors such as
GaAs, Ay, < Eg, so the intraband HH-SO or LH—SO transitions occur at mid-infrared frequencies. In certain narrow-
gap materials (InSb) one may have Ay, > E;, meaning that the SO band sits “below” the HH/LH edges but by a larger
energy difference than Ej itself. Numerically, this can place the intraband transition frequency in the near-infrared or
even overlapping with interband transitions.

When A, exceeds Eg, the calculated transition energy iw = Ag, can lie in a range above the conduction-band edge,
making it appear as if Egg has become “too high.” However, physically, Egg remains part of the valence band manifold;
it just so happens that Ag, > Eg places the SO subband closer to or even above the conduction band minimum on an

absolute energy scale. This does not contradict the fact that Ag, is specifically the energy splitting within the valence
band.

Linear-Circular Dichroism of Single-Photon Optical Transitions from the Light- and Heavy-Hole Branches to
the Spin-Orbit Split-Off Subband

In this case, the probability of single-photon optical transitions is determined using the following relation (see, for
example, [5-9] and the references therein):

oo =21 oy’ e 6 z[u o (o) p,m(kn]

X (fnﬁ - n/E)a(En'IVé - Enﬁ - hw)’ 9

-\ 2
where the term —— hZ 5 (eAO) |epnn:(k)| arises due to the consideration of the coherent saturation effect [21], &,

1 1
¥ T(l) is the time spent by photoexcited charge carriers in state |n, 7;), ﬁnnr(ig) =m, h‘lﬁzH (E) is the matrix
element of the momentum operator, H (k) is the Hamiltonian of the charge carriers, which is described by the Luttinger-
Kohn Hamiltonian for intraband single-photon optical transitions and by the Kane Hamiltonian for interband light
absorption [18, 19], and I, = an“;:ll;T3
several gigawatts/cm? [3]. In cases where it is impossible to analytically determine, for example, the polarization,

is a parameter that, for zinc blende semiconductors, takes on values in the range of

frequency, or temperature dependence of multi-photon absorption or LCR, an approximation can be used where IL << 1.
0

In this approximation, the radical can be expanded into a series in terms of o and only the first few terms of the series
0

can be retained.
Then, substituting (7, 8) into (9), it is straightforward to determine that the angular dependence of the probability of

single-photon absorption of linearly polarized light (W(l)) for the first-type transitions |V, +1/2) — [SO,+1/2) and

lin

|V,+1/2) - |SO, ¥1/2), shown in Fig. 2a and 2b, is described as:
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S = 2+ 25sin? P)[1 + §, (4 + 5 sin? )] V2, (1

lin
and for second-type transitions |V, +3/2) — |SO, +1/2)and |V, £3/2) - |S0,+1/2), shown in Fig. 1c and 1d, it is
described as:

. 2 -1/2
3(1) — 2sin“ ¢ (12)

lin ™ [143¢, sin2 ¢] ’

2
where ¢ is the angle between the wave vector of the holes and the light polarization vector, {, = &, (%) B%k? is the

Rabi parameter, and the wave vector k, as mentioned above, depends on the light frequency and the band parameters of
the semiconductor.

For circularly polarized light, the angular dependence of the probability of optical transitions (Wc(li)c) from the
heavy-hole branch to the spin-orbit split-off subband is determined by the expression:

) 2[%(1+cos2 ¢")FPirc cos ¢']

circ — 1 P a1l
1+3Zw[5(1+c0 s2pNFP jrccos P ]

(13)

The angular dependence of the probability of optical transitions (Wc(li)c) from the light-hole branch to the spin-orbit split-
off subband will be represented as:

~(2) 1 9[%(1+co 52 ¢")FPiirc cos ¢v’]+25in2¢’

‘Scirc_z 1 2 e B o’
1+{a,(9[5(1+cos @) FPiirccosp ]+23m )] )

(14)

where ¢'is the angle between the wave vectors of the holes and the photon, and P,;,..is the degree of circular polarization
of the light.

From Figs. 2 and 3, it can be seen that the angular dependences of the quantities Sgll,z, 3512,2, and sgﬁc, i.e., the
corresponding probabilities of single-photon light absorption, exhibit oscillatory behavior. The minimum values of
553,2 and 5512,2, as well as ngc and Sgﬁc, coincide in their angular dependence, while their maximum values depend on
the type of optical transitions. Specifically: a) The probabilities of optical transitions originating from the light-hole branch
(see Figs. 1a and 1b) are approximately 2.5 (for linearly polarized light) to 4.5 (for circularly polarized light) times greater
than the probabilities of transitions originating from the heavy-hole branch (see Figs. 1¢ and 1d). b) The maximum value
of the probability for second-type transitions is always greater than that for first-type transitions, regardless of the degree
of polarization or the value of the Rabi parameter ({,,).

Figure 2. Graphs of the quantities 3&2 (a), Sglz,z (b), ngc_c (c), and ngc (d), which determine the contributions to the angular
dependences and Rabi parameter dependences of the probabilities of single-photon optical transitions from the heavy-hole (a, ¢) and
light-hole (b, d) branches to the spin-orbit split-off subband of the valence band for linearly (a, b) and circularly (c, d) polarized

light
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Figure 3. Graphs of the ratios sﬁ,ﬁc and ngc, which allow determining the contribution of the optical transitions shown in

Fig. 2 to the angular dependences and Rabi parameter dependences of the probabilities of single-photon optical transitions from
the heavy- and light-hole branches to the spin-orbit split-off subband of the valence band for linearly (a) and circularly (b)
polarized light.

The probabilities of optical transitions shown in Fig. 1 decrease with an increase in {,,: if {,, increases by 1.5 times,

\Sguzdecreases by approximately 3.3 times, Sgnzby 5 times, ‘”glzcby 2.1 times, and ‘”glgcby 4.5 times. It should also be

noted that with increasing {,,, the ratio of the probabilities of first-type optical transitions for linearly polarized light

increases sharply in the range of {,, (0; 0,4)values, followed by an almost imperceptible growth. For circularly polarized
5@
light, fgc noticeably increases with {,, across all its values.

circ
From Fig. 3, it is evident that the primary contribution to the angular dependences and the Rabi parameter

dependences of the probabilities of single-photon optical transitions from the heavy-hole (a, c) and light-hole (b, d)
branches to the spin-orbit split-off subband of the valence band, for both linearly (a, b) and circularly (c, d) polarized
light, is made by optical transitions involving light holes.

Thus, we have confirmed that accounting for the coherent saturation effect significantly alters the polarization dependence
of the LCR coefficient.

(1)
_lin Siin

. . . . w, .
Next, we examine the single-photon LCR coefficient, defined as the ratio n = —5-, i.e.,n = 5. »asa function of
w

circ ctrc

5D 5@
the angle and the Rabi parameter, where n = n(9 + @ n® = “n ,and n® = “;‘ are the LCR coefficients for the
ClTC circ

first-type (Fig. 2a and 2b) and second-type (Fig. 2c and 2d) optical transitions (see Fig. 4). From Fig. 4, it is evident that
both 7™ and n® exhibit oscillatory angular dependence, and their maximum values decrease with increasing ,,,
regardless of the angle between the wave vectors of the holes and the photon. It is noteworthy that the minimum value of
the angular dependence of the LCR coefficient for first-type optical transitions is nonzero at {,, > 0, whereas for second-
type optical transitions, the minimum angular dependence n® equals zero across arbitrary values of {,,.

\,-\__{M i2)

1 1
S5/S6

Figure 4. Dependence of the LCR coefficient on the angle and the Rabi parameter for single-photon optical transitions of the
first (a) and second (b) types.

Light Absorption Induced by Single-Photon Optical Transitions from the Heavy- and Light-Hole Branches
to the Spin-Orbit Split-Off Subband
The spectral, polarization, and temperature dependences of the absorption coefficient due to single-photon optical
transitions from the heavy- and light-hole branches of the valence band to the spin-orbit split-off subband are determined
by the following expression:
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_ mhe @ _ £ @ e
KW = o 2% (fzhﬁ - fso,%) |Zlh,m=i1/2;$0,m’=i1/2 Mlh,m;SO,m'(k)| S(ESO,E —Epg— hw), (15)
If the coherent saturation effect is taken into account [14], the following expression is obtained:
2
KD =Zhe ; p(h) (T, w)((Ry) + (R_)), (16)

where

@ =@ =
|MSO,+1/2,lh,11/2(k)+MSO,—1/2,lh,11/2(k)|

R, = (17)

@y |, (1) A CY) NG
j1+4h2$2|MSO,+1/2,lh,11/2(k)+MSO,—1/2,lh,i1/2(k)l

2
p(hw) = u_kSP /(m2h?) is the density of states, k. = (2u_[hw — Agy]1/A2)V/2, < Ms,)c,’nk| > is the squared modulus

of the composite matrix element MS%”IE for an optical transition of type |n7€) - |n’i2’), averaged over the solid angles

cngh3w

3
25] I(w) is the light intensity (frequency), fL(%) are the distribution

functions of charge carriers (L=1L=1 (hh) corresponds to heavy holes, L=2L=2 (lh) to light holes, and L=SO to holes in
the spin-orbit split-off subband), E;; = —h%k?/2m, is the energy dispersion of holes in the L branch [15, 16]

e',=e.te,

of the wave vector k a,, = 6w?T VT IL, Iy =
]

ex, ey, € are the projections of the polarization vector onto the Ox’, 0y" axes perpendicular to the
msomy
(mso—-mL)
In particular, for single-photon optical transitions from the light-hole branch to the spin-orbit split-off subband, the
value of R, can be expressed as:

wave vector k of the holes, and u %L = is the reduced effective mass of the holes.

-1/2
_ﬂ222r2 “weﬂZZZrz
R, =3 (%) B2kl | [1+4h2w2(m) Bk3|e_|] , (18)
€40\ p21.2( .12 2 Ao [€Ao\? p21.2(a 12 2 —1/2
R = () Bk(9el+4ez)[1+4m(7) Bk(9el+4ez)] , (19)
the 4B = Jomunmun.
(Mpp—min)

If the contribution of the coherent saturation effect to light absorption («,, = 0) is neglected and averaging over
the solid angles is performed, k from (18, 19), we obtain:

0 edn\? 2 2\ _ 22 (eAg)?
<m(+)>+<m(—°))=(c—£’) Bk 96+ 4e'3) = S (52) B7K. 20
Then, (15) takes the form:
447 (eAg\% h
K@ =22 (220)722 b (1) £ (B, w) B2 k2. @n

Table 1. Fundamental band-structure parameters for the III-V semiconductors GaAs, InSb, and InAs employed in the present
modelling of single-photon intraband absorption with coherent saturation.

Parameters Gads InSh InAs
Eg eV 1.519 0.235 0.417
Agp, eV 0.341 0.81 0.39
m./my 0.067 0.0135 0.026
mgo /Mg 0.172 0.11 0.14
As0/Eg 0.24b 4.65 1.1
my,/mg 0.09009 0.0152 0.027027
my;, /mg 0.34965 0.26316 0.33333
ar,meV /K 0.5405 0.32 0.276
Br, K 204 170 93
F -1.94 -0.23 -2.90
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,u(so'hh) MsoMhh
- mso-mun’
transitions from the heavy-hole branch to the spin-orbit split-off subband, takes on negative values for several A3B5

From Table 1, it can be seen that the reduced effective mass of holes , involved in optical

semiconductors. This, in turn, results in the wave vector of charge carriers involved in such optical transitions kéo Wh =

[ZMESO'hh)h_Z (hw -4 50)]1/2 becoming an imaginary quantity. For this reason, unlike optical transitions from the light-
hole branch, transitions from the heavy-hole branch to the spin-orbit split-off subband are forbidden.

Since optical transitions are allowed from the light-hole branch to the spin-orbit split-off subband of the valence
band, we will further analyze the frequency and temperature dependences of the single-photon absorption coefficient.
From the law of energy conservation, —— hz - + Ago — % — hw = 0, the wave vector is determined by the expression
ké})‘i) [ M(SO L K= Z(hw ASO)]l/Z

From (20) and (21), it is evident that the single-photon absorption coefficient does not depend on the degree of light
polarization. Therefore, LCR is not observed in single-photon absorption. To observe it, the contribution of the coherent
saturation effect to absorption must be taken into account, i.e., calculations need to be performed based on (16) and (17).

Now, we will calculate the frequency-temperature dependencies of the single-photon absorption coefficient using
the following expression for the single-photon absorption coefficient, associated with optical transitions from the light
hole branch to the spin-orbit split-off subband:

4me

K®W = z2 Zonri €Bso, lh(k)| (flhk fs0i)8(Eso (E) - Elh@) — hw). (22)

comgny,

Next, we assume the energy dispersion of light and heavy holes as Em(z) = —h%k?/(2my,) and Ehh(ﬁ) =
— h2?k?/(2myy,), while in the spin-orbit split-off subband it is Egq (73) = —Ago — h?k?/(2mg,), where my, (my,) are
the effective masses of light and heavy holes, respectively, and, Agp- is the spin-orbit splitting energy, with numerical
values for various semiconductors provided in [17]. Then, from (8), we obtain:

22 e?
L _ B2 (1) _ —
Ksoin =3 thn B2 (k) £ 0 (1 — exp(— heo/ksT)]
or
(1 _ 11 e* e? mpp—mip Mgo\ hw—Aso (Mpp—mp 1) _ _—hw/kgT
KSO,lh - 12 chny, <mso—mlh mlh) hw ( Mmpp ) k flh k((ul)(l e 5 )’ (23)

Where k() [Zu(so”‘)h 2(hw — A50)11/2

determined by the relation:

mso hw— Aso
e

P ——— ] The Fermi energy Ep is

=ex (EF) ex
’ zhkfj)_ P et

Ef_ -3/2 850\ 7!
eksT = 1p ("BT) (mfl{f +m3/* +mi’e ksr) , (24)

2 2mh?

where p is the hole concentration. Note that in our case, Aw » kgT, so e "@/k8T « 1.
Thus, the frequency (x = hw/Agp) and temperature (y = kgT /Agp) dependencies of the single-photon absorption
coefficient can be written as:
_ mgso xX—1
2| o 7

mso~—mMiph ¥
2wl miFamiZe=1/yY

-1
Ksoun(@,T) = K§? == (x — 1)1/2 (25)
where

5/2
1113/2e2 (mpp-mp)*  mgp  h%p

6 chny (mso=mi)5/2 my/*m?, Aso’

kP =

In further calculations, we assert that the temperature dependence of the bandgap width is determined by the Varshni
formula [17]:

T2
Eg(T) = Eg(T = 0) —vr 7 (26)

and by the Passler formula [18]:

Op

E,(T) = Ey(T = 0) — [(1 + (") )w - 1]. @7
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Then, according to the multi-zone Kane model, the effective masses of electrons in the conduction band (m.) and
holes in the spin-orbit split-off subband (mg,) depend on temperature and are expressed as:

E al | 2 ar\71 ar -1
mo/mc = [1 + 2F+?P(Eg0 _m-I-EASO) (Ego _m) (Ego _m+A50) ], (28)
Ep ar \71 aT -1
mo/mgo = [y — < Bso (Ego - m) (EgO ~ BT + Aso) ) (29

where Ejo = E;(T = 0). For quantitative calculations, the numerical values of the parameters yr, Ty, @, 0, p are taken
from [18].

If the numerical values of the band parameters for GaAs and InAs (see Table 1) are used, then as the temperature
changes from 10 K to 300 K, the effective mass of electrons in the conduction band decreases by 0.053% and 0.051%,
respectively, while the effective mass of holes in the spin-orbit split-off subband decreases by 0.01% and 0.04%,
respectively, over this temperature range. At first glance, these changes appear to be very small; E;(T) however,
accounting for them significantly alters the frequency-temperature dependence of the absorption coefficient.

As seen from equation (8), the temperature dependence of K, s%,)zh is determined by the temperature dependence of

— ) In this

mso-myp kT

context, Figure 5 presents the frequency-temperature dependence of the distribution function of light holes involved in

single-photon transitions in GaAs and InAs. It shows that, at a fixed frequency, the distribution function f, , (1) initially
"W

f 1@ (T), while the frequency dependence is determined by the term hw;% k ((01) p(hw)exp (— mso  he-fso

increases with temperature, reaches a maximum, and then decreases. Specifically, at hw = 1,01Ag, in GaAs (InAs), the
function f k@ reaches its maximum at a temperature of 90 K (60 K). Figure 5 also shows that the functions f @ (M=
f e (T, E, (T)) and f @ M=f @ (T, E,(T) = 0) differ significantly at low frequencies across all temperatures,

but converge at high frequencies. Furthermore, the temperature dependence of the band parameters is prominently
observed at low frequencies. The calculations do not account for the contribution of the coherent saturation effect in

f i (T) and flh_kg) (D.

=3
fm.km x10

a)

Figure 5. Frequency-temperature dependence of the distribution function of light holes f, , « (T), participating in single-photon optical

transitions in GaAs (a) and InAs (b) semiconductors, accounting for the temperature dependence of the bandgap width E;(T) and the
effective mass of charge carriers using the Varshni formula, where f @ (T) is the distribution function of light holes at E; (T = 0).

The frequency-temperature dependence of the single-photon absorption coefficient Ks((l)‘)lh (0, T) (Rs%,)m(‘*” T)) in
InSb (a, b) and GaAs (c, d) (see Fig. 6), calculated using equation (14) with the Varshni formula (graphs a, ¢ in Fig. 6)
and the Passler formula (graphs b, d in Fig. 6), considers (Es%,)m (w, T)) as the absorption coefficient, where the
temperature dependence of E;(T) and the effective masses of holes is (or is not) accounted for. The contribution of the
coherent saturation effect is not included, and the amplitude value of I?.gzl),)zh (w, T) is assumed to be unity. From Fig. 6, it
is evident that at a fixed frequency, KS%,)lh (T) increases with temperature, reaches a maximum, and then decreases. This

temperature behavior of (Es%?lh (w, T)) corresponds to the analogous behavior of their distribution functions. Notably, in

the frequency range Asp < hw < 1.34g, the absorption coefficient Ks%,)zh(‘*” T) is greater than l?'_g((l)?lh(w, T), while at
hw > 1.345, the graphs of KS%,)lh (w,T) and ES%,)lh (w, T)merge.

It should be noted that in narrow-bandgap crystals, if the dependences of E,(T), mgo (T), and m.(T) are taken into
account, the dependence of Ks%,)zh(‘*” T) increases sharply (see Fig. 2). This is explained by the rapid growth of
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2 2
(mhh—mlh) (mhh—mlh) ( MsoMih
mso—myp, Mhn mso—min

factor of 10).

1/2
A 30) with increasing temperature (specifically, in InSb, this value increases by a
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Figure 6. Frequency-temperature dependence of the single-photon absorption coefficient K.S%?lh in InSb (a, b) and GaAs (c, d),

where Kb%?lha is calculated using the Varshni formula (graphs a, c¢) and the Passler formula (graphs b, d). Here, (kéé?lh(w, T))

represents the absorption coefficient, accounting for (or not accounting for) the temperature dependence of the bandgap width E; (T)
and the effective masses of holes.

CONCLUSIONS

It has been shown that, when accounting for the contribution of the coherent saturation effect, the angular
dependences of the probabilities of single-photon optical transitions from the heavy- and light-hole branches to the spin-
orbit split-off subband of the valence band exhibit an oscillatory nature for both linearly and circularly polarized light,
regardless of the Rabi parameter values ({,,)

The maximum values of the angular dependence of the LCR coefficients for both first- and second-type optical
transitions decrease with increasing {,,, regardless of the angle between the wave vectors of the holes and the photon. The
minimum value for first-type transitions is nonzero in the low {,, region, while for second-type optical transitions, it is
zero regardless of {,, values.

The aforementioned results show that, at a fixed frequency, the single-photon absorption coefficient in GaAs and
InAs semiconductors initially increases with rising temperature, reaches a maximum, and then decreases. Its maximum
value, when accounting for the temperature dependence of E;(T), mg, (T), and m(T), shifts toward lower frequencies.
This shift is particularly pronounced when considering (27), both for narrow- and wide-bandgap semiconductors.

It is also noted that accounting for the temperature dependence of band parameters leads to a reduction in the

frequency and temperature dependence of the single-photon absorption coefficient Ks%?m (w,T).

The work was carried out at Fergana State University.
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IO TEOPIi BHYTPIIIHLO30HHOI'O MEXAHI3MY OTHO®OTOHHOI'O ITIOT TMHAHHSA
B HAINIBITPOBIJTHUKAX 3 BPAXYBAHHSIM BIIVINBY KOTEPEHTHOI'O HACHYEHHSI
Pycram S1. Pacyaos?, Boxo6 P. Pacynos?, ®oppyx V. Kacumos®, Mapaou6ex X. Hacipos®, Iciam A. Myminos?
“@epeancokuti depaicasuuil ynigepcumem, Pepeana, Y3bexucman
b Anouacancokuti depoicasnuii ynisepcumem, Anousican, Yzbexucman

“@epeancorutl nonimexuiunuil incmumym, Qepeana, Yzbexucman
IIpoBeneHO TEOpETUUHMIT aHAII3 YaCTOTHO-TEMIIEPaTypHOI 3aJIe)KHOCTI KoedilieHTa MOTIMHAHHS 0JHO(GOTOHHOTO MOJISIPH30BAHOTO
BUIPOMIHIOBAHHS y BY3bKO- Ta IIMPOKO30HHHMX HAIiBIPOBIIHMKAX 3 ypaXyBaHHSAM BHYTPIIIHbO30HHHX ONTHYHUX IEPEXOIiB Ta
etekTy KorepeHTHOr0 HacuyeHHs. [loka3aHo, o pH GiKCOBaHIH YaCTOTI BUNPOMIHIOBaHHS KOS (DiI[iEHT MOTIMHAHHS 0THO()OTOHHOTO
BUIIPOMIHIOBAHHS CIIOYATKY 3POCTA€ 3 TEMIIEPATYPOIO, I0CATAE MAKCUMYMY, @ MOTIM 3MEHIIY€eThCs. ITOJI0KEHHS IbOTO MaKCUMYMY
3MILYETBCSL 0 HIKYMX YacCTOT SIK JUIsS BY3bKO-, TaK 1 Ul INMPOKO30OHHHMX HAIiBIPOBIJHHUKIB, SKIIO BpaxyBaTH TEMIEPaTypHY
3aJIeXKHICTh MIMPUHM 3a00pOHEHOI 30HM Ta e()eKTUBHUX MAac IIpOK. Y HAMIiBIIPOBIJHUKAX 31 CTPYKTYpPOIO IPAaTKU LHKOBOI CyMimIi
BpaxyBaHHs TEMIICPATYpPHOI 3MiHH MapaMeTpiB 30HH NPH3BOIAUTD J0 3MEHLICHHS aMIUTITYJM YacTOTHOI Ta TEMIIEpPaTypHOI peakiii
KoedilieHTa MOrIMHAHHA OAHO(GOTOHHOIO BHIPOMIHIOBaHHS. 31 3pOCTAHHSAM TEMIEPATypH MOPIr MOTIHHAHHS 3MEHIIYETHCS, L0
0COOJIMBO TTIOMITHO MPH BUKOPUCTaHHI Mozeni 3abopoHeHoi 30uu [Taccnepa. KoxeH Tvn BHYTpILIHBO30HHOTO ONTHYHOTO MEPEXOLY
110-pi3HOMY BILIMBAE Ha 3aJIEXKHICTh Koedinienta nornunanns K(w,T) B 4acTOTH, TEMIIEPATYPH Ta OJISAPU3ALIT 1151 TIEPEXOIB, 110
BKITIOYAIOTh 30HY BiameruieHHs (SO) Ta 30Hy jerkux xipok (LH).
KurouoBi ciioBa: imogipnicms 00HOGOMOHHUX hnepexo0dis; Koe@iyicHmu O0OHOQOMOHHO20 NO2AUHAHHA MA JAIHIUHO-KPY208020
OUXpoizMy, epekm KO2epeHnmHo20 HACUYEHHS, MEeMNEePAMYPHA 3ANEHCHICMb WUPUHU 3A00POHEHOI 30HU
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In this work, we investigate the evolution of the dark energy equation of state parameter in a five-dimensional Kaluza-Klein homogeneous
and isotropic cosmological model filled with a barotropic fluid and a dark fluid. We adopt a special form of the deceleration parameter,
q = —Z—‘z‘ = —1 + ;%% as proposed by Singha and Debnath [28], which facilitates a smooth transition from early-time deceleration
to late-time acceleration. Using this form, we solve the Einstein field equations and analyze the dynamics of the universe under
both non-interacting and interacting two-fluid scenarios. The physical and geometrical implications of the model are examined in
detail. Key cosmological quantities such as the dark energy density pp, pressure pp, and density parameter Qp are studied for
various spatial curvatures—open, closed, and flat geometries. The solutions obtained are physically viable and in good agreement
with current observational data, including those from Type Ia supernovae, the cosmic microwave background, and large-scale structure
surveys. Additionally, we evaluate the jerk parameter to assess the model’s deviation from the standard ACDM cosmology. The model
demonstrates compatibility with the observed late-time accelerated expansion and provides a unified framework that accommodates a
wide range of cosmic behaviors through appropriate parameter choices.

Keywords: Kaluza-Klein space time; Two-fluid model; Dark energy; Special form of deceleration parameter; Jerk parameter

PACS: 98.80.-k, 95.36.+x

1. INTRODUCTION

The recent advances in the cosmological observation decided that the universe not only expanding but also accelerating
has been confirmed by high red shift type Ia Supernovae experiment (SNe.Ia) [1-3], cosmic background radiation (CMBR)
[4], large scale structure observation [5], Sloan Digital Sky Survey (SDSS) [6, 7]. According to contemporary cosmology,
this is created by a mystery type of energy known as dark energy, which has a positive energy density and a negative
pressure. From the observational evidences First Year Wilkinson Microwave Anisotropy Probe (WMAP) [8], and Chandra
X-ray observatory [9] combination found that the baryonic matter occupies 4.9%, the dark matter occupies 26.8% and the
dark energy occupies 68.3%of the total energy of the universe [10].

It is still unknown exactly what the physical conditions at very early stages of the creation of our universe. The
investigation of five dimensional space-time is important because it is thought that the universe may have once existed in
a higher dimensional epoch during its early stages of the evolution of the universe. Kaluza [11] and Klein [12] introduced
a five dimension that is a model that sought to unify the fundamental forces of gravity and electromagnetism. In a
certain sense the Kaluza-Klein theory resembles ordinary gravity, except that it is inscribed in five dimensions instead
of four. This theory has been regarded as a candidate of fundamental theory due to the possible work of unifying
the fundamental principle. Five dimensional Kaluza Klein spatially homogeneous and isotropic cosmological models
are generally considered as good approximation of the present and early stages of the universe. Numerous eminent
authors have studied the five-dimensional Kaluza-Klein space-time within the context of general theory of relativity.
Chodos et al. [13], Appelquist et al. [14] studied, the present universe is four-dimensional stage may have been preceded
by a higher-dimensional phase, which turns into four-dimensional in the sense that any additional dimensions collapse
to an undetected Planckian length scale as a result of dynamical contraction. Das et al. [15] studied interacting and
non-interacting two-fluid scenario in the anisotropic five-dimensional Bianchi type-I universe within the framework of
Lyra geometry. Ray et al. [16] investigated string cosmological model in five dimensional Kaluza-Klein space time.
Many prominent authors has been investigated the evolution of the dark energy parameter under two-fluid scenario.
Tiwari et al. [17] investigated the equation of state (EoS) parameter for dark energy (DE) in the spatially homogeneous and
anisotropic Bianchi type-III spacetime filled with a barotropic fluid and dark energy by considering a variable deceleration
parameter. Goswami et al. [18] have studied a Bianchi type-I cosmological model of universe filled with barotropic and
dark energy (DE) type fluids. Mishra et al. [19] have studied the stability of the dark energy cosmological models with
combination of matter fields and dark energy in an anisotropic space time. Ray et al. [20] discussed about an interacting
and non-interacting two-fluid dark energy models in five dimensional Kaluza-Klein universe. Two-fluids cosmological
models with matter and radiating source in (2 + 1) dimensional Saez-Ballester scalar-tensor theory of gravitation has been
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investigated by Kumar et al. [21]. Hatka et al. [22] have studied Bianchi type I cosmological model under two-fluids
scenario in scale covariant theory of gravitation. Trivedi et al. [23] has explored the features of the five-dimensional
Bianchi type-I cosmological universe filled with barotropic fluid and dark energy within the framework of Saez-Ballester
theory of gravitation.

Motivated from the above literature. in this paper we have analyzed the evolution of dark energy parameter by
considering five dimensional Kaluza-Klein homogeneous and isotropic cosmological filled with two-fluid model by
considering a special form of deceleration parameter. In Sect 1, we discussed the introduction of Kaluza-Klein cosmology.
The Kaluza-Klein models and its field equations are presented in Sect 2. In Sects 3 and 4 we discussed the interacting and
non-interacting two fluid model. Sect 5 we discuss the jerk parameter in our derived models. In Sect 6 we discussed the
physical interpretation of our model. Finally, conclusions and summarized are given in the last sect 7.

2. THE METRIC AND FIELD EQUATIONS
The FRW type homogeneous and isotropic 5D Kaluza-Klein space-time has been considered and it is as follows

d 2
ds® = di* — a*(1) 7 rk 5+ r2(d6? + sin20d¢?) + (1 — kr*)dy? (1)
—kr
where a(t) is a scale factor considered to be a function of cosmic time # and k = —1, 0, +1 is the curvature parameter for

open, flat and closed universe respectively.
The Einstein’s field eqn. (with 87G =1 and ¢ = 1) can be written as

1
Rij - Egin =-T;j ()

where T;; is the two fluid energy momentum tensor consisting of dark fluid and barotropic fluid.
The energy conservation law for two fluid is given by

p+as(p+p) =0 )

where p = p,, + pp and p = p,, + pp . Here p,,, and p,, are the energy density and pressure of the perfect fluid and pp
and pp are the energy density and pressure of dark fluid respectively.
The Einstein field eqn (2) with (3) for the metric (1) we may write

a  k
6(a_2+;) = (pm + pD) “)
and
i a? ok
3—+3(—2+—2) =—(pm +pD) &)
a a a

Here the over dot indicate a derivatives with respect to cosmic time ¢.
The EoS parameter (w) which is considered as an important quantity in describing the dynamics of the universe, is
given by

Pm = (Wm = 1)pm (6)

pp = (wp —1)pp @)

In the following sections we deal with two cases (I) non-interacting two fluid model and (II) interacting two fluid
model

3. CASE-I: NON-INTERACTING TWO FLUID MODEL
In this section, the fluids do not interact with each other. The conservation equation for the dark and barotropic fluid

separatly as
. a
Pm + 4;(pm +pm) =0 3

a
oD + 4;(,00 +pp)=0 9

Integrating (8) we obtain
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Wm

Pm = POa_4

where py is an integrating constant.
Now using (10) in (4) and (5) we obtain pp and pp in terms of scale factor a(t).

) L )
pp=-3|=+—+—=|-po(wn - Da*n
a

Now we assume the special form of deceleration parameter which is given by

ad a
q=—f=—1+
a2 1+a®

where « is an arbitrary constant.
After integrating (13) we get

a(t) = (™ — 1)

where m is an integration constant.
By using the scale factor a(z) in (11) and (12) we obtain

2 2mat
m-e k —4dom
=6 + _ mat _ 1y =%
PD [(em(tl -1)2 (emat _ 1)%] po(e )
and
2 mat mat
m-e 2e —a k —dwm
pp = -3 ) 1= polam — (e — 1)

(em‘” - 1)2 (emat _ 1)
By using (15) and (16) in (7) we obtain

3m2e™at (2eM _ g) 3k . +,00(wm _ 1)(emm‘ _ 1)*4:;)m

(emat,])Z (e’m‘”—l)ﬁ

+1

wp = —

6m2e2mat 6k _ mat _ —4wm
(emnr_l)Z (em‘"fl)% pO(e 1) @

The expressions for the matter energy density €2,,, and DE density Qp are given by

_ pm _ polem -T2
™ 6H?2 6m2e2mat
and
—4wm
o - oD s k(emat _ 1)2 ~ po(emart _ 1)T+2
b 6H? 6m262mat(emm‘ — 1)% 6m?2e2mat
From eqns. (18) and (19) we obtain
k(emat _ 1)2

Q=Q,+Qp =1+

6m262mat(em(tt — 1) %
From eqns. (13) and (14), the deceleration parameter g (Recently used Katore et al. [24]) as

—ad @
g=——=-1+
a2

em(lt

(10)

Y

(12)

13)

(14)

15)

(16)

a7

(18)

19)

(20)

2y
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4. CASE-II: INTERACTING TWO FLUID MODEL

In this section we consider the interaction between dark fluid and barotropic fluid. The conservation equation for the
dark and barotropic fluid are given by

i + 4§(pm +pm) =0 22)

Pb+45(pp + pp) = ~Q (23)

where the quantity Q represents the interaction between the matter and DE component. We consider Q > 0, as it shows
that the energy transferred from DE to dark matter. Let us consider ((from ref. Gou et al. [25], Amendola et al. [26] )

Q =4Hop,, (24)

where o is an coupling constant.
Using (24) in (22) and after integrating we obtain

pm = poa”H@m=) (25)

where pg is an integrating constant.

Now using (25) in (4) and (5) we obtain pp and pp in terms of scale factor a(t).

Ci2 k —4(wm—0o
PD=6(;+0—2)—poa (o) 26
a a® k o
PD = -3 (E + ; + ;) —po(u)m - l)a Hwm=-0o) (27)

Putting the value of a(¢) from (14) in eqns. (26) and (27) we obtain

2 2mat k

mee —“Hwm=-0)
PD [(emat - 1)2 " (emat — 1)2] ‘po(emm -1) @ (28)
and
m2€mat(26mat _ a,) k mat —4(wm-0)
pp =3[ 71— po(wm = D(" = 1) = (29)

(e”“" - 1)2 (emat — 1) o
Using (28) and (29) in (7) we obtain

“4(wm=-0o)

3m2em‘” (Zemm‘_a) 3k _ mat _ i
(emrtt_l)Z + (emlnfl)%] +p0(wm 1)(6 1)

Wp =~ 2 o2mat “4(wm-0o) + 1 (30)
(6;:1“5[—1)2 (eM(ftli])% B p()(em(n B 1) “
The expressions for the matter energy density €, and DE density Qp are given by
_ Pm_ polemet - )T .
" 6H? 6m?e>mat G
and
k(e™at — 1)2 mat _ | 7_4(“'21_‘7) +2
Qp = PD — 14+ (6 ) _ PO(e ) (32)
6H? 6m262mat(emat _ 1); 6m2e2mat
From eqns. (31) and (32) we obtain the total energy density parameter Q as
k(e™mat _ 1 2
Q=Q,+Qp=1+ (e ) (33)

6m262mat(emat — 1)%
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5. THE JERK PARAMETER (J)

In cosmology, the jerk parameter (j) is a dimensionless quantity that characterizes the rate of change of the universe’s
expansion acceleration, specifically the third derivative of the scale factor with respect to time, normalized by the hubble
parameter cubed. The jerk parameter j is a suitable method to describe models close to ACDM model. A deceleration-
to-acceleration transition occurs for models with a positive value of j and negative value of q. Flat ACDM models have a
constant jerk j = 1. The jerk parameter in cosmology is defined as the dimensionless third derivative of the scale factor
with respect to cosmic time t [27].

The Jerk Parameter in cosmology is defined as the dimensionless third derivative of the scale factor with respect to
cosmic time ¢. It is defined as
1 a
j0) =5 (34)

where overhead dot denote derivatives with respect to cosmic time.

The jerk parameter (j) appears in the fourth term of a Taylor expansion of the scale factor around a.

a(t 1 1.
aLO) = 1+ Ho(t = t0) = 5q0HG (1 = 10)* + ZjoHg (1) + 0 [(1 = 10)"] (35)
In equation (34) can be written as
. q
N=q+2¢* -+ 36
J=q+2q" -4 (36)

where H is the Hubble parameter, ¢ is the deceleration parameter and overhead dot denotes the derivatives with respect to
cosmic time ?.
For the derived model, the jerk parameter () can be written as

3a a?(ema +3)

J(t) =1- emat + eZmart (37)
14+ 1 14} 1
2 1f — k=1 . o 12F — k=1 1
g — k=0 % [ — k=0
T — k=+1 ‘E [ — k=+1
5 10F 8 £ 10F .
= [a) F
) SY
UL
85 B 8+ i
6t ; : : ; ; — 6L, ; ; i i i i ——
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Cosmic Time (t) Cosmic Time (t)
Figure 1. Plot of pp vs. t (non-interactive) with m = Figure 2. Plot of pp vs. ¢ (interactive) with m = 1,
LLpo=1,a=3 w, =05 po=1lLa=3 w,=05

6. RESULTS AND DISCUSSION:

We have plotted the various figures using these calculations for suitable values of the constants. We also used all the
three values of k = —1, 0, 1 while plotting the figures.

In figures 1 and 2 we have shown the variation of dark energy density pp versus cosmic time t for both non-interacting
and interacting cases from equations (15) and (28). It is observed that for both cases the graphs of pp is decreasing function
of cosmic time t in all the three open, closed and flat universe. It indicates that the dark energy model start with infinite
density and when cosmic time increases the energy density tends to a finite value.

Figs. 3 and 4 represent the variation of pressure for DE for both cases. We observed that at ¢+ — 0 the pressure pp is
negative for open (k = —1) and flat (k = 0) universe and positive for closed (k = 1) universe. Finally, pressure pp is zero
all the three open, closed and flat universe for late time cosmic evolution.

The behavior of EoS for DE with respect to cosmic time ¢ is shown in figs. 5 and 6 which correspond to the eqns.
(17) and (30) for both non-interacting and interacting cases respectively. We observed that from both the figures the EoS
parameter wp is a decreasing function of time t. Att — oo, the EoS parameter wp tends to zero. So, the model indicating
matter dominated era of the universe .
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From eqns. (20) and (33) the total energy density parameter Q for both non-interacting and interacting cases are
same. From the right hand side of these two equations it is clear that for kK = O (i.e for flat universe), Q@ = 1 and k = 1 (i.e
for closed universe), Q > 1 and k = —1 (i.e for open universe), Q < 1. We also observed that, at late time, Q approaches
to 1 for all the three values of k, which is shows that the universe will acquire a flat structure. These results are fully
consistent with the present day’s observations.

From the equation (21), we observed that the deceleration parameter q is a decreasing function of cosmic time t

Initially at + = 0, the deceleration parameter q is positive which changes sign from positive to negative. As time
approaches infinity, deceleration parameter q tend to -1 which indicates that the proposed model universe has a transition
from decelerating to accelerating phase. It can be confirmed from the graph of figure 7, which plots the deceleration
parameter q against cosmic time t. This graphical representation clearly illustrates the model’s expanding behavior over
time. Thus our model represents an interesting cosmological model of the universe.

A decelerate phase to accelerate phase transition of the universe occurs for models with a positive value of jerk and
negative value of deceleration parameter. In figures 7 and 8 we can observed that deceleration parameter (g) is negative
and jerk parameter () is positive so that we do have a transition of the model from decelerated to accelerated phase at late
time cosmic evolution.

The cosmological model constructed here exhibits the following properties:

¢ The scale factor
a(r) = (e - l)l/a

evolves from zero att = 0 and grows exponentially at late times, reflecting early decelerated and late-time accelerated
expansion.

* The deceleration parameter g evolves from a positive value (decelerating phase) at early times to ¢ — —1 (de Sitter
expansion) at late times, for all @ > 0.

» The total density parameter approaches unity, Q& — 1 as t — co, consistent with observations of a spatially flat
universe.

* For suitable choices of parameters, the equation of state parameter wp for the dark fluid can evolve through
quintessence (wp > —1), cosmological constant (wp = —1), or phantom (wp < —1) regimes.

* Interaction between the fluids alters the evolution of the matter density, allowing a more flexible fit to observational
data through the coupling constant o .

7. CONCLUSION

In this work, we have investigated a homogeneous and isotropic five-dimensional Kaluza-Klein cosmological model
incorporating a two-fluid system—comprising a barotropic fluid and a dark fluid—within the framework of open, closed,
and flat universes. The Einstein field equations were solved by adopting a hybrid scale factor that leads to a time-dependent

deceleration parameter of the form g = — % = —1+ 377 which smoothly describes a transition from early-time decelerated
a

expansion to late-time accelerated expansion.

We analyzed both non-interacting and interacting scenarios for the two-fluid system and examined the dynamical
behavior of key cosmological quantities including the energy density pp, pressure pp, and density parameter Qp of the
dark fluid. In all cases, the solutions are physically realistic and consistent with current observational data from Type Ia
Supernovae, cosmic microwave background (CMB), and large-scale structure surveys.

The total density parameter approaches unity at late times, indicating an asymptotically flat universe. Furthermore, the
equation of state parameter for the dark fluid can exhibit quintessence, cosmological constant, or phantom-like behavior
depending on the choice of parameters. The model remains valid for open, closed, and flat geometries, adding to its
robustness. Additionally, the jerk parameter was derived and discussed to explore the model’s deviation from the standard
ACDM paradigm.

Overall, the proposed model successfully captures essential features of cosmic evolution and offers a flexible frame-
work for understanding the late-time acceleration of the universe.
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HBOPIIII/IHHI/Iﬁ CHEHAPIﬁ JIJIA KOCMOJIOTTYHOI MOJIEJII TEMHOI EHEPTII V
IPATUBUMIPHOMY ITPOCTOPI-UACI KAJIYHH-KJIEﬁHA
Hpanxkan Kymap Peii®, Papkmexap Poii Bapyax”
“Kagpeopa mamemamuxu, Korneoxc Iosunum, Hikawi, baxca-781372, Accam, Indis
b Kagheopa mamemamuunux nayx, Yrnigepcumem booonranoa, Koxpaiixap, BTR, Accam, PIN-783370, Inois
V wiit po6oTi Mi ZOCHIIKYEMO €BOJIOLII0 MMapamMeTpa PiBHSAHHS CTaHY TEMHOI €Hepril y I ATMBMMIipHili OJHOpiAHIN Ta i30TponHii
kocMmonoriuniii Mozeni Kanyuu-KieitHa, 3anoBHeHiit 6apoTpONHOI0 Ta TEMHOIO piiMHaMU. MU BUKOPHCTOBYEMO CIELiabHy (hopmy

napameTpa ynopilbHeHHs, ¢ = —4 = —1 + 7%, sk 3anponoHosaHo Cinrxolo Ta Jle6Harxom [28], 1o cripusie M1aBHOMY TIEPEXOLy

2 a
BiJ] yIOBLJIbHEHHS Ha PaHHIX eTar[;x JI0 IPUCKOPEHH Ha Mi3HiX eTanax. BukopucroByouu 1o popMy, MU po3B’ 13yeMO PiBHSHHA M0
Efinmrelina Ta aHanizyemMo JuHamiky BcecBiTy sk 3a HEB3a€MOAIIOUMX, TaK 1 32 B3a€EMOJIIOUMX ABOPiIIMHHUX cueHapiiB. [eTanbHO
Ppo3mIsAaThCs (DI3UUHI Ta FeOMETPUYHI HACI KM Mozei. KiTouoBi KOCMOJIOTiUHI BEIMUMHY, TaKi SIK T'YCTHHA TEMHOI €Heprii pp, THCK
pp Ta mapaMeTp TYCTHHH 2p, IOCTIIKYIOTbCS IS Pi3HUX MPOCTOPOBUX KPUBHUH — BiIKPUTOI, 3aKPUTOI Ta IJIOCKOI IeOMETpiil.
OTtpumaHi pileHHs1 € (i3UYHO KUTTE3JATHUMHU Ta JOOpE Y3rOIKYIOThCS 3 CYYaCHUMH AaHMMU CHOCTEpPEKeHb, BKJIOYAIOYM JaHi
HaJHOBUX THITy la, KOCMiYHOTrO MiKpOXBHJILOBOTO (DOHY Ta OIVISIIB BeJMKOMACIITaOHKUX CTPYKTYp. KpiM TOro, Mu OIiiHI0EMO mapameTp
pUBKa, 11100 OIIHUTH BiJXWJICHHS MOJiei BiJ cTaHmapTHoi kocmonorii ACDM. Mogenb 1eMOHCTPY€E CyMICHICTh 31 CIIOCTEPEKYBAHUM
MPUCKOPEHNM PO3IIMPEHHSIM HAIIPUKIHI Yacy Ta 3a0e3reduye €AUHy CTPYKTYpY, SIKa BpaxOBY€ IIMPOKHIA Jliaria30H KOCMiUHOI MOBEJiHKI
3aBJSIKY BiJIIOBiTHOMY BUOOPY MapaMeTpiB.
KurouoBi cioBa: npocmip-uac Kanyyu-Kaetina; 0sopiounna mooens; memna enepeis; cheyianvia popma napamempa ynosinbHeHHs,
napamemp pueka
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