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This study investigates the convective transport of heat and mass in a magnetohydrodynamic (MHD) nanofluid flow over a permeable,
electrically actuated stretching surface embedded in a porous medium. The analysis incorporates key physical effects including thermal
radiation, heat generation, viscosity dissipation, and chemical reactions. The governing equations are formulated to account for the
influence of porosity, magnetic fields, thermal and concentration gradients, as well as chemical kinetics. Special attention is given to
the control of nanoparticle volume fraction at the boundary interface. Two nanofluid models — Copper—Water (Cu—H-0) and Aluminum
Oxide—Water (Al:Os—H>0O)—are considered to assess thermal performance. The nonlinear boundary value problem is solved
numerically using a shooting technique combined with a fourth-order Runge—Kutta method. The results show excellent agreement with
previously published data, validating the accuracy and robustness of the present model. These findings have potential applications in
advanced heat transfer systems, such as cooling technologies and materials processing.

Keywords: Hybrid nanofluids; MHD; Porous media; Thermal radiation; Skin-friction

PACS: 47.65.-d, 47.56.+t, 44.40.+a, 66.20.-d, 47.85.mb

Nomenclature
Symbol Description Unit
u,v Velocity components in x- and y- m/s Ds Brownian diffusion coefficient m?/s
directions
\4 Stream function m?/s Dr Thermophoretic diffusion kg/(m-s)
coefficient
T, Tw, Temperature, wall temperature, ambient K Ko Chemical reaction rate constant s
Two temperature
C, Cy, Concentration, wall concentration, kg/m? M Magnetic field parameter -
Co ambient concentration
Lnf, [f Dynamic viscosity of nanofluid/base fluid | Pa‘s Ki Porosity parameter —
pnf, pf, ps | Density of nanofluid, base fluid, solid kg/m? R Radiation parameter -
particles
(pcp)nf, Heat capacity of nanofluid, base fluid, J/(m3-K) Pr Prandtl number -
(pep)s, solid particles
(pep)s
kaf, ke, Thermal conductivity of nanofluid, base W/(m-K) Q Heat source/sink parameter -
ks fluid, solid particles
Onf Thermal diffusivity of nanofluid m?/s Ec Eckert number —
vt Kinematic viscosity of base fluid m?/s Sc Schmidt number —
n Similarity variable (dimensionless) - Kr Chemical reaction parameter —
f(n) Dimensionless stream function - Sr Soret number -
0(n) Dimensionless temperature — [0) Nanoparticle volume fraction —
o(m) Dimensionless concentration — [0) Frequency parameter s
c Electrical conductivity S/m a Stretching rate constant s!
Bo Magnetic field strength T n, m Surface -
concentration/temperature
gradient indices
K Permeability of porous medium m? f, ™" First, second, third derivatives of | —
f(n)
Qo Volumetric heat generation coefficient W/m? 0, 6" Derivatives of 6(1) —
qr Radiative heat flux W/m? ¢, 0" Derivatives of ¢(n) —
o* Stefan—Boltzmann constant W/(m?K*) | o1, @2, @3, | Non-dimensional grouped -
4 parameters
K* Rosseland mean absorption coefficient m!
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1. INTRODUCTION

The examination of nanofluids has gotten a considerable sum of consideration in modern scholastic talk. Usually due
to the reality that nanofluids have made strides warm properties in differentiate to customary liquids. Nanofluids are a novel
category of liquids that are characterised by the nearness of nanoparticles that are suspended inside a substrate liquid. As a
result of the extraordinary warm exchange capabilities that they have, they have risen as a potential choice for a huge
assortment of mechanical applications. The marvels of boundary layer stream and warm exchange over extended surfaces
are basic components of an assortment of building forms. These operations incorporate the expulsion of polymer sheets,
strengthening, gem arrangement forms, metal turning, and hot rolling. It was Crane [1] who played a noteworthy part within
the starting stages of the examination of stream flow past a extending plate. Hence, a expansive number of analysts have
examined the stream and warm exchange characteristics of a assortment of liquids over extended surfaces. The stream of a
nanofluid by means of a extended sheet was examined by Khan and Pop [2], who carried out an examination into the
boundary layer stream. In his consider [3], Abd El-Aziz examined the impacts of warm dissemination and dissemination
thermo on the combined warm and mass exchange wonders that are related with Three-dimensional free flow of water and
magnetism over a transparent, long surface, along with rays. A ponder was conducted by Hady and colleagues [4] to assess
the impact that radiation has on the gooey stream of a nanofluid and the warm exchange that happens over A sheet with a
nonlinear extension. The insecure boundary-layer stream and warm exchange elements with their help, Bachok et al.
examined the impact of a little fluid across a penetrable stretching/ shrinkable sheet. [S]. In them consider, Rohni and
colleagues [6] used Buongiorno's show to examine the stream and warm exchange characteristics that happened over an
unsteady contracting sheet that was subjected to suction in a nanofluid. In arrange to clarify the convective transport forms
that take put in nanofluids, Buongiorno [7] proposed a show that comprises of two components. Inside the system of a
chemical response, Sandhya et al. [8] conducted inquire about to investigate Heat and mass transfer's influence on a
magnetohydrodynamic stream that travelled through a porous plate that was tilted. A non-Darcy common convection
administration was the subject of an examination by Murthy and Singh [9], who explored the suggestions of gooey scattering.
Motsa [10] displayed an interesting ghostly unwinding method for the examination of closeness variable nonlinear boundary
layer stream frameworks. This method was created for those frameworks. The components of an a non-New nanofluid flow
past an inclined plate that is speeding were examined by Gladys and Reddy [11], who explored the effect of changing
consistency and thermal conductivity on the stream elements. Vijaya and Reddy [12] explored the magnetohydrodynamic
stream of Casson liquid across a permeability plate that is vertical, while taking into account the effects of radiation, Soret,
along with chemical forms. A numerical examination into common convection was completed by Abu-Nada and Oztop [13]
inside rectangular walled in areas that were in part warmed and filled with nanofluids to explore the wonder. A demonstrate
in which the thickness of concentrated suspensions and arrangements is taken into thought was created by Brinkman [14].
Maxwell Garnett [15] created a conceptual system that gives a clarification for the colouration marvels that are watched in
metallic oxide coatings and glasses. The application of nanofluids for the reason of upgrading warm exchange in isolated
streams that are experienced in backward-facing steps was examined by Abu-Nada [16]. Beneath the impact of a attractive
field, Hamad [17] was able to get an expository arrangement for the common convection stream of a nanofluid over a sheet
that was amplifying in a direct method. A think about conducted by Kameswaran and colleagues [18] looked into the
hydromagnetic stream of nanofluids that happened as a result of a sheet that was either extended or contracted. The analysts
took into consideration the impacts of thickness dissemination and chemical intuitive. The highlights of warm exchange that
are associated with a persistent extended surface that's subject to fluctuating temperature conditions were explored by Grubka
and Bobba [19]. Rafique et al. [20] conducted an in-depth mathematical analysis concerning the flow behavior of A mixed
nanofluid with magnetohydrodynamics (MHD) at play. This hybrid nanofluid, made up of particles and an organizing liquid,
demonstrated good performance in a range of slide and gravity situations. In their study, Nisar et al. [21] examined how the
process of heat transmission is affected by thermal transit in single-phase nanofluid flow across radially extended disks,
showing Because using water and titanium dioxide as a foundation fluid greatly accelerates the process of heat transfer. Patil
et al. [22] conducted a thorough examination of the interactions of magnetized bioconvective micropolar nanofluid as it
flowed across a wedge, while also factoring in the role of oxytactic microorganisms. The investigation conducted by Rawat
and others [23] focused on how non-homogeneous thermal sources and sinks react to nanoparticle aggregation to change the
flow properties of a fluid with a wedge-like shape composed of titania and ethylene glycol. Umavathi [24] focused their
investigation on the movement of a micropolar tiny fluids that conducts electricity via a wedge shape while accounting for
the effects of ion and Hall winds and a sink or source of heat.

The primary objective of this endeavour is to delve into the flow conundrum of a hybrid nano-fluid comprising
AlL,O3+Cu paired with the base fluid H20 through the lens of the Maxwell fluid model. Intertwined equations of
momentum, energy, and mass concentration alongside the influences of Lorentz force, chemical reactions, and the impact
of Soret term are considered. A porous plate that stretches linearly and is nestled within porous media is taken into account.
Nanoparticles of cylindrical forms are successfully created. In the subsequent sections, the intricacies of modeling and
the simulation process are elaborated upon in detail.

2. MATHEMATICAL FORMULATION

We consider two-dimensional steady-state boundary layer flow of an incompressible nanofluid gliding over a
permeable stretching sheet, merging the phenomena of thermal and mass transport. The coordinate framework is
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established such that its origin resides at the juncture where the sheet initiates its stretching, with the x-axis gracefully
tracing along the stretching surface while the y-axis stands perpendicular to it. It is presumed that the externally imposed
magnetic field reigns supreme over electromagnetic influences, thereby diminishing the significance of the induced
magnetic field, the corresponding electric field, and the field resulting from charge separation to mere whispers. Moreover,
the effects of chemical reactions, nanoparticle clustering, and sedimentation are purposefully set aside in this inquiry to
home in on the fundamental transport mechanisms. The nanofluid we examine is a remarkable concoction of copper and
alumina (Al:Os) nanoparticles, elegantly suspended in a water-based medium, where both the fluid and the nanoparticles
are believed to exist in thermal harmony—indicating a seamless connection between the phases. The governing equations
of the boundary layer—encompassing continuity, momentum, energy, and concentration—are articulated in dimensional
form as articulated by Gladys et al. [11], integrating influences such as Brownian motion, thermophoresis, thermal
radiation, chemical reactions, and heat sources/sinks.
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Figure 1. Physical model of the problem

The previously mentioned premises are essential for the definition of these conditions.
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The following are the requirements for the conditions governing the boundaries for equations (1) through (4):

X

2 £\ 2
u=ax,v=0,T=T,(x) =T, +m(;) ,C=Cyn(x) =Cq +n(;) aty=0 )
u—->0T->T,C—>Cy, as y—>
where o is the defining frequency and n, m, and an all integers, and a > 0.
Here g, is the heat flow from radiation. [12] given by

40* T

qr = 3K* Ea (6)

where K* is the Rosseland average absorption factor and ¢* is the Stefen-Boltzmann constant. The temperature was
fluctuation T* is shown using an expanded version of the Taylor series. Ignoring more complex phrases and extending
T* around T, results in:

T* = 4T3 — 3T4. @)
Brinkman provided the nanofluid's efficient variable viscosity [14] as
—_H
'u'nf - (1-¢)25 (8)
where ¢ and pr represents the movement of the base fluid with the solid volume fraction of tiny particles, respectively.

The heat impedance and warmth conductivity of nanofluids, especially those limited to spherical nanoparticles, are
estimated using the Max-Garnett model (see Maxwell Garnett [15]) in equations (1) through (4).
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(pCp)nf =0~ ¢)(pcp) + ¢(pcp)

an
Pnr = (1 - ¢)pf + ¢ps: Uny = on f (9)

[(ks+"f) 2¢(ks— "S)]

s = (p ) (ks-+ep) + (I r—ks)

where vy, Py, (pcp)nf, kg ks ks, ps, (pcp)f, (pcp)s. These include the physical viscosity of nanofluids, electrical

conductivity properties, particular warmth capacity of the temperature transmission of the initial fluid, the thermal
conductivity of the solid individuals, the density of the particles, the heat transmission of the tiny fluids, and the solid
constituents, base fluid's heat capacity, and effective heat capacity caused by tiny particles, in that order.

It introduces a function of streams y(X,y) to fulfil the continuity equation (1) in such a way that:

Pv=-2 (10)
Introducing the non-dimensional variables listed below,
1
¥ = lave[2xf (), u = axf'(m),v = —(avy)f (),
1

o o) = o = [“]Ey "

60 = -
where 0(n) is the undefined temperature, f(1)) is the dimensionless flow function, is the undetermined focus, while the
similarity variables are denoted by 1. The following two-point border value dilemma is created by combining equations
(6) to (11) with the fundamental equations (2), (3), and (4) as well as the circumstances of the boundaries (5):

flll + W [ffll _frz _wiMfle _ Klf, — 0, (12)
(1+%) 6" +w, [fe’—2f0+Qt9+ cfrz| = (13)
Q" +Sc(fo'—2f'o+ Krp) +Srg" = 0. (14)

based on border requirements.

{f=0,f=1,9=1,<p=1 atn = 0and (15)

f'-00-0p-0 asn—- .

Primes indicate specialization with respect to 1, while the base fluid's thermal diffusion and velocity of motion are

represented by 1, ay = (pr) and vy = ? respectively. Additional non-dimensional characteristics that show up in
p f

formulas (12) to (15) are M, K;, R, Pr, Q, E;, Sc, Kr and Sr indicate the parameters for heat generation, Schmidt, Eckert,

scaled chemical reaction, magnetized, porous material, Soret, Prandtl, and heat radiation values. The mathematical

definition of these parameters is

M=% g =Y gt o Y
apf k k*k f D
ve(pep) Q K
Pr=—"Q= o= Kr=2, (16)
£ a(pcp)nf a
E o= U _ D1(Ty=Teo)
¢ (Tw=Too)(cp) D(Cw—Coo)

The definition of the nanoparticle volume fractions ¢, and ¢, is.

1= (W= 975 |1-9+¢(Z)] 0= 1- 0+,

(7)
0= 1= 9+ 60500, = (1= 1 ¢+¢§f,c:§f]

3. SKIN FRICTION, HEAT AND MASS TRANSFER COEFFICIENTS
The mass transfer, wall heat, and surface drag ratios are described by the rate of skin friction Cy, Sherwood's regional
value Shy, and the Nusselt code in the area Nuy, respectively quantities of engineering relevance.
The definition for the shear strain tw at a structure's surface is.

ou 1 "
Tw = ~Hns (5)y=o =~ s Privraixf(0), (18)
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where ¢ is the viscosity coefficient. The rate of skin friction is determined as.

2Ty

x = (19)
and using equation (18) in (19) we obtained
1
0.5(1 - q,'))Z'SCfx = —Re,? f"(0). (20)
The definition of rate of heat transfer at the level of a wall flux is.
_ oT _ (Tw=Too) Uwx
Gw =~k (E,y)y=0 = iy / 226'(0), @1)
where kyr is the nanofluids thermal resistance. The definition of the localized Nusselt value is.
_ Xqw
Nu, = K Ty—Tea) (22)
Equation (21) multiplied by equation (22) yields the wall heat transfer rate without measurements.
(%) Nu, = —Re256'(0). (23)

The definition of the borders appears, the volume of flow is
ac \% [a ’
an=-0(3) _=-pe() \/:—fqo ), (24)
and the local Sherwood code is obtained as.

_ Xqdm
Sh, = FYCR (25)
The rate of mass transfer across indeterminate walls from (24) and (25) is obtained as

1
Shy = —ReZ ¢'(0), (26)
where Rey, which stands for the regional Reynolds value is explained as follows:
XUy,

Re, = —
X Vf

4. METHOD OF SOLUTION
The mathematical expressions that are symbolized by the numbers (12) to (14) display a significant degree of non-
linearity, which has the effect of making the process of deriving explicit solutions more difficult. Since this is the case,
the resolutions of these mathematical constructs, in addition to the boundary conditions that were described in (15), were
achieved by numerical methods that utilized combining the fourth-order Runge-Kutta process with the firing method
(Figure 1).

Start

Insert absent initial
conditions.

Figure 1. Model flow diagram (RK-Method).
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5. RESULTS AND DISCUSSION
Table 1 may be an introduction of the thermophysical chattels of the nanofluids that were utilized into the numerical
recreations. Broad calculations have been carried out in arrange to set up the profiles of many physical characteristics,
including touching the skin, the adjacent null number, the local Forest amount, and the profiles of velocity, temperature,
and concentration., counting ¢, M, K1, R, Pr, Sc, Q, Ec, Kr, and Sr.

Table 1. Thermal physical properties

Physical Properties | Base fluid (H20) | Copper (Cu) | Alumina (Al,05)
C,(J/kgk) 4179 385 765
p(Kg/m?) 997.1 8933 3970
k( W/mK) 0.613 401 40

These figures, which expand from 2 to 11, layout the impacts that physical parameters have on a combination of
fluid lively characteristics. A diagram of how the alluring parameter M impacts the speed profile of the nanofluids Cu-
water and Al,Os-water can be found in Figure 2. Extending the alluring parameter M comes almost in a drop inside the
nanofluid speed characteristics of Cu-water and Al,Os-water. The justification for the frequent use of a transversal
enticing field on a fluid that conducts control comes almost inside the arrangement of an obstructing Lorenz drive. This
drive moderates down the development of the flow rate decreases when the fluid passes through the topmost layer. In any
event, this results in a rise in both heat and concentrations of solutes.

The connection between the porous media parameter K; and the speed of nanofluids composed of copper water and
AL O3 water is laid out in Figure 3. An increase inside the porous medium parameter K; comes almost in a drop inside the
speed profiles of both of the nanofluids. The figure illustrates that the Al,Os-water nanofluids speed pattern is essentially
greater than the Nanofluids of Cu-water.

1, 1

0.9 0.9, Solid line: Copper+Water
Dotted line: Alumina+Water

Solid line: Copper+Water
0.8 Dotted line: Alumina+Water 0.8t §

0.7F 1

Figure 2. Effect of magnetic parameter M on the velocity Figure 3. Effect of the porous medium parameter K;on the
profiles velocity profiles

The impact of nanoparticle volume splitting on temperature, velocity, and concentrations profiles is seen in Figures 4
through 6 independently for a Cu-water tiny fluids and an Al,Os-water tiny fluids. These figures appear the impacts of
the nanoparticle volume division. Extending the nanoparticle volume division comes around in a reduce inside the velocity
of the Al,Os-water nanofluid is faster than that of the Cu-water tiny fluids. Figure 5 makes it generously clear that growing
the increase in the heated permeability of the small fluid brought on by the particle expansion rate causes the heated
boundary layer to thicken.

1 1
Solid line: Copper+Water Solid line: Copper+Water
Dotted line: Alumina+Water 1 Dotted line: Alumina+Water

0.9

0.8

0.7

0.2 .

4
oo
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1 10511 115

9=0,0.05,0.1,0.2

0 1 2 3 4 5 0 2 4 6 8 10

Figure 4. Effect of various nanoparticle values fraction ¢ on Figure 5. Effect of various nanoparticle values fraction ¢ on
velocity profiles temperature profiles
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The temperature profile is shown to form when the nanoparticle size division values rise, as illustrated in Figure 6.
Because of the reality that copper water may be a strong conductor of both warm and control, it has additionally been
showed up that the temperature spread in a nanofluid composed of copper water is more noticeable than that of a nanofluid
composed of aluminum oxide water. Figure 6 traces that the concentration profile of Al,Oz-water nanofluid decreases as
the total percentage of nanoparticles rises; nonetheless, it still needs Cu-water tiny fluids.

The temperature profile's response to the warm period parameter Q is portrayed in Figure 7, which portrays the
circumstance including nanofluids composed of Al,Os-water and Cu-water. We found that as the warm producing
parameter Q rose, the thermal profile for both kinds of tiny fluids increased as well. This was seen to be true. According
to the findings, the Cu-water nanofluids had a greater temperature than the Al,Os-water nanofluids. An increase in the
warm conductance of the tiny fluids and a thickening of the warm border layer result from expanding the values of the
warmth era parameter Q.

1 1

0.9
Solid line:Copper+Water

o8}
o.7f
0.6}
= os}
>
0.4}
o3}
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01}

Dotted line: Alumina+Water
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" -~
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Figure 7. Effect of heat generation parameter Q on the
concentration profiles

Figure 6. Effect of volume fraction ¢ on the concentration
profiles

Figure 8 portrays how the gooey scattering parameter Ec influences the temperature profile for the nanofluids AL,O3
and Cu. With an increment in Ec values, it is seen that both nanofluids' temperature profiles rise; this recommends that
an increment in Ec impacts the temperature dispersion. Typically, since the liquid locale stores the vitality after it scatters
due to thickness and flexible distortion. Cu-water nanofluid shows a more noteworthy temperature profile than Al,Os-
water nanofluid, it has been watched.

Figure 9 delineates how the warm radiation parameter R influences both nanofluids' temperature distributions.
Al,O3- and Cu-water nanofluids have higher temperature profiles when the warm radiation Parameter R is expanded. We
found that Cu-water nanofluids display bigger temperature increments than Al,Os-water nanofluids. The warm irradiation
parameter R is what leads to the thickening of the warmer border layer. Consequently, the framework is cooled and the
nanofluids can release the warm vitality from the stream zone. Usually exact since a bigger Rosseland estimation causes

a bigger temperature profile.
1 1

0.9 Solid line: Copper+Water 0.9
Dotted line: Alumina+Water

Solid line: Copper+Water
0.8 Dotted line: Alumina+Water

10 12

Figure 9. Effect of thermal radiation parameter R on the
temperature profiles

Figure 8. Effect of viscous dissipation parameter E. on the
temperature profiles

Figure 10 appears how for Cu and Al,O3 nanofluids, the particle size profile is affected by the Stoner number Sc.
Both cases of nanofluids have a lower solutal concentration profile when Sc values are expanded. Cu water nanofluid's
concentration profile is seen to extend more than Al,Os;-water nanofluid's.

Figures 11 and 12 illustrate the effect of two parameters, to be specific the impact of the Soret number Sr and the
chemical sensitive variable Kr on the level profiles of the Cu-water and Al,Os-water tiny fluids independently.
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Distinguish how the biological reaction variable affects the pace and temperature patterns of the nanofluids in the two
scenarios does not shift considerably with expanding values of the scale chemical response parameter. ALL,Os-water
nanofluid's solutal concentration profiles in Figure 11 are generally diverse from those of water and copper nanofluids.
The solvent content boundary barrier's thickness in both nanofluid scenarios develops as the Soret number Sr increments,
as appeared in Figure 12. We found that Al,Os-water nanofluid has lower solutal concentration profiles increment than
Cu-water nanofluid.

1

0.9

Solid line: Copper+Water
Dotted line: Alumina+Water

Solid line: Copper+Water ool

08 \ Dotted line: Alumina+Water

0.7

Sc=1,15,2 25
Kr=0,0.1, 05, 1

0 1 2 3 4 5 6 7 8 0 2 4 6 8 10

Figure 10. Effect of the Schmidt number Sc on concentration Figure 11. Effect of the chemical reaction parameter K7 on the
profiles concentration profiles

0.9 Solid line: Copper+Water
Dotted line: Alumina+Water

Figure 12. Effect of the Soret number Sr on concentration profiles

Table 2. SRM solutions for {"'(0), -0'(0), and -¢'(0) are compared for various values of Sr,Sc,Q and Kr - ¢ = 0.1,E. =1, M =
0.5,5¢c=1,Q =0.02,Pr =7,K, =1,Kr = 0.08,5r = 0.2.

Cu +water | Al, 05 + water
¢=01LE =1 R=15Pr=7 K, =1.25M =05
Sr | f'(0) | =6°(0) | =o' (®) | f"(0) | =6'(0) | —¢'(0)
0.0 | 1.67923 | 0.264822 | 1.205443 | 1.543656 | 0.387837 | 1.234462
0.1 | 1.67923 | 0.264822 | 1.206502 | 1.543656 | 0.387837 | 1.226048
0.3 | 1.67923 | 0.264822 | 1.208618 | 1.543656 | 0.387837 | 1.209225
0.4 | 1.67923 | 0.264822 | 1.209677 | 1.543656 | 0.387837 | 1.200809
Sc
0.6 | 1.67923 | 0.264822 | 1.20756 | 1.543656 | 0.387837 | 1.217637
0.7 | 1.67923 | 0.264822 | 1.578602 | 1.543656 | 0.387837 | 1.591183
0.8 | 1.67923 | 0.264822 | 1.89231 1.543656 | 0.387837 | 1.906038
0.9 | 1.67923 | 0.264822 | 2.168352 | 1.543656 | 0.387837 | 2.182708
Kr
0.6 | 1.67923 | 0.264822 | 1.142691 | 1.543656 | 0.387837 | 1.158075
0.7 | 1.67923 | 0.264822 | 1.221807 | 1.543656 | 0.387837 | 1.230985
0.8 | 1.67923 | 0.264822 | 1.441995 | 1.543656 | 0.387837 | 1.442644
0.9 | 1.67923 | 0.264822 | 1.646539 | 1.543656 | 0.387837 | 1.643275

The findings from the numerical exploration shed light on how the Soret number (Sr), the Schmidt number (Sc), and
the chemical reaction parameter (Kr) influence the flow, thermal, and concentration boundary layers for Cu—Water and
Al-Os—Water nanofluids, all while keeping the physical parameters uniform (¢ = 0.1, Ec=1,R=1.5,Pr=7, Ki =1.25,
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M = 0.5). It becomes evident that the skin friction coefficient f’(0) and the heat transfer rate —0'(0) remain steadfast,
showing no fluctuations with changes in St, Sc, and Kr for both types of nanofluids, indicating that these factors wield a
minimal influence on the momentum and thermal boundary layers in this context. Nevertheless, it is noteworthy that the
mass transfer rate —¢'(0) exhibits a dramatic surge as Sc and Kr are elevated, while Sr demonstrates a more gradual
increase. This highlights the crucial significance of Sc and Kr in molding the concentration boundary layer. In a striking
contrast, Al.Os—Water consistently showcases slightly enhanced heat and mass transfer rates compared to its counterpart,
Cu—Water. This suggests that Al.Os—Water possesses superior capabilities for thermal and solutal transport, especially
when exposed to the effects of heightened Schmidt numbers and chemical reaction rates.

6. CONCLUSION

This study highlights the crucial impact of thermal radiation and heat source/sink effects on the thermo-hydraulic
performance of Al.Os/water nanofluid and Cu—Al:Os/water hybrid nanofluids in the context of advanced energy storage
systems. Utilizing the radiation heat flux model and heat source and solving the system through the Runge-Kutta
numerical method, the findings reveal that increasing thermal radiation and heat generation parameters significantly
enhance temperature distribution and alter fluid flow behavior. The synergistic combination of Cu and Al-Os nanoparticles
leads to improved heat transfer efficiency while maintaining thermal and hydrodynamic stability. These outcomes provide
a strong computational framework for deploying hybrid nanofluids in sustainable and efficient thermal management
applications. The velocity profile decreases with increasing values of the magnetic field parameter.

o The velocity distribution also reduces as the porosity parameter increases.

e The temperature profile increases with higher values of the thermal radiation parameter and the heat source
parameter, but shows a decline beyond certain values of the heat source.

e An increase in thermal radiation leads to a further rise in temperature distribution.
e The temperature profile is further enhanced as the nanoparticle volume fraction increases.

e The concentration profile decreases with increasing values of the Schmidt number and the chemical reaction
parameter, but increases when the Soret number rises.
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MOTIK I'BPUIHOI MI'T HAHOPIIMHH YEPE3 IIOPHUCTY MMOBEPXHIO 3 PO3TATHEHHAM 3A HAABHOCTI
TEILIOBOT'O BUITPOMIHIOBAHHSA TA XIMIYHOI PEAKIIIT
Tnenic Tapanawia®, Bixkas Jlakummi Capime®, H. Bixkan®, Ipixxap Bypiri¢, T.B.P. Pexai
“Kagheopa oxoporu 300pos's ma 6e3nexu, Memooucmcbkuii Koneoic iHyicenepii ma mexHonozil,
boeynkynma, Abioc, Xaiioepabao, Teraneana 500001, Inois
"Kaqbedpa mamemamuxu, MGIT, I'andinem, Xatioepabao, Tenaneana, Inoia-500075
‘Kagpeopa mamemamuxu, Ocsimniti pono Konepy Jlakwmai, Baooeceapam, Inois-522302

Ile nmocmimKeHHs BHBYa€ KOHBEKTHUBHHUII MEPEHOC Telula Ta Macd B MarHitorinpoamHamiusomy (MIJI) mortoii HaHOpIAMHM Haj
MPOHUKHOIO, EJIEKTPUYHO KEPOBAHOIO MOBEPXHEIO 3 PO3TATHEHHIM, BOYJOBAHOIO B IIOPHCTE CEPeOBHILE. AHAI3 BPaXoBy€ KIIFOUYOBI
¢i3nuHi eexTH, BKIIOYAIOYH TEIUIOBE BUIIPOMIHIOBAHHS, TEIUIOBHIUICHHS, PO3CIIOBaHHS B'SI3KOCTI Ta XiMidHI peakuii. BusHavampHi
PIBHSHHS c(OPMYIHOBAHO 3 YpaxXyBaHHSM BIUIUBY IIOPHCTOCTI, MATHITHUX IIOJIB, TPalieHTIB TEIIa Ta KOHIEHTPAI1, 8 TAKOX XIMIYHOT
kinetuky. OcoOniBa yBara HPHUIUIETHCS KOHTPONIO 00'€éMHOI YaCTKM HAHOYACTHHOK Ha MeXi po3niry. JIIs OWmiHKM TEINIOBUX
XapaKTEePUCTHK PO3MVISIAIOTHCS JIBI Mojeni HaHopiauH-Migb-Boga (Cu—H:0) Ta okcupn amominito—Boma (Al20s—H:0). Heniniitna
KpaiioBa 3aj1a4a pO3B'S3y€ThCS YHCEIIBHO 3a JOIIOMOTOI0 METOJy CTPLIBEOU B OeqHAHHI 3 MeTosoM PyHre-KyTTy yeTBepToro mopsuxy.
Pe3ynbraTit IEMOHCTPYIOTH YyAOBY BiJIIOBIHICTh 3 paHille OMyONiKOBAHUMH JaHUMH, L0 MiATBEP/XKY€E TOYHICTD Ta HAMIHHICTD wi€l
mozedni. Ii pe3ynbrati MatoTh NOTEHIIHHE 3aCTOCYBAaHHS B IEPEAOBUX CHCTEMAaX TEIUIONepeaayi, TAKUX K TEXHOJIOT1] OXOIODKEHHS
Ta 00poOKa MaTepiaiB.
Kurouosi ciioBa: cibpuoni nanopiounu; MIJ]; nopucmi cepedosuuja; mennose SUNpOMIHIOBAHHI, NOBEPXHEBE MePMsL
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This study conducts a thorough numerical investigation employing the bvp4c technique to delve into the stagnation-point flow of a
magnetohydrodynamic (MHD) Casson polymeric nanofluid around a wavy circular porous cylinder. It takes into account activation energy
and thermal radiation, emphasizing the significant impact of thermal radiation on fluid flow, concentration and temperature profiles. The
effects of thermal radiation within the energy equation are carefully considered, along with convective Nield boundary conditions, enabling
a comprehensive analysis. By introducing dimensionless variables, the study transforms the partial differential equation into ordinary
equations, facilitating the application of the shooting scheme to approximate the solution. The meticulously examined results offer detailed
insights into temperature, velocity and mass concentration profiles, highlighting the profound influence of thermal radiation on these
parameters. Furthermore, a comprehensive graphical presentation of each engineering parameter is provided, offering a nuanced
understanding of the intricate physical phenomena involved, with particular attention to the influence of thermal radiation.

Keywords: Stagnation-point flow; Thermal radiation; Casson polymeric nanofluid; bvp4c technique; Magnetohydrodynamic (MHD)
PACS: 47.70.Fw, 44.20.+b, 44.25.+f, 47.10.ad, 47.15.Cb

1. INTRODUCTION

Casson fluids, which are non-Newtonian and possess yield stress, have emerged as valuable models for studying the
flow of complex fluids in a wide range of industrial and biological systems. When magnetic fields are introduced to such
systems, the effects can be quite complex due to their potential to alter the fluid dynamics and heat transfer characteristics.
The present study, therefore, aims to investigate the interplay between MHD effects, Casson rheology, and nanoparticle
dispersion in the context of stagnation point flow. Stagnation point flow is a critical phenomenon that occurs when a fluid
is brought to rest by an external object. It has been extensively studied in the past, and it is known that the rheological
properties of the fluid play a critical role in determining flow behaviour. When magnetic fields are present, the fluid
dynamics can be further modified, leading to a more complex flow behaviour. Moreover, if nanoparticles are present in
the fluid, their dispersion can also be affected by the magnetic field, leading to further modifications in the fluid behaviour.
Thus, this study intends to examine the impact of MHD consequences, Casson rheology, and nanoparticle dispersion on
stagnation point flow. The research findings will provide insights into the complex behaviour of Casson fluids under the
impact of magnetic fields. They will help in designing better models for predicting the flow of complex fluids in various
industrial and biological systems.

The study of Magnetohydrodynamic (MHD) Casson nanofluid flow around a cylinder that is saturated with a porous
medium has gained significant attention in recent research. This phenomenon is complex and intriguing due to the
interaction of MHD effects, porous medium, and nanofluid dynamics. Various numerical and analytical studies have been
conducted to investigate this phenomenon. For instance, Alwawi et al. [3] delve into the characteristics of the
magnetohydrodynamic (MHD) convection flow of Casson nanofluid with a shrinking sheet. The researchers used the
Runge-Kutta method to perform their investigation while taking into account the effects of suction/injection on the wall.
Narender et al. [5] investigated the behaviour of a fluid flow over a surface that is being stretched non-linearly. The fluid
used was a type of nanofluid called the Casson nanofluid, which exhibits unique properties due to the presence of
nanoparticles. The study also considered the effects of velocity and convective boundary conditions, which are important
factors that can significantly influence the behaviour of the fluid. Thamaraikannan et al. [19] studied the effects of periodic
body acceleration and thermal radiation on pulsating MHD Casson nanofluid flow through a porous channel. Their
research sheds light on the behaviour of MHD Casson nanofluid flows under various scenarios, providing valuable
insights for researchers in the field. The impact of a porous medium on the flow of MHD Casson nanofluid was examined
in a recent study [12]. The study aims to examine mass and heat transfers of MHD Casson nanofluids flowing through
porous media past a stretching sheet. The researchers also considered the impact of Newtonian heating and chemical
reactions on the flow. By using mathematical models and simulations, the study found that the existence of a porous
medium significantly affects the flow behaviour of MHD Casson nanofluid. Furthermore, the investigation carried out by
Bosli et al. [4] thoroughly examined the natural convection flow and heat transfer of a Casson nanofluid flowing past a
vertical plate under convective boundary conditions, while being aligned with MHD. The results of this study shed light
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on the complex relationship between the dynamics of MHD Casson nanofluid and the effects of a porous medium. In
recent research, there has been a focus on analyzing the behavior of Casson nanofluids in various flow scenarios.
Researchers [17] looked into the numerical analysis of a three-dimensional Casson nanofluid magnetohydrodynamic
(MHD) flow past an exponentially-stretching sheet.

The three-dimensional aspects of MHD Casson nanofluid flows were explored, revealing insights into the behaviour
of these fluids in complex flow scenarios. On unstable MHD mixed convection flows of non-Newtonian Casson
nanofluids, Gnanaprasanna & Singh [9] conducted another study on the stagnation zone of sphere-spinning impulsive
fluids. This research contributed to the understanding of unsteady MHD effects on Casson nanofluid flows, particularly
in the context of non-Newtonian fluids. These findings could be useful in designing more efficient and effective fluid
systems in various industrial and scientific applications. The references cited in the text provide valuable information not
only on MHD Casson nanofluid flows but also on related topics such as flow around cylinders and porous medium
dynamics. For instance, Baig et al. [13] conducted a study that illuminates the effects of nanofluids in porous media by
using thermal analysis to examine an Al,Os-Water nanofluid flow in a composite microchannel.

By adding nanoparticles to the base fluid, nanofluids have shown potential for enhancing heat transfer rates compared
to traditional fluids. Kathyayani et al. [10] investigated nanofluid flow Stagnation-Point MHD flow Past 3-D Sinusoidal
Cylinder with Brownian Motion and Thermophoresis Effects. Wang et al. [25] investigated mass transfer and natural
convection heat using thermal radiation in a cavity that was partially filled with a porous material that was hygroscopic,
which gives us insights into the heat and moisture transfer phenomena in porous media. One of the well-known models for
modelling nanofluid hydrothermal characteristics is Buongiorno's [8] two-component nanoscale model, which includes both
conservation of energy and nanoparticle diffusion (mass transfer) equations. This formulation has been very successfully
applied for investigating enhanced heat transfer in nanofluids and emphasises thermophoresis and random diffusion
(Brownian motion) as the dominant mechanisms. Several researchers have conducted investigations on buoyancy-driven
convective flow in a closed regime filled with Buongiorno nanofluids to explore the heat transfer performance in various
geometrical shapes using a wide range of computational techniques. A study by Rana et al. [20] explored the analysis of
alumina and titania-water nanofluid flow using theoretical and computational methods. The study investigated the impact of
velocity slip, thermal slip, and Stefan blowing at the boundary of a horizontal stretching sheet, also known as the wall. The
viscosity and thermal conductivity were calculated using the Pak-Cho model in combination with the non-homogeneous
Buongiorno nanofluid model. The model has been extensively utilized since its inception. Akram et al. [7], [22] and The
Buongiorno model was utilised by researchers Tripathi et al. [2], [11], [15],[16] in a study of nanofluids, which yielded
significant accomplishments. The use of the Buongiorno model and Cattaneo-Christov double diffusion has been quite
popular among researchers [14], [18], [21],[23] over the years for studying the heat and mass transmission of fluids.

The research field of Casson nanofluid has yet to explore the evaluation of its impact on a sinusoidal cylinder using
a two-phase nanofluid model. Our work is distinctive in that it examines the effects of both Neild's conditions, which are
taken to be exponential and Casson nanofluid convectional flow over a sinusoidal cylinder. The controlled PDEs used in
our research are ODEs, which are subsequently solved computationally with MATLAB software's bvp4c and the shooting
approach. The present method has the potential to address several environmental, pharmaceutical, and biological
problems. This study has the potential to contribute to a better understanding of various fields and provide solutions to
numerous challenges.

2. MATHEMATICAL MODEL
A steady stagnation-point flow incompressible Casson nanofluid was considered towards a wavy cylinder (Fig. 1).

At each extreme radius of the cylinder’s radius there were points of stagnation (points A, B, and C). The equation x =0 yl/ ¢

can be used to characterise the streamlines, where c is a fraction of the stream velocities slope and stated as ¢ = b/a with
0 < c <1 called nodal point or with —1 < ¢ <0 called saddle point and c=0 refers to plane flow, & is constant, provides a
particular streamline. In the cylinder, points of minimum and maximum stagnation can be observed at positions B, A, and
C. The velocity profiles of fluid flow particles in the x, y, and z-directions were taken into consideration with u, v and w
respectively. In the Cartesian coordinate system Oxyz, the stagnation point is located at the system's origin, and the
velocity profiles are expressed as

u,=ax, v,=aby, w,=—(a+b)z. (D)

In the stress-strain relation, the constitutive equation for a Casson fluid is as follows:
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A sinusoidal cylinder’s boundary layer can be modelled by applying the following equations to represent the
cylinder’s boundary layer by the assumptions suggested above and using the Bernoulli equation, the pressure is removed,
to model the sinusoidal cylinder’s boundary layer by incorporating the Casson rheological effect term from Eq. (2)
(sec [14, 18,24]).
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(b) x -
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Figure 1. Schematic model and the streamlines
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The first-order chemical reaction rate was represented by K., When K. is more than 0, a destructive reactant is produced.
These boundary conditions lead to the following formula:
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Notably, the derivative with respect to 1 indicates primes. The differential equations (3)-(7) converted to ODEs, which
are nonlinear in nature, with the help of similarity transformations (9)

(g sty M) -2t =0 (10
[1+%]g"’+(f+cg)g"—c(g’)2 +e—M(g'-1)-A(g-1)=0 (11)

[1+§Rdj%€"+(f+cg)9’+th9'¢’+Nt(9')2=0 (12)
¢"+Sc(f+g)¢'+%9"—sca(1+59)" exp(%jqﬁzo (13)

The modified boundary conditions are

f=0,f'=0,g=0,g'=0,0'=—Bi(1-6),Nig'+ Nb§'=0 at 77=0

(14)
f'=0,g'=0,6=0,0=0 at n=oo
. DT(Tw_Tw) . . DB(TW_Tm) v .
Where Thermophoresis Nt = T , Brownian motion Nb = ————== | Prandtl number Pr=—, Magnetic
T v o

oB; . : E . iy -
field M =—, Schmidt number Sc = DL Modified Eckert number Ec, = Ecx . The interested quantities are friction
ap N c,

coefficients in the x and y directions which are connected by two physical parameters C, and C, , the local Nusselt

and Sherwood numbers are defined by:
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Where 7, =u|l+—|—| and 7, =u|l+—|——| , the surface shear stress along the x and y directions,
B)oz|_, B)oz|_,
. oT aC| .
respectively, ¢, = —ka— the surface heat flux, and s, =—D,—| is the surface mass flux.
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3. NUMERICAL METHOD
To effectively solve the given set of nonlinear differential equations (10), (11), (12), (13) and boundary conditions
(14), the linearity technique can be used to convert them into first-order ODEs. This will enable us to simplify the problem
and solve it more efficiently, leading us towards a constructive solution as follows.
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Vs'= Y
(i) yeme(vs) +e=M (v =1)= A3 1))
Yo =
1+l
V"=V
' _Pr((y1+cy4)y8+be8y10+Nt(y8)2)
Vs =
1+ﬁRd
3
Yo' =Yy
L Nt , | " [%]
Yo' = SC(y1+cy4)ym+7b(ys )=Sc o (1+dy,) e Yo

where the initial conditions

B2 (0) =0,y, (0) =0,y, (0) =1,y, (0) =0, y; (O) =0,y (O) =1,

¥, (0) =1y, (0)+Bi(1-,(0)) = 0,5, (0) = 1,, Nt y,, (0)+ Nb y, (0) =0 (18)

Arbitrary parameters, denoted by 1,,1,,1;,1, , will be determined to solve the system of equations given in Eq. (17)

along with the initial conditions listed in (18). The MATLAB program is used in combination with the shooting method
and the fourthorder Runge-Kutta method to solve the system. The obtaining the results in a sequence of steps, these are
well present in Fig.2. The program ensures that the error is minimized and the final conditions are met.

b (°°) =0, y, (°°) =0, y, (°°) =0,, (°°) =0.

In order to verify the validity of our code, we conducted a comparison of the skin friction coefficient results obtained
for Reynolds number of pure water with those previously reported by Wang [24], Ishak et al. [6] and Ahmed et al. [1]. After
conducting the analysis, we observed that our results were in better agreement with those reported in Table 1. This
comparison was an essential step in ensuring that our code was accurately simulating the physical phenomenon being studied.

Table 1. Comparison of various values of skin friction, for regular fluid (water) and Pr = 0.7

Re Wang [24] Ishak et al. [6] Ahmed et al. [1] Present
2 —1.59390 —1.5941 —1.59444 —1.6061299
5 —2.41745 —2.4175 —2.41798 —2.420235
10 —3.34445 —3.3445 —3.34511 —3.345029

4. RESULTS AND DISCUSSION
The presented data includes the numerical outcomes of fluid velocity, thermal distribution, and nanoparticle
distribution. Worth note that the results are indicates Newtonian fluid — Dashed lines and Non-Newtonian Casson
fluid — Soid line. The graphs and tables provided an analysis of the impact of different parameters, such as the Brownian
motion parameter Nb, magnetic parameter M, porous medium parameter 4, thermal radiation parameter Rd, Gradient of
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streamline parameter ¢, Casson fluid parameter £, thermophoresis parameter Nt, chemical reaction parameter &, thermal

biot number Bi, activation energy parameter Eat a constant value.
In Fig. 3-20, the impacts of different parameters on streamwise velocity profiles f '(77) and g'(ﬂ) are illustrated.
Specifically, the influence of magnetic parameter M, which measures the magnetic field strength in a porous medium, is
shown. Additionally, the impact of porous permeability parameter A, which characterizes the ability of a porous medium
to transmit fluid, is depicted. Finally, the effect of Gradient of streamline parameter ¢, which relates to the change in
streamlines with respect to distance in the direction of flow, is also demonstrated. Overall, these parameters play a major

role in determining the behavior of fluid flow.

The comparative analysis of velocity profiles for Newtonian and Casson fluid flows over sinusoidal cylinder with
the influenced by magnetic parameter M have been presented in the Fig 3. As the magnetic parameter rises, the velocity
profiles are increased and worth noting that the greater velocity profile is observed in Newtonian fluid induced by Lorentz
force. The similar mechanism of velocity profiles is noted by the porosity parameter, which is observed from the Fig 4.

0

The effect of ¢ on the velocity profiles are depicted in the Fig. 5.
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The geometry of saddle/nodal stagnation point ¢ plays a crucial role of velocity profiles. The significant impact is
observed on the fluid flow velocity profiles is observed with various values of saddle/nodal stagnation point c. majorly
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we examine saddle stagnation point, nodal stagnation points and stagnation point. Maximal velocity profile is notice at
nodal stagnation points; minimum velocity profile is observed at saddle stagnation point in both velocity profiles.

Figs. 6-12 presents the effect of magnetic parameter M, porosity parameter A, Nodal/Saddle point c, thermal
radiation Rd, thermophoresis Nt, Brownian motion Nb and Biot number Bi, on temperature profile. Fig. 6 and 7 displays
the effect of magnetic parameter and porosity parameter on temperature profiles respectively. The temperature profile
decreases in both the fluids when increasing of the magnetic field and porosity. This mechanism is happened due to
Lorentz force and the Darcian body force is inversely proportional to the medium. The significant impact is observed on
the temperature profiles is observed with various values of nodal/saddle stagnation point c.
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Figure 6. Variation in Temperature due to M Figure 7. Variation in Temperature due to A

The thermal distribution reduces with the increasing of the nodal/saddle stagnation point c, is observed in the Fig. 8.
Thermophoresis /Nt and Brownian motion parameter Nb impact on temperature profile is depicted in the Fig. 9 and 10.
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Thermophoresis is a fascinating phenomenon that takes place in fluid-particle mixtures. It results from uneven
temperature distribution, which leads to the displacement of nanoparticles towards the colder region. This process is
driven by thermophoretic forces that cause a non-uniform distribution of particles. To put it simply, thermophoresis is like
a tiny invisible hand that pushes particles towards the cold region and causes them to accumulate there. Additionally, the
thermophoresis increases as the fluid's temperature increases. Brownian motion is observed in the movement of particles
suspended in a fluid. This random movement is caused by the collision of fluid molecules with the particles. The speed
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of Brownian motion depends on the particle's size and the fluid's temperature. Larger nanoparticles experience slower
Brownian motion, while smaller ones move faster. Additionally, the nanoparticles' Brownian motion increases as the
fluid's temperature decreases. The effect of thermal radiation on temperature profile is depicted in the Fig. 11.

When thermal radiation is present, it can raise the temperature profile of a fluid. This happens because the thermal
radiation parameter helps improve the fluid's thermal conditions, which can lead to more fluid being present in the
boundary layer. As a result, the velocity of the fluid may increase.The effect of Biot number Bi on the temperature profile
is seen in Fig. 12.
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The Biot number is a proper dimensionless quantity when performing heat transfer calculations. It measures the
relative resistance to heat transfer due to conduction inside a body versus convection at the body's surface. The
temperature profiles reduce with the increasing of Biot number values is observed.

Figs. 13-20 presents the impact of magnetic parameter M, porosity parameter A, Nodal/Saddle point ¢, Brownian
motion Nb, thermophoresis Nt, Biot number Bi, chemical reaction parameter o and Activation parameter E on
concentration profile. The concentration profile enhancement is observed with the magnetic parameter M, porosity
parameter A, Nodal/Saddle point ¢, and thermophoresis Nt, when increasing of these parameters the significant increment
is notice, which are shown in Figs. 13-16. In addition, the Casson nanofluid concentration profile is diminishes with
incremental values of Nb, Bi, o, the great observation from the Figs.17-19 the Brownian motion Nb, Biot number Bi,
chemical reaction parameter ¢ are deaccelerates the concentration profile while the opposite mechanism is found with the
Activation parameter E seen in Fig. 20.
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—Bi= 03
—Bi= 05
—Bi= 07

Bi= 0.9

The tables provide comprehensive insights into the dynamics of skin friction, Nusselt number and Sherwood number
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Figure 19. Variation in concentration due toe

variations, presented in Tables 2, 3, and 4, respectively.

Table 2. Cfx and Cfy for various values

Figure 20. Variation in concentration due to E

c M A Cfx Cfy
B=w B=0.2 = B=0.2
-0.5 1.5056 0.6146 1.5056 0.6146
0.0 1.5212 0.6210 1.5212 0.6210
0.5 1.5495 0.6326 1.5495 0.6326
1.0 1.5841 0.6467 1.5841 0.6467
0.0 1.3796 0.5632 1.3796 0.5632
1.0 1.7027 0.6951 1.7027 0.6951
3.0 2.2123 0.9032 2.2123 0.9032
5.0 2.6252 1.0717 2.6252 1.0717
0.0 1.4500 0.5919 1.4500 0.5919
1.0 1.7602 0.7186 1.7602 0.7186
30. 2.2570 0.9214 2.2570 0.9214
5.0 2.6630 1.0871 2.6630 1.0871
Table 3. Nu values for different emerging parameter values
. Nu
Bi Rd M Nb Nt c
=0 B=0.2
0.3 0.1238 0.1332
0.5 0.1428 0.1479
0.7 0.1508 0.1534
0.9 0.1546 0.1560
0.0 0.0703 0.0774
0.2 0.1042 0.1161
0.4 0.1423 0.1599
0.6 0.1839 0.2081
0.0 0.1057 0.1176
1.0 0.1030 0.1149
3.0 0.0997 0.1115

5.0

0.0976 0.1092
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. Nu
Bi Rd M Nb Nt c
—% | B=02

0.4 0.1424 0.1694

0.6 0.1042 0.1161

0.8 0.0721 0.0759

1.0 0.0498 0.0509

0.1 0.0643 0.0670

0.2 0.1042 0.1161

0.3 0.1292 0.1504

0.4 0.1472 0.1764

-0.5 0.1146 0.1230

0.0 0.1106 0.1208

0.5 0.1042 0.1161

1.0 0.0981 0.1109

Table 4. Sh values for different emerging parameter values

c M Nb Nt Bi c E Sh
B=o0 B=0.2
-0.5 1.6335 1.9807
0.0 1.2756 1.6293
0.5 1.0463 1.3343
1.0 0.9018 1.1418
0.0 1.0695 1.3828
1.0 1.0285 1.2977
3.0 0.9838 1.2071
5.0 0.9582 1.1556
0.4 0.6059 0.7632
0.6 1.0463 1.3343
0.8 1.4884 1.9125
1.0 1.9302 2.4872
0.1 2.3170 2.9825
0.2 1.0463 1.3343
0.3 0.6081 0.7686
0.4 0.3763 0.4732
0.3 1.5364 1.9625
0.5 2.5039 3.2102
0.7 3.4685 4.4576
0.9 2.5039 3.2102
0.0 0.9535 1.1570
1.0 0.9971 1.2377
2.0 1.0463 1.3343
3.0 1.1022 1.4523
0.0 1.1190 1.4895
0.5 1.0463 1.3343
1.0 1.0074 1.2576
5.0 0.9544 1.1588

These parameters offer crucial physical understanding of the heat and mass transfer processes within the system.
Notably, as the unsteadiness parameter increases, both skin friction coefficients and local Nusselt numbers show a
consistent uptrend. This indicates that higher levels of unsteadiness correspond to increased frictional forces and enhanced
convective heat transfer rates from the surface to the fluid. However, an intriguing observation emerges when examining
local Sherwood number. At a critical value of the unsteadiness parameter, particularly when thermophoresis effects come
into play, a minimum local Sherwood number is noted. This phenomenon suggests a nuanced interplay between
unsteadiness and thermophoresis, where certain conditions may optimize mass transfer rates. Moreover, the analysis
underscores the significance of thermophoresis effects on heat transfer. It is evident that the highest heat transfer rates
occur under conditions where thermophoresis effects are minimal. Conversely, increasing the thermophoresis parameter
leads to a reduction in heat transfer rates, indicating the inhibitory role of thermophoresis on overall heat transfer
efficiency. Furthermore, the behavior of the local Nusselt number unveils additional insights. With the rise in the
unsteadiness parameter, the local Nusselt number escalates, reflecting the heightened convective heat transfer rates
characteristic of more dynamic flow conditions. Notably, peak heat transfer rates are achieved when Brownian motion is
minimal or approaches zero, emphasizing the intricate relationship between flow dynamics and particle behavior. Finally,
the occurrence of negative local Nusselt numbers for certain unsteadiness parameter values is particularly intriguing. Such
instances signify a reversal in the heat transfer direction, indicating heat transfer from the nanofluid to the body. This
phenomenon underscores the complex interplay of various parameters in determining the directionality and efficiency of
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heat transfer processes within the system, highlighting the need for a comprehensive understanding of fluid dynamics and
transport phenomena.

5. CONCLUSIONS

In summary, our investigation delved into a transient three-dimensional boundary layer scenario surrounding the
flow of magnetohydrodynamic (MHD) Casson polymeric nanofluid around a wavy circular porous cylinder. Incorporating
considerations of thermal radiation and activation energy, we emphasized the nonlinear aspects of chemical reaction in
the energy equation and utilized convective Nield boundary conditions for a comprehensive analysis. By transforming
the boundary layer equations into a self-similar form, we enabled numerical solutions. Notably, we observed the expansion
of the velocity field with a certain indicative parameter and its flattening in the presence of an external magnetic field.
The impact of thermal conditions on heating and cooling processes proved significant, emphasizing the need for
minimization, particularly in air conditioning systems. Furthermore, as the porous parameter increased, we noted
improvements in the thermal boundary layer and weakening in the concentration boundary layer. Our findings revealed
that the Nusselt number increased with advancements in the thermal radiation parameter and the Sc number within the
thermal boundary layer regime. Additionally, we observed a proportional rise in the Nusselt number with increasing
activation energy and a decrease in wall mass. Moreover, variations in the nodal/saddle point parameter resulted in
changes in the skin-friction coefficients. Finally, we found that the Nusselt number decreased with higher Bi values but
increased with rising Brownian parameters, and increasing activation energy led to a decrease in the Sherwood number.
These insights offer valuable contributions to understanding the complex dynamics of boundary layer phenomena in fluid
mechanics and thermal transport processes.
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TOYKA CTATHAIII MIJI-MTOTOKIB MMOJIMEPHOI HAHOPIITMHA KACCOHA Y HATIPIMKY JIO XBHJIACTOT'O
KPYI'OBOI'O IUJITHAPY, HACHYEHOI'O TIOPUCTHUM CEPEJOBHUIIEM B YMOBAX KOHBEKTHBHOI'O IT1OJIsA
I TEIJIOBOT'O BUITPOMIHIOBAHHSI
I1. Benkara Cyopaxmanbsam?®, Fanapakora Karbsisini?, Farry Benkara Pamyny?, K. Benkaraapi®
“Kagheopa npuxnaonoi mamemamuxu, Yuisepcumem Hozi Bemana, Kaoana, A.I1., Inois
bKageopa mamemamuxu, Ynisepcumem Moxana Baby (xonuwuniti inoicenepruii konedc LIpi Biowvsnixemar), Tipynami A.P-517 102, Indin
VY mpoMy IOCHIIKEHHI IPOBOJUTHCS PETENbHE YHCIOBE JOCTI/PKCHHS 3 BHKOPHCTAHHAM METORy bvpdc U BUBYEHHS IOTOKY
marHitorizponunamiynoi (MIJ]) nmonimeproi HaHOpinnHu KaccoHa HaBKOJIO XBHIISICTOTO KPYIVIOTO ITOPHCTOrO LWJIIHIApPA B TOYL
3aCTO0. Y HBOMY BPaxXOBYEThCS CHEPrisi aKTHUBALil Ta TEIJIOBE BHIIPOMIHIOBAHHS, IO IiJKPECIIOE€ 3HAYHUH BIUIMB TEIIOBOTO
BUIIPOMIHIOBaHHS HA MOTIK PiJMHH, KOHICHTPALilo Ta Mpodiii TeMneparypy. Brne TenaoBoro BUIIPOMIHIOBaHHS B PIBHSIHHI eHeprii
pEeTeNbHO PO3NISHYTO Pa30M 3 KOHBEKTHBHUMHU I'PaHHYHUMHU yMoBamu Hinbza, 1110 103BoJIsie IPOBECTH KOMIUIEKCHHH aHaui3. BBopsun
0e3po3MipHi 3MiHHI, JOCTIIKEHHS TEPETBOPIOE Mu(epeHLialbHe piBHIHHSA 3 YaCTHHHUMH IOXITHUMH Ha 3BHYalHI PIBHSHHSI, L0
MOJICTIIY€ 3aCTOCYBAHHS CXEMH CTPUIBOHM Ui HAOMIKCHHS PO3B'SI3KY. PeTesNbHO AOCIHimKeHI pe3yinbTaTd MPONOHYIOTh AeTajbHe
PO3YMiHHS TpPOQUIIB TeMIeparypd, IIBUAKOCTI Ta MAacoBOI KOHICHTpAIil, IMiIKPECIIOYH TIIHOOKHH BIUIMB TEIUIOBOTO
BUIIPOMIHIOBAaHHS Ha IIi mapaMeTpu. KpiM Toro, HaaeThest KOMILIEKCHE TpadidHe IMPeacTaBIeHHs KOXHOTO IHKCHEPHOTO TapaMeTpa,
IO TPOIOHYE TOHKE PO3YMIHHsS CKIagHuX (i3WYHMX SBHIN, IO OEpyTh y4acTb, 3 OCOONMBOIO YBarol 10 BIUIMBY TEIIOBOIO

BUIIPOMiHIOBaHHSI.
KurouoBi ciioBa: nomix y mouyi 3acmoio; mennose SuUNpoMiHIO8aHHA; NodimepHa Hanopiouna Kaccona;, memoo bvpdc;
Mmaenimoziopoounamixa (MI/])
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This study investigates the steady, laminar motion of a non-Newtonian Oldroyd-B nanofluid over an inclined plate, integrating
Buongiorno’s nanofluid model to account for Brownian motion and thermophoresis. The novel integration of couple stress and
Forchheimer inertia in the analysis, coupled with advanced Bayesian-regularized ANN modelling, distinguishes this work. Governing
equations are transformed using similarity variables and solved numerically via MATLAB’s bvp4c solver. The effects of couple stress,
relaxation time, Forchheimer number, thermal radiation, thermophoresis, Brownian motion, and activation energy on velocity,
temperature, and concentration profiles are systematically analyzed. Results reveal that couple stress and relaxation time reduce
velocity, while thermal radiation and thermophoresis elevate temperature. Brownian motion decreases concentration, and activation
energy influences both temperature and concentration oppositely. Multiple linear regression models quantify relationships between
friction factor, Nusselt, and Sherwood numbers and key parameters, while a Bayesian-regularized artificial neural network (ANN)
demonstrates high predictive accuracy (R-values ~1). It is noticed that increasing the couple stress parameter from 0.1 to 2.5 reduces
friction factor by 59.8%, increasing the thermophoresis parameter from 0.1 to 2.5 decreases the Nusselt number by 7.8%, reflecting
reduced heat transfer, and increasing the Brownian motion parameter from 0.1 to 2.5 reduces the mass transmission rate by 2.6%.
Keywords: Non-Newtonian fluid;, Thermophoresis; bvp4c; Brownian motion; Activation energy; Thermal radiation

PACS: 47.15.-x, 47.50.-d

Nomenclature
u, v — the velocity components in the directions of x-axis 1 — Similarity variable
and y-axis Nb — Brownian motion parameter
0" — Stefan-Boltzman constant Cp — Specific heat capacity
Pr — Prandtl number A — Porosity parameter
T — Heat capacity ratio Nt — Thermophoresis parameter
v — Kinematic viscosity k, — Chemical reaction parameter
g — Acceleration due to gravity f — Stream function (Ton-dimensional)
p — Density ko —Mean Absorption coefficient
Y —Angle of inclination A* - Parameter due to buoyancy
1 — Viscosity of the fluid Dy — Diffusion coefficient (Thermophoresis)
K — Permeability Dy — Diftusion coefficient (Brownian motion)
Fr — Forchheimer number a — Thermal diffusivity
k — Thermal conductivity o, — Temperature ratio parameter
By — Magnetic strength m — The fitted rate constant
Mg — Magnetic field parameter I — Reaction rate parameter (non-dimensional)
o — Electrical conductivity A — Activation energy parameter
A — Parameter due to Mixed convection Ra — Radiation parameter

1. INTRODUCTION

Newtonian as well as non-Newtonian fluids are the two main types taken into account in fluid mechanics. The
viscosity and flow characteristics of these fluids under shear stress serve as the basis for differentiation. Regardless of the
applied shear rate, the viscosity of Newtonian fluids remains constant. For instance, water, fuel, alcohol, and many more
substances. Because of their rheological properties, non-Newtonian fluids are helpful in a huge range of industrial and
technical purposes. A number of significant studies on non-Newtonian fluid models are documented due to said broader
use and applications. Many modellings have been proposed to illustrate the fluid response that the Navier-Stokes model
cannot explain. These models are divided into three types: differential, integral, and rate models. Oldroyd's [1] report,
which was influenced by Frohlick and Sack's [2] work, established a methodical procedure for creating a viscoelastic
fluid modelling that was precisely of rate type, even though it had nothing to do with thermodynamical concerns. Among
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the several models he presented, the Oldroyd-B fluid modelling was analytically feasible and, more importantly,
experimentally supported. It was characterised by three material constants namely, the viscosity, relaxation and retardation
time. Oudina et al. [3] provided a study of heat transfer efficiency methods in various enclosures as well as nanofluidic
applications. Boudjemline et al. [4] investigated Jeffery-Hamel flow extension and Oldroyd-B nanofluid in an enlarged
channel. Yasir et al. [5] scrutinized the unsteady motion of an Oldroyd-B fluid that used energy transmission to form an
extendable cylindrical surface. Analytic series convergence was one of their topics. Using Buongiorno's model, they also
investigated the characteristics of Brownian motion brought on by nanoparticles. Sun et al. [6] reported the numerical
outcomes on the Oldroyd-B motion across a triangular cylinder. This study investigates the flow motion in different
orientations. Discussion of magnetic impact in the motion of Oldroyd-B fluid along a semi-vertical plate with absorbing
boundary assumptions in another discussion of Liu et al. [7]. Fetecau et al. [8] presented the results for MHD motion of
Oldroyd-B fluid by a circular cylinder in a saturated porous region. Munir et al. [8] studied numerically the flow behaviour
of Oldroyd-B nanofluid. They also reported the entropy generation through their study. Kang et al. [9] used the
characteristics of Brownian movement and thermophoresis in a radiative motion of Oldroyd-B fluid. With the help of
non-Fourier heat flux, Ahmed et al. [10] presented the outcomes for chemically reactive Oldroyd-B nanofluid
bidirectionally with external heat source. Yasir et al. [12] also discussed the unsteady motion of Oldroyed-B fluid via
convectively heated surface.

Industrial applications depend heavily on chemical reactions that release energy as heat. However, most of these
chemical reactions can become uncontrollable, which is why scientists and engineers are looking for a very efficient way
to achieve this aim while maintaining safety, reaction control, and appropriate heat management. Due to this reason, a
good amount of literature found on these reactions. For instance, exploration of endothermic and exothermic chemical
reactions in a nanofluid motion over a permeable microchannel by Madhukesh et al. [13]. Impacts of these chemical
reactions on the different fluid motions discussed by many authors. Ramesh et al. [14], Agbolade and Fatunmbi [15],
Maleque [16], Alarabi et al. [17], Shanmugapriya et al. [18], Oderinu et al. [19] and Khan et al. [20] are few of the many
recent studies. The reason behind these investigations is that the exothermic chemical reactions have a major impact on
engineering applications such chemical separation, oil separation, and combustion processes that require heat transfer in
the presence of nanofluids.

Researchers have lately become interested in the movement of fluid through a porous area and objects of various
forms immersed in the porous region. Numerous fields, including applied mathematics, mechanical engineering,
geothermal physics, nuclear engineering, bioengineering, and civil engineering, have used it. Some processes that include
fluid flow via a porous area include the use of geothermal energy, the casting solidification, flow of blood in arteries or
lungs, underground electrical wires, the dispersal of pollutants in aquifers, heat pipes (porous), and chemical catalytic
connections. The flow filled in the porous region is widely interpreted using Darcy's law. The effects of high velocity and
turbulence in the porous region render Darcy's law inapplicable. Practical impact of this law in a variety of mathematical
modellings was discussed by many of the researchers in the past and recent literature. Hayat et al. [21] examined the
Darcy-Forchheimer motion along with nonlinear mixed convection. Later Khan [22] studied the forced convective Darcy-
Forchheimer motion of hybrid nanofluid through a rotating disk. Revathi et al. [23] proposed a similar modelling for the
nanofluid flow via an angled plate together with activation energy and thermal radiation. A similar modelling under Darcy-
Forchheimer flow together with chemical reactions has been reported by Rasheed et al. [24] recently. Few more relevant
studies in recent literature are listed in [25-31] which describes the modelling of Darcy-Forchheimer motion of the
nano/hybrid fluids in addition to a variety of physical constraints.

Motivation from the mentioned works a numerical examination is carried out to drag the consequences for a Darcy-
Forchheimer motion of Oldroyd-B nanofluid across an inclined plate with hexothermic chemical reactions on the basis
of Bayesian Neural Network modelling. No such reports on this modelling are not yet being discussed by the authors. To
fill this research gap, we assumed this type of modelling and presented the numerical outcomes via plots and tables. It
means the novel aspect of present investigation is hidden in its formulation. Usage of couple stress, Darcy-Forchheimer
and ANN distinguishes from the similar studies. The numerical outcomes are picked out from bvp4c solver in MATLAB.
Validation of the results also presented with Bayesian Neural Network.

2. FORMULATION OF THE STUDY

This research focuses on the flow characteristics of a non-Newtonian (Oldroyd B) fluid across an angled upright
plate. Assumptions for this study are outlined as below:

e The flow is steady and laminar.
The plate is inclined at an angle a, with the x —axis along the flow and the y —axis normal to it.
e Buongiorno’s nanofluid model is used, incorporating:

o Brownian motion (nanoparticle diffusion).

o Thermophoresis (nanoparticle migration due to temperature gradients).
A uniform magnetic field B is applied vertically (along y —axis).
The induced magnetic field is negligible (low magnetic Reynolds number).
Joule heating and Viscous dissipation are omitted.
No-slip condition at the plate surface.
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e The Boussinesq approximation is used for buoyancy effects.
e The chemical reaction is considered to be exothermic, meaning that it releases heat
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Figure 1. Graphical depiction of the current research

The following conditions and equations are essential for this investigation, based on the previously given
assumptions (Singh et al. [32], Muhammad et al. [33], Reddy et al. [34]):
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For the purpose of converting regulatory equations, Sudarmozhi et al. [35] introduced further similarity transformations:
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Through the use of terms in (6), the continuity equation (1) is satisfied in a straightforward manner. Terms in (6) can then
be skilfully used to convert (2 - 5) as the following:
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Terms in (6) allows us to rewrite the terms in (11) as
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3. NUMERICAL PROCEDURE
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The transformed governing equations (7 - 9) subject to the restrictions (10) are worked out with the bvp4c solver in
MATLAB. This solver is a finite-difference method designed to obtain the solutions of boundary value problems (BVPs)
for ordinary differential equations (ODEs) by employing a collocation technique. It adaptively adjusts mesh points to
ensure accuracy and efficiency. Advantages include its robustness in handling nonlinear and stiff BVPs, automatic error
control for high precision, flexibility with various boundary conditions, and ease of implementation, making it ideal for

complex fluid dynamics problems like those in this study.

4. DISCUSSION OF OUTCOMES

This section systematically examines the impacts of key parameters- including couple stress, thermal radiation,

thermophoresis, and relaxation time of the fluid- on velocity, temperature, and concentration profiles.
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The rise in couple stress within a fluid leads to an increase in internal resistance against deformation, which in turn
reduces the fluid's velocity (see Fig. 2). Couple stress arises from micro-rotational effects in complex fluids (e.g., liquid
crystals or polymeric fluids), where adjacent fluid elements experience opposing rotational moments. As couple stress
increases, these microscopic interactions dissipate more kinetic energy, effectively resisting fluid motion. Physically, this
means the fluid exhibits a stronger tendency to resist shear and rotational deformation, resulting in a stiffer response to
applied forces and a slower overall flow. This behaviour is particularly relevant in non-Newtonian fluids, where
microstructure interactions dominate macroscopic flow properties. Thus, higher couple stress correlates with reduced
velocity due to enhanced internal friction and energy dissipation at the microstructural level. In the Oldroyd-B fluid model,
the relaxation parameter ( A,) represents the time scale over which polymeric stresses in the fluid decay. When A,
increases, the fluid exhibits stronger viscoelastic memory, meaning it retains internal stresses for a longer time, resisting
deformation. This increased elastic resistance opposes the flow, effectively reducing the fluid's velocity (see Fig. 3).
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Figure 2. Upshot of Cs on velocity Figure 3. Upshot of A; on velocity

Physically, this can be interpreted as the polymer chains within the fluid becoming more entangled or stretched,
enhancing their ability to store elastic energy and thus dampening momentum transfer. Consequently, a higher A; leads
to a slower velocity profile, as more energy is dissipated through elastic recoil rather than kinetic motion. This behaviour
is typical of viscoelastic fluids, where elasticity competes with viscous flow, slowing down the overall movement. The
Forchheimer number (Fr) quantifies the relative importance of inertial (non-Darcy) effects compared to viscous (Darcy)
effects in porous media flow. A rise in Fr indicates stronger inertial resistance, often due to higher flow velocity, larger
pore-scale turbulence, or increased fluid inertia. As Fr increases, the inertial drag force opposing the flow becomes more
significant, leading to a reduction in the effective fluid velocity (see Fig. 4). Physically, this occurs because energy is
dissipated in overcoming additional resistance caused by eddies, flow separation, and momentum exchange at higher
velocities. Thus, the velocity decreases to balance the increased inertial dissipation, maintaining equilibrium in the flow
system. This effect is particularly notable in high-velocity flows through coarse or fractured porous media. In an
exothermic chemical reaction, the activation energy represents the energy barrier that must be overcome for reactants to
form products. When the activation energy increases, the reaction rate typically decreases because fewer molecules
possess sufficient energy to surpass this higher barrier. As a result, the rate of heat release from the exothermic reaction
slows down, leading to a reduction in the overall temperature of the fluid (see Fig. 5).
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Figure 4. Upshot of Fr on velocity Figure 5. Upshot of A on temperature
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Physically, this means that the system generates less thermal energy per unit time because the reaction becomes less
efficient at converting reactants into energy-releasing products. The temperature drop reflects the diminished exothermic
output due to the higher energy threshold required for the reaction to proceed. The rise in thermal radiation increases the
temperature of a fluid because radiation transfers energy in the form of electromagnetic waves, which are absorbed by
the fluid's molecules (see Fig. 6). When these waves are absorbed, the molecules gain kinetic energy, leading to increased
vibrational and translational motion, which manifests as a rise in temperature. Physically, this process aligns with the first
law of thermodynamics, where energy absorption increases the internal energy of the fluid. The extent of heating depends
on the fluid's absorptivity—opaque fluids absorb more radiation, converting it efficiently into thermal energy, while
transparent fluids may allow radiation to pass through with minimal heating. This mechanism is crucial in applications
like solar heating, where radiative energy directly influences fluid temperature. The rise in the thermophoresis parameter
increases fluid temperature because thermophoresis involves the migration of particles from hotter to colder regions due
to a temperature gradient (see Fig. 7).
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Figure 6. Upshot of Ra on temperature Figure 7. Upshot of Nt on temperature

When the thermophoresis parameter is enhanced, particles move away from the heated surface, carrying thermal
energy with them and redistributing it within the fluid. This movement reduces the thermal boundary layer's resistance,
allowing more efficient heat transfer into the fluid and elevating its overall temperature. Physically, this phenomenon
indicates that stronger thermophoretic effects enhance convective heat transfer by promoting particle-driven energy
dispersion, effectively increasing fluid temperature. The result highlights the significant role of particle migration in
modifying thermal dynamics, particularly in nanofluids or dusty gases where thermophoresis is prominent. The rise in the
Brownian motion parameter enhances the random movement of nanoparticles within a fluid, leading to greater dispersion.
As Brownian motion intensifies, nanoparticles spread more uniformly, reducing localized concentration gradients
(See Fig. 8). Physically, this means that increased thermal energy drives nanoparticles away from regions of high
concentration, promoting mixing and reducing peak fluid concentration. This effect is particularly significant in
nanofluids, where enhanced Brownian motion improves heat transfer by distributing particles more evenly, but
simultaneously lowers the maximum concentration due to reduced aggregation. Thus, the parameter inversely influences
concentration while improving homogeneity. The rise in the activation energy parameter typically increases the fluid
concentration because higher activation energy represents a greater energy barrier that molecules must overcome to
participate in reactions or diffusion processes (see Fig. 9).

1 T T T T 1 T T T T
—Nb =1 3 —_—A=1
-=--Nb=2 w ---A=2
o8t N\ e Nb=3| o8F\: e A =34
\
vy
vy
> (%Y
0.6 ) ] 061 \\%
< ‘-?.‘ < \ "._“
04r k) ] 04r A
e\ N
2 ANy
-
02t . 02t NS -
N e,
~ \'u,'
0 . ‘ . RN, 5. 0 s . s . —
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
n n

Figure 8. Upshot of Nb on concentration Figure 9. Upshot of A on concentration



186
EEJP. 3 (2025) Gadamsetty Revathi, et al.

When activation energy increases, fewer molecules possess sufficient kinetic energy to react or diffuse, leading to a
slower rate of consumption or removal of the fluid species. As a result, the fluid concentration builds up over time since
the outflow or reaction rate is reduced. Physically, this implies that systems with higher activation energy tend to retain
more of the fluid phase, as the energy threshold restricts dynamic processes like chemical reactions or mass transfer. This
effect is particularly relevant in catalysis, combustion, or transport phenomena, where activation energy governs reaction
kinetics and species distribution. The increased concentration reflects a bottleneck in molecular activity due to the
heightened energy requirement.

4.1. Multiple linear regression
Important technical characteristics, such as the mass transmission rate, and specific variables, such as the Brownian
motion, were linked in this study using the models outlined below:

Cf =ayg+ aAq +a,Cs (12)
Nu = by + bNt + b,A (13)
Sh=cy+c;A+c,Nb (14)
We used 25 different sets of variables for each computation to speed up the process of discovering results:
Cf =2.2124 + 0.0832A; — 0.5199Cs (15)
Nu = 0.2028 — 0.0784Nt + 0.05684 (16)
Sh = 0.4264 — 0.0886A4 + 0.232Nb 17)

Equation (15) explains that the friction factor raises with an elevation in A; and lowers with an increase in Cs. The
rise in the couple stress parameter decreases the skin friction coefficient in fluid flow due to the additional resistance to
rotational deformation offered by the couple stresses. In fluids with microstructures (e.g., liquid crystals or polymeric
fluids), couple stresses account for the resistance to particle rotation, effectively introducing an internal damping
mechanism. As the couple stress parameter increases, the fluid's microstructure resists local angular deformations more
strongly, reducing the velocity gradient near the boundary. Since skin friction is directly related to the velocity gradient
at the wall, a lower gradient results in reduced shear stress and thus a lower skin friction coefficient. Physically, this
implies that the fluid's internal microstructure absorbs part of the shear energy, leading to a smoother transition in velocity
near the wall and weaker frictional drag. This effect is particularly significant in microfluidic and biological flows where
microstructure interactions dominate. The friction factor decreases by 59.8% when the value of Cs ranges from 0.1 to 2.5.
Equation (16) demonstrates that the Nusselt number lowers with a spike in Nt and rises with an elevation in A. The rise
in the thermophoresis parameter decreases the Nusselt number because thermophoresis causes particles to move from
hotter to colder regions, creating a concentration gradient near the heated surface. This particle migration reduces the
effective thermal conductivity of the fluid near the boundary, as fewer particles are available to enhance heat transfer.
Consequently, the temperature gradient at the wall decreases, leading to a lower Nusselt number, which represents the
ratio of convective to conductive heat transfer. Physically, this means that thermophoresis suppresses heat transfer by
redistributing particles away from the hot surface, thereby weakening thermal convection. The result highlights the trade-
off between particle migration effects and thermal performance in nanofluids. The heat transmission rate diminishes by
7.8% as the value of Nt varies from 0.1 to 2.5. As seen in Equation (17), the Sherwood number decreases as A spikes and
increases as Nb climbs. The rise in the Brownian motion parameter enhances the Sherwood number in fluid flow because
it intensifies the random motion of nanoparticles, leading to greater mass transfer. Brownian motion increases the
dispersion of particles within the fluid, reducing concentration gradients and promoting more uniform mixing. This
heightened activity enhances the effective mass diffusivity, thereby improving the convective mass transfer rate, which is
quantified by the Sherwood number. Physically, this means that as nanoparticles move more vigorously due to thermal
fluctuations, they facilitate faster transport of species across the fluid, increasing the overall mass transfer efficiency. The
result highlights the importance of microscopic particle dynamics in macroscopic transport phenomena, particularly in
nanofluid applications where enhanced mass transfer is desired. It is observed that as Nb ranges from 0.1 to 2.5, the mass
transmission rate drops 2.6%.

4.2 Validation of the results using Artificial Neural Network

In MATLAB, the Bayesian training approach is a regularization method for neural networks that optimizes weights
by minimizing a combination of squared errors and weight magnitudes, effectively balancing model complexity and
predictive accuracy. This approach treats weights as probabilistic variables, using Bayesian inference to automatically
determine optimal regularization parameters, which helps prevent overfitting and improves generalization.

In this study, we rigorously compare our analytical and regression-based results with those generated by a Bayesian-
regularized neural network to assess the model’s reliability and precision. Our results are exceptionally good,
demonstrated by the elevated R-values (approaching 1) in the regression plots (Figs. 10-12), signifying near-perfect
correspondence between anticipated and actual values. The error histograms (Figs. 13—15) corroborate this by displaying
symmetric, zero-centred distributions with limited dispersion, indicating unbiased and accurate predictions. Furthermore,
the function fit plots (Figs. 16—18) illustrate that the neural network effectively represents the fundamental physical trends,
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including the inverse relationship between couple stress and skin friction and the positive correlation between Brownian
motion and Sherwood number.
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Error Histogram with 20 Bins

Darcy-Forchheimer Flow of Oldroyd-B Nanofluid Over an Inclined Plate with Exothermic...

- 90-928'8 - J so-esis
S . S e
2 @ 90-926°L 2 i 1 50-8¥9'y
90-911°9 5 160-919°¢
- 90-92°G g - 1 60-260°¢
9096 4 T o 150-0852
et 7] e~ i
- Nl =) m | 2007 3
90-96¢ mm. z = S0 oo.mm.
90-98%°C w w N G0-9GG°| nuv
90-985°L 7 5 = G0-9€0|
¢ B 3 )
L0019 = e 90-911'G43
l0-ege- D ¢ o 80-096'L &
-9 - ﬁ 3 2 -9 .m-ﬁ
90-91°1 2 gl 90-91
5. n s n c0-01- 1]
90-92- ¢ - = o
90-9¢- m mo m G0-9G'}- m
190-96°¢- W m T Go-9}z-W
190-08'%- m G0-09'Z-
190-92°G- < Go-ol°¢-
[ o0-090- £ 0-99°¢-
490-9G°/- = Go-9L t-
- 90-91'8- G0-99 -
(e} o T} o 0 o o] o 0 o o o o o (@) o
< < ™ ™ N N ~ ~— 7o} < ™ N ~—
saouejsu| saouejsu|

Figure 15. Error histogram for Brownian motion vs Sherwood number



190
EEJP. 3 (2025)

Gadamsetty Revathi, et al.

Function Fit for Output Element 1

Output and Target

*  Training Targets
Training Outputs
Test Targets
Test Outputs
Errors

Fit

Error
(6]
T

Targets - Outputs |

se0cse, ee0000se, eeff®oe asse .

5 I I
Input
Figure 16. Function Fit plot for couple stress vs skin friction coefficient
Function Fit for Output Element 1
0.36 I I I I I
0.34
0.32 - Training Targets
w +  Training Outputs
D 03 ©  Test Targets -
ﬁ +  Test Outputs
- 0.28 Errors —
c Fit
©
« 0.26 i
=
o
5 024 i
o
0.22 T
0.2 i
0.18%— ' I | | | | . .
P34 5 & 7 8 9 10
| . Targets - Outputs |
o 0.5 _
° . )
= 0 LR “es® aie’ Ceest FeseET b
L . 1l
-0.5- i
1t L

Input

Figure 17. Function Fit plot for activation energy vs Nusselt number



Darcy-Forchheimer Flow of Oldroyd-B Nanofluid Over an Inclined Plate with Exothermic...

191
EEJP. 3 (2025)

Function Fit for Output Element 1

068 T T T T T T T .
0.66 _
Training Targets
« 0.64 Training Outputs | 7|
8-, Test Targets
© 0.62 Test Outputs T
'_; Errors
c Fit -
= 0.6
e
=
Q 0.58 m
d
3
0.56 _
0.54 | .
052 1 1 1 1 1 1 1 1 1
2 3 4 5 6 7 &8 6 10
’ . Targets - Outputs ‘
= .
o . | . .
t O . . * £ Tesees”® eestee TiesssesTE seeftoe, MO ectoee MU astte MUK -...-
Ll . ee®
-5 .. | | | | | | | | |

Input

Figure 18. Function Fit plot for Brownian motion vs Sherwood number

5. CONCLUSIONS

This study investigates the steady, laminar motion of a non-Newtonian Oldroyd-B nanofluid across an inclined
vertical plate, integrating Buongiorno’s nanofluid model to account for Thermophoresis and Brownian motion. The
research examines the effects of key parameters such as couple stress, relaxation time, Forchheimer number, thermal
radiation, thermophoresis, Brownian motion and the activation energy on velocity, temperature and concentration.
Multiple linear regression and a Bayesian-regularized artificial neural network (ANN) are employed to model
relationships and predict outcomes, offering insights into complex nanofluid dynamics under viscoelastic, magnetic, and
exothermic reaction influences. The findings have applications in heat exchangers, polymer processing, enhanced oil
recovery, and biomedical systems. Key findings are mentioned below:

Gadamsetty Revathi, https://orcid.org/0000-0001-9419-2637;
P. Srividya Devi, https://orcid.org/0000-0001-6131-7421;

(1]

Increasing couple stress reduces velocity by enhancing viscosity and internal friction.

Higher relaxation time decreases velocity due to increased fluid elasticity, thickening the boundary layer.
Higher activation energy decreases temperature by reducing exothermic reaction rates.

Greater thermophoresis raises temperature through enhanced particle migration from warmer to cooler regions.
Increased Brownian motion reduces particle concentration by enhancing diffusion.

Higher activation energy increases concentration by reducing particle mobility.

It is noticed that increasing the couple stress parameter from 0.1 to 2.5 reduces friction factor by 59.8%.
Increasing the thermophoresis parameter from 0.1 to 2.5 decreases the Nusselt number by 7.8%, reflecting
reduced heat transfer,

Increasing the Brownian motion parameter from 0.1 to 2.5 reduces the mass transmission rate by 2.6%.

These findings advance the understanding of complex nanofluid systems and provide robust tools for optimizing
engineering applications, such as heat transfer devices, polymer processing, and enhanced oil recovery, where
precise control of flow and thermal behaviour is critical.
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Novelty of this research is to explore an impact of Lorentz force, Arrhenius activation energy, and Conduction of Melting Heat on the
micropolar fluid behaviour of steady radiative bio-convective micropolar nanofluid flow towards a stretchable surface. Using the
standard similarity method, we have derived the equations of similarity for the relevant quantities of momentum, angular momentum,
temperature, and concentration. The MATLAB tool 'bvp4c' is used to determine solutions to the transformed governing equations.
Equations of similarity in four dimensions (momentum, angular momentum, temperature, and concentration) are numerically solved.
We have examined, microrotation, velocity, concentration, temperature fields behavior for various parameters. Results show that the
motile density of microorganisms decreases when the Peclet number and the microorganism concentration differential parameter are
increased. Motility density increases as the Peclet number in microbial concentrations rises. Nanofluids are therefore appropriate as
heat transfer fluids due to their surface cooling effect. The numerical scheme applied is validated by comparison with the previous
numerical values.

Keywords: Melting Heat Transfer; Micropolar nanofluid; Bioconvection; Radiative heat flux,; Activation energy

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

Nomenclature
K Material parameter C concentration
Rd Thermal radiation parameter Cw Concentration at the surface
Pr Prandtal number Coo Ambient fluid concentration
Nb Brownian Motion parameter Cp Specific heat
Nt Thermo Phoresis parameter Ds Microorganism diffusion coefficient
Ec Eckert Number f Dimension less stream function
Le Lewis number f' Dimension less velocity
Da Darcy number k* Mean absorption coefficient
M Magnetic parameter Nu Local Nusselt number
y) Mixed convection parameter Qo Heat generation/Absorption parameter
Ow Temperature Ratio parameter s Microorganism field
E Activation Energy parameter Sw Microorganism at the surface
Lb The Bioconvection Lewis number S Ambient fluid Microorganism
Pe Peclet number Sh Local Sherwood number
Q The constant difference constant of microorganism T Fluid temperature
S Suction parameter Tw Temperature at the surface
Ma  Melting parameter Too Ambient fluid temperature
L Momentum slip parameter Uw Stretching velocity
m Micro rotation parameter (u, v) Velocity components along x-axis and y-axis respectively
v Thermal Biot number xy Space coordinates
2 Mass Biot number We Cell moving speed
Nr Buoyancy Ratio parameter ] Dimension less variable
Nc Bioconvection Rayley number u Dynamic viscosity
& Variable thermal conductivity parameter c* Stefan-Boltzmann constant
Re Reynolds number ¢ Volumetric concentration
4 Reaction rate parameter X Microorganism concentration
a Stretching rate v Stream function
Bh Local microorganism density number
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As micro-organisms move upward on average, the phenomenon of bioconvection occurs In general, microorganisms
have a higher density than water. It is the microorganisms' own self-propelled movement across the upper fluid zone that
causes the surface there to thicken to an unstable degree. Exciting circumstances lead to a complex network of currents.
Bioconvection is used in a wide variety of fields, but the ones that stand out the most include bio microsystems,
biotechnology, environmental systems, biofuels, and petroleum engineering. Using nanoparticles in a bioconvection
process calls for the combined properties of buoyant forces and microorganisms. Suspensions containing nanoparticles
and gyrotactic microorganisms may grow in a way that is both pleasant and effective in terms of their stability.
Microorganisms are often sorted into the chemotactic or oxytactic kind, the gyrotactic, microorganisms, and the geotactic,
microorganisms, based on the directions in which they travel. Another key factor in the enhanced stability of nanoparticles
is the bioconvection phenomenon. Prokaryotic bacteria move in a variety of ways, including swimming, crawling, gliding,
and skimming across solid surfaces and fluid media. Without flagella, rod-shaped bacteria have adapted gliding as a mode
of locomotion. Relevant instances include the BH3 stain from Flexibacter, as well as cytophaga, oscillatoria, and
vitreoscilla. Bioconvection, or the diffusion of lower denseness microorganisms near surface liquid, results in the
emergence of stable, chaotic patterns. Algae and other freely moving microorganisms have a tendency to cluster together
in the fluid's top layer, where they might contribute to the stratification density and harden the surface. When compared
to microbes, nanomaterials move in a way that is distinct. It is essential for microfluidics that bioconvection and water
nanofluids interact. There is a significant challenge in developing microfluidic devices due to the mobility of microbes.
Maintaining the bacterium's shape, molecular sieving, and enhancing the bacteria's ability to associate with macrophages
[1]. Bacterial motility is greatly aided by the S-layer. An important part of a cell's ability to propel itself forward is its
form and the stiffness of its wall and surface layers, both of which are maintained in part by the S-layer. The cell is
shielded by the S-layer from harmful ions, acids, osmotic stress, enzymes, viruses, and other bacteria. Their cells may
adhere to those of other types or to surfaces. Protection from phagocytosis is something they can provide harmful bacteria.
Soil, silt, and rotting wood are just a few examples of watery environments that bacteria may adapt to grow in through
tiny channels that allow them to glide [2]. Gliding motility, namely its mechanism, is still a matter of some controversy.
Circulating discs on the surface of the cells, electro-kinesis, the release of slime, the application of osmotic pressures, the
generation of peristaltic waves on the surface, and contractile components are all mentioned in the literature as
contributing to bacterial motility [3, 4]. To explain the vitreoscilla's glide-like movement, Costerton et al. [5] proposed
this theory. In their paper, Halfen and Castenholz [6] hypothesised that the wavy regime, that is virtually in touch with
solid barrier and allows green-blue algae’s to glide with such ease. That flexibacter may move by sending off waves from
its own surface was substantiated by research published by Humphrey et al. [7]. As one of two mechanisms used by
cyanobacteria for locomotion, Hoiczyk [8] described the formation of tiny surface waves that flow along the surface of
the filament. Because of these observations, Venkatadri et al. [9] presents a novel investigation of thermomagnetic
bioconvection flow involving oxytactic microorganisms within a semi-trapezoidal porous enclosure, particularly targeting
magnetic biofuel cell applications. The coupling of magnetic fields, bioconvection, porous media effects, and nanofluid
transport offers a strong precedent for studies focusing on multiphysics transport phenomena in non-standard enclosures,
especially in contexts involving thermal energy harvesting or biological systems. O'Brien [10] decided to create a
mathematical model to investigate bacterial glide behaviour. Using lubrication theory, he determined the flexibacter's
maximum speed and the rate at which power was dissipated. They used those findings to suggest a model for
Flavobacterium gliding, and the math behind it seems sound. Islam and Mignot [11] analyse in depth the role of focal
adhesions in the pathogenesis of Myxococcus xanthus. An outstanding review study on the gliding processes described
in flavobacteria, myxobacteria, mycoplasmas literature was published by Nan and Zusman [12]. An effects of heat and
mass transmission, as well as the mobility of microorganisms, on the motion of a nanofluid were examined by Shafiq et
al.[13]. When it comes to the boundary layer flow containing gyrotactic nano liquid microorganisms, Elbashbeshy et
al.[14] used computational methods to examine the impact of heat production across an incline stretched cylinder. Using
computational methods, we examine the bioconvection of a nanofluid via a stretched surface in a porous media containing
gyrotactic microorganisms subject to Newtonian heating reported by Pourrajab and Noghrehabadi [15]. In this paper, we
investigate the effect of thermosolutal Marangoni on bioconvection in a solution of gyrotactic microorganisms over an
inclined stretched sheet explored by Kairi et al. [16]. Compliant thermoelectric coils for use in flexible and biointegrated
devices are analysed for thermal and mechanical properties explored by Chen et al. [17]. Over a vertical cone, a numerical
solution is found for bioconvection in convectional nanofluid flow including gyrotactic microorganisms explored by Rao
et al. [18].

Some fluids, due to the micromotions of their constituent parts, display microscopic phenomena that are the focus
of the idea of micropolar fluid. A diluted suspension of stiff macromolecules, each with its own movements supporting
stress and body moments and governed by spin inertia, may be found in these fluids. Some fluids, known as micropolar
fluids, have notably non-Newtonian hydrodynamics due to the existence of micro-constituents that are capable of rotation.
Micropolar fluid, one of numerous types of non-Newtonian fluids, is best suited to characterising both the microstructure-
determined local characteristics and the intrinsic particles liquid movement. As a result of these features, micropolar fluid
modeling problems widely utilised to mimic complicated processes in a wide variety of liquids, such as polymer, plastic
planes, ferrofluid, crystals, biology, etc. Thermo-micropolar fluids theory was developed by Eringen [19], who also
created the theory of micropolar fluids and obtained its constitutive equations. In essence, Eringen is responsible for
developing the idea of micropolar fluids. Many different kinds of fluids, from suspension solutions to blood rheology and
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colloidal fluids, may be studied mathematically with the help of this model. Polymer fluids, liquid suspension, blood,
crystals, dusty cloud, etc. includes micropolar liquids (Ahmadi [20]; Hayat et al. [21]). Researchers' curiosity with it has
been piqued by the wide variety of industrial processes in which it is used, including polymer extrusion, lubricants, water
baths are used to cool metallic plates (Rahman [22]). Lukaszewicz [23] explained a comprehensive theory, micropolar
liquids applications.

Phenomenon of melting heat transfer is fundamentally important in many technological and industrial endeavors,
such as understanding permafrost melting, magma-solidifications, metal-purifications, etc. Epstein and choi et al. [24]
found that melting affects heat transmission process. In a micropolar fluid, Yacob et al. [25] studied heat melting transfer
at the stagnation point of the boundary layer as it moved towards a stretching/shrinking sheet. Powell-Eyring flow with
linear surface and heat melting transfer was investigated by Hayat et al. [26]. Khan et al. [27] studied an impact of non-
Newtonian flow over a stretched surface on melting heat and mass transfer with non-linear radiation and a magnetic
regime. Gireesha et al. [28] proposed MHD flow Casson liquid across a stretched plane at melting heat transfer.

Based on the research that has been done so far, melting stretching sheets have a small number of investigations of
MHD Micro-Polar fluid. Revisions to micropolar fluids with gyrotactic microorganisms have received very little
attention, as shown by the literature review and by the necessary engineering and industrial applications. An objective of
this manuscript is to explore an impact of Lorentz force, Arrhenius activation energy, and Conduction of Melting Heat on
the micropolar fluid behavior of steady radiative bio-convective micropolar nanofluid flow towards a stretchable surface.
The results of changing any of the controlling variables may be seen in graphical form. Further research in the fields of
fuel production, crushed water flow issues, and polymer sheet extrusion may all benefit from the analyses provided in the
cited study. Engineering designs, metallurgy industries, and the effectiveness of systems for the flow of thermos fluids all
benefit from the findings of this research. Biomedical, industrial, pharmaceutical, and thermal/thermal processes may all
benefit greatly from this design.

2. MATHEMATICAL CONCEPTUALIZATION
This integrated study constitutes self-motivated bio-convective microorganisms, numerous slips, non-linear
radiative micropolar nano fluids. Flow of a fluid, often considered to be laminar, two-dimensional, and incompressible.
Figure 1. depicts flow model of the problem. In order to properly evaluate an induced magnetic influence, a high magnetic
Reynolds number is required.

Slit =
'[" Lmpermeable Streiching Sheet
Thermal Boundary Layer mmm=  Motile Microorganisms Boundary Layer
Momentum Boundary Layer wsssss Concentration Boundary Layer

Figure 1. Flow Model

Additionally, the flow is assumed to be a steady-state flow during the development of the model. Velocity of surface
material is U, = ax, a is positive. All these factors taken into account, the governed boundary equations are as follows:
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The relative boundary conditions are
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3. NUMERICAL METHOD
Analytical solutions to the modeled equations for a two-point boundary-value problem is impossible because of their
extremely nonlinear nature. Computational software MATLAB was used to obtain a numerical solution to this boundary
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value problem. In MATLAB, the well-known bvp4c is used to regulate the flow with non-standard parameters. With the
help of the MATLAB bvp4c method, numerical results for the dimensionless nonlinearly correlated ODEs, Eqs. (13)-(17)
with boundary constraints (18) and (19) are obtained. To solve first-order ODEs, the bvp4c method is used. In this
method, the modeled PDEs are transformed into first-order ODEs by taking into account what is appropriate along with
boundary conditions, and are then numerically solved using the bvp4c package in MATLAB. The largest allowable
residual error and step size are 10° & 7__ =18 . The approach of the current numerical technique is broken down into its

max

individual components and illustrated in chart form. The flow chart is depicted in Figure 2.
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Daomain

¥

e
[smm.,ffmm] [ Bounﬂarv } [ Guess function ]
)

ODE’s Condmam

Evalnam solution using

[ MNumerical Solutions J

Figure 2. Flow chart of the method of the problem

4. RESULTS AND DISCUSSION:

We have addressed the flow of a viscous, incompressible, micropolar fluid in two-dimensional mixed convective
boundary layer through a permeable stretching sheet that is contained in bio-convection, activation energy and melting
heat transfer. Assigning numerical values to distinct parameters obtained in the mathematical formulation and displaying
the numerical results graphically allows, to gain a physical understanding of the problem by discussing the distributions
of velocity f7(17), angular velocity g(77) (microrotation), temperature &(77), concentration ¢(77) and motile organism
x(17). We have included figures related to local skin friction coefficient 7, couple stress coefficient 4’(0), Nusselt
number —6’(0) , Sherwood number —¢’(0) and micro-organism —%'(0) .

Figures 3 and 12 shows material parameter K influence in the profiles of f' () and g (7). The microrotation profile
exhibits the opposite behaviour, whereas the velocity profile improves as a function of the material parameter. Physically
speaking, As the value of the material parameter is raised, the fluid's micro concentration rises, causing a change in the
flow, and therefore, the boundary layer thickens. Figures 4 and 13 show how the porosity parameter K affects both the
velocity and the angular velocity. Saturated porous medium is the primary focus of this investigation. It is common
practice to employ porous medium as insulation for a hot object. Figure 4 shows that when the porosity parameter
increases, the velocity decreases. The angular velocity, on the other hand, improves when the porosity parameter rises.
This slowing down is explained by the concept of mass conservation and is seen wherever there is an increase in porosity.
Figures 5 and 14 show how the velocity and angular velocity change as mixed convection parameter, respectively. Raising
mixed convection parameter's value slows air flow. When buoyancy influence on free convection became noticeable, a
transition to mixed convection occurs. The buoyancy improves with a raise on mixed convection value. However, when
the mixed convection parameter raises, the angular velocity rises along with it. Figures 6 and 15 show the impact of the
magnetic field parameter on f' (1) and g (n). Figure 6 shows that the existence of a magnetic field results in a force called
Lorentz, which acts against the flow of the fluid. Figure 15 shows that when the magnetic field strength rises, so does the
angular velocity. The Lorentz force, created by the presence of a magnetic field, acts counter to the momentum field in
most cases. Increasing the magnetic field has the opposite impact on angular velocity distributions. This is because the
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micropolar fluid has elasticity. The results of changing m are shown in Figure 7 for the velocity part. Figure 7 shows that
when m rises, both velocity and thickness of the boundary layer reduces. Fig’s 8 and 16 depicts Bioconvection Rayleigh
number impact on velocity and angular velocity profiles. However, the parameter has inverse behaviours on the
microrotation function and the velocity function due to the bioconvection Rayleigh number. The microrotation and fluid
flow patterns for different Buoyancy levels are shown in Figures 9 and 17, respectively. It has been shown that increasing
the values of buoyancy parameters leads to decreasing the velocity profile and increasing the micro-rotation. The fluid
flow and microrotation patterns for distinct values of melting parameter are presented as fig’s 10 and 18. When the melting
parameter is increased, the fluid flow profile and the microrotation profile are both seen to decrease. Excited by the
increased temperature, the fluid's molecules begin to move (as the intermolecular forces that normally keep them together
diminish). As the Melting parameter is increased, the micropolar fluid is able to overcome the forces holding its molecules
together, allowing it to move faster and decreasing its viscosity gradually as it moves away from the wall. The influence
of Prandtl number on the velocity and microrotation fields is seen in Figures 11 and 19. Prandtl number parameter is
raised, then fluid's velocity raises and the microrotation profiles near the surface diminish while those distant from the
surface improve. Fig. 22 illustrates Prandtl number influence on temperature distribution. Physically, smaller Prandtl
number results in a thinner thermal boundary layer and a more uniform temperature distribution. Fig. 20 shows how the
temperature ratio parameter affects the temperature distributions seen there. Increasing 6w increases both the temperature
and related thermal boundary layer thickness. The reason for this is because when w is increased, the fluid temperature
becomes much greater than the surrounding ambient temperature. The temperature field for distinct radiation parameter
values are shown in Fig. 21. Temperature rises with increasing Rd and the corresponding boundary layer thickness, as
seen in the figure. Reason being, a thicker thermal boundary layer and higher temperatures result from an increase in the
radiation parameter, which supplies more heat to the fluid. Figure 23 demonstrates that when the Eckert number grows,
the sheet temperature rises because of the thermal effect's resistance. Since the Eckert number represents a correlation
between kinetic energy and heat enthalpy differences. Therefore, when the Eckert number grows, kinetic energy is
converted into internal energy through work against the viscous fluid stresses. Fig. 24 depicts the influence of Brownian
motion on temperature distributions. The relationship between temperature and the Brownian parameter is well
established. Figure 25 depicts the temperature's response to changing the Thermophoresis parameter. It is clear from these
graphs that as Nt grows, so do the temperature profiles. According to the findings, when the Brownian motion parameter
is increased, the energy distribution expands, and when the Thermophoresis parameter is increased, the temperature
expands. For distinct Thermal Biot number values, the dimensionless temperature profiles are shown in Fig. 26. The fluid
temperature rises as the Thermal Biot number (y;) increases. Biot number refers ratio of heat conduction resistance within
a body to thermal convection resistance on its surface. When a body is heated or cooled over time by a heat flux at the
surface, this ratio reveals whether or not the internal temperature fluctuates considerably in space. Concentration fields at
various Lewis numbers are seen in Fig. 27. When compared to thermal boundary layer thickness, the concentration
boundary layer thins as Le rises. To counteract the lower concentration on boundary layer, a resultant species-induced
force diminishes with increasing Le. Figures 28 and 29 show the impact of the controlling factors Nb and Nt on the
concentration profile. Brownian motion's effects on the boundary layer concentration of nanoparticles are discussed in
Fig. 28. Brownian motion decreases the concentration (variations are minimal for higher values of parameter) and solutal
boundary layer thickness, as seen in picture. The concentration of nanoparticles diminishes because an increase in
Brownian motion speeds up the random motion that disperses them. Fig. 29 depicts the effects of thermophoresis on the
concentration profile. For higher levels of the thermophoresis parameter, this figure shows that the concentration profile
declines quickly over the whole flow domain. Given that the random mobility of nanoparticles in liquids is analogous to
Brownian motion. As a result of the nanoparticles' erratic motion, the rate at which they collide with molecules in the
fluid increases, raising the temperature. Figure 30 demonstrates that the concentration dropped under the effect of the
reaction rate parameter. Chemical reactions occur at a rate proportional to the concentration of the reactants, according to
the law of mass action. According to this, faster chemical reactions occur when there are higher concentrations of
reactants, while slower reactions occur when there are lower concentrations of reactants. Since, parameter o as it relates
to concentration profiles is shown in Figure 31. With an increase in J, the concentration field weakens. The influence of
the activation energy parameter (E) on concentration profile was seen in Fig. 32. The study's authors found that a raise in
the ‘E’ resulted in a corresponding increase on concentration. To initiate a chemical reaction, a quantity of energy called
the activation energy presents for chemical system including potentials reactant. In order to determine activation energy,
one must first apply Arrhenius equation, that explains a change on rate constants w.r.to temperature. A chemical reaction
including a mass transfer phenomenon is used in many fields, including geothermal, chemical, chemistry, emulsions, and
deterioration of materials. The connection between chemical processes and the movement of mass is intricate. Both flow
fluid and mass transferred studied in relation to one another by manufacturing and digesting species reactant at distinct
rates, therefore examining the relationship between the two processes. Concentration profiles are improved by the mass
Biot number, as shown in Figure 33. These figures show that when the mass Biot number grows, boundary layer thickness
at the solutal concentration also increases. Bioconvection parameter influence is deploy in Figure 34. In order to optimise
the bioconvection parameter, the density of gyrotactic, motile microorganisms was decreased. The effect of the Peclet
number Pe is seen in Figure 35. The boundary layer thickness of the movable microorganisms has been shown to decrease.
The microbes' diffusivity decreases as Pe increases to its maximum value.
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5. FINAL REMARKS
We have addressed the flow of a viscous, incompressible, micropolar fluid in two-dimensional mixed convective
boundary layer through a permeable stretching sheet that is contained in bio-convection, activation energy and melting
heat transfer. Assigning numerical values to distinct parameters obtained in the mathematical formulation and displaying
the numerical results graphically allows, to gain a physical understanding of the problem by discussing the distributions
of velocity f7(17), angular velocity g(77) (microrotation), temperature 6(77), concentration ¢(17) and motile organism

x(1). We have included figures related to local skin friction coefficient 7, couple stress coefficient 4’(0), Nusselt
number —6’(0) , Sherwood number —¢’(0) and micro-organism —y'(0) . The parameters for bioconvection and the Peclet

number both resulted in a decrease in the density of motile gyrotactic microorganisms. The activation energy parameter
and the mass biot number both enhance while the Brownian motion parameter and the Lewis number both decrease the
concentration profile. Parameters for Brownian motion and thermophoresis, radiation, and the thermal biot number all
contribute to a steeper temperature profile.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.
Conlflict of Interest: Authors have no conflict of Interest at this stage.
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HoBusHa 1poro mocimikeHHs Tojsirae y BUBYCHHI BIuMBy cuiu JlopeHua, eHeprii aktuBamii AppeHiyca Ta TEIIONpPOBITHOCTI
IUTaBICHHS Ha MOBEHIHKY MIKpPOMOISAPHOI PIAMHU CTal[iOHAPHOTO padiallifHOTO Oi0KOHBEKTHBHOTO IIOTOKY MiKpPOIOJSPHOI
HAHOPIZMHU 0 PO3THKHOI MOBEpXHi. BUKOPHCTOBYIOUM CTaHAAPTHUH METON MOAIOHOCTI, MH BHBEIH PIBHSAHHS MOMIOHOCTI Ui
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JUISL BU3HAUCHHS PO3B'sI3aHb IEPETBOPEHNX KePIBHHUX PiBHAHB. PIBHAHHS MOAiOHOCTI y YOTHPHOX BUMipax (IMITyJIbc, KyTOBHI MOMEHT,
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30inpiieHHsIM umcna [lexne Ta mapaMerpa pi3HHII KOHLEHTpawii MmikpoopranizmiB. Il{inbHicTh pyxoMmocTi 30iibLIyeTHCS 31
36inpieHHsM yncna [lekae B MiKpoOHHX KOHIeHTpauisx. ToMy HaHOPIAMHM € MPUIATHUMH SIK PIAMHM [UIS TeIUIONepeaadi 3aBasku
IXHBOMY €(EeKTy OXOJIOJPKCHHS TOBEPXHi. 3aCTOCOBaHA YMCIIOBA CXeMa IiATBEPIKEHA IIUIIXOM MOPIBHAHHS 3 MONIEPEIHIMH YHCIOBUMH
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MHD stagnation point natural convection flow of a viscous, incompressible, electrically conducting, and heat radiating nanofluid past
a stretchy surface with velocity slip and Newtonian heating in the presence of a transverse magnetic field is examined. Governing
nonlinear partial differential equations are solved with the help of Matlab’s bvp4c technique. To confirm robustness and accuracy of
the result, the numerical findings in this study are compared with the existing literature, and they are found to be in good agreement.
Effects of various parameters on velocity, temperature, and species concentration are computed and presented in the form of graphs
whereas the effects on skin friction, the heat transfer rate and mass transfer rate are tabulated. As a result of enhanced thermal energy
accumulation or diffusion, nanofluid temperature is increased by Brownian motion, thermophoretic diffusion, velocity slip, convective
heating, nonlinear thermal radiation, and Prandtl number. Rate of heat transfer is getting enhanced by temperature ratio, convective
heating, and thermal Grashof number due to increased thermal gradients and buoyancy-driven heat transport. Such nanofluid flows
have the potential to be used in a number of heat transfer processes such as renewable energy devices including MHD power
generators, etc.

Keywords: MHD, Nano-Fluid, Natural Convection, Radiation, Velocity Slip, Newtonian Heating
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INTRODUCTION

Magnetohydrodynmics deals with the study of the dynamic flow of the fluids that conduct electricity. It connects
the fluid dynamics and the electromagnetism. It has various applications especially in the field of marine propulsion,
astrophysical simulations, forcasting of the space weather etc., Nandini et al. [1] made an analysis of the effects of non-
linear radiation in a Darcy-forccheimer model in a rotating channel. The parameters of rotation, magnetic, stretching ratio,
Reynolds number, and fluid velocity are all inversely related. In contrast to the parameters of rotation and magnetic field,
the Nusselt parameter is correlated with Reynolds number. The fluid temperature is inversely correlated with Reynolds
number and similar to rotation and magnetic field. The Reynolds number and magnetic field have a comparable
relationship with skin friction. Ouyang et al. [2] found that in contrast to the dihybrid nanofluid, they discovered that the
trihybrid nanofluid responded favorably to every parameter. Hasana et al. [3] taking the radiative heat flux and exothermic
chemical reactions found that the Rayleigh number and the nanofluid's velocity are directly correlated. While it is in
opposition to thermal radiation, the Frank-Kemenetskii number is proportional to fluid velocity. It is found that the
Rayleigh number's critical value is 3 X 10*. Heat transfer is at its highest when the nanoparticle's volume fraction is 3%.
Shilpa et al. [4] took the Carreauternary hybrid nano fluid for their study on Artificial neural network to find the rate of
heat and mass transfer in MHD flow across a vertical cylinder. They discovered that the rate at which heat was transported
was significantly higher when they substituted ternary nanoparticles for standard nanoparticles. Accelerated Schimdt
number and chemical reaction parameters exacerbate the rate of mass transfer in nanofluids. Additionally, these
characteristics raise the fluid's concentration. Khan ef al. [5] considering the radiating couple stress on the MHD nanofluid
flow, discovered that, in contrast to fractional parameters, velocity is proportional to Grashof number, couple stress, and
thermal variables. Skin friction varies similarly in response to pressure gradients. The Nusselt number appears to increase
exponentially in relation to the Reynolds and Eckert numbers. As the fractional parameter grows, the Bejan number rises
as well. Vaidya et al. [6] considering gold nanoparticles for thermal radiation in cancer treatment process in flow of Phan-
Thien-Tanner MHD found that the fluid flow is enhanced by the Weissenberg number and magnetic parameter, but it is
inhibited by the Hall parameter. The fluid's temperature is directly correlated with the thermal radiation parameter. The
Weissenberg number and shear stress are connected. Fatunmbi et al. [7] considering micropolar water-based iron oxide
and silver nanoparticles in the fluid found that when on increasing the suction/injection and magnetic parameters results
in a significant decrease in fluid flow. When the heat generation parameter is raised, the fluid's temperature rises;
conversely, when the heat exponent is raised, the opposite occurs. Heat transmission in the nanofluid is accelerated by
radiation. Saranya et al. [8] found that when two disks are rotated the rate of flow is enhanced. They discovered that
raising the Reynolds number improved micro rotation. The fluid's temperature is directly correlated with its Reynolds
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number and thermal radiation. When vortex viscosity and magnetic field act on the fluid, fluid velocity decreases;
conversely, when the volume fraction of the nanoparticle increases, the opposite occurs. Igbal ef al. [9] made a study
taking microorganisms and the bioconvective flow into consideration. As the thermophoretic effect increases, the
temperature rises. The Nusselt number rises in tandem with the Prandtl number. The fluid's velocity and its Forchheimer
number are inversely correlated. When the fluid's temperature is raised, radiation raises it. The Pecelt number has an
inverse relationship with the fluid's concentration. Alqurashi et al. [10] using chemical engineering applications in mixed
convection mode, made a detailed study and found that the fluid's velocity is correlated with the mixed convection
coefficient and in opposition to the Darcy number and relaxation time coefficient. When the Eckert number and radiation
are increased, the temperature rises. The fluid's concentration rises as the thermophoresis parameter rises, but the opposite
is true for the Lewis number and chemical reaction coefficient.

Nanofluid is obtained by dispersing nanoparticles like copper, gold, silver etc., in base fluids like water, glycol etc.,
these nanofluid enhance the thermal properties by increasing the rate of heat and mass transfer. It is mostly used as a
coolant in various industries like nuclear reactors, electronic coolings, solar energy, aerospace engineering, etc.,
Afifi et al. [11] studied effects of FEM and AGM in the convection mode in the fluid flow. When the relaxation to
retardation ratio rises, the temperature always rises; however, when the Prandtl number falls, the temperature falls. As
mass diffusion decreases, increasing the Schimdt number lowers the fluid's concentration. The relationship between
velocity and Hartmann number is inverse. Suma et al. [12] studied the rate of heat transfer when using a rectangular lid-
driven enclosure with a circular hollow cylinder for a nanofluid flow. As the Richardson number rises, so does the rate of
heat transmission. A higher magnetic field improves fluid flow. Temperature increases with non-dimensional time.
Irfan et al. [13] studied the effect of radiation in a bioconvective mode in fluid flow “Numerical study of nonlinear thermal
radiation and Joule heating on MHD bioconvection Carreau nanofluid with gyrotactic microorganisms.” Increasing
Brownian diffusion raises the temperature. Hiking the Prandtl and Lewis numbers is given more attention. The
biconvection Lewis number increases motile microorganisms. Suma et al. [14] studied “Optimization and sensitivity
analysis of unsteady MHD mixed convective heat transfer in a lid-driven cavity containing a double-pipe circular cylinder
using nanofluids.” Heat transfer and non-dimensional time are related. When compared to heater length, fluid flow and
Nusselt number are exactly related to the solid volume %. As the rate of application of the magnetic field increases, the
Lorentz force reduces fluid flow. P. Deepalakshmi et al. [15] taking the couple stress into consideration made a detailed
study on the fluid flow in a porous medium. Radiation and the slip parameter raise temperature, but the Prandtl number
has the opposite effect. Heat diffusion has no effect on concentration. Heat source/sink and transfer rate are related,
however radiation causes the reverse effect. Pressure decline is accelerated by the Hartmann number. Habiba ef al. [16]
used n-decane nanofluid for their study in a convective mode focusing on magnetic and radiation parameter. Fluid flow
is analogous to Hartmann number. Nusselt number and vortex energy are enhanced by Richardson number. Radiation
causes an increase in heat transfer. Many researchers [17-21] have contributed in this area of research.

Free convection is a process of heat transfer which happens naturally without any external force generally due to
temperature gradient when the density differs. It has its application in the field of building designs, nuclear reactors etc.,
Hameed ef al. [22] used Casson based Copper hydroxide nanofluid in a semi- parabolic surface. Rayleigh number
increases heat and velocity transfer. The boundary layer thickens and the Nusselt number is increased by the corrugation
number. The temperature drops by 8% because of the angle of inclination. Zeb et al. [23] used Prandtl fluid for their
investigation. Pressure gradient is the opposite of velocity, which is exactly proportional to Prandtl numbers. The magnetic
field reduces velocity. The application of radiation accelerates the rate of heat exchange. The concentration of the
nanofluid rises as a result of a chemical reaction. Afifi ef al. [24] used a hexagonal cavity with circular obstacles to study
the rate of heat transfer in nanofluid. Hartmann number increasing in a range from 0 to 20, depletes the fluid flow as the
maximum flow is obtained when it is at zero. Heat transferred by having a greater number of obstacles on Nusselt number.
Maximum oscillation will lead to hike in velocity. When the obstacles are removed the stream function is at maximum.
Saghafian et al. [25] applying heat flux constantly on vertical plate the rate of heat transfer was examined. Nusselt number
is in corelation with maximum wall temperature. Mass flow increases with time but decreases with magnetic field and
Hartmann number. Nciri ef al. [26] investigated “Numerical Simulation of Natural Convection in a Chamfered Square
Cavity with Fe304-Water Nanofluid and Magnetic Excitation.” Temperature and velocity deaccelerate with Hartmann
number.

Thermal radiation in nanofluid is rate of heat transfer through electromagnetic waves. It enhances heat transfer and
also plays a vital role in the case of heat transfer where no contact is required. It has application in nuclear reactors,
electronic cooling systems, etc. Ali ef al. [27] used Casson fluid for their investigation to find out the effect of thermal
radiations. Unsteady parameter, nanoparticle concentration, Casson fluid, Grashof number, Darcy number helps to
increase velocity whereas magnetic field depletes it. Khan et al. [28] investigated “Impact of multiple slips and thermal
radiation on heat and mass transfer in MHD Maxwell hybrid nanofluid flow over porous stretching sheet.” Eckert number,
thermal relaxation, velocity slip and Grashof number stimulates skin friction. Hybrid nanofluid possess more skin friction
as compared to mono nanofluid. Deborah number, magnetic field, radiation and concentration slip parameters, all are
responsible for the decline in Nusselt number. Grasshof number and radiation are inversely proportional to Sherwood
number. Manjunatha ef al. [29] made an investigation on the rate of heat transfer applying magnetic field and radiation.
Solid volume fraction increased velocity. Temperature of clear fluid is more than nanofluid. Boundary layer thickness of
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Cu — water is more than that of clear fluid. When magnetic field is applied, rotation, heat source and skin friction
increase. Alsemiry et al. [30] studied the Thermodiffusion Effects investigated on ANN-Based Prediction and RSM
Optimization and applying couple stress. Dufour number accelerate temperature and rate of heat transfer. Velocity is
enhanced by mixed convection and slip parameter. Khan et al. [31] studied the effect of thermal stratification on an
inclined surface. Temperature increases for Deborah number but decreases for Prandtl number. Velocity depletes for
Deborah number. Radiation and thermal stratification, boost temperature. Concentration of Fe;0, in the fluid enhances
temperature while it reduces velocity.

The stretching sheet in nanofluid flow refers to as the flat surface which keeps moving in a particular direction which
generates boundary flow. It has its application in textile industry, thin film coating, biomedical engineering, etc.
Li et al. [32] used ternary hybrid nanofluid in a Cattaneo-Christov heat flux model. Magnetic field when applied to the
fluid, deaccelerated the velocity but increased the temperature and the boundary layer thickened. Biot number and Prandtl
number increased the temperature while thermal relaxation brought down the temperature. Skin friction augmented by
magnetic field. Mishra et al. [33] made an investigation in a spinning disk the effect of radiation. Due to magnetic field
and porous matrix, the concentration of nanoparticles increases and hence oppose the fluid velocity and flow. There is
great absorption of thermal radiation in the presence of silver nanoparticles leading to increase in temperature. Nusselt
number is enhanced by radiation. Sait et al. [34] using electroosmotic effects with boundary slip studied the effect of the
heat flow. Hartmann number increased the viscosity in the fluid leading to rise in pressure and shear stress while the
temperature dropped. Velocity declined due to Prandtl numbers. Slip parameter and magnetic parameter have opposite
actions on pressure gradient. Ouyang et al. [35] used ternary nanofluid for their study. Presence of nanoparticle increases
the thermal conductivity in the fluid leading to rise in heat absorption. Suction/injection parameter has opposite effects
on Nusselt number and temperature. Skin friction is enhanced by suction/injection factor.

Based on the reviewed literature, the authors are inspired to explore the boundary layer MHD stagnation point natural
convection flow of a viscous, incompressible, electrically conducting, and heat radiating nanofluid past a stretchy surface
with velocity slip and Newtonian heating in the presence of a transverse magnetic field. The primary objective of this
study is to investigate the boundary layer MHD stagnation point natural convection flow and heat transfer characteristics
of a viscous, incompressible, and electrically conducting nanofluid with thermal radiation effects. The analysis focuses
on the influence of a transverse magnetic field, velocity slip, and Newtonian heating over a stretching surface, aiming to
understand the combined impact of these parameters on the fluid flow and thermal behavior.

MATHEMATICAL MODEL

Consider the boundary layer, Magnetohydrodynamic (MHD), stagnation-point, natural convection flow of a viscous,
incompressible, electrically conducting, and heat-radiating nanofluid past a stretching surface, in the presence of a
uniform transverse magnetic field By. The x-axis is aligned along the horizontal direction of the stretching sheet, while
the y-axis is perpendicular to it. Two equal and opposite forces act on the sheet, stretching it along its length with a
velocity U,(x), keeping the origin fixed. The free-stream velocity of the nanofluid is taken as Ux(x). The surface of the
sheet is subject to convective heating from a hot fluid at temperature 7, with a heat transfer coefficient /. The significant
temperature difference between the ambient fluid temperature 7., and the boundary layer temperature 7, is assumed to
generate substantial thermal radiation effects within the flow field. Partial velocity slip at the fluid—solid interface is
considered, meaning the fluid velocity at the surface does not necessarily match the surface velocity due to slip effects.
The magnetic Reynolds number of the nanofluid is assumed to be sufficiently small, allowing the neglect of any induced
magnetic fields relative to the imposed magnetic field. The nanoparticle volume fraction at the sheet’s surface and far
from the boundary layer are denoted by C,, and C. , respectively.

U.(x)

_—

Figure 1. Schematic diagram of the physical configuration

Based on the assumptions aforementioned, equations governing to the present problem, using Rosseland’s
approximation, are given by:
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where u and v are the velocity components along the x and y axes, respectively, ¢, = k is the thermal diffusivity of

pe),

the fluid, v is the kinematic viscosity, Dp is the Brownian diffusion coefficient, Dr is the thermophoretic diffusion
P

(pe),

of the fluid with p being the density, ¢ is the specific heat at constant pressure, p, is the density of the particles, o+ is the

coefficient and 7 = is the ratio between the effective heat capacity of the nanoparticle material and heat capacity

Stefan-Boltzmann constant, o * is the Rosseland mean absorption coefficient.
The current situation is governed by the following boundary conditions:

u=UW+La—u=cx+La—u,v=O,—ka—T=h(T/.—T),C=Cw at y=0
dy dy dy ®

u->U_=ax,v=0,T->T,C—>C, at y oo

where U, =cx (¢>0), L, k, and U_ =ax (a>0) are, respectively, the velocity of the stretching sheet, slip length,

thermal conductivity of the nanofluid, and free stream velocity of the nanofluid.

The dimensionless and similarity variables are listed below:

- T-T. _Cc-C,
n_y\g’ v =avx £ (n), e(n)-T/__Tw, ¢(77)_CW—Cw (6)

Equation (1) is satisfied in the same way that equation (6) is applied. The following are the types of equations (2),
(3), and (4), as well as the boundary conditions (5):

F7H =1+ M (1= )+ Gro-Nrg=0 %
{1 + 3;\‘[ {1+(o, —1)9}3}9'% Pr 6’ +Pr Nb¢'¢9'+|:Pr Nt +Ni(¢9w -D{1+(8, —1)19}2 } g% =0 ®)
¢”+LePrf¢'+%9"=0 (9)

Boundary conditions are used in non-dimensional formats as

f(m)=0, fm=a+4"(m), &(n)=-Bil-6m)], ¢(n)=1 atn=0 10)
f(m)—>1, 6(n)—0, ¢(7)—>0 atn — .
The non-dimensional governing parameters in this case are defined as follows:
2 ¢) D,(C,-C. ¢) D, (T, -T.
M:O-BO’Le:i’Przz’azﬁ’A:L\/E’ Nb:(p )[7 B( w )’ Nt:(p )p T( )
p,a D, o a v (pe), v (pec), oI an
1-C g -T -p, c -C *
or 02T T (2P e C,C)  kd ) T b [0
pU_ a pU.a 40* T T, kNa
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where M, Le, Pr, o, A, Nb, Nt, Gr,Nr, N,, Bi are, respectively, the magnetic parameter, Lewis number, Prandtl

number, ratio of rates of stretching velocity and free stream velocity, velocity slip parameter, Brownian motion parameter,
thermophoresis parameter, thermal Grashof number, solutal Grashof number, radiation parameter, temperature ratio
parameter, and Biot number.

On the basis of above quantities, the coefficient of skin friction C,, local Nusselt number Nu,, and local Sherwood

wo

number Sh_ are defined as:

T, xq, xh
C,=—", Nu =—"—, Sh =——"— 12
f qu2 ’ k(]—;ﬂ_Tw) DB(CW_C“‘) ( )
where the wall shear stress 7, , wall heat-flux ¢, and wall mass-flux /4, are given by
os() () amn, )
ay y=0 ay y=0 ay y=0
We get the following results by using similar variables and the above equations.
” Nu, , Sh, ,
C,yRe, = 17(0), = =-0'(0), —===-¢'(0) (14)

JRe, JRe,

where Re_ is the local Reynolds number.

NUMERICAL PROCEDURE
Non-linear ordinary differential equations are found from the controlling non-linear partial differential equations
(1) - (5) with the help of suitable similarity transformation. These equations (7) - (9) together with boundary conditions
(10) are solved, numerically, using MATLAB’s bvp4c routine. To confirm robustness and accuracy of the result, the same
scheme is applied to the present problem taking Gr = Nr = 0 and the numerical values of coefficient of skin-friction,
Nusselt number and Sherwood number has been calculated and compared with the results obtained by Mahatha et al. [36],
and they are found to be in good agreement.

Table 1. Computations showing comparison with Mahatha et al. [36] taking Gr = Nr = 0.

Mahatha et al. [36] Present Finding
Nu,_ Sh, Nu,_ Sh,
M| N, No | Nt | o | 4 | Bi | -C,\Re, Re Re ~C,[Re, Re Re

2 5 0.1 [0.1 |2 0.5 |0.5 |1.0559954 0.56564827 | 1.9085476 1.0559954 0.56564827 | 1.9085476
6 1.19783053 | 0.56360081 1.85031759 |1.19783053 |0.56360081 1.85031759
10 1.28411476 | 0.56236343 | 1.81727632 |1.28411476 |0.56236343 |1.81727632
5 1.05599540 | 0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760
10 1.05599540 |0.47273451 |1.89617746 |1.05599540 |0.47273451 |1.89617746
15 1.05599540 |0.44257262 [1.89169667 |1.05599540 |0.44257262 |1.89169667
1.05599540 | 0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760

1.05599540 | 0.73300040 |1.94109901 |1.05599540 |0.73300040 |1.94109901
1.05599540 | 1.09573572 | 1.98983165 |1.05599540 |1.09573572 |1.98983165
0.1 1.05599540 | 0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760
0.2 1.05599540 | 0.54620893 |2.00630565 |1.05599540 |0.54620893 |2.00630565
0.3 1.05599540 |0.52186269 [2.03933398 |1.05599540 |0.52186269 |2.03933398
0.1 1.05599540 | 0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760
0.3 1.05599540 |0.55916364 |1.69574713 |1.05599540 |0.55916364 |1.69574713
0.5 1.05599540 | 0.55107685 |1.57321616 |1.05599540 |0.55107685 |1.57321616
1.5 0.52197609 |0.56129753 | 1.79227818 |0.52197609 |0.56129753 |1.79227818
2.0 1.05599540 | 0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760
2.5 1.60080045 |0.56927362 [2.01863199 |1.60080045 |0.56927362 |2.01863199

0.1 1.87844309 |0.57087930 |2.07184081 |1.87844309 |0.57087930 |2.07184081
0.3 1.34862035 |0.56768153 |1.96865917 |1.34862035 |0.56768153 |1.96865917
0.5 1.05599540 |0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760
0.5 |1.05599540 |0.56564827 |1.90854760 |1.05599540 |0.56564827 |1.90854760
1.0 | 1.05599540 |0.99831813 |1.86710996 |1.05599540 |0.99831813 |1.86710996
1.5 ]1.05599540 |1.31203155 |1.85838165 |1.05599540 |1.31203155 |1.85838165

RESULTS AND DISCUSSION

To get insight into the flow pattern, the effects of various flow parameters on fluid velocity, temperature and
concentration have been depicted in graphical form from Figures 2-37. It is evident from Fig. 2-13 that on increasing
M, 6,, 4, N,, there is a decrease in fluid velocity while on increasing Nb, Nt, ¢, Bi, Le, Gr, N, and Pr, an
increment on fluid velocity is seen. This implies that magnetic field, temperature ratio, velocity slip, solutal Grasshof

number have the tendency to retard the fluid velocity while Brownian diffusion, thermophoretic diffusion, stretching ratio,
convective heating, Lewis number, thermal Grasshof number, non-linear radiation and Prandtl number have the reverse
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effect on it. The application of a transverse magnetic field induces a Lorentz force that opposes the motion of the
electrically conducting fluid, acting as a resistive (drag) force and thereby reducing the fluid velocity. Though typically
promoting flow due to solutal buoyancy, under certain conditions (e.g., adverse concentration gradients), it may
counteract thermal buoyancy, thereby slowing the flow. Brownian diffusion enhances nanoparticle motion, which
contributes to increased thermal conductivity and energy transport, indirectly supporting momentum transfer and
increasing velocity. Thermophoretic diffusion drives nanoparticles away from heated regions, enhancing momentum in
the fluid layers and increasing the overall velocity. Greater surface heating enhances buoyancy-driven flow, thus
increasing velocity on increasing convective heating. Thermal Grashof number represents buoyancy effects due to
temperature differences. Higher values increase upward motion and accelerate fluid flow. Radiative heat enhances thermal

energy in the system, increasing buoyancy and promoting fluid acceleration.
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Figs. 14-25 represents the effects of various flow parameters on fluid temperature. It is clearly seen from fig. 14-25
that on increasing M, Nb, Nt, A, Bi, Le, Nr, N, and Pr,fluid temperature is getting increased while it is decreasing

(7

), &, Gr . This implies that the fluid temperature is getting enhanced by Brownian diffusion, thermophoretic diffusion,
velocity slip, convective heating, Lewis number, non-linear thermal radiation and Prandtl number. While reverse trend is
visible in temperature profiles for temperature ratio, stretching ratio and thermal Grasshof number. Brownian motion of
nanoparticles enhances random thermal agitation within the fluid, promoting increased thermal conductivity and leading
to a rise in fluid temperature. Thermophoresis causes particles to move from hot to cold regions, redistributing energy
within the boundary layer. This enhances the thermal boundary layer thickness and increases the temperature. Stronger
convective heating at the surface introduces more heat into the fluid, increasing its temperature near the wall and
throughout the boundary layer. Thermal radiation provides an additional mode of energy transport. With nonlinear

radiation, this effect becomes more pronounced at higher temperatures, leading to significant heat gain in the fluid. While
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Gr promotes buoyancy-driven flow, a high Gr accelerating the fluid away from the heated surface, reducing residence

time and resulting in lower temperatures within the thermal boundary layer.

0.35 T 0.45 T T
0.4
0.3
0.35
0.25
0.3
02 025 1
5 S
S S
0.15 02
0.15 |-
0.1 b
0.1
0.05
0.05 1
0 ‘ w 0 .
0 0.5 1 1.5 0 0.5 1 1.5
n n
Figure 14. Temperature profile for M Figure 15. Temperature profile for 6,
08 \ : 05 ————————
07 1 |
0.6
05 f |
S04 q
0.3 1 4
0.2
0.1 4 |
0 Nb=0.2,07, 1.2
0 0.5 1 1.5 1.6 1.8 2
n n
Figure 16. Temperature profile for Nb Figure 17. Temperature profile for Nt
0.35 T T 0.35 T
g :
S S
0 0.5 1 1.5 0 0.5 1 15
n n
Figure 18. Temperature profile for & Figure 19. Temperature profile for 4
0.7 T 0.35 T T
0.6 1 0.3 1
0.5 1 0.25 1
04 ] 02 0.052 e=2,4,6
~ ~ __ 005
s =z o048
03 1 0.15 0046
0.044
071 072 073 0.74
0.2 q 01F 7 4
0.1 Bi=0.1,05,1 b 0.05 B
0 . 0 ‘ .
0 0.5 1 1.5 0 0.5 1 1.5

n

Figure 20. Temperature profile for Bi

n

Figure 21. Temperature profile for Le



Effects of Natural Convection and Radiation on MHD Stagnation Point Nano-Fluid Flow...

217
EEJP. 3 (2025)

0.35

0()

0 0.5 1

0.45

n

Figure 22. Temperature profile for Gr

0.4

0.35

0.3

0.25

0(n)

0.2

0.15

0.1

0.05

NR =5, 10, 15

It is visible from Fig. 26-37 that with the increase in M,

0.5 1
n

Figure 24. Temperature profile for N,

0.35

0.3

0.25

02

0(n)

015

0.1

0.05 -

0

03 031 032 033 0.34 0.3
n

0

0.5 1 15
n

Figure 23. Temperature profile for Nr

0.2

o

W

4,

25

Figure 25. Temperature profile for Pr

Nr, there is an increment in the concentration

profiles while there is a decrement on increasing Nb, Nt, «, Bi, Le, Gr, N, and Pr in the boundary layer region.
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This shows that the magnetic field, temperature ratio, velocity slip and solutal Grasshof number are the cause for
the rise in concentration of fluid. On the other hand, Brownian motion, thermophoretic diffusion, stretching parameter,
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Newtonian heating, Lewis number, Grasshof number, Prandtl number and non-linear radiation. These are the cause in
concentration profile. The application of a magnetic field generates a Lorentz force that opposes fluid motion. This
suppresses convective transport and slows the fluid, allowing more time for mass to accumulate near the surface, thereby
increasing concentration. As solutal Grashof number measures buoyancy effects due to concentration differences. A
higher value promotes solutal buoyancy-driven flow, which enhance concentration near the surface due to a stronger
diffusion gradient. Brownian diffusion promotes random motion of nanoparticles, which tends to spread out
concentration gradients and leads to a decrease in the local concentration near the surface. Thermophoresis drives particles
from hot to cold regions, often away from the surface, thereby reducing the concentration in the boundary layer. Strong
surface heating increases thermal energy, which activate both thermophoretic and Brownian effects, enhancing mass
diffusion and reducing concentration near the wall. Enhanced buoyancy due to temperature differences promotes faster
upward fluid motion, which dilutes concentration near the surface by enhancing convective mass transport. A high Prandtl
number implies slower thermal diffusion, which may indirectly increase convective effects and enhance species
dispersion, thus lowering concentration. Increased radiative heat flux intensifies temperature gradients, which promote
stronger thermophoretic effects, pushing nanoparticles away from the wall and decreasing concentration in the near-wall
region.
To get more physical insight, the effects of various physical entities on skin friction, rate of heat transfer and rate

of mass transfer have been calculated and listed in Table 2.

Table 2. Numerical values of the coefficient of skin friction, Nusselt number and Sherwood number against different values of flow
parameters

M| Nz | 6, Pr | Nb | Nt | @& | 4| Bi |Le | Gr| Nr| C,yRe, Re,"* Nu, Re, '*Sh,
[ 2 1678510505 2 Jo5]01 | 5 [ 1 | 1 | 1.00647243 | 0.10969678 | 5.71847394
1.17545046 | 0.10916806 | 5.52978961

10 1.29087133 | 0.10881602 | 5.40032863
5 1.00647243 | 0.10969678 | 5.71847394
10 0.99539217 | 0.08202349 | 5.78274036
15 0.98883774 | 0.0704694 | 5.81704256
1 0.99178448 | 0.07291539 | 5.80510782
1.00647243 | 0.10969678 | 5.71847394

3 1.01305281 | 0.14412317 | 5.67286711

2 1.05697201 | 0.11931776 | 2.94310389

3 1.04442418 | 0.11850775 | 3.66004079

4 1.03394039 | 0.1170332 | 4.27679022

0.2 1.03810586 | 0.12133854 | 5.59760324

0.7 0.98054756 | 0.09757684 | 5.74929635

1.2 0.93176267 | 0.06360343 | 5.76595794

0.5 1.00647243 | 0.10969678 | 5.71847394

1 0.9919851 | 0.10477874 | 5.90396126

1.5 0.9735596 | 0.09873209 | 6.06812004

1.5 0.49631091 | 0.10877109 | 5.28764785

2 1.00647243 | 0.10969678 | 5.71847394

2.5 1.53026552 | 0.11047703 | 6.11135321

0.1 1.73817223 | 0.11074986 | 6.2560944

0.5 1.00647243 | 0.10969678 | 5.71847394

1 0.66538584 | 0.10909963 | 5.43657748

0.1 1.00647243 | 0.10969678 | 5.71847394

0.3 0.96674662 | 0.26068122 | 5.83954402

0.5 0.94784719 | 0.35745004 | 5.88242681

2 1.03339216 | 0.11235762 | 3.57004164

4 1.01203843 | 0.11024239 | 5.10455488

6 1.002337 0.1092959 | 6.27206578

1 1.00647243 | 0.10969678 | 5.71847394

3 0.92209211 | 0.10994859 | 5.81105052

5 0.84229688 | 0.11017426 | 5.89685957

0.1 | 0.9640686 | 0.10979618 | 5.76159899

1 | 1.00647243 | 0.10969678 | 5.71847394

2 | 1.05443945 | 0.10958192 | 5.66923073

It is evident from Table 2 that the skin friction is getting hiked by magnetic field, temperature ratio, stretching ratio
and linear non-thermal radiation whereas it experiences reverse effect by solutal Grasshof number, Prandtl number,
Brownian motion, thermophoretic diffusion, velocity slip, convective heating, Lewis number and thermal Grasshof
number. The Lorentz force acts against the flow, increasing resistance and thereby enhancing wall shear stress, which
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leads to higher skin friction Increased stretching of the surface amplifies tangential stress and fluid acceleration near the
wall, raising skin friction. Radiation alters energy distribution in the flow, potentially increasing momentum transfer near
the surface, which raises wall shear stress. Enhanced solutal buoyancy may weaken the surface shear due to rising flow,
leading to a drop in friction at the wall. Higher Pr reduces thermal diffusivity, thinning the velocity boundary layer and
thereby reducing friction drag. Brownian motion and thermophoretic diffusion disrupt the uniformity of momentum
transport, reducing shear at the wall. Slip condition reduces direct contact between the fluid and surface, decreasing the
frictional force. Convective heating increases thermal energy and buoyancy, which may redistribute momentum and
reduce skin friction. Strong thermal buoyancy lifts fluid away from the wall, reducing wall shear stress.

Temperature ratio, stretching ratio, convecting heating and thermal Grasshof number have the tendency to enhance
the rate of heat transfer at the surface while magnetic field, solutal Grasshof number, Prandtl number, Brownian motion,
thermophoretic diffusion, velocity slip, Lewis number and thermal radiation have a reverse effect on heat transfer. A
higher wall temperature promotes a stronger thermal gradient, enhancing heat transfer. Stretching increases convective
effects, improving surface heat transfer. Convective heating directly enhances surface heat input, increasing the
temperature gradient and rate of heat transfer. Thermal Grashof number boosts thermal buoyancy-driven convection,
enhancing heat transfer from the surface. The resistive Lorentz force suppresses fluid motion, weakening convection and
reducing heat transfer. Solutal Grashof Number may oppose thermal buoyancy in some regimes, reducing heat transfer
effectiveness. Higher Pr means lower thermal diffusivity, resulting in thinner thermal boundary layers, which can reduce
heat transfer if the flow is not accelerated proportionally. Brownian motion and thermophoretic diffusion increase thermal
boundary layer thickness due to nanoparticle interactions, reducing the surface heat gradient. Velocity Slip decreases the
transfer of thermal energy from the wall to fluid. Nonlinear thermal radiation reduces the effective thermal gradient at the
wall by redistributing heat into the fluid bulk, lowering surface heat flux. Solutal Grasshof number, Prandtl number,
Brownian diffusion, thermophoretic diffusion, stretching ratio, Newtonian heating, Lewis number and thermal Grasshof
number accelerate the rate of mass transfer whereas magnetic field, temperature ratio, velocity slip and thermal radiation
deaccelerate the rate of mass transfer. Solutal Grashof number enhances concentration-driven buoyancy, promoting
species transport and increasing mass transfer rate. Brownian motion and thermophoretic diffusion intensify particle
diffusion and migration, thus enhancing mass transfer at the wall. Newtonian heating promotes both thermal and
concentration gradients, especially when mass transfer is coupled with temperature effects. Thermal Grashof number
boosts upward convection, carrying species away from the surface and enhancing mass transfer. Magnetic field slows
fluid motion due to Lorentz force, reducing convective mass transport. Temperature ratio may alter thermal stratification,
diminishing thermophoretic effects and lowering mass transfer. Velocity slip reduces surface interaction, limiting mass
exchange between the surface and fluid. Thermal radiation alters temperature distribution, which affects species migration
driven by thermal gradients, potentially weakening mass transfer.

CONCLUSIONS
The present study comprehensively investigates the influence of various flow parameters on the velocity,
temperature, and concentration fields, as well as on the skin friction coefficient, rate of heat transfer, and rate of mass
transfer in a boundary layer MHD stagnation-point flow of a nanofluid over a stretching surface, incorporating velocity
slip, Newtonian heating, and thermal radiation effects. The key conclusions drawn from the study are summarized below:

e “Due to enhanced resistive or damping forces, magnetic field, temperature ratio, velocity slip, and solutal Grashof
number reduces the nanofluid velocity. On the other hand, convective heating, thermal Grashof number, nonlinear
radiation, and Prandtl number induces the nanofluid velocity, owing to strengthened convective or thermal driving
mechanisms”.

e “Fluid temperature is increased by Brownian motion, thermophoretic diffusion, velocity slip, convective heating,
nonlinear thermal radiation, and Prandtl number, as these enhance thermal energy accumulation or diffusion whereas
it is decreased with increasing temperature ratio, and thermal Grashof number due to the thinning of the thermal
boundary layer or enhanced convective cooling”.

e  “An increase in nanofluid concentration profiles on increasing magnetic field, temperature ratio, velocity slip, and
solutal Grashof number, indicating suppressed mass diffusion or accumulation near the wall. On the other hand,
decreased concentration is observed with increasing Newtonian heating, thermal Grashof number, Prandtl number,
and nonlinear radiation due to enhanced mass diffusion or particle migration away from the surface”.

e “Due to enhanced resistive or surface-driven momentum input, magnetic field, temperature ratio, and linear non-
thermal radiation enhances the skin friction while a reduction due to solutal Grashof number, Prandtl number,
Brownian motion, thermophoretic diffusion, velocity slip, convective heating, Lewis number, and thermal Grashof
number, indicates momentum thinning or reduced wall interaction”.

e  “Rate of heat transfer is getting enhanced by temperature ratio, convective heating, and thermal Grashof number due
to increased thermal gradients and buoyancy-driven heat transport whereas it is reduced by magnetic field, solutal
Grashof number, Prandtl number, Brownian motion, thermophoretic diffusion, velocity slip, and thermal radiation,
owing to boundary layer thickening or damping effects”.

e “Mass transfer increases with solutal Grashof number, Prandtl number, Brownian motion, thermophoretic diffusion,
Newtonian heating, and thermal Grashof number due to intensified concentration gradients and diffusive transport.
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It decreases with magnetic field, temperature ratio, velocity slip, and thermal radiation, reflecting inhibited mass
transport and particle dispersion”.
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BILJIMB TPUPOJHOI KOHBEKIIII TA BAITPOMIHIOBAHHS HA MT'I-TEYTIO HAHOPIIVHH B TOYIII
3ACTOIO, 11O MPOTIKAE€ ITOB3 PO3TAI'YBAHY NOBEPXHIO I3 HIBUJAKICHUM KOB3AHHSIM
I HbIOTOHIBCBKUM HATPIBAHHSIM
I.IL Tigri?, C.B. Manxi?, b.K. Maxarxa®, I'.K. Maxaro®
“Kagheopa mamemamuxu, Texnonoeiunuii ma meneddscmenmuuii ynigepcumem Llenmypion, Odiwa, Inois
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JocnimKyeTbes MPUPOIHIA KOHBEKIIHHUH MOTIK B'sI3K01, HECTUCIHBOI, SIEKTPONPOBITHOI Ta BUIMPOMIHIOIOYOI TETJIO HAHOPIAWHHU B
Touni 3actoro MI'J] moB3 po3TAryBaHy IOBEPXHIO 3 KOB3aHHSIM 3a HIBHAKICTIO Ta HBIOTOHIBCBKMM HAarpiBaHHSAM y HPHCYTHOCTI
MIONEPEYHOr0 MarHiTHOrO mouisl. Po3B'3yloThesl BIANOBIIHI HENiHIWHI AngepeHIianbHl piBHAHHS B YaCTHHHHX IIOXITHHX 32
noromoroto Meroxy bvp4c Matlab. J{ist minTBeppKeHHS HaAiHHOCTI Ta TOYHOCTI pe3yJIbTaTy, YUCJIOBI Pe3yIbTaTh LBOTO JOCIIJDKESHHS
MIOPiBHIOIOTHCS 3 ICHYIOUOIO JIITepaTyporo, i OyJIo BUSIBICHO, 1110 BOHH 100pE Y3roPKYIOThCs. BIINB pi3HUX nmapamMeTpiB Ha MIBUJIKICTS,
TEMIIepaTypy Ta KOHIEHTPAII0 PEYOBHH OOUMCITIOETHCS Ta TPEICTABISIEThCS Y BUIIISAL rpadikiB, TOMI SIK BIUIUB TEPTsS MOBEPXHi,
MIBUJIKICTH TeIUIONepeaadi Ta MIBUAKICTh Macolepenadi 3BeeHo B Tabiuii. B pe3ynprari mocumieHoro HakomuueHHs abo mudysii
TEIUIOBOI eHepril TeMieparypa HaHOPIIUHM 301TBIIYEThCS BHACIIIOK OPOYHIBCBKOTO pyXy, Tepmodopernunol audys3ii, MBUAKICHE
KOB3aHHS, KOHBEKTHBHOT'O HAarpiBaHHs, HEJTIHIHHOTO TEIUIOBOTO BUIPOMiHIOBaHHSA Ta uncia [Ipanaris. IIBuakicTs Temonepenadi
30LTBIIYETHCS BHACIHIIOK CITIBBIHONICHHS TEMIIEPaTyp, KOHBEKTHBHOTO HArpiBaHHA Ta TEIUIOBOTO 4mcia [pacroda 3aBasku
30UIBIICHHIO TEIUIOBHX TPAJi€HTIB Ta TeIUIONepenadi, 3yMOBIEHOI IUIaBydicTio. Taki MOTOKM HAHOPIAMH MAalOTh MOTEHIAN IS
BHUKOPHCTAHHS B HU3II IIPOIIECIB TEIUIONepeadi, TAKUX SIK IPUCTPOI BiTHOBIIIOBAHOI eHeprii, Bkirogatoun MI'J[-reneparopu, Tormo.
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The present study is characterized by numerical analysis concerning thermal dispersion's influence on heat and mass transfer flow
towards a stretching plate in a saturated porous medium filled with Cu/Al2Os-water hybrid nanofluid, considering the presence of
homogeneous (HOM)-heterogeneous (HET) chemical reactions. A new model of (HOM-HET) chemical reactions is constructed where
the (HET) reactions occur on the surfaces of the solid matrix within the porous medium and the plate, following first-order kinetics. In
contrast, the homogeneous (HOM) reaction takes place in the fluid phase and is described by isothermal cubic autocatalytic kinetics.
The momentum, energy, and mass transfer phenomena are governed by a set of partial differential equations with appropriate similarity
transformations that yield four coupled nonlinear ordinary differential equations. The resulting system of governing equations is solved
numerically through a computationally efficient finite-difference scheme. The numerical results are validated through comparison with
available data, showing good agreement. The numerical results demonstrate the influence of physical control parameters on the flow
dynamics, thermal distribution, and solute concentration profiles. Furthermore, key solution characteristics, including the Nusselt
number and skin friction coefficient, are tabulated.

Keywords: Hybrid nanofluid; Thermal dispersion; Stagnation-point flow, Porous medium

PACS: 47.11.-j, 63.20.D, 47.55.P, 44.30.+v

Nomenclature
A,B Chemical species K. Homogeneous reaction parameter
Da, Dy Diffusion coefficients of species A and B, respectively K Heterogeneous reaction parameter
a,b Concentration of chemical species A and B, respectively Ky Surface-catalyzed parameter
ag, by Initial concentration of species A and B, respectively Sc Schmidt number
[ Specific heat at constant temperature Nu, Local Nusselt number
d Mean particle diameter Pr Prandtl number
G H Dimensionless concentrations of chemical species A and B Re, Reynolds number
K Permeability of the porous medium S Interfacial area
K, Parameter of the porous medium T Fluid temperature
ke Reaction rate constant of homogeneous reaction Tw Ambient temperature attained as y tends to infinity
ks Reaction rate constant of homogeneous reaction U, Stretching sheet velocity
Ky Thermal conductivity of hybrid nanofluid U Free stream velocity
ky Thermal conductivity of pure water u,v Velocity components in the x and y directions
k1 Thermal conductivity of copper nanoparticle X,y Cartesian coordinates
ks Thermal conductivity of alumina nanoparticle
Greek symbols
Vins: Kinematic viscosity of hybrid fluid
[ Dispersion diffusivity v Kinematic viscosity of base fluid
ey Effective thermal diffusivity o Dimensionless temperature
Olpnf Molecular diffusivity of nanofluid P Density
y Dispersion coefficient of the porous medium 74 Stream function.
n Similarity variable 0 Ratio of the diffusion coefficient
A Positive constant £ Velocity ratio parameter
s Dynamic viscosity of the hybrid nanofluid
INTRODUCTION

The interaction between nanofluid flow and heat/mass transfer through a porous medium is a multifaceted process
governed by intricate fluid dynamics as well as thermal and mass transfer phenomena. The presence of nanoparticles such
as metals, carbides, oxides, or carbon nanotubes in a base fluid such as water, ethylene glycol, oil, or toluene can affect
the flow behavior, leading to changes in heat and mass transfer rates and patterns by increasing the thermal properties of
the base fluid. Analysing heat and mass transfer characteristics in porous media filled with nanofluid is crucial for various
engineering applications including heat exchangers, thermal management systems, enhanced energy recovery, geothermal
energy extraction, and chemical engineering. Advanced computational modeling and experimental studies are employed
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to analyze and optimize these processes for improved efficiency and performance in practical applications.
Comprehensive reviews on nanofluid-saturated porous media have been conducted by Khanafer and Vafai [1], Vafai and
coworkers [2,3], and by Nield and Bejan [4].

In addition, the convective flow of a nanofluid through a porous medium over stretching objects is widely studied
by several researchers because of the importance of this phenomenon, which is prevalent in various engineering and
environmental applications. In this context, Sowmiya and Kumar [5] discussed numerically the influence of magnetic
field and thermal radiation in porous medium filled with Williamson nanofluid within a stretching cylinder. The objective
of this study was to investegate the impact of rheological characteristics on flow behavior in a cylinder geometry.
Khalil et al. [6] studied numerically (Fe;O4-Cu) hybrid nanofluid flow in a porous medium over an exponentially
stretching plate in presence of Joule heating and thermal radiation. Dulal Pal and Mandal [7] presented the effects of
thermal radiation on mixed convection towards a stagnation-point flow over a moving plate in a porous medium with heat
generation and viscous dissipation. This study revealed that the suction parameter reduces the dynamic behavior and
temperature profiles in the stretching-sheet situation, whereas the opposite tendency arises in the shrinking-sheet case.
Adigun et al. [8] discussed the magnetohydrodynamic (MHD) stagnation-point flow of a viscoelastic nanofluid past an
inclined cylinder stretching linearly. Nandi et al. [9] explored the impact of nonlinear thermal radiation and heat generation
on MHD stagnation point flow of nanofluid containing Fe;04, Cu and Ag nanoparticles along a permeable stretching plate
embedded in a porous medium. Asogwa et al. [10] examined the external thermal radiation effects on
electromagnetohydrodynamic (EMHD) boundary layer flow of non-Newtonian nanofluid over reactive stretching surface,
considering combined thermal transport properties. They found that the control parameters play an important role in
modification of the dynamic, heat and mass behaviors.

Another level of complexity emerges in flow within porous media when dispersion mechanisms are taken into
account. This complexity can manifest as significant thermal dispersion, wherein heat undergoes molecular diffusion as
a result of mixing and recirculation of local fluid currents induced by the complicated flow paths through the porous
medium. In this context, Kameswaran and Sibanda [11] investigate numerically via the shooting technique the effects of
thermal dispersion on non-Newtonian power-law nanofluid flow over an impermeable vertical plate. From this work, the
results reveal that under a constant thermal dispersion parameter, the thermal boundary layer thickness reduces with
increasing power-law index values, a trend consistent in both aiding and opposing buoyancy situations. Bouaziz and
Hanini [12] mainly explore thermal and solute dispersions in the simultaneous heat and mass transfer along a vertical
plate immersed into a non-Darcy saturated porous medium with a Buongiorno nanofluid. Sheremet et al. [13] studied the
effect of thermal dispersion on transient natural convection in a wavy-walled porous cavity using the Tiwari and Das
nanofluid model. A numerical analysis was achieved by RamReddy and Venkata [14] to study the combined effects of
double dispersion and the convective boundary condition on natural convection flow over vertical frustum of a cone in a
nanofluid saturated non-Darcy porous medium. They take into account the Brownian motion and thermophoresis
mechanisms. Sudhagar et al. [15] studied the impact of thermal dispersion on the mixed convective boundary layer
nanofluid flow past over an isothermal vertical wedge implanted in a porous medium. They observed that the presence of
thermal dispersion could affect fluid flow and temperature profiles. Awad et al. [16] investigate free convection nanofluid
flow in a porous layer with double dispersion effects. They have use the Forchheimer extension for porous medium and
Buongiorno nanofluid, which incorporates Brownian motion and thermophoresis parameters. Meena et al. [17] investigate
mixed convection flow over a vertical cone in a saturated porous medium with the presence of thermal and solutal
dispersion effects. Khashi'ie et al. [ 18] numerically analyze the mixed convection flow of Cu-Al,O3/water nanofluid along
a vertical plate embedded in a porous medium under the presence of thermal dispersion. They take into consideration the
assisting and opposing flows, and they found that in the opposing buoyancy region, dual solutions are expected, and the
presence of nanoparticles and thermal dispersion can modify the dynamic and thermal behavior in the boundary layers.

Furthermore, chemically reactive flows in porous media have received increasing interest over the last three decades.
The combined impact of homogeneous and heterogeneous reactions pertains to scenarios where both categories of
reactions take occur simultaneously within a chemical or physical system. Homogeneous reactions take place in a single
phase, typically the gas or liquid phase, while heterogeneous reactions involve interfaces between different phases, such
as gas-solid or liquid-solid reactions. Understanding the interaction between these reactions is essential in various fields,
including chemistry, chemical engineering, combustion and catalysis. The reactive transport is usually described by partial
differential equations [19]. The first model describing the isothermal homogeneous—heterogeneous reactions in boundary
layer flow of a viscous fluid was developed by Chaudhary and Merkin [20,21]. In this area of interest, Alzahrani et al. [22]
investigate the thermal evaluation of viscoelastic nanofluid flow past a porous surface with a heat source/sink and the
presence of homogeneous and heterogeneous reactions. They found that for higher values of homogeneous and
heterogeneous reaction parameters, mass transfer is greater in fluid flow with aggregation conditions. Liu et al. [23]
discussed the impact of catalytic homogeneous-heterogeneous reactions in a Darcy porous medium. They found that an
increase in the interfacial area of porous media enhances the rate of surface-catalyzed reactions, thereby significantly
shortening chemical reaction time. The influence of induced magnetic field on Darcy—Forchheimer nanofluid flows
comprising carbon nanotubes with homogeneous-heterogeneous reactions was performed by Bashir et al. [24]. The goal
of this study is to conduct a comparative analysis of Darcy—Forchheimer nanofluid flows containing CNTs of both multi-
wall (MWCNTs) and single-wall carbon nanotubes (SWCNTs) immersed in two different base fluids over a stretched
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surface. Irfan et al. [25] examined the interplay of coupled homogeneous-heterogeneous reactions and non-Fourier heat
flux (Cattaneo-Christov model) in a non-Newtonian fluid with variable thermal conductivity. Their analysis revealed that
the thermal relaxation parameter significantly modulates the temperature distribution, whereas the concentration profile
demonstrates an inverse correlation between the Schmidt number and the homogeneous reaction parameter. The influence
of nanoparticle aggregation on heat transfer phenomena of second grade nanofluid flow over melting surface subject to
homogeneous-heterogeneous reactions was investigated by Sunthrayuth et al. [26]. They showed that higher mass transfer
for fluid flow with aggregation condition is observed for increased values of heterogeneous and homogeneous reaction
parameters. Abbas and Sheikh [27] studied numerically the stagnation point flow of ferrofluid over a flat plate with non-
linear slip boundary condition in the presence of homogeneous—heterogeneous reactions. Hayat et al. [28] studied the
phenomenon of melting heat transfer in the presence of homogeneous-heterogeneous reactions and a magnetic field in
flow along a stretching surface with variable thickness.

In view of all the above-mentioned applications and from the literature context of study, it is observed that hybrid
nanofluid reactive flow over a porous stretchable sheet in the presence of thermal dispersion has not yet been investigated.
The purpose of the current paper is to emphasize the effects of thermal dispersion on Darcy convection boundary layer
flow over a stretching plate in the presence of coupled homogeneous-heterogeneous reactions (H-H-R). Cu/Al,O3 hybrid
nanoparticles are used in the base fluid. The behavior of different profiles has been examined and displayed graphically.
Moreover, the interesting features of the solutions in terms of the number of Nusselt and skin friction coefficient are
calculated.

PROBLEM STATEMENT

Consider a two-dimensional steady boundary layer flow over a stretching sheet in a laminar and incompressible
nanoliquid of constant ambient temperature 7.. In this study, a water-based nanofluid containing two types of
nanoparticles Cu /AL,Os is used as working fluid. The nanoparticles are assumed to have a uniform shape and size.
Figure 1 describes the physical model and the coordinate system, where the x and y axes are measured along the surface
of the sheet and normal to it, respectively. The stretching velocity U,(x) and the ambient fluid velocity, U~(x), is assumed
to increase linearly from the stagnation point, i.e., U,, (x) = Ax and U,,(x) = cx, where A and ¢ are constant with ¢ > 0.
We note that A > 0 correspond to stretching sheet.

Hybrid
Nanoparticles

Porous
medium

v

Figure 1. Physical Sketch of the model

It is supposed that the temperature at the surface, T\,, varies along the sheet and changes with position x. Additionally,
the base fluid and nanoparticles are in thermal equilibrium, with no slip occurring between them.

The Darcy model is used to describe the reactive flow in porous medium, which contains a reactive species (4) that
reacts to form some product (B) when in contact with the plate surface. In particular, the following two types of reactions
are applied:

e An isothermal cubic autocatalytic reaction which takes place in the porous medium, this reaction is given
schematically by A+2B — 3B, rate=k.ab’ .

e Asingle first-order exothermic catalytic reaction on the plate surface whereby reactant (4) is converted to a
product (B); 4 = B, rate=k,a
These two basic models are widely used by several researchers, for more details, see [20, 25].
Notably, the porous medium and stretching surface share the same catalytic material, enabling heterogeneous reactions
to occur on the solid matrix of the porous medium. These surface-catalyzed reactions are governed by the kinetic model
outlined in [23] r, =Sk, .

The boundary layer equations, incorporating the momentum, energy, and mass equations, can be expressed in
dimensional form as follows, according to the previously stated assumptions:
ou v _

i, 1
ox dy M)
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u%+v% =D, a—lzj+kcab2 +Sk.a . 5)
ox dy ady

Here x and y are distances along and perpendicular to the surface, u and v are the velocity components in the x and
y directions, respectively. T is the temperature, K is permeability of porous medium, s is the viscosity of the hybrid
nanofluid, punr is the density of the hybrid nanofluid, o characterize the effective thermal diffusivity which is the sum
of the molecular diffusivity ou.r of hybrid nanofluid and the dispersion diffusivity o4, where &, = yud . Here yis the

thermal dispersion coefficient, u is stream-wise velocity and d denotes to the mean particle diameter. Note that, this model
is valid for fluids and nanofluids as mentioned in [12, 18, 29, 30 and 31]. (Da, Dg) the diffusion species coefficients of
reactant (4) and product (B), (a, b) are the concentration of chemical species of (4) and (B), respectively. k. and ks denote
the rate constants of homogeneous and heterogeneous reactions, respectively. S is the interfacial area of the porous media.

The correlations of the hybrid nanofluid are presented in Table 1, where s; and s, denotes the copper and alumina
nanoparticles, respectively, ¢; and ¢, are the volumetric concentration of Cu and Al,O3; nanoparticles, accordingly. In
addition, the subscript f'denotes the base fluid. In Table 1, ¢n,y= @1 + ¢#> where @,y= 0 corresponds to a regular fluid (pure
water). The thermophysical properties of the water and respective nanoparticles are detailed in Table 2.

The boundary conditions associated with the above problem are as follows:

2
u=U_ (x)=Ax;v =0T, =T _+w X ;D 8_a:_D a—b:ka; asy = 0, (6)
w w l aa Ba s
Y Y
u=U_(x)=ecx;T>T ;a—a,; b>0 asy—eo. 7

Table 1. The correlations of hybrid nanofluids (see Babu et al. [32] and Takabi and Salehi 33]).

Properties Nanofluids
Density () Ping = (1 = Py ) Pyt PP+ @0
Capacity Heat (pcy) (pe,),, =(1=0u)(pc,), +o(pc,), +o(pc,),
Dynamic Viscocity ( 4) U = yy
hf T 25
(1 - whn/ )
Thermal Conductivity (k) k
+ @k
[M] + 2k/ + 2(¢1k:1 + (pzksz) - 2%:1/1‘;'
k)m/ — ¢Im/
k k, + ok
! [(olﬂ(p%xz + 2k/ - ((plkn + (/’zksz ) + ¢hn/ k/‘
hnf

Table 2. Thermophysical properties of water and nanoparticles (Oztop and Abu-Nada [34]).

Physical properties Water Cu AOs
¢p (J/kg K) 4179 385 765
P (kg/m?) 997.1 8933 3970
k(W/m.K) 0.613 400 40

The governing Eqgs. (1-5) subject to the boundary conditions (6-7) can be expressed in a nondimensional form by
introducing the following transformations [38] and [39]:

c ! T-T a b
=l yiy= ? ; 0(n)= — G=—; H=—
77 [V/J g l// (VfC) Xf(n) (77) T:v_Tw aO ao

G and H are dimensionless concentrations of species (A) and (B), respectively.
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. _ Iy
dy ox

Equations (1-5) can be reduced to a set of ordinary differential equations by applying the similarity variables defined
above.

s the stream function defined as u =

f,,,+K1(l_f/)+Al(1+ff”_f’2)=O ®)
k .k, ’
hn,;l/ v 0"+Ds(f'6") +Pr(f6'-21'0)=0 ©)
2
SLG”—KCGHZ—KWG+fG'=0 (10)
C
SﬁH”+KCGH2+KwG+fH'=0 (b
C

Building on the work of Chaudhary and Merkin [20, 21], we consider a common practical situation where the
diffusion coefficients Do and Dg for chemical species (A) and (B) are of similar magnitude and size. Consequently, we
assume Da= Dg, leading to 6=1. Under this assumption, the following relation is obtained:

G(n)+H(n)=1 (12)

Equations (10) and (11) under this assumption reduce to:
1

EG”—Kﬁ(l—G)2 ~K. G+ /G =0 (13)

Given the boundary conditions (6 —7), which are now written as:
f=0,{"=¢6=1;G'=KG; SH=K,G asn=0 (14)
f7>150—->50,G—>1H—->0 asn—o. (15)

In the equations above, K; porous medium parameter, Thermal dispersion parameter, Prandtl number, € is the
velocity ratio parameter, K., K, are the homogeneous and heterogeneous reaction parameter, respectively. Ky represent
the surface-catalyzed parameter, Jis the ratio of diffusion coefficients, the Schmidt number Sc.

o | —

v, dU v ka v, )2 k. v SD
R e F AR LA e
¢ 4 4 )* A

(pcl’ )Sl + (pcf”)sZ

(re,), " oey),

The physical quantities of interest are the skin friction coefficient Crand the local Nusselt number Nux, which are

defined as:
xk
c, ZLMZ(E’_”J . M, =$(_3_Tj
prm ay y=0 kf (T;\’ - Tw ) ay y=0

With fhnr and kint being the dynamic viscosity and thermal conductivity of the nanofluids, respectively. Applying the
similarity transformations, we obtain:

N
I

1 (1—(/),l,lf.)2'5 ((1—(p,mf.)+(p1 P +, Psz} 4, = (1—(Ph,1/,)+¢’1
Py Py

1

Re!*C, =————/7(0) (16)
(1_¢hnf)
k. .

Re "? Nu, =—%9'(0) (17)
s

RESULTS AND DISCUSSIONS
The governing ordinary differential equations (8, 9, and 13), along with the boundary conditions (14-15), were
numerically solved using the finite difference scheme implemented through the bvp4c package in Matlab. This package
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utilizes the three-stage Lobatto collocation formula, ensuring a continuous solution with fourth-order accuracy. Mesh
selection and error control are determined based on the residual of the continuous solution. This method has proven
successful in numerous research endeavors as [35] and [36]. For further insights, refer to [37].

In order to verify the accuracy of our present technique, we have compared obtained numerical solutions, through the
skin friction coefficient and local Nusselt number for the case where the stretched surface is isothermal and without
thermal dispersion effects. From the table 3, it is seen that the present results are in excellent agreement with both results
presented by Bachok [38], Nandkeolyar et al. [39] and Yacob et al. [40].

Table 3. Values of Re,"* Nu, and Re!” C, for some values of ¢1, ¢» and &

(Cu-water)
Bachok [38]. Nandkeolyar et al. [39]. Present work
e | & Rex/2Cf Nu,Rex~1/? Rex'/2Cf Nu,Rex~1/? Rex/2Cf Nu, Rex~1/?
0 0.1 1.8843 1.4043 1.8832 1.404329 1.884323 1.404327
0.2 2.6226 1.6692 2.6227 1.669343 2.622743 1.669337
0.5 0.1 1.0904 1.8724 1.0904 1.872389 1.090452 1.872386
0.2 1.5177 2.1377 1.5177 2.157696 1.517773 2.157690
(AL20O3-water)
Bachok [38]. Yacob et al. [40]. Present work
£ ) Rex'/2Cf Nu,Rex~/? Rex'/2Cf Nu,Rex~'/? Rex'*Cf Nu,Rex~'/?
0 0.1 1.6019 1.3305 1.6019 1.3305 1.6020 1.3305
0.2 2.0584 1.5352 2.0584 1.5352 2.0584 1.5352
0.5 0.1 0.9271 1.8278 - - 0.9270 1.8279
0.2 1.1912 2.0700 - - 1.1912 2.0700

The parametric study results reported in this section are displayed using graphical illustrations to highlight the effect
of several parameters such as K, Ds, K, K, Ks ¢1, ¢» as well as stretching parameter £ on velocity, temperature, and
concentration. Numerical computations are done for 0.5 < K;<4.0; 0.0 < Ds < 3.0; 0.05< ¢1, 2 <0.09; 0.5 <K < 1.5;
0.0<K:<5;0.1<Kw<0.5;0.5<e<4.0.

The variation of non-dimensional velocity distribution against the similarity variable 77 is shown respectively in
Figure 2 for a few sets of values of £and K.

Figure 2 depicts the dynamic behavior of axial velocity for different values of K; and €. The curves corresponding
to various values of € exhibit a slight vertical shift for a given K;. From this figure, as the porous medium parameter
increases, the velocity decreases and consequently the dynamic boundary layer becomes thicker. This effect physically is
due to the enhanced resistance imposed by the porous medium in term of permeability on the fluid flow. Additionally, the
presence of nanoparticles in a nanofluid can also influence flow through porous media, potentially leading to changes in
permeability due to particle interactions with the pore walls or the formation of particle bridges. The same tendency was
observed by Kameswaran et al. [41] for single nanoparticles (Al,O3 / water) nanofluids. Furthermore, a higher stretching
parameter promotes faster flow and results in a larger momentum boundary layer.
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Figure 2. Variation of velocity profiles with #, for varying € and Ki
(Ds=1.0,Pr=6.2,Kc=Ks=0.5,Sc= 1.0, Ksv=0.1, ¢1 =p2=0.02)

The temperature distributions against the space variable 77 are demonstrated in Figure 3 for some values of thermal
dispersion Ds and stretching parameter €. A notable observation from this figure is that the temperature profiles gradually
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approach zero as the distance from the boundary increases, ensuring compliance with the boundary conditions. An
analysis of this figure reveals that the temperature profiles increase in direct proportion to the thermal dispersion
parameter. In addition, the increasing in thermal dispersion term leads to enhance the thermal boundary layer thickness.
These outcomes are subjectively like those got by Sudhagar et al. [15] on account of a Buongiorno nanofluid. The effect
of thermal dispersion increases the temperature, bringing about surpassing flow rates at the surface. This is in agreement
with the expected physical behavior. Besides, the augmentation in stretching parameter leads to reduction in the
dimensionless temperature.
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Figure 3. Variation of temperature profiles with n, for varying € and Ds
(K1=1.0; Kc =Ks = 0.5, Sc=1.0, Ksv=0.1, 01=¢>=0.1)

The numerical results for the mass transport of chemical species (A) are presented in Figures 4-6 for different values
of some governing parameters, namely K., K, and K;. Figure 4 represents the effects of the parameter surface-catalyzed
K,s and homogeneous reaction parameters K. on the dimensionless concentration G(7). The numerical results show that
an improvement in Ky, and K reduces the concentration, causing the mass boundary layer becomes to thicken. Physically,
when the reaction interface on solid matrix of the porous medium augment, the catalyzed reaction accelerates and the
concentration of species (A) reaches its lowest a fixed position 1 gradually. Liu et al. observed the similar results for
Al,Os-water nanofluid (see [23]). The impact of both the stretching parameter and the heterogeneous reaction parameter
is displayed in Figure 5.

From this figure, it is observed that for £ = 0.1 the concentration of the species (A) is lower compared to the
concentration when €= 3.0 at ( 77 = 0) which means that when the stretching velocity is slow, the reaction on the sheet
becomes faster. In addition, the augmentation in K, promotes the catalytic reaction at the surface of the sheet.
Consequently, the mass transfer becomes more important, and the boundary layer becomes thicker. Figure 6 illustrates
the influence of the combined effect of K., Ky, and K on the decay of the concentration profile when the spatial variable
(n) is equal to zero. It is observed that an increase in homogeneous and heterogeneous reaction parameters leads to a
decrease in the concentration of species and the mass transfer rate to the plate. Furthermore, it is observed that the
concentration at the surface decreases as the strength of the HOM-HET reactions increases. It is worth noting that the
surface catalytic parameter has a significant influence on the surface concentration. The intense surface catalytic reaction
on porous media leads to a lower wall concentration.
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Figure 4. Effect of Ksv and Kc on the concentration profiles.
(K1=1.0,Ds=1.0, Pr=6.2, Sc = 1.0, 1= ¢2 =0.05).
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G(0)

Figure 5. Effect of Ks and € on the concentration profiles.
(Ki1=1.0,Ds=1.0,Pr=6.2, Kc=0.5, Sc = 1.0, Ksv = 0.1, 1= ¢2 = 0.05).
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Figure 6. Effect of Ksv, Kc and Ks on the concentration profiles G (0)

(Ki=1.0, Ds = 1.0, Pr= 6.2, Sc =1.0, ¢:1= ¢o= 0.05; £ = 2)

The effects of increase in the values of & @i, ¢, K1, and Ds on the skin friction, which is proportional /" (0), and the
Nusselt number which measures the rate of heat transfer at the plate and can be measured as a variation in 8”(0) as
mentioned in Eqs (16 and 17). Some values of these interest quantities are calculated in Table 4.

Table 4. Values of Re,"* Nu, and Re!” C, for selected values of parameters. Ke =K =1.0, Ky =0.10, Sc = 0.5.

€ o=@ Ki Ds Rei/z C/ Re;l/z Nu,
0.5 0.05 1.0 1.0 0.6507 1.7270
1.5 - - - -0.6507 1.7040
2.0 - - - -1.3013 1.6835
4.0 - - - -3.9040 1.5925
2 0.01 1.0 1.0 -2.2333 1.4151
- 0.05 - - -2.5974 1.6835
- 0.07 - - -2.7600 1.8294
- 0.09 - - -2.9116 1.9841
2 0.05 0.5 1.0 -2.4716 1.6936
- - 1.0 - -2.5974 1.6835
- - 2.0 - -2.8331 1.6654
- - 4.0 - -3.2551 1.6359
2 0.05 1.0 0.0 -2.5874 2.9281
- - - 0.5 -2.5874 2.0904
- - - 1.0 -2.5874 1.6835
- - - 3.0 -2.5874 1.0403

It can be seen the augmentation in the stretching parameter and volume fraction of the hybrid of nanoparticles leads
to enhance the heat exchange between the surface of plate and the fluid on porous medium. This augmentation is due to
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presence of nanoparticles, which include a higher thermal conductivity as compared with clear nanofluid (¢1 =¢, =0). On
the other hand, when the thermal dispersion and porous medium parameter rise up the heat transfer rate decrease.
Regarding the skin friction coefficient, it can be observed that the presence on nanoparticles can ameliorate the skin
friction. Whereas, the stretching velocity speed up the friction coefficient decrease. The same tendency observed for
porous medium parameter. Physically, this effect is due to the presence of hybrid nanoparticles, which gives a higher drag
force in opposition to the flow in porous medium.

CONCLUDING REMARKS
In this work, we studied the impact of thermal dispersion under the presence of coupled homogeneous-heterogeneous
reactions on a convective flow through a porous medium filled by hybrid nanofluid. Copper (Cu) and aluminum oxide
(ALLOs) were taken as nanoparticles and water as the base fluid. We used the Darcy model in the momentum equation and
we supposed non-uniform boundary conditions in term of temperature and velocity. The partial differential equations are
converted into ordinary differential equations applying appropriate similarity transformations. Validated by some results
shown in the literature. The important results of this parametric study are summarized below:
e  The presence of thermal dispersion plays a significant role in the modification temperature field and heat
transfer rate.
e  The homogeneous and heterogeneous reactions parameters cause a decrease in the species concentration and
the rate of mass transfer at the plate.
e  The presence of porous medium parameter leads to decrease the velocity near the plate and the local Nusselt

Number.

e  The presence of hybrid nanoparticles in working fluid enhance the both of skin friction coefficient and the heat
transfer rate.

e  The changing in the stretching parameter leads to improve the dynamic behavior and the heat transport near
the sheet.
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BILINB KOMBIHOBAHUX XIMIYHUX PEAKIINA TA TEILIOBOI TUCITEPCIi HA KOHBEKTUBHHUM MMOTIK
Y IIOPUCTOMY CEPEAOBHUIII 3 I'TBPUIHOIO HAHOPIIUHOIO
3oxpa Tepoiuie®, Xam3za Aai Ara*?, Cygian Paxan®, Haaip Byrans6i®
aJlabopamopis 6iomamepianie ma sisuwy neperocy (LBMPT), Texnonoeiunuil paxynomem, Yuieepcumem Hxis @apec Medeiicvkuii,
Ione Ypben Meoeticoruii, 26000, Anxcup
bJlabopamopis mexanixu, mamepianie ma enepeemuxu (L2ME), Texnonoziunuii paxynomem, Yuisepcumem A. MIPA 3 Beooicai,
Tapeya Yamyp Beoacas, 06000, Anscup

Lle mocmimkeHHS XapaKTepHU3YeThCSl YHUCETHHHM aHalli30M BIUIMBY TEIUIOBOI JUcHepcii Ha IMOTIK TEIUIo- Ta MacoIepeHOCy IO
pPO3TATYBaHOI IUIACTHHH B HACHUYCHOMY IIOPHCTOMY CEpENOBHINI, 3aloBHEHOMY TribpumHoio HaHopizmHoro Cu/Al203-Bona,
BpaxoBylour HasiBHICTh romoreHHnx (HOM)-rereporennnx (HET) ximiunnx peaxuiil. [ToGymoBaHo HOBy Mozesb XiMIYHHX peakiiit
(HOM-HET), ne peaxuii (HET) BinOyBatoThCst Ha HOBEPXHSIX TBEPIOi MaTPUIli B TIOPHCTOMY CEPEIOBHII Ta IUIACTHHI, JOTPUMYIOYUCH
KIHeTUKH Tepuoro mopsaky. Ha BigmiHy Bin mporo, romoreHHa peakuiss (HOM) BinOyBaeTbess B pifkiii ¢asi Ta onmcyerbes
130TEepMIYHOI0 KYOiYHOIO aBTOKATAJITHYHOK KiHETHKOIO. SIBHIA IMITyJbCy, €Heprii Ta MacONepeHOCy BH3HAYaloThCS HabOpOM
qudepeHIiaIbHUX PIiBHSIHD 3 YaCTUHHHMH TOXiTHUMH 3 BiAMOBIAHMMHU NEPETBOPSHHSIMHU MOAIOHOCTI, SIKi JAOTh YOTHPH 3B'A3aHi
HeNiHiiHI 3BUYaiiHi nudepenuianpHi piBHAHHSL. OTprMaHa CUCTEMa PiBHSHb, 1[0 BH3HAYAE, PO3B'A3YETHCS YUCEIBHO 32 TOIOMOTOI0
00YnCITIOBAIFHO €(DEKTHBHOI CXeMHU CKiIHYEHHHX Pi3HUIb. YHCIIOBI pe3yabTaTh MepeBipeHo IUIIXOM ITOPIBHIHHS 3 HASSBHUMH JaHUMU,
III0 TT0KA3y€ XOPOIIY Y3romKeHicTh. UNCIO0BI pe3yIbTaTH JeMOHCTPYIOTh BIUTUB ()i3MYHHX ITapaMeTpiB KepyBaHHS Ha JUHAMIKY ITOTOKY,
PO3MOUT TeTTa Ta MPpodisi KOHIEHTpaMii pO3YNHEHHX pedoBHH. KpiM TOTO0, KIIFOY0BI XapaKTEepHCTHKN PO3UHMHY, BKITIOUAI0UYN YHCIIO
Hyccenpra Ta KoedimieHT TepTs HOBEpXHi, 3BeCHI B TAOIHII.

KurouoBi ciioBa: ciopuona nanopiouna, mepmivna oucnepcis, ROmiK y mouyi 3acmoio, nopucme cepeoosuuye
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There are different approaches for treating invasive and non-invasive tumors. The flowing fluid (blood) provides the required nutrients
to the tumors and absorbs the suspensions. Drug delivery systems are dependent on the medium (flowing fluid) that carries the drugs.
The blood vessels usually carry drugs to the targeted regions that treat the affected region. This situation varies the concentration of the
tumor surrounding the medium. The system is monitored under a magnetic field that is applied at an angle (0 < a < 90). The system
of the blood flow surrounding a tumor is governed by partial differential equations (PDEs). The Governing equations are solved using
the mathematical function PDEPE in MATLAB. The effects of different parameters, concentration parameters, inclined magnetic field,
porosity, on fluid (blood) velocity, and medication (drug) velocity in the presence of volume fraction. Flow patterns so obtained show
significant effects that help to treat the deceased regions clinically. The numerical results are interpreted through the graphs drawn.
Keywords: Two-Phase Inclined MHD Blood Flow,; Porous Tumor Regions,; Concentration, Volume Fraction

PACS: 02.30.Jr, 47.56.+t, 52.65.Kj, 47.70.Fw

INTRODUCTION

Cancer in the present is a big threat to the whole society, as this is the only cause of death compared to HIV, TB, and
Malaria altogether. The cancer region (tumor region) is treated using different therapies like radiotherapy, immunotherapy,
chemotherapy, and targeted therapy. There are ways to send the drugs, like external agents (medicines/drug particles)
through the drug carriers, like blood flow. Life expectancy is very unpredictable due to huge deaths from cancer, heart
attacks, and many other diseases, even after a massive development in medical science. This challenge is mounting day
by day, so the required services and infrastructure are needed more [1]. Several deaths are predicted due to the late
detection of tumors, which are fed by the flowing fluid (blood-carrying suspensions) surrounding the tumor spheroids.
Surrounding the tumor spheroids multiphase fluid flow system occurs. Tumors are found at the apex of bifurcation in
bifurcated arteries. The volume fraction is the space occupied by each phase, and the laws of conservation of mass and
momentum are satisfied by each phase individually.

Plenty of researchers have tried to contribute to the understanding of the Two-phase flow behavior of fluid. Singh
and Singh [2] studied a fluid suspended with dust particles. Heat and mass transfer effects were seen in the presence of
volume fraction along with a magnetic field applied normally to the flow channel. Byrne and King [3] studied two-phase
solid tumor growth. Bogdanov et al. [4] investigated two-phase flow through porous media. Prakash et al. [5] investigated
the blood flow behavior in bifurcated arteries. The authors applied an external heat source to the flowing system. The
authors provided the blood flow variations in the presence of different parameters. Chaudhary et al. [6], Abbas et al. [7],
and Madhura and Shweta [8] provided their investigations on two-phase studies with volume fractions. Volume fractions
play a vital role when fluid flows through porous media. There are pores in a medium that absorb the suspension-like
drug, which is carried by blood in case of flow through the tumor spheroids. That enhances the size of the tumor. Chen et
al. [9] used positron emission tomography to understand tumor permeability and blood flow transactions. Thulborn et al.
[10] studied the view of chemoradiation, the number of drugs used during chemotherapy, tumor cell volume, and amount
of cell killing volume. Thus, further studies of volume fraction along with heat stress create significant scope in tumor
studies. Wirthl et al. [11] and Bera et al. [12] examined tumor development under the multiphase system. Flowing fluids
carrying the nanoparticle suspension. The magnetic field is applied under thermal conditions. Kumar et al. [13] studied
blood flowing through the apex of a bifurcated artery with a tumor. The amount of drug is applied that creates chemical
reactions, and this supports tumor treatments. Heat transfer is applied where an inclined magnetic field supports the study.

Darvishi et al. [14] provided a cost-effective drug delivery system for tumor treatments using magnetized
nanoparticles, which is nothing but monitoring of drugs as a model of volume fraction in the presence of heat and mass
transfer. Most recently Wang et al. [15] investigated the impacts of porosity and volume fraction to understand the atomic
behavior of cancer cells. The authors have used the molecular dynamics method in the formation of hematogenous
metastasis. Yadav et al. [16] have investigated a two-phase blood flow study through the porous channel.

Maslov et al. [17] discussed drug deliveries in terms of their concentration. The authors focused on heavy
concentrations of the drugs affecting drug distribution and the local region biologically. The findings say that high
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concentrations give good agreement with high concentrations. Shakya [18] identified the role of chemistry in cancer
treatment. The harmful disease for the whole of humanity, cancer, is treated by several therapies using external drugs in
the form of tablets. Chemical reactions are observed to serve the badly affected regions. Recent chemistry roles are
developing the efficacy of drug delivery systems, and it has been proven to be cost-effective, too. Ezike et al. [19]
investigated and compared the systematic drug delivery systems with the usual ones. The authors did a critical review of
their observations that the targeted, biocompatible, biologically acceptable drugs are giving better results in the form of
nanomaterials. They found that the clinically administered drugs that change and affect the biological environment can
be administered well to treat the patients without harming them. In the critical review of Jain [20], fluid(blood) transport
plays a key role in growth, metastasis, identification, and survival from tumor decreases. Radiotherapy requires a rich
amount of oxygen in the tumor environment. In contrast, chemotherapy and immune therapy require a significant number
of drugs that can be carried out through the blood vessels, along with blood. Thus, this study of blood transport with drug
suspensions with different parameters becomes a necessity. In the present investigation, a single-phase study of blood
flow in a bifurcated region is further studied with some drug-loaded (concentration) suspension with fluid. Thus, the two-
phase flow behavior of flowing biofluid in the tumor-surrounded region is investigated as a drug delivery system.

MATHEMATICAL FORMULATION
The flow channel is considered as a conducting parallel plate channel at 2b apart. The flowing fluid blood of density
p is considered Newtonian, homogeneous, and viscous. The flowing channel has a tumor region of rectangular shape,
having pores surrounding it. The non-conducting drug mixture is loaded into the blood. The flowing region is under an
external magnetic field B, applied at an inclination of angle a@. Mostly, these tumors are found at the apex of the
bifurcation of the arterial flow (channel), where the angle of bifurcation is zero. The magnetic field produced due to
induction is negligible, and the Reynolds number Re is kept low to maintain the flow laminar.

)

y=b Tumor-surrounded region
In flow region © ———»Outflow region
y=-b Bifurcated region

Applied External Inclined Magnetic Field
Figure 1. Schematic diagram of the flowing fluid surrounding the tumor spheroid

Blood flow through a porous medium under a magnetic field and mass transfer, followed by the assumptions
considered in the mathematical formulation, is taken as two-dimensional boundary layers. Let u* and v* are the velocity
of blood and suspension (drug), respectively, at time t in the flow field. 7 is the viscosity of the blood while p* is pressure.
B' is the volumetric expansion parameter for concentration, « is the angle of inclination of the applied magnetic field,
and K™ is a porosity parameter.

e out oy (_10p* | notu re, . , . _6355—1'”20( R
(1-¢955 =1 - ¢ (-25E+255) + gB'(C — C)" + KN =) u - —u (1)
ov* 12 * *
mpa—vt=K(u —v%) 2
ac* a2c*
o~ Doy )
D is for diffusion of drug particles
The non-dimensional variables are
Xy ot v __ —(dp*/dx") _n . _ t __ C*(2b3p?) _ K
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The non-dimensional governing equations of motion are:
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Sc  (Schmidt number) = Dn—p, M? (Magnetic Field Parameter) = %, (Porosity  parameter) = %,
! 2
G (Particle Mass Paprameter) = przgg,, R (Particle Concentration Parameter) = KR
The boundary conditions are:
u=e Nt p=e Nt (=t aty = —1
u->0, v-0, c=0 aty =1 7

The governing PDEs are solved by the function PDEPE in MATLAB. The PDEPE solver available in MATLAB is
an easy and practical tool for simulating and visualizing models, serving as an alternative approach for solving initial
boundary value problems (IBVP) related to parabolic and hyperbolic equations. The PDEPE is a built-in function that
employs a second-order spatial discretization technique, which is developed by utilizing the x-Mesh and t-Span
parameters. The accuracy, consistency, and expense of the computational approach rely on the mesh size employed. The
function PDEPE operates in tandem with the stiff ODE solver odel5 for effective calculations, utilizing time step values
that are dynamically modified to maintain the precision of the PDE solutions.

RESULTS AND DISCUSSION

The transport of biofluid (blood) and the suspensions (drug material) is investigated in terms of velocity profiles for
the different phases against different parameters through Figures 2 to 10. In this investigation of numerical results, some
of the values are considered fixed values t = 1, T = 0.25, h=0.5, K =2, R = 0.5(concentration), G = 0.8(particle mass),
A=1,M=0.5, a =30° ¢ = 0.2.

The amount of drug is loaded in the fluid for treating the affected tumor-surrounded region, which is mathematically
formulated as a concentration amount. Thus, fluid concentration will change the viscosity of the fluid even if the flow is
Newtonian. Figures 2-7 represent the velocity profiles for the drug-carrying fluid (blood) and suspension (drug) in the
affected region for the magnetic field intensity M(0.5, 1, 1.5), concentration of drug amount R (0.5, 1, 1.5), and decay
parameter A (0.8, 0.9, 1.0), angle of inclination of the applied magnetic field (30", 45", 60"), added particle mass G (0.8,
1, 1.2) and the Schmidt number Sc (2, 2.4, 2.8). The flow regions are considered in the entire channel region between
y =-—1 and y = 1. Velocity profiles are showing decreasing trends against increasing values of the parameters,
respectively. Suspension particle (drug) velocity is less than that of the drug carrier. Velocity at the walls is almost zero
due to the drag force at the slip region.
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Figure 2. Fluid and suspension velocity for magnetic field M Figure 3. Fluid and suspension velocity for particle
concentration R
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Figure 6. Fluid and suspension velocity for particle mass

parameter G Figure 7. Fluid and suspension velocity to Schmidt number Sc

Figures 8-10 are structured to represent the velocity profiles for the drug-carrying fluid (blood) and medication
(drug) in the affected region for the volumetric expansion coefficient §'(1.5, 2, 2.5), volume fraction parameter ¢(0.01,
0.1, 0.2) and porosity parameter K (1.5, 2, 2.5). The flow regions are considered the entire channel region between y =
—1 and y = 1. Velocity profiles are showing decreasing trends against increasing values of the parameters, respectively.
Suspension particle (drug) velocity is less than that of the drug carrier. Velocity at the walls is almost zero due to the drag
force at the slip region.
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expansion due to concentration 3’

Figures 11 and 12 are depicted for the concentration profile against the Schmidt number Sc (2, 2.4, 2.8) and the
decay parameter A4 (1, 1.1, 1.2). Both parameters decrease the concentration profile for increasing values. This indicates
that once the diffusion of the drug is reduced, the concentration will also be reduced. Moreover, due to the flow force
fraction, one of the boundaries of the tumor region is concentrated more, which increases the drug load. This will improve
the efficacy of drug delivery.
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Figure 12. Concentration profile for decay parameter A

CONCLUSION

The present investigation is conducted to see the effect of volume fraction and high drug concentration on two-phase
flow behavior in the tumor surrounding regions. Effects of various parameters on flow profiles of blood-carrying
medications (drug) and concentration profiles are concluded as:

The concentrated drug is flowing in the entire affected region along with a mixture of many flowing
components.

The flowing two-phase fluid (blood) along with the medications (drug particles) mixed with are, is transported
with varying velocity profiles with a pulsating nature, with almost zero at the boundaries and maximum in the
middle of the channel.

The drug-carrying fluid supports the transport of the drug in the affected region as the medication velocity is
less than that of the drug carrier.

The increasing magnetized region (M) that is applied at different increasing angles () gives a reduced flow as
the high concentration is used within the flow channel to treat the affected region.

Increasing values of R (particle concentration parameter), A(decay parameter), G (suspension mass parameter),
Sc (Schmidt Number) reduces the velocity of both phases. In the presence of dense medications (heavy drug
load), low diffusions, and reduced flow rates give good indications to reduce inflammations.

Rising values of K (porosity parameter), §’(volumetric expansion parameter for concentration), @ (volume
fraction parameter) increases the velocity for both the fluid phases. These increasing velocities need to be
monitored during treatment as flow rates will increase, which will lead to a jump in pressure on the walls of the
fluid carrier.

Increasing A, and Sc (Schmidt number) reduces the concentration profile of the affected area as diffusion is
reduced.

The above results are based on a mathematical formulation and computational approach. Further, these numerical
approaches need to be validated clinically by the medical community.
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JABO®A3HUN NOXUJINAA MIJI-IIOTOK KPOBI B HOPUACTIM ALJIHI ITYXJIMHHA 3 KOHIEHTPAIIIEIO
TA OB'€EMHOIO ®PAKIIEIO
JI. Kymap?, M. TapBanaxa?, C. Kymap®, H. Jleo®
“Kaghedpa xomn'tomeprux ma ingpopmayitinux Hayx, Yuieepcumem mexnonozitt ma npuxkiadnux Hayk-Lllunac, Oman
bYuisepcumem doxmopa Bximpao Ambedxapa, Azpa, Inois
¢Onkonociune 8iodinenns, nikapus Synergy, Aepa, Inoisa

IcHylOTBH pi3HI migXoaM MO JIKyBaHHS IHBa3UBHUX Ta HEIHBA3MBHHUX NyxiuH. Pimuna, mo Ttede (kpoB), 3a0esmedye IyXJIHMHU
HEeOOXiTHMUMH NO)KUBHUMH PEUOBHHAMHM Ta IOINIMHAE cycreHsil. CHcTeMU OCTaBKHU JIIKIB 3ajie)aTh Bill cepeloBHIIa (piAMHH, 110
Teue), IKe MEPEHOCUTH JIiki. KpOBOHOCHI CyanHM 3a3BHYail IEPEHOCATH JIIKK 10 IIJIbOBUX IUISHOK, SIKi TIKYIOTh ypaxeHy IUTSHKY. L5
CHUTYyallis 3MiHIOE€ KOHLICHTpALl0 MyXJHHH HaBKOJIO cepenoBuiia. CHcTeMa KOHTPOJIOETHCS Wil Ii€I0 MAarHiTHOIO IIOJS, SKe
npukinagaerbes mig kytoM (0<\0<90). Cuctema KpOBOTOKY HABKOJIO MYXJWHH BU3HAYAEThCS MU(GEPCHIIATbHUMU PIBHAHHAMH B
yactuHHUX noxinaux (PUII). BuzHauansHi piBHSHHS po3B's3aHi 3a qonomororo Maremarnynoi ¢pyHkmii PDEPE 8 MATLAB. Brums
pi3HMX IapaMeTpiB, MapaMeTpiB KOHIEHTPAILi], TOXMIOTO MAarHITHOTO IOJIS, HOPUCTOCTI, HA MBHAKICTD PiMHH (KPOBI) Ta IIBUIKICTH
JiKiB (mpemnapariB) 3a HasBHOCTI 00'eMHOI (paknii. OTprMaHi TAKUM YMHOM KapTHHH IOTOKY JEMOHCTPYIOTh 3HAYHUH BIUIHUB, IO
JloTIoMarae KJIiHIYHO JIKyBaTH ypaskeHi JUITHKY. UHCIIOBI pe3ysibTaTh iHTEPIPETYIOTHCS 3a JOIOMOTOI0 To0yI0BaHHUX IpadiKiB.
KurouoBi ciioBa: osoghaznuii noxunuii MIJ[-kposomik; nopucmi OiIAHKYU NYXAUHU, KOHYEeHmMpayis, 06'emMua yacmka
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This study presents a detailed investigation of the modulational stability of interfacial wave packets in a two-layer inviscid incompressible
fluid with finite layer thicknesses and interfacial surface tension. The stability analysis is carried out for a broad range of density ratios
and geometric configurations, enabling the construction of stability diagrams in the (p, k)-plane, where p is the density ratio and k
is the carrier wavenumber. The Benjamin-—Feir index is used as the stability criterion, and its interplay with the curvature of the
dispersion relation is examined to determine the onset of modulational instability. The topology of the stability diagrams reveals several
characteristic structures: a localized loop of stability within an instability zone, a global upper stability domain, an elongated corridor
bounded by resonance and dispersion curves, and a degenerate cut structure arising in strongly asymmetric configurations. Each of
these structures is associated with a distinct physical mechanism involving the balance between focusing/defocusing nonlinearity and
anomalous/normal dispersion. Systematic variation of layer thicknesses allows us to track the formation, deformation, and disappearance
of these regions, as well as their merging or segmentation due to resonance effects. Limiting cases of semi-infinite layers are analyzed to
connect the results with known configurations, including the ‘half-space—layer’, ‘layer—half-space’, and ‘half-space—half-space’ systems.
The influence of symmetry and asymmetry in layer geometry is examined in detail, showing how it governs the arrangement and
connectivity of stable and unstable regions in parameter space. The results provide a unified framework for interpreting modulational
stability in layered fluids with interfacial tension, highlighting both global dispersion-controlled regimes and localized stability islands.
This work constitutes Part I of the study; Part II will address the role of varying surface tension, which is expected to deform existing
stability domains and modify the associated nonlinear—dispersive mechanisms.

Keywords: Modulational stability; Interfacial waves; Two-layer fluid; Benjamin-—Feir instability; Surface tension

PACS: 47.20.Dr, 47.20.Ky, 47.35.Bb, 47.35.Pq

1. INTRODUCTION

This study investigates wave packet propagation along a two-layer fluid interface with surface tension, focusing on
modulational instability as a fundamental nonlinear mechanism. First described by Benjamin [1] and formulated via the
nonlinear Schrodinger (NLS) equation by Zakharov [2], modulational instability plays a central role in nonlinear wave
evolution. Classical multiple-scale derivations of the NLS equation for modulated wave packets in layered fluids were
carried out by Hasimoto and Ono [3] for a single layer and by Nayfeh [4] for a two-layer configuration, with later refinements
for interfacial waves by Grimshaw and Pullin [5] and Selezov et al. [6]. These works established the theoretical basis for
studying stability boundaries in terms of nonlinear—dispersive balances; however, they did not include the specific ‘layer
with a solid bottom — layer with a rigid lid’ (La—La) configuration considered here.

A broad range of studies has addressed nonlinear wave propagation in two-layer and interfacial systems. Oikawa [7]
analyzed resonant interactions between internal gravity waves and surface wave packets, while Ablowitz and Haut [8]
developed coupled NLS models for interfacial flows with a free surface. Christodoulides and Dias [9] investigated the
stability of capillary—gravity interfacial waves between two bounded fluid layers, including limiting configurations such
as ‘lower half-space—upper layer with rigid 1id’ and ‘half-space—half-space’. Avramenko et al. [10] examined dispersion
relations in a two-layer liquid with a finite-depth free surface, and Panda and Martha [11] incorporated surface tension
in scattering problems over a permeable bottom. Purkait and Debsarma [12] studied oblique wave packet interactions
in a two-layer fluid with an infinitely deep lower layer, finding that instability growth rates depend strongly on upper
layer thickness. More recent works by Li et [13, 14, 15, 16] and Pal and Dhar [17, 18] extended the multiple-scale
framework to include arbitrary depths, surface tension, and background currents, revealing significant modifications of
instability thresholds and growth rates. While these studies identify key physical mechanisms in specific configurations,
none systematically characterizes modulational stability in a La—La system with arbitrary finite thicknesses.

Benjamin—Feir type instability of internal gravity waves has also been widely investigated in geophysical and
atmospheric contexts, revealing diverse instability mechanisms. Talipova et al. [19] demonstrated modulational instability
of long internal waves in horizontally inhomogeneous oceans, while Liang et al. [20] identified inherent instability via
resonant harmonic generation. Chow et al. [21] analyzed instability in smoothly stratified shallow fluids, and Voelker
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and Schlutow [22] reported cascades of modulation and shear instabilities in vertically sheared flows. Kuklin and
Poklonskiy [23] examined anomalous amplitude waves in the ocean, showing their persistence, enhanced modulation
instability, and ability to propagate over long distances. Recent rigorous analyses, such as Bianchini et al. [24] for the
Boussinesq system and Lashkin and Cheremnykh [25] for atmospheric waves, provide quantitative thresholds for instability
onset. Although these studies deepen understanding of modulational instability in complex media, the combined effects
of finite thickness and surface tension in the La—La configuration remain unexplored.

There has also been sustained interest in the role of surface tension and higher-order effects in wave stability. Ionescu
and Pusateri [26] and Diill [27] examined global regularity and the validity of the NLS approximation for water waves with
capillarity, while Sedletsky [28] derived a fifth-order NLS equation for finite-depth gravity—capillary waves. Ablowitz
et al. [29] analyzed six-wave interactions and resonances, demonstrating the complexity of nonlinear—dispersive interplay
with surface tension. However, no comprehensive topological description of modulational stability diagrams has been
given for a two-layer finite-depth La—La system.

The present paper (Part I) addresses this gap using multiscale expansion with symbolic computation, verifying results
through limiting transitions to the ‘half-space—layer’ (HS—La), ‘layer-half-space’ (La—HS), and ‘half-space-half-space’
(HS-HS) configurations. A companion study (Part IT) will focus on the influence of surface tension magnitude on the
topology of stability boundaries, revealing additional stabilization and destabilization mechanisms.

2. PROBLEM FORMULATION AND SOME PRELIMINARY BACKGROUND
2.1. Wave packets in a two-layer fluid and their modulational stability condition

We consider the propagation of wave packets along the interface z = r7(x, t) between two incompressible fluid layers,
Q, and Q,, with densities p; and p;, respectively. The effect of interfacial surface tension 7" acting on 77(x, t) is taken into
account. In the undisturbed state, the domains are Q; = {(x,7) : |x] < oo, —h; <z <0}, Q ={(x,2) : |x|] <00, 0<
7 < hy}, where k) and hy denote the layer thicknesses (Figure 1).

The problem is formulated in dimensionless variables by introducing characteristic scales based on gravitational
acceleration g, the density of the lower fluid p;, and a reference surface tension 7yp. The characteristic length, time,
and mass are defined as L = (Ty/(p1g))"/?, 1o = (L/g)"/?, and my = p;L>. Dimensionless variables (denoted by an
asterisk) are then introduced as (x*,z", h}) = (x,z,h1)/L, (p},p3) = (p1,p2)/p1, t* = t/to, T* = T/To, n* = n/(al),
and (¢7, ¢3) = (1, ¢2)/ (aL?/ty), where & = a/l is the small wave—steepness parameter, with a the maximum interface
displacement and / the wavelength, and p = p,/p; is the density ratio. In the analytical derivations the parameter 7T is
retained explicitly, while in the numerical analysis and in all stability diagrams presented below the dimensionless surface
tension coefficient is fixed at 7 = 1.

Figure 1. Statement of the problem.

In nondimensional variables, the problem is formulated in terms of the velocity potentials ¢ (x, z, ) and the interface
displacement 7(x, t), with the governing equations and boundary conditions given by

A¢j=0, (x,z)er,
Ne—Pjz=—anxdjx z=an(x,1),
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1 2 _1 2 2] 732
b1 = pdo+ (1= )+ 3o (V81 = Jap (V62 =T 1+ ()| =0, z=an(xn,

¢1,Z =0, z=-h, ¢2,Z =0, z=nh. @))

Following the multiple-scale method, we represent the unknown fields as

(7, ¢]) = Za 77n’ ¢]n +0((13)

with slow variables x,, = a"x, t, = "t (n = 0, 1, 2), and expansion coeflicients 7,,, ¢ .
From the first approximation of the problem (1) we obtain the dispersion relation

k(1-p+TK?)

= , 2
cothkhy + p cothkhy 2)

where k is the carrier wave number and w the carrier frequency.
The second-order problem yields the amplitude of the second harmonic in the form

p coth? khy — coth? khy + 4p coth 2kh, coth khy — 4 coth 2khy coth khy —3(p — 1)

A = 0.5kw?
ATk3 — kp + k — 2w? (p coth2khy + coth2khy)

3)

At third order, the solvability condition together with (2) and (3) gives the nonlinear Schrodinger equation
A +iw A, +0.50"A = —aw T A%A, 4)

where A is the complex conjugate of A, ' = dw/dk is the group velocity, and w” = 32w /dk>.
The Benjamin—Feir index J is explicitly

1

J=- 2kw*(1 = p)A |-3p coth? khy + 3coth® khy — 1 +
16(1—p)[pcothkh2+cothkh1]{ @ (1= p)A [=3p coth® kha + 3 coth” khy = 1+ p]

2
_ 4ko* [p (coth2 khy — 1) - (coth2 khy — 1)]
— 4k*w*(1 = p) [p coth® khy + coth® khy — 2p coth khy — 2 cothkhy| — 3Tk’ (1 - p)}. (5)

A purely temporal solution of (4) reads A(¢) = a exp(iaazw‘lJ 1), where a is a constant envelope amplitude. Following
[4], the modulational stability condition is obtained by linearizing equation (4) around a uniform envelope solution and
analysing the evolution of small harmonic sideband perturbations. The sign of the product J w’ determines the outcome:
stability occurs when

Jw" <0, 6)

while J w” > 0 indicates modulational instability.

The criterion (6) provides a simple yet powerful diagnostic for determining whether a quasi-monochromatic wave
packet is modulationally stable or unstable. If J w’”’ < 0, the effects of nonlinearity and dispersion counteract each other,
preventing the growth of sideband perturbations and ensuring the persistence of a uniform packet. Conversely, when
J " > 0, nonlinearity and dispersion act in unison, amplifying small sideband disturbances. This cooperative interaction
leads to the exponential growth of modulation, breakdown of the initial packet, and, in many cases, the emergence of
localized structures such as envelope solitons or wave focusing events. The sign of J is determined by the balance between
focusing/defocusing nonlinearity, while '’ reflects the curvature of the dispersion relation and thus the type of dispersion
(normal or anomalous) present in the system.

2.2. Limiting cases

The La-La system with finite layer thicknesses /#; and h; reduces in several limiting cases to previously studied
configurations: (i) iy — oo = HS-La [30]; (ii) iy — oo = La-HS [31]; (iii) hy, h, — oo = HS-HS [4]. All key
relations—the dispersion relation (2), the second-harmonic amplitude (3), the evolution equation (4), the Benjamin—Feir
index (5), and the modulational stability condition (6)—degenerate to their known forms in these limits.

In agreement with [4, 9, 31], the condition J = 0 as k — oo yields two vertical asymptotes at

2.2 2412
_2=V2_ o171, o= +\2
242 2-V2

~ 5.8275. @)
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In the special case p = 1 (equal densities), the gravitational restoring mechanism vanishes, but for 7 > 0 the interface
still supports waves due solely to surface tension. This regime models a homogeneous medium with a purely capillary
interface, exhibiting nontrivial dispersion distinct from both surface and internal waves.

The limit p — 1 of J is

4k coth® kh — coth® kh — hkh+1
’ k coth” kh — cot k2 Skcothkh + Tk hi=hy=h,
hgllf = 8 coth® kh
L —00, hy # hy.

®)

For hy # hy, J — —oo for all k, making p = 1 a universal boundary between stable and unstable regimes. For iy = hy,
the limit is finite and sign-changing with k, so p = 1 does not universally separate stability and instability; the outcome
depends on local spectral properties.

3. ANALYSIS OF THE EVOLUTION OF MODULATIONAL STABILITY DIAGRAMS WITH VARYING
LAYER THICKNESSES

3.1. Notation overview for stability diagrams

This subsection provides a general description of the notation and principles used in constructing modulational
stability diagrams in the (p, k) parameter plane for a La—La system. Each diagram contains two principal regions: the
zones of linear instability, indicated by a dark shade, and the zones of linear stability. The latter are further subdivided
into subregions of nonlinear stability, shown as unshaded areas, and modulational instability (i.e., instability of the wave
packet envelope or Benjamin—Feir instability), displayed in a light shade.

The boundary between linear stability and instability is determined by the condition k > k. = +/(p — 1)/T, and the
curve k = k., drawn in black, divides the (p, k) plane into a region of linear instability (below this curve) and a region of
linear stability (above and to the left). Within the linear stability region, the modulational behaviour is determined by the
sign of the product Jw”’. The subdivision into zones is carried out by the curves J = 0 (red), J — oo (blue), and "’ =
0 (green), corresponding respectively to changes in the sign of the nonlinearity, resonant conditions, and changes in the
sign of the second derivative of the carrier frequency w’’ with respect to the wavenumber k, or, equivalently, of the group
velocity.

Figures 2 and 3 present 4 X 4 matrix-format stability diagrams for various combinations of lower-layer thickness 7
and upper-layer thickness h;. Figure 2 covers hy, h; € {1,2,3,4}, allowing one to trace topological changes with small
increments in the system geometry. Figure 3 covers iy, hy € {1,5,9, 13}, enabling the study of cases with pronounced
thickness contrasts and analysis of limiting regimes. The case #; = 1, hy = 1 appears in both matrices (Figs. 2a and 3a),
facilitating the understanding of stability/instability evolution with changing geometric parameters. These diagrams are
analysed in detail in the following sections.

Examining the diagonal cells of the matrices in Figs. 2 and 3 reveals the evolution of characteristic curves and the
stability/instability ratio as &) and h; increase synchronously. This approach identifies key topological transitions in a
symmetric two-layer system as it approaches the HS—HS limit (see Sec. 3.2). Analysis of the first column tracks the effect
of increasing A at fixed hy = 1, characterising transitions in an asymmetric system towards the HS—La limit (see Sec. 3.3).
Analysis of the first row shows the changes occurring when £, increases at fixed k; = 1, identifying transitions towards
the La—HS limit (see Sec. 3.4). In this context, several recurrent topological structures will be encountered, namely the
upper stability region, the stability corridor, the loop, and the cut, which will serve as reference features in the subsequent
analysis.

3.2. Modulational stability diagrams for equal layer thicknesses

We now examine how the topology of modulational stability diagrams changes as the equal layer thicknesses 7| =
hy, = h increase. The diagonal entries of the matrix plots in Figs. 2 and 3 trace this evolution from thin layers to the
deep-water limit (HS-HS). In all cases, the principal curves are: J = 0 (red), w” = 0 (green), w = 0 (black), and J —
oo (blue). The sign combinations of J and w” determine stability: instability of the Benjamin—Feir type for J > 0, 0" >
0; the opposite instability for J < 0, w” < 0; and stability when the two effects compensate (J > 0, " < 0 or J <0,
w” > 0). In the following analysis we will also refer to recurrent localized features emerging from these curves, namely
the upper stability region, the stability corridor, and the loop.

Small thicknesses (7 = 1,2). For h = 1 (Fig. 2a), the diagram exhibits the basic topology: a U-shaped J = O curve, a
green w”’ = 0 line starting at (p = 1,k = 0), and a black w = 0 curve slightly below it. The region below J = 0 and
bounded on the right by w” = 0 is modulationally unstable (Benjamin—Feir type), while the upper region above J = 0 is
stable. A second stability region occurs between w’’ = 0 and w = 0 for p > 1.

At h = 2 (Fig. 2f), all four characteristic curves appear, with the / — oo line and a new branch of w”’ = 0 forming, at
small p, a narrow stability corridor separating two instability zones. The overall arrangement to the right of p = 1 remains
close to the 7 = 1 case.
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Intermediate thicknesses (7 = 3,4,5). For h = 3 and h = 4 (Figs. 2k,p), the blue and green curves diverge further at
small p, enlarging the range of stability by compensation. For & = 3, their intersections enclose a lens-shaped stability
region; at h = 4, the stability corridor shifts rightwards and partially merges with regions to the right of p = 1. The
U-shaped J = 0 curve deforms and shifts to smaller k, lowering and displacing the upper region.

At h = 5 (Fig. 3f), a qualitative change occurs: an isolated closed J = 0 curve (a loop) appears in the lower-left
diagram, enclosing a local stability island inside an instability zone (isola-bifurcation between 4 = 4 and & = 5). The
stability corridor continues to widen and link distinct stable zones.

Large thicknesses and deep-water limit (2 = 9, 13, c0). For i = 9 (Fig. 3k), the stability corridor closes into an elongated
loop bounded by J — co and w”’ = 0, forming a stability island in (p, k) space. The J = 0 loop persists inside the main
instability zone. At & = 13 (Fig. 3p), the left-side curves J = 0, / — oo, and "’ = 0 nearly coincide, producing extremely
narrow alternating stability/instability bands and stretching the loop towards the k-axis.

In the limit 7 — oo, the configuration converges to the HS—HS topology [4]: the loop disappears, J = 0, J — oo, and
w” = 0 take their deep-water forms, and the (p, k) plane splits into large continuous stable and unstable regions without
isolated resonance islands.

3.3. Modulational stability diagrams for varying lower-layer thickness at fixed upper-layer thickness

We now investigate the influence of increasing lower-layer thickness 4| while keeping the upper-layer thickness fixed
at hy = 1. The first columns of the matrix plots in Figs. 2 and 3 show the evolution of characteristic curves (J =0, J —
o0, w" =0, w = 0) and the associated stability/instability regions. As in the symmetric case, stability is determined by the
sign combinations of J and w”’, and localised structures such as the stability corridor, loop, and upper stability region are
defined in Sec. 3.1 and referred to here without repetition. A distinctive feature of all asymmetric configurations is that
p = 1 acts as a universal boundary between stability and instability, since lim,_,; J = —oo for i1 # hy, regardless of k, as
follows from Eq. (8).

Small lower-layer thicknesses (7; = 2,3). Transitioning from the symmetric h; = hy = 1 case to h; = 2 (Fig. 2e)
produces a narrow stability corridor at small p, bounded by J — oo and a new branch of w” = 0. Compared to the
symmetric configuration, the corridor is much narrower due to the limited range of compensation between nonlinearity
and dispersion in the asymmetric geometry. At ; = 3 (Fig. 2i), a loop appears below the corridor, tangent to k = 0 and
surrounded by an instability zone. The corridor itself develops two intersections between J — oo and w’’ = 0, segmenting
it into alternating stable and unstable strips. The upper stability region shifts and elongates towards the loop, suggesting
possible merging for larger 4.

Intermediate lower-layer thicknesses (7; = 4,5). For h; = 4 (Fig. 2m), the corridor widens as J — oo and w” =
0 diverge, extending the parameter range for stability by resonance compensation. The loop enlarges, tilts, and shifts
rightwards along k£ = 0, indicating stability for higher p and longer waves. Partial overlap between the loop and corridor
creates a composite stability domain with internal segmentation. At h; = 5 (Fig. 3e), these tendencies strengthen: the
loop expands further and its contact point with k = 0 moves right; the corridor stretches towards larger p and overlaps
more with the loop, forming an extended multi-mechanism stability region separated from the upper zone by the J — oo
resonance line.

Large lower-layer thicknesses (h; = 9, 13). For #; = 9 (Fig. 3i), the loop continues to grow and retain its tilt, with the
contact point shifting further along k = 0. The corridor extends towards higher p, increasing its overlap with the loop
and producing a complex composite stability structure with narrow intervening instability bands. At i; = 13 (Fig. 3m),
the J = 0, J — oo, and w”’ = 0 curves in the left part of the diagram move closer together, narrowing the corridor and
increasing sensitivity to parameter variations, while the loop remains prominent.

Deep lower-layer limit (7, — o). In the limit of an infinitely deep lower layer, the configuration approaches the HS—-La
model [30]. Here, the loop root lies at (p, k) = (0, 0), the corridor broadens and extends to (1, 0), and the upper stability
region approaches but does not merge with the loop due to the intervening J — oo resonance barrier. With the influence
of the lower boundary removed, stability and instability are controlled solely by the interfacial mode and the upper layer,
without additional isolated structures.

3.4. Modulational stability diagrams for varying upper-layer thickness at fixed lower-layer thickness

We now examine how the topology of modulational stability diagrams changes when the upper-layer thickness /;
increases while the lower-layer thickness remains fixed at #; = 1. The first rows of Figs. 2 and 3 trace this evolution. The
principal curves (J = 0, J — oo, w” =0, w = 0) and the sign combinations of J and w’’ determine the stability regimes,
as described in Sec. 3.1. In this asymmetric setting, most recurrent structures disappear: only the upper stability region
persists, intersected by the universal boundary p = 1 corresponding to the vertical / — oo resonance line. For sufficiently
large hy, a new degenerate structure, the cut, emerges from a local degeneracy of w’” without a change in dispersion type.

Small to moderate upper-layer thicknesses (i, = 2,3,4,5,9). For all these cases (Figs. 2b—d, 3b,c), the U-shaped J =
0 branch lies in the left part of the diagram, while an additional J = 0 branch emerges from (p = 1, k = 0) and interacts
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with the vertical / — oo line, producing a stability region absent in symmetric configurations. The lower instability zone
(Benjamin-Feir type) persists, while the U-shaped branch and the upper stability region above it shift slowly towards larger
k, indicating reduced stability for long waves. The right-hand stability zone (J > 0, w"* < 0) bounded by w” = 0 and w =
0 changes little with 5.

Strongly asymmetric case (4, = 13). For h; = 13 (Fig. 3d), a new local structure appears in the lower part of the
diagram: a closed w”” = 0 contour (cut) enclosing a small modulationally unstable area within the main instability zone.
Unlike standard «’’ = O contours, the cut does not change the sign of w’’; instead, it modifies the shape and connectivity
of instability zones and reflects a local degeneracy of the dispersion relation. This structure is characteristic of strong
thickness asymmetry and elongates with increasing /,. In the limit i, — oo, it closes between (0, 0) and (0, 1), yielding
the La—HS configuration [31].

4. ANALYSIS AND DISCUSSION OF THE FORMATION AND DEFORMATION OF PRINCIPAL
STABILITY REGIONS

This section reviews the main stability domains in modulational diagrams of a two-layer fluid: a localized loop, the
upper region bounded by J = 0, and the corridor between J — oo and w”’ = 0; in strongly asymmetric cases a degenerate
cut also appears. Their occurrence, location in the (p, k)-plane, and underlying physical mechanisms are discussed.

4.1. Conditions for the appearance and placement of the loop

The loop appears when the lower layer is at least as thick as the upper one and the overall depth is sufficient to
approach the deep-water regime for internal waves. In these cases, the loop originates from solutions of a single condition
corresponding to the J = 0 curve. This zone represents a localized balance between focusing or defocusing nonlinearity
and anomalous or normal dispersion, in which modulational perturbations are effectively neutralized.

For symmetric configurations (h; = hy), the loop first emerges at relatively large thicknesses (e.g., & > 5 in our
results) and persists for larger 4. With strongly asymmetric large-thickness configurations, it can also occur when the
lower layer is only slightly thicker than the upper. In thin-layer cases (e.g., h1 = 2, hy = 1), boundary effects from the
free surface and bottom prevent the J = 0 curve from forming a closed contour, leaving only open structures such as the
stability corridor.

The loop typically lies beneath the stability corridor, but in some configurations with a much thicker lower layer it
partially overlaps the corridor, producing intricate interleaving of stable and unstable regions. Its point of contact with
the k = 0 axis—when present—marks a long-wave limit of localized stability. This contact point shifts with the &, /h;
ratio: to lower p for strongly asymmetric cases, toward p ~ 0.5 for moderately asymmetric ones, and toward p = 1 for
nearly symmetric layers, without reaching (0, 1). In certain symmetric or near-symmetric large-thickness cases, the loop
remains entirely detached from the k = 0 axis and may approach the corridor boundary instead.

In the limiting HS—HS configuration (%1, i — o0), the loop vanishes, merging with the k = 0 axis. Here, boundary
effects are absent and stability properties are determined solely by the global dispersion characteristics, with no isolated
localized stability regions.

4.2. Influence of geometric parameters on the upper stability region
The upper stability region occupies the part of the (p, k)-plane above the red J = 0 curve. For equal layer thicknesses

it spans 0.1716 < p < 5.8275 as k — oo, with limits given by p = :—\‘g and p = ;ig, in agreement with the relations

in (7). For unequal thicknesses the high-k range splits: 0.1716 < p < 1 contains the main upper region, while 1 < p <
5.8275 contains a other stability zone.

The shape of the upper region depends asymmetrically on the thickness ratio &1 /h,. When the lower layer is thicker,
its dispersion dominates, producing a downward shift of the lower boundary toward the stability corridor and, in some
cases, a “pulling” of the upper region toward a coexisting loop (e.g., #; > hy with moderate asymmetry). When the upper
layer is thicker, the stabilizing mechanism changes: the loop does not form, the pulling effect disappears, and the geometry
of the upper region is altered accordingly.

This asymmetry, seen for various (41, hy) pairs, reflects the different contributions of the two layers to the dispersion
of the internal mode.

4.3. Conditions for emergence, extent, and width of the stability corridor

The stability corridor is defined as the (p, k) region bounded by the blue J = co and green w’’ = 0 curves. It appears
only when the lower layer thickness exceeds a certain threshold: for #; = 1 the corridor is absent for all tested %, values,
while a very narrow corridor forms at #; = 2 and expands with increasing h,. Further increase to h; = 3—4 significantly
widens the corridor at small p, extending its reach toward higher p values; for large #; and h; (e.g., 5-13) it becomes
broad and nearly uniform, with intersection points of its boundaries shifting rightward and nearly merging.

When present, the corridor may intersect with a stability loop, producing complex local-global stability patterns. Its
absence at small 4 is explained by the dominant influence of the free surface and bottom boundaries, which prevents the
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formation of a bounded region enclosed by the J = oo and w’” = 0 curves. As h; grows, the lower layer increasingly
governs the dispersion, leading to the appearance and gradual broadening of the corridor; in the deep-water limit, it attains
a wide, homogeneous form with minimal influence from intersection points.

4.4. The cut as a degenerate stability region

The cut denotes a local topological structure on the modulational stability diagram in the form of a closed branch
of the w” = 0 curve, isolating a small region of modulational instability (/ > 0, w” > 0) from the surrounding zone
with identical parameter signs. Unlike standard w’ = O contours, where w’’ changes sign across the curve, the cut is
degenerate: near the point (kg, pg) with w” = 0, the sign of w’’ remains the same on both sides. This feature appears for
very thick upper layers combined with a thin lower layer, most clearly for 7; = 1, hp = 13 (Fig. 3d), where it lies near
the bottom of the diagram and touches the k = 0 axis. For even thinner lower layers, the effect is expected at smaller A,
potentially yielding more complex degenerate structures. Such regions are highly sensitive to density variations and may
reveal additional mechanisms of modulational stability and instability.

CONCLUSIONS

A comprehensive topological classification of modulational stability diagrams for wave packets at the interface of a
two-layer fluid with interfacial tension has been developed in the (p, k) parameter space for a wide range of layer-thickness
ratios. The stability landscape is governed by the interplay of four characteristic curves: J = 0 (change of nonlinearity
sign), w” = 0 (change of dispersion type), J = oo (resonance condition), and w = 0 (linear existence limit). Depending on
system geometry, four distinct stability structures are identified: a localized closed loop, a global upper stability region,
an elongated corridor between resonance and dispersion curves, and a degenerate cut structure. Each reflects a specific
balance between focusing/defocusing nonlinearity and anomalous/normal dispersion.

The loop appears when the lower layer is sufficiently thick, often in symmetric or near-symmetric configurations, and
marks a narrow parameter interval of complete nonlinear—dispersive compensation; it vanishes in the deep-water HS—HS
limit. The upper stability region changes shape and position with layer-thickness ratio: when the lower layer is thicker,
its boundary shifts toward the loop, whereas with a thicker upper layer the loop is absent. The stability corridor forms
only above a threshold lower-layer thickness, widens with increasing depths, and can partially overlap with the loop to
create multi-component stability zones. The cut arises when a very thick upper layer is combined with a thin lower layer,
corresponding to a local degeneracy of w” without change in dispersion type.

These results provide a unified interpretation of modulational stability in terms of global and local nonlin-
ear—dispersive balances, identifying conditions where stability is controlled either by localized parameter islands or
by global spectral properties. In a companion study (Part II), we will investigate how the magnitude of interfacial sur-
face tension modifies the topology of stability boundaries, thereby uncovering additional stabilization and destabilization
mechanisms that arise from the combined action of capillary and gravitational effects.
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HECTIHKICTD BEHHH(AMIHA—@EﬁPA MIZKPAZHUX FPABITAHIﬁHO-KAHIHﬂPHHX XBWJIb
V JIBOIIIAPOBIN PIJAVHI
Oabra Aspamenko™®, Boxognvnp Hapagosmii®
“ Hayionanvnuti ynieepcumem "Kueso-Moezunsincovka akademisi eya. Cxosopoou, 2, Kuis, 04070, Ykpaina
b Yuisepcumem Bimosma Beaukozo, sya. K. [Joneaaiiuo, 58, Kaynac, 44248, Jlumsa
¢ [{enmpanvroyKkpaincokuili depacagnuii ynieepcumem imeni Borooumupa Bunnuuenka,
eyn. lllesuenxa, 1, Kponusnuupkuii, 250006, Ykpaina

V 1iif poOoTi MONAHO JeTalbHEe JOCIIJIKEHHsI MOIYJISAIIHOI CTIMKOCTI XBIJIbOBHX MAaKETiB Ha MEXi PO3Jiy JBOIIAPOBOI iealbHOI
HECTHCJIMBOI PiJVHH 31 CKIHYEHHOIO TOBIIMHOIO ITApiB i Mixk(ha3HUM ITOBEPXHEBUM HATATOM. AHaJi3 CTIHKOCTI BUKOHAHO JUISI IIUPOKOTO
[iana3oHy BiJHOIICHb TYCTHH Ta T€OMETPUYHUX KOH(Iryparii, mo [03Bojsie NoOyIyBaTé AiarpaMu CTIMKOCTI Ha rwromuHi (p, k),
Jie 0 — BiHOUIEHHS TYCTHH, @ kK — XBHJIbOBE YMCJIO OCHOBHOI FapMOHIKH. SIK KpuTepiii CTIfIKOCTi BUKOPHCTaHO iHOeKC beHmxkxami-
Ha—®Peiipa, B3a€EMOis AKOro 3 KPUBU3HOIO AUCTIEPCIHHOTO CHiBBiJHOLIEHH BU3HAYa€ MOMEHT BUHUKHEHH I MOIY/IALIIMHOT HECTIMKOCTI.
Tomnosnoris piarpam cTifiKocTi BUABIIAE KijJlbKa XapaKTEPHUX CTPYKTYp: JIOKaJi30BaHY 3aMKHEHY nem.io CTIKOCTI BcepeJuHi 00J1acTi
HECTIMKOCTI, ITT00abHy 6epXHio 001acTh CTIHKOCTI, BUTSTHYTHH KOpuoop, OOMeXeHNiI Pe30HAHCHOIO Ta JWCHepCiiiHOI KpUBUMH, a
TaKOX BUPOXKEHY CTPYKTYPY THITY po3pi3, IO BUHUKAE y CUJIBHO aCUMETPUYHUX BHNagkax. KoxHa 3 IuX CTPyKTyp BiAIOBi1a€ IEBHO-
My (pi3UUHOMY MeXaHi3My, OB’ 3aHOMY 3 OaaHCOM Mik (POKYCYyI0U00/1ehOKYCYI0UO0 HEMHIHHICTIO Ta HOPMAIBHOK/aHOMAILHOIO
mucnepcielo. CructeMaTHyHa 3MiHA TOBIIMHH LI1apiB JO3BOJISE MIPOCTEXUTU (POPMYBaHHS, AeOopMalliio Ta 3HUKHEHHS X 00JacTel, a
TaKOX iX 00’ €JHAHHS Y1 CErMEHTALIi0 BHACIIIIOK pe30HAHCHUX e(eKTiB. PO3rIssHYTO rpaHNYHI BUMAIKY HalliBHECKIHYEHHHX LIAPIB AJIs
Y3TOIKEHHS OTPUMAaHUX PE3YJIbTATIB i3 BiJOMUMU KOH(DIrypalli M1, BKJIOYHO 3 CHCTEMaMU TUIT “HiBOPOCTip—Iap”, “Iap—iBIpocTip”
Ta “miBnpocTip—miBnpoctip”. OcodmBy yBary npHaijeHo BIUIMBY CUMETPii Ta acHMeTpii reoMeTpii IapiB, [0 BU3HAYA€E PO3TAIIYBaHHS
Ta 3B’SI3HICTD CTIMKMX i HECTIMKMX oOyacTeil y mapamMeTpiuyHoMy Ipoctopi. OTpuMaHi pe3yabTaTd (popMyIOTh €IMHY KOHLIENTYaIbHY
OCHOBY ISl iHTepIIpeTanii MOAYISIIAHOI CTIKOCTI y ABOIIAPOBUX PiAMHAX 3 TIOBEPXHEBUM HATSTOM, IMiAKPECITIOIYU SIK TIOOATbHI
PEeXUMH, KEPOBaHi JUCTIEPCi€I0, TaK 1 JIOKai30BaHi ocTpoBH cTiliKocTi. I1s1 poboTta cranoButs Yactuny I gocuimkennss; Yactuna I1 Gyme
MPHUCBSTYEHA POJIi 3MiHHOTO NMOBEPXHEBOTO HATATY, SIKUM, K OYiKYEThCsI, AepOpMy€E HasiBHI 001acTi CTIMKOCTI Ta 3MiHIOE BiJMOBiAHI
HeJliHiiHO-ucTIepCiiiHi MeXaHi3MH.
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In this work, we have undertaken to study heat and mass transfer in MHD convective flow past an infinite plate with porous media in
existence of radiation, thermal diffusion effect and heat sink. A uniform strength of magnetic field was used transversely in the fluid
region. The novelty of this study is to look into the effect of radiation (Rosseland approximation) and heat sink on natural convective
flow in the presence of viscous dissipation and Joule heating with constant heat flux and constant suction velocity, past a continuously
moving vertical plate in a porous medium. The principal equations are solved by perturbation technique to get statements for velocity,
temperature, and concentration fields. In this paper we also consider several physical quantities on the flow domain graphically as well
as tabularly which have been studied previously by other researchers except few new cases like light velocity and temperature
relationship from different sources such as density gradient effect which are being discussed herein for first time. However, the current
investigation has a wide impact on several engineering processes like glass blowing, paper production, extrusion of plastic sheets, etc.
Keywords: MHD, Heat transfer, Thermal diffusion; Porous media; Thermal radiation

AMS subject classification: 76 W05

PACS: 4425 +f

INTRODUCTION

The magnetic field strength is often enhanced by a progressive, stable, and sustained current. In this case, considering
that a spacecraft must navigate through these regions, which are known to be difficult to navigate, it is important to be
able to predict their trajectories. The elements of any spacecraft designed for Mars missions include ion thrusters, attitude
control systems (or gyros), power generation and transmission systems, vehicle components such as avionics or sensors
etc. Consequently, spacecraft design must take into account the effects of MHD so that controllers can achieve
advantageous performance before reaching Mars. Some of them are like Alfven (1942), Ahmed and Choudhury (2019),
Seth et al. (2016), Mansour (1990), Seth et al. (2011), Choudhury and Agarwalla (2023), Saikia et al. (2024), Choudhury
et al. (2022), Prasad et al. (2023), Balamurugan et al. (2022) etc. Thermal radiation is known to dramatically affect the
characteristics of MHD flow. It is a type of electromagnetic wave that has characteristics similar to visible light for its
intensity and wavelength but cannot be seen with the naked eye. Thermal radiation can carry energy as heat, infrared,
ultraviolet, and X-rays. This induces electric currents in conductors, which generate heat by Joule heating. MHD flow in
a viscous incompressible fluid past an impulsively started oscillating plate has been investigated by Appidi et al. (2021).
The temperature gradient and stress distributions were computed for different values of space angle of the plates in order
to determine the effect of radiation on the MHD flow. They found that both thermal radiation and heat source effect MHD
flow and that their effects depend on their spatial distribution at the interface between two media.

The Soret effect or thermal-diffusion effect is an experimental study of the pressure drop under temperature gradient
from the solid surface to the fluid. It was originated by the renowned chemist Charles Soret in 1879. The Soret effect is
utilized for isotope separation and in mixtures of gases with a very light molecular weight, like H, and He. Wide-ranging
literature on various features of thermal diffusion on mass transfer related problems can be found in Kafousias and
Williams (1998), Ahmed et al. (2013, 2018, 2021), Ahmed and Sengupta (2011), and Chamuah and Ahmad (2021).

The present work generalizes the work done by Chamuah and Ahmed (2021) by including heat sink in MHD
convective flow through a porous media. The novelty of this study is to look into the effect of radiation (Rosseland
approximation) and heat sink on natural convective flow in the presence of viscous dissipation and Joule heating with
constant heat flux and constant suction velocity, past a continuously moving vertical plate in a porous medium. Heat
transfer and mass transfer are governed by the same equations, however they different forms. We can rewrite these
equations in a simpler way where similarity parameters are used to get rid of their dimensionality. Perturbation techniques
are applied to solve these equations and graphically results on plots and tables are shown. However, a comparison with
an already published paper has been shown to ensure the accuracy of our present work.

BASIC EQUATIONS
The vector equations that describe the motion of an incompressible viscous electrically conducting Newtonian fluid
through the porous medium are:
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Equation of continuity:

V.G=0 Q)
Gauss’s law of magnetism:
VB=0 2
Ohm’s law:
J =0(E +qxB) (3)
Momentum equation:
G oo ug
m@VM—pg—Vp+JxB+ﬂVq—27 (4)
Energy equation:
32
pC,(gV)T = kV’T +p+—-0'(T-T,)-Vgq, Q)
c
Species continuity equation:
@V)C =D, V>C + Pukr gop 6)
Ty
Equation of state
p.=p[1+B(T-T.)+f(C-C.)] ™
Radiation heat flux as per Rosseland approximation
= Aot ®)
3x*

All the physical quantities are defined in the nomenclature.

MATHEMATICAL FORMULATION

The convective flow through a porous vertical plate with uniform suction is investigated by considering the two-
dimensional motion of an incompressible fluid. The investigation is based on the following basic premises:
Entire fluid properties without density are constant.
Plate is electrically insulated.
No peripheral electric field is functional to system.
Electric potential needed to create Lorentz force be zero.
Magnetic field induced by conducting wire parallel to z direction.

We now introduce a Cartesian coordinate system (x’,”,z") with X - axis along with the plate in the upward vertical

N

direction, Y - axis normal to the plate directed into the fluid region, and Z - axis along the width of the plate and the
induced magnetic field is negligible. The prototype of the problem is shown in Figure A.

X
Vo w0, T'ST . C—=Cy
0 Momentum boundary layer
RN Thermal boundary layer
Q
1 B,
., 0 ) o] Concentration boundary layer
o o 0 Porousmedium
— V4 l
——— V', o >/ 0 I o o
007 0 l 02 0 g
o o i
Y
o
. er’ q i i
1=011=0=?1—.~=—T C=Cw

Figure A. Physical model of the problem
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The rate of radiative heat flux in an optically thin gray gas is given by

dq, _ 160° T2 0°T’ ©
y’ 3k 9y

Where & and o be respectively absorption coefficient and Stefan-Boltzmann constant.
Based on the preceding axioms, and the usual boundary layer estimates, the governing equations yield the forms as
follows:

av,=0 (10)
dy
ou’ AL = , % OB wvu
v = T'-T. |+ c’'-C. |+v -— 11
Y gﬂ( ) gﬂ( ) »:  p K (11)
4 2 ’ ’
pcpv’a_T,=Ka—,7;+ﬂ(a—”,j +aBgu'2—aq' Q(T ~T. ) (12)
dy oy dy oy’
’ 2 27
v _p, LE Luky 0T (13)
dy dy Ty oy
with boundary conditions
’ *
v=0:uw=u, L o_¢ (14)
dy K
Y e u' =0, T'>T.), C—-C/ (15)
Equation (10) yields v'= a constant =-V, (¥, >0) (16)
Non-dimensional parameters:
’ v, -1, '~ Uy,
w=ll o Y 6= ’¢=C C. G_vgﬂg’Eczp O’PrzﬂCP’
U % q*v c/ -c. xkUV, q* K
KV,
gBlc)-c. Jo v KW B2 160k'c T2
Gm:—za Sc=—o, kp — » M= 2 R = 2
U, Dy v PV pC, Vs
, *
__Q9v Sy = Dy Krq
- 20" = ’ ’
pCVs Ty &V, (CW —Coo)
Dimensionless governing equations are
2
d—g‘ My = —Gro - Gmg (17)
dy dy
2
M+/?1 ﬁ—ﬂzﬁ =—Echu’® — EcAu® (18)
dy? dy
2
d—f+5c@=—s Sr d—? (19)
dy dy dy
OPr M
Where M+ = =
£= ﬂl TR TR TR M TR
with boundary conditions
y=0:u=1, a9

dy=—1 ¢=1 (20)
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y—oeiu—0, 8650, ¢ >0

METHOD OF SOLUTION
We assume the solutions to equations (17) to (19) as

u=u, (y)+Ecu1(y)+0(Ecz)
0=06,(y)+Ec6 (y)+O(Ecz)

=9, (y)+Ecg (y)+0(Ec?)

21

(22)
(23)

(24)

Here Ec, the Eckert number ( Ec << 1). By substituting equations (22) to (24) into equations (17) to (19) and equating the

coefficient of analogous terms while deserting the terms of O(Ec2 ) , the succeeding equations are derived.

2
d Dot My _ gy —_Gro, —Gmo,
dy dy
d? 49
21 -46,=0
2
d’ f 4 g5 4
dy dy dy
2
d dul —&u; =-Gr6, — Gmg,
dy’
& ‘91 40 ”’91 0, = A = A}
2
T, 59 g5 ‘Z
dy dy dy

with boundary conditions
y=0:u,=16 =-1;¢,=1Lu,=0; §=0; ¢ =0;
y—ooiu, =0, -0 ¢ —>0u —0;, 60 ¢ —0;

Solutions to the equations (25)-(30) under the conditions (31) and (32) are
u, = p3e—p1y _p4efSc’y +p6e_p5y

90 = Le_Ply

P

9y =(1=py) e + ppe ™

+ ppoe

U = pyre P 4 pye P + prre 2P 4 prae S +p24e—(p1+ps )y +p256—(p1+50)y _
6 = p13e_p‘y _p7e—2175,v _pxe—ZPIY _ pge—25cy _ploe—(p1+p5 )y + plle—(p1+Sc)y
¢ = oneiscy —pue M+ P156_2p5y + Plee_zmy +p]7672Scy + Plxe_(pl+p5)y -
where
=Or _, Gm
/UM ScSr p 7 Gm(1- p,) 1+ J1+4¢&
' P2 = Py =7 2Py =75 »Ps =
2 Se=p P -n-s Sc=Sc-¢& 2
2,.2 2 2. 2 2
ps=1+ps+p, p7_/13p5 Ps +/14p6 8=/13p1 Dy D 9=/13Sc P+ 40,
Ds _2’11 5_/12 4P12—2/11P1—/12 4SC'2—221Sc—/12

(25)

(26)

@7

(28)

(29)

(30)

€2))
(32)

(33)

(34)

(3%

—Sey (36)

—(ps+Sc)y (37)

(3%
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Do = 245 P3PsPs + 24413 Ps __24pp3pySc+2244p3py
10 — s /11 — b
(P +ps) = A+ ps) =4 (p+5¢) = A4 (p +50) =4

_ 2A4p4PspeSc+244p4ps
12 — s
(ps+5c)* = A (ps +5c)— 4,

1
P13 =—[2psp; +2p pg +28cpy +(py + ps)pro — (P +S¢) py — (ps +Sc) pra ],

Ps
ScSrpl2 i3 4ScSrp52 )2 » 4ScSrp12 Dy 4Sc3Srp9
p = ’p = B = B =% >
Y =Sep, T apd—2Seps” " apP-2Sep,”T 28c2
SeSr(py + ps)’ Pio SeSr(py +5¢)’ piy
Pig = > P9 = > P20 = P1a — P15 — Pie — P17 — Pis T Pro»
B s =Se(ptps) T (p+Se) =Se(p+Se) TR e T PR
Pyt = Gmpyy = Grpys Py = Grps —Gmp, Doy = Grpy —Gmp, Py = Grpio = Gmpys
pl-p ¢ 4p’-2p —& 48c* =28c & (pr+05) —(py+p5)—&
—Grpy; + Gmpyg Gmpy,
Py = s P = s P27 = P26 — P21 — P22~ P3Py — P
25 o +Sc)2 —(p+S0)—& 26 502 “Se—¢ 27 26 = P21 7 P22 = P23~ Paa — P25
Skin friction:
Skin friction is given by
T:—g—u =—[7y +Ect] (39)
V1,0

Where
Ty =—P1P3 + 5Py — DsPe

Ty = =DsPy7 = P1P21 — 2P1P2 = 25py; = (s + 1) Pag —(Sc+ py) pas + Scpag

Plate temperature:
The dimensionless temperature field is,

H(y) =0, (y)+Ec€1 (y)
Non-dimensional plate temperature is given by,

6, =6,(0)+Ec6,(0) (40)

w

Sherwood number:
Sherwood number is given by

Sh = —% = —[Sho +EcSh1] (41)
dy =0
Where

Shy ==Sc(1=py )= p1p;
Shy ==Scpyo + P1P1a =2PsPis = 2P1P1s = 25¢py7 = (P + ps) pig + (P +5¢) prg

RESULTS AND DISCUSSIONS
The numerical computations have been carried out for the representative velocity, temperature, concentration, skin
friction, and plate temperature at the wall for different values of the physical parameters involved in the problem. The
influence the flow parameters Prandtl number, Schmidt number, thermal radiation, Soret number, thermal Grashof
number and mass Grashof number on these fields have been depicted in Figures 1 to 15. Numerical results of shear stress
and plate temperature are presented in Table 1 and Table 2. The default values for the flow parameters are chosen as

Pr=0.71,5¢=0.6,R=1L,K =1,Sr=1,Gr =10,Gm=5,M =1.5,E =0.01,0=5



254
EEJP. 3 (2025) T'K. Chutia, et al.

The drag-like force called Lorentz force produces a kind of friction on the flow and thus opposes the transport
phenomenon. With the increasing values of magnetic parameter, the fluid velocity decreases significantly which is seen
from Figure 1. This observation implies that applying a transverse magnetic field decelerate fluid motion. This observation
is consistent with the physical fact that a magnetic body force develops due to the interaction of the fluid velocity and
magnetic field, which serves as a resistive force to the flow, and as a consequence fluid flow gets decelerated. The velocity
distribution due to Soret number shows statistical characteristic features in which it can be observed from Figure 2 that
with temperature gradients inducing significant mass diffusion effects, the fluid velocity increases. The effect of thermal
radiation on flow phenomena is depicted in Figure 3 where it is seen that with increase in thermal radiation rate, decrease
in energy transport to fluid takes place and hence decelerates motion of fluid particles. The effect of heat sink on fluid
velocity is seen in Figure 4. It has been observed that fluid velocity decreases marginally with small increase in heat sink
whereas it decreases significantly with significant rise in heat sink. So, with large amount of heat absorption the fluid
motion decreases rapidly. In this portion of the experiment, the effect of Prandtl number and Schmidt number on the
velocity profile is discussed.

25 25

048 o0s

] 1 2 3 4 [ B 7 Gl DD

Figure 3. Rate of movement for variations in R Figure 4. Rate of movement for variations in Q

In Figure 5, it was observed that as the Schmidt number increases, momentum diffusivity increases, resulting in
lower fluid velocities. This result was verified by plotting velocity versus Schmidt number in Figure 6, which showed an
increase in fluid velocity with increasing values of Prandtl number.

25 25

05 os

Figure 5. Rate of movement for variations in Sc Figure 6. Rate of movement for variations in Pr

The effects of Grashof numbers are depicted in Figures 7 and 8 where it was seen that both thermal buoyancy force
and mass buoyancy force have similar effects on the flow domain as well as any one of these forces dominates over
another depending upon specific conditions. Thermal buoyancy force (Figure 7) and solutal buoyancy force (Figure 8)
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cause the velocity field to rise substantially. This happens due to the direct proportionality of buoyancy force to those of
Grashof numbers.

The heat transfer rate of a fluid is controlled by the momentum and thermal insulation of the interface between the
fluid and its surroundings. The influence of the heat conductivity on temperature distribution is displayed in Figures 9
and 10. It has been observed that high conductivity fluids such as molten salt have low thermal diffusivity, which results
in fast changes in temperatures. Thermal radiation also affects fluid temperature distribution because low thermal
conductivity materials absorb large amounts of radiant energy due to higher temperatures compared to fluids having high
thermal conductivity. Figure 11 shows another example where fluid temperature can be affected by heat sink coefficient.
It is observed from Figure 12 that fluid temperature is reduced due to the increasing values of Eckert number.

25 25

Figure 7. Rate of movement for variations in Gr
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Figure 9. Temperature field for variations in Pr Figure 10. Temperature field for variations in R
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Figure 11. Temperature field for variations in Q Figure 12. Temperature field for variations in Ec

The concentration profiles are plotted in Figures 13, 14 and 15. In Figure 13, it is seen that the concentration of the
fluid falls with increasing values of Schmidt number due to low mass diffusivity. It is noted that an increase in Schmidt
number means a fall in mass diffusivity. Thus, the concentration on the plate falls because of low mass diffusivity. This
observation is compatible with the physical reality that increasing Schmidt number causes a decrease in mass diffusivity,
which causes a decrease in fluid concentration. Figure 14 indicates that an increase in Soret n umber leads to an increase
in the fluid concentration. Figure 15 shows that the influence of heat sink is to decrease the fluid concentration.

As we can see from Table 1, as R, Sc and Q increase, skin friction increases. In addition to this, it is inferred from
Table 1 that the skin friction gets diminished for increasing magnetic parameter M. This indicates that the imposition of
a transverse magnetic field inhibits viscous drag due to its application on thin films with high aspect ratio. Henceforth,
the coefficient of momentum at the planar surface becomes larger for increasing M. Table 2 shows that plate temperature
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increases when Pr increase. The temperature of the plate decreases due to the effect of the magnetic field M as it is applied
transversely to the fluid region and the similar effect found for Eckert number Ec.

1.5

14 16 18 20

Figure 13. Concentration profile for variations in Sc Figure 14. Concentration profile for variations in Sr

Figure 15. Concentration profile for variations in Q

Table 1: Shear stress 7 at the plate for the values of Pr=0.71,Sc=0.6,R=1LK =1,Sr =1,Gr =10,Gm=5,M =1.5,E=0.0,0 =5

Sc M R Q Sr T
0.30 1.5 1 5 1 2.8377
0.60 1.5 1 5 1 7.2121
0.78 1.5 1 5 1 9.3817
0.60 1 1 5 1 3.1568
0.60 2 1 5 1 2.8376
0.60 3 1 5 1 2.1771
0.60 1.5 2 5 1 5.3559
0.60 1.5 3 5 1 6.1846
0.60 1.5 5 5 1 7.2657
0.60 1.5 1 2 1 5.5559
0.60 1.5 1 4 1 6.7606
0.60 1.5 1 6 1 8.3296
0.60 1.5 1 5 1 4.2394
0.60 1.5 1 5 2 4.6924
0.60 1.5 1 5 3 4.8447

Table 2: Plate temperature 6(0) for changed values of the parameters Pr, M, Ec
Pr M Ec 6(0)
0.71 1 0.01 0.2262
1.38 1 0.01 0.4252
7.0 1 0.01 0.4496
0.71 1 0.01 0.2262
0.71 2 0.01 0.0540
0.71 3 0.01 0.0239
0.71 1 0.01 0.2262
0.71 1 0.02 0.0540
0.71 1 0.03 0.0240
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COMPARISON
Figure 16 is plotted to make a comparison of the current work with the previously published result of Chamuah and
Ahmed (2021). Figure 16 displays the variations in velocity profile due to radiation, in absence of heat sink 1. e., Q=0.
Figure 17 (Figure 4 of (2021)) shows the velocity field due to radiation. It is seen that both the figures are identical and
indicates a decrease in velocity due to radiation.

35 35
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3 34\ —N=2
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u 15\ \ 1.5
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0 —_ 0 5 10 15 20
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Figure 16. Velocity field for radiation parameter Figure 17: Figure 4 of Chamuah & Ahmed (2021)

CONCLUSIONS
The present study leads to attain at the subsequent conclusions:

1. Fluid velocity diminutions due to imposition of magnetic field and thus magnetic field can be effectively used in
controlling the fluid motion.

2. Fluid motion enhances due to thermal Grashof number, mass Grashof number and thermal diffusion while the trend
is reversed with the increase in thermal radiation, heat sink and Schmidt number.

3. Temperature of the fluid drops under the influence of Prandtl number, thermal radiation, and heat sink.

4. Concentration of the fluid grows with Soret number whereas it decreases due to heat absorption and Schmidt
number.

5. Skin friction at the wall rises for increasing values of Soret number, Schmidt number, radiation, and heat sink
parameter. In the other hand, it is reduced due to the application of transverse magnetic field.

List of Symbols
q velocity vector C. free stream concentration
P density, kg/m’ o electrical conductivity, 1/(ohm.m)
v kinematic viscosity, m” / s E electrical field
J current density y/j thermal expression coefficient, 1/k
é acceleration vector B solutal expansion coefficient, 1/kmol
B magnetic flux density vector T, free stream concentration, k
'Y thermal conductivity, W/m.K C, free stream concentration, kmol
K* mean absorption coefficient, 1/m B, applied magnetic field strength, Tesla
@ energy viscous dissipation per unit volume u viscosity coefficient, kg/ms
4 fluid pressure [ non-dimensional temperature
U velocity of free stream o non-dimensional concentration
K porosity parameter Pr Prandtl number
q* heat flux, W/m” Q heat sink
Z]r radiation heat flux Sc Schmidt number
J / o | energy of ohmic dissipation per unit volume Gr thermal Grashof number
T fluid temperature, K; M magnetic parameter
C concentration, kmol/m’ Gm | solutalGrashof number
C, plate species concentration R radiation
Ec Eckert number Sr Soret number
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BILJIMB TEILJIOBOI'O BUITPOMIHIOBAHHS HA MI'JI-MACOOBMIHHHMMI MOTIK MMOB3 MMOPUCTY
BEPTHKAJIBHY IIJIACTHHY 3A HASIBHOCTI IOCTIHHOT'O TEILJIOBOT'O TOTOKY
T.K. YyTis®, K. Yoyaxypi®, K. Uamya?, C. Axmen”
“Kagheopa mamemamuxu, Koneoxc Mopioxan, Accam, Inois
bKageopa mamemamuxu, Yuieepcumem nayxu i mexnonoziti Meaxanai, Inois

Y wiit poGOTi MU B3sUTHCS 32 BUBYEHHS TEILIO- Ta MaCOOOMiHY B KOHBEKTUBHOMY NoToli MI'/] IOB3 HECKiHUCHHY IIACTHHY 3 TOPUCTHM
CepeZIOBUILEM 32 HAsIBHOCTI BUIIPOMIiHIOBaHHA, epekTy TepMoan(ysii Ta TerioBigBeneHHA. PiBHOMiIpHA Hampy)Ke€HICTh MarHiTHOTO
T10JIs1 BAKOPHCTOBYBAJIACS TIONIEPEYHO B 00acTi piquHy. HoBH3HA 1IbOTO TOCTIIKEHHS TIOJISATa€ Y BUBYCHHI BIUIMBY BUIIPOMIHIOBaHHS
(nabmmkeHHs Poccenenia) Ta TEIUIOBIBEACHHS Ha IPUPOAHHI KOHBEKTHBHUH MOTIK 32 HASBHOCTI B'I3KO1 JIMCHIIALIT Ta PKOYJICBOIO
HarpiBaHHs 3 NOCTIHHUM TEIUIOBMM ITOTOKOM Ta IOCTIHHOIO MIBUJIKICTIO BCMOKTYBAHHS ITOB3 O€3IIEpEepBHO PyXOMY BEPTHKAIBHOMY
MOTOIII B TIOPHCTOMY cepenoBuili. OCHOBHI PiBHSHHS PO3B'SI3YIOTHCS METOJOM 30YpeHb JUIs OTPUMAaHHS (OpPMYIIIOBAaHb JUIS TTOJIIB
HIBU/IKOCTI, TEMIIEpaTypH Ta KOHIEHTpalii. Y Wil cTaTTi MM TaKoX PO3MIAAAEMO Kinbka (Di3MYHHMX BETHYMH B O0JIACTi MOTOKY
rpadiyHo, a TakoX TAaONMYHO, SKi paHillle BUBYAIWCS IHIIMMH JOCIiAHMKAaMH, 32 BUHATKOM KiJJbKOX HOBHX BHUIAJKIiB, TAKHX SIK
3aJIeKHICTh NIBHIKOCTI CBIiTJIa BiJ TEMIEpaTyp 3 Pi3HUX DKEPEN, TaKuX sIK €(eKT rpagieHTa TYCTHHH, Ki OOTOBOPIOIOTHCS TYT
prepuie. OpHaK, MOTOYHE MAOCTIKEHHS Mae IIMPOKWH BIUIMB HA KiUTbKAa IHKEHEPHHX NPOLECIB, TaKMX K BHUIYBaHHSA CKJIa,
BHUPOOHHUITBO TaNepy, eKCTPy3is INIACTUKOBHX JIUCTIB TOIIO.

KurouoBi cnoBa: MIJ]; mennonepedaua,; mepmoougysis; nopucmi cepedosuuyd; menioge UnPOMIHIOBAHHS.
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The quaternary general form A2BCX4-based semiconducting materials with Kesterite-type structures are promising candidates for thin
film-based solar cell devices. We examined the structural, electrical, optical, elastic, thermodynamic, and thermoelectric characteristics
of Cu2ZnSnX4 (X =S, Se) using the FP-LAPW technique with an implanted Wien2k code. The Burke-Ernzerhof-generalized gradient
approach (PBE-GGA) and Trans-Blaha modified Becke-johnson (TB-mBJ) are used to manage the exchange and correlation potentials.
The results shows that CuzZnSnSs and Cu2ZnSnSes4 compounds have stable structures with direct bands at 1.51 ¢V and 1.29 eV,
respectively. The optical characteristics of these compounds were estimated using the dielectric function, allowing for an analysis of
their reflectivity, refractive index, and absorption. Elastic parameters such as the Bulk, Young, Pugh, and Poisson ratios demonstrate
that they are ductile and can be formed as thin films, a significant characteristic of Photovoltaic applications. Furthermore, we calculated
various thermodynamic parameters entropy, and constant volume under pressure and temperature. We also determined the Cu2ZnSnX4
(X =S, Se) exhibits good thermoelectric performance concerning the figure of merit at 300K which is nearly unity. According to our
findings, these materials are viable candidates for future clean green solar energy applications.

Keywords: Wien2k-DFT: Cu2ZnSnSq Solar cell; Structural, Elastic;, Thermoelectric properties

PACS: 62.20.Dc, 63.10.+a, 63.20.—¢, 77.22.Ch, 78.20.Ci

1. INTRODUCTION

The most abundant natural resource of energy is sunlight, and the conversion of light into electricity in solar cells is
one of the significant suitably developed renewable energy technologies. The research of absorber materials used in solar
cells recently became regarded as a pertinent topic offering some solutions to the challenges of energy demand and climate
change. Photovoltaic (PV) devices for thin film-based solar cell technologies are being developed as active research
areas [1]. Initially, in the year 1954, the first crystalline silicon-based solar cell production was done with an efficiency
of 6% [2]. However, after that there are various photovoltaic solar cells have been developed including organic solar
cells [3], inorganic solar cells [4], and thin film solar cells, CdTe [5], CIGS [6], GaAs [7], and perovskite [8] based solar
cells. Researchers faces many problems such as metal toxicity, expensive materials, rare abundance in nature, and stability
of the structure. Therefore, eco-friendly solar cells are one of the strategies to gain high Power Conversion Efficiency
(PCE) in larger production of photovoltaic applications. Copper (Cu), Zinc (Zn), Tin (Sn), Sulphur (S), and Selenium
(Se)-based solar cells are among the most promising materials for large-scale solar cell production.

They have all appropriate inherent properties as environmentally friendly, non-toxic in nature, wide optimal
Bandgap, and high absorption coefficient materials. The semiconducting kesterite phase material Cu,ZnSnX4
(X' =S/Se) has both physical and chemical properties that are similar to CIGS. The optimal energy band gap of
semiconducting Cu,ZnSnS4 materials is around 1.50 eV, possessing a prominent absorption coefficient in the sequence
of 10*cm™ [9-12]. Consequently, thin film-based materials reported experimentally and theoretically power conversion
efficiency of semiconducting inorganic Cu,ZnSnX4 (X =S, Se) reached around 12.6% [13] and 32.2% [14]. So, several
investigations (both experimental and theoretical) have been published in the past few years on the fabrication,
structure, optical, and electrical characteristics of quaternary I,-1I-IV-VI4 semiconductors. In an experimental study,
Benachour et al. [15] synthesized CZTS using the simple sol-gel method, and a thin film was deposited with the help
of a dip-coated technique. This study showed that CZTS thin films crystallize into the pure form kesterite phase, and
it further showed that annealing reduces the optical energy band gap from 1.62 to 1.50 eV. They eventually concluded
that these CZTS thin films could potentially be helpful for PV. Xiong et al. [16] have prepared the CZTS film by using
the simple sol-gel method with the help of the spin coating technique. This investigation represents the association
between the CZTS thin film crystal structure, surface structure, and optimum annealing temperature. Additionally, they
depict the compound's elemental composition. Luckert et al. [17] have fabricated a CZTSe thin film by using
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magnetron sputtering. In this study, XRD and Raman's conclusions were analyzed to show the material's outstanding
structural quality. By using optical absorption investigation at ambient temperature, the value of the band gap came
out to be near to 1.00 eV. Other than this, the experimental longitudinal optical (LO) phonon energy was found to be
28 MeV. Wibowo et al. [18] used a technique of pulsed laser deposition (PLD) to synthesize quaternary CZTSe thin
films and examined their optical, structural, and electrical characteristics. Furthermore, it has been found that CZTSe
is a possible solar-absorber material due to its high 10* cm™! absorption coefficient and 1.50 eV optical bandgap.
Furthermore, modelling helps investigators to perform theoretical investigations into the fundamental properties of
relevant materials. In theoretical studies, it has been shown that the physical properties such as structural, optical,
elastic, electronic, thermal, and thermoelectric characteristics of CZTS and CZTSe by using the first principles
calculations. Jyothirmai et al. [19] have investigated kesterite CZTS/ CZTSe first principles calculation by DFT. They
found structural stability and an optical direct band gap. Also, a high absorption coefficient was found with the record
efficiency of CZTSe-based thin film solar cells achieved by 25.81% (pure CZTSe) for solar energy harvesting. HE et
al. [20] have explored the elastic and thermal properties of CZTS and CZTSe by applying the density functional theory
(DFT) approach. This study demonstrates that both compounds exhibit ductile behavior because of their elevated bulk
modulus to shear modulus ratio. They also calculated thermal characteristics, thermal expansion coefficient, and Debye
temperature by the Debye model and also found thermal capacity around 200 J/(mol-K) at above 300 K.
Nouri et al. [21] used DFT simulations with the GGA + U technique to investigate the electronic, optical, structural,
nonlinear, linear, and thermoelectric characteristics of CuuMnSnS4, Cu,FeSnS4, and Cu,CoSnS, materials. CupMnSnSy
material has higher electrical conductivity and power factor than Cu,CoSnS4 and Cu,FeSnS, at temperatures ranging
from 300 to 800K, owing to its significant carrier mobility and high concentration. As a consequence, this study's
shows the p-type behaviour of kesterite CMTS, CCTS materials and CFTS which was demonstrated by Seebeck
coefficient. This study shows that these materials might be used in optoelectrical, and thermo-electric conversion-
based devices. [22] Because of its remarkable characteristics, Earth's abundant elements, non-toxicity in nature, and
eco-friendly CuZnSnS/Se, are considered absorbing materials of the solar cell with high efficiency. Latest studies on
inorganic semiconducting compounds ensure that these compounds are potential candidates for solar cell absorbing
material and also thermoelectric compounds. As a result, it is reasonable to use First-principles methods to explore the
optical and electronic properties of tetragonal CuZnSnX4(X = S/Se) materials. After reviewing the literature, we
noticed that the selected compounds had gained attention. Thus, in this study, we examined the structural, optical,
electronic, elastic, thermal, and thermoelectric characteristics.

2. COMPUTATIONAL DETAILS

The computations were carried out by employing a full potential linear augmented plane wave (FP-LAPW) within
density functional theory (DFT) techniques [23] as accomplished in the Wien2K package. [24] The exchange-
correlation potential was examined by using Perdew-Burke-Ernzerhof (PBE-GGA). In addition, we used the Trans-Blaha
altered Becky Johnson potential (TB-mBJ) for the electronic and optical characteristics.[25] To increase accuracy, the
lattice parameters of both compounds were calculated by using total-dependent geometrical optimization. By this, we
optimized the atomic location and lattice constant until the residual force was less than 10 Ry Bohr'!. The required
energy for separating the valence states and core was -0.6 Ry and RKnax=7. Where Rmay is the radius of the tiniest muffin
tin sphere and Kmax is known as plane wave cutoff. This energy is also referred as "cutoff energy."
A 5x5x5 Monkhorst [26] pack k-grid mesh was examined and for the muffin tin sphere, the value of /n.x was limited to
Imax =10 and G,,,x=12. The values associated with muffin tin radii (Rmt) for Cu,ZnSnS4 (Cu,, Cuz, Zn, Sn, S) are 2.40
A,240A,240A,249 A, 1.97 A and CuyZnSnSes (Cuy, Cua, Zn, Sn, Se) are 2.35 A, 2.35 A, 235 A, 243 A, 223 A
respectively. (A = Bohr radius) The volume optimization was performed by using a 3500 k-point mesh in the Brillion
zone. However, the physical characteristics of the chosen compounds, like their optical and electronic properties, were
estimated by using a /0000 k-point mesh in the irreducible Brillion zone (IBZ). The elastic characteristics have been
investigated by employing the /RElast package incorporated in WIEN2k. [27] Thermal properties were determined as
well by using the Gibbs2 [20] package at various temperatures and pressures up to 10 GPa, and thermoelectric parameters
were estimated by employing the BoltzTrap method [28].

3 RESULTS AND DISCUSSIONS
3.1 Structural properties

The suggested family crystallizes in a variety of forms, including cubic, hexagonal, and tetragonal phases. It has
been proposed that the tetragonal structure, which is composed of the kesterite and stannite phases, is the most stable
under ambient conditions. Figure 1. depicts the proposed material structural configurations of quaternary I, II, I'V, and
V4. These materials refer to the 1-4 space group with tetragonal symmetry. In all structures, the Sulphur (S) or Selenium
(Se) group (VI) atom is surrounded by the two atoms of Copper (Cu), one group of (IV) atom, Tin (Sn) and Zinc (Zn)
group (II) atom. The Cu atom is in the separate positions 2a (0, 0, 0) and 2c¢ (0, 0.50, 0.25), Zinc 2d (0, 0.5, 0.75), Sn 2b
(0, 0, 0.5) and S/Se 8g (0.756 0.243, 0.128) Wyckoff positions respectively. Table 1 displays the computed lattice
parameters for each material. The optimization process was done by using Birch Murnaghan equation of state employed
by simulation code. [29]
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Figure 1. a) The optimized crystal structures of Cu2ZnSnX4 (X = S, Se) materials. where blue atom shown Cu, green shown Z,
grey shown Sn, yellow/light pink shown by S/Se

Volume optimization (Fig. 2) of Cu,ZnSnX4 (X = S, Se) has been completed by using the PBE-GGA [30]. Table 1
shows the computed structural characteristics, which correlate well with the experimental data.

Table 1. Calculated structural parameters compared with experimentally calculated values

Lattice Constants Lattice Constants
Compounds Cal. Exp. c/a B[Gpa] B’ v Eo[Ry]
a c a c
Cu2ZnSnS4 5.42 10.81 5.426% 10.816* 1.993 100.00 5.00 1030.56 -25764.44
Cu2ZnSnSeqy 5.69 11.33 5.692° 11.340P 1.992 99.99 4.84 1235.23 -42012.64

a reference 31, P reference 32

-25764.4000 -42012.5900
dafa
polyfit_4torder

polyfit 4%?3!3 l

-25764.4100 -42012.6000 |

4
-25764.4200 -42012.6100 |
-25764.4300 -42012.6200 |
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Figure 2. Volume optimization curve for a) Cu2ZnSnS4 and b) Cu2ZnSnSes

3.2 Electronic properties

To further understand the electronic behavior of the materials we selected, we calculated energy bands and the total
and predicted density of states in Figures 3,4. Because the electronic band structure influences a material's many optical
and thermoelectric characteristics. Figures 3a and 3b depict the structure of the bands of Cu,ZnSnS4 and Cu,ZnSnSe4
plotted along the wave vector k and the energy function for these materials in the Full-Brillion Zone. One can deduce a
material's conductivity, insulator status, and the direct or indirect characteristics of the energy band gap from these curves.
We calculated self-consistent fields (SCF) for the compounds under consideration using optimized lattice parameters and
the PBE-GGA functional. Furthermore, we employed the WIEN2k Code utilizing the TB-mBJ method over PBE to get
the bandgap nearer compared to the experimental data. Hence, the energy band gap of Cu,ZnSnS4 (CuxZnSnSey) is found
at 1.51/1.29 eV respectively. [33-34] The conventional PBE-GGA potential periodically underestimates the electronic
band gap value in DFT computations. Thus, in addition to the PBE-GGA method, we use the BJ potential to calculate the
band gap.

We calculated the total and partial densities of states of CuxZnSnX4 (X =S, Se) using the TB-mBJ approach to gain
a fundamental understanding of the electronic structure in Figure 4a and Figure 4b. As well as, to better understand the
(DOS) of this Cu2ZnSnS4(CuaZnSnSes) plot, we describe it into three portions: the conduction band portion 0 — 6.0 eV
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(0 eV —5.0 eV), Upper Valance Band (UVB) portion from -2.0 eV to 0 eV (-2.5 to 0), and Lower Valance Band (LVB)
portion -8.0 eV to -2.0 eV (-7.5 to -2.5). As shown in figure, three huge peaks were formed in the lower valence band
portion, separated from one another by a small energy difference. These peaks are formed by the large contribution of the
Zinc (Zn), and Tin (Sn) as well as smaller contributions from the atoms of copper (Cu) and Sulphur (S), Selenium (Se).
Zn p and Sn orbitals plays a significant role in these peaks, while Cu d orbitals and S(Se) d orbitals only contribute
somewhat in Cu,ZnSnS4 (CuxZnSnSes). These spikes correspond to the substance's lower-lying band on this band
diagram. On the other hand, a single peak of Cu and S(Se) indicates the major contribution within the upper valence band
portion. In this portion, the contributions of the rest of the elements Zn and Sn atoms are insignificant. The dominant
states at the conduction band minima are produced by hybridizing the tin atom's s- and p-states, respectively. Cu and Zn
atoms make little of an impact in this area.

Cu2ZnSnS4 Cu2ZnSnSed4
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Figure 3. Band Structure of Cu2ZnSnS4 and Cu2ZnSnSe4
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Figure 4. Total and partial density of states plots for Cu2ZnSnX4(X=S, Se)

3.3 Optical properties
To reveal a material potential for use in photodetectors, optoelectronics, photovoltaics, and other applications, it is
essential to understand each of the ways that light interacts with it, including emission, diffusion, and absorption. The
possible usage of the material under investigation in photovoltaic and other optoelectronic devices can be identified by
studying its optical characteristics. The selected compounds' dielectric function &(®) is closely associated with optical
characteristics. [35]

£(w) = & () + ig;(w) @

As a result, its complexity is evident. Here, ® indicates the incident electromagnetic radiation's angular frequency.
The imaginary component €(®) represents the optical absorption of the material. Similarly, the real component, £i(®),
determines electronic polarization and also anomalous dispersion. Here, the expression for &(®) is as follows: [35]
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However, electronic charge (e), angular frequency (), mass of electrons (m), and (h) stand for and decreased
Planck's constant (h). Also, (M) such as the momentum operator, while i and j denote the initial (VB) and final (CB)
bands. The Fermi distribution function for the initial state is denoted by (fi), whereas & (Ef — Ei — ho) indicates the energy
variations between both the initial and the final states at the k point after collecting a coming photon of energy hm.

! !

() =1+ 2P [722@) gy @)
e1(m), is the real component of the dielectric tensor, can be calculated by applying the Kramers-Kroning equation [35] to
the &2(m) which is the imaginary component of the dielectric tensor.

Here, P corresponds to the integral's principal value. We explored the dielectric tensor &(®) to know how materials
respond to incident radiation. Furthermore, we also calculated several optical parameters like refractive index, extinction
coefficient, and reflectivity. Figures 5a—d depict the estimated optical characteristics of these compounds as a function of
photon energies ranging to 10 eV.
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Figure 5. Dielectric constant for Cu2ZnSnX4 (X=S, Se). a and b, real part (¢1) and imaginary (€2). ¢ and d, refractive index and
extinction coefficient

Now, Figure 5(a) shows the computed &; (w) spectra with photon energy. According to this figure, the static dielectric
constants of Cu,ZnSnS4 (CuZnSnSes) are &;(0) =4.91/5.65 at zero photon energy. Additionally, the major peaks for
Cu,ZnSnS; and Cu,ZnSnSes were seen in the & (w) spectrum at around 1.91 and 1.72 eV, respectively. The higher the
value &, (0), the greater the material's reactivity to the incoming electromagnetic radiation. Figure 5(a) shows the changes
in &; (o) of the compounds under investigation based on the energy of incoming radiation. According to the results, as the
energy value rises, the value of €; (®) first increases gradually for these compounds; after reaching its peak, it decreases
with a few fluctuations and goes negative in the region of 10 eV; eventually, a slight rise towards zero is noticeable. Figure
5b illustrates that the acceptable threshold energy of & () in each of these materials ranges between 1.10 and 1.6 eV. It
is discovered that the optical band gap of a compound, which is indicated by the threshold energy value, is extremely
closer to the calculated band gap. It demonstrates how accurate these findings are. After that, Figures 5¢ and 5d shows
the refractive index n (w) and extinction coefficient k (w) of Cu,ZnSnS4 and Cu,ZnSnSe4 compounds, respectively. The
optical parameter n (®) impacts how light flows via the specimen. It also defines a material's ability to absorb the radiation
impacting it. CuxZnSnS4 and Cu,ZnSnSe, have static refractive index, which is found be 2.21 and 2.37, respectively.
Figures 5(a-b) and (c-d) shows that when incident radiation energy increases, so does n (o) and &; (®). The damping of
oscillations in the electric vector of incoming electromagnetic radiation is correlated with the extinction coefficient of a
specimen (k()).
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Figure 5(d) shows that k (@) has numerous peaks at frequencies where &; () has drained or zeroes out. After
reaching its maximum value, it keeps getting smaller as the energy of the incident radiation rises.

The reflectivity, R (w) and energy loss; Eioss (w) of these compounds are shown in Figures 6(a) and (b). According
to these graphs, the reflectance R (0) of Cu,ZnSnS4 and Cu,ZnSnSesis 0.143 and 0.166 respectively. The reflectivity R
(w) value initially progresses slowly in the visible ranges and IR region. On the other side, the term "Ejo" refers to the
energy degradation of an electron passing through a compound. The peaks in these pictures exactly matches with these
materials' plasma resonance. The observed peaks of Eloss (®) of these compounds are situated in the high-frequency
visual range between 8 and 10.0 eV, as shown in Figure 6b.
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Figure 6. a) Reflectivity R(w), b) Energy loss function Eiss(w), ¢) Optical conductivity o(w) and d) Absorption coefficient a(w)
for Cu2ZnSnX4 (X=S, Se)

The optical conductivity of a substance can provide insight into how well electrons conduct when exposed to
electromagnetic radiation. Figures 6¢ shows the optical conductivity spectrum; it has the maximum values of optical
conductivity ¢ (w) are 7.73 and 7.52 found at 9.10 eV and 8.40 eV respectively. The absorption coefficient o (@) indicates
how much incoming electromagnetic radiation is absorbed by a material's unit thickness. The higher a material's
absorption coefficient, the more efficiently it moves electrons from its VB to the CB of the material. Each of these
materials has the greatest conductivity and absorption coefficient within the visible spectrum. Figures 6d show the changes
in the a (w) with incident EM radiation for the selected materials. These figures shows that the optical conductivity
appears to be the least in the same range of incoming energy where absorption exhibits its minimal value. Additionally, it
has been found that the optical conductivity exhibits peaks at the same frequencies of incident light where absorption
does, validating theoretical perception and showing the precision of the suggested results.

3.4 Elastic properties

Elastic characteristics offer crucial information about how that material behaves mechanically. These characteristics
can be acquired through first-principles research based on DFT. These characteristics can be acquired by understanding
stiffness constants, which define how a crystal behaves to forces from the outside and have significant effects on the
choosing of suitable compounds. We have optimized the internal structure with changing parameters and deformed
symmetry-dependent strain configurations of varied magnitudes using the equilibrium structure in the stiffness constant
computations. The determination of elasticity of tetragonal Cu,ZnSnX4 (X= S, Se) materials is the main goal of the study.
Furthermore, Elastic constants Cjj in the Wien2K code constitute the basis for calculating elastic parameters through the
M. Jamal methodology. (x) The six distinct elastic constants associated with these tetragonal compounds are Cy1, Ci2, Ci3,
C33, C44, and C(,(, [36].
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Despite any kind of uniform elastic deformation, a crystal needs positive strain energy to remain mechanically stable.
The mechanical stability criterion for tetragonal compounds can be used to get the aforementioned elastic constant
limitations [37].

Ci1>0,C33>0,Cs4> 0, Css> 0 (Cll - C12) >0,
(Cii+C33-2C13) >0, (2 Ci1+ Cx3+2C12+4Cy3) > 0. 5)

Applying the VRH (Voigt, Reuss, and Hill) approximation, we were able to determine the macroscopic mechanical
characteristics of the CuZnSnXs (X = S, Se) compounds. [38] In this case, G denotes durability against plastic
deformation, while B denotes resistance to breaking. Considering a tetragonal structure and the Voigt and Reuss
approximation, the Bulk (B) and Shear (G) modulus of the material are such as,

_ 2C11+2C12+C33+4C13

B, = : 6)
By =5 %)

G, = M+3€11—36123-;12C44+63666 )
Gr =5 ©)

€Z "C11-C12 Cas Cee

In which, M = Cy; + Cy2+ 2C33 - 4Cs;3 and = (Ci1+ Cip) Cs3- 2C123.
Hill [39-40] suggested an approximation for the real value of a modulus based on the average of two independent
modulus computed using the VRH technique.

5= (222 )

o= () a

Equations including Young's modulus (E) and Poisson's ratio (m), as well as B/G ratio, are used to determine the
further parameters, which are measurements required to determine the hardness of a material, brittleness, or

ductility [41-42].
[ 9BG
E= (3B+G) (12)

3B-2G
v= (2(3B+G)) (13)
Using the elastic constants, one can calculate the Debye temperature (6p), which is strongly connected to physical

characteristics such as melting point and specific heat of materials.
The calculations of Debye temperature [43] are based on the average sound velocity.

0 =](2) (22) | ", (14

The letters (h) and (k) represent the Planks constant and Boltzmann constant, respectively, while (n) represents the number
of atoms, (Na) the Avogadro number, (q) the compound's density, and (M) the molecular mass. The usual sound speed is

defined in [44].
e b))

t3

Sound velocities such as transverse V, and longitudinal V;, may be calculated using Navier's relation and the elastic

constants B and G [43].
G
Ve = /; (16)

_ [3B+4G
V= e (17)

For the tetragonal Cu,ZnSnX4 (X= S, Se) compounds, the mechanical stability needs to be given in Eq. (7) is
satisfied. Tables 3 and 4 summarize the elastic constants and other elastic parameters. We discovered that the bulk modulus
(B) computed using elastic constants and the bulk modulus (B) computed with volume optimization (EOS) computations
are equivalent. When values of shear modulus exceed a certain threshold, they tend to imply enhanced resistance to
reversible distortion. To comprehend the deformation caused by shear stress, information about the shear modulus is
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required. A substance's stiffness is governed by its Young's modulus, the greater the modulus, the stronger the material.
The values of Poisson's ratio and bulk modulus to shear modulus ratio indicate polycrystalline materials' ductility and
brittleness. Pugh [45] states that the critical values for Poisson's ratio and B/G are [1.75] and [0.25 to 0.50]. A substance
turns ductile when it passes the critical point; otherwise, it becomes brittle. They are brittle if their ductility does not
continue past the critical point. Table 3 shows that a stiff material has the largest Young's modulus value, but a ductile
material has a high B/G and Poisson's ratio, respectively.

Table 2. Bulk modulus (B), Young's modulus (Y), shear modulus (G), and Poisson's ratio (v) were computed together with the elastic
constants

Elastic Cl1 Cl12 C13 C33 C44 C66 B G Y \%
constant

Cu2ZnSnS4 137.48 98.92 95.57 106.09 | 78.82 91.29 104.77 | 40.08 106.64 0.33
Cu2ZnSnSe4 | 94.11 67.90 65.70 89.62 96.22 88.74 75.10 44 .20 110.85 0.25

Table 3. Computed average elastic wave velocity (Vi, Vi, Vm, and Debye temperature (6) under zero pressure, as well as longitudinal
and transverse wave velocities

Compound Vi(m/s) Vi (m/s) Vm (m/s) 0, (K)
Cu2ZnSnS4 5873.87 2956.44 3315.27 364.28
Cu2ZnSnSe4 4862.86 2792.51 3101.67 324.88

3.5 Thermal properties
The quasiharmonic Debye model provides the thermodynamic characteristics of kesterite-type CZTS at various
temperatures and pressures. We utilized the Gibbs2 method to calculate selected material (CZTS/CZTSe) thermal
characteristics at temperatures ranging from 0 to 800 K and investigated the impact of pressure at 0-10 GPa. [46] For both
materials, we investigated the relationship between Volume (V) and Bulk modulus (B) as a function of pressure and
temperature. Figure 7 (a, b) and Figure 8 (a, b) clearly shows the changes in bulk modulus with changing temperatures
for both compounds at different pressures [47].
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Figure 7. The Variations of a) Bulk modulus, b) Volume, c) Heat capacity (C,), d) Heat capacity (Cv), ) Entropy, f) Thermal
expansion of CuzZnSnS4

Also, with rising temperatures, it is easy to observe that V rises while B decreases. For a variety of purposes, a
compound's heat capacity is important because it gives a basic understanding of the vibrational characteristics of
substances. The following figures 7 (c, d) and 8 (c, d) depicts variations in heat capacity (CV) and (CP) at different
temperatures and pressure ranges up to 10 GPa, respectively. We can infer from the figures that, at low temperatures, Cv
and Cp follow the (T?) law while at high temperatures (Dulong-Petit limit), the temperature causes the value of Cp to
increase, while the suppression of anharmonic results keeps the value of Cy nearly constant. The variation in entropy (S)
with temperature is shown in Figures 7(e) and 8(e), confirming that for constant pressure, entropy increases as temperature
rises. The value of the coefficient of thermal expansion changes with P and T, as shown in Figures 7(f) and 8(f). We can
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easily observe that they increase rapidly up to 100 K then gradually increases. Above 200K, at high-pressure zones, it
hikes approximately linearly, with a mild slope.
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expansion of CuzZnSnS4

3.6. Thermoelectric properties
Electrical conductivity (o), thermal conductivity (x), and Seebeck coefficients (S) are some of the properties that
determine the capacity of a material to convert heat into electricity during temperature gradients. The material having a
higher Seebeck coefficient along with a high electrical conductivity is considered an effective thermoelectric material.
Temperature and chemical potential were utilized to determine the TE parameters of kesterite Cu,ZnSnS4 (Cu2ZnSnSes)
materials using a semi-classical Boltzmann theory, which was executed in the BoltzTrap package [48]. However, Fig. 9

clearly shows how the TE characteristics depend on chemical potential throughout an ambient temperature range of
300-500K.
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Figure 9. The Figure of merit ZT as a function of i) chemical potential (1), ii) hole concentration (p), iii) electron concentration (n),
(a-c) and (d-f) of CuaZnSnX4 (X= S, Se)
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The ZT is a unitless quantity that refers to the figure of merit, which is determined through the equation ZT = S?cT/x,
and is a significant factor in determining the effectiveness of a Thermoelectric material. In conceptual terms, a material
must concurrently satisfy the competing demands of high Electrical Conductivity (EC) and low Thermal Conductivity
(TC) for the ZT parameter to be near to one which is necessary for an efficient Thermoelectric material. While larger
carriers have a greater S value, which raises the ZT, lighter carriers have more mobility (and hence EC). When residing
in the forbidden energy gap for carrier concentration order of 10'® and 10! cm? (as seen in Fig. 9,10), here, ZT has a
noticeably higher value that is greater than 0.95. The correlation between ZT and electron and hole concentrations has
been depicted in the appropriate Figures 9 (b, ¢) and 10 (b, c). These figures also shows that the ZT values in
CuZnSnS4(Cu,ZnSnSe4) materials are greater regardless of both (n or p) doping and gradually decrease as the dopant
concentration is raised. Furthermore, the ZT of n-type Cu,ZnSnS4 (Cu,ZnSnSes) is insensitive to variations in temperature
and doping quantity. Hence result, n-type Cu,ZnSnS4(Cu,ZnSnSe;) is anticipated to perform better than p-type
Cu2ZnSnS4(CuzZnSnSes) for thermoelectric applications. Even, Cu,ZnSnS4 exhibits a higher ZT value and is less
dependent on T than Cu,ZnSnSes. Consequently, n-type Cu,ZnSnS4 is more suitable for thermoelectric applications. A
material must have a high Seeback coefficient (S) to be used in the manufacturing of effective thermoelectric devices.
The temperature significantly influences this coefficient, which is set by the DOS profile along the energy band
boundaries.

1@ Cu,ZnSnS, |

~
<
~
>
=
N’
@ 2500 T T AR,
2000 4 (d 4 ]
1500 @ Cu,ZnSnSe, ] 700 Cu,ZnSnSe,

T T
10]‘) 1020 102] 10]8 10]9 1020 1021

K (eV) p (cm?) n (em)

Figure 10. The Seebeck coefficient as a function of i) chemical potential (), ii) hole concentration (p), iii) electron concentration
(n), (a-c) and (d-f) of Cu2ZnSnX4 (X= S, Se)

Figures 9 and 10 (a, d) clearly shows that only when it is in the forbidden energy gap significant values of S can be
observed. When electrons are charge carriers, the Seeback coefficient is negative; when holes do so, it is positive.
Regardless of doping level or carrier type, the quantity of S reduces with rising temperatures. Figures 9 (b, ¢) and 10 (c, )
depicts the parameter S in relationship with electron (n) and hole (p) concentrations, correspondingly. When the carrier
concentration rises, the (S) parameter values steadily decrease from their high values in weakly doped n- and p-type
materials. Nonetheless, the material of p-type is somewhat more vulnerable to temperature alterations. In comparison to
CuZnSnS; and CuyZnSnSes, CupZnSnS, has a higher S parameter value. This verifies CuxZnSnSy4's suitability for TE
applications over Cu,ZnSnSe;.

In Fig. 11a, 11b, and c, the ratio of calculated electrical conductivity to relaxation time (o/7) is plotted as a function
of hole and electron concentrations within the range of 10'® to 10?! cm 3, demonstrating a cumulative trend. It is also
displayed as a function of chemical potential. The parameter o/t in n-type materials remains unchanged as the ambient
temperature rises, whereas it does in p-type materials. This suggests that in Cu,ZnSnS4(Cu,ZnSnSe4) materials, the
scattering and mobility of electrons are less temperature-dependent than those of holes. Figure 12 displays the computed
TC to relaxation time ratio as a function of time at any selected parameters such as doping level and temperature, the p-
type material has a maximum ratio in comparison with the material of n-type, showing that p-type CuxZnSnXy4 (X=S, Se)
has higher phonon scattering than n-type Cu,ZnSnX4. However, high thermal conductivity is needed for an effective PVA
material to prevent heating, whereas low thermal conductivity is preferred for a prospective thermoelectric material to
prevent thermal sorting. As a result, heavily doped p-type Cu,ZnSnSe; is better suited for Photovoltaic, while weakly
doped n-type Cu,ZnSnS; is preferable for thermoelectric devices.
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3.7 Theoretical power conversion efficiency

It is necessary to estimate a material's Theoretical Power Conversion efficiency (TPCE) or (PCE) before screening
it for Photovoltaic applications. A photovoltaic (PV) device's power conversion efficiency is dependent on several
parameters, such as the method used during device fabrication, material defects, and the material's optical and
thermodynamic properties. [49] A practical technique for identifying materials appropriate for the PVA layer is the
Spectroscopic limited maximum efficiency (SLME), which has been suggested by Yu et al. [50]. It is illustrated as the
maximum possible theoretical efficiency achievable with a single junction-based solar cell composed of a specific
photovoltaic material. [51] In this study, the SLME has been displayed in Figure 13 as a function of the Cu,ZnSnX4 (X =
S, Se) thin film absorber layer thickness between 300 and 500 K temperature. The plot makes it obvious that as the film
thickness is increased from 200 nm to 1m at 300K, the SLME of the Cu,ZnSnS4(Cu,ZnSnSe,) material increases from
23.5% to 31.2% (22.5% to 31.9%), and then it stabilizes. Further supports the idea that temperature T has a significant
influence on the parameter. The plot clearly shows that only a 1m thick photovoltaic application material film deposition
is necessary to produce the greatest PCE. Even though the estimated SLME of Cu,ZnSnS; is marginally lower than that
of Cu,ZnSnSe, the material. For PV, best-suited material is Cu,ZnSnSes. However, Cu,ZnSnS4 may be more suited for
environmentally friendly PV systems due to its greater stability.
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4. SUMMARY AND CONCLUSION

The fundamental structural, optical properties, elastic, thermoelectric, and thermal properties of potential
semiconducting Cu,ZnSnS,4 (CZTS) and Cu,ZnSnSe,; (CZTSe) materials have been carried out in this first-principles
exploration. In which, the computed lattice constant of CZTS (a=5.42 A, b=542 A, ¢ =10.81 A and CZTSe (a = 5.69
A, b=5.69 A, c =11.33 A values are respectively. In terms of optical and electronic properties, the CZTS and CZTSe
materials have absolute band gaps of 1.51 ¢V and 1.29 eV in the visible range separately with remarkable performance.
The static dielectric constants of the selected materials were 4.91 (5.65). The Bulk modulus, Young's modulus, Elastic
constants, and Shear modulus were then all evaluated. Similarly, Pugh's and Poisson’s Ratio demonstrated their ductile
nature. The thermodynamic stability enables it to obtain a ZT of unity at 300K to 500K temperatures. As a result, in both
types of semiconductors (n or p), electron or hole mobility and scattering are independent of temperature. This indicates
that it might be employed in thermoelectric applications. Undoubtedly, the n-type CuoZnSnS., doped to a level of order
10'8 ¢cm’, is a promising material for thermoelectric products due to its appropriate values of key parameters, including
ZT larger than 0.95 and S higher than 200 uV/K. The high compressibility and temperature dependence of Cu,ZnSnSe,4
material might increase the stability of photovoltaic devices. The ability of Cu,ZnSnSes film to offer SLME of up to
31.9% at room temperature demonstrates its viability as an inexpensive instead of effective Photovoltaic application
material. Overall, the findings of the study indicates that these compounds are suggesting candidates for industrial use
and open the way for further experimental research.
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HamiBnpoBilHUKOBI Marepiaju Ha OCHOBI 4YeTBEpPTUHHOI 3arainbHOl (opmu A2BCXs 3i CTpyKTypaMH KECTEPUTOBOIO THILY €
MePCTICKTUBHUMH KaHAUIaTaMH ISl BUTOTOBJICHHSI TOHKOILTIBKOBMX COHSYHUX €IEMEHTIB. MM OCHiIMIN CTPYKTYpHI, €IEeKTPHYHI,
ONTHYHI, PY>XHi, TEPMOANHAMIYHI Ta TepMoeIeKTpuuHi xapakrepuctuku Cu2ZnSnX4 (X = S, Se) 3a nonomororo merony FP-LAPW
3 iMmmanToBaHuM Kogom Wien2k. st ynpaBniHHS OOMIHHUMY Ta KOPEJSIIHHUME MOTEHIliaTaMi BUKOPHCTOBYIOTBCS y3araabHeHU
rpanientHuit miaxin Bepka-Epuueproda (PBE-GGA) Tta momudikoBanuii meron bekke-/[xoHcona 3a meromom Tpanc-Braxu
(TB-mBJ). Pe3ynsTaTn nokasyors, mo crnoayku Cu2ZnSnS4 ta Cu2ZnSnSes MaroTh cTabiIbHI CTPYKTYPH 3 IPSIMUMH 30HaMu 1ipu 1,51
eB 1a 1,29 eB BiamoBigHo. ONTHYHI XapaKTEePUCTUKH UX CIIOTYK OYyIU OI[IHEHi 3a JOIIOMOTOI0 AieJIeKTpHYHO1 PyHKIIIT, IO T03BOIISIE
MIpOaHai3yBaTH IXHIO BiIOMBHY 3HaTHICTh, IOKAa3HUK 3aJIOMJICHHS Ta NMONIMHAHHS. Taki IapaMeTpH NpY>KHOCTI, K Koe(illieHTH
00'emy, lOmra, IT'to Ta I[Tyaccona, 1eMOHCTPYIOTS, 10 BOHH € INITACTHYHUMH Ta MOXYTh (POPMYBATUCS y BUIVIAI1 TOHKUX ITIBOK, IO €
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In today's nanotechnology field, one of the requirements of the current direction is the ability of carbon nanostructures to have a strong
bond with the substrate surface among the materials formed by the interaction of different substrates with the surface of various substrates.
The study and identification of new structures with similar properties is one of the problems facing modern theoretical research. The current
research work was carried out as one of the solutions to the above-mentioned problems, in which the adsorption of fullerene molecules on
silicon substrates using the molecular dynamics (MD) method is a continuation of our work on the adsorption of fullerene C20 and Cso
molecules on the surface of silicon Si(001) reconstructed by Cn (n=1-5) carbon clusters was simulated using the open source LAMMPS
package based on the molecular dynamics method. Using the Tersoff interatomic potential, the interactions between the atoms of the
substrate, Cn cluster, and fullerene molecules were expressed, and the adsorption energies of C20@Cn and Ceo@Chn carbon clusters, the
length and nature of Si-C bonds, as well as stable adsorption states in trench and dimer rows were determined.

Keywords: Fullerene molecule; Base; Cluster; Trench, Dimer array, Modeling; Potential; Bond; Simulation; Adsorption

PACS: 61.48.-c, 02.70.Ns

INTRODUCTION

Carbon-based nanostructures have remained relevant for decades. Fullerenes, nanotubes, graphene and graphene-
based derivatives, carbon-based quantum dots, and the like are being widely studied and are gaining popularity. It is worth
noting that among these nanostructures, fullerenes stand out sharply with their unique physical and chemical properties,
promising practical applications. In particular, Cy [1], which has the highest adsorption capacity on the surface of the
substrate due to the largest number of bends among fullerenes, and Cgo [2], which has the highest symmetry among
fullerenes, are making a fundamental difference in the latest generation of computers - quantum computers [3-6]. Despite
the fact that many experimental studies on the adsorption of Cg and Cy fullerene molecules on the surfaces of metal and
semiconductor substrates have been carried out using STM, XPS and STS [7-14] and theoretical studies using DFT, ab-
initio, MD [15-19] methods, the adsorption of fullerene molecules with C, carbon clusters on the surfaces of
semiconductors, especially the interaction processes on the surfaces of silicon substrates, have been studied very little
both theoretically and experimentally. It is known that the structures arising from the adsorption of fullerene molecules
on the surfaces of various substrates are one of the current directions of scientific research due to their promising practical
importance [20-29]. Also, in today's nanotechnology field, strong and stable binding of fullerene molecules to the surface
is of great practical importance [30]. In particular, the binding of fullerene molecules on the surface of graphene substrates
via C, (n=1-5) clusters are distinguished by its stability from the cluster-free adsorption of these molecules [31]. As a
result of the high importance of stable adsorption states of fullerene molecules on silicon substrates in the production of
molecular devices that replace semiconductor devices [32], it is important to study the adsorption of Cso and C»p molecules
on the surface of reconstructed silicon Si(001) substrates via Cn clusters.

In this work, the adsorption processes of fullerene C,p and Csp molecules on the reconstructed silicon Si(001) surface
through C, (n=1-5) carbon clusters exodrilled to fullerenes were studied based on the molecular dynamics (MD) method.
In these processes, the adsorption energies of the C,@C»o and C,@Cg structures were determined to a first approximation,
and the lengths of the Si-C bonds representing the interaction of the Cn carbon clusters with the substrate were found,
conclusions were drawn about the nature (physical or chemical bond), and stable adsorption states and locations were
determined by analyzing the results obtained.

DESCRIPTION OF RESEARCH METHODOLOGY AND OBJECTS
One of the most important aspects of fullerenes is their 0D materiality, and this property has attracted attention in
various fields since their discovery. The first representative of fullerenes, Ceo, consisting of 60 carbon atoms, the
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buckminster fullerene [33], discovered by Croto and his team, has gained a sharp recognition compared to other fullerene
representatives. In this regard, the Cq fullerene molecule, together with C, is distinguished from fullerenes with a small
atomic number by its strength and stability [34]. When talking about the fullerene Cg, it is certainly important to
emphasize its symmetry. The Cg molecule has 120 different symmetries with self-return properties with respect to
different axes and planes [35]. This feature makes it the most symmetrical molecule among molecules and fullerenes
found in nature. Each carbon atom in it forms hybrid sp2 bonds with three side atoms, Cs-Cs with a length of 1.45 A and
Cs-Co with a length of 1.40 A [2, 16, 17].

The Cyo fullerene molecule is the smallest or least carbon-containing member of the fullerene family [36], consisting
of 12 pentagons and 30 Cs-Cs bonds, according to Euler's theorem. Cy also has 120 different symmetries, making it the
only fullerene with less than full icosahedral symmetry than Cqo. [40]. C20 has a number of practical applications in many
fields, including high-temperature superconductivity, as has been theorized by Y. Miyamoto and M. Saito, I. Spagnolatti,
and others [37-39].

Silicon has an atomic mass of 28, a valence of 4, and is the second most abundant chemical element on Earth (25.7%)
after oxygen. It does not occur in free form, i.e., pure silicon, in nature [41]. Silicon monocrystal has diamond structure
(fcc—f;gce centered cubic), with a lattice constant of 5.43 A and a shortest distance between atoms at lattice sites of
2.35 A [42].

All simulations in the study were performed in the open source LAMMPS package based on the MD method [43].
The potential energies resulting from the interactions between the Coo@C, and Ce@C, carbon clusters and the atoms
forming the substrate were expressed using the Tersoff interatomic potential [44]. The coordinates of the atoms of the
silicon substrate, which were one of the objects of the study, were generated using the LAMMPS package and
reconstructed by energy minimization. The reconstructed silicon monocrystal used as the substrate consists of 1083 atoms
and has a size of 34x34x15.2 A (Fig. 1, a). Also, in order to check whether the size effects can be observed in the results
determined in the study, the interaction of randomly selected C20@C, and Ce@C, cluster samples with reconstructed
silicon monocrystalline substrates consisting of 1927, 5692 and 18630 atoms was studied. As a result, it was confirmed
that size effects are not observed. The coordinates of C9 and Ceo fullerene molecules were obtained using the nanotube
modeler computer program (Fig. 1, b, ¢) and C, carbon clusters were created in the JMOL computer visualization
program [45]. The coordinates of the structures formed by these clusters with Cyy and Cgo fullerene molecules with a
given configuration were also performed using the same program. The Si-C bond lengths were also measured in the
JMOL program, visualizing the adsorption of C,@C, and Cso@Cn clusters with the substrate, and precisely when the
interaction reached an equilibrium state. A Noze-Hoover thermostat [46] was used to maintain the selected temperature
for the NVT ensemble. The selected temperature for all simulations was 0 K. The Verlet-velocity time scheme was
integrated with a time step of 1.0 fs. The center of mass of the system was kept fixed during the simulation to avoid any
translational motion. Each simulation was continued for a time period of 10 ns to 50 ns until an equilibrium state was
reached. All results were determined based on the energy minimization method. Figure 1d) shows examples of different
shapes of C, carbon clusters for the case of n=2-5, and bonds of this shape are found in all adsorptions of C,y@C, and
Co0@C, clusters and are distinguished by their stability compared to other shapes.

Figure 1. a) A silicon substrate with dimensions of 34x34x34x15.2 (A);
a) and b) fullerene C20 and Ceo molecules, respectively; d) Cn carbon cluster samples

CALCULATION OF ADSORPTION ENERGY
As mentioned above, the potential energies of the atoms constituting the objects, i.e. the total potential energies of
the substrate and the C@C, and Ceo@C, carbon clusters at the time of their unexposed and observed adsorption, were
determined by energy minimization. After that, the adsorption energies of the Cy@C, and Ceo@C, clusters were
determined by the following traditional method [47-50]:

Eaas = Eggts/sub - (Estg%) + Eat\gg : )
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Here, E, 45 is the adsorption energy of Coo@C, and Ceo@Cn carbon clusters on the substrate surface at the selected
temperature, E33 sup i the total potential energy of the entire system at the time of interaction between the substrate and

the C20@Cy or Ceo@Chn carbon clusters, i.e., the carbon clusters are adsorbed on the substrate, and Efoy and ELS; are the
potential energies of the substrate and the C20@Cs or Ceo@Cn carbon clusters, respectively, determined by separately

simulating and minimizing the energy. All energy values are determined at a temperature of 0 K.

DESCRIPTION AND ANALYSIS OF RESEARCH RESULTS

In the research work, the adsorption of Cyy and Ceo fullerene molecules by C, clusters on the reconstructed silicon
Si(001) surface through the dimer array and trench by C, carbon clusters was observed according to the structures and
configurations that can occur depending on the number of atoms in the carbon cluster. For example, in the symbolism
of the compound formed by the fullerene C»p molecule with the carbon C; cluster as C,0@C3(1+2), the carbon atoms
in the cluster are attached to the fullerene molecule with a single carbon atom, which can be seen in Figure 2 below.
Therefore, in the designations in the configuration column of the Table, the first of the numbers in parentheses indicates
how many atoms the carbon cluster is attached to the fullerene molecule, and the last number indicates how many
carbon atoms are present at the other end of the carbon Cn cluster. The symbols representing the configurations in the
form tCoo@Ch or tCe@Cy indicate that the adsorption of Cry@Cn, and Ce@Cn carbon clusters, respectively, was
observed in the trench.

Coo@C3(2+1)

C0@Ca(1+1+2) C0@Ca(1+2+1) C20@Ca(2+2) C0@Cs(2+1+2) C0@Cs(2+2+1)

Figure 2. Adsorption states of C20@Cn (n=1-5) clusters in a dimer array on a silicon substrate surface: carbon atoms in Cn carbon
clusters are shown in dark brown

By comparing the results obtained, it can be concluded that all the adsorptions of the C@C, cluster in the dimer
row and trench are of a chemical adsorption nature, which indicates the stability of these bonds. According to the
conclusion made in the research work of T. Sergeiva et al. [51], when the Si-C bond length is 1.93-1.94 A or less, silicon-
carbon bonds are considered covalent bonds. Also, when comparing the number of Si-C bonds formed during adsorption,
it can be concluded that the adsorption energy is not strongly related to the number of bonds, which can be attributed to
the presence of weak physical bonds in the bonds. When the adsorption energies and Si-C bond lengths of the Coo@Cy
carbon cluster in the dimer row and trench are compared in general, it can be seen from Table 1 that the adsorptions in
the dimer row are relatively stable. This is because the double bonds in the reconstructed silicon atoms in the dimer series
have the potential to become single bonds. Another reason for this is that the double-bonded Si-Si bonds in the dimer
series have been completely broken.

The adsorption energies and lengths of Si-C bonds formed by the Cgo@C, cluster on the silicon substrate surface in
combination with the stable forms of the C, carbon cluster are presented in Table 2. Comparing these results, we can
also come to the same conclusions as above, namely, the adsorption energies of the Cso@C, cluster are relatively larger
in the dimer series and, accordingly, the adsorptions in these cases are stable, and also the bonds observed in the dimer
series consist mainly of pure chemical bonds or covalent bonds. Since the bonds with the tCe@C, tCso@C2(1+1) and
tCso@Cs configurations occur with saturated, that is, silicon atoms forming four covalent bonds, their lengths also
correspond to physical bonds and therefore the adsorption energies in them differ sharply from the adsorption energies
in the trench. It can be seen from the tables that the adsorption energies observed in the dimer series with carbon
clusters of the form Cry@Cs3(1+2), Coo@Ca(1+1+2), Cro@Cs(2+142) and Ceo@Ca(1+1+2) differ sharply from the
binding energies observed in other states and forms. The reason for the observation of such states can be shown that
two pairs of Si-Si bonds, which are the result of the reconstruction of these bonds in the dimer series, are broken and
form double bonds with carbon atoms in the C, cluster, and all of these bonds, except for the Cso@Cas(1+1+2) cluster,
are chemical bonds.



276
EEJP. 3 (2025)

Tkrom Z. Urolov, et al.

Table 1. Adsorption configurations, adsorption energies (eV) and Si-C bond length intervals (A) of C20@Cn carbon clusters

No. configurations E,qs (eV) AA)
1 Ca@Ci -6.4493 1.86
2 Co@C1" -4.9343 1.91-1.92
3 Co@Ca -8.8248 1.94
4 C0@Cs -6.4395 1.86
5 Ca@Cs(142) 111.6994 1.87
6 Ca@Cs(2+1) 25.6031 1.95-2.06
7 Cao@Ca(1+142) 11,6913 187
8 Ca0@Ca(1+2+1) -5.7340 1.89 - 1.90
9 Ca@Ca(2+2) 26.4409 1.99
10 Ca@Cs(2+1+2) 111.7498 1.87
1 Cao@Cs5(242+1) -5.0312 1.91
12 tC20@Ci -6.6687 1.93-2.01
13 tC20@C2 -4.8900 1.95
14 tC20@Cs -4.6791 1.94 - 1.95
15 Co@C3(142) -7.9494 1.95
16 Coo@C3(2+1) 26.4421 1.84— 1.90
17 Co@Ca(1+142) 55.6722 1.84-2.16
18 tCa0@Ca(142+1) 42451 1.91-2.20
19 {Co0@Ca(2+2) 243251 1.85-1.97
20 1Co0@Cs(2+1+2) 7.6368 1.84— 1.94
21 tCao@Cs(242+1) ~4.5384 189-2.14

Table 2. Adsorptio

n configurations, adsorption energies (¢V) and Si-C bond length intervals (A) of the Cso@Chx carbon clusters

No. configurations E.qs (eV) A(A)
1 Coo@Ci -4.8154 1.86
2 Coo@C1" -4.4635 1.88
3 Coo@Ca -2.5317 1.86
4 CaCo@ (1+1) -5.638 1.94
5 Coo@Cs -4.8035 1.86
6 Co@Cs(1+2) -8.5342 1.87
7 Co@Ca(2+1) 3.4031 1.91
8 Coo@Cs -4.0955 1.89 - 1.90
9 Coo@Ca(1+142) -10.8257 1.94 - 2.00
10 Co@Ca(2+1+1) -4.8039 1.86
11 Coo@Ca(2+2) -3.1636 1.93-1.94
2 Co@C5(2+1+2) 8.5874 187
13 Ceo@Cs(2+2+1) -2.9324 1.88
14 tCoo@C 26.3041 195 _2.14
15 tCor@Ca 21,5059 2.07
16 Coo@Ca(1+1) 11878 1.96
17 tCoo@C2" -4.8662 1.95
18 tCoo@Cs -1.1962 1.95
19 Coo@Ca(1+2) 79511 1.85— 1.86
20 {Coo@C3(2+1) -4.9097 1.90
21 tCoo@Ca -5.0921 1.90 - 2.09
0 Co@Ca(1-112) 26.9512 1.83 - 1.90
3 tCeo@Ca(2+1+1) 59131 1.87-2.02
24 {Coo@Ca(2+2) 26.1636 1.86— 1.90
25 tCoo@Cs(2+1+2) 7.6248 1.90-2.10
26 tCeo@Cs(2+2+1) 45442 1.89_2.14

*- These are cases where the Ci and Cz carbon atoms form double bonds with the C20 and Ceo fullerene molecules, and such

cases were observed with the C20@C1", Cso@C1", and tCso@C:" clusters.

Side views of the adsorption of Co0@C, and Ceo@C, carbon clusters on the silicon substrate in the dimer row and
trench are shown in Figures 2, 4 and 3, 5, respectively. It can be seen from these figures that in the adsorption
configurations of C,0@C, and Ce@C, carbon clusters in the dimer row, the cleavage of these bonds was observed in
the dimer (Si-Si) bonds involved in the Si-C bond. This indicates that the interaction of C, clusters with silicon atoms
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is stronger than the interaction between silicon atoms in the dimers. The opposite situation of the same aspect can be
observed in the adsorption of C20@C, and Ce@C, carbon clusters in the trench, i.e., the dimer bonds were not broken
by the interaction of Si-C bonds formed with silicon atoms at the ends of the dimer bonds in the two dimer arrays.
Also, under the influence of Si-C bonds formed between the silicon atoms in the second layer of the trench and the
C20@C, carbon clusters, the Si-Si bonds formed with the silicon atoms in this layer and the first layer (in dimer bonds)
were broken.

Such new stable structures could enable high-temperature operation without the need for high-temperature cooling,
for example when used as solid-state qubits in quantum computers. It is also known that replacing the carbon-coated
silicon structures used in lithium-ion batteries with fullerene-coated silicon structures would increase the life cycle and
performance of these devices [52].

Coo@Ca(2+1+1) Coo@Ca(2+2) Coo@Cs(2+1+2) Coo@Cs(2+2+1)

Figure 3. Adsorption states of Ceo@Chn carbon clusters in dimer arrays on the surface of a silicon substrate

tC20@Ca(1+1+2) tC20@Ca(1+2+1) tC20@Ca(2+2) tC20@Cs(2+1+2) tCa0@Cs(2+2+1)

Figure 4. Adsorption states of C20@Chn carbon clusters along the trench (dimer row spacing).
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.

tCoo@Ca(1+1)

.

@C>"

tCoo@Cs(2+2+1)

tCoo@Ca(2+2)
Figure 5. Adsorption states of Ceo@Cn carbon clusters along the trench

CONCLUSIONS

According to the results obtained, the following conclusions were drawn: a) the adsorption of C, (n=1-5) carbon
clusters exodrilled fullerene C, and Cgo molecules on the reconstructed silicon Si(001) surface differs from the adsorption
of pure Cy and Cs fullerene molecules on this substrate surface by a sharp stability [19]; b) the adsorption of Cry@Cn
and Ceo@C, carbon clusters in the dimer series is more stable than the adsorption in the trench and, depending on the
length of the Si-C bonds, they consist of covalent bonds; c) the adsorption energy does not depend on the number of
bonds formed during the interaction, since physical bonds also exist within these bonds. The highly stable adsorption of
C@C, and Ce@C, carbon clusters on the reconstructed silicon Si(001) surface leads to potential applications in
electronics, optoelectronics, catalysis, and materials science. This is because the strength and stability of the fullerene-
silicon bonds enable long-term operation, increased reliability, and reduced temperature sensitivity.
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VY cyudacHiil ramy3i HAaHOTEXHOJIOTIH OJIHIEI0 3 BUMOI' CyYacHOTO HANpPSMKy € 3[JaTHICTh BYIVICLIEBUX HAHOCTPYKTYp MaTH MillHHI
3B'I30K 3 IOBEPXHEIO MIAKIAIKH CEepel MarepiaiiB, YTBOPCHHX BHACTIJOK B3a€EMOZIl PIi3HMUX MiAKIAJOK 3 MOBEPXHEI0 DPI3HHX
migKIagoK. BuBdyeHHs Ta igeHTHdiKamis HOBUX CTPYKTYpP 3 MOAIOHUMH BIACTHBOCTSAMH € OJHIEI0 3 MpoOJieM, HIO CTOSThH IHepen
CyYaCHUMH TEOPETHYHHMH IOCTKeHHsIMHU. [loTouHa mocmigHuIbKa poOoTa Oyina mpoBeleHa SK OJHE 3 PilleHb BHIIC3a3HAYEHUX
mpobieM, B sKiif ancopOuis MoIeKyn QyJaepeHy Ha KpeMHI€BUX MiAKIAIKaX 332 JOIOMOT0I0 METOLy MojeKysipHoi quHamiku (M/]) €
IIPOJOBKEHHSIM HAIIoi podoTH 3 axcopbuii Monekyn ¢ynepeny C20 ta C60 Ha mosepxHi kpemuito Si(001), pekoHCTpyioBaHOTO
ByrileneBUMH Kiactepamu Cn (n=1-5), Oyna 3Mo/eIp0BaHa 3a JOMOMOTOI0 ITaKeTa 3 BigkputuM kogqoM LAMMPS na ocHoBi MeTomy
MOJIEKyJISIpHOT TuHaMikK. BukopucroByroun Mixkatomuuid norenuian Tepcodda, Oyno BupaxkeHo B3aeMoii Mixk aTomMaMu cyOcTpary,
kiracrepoM Cn Ta Monekyiamu ¢yjepeHy, a Tako)K BHU3HaueHO eHeprii ancopOuii Byrnenesux xiactepiB C20@Cn ta C60@Cn,
JOBXHUHY Ta npupoay 3B's3kiB Si-C, a Takoxx ctabipHi cTaHu afcopOLii B TpaHIIesX Ta psaax IUMepiB.

KurouoBi ciioBa: monexyna gynepeny; ocnosa; knacmep, mpanuies; Macue OuMepis, MoOe08aHHs,; NOMEHYIAN, 36'A30K, CUMYNAYIs,
aocopoyis
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This article presents the theoretical results of energy and angular distributions of Ar*ions from the surface of blue phosphorus at a
small value of the angle of incidence and initial energy receiving by computer simulation method. It is shown that at a small value of
the initial energy of ions from the trajectory of scattered ions it is possible to obtain the general shape of the surface semichannel.
Moreover, increasing the value of the initial energy makes it possible to obtain the full shape of the semichannel, as well as the shadow
behind the semichannel, which provides information on the location of the atom of the second layer. It is established that in the energy
distribution due to an increase in the value of the initial energy a multi-peak structure is formed. This makes it possible to determine
the surface structure. The obtained angular distribution shows that there is a specular and multiple scattering of ions from the target.
Keywords: lon scattering; Semichannel; Computer simulation,; lon bombardment,; Energy and angular distributions

PACS: 34.35.+a, 68.49.Sf, 79.20.Rf

INTRODUCTIONS

Low-energy small-angle ion scattering (Low Energy Ion Scattering (LEIS) is one of the most sensitive and accurate
methods of material surface analysis [1-5]. This method allows obtaining information about the composition, structure
and properties of the upper atomic layer of a solid. LEIS is based on the detection of ions scattered from the sample
surface at small angles. The ions used typically have energies of several hundred to several thousand electron volts. Due
to the small penetration depth of the ions (less than one nanometer), the method provides exceptionally high sensitivity
to atoms located on the surface itself [6-8]. One of the main advantages of LEIS is its ability to selectively analyze only
the upper atomic layer, unlike other spectroscopic methods that penetrate deeper into the material. This makes it an
indispensable tool for studying surface modification processes, adsorption, catalysts, and for monitoring surface
cleanliness.

Blue phosphorus is an allotropic form of phosphorus with unique electronic and structural properties, making it a
promising material for micro- and nanoelectronics. Unlike black phosphorus, blue phosphorus has a stable two-
dimensional hexagonal lattice similar to graphene, but with semiconductor properties. One of the key parameters
determining the suitability of a material for microelectronics is the band gap. For blue phosphorus, it is in the range from
~1.9 to 2.0 eV (depending on the number of layers and the substrate), making it suitable for creating field-effect
transistors, photodetectors and other components of nanoscale electronics [9-13]. Therefore, due to the great interest in
the structure of blue phosphorus, we studied the energy and angular distributions of scattered Ar* ions from the surface of
blue phosphorus at low values of the initial energy and incidence angle.

METHOD OF RESEARCH AND DISCUSSION OF RESULTS

Binary Collision Approximation Method (BCA) is widely used to model the interaction of ions with a solid surface,
especially in problems related to ion scattering, ion implantation and surface structure analysis [14]. The BCA method is
based on the assumption that the motion of ions during interaction with target atoms can be described as a sequence of
independent two-particle collisions — between the probe ion and an individual atom of the material. In this case, many-
body interactions and collective effects are ignored, which significantly simplifies the calculations. There are many
advantages of this method [15]. BCA allows modeling the processes of ion interaction with a surface without significant
resource costs, especially in comparison with more complex methods such as molecular dynamics. Despite its
approximate nature, the method gives good quantitative estimates for a wide range of energies (from tens of eV to
several MeV) [16]. It is especially effective in modeling processes in low-energy ion scattering methods, where
interactions are limited to the upper layers.

In our calculations, we considered a semichannel formed on the surface of blue phosphorus (Fig. 1). It has a zigzag
form. And this semichannel was divided into two parts from the middle. And the first part of the semichannel was divided
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into 1000 aiming points (in the direction of I). Ar*ions with small values of initial energy at sliding angles were directed
to each aiming point.

Figure 1. The semichannel, formed on the surface of blue phosphorus

One of the main objectives of this work was to study the trajectory of scattered ions, since the trajectory of scattered
ions mainly determines the formation of peaks in energy and angular distributions. We analyzed the trajectories of
scattered Ar'ions with an initial energy of Eg= 1 and 3 keV and at angles of incidence y= 9-15°. The choice of such a
value of the incidence angle is due to the fact that the width of the semichannel formed on the surface of blue phosphorus
is quite wide and is 4.2 A. To study the trajectory of scattered ions from this semichannel, it was sufficient to study the
trajectory of ions scattered from half of the semichannel, since the remaining ion trajectories are symmetrical.

RESEARCH METHOD AND RESULTS

Fig. 2 shows the trajectories of scattered Ar” ions with an initial energy of E ¢= 1 keV and at angles of incidence
=9, 11, 13 and 15° At y= 9°(Fig. 2.1 a), the incident ions began to penetrate into the surface semichannel. And it is
noticeably visible that the set of trajectories of scattered ions began to form the shape of a semichannel, as well as the
location of the atom located at the bottom of the semichannel. It can also be seen that a small part of the ions penetrated
into the crystal (were implanted). The number of trajectories of refocused ions is also large. And Fig. 2.1b shows the
trajectories of scattered ions at y = 11°. It is seen that the shape of the semi-channel was completely formed. And the ions
were focused more clearly. The number of trajectories of overfocused ions decreased. Fig. 2.1c shows the trajectories of
scattered ions at y=13°. In this case, the location of the atom, which is at the bottom of the semi-channel and it focuses
many ions, is clearly visible. The number of trajectories of overfocused ions also became even smaller. Most of the ions
were implanted inside the crystal. At y=15°(Fig.2.1d), the number of implanted and focused ions increased significantly.

1 0 1 2 3 4 -2 -1 0 1 2 3 4
LA LA

Figure 2. Trajectories of scattered Ar' ions from a surface semichannel that formed on the surface of blue phosphorus with an
initial energy of Eo= 1 keV and at angles of incidence y =9, 11, 13 and 15°
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Fig. 3 shows the energy and angular distributions of scattered Ar" ions from the surface semichannel, which was
formed on the surface of blue phosphorus with the initial energy Eo= 1 keV and at angles of incidence y =9, 11, 13
and 15°. From the energy distribution (Fig.3a) it is evident that at the incidence angle values (W= 9, 11 and 13%) the
spectrum contains a single peak shape. This is due to the fact that the energy values of scattered ions from the bottom and
the surface atomic row are close to each other.

And at y= 15%penetration of ions inside increased, which formed a complex trajectory and therefore an energy spectrum
is observed, which has a two-peak shape. In the angular spectrum of scattered ions, two peaks are observed (Fig. 3b). The

first peak refers to ions scattered from the plane of incidence and the second peak refers to mirror scattered ions.
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Figure 3. Energy (a) and angular (b) distributions of scattered ions Ar * from a semichannel formed on the surface of blue
phosphorus with an initial energy of Eo= 1 keV and at angles of incidence y =9, 11, 13 and 15°

Fig. 4 shows the characteristic trajectories of scattered Ar"ions from the semichannel formed on the surface of blue
phosphorus with the initial energy E o= 3 keV at incidence angles y of =9, 11, 13 and 15° At the y = 9°the Ar "ions
penetrated the surface semichannel, and implantation of ions in small quantities is also observed (Fig. 4a). The ion
trajectories consist of specularly scattered, focused and overfocused ion trajectories. In general, the shape of the surface
semichannel can be determined. Fig. 4b shows the trajectory at y=11°. At this value of the ion incidence angle, the full

shape of the semichannel can be seen. It can also be seen that the number of implanted ions has increased than at y= 9°.
a

h,A
h,A

h,A
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Figure 4. Energy (a) and angular (b) distributions of scattered ions Ar * from a semichannel formed on the surface of blue
phosphorus with an initial energy of Eo= 3 keV and at angles of incidence y=9, 11, 13 and 15°
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It should be noted that from the trajectory of scattered ions, the location of the atom of the semichannel, located at
the bottom of the semichannel, could also be more clearly seen. This can be observed by the formation of a shadow on
the back side of the atom. Fig. 4c shows the ion trajectory at y=13°. From the figure one can see that the implantation of
ions into the crystal occurs around the atom located at the bottom of the semi-channel. It should be noted that at this value
of the angle of incidence of ions, trajectories are observed, scattered from the surface atomic row, from the semi-channel
and implanted ions (crossing the walls of the semi-channel). And at y= 15° the shadow formed behind the atom of the
semichannel, located at the bottom of the semi-channel, narrowed even more compared to y=13° due to the increase in
the angle of incidence. It should be noted that at this value of the angle of incidence the number of ions that crossed the
walls of the semichannel decreased.
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Figure 5. Energy and angular distributions of scattered Ar"ions from a surface semichannel that formed on the surface of blue
phosphorus with an initial energy of Eo= 3 keV and at angles of incidence y=9, 11, 13 and 15°

Fig.5 shows the energy and angular distributions of scattered Ar" ions from the surface semichannel, which was formed
on the surface of blue phosphorus with an initial energy of Eo= 3 keV at the angles of incidence y =9, 11, 13 and 15°.

The energy distribution (Fig. 5a) contains two peaks in all values of the incidence angle. The peak formed by the
high-energy part of the distribution refers to ions scattered from the surface atomic row, and the peak located in the low-
energy part of the distribution refers to ions scattered from the bottom of the semichannel. A low-intensity peaks formed
by the low-energy part of the distribution refers to ions multiple scattered from the wall of the semichannel. Fig. 5b shows
the angular distribution of scattered Ar" ions from the surface semichannel, which was formed on the surface of blue
phosphorus with an initial energy of Eg= 3 keV at the angles of incidence y=9, 11, 13 and 15°. It is seen that the angular
distribution also contains two peaks. The first peak refers to specularly scattered ions, and the second peak is formed at
y/ 2 and it refers to ions multiple scattered ions inside the semichannel.

CONCLUSIONS

We have studied the energy and angular distributions of scattered Ar" ions from the surface semichannel, which was
formed on the surface of blue phosphorus with the initial energy Eo= 1 and 3 keV at the angles of incidence y=9, 11, 13
and 15°. It is shown that an increase in the initial energy leads to a splitting of the peak into at least two parts, which
corresponds to ions scattered from the surface atomic row, from the semichannel. Low-intensity peaks of ions, repeatedly
scattered from the wall of the semichannel are also observed. Thus, the trajectories of scattered ions are analyzed and it
is shown that due to an increase in the initial energy, cones (shadow) are formed on the back side of the atom of the
semichannel, located on the bottom of the semichannel.
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EHEPTETUYHHMI TA KYTOBH PO3MOILJ PO3CISIHUX IOHIB Ar+ 3 HOBEPXHI BJIAKUTHOT'O ®OCDPOPY
M1 KOB3AIOYUMHU KYTAMU
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menekoOMyHIKayitinoi inocenepii, yi. Anv-Xopesmi, 110, Ypeenu 220100, V3zb6exucman
VY wiii crarTi NpeAcTaBiIeHi TEOPETHYHI pe3yNbTaTH PO3IOALUTYy eHepril Ta KyTOBHX PO3IOALTIB i0HIB Art+ 3 MOBEpXHi OJaKUTHOTO
¢dochopy mpu MaroMmy 3HAUCHHI KyTa MaaiHHS Ta MMOYAaTKOBOIO OTPUMAHHS CHEprii METOJOM KOMIT'IOTEPHOrO MOJICTIOBAHHS.
Ioka3zaHo, 110 MPU MaJoOMy 3HAYCHHI MOYATKOBOI CHEprii iOHIB 3 TPA€EKTOPil PO3CISIHUX 1OHIB MOXKHA OTPUMATH 3arajibHy (Gopmy
MMOBEPXHEBOT'0 MiBKaHaTy. binblie Toro, 30ipIIeHHS 3HAYSHHS IOYAaTKOBOI €HEpPrii J03BOJIsiE OTPUMATH NMOBHY (opMy MiBKaHAITy, a
TaKOX TiHb 3a MiBKaHAJIOM, IO Haja€ iH(OPMALIO PO PO3TAIYBaHHS aTOMa APYroro mapy. BeTaHoBIEHO, 10 B pO3MOIiNi eHeprii
BHACTIJOK 301IbIIIEHHS 3HAUCHHS II0YaTKOBOI eHeprii (JOpMYEThCSI CTPYKTypa 3 OaratbMa mikami. Lle 1ae 3Mory BU3HaYHTH CTPYKTYpY
noBepxHi. OTpUMaHUi KyTOBHH PO3MOALT MOKa3ye, 110 iCHYe J3epKajbHe Ta OaraTopa3oBe po3CilOBaHHS i0HIB BiJ] MillICHI.
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Zinc-cobalt oxide (Zni-xCoxO) thin films refer to a semiconductor material based on zinc oxide (ZnO) doped with cobalt (Co). This
material is studied mainly for its modified magnetic, electronic and optical properties, particularly in the context of diluted magnetic
semiconductors (DMS). This study analyzes the effect of cobalt doping on the structural optical, and magnetic properties of ZnO thin
films, fabricated using alow-cost, scalable ultrasonic spray technique. Zinc-cobalt oxide (Zni—xCoxO) thin films were successfully
deposited on glass substrates using the ultrasonic spray pyrolysis technique at a substrate tem- perature of 450 °C, with cobalt doping
concentrations of x = 0%, 1%, 3%, and 5%. X-ray diffraction (XRD) analysis revealed a hexagonal wurtzite structure for all samples,
with no secondary phases, indicating effective incorporation of Co?* ions into the ZnO lattice. Raman spectroscopy indicated the
emergence of structural disorder and defect-related modes, consistent with the increase in Urbach energy. Scanning electron
microscopy (SEM) showed granular surface morphologies, and a non-homogeneous surface pattern is visible on all samples. Atomic
Force Microscopy (AFM) showed an increase in surface roughness and grain size with increasing doping concentration. Optical
measurements confirmed high transmittance in the visible range and a gradual de- crease in optical band gap from 3.21 eV to 2.95 eV
with increasing Co content. The spectroscopy, and vibrating sample magnetometer (VSM) revealed that all films are intrinsically
ferromagnetic. The origin of the ferromagnetism was found to be an intrinsic property of the Co-doped ZnO thin films.

Keywords: Spray Technique, ZnO Thin Films, Cobalt doping, RAMAN, Diluted Magnetic Semiconductors (DMS)

PACS: 73.50.-h, 73.50.Pz

1. INTRODUCTION

Semiconductors play a fundamental role in modern technology due to their ability to control the flow of electricity,
thus enabling the manufacture of components such as transistors and integrated circuits that are the basis of computers,
smartphones and other electronic devices [1,2]. They are also used in solar panels for the conversion of solar energy into
electricity [3-5]. Zinc oxide (ZnO) is one of the most competitive transparent semiconductors. It can crystallize under
normal conditions of temperature and pressure in the wurtzite structure which is the most stable and preferred [6,7]. This
structure formed by the stacking of planes of atoms (O%) and (Zn?") in tetrahedral coordinates does not have a center of
symmetry, which generates a spontaneous polarization field along the c axis [8]. This polarity as well as the piezoelectric
polarity thermodynamically favor the preferential growth of ZnO along the (002) direction and improve their mechanical
and optoelectronic properties [9]. In recent years, many researchers have discovered some extraordinary elements with
better chemical, electronic, optical and especially magnetic qualities [10,11]. Doping is the most commonly used strategy
to improve the quality of semiconductors [12,13]. Due to the excellent characteristics (optical, electrical and magnetic)
of transition metals, especially cobalt, Co-doped ZnO (Zn;.xCoxO) thin films are widely used in industry for applications
such as optoelectronics, spintronics, sensors, ...ctc. [14,15].

Several methods have been used to synthesize thin films, including: Sol-gel processes [16], metal-organic chemical
vapor deposition (MOCVD) [17], Micro-ondes-Cyclotron Résonance Electronique (MW-ECR) [18], Plasma-Enhanced
Chemical Vapor Deposition (PECVD) [19] chemical bath deposition (CBD) [20], sputtering [21], and spray
technique [22]. The latter is one of the most used techniques among them, because of the potent technique for creating a
variety of powdered materials, including metals, metal oxides, superconducting materials, and nanophase materials, is
spray pyrolysis. It also offers several advantages over alternative powder synthesis methods, including superior control
over chemical uniformity, stoichiometry in multi-component systems, and high powder purity.

It should be remembered that cobalt is clearly capable of modifying the various properties of ZnO. Indeed, much
research has been done to study the effect of cobalt doping on the optical, structural, and morphological properties of ZnO
thin films. However, little effort has been devoted to explaining the effect of cobalt doping on the ferromagnetic properties
of the ZnO thin films. Our work consists in developing thin films of Zn;<CoxO, deposited on glass substrates by spray
technique. Our objective is to consider a correlation between the Co doping effect and the structural, morphological,
optical and magnetic properties of the thin films obtained. To achieve this objective, the structure, morphology as well as
the optical and magnetic properties of the layers produced were studied using different techniques: X-ray diffraction
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(XRD) and Raman spectroscopy, scanning electron microscopy and atomic force microscopy (SEM and AFM),
UV-Visible, the spectrophotometry, spectroscopy, and vibrating sample magnetometer (VSM).

2. EXPREMENTAL PROCEDURE
Spray ultrasonics was used to deposit the Zn;-«CoxO thin films (where x =0, 0.01, 0.03, and 0.05) on glass substrates.
Precursors included cobalt acetate tetrahydrate [Co(CH3COO), 4H,0] and zinc acetate dihydrate [Zn(CH3COO),:2H,0].
The spray solution was made by dissolving the powders in methanol at the appropriate molar ratios, keeping the molarity
at 0.1 mol L™!. An ultrasonic nebuliser, which transforms liquid into a consistent stream of small droplets with an average
diameter of 40 pm (as defined by the manufacturer), was then used to spray the solution onto heated glass substrates. The
thin films were deposited for 2 min at a temperature of 450 °C.

3. RESULTS AND DISCUSSION
3.1 The XRD Analysis of Co-doped ZnO Thin Films
The X-ray diffraction (XRD) patterns of Co-doped ZnO thin films at different doping concentrations (0%, 1%, 3%,
and 5%) are presented in Fig. (1.a).
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Figure 1. X-ray diffraction spectra of ZnO thin films doped with cobalt at different concentrations, (a) XRD pattern, (b) Zoomed-
in view of the (101) diffraction peak

The diffraction peaks appear at 20 =31.92°, 34.56¢,36.39°, 47.62°, 56.72°, 62.95¢°, 67.97°, and 69.19° corresponding
to the (100), (002), (101) ,(102), (110),(103), (112), and (201) crystallographic planes, respectively, in the undoped ZnO
sample. This confirms that the samples possess a hexagonal wurtzite structure and belong to the space group P 63mc, as
reported in JCPDS card No. 36-1451 [23]. Fig. (1.b) shows an enlarged view of the (101) peak, where a slight shift in the
peak position is observed compared to pure ZnO, indicating the successful incorporation of Co?* ions into the ZnO crystal
lattice [24]. Furthermore, no secondary phases or structural changes are detected due to Co doping, which confirms the
high phase purity of the samples and suggests that Co?" ions substitute Zn*" ions at the lattice sites rather than occupying
interstitial positions [25]. The sharp and narrow diffraction peaks reflect the crystalline nature of the synthesized
nanoparticles. The substitution of Zn?" ions (ionic radius = 0.60 °A) by Co?" ions (ionic radius = 0.58 °A) induces crystal
defects due to the difference in ionic radii, leading to a reduction in crystallinity, an increase in lattice parameters, and an
increase in unit cell volume. The changes observed in peak intensity and full width at half maximum (FWHM) can be
attributed to increases in crystallite size and the presence of micro-strain within the crystal structure.

The relation

1 4h2+hk+k? | 12
Zo"3 @ Ta M

can be used to determine the spacing between planes d in a hexagonal construction. Here, a and c are lattice constants,
and dhy is the interplanar distance that corresponds to its Miller indices of the h, k, and I planes.
This formula is used to get the lattice constant a for the (100) plane:

A
= Feinbuo @)

For the (002) plane, the lattice constant ¢ is computed using the formula: The lattice constant c for the (002) plane
is calculated by,

)

sin 9002



288
EEJP. 3 (2025) Z. Daas, et al.

Strain, ionic radii, crystal structure flaws, and dopant concentration all affect the lattice parameters. Additionally,
the substitution of Co in the ZnO lattice is confirmed by the changes in the d-value, cell characteristics, volume, bond
length, average crystallite size, shift in peak position, and peak intensity. Co doping has no effect on ZnO’s hexagonal
wurtzite structure.

The relationship that determines a unit cell’s volume is:

v="Laz 4)
Lattice parameters are a and c. As the amount of Co doping grows, as seen in Table 1, the unit cell’s volume (v) also
increases. Vegard’s law states that changes in the lattice constant, a rise in the unit cell’s volume, and the reduced ionic
radius of the Co ion relative to Zn ions [26] are indicators of the incorporation of Co*" ions into the ZnO lattice. According
to [27], the tetrahedral coordination of Zn?* is not entirely filled by Co?*. Co?" in octahedral coordination with low spin
r=0.065 nm and high spin 0.075 nm [28§].
The Debye-Scherrer equation:

KA
b= B cos@ (5)

was used to determine the crystalline size, where A is the X-ray wavelength (1.5406°A), B is the full width at half maximum
(FWHM) in radians of the X-ray diffraction peak, 0 is the Bragg’s angle, and D is the mean size of crystallites (nm).

Table 1 lists all of the estimated lattice parameters (a and c), interplanar spacing (d), crystallite size (D) including
the average crystallite size (Dmoy), unit cell volume, as well as the peak positions given by 20, Miller indices (hkl), peak
intensities, full width at half maximum (FWHM), and the calculated strain (€) and stress (o) values for each individual
peak of ZnO samples with different doping percentages.

Table 1. Structural properties of ZnO samples with different doping percentages, listed by individual peaks

260 Intensity | FWHM D Dmoy . . . Strain| Stress | Volume
Sample | (deg) | KD | (wa) | (deg) | (m) | @m) | 9CA) | aCA) | (A | o) | o(GPa) | (AY
31.92 | (100) 1442.35 0.3988 | 20.7191 2.7995 | 3.2325
ZnO 34.56 | (002) | 3486.06 0.3676 | 22.6327 2.6023 _ o206
21.4631 — -0.0077| 0.0179 47.089
36.39 | (101) 1810.56 0.3975 |21.0375 — —
31.91 | (100) 1171.25 0.4108 |20.1133 2.8013 | 3.2344
ZC1 34.54 | (002) 535.81 0.3666 | 22.6932 2.6041 B
21.8926 — 0.0615| -0.1432 | 47.225
36.36 | (101) 860.9 0.3656 | 22.8711 — —
31.80 | (100) 109.05 0.4199 | 19.6721 2.8093 | 3.2426
ZC3 34.50 | (002) | 1299.408 0.3063 | 27.1578 2.6078 — 5.2156
25.1173 0.2037| -0.4748 | 47.522
36.28 | (101) 170.29 0.2931 28.52 — — —
31.87 | (100) 361.78 0.3752 | 22.0196 2.8061 | 3.2395
zCs 34.49 | (002) 228.05 0.3068 | 27.1128 2.6086 R
24.9678 — 0.2345| -0.5482 | 47.476
36.26 | (101) 246.57 0.3628 | 23.0410 — —

Fig. 2 displays the graphical representation of the lattice parameters a and c for the ZnO, ZC1, ZC3, and ZC5 thin
films.

3.244

bs218
—o—a(k) 9 9

1 | —e—cd) ° F5.216

3.240 - L5214

r5.212

3.238 4

r5.210
3.236 1

+5.208
(]
3.234 1
/ F5.206

3.2324 k5204

©

Lattice parameter a (R)
Lattice parameter c ()

T T T T T T
0 1 2 3 4 5

Concentration (at. %)

Figure 2. Variation of lattice parameters and of ZnO thin films with Co concentration
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3.2. Raman Characterization

The micro-Raman spectroscopy analysis of our samples will allow us to better visualize the doping effect and also
confirm the results of the X-ray diffraction study. The Raman scattering spectra of Zn;.xCoxO thin films with different
Cobalt contents (x = 0; 1; 3; and 5%) recorded between 50-1500 cm™! are shown in Fig. 3. As shown in this figure, the
Raman spectra only present:

Two predominant peaks: one at 560-570 cm™!' and the other peak at about 1100 cm™ corresponding to the two
longitudinal optical modes A(LO) and A;(2LO) in all samples (pure and doped). The presence of a Raman E, High peak
near 431 cm! (infinitely small, whose intensity decreases with doping) reveals the generation of new defects during
doping following the substitution of zinc sites by cobalt ions (The ionic radius of Co?* is slightly smaller than that of
Zn?"). In other words, the ionic radius of Co?* is about 0.58 A (0.058 nm) while that of Zn2* is about 0.60 A (0.060 nm).)
[29], which confirms the DRX results that have been discussed previously. A peak at 800 cm™ ' emitted by the glass
substrate, due to good transmittance in the visible [30].
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Figure 3. Micro Raman spectra for undoped and Co doped ZnO thin films

A significant perturbation of the intensities of the two predominant peaks is also observed depending on the doping
element content. Electron-phonon coupling is very important to explain the optoelectronic properties of crystalline
semiconductors and to translate the appearance of these two longitudinal modes A(LO) and A (2LO) as well as their
intensities. This coupling strength between electrons and longitudinal phonons (LO) in polar semiconductors is
determined by the intensity ratio (Ai(2LO)/A(LO)), between the second and first order Raman vibration of the
longitudinal A1 mode [31].

Two contributing mechanisms can explain this phenomenon:

1. The long-range interaction present inside the nanocrystal, mainly due to the macroscopic electric field linked to
longitudinal phonons (LO) and called the “Fréhlich mechanism”. It strongly expresses the polarity of the semiconductor
which serves to increase the electron-phonon coupling and implicitly the size of the crystallites [32].

2. The deformation potential which is a mechanism that relates the change in the energy of the electronic distribution
to the stress in the solid, it is then sensitive to external surface defects (lattice deformation) [33] which serves to
compensate for the large drop in the Frohlich mechanism in the deformed solid, by increasing the electron-phonon
coupling for infinitely small crystallite sizes. The characteristics of the A1(LO) and A1(2LO) modes are calculated and
grouped in Table.2.

Table 2. Frequencies of different vibration modes of pure and doped ZnO films

Doping (% Co) A1 (LO) A1 (2LO) IAl(ZLO)/
Center (cm™) Intensity (u.a) Center (cm™) Intensity (u.a) Ta110

0 567.76 637.18 1099.93 851.47 1.33

1 569.64 936.42 1096.17 998.06 1.06

3 566.19 1186.23 1098.056 1300.50 1.09

5 560.55 1433.81 1094.29 1371.27 0.95

It is observed that the deformation of pure ZnO (o =0.0179 GPa, see Table. 1) results in a ratio of the
IA1(2LO)/TA(LO) intensities of 1.33. This is an important value to express the electron-phonon coupling and then shows
a large polarity of the produced layers, which was translated by a large preferential orientation of the crystallites along
the (002) direction as already shown in the DRX diffractograms. As the doping level increases (at 5% Co), the lattice
deformation, accompanied by a slight increase in crystallite size, is the origin of the decrease in the electron-phonon
coupling (from 1.33 to 0.95), while the small perturbation of the electron-phonon coupling value (from 1.06 to 1.09) is
the cause of a slight improvement of the Frohlich mechanism for the 3% Co doped ZnO layers. Beyond this dopant
amount, the electron-phonon coupling value will decrease rapidly to reach 0.95. This can be explained by the quantum
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confinement effect governed by the strain potential and caused by the migration of cobalt (Co?") ions towards the grain
boundaries. This has the effect of limiting the substitution of Zn?" sites by Co?* ions in the ZnO lattice as previously
suggested.

3.3. Morphological Characterization
The surface condition of a sample is a very important factor in understanding certain properties such as morphology,
roughness, and grain size. It is in this context that we used scanning electron microscopy (SEM) and atomic force
microscopy (AFM).

3.3.1. Scanning Electron Microscopy
Fig. 4 shows SEM images taken on pure and Co-doped ZnO samples (1%, 3%, and 5%). These images show granular
surface morphologies, and a non-homogeneous surface pattern is visible on all samples.
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Figure 4. SEM images of the ZnO thin films at different Co doping concentrations (a): 0%, (b): 1%, (c): 3%, and (d): 5% Co

It is plausible that the smooth nature of the glass substrate hinders the perfect development of ZnO thin films. In
addition, some holes, due to hydrogen bubbles released on the surface of the deposits, are observed; thus inhibiting the
rate of deposition of the alloy in certain surface sites, which leads to the appearance of holes observed in the images. It is
clear that they are distributed over the entire substrate for the pure ZnO sample. But for the 1% Co (Fig.4.a) doped layer,
these microstructures are developed, their average diameter has increased and their density has decreased and we also
notice the presence of very small particles, of clear contrast, on the surface of the grains. For the 3% Co doped layer, these
bright spherical particles, more numerous than in the 1% Co doped layer. These particles are less adherent to the substrate,
but have an average diameter which tends to increase. The last sample in Fig.4.c (5% Co doped layer) prepared shows
good adhesion to the substrate and good coalescence of bright spherical particles. The formation of such structures in thin
films obtained by spray pyrolysis is due to the relaxation of stresses resulting from the conditions of elaboration, namely:
the nature of the substrate [34], the concentration of the solution [35], the nature of the solvent [36], the temperature as
well as the heating rate, the drying process [37, 38] and the thickness of the layers [39, 40]. Two contributing causes are
at the origin of these instabilities:
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1. The desorption of the hydroxyl group containing in the solvent during annealing of the ZnO layer causes a
deformation of the sample involved [41]. Consequently, a network consisting of mixed phases of liquid and solid has
been constructed. Doping effect (Co) on the properties of ZnO thin films As the thermal expansion coefficients of the
glass and the deposited layer are approximately equal, the annealing process does not generate any compressive stress so
the grain size does not change. This explanation remains useless in our case, as our samples are produced under the same
conditions and using the same protocol.

2. The second explanation is related to the internal deposition stress. When this stress exceeds a certain limit value,
the flat surface becomes unstable and the average grain diameter changes. This assumption is more favorable in our case,
given that our samples are produced in the same way, except for the dopant percentage that changes. As a result, spherical
grains form on the surface of the thin films during production due to the cobalt doping effect.

3.3.2. Atomic force microscopy (AFM) characterization
To clearly visualize the doping effect on the topology of the obtained layers, a series of AFM images is presented in
Fig.5.

()

Figure 5. AFM images of the ZnO thin films at different Co doping concentrations (a) : 0%, (b): 1%, (c): 3%, and (d): 5% Co

The roughness values of the produced surfaces were estimated from the RMS (Root-Mean-Square) values. The
images show the particular wrinkling structure. As these images represent the topology of the pure and doped (1% to 5%
Co) ZnO layers, we note that our layers are very preferentially oriented. As observed in Fig. 5 (a, 2D and 3D), the surface
of the pure ZnO layers consists of grains distributed in a mixed wavy structure, containing valleys and ridges, with an
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RMS value of 37.26 nm. When the cobalt (Co) doping rate increases and reaches 1% Co, the morphology of the formed
surface changes abruptly into a coalescent structure of folds (wrinkles) (Fig.5 b, 2D and 3D), probably due to the effects
of internal stresses. This phenomenon can be explained by the substitution of Zn?* ions by Co?" ions at the deposition
surface. This substitution is the origin of a compressive stress caused by the difference in the ionic radii of the two ions
(Co*" and Zn?"). For a concentration of 3% (Fig. 5.c, 2D and 3D), the peaks become free of all types of constraints and
this transformation can be due to the decrease in internal stress as previously shown in the XRD section. A good,
homogeneous, and highly adherent wavy layer forms. The grains were forced to orient themselves along the (002) axis
by the effect of large dipolar interactions, but when the doping value 5% Co (Fig.5 d, 2D and 3D) corresponding to the
cobalt substitution limit in the ZnO matrix, the (Co*") ions tend to move towards the grain boundaries, which results in a
retardation of grain growth along the c axis. Under these conditions, stress relaxation has been induced and valleys and
peaks begin to disappear [42]. In addition, some holes, due to hydrogen bubbles released on the surface of the deposits,
are observed; thereby inhibiting the deposition rate of the alloy in some surface sites, which leads to the appearance of
holes observed on the images. To clarify this explanation more, we drew the graph that represents the crystallite size and
RMN roughness deduced from AFM as a function of the % cobalt concentration in Fig. 6.
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Figure 6. Crystallite size and RMN roughness deduced from AFM as a function of the % cobalt doping concentrations

3.4. Optical properties
3.4.1. UV-Visible Spectroscopy

Fig. 7 shows the optical transmission spectra of thin films of ZnO, ZC1, ZC3 and ZCS5, deposited on glass substrates
at 450 °C. The measurements were carried out over a wavelength range of 300-800 nm. The results indicate oscillations
in all the doped films (ZC1, ZC2 and ZC3). These oscillations result from the interference between the light reflected
from the film surface and the interface between the film and the substrate [43]. These oscillations were recorded by Shakit
et al [44] and Aboud et al. [45]. After doping, the pure, transparent film turns green. It is evident that the transmission
decreases with increasing Co concentration in the deposited films. This decrease could be attributed to the increase in the
absorption of the film after doping, resulting from the contribution of Co?" to the absorption process. Three absorption
bands are represented in the transmission spectra at 546 nm, 598 nm and 636 nm, related to the d-d transitions of Co?"
ions. According to the literatures [46,47] these absorptions result from d-d transitions of high-spin Co?" ions , which could
be attributed to the *A, — 2E(G), *A; — *T1(P) and *A, — 2A(G) transitions, respectively [47-50]. This result indicates
the successful substitution of Co?" into Zn?" sites, where no CoO or Co3;O;4 phase was indicated by XRD results.
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Figure 7. Optical Transmittance spectra of pure ZnO and Co doped ZnO thin films
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3.4.2. Calculation of the optical gap

According to the Ridley model [51], based on the absorption band threshold, the gap energy values are estimated
from the position of the predominant peak. Fig. 8 shows the first derivatives of the optical transmission as a function of
the photon energy (hv): (dT/dE). It can be seen that the band gap values decreased progressively with increasing cobalt
doping concentration, with values of 3.21 eV for ZnO, 3.06 eV for ZC1, 3.01 eV for ZC3 and 2.95 eV for ZC5. However,
these values are lower than those of bulk ZnO (3.27 eV). In our case, the deformation of the crystal lattice, the modification
of the electronic structure, slight increase in the average grain size are mainly the origins of a decrease in the optical gap
value [52]. This broadening is a direct consequence of quantum mechanics: electronic levels are confined in a potential
well whose size is close to the typical wavelengths of electrons. By sufficiently increasing the size of semiconductor
particles, the absorption threshold is shifted towards lower energies, the gap becomes wider and the electronic structure

is affected [53].
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Figure 8. The first derivative of transmittance (dT/dE) as a function of energy (hv) for ZnO, ZC1, ZC3, and ZCS5 thin films

The Urbach energy is a characteristic parameter of energetic disorder in the band edges. It was calculated based on
the following equation:

In(a) = In (&) + ;—Z (6)

where & is a constant, hv is the photon energy, and Ey is the Urbach energy.

The results of the band gap and Urbach energy calculations are represented in Fig. 9. The Urbach energy was found
to increase with increasing Co content, indicating a rise in the energetic disorder within the films, which is directly related
to structural defects. This result correlates well with the increase in the intensity of the Al(low)/El(low) peaks as a

function of Co doping, as observed in the Raman spectra.

3.25 . : : . . . 0.30
:

3.20 —@— Urbach energy -0.28
~ L 0.26 —
2 3.15- z
= 0.24 z
s 3.10-] s
ERe -0.22 §
= S
'S 3.05- L0.20 £
g_ =]

3.00 018

L 0.16

2.95]
T T T T : 0.14

0 1 2 3 4 5
Cobalt doping concentrations ( % Co)

Figure 9. The evolution of both the optical gap energy (Eg), the Urbach energy (Eu) as a function of Co doping

3.5. Magnetic properties
Cobalt-doped ZnO (Zni—Co,O) thin films exhibit interesting magnetic properties, particularly in the context of
diluted magnetic semiconductors (DMS). These materials are attracting attention for potential applications in spintronics,
which exploits both charge and spin of electrons [54,55]. In this section, we will study the magnetic properties of (1, 3,
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and 5 Co) doped ZnO thin films. Fig. 10 (a,b) shows the hysteresis loops taken from the Co-doped ZnO samples (1%,
3%, and 5%) in room temperature. The magnetic parameters, namely saturation field (Hs), coercivity (Hc), saturation
magnetization and remanent magnetization (MR), estimated from the M-H curves at room temperature, are presented in
Table 3.
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Figure 10. hysteresis loops taken from the Co-doped ZnO samples (1%, 3%, and 5%) in room temperature

Table 3. Values of different magnetic properties

Doping (% Co) Saturation field (Hs) Coercive field (Hc) Saturation magnetization Ms Remanence Mr
1 7000 78.92 0.08543 0.00511
7500 143.82 0.13242 0.01702
5 8250 151.45 0.14033 0.01983

The curves show a hysteresis or remanence indicating the presence of ferromagnetism but at a concentration of 1%
Cobalt and present a weak ferromagnetism. Moreover, the saturation field Hs is increased with increasing cobalt
concentration (Fig.8, a)) and the low field region of hysteresis loops (Fig. 8(b)) shows that the coercive field Hc values
are in the range of 78.92 to 151.45 Oe. Studies [56-58] show that cobalt-doped ZnO can exhibit ferromagnetism at room
temperature, which is of interest for spintronics, but the origin of this ferromagnetism is still controversial this behavior
depends on several experimental factors are:

* Co concentration: Low doping (<5%) sometimes promotes ferromagnetism, but at higher concentrations, the

behavior often becomes paramagnetic or antiferromagnetic.

* Presence of free carriers (electrons): Ferromagnetism can be induced by the presence of free carriers (Zener model),
and the presence of oxygen vacancies can promote it.

* The Synthesis method strongly influences magnetic properties. Ferromagnetism is sometimes observed in
inhomogeneous thin films. This ferromagnetic signal was observed by Mamani et al. [59] on thin films of
cobalt-doped ZnO prepared by EB-PVD at room temperature and on thin films of Co and N doped ZnO prepared
by two distinct methods Sol-gel and PLD by Ramasubramanian et al. [60] and by Dhruvashi et al [61].

These results, however, seem to contradict the ferromagnetic character of thin films produced by magnetron
sputtering [62,63] and by other production methods [64-68]. The origin of this inconsistency is still not clear, but there
are hypotheses according to which ferromagnetism would be sensitive to the methods and conditions of production of Co
doped ZnO [69].

5. CONCLUSION

In this work, we conducted a study focused on zinc oxide in the form of cobalt-doped thin films, with the objective
of developing and then investigating the doping effect on the structural, morphological, optical, and magnetic properties
of ZnO thin films developed by spray technique. This configuration is the ultimate key to the potential applications of
Zn,Co;O thin films. This is why we fabricated a series of samples by varying the doping level. To fully understand the
impact of this factor on the properties of ZnO, we used a range of characterization techniques, including X-ray diffraction,
Raman spectrophotometry, scanning electron microscopy (SEM), atomic force microscopy (AFM), UV-visible
spectrophotometry, and spectroscopy, and vibrating sample magnetometer (VSM).

Structural XRD studies of the films reveal that our films are polycrystalline with a hexagonal wurtzite structure and
a preferential unidirectional orientation, along the [002] direction. XRD analysis clearly indicates that the dopant is
incorporated into the ZnO lattice without any phase segregation occurring in these films. Raman spectroscopic analyses
demonstrated the very good texturization of the films, by the presence of two intense, dominant peaks corresponding to
the longitudinal A;(LO) and its 2nd order A;(2LO) vibration modes. SEM images reveal granular surface morphologies,
their densities and diameters increasing with increasing doping levels, and a non-homogeneous surface pattern is visible
on all samples. However, the AFM images confirmed the XRD results, showing a vertical and preferential growth of the
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grains along the (002) direction, and also that the layers consist of grains distributed in a mixed wavy structure, containing
valleys and ridges, with an RMS value between 37.25 nm and 54.4 nm. The optical characterization of the developed
layers revealed oscillations in all the doped films. These oscillations result from the interference between the light
reflected by the film surface and the interface between the film and the substrate. It is evident that the transmission
decreases with the increase in Co concentration in the deposited films. This decrease is attributed to the increase in the
absorption of the film after doping, resulting from the contribution of Co?" to the absorption process. This result indicates
the successful substitution of Co*" in the Zn?" sites. The doping effect on the gap energy of ZnO films is manifested by a
decrease (from 3.212 eV to0 2.95 eV) as a function of the dopant concentration, which may be due to quantum confinement
in the ZnO matrix. The VSM revealed that all films are intrinsically ferromagnetic. The substantial enhancement of
ferromagnetism has been observed upon increase Co doping. Hence the effect of Co doping on ZnO thin films is highly
enhanced ferromagnetism and proper Co substituted ZnO films. Overall, these results demonstrate that cobalt doping
significantly affects the physical properties of ZnO, offering the potential to tailor them for future electronic or
optoelectronic applications.

Finally, due to the vast complexity of the effect of cobalt doping on the ferromagnetic properties of the ZnO thin
films, several issues are still open for future investigation in order to fully understand the abilities and limitations of
influence cobalt doping on the ferromagnetic properties of the ZnO thin films. Hopefully, the results presented in this
work gives a contribution to this understanding
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BILIUB JIETYBAHHSI KOBAJIbTOM HA CTPYKTYPHI, MOP®OJIOI'TYHI, OIITUYHI TA MATHITHI
BJIACTHUBOCTI TOHKHUX IIIBOK ZnO, BUTOTOBJIEHUX TEXHIKOIO YJIbTPA3BYKOBOI'O HATIMJIEHHSI
3. Haac®, A. Bya6emny?, K. Jlaac’, /. Beabdenname®, K. Bensyai?, M. Maxraui®, P. €xsed*
4J/labopamopis monkux niieok ma inmepeiicis, Yuisepcumem Kocmaumuna 1-®@pep Menumypi, 25017 Kocmaumun, Anxcup
bJlabopamopis mamemamuxu ma ix e3acmodit, Yuisepcumemcvuii yenmp Byccygpa A6denvxapioa, Mina, Anxcup
“Hayxoso-0ocnionuil yenmp npomuciosux mexnonoeiti CRTI, P.O. Box 64, Yepaza, 16014 Anocup, Anscup
ToHKI TUIBKH OKCHIY LIUHKY-K00anbTy (Zni—xCoxO) BiIHOCATBCSA IO HAIMIBIPOBITHUKOBOTO Marepially Ha OCHOBI OKCHIy IUHKY
(Zn0O), neroanoro kobansToM (Co). et MaTepian BUBYa€THCS TOJIOBHUM YHHOM 4epe3 Horo Mo ikoBaHi MarHiTHI, eIEKTPOHHI Ta
OIITHYHI BJIACTHBOCTI, 30KpeMa B KOHTEKCTi p030aBieHNX MarHiTHUX HaniBipoBigHukis (PMII). V mipoMy nociikeHHI aHali3y€eThCs
BIUTHB JIETYBaHHS KOOAIbTOM Ha CTPYKTYpPHI ONTHYHI Ta MarHiTHi BJIaCTHBOCTI TOHKHUX IUTIBOK ZnO, BUTOTOBJICHUX 3@ JOMOMOIO0
HEeIOpOroro, MacmraboBaHOTO METOIY YJIbTPa3ByKOBOro HamuieHHs. TOHKI IUTIBKM OKcHAY HUHKY-K0OanbTy (Znl—xCoxO) Oynu
YCIIIIHO HAaHECEH1 Ha CKIISHI MiAKIAAKH 32 JOTIOMOTOI0 METOAY YJIBTPa3ByKOBOTO HAMWJICHHS MPU TeMmeparypi miakiaagka 450 <C, 3
KOHI[CHTpaLisIMH JIeryBaHHs KoOanbToM X = 0%, 1%, 3% T1a 5%. PentreniBcpkuii mudpakmiianii (XRD) anaii3 BUSBUB IeKCarOHANbHY
CTPYKTYpPY BIOPLHUTY JJIsI BCiX 3pa3kiB 0e3 BTOpUHHHX (a3, MO CBIAYHUTH NMpo edeKkTuBHE BKIroUeHHs ioHIB Co2+ y pemriTky ZnO.
PamaHiBCchKa CIIEKTPOCKOMISI BKa3ajia Ha MOSBY CTPYKTYPHOro Oe3nany Ta IedeKTHUX MO/, IO Y3TOKYETHCS 31 301IbIICHHSIM eHepril
Vpbaxa. Ckanyroua enekrpoHHa Mikpockomisi (CEM) mokasana 3epHucty Mopdoiorito HMOBepXHi, a Ha BCIX 3pa3kax BHUIHO
HEOHOPIAHUH MaTIOHOK IOBEPXHi. ATOMHO-cmiioBa Mikpockorisi (ACM) nokasana 301bIICHHS] IIOPCTKOCTI MOBEPXHI Ta PO3Mipy
3epeH 3i 30UIbLICHHSM KOHIEHTpawil JieryBanHs. ONTHYHI BUMIPIOBaHHS MiJATBEPANWIM BHCOKHH KOE(ILIEHT MPOIYCKaHHSI Yy
BUIMMOMY Jialia30Hi Ta HOCTYMOBE 3MEHUICHHS IIMPUHH ONTHYHOT 3a00poHeHOoi 30HH Bif 3,21 eB 10 2,95 ¢B 3i 30i1bIIeHHSIM BMICTY
Co. Cnexrpockoris Ta Biopauiitauii maraitomeTp (VSM) mokasanm, 1o BCi IUTIBKH € BHYTPIIIHBO epomMarHiTHUMU. Byio BusiBIIEeHO,

110 TIOXOKEHHS (DepOMarHeTH3MY € BHYTPIIIHBOIO BIACTHBICTIO TOHKUX IUTIBOK ZnO, IeTOBaHMX KOOAIBTOM.
Kuniouosi ciioBa: mexuixa nanunenns,; monxi niisku ZnO; ne2yganhs Kobaibmom,; pamaniecbka CReKmpocKonis, po36asneni mazHimui
Hanienposionuxu (PMH)
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In this work, a recent version of the full potential linear muffin-tin orbitals (FP-LMTO) method was employed, using the local density
approximation (LDA) within the framework of density functional theory (DFT). This approach was applied to study the structural,
electronic and elastic behavior of the potassium iodide (KI) compound under pressure. The calculated structural parameters exhibit strong
agreement with available theoretical and experimental data. The RS phase was identified as the most stable structure for KI material. The
phase transition from NaCl-type (B1) to CsCl-type (B2) phase occurs at pressure of 1.633 GPa, which is quite consistent with the
experimental values. Furthermore, the band structure of KI revealed a wide-band gap semiconductor behavior across all examined phases.
The obtained bulk modulus values were relatively low, suggesting weak resistance to fracture. The elastic constants for KI in RS, CsCl,
ZnS, HCP, and WZ structures were determined and found to meet Born’s stability conditions. We esteem, there is no values available in
the literature on the elastic constants for KI in CsCl, ZnS and WZ phases. All analyzed structures displayed ductile characteristics and ionic
bonding features. Additionally, anisotropic properties were observed in all phases. The compound’s stiffness was evaluated using Poisson’s
ratio and Cauchy’s pressure. Results indicated that the CsCl phase is the most rigid among the studied configurations.

Keywords: Potassium iodide (KI); FP-LMTO; Electronic properties; Elastic properties, Phase transition

PACS: 73.50.-h, 73.50.Pz

1. INTRODUCTION

Alkali halides, such as potassium iodide (KI), are known as insulating salts composed of alkali metal cations and
halide anions, with ions derived from group IA and VIIA elements in the periodic table. Under standard conditions, these
materials typically crystallize in the Rocksalt (RS) structure [1]. Alkali iodides have played a crucial role in solid-state
physics research since the 20" century [2-6], and continue to do so in more recent studies [7-9]. They have attracted
considerable interest due to their unique features, such as crystal structure transitions under elevated pressures. Within
the alkali halide family, potassium iodide (KI) has been specifically selected for this investigation. These compounds are
widely recognized in the scientific community. KI, for instance, is frequently cited in nanoscience research, including
studies involving single-walled carbon nanotubes [10,11].

Additionally, KI and similar materials are utilized in chemical processes and have notable medical applications,
particularly in thyroid-related treatments. While KI has been examined both experimentally and theoretically in its RS
phase across various studies, its other structural forms have received less attention. As an example, for the RS phase, the
experimental lattice constant was reported as 7.094 A [7], while in the CsCl structure it measured 7.342 A [12]. The bulk
modulus (B) for KI was experimentally found by Weir et al. [13] to be 11.6 GPa, whereas theoretical results from
Cortona et al. [14] suggest a value of 13.8 GPa. A particularly interesting aspect of alkali halides is their capacity to
undergo phase changes under low pressure. The pressure at which such structural phase transitions occur is referred to as
the transition pressure (Pt).

According to experiments, at comparatively low pressures, a phase change from the RS structure (B1) to the CsCl
structure (B2) takes place. For KI, transition pressure values were determined by Asaumi et al. [5] to be 1.9 GPa and
Barsch et al. [17] to be 1.73 GPa. In the RS structure, the electrical characteristics of KI have been examined.
Teegarden et al. [20] determined the energy band gap (Eg) values from absorption spectra graphs, and the values for KI
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in the RS structure were 6.1 eV and 6 eV. Hopfield et al. [21] conducted additional experimental work that yielded an
energy band gap of 6.34eV for KI in the RS structure. The energy band gap for both KI in RS was also calculated. Using
the full potential linearized muffin-tin orbital (FP-LMTO) method, the results showed that the KI was 5.984 eV [7],
4.26 eV [22], and 5.951 eV [23]. The first-principles linearized augmented-plane-wave band method yielded the same
results. These energy band gap data show that the compound KI in the RS structure exhibits wide-band gap
semiconducting properties. Numerous elastic constants and moduli, including the bulk and young moduli, can be used to
depict the elastic properties of any compound. But for cubic structures, the most fundamental elastic constants are Ci,
Ci2, and Cyg; for hexagonal structures, there are two more: C;3 and Cs3. Numerous theoretical and experimental approaches
have been used to examine the elastic constants for KI. Using the ultrasonic pulse technique, Norwood and Briscoe
determined the elastic constants for KI and discovered that C;;, Ci2, and Cy4 have values of 27.1, 4.5, and 3.64 GPa,
respectively [24]. Bridgman reported Cii, Ci, and Cas values of 33.2, 5.78, and 6.2 GPa [25]. The homogenous
deformation method, on the other hand, served as the foundation for Sarkar and Sengupta's theoretical computation of the
elastic constants, which yielded values of 31.7, 3.2, and 4.2 GPa for Cii, Ci», and Cas, respectively [19]. Lastly,
Gahn et al. [26] determined the Young modulus to be 15.3 GPa.

This study attempts to increase our understanding of the structural, elastic, and electrical characteristics of the
compound KI in the following structures: wurzite (WZ), hexagonal close packed (A3), zincblende (ZB), nickel arsenide
(NiAs), rock salt (RS), and cesium chloride (CsCl).

2. COMPUTATIONAL DETAILS

Within the functional of density functional theory (DFT) [27-29], the FP-LMTO method, as implemented in the
LMTART code [30], was used to accomplish the computations given in this work. We employed the local density
approximation (LDA) for exchange correlation potential, as specified by Benkrima et al. [31-33], for the electron-electron
interaction in the total energy calculations. Using spherical harmonics, the electron charge density and crystal potential inside
muffin-tin (MT) spheres were increased up to Imax = 6. The parameters utilized in the current computations are listed in
Table 1 and include the radius of the muffin-tin (RMT) spheres, the number of plane waves (NPLW) employed, and the
kinetic energy required to guarantee convergence (Ecutoff) for each of the eight crystal structures that were examined.

Table 1. The plane wavenumber NPLW, energycut-oft (in Ry) and the muffin-tin radius (RMT) (in a.u) used in calculation for binary KI.

NPLW Ecuttot(Ry) RMT(u.a)

Structure
KI KI K I
NaCl(B1) 223 12.6 3.26 3.393
CsCI(B2) 215 11.1 3.496 3.496
ZnS(B3) 228 11 3.058 3.313
Wz(B4) 390 9.1 3.046 3.224
NiAs(B8-1) 136 21.7 3.236 3.368
HCP (A3) 136 21.7 3.807 3.807

In the cubic symmetry of the NaCl (B1), CsClI (B2), and ZnS (B3) structures shown in Fig. 1(a, b, and c), the unit
cell volume is solely dependent on the lattice constant a.

d) 'l n
FP LMTO method

.K
8 1

Figure 1. Crystal structure of KI in a-NaCl(B1), b-CsCI(B2), ¢-ZnS(B3), d- Wurtzite (B4), e-HCP(A3), and h-NiAs(BS8 1)
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The unit cell volume in other structures, such as wurtzite (B4), NiAs (B81), and HCP (A3), as shown in Fig. 1(d, e,
and f), relies on several lattice constants (z, a, c/a ratio, and internal parameter u); hence, each of these structures needs
to be optimized. Table 2 lists the locations of the potassium (K) and iodide (I) atoms in each of the KI compound's
aforementioned structures.

These structures have the following space groups: Bl: Fm3m, B2: Pm3m, B3: F43m, B4: P63mc, A3: P63/mmc,
and B81: P63/mmc.

Table 2. Location of atoms for the six phases

Potassiom (K) Iodide (I)
1%tatom 2"atom 1%tatom 2"atom
NaCl(B1) 0.0;0.0;0.0 1/2; 1/2; 1/2
CsCI1(B2) 0.0;0.0;0.0 1/2; 1/2; 1/2
ZnS(B3) 0.0 ;0.0 ;0.0 1/4; 1/4; 1/4
Wz(B4) 0.0;0.0;0.0 1.2;-1/243; 172 0.0; 0.0; u 1.2; -1/243; (0.5+u)
NiAs(B8-1) 0.0 ;0.0 ;0.0 0.0; 0.0; 1/2 1.2; 1N12; 1/4 1.2; -1N12; 3/4
HCP (A3) 1.2; 1/2V3; 1/4 1.2; 1/2V3; 3/4
-209817.0
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Figure 2. Total energy versus volume for six phases of KI in the LDA approximation

3. RESULTS AND DISCUSSION
3.1. Structural phase stability
We plotted the E(V) curves in this work to determine the structural properties of the semiconductor compound KI
for each of the six structures considered: NaCl (B1), CsCl (B2), ZnS (B3), Wurtzite (B4), NiAs (B8 1) and HCP (A3).
Using the Murnaghan equation of state (EOS), which can be written as follows [27], the equilibrium lattice constant a0,
the bulk modulus By and the pressure derivative of the bulk modulus By' were calculated by minimizing the total energy.

_ Bo vo)®O _ BO v _
E(V) =Eo + Bo(Bo-1) [V(V) VO] * 50 (V= Vo), (M

with Vy is the volume of the equilibrium and Ej is the energy of the ground state that corresponds to that volume. The
minimum of the curve Etot (V) provides the constant of the equilibrium lattice.
By: the compressibility modulus is determined by the following equation:

_ (1, 9%E
BO = (V m) )
BO0: the derivative of the compressibility module:
=28
B'0 =—-. 3)

Table 3 lists the results obtained for the structural parameters, together with the available experimental [13] and
theoretical results [14], [18], [7], and [23]. Table 3 makes it evident that our results match well with those derived from
previous experimental and ab-initio computations. According to Table 3's data, LDA understates the lattice parameter, a,
for the B1 structure by roughly 0.39% when compared to the experimental value of 7.067 [13]. However, Table 3 shows
that the first derivative of the bulk modulus is underestimated in comparison to the experimental data, and the computed
bulk modulus is inflated in LDA, accessible experimental results. In actuality, the bulk modulus and its first derivative
values are more susceptible to variations in the parameters employed in ab initio computations.
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Table 3. Calculated structural parameters: bulk modulus Bo and its first derivatives B'o, equilibrium lattice constants a, and structural
parameter c/a for several phases examined for KI

Parameters NaCl CsCl ZnS WZ NiAs HCP
(B1) (B2) (B3) (B4) (B8 1) (A3)
KI
This Work 87.21 77.933 117.95 116.25 85.13 92.41
Vo(A3) Other Theo
work Exp
This Work 7.039 4.271 7.784 5.916 4.853 4.027
a0 (A) Other Theo | 7.03¢,7.213¢,7.094°
work Exp 7.067*
This Work 15.299 18.535 9.856 8.826 17.35 10.885
Bo (GPa) Other Theo 11.6% 13.8°
work Exp
This Work 3.795 4.226 3.807 4.028 3.335 4.101
B Other Theo
work Exp
c/a This Work 1.719 1.633
Eumin(Ryd) -15427.90 -15427.886 -15427.88 -15427.8 -15427.3

a-Ref [13], c-Ref [14], d-Ref [18], e-Ref [23], g-Ref [7],

Five other phases are examined in order to examine how atom positions affect the structural characteristics of KI:
CsCl (B2), ZnS (B3), WZ (B4), NiAs (B8 _1), and HCP (A3). Our results for the B2, B3, B4, B8 1, and A3 phases are
predictions and could be used as a guide for future research because, as far as we are aware, no additional ab-initio
calculations or experimental data regarding the structural parameters for KI in these phases are available in the literature.

3.2. Phase transition pressure
A change in the lattice structure, or phase transformation, results in a change in the properties. According to
experiments, exposing a material to high pressures might result in a noticeable change in its characteristics that indicates
modifications to the structures [5, 18, 12, 34]. For instance, numerous tests have demonstrated that the lattice structure
changes from RS to CsCl when high pressure is applied to KI.
Using the enthalpy H, which contains the following formula, is a more straightforward and precise way to determine
the transition pressure [4, 30].
H=E+P.V, @)

At the transformation point, the enthalpy of two structures will be the same. Equation (4) can be used to demonstrate
this in the following way:

= _9
p=-% 5)
P..dV = —dE. (6)
By integrating both sides:
Pt (V2 — V1) = —(E2 — E1). @)
Rearranging the variables:
E1l + PtV1 = E2 + PtV2. ()
Using equation (5):
H1 = H2. )

Since both coordinates (enthalpy and pressure) are the same during the phase transformation, a graph of enthalpy
vs. pressure for two structures that undergo transition will, in practice, have a crossing point. The transition pressure is
the pressure present at this moment. In our earlier study, this approach produced very positive results [35-38, 84, 81,
80, 79]. Fig. 3 displays the enthalpy versus pressure plots that were utilized to determine the transition pressures. Table 4
lists the transition pressure values along with some of the available computed and experimental results. The Pt levels
found in this study agree with those found in the previous studies listed in Table 4.

Table 4. Calculated values of the transition pressure Pt and transition volumes for KI using the GGA approximation

Volume Transition pressure (GPa)
Phases 3 Reduct Other works
V (A) %) Presentwork Thes Ep
VBI
87.217 . 1.73b
B1—-B2 Von 10.64 1.633 2 1.9¢
77.933

a-Ref. [7], b-Ref. [17], c-Ref. [5]
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One transition is predicted by Fig. 3 at the curves' junction sites (equal enthalpies). At roughly 01.633 GPa, the Bl
structure gives way to the B2 structure above the crossover from B1 to B2. Our estimated pressure of 1.633 GPa for the
B1—B2 transition is quite consistent with the experimental values of Barsch et al. [17] and Assaumi [17], which differ
by 18.35%, 5.60 %, and 14.05 %, respectively, and with the earlier theoretical values of 2 GPa found by Ramola et al. [7].

1.0

—— NaCl (B1)

0.8
—— CsCl (B2)

0.6

0.4

0.2+

0.0

0.2+

AH (eV/atom)

-0.4

0.6

Pt=01.633GPa

0.8+

1.0 ————
0 5 10 15 20 25

Pressure (GPa)

Figure 3. Variation of AH (eV/atom) versus Pt (GPa) for CsC1-B2. The reference Gibbs free energy in
set for the rocksalt phase NaCl-B1

3.3. Electronic properties
3.2.1. Bande structure

The energy is computed along high symmetry lines, and the band structure (BS) was obtained with the LDA
approximation. The optimized lattice constants were used in the calculations. Figure 4 displays the BS graphs for KI in
each of the structures that were studied.

The BS graphs show the band gap between the valence and conduction bands. Together with the findings of earlier
research on the RS structure, Table 5 lists the values of eg, which is computed as the difference between MVB and MCC.
With the other known experimental and theoretical findings, the energy band gap value is underestimated by the LDA
approximation. Direct energy band gaps along the I' symmetry point are observed for the following structures: RS, ZB,
NiAs, HCP, and WZ, with values listed in Table (5). In contrast, the CsCl structure exhibits an indirect band gap between
the high symmetry points of M and I'.

In every structure examined in this work (RS, CsCl, ZB, HCP, NiAs, and WZ) the energy band gap values show
that KI is a semiconductor.

KI-B1 E(K) KI-B2 KI-B3

)
: %@\ A
£ ": §
N
7

Figure 4. Band structure of KI, in different structures studied
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(continued)
Table 5. The gap calculated for KI in different structures studied.
Phase Nature Present Type Other works
of gap work
. 5.984°, 6.2¢, 4.264,
B1 I-r 3.936 direct 5.951%m5) 6.34%
B2 M—-T 3.512 Indirect
KI B3 r-r 3.836 direct
B4 r-r direct
B8 1 -r direct
A3 I'-r direct

a-Ref. [21], b-Ref. [7], c-Ref. [62], d-Ref. [22], e-Ref. [23]

3.2.2. Density of state
As a function of energy, the DOS displays the number of states that electrons can occupy. Figure 5 displays the DOS

graphs for KI.
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Figure 5. Density of states (DOS) of KI in the different structures studied
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Figure 5. Density of states (DOS) of KI in the different structures studied
(continued)

Since peaks B3, B4, B8 1, and A3 are very identical to peak B1, we did not include them. The Fermi energy (EF)
is shown by the dotted line in the DOS graphics. There is only one peak for the energies below the Fermi energy in the
structures RS, CsCl, ZB, A3, and NiAs. The p-state in the iodide contributes the most to the DOS, while the p-state in the
potassium contributes only a little. In contrast, three peaks are visible in the WZ structure: the first peak is contributed by
the potassium's s-state, the second peak combines the contributions of the potassium's p-state and the iodide's s-state, and
the third peak is created by the iodide's p-state with a minor contribution from the potassium's p-state.

3.4. Elastic properties
Knowing a material's elastic properties, such as its elastic constants and moduli, allows one to predict how the
material will react to external stress. Because of the cubic structures' symmetry, only three elastic constants «Cj;, Ci2, and
Cs3» are needed [39], while five elastic coefficients «Cyj, Ci2, Ci3, Cs3, and Css» were needed for the hexagonal systems
[40]. One crucial instrument for assessing a material's stability is its elastic constants. The generalized requirements of
stability must be met for a material to be deemed mechanically stable, and they are [41].

Ci1 > 0,04 —Ci5 > 0,04y > 0and Cy4 + 2C4, > 0, ©)
for the cubic structures. Additional criteria are required for the hexagonal structures as follows [41]:
Cy; > |Cy;] and Cs5 > 0, (10)

where. Cs4 = Css for the hexagonal structures.

When anticipating a material's mechanical characteristics, including its stiffness, hardness, brittleness, and ductility,

elastic moduli are crucial. The bulk modulus (B), shear modulus (S), Young's modulus (Y), compressibility (B),
anisotropic factor (A), Poisson's ratio (), and so on are examples of these elastic moduli.
The elastic properties KI in RS, CsCl, ZB, NiAs and WZ structures at ambient pressure were investigated in this work
using the optimized lattice constants. This was accomplished by calculating the stress produced by a tiny strain applied
to the optimized unit cell, which in turn led to the computation of the elastic constants. Numerous models have been
proposed to determine the elastic moduli in terms of the elastic constants; the most widely used models are the Voigt,
[42], Reuss, [43], and Hill [44] models. The Hill model is taken into consideration in this work. The Hill model's bulk
modulus is determined by averaging the Voigt and Reuss models' bulk moduli, as follows:

By = 22, (1

where By = By = By = %(C11 + 2C;,) for the cubic structures®. While for the hexagonal structures, the formulas are
as follows [45-48]:

Bff** = = (2011 + C33 + 2C1, + 4C13), (12)
BHex — M (13)

R C11+C12+2C33—4C15°
Bfjex = 212k (14)

2
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The shear modulus is also calculated using the following formulas [67, 68, 71, 72]

S‘(;‘ubic — C11—C152+3C44’ (15)
Slgubic = M (16)

3(C11—C12)+4Cqs’

S‘(;"ubic_‘_sgubic

Slgubic - . , (17)

Sfe* = = [7C13 = 5C1z + 12Cy + 2C55 — 4C13), (18)
o2

Sgex zg ((€11+€12)C33—-2C13)Ca4Co6 (19)

3B1l}lexc44css+((c11+C12)C33—ZC122)(C44+C66) ’
with Ces being given as [48-50].
1
Cos = 5 (C11 = Ci2), (20)

Hex , cHex
Sy THSR T

SHex —
H 2

€2y

The following formulas [51, 52] are used to compute the Young's modulus (Y) and Poisson's ratio using the Hill model
results of the bulk and shear moduli.

9SB

= Snn’ (22)
3B-25
T 2(3B+S) (23)

The anisotropy factor and the material's hardness were among the other variables that were computed. The relations
[53,54] were used to compute the anisotropic factor.

2C.
Acupic = = 24

C11—C12’

Aoy = —— (25)

C11+C33—2Cq3’

Chen's Vickers hardness formula, which is as follows [55], was applied to determine the hardness.

H, = 2(5)°% - 3. (26)

Moreover, Cauchy pressure (Cs) was calculated using the forms as [56]:
CE¥PIe = €1y — Cyys (27
cler = ¢, — Css. (28)

The Born's conditions are satisfied by the elastic constants for KI in the RS, CsCl, Wz, HCP, and ZB structures
displayed in Table 6 [57]. Using Murnaghan's equation of state [30], the values for the bulk modulus are in excellent
agreement with the findings shown in tables 3. The structures RS, CsCl, ZB, and WZ have low bulk modulus values,
which suggest that they have poor resistance to breaking under pressure. On the other hand, because of its largest bulk
modulus value, CsCl is thought to be the hardest structure for KI and the least compressible (f =1/B).

Out of all the structures, the ZB structure has the maximum compressibility and the lowest bulk modulus.

Table 6. The elastic constants, the bulk modulus calculated by Hill's approximation for KI in RS, CsCl and ZB and Wz structures in (GPa)

Phase Cu Cnz Cu4 B Ci3 Cs3 Css
This Work 24.1738 3.890 3.8400 10.651
27.12 452 3.6426.2
NaCl (B1) Exp Reslt 332b 57gb b
Othr Theor 31.7¢ 3.2¢ 42¢
CsCl1 (B2) This Work 33.9234 3.195 2.3456 13.437
ZnS (B3) This Work 7.5379 6.916 5.0597 7.123
WZ (B4) This Work 14.7989 5.610 9.543 7.9129 13.485 3.222

a-Ref. [24], b-Ref. [25], c-Ref. [19].
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Table 7 shows the factors and elastic moduli. If the anisotropic component A=1, the material is said to be totally
isotropic; any departure indicates the degree of anisotropy. Since none of the structures « RS, CsCl, and ZB » have an
isotropy of one, they all exhibit anisotropic behavior. Conversely, the WZ structure exhibits isotropic behavior with an
isotropy of nearly 1.

Table 7. For KI compound in RS, CsCl, ZB, and WZ structures, the computed Hill's Shear modulus (SH), Young's modulus (YH) in

(GPa), Poisson's ratio (vH), the anisotropic ratio (A), the B/S ratio, the Cauchy pressure (PC) in (GPa), the compressibility (B) in
(1/GPa), and the Hardness (H)

Symbol NacCl (B1) CsCl (B2) ZnS (B3) WZ (B4)
Su 5.735 5.55 1.935 3.565
Yu 14.586 14.635 5.322 9.51
UH 0.271 0.318 0.375 0.333
A 0.3786 0.1527 16.2875 1.0358

Bu/Su 1.8572 24211 3.6811 2.6768
Cs 0.0504 0.8496 1.8569 2.3838
Bu 0.0938 0.7442 0.1404 0.1048
Ho -0.3071 -0.0629 -2.35947 -1.6705

The (B/S) ratio can be used to assess a material's brittleness or ductility. Every structure in Table 7 has B/S ratios
greater than 1.75, indicating that the KI in those structures is ductile. In contrast, the RS has the highest shear modulus,
which is extremely near to that of the CsCl structure. A material's stiffness can be studied using Young's modulus (Y);
the greater the value of Y, the stiffer the material. With the largest value of Y, the CsCl structure of KI appears to be the
stiffest structure. This is supported by the fact that the CsCl structure has the highest hardness (H). In contrast, the ZB
structure has the lowest Y and H, making it the least stiff. The inferences drawn from the bulk modulus values are
supported by these findings.

All of the structures in Table 7 exhibit positive Cauchy's pressure (Cs) values, indicating that ionic bonding is the
predominant bonding type. Although ionic bonds remain the predominant form of bonding, it is reasonable to state that
the RS structure has the "highest covalent bonding" of all because its Cs has the lowest value, which is quite near to zero.
Since all of the v values are greater than 0.25, which indicates ionic bonding inside the material, this is consistent with
the Poisson's ratio results.

5. CONCLUSION

Potassium iodide was investigated using the FP-LMTO technique within the density functional theory (DFT) and
the LDA Approximation in a number of distinct structures, including RS, CsCl, ZB, NiAs, HCP, and WZ. The adjusted
lattice parameters and bulk modulus matched previous theoretical and experimental results. Using the LDA
approximation, band gaps were determined and compared to the findings of existing theoretical and experimental
research. The resulting values are lower than the reference values, which should be noted. It is well known that LDA
lowers band gaps. The improved lattice constants were also used to analyze the elastic properties. The elastic constants
for the RS, CsCl, ZB and WZ structures satisfied Born's stability requirements. The CsCl structure had the highest bulk
modulus when compared to other structures, suggesting that it was more resistant to breaking. In contrast, the ZB structure
exhibited the lowest bulk modulus. Poisson's ratio values varied from 0.271 to 0.375, despite the fact that all structures
had positive Cauchy pressure values, which suggested ionic bonding inside the lattice. It was found that the ZB structure
had the lowest hardness and the RS structure the highest. The rigidity of the materials was assessed using Young's
modulus, where the ZB structure had the lowest value and the RS structure the highest. For all stable structures, the
anisotropic component (A) was found to be anisotropic, with values that were far from unity.
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CTPYKTYPHI, EJEKTPOHHI TA IIPYHI BAACTUBOCTI HOIUAY KAJIIIO HIJ TUCKOM:
JOCIKEHHS AB-INITIO
Xamsa Peka6-/:xa6pi*P, C. 3aiioy®?, Axmen A33ys-Pauien®, Ammap Benampanif, Canax Jayns, JI. Beadeunname®, P. €xned”,
Habias Beaydal
“Jlabopamopis mikpo- ma nanoizuxu (LaMiN), Hayionanena nonimexuiyna wikona Opana, ENPO-MA, BP 1523
Env-M'Hayep 31000, Opan, Anocup
b®akynomem npupoonuyux nayk ma ayk npo 3emnio, Yunieepcumem AMO, Byiipa 10.000, Anocup
“Jlabopamopis 00cnioiceHb N08epXoHb ma medic po30iny meepoux mamepianie (LESIMS), Vuisepcumem Cemigh 1, 19000 Cemigh, Anocup
YDaryromem npupoonuuux nayk ma nayk npo scumms, Cemich-1 Yuieepcumem, 19000 Cemich, Anorcup
¢@axyremem nayx, Yuisepcumem Caaoa [laxneba 6 bnioi 1, eyn. Coymaa, B. P. 270, bnioa, Anxcup
JJlabopamopis ¢izuxu mamepianis, padiayii ma nanocmpyxmyp (LPMRN), @axynomem nayx i mexnonozit, Yuisepcumem Moxameda Enb
bauipa Env Iopazimi-BBA, 34000, bopoxc By Appepiosc, Anocup
8/labopamopia mamepianie ma enexkmponnux cucmem, Qaxyromem nayx i mexnonoeii, Yuisepcumem Moxameda Env bauipa Env I6pazimi,
BBA, 34000 bopoaic By Appepiooic, Anscup
"Hayxoeo-0ocnionuii yenmp npomucnosux mexnonoziii CRTI, P.O. A/c 64, Yepaza, 16014 Anowcup, Andicup
Tiopomemeoponoziunuil incmumym gpopmyeanns ma dociiosicens IHFR, Opan, Andicup

V wiit po6oTi OyJI0 BHKOPHCTAHO HEIOJABHIO BEPCii0 METOMY IIOBHOTO ITOTEHIlialy JiHIHHNX MadiH-TuHOBHUX opbitaneii (FP-LMTO)
3 BUKOpPHCTaHHSIM HaOmmkeHHs jnokainbHOi rycturn (LDA) B pamkax teopii ¢ynkmionany rycrunu (DFT). Ie#t migxix Gymo
3aCTOCOBAHO ISl BUBUCHHSI CTPYKTYPHOT, €JIEKTPOHHOI Ta MPYKHOT MOBeNiHKK cromyku Hoauny kamito (KI) mig tuckom. Pozpaxosani
CTPYKTYpHI ITapaMeTpy AEMOHCTPYIOTh CHIIbHY BIAIIOBIAHICTH 3 HasBHUMH TEOPETHYHHMH Ta CKCIIEpUMEHTaIbHUMHU naHuMu. Da3za
RS 6yna Bu3HaueHa sk HaiictabinbHima cTpykTypa as matepiany KI. ®aszosuii nepexin Bix ¢asu tumy NaCl (B1) no da3u tumy CsCl
(B2) BigOyBaetbest npu Tucky 1,633 T'Tla, mio IiIKOM Y3roDKYeThCsl 3 eKCIICpPUMEHTAIbHUMHU 3HadeHHsAMH. KpiM Toro, 3oHHa
cTpykrypa Kl BHsBMIa IMIMPOKO30HHY HAMIBIPOBIAHWKOBY MOBEHIHKY y BCiX AocimipkeHHX (azax. OTpuMaHi 3HaYeHHS MOIYJIS
00'eMHO{ TIpyXHOCTI OyJIM BiAHOCHO HU3BKHMH, IO CBITUUTH PO CcIaOKy CTIHKICTh N0 pyiHyBaHHS. Byno BH3Ha4eHO KOHCTaHTH
npyxsocti it KI B crpykrypax RS, CsCl, ZnS, HCP ta WZ, sixi BinnoBizaroTs ymMoBaM criiikocti bopHa. Mu BBaxkaemo, mo B
niTepaTypi HeMae 3HaueHb KOHCTaHT npyxkHocTi st KI y dasax CsCl, ZnS ta WZ. Yci anani3oBaHi CTPYKTypH JIEMOHCTPYBAIH
TUTACTUYHI XapaKTEPUCTHKH Ta OCOOJIMBOCTI 10HHUX 3B's3KiB. KpiM TOro, aHi30TPOIHI BJIACTHBOCTI CHOCTEpiraiucs y BCiX dazax.
JKopcTkicTh Crionyku OIiHIOBaNIM 3a JonoMoror koedimienta ITyaccona ta tucky Korri. Pesynbrati mokaszamu, mo dasa CsCl e
HalKOPCTKIIIO cepest TOCIiKYBaHUX KOHDIrypariii.
Kumrouogi ciioBa: iioouo xanito (KI); FP-LMTO, enexmponni éracmugocmi; eiacmudni 61acmugocmi; ¢azosuii nepexio





