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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



160
EEJP. 3 (2025) Gladys Tharapatla, et al.

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

0.18
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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

0
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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



