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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.
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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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Oy Ve T By (1)), @)
ox  dy dx Py O Pk

T T o[, T o
ax ay oyl Toy)

2

ua—a+va—a=DAa—?—kcab2—Skxa, 4)
ox dy dy
2

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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18l K, =00 J
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138 W\ W e=2.0;15

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.

1 T T T T T
N
a\ —— Ds = 0.0
0.8 - 4
N\ e Ds=0.5
W
NN T Ds =1.0
0.6 \'S 7
W
S W
> %Y
(9
0.4 [ 7
WY\
Y €=0.10; 2.0
AN
02F b
0 = L L

n
)

2.5 3

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.

1 T T T

09F 1
0.8 ,
0.7F 1

06 1

=

O _

0.5 Ke=05
--------- Ke=1.0
047 1
Ke=15
0.3
02572 .
OI L L L L 1 L L L
0 0.5 1 15 2 25 3 3.5 4

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



