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Abstract
Objectives: The present article provides a detailed analysis on the Darcy-
Forchheimer hybrid nanofluids flow past an exponentially stretching sheet
in the presence of mixed convection with slip conditions and the impacts of
different relevant parameters of the fluid flow for velocity and temperature
profiles. Methods: In order to create hybrid nanofluids, two magnetic
nanoparticles, magnetite (Fe3O4) and cobalt ferrite (CoFe2O4), are taken into
consideration. The governing boundary layer coupled partial differential
equations are transformed into a system of non-linear ordinary differential
equations, which are then solved numerically by using the bvp4c solver
available in the Matlab software. A comprehensive parametric analysis has
been performed to show the effects of the convective parameter, velocity ratio
parameter, porosity parameter, forchheimer parameter, solid volume fractions
of Fe3O4 andCoFe2O4, velocity slip and temperature jump on the fluid velocity
and temperature profiles as well as the local skin-friction coefficient and local
Nusselt number within the boundary layer. Findings: For higher values of λ , ε ,
ϕ1, ϕ2, the velocity field grows, and it declines for γ , Fr, and A. The temperature
field thickness is higher for γ , Fr, ϕ1, ϕ2 and A, while decreases for λ and ε . The
local skin friction coefficient diminishes as rise in the values of ε , λ , γ , Fr, ϕ1, ϕ2,
A and B. The local Nusselt number shows increasing behaviour for increasing
amount of ε , λ , γ , Fr, ϕ1, ϕ2, A and B. Novelty: The novelty of the current work
is the analysis of the flow of Darcy-Forchheimer hybrid nanofluids across an
exponentially stretched sheet in the presence of mixed convection with slip
conditions. Here, water is used as base fluid andmagnetite, cobalt ferrite being
used as hybrid nanoparticles for the present study.
Keywords: Hybrid nanofluids; Exponentially stretching sheet; Mixed
convection; Velocity slip; Temperature jump
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1 Introduction
An innovative approach to heat transmission is necessary to keep up with the latest technological developments. Hybrid
nanofluids, which are an advanced category of fluids characterized by enhanced thermal properties, were recently discovered
through nanofluid research. Dispersing nanocomposites or nanoparticles of various metals into the base fluid creates these
fluids. When contrasted with nanofluids based on monoparticles and more traditional fluids, the hybrids exhibited superior
thermal characteristics. A hybrid nanofluid’s effectiveness and thermophysical propertiesmay be affected by a number of factors,
such as the ratio of nanoparticles, the stability of the hybrid nanofluid, the size of the nanoparticles, and the composition of the
base fluid. Hybrid nanofluids have many real-world uses in engineering and industry, including the cooling of nuclear systems,
electronics, biomedical applications, buildings (both heating and cooling), generators, engines, and thermal management
systems for vehicles.They additionally serve to improve heat transfer technology, which in turn reduces costs in these fields (1,2).

Liaquat AliLund et al. (3) investigated the MHD outflow of the hybrid nanofluid. Hayat et al. (4) did research against the
intensification of thermal conduction using hybrid nanofluid.Mabood et al. (5) explored hybrid nanofluid outflow together with
melting transfer of heat. Aamir Ali et al.’s (6) study focused on boosting the thermal properties of a hybrid nanofluid composed
of nanoparticles. Zhixiong Li and colleagues (7) statistically investigated the hydrothermal behavior as well as the irreversibility
of hybrid nanofluid flows by means of a sinusoidal hairpin heat exchanger. Magnetite, cobalt, or iron micro-sized particles
immersed in a liquid are known as ferrofluids. Typically, water or oil is utilized as the base fluid for ferrofluid. Ferrofluids
exhibit superparamagnetism-like properties. It’s because an external magnetic field has powerfully magnetized these fluids.
A magnetic field can hold liquid seals formed by ferrofluids in place. NASA devised these liquids as a method of controlling
the flow of rocket fuel in its orbit. Ferrofluids are beneficial for keeping dust off the magnetic disc drive’s drive shafts as well.
Ferrofluids can also be used to speed up the thermal transmission rate in a wide range of materials, as liquids are utilized in
modern industry and technology. In the field of electronic and chemical devices, it is crucial.

When forced convection and natural convection mechanisms work together to transport heat, the technique is known as
mixed convection or forced convection. This is usually referred to as circumstances in which buoyant and pressure forces
interplay. Because of its significance in enhancing the thermal characteristics of heat transmission, mixed convection is one
of the main areas of study for researchers. Additionally, it takes into consideration an instance of convection in general that
emerges from a number of applications of technological advances and manufacturing in nature, along with the cooling of
electronic devices, drying technology, the storage of solar energy, the manufacturing of foat glass, and the processing of food.
A lot of research has been done on the mixed thermal transportation of nanofluids, as found in (8). The stagnation-point fluid
flow due to mixed convection finds its place in many applications like atmospheric boundary layer flows, nuclear collectors,
solar collectors, heat exchangers, and so forth (1).

The permeability of porous media offers numerous benefits across a wide range of applications, such as fermentation, grain
storage, groundwater pollution, reservoir dynamics, petroleum extraction, groundwater supply, fossil fuel operations, nuclear
waste management, energy storage devices, oil reserves, solar panels, andmany others. Darcy’s (9) theory served as a foundation
for numerous investigations concerning porous mediums characterized by low porosity and fluid velocities. However, it has
certain drawbackswhen applied tomediawith high permeability and greater transportability. At large flow speeds, conventional
Darcy’s law is inadequate in considering inertial and boundary conditions. Hence, Darcy’s theory was inadequate in providing a
rationale for physical conditions involvingmediawith large porosities and velocities. To address this limitation, Forchheimer (10)

proposed incorporating a square velocity component into the Darcy velocity model. This modification enables the analysis of
inertia and boundary properties (11–15).

The focus of this research is to analyze the heat transfer rate of stagnated point hybrid nanofluid flow in the presence of
mixed convection past an exponentially stretching sheet under slip conditions. The reason for choosing magnetite and cobalt
ferrite nanoparticles in base fluid water is their capability of being used as a heat transfer fluid in many engineering and
industrial applications like gas storage, atomic reactors, ultra-capacitors, heat transfer in solar and cooling devices, motors,
and so forth. The one-phase model (Tiwari-Das model) is used in this study. Using similarity variables, the governing partial
differential equations are transformed into ordinary differential equations, which are then numerically solved using Matlab
software and computed using the bvp4c method. Numerous physical parameters have been calculated, and the impacts of
velocity, temperature, skin friction, and Nusselt number have been presented graphically and through tables. Furthermore, the
numerical data about physical quantities is tabulated and interpreted.

2 Methodology
Consider a continuous, incompressible and viscous hybrid ferrofluid, namely Fe3O4 −CoFe2O4/H2O of two-dimensional
boundary layer with mixed convection at the stagnation point and slip effects across an exponentially stretching sheet. The
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x−axis is chosen along the stretching surface in the flow direction, whereas the y−axis is orthogonal to surface. The sheet that
stretches exponentially with velocity, Uw (x) = aex/L, where ‘a’ is a positive constant and ‘L’ be its characteristic length. The flow
is sustained at constant temperature T∞ and the velocity of free stream is,U∞ (x) = cex/L at some distance from the horizontal
surface, where ‘c’ is positive constant. The temperature of surface is denoted by T w (x) = T∞ +Toex/L, where ‘T∞’ is average rate
through which temperature expands across the sheet and ‘T∞’ is the ambient temperature.

Because the hybrid nanofluids are created as stable combinations of the nanoparticles and the base fluids, the size of the
nanoparticles is homogeneous, and the agglomeration impact of hybrid nanoparticles on the thermo physical characteristics
is discarded. In order to synthesize the hybrid ferrofluids, magnetite Fe3O4 and cobalt ferrite CoFe2O4 ferroparticles are
suspended in a water-based solution.

Fig 1. Schematic diagram of the flow

2.1 Governing Equations:

The basic boundary layer equations for the assumed model in cartesian coordinates x and y are given as: [see ref.s (1,2)]

∂u
∂x

+
∂v
∂y

= 0, (1)

u
∂u
∂x

+ v
∂u
∂y

=U∞
dU∞

dx
+

µhn f

ρhn f

∂ 2u
∂y2 +gβhn f (T −T∞)+

νhn f

k∗
(
U∞ −u2)+F(U2

∞ −u2), (2)

u
∂T
∂x

+ v
∂T
∂y

= αhn f
∂ 2T
∂y2 , (3)

The corresponding boundary conditions for current problem can be drafted as: [see ref.s (2) & (16)],

u=Uw(x)+A1
∂u
∂y

= ae
x
L +A1

∂u
∂y

, v = 0,T = Tw (x)+ B1
∂T
∂y

at y = 0,

u=U∞=ce

x
L ,T→T∞ as y→∞,

(4)

where, A1 and B1 are the slip factors for velocity and thermal energy, respectively, ‘g’ stands for gravitational acceleration, βhn f
is the hybrid nanofluid’s thermal expansion coefficient. Here ϕ1 and ϕ2 represents the concentration of Fe3O4 and CoFe2O4
ferroparticles in the base fluid H2O respectively.
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2.2 Similarity transformations:

The similarity transformations have been imposed following (17), given as:

ψ=
√

2aν f L f (η)e

x
2L , η=y

√ a
2ν f L

e

x
2L ,

θ (η) =
T − T∞

Tw − T∞
,

(5)

where ψ, ν f , and η denotes the respective stream function, kinematic viscosity, the similarity variable, whilst f and θ are
dimensionless function. Next, we describe u = ∂ψ

∂y , v = − ∂ψ
∂x . While considering Equations (5) and (1) is identically satisfied.

With the assistance of Equations (5), (2) and (3) are transformed as,

µhn f /µ f

ρhn f /ρ f
f
′′′
+ f f

′′′ −2 f
′2 +2ε2 +2λ

(ρβ )hn f /(ρβ ) f

ρhn f /ρ f
θ + γ(ε − f

′
)+Fr(ε2 − f

′2) = 0, (6)

1
Pr

khn f /k f

(ρCp)hn f /(ρCp) f
θ

′′
+ f θ

′ −4 f
′
θ = 0, (7)

The transformed boundary conditions (Equation (4) 4) are:

f (η) = 0 , f
′
(η) = 1+A f

′′
(η) , θ (η) = 1+Bθ ′

(η) at η = 0,
f
′
(η) = ε , θ (η) = 0 as η → ∞.

(8)

Where prime symbolize differentiation w.r.t.η , and the dimensionless parameters are described as:
A = A1

(
µhn f
ρhn f

)
e

x
2L
√

a
2Lν f

shows velocity slip parameter, B = B1
√

a
2Lν f

e
x

2L signifies thermal slip parameter, λ = Grx
Re2

x

represents the thermal convection parameter, ε = c
a depicts the velocity ratio parameter, γ = 2νhn f L

ex/Lk∗a
refers to the local porosity

parameter, Pr=
ν f (ρCp) f

k f
denotes the prandtl number and Grx =

gβ f (Tw−T∞)x3

v2 represents thermal buoyancy parameter.

Table 1.Thermal and physical properties of magnetic nanoparticles and base fluid (see (18))
Physical properties Fe3O4 CoFe2O4 Water
ρ(kg/m3) 5180 4907 997.1
Cp(J/kg.K) 670 700 4179
k(W/m.K) 9.7 3.7 0.613
β (K−1) 1.3 x 10−5 1.3 x 10−5 21
µ(mPa/s) - - 0.891
Pr - - 6.2

The models are being utilized for assessing the physical properties of nanofluid and hybrid nanofluid are introduced in
Table 2.

Table 2.Thermal and physical properties of nanofluid & hybrid nanofluid (see (5))
Properties Nanofluid Hybrid Nanofluid
Density ρn f = (1−ϕ1 )ρ f +ϕ1 ρn1 ρhn f =

(1−ϕ2 )
[
(1−ϕ1 )ρ f +ϕ1 ρn1

]
+ϕ2 ρn2

Heat Capacity (ρCp)n f = (1−ϕ1 )(ρCp) f +

ϕ1 (ρCp)n1

(ρCp)hn f =

(1−ϕ2 )
[
(1−ϕ1 )(ρCp) f +ϕ1 (ρCp)n1

]
+

ϕ2 (ρCp)n2
Thermal Conductivity kn f =

kn1+2k f −2ϕ1 (k f −kn1)
kn1+2k f + ϕ1 (k f −kn1)

k f khn f =
kn2+2kn f −2ϕ2 (kn f −kn2)
kn2+2kn f + ϕ2 (kn f −kn2)

kn f

Continued on next page
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Table 2 continued
Thermal expansion coefficient (ρβ )n f = (1−ϕ1 )(ρβ ) f +ϕ1 (ρβ )n1 (ρβ )hn f =

(1−ϕ2 )
[
(1−ϕ1 )(ρβ ) f +ϕ1 (ρβ )n1

]
+

ϕ2 (ρCp)n2
Dynamic viscosity µn f =

µ f

(1−ϕ1 )
2.5 µhn f =

µ f

(1−ϕ1 )
2.5(1−ϕ2 )

2.5

Here, ϕ1 and ϕ2 denotes the nanoparticle concentrations of Fe3O4 and CoFe2O4 , respectively in the base fluid H2O. Base
fluid, nanofluid, and hybrid nanofluid, all were denoted by letters f , n f and hn f , respectively. Similar to this, subscripts n1 and
n2 have been used for nanoparticles of Fe3O4 and CoFe2O4, respectively.

2.3 Parameters of empirical importance:

For implementation in engineering and practical applications, the skin friction coefficient and Nusselt number, respectively, be
defined as:

C f x =
τw

ρ f U2
w(x)

, Nux =
xqw

k f (Tw−T∞)
,

Here τw represents shear stress over the surface of wall and qw represents the heat flow from the wall. The expressions for
these are illustrated as:

τw = µhn f

(
∂u
∂y

)
y=0

, and qw =−khn f

(
∂T
∂y

)
y=0

,
As the dominant boundary conditions and similarity transformations are applied, Skin friction coefficient and local Nusselt

number be defined in non-dimensional forms as:
C f x(2Re)

1
2 =

µhn f
µ f

( f
′′
(η))η=0,

Nux(Rex/2)−
1
2 =− khn f

k f
(θ ′

(η))η=0 ,

i.e.
C f x(2Re)

1
2 = 1

(1−ϕ1)
2.5(1−ϕ2)

2.5 ( f
′′
(η))η=0,

Nux(Rex/2)−
1
2 = − khn f

k f
(θ ′

(η))η=0 ,

where Rex =
uw(x)L

ν f
depicts the Reynold’s number.

2.4 Implementation of the bvp4c solver:

The bvp4c solver is an algorithm provided by MATLAB for solving BVPs. The design and implementation of the bvp4c solver
were pioneered by Kierzenka and Shampine (19), who currently exhibit a tremendous amount of research on the subject.
A descriptive implementation of bvp4c for the study under consideration has been mentioned here in this research. Using
similarity transformations, we converted the set of PDEs to a set of ODEs and then computed the system using MATLAB’s
bvp4c solver. If we change the system of ODEs to a system of first order equations, then every boundary value problem may be
formulated for its solution in bvp4c. Shampine (20) has provided the demonstration of the process. Steps I and II have explored
the transformation of the system of ODEs for current research to a system of first-order equations. The boundary condition
conversion is dealt with in step III, and step IV wraps up the remaining portion of the programme.

Step I: Firstly, we introduce a new set of variables for our coupled non-linear ODEs:
f (1) = f , f (2) = f

′
, f (3) = f

′′
, f (4) = θ , f (5) = θ ′

.

Step II:Here, some new variables into a set of Equations (6) and (7) and construct a structure of 1st order equation as:
f ′ (1) = f (2)

f ′ (2) = f (3)

f ′ (3) =
ρhn f/ρ f
µhn f/µ f

(
− f f

′′
+ 2 f

′2 − 2ε2 − 2λ (ρβ )hn f /(ρβ ) f
ρhn f /ρ f

θ − γ(ε − f ′) − Fr(ε2 − f ′2)
)

f ′ (4) = f (5)

f
′
(5) = Pr

(ρCp)hn f/(ρCp) f
khn f/k f

(− f θ ′
+ 4 f ′θ)

Step III: The boundary conditions have been transformed in accordance with the new variables as: f a(1) = 0, f a(2) =
1+A f a(3) , f a(4) 1+B f a(5) , f b(2) = ε, f a(4) = 0.

Here, f a characterizes position at η = 0 and f b characterizes position as η → ∞.
Step IV: To solve the set of first order equations together with boundary conditions, we use bvp4c solver in MATLAB

software. For the first iteration of solution, we offered an initial guess along with a mesh size of 0.01.
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3 Result and Discussion
The prime objective of this segment is to investigate the velocity and temperature profiles for various values of the relevant
parameters. Using the bvp4c-technique, differential Equations (6) and (7) using boundary conditions (Equation (8)) are
evaluated. In all of these computations, the value of Prandtl number has been set as 6.2. In this segment, the graphical and
numerical findings are employed in order to precisely explore the impacts of pertinent factors upon velocity and temperature
profiles. The impacts of various factors that governs dimensionless parameters, such as the velocity ratio parameter (ε), mixed
convection parameter (λ ), porosity parameter (γ), Forchheimer’s parameter (Fr), solid volume fraction of Fe3O4 (ϕ1), solid
volume fraction of CoFe2O4 (ϕ2), velocity slip parameter (A), and temperature slip parameter (B), are examined in this
segment. The thermal and physical characteristics of base fluid and magnetic nanoparticles are displayed in Table 1. Table 2
demonstrate the physical characteristics of nanofluid and hybrid nanofluid, respectively. We compared our findings with a
previously published work by Waini et al. (17) to verify the code and ensure that our results were accurate. In the Table 3, the
values for (2Rex)

1/2C f x and (Rex/2)−1/2 Nux are evaluated on account of distinct values of λ and ϕ2 for Al2O3 −Cu/H2O
where Pr = 6.2, ϕ1 = 0.1, and ε = 1. The Table 4 demonstrates how well the findings of the current study agree with those that
have been published.

Table 3. A comparable study of values of (2Rex)
1/2 C f x and (Rex/2)−1/2 Nux for varying values of λ and ϕ2 for Al2O3 −Cu/H2O,

where Pr = 6.2, ϕ1 = 0.1, and ε = 1.
Waini et al. (17) Present Results

λ ϕ2 (2Rex)
1/2C f x (Rex/2)−1/2 Nux (2Rex)

1/2C f x (Rex/2)−1/2 Nux

-1 0
0.02
0.04

-1.986284
-2.133358
-2.282522

5.514729
5.642844
5.772345

-1.986120
-2.133147
-2.282262

5.514797
5.642935
5.772463

0 0
0.02
0.04

-1.666032
-1.806661
-1.949228

5.577035
5.707901
5.840119

-1.665882
-1.806470
-1.948997

5.577094
5.707979
5.840219

1 0
0.02
0.04

-1.357859
-1.492592
-1.629117

5.633659
5.766829
5.901308

-1.357718
-1.492415
-1.628903

5.633712
5.766899
5.901396

Table 4 depicted the local skin friction coefficient and local nusselt number variations with respect to velocity ratio parameter
(ε),mixed convection parameter (λ ), porosity parameter (γ), forchheimer’s parameter (Fr), solid volume fraction of Fe3O4 (ϕ1)
and CoFe2O4 (ϕ2), velocity slip parameter (A) and temperature slip parameter (B).

Table 4. Numerical results of Skin friction coefficient− 1
(1−ϕ1)

2.5(1−ϕ2)
2.5 f

′′
(η) and Nusselt number− khn f

k f
θ ′

(η) for the current study
when Pr = 6.2

ε λ γ Fr ϕ1 ϕ2 A B − 1
(1−ϕ1)

2.5(1−ϕ2)
2.5 f

′′
(η) − khn f

k f
θ ′

(η)

0.01 0.5 1 1 0.01 0.01 0.1 0.1 -1.4700 3.1848
0.02 -1.4640 3.1870
0.03 -1.4577 3.1893
0.04 -1.4712 3.1917

0.6 -1.4527 3.1893
0.7 -1.4356 3.1937
0.8 -1.4186 3.1918

1.5 -1.5705 3.1534
2.0 -1.6627 3.1238
2.5 -1.7479 3.0958

1.5 -1.5298 3.1682
2.0 -1.5860 3.1525
2.5 -1.6389 3.1375

0.02 -1.5176 3.2285
0.03 -1.5661 3.2724
0.04 -1.6155 3.3165

0.02 -1.5163 3.2168
Continued on next page
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Table 4 continued
0.03 -1.5635 3.2489
0.04 -1.6116 3.2813

0.2 -1.2340 3.0557
0.3 -1.0669 2.9530
0.4 -0.9415 2.8684

0.2 -1.4902 2.4374
0.3 -1.5029 1.9749
0.4 -1.5115 1.6602

Fig 2. Effect of Mixed Convection(λ ) on f
′
(η) and θ (η)

Fig 3. Effect of velocity Ratio Parameter (ε) on f
′
(η) and θ (η)

Figure 2 illustrates how the convection parameter(λ ) affect the velocity and temperature profile of the hybrid nanofluids. It
is clear from the Figure 2(a), that the velocity profiles tend to rise as λ increases. This is attributable to the way that a quicker
pace of mixed convection brings about an expanded temperature contrast between the fluid and the region around the surface
over which the fluid flows. This result is consent to the work done by (21). The difference in the temperature permit to boost the
velocity of the hybrid fluids. In Figure 2(b), θ (η) diminishes although λ rises as it emphasize the difference in temperature
between the fluid and the vicinity of surface.Therefore, the thickness of thermal boundaries gradually declines. Figure 3 portrays
how the velocity ratio parameter (ε) affects velocity and temperature profile of the hybrid nanofluids. In general, velocity profile
in Figure 3(a) tends to increase as ε value increases. As the value of the velocity ratio parameter expands, the fluid’s velocity on
the stretching sheet likewise increases, triggering the velocity boundary layer to enlarge and have good agreement with (1). In
Figure 3 (b), θ (η) decreases as velocity ratio parameter (ε) increases. This is because due to the external velocity increases,
heat is dispersed more quickly in the area, lowering fluid temperature.
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Fig 4. Effect of Porosity Parameter (γ) on f
′
(η) and θ (η)

Fig 5. Effect of Forchhemier number (Fr) on f
′
(η) and θ (η)

The schematic of Figure 4 shows how the velocity and temperature profile is affected by the porosity term (γ). Decay of
f
′
(η) is caused by higher estimates of the local porosity parameter γ as seen in Figure 4(a). The permeability of the fluid flow

is substantially increased by the Darcy number and causes the fluid velocity to decrease since γ and the darcian drag force are
inversely proportional to each other. Permeability enhancement causes the resistive force inside the particle to increase, which
results in reducing the fluid’s velocity. Also, Figure 4(b) displays the consequence of porosity parameter γ on temperature field
θ (η) .Higher estimates of γ are used to assess the intensification of the temperature field θ (η). Figure 5 depict the effects of the
Forchhemier number (Fr) upon the velocity and temperature curves. In Figure 5(a), improvements in the Forchhemier term
curtail the velocity of fluid and boost the thermal energy profile in Figure 5 (b). Such phenomena have been seen because the
Forchhemier term lowers the permeability of the fluid. This result is in good agreement with (22).

The velocity profile for various slip parameter (A) values are listed in Figure 6(a). In Figure 6(a), it can be shown that the
velocity profiles are a declining function of the slip parameter A. Physically, when a slip takes place, the surface skin friction
between the sliding fluid and the stretching sheet decreases because not all of the stretching sheet’s pulling force can be passed
to the fluid. The fluid’s velocity at the boundary layer will consequently decline when A is increased and is in good agreement
with (23). Also, Figure 6(b) depicts the impact of thermal slip parameter (B) on temperature profile. The temperature initially
declines due to thermal slip parameter B, but beyond a certain distance from the sheet, this feature is smeared out. Due to
a lesser amount of heat being transferred from the sheet to the fluid, it has been found that the temperature drops when the
thermal slip parameter B is raised and have good consent with (24). Figure 6 (c) shows how the temperature profile behaves for
distinct values of Prandtl number (Pr). This graph clearly shows that a boost in Pr leads temperature profiles to decline and has
an adverse impact on the thickness of the thermal boundary layer. This implies that heat will swiftly spread at higher Prandtl
number extents. The fluid’s thermal diffusivity grows as the Prandtl number does, which raises the fluid’s temperature (11).
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Fig 6. Effect of Slip parameter(A) on f
′
(η), Slip parameter(B) and Prandtl number(Pr) on θ (η)

4 Conclusion
The Darcy-Forchheimer space and Stagnation-Point slip flow of Hybrid Ferrofluid Past Exponentially Stretching Sheet are
examined in detail in this work and compared to previously published results. The impacts of mixed convection and slip
parameters on two-dimensional boundary layer flows have been examined in this study. Future advancements in heat
transfer rate can be achieved by a multifaceted strategy that includes the phenomena of mixed convection, velocity slip,
and thermal leap. Understanding and controlling the dynamics of mixed convection—where forced and natural convection
occur simultaneously—will be essential for optimizing thermal management in the transportation and electronics sectors. It
is important to address the frequency of velocity slip at the boundaries between fluids and solids and efficiently control the
transmission of heat across diverse material boundaries. Further research might focus on enhancing heat transfer efficiency by
changing hybrid nanofluids with adaptive properties. Here are some notable aspects of this work:

• For higher values of λ , ε , ϕ1, ϕ2, the velocity field grows, and it declines for γ , Fr, and A.
• The temperature field thickness is higher for γ , Fr, ϕ1, ϕ2 and A, while decreases for λ and ε .
• Raising Prandtl number will lead to decrement in thermal boundary layer’s thickness.
• As a consequence of the thermal slip, the temperature profile as well as accompanying thermal boundary layer’s thickness

drops.
• The local skin friction coefficient diminishes as rise in the values of ε , λ , γ , Fr, ϕ1, ϕ2, A and B.
• The local Nusselt number shows increasing behaviour for increasing amount of ε , λ , γ , Fr, ϕ1, ϕ2, A and B.

5 Nomenclature
BVP: Boundary value problem; ODE: Ordinary differential equation; PDE: Partial differential equation; β : Coefficient of
thermal expansion; ε : Velocity ratio parameter; η : Dimensionless variable; λ : Thermal convection parameter; γ : Local
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porosity parameter; Fr : Forcheimmer number; f : Dimensionless stream function; θ : Dimensionless temperature function;
C f x : Skin friction coefficient; Nux : Nusselt number; Rex : Reynold’s number; Pr : Prandtl’s number; A: Velocity slip parameter;
B: Temperature slip parameter; α :Thermal diffusivity; k :Thermal conductivity; µ : Dynamic viscosity; ν : Kinematic viscosity;
ρ : Density; τw : Shear stress at the wall ; a,c : Positive constant for stretching rate; Cp : Specific heat at constant pressure; g:
Acceleration due to gravity; k∗ : Permeability; qw : Heat flux; T : Absolute free temp. of the fluid; T w : The temp. of the
stretching surface; T ∞ : The temp. of the free stream; Uw : The stretching velocity at surface; U∞ : Free stream velocity of the
fluid; u,v: Horizontal and vertical velocity comp; x,y : Cartesian coordinates
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