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Abstract: The aim of this study is to analyze heat and mass transfer in boundary layer non-Newtonian nanofluid flow past
a vertically stretching porous plate which chemical reaction, variable magnetic field and variable thermal conduc-
tivity. The system of non-linear partial differential equations governing the flow were solved using finite difference
numerical approximation method. The resulting numerical schemes were simulated in MATLAB software. Further-
more, the skin-friction coefficient, Sherwood number, and Nusselt number have been presented in tabular form and
discussed. The findings demonstrated that increasing Reynolds and Grashof (for heat and mass transfers) numbers
increases velocity profiles while increasing permeability parameter, suction parameter and angle of inclination for
the applied magnetic field reduces the velocity profiles of the fluid flow. Temperature of the fluid increases as the an-
gle of inclination, magnetic number,Dufour number, Reynolds number and Eckert number increase but decreases as
Prandtl number increases. Induced magnetic field profiles decrease as magnetic Prandtl number and suction param-
eter increase.Concentration profiles decrease as the chemical reaction parameter and Schmidt number increase but
increases as the Soret number increases. The study is significant in cancer therapy, hyperthermia, dynamos, cooling
and wound treatment.
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1. Introduction

Recently, hydromagnetic nanofluid flows past stretching plates have attracted reasonable attention to researchers
because nanofluids exhibit enhanced heat transfer and energy efficiency characteristics that make them suitable for
a wide range of engineering applications.
[1] investigated laminar boundary layer MHD hybrid nanofluid flow and heat transfer driven by mixed convection ad-
jacent to a vertical porous plate in the presence of magnetic induction. The study focused on investigating the effects
of nonlinear thermal radiations on energy transport, specifically considering the influences of conduction-radiation
and magnetic Prandtl number.The results showed that the induced magnetic field decreased as the Hartmann and
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magnetic Reynolds numbers increased.
[16] investigated the magnetohydrodynamics (MHD) convective nanofluid flow over a vertical stretching sheet con-
sidering the thermal radiation and buoyancy effects. Three different base fluids and four different nanoparticles were
examined as nanofluid. The governing nonlinear partial differential equations along with the boundary conditions
were transformed into a dimensionless form; afterwards, they were solved numerically by the fourth-order Runge–
Kutta method with the shooting technique. Parametric investigation was conducted and the influence of various
physical parameters, such as magnetic parameter buoyancy parameter, nanoparticle size, nanoparticle concentra-
tions and radiation parameter on velocities and temperature profiles, skin fraction coefficient and reduced Nusselt
number are reported. As the results indicated, the reduced Nusselt number had an inverse relation with increasing
the nanoparticle concentrations.
[9] conducted an experimental investigation to get insight into convective heat transfer features of the aqueous mag-
netic fluid flow over a fine wire under the influence of an external magnetic field. The convective heat transfer coef-
ficient of the aqueous magnetic fluid flow around the heated wire was measured in both the uniform magnetic field
and the magnetic field gradient. The effects of the external magnetic field strength and its orientation on the thermal
behaviors of the magnetic fluids were analyzed. The experimental results showed that the external magnetic field was
a vital factor that affected the convective heat transfer performances of the magnetic fluids and the control of heat
transfer processes of a magnetic fluid flow could be possible by applying an external magnetic field.
[13] analyzed the mixed convective flow of magneto-nanofluid bounded by a vertical stretchable surface by consid-
ering Brownian motion and thermophoretic diffusion effects. The aspects of chemical reaction and activation energy
were introduced. Equations governing the locally similar flow were tackled through a numerical approach and the
influences of involved parameters on the flow fields were displayed graphically. Buoyancy effects resulting from the
temperature and concentration differences accelerated the fluid flow in vertical direction. Brownian motion had no
influence on the heat flux from stretching wall. Heat flux from the wall diminishes upon increasing the chemical reac-
tion rate constant. Nanoparticle concentration is directly proportional to the activation energy of chemical reaction
and the behavior of Brownian motion on nanoparticle concentration is qualitative opposite to that of thermophoretic
force.
[6] investigated the effect of two-dimensional Darcy-Forchheimer flow over second-grade fluid with linear stretching.
Heat transfer through convective boundary conditions were considered. Results showed that temperature distribu-
tion rises with rise in Dufour number while concentration distribution rises with increase in Soret number. The Forch-
heimer number and porosity parameter raise the skin friction coefficient. The use of nanofluids in heat exchangers
can potentially reduce both volumetric and mass flow rates, thereby leading to an overall decrease in power consump-
tion as investigated in the works of [7].
[10] examined the nanoliquid flow between two horizontal infinite plates. The lower plate is stretchable and perme-
able. The uniqueness of the flow model is assimilated with the Hall effect, variable thermal conductivity, thermal
radiation, and irregular heat source/sink. Transmission of mass is enhanced with the impression of chemical reac-
tion incorporated with activation energy. An increasing behavior is exhibited by the temperature field on escalating
the Brownian motion, thermophoresis parameter, variable thermal conductivity, and radiation parameter. For larger
values of Schmidt number and chemical reaction parameter, the concentration profile reduces, while a reverse trend
is seen for activation energy.
[8] analyzed the impact of Hall current and induced magnetic field on the free convective flow of an electrically con-
ducting, viscous, and incompressible fluid between two non-conducting vertical walls. The findings reviewed that
the increase in Hall current led to an increase in both components of velocity, while both components of the induced
magnetic field and induced current density decreased [11].
Nanofluids are useful in a wide range of technical applications, including plasma physics, magnetic drug aiming, as-
tronomy and astrophysics, and in electric power generation systems with high efficiency and low emissions [14]. [15]
conducted a study on the magneto-hydrodynamics boundary layer heat and mass transfer flow of thermally radiating
and dissipative fluid over an infinite plate of vertical orientation with the involvement of induced magnetic field and
thermal diffusion.The findings revealed that an increase in the suction parameter leads to a reduction in the values of
velocity, temperature, and concentration.
[17] focused on the three-dimensional flow of viscoelastic fluid in the presence of Soret and Dufour effects. Effects of
thermophoresis and Brownian motion were considered. Solution expressions of velocity, temperature and nanopar-
ticle concentration were computed via homotopy analysis method. Results were plotted and analyzed for the dimen-
sionless velocities, temperature and nanoparticle concentration. Values of local Nusselt and Sherwood numbers were
examined through tabular form. It was observed that Temperature field was enhanced for the larger Brownian motion
parameter and an increase in Dufour number gives rise to the temperature and thermal boundary layer thickness.
[19], in this study, one type of applicable analytical method, differential transformation method , was used to evaluate
the efficiency and behavior of a straight fin with variable thermal conductivity and heat transfer coefficient. Fins are
widely used to enhance heat transfer between primary surface and the environment in many industrial applications.
The performance of such a surface is significantly affected by variable thermal conductivity and heat transfer coef-
ficient, particularly for large temperature differences. Results are evaluated for several cases such as: laminar film
boiling or condensation, forced convection, laminar natural convection, turbulent natural convection, nucleate boil-



Mukonda Danny et. al. / Int. J. Adv. Appl. Math. and Mech. 11(4) (2024) 1 – 14 3

ing, and radiation. The obtained results from DTM are compared with the numerical solution to verify the accuracy of
the proposed method. The effects of design parameters on temperature and efficiency are evaluated by some figures.
The major aim of the present study, which is exclusive for this article, is to find the effect of the modes of heat transfer
on fin efficiency. It has been shown that for radiation heat transfer, thermal efficiency reaches its maximum value.
[5] investigated unsteady hydromagnetic flow of non-Newtonian nanofluid past a stretching sheet in the presence of
variable magnetic field and chemical reaction. The system of non-linear partial differential equations governing the
flow were approximated using finite difference numerical approximation method. The findings demonstrated that
increasing Reynolds number increases velocity profiles while increasing permeability parameter, suction parameter
and angle of inclination for the applied magnetic field reduces the velocity profiles of the fluid flow.Temperature of
the fluid increases as the angle of inclination, magnetic number, Reynolds number and Eckert number increase but
decreases as Prandtl number increases. Induced magnetic field profiles decrease as magnetic Prandtl number and
suction parameter increase.Concentration profiles decrease as the chemical reaction parameter and Schmidt num-
ber increase but increases as the Soret number increases.
[21] investigated the combined effects of Soret-Dufour and radiation on the unsteady MHD flow of a viscous incom-
pressible and electrically conducting fluid past an impulsively started porous plate embedded in porous medium
along with viscous dissipation, chemical reaction, heat generation or absorption with variable temperature, and mass
diffusion.
[4] investigated unsteady free convection heat and mass transfer flow past a semi-infinite vertical porous plate nu-
merically by using an explicit finite difference method. The solution of heat and mass transfer flow was studied to
examine the velocity, temperature and concentration distribution and it was found that the solution is dependent on
several governing parameters, including the magnetic parameter, heat source parameter, Grashof number, modified
Grashof number, hall parameter, Prandtl number, Schmidt number, wall temperature and concentration exponent.
The effects on the velocity, temperature and concentration profiles for various parameters entering into the problem
were separately discussed and shown graphically.
Numerous studies have been conducted on hydromagnetic fluid flows with various factors taken into consideration
as illustrated above,however, not much attention has been given to nanofluid flows with boundary layer consider-
ing chemical reaction, variable thermal conductivity, variable magnetic field, Dufour effects, Themorphresis, Lorentz
force, Joule heating, unsteadiness and viscous dissipation with porous medium.

2. Mathematical formulation

7

Fig. 1. Physical configuration

The present fluid flow problem is a surface driven flow with boundary layer. Figure 1 illustrates the two-
dimensional unsteady boundary layer non-Newtonian nanofluid flow past a porous stretching sheet in the vertical
direction in the presence of variable magnetic field, chemical reaction and variable thermal conductivity. The ap-
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plied magnetic field is given by ~B0cosα~i + ~B0si nα~j where α is the angle of inclination and the total magnetic field is
~B = (

B0cosα+ ~Bx
)
~i + (

~B0si nα+ ~By
)
~j where ~Bx and ~By represent the induced magnetic field along x and y directions

respectively.
The fluid is being injected and sucked at different intervals with constant velocity u0 where u0 > 0 represents constant
suction velocity and u0 < 0 represents constant injection velocity.
At time t ≤ 0, the velocity of the nanofluid along y direction is zero, its temperature T = T∞, its concentration C =C∞,
induced magnetic fields ~Hx = ~Hy = 0 . When t > 0 and x = 0 by the no-slip condition of fluid flows, the velocity of the
nanofluid along y direction v =V∞, the temperature of the nanofluid T = Tss , its concentration C =Css and magnetic
induction ~Hx = ~Hy = ~H0. As the distances x →∞ for t > 0, the velocity of the nanofluid along x direction is zero, its

temperature T = T∞, its concentration C =C∞, induced magnetic fields ~Hx = ~Hy = 0.

3. Governing Equations

Continuity equation
The fluid flow is assumed to be in two dimensions, the major flow is along y direction and u = u0 is the constant
suction/injection velocity along x since the plate is porous. [12], the fluid is assumed to be incompressible, so the
continuity equation reduces to

∂v

∂y
= 0 (1)

Therefore, velocity, temperature, magnetic induction and concentration are all functions of x and time t only .
[18], momentum equation along x direction

µ∞u0

Kρn f (1+δ (T −T∞))
=−σ[(

~B0si nα+ ~By
)[

u0
(
~B0si nα+ ~By

)− v
(
~B0cosα+ ~Bx

)]]
(2)

[18], momentum equation along y direction

∂v

∂t
+u0

∂v

∂x
= µ∞
ρn f (1+δ (T −T∞))

(
v

K
+ ∂2v

∂x2

)
−

σ

ρn f

[−(
~B0cosα+ ~Bx

)[
u0

(
~B0si nα+ ~By

)− v
(
~B0cosα+ ~Bx

)]]+βt
∗g (T −Tss )+βc

∗g (C −Css ) (3)

From Navier-Stokes equation along x

−µ∞u0

σKρn f (1+δ (T −T∞))
(
~B0si nα+ ~By

) = u0
(
~B0si nα+ ~By

)− v
(
~B0cosα+ ~Bx

)
(4)

Substituting this relation in the Navier-Stokes equation along y

∂v

∂t
+u0

∂v

∂x
= µ∞
ρn f (1+δ (T −T∞))

(
v

K
+ ∂2v

∂x2

)
+

(
µ∞u0

Kρn f (1+δ (T −T∞))

)(
~B0cosα+ ~Bx

~B0si nα+ ~By

)
+βt

∗g (T −Tss )+βc
∗g (C −Css ) (5)

∂v

∂t
+u0

∂v

∂x
= µ∞
ρn f (1+δ (T −T∞))

(
v

K
+ ∂2v

∂x2 + u0

K

(
~H0cosα+ ~Hx

~H0si nα+ ~Hy

))
+

βt
∗g (T −Tss )+βc

∗g (C −Css ) (6)

[2], energy equation

∂T

∂t
+u0

∂T

∂x
= k∞
ρn f cp

[
1+ε

(
T −T∞

Tss −T∞

)](
∂2T

∂x2

)
+
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µ∞
ρn f cp (1+δ (T −T∞))

(
∂v

∂x

)2

+ Kt Dm

cpCs

(
∂2C

∂x2

)
+ σµ2

e

[
u0

(
~H0si nα+ ~Hy

)− v
(
~H0cosα+ ~Hx

)]2

ρn f cp
(7)

[3], magnetic induction equation along x direction

∂ ~Hx

∂t
= 1

µeσ

(
∂2 ~Hx

∂x2

)
(8)

[3], magnetic induction equation along y direction

∂~By

∂t
= ~B0cosα

∂v

∂x
+ v

∂~Bx

∂x
+ ~Bx

∂v

∂x
−u0

∂~By

∂x
+ 1

µeσ

(
∂2 ~By

∂x2

)
(9)

∂ ~Hy

∂t
= ~H0cosα

∂v

∂x
+ v

∂ ~Hx

∂x
+ ~Hx

∂v

∂x
−u0

∂ ~Hy

∂x
+ 1

µeσ

(
∂2 ~Hy

∂x2

)
(10)

[22], concentration equation

∂C

∂t
= Dm

(
∂2C

∂x2

)
−u0

∂C

∂x
−kr (C −C∞)+ DmKt

Tm

(
∂2T

∂x2

)
(11)

The corresponding initial and boundary conditions are as follows [7]:

t ≤ 0 : v = 0,T = T∞,C =C∞, Hx = Hy = 0,0 ≤ x <∞

t > 0 :

{
v =V∞,T = Tss ,C =Css , Hx = Hy = Hz = H0 x = 0

v = 0,T = T∞,C =C∞, Hx = Hy = 0 x →∞
}

(12)

The following non-dimensional variables have been used for the present hydromagnetic flow problem

Hx = H∗
x H0, Hy = H∗

y H0, x = hx∗,

t = h2t∗

νn f

, v =V∞v∗,T = T∞+ (Tss −T∞)T ∗,C =C∞+ (Css −C∞)C∗ (13)

Using the above dimensionless variables, the governing equations in non-dimensional form are as follows:
Momentum equation

∂v∗

∂t∗
=−Re.S.

∂v∗

∂x∗ +X .v∗+ ∂2v∗

∂x∗2 +X .S

(
cosα+ ~H∗

x

si nα+ ~H∗
y

)
+Gr T ∗+GcC∗ (14)

Energy equation

∂T ∗

∂t∗
=−Re.S.

∂T ∗

∂x∗ + 1

Pr

(
∂2T ∗

∂x∗2

)
+Ec

(
∂v∗

∂x∗

)2

+D f

(
∂2C∗

∂x∗2

)
+M .Ec

[(
si nα+ ~H∗

y

)
−S

(
cosα+ ~H∗

x

)]2
(15)

Magnetic induction equation along x direction

∂ ~H∗
x

∂t∗
= 1

Prm

(
∂2 ~H∗

x

∂x∗2

)
(16)

Magnetic induction equation along y direction

∂ ~H∗
y

∂t∗
= Re

(
cosα

∂v∗

∂x∗ + v
∂ ~H∗

x

∂x∗ + ~H∗
x
∂v∗

∂x∗ −S.
∂ ~H∗

x

∂x∗

)
+ 1

Prm

(
∂2 ~H∗

y

∂x∗2

)
(17)

Concentration equation

∂C∗

∂t∗
= 1

Sc

(
∂2C∗

∂x∗2

)
−Re.S.

∂C∗

∂x∗ −γC∗+Sr

(
∂2T ∗

∂x∗2

)
(18)

The corresponding initial and boundary conditions are as follows:

t∗ ≤ 0 : v∗ = 0,T ∗ = 0,C∗ = 0, H∗
x = H∗

y = 0,0 ≤ x∗ <∞

t∗ > 0 :

{
v∗ = 1,T ∗ = 1,C∗ = 1, H∗

x = H∗
y = 1 x∗ = 0

v∗ = 0,T ∗ = 0,C∗ = 0, H∗
x = H∗

y = 0 x∗ →∞
}

(19)
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4. Numerical Solution

The governing equations (14)-(18) are non-linear partial differential equations, therefore cannot be solved analyt-
ically. The numerical solutions for velocity,temperature, magnetic induction and concentration profiles are solved
using finite difference method subject to the initial and boundary conditions (19). The space and time intervals
are fixed at ∆x = 0.01 and ∆t = 0.000001 respectively to ensure stability and convergence of the numerical solution.
The equations (14)-(18) at the grid point ( j ,k) are expressed in difference form , where the spatial partial derivatives
are approximated using central difference approximations and temporal partial derivatives are approximated using
forward difference approximation as follows :

vk+1
j = vk

j −Re.S.∆t
vk

j+1 − vk
j−1

2∆y
+X .vk

j .∆t +
vk

j+1 −2vk
j + vk

j−1(
∆y

)2 +

X .S.∆t

(
cosα+H k

x j

si nα+H k
y j

)
+Gr T k

j +GcC k
j

T k+1
j = T k

j −Re.S.∆t

(
T k

j+1 −T k
j−1

2∆X

)
+Pr .∆t

(
T k

j+1 −2T k
j +T k

j−1

(∆x)2

)
+D f ∆t

(
C k

j+1 −2C k
j +C k

j−1

(∆x)2

)

Ec .∆t

(
vk

j+1 − vk
j−1

2∆x

)2

+M .Ec .∆t
[(

si nα+H k
y j

)
−S.

(
cosα+H k

x j

)]2

H k+1
x j

= H k
x j
+ ∆t

Prm

(
H k

x j+1
−2H k

x j
+H k

x j−1

(∆x)2

)
(20)

H k+1
y j

= H k
y j
+Re.∆t

(
si nα

(
vk

j+1 − vk
j−1

2∆x

)
+ vk

j

(
H k

x j+1
−H k

x j−1

2∆x

)
+H k

x j

(
vk

j+1 − vk
j−1

2∆x

))
−

Re.S.∆t

(
H k

y j+1
−H k

y j−1

2∆x

)
+ ∆t

Prm

(
H k

x j+1
−2H k

x j
+H k

x j−1

(∆x)2

)

C k+1
j =C k

j +
∆t

Sc

(
C k

j+1 −2C k
j +C k

j−1

(∆x)2

)
−Re.S.∆t

(
C k

j+1 −C k
j−1

2∆x

)
−

γC∗.∆t +Sr .∆t

(
T k

j+1 −2T k
j +T k

j−1

(∆x)2

)
Subject to the following initial and boundary conditions

t ≤ 0 : v( j ,0) = 0,T ( j ,0) = 0,C ( j ,0) = 0, Hx ( j ,0) = Hy ( j ,0) = 0,0 ≤ x <∞

t > 0 :

{
v(0,k) = 1,T (0,k) = 1,C (0,k) = 1, Hx (0,k) = Hy (0,k) = 1 x = 0
v( j ,k) = 0,T ( j ,k) = 0,C ( j ,k) = 0, Hx ( j ,k) = Hy ( j ,k) = 0 x →∞

}
(21)

Skin-friction coefficient, Sherwood number and Nusselt number are defined as follows:

Nu = x ′Tx

Tss −T∞

C f =
hτ

ρn f V∞νn f

(18)

Sh = x ′Cx

Css −C∞
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where Tx = −
(
∂T

∂x

)
x=0

= −
(

Tss −T∞
h

)(
∂T ∗

∂x∗

)
x∗=0

, τ = µn f

(
∂v

∂x

)
x=0

= µn f

(
V∞
h

)(
∂v∗

∂x∗

)
x∗=0

where µn f =
µ∞

(1+δ (T −T∞))
and Cx =−

(
∂C

∂x

)
x=0

=−
(

Css −C∞
h

)(
∂C∗

∂x∗

)
x∗=0

Substituting these in (18) to obtain

Nu.Re−1
x =−

(
∂T ∗

∂x∗

)
x∗=0

,C f =
(
∂v∗

∂x∗

)
x∗=0

,Sh.Re−1
x =−

(
∂C∗

∂x∗

)
x∗=0

(19)

Expressing Nusselt number, Skin Friction coefficient and Sherwood number in finite difference form using forward
difference approximations.

Nu.Re−1
x =−

(
T k

j+1 −T k
j

∆x

)
x=0

C f =
(

vk
j+1 − vk

j

∆x

)
x=0

(20)

Sh.Re−1
x =−

(
C k

j+1 −C k
j

∆x

)
x=0

5. Results and Discussion

The physical significance of the boundary layer flow problem has been analysed by graphically representing and
discussing the effects of different dimensionless parameters on the flow variables. Additionally, the skin-friction co-
efficient, Sherwood number, and Nusselt number have been presented in tabular form and discussed. The numerical
solutions have been evaluated by fixing the values of various dimensionless parameters involved in the problem such

as Re = 1,Pr = 0.71, S = 1, M = 1,Gr = 1, Gc = 1, D f = 1, Prm = 0.01, X = 2, Ec = 0.03, α = π

9
,Sc = 0.22, Sr = 0.2 and

γ= 1.
Figure 2 demonstrates that an increase in the Reynolds number (Re) results in a corresponding increase in the

velocity profiles. As the Reynolds number increases, the viscous forces in the fluid decrease, causing the fluid particles
to flow at a higher velocity due to reduced resistance.

Figure 3 clearly demonstrates that increasing the permeability parameter (X) results in a decrease in the velocity
profiles. A higher value of the permeability parameter signifies an increased porosity within the stretching sheet,
resulting in a decrease in the velocity at which the fluid flows. As a result, the heightened permeability creates greater
retardation to the movement of the fluid, causing a reduction in fluid velocity due to a thinner boundary layer of
velocity [23].

Figure 4 demonstrates that an increase in the suction parameter results in a drop in fluid velocity when the value
of S < 0 . Conversely, an increase in the injection parameter leads to an increase in fluid velocity profiles when the
value of S > 0. When (S < 0), it indicates that fluid particles are being extracted from the flow system. This causes fluid
particles to be drawn in the horizontal direction, resulting in a decrease in the major flow velocity in the y-direction.
This occurs because some of the fluid’s kinetic energy is redirected into the horizontal direction. However, when the
value of S > 0 , it indicates the addition of more fluid particles to the fluid flow system. This results in an increase in
the velocity of the flow in the y-direction, as a larger number of fluid particles now contribute to the total flow.

Figure 5 demonstrates that increasing the angle of inclination of the applied magnetic field leads to a decrease in
the velocity of the fluid. The reason for this is that raising the angle of inclination amplifies the applied magnetic field.
In general, an augmentation in the magnetic field produces a counteracting force to the movement, known as the
Lorentz force. This force exhibits a propensity to reduce the velocity of the fluid.

Figure 6 demonstrates that an increase in the Grashof number for heat transfer results in a corresponding increase
in the velocity profiles. The Grashof number for heat transfer quantifies the relative strength of thermal buoyant forces
compared to viscous forces. Consequently, elevating the Grashof number for heat transfer diminishes the influence
of viscous forces while enhancing the thermal buoyancy force. As a result, the nanofluid gains the capacity to flow at
a greater velocity.

Figure 7 demonstrates that an increase in the Grashof number for mass transfer results in a corresponding rise
in velocity profiles. The Grashof number for mass transfer quantifies the relationship between the buoyant forces of
species and the viscous forces. Hence, elevating the Grashof number for mass transfer results in a decrease in the
viscous forces that contributes to the velocity of the nanofluid past the porous stretching plate.
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Figure 8 demonstrates a direct relationship between the Eckert number and the temperature of the nanofluid,
indicating that as the Eckert number increases, the temperature of the nanofluid also increases. The Eckert number is
a measure of the ratio between the kinetic energy and enthalpy of a nanofluid flow. An increase in the Eckert number
signifies that the kinetic energy of the fluid surpasses its enthalpy, resulting in convective heating. This occurs as the
fluid’s kinetic energy is converted into thermal energy while flowing past a stretching plate. The thermal energy is
generated as internal energy or heat, resulting in an increase in the fluid’s temperature.

Figure 9 demonstrates that an increase in the Dufour number results in increased temperature profiles. The Dufour
number represents the heat flux resulting from a gradient in mass concentration. Raising this value indicates that
the fluid experiences significant heating, resulting in the generation of thermal flux and subsequently leading to an
augmentation in the thickness of the thermal boundary layer. Consequently, the temperature of the fluid increases.

Figure 10 demonstrates a positive relationship between the magnetic number and the fluid temperature, indicat-
ing that an increase in the magnetic number results in a higher fluid temperature. The magnetic number represents
the ratio of magnetic forces to fluid inertia forces. Therefore, an increase in the magnetic parameter leads to an in-
crease in magnetic forces and a decrease in inertia forces. When fluid particles in motion come into contact with a
stronger magnetic field, result in the generation of an induced electric current. The fluid particles then collide with the
charged particles of the current, causing vibrations and generating thermal energy in the form of heat. Consequently,
enhancing the magnetic number results in a rise in the fluid’s temperature [5].

Figure 11 demonstrates that higher Reynolds numbers leads to increased temperature profiles. As Reynolds num-
ber is defined as the ratio of inertia forces to viscous forces, an increase in Reynolds number indicates a decrease
in the significance of viscous forces. A reduction in viscous forces leads to enhanced fluid particle motion and the
generation of heat through high-velocity particle collisions, resulting in an increase in fluid temperature.

Figure 12 demonstrates the impact of the Prandtl number on temperature profiles.The Prandtl number’s relevance
resides in its impact on the heat transfer properties of a fluid, since it determines the manner in which heat is trans-
mitted within the fluid and between the fluid and its surroundings. An inverse relationship is noticed between the
Prandtl number and the temperature of the fluid, where an increase in the Prandtl number results in a drop in the
fluid’s temperature. The Prandtl number is defined as the ratio of momentum diffusivity to thermal diffusivity. Higher
Prandtl number decreases the thermal diffusivity and increase the viscosity of the fluid, resulting in a decreased ther-
mal boundary layer and a subsequent reduction in the fluid’s temperature.

Figure 13 demonstrates that increasing magnetic Prandtl number leads to a decrease in induced magnetic field
long y direction.When the magnetic Prandtl number, which represents the ratio of momentum diffusivity to magnetic
diffusivity, increases, it indicates a decrease in magnetic diffusivity. Consequently, the induced magnetic field gener-
ated by the motion of the conducting medium decreases, resulting in a reduction of induced magnetic profiles along
the y-direction.

Figure 14 demonstrates that an increase in the Reynolds number results in a corresponding rise in the magnetic
field profiles induced along the y-axis. The Reynolds number represents the ratio of inertia forces to viscous forces.
Therefore, a rise in the Reynolds number indicates a decrease in viscous forces, resulting in enhanced interaction
between the fluid and the magnetic field. Consequently, this leads to an increase in the induced magnetic field.

Figure 15 demonstrates that an increase in the suction/injection parameter leads to a decrease in induced magnetic
field profiles. The suction parameter is the ratio of the suction velocity to the uniform velocity of the stretching plate.
Increasing this parameter results in a drop in the velocity of the stretching plate. Since this flow is boundary layer
surface driven, it indicates a decrease in the velocity of the fluid. This results in a reduced interaction between the
fluid and the magnetic field, hence causing a drop in the profiles of the induced magnetic field.

Figure 16 demonstrates that an increase in the magnetic Prandtl number results in a reduction in the profiles of
the induced magnetic field. The magnetic Prandtl number represents the ratio of momentum diffusivity to magnetic
diffusivity. As a result, an increase in the magnetic Prandtl number indicates a lower rate of magnetic diffusion, as the
viscosity diffusion rate becomes more dominant. Consequently, this results in a decrease in the profiles of the induced
magnetic field.

Figure 17 demonstrates a clear inverse relationship between the concentration of the nanofluid and the Schmidt
number in that increasing Schmidt number leads to decrease in the concentration profiles. The Schmidt number
represents the ratio of momentum diffusivity to mass diffusivity of particles. Increasing this parameter results in a
decrease in mass diffusivity, which in turn leads to a drop in the concentration profiles of the nanofluid.

Figure 18 demonstrates that increasing Soret number increases concentration profiles. The Soret number deter-
mines the effect of the temperature gradients inducing significant mass diffusion effects. Increasing Soret number
generates mass flux that leads to an increase in the mass boundary layer thickness. Therefore, an increase in the Soret
number results to an increase in the concentration of the fluid.

Figure 19 demonstrates that an increase in the chemical reaction parameter results in a reduction in the concen-
tration of the fluid particles.A greater chemical reaction parameter signifies that the chemical reaction advances more
rapidly compared to the fluid movement. Consequently, a greater amount of reactants is used or transformed into
products within a specific timeframe, resulting in a reduction in the concentration of the reactants in the fluid.During
a chemical reaction, the concentration of the reactant species diminishes as they undergo chemical transformations
to produce the products. During the course of the chemical reaction, the molecules of the reactants come into contact
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and undergo a reaction, resulting in the creation of products. Consequently, the concentration of the reactive species
diminishes due to their conversion into new products, resulting in a reduction in the chemical molecular diffusivity.

Fig. 2. Velocity profiles for different values of Re l Fig. 3. Velocity profiles for different values of X

Fig. 4. Velocity profiles against varying values of S Fig. 5. Velocity profiles for different values of α

Fig. 6. Velocity profiles for different values of Gr Fig. 7. Velocity profiles for different values of Gc

Table 1 shows that as Reynolds number increases, the skin-friction coefficient reduces in magnitude. This is be-
cause as Reynolds number increases, the coefficient of dynamic viscosity reduces and since the skin friction coeffi-
cient is directly proportional to the coefficient of dynamic viscosity, then the skin-friction also reduces.At low Reynolds
numbers, the viscous forces dominate over the inertia forces. The flow is smooth and ordered, with fluid particles
moving in well-defined layers. The skin friction coefficient, which measures the frictional drag of the fluid on a solid
surface, tends to be relatively higher because of the strong interaction between the fluid and the solid surface. The
shear stress between fluid layers is significant, resulting in a higher skin friction coefficient. Additionally, increasing
the values of permeability parameter, suction/injection parameter and angle of inclination for the applied magnetic
field decreases the skin-friction coefficient in magnitude. Table 2 shows that increasing Schmidt number reduces
Sherwood number while increasing Soret number and chemical reaction parameter increases Sherwood number.The
chemical reaction parameter enhances mass transfer by generating concentration gradients through rapid chemical
reactions, while the Soret number enhances mass transfer by inducing concentration gradients due to thermal diffu-
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Fig. 8. Temperature profiles for different values of Ec Fig. 9. Temperature profiles for different values of Df

Fig. 10. Temperature profiles for different values of M Fig. 11. Temperature profiles for different values of Re

Table 1. Results of Skin-friction coefficient for various physical parameters.

Re X S α -Cf
1 2 1 π

9 4.22051
5 2 1 π

9 2.63383
10 2 1 π

9 1.32005
15 2 1 π

9 0.57334
4 1 π

9 3.96262
6 1 π

9 3.70168
8 1 π

9 3.43761
2 π

9 3.65790
3 π

9 3.13618
4 π

9 2.65460
π
6 4.19410
π
4 4.14642
π
3 4.08241

sion effects. Table 3 shows that increasing the values of the angle of inclination, Eckert number and magnetic number
increases the Nusselt number by facilitating an increase in convective heat transfer due to the increased kinetic energy
of the flow.. However, increasing the values of suction/injection parameter and Prandtl number reduces the Nusselt
number. This is because increasing the angle of inclination, Eckert number and magnetic number increases rate of
heat transfer thereby increasing thermal boundary layer thickness while increasing suction/injection parameter and
Prandtl number leads to thinning of the thermal boundary layer thickness.Increasing Nusselt number signifies the
presence of convective heat transfer at the boundary in the fluid whereas decreasing Nusselt number signifies con-
ductive heat transfer at the boundary is dominant.
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Fig. 12. Temperature profiles for different values of Pr Fig. 13. Induced magnetic profiles (Hx) for different values
of Prm

Fig. 14. Induced magnetic profiles (Hx) for different values
of Re

Fig. 15. Induced magnetic profiles (Hx) for different values
of S

Table 2. Results of Sherwood number for various physical parameters.

Sc Sr γ Shw
0.22 0.2 1 -4.9051
0.66 0.2 1 -4.73928
0.88 0.2 1 -4.65858
1.0 0.2 1 -4.61562

1 1 -4.97794
3 1 -5.14903
5 1 -5.32011

3 -4.93877
5 -4.96797
7 -4.99710

6. Validation of Results

In validating the numerical code for the accuracy of the computed results, effects of varying Magnetic number,
Prandtl number, Suction parameter, Schmidt number and chemical reaction parameter on skin-friction coefficient,
Nusselt number and Sherwood number are compared with the results obtained by [20] who investigated chemical re-
action and radiation effects on MHD flow of Oldroyd-B fluid through porous medium past an exponentially stretching
sheet with heat sink.

It can be observed that the results are in excellent agreement.
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Fig. 16. Induced magnetic profiles (Hy) for different values
of Prm

Fig. 17. Concentration profiles (C) for different values of
Sc

Fig. 18. Concentration profiles (C) for different values of
Soret number

Fig. 19. Concentration profiles (C) for different values of γ

Table 3. Results of Nusselt number for various physical parameters.

α S Pr Ec M Nu
π
9 1 0.71 0.01 1 -4.60415
π
6 1 0.71 0.01 1 -4.60437
π
4 1 0.71 0.01 1 -4.60457
π
3 1 0.71 0.01 1 -4.60463

2 0.71 0.01 1 -4.27284
3 0.71 0.01 1 -3.95466
4 0.71 0.01 1 -3.64966

0.9 0.01 1 -4.50465
2 0.01 1 -3.96632
3 0.01 1 -3.52033

0.3 1 -4.14100
0.9 1 -4.24345
2.4 1 -4.54232

3 -4.60365
5 -4.60373

10 -4.60192

Table 4. Comparison of the effects of varying parameters on skin-friction coefficient.

M Pr S Sc γ -C.f for [20] Present study
0 1 -0.5 0.22 1 1.281808 1.281799
2 5 -0.5 0.22 1 1.912620 1.912620
2 1 -0.2 0.22 1 1.912620 1.912620
2 1 0.5 0.66 1 1.912620 1.912620
2 1 0.5 0.22 3 1.912620 1.912620
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Table 5. Comparison of the effects of varying parameters on Nusselt number.

M Pr S Sc γ Nu for [20] Present study
0 1 -0.5 0.22 1 0.753562 0.753559
2 5 -0.5 0.22 1 1.555223 1.555222
2 1 -0.2 0.22 1 0.690708 0.690707
2 1 0.5 0.66 1 0.526591 0.526890
2 1 0.5 0.22 3 0.444567 0.444566

Table 6. Comparison of the effects of varying parameters on Sherwood number.

M Pr S Sc γ Sh for [20] Present study
0 1 -0.5 0.22 1 0.621762 0.621761
2 5 -0.5 0.22 1 0.586776 0.586776
2 1 -0.2 0.22 1 0.586776 0.586776
2 1 0.5 0.66 1 0.586776 0.586776
2 1 0.5 0.22 3 0.586776 0.586776

7. Conclusion

In this study, the problem of heat and mass transfer in s boundary layer non-Newtonian nanofluid flow past a
vertically stretching porous plate which chemical reaction, variable magnetic field and variable thermal conductivity
has been examined. Results have shown that the rate of mass transfer reduces with an increase in Schmidt number
while increases with an increase in Soret number and chemical reaction parameter.The rate of heat transfer increases
with an increase in the values of the angle of inclination, Eckert number and magnetic number while reduces with an
increase in the values of suction/injection parameter and Prandtl number.
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