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Abstract— The paper reports on the influence
of effective Prandtl number, aligned magnetic field,
slope of the stretching channel and heat generation
on unsteady MHD Casson fluid flow. The partial dif-
ferential equations of momentum, temperature and
concentration are converted to non-linear ordinary
differential equations by introducing appropriate sim-
ilarity variables. The solution of the ODE’s are calcu-
lated numerically using MATLAB bvp4c solver. The
role of the different parameters on the temperature,
velocity, and concentration profiles are analyzed and
presented in the form of graphs and tables. Finally
the impact of the different parameters on the mass
transfer rate, heat transfer rate and skin friction are
discussed. It is revealed that lowering the inclination
angle enhances the velocity and temperature profiles
with opposite effect on the concentration distribu-
tion. The concentration, temperature and velocity
profiles decline with enlarged values of the unsteadi-
ness parameter. Furthermore, the velocity profile,
the temperature profile at free stream, skin friction
coefficient, mass transfer rate and heat transfer rate
diminishes with magnified effective Prandtl number.

Index Terms – Casson flow, MHD, aligned magnetic

field, inclined surface, effective Prandtl number.

I. INTRODUCTION

The field of non-Newtonian MHD flow has generated
interest among several authors. Several applications

in the field exists which include nuclear fuel debris treat-
ment, solidification process of metals and MHD power
generation. The study examines the unsteady MHD flow
of Casson fluid past an inclined stretching sheet which is
subjected to variable magnetic field and heat generation.
Casson fluids are non-Newtonian fluids which exhibits
solid behaviour provided yield stress is greater applied
shear stress and exhibit fluid behaviour if the relation-
ship between yield and shear stress is reversed. Koroleva
and Korolev [21] discovered that blood in thin capillaries
near the walls is non-Newtonian and exhibits rheological
properties that can be modelled using Casson’s system of
differential equations. Besides blood being Casson fluid,
other examples of such a fluid are fruit juice, soup, choco-
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late and honey.

Studies on Casson flow over stretching /shrinking sur-
faces, have been carried out by several researchers, who
among them are, Battachrya et al. [7], Mukhopadhyay
[27] and Nadeem et al. [29]. Casson fluid past a shrink-
ing sheet was examined by Battacharya [8]. Nadeem [30]
investigated Casson fluid containing nano particles sub-
jected to convective boundary conditions. Furthermore,
Pramanik [31] investigated the effect of thermal radiation
on Casson fluid past a porous stretching sheet.

Dufour and thermophoresis effect on the Casson fluid
is significant in this study. The mass flux triggered by
temperature gradient is called thermophoresis or Soret
effect and the heat flux which is triggered by concen-
tration gradient is termed the Dufour effect. Das et al.
[14] noted that both Soret and Dufour effects can occur
simultaneously. Abreu et al. [4] investigated the double-
diffusive effect on a flow with different boundary condi-
tions. The impact of chemical reaction, suction, Dufour
and thermophoresis of a casson fluid was investigated by
Animasaun [5]. Recently, Das et al. [15] reported on
Soret and Dufour effect on unsteady MHD flow along a
flat plate in a porous medium.

The influence of thermal radiation on Casson fluid is
also explored in the present study. Understanding the
role of radiation heat transfer in a system is very cru-
cial since it helps us to control the characteristics or at-
tributes of the end product in that system. Some of
the authors who reported on the effect of thermal ra-
diation are, Seddeeck and Muguid [39], Ibrahim et al.
[23] and Roja et al. [35]. Studies by Buzuzi[13], Buzuzi
and Makanda [11], Mgyari [25] and Magyari and Pan-
tokratoras [26] demonstrated the trivial effect of ther-
mal radiation when the radiative heat flux is described
by Rosseland approximation. They noticed that the ef-
fect of the thermal radiation on the fluid is the same
as that of the Prandtl number which only differ in the
magnitude of the impact. It was established that the so-
lution obtained depends on the combined effect of both
the radiation parameter and the Prandtl number called
the effective Prandtl number instead of considering their
impacts separately. This study examines the role of effec-
tive Prandtl number on Casson flow. Numerous studies
have been conducted were the magnetic field was applied
normal to the channel surface, a case in which the resis-
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tance to flow due to Lorentz force is minimal. However,
due to limitations and variations in the geometry of sur-
faces upon which fluid flows, the magnetic field maybe
applied at different angles. Studies on the effects of the
aligned magnetic field to fluid flow have caught the at-
tention of many researchers who include among others,
Salawa and Dada [36], Acharya et al. [1], Sandeep and
Sugunamma [37], Raju et al. [33], Buzuzi[13]and Buzuzi
and Makanda [11]. Gopel et al. [18] analysed the effect
of chemical reaction, Joule heating and variable magnetic
field on Casson fluid. Findings were that the impact of
increasing the magnetic field inclination is to raise the
rate of heat transfer , strengthen the magnetic field and
diminish the velocity profile.
Investigations on fluid flow past inclined surfaces have
received attention of many authors who among them are
Buzuzi and Makanda [11], Uddin [42], Alam et al. [2],
Buzuzi et al. [12], Buzuzi et al. [9], Buzuzi and Buzuzi
[10], Buzuzi [13] and Alam et al. [3]. Specifically with
regard to Casson flow, Gurran et al. [19] investigated
the influence of channel slope, radiation and chemical
reaction on MHD Casson fluid. Jain and Kumari [20]
reported on the role of viscous dissipation and chemical
reaction on MHD Casson fluid past an inclined perme-
able cylindrical surface. Later, Rafique et al. [32] studied
the Soret and Dufour effect on Casson nano-fluid past an
inclined surface. The studies disclosed that increasing
the flow surface inclination grows the temperature pro-
file and reduces the velocity.

In the majority of the studies mentioned so far, re-
searchers have investigated fluid flow involving either
aligned magnetic field or inclined flow surface but not
both. Recently however, a few authors have analysed
the effect of both aligned magnetic field and inclined
flow surface. Reddy et al. [34], Sivaraj and Sheremet
[41], Buzuzi and Buzuzi [10], Buzuzi [13], Kumar et al.
[22] and Buzuzi and Makanda [11] are among the few
researchers who analyzed the role of both variable mag-
netic field and flow channel inclination. Whereas most of
these researchers considered the effect of the inclination
angles seperately, Buzuzi [13]and Buzuzi and Makanda
[11], explored the combined effect of both aligned mag-
netic field and inclined surface on MHD free convective
newtonian flow. The current study addresses the simul-
taneous effect of both inclination angles on Casson flow in
contrast to Buzuzi [13], Buzuzi and Makanda [11] whose
focus was on newtonian flow. Our current study puts
emphasis on the impact of the effective Prandtl number
and the combined effect of the inclination angles coupled
with different boundary conditions which is not the case
with studies by Kumar et al. [22].

No studies have been made so far that analyzes the
impact of variable magnetic field, channel slope and ef-
fective Prandtl number on unsteady MHD Casson fluid,
hence motivation for the current investigation.

The next section of the paper presents the formula-
tion of the problem which is then followed by a section
covering the method of solution. Thereafter, a section
on results and discussion is provided. Finally, the last

section will conclude the investigation.

II. PROBLEM FORMULATION

Figure 1: Flow geometry

Consider the unsteady MHD flow of viscous, incom-
pressible, electrically conducting fluid undergoing a first
order chemical reaction past an inclined sheet subjected
to aligned magnetic field and heat generation. The flow
geometry is depicted in Figure 1 with the x−axis along
the slope ad the y− axis directed perpendicular to it.
The stretching sheet is inclined at an angle γ from the
vertical. A magnetic field of uniform strength B0 is
directed at an angle ϑ to the x− direction. The sheet
velocity is given by Uw(x, y) = c1x

1−ωt [24] where ω > 0
and the initial stretching rate c1 ≥ 0. The role of the
magnetic field is insignificant as the Reynolds number
is very small. The effects of thermophoresis and Dufour
are considered significant in the current study. The
Casson fluid rheological equation ([28], [6])

τij =


(
2µB +

√
2
πPy

)
eij π > πc(

2uB +
√

2
πc
Py

)
eij , π < πc

where Py is the fluid yield stress, µB is the plastic dy-
namic viscosity and πc is the critical value based on the
non-Newtonian model. In the present study we considers

the case π > πc and
µ

ρ
= µB/ρ

(
1 +

1

β

)
. These assump-

tions together with the usual Boussinesq approximations,
the governing equations are ([43], [15], [6]):

β
∂u

∂t
+ βu

∂u

∂x
+ βv

∂u

∂y
= ν (1 + β)

∂2u

∂y2

−βσBo
2 sin2 ϑ

ρ
− β

ν

K
u+ gββt(T − T∞) cos γ

+gββm(C − C∞) cos γ, (1)

∂T
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+ u

∂T

∂x
+ v

∂T

∂y
= α

∂2T
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+
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ρCp

+
DKT

cstcp

∂2C

∂y2
− µ

ρcp

(
1 +

1

β

)(
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∂y

)2

− 1

ρcp

∂qr
∂y

+
σB2

0u
2

ρcp
, (2)
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∂C

∂t
+ u

∂C

∂x
+ v

∂C

∂y
= D

∂2C

∂y2

+
DKT

Tm

∂2T

∂y2
− Kr(C − C∞), (3)

where u and v are the velocities directed parallel to the x
and y axes respectively. T denotes the fluid temperature,
C represents the concentration of the fluid, Tm denotes
the mean fluid temperature, B0 denotes the magnetic
field intensity, KT represents the thermal diffusion ra-
tio, g is the acceleration due to gravity, ν represents the
kinematic viscosity, βt is the thermal coefficient of expan-
sion, βm denotes the solutal coefficient of expansion, D
represents the mass diffusivity coefficient, κ represents
the thermal conductivity of the fluid, ρ is the density,
cp represents the specific heat, cst denotes the concen-
tration susceptibility, Q0 represents the heat generation
parameter and β is the Casson fluid parameter. The cor-
responding boundary conditions are

v = −vw, u = Uw, C = Cw, T = Tw, at y = 0,

T → T∞, C → C∞, u→ 0, as y → ∞ (4)

By using Rosseland approximation the radiant heat
flux qr is described as

qr = − 4σ∗

3K∗ .
∂T 4

∂y
(5)

where K∗ denotes the mean absorption coefficient and
σ∗ represents the Stefan-Boltzman constant. Following
Shateyi et al. [40], T 4 was expanded using Taylor series
about T∞ and by neglecting terms of orders higher than
the first degree we get

T 4 ≈ −3T 4
∞ + 4T 3

∞T (6)

Consequently,

qr =

(
−16σ∗T 3

∞
3K∗

)
∂2T

∂y2

Equation (2) reduces to

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
=

κ

ρcp

∂2T

∂y2
+
Q0(T − T∞)

ρCp

+
DKT

cstcp

∂2C

∂y2
− µ

ρcp

(
1 +

1

β

)(
∂u

∂y

)2

+
16σ∗T ∗3

∞
3ρK∗cp

∂2T

∂2y
+

σB2
0u

2

ρcp
.

We introduce the following similarity variables in the
equations (1) - (3) and boundary conditions (4):

η =

(
c1

ν(1− ωt)

)1/2

y, ψ =

(
c1ν

(1− ωt)

)1/2

xf(η),

(7)

T − T∞
Tw − T∞

= θ(η),
C − C∞

Cw − C∞
= ϕ(η),

and Tw − T∞ =
c1x

2T0
2ν(1− ωt)3/2

, Cw − C∞ =

c1x
2C0

2ν(1− ωt)3/2
(see [24]) where f(η) denotes the dimen-

sional stream function, θ(η) denotes the temperature dis-
tribution function, ϕ(η) represents the concentration dis-
tribution function, T0 represents the reference tempera-
ture and C0 represents the reference concentration. By
substituting (7) into (1)- (3) we get the following non-
dimensional, non-linear and coupled ODE’s:[

1 + β

β

]
f ′′′− χ

[χ
2
ηf ′′ + f ′

]
+ff ′′ − f ′2

−Gtθ cos γ +Gmϕ cos γ

−
[
Msin2ϑ+ kp + χ

]
f ′ = 0 (8)

θ′′ − Pref [0.5χηθ
′ + (1.5χ−Q) θ + 2f ′θ]

+Pref

[(
1 + β

β

)
Ecf

′′2 − fθ′
]

+Pref

[
MEcf

′2 +Dnϕ
′′] = 0 (9)

1

Sc
ϕ′′ − [0.5ηχϕ′ + 1.5χϕ+ 2f ′ϕ− fϕ′]

− [Srθ
′′ − klϕ] = 0 (10)

The associated boundary conditions can be written as:

f(0) = Sf , f
′(0) = 1, θ(0) = 1, ϕ(0) = 1,

f ′(∞) = 0, θ(∞) = 0, ϕ(∞) = 0, (11)

where the prime (′) represents differentiation with re-
spect to η where Pref = 3Pr/(3 + 4R) is the effec-
tive Prandtl number, Pr = ν/α denotes the Prandtl
number, R = 4ρT 3

∞/κK is the radiation parame-
ter, χ = ω/c1 represents the unsteadiness parame-
ter, kp = ν(1− ωt)/Kc1 denotes the permeability pa-
rameter, Sc = ν/D is the Schmidt number, Dn =
KTD(Cw − C∞)/c1cstcpν(Tw − T∞) represents the Du-
four number, Sr = DKTT0/νC0Tm is the Soret number,
Q = Q0/ρcpc1 is the heat generation parameter, Gt =
gβt(Tw − T∞)(1− ωt)2/c21x represents the local thermal
Grashof number, Gm = gβm(Cw − C∞)(1− ωt)2/c21x
denotes the local solutal Grashof number, M = σB2

0(1−
ωt)/ρcp is the magnetic parameter, Sf = vw

√
c1/ν

represents the suction or blowing parameter and kl =
Kr(1− ωt)/c1 denotes the chemical reaction parameter.
The three important physical quantities of interest in this
investigation are the local skin friction, the heat transfer
rate and the mass transfer rate. The expressions for the
local skin friction takes the form

Re
1/2
x Cf =

(
1+β
β

)
f ′′(0), (12)

where Cf represents the skin friction coefficient. The
heat transfer rate is written as

Re
−1/2
x Nux = −θ′(0), (13)

where Nux represents the local Nusselt number. The
mass transfer rate takes the following form

Re
−1/2
x Shx=−ϕ′(0), (14)

where Shx denotes the local Sherwood number.
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III. METHOD OF SOLUTION

The non-linear system of ODE’s (8) - (10) to-
gether with the associated boundary conditions (11)
are solved using MATLAB package bvp4c. Let
df

dη
= y2,

d2f

dη2
= y3,

y′3 =

[
f ′2 + 0.5χηy3 + (Msin2ϑ+ kp + χ)y2

](
1 + 1

β

)
− [ff ′′ +Gt cos γy4 +Gm cos γ y6](

1 + 1
β

) ,

y5

y′5 =
Pref [0.5χηy5 + (1.5χ−Q) y4 + 2y2y4]

1−DnScSrPref

−
Pref

[
y1y5 − (1 + 1

β )Ecy
2
3 −MEcy

2
2

]
1−DnScSrPref

−PrefDnSc [0.5χηy7 + 1.5χy6 − kly6]

1−DnScSrPref

+
PrefDnSc [2y2y6 − y1y7]

1−DnScSrPref

dθ

dη
= y7,

y′7 =
Sc [0.5χηy7 + (1.5χ+ kl) y6]

1−DnSrPrefSc

−ScSrPref
[0.5χηy5 + (1.5χ−Q)y4)− 2y2y4]

1−DnSrPrefSc

−
ScSrPref

[
y1y5 + (1 + 1

β )Ecy
2
3 +MEcy

2
2

]
1−DnPrefScSr

(15)

with the following corresponding conditions:

y1(0)− Sf , y2(0)− 1, y2(7), y4(0)− 1, y4(7),

y6(0)− 1, y6(7),
(16)

Choosing ηmax = 7 guarantees that accurate values of all
the asymptotic numerical solutions are obtained. Further
detail on the method of solution is found in [40] and
references therein.

IV. RESULTS AND DISCUSSION

The impact of chemical reaction, effective Prandtl
number, aligned magnetic field and heat generation on
unsteady MHD flow is reported. The impact of effective
Prandtl number (Pref ), magnetic field inclination angle
(ϑ), flow field inclination angle (γ), magnetic parame-
ter (M), thermal Grashof number (Gt), solutal Grashof

number (Gm), Dufour parameter (Dn), Soret parameter
(Sr), chemical reaction parameter (kl), heat generation
parameter (Q), suction or blowing parameter (Sf ), un-
steadiness parameter (χ), Eckert number (Ec), and Cas-
son fluid parameter (β) on the concentration profile, tem-
perature profile, velocity profile, heat transfer rate, mass
transfer rate, and skin friction are displayed in tabular
and graphical form.

To validate the accuracy of the present numerical
solution a comparison was made between the current
outcome and results reported by Mansour et al. [24],
Sharidan et al. [38] and Mukhopadhyay et al. [28] for
unsteady Newtonian flow related to the skin friction
coefficient −f ′′(0) ( see Table 1). An excellent agreement
is found to exist.

Figures 2, 11 and 19 portray the influence of the unsteadiness
parameter on the profiles of the velocity, temperature and
concentration respectively. The figures reveal that the
momentum, thermal and concentration profiles diminish
when the unsteadiness parameter is enhanced. It is observed,
however that the impact of the unsteadiness parameter on
the concentration distribution is reversed for χ > 0.4. The
reduction in the temperature profile with enlarged χ is a
consequence of reduced heat transfer from the stretching
sheet to the fluid. The transition from laminar to turbulent
flow is inhibited by the reduction of the boundary thickness
as χ is magnified.
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f' (
)

 = 0.3
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 = 0.9

 = 0.6

Figure 2: The influence of χ on the velocity profile for
Pref = 2, M = Gt = Gm = Sf = 1, β = 0.2, ϑ =
90, γ = 0, Sc = Sr = kp = 0.5.

Figure 3, Figure 12 and Figure 20 portray the effect of β
on the velocity profile, temperature profile and concentration
profile respectively. The velocity and temperature profiles
diminishes as β increases. The momentum and thermal
boundary layers are diminished due to higher viscous
forces as β is enhanced. In contrast, as β is magnified the
concentration boundary thickens.
The role of the slope of the stretching sheet and magnetic

field inclination angle is presented in Figures 4, 5, 13, 21,
22 and 23. The figures show that the thermal and velocity
boundary layers decline with increasing values of ϑ and γ.
The bouyancy forces decrease due to the gravity component
gcosγ which is maximal when γ = 0 i.e. when the stretching
surface is vertical and is minimal when γ = 900. Figures
5 and 13 displays the combined effect of γ and ϑ on the
temperature and velocity distribution. It is noticed that
as γ and ϑ simultaneously gets smaller the temperature
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Table 1: The effect of χ on the skin friction for M = Gt = Gm = Kl = Dn = Q = R = 0, Pr = 1,

χ Mukhopadhyay et al.[28] Sharidan et al. [38] Mansour et al.[24] Present
0.8 1.26148 1.26104 1.26150 1.26104
1.2 1.37785 1.37772 1.37713 1.37772

0 1 2 3 4 5 6 7

0

0.2

0.4

0.6

0.8

1

f' (
)

 = 0.05

 =   0.1

 = 0.2

 = 0.3

 = 0.05

 = 0.1
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Figure 3: The effect of β on the velocity profile with
Pref = 2, M = Gt = Gm = χ = Sf = 1, ϑ = 90, γ =
0, Sc = Dn = Ec = Sr = kp = 0.5.
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Figure 4:The effect of γ and ϑ on the velocity profile with
Pref = 2, β = 0.2, β = 0.2, Sc = Ec = Dn = Sr = kp =
0.5, M = Gt = Gm = χ = Sf = 1.

and velocity profiles grows. The profiles are maximal when
γ = ϑ = 0 and minimal when γ = ϑ = 900. For any given
combination of γ and ϑ the profiles are bigger when ϑ > γ.
On the other hand, the effect of γ and ϑ on the concentration
distribution is reversed as demonstrated in Figures 21, 22 and
23. The concentration profile is enhanced with an increase in
both γ and ϑ. The concentration profile achieves its maximal
value when γ = ϑ = 900 and achieves its minimal value when
γ = ϑ = 00 and for any given combination of the parameters
γ and ϑ, the profile are relatively bigger when γ > ϑ.

Figures 8, 14, 27 and 28 portrays the impact of Dn

and Sr on the velocity, temperature and concentration
distribution. Raising the Soret number thickens the velocity,
thermal and concentration boundary layers. Physically, the
Soret number upgrade results in the transport of mass to
areas of higher solute concentration caused by temperature
gradient. Consequently, as the molar mass diffusivity rises
the concentration boundary layer thickens. The impact of
increasing the Dufour parameter is to magnify the velocity
and temperature profile. Conversely, the concentration

0 1 2 3 4 5 6 7

0

0.2

0.4

0.6

0.8

1

f' (
)

A:  = 10
0
,  = 10

0

B:  = 20
0
,  = 80

0

C:  = 80
0
,  = 20

0

D:  = 90
0
,  = 90

0

A

B

C

D

Figure 5: Combined role of ϑ and γ on the velocity
distribution with M = Gt = Gm = χ = Sf = 1, Sc =
Dn = Ec = Sr = kp = 0.5, β = 0.2 and Pref = 2.
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Figure 6:The influence ofM and kp on the velocity profile
with Pref = 2, Gt = Gm = χ = Sf = 1, β = 0.2, γ =
0, ϑ = 90, Dn = Ec = Sc = Sr = 0.5.

profile is reduced by the increment of the Dufour parameter.
The convection velocity profile is enlarged as the Dufour
parameter is increased due to the effect of both the thermal
and solutal concentration.

Figures 9 and 15 illustrates the impact of the effective
Prandtl number on the velocity distribution and the tem-
perature distribution respectively. Figure 9 reveals that
enlargement of Pref diminishes the velocity profile. On the
contrary, Figure 15 reveals that enlarged Pref value elevates
the temperature profile provided η < 0.4 with a reversed
effect for η > 0.4.

The impact of Gm, Gt and Q on velocity profile is demon-
strated in Figure 7. The enhancement of each of the pa-
rameters Gm, Gt and Q grows the velocity profile. Figure 16
discloses the role of Sc, Q and Ec on the temperature distribu-
tion. The upgrade of the parameters Sc, Ec and Q enhances
the temperature profile. Figures 18 and 29 depicts the role
of M, Gt and Gm on the Temperature and concentration re-
spectively. The study reveals that enlargement of the values
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Figure 7:The influence of Gt, Gm and Q on the velocity
profile with Pref = 2, β = 0.2, M = χ = Sf = 1, ϑ =
90, γ = 0, Sc = Dn = Ec = Sr = kp = 0.5.
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Figure 8: The effect of Sr, Dn and Ec on the velocity
with Pref = 2, β = 0.2, M = Gt = Gm = χ = Sf =
1, ϑ = 90, γ = 0, Sc = Sr = kp = 0.5.
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Figure 9: The effect of Pref on the velocity profile with
M = Gt = Gm = χ = Sf = 1, β = 0.2, ϑ = 90, γ =
0, Sc = Sr = kp = 0.5.

of Gt raises the temperature profile. On the other hand, the
temperature profile is lowered with the rise in the value of Gm

and M. The parameters Gm and M magnifies the concentra-
tion profile close to the wall with a reversed effect further
away from the wall. On the other hand, the parameter Gt

has opposite effect on the concentration profile.

Figure 6 illustrates the effect of M and kp on the velocity
distribution. The graph demonstrates that the velocity profile
diminishes with the rise of kp value. The lowering of velocity is
due to the reduction in the porosity tightness near the surface
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Figure 10: The influence of Sc, Sf , kl on the velocity
profile with M = Gt = Gm = χ = 1, β = 0.2, ϑ =
90, γ = 0, Pref = 2, Sr = kp = 0.5.
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Figure 11: The effect of χ on the temperature profile
with M = Gt = Gm = Sf = 1, β = 0.2, ϑ = 90, γ =
0, Sc = Sr = kp = 0.5.
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Figure 12:Temperature profile for various values of β with
M = 1, ϑ = 90, γ = 0, Gt = Gm = 1, Sc = 0.5, χ =
1, Sr = 0.5, kp = 0.5, Sf = 1.

as kp becomes bigger. Similar findings were reported by Das
et al. [14]. Figure 6 also discloses that enhancement of the
magnetic parameter retards fluid flow due to the Lorentz force
created as a result.

It is shown that the velocity grows with the enhancement of
the parameters kl and Sf closer to the wall. On the contrary,
the velocity diminishes with increasing value of Sf at free
stream and Sc.

Figure 17 exhibits the effect of kp, Sf and kl on the tem-
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perature distribution. The figure shows that increasing values
the parameter Sf and kl diminishes the temperature distribu-
tion. Furthermore the Figure illustrates that enlarged values
the parameter kp magnifies the temperature profile.

Figure 26 depicts the impact of Sc and kl on the concen-
tration profile. The Figure reveals that the upgrade of the
parameters Sc and kl declines the concentration profile. In-
creasing the value of Sc enhances the drag effect on the con-
centration profile. It is demonstrated that the more the dif-
fusing species the greater the concentration profile reduction.

1 2 3 4 5 6 7
0

0.5

1

1.5

2

2.5

3

(
)

A:   = 30
0
,  = 30

0

B:  = 45
0
,  = 30

0

C:  = 30
0
,  = 45

0

D:  = 30
0
,  = 80

0

E:  = 80
0
,  = 30

0

F:  = 90
0
,  = 90

0

F

E

D

A

C

B

Figure 13: Combined effect of γ and ϑ on temperature
profile with M = 1, β = 0.2, Gt = Gm = 1, Sc =
0.5, χ = 1, Sr = 0.5, kp = 0.5, Sf = 1.
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Figure 14: The influence of Dn and Sr on the temper-
ature profile with M = Gt = Gm = χ = Sf = 1, β =
0.2, ϑ = 90, γ = 0, Sc = kp = 0.5.
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Figure 15: The influence of Pref on the temperature
profile with M = Gt = Gm = χ = Sf = 1, β = 0.2, ϑ =
90, γ = 0, Sc = kp = 0.5.
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Figure 16: Temperature profile for varying values of Sc,
Ec and SQ with Pref = 2, M = 1, β = 0.2, ϑ = 90, γ =
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Figure 17:The effect of kp, Sf and kl on the temperature
profile with Pref = 2, M = Gt = Gm = χ = 1, β =
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Figure 18:Temperature profile for varying values of Gt,
Gm and M with Pref = 2, Q = 1, β = 0.2, ϑ = 90, γ =
0, kp = Dn = 0.5 χ = 1, Sf = 1.

Also as kl grows the rate of interfacial mass transfer is en-
hanced.

Figure 24 illustrates the effect of the effective Prandtl num-
ber Pref and the permeability parameter kp on the concentra-
tion distribution. Larger values of effective Prandtl number
declines the concentration profile near the wall with reversed
effect further away from the wall. On the other hand, the
concentration profile is enhanced as the permeability param-
eter kp is upgraded. The influence of Ec, Sf and Q on the
concentration is exhibited in Figure 25. The Figure reveals
that increasing the value of the parameters Ec, Sf and that
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Figure 19: Concentration profile for varying values of χ
with Pref = 2, M = 1, β = 0.3, ϑ = 90, γ = 0, Gt =
3, Gm = 2, Sc = 0.5, Sr = 0.5, kp = 1, kl = 1, Sf = 1.
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Figure 20: The effect of β on the concentration profile
with Pref = 2, M = kp = kl = Sf = 1, ϑ = 90, γ =
0, Gt = 3, Gm = 2, Sc = Sr = 0.5.
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Figure 21: The effect of γ on the concentration profile
with Pref = Gm = 2, ϑ = 90, Gt = 3, Sc = Sr =
0.5, M = kp = kl = Sf = 1..

of Q closer to the wall diminishes the concentration profile.
It is established that further away from the wall the effect of
the three parameters on the concentration profile is reversed.

The impact of the different parameters on the
rate of heat transfer, rate of mass transfer and
the skin friction are exhibited in Tables 2 −7. Ta-
bles 2 −3 depicts the influence of the parameters
Ec, Sr, β, Pref , ϑ, γ, Dn, χ, kp, Sc, Sf , Q, kl, Gt, Gm

and M on the skin friction coefficient f ′′(0). It is noticed
that increasing any of these values causes reduction in the
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Figure 22: The effect of ϑ on the concentration profile
with Gm = Pref = 2, M = kp = kl = Sf = 1, γ =
0, ϑ = 90, Gt = 3, Sc = Sr = 0.5.
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Figure 23:Combined effect of γ and ϑ on Concentration
with Pref = 2, M = 1, Gt = 3, Gm = 2, Sc = 0.5, Sr =
0.5, kp = 1, kl = 1, Sf = 1.

skin-friction coefficient except for Q, Gt, Gm and M which
manifests opposite effect. The negative wall shear stress
indicates the presence of a retarding force within the flow. It
is also revealed from Table 4 − 5 that the heat transfer rate
rises with enlarged value of β, χ, kp, Sc, kl, M and dimin-
ishes with increment of parameters, Sr, Pref , ϑ, γ, Dn, Sf ,
and Q. The role of the different parameters on the rate of
mass transfer is displayed in Tables 6 and 7. We infer that,
the rate of mass transfer is elevated as Sr, Sc, kl, kp, ϑ, M
and Q increases and declines with upgrade of each of the
parameters, Pref , β, γ, Dn, χ, Sf and Ec. The parameters
Gt and Gm have no effect on the mass transfer rate.

V. CONCLUDING REMARKS

The present paper analyzes the effect of the effective Prandtl
number, surface slope, aligned magnetic field and heat gen-
eration on the MHD Casson fluid. The governing PDE’s are
converted to non-linear ODE’s by using suitable similarity
transformations. The results of the investigation are pre-
sented in the form of tables and graphs. The outcome of
the numerical study are stated as follows:

1. Upgrade in the values of Gt,Gm, Q, Dn, Sf , kl and Sr

enhances the velocity and decreases with the increase in
the value of χ, M , ϑ, γ, β, kp, Sc and Pref .

2. The temperature distribution grows with enlargement of
parameters Q, Dn, Sr, Sc, Ec, Gt, kp, Pref < 0.4 closer
to the wall and diminishes with increase in the value of
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Figure 24: Effect of Pref and kp on concentration profile
with M = 1, β = 0.2, Gt = Gm = 1, Sc = 0.5, χ =
1, Sr = 0.5, Sf = 1.
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Figure 25: Effect of Sf , Ec andQ on concentration profile
with M = 1, β = 0.2, Gt = Gm = 1, Sc = 0.5, χ =
1, Sr = 0.5.
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Figure 26: The influence of Sc and kl on the concentra-
tion profile with Gm = Pref = 2, M = k + p = Sf =
1, ϑ = 90, γ = 0, Sr = 0.5.

χ, ϑ, γ, β, Sf , Gm, M, kl and Pref > 0.4 further away
from the wall.

3. The concentration profile grows as β, γ, ϑ, Sf , Gm, M
and Sr and declines with the rise in the value of
χ, Dn, Sc, Ec, Q, Pref , kp, Gt and kl.

4. The velocity and temperature profiles are enhanced as
γ and ϑ gets smaller and the profiles are maximal when
γ = ϑ = 0 and minimal when γ = ϑ = 900. For any given
combination of γ and ϑ the velocity and temperature
profiles are bigger when ϑ > γ. The parameters, γ and
ϑ have opposite effect on the concentration profile. The
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Figure 27: The effect of Sr on the concentration profile
with Pref = Gm = 2, M = kp = kl = Sf = 1, ϑ =
90, Gt = 3, Sc = 0.5.
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Figure 28: The effect of Dn on the concentration profile
with Gm = Pref = 2, ϑ = 90, Gt = 3, Sc = Sr =
0.5, M = kp = kl = Sf = 1.
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Figure 29: The influence of Gt, Gm and M on the con-
centration profile with Pref = 2, kp = kl = Sf = 1, Sc =
Sr = 0.5, ϑ = 90, γ = 0.

concentration profile achieves maximal values when γ =
ϑ = 900 and minimal when γ = ϑ = 00 and for any
combination of γ and ϑ the profile is bigger when γ > ϑ.

5. Growing the value of the parameters
Ec, Sr, β, Pref , ϑ, γ, Dn, kp, Sc, Sf , kl and
χ diminishes the skin friction coefficient. Conversely,
the skin friction rises with increasing value of Q, Gt, Gm

and M .

6. The rate of heat transfer rises with increasing values of
the parameters Ec, kp, Sc, kl, M and diminishes with
increasing value of Sr, β, Pref , ϑ, γ, Dn, Sf , Gt, Gm
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Table 2: The effect of Ec, Sr, ϑ, γ, Pref , β, Dn and
χ on the skin friction coefficient f ′′(0) with Gt = Gm =
Q = Sc =M = kp = kl = Sf = 1

Ec Sr β Pref ϑ γ Dn χ f ′′(0)
0.5 0.1 0.5 1 90 0 1 1 -0.4432
0.4 -0.4773
0.1 -1.1844
2 0.3 -0.9961

0.5 -1.1352
0.9 -1.5319

0.7 -0.7919
1 -0.8797

3 -1.2391
5 -4.9434

30 -0.4539
60 -1.7329

30 -0.7812
60 -1.3562

2 -0.6692
3 -2.9791

0.4 -1.6706
0.9 -2.4570
0.1 -1.5152

Table 3: The influence of kp, Sc, Q, Sf , kl andM on the
skin friction coefficient f ′′(0) with Gt = Gm = Pref =
Dn = 1 and Ec = 0.5

kp Sc Q Sf kl Gt Gm M f ′′(0)
0.5 0.5 0.5 0.5 0.5 1 1 1 -0.2206
0.7 -0.2900
0.9 -0.3537

0.4 -0.3437
0.3 -0.3312
0.2 -0.3133

0.1 -0.4192
0.4 -0.3521
0.6 -0.2530

0.8 -0.4005
0.9 -0.4395
1 -0.4761

0.6 -0.4776
0.7 -0.4790
0.9 -0.4817

2 0.5824
3 0.9564
5 1.0760

2 0.2981
3 0.4016
5 0.8849

2 1.0580
3 1.3569

and χ.

7. The rate of mass transfer is enhanced with the upgrade
of the parameters Sc, Sr, kl, ϑ, kp, M and Q and is
reduced with improved value of Pref , β, γ, Dn, χ, Sf

and Ec. The role of the parameters Gt and Gm on the

Table 4: Influence of Sr, ϑ, γ, Pref , β, Dn, χ and Q on
the rate of heat transfer −θ′(0) with Gt = Gm = Sc =
M = kp = Kl = Sf = 1, Ec = 0.5

Sr β Pref ϑ γ Dn χ Q -θ′(0)
0.4 0.5 1 90 0 1 1 1 13.929
0.6 9.6917
0.7 6.3938

0.7 9.3839
1 9.5357

5 5.5066
7 5.0698
10 2.9811

30 4.0654
60 3.9932

30 10.8003
50 0.9582
60 0.4765

2 3.9519
3 3.6124

0.8 4.6987
0.5 3.6499
0.1 3.1471

0.1 3.4334
0.4 3.2802
0.8 3.1793

Table 5: Influence of kp, Sc, Sf , kl, Gt, Gm, M on the
heat transfer rate −θ′(0) with Dn = Sr = Q = 1 and
β = Ec = 0.5

kp Sc Sf kl Gt Gm M −θ′(0)
0.5 0.5 0.5 0.5 1 1 1 -25.190
0.7 4.6956
0.9 4.6958

0.4 1.7054
0.3 1.2516
0.2 -3.4786

0.4 11.538
0.8 7.4522
0.9 5.0080

0.6 5.0080
0.7 5.0146
0.9 5.0276

2 -3.5663
4 -12.140

2 5.9750
3 3.0368
5 -40.390

3 -52.116
4 0.6795
5 2.4725

rate of mass transfer is insignificant.

The outcome of our investigation on the influence of
the different parameters on the fluid flow agrees with
previous publications. The outstanding findings in the
present study are that raising value of the effective
Prandtl number enhances the temperature profile η <
0.4 and velocity profile whereas the concentration profile
diminishes. Also, the enlargement of γ and ϑ diminishes
the temperature and velocity distribution whereas the
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Table 6: The effect of Sr, Sc, Pref , β, Dn, kl, Ec on
the mass transfer rate −ϕ′(0) with Gt = Gm = Sc =
M = kp = Sf = χ = 1, γ = 0, ϑ = 90.

Sr Sc Pref β kl Ec Dn −ϕ′(0)
0.3 0.5 1 0.5 1 0.5 1 1.7831
0.5 2.7957
1 4.7430

0.2 1.7402
0.3 2.5373
0.5 4.7430

1 4.7430
5 4.5230
10 0.6882

0.3 1.5384
0.4 0.8118
0.9 0.6531

0.6 0.2190
0.7 0.3825
0.9 0.6548

0.3 0.8148
0.4 0.7040
0.5 0.6548

1 0.7040
2 0.6970
4 0.6303

Table 7: The influence of ϑ, γ, χ, kp, Q, Sf and M on
the mass transfer rate −ϕ′(0) with Sc = Ec = 0.5, β =
kl = 0.9, Dn = 4, Sr = 1 and Pref = 10.

γ ϑ χ kp Q Sf M Gt Gm -ϕ′(0)
45 90 1 0.5 0.5 0.5 1 1 1 2.6239
80 -0.1458
90 -0.1995

60 -0.2284
30 -0.3014
0.1 -0.3932

0.2 -0.4167
0.3 -0.4441

0.7 -0.4335
0.8 -0.4284
1 -0.4185

0.6 -0.4068
0.8 -0.3902
1 -0.3778

0.6 -0.4074
0.8 -0.4650

1 -0.5211
2 0.4616
3 0.4236
4 0.3872

2 0.3872
3 0.3872
5 0.3872

2 0.3872
3 0.3872
5 0.3872

concentration profile is is elevated. For optimal velocity

and temperature profiles the angles ϑ = γ = 0 and for
any given combination of the inclination angles, ϑ ≥ γ.
On the other hand, the concentration profile is optimal
when γ = ϑ = 900 and for any given combination of the
inclination angles, γ > ϑ. centering
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