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A B S T R A C T

The examination of non-Newtonian fluid dynamics influenced by simultaneous thermal and electromagnetic 
interactions is crucial for sophisticated engineering applications, including energy systems, material processing, 
and thermal management. This study investigates the cumulative effects of Hall current, the Dufour effect, 
radiation-assisted heat generation, and rotation on the unsteady flow of a Casson fluid across an inclined, 
exponentially accelerating, heated permeable plate. The originality of this study lies in the concurrent exami
nation of these interrelated physical mechanisms within a rotating porous framework, which has received 
minimal attention in the current literature. Using the Laplace inversion method, we may write down and solve 
the governing equations for momentum, energy, and concentration. The findings indicate that fluid velocity 
increases with elevated heat generation, Hall current, and Dufour number, whereas it decreases with increasing 
radiation and rotational parameters. Additionally, the impacts on the skin friction coefficient, Nusselt number, 
and Sherwood number are measured and shown in tables and graphs.

1. Introduction

Researchers have shown significant interest in non-Newtonian Cas
son fluids due to their widespread application in engineering, biological, 
and industrial processes that involve complex flow behaviors. When 
such fluids pass through inclined porous surfaces, when coupled, the 
impacts of rotation, magnetism, reactions, and heat creation can 
significantly modify momentum and Heat and mass transfer properties. 
Incorporating Hall and Dufour-related effects provides a more realistic 
picture of cross-diffusion and electromagnetic interactions in electrically 
conducting fluids. Under exponentially accelerating conditions, veloc
ity, temperature, and concentration profiles can be precisely evaluated 
through analytical investigation using the inverse Laplace transform. 
Optimizing heat management and fluid transport in systems like MHD 
generators, polymer processing, and geothermal applications requires 
an understanding of how radiation, rotational effects, and chemical re
actions interact. The flow's mechanical and thermal performance is 
further measured by calculating the skin friction, Nusselt, and Sherwood 

values. This paper aims to provide a comprehensive understanding of 
the coupled influences on Casson fluid dynamics within a rotating 
porous medium.

M.S. Abel and N. Mahesha [1] used the method of recording and 
similarity conversion to study the power-law flow of fluid across a 
vertically extended surface. Utpal Jyoti Das [2] investigates that stron
ger magnetic fields and stronger Casson fluid features speed up mass 
transfer, while higher thermal radiation, velocity slip, and chemical 
reaction parameters move it down. Alam et al. [3–5] used numerical 
methods to investigate velocity, temperature, concentration, and other 
physical parameters. Radha et al. [6] use the Laplace transform method 
to analyze a parabolically accelerated plate under magnetic, radiative, 
and reactive influences. An investigation of unsteady parabolic flow that 
conducts electricity over an isothermal vertical plate with a first-order 
(chemical) reaction is carried out by Dilip Jose S. and Selvaraj A. [7]. 
Taking into account several variables, Jothi and Selvaraj [8,9] investi
gated exponential fluid movement. An analytical study explores impli
cations with rotation spinning, magnetic fields (MHD), and thermal rays 
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by Karthikeyan et al. [10,11].
Kavitha et al. [12] examined analytical aspects influenced by mag

netic field (MHD), rotational motion, the Dufour effect, and chemical 
reaction. Assume homogeneous temperature and mass diffusion. Kumar 
and Deka [13] discovered that coupled stratification accelerates the 
approach to stable states, which has applications in heat exchange 
design. Aruna et al. [14] emphasise that the thermal diffusion and 
thermal impacts are considerable for fluids with low molecular weights. 
Balamurugan et al. studied MHD free convection via an upward porous 
surface as impacted by a temperature heat source [15]. The reaction 
impact, radiant and MHD Casson fluid flows are examined by Manjula 
and Venkata Chandra Sekhar [16]. According to Dowerah, Ahmed, and 
Deka [17], absorption radiation raises temperature and velocity, 
whereas magnetic fields and chemical reactions decrease fluid velocity 
and concentration.

Bijjula Prabhakar Reddy et al. [18–20]'s collective studies concen
trate on the dynamics of unsteady magnetohydrodynamic (MHD) con
vection over vertical porous and oscillating plates that are impacted by 
radiation, heat absorption, and chemical processes. The research uses 
numerical simulations to examine heat and mass transport properties 
while taking into account elements including Newtonian heating, slip 
boundary conditions, Hall current, and thermodiffusion. Their findings 
highlight the important interaction of radiative, magnetic, and reactive 
effects in regulating fluid behaviour in porous media. Prabhakar Reddy 
et al. [21] evaluate mainly speed, warmth and accumulation distribu
tions by incorporating thermal radiation and using analytical tech
niques. The results show that chemical reactions and thermo-diffusion 
have a major influence.

The combined Soret and Dufour effects on mass transfer in porous 
media are analysed by Cheng, Ching-Yang [22–24]. The work takes into 
account both constant and varying boundary warmth (temperature) and 
accumulation (concentration) circumstances and covers vertical cylin
ders and inclined plates. The analyses show how temperature, concen
tration, and velocity distributions are affected by cross-diffusion 
phenomena. In engineering applications using porous media, these 
findings offer insights for improving heat and mass transmission. MHD 
flow over porous media was investigated by Chenna Kesavaiah D et al. 
[25,26], who looked at reactions and sort impacts on flow past inclined, 
vertical plates with mass transfer and heat sources. Chinmoy Rath et al. 
[27] show how the Dufour (Df) effect alters the speeding plate with a 
Hall current. The error function is the main topic of Richard B. Het
narski's [28,29] discussion of techniques for inverting Laplace trans
forms. Heat source, rotation, and the Dufour effect beyond parabolically 
accelerated isothermal vertical plates in different porous media config
urations are investigated by Lakshmikaanth D et al. [30,31]. The 
behaviour of Casson fluid was examined by Ameer Ahammad et al. [32], 
who discovered that when the Schmidt number and reaction rate grow, 
species concentration drops. Numerical calculations by Rajakumar et al. 
[33] showed that, whereas the reaction has an opposite impact, the 
generation of heat tends to enhance fluid velocity. Raj Kumar et al. [34] 
used his analytical techniques to examine the effects of magnetic fields, 
plate inclination, and Hall and ion-slip currents. This research provides 
important new information on HMT systems by demonstrating how 
ion-slip and Hall effects dramatically change speed.

According to M. Anil Kumar et al. [35], the concentration profile 
rises as the Sort number increases, while the trend is observed oppositely 
when the Dufour numbers increase. Rajesh V. and others [36,37] Under 
the impact of heat sources, collaborators study unsteady MHD flow via 
inclined and vertical porous plates. Variable temperature, viscous 
dissipation, Ohmic heating, and viscoelastic fluid behaviour are all 
taken into account in the assessments. The findings demonstrate how 
heat production and the properties of porous media greatly affect tem
perature, velocity, and flow stability in convective MHD systems.

Swaranalathaammal et al. [38] conducted a study examining how 
the interplay between radiation absorption and reactions affects the 
flow across an endlessly vertically sloped permeable plate. The work 

sheds light on how these influences affect the fluid's concentration and 
temperature profiles. The study by Ali et al. [39] explores the relation
ship between chemical processes and periodic magneto-hydrodynamics 
(MHD) about entropy generation across a sloped permeable plate. The 
work offers a statistical examination of how Dufour and Hall currents 
affect MHD flow in these kinds of systems. The HMT properties and heat 
source/sink with buoyancy effects are examined in the work by Chitra 
et al. [40].

Loganathan et al. [41–44] show that hybrid and Casson nanofluids 
under MHD, porous media, radiation, slip effects, and entropy optimi
sation significantly improve heat and mass transfer performance. The 
inclusion of nanoparticle shape factors, double diffusion models, gyro
tactic microorganisms, and machine learning enhances prediction ac
curacy and thermal efficiency. These works highlight the importance of 
multi-physical and optimised modelling for advanced engineering and 
thermal systems. Sademaki, L. et al. [45–48] However, the findings 
underscored the substantial influence of radiation absorption, magnetic 
field intensity, and chemical reactions on velocity, temperature, con
centration profiles, and degradation mechanisms in nanofluid systems. 
Matao et al. [49] investigated the impact of thermal radiation on frac
tional MHD Couette flow of Jeffrey fluid in a vertical channel, incor
porating activation energy and Joule heating. Sademaki, L. et al. 
[50–52] elucidated the substantial effects of variable heat source/
consumption and higher-order reacting species on velocity, tempera
ture, and concentration distributions, as reported in Multiscale and 
Multidisciplinary Modelling, Experiments and Design. Casson [53] 
studied the Casson fluid model, which characterises the non-Newtonian 
behaviour of pigment-oil suspensions exhibiting yield stress properties. 
Later, this model proved very important for studying viscoelastic flows 
in biofluid mechanics and engineering. Cramer et al. [54] articulated 
extensive principles of magnetofluid dynamics, encompassing both 
theoretical and practical dimensions of MHD flows. Their research 
constitutes a fundamental reference for the movement of electrically 
conductive fluids in magnetic fields. Sutton and Sherman [55] presented 
a technical examination of magnetohydrodynamics, focusing on its 
practical applications. The book talks about systems for plasma flow, 
electromagnetic propulsion, and MHD power generation. Greenspan 
[56] analysed the classical theory of rotating fluids, which explains 
Coriolis phenomena and geophysical fluid dynamics. Rosseland [57] 
came up with the Rosseland approach for radiative heat flow in an 
optically thick medium in 1936. Brewster [58] examined thermal radi
ative transport and the radiative characteristics of materials. Eckert and 
Drake [59] expressed the ways to study how heat and mass move in 
engineering systems. Nield and Bejan [60] provide a more in-depth look 
at convection in porous media, covering both theoretical modelling. The 
results show that it is easier to manage heat and mass transport in porous 
materials. Nonetheless, extensive study under more generalized coupled 
physical situations remains constrained, prompting the current 
investigation.

Krishnakanth and Lakshminarayana [61,62] investigated the effects 
of Lorentz force and induced magnetic fields on ternary hybrid and 
Carreau nanofluids, demonstrating significant changes in flow and 
temperature. In systems that are very hot, diffusion and thermal radia
tion are very essential. In Ref. [63], the impacts of heat diffusion and 
molecular motion were examined concurrently. Williamson nanofluid's 
non-Fourier heat conduction was discussed in Ref. [64]. Sadiya and 
Sucharitha [65,66] examined the flow of nanofluids in porous media 
under conditions of rotation, thermochemical reactions, and stratifica
tion, highlighting their impact on heat transfer. Ajithkumar et al. [67] 
investigated peristaltic Bingham nanofluid flow, emphasising the 
importance of diffusion and convective conditions.

The novelty of this research resides in the concurrent integration of 
coupled thermo-magnetic and reactive processes within a rotating 
permeable medium, alongside the analytical assessment of skin friction, 
Nusselt number, and Sherwood number, which has been insufficiently 
investigated in other works. The objective of this study is to look into 
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how Hall current, the Dufour effect, radiation-assisted heat generation, 
and rotation all work together to make Casson fluid flow past a heated, 
inclined, exponentially accelerating, permeable plate. The study will 
also use the Laplace transform technique to find analytical solutions. 
This research work has some questions, like how do Hall current, Dufour 
effect, heat source, rotation and radiation collectively influence the 
velocity, temperature and concentration, and also, what is the impact of 
these parameters on engineering quantities such as skin friction, Nusselt 
and Sherwood numbers?

2. Mathematical formulation

In the present research, we investigate the transient flow of a viscous, 
incompressible, and electrically conducting fluid along a non- 
conductive vertical plate at z = 0. The x-axis runs inclined along the 
plate, while the z-axis extends in the normal direction into the plate. On 
the electrically conducting fluid, a perpendicular magnetic field B0 is 

applied. Initially at the time t* ≤ 0 the fluid and the plate are at rest with 
uniform temperature T*

∞ and Concentration C*
∞ the plate expresses the 

motion u* = ewt. When time t* ≥ 0 the fluid and the plate maintain a 
constant temperature T*

w and concentration C*
w .According to these as

sumptions, the flow characteristics are solely determined by z and time. 
These circumstances serve as the foundation for the governing equations 
of transient flow [68–71] 

i. The fluid is a viscous, incompressible, and electrically conducting 
non-Newtonian Casson fluid.

ii. The fluid flows past an infinite, inclined, permeable plate that is 
exponentially accelerating in its own plane.

iii. The plate is embedded in a rotating porous medium with constant 
angular velocity Ω

iv. We assume that the material properties, such as viscosity, thermal 
conductivity, and specific heat, are constant throughout the flow 
field.

v. Radiation heat flux is modelled using the Rosseland diffusion 
approximation.

vi. A first-order homogeneous chemical reaction is assumed in the 
concentration equation [72,73].

vii. Higher-order effects, such as higher-order temperature gradients 
or small variations in velocity across the boundary layer, are 
often neglected.

viii. We linearised certain nonlinear terms, particularly for the ve
locity or temperature profiles, to obtain analytical solutions

∂u*

∂t* − 2 Ω*v* = ϑ
(

1+
1
γ

)
∂2u*

∂z*2 + g
(
βT
(
T* − T*

∞

)
cos α+ βC

(
C* − C*

∞

))
cos α

−
σB2

0(u* + m1v*)
ρ(1 + m2

1)
−

ϑu*

k*
1

}

(1) 

∂v*

∂t* +2Ω*u* =ϑ
(

1+
1
γ

)
∂2v*

∂z*2 +
σB2

0(m1u* − v*)
ρ(1 + m2

1)
−

ϑv*

k*
1

(2) 

∂T*

∂t* =
k

ρCp

∂2T*

∂z*2 −
1

ρCp

∂qr

∂z* +
Q0

ρCp

(
T* − T*

∞

)
+

DmKT

CpCs

∂2C*

∂z*2 (3) 
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∂C*

∂t* =
1
Sc

∂2C*

∂z*2 − K0
(
C* − C*

∞

)
(4) 

where u is the axial and v is the transverse velocities, respectively [74,
75]. 

0 ≥ t* : u* = v* = 0 ,T* = T*
∞,C

* = C*
∞,0 ≥ z*

u* = ewt, v* = 0, T* = T*
∞,C

* = C*
∞, as z* = t* = 0

t* > 0 : u*→ 0, v*→0,T*→T*
∞,C*→C*

∞ as z*→∞

⎤

⎥
⎥
⎦ (5) 

Using the Rosseland approximation [51], the radiative heat flux is 
expressed as 

∂qr

∂z* = − 4a*σ
(
T*4

∞ − T*4) (6) 

The temperature differentials inside the flow are thought to be 
minimal enough that T*4. They can be stated as a temperature- 
dependent linear function. By ignoring higher-order terms and extend
ing the Taylor series about T*

∞ this is achieved. 

T*4 ≅ 4T*3
∞ T* − 3T*4

∞ (7) 

Using (6) and (7) in (3), we get 

∂T*

∂t* =
k

ρCp

∂2T*

∂z*2 +
16σT*3

∞

3k1ρCp

∂2T*

∂z*2 +
Q0

ρCp

(
T* − T*

∞

)
+

DmKT

CpCs

∂2C*

∂z*2 (8) 

Let us assume that the non-dimensional parameters 

u =
u*

U0
, v =

v*

U0
, z =

z*U0

ϑ
, t =

t*U2
0

ϑ
, θ =

T* − T*
∞

T*
w − T*

∞
, c =

C* − C*
∞

C*
w − C*

∞

Gr =
gβϑ
(
T*

w − T*
∞

)

U3
0

,Gc =
gβϑ
(
C*

w − C*
∞

)

U3
0

, Pr =
μCp

k

Sc =
ϑ

Dm
,Df =

DmKT

CpCsϑ
C*

w − C*
∞

T*
w − T*

∞
, k =

vK0

U2
0
,K1 =

(
v2ϕ
k*

1U2
0

)

,

M2 =
σB2

0ϑ
ρU2

0
,Ω =

Ω*v
U2

0
, γ =

μβ

Py
̅̅̅̅̅̅̅̅
2πc

√

R =
4σ*T*3

∞

kk* ,Q =
Q0

ρ Cpv

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(9) 

using Eqn. (6 -7) in Eqn. (3) and in Eqns. (1)–(4) we get 

∂U
∂t

=

(

1+
1
γ

)
∂2U
∂z2 +2Ωv+Grθ(cos α)+GcC(cos α) − M2(U + hV)

(
1 + h2

) −
U
k1

(10) 

∂V
∂t

=

(

1+
1
γ

)
∂2V
∂z2 − 2Ωu+

M2(hU − V)
(
1 + h2

) −
V
k1

(11) 

∂θ
∂t

=
1
Pr

∂2θ
∂z2 − Rθ + Qθ + Df

∂2C
∂z2 (12) 

∂C
∂t

=
1
Sc

∂2C
∂z2 − KC (13) 

using q = U + iV we get 

∂q
∂t

=(Grθ+Gcc)cos α+

(

1+
1
γ

)
∂2q
∂z2 −

(

m+
1
k1

)

q (14) 

Where m = M2

(1+hi) + 2Ωi
The corresponding initial and boundary conditions are 

q = θ = C = 0 for all z ≥ 0 and t ≤ 0
q = ewt , θ = C = t for all z = 0 and t > 0

q → 0, θ → 0,C →0 as z→∞and t > 0

⎤

⎦ (15) 

2.1. Physical significance of boundary conditions & applications

The boundary conditions tell us how the flow system works in the 
real world. At first, the fluid is still and has a constant temperature and 
concentration, which is what we call a quiescent medium. When t > 0, 
the plate starts to move in an exponential way, which makes the 
boundary layer unstable. The steady wall temperature and concentra
tion make thermal and concentration gradients that cause heat and mass 
transfer as well as buoyancy effects. The fluid stays still far away from 
the plate, which makes sure that the velocity, temperature, and con
centration go closer to the conditions in the room. These circumstances 
are relevant in engineering processes like heat exchangers, polymer 
extrusion, chemical reactors, and environmental flow systems.

2.2. Findings regarding fluid velocities and temperature variations

The variations of fluid velocity and temperature with governing 
parameters provide significant insight into the flow behaviour. An in
crease in parameters such as the Grashof numbers enhances buoyancy 
forces, leading to higher fluid velocity, whereas magnetic and rotation 
parameters tend to reduce velocity due to resistive forces. The Hall 
parameter modifies the flow structure by redistributing momentum 
between axial and transverse directions. Temperature profiles are 
strongly influenced by radiation, heat generation, and Prandtl number, 
where higher radiation and heat source parameters increase thermal 
diffusion, while larger Prandtl numbers reduce temperature thickness.

3. Solution of the problem

Solving (12), (13) and (14) using the inverse Laplace transform and 
applying the appropriate initial and boundary conditions 

θ= θ1 +
PrDf Sc

(Sc − Pr)
θ2 −

PrDf Sc

(Sc − Pr)
θ3 (16) 

where 

θ1 = t
[ e− 2η

̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

+e2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

]

−
η
̅̅̅̅̅̅
tPr

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4(R − Q)

√

[ e− 2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

− e2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

]

θ2=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

a + k
2a2

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

eat

[ e− 2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(at+Rt− Qt)

√
erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(at + Rt − Qt)

√ )

+e2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(at+Rt− Qt)

√
erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(at + Rt − Qt)

√ )

]

−

[ e− 2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

+e2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

]

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

−
k
a

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

t

[ e− 2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

+e2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅

η2Pr

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Rt − Qt)

√ )

]

−

̅̅̅̅̅̅̅̅̅̅̅
η2tPr

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4(R − Q)

√

( e− 2η
̅̅̅̅
Pr

√ ̅̅̅̅̅̅̅̅̅
Rt− Qt

√

erfc
( ̅̅̅̅̅̅̅̅̅
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Fig. 1. Physical model of the problem.
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Fig. 2. Velocity(Speed) profile for Thermal Grason Gr.
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Fig. 3. Velocity(Speed) profile for Mass Graco Gc.

Fig. 4. Velocity(Speed) profile for distinct inclination α

Fig. 5. Speed graph for distinct values of Casson fluid γ

Fig. 6. Speed(Velocity) graph for Dufour Value.

Fig. 7. Speed(Velocity) graph for various Rotational effects.

Fig. 8. Speed graph for various(different) values of Schmidth Number.
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Fig. 9. Speed graph for distinct values of Prandtl Number.

Fig. 10. Velocity(Speed) Profile for distinct values of Hall Current.

Fig. 11. Speed graph for Hartmann Number.

Fig. 12. Speed profile for radiation.

Fig. 13. Speed graph for distinct Heat Source.

Fig. 14. Speed profile for permeability.
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Fig. 15. Speed graph for Chemical Reaction.

Fig. 16. Temp(Temperature) graph for Prandtl Number.
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Fig. 17. Temp(Temperature) graph for radiation values.
Fig. 18. Temperature graph for distinct values of Dufour Number.
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a=
− Sck + PrR − PrQ

Sc − Pr
, b =

m − γPrR + γPrQ
γPr − 1

, c =
m − γSck
γSc − 1

,

η= z
2
̅̅
t

√ and a1 =

(

1+
1
γ

)

,

4. Results and discussion

Statistical simulations were conducted utilising numerical methods 
to examine the variables of q-velocity, θ-temperature, and C- 
concentration.

In Fig. 2, Warm Grashof Gr (25-50) raises, the velocity of the flow 
also rises since buoyancy dominates viscous resistance, so the fluid 
moves faster, hence velocity increases (see Fig. 1). Fig. 3 shows that a 
rise in the Accumulation Grashof Gc (15-50) increases, the flow speed 

also increases. This is because a higher mass Grashof number signifies a 
stronger buoyancy force due to concentration differences. Fig. 4, as the 
inclination value α (50◦-1500) rises, the speed of the flow tends to in
crease. This is because a higher inclination angle enhances the gravita
tional force component acting along the plate, which accelerates the 
flow. Fig. 5, the Casson fluid γ (0.25 – 0.33) rises, the speed of the flow 
tends to rise. This is due to the enhanced flow characteristics of Casson 
fluids, which exhibit non-Newtonian behaviour, allowing for a higher 
flow velocity under certain conditions.

In Fig. 6 shows that the Dufour number Df (1.0-3.0) changes the 
speed of the flow, and also changes in the same direction which en
hances the convective motion and thus increases the flow velocity. In 
Fig. 7 displays the Rotational value R(3.5-15.0) changes, and the speed 
of the flow changes in the opposite direction. This is because a higher 
rotation number introduces rotational effects, which tend to suppress 
the flow's velocity due to the increased centrifugal forces acting on the 
fluid. From Fig. 8, as the Schmidt number Sc(1.6-3.0) rises, the speed of 
the flow falls. This is because a higher Schmidt number indicates greater 
viscous diffusion compared to mass diffusion, which leads to a slower 
mass transfer rate and a reduction in the flow velocity. Fig. 9, as the Pr 
(Prandtl) number Pr (071-7.0) rises, the speed typically remains almost 

Fig. 19. Temperature graph for distinct values of Heat Source.

Fig. 20. Concentration graph for distinct Chemical Reaction.

Fig. 21. Concentration graph for distinct values of Schmidt Number.

Fig. 22. Nusselt graph for distinct values of Prandtl Number Pr.
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unchanged. This means that heat spreads out more slowly and the 
thermal boundary layer gets thinner. But this change mostly impacts the 
temperature distribution and not the momentum field. The Prandtl 
number doesn't directly affect the forces that drive the momentum 
equation, therefore changes to it only have a little effect on the velocity 
field.

Fig. 10 illustrates that as the values of the Hall current hc(0.75-2.0) 
increase, the speed of the flow typically changes in the opposite direc
tion. This is because the Hall current induces a magnetic force that can 
oppose the fluid's motion, causing a reduction in flow velocity or a 
reversal of its direction, depending on the flow conditions. From Fig. 11, 
the Hartmann number (M) (1.75-4.5) goes down, and the speed of the 
flow goes up. This is because a higher Hartmann number indicates a 
stronger magnetic field, which enhances the magnetic resistance. As the 
values of radiation (R) increase as Fig. 12 displays, the speed of the flow 
R(2.0-5.0) typically decreases. This is because increased radiation en
hances heat transfer, which can lead to a reduction in the fluid's kinetic 
energy, thereby slowing down the flow. Fig. 13, as the values of the 
Thermal (Heat) source Q(2.0-3.5) rise, the speed of the flow rises. As the 
temperature rises, fluid density decreases due to thermal expansion, 
creating a stronger density difference between the hot fluid and the 
surrounding cooler fluid. This enhances the buoyancy force, which is the 
main driving force in natural convection flow. The increased buoyancy 
force overcomes viscous resistance more effectively, leading to an ac
celeration of the fluid. Therefore, the velocity of the flow increases as the 
thermal heat source parameter increases.

Fig. 14 shows that the Permeability k1(0.15-0.50) increases, the 
speed of the flow typically decreases. Fig. 15. The k reaction k(1.5-5.0) 
increases, and the speed of the flow typically decreases. This is because 
stronger chemical reactions can lead to the consumption of mass or heat, 
creating additional resistance in the flow and thus reducing the velocity. 
Fig. 16 illustrates that as the Prandtl number Pr(0.71-7.0) increases, the 
temperature of the fluid generally decreases. Fig. 17, the Radiation R 
(5.0-15.0) is high, and the temperature decreases. This is because 
increased radiation enhances heat loss from the fluid, leading to a 
cooling effect and a reduction in temperature.

As Dufour values rise, illustrated in Fig. 18, temperature typically Df 
(1.0-3.0) increases because the Dufour effect represents the contribution 
of concentration gradients to heat transfer. In other words, when there is 
a mass concentration difference in the fluid, it generates additional heat 

flux. As the Dufour parameter rises, this cross-diffusion effect becomes 
stronger, adding extra thermal energy to the system. This supplementary 
heat enhances the temperature distribution within the boundary layer, 
resulting in an overall increase in fluid temperature. In Fig. 19, the heat 
(Thermal) source values Q(0.5-5.0) is high, and the temperature is also 
high. This is because a higher heat source provides more thermal energy 
to the fluid, raising its temperature. From Fig. 20, as reaction k (1.5-5.0) 
goes up, the concentration typically decreases. From Fig. 21, the con
centration decreases as the Schmidt number(1.6-3.0) increases.

4.1. Computational analysis

4.1.1. Nusselt Number Nu = −

(
∂θ
∂η

)

η=0

Nu= −
∂θ1

∂η −
PrDf Sc

(Sc − Pr)

∂θ2

∂η +
PrDf Sc

(Sc − Pr)

∂θ3

∂η at η=0 

Fig. 23. Nusselt graph for distinct values of Radiation R.
Fig. 24. Sherwood number for distinct values of Schmidt number.

Fig. 25. Sherwood number for distinct values of Chemical Reaction.
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Where 
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The theoretical background of radiative heat transfer has been 
extensively discusses by Models et al[74] and Siegel et al. [75]. Rajput 
and Gaurav Kumar [76] studied the effects of thermal radiation and 
chemical reaction on MHD flow past an exponentially accelerated in
clined plate, considering variable temperature, mass diffusion, and the 
presence of Hall current. Additionally, M.S. Elango and Lakshminar
ayana [77,78], which addressed the proper formulations of shear stress, 
heat transfer, and mass transfer characteristics. The response of the 
coefficient of the rate of heat transfer to changes in the physical pa
rameters is depicted in Fig. 22 and Fig. 23 As additional energy is added 
to the fluid, it is found that the Nusselt number Nu rises as the heat 
source Q(2.0-4.0) decreases. However, by releasing heat from the sys
tem, thermal radiation R(5.0-15.0) tends to lower the Nusselt number. 
These findings suggest that radiative impacts and internal heat genera
tion both have a significant impact on the pace of heat transfer. All 
things considered, the figure demonstrate how important Q and R are in 
regulating the system's thermal behaviour.

4.1.2. Sherwood number Sh = −

(
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Figs. 24 and 25 show how the Sherwood number varies with different 
values of the Chemical Reaction Parameter (k)(1.5-3.0) and Schmidt 
Number (Sc) (0.16 - 3.0). The Sherwood number's magnitude grows 
more negative as Sc and K rise.

4.1.3. Analysis of skin friction effects
Skin friction values, derived from the velocity (speed) field, are 

presented in dimensionless form as follows. τ = −
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Skin friction rises as the Dufour number (Df) increases, as seen in 
Fig. 26. By intensifying the buoyancy-driven motion close to the wall 
and raising the temperature gradient, the Dufour effect improves ener
gy–mass coupling in the flow. Higher skin friction results from an in
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I9 =
1
c

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ect

2

⎡

⎣

(
− 2
̅̅̅̅̅̅̅
γπt

√

)

e
−

(

ct+ t
k1

+mt

)

− 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ct +
t

k1
+ mt

√ ))( ̅̅̅
t
γ

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c +
1
k1

+ m

√ )⎤

⎦

−
1
2

⎡

⎣

(
− 2
̅̅̅̅̅̅̅
γπt

√

)

e
−

(
t

k1
+mt

)

− 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t
k1

+ mt
√ ))( ̅̅̅

t
γ

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
k1

+ m

√ )⎤

⎦

−
1
2

[(
− 2

̅̅̅̅̅
Sc

√

̅̅̅̅̅
πt

√

)

e− (kt) − 4
(

1 − erfc
( ̅̅̅̅̅

kt
√ ))( ̅̅̅̅̅̅̅

tSc
√ ̅̅̅

k
√ )]

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

I10 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ect

2

⎡

⎣

(
− 2
̅̅̅̅̅̅̅
γπt

√

)

e
−

(

ct+ t
k1

+mt

)

− 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ct +
t

k1
+ mt

√ ))( ̅̅̅
t
γ

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c +
1
k1

+ m

√ )⎤

⎦

−
1
2
(1 + ct)

⎡

⎣

(
− 2
̅̅̅̅̅̅̅
γπt

√

)

e
−

(
t

k1
+mt

)

− 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t
k1

+ mt
√ ))( ̅̅̅

t
γ

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
k1

+ m

√ )⎤

⎦

+c
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t

γ
(

1
k1

+ m
)

√
√
√
√
√

(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t
k1

+ mt
√ ))

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

I12 =

(

t −
1
2

)[(
− 2

̅̅̅̅̅
Sc

√

̅̅̅̅̅
πt

√

)

e− kt − 4
(

1 − erfc
( ̅̅̅̅̅

kt
√ ))( ̅̅̅̅̅̅̅

tSc
√ ̅̅̅

k
√ )]

−
(

1 − erfc
( ̅̅̅̅̅

kt
√ ))( ̅̅̅̅̅̅̅

tSc
√

̅̅̅
k

√

)

+
cect

2

[(
− 2

̅̅̅̅̅
Sc

√

̅̅̅̅̅
πt

√

)

e− (c+k)t − 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(c + k)t
√ ))( ̅̅̅̅̅̅̅

tSc
√ ̅̅̅̅̅̅̅̅̅̅̅

c + k
√ )]

I13 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ect

2

⎡

⎣

(
− 2
̅̅̅̅̅̅̅
γπt

√

)

e
−

(

ct+ t
k1

+mt

)

− 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ct +
t

k1
+ mt

√ ))( ̅̅̅
t
γ

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c +
1
k1

+ m

√ )⎤

⎦

−
1
2
(1 + ct)

⎡

⎣

(
− 2
̅̅̅̅̅̅̅
γπt

√

)

e
−

(
t

k1
+mt

)

− 4
(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t
k1

+ mt
√ ))( ̅̅̅

t
γ

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
k1

+ m

√ )⎤

⎦

+c
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t

γ
(

1
k1

+ m
)

√
√
√
√
√

(

1 − erfc
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t
k1

+ mt
√ ))

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

S. Abirami et al.                                                                                                                                                                                                                                 Next Chemical Engineering 2 (2026) 100055 

16 



Dufour number. Fig. 27 shows that when the Casson parameter (γ) in
creases, skin friction also increases. A higher γ causes the Casson fluid's 
non-Newtonian yield stress to decrease, making the fluid behave more 
like a Newtonian fluid. From Fig. 28, it can be shown that the skin 
friction coefficient (Sk) increases with increasing mass Grashof number 
(Gc).With Gc increasing from 5 to 15,Sk decreases from -9.6947 to 
-0.0899,indicating a reduction in wall shear stress.This behaviour is 
linked to the increase of the buoyant forces due to the effects of mass 
diffusion. This increases the velocity close to the plate and decreases 
flow resistance, which eventually raises the wall shear stress (skin fric
tion). Skin friction diminishes as the radiation parameter (R) increases, 
as seen in Fig. 29. Increased thermal radiation lowers the fluid's tem
perature and inhibits buoyancy-driven flow by increasing energy loss 
from the fluid. The skin friction coefficient (Sk) lowers dramatically with 
increasing the Thermal Grashof number (Gr) as can be shown in Fig. 30. 
The Sk varies from -9.6947 to -51.0173 with increasing Gr from 5 to 15 
which indicates the growth of the magnitude of the wall shear stress.This 
trend indicates that the higher thermal buoyancy forces intensify the 
fluid velocity differences close to the plate. Skin friction is decreased as a 
result of a weaker velocity gradient close to the wall. As a result, radi
ation dampens the Casson fluid's motion. The primary flow velocity is 
lowered by the stabilising Coriolis force introduced by rotational effects. 
Skin friction is reduced as a result of this velocity field suppression, 

which lessens the momentum conveyance towards the wall. As a result, 
rotation considerably reduces the boundary-layer motion. As the Prandtl 
number (Pr) rises, skin friction falls, as shown in Fig. 31. Lower thermal 
diffusivity, which lowers the temperature boundary-layer thickness and 
diminishes thermal buoyancy forces, is correlated with higher Pr. The 
fluid velocity close to the wall reduces as buoyancy does, resulting in a 
smaller velocity gradient and less skin friction. Consequently, there is 
less shear stress at the surface of fluids with high Prandtl values (see 
Fig. 30) (see Fig. 28).

The results are indeed comparable to the previously presented data, 
as illustrated in Tables 1–3. The analysis was conducted with both ac
curacy and authenticity. Table 1 shows that the Nusselt number (Nu) is 
significantly affected by radiation (R), time (t) and the Prandtl number 
(Pr), which might seem to hinder heat transport, but they actually help 
it. Table 2 demonstrates that the chemical reaction parameter (K), the 
Schmidt number(Sc), and time (t) significantly influence the Sherwood 
number (Sh). This illustrates how these factors alter the mechanisms of 
mass transfer. Table 3 illustrates that the skin friction coefficient (τ) 
increases with rising temperature, solutal Grashof numbers (Gr, Gc), 
inclination angle (α), and the Dufour number. This suggests that buoyant 

Fig. 27. Skin friction graph for distinct values of Casson fluid parameter.

Fig. 28. Skin friction graph for distinct values of Mass Grashof.

Fig. 29. Skin friction graph for distinct values of radiation.

Fig. 26. Skin friction graph for distinct values of Dufour Number.
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forces are crucial.
Practical Implications: The present study has direct practical 

relevance in processes involving non-Newtonian conducting fluids such 
as polymer melts, blood flow, food slurries, and industrial pastes. The 
influence of the Hall current is significant in electromagnetic pumps, 
MHD generators, and metallurgical processing, where strong magnetic 
fields are applied. The Dufour effect becomes important in systems 
involving simultaneous heat and mass transfer, such as drying technol
ogy, chemical reactors, and food dehydration processes. Radiation- 
assisted heat generation is relevant in high-temperature 
manufacturing, solar energy systems, and thermal processing units. 
The rotational effects are applicable in rotating machinery, turbines, 
rotating reactors, and geophysical flows. Understanding the variation of 
skin friction, Nusselt number, and Sherwood number helps in optimizing 
surface drag, heat transfer rate, and mass transfer efficiency, thereby 
improving industrial design, cooling systems, and material processing 
applications.

5. Conclusion

This study presents an analytical investigation of Casson fluid flow 
over an inclined, exponentially accelerating, heated permeable plate 
under the combined effects of Hall current, Dufour effect, radiation- 
assisted heat generation, and rotation. The results reveal that fluid ve
locity increases with the enhancement of heat generation, Hall current, 
Dufour number, inclination angle, and Casson parameter, whereas it 
decreases with increasing radiation and rotational effects due to energy 
loss and Coriolis forces.

The thermal behaviour indicates that temperature rises with Dufour 
effect and internal heat generation, while radiation reduces the tem
perature distribution, demonstrating the competing mechanisms of heat 
transfer. Additionally, concentration decreases with increasing chemical 
reaction parameter, highlighting the role of reaction kinetics in mass 
transfer processes. The analysis of skin friction (τ), Nusselt number (Nu), 
and Sherwood number (Sh) shows that transport characteristics are 
significantly influenced by the governing physical parameters.

The research confirms that the properties of non-Newtonian Casson 
fluid significantly enhance flow velocity by reducing yield stress effects.

The plate's exponential acceleration has a major effect on the tran
sient flow, which makes the velocity and thermal boundary layers 
develop quickly.

The change in skin friction (τ) reveals that surface drag is particu
larly sensitive to the Dufour effect, the heat source, and the Casson 
parameter.

A porous material slows down the flow of fluids because it lets them 
pass through it. This shows how it influences how fluids move. Because 
the gravitational force along the surface is stronger, an inclined plate 
speeds up the flow of heat and enhances the transmission of heat.

Table 1 
Nusselt number Nu.

R Pr t Nu (Present 
Study)

Nu (Literature 
Value)

Author

2.0 0.71 0.4 − 1.8214 − 0.8053 U.S. Rajput, G. 
Kumar (2017)

R
3.0 0.71 0.4 − 2.1066 − 0.8940
4.0 0.71 0.4 5.9616 − 0.9761
2.0 1.0 0.4 − 3.6076 − 1.9593 U.S. Rajput, G. 

Kumar (2017)
Pr

Table 2 
Sherwood number Sh.

K Sc t Sh (Present 
Study)

Sh (Literature 
Value)

Author

1.0 2.01 0.2 1.0636 − 0.7662 U.S. Rajput, 
Gaurav Kumar 
(2017)

K
5.0 2.01 0.2 1.4301 − 0.9330
10.0 2.01 0.2 1.8089 − 1.1182
1.0 

1.0
3.0 
4.0

0.2 
0.2

1.2994 
1.5004

− 0.9311 
–1.0752

U.S. Rajput, 
Gaurav Kumar 
(2017)

Sc

Table 3 
Skin Friction τ

Gr Gc df β Pr R Q t Sk

5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
10 5 1 0.10 0.71 5.0 1.0 0.2 − 30.3559
15 5 1 0.10 0.71 5.0 1.0 0.2 − 51.0173
5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
5 10 1 0.10 0.71 5.0 1.0 0.2 − 4.8923
5 15 1 0.10 0.71 5.0 1.0 0.2 − 0.0899
5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
5 5 2 0.10 0.71 5.0 1.0 0.2 − 1.1907
5 5 3 0.10 0.71 5.0 1.0 0.2 3.6617
5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
5 5 1 0.20 0.71 5.0 1.0 0.2 − 19.9056
5 5 1 0.30 0.71 5.0 1.0 0.2 − 31.2871
5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
5 5 1 0.10 1.0 5.0 1.0 0.2 2.1565
5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
5 5 1 0.10 0.71 10.0 1.0 0.2 11.7178
5 5 1 0.10 0.71 15.0 1.0 0.2 5.2714
5 5 1 0.10 0.71 5.0 1.0 0.2 − 9.6947
5 5 1 0.10 0.71 5.0 2.0 0.2 − 31.4805
5 5 1 0.10 0.71 5.0 3.0 0.2 − 53.2663

Fig. 30. Skin friction graph for distinct values of Thermal Grashof.

Fig. 31. Skin friction graph for distinct values of Prandtl Number.
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5.1. Future scope

The model can be extended to turbulent flow, variable thermo
physical properties, and different geometries such as cylinders, chan
nels, and stretching surfaces.

Further enhancement can include nanofluids, slip boundary condi
tions, and non-linear radiation effects for improved heat transfer 
analysis.

Future work may involve experimental or CFD validation and 
extension to time-dependent and three-dimensional flow models.

5.2. Limitations of the study

The analysis is limited to laminar, incompressible flow over an 
idealized plate, neglecting turbulence, slip effects, and variable fluid 
properties.

Nomenclature

B0 − Applied Magnetic field (T) t− Dimensionless time
C− Dimensionless Concentration t* − Time (s)
C* − Species concentration in the fluid 

(mol/m3)
u0 − Velocity of the plate

Cp− Specific heat at constant pressure 
(J/Kg. K)

( u* v* w* )− Components of Velocity 
Field F. (m/s)

C*
w − Concentration of the plate (u v w ) Non-Dimensional Velocity 

Components
C*

∞− Concentration of the fluid far away 
from the plate

(x* y* z* )− Cartesian Co-ordinate

D Mass diffusion coefficient z− Non-dimensional coordinate normal 
to the plate

erfc− error complementary function K1 − Magnetic Permeability (H/m)
Gc− Mass Grashof number υ− Kinematic Viscosity (m2/s)
Gr− Thermal Grashof number Ω* − Component of Angular Velocity 

(rad/s)
g− Acceleration due to gravity Ω − Non -Dimensional Angular Velocity
k− Chemical Reaction Parameter(W/m. 

K)
ρ− Fluid Density (kg/m3)

M− Hartmann number σ− Electric Conductivity (Siemens/m)
Pr− Prandtl number θ− Dimensionless temperature
Sc− Schmidt number η− Similarity parameter
T* − Temperature of the fluid near the 

plate (K)
β− Volumetric coefficient of thermal 
expansion

T*
w − Temperature of the plate (K) β* − Volumetric coefficient of expansion 

with concentration
T*

∞− Temperature of the fluid far away 
From the plate (K)

α− Angle of inclination

ω − Rotation parameter γ− Non-dimensional Casson fluid 
Parameter

hc − Hall current parameter ​
Q− Heat source parameter ​
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