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Activation energy is of considerable significance in diverse applications such as chemical
kinetics, catalyst development, enzymes, semiconductors, and systems sensitive to
temperature, such as chemical reactors and engines. The objective of this research is to
investigate the influence of activation energy on a magnetized couple stress fluid over an
inclined stretching permeable cylinder in a non-Darcy porous medium. The effects of cross-
diffusion and stratified mixed convection are also considered in fluid model. The boundary
layer equations, which describe the flow, have been converted into dimensionless form
through suitable transformable variables. Subsequently, these transformed equations are
solved using fourth order Runge-Kutta mechanism along with the shooting technique. The
outcomes comprise visual depictions and comprehensive explanations demonstrating the
influence of relevant variables on thermal, concentration, and velocity fields. Observations
reveal that the concentration profile is directly influenced by the Forchheimer number and
activation energy parameter, whereas both temperature and concentration fields decrease
with elevated thermal and solutal stratification parameters. Additionally, numerical
outcomes for the skin-friction coefficient, Nusselt number, and Sherwood number are
presented in tabular form.
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1. Introduction

while Gajjela and Garvandha [3] examined the
impact of cross diffusion and chemical reactions

Stokes [1] introduced couple stresses in
viscous fluids, envisioning size-dependent effects
that are absent in the polar case as the primary
characteristic of couple stresses. Examples of
fluids exhibiting couple stresses include
lubricants with trace amounts of polymer
additives, synthetic blood fluids, microfibers, and
electro-rheological fluids. These materials find
diverse industrial applications, such as in the
extrusion of polymer fluids, the solidification of
animal blood, and the study of liquid crystals.
Rani et al. [2] investigated the flow of couple
stress fluid around an infinite vertical cylinder,
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on couple stress flow through a stretching
cylinder with convective boundary conditions.

Ibrahim and Gadisa [4] studied the behavior
of a couple stress fluid around a stretching
cylinder under conditions of double stratified
mixed convection. Palaiah et al. [5] examined the
impact of thermal radiation on magnetized
couple stress fluid flowing over a vertical
cylinder. Awais and Salahuddin [6] determined
that the concentration profile of a couple stress
fluid passing a paraboloid is enhanced with the
increase in activation energy.
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Activation energy holds crucial significance in
various applications, including chemical kinetics,
reactor cooling, emulsification of oil and water,
catalyst and enzyme design, semiconductor
processes, and temperature-sensitive systems
such as chemical reactors and engines. Coined by
Arrhenius [7], activation energy represents the
minimum amount of energy required for
chemical reactants to undergo a chemical
reaction. Bestman [8] delved into boundary layer
flow accompanied by activation energy and
chemical reactions. Abbas et al. [9] observed that
the concentration profile of Casson fluid over a
stretching sheet increases with the activation
energy parameter. Waqas et al. [10] examined the
impact of activation energy and magnetic fields
on couple stress nanofluid. Ibrahim and Negera
[11] investigated the Williamson nanofluid
model with activation energy effects around a
stretching cylinder. Mustafa et al. [12] analyzed
buoyancy-driven MHD nanofluid considering the
influence of chemical reaction and activation
energy on a vertical surface. Hamid et al. [13]
explored Williamson nanofluid under the
influence of activation energy. Awad et al. [14]
studied activation energy and chemical reactions
in unsteady rotating fluid flow. Maleque [15]
investigated the effects of activation energy and
chemical reactions in the region of boundary
layers.

Darcy's law asserts that velocity is directly
proportional to the pressure gradient, applicable
primarily in laminar flow conditions with low
velocity and porosity. However, Darcy's law
becomes inadequate when inertial effects
become significant. To address high-velocity
flow, a non-Darcy term known as the
Forchheimer drag parameter is introduced.
Saeed et al. [16] explored the Darcy-Forchheimer
flow of MHD hybrid nanofluid with heat transfer
around a porous cylinder. Nagaraja et al. [17]
investigated non-Newtonian flow influenced by a
non-Darcy medium around a circular cylinder.
Saeed et al. [18] analyzed the behavior of a couple
stress hybrid nanofluid in a non-Darcy porous
medium with variable fluid properties. Ganesh et
al. [19] examined Darcy-Forchheimer flow of
MHD nanofluid with second-order slip conditions
over a stretching sheet. Pal et al. [20] studied the
impact of variable viscosity on the convective
diffusion of species in a non-Darcy porous
medium. Hayat et al. [21] examined Darcy-
Forchheimer flow coupled with the Cattaneo-
Christov. model and variable thermal
conductivity.

The application of heat transfer over a
stretching cylinder has widespread applications
in wire drawing, fire production, and hot rolling.
Hayat et al. [22] analyzed the impact of thermal
radiation and a non-uniform heat source on

couple stress fluid in a thermally stratified
medium over a stretching cylinder. Jain and
Choudhary [23] studied the effects of suction and
injection over a permeable horizontal cylinder in
a porous medium. Ali A. et al. [24] investigated
the effects of non-uniform heat flux and thermal
radiation over a stretching cylinder with MHD
hybrid nanofluid. Song et al. [25] analyzed
Williamson nanofluid in the presence of a non-
uniform heat source.

Stratification of the medium involves the
deposition or formation of layers due to
temperature or concentration differences in
different  fluids. @ This  phenomenon is
characteristic of all fluid bodies surrounded by
heated sidewalls. Parmar and Jain [26] studied
heat transfer in Casson fluid flow through a
cylinder. Rehman et al. [27] investigated double
stratification for Williamson fluid flow in the
presence of chemical reactions and mixed
convection. Rehman et al. [28] explored the
effects of mixed convection and stratification in
the stagnation region along an inclined cylinder
on Williamson fluid flow. Ramzan et al. [29]
analyzed the thermal and solutal stratification
effects on Jeffrey fluid around an inclined
stretching cylinder with heat
generation/absorption and thermal radiation.
Sohut et al. [30] investigated the effect of double
stratification along a stretching cylinder in the
presence of chemical reactions. Rehman et al.
[31] studied Eyring-Powell fluid flow in a dual
stratified mixed convective medium with the
effect of heat generation/absorption. Abbasi et al.
[32] studied Maxwell nanofluid flow with double
stratified mixed convection.

After observing the above-cited literature,

e Itcanbe perceived that no research has been
done to study the impact of activation energy
on magnetized couple stress fluid over an
inclined stretching permeable cylinder.

e The objective of this research is to analyse
the impact of activation energy on
magnetized couple stress fluid with cross-
diffusion and double stratification.

e The boundary layer equations, which
describe the flow, are converted into
dimensionless form through suitable
transformable variables. Subsequently, these
transformed equations are solved using the
fourth order Runge-Kutta mechanism along
with shooting technique.

e Graphical representations are used to
analyse results related to different
parameters for velocity, temperature and
concentration profiles. Additionally,
numerical outcomes for the skin-friction
coefficient, Nusselt number and Sherwood
number are presented in tabular form.
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2. Mathematical Formulation

We have considered two-dimensional,
magneto double-stratified couple stress fluid
flows past an inclined permeable stretching
cylinder in a non-Darcy porous medium. The
impacts of Activation energy, nonlinear thermal
radiation, cross-diffusion and of non-uniform
heat source are also taken. The x-axis is taken
along the axis of cylinder and r-axis is normal to

it. The cylinder is longitudinally stretching with
velocity U(x) = %x, here Uo is reference velocity

and L is characteristic length. Inclination of the
cylinder is denoted by a. A uniform magnetic field
Bo is also applied along r-direction. The
temperature and concentration are maintained
constant, symbolized by T,, and C,, respectively at
surface and far from the boundary they are
symbolized by T,, and C,, respectively.

Concentration boundary layer
Thermal boundary layer

Momentum boundary layer

Porous media

O - + &
o
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&//
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Fig. 1. Coordinate system and schematic diagram of the problem

Under above suppositions the equations of
continuity, momentum, energy and
concentration that govern the flow are written as:

Continuity equation

d(ru) 0d(rv) _o

Ox or (1)

Momentum equation
ou du

Ua+vg

3 62u+16u
v or2  ror

(0*u 20% 10°u 10u 2)
V|t S

ar*  rord r2or2 r3or
+(gBi (T —Ty) + 9B (T — T,)*)cosa

2
v , 0Bg
-——u-—Fu*———u
p

kl
Energy equation
6T+ aT_
Yox T Var T
k, (10T 0°T DKy 62C+16C 3)
pC, \r or  Or? C;Cp\07r? ror

n

1 1d(rq,) 1
pCpyr Or pC,

Concentration equation

D 16C+02C +DKT 62T+16T
ror or? T, \0r2 ror (4)

ke () oo (i)
r *\1,) P\, T
in which T is the fluid temperature, C is the fluid
concentration, g is gravity, [; is thermal
expansion coefficient, £, is the coefficient of
volumetric expansion, k' is the permeability of

porous medium, o is the electrical conductivity,
60*TS 0T , - s

qr = — 13070007 is the radiative heat flux, o is the

Stefan-Boltzmann constant, k* is the mean

absorption coefficient, '’ is the rate of internal

heat generations/absorption coefficient

mentioned as:

ku,, . X
q =<;;ﬁXU@—EQ+Y(T—Eﬂ (5)

where X" and Y" are space/time dependent heat
source/ sink parameter (the case X* > 0 and
Y* > 0 holds for internal heat generation, while
X* < 0and Y <0 for internal heat absorption),
k is the thermal conductivity of the fluid, Ea is
activation energy, i, is the Boltzmann constant.
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The appropriate boundary conditions as per
formulation are prescribed as:
Atr=R, u=U(x)=%x, v =V,
bx
L )
dx
Clx,r)=C,(x)=Cy+ e (6)

T->To(x)= Ty +

asr-> o, u=0, T—>Tw(x)=T0+%,

C - Co(x)=C, +%.

here Uo is reference velocity, L is characteristic
length, and b, ¢, d and e are positive constant.

The stream function i that satisfies the
continuity equation is define as

u=1(G) andv =15 9

The dimensionless similarity transformations
are:

v=- U“)ﬂ) = (%”)Rﬂm ©
T — Ty C—Cy,
6(m) =TT, ¢(m) = -

Using these non-dimensional variables
equations (1)-(4) are reduced into non-linear
ordinary differential equations which are written
as follows:

A +2y)f" +2yf" +ff"—(A+ F)f'2
—KRe[(1 + 2yn)?f""" + 8y (1 + 2yn)f"""

+ 8]/2]””] (9)
+(0 +y,0*)Acosa — (d+ M)f' =0
Pr(f'6 —f6") =
4
(1 + §Rd) [2y6" + (1 + 2y)8"] 0)
+PrDs[2y¢’ + (1 + 2yn)¢"]
+[X(1 -6)f" +Y0]
1
flo—fe' =g Qre"+ A +2yme")
+Sr(2y8' + (1 + 2yn)8'") (11)
—op(1+ (6)¢exp (1 n (9>
Reduced boundary conditions are :
f0) ==S,f'(0) =1,
60(0)=1-96,, (12)
$(0) =1-5,

f’:f”:f”':e:(l)zo asn—)OO

Where, F =xF, Forchheimer number;

v UoR?
K = — Couple stress parameter' Re =

UR vL
Reynolds number; d = e porosity parameter;

1
L Tw—T

y = ( - 2)2 curvature parameter; y, = B2TTo)

UoR B1

nonlinear temperature convection coefficient;

2
A=g(T, —Ty)p: ﬁ combined convection
0

oBZL
parameter; M = —2
pUo

— *o . = ’L
Pr = P Prandtl number; f, = v, Uov

405T°°

suction/injection parameter Rd = P thermal
L d

radiation parameter; Df =DKrd Dufour
CsCp vb

number; X = space/time dependent heat source
parameter; Y = space/time dependent heat sink

parameter; &, =£ thermal stratification
. b

parameter; Sc = 2 Schmidt number; Sr = DRl
D VT d

dx .
Soret number; o = KTZT ratio rate parameter;

Tw—T .
{= WT ® temperature difference parameter;
o0

E = 2% activation energy parameter; and the
K2Too

powers denote differentiation with respect to 1.

The skin-friction coefficient Cr, Nusselt
number Nu and Sherwood number Sh that
characterize this study are given by:

Skin-friction coefficient

2T

ou
Cr = —sz where T,U (—) (13)
pUy 0r/r=r

Nusselt number

Nu, = — v on = k(aT) 14
b= T, 1y e = k) 09

Sherwood number

_xj

She = rn-co

where j, = —Dg (6r) (15)

Using non-dimensional parameters equations
(13-15) are written as:

CrReZ = —f"(0), (16)
NuxRe;T =-6'(0), (17)
ShyRe ? = —¢'(0) (18)

3. Solution of the Problem

The coupled ODEs (9)-(11) together with the
transformed boundary conditions (12) are
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unravelled by fourth order Runge-Kutta
mechanism together with Shooting technique,
using a MATLAB boundary value problem solver.
In the first step, the non-linear ODEs (9-11)
are altered to first order differential equations.

Let

f=fLf =f2 f'=f3 f"=f4 f" =5,
6=f6 6'=f7, ¢=f8 ¢'=f9

For these assumptions equations (9)-(11) will
take the following form:

f® =K"Re™ (1 + 2yn)2[(1 + 2yn)f4
+2yf3 + f1f3— (1 + F)f2?
—KRe{8y (1 + 2yn)f5 + 8y*f4}
+Acosa(f6 +y,f6%) — f2(M + d)]

(19)

-1

4
0" = (1+ 2y (1+5Rd)

Pr(f2f6 — f1f7) — 2y (1 + ng> £71(20)

¢" = (1+2ym)" [sc{r2r8 - f19 -

SrQRyf7 + (1 +2yn)8") + of8(1 + (21)
(roresn () 21

The reduced conditions (12) are:

f1(0) =0, f2(0) =1,
f6(0)=1-6,, f8(0)=1-6, and
f2(0) = f3(0) = f4(®) = f6(o) =
f8(0) >0

We guess the values of f(3), f(7) and f(9), these
are not given at initial conditions. Using step size
0.01 the process is continued, until we get the
minimum error term.

(22)

4. Validation of the Study

Table 1 illustrates a comparison between the
current findings and prior published studies
conducted by Gajjela and Garvandha [3] and Asad
et al. [18]. The observed agreement between the
present results and the earlier ones suggests a

X —PrDs2yf9+ (1 + 2yn)¢"} strong consistency. Furthermore, these findings
—{X(1-6,)f1+Yf6} serve to validate the accuracy of the current
results.
Table 1. Comparison for the ' (0) and 6'(0)
-£'(0) -9'(0)
Y Asad [18] Gajjela [3] Present Pr Asad [18] Gajjela [3] Present
0.0 1.6114 1.61145 1.61157 00.7  0.1902 0.19025 0.1905
00.05 1.6214 1.62142 1.62176 1 0.2035 0.20356 0.2042
00.1 1.6307 1.63071 1.63066 11.3 0.2127 0.21274 0.2133
00.15 1.6392 1.63915 1.6412 11.5 0.2174 0.21744 0.2282

5. Results and Discussion

To analyse the physical aspects of the
considered problem, a comprehensive study have
been done. The graphs for fluid velocity,
concentration and temperature for the various
values of involved parameters such as couple
stress parameter, curvature parameter, Reynolds
number, Forchheimer number, non-linear
temperature convection coefficient, combined
convection parameter, porosity parameter,
thermal stratification parameter, Schmidt
number and activation energy parameter are
shown in Fig. 2 to 25. The numerical outcomes for

local skin friction, Nusselt and Sherwood number
are demonstrated graphically and in tabular form
also (Table 1-2) with a good agreement with
published literature. Fig. (2-4) sketched the
impact of couple stress parameter on velocity,
concentration and temperature fields
respectively. Couple stress parameter K acts as a
retardant agent because couple stress parameter
increases the couple stress viscosity that causes
denser fluid. It is perceived that the velocity
profile fall off with increasing couple stress
parameter K, temperature profile increases when
K increases and concentration profile is
increasing function of couple stress parameter.
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Fig. 2. Velocity distribution for K
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Fig. 4. Concentration distribution for K.

Figure (5-7) reveals the influence of curvature
parameter. By raising the curvature parameter vy,
the radius of cylinder reduces which cause to
reduce contact area of fluid with cylinder. So the
thickness of boundary layer reduces, thermal and
concentration boundary layers become more
thicker with curvature parameter y. Hence as y
grow, the velocity field decreases near the
surface of cylinder and enhances far away from
surface and the temperature and concentration
profiles increases. Figure (8-10) illustrates the
impact of magnetic field on various fields.
Magnetic field initiates a resistive force called

Lorentz force. By increasing the value of magnetic
field parameter M, the Lorentz force increases
and the thickness of boundary layer reduces,
therefore the velocity profiles fall off with an
increase in the magnetic field. Thermal and
concentration boundary layers become thicker
with enhancing Lorentz force because it is a body
retarding force that transverses the motion of the
fluid and heat is evolved. It is shown in figure (9)
and (10) that the profiles of temperature and
concentrations are enhances with increasing
magnetic field.
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Fig. 7. Concentration distribution for y.
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Fig. 10. Concentration distribution for M.

Figures (11-13) illustrate the impact of
inclination angle. In Figure (11), it is observed
that as the angle of inclination (o) increases, the
velocity field decreases due to a decrease in
gravitational force. When the angle of inclination
rises, the effective gravitational force in the
direction of flow reduces, leading to a weakening
of the force propelling the fluid. As a result, the
velocity field, which denotes the speed and
direction of fluid flow, experiences a decline.
Furthermore, the increased angle of inclination
can result in a greater expanse of the cylinder's
surface being subjected to fluid flow. This

expanded surface area fosters increased
interaction between the fluid and the cylinder,
consequently enhancing the efficiency of heat and
mass transfer. Hence, the thermal and
concentration field Intensifies by enhancing
inclination angle, depicted in figure (12-13).

1 T T T T
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Fig. 11. Velocity distribution for a.
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Fig. 13. Concentration distribution for o

Figure (14) anticipates effect of activation
energy E on concentration profile. Concentration
profile rises with increasing activation energy
parameter because reaction rate constant
decreases due to higher activation energy and
low  temperature, this increases the
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concentration of solute. By increasing the
Schmidt number Sc concentration profile
decreases, it is shown in figure (15). Schmidt
number is stated as the ratio of momentum
diffusivity to mass diffusivity. Hence mass
diffusivity reduces on increasing Schmidt
number, which decreases the concentration
profile.

0.9 =1 4
08 = 4
07 Pr=1; ;

0.6 (51:0. I; E
(52:0.1

E=0.0,1.0,2.0,3.0,4.0 Sc=0.5;

0.9
0.8
0.7

0.6

04
Sc¢=0.5,1.0,15,2.0,2.5
03
02F

0.1F

Fig. 15. Concentration distribution for Sc.

The effect of mixed convection parameter A on
velocity, thermal and concentration profiles is
demonstrated in figures (16-18). As mixed
convection grows, the buoyancy force dominates
the viscous force that translates the flow from
laminar to turbulent which hastens the flow of
the fluid. Figure (16) display the mixed
convection has the effect of enhancing the
velocity profile. Thickness of thermal and
concentration boundary layer reduces with
enhancing buoyancy force. Hence the
temperature and concentration  profiles
decreases with increasing mixed convection
parameter A.
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Fig. 16. Velocity distribution for A.

K=1;
Re=1;

038 =L 1
M=1;

07t ¢ Pr=1; 1

Rd=1;

0.6 61:0.1; 1

62=0A1;

X=0.1;

0.4 Y=0.1; h

Sc=0.1;

03 2=0.0,05,1.0,1.5,2.0 E=0.5; 1

e=0.1;

a=m7/6.

09F

0 5 10 15

Fig. 17. Temperature distribution for A.
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Fig. 18. Concentration distribution for A.

Figure (19-20) represents that the
temperature and concentration profile decreases
with thermal stratification 61 and solutant
stratification parameter 62 because when
stratification increase then the convective
potential between the fluid and surface of
cylinder declines.
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Fig. 20. Concentration distribution for §,.

In figure (21-23) it is observed that the
velocity profile decreases, temperature and

concentration increases with an increasing
Forchheimer number F. In the realm of
permeability, the  Forchheimer number

delineates the balance between inertial and
viscous forces governing fluid flow within porous
materials, offering insight into the complex
dynamics of fluid behavior. A high Forchheimer
number signifies the dominance of inertial
effects. Higher value of inertial coefficient
produces resistance in the flow path. Thus, the
thickness of velocity boundary layer reduces,
thermal and concentration boundary layers
enhances with Darcy Forchheimer number.
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Fig. 21. Velocity distribution for F.
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Fig. 22. Temperature distribution for F.

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

F=0.0,2.0,5.0,7.0

Fig. 23. Concentration distribution for F.



Sharma and Jain / Journal of Heat and Mass Transfer Research 12 (2025) 1 - 14

Figure (24-26) depicts the effect of Soret and

Dufour number on boundary profiles. The values

of Soret and Dufour are taken in such way that

their product is constant. When Sr is raised, there
will be a higher thermal diffusion. It is observed
in figure (24) that the velocity enhances for high

Dufour

number and

temperature

and

concentration profiles (25-26) decreases for high
dufour number.
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Figure (27) shows the effect of thermal
radiation parameter on thermal profile. An
increase in the radiation parameter Rd means a
decrease in the Rosseland radiation absorptivity
k" and this increases the divergence of radiative
heat flux. Hence it is observed that the
temperature increases as thermal radiation
parameter upsurge. Figure (28) displays declined
in temperature profile when the value of prandtl
number (Pr) rise. Higher prandtl number has low
thermal conductivity which results in heat
conduction and thus the temperature profile
decreases with higher Prandtl number.
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Fig. 28. Temperature distribution for Pr

Numerical results of skin friction coefficient
f'"(0), Nusselt number 6'(0) and Sherwood
number ¢'(0) for various physical parameters
are presented in 2.

6. Conclusions

In this paper we studied the impact of
activation energy on magnetized couple stress
fluid over an inclined stretching permeable
cylinder in a non-Darcy porous medium. The
effects of cross-diffusion and stratified mixed
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convection are also considered in fluid model.
The governing PDEs are remoulded into
dimensionless nonlinear ODEs by using
appropriate similarity transformations and then
unravelled by fourth order Runge-Kutta
mechanism along with shooting technique. The
key results of this study are as follows :

e Upsurging values of couple stress
parameter and magnetic parameters
depreciate the velocity field, while improves
the temperature and concentration field.

e The curvature parameter has enhancing
impact on velocity profile, while it reduces
the temperature and concentration fields.

e Activation energy has portionate impact on
concentration field, although Schmidt
number has an adverse effect.

e The prevailing values of Convection
parameter boost the velocity field, but have
reverse effect on temperature and
concentration fields.

e Temperature and concentration fields
depreciate with higher thermal and solutal
stratification parameter respectively.

e Velocity, temperature and concentration
fields are strengthened by increasing the
values of Forchheimer number.

e Temperature field is an increasing function
of thermal radiation parameter and
decreasing function of Prandtl number.

Nomenclature

C. (x) Variable ambient concentration
(Kmol/m?)

C,, (x) The prescribed surface concentration
(Kmol/m?)

Dy Dufour number

E Activation energy parameter

Co Reference concentration (Kmol/m?)
F Forchheimer number

M Magnetic field parameter

T, Reference temperature (K)

U, Free stream velocity (ms™1)

Re  Reynolds number

11

Pr Prandtl number

Rd  Thermal radiation parameter

Sc Schmidt number

Sr Soret number

g Gravitational acceleration (ms~2)

k Thermal conductivity (Wm~1K™1)

k' Permeability of porous medium (m?)

Cp Specific heat at constant pressure
Jkg™K™)

K Couple stress parameter

L Reference length (m)
B,  Uniform magnetic field (Wbhm™2)

X" Space/time dependent heat source
parameter

Y* Space/time dependent heat sink
parameter

T, (x)Variable ambient temperature (K)

T,, (x) The prescribed surface temperature (K)
U(x) Stretching velocity (ms™1)

d Porosity parameter

D Mass diffusivity (m?s1)

E,  Activation energy (kfmol™1)

k, Chemical reaction rate constant

Greek symbols

61 Thermal stratification parameter

a Inclination of the cylinder

y Curvature parameter

¢ Temperature difference parameter
A Combined convection parameter

o Electrical conductivity (m~10hm™1)
v Kinematic viscosity (m?s)
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Couple stress viscosity (m?s)

Nonlinear temperature convection
coefficient
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