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A numerical study of the heat and mass transfer of a micropolar nanofluid flow over a stretching sheet embedded in a porous medium
is carried out in this investigation. The main objective of this work is to investigate the influence of Arrhenius activation energy, heat
source and viscous dissipation on the fluid velocity, microrotation, temperature, and concentration distribution. The equations
governing the flow are transformed into ordinary differential equations using appropriate similarity transformations and solved
numerically using bvp4c solver in MATLAB. Graphs are plotted to study the influences of important parameters such as magnetic
parameter, porosity parameter, thermophoresis parameter, Brownian motion parameter, activation energy parameter and Lewis number
on velocity, microrotation, temperature and concentration distribution. The graphical representation explores that the velocity of the
liquid diminishes for increasing values of magnetic parameter, whereas the angular velocity increases with it. This study also reports
that an enhancement of temperature and concentration distribution is observed for the higher values of activation energy parameter,
whereas the Lewis number shows the opposite behavior. The effects of various pertinent parameters are exposed realistically on skin
friction coefficient, Nusselt and Sherwood numbers via tables. A comparison with previous work is conducted, and the results show
good agreement.

Keywords: Arrhenius activation energy; Viscous dissipation;, Brownian motion; Thermophoresis;, Micropolar nanofluid; Porous
medium

PACS: 44.05.+¢; 44.30.+v; 44.20.+b;47.85.-g

INTRODUCTION

The flow and heat transfer characteristics of specific fluids such as polymeric fluids, colloidal fluids, fluids with
additives, animal blood, paints, and fluids with suspensions cannot be adequately explained using conventional Newtonian
or non-Newtonian fluid flow theories. As a result, Eringen [1] introduced the concept of microfluids, which focuses on a
particular category of fluids that demonstrate specific microscopic effects originating from the local structure and micro-
motions of the fluid elements. These fluids have the capability to accommodate stress moments and body moments, and
their behavior is influenced by spin inertia. Subsequently, Eringen [2] further developed a subclass of these fluids known
as micropolar fluids. These fluids exhibit micro-rotational effects and micro-rotational inertia, but they do not possess the
ability to undergo stretch.

The study of magnetohydrodynamics (MHD) focuses on the interaction between the fluid velocity field and the
electromagnetic field. In recent years, numerous authors have studied about MHD due to its various applications in
engineering and industry. For instance, MHD can be utilized in power generators, accelerators, harnessing energy from
geothermal sources, and crystal growth. Eldabe er al. [3] conducted a numerical study on the heat transfer in
magnetohydrodynamic (MHD) flow of a micropolar fluid over a stretching sheet with suction and blowing through a
porous medium. They employed the Chebyshev finite difference method (ChFD) to obtain the solution. Using the same
method, they [4] also investigated the heat and mass transfer in a hydromagnetic flow of a micropolar fluid past a
stretching surface in presence of Ohmic heating and viscous dissipation. Nadeem and Hussain [5] examined the motion
of a viscous fluid in a magnetically induced shear field towards a nonlinear porous stretching sheet. Bhattacharyya [6]
investigated reactive mass transfer and stable boundary layer flow in an exponentially flowing free stream. Muhaimin and
Khamis [7] investigated the heat and mass transport in the context of nonlinear MHD flow of the boundary layer over a
shrinking sheet, considering the influence of suction. Mandal and Mukhopadhyay [8] studied the impact of surface heat
flux on fluid flow through an exponentially stretching porous sheet. Elbashbeshy [9] examined the heat and mass transfer
over a vertical surface with varying temperature in presence of magnetic field.

Hassanien and Gorla [10] conducted a study on the numerical solution for heat transfer in a micropolar fluid over a
non-isothermal stretching sheet. Pal and Chatterjee [11] observed the flow of a micropolar fluid in a porous medium
toward a heated stretched sheet considering the influence of thermal radiation. Abd El-Aziz [12] examined the influence
of viscous dissipation on the mixed convection flow of a micropolar fluid past over an exponentially stretched sheet.
Hussain et al. [13] investigated the effect of radiation on the thermal boundary layer flow of a micropolar fluid towards a
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stretched sheet with permeability. Pal and Mandal [14] investigated the effects of thermal radiation and MHD on the
boundary layer flow of a micropolar nanofluid over a stretching sheet with a non-uniform heat sink/source. Kumar [15]
performed research on a stretched sheet, employing finite element analysis to examine the heat and mass transfer in a
hydromagnetic micropolar flow. Goud et al. [16] studied Ohmic heating and the influence of chemical reactions on the
MHD flow of a micropolar fluid over a stretching surface.

Micropolar nanofluid is a unique and fascinating class of fluid that combines the characteristics of micropolar fluids
and nanofluids. It is a fluid that consists of a base fluid, such as water or oil, in which tiny nanoparticles are dispersed.
The presence of nanoparticles in the micropolar nanofluid alters its thermophysical properties, such as thermal
conductivity and viscosity. The nanoparticles, due to their small size and large surface area, significantly enhance heat
transfer and fluid flow characteristics compared to conventional fluids. This makes micropolar nanofluids highly attractive
for various applications involving heat transfer, such as cooling systems, thermal management, and energy conversion
devices. Atif ef al. [17] examined the characteristics of a bio-convective MHD micropolar nanofluid with stratification.
They observed that the density distribution decreases when both the density stratification and mixed number parameter
are increased. Zemedu and Ibrahim [18] investigated the flow of a micropolar nanofluid with nonlinear convection and
multiple slip effects. They concluded that increasing the solutal nonlinear convection parameter results in an increase in
velocity.

The flow and heat transport phenomena of nanofluids have attract the researchers due to its various applications in
science and engineering. The results of viscous dissipation in a hybrid nanofluid flow with magnetic effects were analyzed
by Waini et al. [19]. The study found that the Nusselt number decreases for higher values of the Eckert number and
radiation parameter in a hybrid nanofluid. In their research, Sharma et al. [20] investigated the combined effect of
thermophoresis and Brownian motion on magnetohydrodynamic mixed convective flow over an inclined stretching
surface, considering the influence of thermal radiation and chemical reaction. Bhatti et al. [21] investigated the electro-
magneto-hydrodynamic Eyring-Powell fluid flow through microparallel plates, considering heat transfer and non-Darcy
effects. Khan et al. [22] conducted an investigation on the flow of micropolar base nanofluid over a stretching sheet in
the presence of thermal radiation and a magnetic dipole. Recently, Khan et al. [23] studied the unsteady micropolar hybrid
nanofluid flow past a permeable stretching/shrinking vertical plate. Kausar et al. [24] investigated the impact of thermal
radiation and viscous dissipation on the boundary layer flow of micropolar nanofluid towards a permeable stretching sheet
in porous medium. The influence of thermal radiation and viscous dissipation on a three-dimensional MHD viscous flow
were examined by Akbar and Sohail [25].

Activation energy is a critical threshold that must be reached for a chemical reaction to occur. It represents the
minimum energy required for the reactants to form products and can be found in the form of kinetic or potential energy.
Without this energy, the reaction cannot proceed. Activation energy finds diverse applications in various fields such as
geothermal engineering, chemical engineering, oil emulsions, and food processing. In recent years, several researchers
have explored their research on the influence of Arrhenius activation energy in boundary layer flow, particularly in the
context of non-Newtonian fluid flow, considering different physical aspects. Devi ef al. [26] studied the impact of various
factors, including thermal radiation, buoyancy force, chemical reaction, and activation energy, on the behavior of MHD
nanofluid flow past a vertically stretching surface. Li ef al. [27] observed chemical reaction and activation energy effects
on unsteady MHD dissipative Darcy-Forchheimer squeezed flow along a horizontal channel in the context of Casson
fluid. In the study conducted by Dessie [28], this study aims to investigate the effects of heat radiation, activation energy
and chemical reactions on MHD Maxwell fluid flow in a rotating frame. In a MHD nanofluid flow with double
stratification, binary chemical reactions were studied by Anjum et al. [29]. Gautam et al. [30] explored their investigation
on the influence of binary chemical reaction and activation energy in a porous medium for the MHD flow of Williamson
nanofluid.

Motivated by the above study, our objective is to investigate the effects of activation energy, viscous dissipation and
magnetic field on boundary layer flow of micropolar nanofluid in a porous medium along a stretching sheet in the presence
of a heat source. The study of combined influences of activation energy and viscous dissipation in micropolar nanofluid
flow induced by a stretching sheet in the presence of heat source and magnetic field is quite a novel problem. The
introduction of porous medium along with a magnetic field and heat source makes the physical problem more interesting
and attractive in scientific and application viewpoints. Also, numerical solutions are obtained for the governing equations
using MATLARB inbuilt function ‘bvp4c’. The graphical and tabular form of the computed results shall be presented and
discussed.

MATHEMATICAL FORMULATION
We have considered a steady two-dimensional laminar flow of an incompressible micropolar nanofluid caused by
the motion of a stretching sheet. The sheet is immersed in a quiescent, electrically conducting fluid with an electric
conductivity represented by o. A magnetic field B, is applied to the stretching sheet. We neglect the influence of the

induced magnetic field due to the assumption that the magnetic Reynolds number is too small. Additionally, we assume
that there is no impressed electric field and neglect the Hall effect.

Let us define the coordinates such that the x-axis aligns with the sheet and the y-axis is perpendicular to it. The
surface originates from a narrow opening at the origin. The velocity components in the x and y directions are represented
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by u and v, respectively while N represents the microrotation component. It is assumed that the speed of a point on the
sheet is inversely proportional to its distance from the opening. Furthermore, we consider the fluid properties to be
isotropic and constant. The flow geometry of the problem is depicted in Figure 1.
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o Figure 1. Flow geometry of the problem

Using the typical boundary layer approximation and following Saidulu ef al. [31] and Rehman et al. [32], the
governing equations can be expressed as follows:
Continuity Equation:

du Bv
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The suitable physical boundary conditions are:

u=u,=bx, v=0, N=—sa—u, T=T,,C=C, at y=0
dy }
u=0, N=0, T=T, C=C. as y—>oo ()

2
In the above governing equations (4) and (5), the term O-—léouz represent Ohmic heating effect and the term
Py

n E
T ——a
kf [T_J e o7 (C —Cm) depicts the modified Arrhenius function, in which the reaction rate is provided by kf , the

activation energy by E,, the Boltzmann constant by £=8.61x107 el /K, and the fitted rate constant by ‘n’, which
ranges between —1 and 1. Also the spin gradient viscosity, given by Rees and Pop [33],is y=(u+x/2)j, where j is

the microinertia density given by j=u/b that represent the reference length.

To convert the governing equations into a system of ordinary differential equations, we will employ similarity
transformations and introduce dimensionless variables as follows:
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We observe that equation (1) is satisfied automatically and equations (2) — (5) are simplified to the following
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Corresponding boundary conditions are reduced to the following:
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The non-dimensional parameters are defined as follows:
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K is the material parameter, M is the magnetic parameter, K, is the porosity parameter, Pr is the Prandtl number, Ec
is the Eckert number, N, is the thermophoresis parameter, N, is the Brownian motion parameter, Le is the Lewis

number, A is the reaction rate parameter, £ is the activation energy parameter, O is the temperature difference parameter.

PHYSICAL QUANTITIES
In this problem, the important engineering physical quantities are Cr(=skin friction coefficient), Nu (=local Nusselt
2

number) and Sh (=local Sherwood number) respectively are defined below with Re = bx” as local Reynolds number.
v

d
The shear stress at the surface is determined by the equation 7, = [( M+ K)a—u +&xN } .
Y =0

The skin friction coefficient (C; ) can be defined as C ;= T_“z where u, = bx is characteristic velocity.

i

w

This gives

[1+(1-5)K]/"(0)

The couple stress (M, ) at the surface is defined by the following equation:

oN K
M, = 7—] = w(H—jG’ 0).
[ayw (15 ) 0)

The local surface heat flux ¢, (x)can be expressed using Fourier's law as:

0=k (2] =k Eoo).

The local surface heat flux transfer coefficient 4#(x) can be given by:

q,(x) _ b,
h(x)—m— —kj.\/;é’ (0).
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The local Nusselt number can be expressed as:

x h(x) b , . . Nu ,
Nu=—=== —x,[— 6’(0) which gives =-6'(0
r, A gives —==-6'(0)
L oC
The local mass flux J,, is givenbyJ, =-D R
Y ) o

The Sherwood number can be expressed as follows:
xJ Sh

Sh =D(T1Cw): —x\/g ¢’(0) which gives T =—¢'(0)

METHOD OF SOLUTION
The nonlinear ordinary differential equations, represented by equations (8) to (11) and subject to the boundary
conditions (12) are numerically solved using MATLAB inbuilt function ‘bvp4c’. It utilizes a finite difference approach
with fourth-order accuracy.
To employ the solver effectively, the equations need to be transformed into a system of equivalent first-order
ordinary differential equations. This transformation is achieved through the following substitutions:
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The corresponding boundary conditions are reduced to:
y0(1)=0; y0(2) =1; y0(4) +5 y0(3); y0(6)—1; yO(8)—~1; y1(2)=0; y1(4)-0; y1(6)-0; y1(8)-0.

RESULTS AND DISCUSSION

The system of non-linear coupled governing boundary layer equations (8)—(11) along with the corresponding
boundary conditions (12) is numerically solved using the ‘bvp4c’ solver in MATLAB. The ‘bvp4c’ solver is a commonly
used tool for solving boundary value problems. This solution satisfies the specified boundary conditions and provides an
approximation for the desired variables in the problem. The findings are compared with the findings obtained by
Saidulu et al. [31], Grubka and Bobba [34] and Seddeek and Salem [35] to verify the accuracy of the present numerical
scheme as shown in Table 1 and Table 2.

Figures (2) to (17) depict the variation in velocity distribution, angular velocity distribution, temperature distribution,
and species concentration distribution for various flow parameter.

Figures (2) to (5) illustrate the effect of magnetic parameter M on the velocity, angular velocity, temperature and
species concentration profile respectively. Figure 2 shows that as the magnetic parameter M increases, the velocity
decreases. This is due to the presence of a transverse magnetic field, which creates a resistive force called Lorentz force
that acts in the opposite direction to the fluid motion. This observation indicates that a stronger magnetic field has the
effect of slowing down the movement of the fluid. Consequently, the thickness of the velocity boundary layer decreases
with an increasing M. Figure 3 indicates that angular velocity increases with the increasing values of M. Figure 4 depicts
the temperature distribution with respect to the magnetic field parameter. It is observed that the temperature increases as
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M increases. This observed phenomenon can be attributed to the influence of the Lorentz force, which resist velocity of
the fluid, as a result a rise in temperature. Figure 5 depicts the influence of magnetic parameters on the concentration
profile. It is found that the fluid concentration is rising as the magnetic parameter rises.
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Figures 69 illustrate the impact of the porosity parameter Kp on various fluid properties, including fluid velocity,

angular velocity, fluid temperature, and fluid concentration respectively. It can be observed from figure 6 that as the
porosity parameter increases, the fluid is provided with more space to flow, resulting in an increase in fluid velocity. On
the other hand, Figures 7-9 clearly demonstrate that an increase in the porosity parameter leads to a decrease in the flow
profiles of the micro-rotation, temperature and concentration. Physically, the porosity parameter influences the generation
of internal heat within the flow, which contributes to the observed trends in temperature profiles. Additionally, the
rotational effects in the flow can contribute to the depreciation observed in the temperature and concentration fields.
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Figures 10 and 11 depicts the impact of activation energy (£) on fluid temperature and fluid concentration,
respectively. From Figure 10, it can be observed that an increase in activation energy (E) leads to an increase in the

Figure 7. Angular velocity profile for different Kp
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temperature profile. As the temperature increases, the speed of molecular motion increases, resulting in more frequent
collisions between molecules. Additionally, the molecules possess higher kinetic energy at higher temperatures.
Consequently, the proportion of collisions capable of surpassing the activation energy for the reaction also increases with
temperature. Also Figure 11 exhibits that activation energy (£) enhances the fluid concentration. The increasing values
of activation energy (E) retard the Arrhenius energy function, which result, increasing the rate of the generative chemical
reaction that enhances the concentration.
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The Lewis number, which is a dimensionless quantity measuring the rate of temperature spread compared to mass
diffusivity, plays a role in the temperature and concentration profiles. In Figure 12 and 13, it can be observed that as the
Lewis number (Le) increases, the temperature and concentration profiles decrease. Higher values of Le indicate stronger
molecular motions, which ultimately lead to an enhancement in fluid temperature.
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Thermophoresis refers to the particle diffusion phenomenon resulting from a temperature gradient. The
thermophoretic force is the force that causes nanoparticles to deposit into the surrounding fluid due to the temperature
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gradient. For higher values of the thermophoresis parameter N, , it is observed from the graphs 14 and 15 that both the

concentration and temperature profiles are increases. Physically, when 8 () increases, it leads to a higher thermal gradient,
which in turn increases the intermediate force. This relationship is evident in the increasing values of the thermophoresis
parameter.
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The Brownian motion is created by the random collisions between small particles. The parameter N, quantifies

the level of random motion of suspended nanoparticles within the nanofluid. It is observed that increasing convection
leads to enhanced heat transfer, as depicted in Fig. 16. Moreover, the concentration profile decreases as the distance from
the surface increases, as shown in Fig. 17. Physically, an increase in temperature results in higher particle energy, leading
to greater random movement and faster collisions, thereby increasing the Brownian motion. Conversely, increasing the
concentration reduces the available space for particle movement, thereby decreasing the probability of collision.
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Table 1 illustrates the changes in skin friction coefficient, Nusselt number and Sherwood number due to the
parameter M, K and s. It is found that the skin friction coefficient increases with higher values of M, K and s, while
opposite effect is observed for the Nusselt number. Also, Sherwood number decreases with an increase in M, but increases
with K and s. Table 2 provides a comparison of —8(0) for various values of Pr in the absence of other influencing factors.

It is observed that Nusselt number increases with Pr.

Table 1. Comparison of skin friction coefficient, Nusselt number, and Sherwood number for various parameters.

-(1+K)/"(0) -6'(0) -¢'(0)
M K s Saidulu et al. Present Study Saidulu ef al. Present Study Saidulu et al. | Present Study
[31] [31] [31]

0.5 0.5 0.5 1.632309 1.632313 0.301208 0.301234 0.418950 0.418943
1 1.874420 1.874426 0.223923 0.223941 0.400290 0.400297
2 2.276598 2.276568 0.104321 0.104335 0.375010 0.375025
0.5 1 1.983995 1.983981 0.293786 0.293759 0.430439 0.430424
2 2.576759 2.576779 0.280081 0.280065 0.448508 0.448521
0.5 0.7 1.983995 1.983967 0.293786 0.293771 0.430439 0.430446
1 2.295365 2.295332 0.286817 0.286829 0.440171 0.440147
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Table 2. Comparison of —’(0) for different values of Pr

Pr Grubka and Bobba [34] Seddeek and Salem [35] Saidulu and Reddy [31] Present Study
0.72 0.4631 0.46134 0.4632 0.4637
1 0.582 0.58197 0.5819 0.58192
3 1.1652 1.16524 1.1652 1.16528
CONCLUSIONS

In this study, the two-dimensional MHD micropolar nanofluid flow over a stretching sheet embedded in a porous
medium in the presence of Arrhenius activation energy, heat source is studied. The governing partial differential equations
were transformed into a system of ordinary differential equations using a set of similarity transformations. These equations
were then solved numerically using the ‘bvp4c’ solver available in MATLAB. The results of the study led to the following
conclusions:

e For increasing values of the magnetic field parameter (M), the velocity profile decreases. However, the
microrotation, temperature, and concentration profiles are strengthened.

e  The fluid temperature and concentration profile are enhanced with the increasing values of thermophoresis
parameter (V).

e The temperature profile increases with the strengthening of the Brownian motion parameter ( N, ), while the

concentration profile decreases with N,.

e Anincrease in activation energy (£) leads to an increase in the concentration and temperature profiles.

e Increasing values of the Lewis number (Le) result in decreasing temperature and concentration profiles.

e  The rate of heat transfer decreases with an enhancement of the magnetic parameter and material parameter.

e The rate of mass transfer, in terms of Sherwood number, decreases with an increase in M, but an opposite effect
is observed with K.
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BILIUB EHEPI'Ii AKTUBAIIII APPEHIYCA B MI'] IOTOLI MIKPOIIOJIAPHOI HAHOPIIMHHU B3J10BK
MOPUCTOT'O PO3TATIHYTOI'O JIUCTA 3 B’AI3KOIO TUCUITALIETIO I JXKEPEJIOM TEILJIA
Kewmad Bopax?, :xxanas Konu®, llbsimanta YakpabopTu®
@ lenapmamenm mamemamuxu, Yuisepcumem I'ayxami, I'veaxami-781014, Accam, Inoisn
b Jlenapmamenm mamemamuxu, koneorc Hemaoarci, Jemadonci-787057, Accam, Inois
¢ UGC-Llenmp possumxy nepconany, Yuisepcumem I'ayxami, I'yeaxami-781014, Accam, Inoisa

VY oMy JOCHIIKEHHI TPOBEAEHO UHCEIbHE IOCII/PKEHHS TeIUIo- Ta MAacooOMiHy IOTOKY MIKPOIOJISIPHOTO HAaHOMIIOiMy HaxX
PO3TATHYTUM JIMCTOM, BOYIOBaHHM Y mopucte cepenopuine. OCHOBHOIO METOIO i€l poOOTH € JOCIiDKSHHS BIUIMBY €HEprii akTHUBaLii
AppeHiyca, Jpkepena Telvla Ta B’sS3KO0i AMCHIANil Ha IIBHIKICTh PIAMHH, MIKpOOOepTaHHs, TEMIIEpaTypy Ta PO3MOALT KOHIIEHTpAILLi.
PiBHSIHHSL, 1110 KEPYIOTh IOTOKOM, IIEPETBOPIOIOTHCS Ha 3BHYAHI Ar(epeHIianbHi PIBHIHHS 32 JONOMOTO0 BiIIOBIIHUX MEPETBOPEHb
MOAIOHOCTI Ta PO3B’A3yIOTHCS YHMCENIBHO 3a JOMOMOroto po3s’s3yBada bvpdc y MATLAB. I'padiku OyayroThes 1715 BUBYCHHS BILIHBY
B)XJIMBUX MApaMETPiB, TAKUX SIK MAarHiTHUH MapaMeTp, HapaMeTp HOPUCTOCTI, MapaMmeTp TepModopesy, mapaMeTp OpOyHIBCEKOTO pyXy,
mapaMeTp eHeprii akTuBamii Ta yucio JIproica Ha MBHAKICT, MiKpOOOEpTaHHS, TEMIEPaTypy Ta PO3MOILUT KOHUeHTpamii. ['padidne
MIPEJICTABIICHHS IIOKa3ye, IO IMIBUIKICTH PIOWHM 3MEHIIYETHCS 31 30UIBIIEHHSAM 3HAUCHb MArHITHOTO IIapaMeTpa, TOAI SK KyTOBa
MIBUJIKICTH 30LTBIIYETHCS pa3oM i3 HUM. Lle mociimKeHHs TakoX MOBIOMIISE, 10 TOCHICHHS PO3MOALTY TEMIIEPAaTypH Ta KOHLEHTPALIii
CIIOCTEPIraeThCsl ULt OUTBII BUCOKHMX 3HAUCHB ITapaMeTpa eHeprii akThBaLil, ToAi K 4ncio JIproica IeMOHCTPY€e NPOTHIICKHY ITOBEIIHKY.
BrutiB pi3HHX BiJIIOBITHNIX MapaMeTpiB pealicTUYHO BiJoOpaskeHO Ha KoedilieHTi HoBepXHEBOro TepTs, uncnax Hyccenpra Ta lllepsyna
3a JOoMororo tabnuis. [IpoBeeHo NOPIBHAHHSI 3 MOIEPEIHBOI0 POOOTOIO, i pe3y IbTaTH MOKA3aIN XOPOLIHii 30ir.

KurouoBi cinoBa: enepeisn akmusayii Appeniyca; 6'a3ke posciiogannsi;, 6poyHi6coKull pyx; mepmogopes; MikponoiapHui Hanoguoio;
nopucme cepedosuuye





