503

EAsT EUROPEAN JOURNAL OF PHYSICS. 4. 503-510 (2024)
DOI:10.26565/2312-4334-2024-4-59 ISSN 2312-4334

MASS TRANSFER AND MHD FREE CONVECTION FLOW ACROSS A STRETCHING SHEET
WITH A HEAT SOURCE AND CHEMICAL REACTION

Sunmoni Mudoi?®, ®Satyabhushan Roy?, ®Dipak Sarma®, ® Ankur Kumar Sarma®*"*
“Department of Mathematics, Cotton University, Guwahati-781001, India
bDepartment of Mathematics, Baosi Banikanta Kakati College, Nagaon, Barpeta-781311, India
*Corresponding Author e-mail: ankurkumarsarma44@gmail.com
Received June 30, 2024; revised October 4, 2024; in final form November 26, 2024; accepted November 29, 2024

This work examines mass transfer and MHD free convective flow across a stretching sheet in the presence of a heat source and a
chemical reaction. The sheet's stretching action propels the flow, while a magnetic field applied perpendicular to the flow direction
influences it. The effects of gradients in temperature and concentration on buoyant forces are also taken into account. The continuity,
momentum, energy, and concentration equations are among the coupled nonlinear partial differential equations that regulate the system.
Similarity transformations are used to convert these equations into a system of ordinary differential equations, which are then
numerically solved using bvp4c techniques. In this investigation, magnetic, buoyancy, chemical reaction rate, and heat source factors
are the main parameters of interest. The outcomes show the influence of these parameters on the boundary layer's temperature,
concentration, and velocity profiles. To quantify the mass transfer rate, heat transfer rate, and shear stress at the sheet surface, the skin
friction coefficient, Nusselt number, and Sherwood number are calculated. By manipulating the magnetic field, chemical reactions,
and heat generation, the work offers important new insights into how to best utilise MHD flows in industrial processes, such as polymer
manufacturing, chemical reactors, and cooling systems.
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INTRODUCTION

An intricate and crucial subject in fluid mechanics, especially for industrial and engineering applications, is the study
of magnetohydrodynamic (MHD) free convective flow and mass transfer over a stretching sheet with a chemical reaction
and heat source. Heat transfer, chemical processes, magnetic fields, fluid dynamics, and heat transfer are all intricately
entwined in the study of MHD free convective flow and mass transfer across a stretching sheet and with a heat
source [20-21]. These studies' main goal is to comprehend how these variables affect flow and transfer characteristics,
which can help create industrial processes that are more productive and efficient. Improved heat and mass transfer rates,
flow separation control, and overall engineering system performance are all aided by this research.

Stretching sheets are surfaces that extend in a specific direction and are frequently modelled as moving with either
a linear or nonlinear velocity. Owing to its applications in industrial operations including metal processing, polymer
extrusion, and electronic device cooling, the study of fluid flow over a stretching sheet is a significant problem in fluid
mechanics [4-5]. When comparing the analysis of fluid flow across a stretching sheet with slip conditions to the traditional
no-slip boundary condition, more intricacy is added. Where the premise of no-slide may not hold true, slip conditions are
crucial to understanding different types of micro- and nanoscale fluxes [14-16]. Double stratification's impact on heat
transmission and magnetohydrodynamic (MHD) Williamson fluid boundary layer flow over a stretching or contracting
sheet submerged in a porous medium is a complicated topic with important implications in a range of industrial and
technical operations [17-18]. It is a crucial procedure to investigate how radiation affects flow and heat transfer across an
unstable, stretched sheet. The interplay of radiative heat transfer, fluid flow, and heat transfer in the boundary layer that
forms over a stretching sheet whose velocity varies with time is the subject of the problem [23].

A fluid's density, viscosity, and electrical conductivity can all change as a result of a chemical reaction occurring
within it. The heat source and chemical kinetics may be coupled if the reaction rate is temperature-dependent. It is
examined how a chemical reaction magnetohydrodynamics (MHD) viscous fluid flows steadily over a two-dimensional
boundary layer with suction and injection over a diminishing sheet by Y. Khan [2]. Mahabaleshwar et al [12] studied the
influence of a magnetic field on mixed convection heat transfer through Casson fluid flow across a porous material when
thermo-diffusion mechanisms involving carbon nanotubes are present. Examining the interaction between molecules and
the dissipation of viscosity in MHD convection flow across an infinite vertical plate embedded in a porous material using
the Soret effect by Goud et al [19]. The temperature distribution inside the fluid is impacted by the presence of a heat
source. This in turn may affect the fluid's electrical conductivity, density (by thermal expansion), and pace of chemical
reaction [3]. K. Raghunath et al [7] examine the effects of radiation absorption and thermos diffusion on an unsteady
magnetohydrodynamic flow past a moving plate that is infinitely vertical and permeable while thermal radiation, heat
absorption, and a homogenous chemical reaction are present and the suction is varied. The steady free convection of an
electrically conducting viscous and incompressible fluid in the coexistence of magnetic and suction/injection parameters
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is studied in a vertically oriented porous channel with a line/point heat source/sink (point/line heat generation/absorption)
at various channel positions by Jha et al [8]. Ramudu [9] investigates how a constant convective magnetohydrodynamic
shear-thickening liquid stream across a vertically extended sheet is affected by viscous dissipation stimuli.

Studying the movement of a species (solute) inside a fluid is known as mass transfer in the context of MHD free
convective flow over a stretching sheet with a chemical reaction and heat source. Reaction kinetics, convection, and
diffusion all work together to control this process. Applications in industrial and technical processes, such as material
processing, chemical reactors, and cooling systems, require a thorough understanding of these interactions. The behaviour
of the concentration, temperature, and flow fields under different circumstances can be predicted by numerically solving
these equations [1]. Aspects of mass and heat transport in MHD flow across an exponentially stretched sheet involving
chemical reactions was studied by Paul and Das [13]. In the presence of a steady transverse magnetic field, the impact of
a chemical reaction on the free convective flow and mass transfer of a viscous, incompressible, and electrically conducting
fluid over a stretching surface is examined by Afify [22].

The novelty of this study is that it looks into 2D, steady flow, heat and mass transfer over a stretched sheet that has
a heat source and a chemical process going on. According to the author’s best knowledge, no researcher has earlier studied
the combined effects of heat source and chemical reaction with the boundary conditions used in this article. Additionally,
the hall effect is not taken into account since only a weak magnetic field is being addressed. To do the analysis, we usually
have to solve a set of linked partial differential equations that control the flow, concentration, and temperature of the fluid
while taking magnetic fields, gravity, chemical processes, and heat generation into account. Additionally, the new findings
are thought to be pretty good when compared to earlier research.

MATHEMATICAL FORMULATION

We examine the mass transfer and steady free convective flow of an electrically conducting, viscous, and
incompressible fluid across a stretching sheet. The sheet is being stretched at a rate proportionate to the distance from the
fixed origin, x=0, by applying two equal and opposing forces along the x-axis. Figure 1 illustrates the imposition of the
uniform transverse magnetic field Bo along the they-axis. There is very little magnetic field created by the electrically
conductive fluid moving. For tiny magnetic Reynolds numbers, this assumption is correct. Additionally, it is believed that
there is no external electric field and that the electric field created by charge polarisation is very small. Neglect is given
to the pressure gradient and viscous dissipations. Viscous dissipations and the pressure gradient are disregarded. It is
believed that the species concentration and temperature will disappear far away from the sheet and are kept at specified
constant values, T,, and C,,,.
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Figure 1. Coordinate system and Physical model of the problem

With the Boussinesq approximation and these presumptions in place, the governing equations for the laminar
boundary layer flow's continuity, motion, energy, and species diffusion are as follows:
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The boundary conditions are

u(x,0) = ax, v(x,0) =0, T(x,0) = constant =T,,, C(x,0) = constant = C,,
u(x,0) =0, T(x,0) =0, C(x,0)=0.
Steam function is:

= L, =¥

u= = .
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Similarity transformations are:
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The dimensionless quantities are used to convert the equations (1) to (4) with boundary conditions (5) to (6) into
non-dimensional equations (9) to (11) with boundary conditions (12) to (13) that may then be solved in MATLAB using
the BVP4C method. Numerical values for the fluid's temperature, velocity, and species concentration can also be found
using this method. Analysis is also done on the different skin friction, Nusselt, and Sherwood numbers.

RESULTS AND DISCUSSION

The paper provides a thorough examination of how different parameters affect mass transfer and MHD free
convective flow across a stretching sheet that has a heat source and a chemical reaction. By improving our knowledge of
the intricate relationships between mass transfer across a stretching sheet and MHD free convective flow, this research
will help build more effective and regulated industrial and chemical processing methods. Below is a discussion of the

various impacts of these distinct parameters.
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Figure 2. Velocity variation for M Figure 3. Temperature variation for M Figure 4. Concentration variation for M

Figures 2-4 illustrate how various fluid distributions vary in relation to the magnetic parameter. With increasing M,
the temperature and fluid concentration will rise while the velocity will fall. Increases in M also result in increases in the
Lorentz force opposing the flow, which accelerates the flow's deceleration. The fluctuation of various fluid distributions

for the Prandtl number is shown in Figures 5-7.



506
EEJP. 4 (2024) Sunmoni Mudoi, et al.

With an increase in Pr, the fluid's concentration will rise, but its velocity and temperature will fall. In comparison
to thermal diffusivity, momentum diffusivity becomes increasingly prominent as the Prandtl number rises. The velocity
profile close to the shrinking sheet decreases as a result of the thinner velocity barrier layer. A rise in the Prandtl number
signifies a comparatively low thermal diffusivity. As a result, there is a thinner thermal barrier layer and a lower
temperature profile due to less effective heat conduction. As the thermal boundary layer gets thinner in concentration
profiles, an increase in the Prandtl number may cause the concentration boundary layer to get bigger. This may lead to a
rise in the chemical species concentration in the vicinity of the surface.
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Figure 5. Velocity variation for Pr Figure 6. Temperature variation for Pr  Figure 7. Concentration variation for Pr

Variations for the different fluid distributions for the heat source parameter are described in Figures 8-10. When a
heat source is present, the fluid's temperature tends to rise. This can lower the fluid's density and, consequently, the
buoyant forces that propel the flow. Convective heat transfer, which extracts heat from the boundary layer more
effectively, may be the cause of the temperature profile's drop. The changed diffusion processes are responsible for the
increase in the concentration profile. By altering the local temperature gradients, the heat source can have an impact on
the diffusion of chemical species, which in turn affects the concentration boundary layer. The concentration of the
chemical species close to the surface may rise as a result of this impact. When considering the effect of the chemical
reaction parameter (y), it describes the rate of chemical reaction within the fluid are shown in Figs. 11-13. The velocity
profile often decreases as the chemical reaction parameter increases because of the increased reactant consumption, which
might lessen the flow's overall driving forces. More heat is produced when the chemical reaction parameter is increased,
which raises the temperature profile inside the boundary layer. Reactant consumption rate increases are indicated by
increases in the chemical reaction parameter. Because the chemical species are being transformed into products more
quickly, the concentration of those species within the boundary layer decreases as a result.
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Table 1 explains the validity of our work. Given that the Nusselt number values are identical to those of previously
published studies, our study is validated, taking all factors into account.

Table 1. Comparison of —8'(0) value with previously published papers

M Y Afify [22] Present study

0.1 0.2940 0.2941

0.5 0.2261 0.2263

1.0 0.1081 0.1082

0.1 0.4826 0.4826

0.5 0.4518 0.4518

1.0 0.4231 0.4231

Table 2. Variations of f"'(0), —08'(0) and — ¢'(0) for different parameters

S n Pr Y M Sc (0 -6'(0) —-¢'(0)
1 2 0.71 0.1 0.1 0.1 0.3963 1.0181 0.2197
2 0.4344 1.5672 0.2186
5 0.4543 1.9692 0.2181
1 0.4344 1.5672 0.2186
2 0.4366 1.5671 0.2252
3 0.4368 1.5671 0.2239
0.1 0.3279 0.5836 0.2236
0.72 0.4351 1.5783 0.2185
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S n Pr Y M Sc (0 —0'(0) —¢'(0)
1.0 0.4514 1.8623 0.2181
0.1 0.4344 1.5672 0.2186
0.5 0.4271 1.5675 0.1971
1.0 0.4182 1.5679 0.1721
0.1 0.4344 1.5672 0.2186
0.5 0.5707 1.5638 0.2147
1.0 0.9332 1.5552 0.2053
0.1 0.4344 1.5672 0.2186
5 0.6719 1.5583 1.3022
10 0.7055 1.5574 1.7409

The fluctuation of physical parameters for various parameters is displayed in the Table 2. The skin friction parameter
will go down with G but will increase with S,n, Pr, M, and Sc. as S, Pr,and G The Nusselt number grows but falls as
n, M, and Sc increase. The Sherwood number goes down with S, Pr, G, and M but goes up with n and Sc. Because of
the increased Lorentz force, the skin friction coefficient usually increases as M increases. Depending on how much the
magnetic field promotes or inhibits the formation of thermal boundary layers, the Nusselt number may go down or up.
Since the Sherwood number is dependent on convective mass transfer, which is controlled by the magnetic field, it
fluctuates similarly to the Nusselt number. Changes in the concentration profile can impact the Sherwood number when
a chemical reaction is taking place. The kind of response can also affect the Nusselt number and, consequently, the thermal
boundary layer. Friction on the skin Increased viscosity brought on by the heat source parameter's influence causes the
coefficient to rise. Because of variations in the surface temperature gradient, the heat source parameter directly affects
the Nusselt number. A stronger temperature gradient causes the Nusselt number to rise, although thermal saturation might
cause it to fall. Sherwood numbers may rise if the boundary layer stabilises but may drop with less mass diffusion.

CONCLUSIONS
A magnetic field has been used to study the effects of a heat source, chemical reaction, and mass transfer on free
convective flow and the mass transfer of a viscous, incompressible, and electrically conducting fluid over a stretching
surface. A similarity transformation has been used to translate the governing equations with the boundary conditions into
a system of non-linear ordinary differential equations with the necessary boundary conditions. The bvp4c approach has
also been utilised to obtain numerical solutions for the similarity equations. It can be inferred from the current study that

»  The fluid's temperature and velocity are both lowered by the heat source parameter, but its concentration
profile is also raised.

» The fluid's temperature profile rises when the chemical reaction parameter is increased, but the fluid's velocity
and concentration drop.

» The fluid's temperature and concentration profile rise along with the fluid's decreased velocity when the
magnetic parameter is raised.

» Skin-friction increases with increasing S, n, Pr, M and Sc; but it decreases with increasing y.
»  With increasing S, Prand y, the coefficients of Nusselt number increases; it decreases with n and Sc.
» Sherwood number drop with growing S, Pr,y and M; but it increases with n and Sc.

The expansion of this field's theoretical, computational, and applied aspects may be the main focus of future research
prospects. For other applications that are important to industry, expand the research to non-Newtonian fluid models like
Casson or viscoelastic fluids. To investigate coupled effects, incorporate Hall currents and heat radiation into the MHD
equations. Expand the research to include turbulent flow regimes and look at the system's stability analysis. Examine how
adding nanoparticles such as metallic oxides or graphene to nanofluids might improve mass and heat transmission.
Investigate three-dimensional stretching sheets to more accurately simulate intricate systems, including industrial sheets
or biological membranes.

List of symbols Subscripts

B,: imposed magnetic field w: wall condition

a: stretching rate constant o0: constant condition

Cp: specific heat oo: free stream condition

C: concentration

D: diffusion coefficient Greek symbols

S: Heat source parameter 9: kinematic viscosity

Gce: local modified Grashof number B: coefficient of thermal expansion
f: similarity function P: stream function

n: order of reaction p: density

ko: reaction rate constant o: electric conductivity

g: acceleration due to gravity 0: dimensionless temperature

Gr: local Grashof number B coefficient of expansion with concentration
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k: thermal conductivity ¢P: dimensionless concentration
Sc: Schmidt number n: similarity variable
T: temperature y: non-dimensional chemical reaction parameter
M: magnetic parameter
Pr: Prandtl number
(x,y):  Cartesian coordinates
(u,v): velocity components along (x,y) —axes
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MACOINEPEHOC TA BIBHHWI MI'Jl KOHBEKIIMHAM MOTIK YEPE3 JIUCT IO PO3TATYETHCS
3 JI’)KEPEJIOM TEILIA TA XIMIYHOIO PEAKIIEIO
Cyunmoni Mynoii?, Carbsnoxyman Poii?, Jlinak Capma?, Auxyp Kymap Capma®?
“@akynomem mamemamuxu, Ynieepcumem Kommon, I yeaxami-781001, Inoia
bcDaKyﬂbmem mamemamuxu, Koneooswe baoci Banikanma Kakami, Haeaon, bapnema-781311, Inois

VY wiit po6oTi po3rsagaeTsest MacooOMin 1 MIT/] BiTbHHI KOHBEKTUBHHHI MOTIK depe3 Juct LL[O po3TaryeThes 3a HasIBHOCTI pKepea
Teruia Ta XiMiyHoi peaxuii. Jlis po3TsAryBaHHs JIMCTa HNPHCKOPIOE IOTIK, TOMAI SK MAarHiTHe IoJie, NMPUKIIaICHE MEePNeHANKYISIPHO
HAIpsIMKy TIOTOKY, BIUIMBA€ Ha HBOTO. Tak0X BPaxOBYETHCS BILUIMB T'PAJI€HTIB TEMIIEPATYpH Ta KOHLEHTpALii Ha BHIITOBXYBAaJIbHI
cuiy. PiBHSAHHS Oe3repepBHOCTI, IMITYJIBCY, €HEpril Ta KOHIEHTPALlil Hale)XXaTh [0 0B’ 13aHNX HEeNHIHHNX qudepeHIiaIbHIX PIBHIHb
y YaCTHHHHX INOXiJHUX, SIKI PETYNIOITH cucTeMy. IlepeTBopeHHs MoAi0HOCTI BUKOPUCTOBYIOTHCS IS IEPETBOPEHHS [IUX PIBHSHD Y
CHCTeMy 3BHYAiHUX AU(EpeHLiaIbHAX PIBHSIHB, SIKI MOTIM YHCEIBHO PO3B’SI3YIOTHCS 3a JOMOMOroi0 MeToxAiB bvpdc. V upomy
JOCIIIDKEHHI OCHOBHUMH ITapaMeTpaMH, 110 MPEACTaBIsIIOTh iHTepeC, € MarHiTHe IoJie, MIaBy4icTh, MIBUAKICT XIMIYHOI peakiii Ta
JDKepeso Tema. Pe3ynpTaTh MOKa3ylOTh BIUIMB IMX IApaMeTpiB Ha TeMIeEparypy, KOHIEHTpamilo Ta Mpogili MBHIKOCTI
MPUKOPAOHHOTO Imapy. s KiNbKICHOTO BH3HAYEHHs IIBUAKOCTI MacoOOMiHY, HIBHIKOCTI TEIIOOOMiHY Ta HAalpyrd 3CyBY Ha
MOBEPXHI JINCTA PO3PaXOBYIOTh KoeillieHT LIKipHOTo TepTs, uncio Hyccenbra ta yncio [llepyna. MaHimy Ir0r04i MarHiTHIM I10JIEM,
XIMIYHUMH peakLisiIMi Ta BUAUICHHSM TeIlia, po0oTa MPOIOHYE HOBE BaXKJIMBE YSABICHHS PO T€, K HAWKpalle BUKOPUCTOBYBATH
norokd MI'J] y mpoMuciioBrX Hporecax, TaKUX sIK BUPOOHUITBO TIOJIIMEPiB, XIMIYHI PEaKTOPH Ta CUCTEMH OXOJIO/DKSHHS.
Kurouosi cinosa: MIJ/[; nogepxms, wo posmscyemscsi; 0dcepeio menaa, Ximiuna peaxyis, bvp4c



