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INFLUENCE OF THERMAL RADIATION EFFECT ON MHD MASS TRANSFER FLOW PAST
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In this work, we have undertaken to study heat and mass transfer in MHD convective flow past an infinite plate with porous media in
existence of radiation, thermal diffusion effect and heat sink. A uniform strength of magnetic field was used transversely in the fluid
region. The novelty of this study is to look into the effect of radiation (Rosseland approximation) and heat sink on natural convective
flow in the presence of viscous dissipation and Joule heating with constant heat flux and constant suction velocity, past a continuously
moving vertical plate in a porous medium. The principal equations are solved by perturbation technique to get statements for velocity,
temperature, and concentration fields. In this paper we also consider several physical quantities on the flow domain graphically as well
as tabularly which have been studied previously by other researchers except few new cases like light velocity and temperature
relationship from different sources such as density gradient effect which are being discussed herein for first time. However, the current
investigation has a wide impact on several engineering processes like glass blowing, paper production, extrusion of plastic sheets, etc.
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INTRODUCTION

The magnetic field strength is often enhanced by a progressive, stable, and sustained current. In this case, considering
that a spacecraft must navigate through these regions, which are known to be difficult to navigate, it is important to be
able to predict their trajectories. The elements of any spacecraft designed for Mars missions include ion thrusters, attitude
control systems (or gyros), power generation and transmission systems, vehicle components such as avionics or sensors
etc. Consequently, spacecraft design must take into account the effects of MHD so that controllers can achieve
advantageous performance before reaching Mars. Some of them are like Alfven (1942), Ahmed and Choudhury (2019),
Seth et al. (2016), Mansour (1990), Seth et al. (2011), Choudhury and Agarwalla (2023), Saikia et al. (2024), Choudhury
et al. (2022), Prasad et al. (2023), Balamurugan et al. (2022) etc. Thermal radiation is known to dramatically affect the
characteristics of MHD flow. It is a type of electromagnetic wave that has characteristics similar to visible light for its
intensity and wavelength but cannot be seen with the naked eye. Thermal radiation can carry energy as heat, infrared,
ultraviolet, and X-rays. This induces electric currents in conductors, which generate heat by Joule heating. MHD flow in
a viscous incompressible fluid past an impulsively started oscillating plate has been investigated by Appidi et al. (2021).
The temperature gradient and stress distributions were computed for different values of space angle of the plates in order
to determine the effect of radiation on the MHD flow. They found that both thermal radiation and heat source effect MHD
flow and that their effects depend on their spatial distribution at the interface between two media.

The Soret effect or thermal-diffusion effect is an experimental study of the pressure drop under temperature gradient
from the solid surface to the fluid. It was originated by the renowned chemist Charles Soret in 1879. The Soret effect is
utilized for isotope separation and in mixtures of gases with a very light molecular weight, like H, and He. Wide-ranging
literature on various features of thermal diffusion on mass transfer related problems can be found in Kafousias and
Williams (1998), Ahmed et al. (2013, 2018, 2021), Ahmed and Sengupta (2011), and Chamuah and Ahmad (2021).

The present work generalizes the work done by Chamuah and Ahmed (2021) by including heat sink in MHD
convective flow through a porous media. The novelty of this study is to look into the effect of radiation (Rosseland
approximation) and heat sink on natural convective flow in the presence of viscous dissipation and Joule heating with
constant heat flux and constant suction velocity, past a continuously moving vertical plate in a porous medium. Heat
transfer and mass transfer are governed by the same equations, however they different forms. We can rewrite these
equations in a simpler way where similarity parameters are used to get rid of their dimensionality. Perturbation techniques
are applied to solve these equations and graphically results on plots and tables are shown. However, a comparison with
an already published paper has been shown to ensure the accuracy of our present work.

BASIC EQUATIONS
The vector equations that describe the motion of an incompressible viscous electrically conducting Newtonian fluid
through the porous medium are:
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Equation of continuity:

V.G=0 Q)
Gauss’s law of magnetism:
VB=0 2
Ohm’s law:
J =0(E +qxB) (3)
Momentum equation:
G oo ug
m@VM—pg—Vp+JxB+ﬂVq—27 (4)
Energy equation:
32
pC,(gV)T = kV’T +p+—-0'(T-T,)-Vgq, Q)
c
Species continuity equation:
@V)C =D, V>C + Pukr gop 6)
Ty
Equation of state
p.=p[1+B(T-T.)+f(C-C.)] ™
Radiation heat flux as per Rosseland approximation
= Aot ®)
3x*

All the physical quantities are defined in the nomenclature.

MATHEMATICAL FORMULATION

The convective flow through a porous vertical plate with uniform suction is investigated by considering the two-
dimensional motion of an incompressible fluid. The investigation is based on the following basic premises:
Entire fluid properties without density are constant.
Plate is electrically insulated.
No peripheral electric field is functional to system.
Electric potential needed to create Lorentz force be zero.
Magnetic field induced by conducting wire parallel to z direction.

We now introduce a Cartesian coordinate system (x’,”,z") with X - axis along with the plate in the upward vertical

N

direction, Y - axis normal to the plate directed into the fluid region, and Z - axis along the width of the plate and the
induced magnetic field is negligible. The prototype of the problem is shown in Figure A.
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Figure A. Physical model of the problem
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The rate of radiative heat flux in an optically thin gray gas is given by

dq, _ 160° T2 0°T’ ©
y’ 3k 9y

Where & and o be respectively absorption coefficient and Stefan-Boltzmann constant.
Based on the preceding axioms, and the usual boundary layer estimates, the governing equations yield the forms as
follows:

av,=0 (10)
dy
ou’ AL = , % OB wvu
v = T'-T. |+ c’'-C. |+v -— 11
Y gﬂ( ) gﬂ( ) »:  p K (11)
4 2 ’ ’
pcpv’a_T,=Ka—,7;+ﬂ(a—”,j +aBgu'2—aq' Q(T ~T. ) (12)
dy oy dy oy’
’ 2 27
v _p, LE Luky 0T (13)
dy dy Ty oy
with boundary conditions
’ *
v=0:uw=u, L o_¢ (14)
dy K
Y e u' =0, T'>T.), C—-C/ (15)
Equation (10) yields v'= a constant =-V, (¥, >0) (16)
Non-dimensional parameters:
’ v, -1, '~ Uy,
w=ll o Y 6= ’¢=C C. G_vgﬂg’Eczp O’PrzﬂCP’
U % q*v c/ -c. xkUV, q* K
KV,
gBlc)-c. Jo v KW B2 160k'c T2
Gm:—za Sc=—o, kp — » M= 2 R = 2
U, Dy v PV pC, Vs
, *
__Q9v Sy = Dy Krq
- 20" = ’ ’
pCVs Ty &V, (CW —Coo)
Dimensionless governing equations are
2
d—g‘ My = —Gro - Gmg (17)
dy dy
2
M+/?1 ﬁ—ﬂzﬁ =—Echu’® — EcAu® (18)
dy? dy
2
d—f+5c@=—s Sr d—? (19)
dy dy dy
OPr M
Where M+ = =
£= ﬂl TR TR TR M TR
with boundary conditions
y=0:u=1, a9

dy=—1 ¢=1 (20)
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y—oeiu—0, 8650, ¢ >0

METHOD OF SOLUTION
We assume the solutions to equations (17) to (19) as

u=u, (y)+Ecu1(y)+0(Ecz)
0=06,(y)+Ec6 (y)+O(Ecz)

=9, (y)+Ecg (y)+0(Ec?)

21

(22)
(23)

(24)

Here Ec, the Eckert number ( Ec << 1). By substituting equations (22) to (24) into equations (17) to (19) and equating the

coefficient of analogous terms while deserting the terms of O(Ec2 ) , the succeeding equations are derived.

2
d Dot My _ gy —_Gro, —Gmo,
dy dy
d? 49
21 -46,=0
2
d’ f 4 g5 4
dy dy dy
2
d dul —&u; =-Gr6, — Gmg,
dy’
& ‘91 40 ”’91 0, = A = A}
2
T, 59 g5 ‘Z
dy dy dy

with boundary conditions
y=0:u,=16 =-1;¢,=1Lu,=0; §=0; ¢ =0;
y—ooiu, =0, -0 ¢ —>0u —0;, 60 ¢ —0;

Solutions to the equations (25)-(30) under the conditions (31) and (32) are
u, = p3e—p1y _p4efSc’y +p6e_p5y

90 = Le_Ply

P

9y =(1=py) e + ppe ™

+ ppoe

U = pyre P 4 pye P + prre 2P 4 prae S +p24e—(p1+ps )y +p256—(p1+50)y _
6 = p13e_p‘y _p7e—2175,v _pxe—ZPIY _ pge—25cy _ploe—(p1+p5 )y + plle—(p1+Sc)y
¢ = oneiscy —pue M+ P156_2p5y + Plee_zmy +p]7672Scy + Plxe_(pl+p5)y -
where
=Or _, Gm
/UM ScSr p 7 Gm(1- p,) 1+ J1+4¢&
' P2 = Py =7 2Py =75 »Ps =
2 Se=p P -n-s Sc=Sc-¢& 2
2,.2 2 2. 2 2
ps=1+ps+p, p7_/13p5 Ps +/14p6 8=/13p1 Dy D 9=/13Sc P+ 40,
Ds _2’11 5_/12 4P12—2/11P1—/12 4SC'2—221Sc—/12

(25)

(26)

@7

(28)

(29)

(30)
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Do = 245 P3PsPs + 24413 Ps __24pp3pySc+2244p3py
10 — s /11 — b
(P +ps) = A+ ps) =4 (p+5¢) = A4 (p +50) =4

_ 2A4p4PspeSc+244p4ps
12 — s
(ps+5c)* = A (ps +5c)— 4,

1
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ScSrpl2 i3 4ScSrp52 )2 » 4ScSrp12 Dy 4Sc3Srp9
p = ’p = B = B =% >
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pl-p ¢ 4p’-2p —& 48c* =28c & (pr+05) —(py+p5)—&
—Grpy; + Gmpyg Gmpy,
Py = s P = s P27 = P26 — P21 — P22~ P3Py — P
25 o +Sc)2 —(p+S0)—& 26 502 “Se—¢ 27 26 = P21 7 P22 = P23~ Paa — P25
Skin friction:
Skin friction is given by
T:—g—u =—[7y +Ect] (39)
V1,0

Where
Ty =—P1P3 + 5Py — DsPe

Ty = =DsPy7 = P1P21 — 2P1P2 = 25py; = (s + 1) Pag —(Sc+ py) pas + Scpag

Plate temperature:
The dimensionless temperature field is,

H(y) =0, (y)+Ec€1 (y)
Non-dimensional plate temperature is given by,

6, =6,(0)+Ec6,(0) (40)

w

Sherwood number:
Sherwood number is given by

Sh = —% = —[Sho +EcSh1] (41)
dy =0
Where

Shy ==Sc(1=py )= p1p;
Shy ==Scpyo + P1P1a =2PsPis = 2P1P1s = 25¢py7 = (P + ps) pig + (P +5¢) prg

RESULTS AND DISCUSSIONS
The numerical computations have been carried out for the representative velocity, temperature, concentration, skin
friction, and plate temperature at the wall for different values of the physical parameters involved in the problem. The
influence the flow parameters Prandtl number, Schmidt number, thermal radiation, Soret number, thermal Grashof
number and mass Grashof number on these fields have been depicted in Figures 1 to 15. Numerical results of shear stress
and plate temperature are presented in Table 1 and Table 2. The default values for the flow parameters are chosen as

Pr=0.71,5¢=0.6,R=1L,K =1,Sr=1,Gr =10,Gm=5,M =1.5,E =0.01,0=5
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The drag-like force called Lorentz force produces a kind of friction on the flow and thus opposes the transport
phenomenon. With the increasing values of magnetic parameter, the fluid velocity decreases significantly which is seen
from Figure 1. This observation implies that applying a transverse magnetic field decelerate fluid motion. This observation
is consistent with the physical fact that a magnetic body force develops due to the interaction of the fluid velocity and
magnetic field, which serves as a resistive force to the flow, and as a consequence fluid flow gets decelerated. The velocity
distribution due to Soret number shows statistical characteristic features in which it can be observed from Figure 2 that
with temperature gradients inducing significant mass diffusion effects, the fluid velocity increases. The effect of thermal
radiation on flow phenomena is depicted in Figure 3 where it is seen that with increase in thermal radiation rate, decrease
in energy transport to fluid takes place and hence decelerates motion of fluid particles. The effect of heat sink on fluid
velocity is seen in Figure 4. It has been observed that fluid velocity decreases marginally with small increase in heat sink
whereas it decreases significantly with significant rise in heat sink. So, with large amount of heat absorption the fluid
motion decreases rapidly. In this portion of the experiment, the effect of Prandtl number and Schmidt number on the
velocity profile is discussed.

25 25

048 o0s

] 1 2 3 4 [ B 7 Gl DD

Figure 3. Rate of movement for variations in R Figure 4. Rate of movement for variations in Q

In Figure 5, it was observed that as the Schmidt number increases, momentum diffusivity increases, resulting in
lower fluid velocities. This result was verified by plotting velocity versus Schmidt number in Figure 6, which showed an
increase in fluid velocity with increasing values of Prandtl number.

25 25

05 os

Figure 5. Rate of movement for variations in Sc Figure 6. Rate of movement for variations in Pr

The effects of Grashof numbers are depicted in Figures 7 and 8 where it was seen that both thermal buoyancy force
and mass buoyancy force have similar effects on the flow domain as well as any one of these forces dominates over
another depending upon specific conditions. Thermal buoyancy force (Figure 7) and solutal buoyancy force (Figure 8)
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cause the velocity field to rise substantially. This happens due to the direct proportionality of buoyancy force to those of
Grashof numbers.

The heat transfer rate of a fluid is controlled by the momentum and thermal insulation of the interface between the
fluid and its surroundings. The influence of the heat conductivity on temperature distribution is displayed in Figures 9
and 10. It has been observed that high conductivity fluids such as molten salt have low thermal diffusivity, which results
in fast changes in temperatures. Thermal radiation also affects fluid temperature distribution because low thermal
conductivity materials absorb large amounts of radiant energy due to higher temperatures compared to fluids having high
thermal conductivity. Figure 11 shows another example where fluid temperature can be affected by heat sink coefficient.
It is observed from Figure 12 that fluid temperature is reduced due to the increasing values of Eckert number.

25 25
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Figure 9. Temperature field for variations in Pr Figure 10. Temperature field for variations in R
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Figure 11. Temperature field for variations in Q Figure 12. Temperature field for variations in Ec

The concentration profiles are plotted in Figures 13, 14 and 15. In Figure 13, it is seen that the concentration of the
fluid falls with increasing values of Schmidt number due to low mass diffusivity. It is noted that an increase in Schmidt
number means a fall in mass diffusivity. Thus, the concentration on the plate falls because of low mass diffusivity. This
observation is compatible with the physical reality that increasing Schmidt number causes a decrease in mass diffusivity,
which causes a decrease in fluid concentration. Figure 14 indicates that an increase in Soret n umber leads to an increase
in the fluid concentration. Figure 15 shows that the influence of heat sink is to decrease the fluid concentration.

As we can see from Table 1, as R, Sc and Q increase, skin friction increases. In addition to this, it is inferred from
Table 1 that the skin friction gets diminished for increasing magnetic parameter M. This indicates that the imposition of
a transverse magnetic field inhibits viscous drag due to its application on thin films with high aspect ratio. Henceforth,
the coefficient of momentum at the planar surface becomes larger for increasing M. Table 2 shows that plate temperature
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increases when Pr increase. The temperature of the plate decreases due to the effect of the magnetic field M as it is applied
transversely to the fluid region and the similar effect found for Eckert number Ec.

1.5

14 16 18 20

Figure 13. Concentration profile for variations in Sc Figure 14. Concentration profile for variations in Sr

Figure 15. Concentration profile for variations in Q

Table 1: Shear stress 7 at the plate for the values of Pr=0.71,Sc=0.6,R=1LK =1,Sr =1,Gr =10,Gm=5,M =1.5,E=0.0,0 =5

Sc M R Q Sr T
0.30 1.5 1 5 1 2.8377
0.60 1.5 1 5 1 7.2121
0.78 1.5 1 5 1 9.3817
0.60 1 1 5 1 3.1568
0.60 2 1 5 1 2.8376
0.60 3 1 5 1 2.1771
0.60 1.5 2 5 1 5.3559
0.60 1.5 3 5 1 6.1846
0.60 1.5 5 5 1 7.2657
0.60 1.5 1 2 1 5.5559
0.60 1.5 1 4 1 6.7606
0.60 1.5 1 6 1 8.3296
0.60 1.5 1 5 1 4.2394
0.60 1.5 1 5 2 4.6924
0.60 1.5 1 5 3 4.8447

Table 2: Plate temperature 6(0) for changed values of the parameters Pr, M, Ec
Pr M Ec 6(0)
0.71 1 0.01 0.2262
1.38 1 0.01 0.4252
7.0 1 0.01 0.4496
0.71 1 0.01 0.2262
0.71 2 0.01 0.0540
0.71 3 0.01 0.0239
0.71 1 0.01 0.2262
0.71 1 0.02 0.0540
0.71 1 0.03 0.0240
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COMPARISON
Figure 16 is plotted to make a comparison of the current work with the previously published result of Chamuah and
Ahmed (2021). Figure 16 displays the variations in velocity profile due to radiation, in absence of heat sink 1. e., Q=0.
Figure 17 (Figure 4 of (2021)) shows the velocity field due to radiation. It is seen that both the figures are identical and
indicates a decrease in velocity due to radiation.

35 35
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u 15\ \ 1.5
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0 —_ 0 5 10 15 20
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Figure 16. Velocity field for radiation parameter Figure 17: Figure 4 of Chamuah & Ahmed (2021)

CONCLUSIONS
The present study leads to attain at the subsequent conclusions:

1. Fluid velocity diminutions due to imposition of magnetic field and thus magnetic field can be effectively used in
controlling the fluid motion.

2. Fluid motion enhances due to thermal Grashof number, mass Grashof number and thermal diffusion while the trend
is reversed with the increase in thermal radiation, heat sink and Schmidt number.

3. Temperature of the fluid drops under the influence of Prandtl number, thermal radiation, and heat sink.

4. Concentration of the fluid grows with Soret number whereas it decreases due to heat absorption and Schmidt
number.

5. Skin friction at the wall rises for increasing values of Soret number, Schmidt number, radiation, and heat sink
parameter. In the other hand, it is reduced due to the application of transverse magnetic field.

List of Symbols
q velocity vector C. free stream concentration
P density, kg/m’ o electrical conductivity, 1/(ohm.m)
v kinematic viscosity, m” / s E electrical field
J current density y/j thermal expression coefficient, 1/k
é acceleration vector B solutal expansion coefficient, 1/kmol
B magnetic flux density vector T, free stream concentration, k
'Y thermal conductivity, W/m.K C, free stream concentration, kmol
K* mean absorption coefficient, 1/m B, applied magnetic field strength, Tesla
@ energy viscous dissipation per unit volume u viscosity coefficient, kg/ms
4 fluid pressure [ non-dimensional temperature
U velocity of free stream o non-dimensional concentration
K porosity parameter Pr Prandtl number
q* heat flux, W/m” Q heat sink
Z]r radiation heat flux Sc Schmidt number
J / o | energy of ohmic dissipation per unit volume Gr thermal Grashof number
T fluid temperature, K; M magnetic parameter
C concentration, kmol/m’ Gm | solutalGrashof number
C, plate species concentration R radiation
Ec Eckert number Sr Soret number
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T.K. YyTis®, K. Yoyaxypi®, K. Uamya?, C. Axmen”
“Kagheopa mamemamuxu, Koneoxc Mopioxan, Accam, Inois
bKageopa mamemamuxu, Yuieepcumem nayxu i mexnonoziti Meaxanai, Inois

Y wiit poGOTi MU B3sUTHCS 32 BUBYEHHS TEILIO- Ta MaCOOOMiHY B KOHBEKTUBHOMY NoToli MI'/] IOB3 HECKiHUCHHY IIACTHHY 3 TOPUCTHM
CepeZIOBUILEM 32 HAsIBHOCTI BUIIPOMIiHIOBaHHA, epekTy TepMoan(ysii Ta TerioBigBeneHHA. PiBHOMiIpHA Hampy)Ke€HICTh MarHiTHOTO
T10JIs1 BAKOPHCTOBYBAJIACS TIONIEPEYHO B 00acTi piquHy. HoBH3HA 1IbOTO TOCTIIKEHHS TIOJISATa€ Y BUBYCHHI BIUIMBY BUIIPOMIHIOBaHHS
(nabmmkeHHs Poccenenia) Ta TEIUIOBIBEACHHS Ha IPUPOAHHI KOHBEKTHBHUH MOTIK 32 HASBHOCTI B'I3KO1 JIMCHIIALIT Ta PKOYJICBOIO
HarpiBaHHs 3 NOCTIHHUM TEIUIOBMM ITOTOKOM Ta IOCTIHHOIO MIBUJIKICTIO BCMOKTYBAHHS ITOB3 O€3IIEpEepBHO PyXOMY BEPTHKAIBHOMY
MOTOIII B TIOPHCTOMY cepenoBuili. OCHOBHI PiBHSHHS PO3B'SI3YIOTHCS METOJOM 30YpeHb JUIs OTPUMAaHHS (OpPMYIIIOBAaHb JUIS TTOJIIB
HIBU/IKOCTI, TEMIIEpaTypH Ta KOHIEHTpalii. Y Wil cTaTTi MM TaKoX PO3MIAAAEMO Kinbka (Di3MYHHMX BETHYMH B O0JIACTi MOTOKY
rpadiyHo, a TakoX TAaONMYHO, SKi paHillle BUBYAIWCS IHIIMMH JOCIiAHMKAaMH, 32 BUHATKOM KiJJbKOX HOBHX BHUIAJKIiB, TAKHX SIK
3aJIeKHICTh NIBHIKOCTI CBIiTJIa BiJ TEMIEpaTyp 3 Pi3HUX DKEPEN, TaKuX sIK €(eKT rpagieHTa TYCTHHH, Ki OOTOBOPIOIOTHCS TYT
prepuie. OpHaK, MOTOYHE MAOCTIKEHHS Mae IIMPOKWH BIUIMB HA KiUTbKAa IHKEHEPHHX NPOLECIB, TaKMX K BHUIYBaHHSA CKJIa,
BHUPOOHHUITBO TaNepy, eKCTPy3is INIACTUKOBHX JIUCTIB TOIIO.

KurouoBi cnoBa: MIJ]; mennonepedaua,; mepmoougysis; nopucmi cepedosuuyd; menioge UnPOMIHIOBAHHS.



