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Abstract: An analysis has been carried out to study the effects of Hall current and radiation of MHD free
convective heat and mass transfer flow past an accelerated inclined plate with temperature and concentration in a
porous medium in presence of thermal diffusion and heat source. The solutions for velocity field, temperature field
and concentration distribution are obtained using Laplace transform technique. The expressions for skin friction,
Nusselt number and Sherwood number are also derived. The variations in fluid velocity, fluid temperature and
species concentration are shown graphically, whereas numerical values of skin friction, Nusselt number and
Sherwood number are presented in tabular form for various values of physical parameters.
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I.  Introduction

The study of boundary layer flow, heat and mass transfer over an inclined plate has generated much
interest from astro physical, renewable energy systems and also hypersonic aero dynamic s researchers for a
number of decades. There has been a renewed interest in studying MHD flow and heat transfer in porous
medium due to the effect of magnetic fields on the boundary layer flow control and on the performance of many
systems using electrically conducting fluids. In addition, this type of flow finds applications in many
engineering problems such as MHD generators, plasma studies, nuclear reactors, MHD pumps, MHD bearing
and geothermal energy extractions.

In nature, there exist flows which are caused not only by the temperature differences but also by
concentration differences. These mass transfer differences do affect the rate of heat transfer. In industries, many
transport processes exist in which heat and mass transfer takes place simultaneously as a result of combined
buoyancy affect of thermal diffusion and diffusion through chemical species. The phenomenon of heat and mass
transfer frequently exist in chemically processed industries such as food processing and polymer production.
Free convection flow involving coupled heat and mass transfer occurs frequently in nature. For this flow, the
driving forces arise due to the temperature and concentration variations in the fluid. For example, in atmospheric
flows, thermal convection resulting from heating of the earth by sunlight is affected by differences in water
vapor concentration. The study of effects of magnetic field on free convection flow is important in liquid-
metals, electrolytes and ionized gases. The combined effects of convective heat and mass transfer on the flow of
a viscous, incompressible and electrically conducting fluid has many engineering and geophysical applications
such as in geothermal reservoirs, drying of porous solids, thermal insulation, and enhanced oil recovery, cooling
of nuclear reactor and underground energy trans ports .Rapits and Singh[1] studied the effects of uniform
transverse magnetic field on the free convection flow of an electrically conducting fluid past an infinite vertical
plate for the classes of impulsive and uniform lyaccelerated motions of the plate. Duwairi and Al-Kablawi[2]
formulated the MHD conjugative heat transfer problem from vertical surfaces embedded in saturated porous
media. Seddeek [3]analyzed the effect of variable viscosity and magnetic field on the flow and heat transfer
pasta continuously moving porousplate. Abdelkhalek [4]investigated the effects of mass transfer on steady two-
dimension all aminar MHD mixed convection flow. Chowdhury and Islam [5] presented a theoretical analysis
of a MHD free convection flow ofaviso-elasticfluidadjacenttoaverticalporousplate.Singh,P.K.[6]studied Heat
and Mass Transfer in MHD Boundary Layer Flow past an Inclined Plate with Viscous Dissipation in Porous
Medium. Rajesh and Vijaya kumar verma[7] analyzed radiation and mass transfer effects on MHD free
convection flow past an exponentially accelerated vertical plate with variable temperature.

Takhar and Ram [8] have studied MHD Free convection flow of water through a porous medium.
MHD free convection near a moving vertical plate in the presence of thermal radiation is studied by Das and
Das [9]. The effects of variable thermal conductivity and heat source/sink on MHD flow near a stagnation
point on a linearly stretching sheet is studied by Sharma and Singh [10]. Chen [11] considered the problem of
combined heat and mass transfer of electrically conducting fluid in MHD natural convection adjacent to a
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vertical surface with ohmic heating. The in fluenceofauni form transverse magnetic field on the motion of anel
ectrically conducting fluid past a stretching sheet was investigated by Pavlov[12], Chakravarty and Gupta[13],
Andersson[14],Anderssonetal.[15]. Alamet.al[16]studied the combined effect of viscous dissipation and Joule
heating on steady MHD freeconvectiveheatandmasstransferflowofaviscousincompressiblefluidpastasemi-
infiniteinclinedradiateiso thermal permeable moving surface in the presence of the rmophoresis.

In most cases, the Hall term was ignored in applying Ohm’s law as it has no marked effect for small
and moderate values of the magnetic field. However, the current trend for the application of MHD is towards a
strong magnetic field, so that the influence of electromagnetic force is noticeable [17]. Under these conditions,
the Hall current is important and it has amarked effect on the magnitude and direction of the current density and
consequently on the magnetic forceterm. Attia [18]has studied the influence of the Hall current on the velocity
and temperature fields of an unsteady flow of a conducting Newtonian fluid between two infinite non-
conducting horizontal parallel stationary andporous plates. Unsteady MHD fee convection flow past an
exponentially accelerated vertical plate with mass transfer, chemical reaction and thermal radiation was
examined by Raju et al. [19]. MHD three dimensional Couette flow past a porous plate with heat transfer was
considered by Ravikumar et al. [20].Radiation and mass transfer effects on a free convection flow through a
porous medium bounded by a vertical surface were considered by Raju et al. [21].Unsteady MHD radiative and
chemically reactive free convection flow near a moving vertical plate in porous medium was investigated by
Reddy et al. [22]. Analytical study was carried out by Raju et al. [23] on MHD free convictive, dissipative
boundary layer flow past a porous vertical surface in the presence of thermal radiation, chemical reaction and
constant suction. Heat transfer effects were examined by Raju et al. [24] on a viscous dissipative fluid flow past
a vertical plate in the presence of induced magnetic field. Thermal and solutal buoyancy effect on MHD
boundary layer flow of a visco-elastic fluid past a porous plate with varying suction and heat source in the
presence of thermal diffusion was considered by Chandra et al. [25]. Heat and mass transfer in MHD mixed
convection flow on a moving inclined porous plate was investigated by Raju et al. [26]. Convective ramped
temperature and concentration boundary layer flow of a chemically reactive heat absorbing and radiating fluid
over a vertical plate in conducting field with Hall current was considered by Reddy et al. [27]. Magnetohydro
dynamic convective double diffusive laminar boundary layer flow past an accelerated vertical plate was
considered by Chandra et al. [28]. Hall current effects on unsteady MHD flow in a rotating parallel plate
channel bounded by porous bed on the lower half Darcy lap wood model were investigated by Harikrishna et al.
[29]. Hall current effects on MHD free convection flow through a porous medium bounded by a vertical surface
were also investigated by Reddy et al. [30]. Magneto-convective and radiation absorption fluid flow past an
exponentially accelerated vertical porous plate with variable temperature and concentration was investigated by
Reddy et al. [31]. Unsteady MHD free convective double diffusive visco-elastic fluid flow past an inclined
permeable plate in the presence of viscous dissipation and heat absorption was studied by Umamaheswar et al.
[32]. Soret effect due to mixed convection on unsteady magneto hydro dynamic flow past a semi-infinite
vertical permeable moving plate in presence of thermal radiation, heat absorption and homogenous chemical
reaction was considered by Raju et al. [33]. MHD rotating heat and mass transfer free convective flow past an
exponentially accelerated isothermal plate with fluctuating mass diffusion was considered by Phillip et al. [34].
Unsteady MHD free convection flow past an exponentially accelerated vertical plate with mass transfer,
chemical reaction and thermal radiation was considered by Chamkha et al. [35]. Numerical study has been
carried out by Umamaheswar et al. [36] onmagneto-convective and radiation absorption fluid flow past an
exponentially accelerated vertical porous plate with variable temperature and concentration in the presence of
Soret and Dufour effects. MHD transient free convection and chemically reactive flow past a porous vertical
plate with radiation and temperature gradient dependent heat source in slip flow regime was observed by Rao et
al. [37]. Motivated by the above studies in this manuscript an attempt is made to investigate heat and mass
transfer characteristics of a Newtonian fluid in the presence of Hall current.

Thus the aim of the present investigation is to analyze the effectsof Hall current and radiation of MHD
unsteady free convection heat and mass transfer flow of a viscous, electrically conducting incompressible fluid
near an infinite accelerated inclined plate embedded in porous medium which moves with time dependent
velocity under the influence of uniform magnetic field, applied normal to the plate. A general exact solution of
the governing partial differential equation is obtained by using Laplace transform technique.

Il.  Formulation Of The Problem
Consider unsteady free convection heat and mass transfer flow of a viscous incompressible and
electrically conducting fluid along an infinite non-conducting accelerated inclined plate with an acute angle «
through a porous medium. x* direction is taken along the leading edge of the inclined plate and y* is normal to
it and extends parallel to x*-axis. A magnetic field of strength B0 is introduced to the normal to the direction to
the flow.
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Initially for time t* < 0, the plate and the fluid are maintained at the same constant temperature T, in a
stationary condition with the same species concentration C; at all points. Subsequently (t* >0 ), the plate is
assumed to be accelerating with a velocity Uqf(t*) in its own plane along the x*-axis, instantaneously the
temperature of the plate and the concentration are raised to Tw and C, respectively, which are hereafter
regarded as constant. The flow of the fluid is assumed to be in the direction of the x*-axis, so the physical
quantities are functions of the space co-ordinate y* and time t* only. Taking into consideration the assumption
made above, in accordance with the usual Boussinesq approximation, the governing equations for unsteady free
convective boundary layer flow of viscous incompressible and electrical conducting fluid along infinite
accelerated inclined plate through a porous medium with hall current, radiation and thermal diffusion in two
dimensional flow can be expressed as:

Momentum equation:

du” — aZu* * * * * * * 9 * UB(% *
e = Vo +gB"(T" = Tx)cosa + gB™(C* — Cx)cosa ———u ~ S Y (1)
Energy Equation:

aT* _ K* a%r* 1 dq; N X

9 T he 097 pey oy Q (T"—-T.) 2
Concentration equatlon

ac* a2c”

at* M By*z DT By*z (3)

where u” velocity, T~ is the temperature, C” is the species concentration and g is the acceleration due to gravity.
The initial and boundary conditions corresponding to the present problem are

u*(y*,t*) =0, T*(y*, t*) =Ty, C*'(y*,t)= C; fory =0andt*<0
u*(0,t*) = uge®@ t'T*(0,¢t*) =T}, C*(0,t*) = C: fort*<0)u* -0, T">T;,C" = Cy* - ¢
andfort™ > 0(4)
The radiative heat flux q; is given by

Zqz = 4(T* — T)I*(5)

Where I* —f KAW ae“ di, K, is absorption coefficient and e, is Plank function.

To reduce the above equatlons into non-dimensional form for convenience, let us introduce the following
dimensionless variables and parameterS'

* * _ 2
Uy = :t]_g Ly = yﬁUo = % G, _ﬂgﬁTij ) M= 03{;)219'
0 pUQy
9C 9 C, —C; 9 T, —T;)D
R«:p p, Gm=gﬁC(v; )’SC:_' SOZ(W )t,
k Us; Dy (Cyp —C2)9
k*Ug ki w9 0*9?
k = 5 y= —, w=— ,Q = T
9J Uo U k * U
_(T-T) _(cr=c) o _ a019
o= T —Ts ¢= chL—Cr’ F= pCpUZ’ Qo = (6)

where Gr is the thermal Grashof number, Gm is the mass Grashof number, k is the permeability parameter, M is
the magnetic parameter, m is the hall current parameter, Pr is Prandtl number, Sc is Schmidt number, By is
thermal expansion coefficient, Bc is concentration expansion coefficient a,* is dimensional accelerating
parameter and other physical variables have their usual meanings.

With the help of (6), the governing equations (1) to (3) reduce to

2
3—u = a_u + G, (cosa)0 + G, (cosa)C — Nu(7)
220
ayZ Tat+(F+Q)9_O(8)
a%c
7 Scat +SSOa > —0(9)

M

Where M1 = m, = (E+M1)

The corresponding initial and boundary conditions in non-dimensional form are:
u(y,t) =0, 6(y,t) =0, Cy,t)=0 fory =>0andt*<0
u(0,t) = e®t,9(0,t) =1, C,t)=1 fort*>0)
u—-0 6-0, C—-0y>wand fort > 0(10)

I1l.  Solution Of The Problem
In order to obtain the analytical solutions of the system of differential equations (7) to (9), we shall use
the Laplace transform technique.
Applying the Laplace transform (with respect to time t) to equations (7) to (9) and boundary conditions
(10), we get
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0= %exp(—y\/ﬁ,/s +51)(11)
C= lexp(—y\/S_c\/E) —m, ! EXP(—}’x/S_c\/E) —m6leXp(—y\/5—c\/E)
s s+ ms s
™ —exp(~ySiVE) + my——exp(~yyBy5 T 5)
5 3
+mgexp(=yy/B/s +51) = e exp(=yyB s +5,)(12)
u(y, s) = f(s) exp(—y\/s + N) + @exp(—y\/s + N) +

+
S

exp(—st + N)

+s exp( y\/s+N)+ exp( y\/s+N)+ exp( st+N)
s —— exp(—y\/s + N) + Texp(—y./ P.\/s + Sl)
- 7:17()” exp(—y,/PT,/s +Sl)
9
1 m
—my3 —exp(—y,/SC\/E) + = 3512 exp(—y./S.Vs)
m
. + - > exp(— y,/ \/_) +< _ exp(—y/ScVs) + —=—exp(—y /P[5 + 5,)
mq, S + myq

m
a5+ 2
+;::—2m85exp(—y\/§1/s +51) (13)

Then, inverting equations (11) to (13) in the usual way we get the general solution of the problem for the
temperature 6(y, t), the species concentration C(y, t) and velocity u(y, t) for t > 0 in the non dimensional form
as

o e e () 4 e (2 + )] 0
C =erfc <yz\/\/5z_c> —mz{e_:3 eV mserfe <yz\/\/sf_c - W)
e (W 4 ) - (y JS_)
+eV 3erfc<2\/E +y—mst |1} — mgerfc 2T
+m6{ e mst [ VS M5 erf (yz\/_\/? - \/?515) + VSl mser fe (3’2\/_\? + —m5t>]}
st [e VP /-mstmigrfc <y2L\? - \/m>]

+eYVPr—mztmy erfc <)’2\/§ +./(—m3 + ml)t>}
+m6{% [e—yﬁ«/m_lerfc ();\/I;Tr — (Jmlt)) + ey\/P_T‘/m_lerfc (312\/1? + (,/mlt)ﬂ}

—mst

2:;13 exp(—y\/Fr,/s + Sl)

+m2{

—m6{ [e‘y*/_v_m“mlerfc(y\/_ NG m5+m1)t)
+ey\/_\/_m5+mlerfc<y‘/_+ (—ms +m1)t>]} (15)

- [e‘ymerfc (ZL\/E_W) +eymerfc (2%/?+ (ag +N)t>]

u(y,t) =
+0(y,t)(16)
Where @(y, t) = % [e‘y‘merfc (ZL\/? - \/N_) +e’Werfe ( + \/_>]

—mgt
+myy e [e T N g e <ﬁz - m) +
eyvtm‘ﬂ”\’erfc( \/_ (—mq +N)t)]
emlz

+msg

[erVmiztNerfc (7 —J(my, + N)t)
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The quantities of physical interest are the skin-friction due to velocity is given by

=

u

ay

)

y=0

= %[%exp(—(ao + N)t) +/ag + N[erfc({/(ap + N)t) — erfc(—+/(ao + N)t)]] +

&)
ay y=0

Where
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ay/,_, 2 lyme
+% —mot L/_nite—(N—nw)t + /(N —mg) (erfc (\/W) —erfc (_V (N - m9)t)>]
e—mizt L/_ —(N+m12)t
(N +my) (erfc (VI +mpe) —erfe (/N + mlz)t))]
LM m31 R L/_ e~(-m3)t 4 [N —my) (erfc (\/(N——m3)t) —erfc (—\/(N——W))]

+m232 e mst [\/_ ~W-ms)t 4 J(N —mg) (erfc(,/(N ms)t) — erfc(—(N — ms)t))]
1 oot [ o Womadt SOV =gy (erfe(y OV = man)e) — erfe(—J N —m)e) )|

nt

+@ [\/__ “mit 4 J(Bm (erfc(\/ t) —erfc(— /—))] mlO e—mot [\/_te_(ml_mg)t
ml_mgpfé’rfﬁﬂ] m9t—erfc—mil—m9t+mi13Sent+m352e—m12¢t- 2.5’mte—m12t+5€m12€rfcm12z—gr

Jce—ml12t +m152e—m3t-2Scntem3t+—m3Scerfc—m3t—erfc——m3t

+%em12t [%e—mlzt + M(erfc(\/@) - eTfC(_W))]
e (B8 gt + [T (o) = )|
# et 2 et G = (erfe (G = mas)e) = erfe (~ Gy =moe) )|

it

+n1223 e mst —zh e~mi=ma)t 1 [(m; —m3)P. <erfc (‘/(ml — m3)t) —erfc (—‘/(ml - m3)t))]

Vit
+%e_m5t = I g—(mi-ms)t 4 (my — mg)P, <erfc (,/(ml — ms)t) —erfc (—\/ (my — ms)t))]

Nusselt number
An important phenomenon in this study is to understand the effects of t, P, on the Nusselt number. In
non dimensional form, the rate of heat transfer is given by

ne==(5) = sl S (ersefm) - erse(- D)

dy =0

Sherwood Number
Another important physical quantities of interest is the Sherwood number which in non-dimensional form is

g (8(])
h="\3_
9/,

S, -2
= _\/; _ %emﬁ [ﬁemﬁ +/(—m3S,) (erfc(wl—mg,t) — erfc(—ﬁ/—m3t))]
JS.

+m
6[ it

meg

—ﬁ%ﬂ%WW+ew@@mw3@—mﬂ#3@m
e—m3t [_e—(mrms)t + 4/ (my — m3)Sc (erfc (m) —erfc (—m»]

% \/—ie_mlt +V(Bmy) (erfc(\/ﬁ) - erfc(—\/ﬁ))]

mg

[J_nit e~mims)t 4 [(my —mg)P, (erfc (\/ (m; — ms)t) —erfc (—w/(ml - m;)t))]

e—mst
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IV.  Results And Discussions

The system of transformed differential equations (7) - (9) subject to the boundary conditions (10) is
solved using Laplace transform technique. To understand the physical meaning of the problem, we have
computed the expression for velocity(u), temperature profile(8), Concentration(C), Skin friction (t), rate of heat
transfer in the form of Nussselt Number and rate of mass transfer in the form of Sherwood number for different
values of Prandtl number Pr, magnetic field parameter M, Hall current parameter (m), Grashof number (Gr),
modified Grashof number (Gm), Schmidt number (Sc), permeability parameter (k), Soret number (S,), radiation
parameter(F), Heat source parameter (Q), and inclination angle a.The consequences of relevant parameters on
the flow field are broken down and discuss with the help of graphs of the velocity profiles, temperature profiles,
concentration profiles and tables of Skin-friction coefficient, Nusselt number and Sherwood number.

The velocity profiles for different values of physical parametersare presented in figures 1-10. From this
it is observed that velocity increases as Pr, F, So, M, Gr, Gm, and Q increase respectively, while the velocity
decreases as Sc,aand m increase. The temperature profile for different values of Prandtl number Pr and
radiation parameter F are shown in figure 11& figure 12. It is observed Pr & F increase as temperature
decreases. Figure 13 shows the temperature profile for different values of Heat source parameter Q. It is
observed that the temperature decreases with the increase of Q.Figures 14 - 17 depict the variation of
Concentration filed C against Schmidt number Sc, Soret number S,, radiation parameter F, Heat source
parameter Q . It is noticed that the concentration increases with increase in F and Sorespectively, while the
concentration decreases as Sc and Q increase.

Table (1) displays that enhancing Prandtl number Pr, radiation parameter(F), Soret number Sy, Grashof
number Gr, Grashof number Gm, Source parameter (Q), Hall current parameter (m) results an increasing Skin-
friction coefficient.While it decreases with increase of Schmidt number Sc, magnetic field parameter M, Heat
inclination angle a.Tables (2) shows the effects of Prandtl number Pr, radiation parameter F, Heat source
parameter Q on rate of heat transfer (Nu). It is noticed that the rate of heat transfer increases with the increase of
Pr, F and Q. Table (3) exhibits that increasing Prandtl number Pr, Soret number S, radiation parameter F, Heat
source parameter Q, the rate of mass transfer (Sh) increases. Enhancing Schmidt number Sc, the Sherwood
number decreases.
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Fig 3: Velocity distribution for various values of F
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Fig 12: Temperature distribution for various values of Pr
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Fig 13: Temperature distribution for various values of F
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Fig 15: Concentration distribution for various values of F
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Table 1: Skin friction

Fig 18: Concentration distribution for various values of Q

Pr F Sc SO M Gr Gm Q 0 m T

0.71 200 | 2.00 | 1.00 | 2.00 | 2.00 | 200 | 3.00 | 052 | 050 | 717.04
0.90 200 | 2.00 | 1.00 | 2.00 | 2.00 | 2.00 | 3.00 | 0.52 | 0.50 | 75069120.91
071 | 500 [ 2.00 | 1.00 | 2.00 | 200 | 200 | 3.00 | 0.52 | 0.50 | 34181.88
0.71 2.00 | 3.00 | 1.00 | 200 | 2.00 | 2.00 | 3.00 | 052 | 050 | 285.01
0.71 200 | 2.00 | 150 | 2.00 | 200 | 200 | 3.00 | 0.52 | 0.50 | 1027.15
0.71 2.00 | 2.00 | 1.00 | 250 | 2.00 | 2.00 | 3.00 | 052 | 0.50 | -194.66
0.71 200 | 2.00 | 1.00 | 2.00 | 3.00 | 200 | 3.00 | 0.52 | 0.50 | 778.03
0.71 2.00 | 2.00 | 1.00 | 2.00 | 2.00 | 3.00 | 3.00 | 0.52 | 0.50 | 1027.39
0.71 2.00 | 2.00 | 1.00 | 2.00 | 2.00 | 2.00 | 5.00 | 0.52 | 0.50 | 6409.70
0.71 200 | 2.00 | 1.00 | 2.00 | 2.00 | 200 | 3.00 | 0.79 | 0.50 | 594.77
0.71 2.00 | 2.00 | 1.00 | 200 | 2.00 | 2.00 | 3.00 | 052 | 1.00 | 898.51
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Table 2: Nusselt Number

Pr F Q Nu
0.71 2.0 3.00 3.76
0.9 2.0 3.00 4.23
0.71 5.0 3.00 4.77
0.71 2.0 5.00 4.46

Table 3: Sherwood Number

Pr F Sc S0 Q Sh

071 | 20 2.0 1.00 3.00 | 77.61
0.9 2.0 2.0 1.00 3.00 | 310.27
071 |50 2.0 1.00 3.00 | 441.65
071 |20 3.0 1.00 300 | 3577
071 | 20 2.0 1.50 3.00 | 11371
071 |20 2.0 1.00 5.00 | 186.52

V.  Conclusions

In this study, a general analytical solution for the problem of Hall current and Radiation effects on
MHD free convective Heat and Mass transfer flow past an accelerated inclined porous plate with Thermal
diffusion have been determined using Laplace transform technique. The expressions for Velocity, temperature,
concentration, Skin friction, the rate of heat transfer in the form of Nusselt number and the rate of mass transfer
in the form of Sherwood number have been derived and discussed through graphs and tables. From the study the
following conclusions can be drawn:
» The velocity profile increases with increase in Pr, Gr, Gm, Q,F, So, and M while it decreases with increase

in Sc, mand a.

» The temperature decreases with increase in values of Prand F.
» The temperature decreases with increase in values of Q.
» The Concentration increases with increase in Fand So, while it decreases with increase in Sc and Q.
» Velocity on skin friction increases with increase in Pr, Gr, Gm,So, F, Q and m, while it decreases with
increase in Sc, M and a.
» The rate of heat transfer expressed in terms of Nusselt number increases with increase in Pr, F and Q.
» The rate of mass transfer expressed in terms of Sherwood number increases with increase in Pr, F, So and
Q, while it decreases with increase in Sc.
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