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ABSTRACT
The present article analyses the significance of melting heat transfer in presence of Hall current on the laminar
slip flow over an exponentially stretching surface in an electrically conducting incompressible viscous fluid. The
numerical solutions to the governing equations are evaluated using a local similarity and non-similarity
approach along with successive linearisation procedure and Chebyshev collocation method. The influence of
pertinent parameters on the velocity, temperature, concentration, heat and mass transfer rates is analyzed.
Tabular values for the skin-friction for the physical parameters are displayed. It is seen that increasing the
value of melting parameter temperature and concentration reducing while, both the velocities increases.
Moreover, a comparative analysis is conducted between the results obtained and known results in the literature
for the specific values of the physical parameters, and are found to be in excellent agreement.

KEYWORDS: Heat and Mass transfer, Hall Current, Melting Condition.

I. INTRODUCTION

Owing to numerous applications in engineering and manufacturing process, the heat and mass transfer
in the boundary layer flow of continuously stretching surfaces has attracted by many researchers. The cooling
process of metallic sheets, crystal growth, the boundary layer along a liquid film condensation process, the
aerodynamic extrusion of plastic sheets polymer and glass industries are some of applications of these flows.
The pioneering works of Sakiadis [1] motivated the several researchers to analyse the flow, heat and mass
transfer characteristics of stretched flow problem via diverse physical conditions.

The Hall term representing the Hall current used to be overlooked as it has no outstanding result for
small and average values of the applied magnetic field when applying the Ohm's law. The effects of Hall current
are very predominant, when magnetic field of high strength is applied. The investigation of influence of Hall
current theoretically on MHD flows has been given high priority as a result of its spreading applications in
recent years such as in electric transformers, pumps and power generators, refrigeration coils, in flight MHD,
Hall accelerators, cool combustors, electronic system cooling, thermal energy storage. Several researchers ([2 —
8] etc.) considered the flow problems with Hall Effect via various physical conditions and geometries.

Though there are some investigations on the heat and mass transfer along an exponentially stretching
surface, the combined effects of Hall currents, melting condition and velocity slip have admitted no attention so
far. Hence, in this article, we made an attempt to analyze these effects on the boundary layer flow, heat and
mass transfer process over porous sheet stretching exponentially.

1. MATHEMATICAL FORMULATION
Consider a two dimensional laminar slip flow of electrically conducting viscous incompressible fluid
with a temperature T,, and concentration C,, over an exponentially stretching permeable surface. The Cartesian
framework is selected by taking positive X—axis along the sheet and ¥ — axis orthogonal to the sheet as shown

in the Fig. 1. The stretching velocity of the sheet is assumed as U«(X) = U, e¥'" ., where Uy is the reference

velocity, X is the distance from the slit and L is the reference length or scaling parameter. A magnetic field of

strength B(X)= By e*/?L  where B, is the constant magnetic field, is applied orthogonal to the sheet without
neglecting the influence of Hall current. The assumption of small magnetic Reynolds number allows to neglect
the induced magnetic field in contrast to applied magnetic field, due to which the flow becomes three

dimensional. (Uy,U,,0,) is the velocity vector, T is the temperature and C is the concentration. The

suction/injection velocity of the fluid through the sheet is Vo(X)=V, eX'2L | where V, is the strength of

suction/injection. Further, the slip velocity of the fluid is assumed as N«(%X) = No e *'2" | where Ny is the
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velocity slip factor. The fluid is considered to be a gray, absorbing/emitting radiation, but non-scattering
medium. It is also assumed that the temperature of the melting surface is T.,( X) and concentration C,(X). The
Rosseland approximation [9] is used to describe the radiative heat flux in the energy equation.

Finally, we assume the fluid is isotropic, homogeneous, and has the scalar constant viscosity and
electric conductivity. Hence, the above assumptions along with the Boussinesq and the boundary layer
approximations, the present flow problem governed by the equations are given by

a—af+ai~y=0 (1)
ox oy
oa od, 820 oB?
l]x :(+G - g (T -T, )+gﬂ (C m)_—(ax+ﬂaz) (2)
x ey ay & c P+ 57) '
~ ~ 2~
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{I‘] = B{]ﬁf’T
Uniform magnetic field
where g, is Hall parameter, fg; is coefficient of thermal expansion, . is coefficient of solutal expansion, g is

the acceleration due to gravity, ¢ is the electric conductivity, Cp is specific heat at the constant pressure, Cs is
concentration susceptibility, p is density, v is the kinematic viscosity of the fluid, D is the mass diffusivity and o
is the thermal diffusivity.

The conditions on the surface of the sheet are

ol

=U. + N a,=0T=T,,

x%zp[ﬂmﬂm—To)](ay+ﬂ(x,y>),é=cm at §=0 (©)

i, »0,0, 50T >T,C>C, as §—o

where S (xy) = Vo e ¥?“and V, is a constant.

Introducing the following dimensionless variables
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£=xL,§=y e2L,1//—J2vLU eZLF(x y),

% %
U, =UgetF', G, =~ /VZU_LO e2'-(F +YyF"), 0, =UeetW(x,y) (7)
T=Tn+( T, ~T)T(xY), C=Cp+(C,~Cyp)C(xy)

into Egs. (1) — (5), we obtain

F"+FF"—2F'"2 +2Ri e*(T +BC) - HaZ(F’+ﬂhW)+2(F”ﬁ a':j 0 (8)
1+ 6, OX X
W"—2FW + FW' + Haz(,b’hF’—W)+2[W’aF—F’aWJ 0 (9)
1+ 55 oX oX

1 1+4R T"+FT'+2 T'ﬁ—F’ﬂ =0 (10)
Pr 3 OX OX
Lerircsgc® L) (11)
Sc oX ox
The corresponding boundary conditions reduce to

F’(x,0)=1+/1F”(x,O)W(x0)=O T(x,0)=0,
M, T'(x,0) + PrF (x, O)+2Pr (xO) PrS,C(x,0)=0, (12)

F'(x,y) > 0,W(x,y) > 0,T(X, y) —>1,C(x, y)—>las y—>o

where S =V, \/ﬁ is the suction or injection parameter according as S > 0 or S < 0 respectively, Sc =v/D
is the Schmidt number, A = Ny W is the velocity slip parameter, Pr = v/a is the Prandtl number,
Re = Uy Liv, Gr =g B To L% v* and Ri = Gr/Re” are the Reynold's, Grashof number and Richardson numbers,

respectively, R = 46" T.2 /k k* is the radiation parameter, B = S (C,—-C )/ 5 (T, —T,) is the buoyancy ratio
and the prime denotes derivative with respect to y.

The non-dimensional skin friction in X -direction Cg, =27,5/pU2, local skin-friction in 2 - direction

Ce, =27,,/ pUZ, the local Nusselt number Nu, =%q, /x(T,-T,) and local Sherwood number
Shy = Xq,,x(C,, —C,,) , are given by

,fR ./Re
Crx = F'(x,0), = Crix =W'(x,0),

J2x7L Jxit 13)
_ N [1+EJT (x,0) and L——C'(x 0)
Jix/2,[Re, 3 Jix/2,[Re, ’

where Re, = X U«(x) / v is the local Reynolds humber.

I11. NUMERICAL SOLUTION
The numerical solutions to Egs. (8) to (11) together with Eq. (12) are evaluated using a local similarity
and non-similarity method [10], successive linearisation and then pseudo spectral method ([11], [12]).

I11(i). LOCAL NON-SIMILARITY METHOD
The initial approximate solution can be obtained from the local similarity equations for a particular

case X<<1 by suppressing the terms x(o/ox). As there are no terms accompanied with x(&/0x)in (8) — (11),
there is no change in the governing equations and boundary conditions.
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In the second step, introduce G=0F/ox, H=W/ox, J=0T/ox and K=0C/ox to get back the
suppressed terms in the first step. Thus the second level truncation is

F7+ FF"—2F 4 2Ri e (T +BC) - —2_(F'+ W) +2(F'G~F G) =0 (14)
1+ 467
W= 2FW + FW'+ 2 (4 F'_W)+2(WG - FH) (15)
1+ 6,
L1+ 2R Fra2(T6-FI) =0 (16)
Pr 3
éc"+FC’+2(C’G—FK)=O an

The associated boundary conditions are

F'(x,0) =1+ AF"(x,0), W(x,0)=0, T(x,0)=0,

M, T'(x,0)+ PrF(x,0) + 2PrG(x,0) = PrS,, C(x,0)=0, (18)
F'(x,y) > 0W(x,y) > 0,T(x,y) >1C(x,y) >l as y—>xo

In the third step, differentiate Eqs. (14) — (17) with respect to x and neglect terms accompanied with 6G/ox,
oH /ox, 8 /ox and oK /ox, then we get

G"+FG"+GF"~4F G+ 2Ri e ?*(J + BK - 2T —2BC)

H ’ " 2\ _ (19)
_1+;h2 (G'+4H)+2(G"G-G")=0
H"—2(GW+F1—|)+GW’+FH’+1Ha2(ﬂhG'—H)+2(H’G—G’H)=O (20)
* Ph
i(1+£jJ”+GT'+FJ’+2(J'G—G’J)=O (1)
Pr 3
éK”+FK’+GC’+2(K’G—G’K):O 22)

The associated boundary conditions are

G'(x,0)=4G"(x,0),H(x,0)=0,J(x,0) =0,

M, J'(x,0)+ PrG(x,0) =0,K(x,0)=0 (23)
G'(x,0) = 0,H (X,90) = 0, J(X,00) — 0, K(X,0) — 0

11(ii). LOCAL NON-SIMILARITY METHOD
Let I'(y) =[F,W,T,C,G, H, J,K] and assume that

r(y) =ri(y)+§ ro(y) (24)

where T5;(y) (i=1,2,3,...) are unknown functions that are determined by recursively evaluating the linearised
version of the (14) to (23) after introducing Eq. (24) into them and T',(y) (r=1) are known functions
determined from previous iterations.

" . Ha B -
F " riafi ™ 2ziaF '+ asiah _a_thi +2Ri e 2X(T, + BC))

1+ B¢ (25)
+214,i4Gi + 215146 = C1ia
Xovia b+ Xo2iaF AW " 2oz iaaWi '+ Xoa i W + X051 4Gi + 206 Hi = G0 (26)
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1 1 4R n 1]
XariaFi 't XsiaF +E[1+?]Ti + Xagiali + XaaiaGi + Xasi19i =63 27)
. 1., .
XaiaF F XaziaFi +§Ci + Xa3i2Ci " Xa4,iaGi + XasiaKi =Caia (28)
Xs1iaF "t Xs2ia Rt xs3iaF + (4RI e_zx)(Ti +BGCi) +G "+ ¥54i4Gi "
. H, 5 . o (29)
+X65,i-1G; "+ Xs6,i-1Gi — liﬂ’zh H; +(2Ri e)J; +(2BRi e )K; = 5,4
h
Xevi-iFi * XeoiaFi + Xes,i-Wi + Xea,i-Wi + Xesi1Gi + Xe6,i1Gi + Hi " (30)
+Xe7,i-aHi + XegiaaHi = 6
, , 1 4R Y ,
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. . 1. .
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where the coefficients y, ,; and ¢, ; 4, (I, k=1, 2, 3,..., 8) are in terms of the approximations F,W;,T; and
C,,(i=123,.., n—1) and their derivatives.

111(iii). CHEBYSHEV COLLOCATION METHOD
The linearized equations obtained in section I11(ii) are solved using the Chebyshev collocation procedure
[12]. In view of numerical computations, the region [0, ) is truncated to [0, L] for large L, where L is the
scaling parameter. In order to apply Chebyshev collocation procedure, the interval [0, L] is converted to [-1, 1]
by the mapping
f=2Ty—1, _1<7<1 (33)
The unknown functions T(y) (i=1,2,3,...) and their derivatives expressed in terms of Chebyshev polynomials

Y, (7) =cos(k cos (7)) at Gauss-Lobatto collocation points 7, =cos(zm/N), m=0,1,2,.. .Nas

~ N ~ - dor N 4 ~
ri (T) = z ri (Tk )Yk (Tm ), and ar = z kari (Tk) (34)
k=0 dy k=0

where D = 2D/L with D is the Chebyshev derivative matrix and a is the order of the derivative.
Substitution of Eq. (34) in Egs. (25) to (32) gives

A X =0, (35)
where A;_; isa 8" order square matrix with elements as (N + 1)™ order square matrices in terms of the
coefficients y;'s. X; and [, are 8™ order column vectors with (N +1)x1 column vectors as elements in

terms of I'; (7 ) and x,; ;. Hence, the solution can be obtained by solving the matrix system (35), after
implementing the boundary conditions.

IV. RESULTS AND DISCUSSION
To elucidate the significance of relevant parameters, the numerical calculations are carried out by
taking Sc = 0.22,Pr=1.0, B =0.5,5=0.5 Ri=0.1, g, =0.5% H,=0.5 M,,=0.5,4=1.00,R=0.5x=0.2,
N =100 and L = 20 unless otherwise mentioned.

The variation of tangential velocity with the influence of g, , My, R, A and S is shown in the Figs. 2(a)

— 2(e). Increase in the value of Hall and melting parameters enhances the velocity of the fluid as shown in the
Fig. 2(a) and 2(b). It is noticed in the Figs. 2(c) and 2(d) that the fluid velocity diminishes with increase in the
value of thermal radiation and velocity slip parameters. Figure 2(e) narrates that the fluid velocity in the
boundary layer reduces with wall fluid suction. This is due to the fact that the wall suction has the tendency to
reduce the momentum boundary.
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Figures 3(a) — 3(e) represents the variations of the transverse velocity for distinct values of g, , My, R,

A and S, respectively. It is noticed from the Fig. 3(a), that there is no secondary flow velocity in the absence of
Hall parameter. As the values of g, increase, the cross flow is generated and reaches to a maximum for every

profile and then falls to zero. It is noticed form the Figs. 3(b) and that the transverse velocity increases with
increase in the value of melting parameter. While, an opposite trend is noticed with increase in the thermal
radiation as shown in the Fig. 3(c). Figures 3(d) and 3(e) exhibits that the transverse velocity decreases with the
increase in slipperiness and wall fluid suction.

Figures 4(a) — 4(e) are due to the variation of temperature profile for distinct values of g, , My, R, A

and S. An enhancement in the value of f, , the effective thermal conductivity of the fluid escalates and hence

temperature enhances as shown in the Fig. 4(a). It is observed from Fig. 4(b) that the temperature decreases with
enhance in the value of M,,. The effective convective potential flow between the melting surface and ambient
fluid in the medium reduces with increase in the thermal radiation parameter. Therefore, temperature of the fluid
reduces in the boundary layer as portrayed in the Fig. 4(c). Figures 4(d) and 4(e) shows that the fluid
temperature decreases with velocity slip and enhances with fluid suction.

The variation of concentration profile for distinct values of g, , M,,, R, > and S is portrayed in the Figs.

5(a) — 5(e). From Figs. 5(a) and 5(b), it is seen that the concentration increases as strengthening the Hall
parameter and reduces by strengthening the melting parameter. As the values of radiation parameter escalates,
concentration boundary layer enhances and hence, concentration rises as shown in the Fig. 5(c). It is observed
that the concentration reduces with velocity slip at the boundary and increases with fluid suction as shown in
the Figs. 5(d) and 5(e), respectively.

The influence of g, , My, R, A and S on the rate of heat absorption against non-similar variable x is

explored in the Figures 6(a) — 6(e). It is observed from the Fig. 6(a) that the rate of heat absorption enhances
with an increase in the value of Hall parameter. As expected, enhancing the value of melting parameter M,,, the
rate of heat absorption decreases as portrayed in the Fig. 6(b). The rate of heat absorption increases with an
increase in the value of thermal radiation parameter R as depicted in the Fig. 6(c). Further, in the absence of
thermal radiation, minimum rate of heat absorption occurred and as strengthening the radiation, the rate of heat
absorption increased as shown in the Fig. 6(c). The effect of A on the rate of heat absorption is presented in the
Fig. 6(d). It is evident from the figure that the rate of heat absorption reduces with an increase in velocity slip
parameter A. Figure 6(e) shows that the rate of heat absorption increases with an increase in the fluid suction at
the boundary of the stretching surface.

The influence of g, , My, R, A and S on the rate of mass absorption against non-similar variable x is
explored in the Figures 7(a) — 7(e). It is observed from the Fig. 7(a) that the rate of mass absorption increases
with an increase in the value of g, . As expected, enhancing the value of M,, the rate of mass absorption

decreases as portrayed in the Fig. 7(b). The rate of mass absorption increases with an increase in the value of
thermal radiation parameter R as depicted in the Fig. 7(c). Further, in the absence of thermal radiation, minimum
rate of mass absorption occurred and as strengthening the thermal radiation, the rate of mass absorption
increased as shown in the Fig. 7(c). The effect of A on the rate of mass absorption is presented in the Fig. 7(d). It
is evident from the figure that the rate of mass absorption decreases with a raise in A. Figure 7(e) shows that the
rate of mass absorption enhances with a raise in the fluid suction.

The variations of F"(x,0) and W'(x,0) for diverse values of pertinent parameters are tabulated in Table
(2). It is displayed in the table that, both the skin-friction F"(x,0) and W'(x,0) reduces with fluid suction. Table
(1) shows that, the skin-friction in both directions are increasing in presence of Hall and melting parameter,
which results in reducing the boundary layer and therefore, higher velocity gradient at the surface. On the other
hand, both the skin-friction reduces with increase in thermal radiation parameter. Increase in the velocity slip,
skin-friction in X -direction increases and decreases in Z -direction. While, an opposite trend is observed in
presence of magnetic parameter H,.

V. CONCLUSIONS
This article addresses the effect of radiative melting heat transfer on the laminar slip flow due to
incompressible viscous fluid on a porous stretching sheet in presence of Hall effect. A local similarity and non-
similarity method along with successive linearization together with Chebyshev spectral collocation method is
used to find the solution of the governing equations. The main conclusions of the present study are as follows.
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Tabe 1: Effect of S, g, , Ha, M, Rand 4 on F"(x,0) and W'(x,0).

s B Ha My R 2 F'(x,0) W'(x,0)

0.2 1.0 05 1.0 05 05 -0.673300 0.084031
0.1 1.0 05 1.0 05 05 -0.684868 0.084213
0.0 1.0 05 1.0 05 05 -0.696508 0.084261
0.1 1.0 05 1.0 05 05 -0.708232 0.084172
0.2 1.0 05 1.0 05 05 -0.720043 0.083949
05 0.0 05 1.0 05 05 -0.790537 0.000000
05 05 05 1.0 05 05 -0.777692 0.060241
05 1.0 05 1.0 05 05 -0.756019 0.082489
05 15 05 1.0 05 05 -0.740000 0.081943
05 1.0 0.0 1.0 05 05 -0.706334 0.000000
05 1.0 05 1.0 05 05 -0.756019 0.082489
05 1.0 1.0 1.0 05 05 -0.799511 0.138088
05 1.0 2.0 1.0 05 05 -0.871550 0.212770
05 1.0 05 0.0 05 05 -0.816379 0.077840
05 1.0 05 1.0 05 05 -0.756019 0.082489
05 1.0 05 2.0 05 05 -0.724416 0.083838
05 1.0 05 3.0 05 05 -0.704375 0.084226
05 10 05 1.0 0.0 05 -0.738263 0.083380
05 1.0 05 1.0 05 05 -0.756019 0.082489
05 10 05 10 1.0 05 -0.767282 0.081783
05 1.0 05 1.0 2.0 05 -0.780430 0.080825
05 1.0 05 1.0 0.5 0.0 -1.429483 0.112351
05 1.0 05 1.0 05 05 -0.756019 0.082489
05 1.0 05 1.0 05 1.0 -0.527896 0.068146
05 1.0 05 1.0 05 2.0 -0.335124 0.052413

Both the velocities of the fluid reduces when the values of R, X and S are increasing. While, increases
with rise in the values of g, and M,,.

Temperature escalates with rise in £, and S and falls with an increase in M,,, R and A.

As the Hall, radiation and suction parameter increases the concentration of the fluid increases and
decreases with increase in the values of melting and velocity parameters.
Both the skin-friction enhances with rise in My, and £, . Whereas reduces with a rise in fluid suction.

The rate of heat absorption decreases as the values of melting and velocity slip parameter increases and
increases with increase in Hall, radiation parameters and fluid suction.

The rate of mass absorption escalates with a rise in the Hall, radiation parameters and fluid suction. But
a reverse behavior is observed in presence of melting and velocity slip parameters.
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