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Abstract. Effects of viscous dissipation and joule heatingiiD-free convection flow
of an electrically conducting fluid bounded by #atmg semi-infinite vertical plate in the
presence of the combined effect of Hall and iop-slirrents at surface temperature will
be investigated. Also, a strong transverse magfietitis imposed perpendicularly to the
plate on the fluid. The governing equations of firigblem contain the nonlinear coupled
partial differential equations. Firstly the govemidifferential equations are transformed
into similar ordinary coupled and non-linear eqoiasi by introducing proper non-
similarity variables and solved numerically usingdtsheim-Swigert shooting iteration
technique. The effects of various parameters orvéhecity and temperature profiles as
well as the local shear stresses and the localéfuasmber are presented graphically.
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1. Introduction

Magneto hydro-dynamic free convection flow of arcleally conducting fluid along a
heated semi-infinite vertical flat plate in the preseof a strong magnetic field has been
studied by Sparrow and Cess [1]. In this study| Hatl ion-slip terms were ignored in
applying Ohm’s law as it has no markeffeet for small and moderate values of the
magnetic field. However, the current trend for tpplization of magneto-hydrodynamic
is towards a strong magnetic field, so that the émibe of the electromagnetic force is
noticeable. Under these conditions Hall and lop-slirrents are important and they have
a marked ffect on the magnitude and direction of the curremtsity and consequently
on the magnetic force term. The problem of MHD foemvection flow with Hall and
ion-slip currents has many important engineeringliegtions, e.g. in power generators,
Hall accelerators and flows in channels and duatsskin M.A [2] studied theffect of
viscous and Joule heating on the flow of an eladtyic conducting, viscous,
incompressible fluid past a semi-infinite plate vathrface temperature varying linearly
with the distance from the leading edge in thegmes of a uniform transverse magnetic
field. Abo-Eldahab and El Aziz [3] have studied wigs dissipation and joule heating
effects on MHD-free convection from a vertical platith power-law variation in surface
temperature in the presence of Hall and ion-slipesis and the derived fundamental
equations are solved numerically. But the rotafilgte have not considered in [3].
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Kutub Uddin et. al. (2012)[4] studied tlRadiation-conduction Interaction with Steady
streamwise surface temperature variations oventicagkecone. Haque et. al. investigate
the Ekman boundary layer mixed convective heasfearflow through a porous medium
with large suction. Saidul Islam studied the MHDeé&Convection and Mass Transfer
Flow with Heat Generation through an Inclined Plate

Our aim is to study the effects of viscous dissgratind joule heating on MHD-

free convection flow of an electrically conductifigid bounded by a rotating semi-
infinite vertical plate in the presence of the camshl effect of Hall and ion-slip currents
at surface temperature.

2. Governing equation
Consider a steady, laminar, incompressible, freeve@ction boundary layer flow of an
electrically conducting and heat generating/absampituid along a vertical semi-infinite
rotating plate with the origin at the leading edge.

Let X and y axes are parallel and normal, .
respectively, and let the axis be coincident with Flat Plate l
the leading edge of the plate. The surface £
temperature on the heated plate is assumed to B, .
vary according to the power-law form Y

T,=T,+ AX', where A is constant and is

exponent. An external strong magnetic is applied
in they-direction and has a constant flux density {
B,. The magnetic Reynolds number of the flow

is taken to be small enough so that the induced9:: Sketen thth;phygca' mode
distortion of the applied magnetics field can be theflow

neglected. The electron—atom collision frequen@ssumed to be relatively high, so that
the Hall and ion-slip ffects cannot be neglected. THfeet of Hall current gives rise to a

force in the z-direction, which induces across flavthat direction, and hence the flow
becomes three-dimensional. To simplify the analygésassume that there is no variation
of flow and heat transfer quantities in the z-dimttwhich is valid if the plate would be

of infinite width in this direction. Assuming theapé to be electrically non-conducting,

the generalized Ohm's law give3 =0 everywhere in the flow. The governing

Leading edge

equations for this investigation are modified tdude viscous and Joule heatinfieets
with the generalized Ohm's and Maxwell’'s laws. Witte usual boundary layer and
Boussinesq approximations the problem is goveryeatido following equations;

The Continuity equation;

a_u + Q =0 (1)
ox oy

Momentum equation irx-direction;
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Energy equation;
o, T AT K(¥T), Q. (af [a_vT %GB (sid
x Y Voy pC;LNJ pC;, o pq[ oy ++pCp(a§+,8§)( @

with the corresponding initial and boundary corfif are

U—»O,W—> O,T—>-|:° atXZO, y>0
u=0,v=0,w=0, T=T,(X= T+ AX aty0, %0 (5)
U—»O,W—>O,T—>-|; at Y-

where(u,v, w) are the velocity components along they, z) axes, respectivelyl be
the fluid temperatureg, is the electrical conductivity€ is the electron chargep, v and
C, are the density, kinematic viscosity and spedifgat at constant pressure of the

fluid, respectively.3, Q, g andKk are the coefficient of thermal expansion, volumsetr
rate of heat generation, acceleration due to gravitl thermal conductivity , respectively
a,=1+ BB, , B.and B are Hall and lon-slip currents.

3. Mathematical formulation
In order to solve Equations (1)-(4) under the baupaonditions (5), we adopt the well-
defined similarity analysis to attain similaritylstions. For this purpose, the following

similarity transformations are now introduced;
-1 1 -1

n=Cyx* ¢=x2L% ¢= 4UCX4f(<"7)

1
; T-T g/)’[T(X)—T]j4
w=4C*xe g(én) 6= ©_ C= w = 6
e ©)
1 1
_oB/L? p- voc, E gBL _ QL
200C* "k c, ' 2pcyC?
The continuity equation is satisfied by
_oy _oy
u=——andv=-—- 7
oy v=-— (7)
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-1

u=4uCx? f(£47) and v=-vCx * {(n+3) f(&.n)+ 2{3—;+(n—]) f (5/7)} (8)

Using the above equations (6 to (8),we can shotv tha equations (1)-(4) reduce to the
below form
Hence the reduced equations are

2M ¢ . Of

£ +(n+3) ff -2+ 1)f" +¢9—0/e +ﬁe @ f +p8.9)+ Rg= 2£(f E) 9)

. : . 2M - _ ag . Of

g -2(n+1) f'g+(n+3 fg % ,8 ~ @, g-pB. f)- Rf= 2‘(“05 gﬁ) (10)
8'\/'ch3

6 +(n+3) 16 -4nf 0+ 20+ 4°E (1 + G oo (F+ G )= :f(f— e—)(l)

o} 2+ 7

and the corresponding boundary conditions become

atn=0  f(£0)=0 3f(50)+256f(‘20)

atn=o f'(£0)=0 g(£,0)=0 6(&,0)=0
(13) Also, the Skin-friction coefficient may beitten as follows:

=0, 9(£,00=0, 6(5,0)=1 (12)

1
O h(x)=-kCx 46 (£,0) (14)
The rate of heat transfer is given by
1 1
ONu, =—(GCr, )48 (£,0 15
u=75(Gr):0 () (15)

4. Numerical technique
The set of nonlinear ordinary differential equati@f) to (11) with boundary conditions
(12)-(13) were solved numerically using Nacthsh&igert iteration technique with a

systematic guessing of (0), g'(0) and &(0) by the shooting technique until the
boundary conditions at infinityf (0), g(0) and 8(0) decay exponentially to zero. The
step sizeAr7=0.01 is used while obtaining the numerical solution hwjt, , and
accuracy to the fifth decimal place is sufficient Eonvergence. A step size &fy =0.01
was selected to be satisfactory for a convergeniterion of 107 in nearly all cases.
The maximum value ofr,, to each group of parametery,M? and m determined
when the values of unknown boundary conditiong at0 not change to successful loop

with error less tharl0’. Effects of chemical reaction, heat and mass transfe
nonlinear MHD boundary layer flow over a porousimsking sheet is studied in the
presence of suction. In the following section, ibgults are discussed in details.
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5. Results and discussion

The governing boundary layer equations (9) to @ibject to the boundary conditions
(12)-(13) are approximated by a system of non-lineinary diferential equations
replacing the derivatives with respectfdby two-point back ward finite fference with

step size 0.01. The results of the numerical coatjmuts are displayed in Figs. 2-19. For
the change of magnetic parame(tm), the primary velocity decreases, secondary

velocity and temperature distributions have betrstilated in Figure 2-4. From these
figures it has been observed that the primary Vglaecreases as the increasing values
of the magnetic parameter and the Secondary veliuireases with the increase of
magnetic parameter and there are minor effectsimpérature distribution. For the

change of Eckert numbeéEc) , the primary, secondary velocity and temperature

distributions have been illustrated in Figs 5-7,eveh secondary velocity and the
temperature distribution with the increases of Echkamber. From Figs 8-10, it has been
observed that the primary velocity and secondahycity decreases with the increase of
rotational parameter and temperature distributidth thhe increasing values of rotational
parameter and the secondary velocity decreaseglhvetimcrease of rotational parameter.
For the change of hall paramefgr, the primary, secondary velocity and temperature

distributions have been illustrated in Figs 11H&m these figures it has been observed
that there are minor effects in the primary velptitit small increment and temperature
distribution with the increasing values of hall aeter parameter and the secondary
velocity decreases with the increase of hall pataméd-or the change of ion-slip
parametep3 , the primary, secondary velocity and temperatustridutions have been

illustrated in Figs 13-15. From these figures it leeen observed that there are minor
effects in the primary velocity but small decremantl temperature distribution with the
increasing values of ion-slip parameter and theorsgary velocity increases with the
increase of ion-slip parameter. For the change et labsorption parameter, the

primary, secondary velocity and temperature distidms have been illustrated in Figs
17-19. From these figures it has been observedittieaprimary velocity distribution is

increasing with the increase o heat absorptionrpeter and there are minor effects in
temperature distribution with the increasing valoésieat absorption parameter and the
secondary velocity decreases with the increasetafional parameter. From Figs 20-22,
it has been observed that the primary velocity tiedsecondary velocity increases with
the increase of temperature power coefficient mperature are decreases with
increasing values of the temperature power coefftohumber. For the change of Prandit

number(R), the primary, secondary velocity and temperatus¢ridutions have been

illustrated in Figs 23-25. From these figures it Haeen observed that the primary
velocity and temperature are decreased as theasioge values of the Prandlt number
and the Secondary velocity increases with the asgef PrandIt number.
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Since the physical interest of the problem, theetisionless skin-friction coefficient
(—f") ,in X -direction , skin-friction coefficienl(—g') in z -direction and the

dimensionless heat transfer réteﬂ) are plotted against heat source paramgtand
illustrated in Fig. 26-45. For the change of ma'gmp‘arametefM), the skin-friction
coefficient(— f ) along x-direction, the skin-friction coefficielfut—g') along z-direction
and the dimensionless heat transfer (a{é) are plotted against heat source parameter

y for the different values of Magnetic parameterm where
P=0.72, R=1.0,E=034= 058= 10n= 0 y=0.01 and ¢&=04
illustrated in Fig. 25-4.6.26. From these figurelkas been observed that the skin-friction

coefficient(—f ) along X-direction decreases as the increasing valueseofrthgnetic

parameter and the skin-friction coefficieéﬁg') along z -direction increases with the
increase of magnetic parameter but there is a maffect in the dimensionless heat
transfer raté—e'). For the change of Eckert numiEt), the skin-friction coefficient
(—f") along X -direction, the skin-friction coefficierﬁt—g') along z-direction and the

dimensionless heat transfer r#teﬂ) are plotted against heat source paramgtésr

the different values of Eckert numi{é&, ) whereP, =0.72, R= 1.0 M =1.0, 4 =0.5,
B.=1.0,n=0.0 y = 001and ¢ = 0.4 illustrated in Fig. 28-29. From these figuresash

been observed that the skin-friction coeffici(eﬂf ) along x-direction decreases as the
increasing values of the Eckert number. But the-&fction coefﬁcien(—g') along z-
direction and the dimensionless heat transfer (raﬁé).have minor effects as the
increasing values of the Eckert number. For thengbaof rotational paramet(eR) , the
skin-friction coeﬁicient(—f") along X -direction, the skin-friction coefﬁcier(t—g')
along z-direction and the dimensionless heat transfer(ra&é) are plotted against heat

source parametery for the different values of rotational parameterheve
P=072,M=10,E = 038= 058,= 10n= 0 y¥y=001 and ¢=04
illustrated in Fig. 29-31. From these figures isHaeen observed that the skin-friction
coefficient(—f") along x -direction and the skin-friction coefﬁcie(nfg') along z -

direction decrease as the increasing values of rtitational parameter but the
dimensionless heat transfer réte?) increases. For the change of heat absorption
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parametely , the skin-friction coefﬁcien(—f") along X -direction, the skin-friction

coefficient(—g') along z-direction and the dimensionless heat transfer (ra&é) are

plotted against heat source parametefor the different values of heat absorption
parameteywhereP. =0.72, R=1.0, E = 0.3,84= 054 = 1.0n= 0,M=1.0and
£=0.4 illustrated in Fig.33-35. From these figures isH@een observed that the skin-

friction coeﬁicient(—f ) along Xx-direction and the skin-friction coeﬁicie(’ﬂ g') along

z -direction decreases as the increasing valueseohéat absorption parameter but the
dimensionless heat transfer ré&eﬁ) increases with the increase of heat absorption

parameter. For the change of hall param@tethe skin-friction coefficier(t—f ) along
X-direction, the skin-friction coefficierﬁt—g') along z-direction and the dimensionless

heat transfer raté—ﬁ') are plotted against heat source paramgtéor the different

values of hall paramete8, where P =0.72, R=1.0, E.=0.3, £ =05 M =1.0,,
n=0.0, y=0.0land £ =0.4 illustrated in Fig. 36-37. From these figures &shbeen

observed that the skin-friction coefficie(mf ) along x-direction has no decision as the

increasing values of the hall parameter and the-fskition coeﬁicien(—g') along z-
direction decreases with the increase of hall patanand there are minor effects in the
dimensionless heat transfer réﬁ@) . For the change of ion-slip paramegerthe skin-
friction coefficiem(—f") along X-direction, the skin-friction coefficienﬁt—g') along z-
direction and the dimensionless heat transfer (ra&é) are plotted against heat source

parameter y for the different values of ion-slip parametef where
P =072, R=10,E=028 M=10, ,=10n=0.C ,y=001 and é=04
illustrated in Fig. 38-39. From these figures isHaeen observed that the skin-friction
coefficient(—f") along x-direction and the dimensionless heat transfer(rﬁ'&) have

minor effects as the increasing values of the lgn4sarameter and the skin-friction
coefficient(—g') along z -direction have no decision with the increase af-stip

parameter
For the change of temperature power coeffic(ia)mhe skin-friction coefficient

(—f") along X -direction, the skin-friction coefficielﬁt—g') along z-direction and the

dimensionless heat transfer rzﬁteﬁ) are plotted against heat source paramgtéor
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temperature power coefficiefit) whereP =0.72, R= 1.0E, =0.3M = 1.0, 3,=1.0,
S =0.5y=0.0land £ =0.4 illustrated in Fig. 40-42. From these figures #shbeen

observed that the skin-friction coefficie(ﬁ{f ) along X-direction and the dimensionless
heat transfer raté—e') decrease as the increasing values of temperataveerp

coefficient. And the skin-friction coefficielﬁt—g')along z -direction increases as the
increasing values of temperature power coeffici€ar. the change of Prandlt number
(R) , the skin-friction coefﬁcierﬁ—f") along x-direction, the skin-friction coefficient
(—g') along z -direction and the dimensionless heat transfer (a@) are plotted

against heat source paramejerfor the different values of Prandlt number where
P =072, R=1.0, E= 03,8 = 058 = 1.0n= 0y=0.0land ¢ =0.4 illustrated

in Fig. 43-45. From these figures it has been aleskthat the skin-friction coefficient
(—f") along X -direction and the dimensionless heat transfer(rfﬂ'e) decrease as the

increasing values of Prandlt number but the skctitn coefficient(—g') along z -

direction increases as the increasing values afdiraumber.
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6. Conclusion
The important findings of the investigation fromaghical representation are listed
below:

1.

The primary velocity decreases with the increases! oR, S and P while the
secondary velocity increases with the increaseiafg , P, Ec,y andn.

i1
The secondary velocity decreases with the increaRsand g3, while the primary
velocity increases with the increasg/qf3, andn.
The temperature profiles increases with the ineredaM andRwhile it decreases
with the increase &,y andn.

Shear stress ix-direction increases foy and decreases ot , 5, P, Ec,Randn
Shear stress iz -direction increases for increasiig, P, n and decreases with the
increase of3,, y andR.

Nusselt number increases with the increasékaindy while decreases with the

increaseP, andn.
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