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Abstract

This work presents a study of the flow and heat transfer of an
incompressible viscous electrically conducting fluid over a continuously
moving vertical infinite plate with uniform suction and heat flux in the
presence of radiation and a chemical reaction of order 1 taking into account
the effects of variable viscosity. It is found that the velocity increases as the
viscosity of fluid or the magnetic parameter decreases and the thermal
boundary layer thickness increases as the radiation parameter increases. The
skin-friction coefficient is computed and discussed for various values of the
parameters. A parametric study was conducted and reported.
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1.0 Introduction

Flow and heat transfer in the boundary layer irduby a moving surface in a quiescent fluid is
important in many engineering applications. Formegkes, in the extrusion of polymer sheet from a, dijje
cooling of an infinite metallic plate in a coolim@th, glass blowing continuous casting and spinwihfibres.
Sakiadis [15] studied the boundary layer flow oaerontinuous solid surface moving with constanbe®y in
an ambient fluid. The flow is quite different frofimne boundary layer flow over a semi-infinite fldate due to
the entrainment of the ambient fluid. Tsou et &8][presented a combined analytical and experirhstudy of
the flow and temperature fields in the boundaryetagn a continuous moving surface. Erickson ef[&l.
extended Sakiadis problem to include blowing ottisucat the moving surface. Crane [5] studied therdary
layer flow caused by a stretching sheet whose itgloaries linearly with the distance from a fixpdint on the
surface. Gupta and Gupta [8] studied the momentuwai and mass transfer in the boundary layer over a
stretching sheet with suction or blowing. Soundikdgeand Ramana [17] investigated the constant seir€ase
with a power law temperature.

The magnetohydrodynamics of an electrically conidgcfluid is encountered in many problems in
geophysics, astrophysics, engineering applicateoms$ other industrial areas. Hydromagnetic free eotion
flow have a greet significance for the applicatidnsthe fields of steller and planetary magnetosgéie
aeronautics. Engineers employ magnetohydrodynapricsiples in the design of heat exchangers, punmps,
space vehicle propulsion, thermal protection, ainénd re-entry and in creating novel power geiagat
systems. However, hydromagnetic flow and heat teaqsoblems have become more important indusgriall

In many metallurgical processes involving the aogliof many continuous strips or filaments by
drawing them through an electrically conductinddlsubject to a magnetic field, the rate of cooldag be
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controlled and final product of desired charactmsgscan be achieved. Another important applicatain
hydromagnetics to metallurgy lies in the purificatiof molten metals from non-metallic inclusions te
application of a magnetic field.

Chakrabartia and Gupta [3] investigated hydromtagdiow, heat and mass transfer over a stretching
sheet. Kumar et al. [12] studied hydromagnetic feovd heat transfer on a continuously moving veriitate.
Vajravelu and Hadijinicolaou [19] studied the flowdaheat transfer characteristic in an electricapducting
fluid near an isothermal stretching sheet. Sharnth Mathur [16] investigated steady laminar freevemtion
flow of an electrically conducting fluid along anpos hot vertical infinite plate in the presencéeét source or
sink.

On the other hand, at high temperature the effettsadiation in space technology, solar power
technology, space vehicle re-entry, nuclear engingeapplications are very significant. Many praes in
industrial areas occur at high temperature andmiogvledge of radiation heat transfer in the systam perhaps
lead to a desired product with a desired charatteriRaptis and Massalas [14] studied the radiagiffect on
the unsteady magnetohydrodynamic flow of an eleatsi conducting viscous fluid past a plate. Chaankd]
investigated thermal radiation and buoyancy effextshydromagnetic flow over an accelerating perrieab
surface with heat source or sink. Raptis et al.di8fussed the effect of thermal radiation on MHyrametric
flow of an electrically conducting fluid past a genfinite plate. Okedoye et al. [10, 11], studigtHD flow of a
uniformly stretched vertical permeable membrandhim presence of zero order reaction and quadrai@t h
generation. They show that the flow depends heawily Grashof numbers, magnetic parameter, reaction
parameter and heat generation/absorption parameters

All the above studies were confined to a fluidhwibnstant viscosity. However, it is known thasthi
physical property may change significantly with fErature. Hossain and Munir [2] analyzed a two-disienal
mixed convection flow of a viscous incompressililédf of temperature dependent viscosity past doadrplate.
Fang [7] studied the influence of fluid propertyriasion on the boundary layers of a stretchingaeef Hossain
et al.[1] discussed the effect of radiation on fteavection flow of a fluid with variable viscosityom a porous
vertical plate.

The purpose of the present work is to study ttieces of radiation, reaction parameter and variable
viscosity on magnetohydrodynamic boundary layewfédong a continuously moving vertical plate withiform
suction and heat flux.

Nomenclature 0 : non dimensional fluid temperature
u : velocity alongx coordinate y : non dimensional specie concentration

\g/ :.\;i'gecl'g;:gzgé’ucé’gdé?:\tﬁy ¢ : non dimensional fluid velocity

T : fluid temperature y : reaction parameter

T..: ambient temperature a*: Stefan-Boltzmann constant

C : species concentration u : fluid viscosity _

C.. : ambient species concentration Bc: Coeff_lcyent of mass expansion

By : transverse magnetic field B. : coefficient of thermal expansion

C;: skin — friction coefficient Po ambl_ent density N

q : heat flux, o : electrical conductivity

« : thermal conductivity p : density of the fluid

Gy : specific heat at constant pressure Sc: Schmidt number

q:: radiative heat flux Pr : Prandtl number

Vo : normal velocity at the plate R: radiation parameter

k* : mean absorption coefficient Gre : mass grashof number

M : Hartmann number Grr : thermal grashof number
2.0 Physical model and governing equations

Consider a steady two- dimensional laminar boundayer flow of an incompressible electrically
conducting viscous fluid on an infinite plate, isgufrom a slot and moving vertically with uniformelocity in a
fluid and heat is supplied from the plate to theédflat a uniform rate. The-axis is taken along the plate in the
upwards direction ang axis is normal to it. A transverse constant mégrieeld By is applied, that is, in the
direction ofy-axis. The physical model of the problem is showfigure 2.1.
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The induced magnetic field is assumed to be ndxgigit is also assumed that the external elefitrid
is zero and the electric field due to polarizatmincharges is negligible. The viscous dissipation doule
heating are also neglected.

We further assume that property variations with gerature are limited to viscosity and with the
density taken into account only in the buoyancyntén the momentum equation. Since the motion is two
dimensional and the length of the plate is largetefore, all the physical variables are independéx

»
»

fretett

Slot
Figure 2.1: Physical model of the problem

Under the above assumptions and Boussinesq apmtamthe magnetohydrodynamic flow relevant

to the problem is governed by the following equagio jvzo (2.1)
y
du_ 1 d{ du oB,’
Ve LS S an T ) amlc-c)- S 22
dy p.,dy\  dy Pa
dT k dT 1 d
va - - 8 (2.3)
dy p.C dy° p.Co dy
2
vI€ - pdC _ac-c.) @4
dy dy
The boundary conditions are
_ _, 9T _ 9 ~_ _
U—UW,V—VO,W— E,C—Cwaty—O (2.5)
u-0T-T,C-C, aty - o
From equation (2.1) we take v(y) ==V, (2.6)
whereu , v are the velocities along y coordinates, respectively. By using Rosselandramation (), takes
_ 4" dT?
the form [13] q =——— (2.7)
' 3k" dy

where k* is the mean absorption coefficient amd is the Stefan-Boltzmann constant. The temperature
differences within the fluid assumed sufficientipall such thaf™ may be expressed as a linear function of the
temperature. Expandifif in a Taylor series aboit, and neglecting higher order terms, we get

T*=41,°T-31,° (2.8)

3
Using equation (2.8), equation (2.7) becomes q, = —%d—T
3k” dy
By using equations (2.6) and (2.9) then equatioB) @ives
2 3
VR LI d:+ 1 160[} a7 (2.10)
dy p.Ccp dy” p.Cco 3ko dy

(2.9)
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Introducing the following non-dimensional quanttie

:'0°°V0 :i 2] = T_T°°
=< v, ¢ln)=—=. 6(1) (

Tt y)=S=Ce (2.11)
. w qu J

c,-C

w =Y

o

ko, Vv,
into equations (2.2), (2.4) and (2.11), one getsftlowing non-dimensional equations governing filoev and
the energy distribution:

2
d ‘/21 + Scd_‘/j— By =0 (2.12)
dn dn
d*6 , Pr do _ (2.13)
dn? 1+Rdp
i(ﬁ%j+%+6rr9+6rcw -M@=0 (2.14)
dp\ 4, dng) dn
The appropriate boundary conditions are
dé
dn)=1 yln)=1 —| =-latn=0
dn =0 (2.15)
dn) - 06(7) - 0 wly) - Oasy — w
94
M. 9B, _
where Grr = _ o kpuVg , Gre = ’u""g'BT(CW 2C°°), M = 9B, Lo ,
LUV, PU,V, 0.°v,°
C 2
pr=te% Rzlﬁa?—” Sc=He y=A 'L21°°
K 3kk Dpo., Vo P,
The fluid viscosity(8) was assumed to obey the Reynolds model [9] i e (2.16)
Whereaq, is parameter depending on the nature of the.flulding equation (2.16) in :quation (2.14) we obta
d [ _wdg), dg
—| e — |[+—-Mg@=-Grréln)-Grc 2.17
dq( dnj an MY ()~ Grew(n) 217)

3.0 Method of solution
Solving equations (2.12) and (2.13), we have

0(n)=ne™ and(n)=e™ (3.1)
wheren = _P"_, m=%(8c+w/8cf +4ySc)
1+R
0] Case of constant viscosity:
Fora =0, from equation (2.17) we have
2
d f dg M@=-Grme " —Grce™” (3.2)
dn® dn
Solving equation (3.2) with the boundary conditi¢245), we get
dn)=ae” +ae™ +ae™ (3.3)
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a = - nGrrz a = Grc a, =1-a -a
n-n-M ' m*-m-M !
(ii) Variable viscosity case:

On taking into account the solution for temperatwe solved numerically the equation (2.17) under
the boundary conditions (2.15) using the fourth eordRunge-Kutta method algorithm with systematic
guessing ' (; ) by the shooting technique until the boundary caodity (; ) at infinity decay exponentially to
zero. If the boundary condition at infinity is nedtisfied then the numerical routine uses the NesRaphson
method to calculate corrections to the estimateievalf ¢'(/7). This process is repeated iteratively until

convergence is achieved to a specified accuracy, AOcomputer programming language call Pascal and
Mathematical software known as Mapple 8.1 are athjat implement the above process.

The physical quantity of most interest in suchigbem is the skin- friction coefficient which is deéd

by ¢, =2t 40 - og-a0(r) 49(7) (3.4)
PuVoly — 0Y| dn |,
4.0 Results and discussion

In order to validate our results, we have comparednumerical results with = 0for ¢'(; ) with

those of analytical results. The results are fawnge in a good agreement as given in table 4.1.

For the purpose of discussing the effect of variparameters on the flow profiles and the tempegatu
distributions within the boundary layer, numericalculations have been carried out for various eslafM ,
Grz, Grg, a, y and R with fixed values ofPr and Sc The value ofPr and Sc were taken to be 0.71 and 0.6
respectively for plasma. These parameters wergressithe values! = 1,R= 0.5,y =0.1,0 = 0.1,Grz = 5, and
Grc = 1 except where stated otherwise. It should kechthat increase i viscosity parametes leads to
decrease in viscosity as given by the relationgmagion (2.16). Alsg < 0,y = 0, andy > 0 indicate generative,
no reaction and destructive chemical reaction respgy. The variation of the skinfriction coeffemt ' (; )
for various values ofr , M, RandGrz with Pr = 0.71 is shown in table 4.2. It can be seen frois table that
the skin-friction coefficient increases as the m@sashof number or the thermal Grashof number asase.
Increasing of the magnetic parameter, viscositaipeter, the radiation parameter or reaction paemhedds to
a decrease in the skin-friction.

The effect ofx on the dimensionless velocify isillustrated in table 4.3. From this table, one dbas
the velocity 4 increases as the viscosity of the fluid decreaghes. fluid velocity increased and reached its
maximum value at very short distance from the pi#atd then decreased to zero. Generative chemiaetioa
leads to increase in fluid velocity while increaselestructive chemical reaction lowers the velpai shown in
figure 4.1.

Table 4.1: Comparison of analytical and numerical valuegaﬂ(o) wheng = 0

M R Grr | Grc y Analytical Numerical

00| 05 5 1 0.1 5.454972247  5.454971336
05| 05 5 1 0.1 2.402963167  2.402963155
1.0, 05 5 1 0.1 1.316588013 1.316587014
1.0, 0.0 5 1 0.1 1.821178803 1.821177917
1.0 0.1 5 1 0.1 1.702310102 1.702312113
1.0, 05 5 0 0.1 .5504995744  .5504985645
1.0, 05 5 2 0.1 2.082676450 2.082676541
1.0, 0.0 5 4 0.1 3.6148533265  3.614853328
1.0, 0.1 5 1 -0.12  1.500890979  1.500890980
1.0, 05 5 1 0.0 1.371494727  1.371494726
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05| 05 5 1 0.2 1.277089806  1.277089803
1.0| 05 8 1 0.1 2.617708152 2.617708142
1.0/ 0.0, 10 1 0.1 3.485121575  3.485121564

In figure 4.2, we show the distribution of velocftyr various value of radiation parameter. It cob&seen that
increase in radiation parameter reduces the vgldale displayed in figures 4.3 and 4.4 the effédchermal and
mass grashof numbers respectively. It is obseivatincrease in the values of both parameters lesitherease

the velocity and vice versa. The maximum valuegased with the increasirigrz andGrc. The velocity ¢ at

any vertical plane near the plate decreases am#ymetic parameteévl increases as shown in figure 4.5. It is
observed that the velocity increased to its maxinvatoe near the plate and then decreased to Zégure 4.7
shows the temperatufeprofile for various value of radiation parametércould be seen that increase radiation
parameteR reduces temperature of the fluid. Also it is nadidbat a decreases in the fluid temperature with
maximum value at the plate and minimum at a digtaaway from the plate. The effect of reaction pat@mon
the concentration of chemical species is shownigaré 4.8. We noticed that increase in reactiorapater
reduces the concentration of the chemical species.

Table 4.2: The values 0@'(0) with Pr =0.71 andsc= 0.6, wheng # 0

o M| R| Gr| Grc y 9'(0)
-0.2| 1.0, 05 5 1 0.1 1.98561
-0.1| 1.0, 05 5 1 0.1 1.52380
0.0 1.0/ 0.5 5 1 0.1 1.31658
0.1 1.0/ 0.5 5 1 0.1 0.57833
0.2 1.0/ 0.5 5 1 0.1 0.60750
0.1 0.0/ 0.5 5 1 0.1 4.90000
0.1 0.5/ 05 5 1 0.1 2.12050
0.1 1.0/ 0.5 5 1 0.1 1.10200
0.1 1.0/ 0.0 5 1 0.1 1.66554
0.1 1.0/ 0.1 5 1 0.1 1.52930
0.1 1.0/ 0.5 5 0 0.1 0.57833
0.1 1.0/ 0.5 5 2 0.1 1.62567
0.1 1.0/ 0.0 5 4 0.1 2.67301
0.1 1.0/ 0.1 5 1 -0.12  1.27950
0.1 1.0/ 0.5 5 1 0.0 1.15208
0.1 0.5/ 0.5 5 1 0.2 1.06731
0.1 1.0/ 05 8 1 0.1 2.45597
0.1 1.0/ 0.0 10 1 0.1 3.358€60

Table 4.3: Velocity (d/])) distribution for various values aff

n ¢ ata=-0.2 ¢ ato=-0.1 ¢ ata=0.0 ¢ ata=0.1 ¢ ata=0.2

0 1 1 1 1 1

1 1.1101945 1.11281358 1.11527855 1.11789245 1412023
2 0.74127546 0.7524492% 0.75053917 0.74903271 9B 7

3 0.471132 0.46965492 0.467797€1 0.46675 0.465323
4 0.2905447 0.28979349 0.28832033 0.28833389 028876
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5 0.17946252
6 0.11114181
7 0.06885575
8 0.04247193
9 0.02576829
10 0.01480355
11 0.00691527
12 3.2091E-05

14

0.17913306
0.11099644
6.88E-02
4.24E-02
2.57E-02
1.46E-02
0.00656344
0.00E+00

0.17744776

0.10832835
6.40E-02
3.36E-02
9.43E-03
0.00E+00
0.00E+00
0.00E+0C

0.1785048 00b782
0.11074104 63P10
6.87E-02 6.87E-02
4.24E-02 4.24E-02
2.56E-02 2.57E-02
1.46E-02 1.48E-02

6.53E-03 6.87E-C3
0.00E+00 0.00E+00
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Figure 4.2: Velocity ({d/])) distribution for various values of R
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Figure 4.3: Velocity (¢(; )) distribution for various values @rz
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Figure 4.4: Velocity (¢ (/7 )) distribution for various values @rc
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Figure 4.5: Velocity (¢)(/7 )) distribution for various values o
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Figure 4.6 Temperatur%g(/])) distribution for various values & with Pr = 0.71
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5.0

Figure 4.7: Concentration(y (17 )) distribution for various values o

Conclusion
In this works, the problem of boundary layer floW @ steady viscous, incompressible electrically

conducting fluid with variable viscosity over a timmiously moving vertical porous plate in the prese of
magnetic field and radiation has been investigafite major results from this study can be sumredrthus:

1.

2.
3.
4

©o~N

the velocity increases as the viscosity parametduges, while it decreases as the magnetic
parameter increases.

the maximum value of the velocity increases asgtashof numbers increases.

the thermal boundary layer thickness decreasdseamtliation parameter increases.

the skin-friction coefficient increases as the @Godsnumber increases, while it decreases as the
magnetic parameter increases.

the temperature reduces radiation parameter ireseas

the fluid temperature decreases with maximum vatube plate and minimum at a distance away
from the plate.

increase in reaction parameter reduces the comtiemtiof the chemical species.

the velocity increased to its maximum value nearglate and then decreased to zero.

generative chemical reaction leads to increaseluiu fvelocity while increase in destructive
chemical reaction lowers the velocity.

Journal of the Nigerian Association of Mathematical Physics Volume 13(November, 2008)201 - 210
Moving vertical plate in the presence of radiation A. M. Okedoye and P. |. Farayola J.of NAMP



[1]
(2]
(3]
[4]

[5]
[6]

[7]
(8]
[9]
[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]
(18]

[19]

References
M. Anwar Hossain, K. Khanafer and K. Vafai, Te#ect of radiation on free  convection flow ofiifi with
variable viscosity from a porous vertical plate, h Therm. Sci. 40(2001)115-124.
Md. Anwar Hossain and Md. S. Munir, Mixed cowtien flow from a vertical plate  with  temperature
dependent viscosity, Int. J. Therm. Sci. 39(2008)133.
A. Chakrabarti and A. S. Gupta, Hydromagnetmn heat and mass transfer over a stretching skg=et,
Appl. Math. 33(1979)73-78.
A. J. Chamkha, Thermal radiation and buoyanéfeots on hydromagnetic flow over an accelerating
permeable surface with heat source or sink, IfEng. Sci. 38(2000)1699-1712.
L. J. Crane, Flow past a stretching plate, ZARIFK1970)645-647.
L. E. Erickson, L. T. Fan and V. G. Fox, Headamass transfer on a moving continuous flat pleth
suction and injection, Ind. Eng. Chem. Fundam. 66)4.9-25
T. Fang, Influences of fluid property variation the boundary layers of a stretching surfacéa Mechanica
171 (2004)105-118.
P. S. Gupta and A.S. Gupta, Heat and mass falangith suction and blowing, Can. J. Chem. Eng.
55(1977)744-746.
M. Massoudi and T. X. Phuoc, Flow of a genaedi second grade non- Newtonian fluid with variable
viscosity, Continum Mech. Thermodyn. 16 (2004) 538
A. M. Okedoye, O. T. Lamidi and R. O. AyeniO@7): MHD flow of a uniformly stretched vertical
permeable membrane in the presence of zero ordetigr and quadratic heat generatidaurnal of the
Nigerian Association of Mathematical Physics (NAM®ov. 2007, pg 119 — 128.
A. M. Okedoye,O. T. Lamidiand R. O. AYENI (2007)Magnetic and Velocity Fields MHD Flow of a
Stretched Vertical Permeable Surface with Buoyancthe Presence of Heat Generation and a FirstrOrde
Chemical Reactionlournal of the Nigerian Association of MathematiBalysics (NAMP), Nov. 2007, pg129
—136.
B. Rajesh Kumar, D. R. S. Raghuraman and RthMeumaraswamy, Hydromagnetic flow and heat transfe
on a continuously moving vertical surface, Acta Wetica 153(2002), 249-253
A. Raptis, C. Perdikis, H. S. Takhar, Effe€tlwermal radiation on MHD flow, Applied Mathemzdi and
Computation 153(2004)645-649.
A. Raptis and C. V. Massalas, Magnetohydrodyicalow past a plate by the presence of radiatideat and
Mass Transfer 34(1998) 107-109.
B. C. Sakiadis, Boundary layer behaviour onttaies solid surface :1l The boundary layer oroatiouous
flat surface, AIChE J. 7(2) (1961)221-225
P. R. Sharma and P. Mathur, Steady laminar é@nvection flow of an electrically conductingiflalong a
porous hot vertical plate in the presences of beatce /  sink, Indian J. pure appl. Math. 26(11996)
1125-1134.
V. M. Soundalgekar and T. V. Ramana, Heatdfamnin flow past a continuous moving plate witrigble
temperature, Heat and Mass Transfer 14 (1980) 91-93
F. K. Tsou, F. M. Sparrow and R. J. Golldstietow and heat transfer in the boundary layerdntinuous
moving surface, Int. J. Heat Mass Transfer \10()263-235.
K. Vajravelu and A. Hadjinicolaou, Convectitieat transfer in an electrically conducting flutcaastretching
surface in uniform free stream, Int. J. Eng. ScB5(1997), 1237-1244.

Journal of the Nigerian Association of Mathematical Physics Volume 13(November, 2008)201 - 210
Moving vertical plate in the presence of radiation A. M. Okedoye and P. |. Farayola J.of NAMP



