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Abstract

Analytical solutions for heat and mass transfer by laminar flow of
Newtonian, viscous, electrically conducting and heat generation/absorbing
fluid on a continuously moving vertical permeable surface with buoyancy in
the presence of a magnetic field and a first order chemical reaction are
reported. The solutions for magnetic and velocity fields are obtained for
various thermal grashof number, mass grashof number, Hartmann number,
and magnetic buoyancy. The effect of various parameters on skin friction
coefficient C; were also examined and reported. Graphical illustration features
prominently in thiswork.
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1.0 Introduction

A study of boundary—layer behaviour on continuously moving solid surtz@esattracted the
attention of several researchers. The analysis of magnetdredyypamics (MHD) flow of electrically
conducting fluid finds application in different areas, such asa#nedynamic extrusion of plastic sheets,
and the boundary—layer along a liquid film in condensation processes, (Chankha 2003) [2].

In order to understand the basic features of such a processngider a continuous flat plate
which issues from a slot and moves with a constant velotitya fluid which is at rest. As a result, the
fluid adjacent to the plate moves and the region of penetratitre fluid motion into the ambient fluid
depends on the Reynolds number of the flow. For large Reynolds humber the regionrafipenet

Nomenclatures

c: concentration Pr : Prandtl number T, : wall temperature
Cp: specific heat SC: Shmidt number V: fluid transverse velocity
C _ﬂu'd concentration E: activation energy Vyy: suction velocity
Cu: wall concer_ltratlon N g : gravitational pull X - axial ical di
ap: mass diffusion-coefficient Bn: maanetic induction  axial or vertical coordinate
D: chemical reaction parameter ~0° Mad Y - transverse coordinate
QqQ: heat generation coefficient T: ﬂu".j temperature Greek Syr_nbols .
n: reaction order y : chemical reaction parameter
NU : Nuselt numbe R: universal gas constant 0 : fluid density
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Greek Symbols

T, : wall temperature . .
w P J : chemical reaction parameter

ﬂr . coefficient of thermal expansion

V:fluid transverse velocity P : fluid density ﬂc : coefficient of mass expansion
Vyy : suction velocit .

W . . y . @ : dimensionless temperature Subscripts
X : axial or vertical coordinate W : condition on the wall

Rj : Richardson number
O : electric conductivity
increases down stream of tie siuy, wiun wie mumernwim and thermal bgdagers originating from the
slot and growing in the direction of the motion of the plane. Vajuasad Hadjinicolaou (1990) [7],
reported on convective heat transfer in an electrically conduélind) at a stretching surface with
uniform free stream. Other example of studies dealing withchyanagnetic flows can be found in the
papers by Gray (1979) [3], Michiyoshi et al. (1976) [5] and Funmizawa (1980) [4]

A.J. Chamkha (2003) [2] examined the boundary — layer of an MHD flow Wwlanhgeneration
is linear in temperature. Ayeni et al (2004) [1] extended tloblepm posed to heat generation that is
quadratic in temperature. Okedoye A. M. et al. (2007) [6] examimed raport Temperature and
concentration fields and Local maximum in temperature field &fDMflow with buoyancy in the
presence of heat generation. Other related papers on this wddk ®uound in the literature of
Vajravelu and Hadjinicolaou (1990) [7] and Chamkha, (2003) [2].

In this paper, we examined the velocity and magnetic fieldskbMow with buoyancy in the
presence of heat generation which has not been given an attention the eamsidered it here.

Y : transverse coordinate 00 - ambient condition

2.0  Governing equations

The flow is steady and two-dimensional and the surface is rimedtat a uniform temperature and
concentration species, and is assumed to be infinitely long, idepgendent variables are not dependent
on the vertical or axial coordinate. The physical coordinates @«eyghosen such that the x — axis lies in
the plane of the plate. It is also assumed that the apgpdiegverse magnetic field is non - uniform and
that the induced magnetic field is not negligible. In addition, thereiapplied electric field and all of
the Hall Effect, viscous dissipation and Joule heating aréected, thermo - physical properties are
assumed constant. The governing equations for the problem are thmregdiet mass and energy
conservation, momentum and scalar transport equations and maigae$iport equation. The fliud
properties are also assumed constant, and the Boussinesq appooximased to restrict the effect of
variation of density with temperature exclusively to the bbeyce term. With these assumptions, the
equations that describe the physical situation are given by

ov
Y (2.1)
2
ou Jdu 10p, 6 vocu g _2
=y ==y +gB(T-Tew ) ——B“u 2.2

2
o T _a 0T, kiwbo (c-coo) (2.3)
ot oy pcp 6y2 p cpd

2
9 , 9 _aD 97¢ , ¥ (c_c,) (2.4)
ot oy P gy P
2

B _,07B_,0B_pou (2.5)
ot ay2 ay oy

Journal of the Nigerian Association of Mathematical Physics, Volume 11 (November 2007), 129 — 136
Heat and a first order chemical reaction, AM. Okedoye, O. T. Lamidi and R. O. Ayeni J. of NAMP



p=QoR(T ~Teo ). (2.6)
In the above equations, y is the horizontal or transverse coordinatthe axial velocity, v is the
transverse velocity, T is the fluid temperature, C is thecispe concentration ando,g,[,

v,0,B,,Q,a, and y are the density, gravitational acceleration, coefficieihthermal expansion,

coefficient of concentration expansion, dynamic viscosity, fluidctekcal conductivity, magnetic
induction, heat generation absorption coefficient, mass diffusionfideat, the chemical reaction
parameter and real number, respectively.

The physical boundary conditions for the problem are:

u(o,t) = uy, v(0) = - vy, T(0,t) =Ty, c(0t)=cy,B(0t) = By (2.7)
asy — o u(y,t)—> 0, T(y,t)—> Teo, c(y,t)—> coo,B(y,t)—> Boo (2.8)
u(y.0) - uw, T(y.0)- Tw, c(y.0) - cw.B(y.0) - By (2.9)

whereu,, (a parameter dependent on timg) >0, T, and ¢, are the surface velocity, suction velocity,
surface temperature and concentration respectigélyis the volumetric power.

The magnitude of local heat absorption/generation (or the strehtith energy source term) is a
function of the local scalar concentration. This replicdtessikperimental situation in which the presence
of acid lowers the local electrical resistance and incsetts® Ohmic heating rate. Further, heating is
confined to the fluid in the channel which corresponds to a non — zéap soacentration, i.e., selective
heating of the channel fluid occurs. The presencgfT term in the momentum equation suggests a

plume — like behavior. A plume experiences buoyancy addition ottty sdurce, and not off — source as
in the present study.

There is no difference in the pre-Heat Injected Zone (HIgipre and a jet-like behavior applies
in this region. Moreover, the temperature can increasethattaxial coordinate in the HIZ, unlike for a
plume which experiences an axial decay in temperature attherkne. It is however not immediately
obvious whether the behavior will be closer to a jet or a plurtieeaxit of the HIZ, although it is known
that a jet with buoyancy addition will eventually evolve into anm [20]. Advection of the scalar
depends on the velocity components. As seen above, the velocitiepemdetd on the local temperature
in the HIZ (and post-HIZ); the temperature rise in turn depends osctiar concentration in the HIZ.
Therefore, there is a three-way coupling between temperatuoejtiesd, and scalar concentration in the
channel.

Heat addition to MHD flows can lead to turbulence flow whenntlaginetic induction is zero (or
very small), that is a viscous dominated flow. The buoyant 8amtransit into turbulence state by the
buoyancy alone, the initial momentum will be lost after daterdength scales and the buoyancy will
dominate the flow behaviour.

3.0 The non—dimensional governing equations
The channel scales are employed for non — dimensionalisation. dieer@f distances are normalized by

the channel widthd , velocities by the velocity at the wall,,, concentration by the concentration at the
wall, ¢, . Time is non—dimensionalised as

1_ Uw
tt= —=t 3.1
. (3.1
Pressure is non—dimensional psziz . Integrating equation (2.1) subject ¥@0) = -vw, we have
Py
the solution v(y) =-v, (3.2)

Using equation (3.2), the momentum, energy, magnetic and species equations (2c2n-12e6)
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non—dimensionalised using the following non — dimensional variables.

1:L , g:—(T_Too) , Cl = €~ Coo ,
UW (TW _Too) CW _COO

Dropping the primes for convenience, the steady governing equations is asiftalows.

V,
yt= yTW, u (3.3)

2 2
d7u du Gr gy E7Ad0 42p2, - (3.4)
dy2 dy Re Re dy
2
d 29 +Pr%+ PrRigc = 0 (3.5)
dy dy
2
E-FSC% + KSCC:O (36)
dy? dy
2
d“B dB du
—F+ap— -upB—=0 (3.7)
The boundary conditions and the initial conditions beconfél= 8(0)=c(0)=B(0)=1,
2 oB2
WhereGr:M’éMZ:_o’Pr:ﬂ,Re:M’ :U;.o
WUy pU k v pU
(0:&’ £ :RT_OO’ R|:g_ﬂ%, S‘;:L’ K:ﬂ’
Iucpv\?v E ~p duyy ap Vwy

4.0 Method of solution
The analytical solutions for temperature and concentration fields wene as:

- N
cyy=e "V (4.1)
where, n:%[&ﬂlScz +4KSC} (4.2)
and 8(y)=aje”P'Y +ase™V (4.3)
PrRi¢
h =l-a,,a,=———— 4.4
where 2=1-8,. 8= oy (4.4)
Using (4.1) — (4.2), the system of equations reduces to
d’u . du e’q B} B} &G B} B}
+— -av’B’u = Pre™ +a,ne™) -——lae " +a,e™) (4.5
ey o ne) -2 fae rae™) 45)
d’B dB du
—+a,— -y B—=0 4.6
dy2 B dy :uB dy ( )
u(0)=B(0)=1 u(w)=B(x)=0 (4.7)

Now using the asymptotic variables,
U=u,+&u, ++£°U, +hot
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B=B,+&B, ++£°B, +hot

— 2
Hg =&y + &[4
and equating the terms in power®f we have the systems

2
d_“20+%:o (4.5.1)
dy® dy
2
d EO +a, (23’ = (4.6.1)
U,(0)=B,(0)=1, uy(e0)=B,(0)=0 (4.7.1)
d?u,  du, ., 202 Gr{ i}
A M2%BiU. =—-—|ae Y +a.e™ 45.2
&7t MBI = e rae) (4.5.2)
2
s E“’ B g, S (4.6.2)
dy dy dy
1(0)=B,(0)=0., uy()=B,(c0)=0 (4.7.2)
d?u, du, (o a " i
—2+—=2-M*(Bju, +2BB,u,)=—"(a, Pre"™” +a,ne™ 45.3
o7 oy M B+ 28Bu)= (o a,ne™) 45.3
2
d B22 tag %, =Ho 80%4'81% +ﬂlBO% (4.6.3)
dy dy dy dy
u,(0)=B,(0)=0, u,(w)=B,(w)=0 (4.7.3)
The solutions to equations (4.5.1) and (4.6.1) subject to (4.7.1) respectively are
=Y
uo(y) } } 4.8)
B,(y)=e"
Substitute (4.5.1) in to (4.5.2), we obtain
2
d u, +%:M e—(l+2aB)y_ﬂ(ale—Pry+aze—ny)

dy? dy Re

The particular functionyp(y)is taken to beage "'V +aqe” W +a5e_(1+2a B)

Y| the homo-genous part

givesage™ Y . This gives

Ul(y): aee—Pry + a4e—ny +a5e—(1+2aB)y + aﬁe—y 4.9)
2
Grag Grap M B

h == =— , = , A, =— +a, +
wnere a3 Repr(Pl’—l) a4 Ren(n _1) a5 20'5(1+ ZaB) 6 (aS 4 a5)

2
d Bl +ap dBl = :qu_ (1+0’B ) BlP(y) :a7e_(1+ag)y' Let Blc(y) zase—aBy +a9'

dy 2 dy
thusB,(y) =a,e ™" +a,e " +a,, a,=- (1er j &="a 3=0 (4.10)

B

2
And from equation (4.5. dd UZZ +%— M 2(Bjul + ZBlBouo) -4 (a1 Pre ™ +a2ne‘”y).

Re
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The particular solution suggested by equation (4.5.3) could be written as
Uy (y)= ae el +q em2mly g ety g 20l 4 g o W20)Y g &PV 4q e |et

U, (y)=a,e” +a,. Thus

( ) age (Pr+2ag)y +ai e (n+2ag) y+al e (1+4a) y+6|1 g 2(1+ag) y_i_a13e (1+20a5)y
+a,e" +a.e” oL +a,
Now usingu, (0)=u,()=0, we have
( ) age (Pr+2ag)y +31 e (n+2ag) y_'_ai e (1+4ag) y_'_a1 e 2(1+ag) y_'_a13 —(1+2a )y
+a.6"" +a.e” +a.e” (4.12)
2 2
where  a,= M“a, : a,= M3, : a, = M—a5
(Pr+2a, )(Pr+ 2a,, -1) (n+2a,)n+2a, -1) Aa,(1+4ay)

M ’a, _M?*(a;+23,) _ _ Prga _ nga,
(o, )i+ 2a,) 2 2a,(i+2a,) ™ RePrPr-1)’ ™ Ren(n-1)
8= (ag+a,+a, +a,+a,+a, +a;)

Now, from (4.6.3)
d’B,  dB,
+a

dy? °dy

a,=

=4, [as Pre” (Preag)y na4e-(n+ag)y +a, (1+ 2a, )e—(1+3aB)y + a7e—(2+aB)y

—(1+ag )y ~(1+ag)y

+(ay +ag)e V|- e
then sz(y) 31 e Pr+aB y +a1 e n+aB y+a1 e 1+303 y+a2 e 2+aB y +a2 e
and B, (y) =a,,& " +a,.
Combining B,,(y) and B, (Y) , and applying the boundary conditions we have

(1+ag)y

B,(y)=a, e‘“””’“y +ay e‘(”*”B REE R @12
+a,e e +a,et " +a, e |
__ M Pra —__ M3y - :uo(l'l' ZaB)aS —__ M
. __ __ Mha, ——_ Fo%
wherea,, Pr(Pr+aB) s n(n+aB) %o (1+3aB)(1+2aB) %o 2(2+aB)
+a,)-1
8, =- ﬂogi?ﬂii) a,,=—(a, +a,+a,+a,+a,). Sothat

B(y)=Bo(y)+eB1(y)+£2Bo(y) (4.13)

u(y)=uo(y)+au (y)+£%uz(y)

5.0  Skin friction
The physical quantity of this problem is the shearing stress at a poi plate. This is called

skin friction coefficientC ¢ which is defined by

T'f du
=—(0) 7f =p— (5.1)
Py dy ly=0

According to the analytical solution reported earlief , then take the form

C¢ =
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Ct =-1+&(-agPr-agn+ag(-1-2apg)-ag)+ £2(- ag(Pr+ 2ap)
~ay0(n+2ag)+a11(-1-4ap)+a2(-2-2ap)
+a13(-1-2aB)- a4 Pr-ajsn—a16)

6.0 Result and discussion
The investigations on this problem is carried out uBing 0.71, Sc = 0.65rt =5, Grc = 4Ri =

03,¢ =-1.2,a, = 0.5 Re=-10 andM = 0.5 except where stated otherwise. It should be noted that
Grt > 0 andGrt < O represent heating of the plate and cooling of the plateatesgy. Also,¢ >0, ¢ =
0 and¢ < 0 indicates heat absorption, no heat generation/absorption and heatigemespectively.

X7
A
et
]
i
‘:,w." )

o

“‘:‘:'0
e
gy

iy

s Al il

e ! N

N Rt ong

« sl o] TRl
AL l,"Il:"’fl 1 ‘\\\\‘&20‘&:0}‘p{oﬁt&o’ﬁ'of‘il@'

0s S st st

ot

o le,
T LA AT
T S P T
AN
0.::::.0 . e,
2535

i 4
ttatain ety
ettty
bl ok, ety
s

<

4 S i
alpha 6 e N Ry
Figure 1: Magnetic field for Figure 2: Magnetic field for Figure 3: Velocity field for
several values of thermal Grasho several values of magnetic several Grashof number
number

e o
i,
B ety
e ey

IR I M e
o "::‘30:&"0040 foiogt

gy

s
25 23S
e e
e :
e i 0
-0 e e e P

Figure 4. Velocity field for Figure 5: Magnetic field 1IE:|gure 6. \I/elolcny f'ilﬂ ¢
several values of thermal values for several values of or seV(;,-_ra /V?) uestq ea
of magnetic induction heat generation/absorption generation/absorption.

L L L Ty
SRSy L
LiH

hyy ety
,n,,;m‘,‘,’mf
e

H
£

i
it

&
L
P

04

S

b
00

e,
Y4
7

oy
bty
LR
ok ey
Y

i
bt
R

Ly

5
e

T
i

e
b
..‘
-
<
2
5

4
ot
2o
s
e
i

)
L
ot

ke,

e,

£
W

2 Figure 8. Velocity field for several
Figure 7: Magnetic field for several values of Richardson number
values oiRichardson numb

Journal of the Nigerian Association of Mathematical Physics, Volume 11 (November 2007), 129 — 136
Heat and a first order chemical reaction, AM. Okedoye, O. T. Lamidi and R. O. Ayeni J. of NAMP



The figures were displayed in 3 — dimensional form to give insighttd hhappens within the fluid in
the channel as the chosen parameter increases or decredggsetnl and 3, we display the magnetic and
velocity profiles against heat generation/absorptgnagd thermal Grashof number (Grt). It was discovered
that increase in the thermal buoyancy increases both magnetic laniyvigeld. Figure 2 shows magnetic
field profile asaincreases. It could be seen thatiagicreases, the magnetic field reduces as flow progresses.
While in figure 4, we show the effect of magnetic induction on #iecity field. It is obtained that maximum
velocity exist at higher values of magnetic induction, thiskisnéd to the push effect due to induction as an
added factor to the flow velocity. For each value of M, the vsloeduces along the flow channel. Figures 5
and 6 shows the effect of heat generation/absorption on both magnetic aniy Vields. It could be seen that
heat generation increases both the magnetic and velocity fielddcndersa. Whilein figures 7 and 8, the
effect of Richardson number Ri. We observe that for each choig, de fields (velocity and magnetic)
decreases along y — direction, and increase in Ri brings about increase in thécraagnetlocity fields.

Figures 9 - 14 present the effect of changin@rt,M,Re,Ri, £ on the values of the skin friction

coefficient. It can be seen, in figure 9 that maximum skin dmctcoefficient is recorded wheg =-
0.6975369003, we will obtai@; = 0 wheng =-7.099538382 and 5.704464581. While figure 10 shows a linear

relationship between the thermal Grashof number and the skin frickdficeent as a decreasing functiGnt

, which will be zero wherGrt= 0. In figure 11 there are 3 — distinct extremes as a resthle ag&flexivity of
the magnetic induction. This maxima occur$/at 0, -3.22110442 and 3.22110442 with the maximuM at

0 is small compare to that at the other points. This is cleagyn in figure 4. In figure 12, a rapid increase in
skin friction is noticed betwedhl< Ri <1, this established an ideal situation wHereRi <1, after which
the skin friction coefficient increases slowly. Figure 13 showsgkia friction coefficient increases as heat
depositQ per unit mass increases. We displayed in figure 14 the effertafC;. The maximunC; =1.58 in
this case occur at =0.4766108

7.0  Conclusion

The MHD of a vertical permeable surface with buoyancy is coreidelhe cases of heating and
cooling of the channel are examined and the corresponding effects amvitsiadiws that velocity is enhanced
in the heating of the plate thereby bring about increase in the tyelddso, the magnetic induction is
supported by the buoyant force which resultd into a higher velocityeakldartmann number increases. The
observation on the magnetic and velocity fields could be enumerated as below:

1. Increase in thermal Grashof number brings about increase both magnetic and ty fiedbbei

2. Increase in magnetic Prandtl numbigr reduces the magnetic field.

3. Heat generation increases both magnetic and velocity fields

4, Maximum skin — friction coefficient occur when heat generation is -7.1
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