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Abstract- A steady incompressible boundary layer flow over a
permeable vertical plate in the presence of a chemical reaction
and wall suction is investigated. The governing fluid flow
equations are transformed into a set of coupled ordinary
differential equations with the help of similarity transformations
and solved using asymptotic approximations in the presence of
large buoyancy to obtain closed form solutions of the skin
friction, Nusselt and Sherwood numbers. The effects of
varying the  buoyancy  parameter on the  velocity,
concentration, temperature, skin friction and the rates of heat
and mass transfer are determined and presented graphically,
using MATLAB. Results indicate that an increase in buoyancy is
accompanied by an increase in fluid velocity and a decrease in

Nomenclature

a constant Tw
C concentration of chemical species Too
Cw  concentration at the plate surface u
Coo  free stream concentration Uoo
D diffusion coefficient v
fw transpiration rate VO (x)
g acceleration due to gravity X
Grx,c Grashof number due to concentration y
Grx,t Grashof number due to concentration a
kr chemical reaction rate constant Bc
N buoyancy ratio Bt
Pr Prandtl number )
Rex  Reynolds number &
Sc Schimdt number 7
T fluid temperature ]

I. INTRODUCTION

he phenomenon of heat and mass transfer, also referred to as

double diffusive convection, has attracted extensive research
interest due to its many applications in science, engineering and
technology. Heat and mass transfer involve buoyancy driven
flows induced by a combination of temperature and
concentration gradients. Many transport processes occur in
nature and industrial applications in which combined heat and
mass transfer takes place simultaneously due to combined effects
of thermal diffusion and diffusion of chemical species. The
phenomenon of heat and mass transfer is encountered in

the fluid temperature and fluid concentration. Results also show
that an increase in buoyancy is accompanied by an increase in
skin friction, while the rates of heat and mass transfer fall
rapidly from very large values close to the wall down to a
minimum value and then start to increase asthe buoyancy
parameter becomes larger. It is also noticed that the increase
of the rate of heat transfer is more pronounced than the rate
of mass transfer as the buoyancy parameter is increased.

Index Terms- Double Diffusive Convection, Mixed Convection,
Boundary Layer, Buoyancy, Wall Suction, Skin Friction.

temperature at the plate surface free stream temperature

velocity component along x-direction

free stream velocity

velocity component along y-direction

wall suction

coordinate directed upward along the plate
coordinate directed normal to the plate

thermal diffusivity

volumetric-expansion coefficient due to concentration
volumetric-expansion coefficient due to temperature
boundary layer thickness

dimensionless buoyancy parameter

dynamic viscosity

stream function

chemical process industries such as polymer production and food
processing as well as in other fields such as oceanography,
geology, biology, astrophysics. Heat and mass transfer processes
are also observed in buoyancy induced motions in the
atmosphere and in bodies of water.  Atmospheric flows are
driven appreciably by both temperature and concentration
gradients while flows in bodies of water are driven by equally
important effects of temperature, concentration of dissolved
materials and concentration of suspended particulate matter.

The problem being investigated is a case of mixed
convection, in which both free convection and forced convection
are significantly present. Convective heat transfer is one of the
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major modes of heat and mass transfer in fluids. Mixed
convection flow finds application in several industrial and
technological processes such as cooling of nuclear reactors,
thermal pollution, dispersion of pollutants, cooling of electronic
devices by electric fans and the use of heat exchange devices.

Several researchers have carried out studies on mixed
convection boundary layer flow. Alam, Rahman and Samad [1]
carried a numerical investigation of mixed convection
boundary layer flow over a vertical plate in a porous medium
with heat generation and thermal diffusion. Chamkha [6]
carried out a study of the mixed convective flow of a Non-
Newtonian power law fluid over a permeable wedge embedded
in a porous media with variable wall temperature and
concentration. They conducted a parametric study to illustrate
the influence of the various physical parameters on temperature
and concentration profiles as well as the local Nusselt and
Sherwood numbers.

The effect of a chemical reaction on a moving vertical
surface was investigated by Muthucurumaraswamy [20] while
Muthucumaraswamy, Chandrakala and Raj [21] looked at effects
of radiation on convective flow over a moving isothermal
vertical plate in the presence of a chemical reaction.

Considerable research has been carried out to investigate the
transfer of heat and mass in the last three decades. Makakula,
Sibanda, Motsa and Shateyi [13] looked at new numerical
techniques for the magnetohydrodynamic flow past a shrinking
sheet with heat and mass transferin the presence of a chemical
reaction.

The phenomenon of combined heat and mass transfer was
also studied by Hossain & Rees [11] when they considered
natural convection flow over a vertical wavy surface. They used
the implicit finite difference method with the Keller box
approach to solve the transformed boundary layer equations.
Other researches tackling mixed convection include those of

ou ou
=

Bachok, Ishak and Pop [3], as well as that of Bachok and Ishak
[4] and Gorla, Chamkha and Rashad [9].

Another notable contribution, which tackles similar
problems, was made by Guria & Jana [10] when they studied the
hydrodynamic effect on three-dimensional flow past a vertical
porous plate. Approximate solutions were obtained by using
perturbation techniques. They found out that fluid velocity
increased with increase in Brandt number. They also observed
that fluid velocity also increased with increase in suction
parameter. They also found out that decreases with increase in
either suction parameter or Prandtl number or frequency
parameter.

More recent studies have seen contributions from eminent
researchers who have also published widely in the area of
boundary flow past a vertical plate. These researches include
the work of Makinde and Sibanda [14], in which they
investigated the effect of chemical reaction on the boundary
layer flow past a vertical stretching surface in the presence of
internal heat generation.

Il. PROBLEM FORMULATION

The equations governing the heat and mass transfer over
a vertical plate inthe presence of wall suction and diffusion of
chemical species emanate from the basic principles of mass
conservation, momentum conservation, energy conservation and
mass diffusion. We employ the Boussinesq and boundary
layer approximations to obtain the following partial differential
equations which, when taken together model the heat and mass
transfer of the system under investigation:

0
ox oy , 1)
ou  ou o%u
U—+v—= y—+96(T-T,)+9gp(C-C,)
ox oy oy’ ‘ | ?
or T o°u
u—- V— = —2
OX oy oy , 3)
2
My p2U y coc))
OX oy oy @)
The boundary conditions for the system are:
u(x,0)=0, v(x,0)=-V(x,0) T(x0)=T,, T(x,0)=T, )
C(x,0)=C,, C(x,0)=C, U(x,0)=U_ =ax ©)

The governing equations (1) to (4) are transformed into dimensionless form by making use of the following similarity

transformations:
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= |y oY) =T gixy) = SCe gl
TN s =xeaay T TT, o PP e me, TR,
3 _ 3 _ er

Gr . = gﬂtx (Tw Too) Pr V4 Gr = gﬁcx (Cw Coo) c v N = t

xt = = X,C S =
: 7/2 , a 72 . D , er,c _ 8)

The model equations (1) to (4) reduce to the following set of  (9) to (11) and their associated boundary conditions (12) to (13)
three non-dimensional nonlinear ordinary differential equations  as given below:

B2 ff-2(£1)? +2(0+ Ng) =0

¢'+21Sc$'-24Scg =0 ? (10)
d'+2f Pré'= 0 (11)
f(¢0)="f.s=¢ 1'(£0)=0 f'(§x)=1 (12)
0(5.0) =4(c.0) =1 13)
¢ _ V,x +/Re,
where ’ Uw\/z d

The physical quantities of interest in the study are the skin friction coefficient |, the Nusselt number Nu, and the Sherwood

number th which are respectively defined as:

C, g, X _ J, X
7 Nug=——m™" _ gh =—~w?
(%pU (T, D(C, -C.) "
where # is the fluid density , K, is the fluid thermal conductivity and TW G and ‘]Ware defined as
Ty = :ua_u Oy = _k ﬂ J = —D@
ayyzo, ayyoand é'yyo_ (15)
x 1 u|
[ s J v
T,
u= 0 Uoo
T, C,

v

Figure 1: The coordinate system and flow configuration
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I1l. PROBLEM SOLUTION

Asymptotic expansions in the limit where the buoyancy parameter gtends to infinity were used to find solutions of the

governing equations (9) to (11). Analysis the orders of magnitude of the continuity and momentum equations and letting Y ~ O (Uw)
1

and Y ~0(S)yields |~ 7.
-1
The boundary conditions (18) show that f @] (5) which in turn implies that n.¢ . Assuming that both 0 and ¢ remain O

(1) as S becomes large, we define a function Y-o (1) and let

n&y TmE) =) 001.5)=G(Y), ¢(1,£)=H(Y) (16)

where FY)=1+& R (YY) + &R (Y) +.. 17)

G(Y) =Gy (Y) + £ 7G,(Y) + £ °Gy(Y) .. )
HOY) = Hy (1) + & 2H, (V) + £ H (1) . )

df
f' ’ 4 ZF'Y, 3 4
T I O IR 05 20

Substituting for F(Y), F'(Y) , F(Y) and F(Y) in the equation F(,8) =& (Y) and equations (20) results in the
equations:

F7,6) = £+ &R+ &R +.. o
&) =R )+ R (Y)+. 22)
&) =F"()+F () +. )
) =& R () + & (). o
Similarly for 0 and ¢we obtain the following systems of equations:
07,£) = G,(Y) + &G, (Y) + . 5)
0'(7.8) =56, (V) +E7G, (Y) +... 25)
0" (.8) =G, (V) + G, (Y) +.. an
B01.£) = H(Y) + E7H, (Y) + . 8)
B (.8) =, (V) +EH, (V) +... )
¢ (1,8) = E°H, " (Y) +H, " (V) +.. (30)

We substitute equations (21) — (30) into equations (9) - (11) and compare coefficients to get the following system of ordinary
differential equations:

F"2F," =0 e
F,"'+2F,"+2G, + 2NH, =0 2
PriG, +2G,'=0 @3
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*1G,"+2G,'+2FG,'=0 (34)
ScH,"+2H,'=0 (35)
Sc'H,""+2H,+2FH,"~AH, =0 (36)

The boundary conditions (12) and (13) imply that the associated transformed boundary conditions for the ordinary differential
equations (31) to (36) are:

F0)=1 F'(0)=0 F'(x)=¢” G(0)=1 G(x)=0 H(O)=1 H(®)=0 4

Solving equations (31), (33) and (35) gives the solutions:
FY)=6e" +6Y +6,

(38)
G,(Y)=ae™ +a, | (39)
Hi(Y)=5e™" + 5, (40)
where 5 5 5 051 aZ '81 and P are constants to be determined.
Now substituting for Hland G, in equations (32), (34) and (36) yields:
F"'+2F,'" = 2a,e 2Py —2Nﬂle’2SCY -2a, —2N,BZ’ (41)
GZ' '+2G,'=4Pr ale’ZP'Y (6le’2Y +0,Y +03) 7 (42)
Sc'H,""+2H,'=4ScBe " (5,677 + 8 +5,) + ABe Y + B, | 43)
Applying reduction of order to equation (41) — (43) gives the solutions of F, (Y) G, () and HZ(Y) as
)= A gy NOL s gy g s
4Pr?(Pr-1) 4Sc°(Sc-1) 2 L)
a,0, Pr? Y ? Y 1
G.(Y)= 2221~ g2Fr)Y _9opr2 o S + n g2PrY
() Pr+1 ' 2(2Pr 2Pr? 4Pr3)
—4Pr? alés(LJr L -)e L I LA
2Pr 4Pr 2Pr (45)
ﬂl§ SC —2(Sc+l)Y Y 1 2ScY
H ~2S¢?B,6, + e
(V)= Sc+1 P ( Sc ' 25¢? 4803)
_4SC2ﬂ153(— _ ﬂs —ZScY ﬂz Y +ﬂ4,
4SC 2Sc 2 (46)

where 3 a4 Py ﬂ4 5 and S are new constants to be determined.

Considering boundary conditions (37) and comparing coefficients gives the values of all the required constants as:

Pr3
a, = +Pr-1
* Pr+l a, =0

a,=1 a,=0

=1 5,=0 P "5 1" g0
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1 1 N 1 N
*T 2 " Prll-Pr) Sc(l-Sc) =0, " 4Pr? " 4sc?

1
%% 51

Substituting these values in equations (38) — (40) and (44)-(46) and letting , N=1gpg 4=1 equations (22), (25) and (28)
imply that

fr(n)=1-e2"+ ;G_ZP“{” + ;e‘zscf” - ;e‘%ﬂ 1 e 2.
2Pr(1—Pr) 2Sc(1- Sc) 2Pr(l—Pr) 2Sc(1- Sc)
Pr® Pr?
O(n, &) =e 2P "1 o 2WPa _[p2pry n_n Pri e 2Prén
o) 2E%(1+Pr) L7 EE 281+ Pr)]
¢(77 f) _ e—zScéﬂ + S—CzefZ(lJrSc)fﬂ _ [7728C + Q _Q Sc+ S—C2 + i]e%chn.
’ 227 (1+ Sc) £ &7 282w se) 22
R (0)= o G =t
Also note that 11 (0)=1 "* Pr Sc G/'(0)=-2Pr, ~2 1+ Pr' H,'(0)=-2Sc
Hzl(o) = i - 1 .
and 2 1+Sc

By carrying out differentiation and making suitable substitutions, it can be shown that:

2 g 2 . 2 .
cf—E(JR_eX) f(£,0), Nu, = ﬁ(JR_exw (£,0), Sh, ﬁ(JR_eXW@,O)

NCY

1 N , 1 , 1 A
weo) =26+ 2o N @(E0)=26Pr-— F(EQ) =250 ———— L
f'(£,0) 2§+Pr+8c, (£,0)=-25Pr 5(1+Pr)7¢(§ ) c EL+50) 28 4y

15

Plotting the graph of () against N for different values ;‘/ \\zzi

of ggives us the velocity profile while plotting the graph of

0 and ¢against 77yie|ds the temperature and concentration
profiles respectively. As equations (47) and (48) suggest, plotting

the graphs of f(g) , -0 and_¢ against S produce,
respectively, the variation of the skin friction, rate of heat
transfer and rate of mass transfer as the buoyancy parameter is
increased.

05, 2 s s s 10
IV. RESULTS AND DISCUSSION _ o _

In this study, a Prandtl number P r = 0.71, which Figure 2: Velocity profile
corresponds to air at 200 C and a Schmidt number Sc = 0.6 12
corresponding to water vapour diffusing in air were used for the
reason that water vapour and air are the most commonly
used fluids in industrial engineering and applications. A fixed
buoyancy ratio N = 1 and a Grashof number Gr = 1 were also
used. A Grashof number of unity was used in order to allow for
both inertia and buoyancy forces to contribute to the flow.

r r c
4 6 8 10

Figure 3: Temperature Profile
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Figure 4: Concentration Profile

Figures 2 to 4 show profiles obtained for the velocity,
temperature and concentration respectively. In the vicinity of the
vertical wall, Figure 2 illustrates that increase in buoyancy is
associated with a significant increase in velocity, as expected.
However further away from the plate, there is a reduction in the
velocity of the fluid. Figures 3 and 4 show that an increase in
buoyancy is accompanied by a decrease in fluid temperature
and concentration. Figures 2 to 4 also illustrate that the
boundary layer is significantly reduced by increasing the
buoyancy parameter &.

The decrease in the concentration of the chemical species
can be attributed to diffusion of chemical species into the fluid
and the increased velocity of the fluid as the buoyancy is
increased. As the velocity of the fluid particles increases due to
an increase in buoyancy, the particles of the diffusing fluid are
immediately carried away, and that explains the reduced
concentration close to the wall.

25

0 2 a 6 5 10
3
Figure 5: Variation of skin friction with buoyancy

60

50 -~ !

40 -

20 b

10h—/
. . . .

(o] 2 4 6 8 10

Figure 6: Variation of the rate of heat transfer with

buoyancy
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Figure 7: Variation of the rate of mass transfer with
buoyancy

Figures 5 to 7 show the effects of varying the buoyancy
on the skin friction and rates of heat and mass transfer. It is
evident from the figures that an increase in buoyancy is
accompanied by a linear increase in skin friction, while the
rates of heat and mass transfer fall rapidly from very large
values close to the wall down to a minimum value and then start
to increase as the buoyancy parameter becomes larger. It is also
noticed that the increase of the rate of heat transfer is more
pronounced than the heat of mass transfer as the buoyancy
parameter increases.

V. CONCLUSION

The study considered the double diffusive heat and
mass transfer processes over a permeable vertical plate in the
presence of wall suction and chemical reaction. The
equations of flow were derived from the basic principles of
mass conservation, energy conservation, heat and mass
diffusion. The equations were non-dimensionalised by use of
appropriate approximations and the resulting non-linear
differential equations then solved by means of asymptotic
expansions in the limit of large buoyancy. The variation of
buoyancy  with velocity, temperature, concentration, skin
friction, rates of heat and mass transfer were presented
graphically and analyzed.
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Results obtained showed that in the vicinity of the plate
wall, an increase in buoyancy causes an increase in the velocity
of the fluid. Furthermore, the results indicate that the skin
friction, heat and mass transfer rates are enhanced by an
increase of buoyancy.

Profiles obtained also indicated that an increase buoyancy
is accompanied by a decrease in fluid temperature as well as
fluid concentration. It was also noticed that the concentration
and thermal boundary layers are reduced as a consequence of
increasing the buoyancy.

Results showed that even though an increase in buoyancy
leads to a linear increase in skin friction, it was noted that an
increase in buoyancy causes a sharp decrease in the rates of
heat and mass transfer for very small values of the buoyancy
parameter. However as the buoyancy parameter becomes
larger, the rates of heat and mass transfer increase
proportionally with the buoyancy.
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