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ABSTRACT:

Fully developed laminar mixed convection flow in a vertical channel in the presence of first order chemical
reactions has been investigated. The channel is divided into two passages by means of a thin, perfectly plane
conducting baffle and hence the velocity, temperature and concentration will be individual in each stream. The
coupled, nonlinear ordinary differential equations are solved analytically using regular perturbation method
valid for small values of Brinkman number. The effects of thermal Grashoff number, mass Grashoff number,
Brinkman number and chemical reaction parameter on the velocity, temperature and concentration fields at
different positions of the baffle are presented and discussed in detail. The increase in thermal Grashof number,
mass Grashoff number and Brinkman number enhances the flow, whereas the chemical reaction parameter

suppress the flow at all baffle positions.

l. INTRODUCTION:

Convective heat transfer in a vertical
channel has practical importance in many
engineering systems. Examples are solar energy
collection, the design of heat exchangers and the
cooling of electronic systems. A convection
situation, in which the effects of both forced and
free convection are significant is commonly referred
to as mixed convection or combined convection.
The effect is especially pronounced in situations
where the forced fluid flow velocity is moderate
and/or the temperature difference is very large. In
mixed convection flows, the forced convection
effects and the free convection effects are of
comparable magnitude. Thus, in this situation, both
the forced and free convection occurs
simultaneously, that is mixed convection occurs in
which the effect of buoyancy forces on a forced
flow or the effect of forced flow on buoyant flow is
significant. Merkin [1, 2] has studied dual solutions
occurring in the problem of the mixed convection
flow over a vertical surface through a porous
medium with constant temperature for the case of
opposing flow. Aly et al. [3] and Nazar and Pop [4]
have investigated the existence of dual solutions for
mixed convection in porous medium.

The techniques of mixed convection to
enhance heat transfer is an important main objective
in numerous engineering applications of the micro
and nano fluids including pumping systems,
chemical catalytic reactors, electronic system
cooling, plate-fin heat exchangers, etc. Moreover,
the arrangement of baffles may be used to cool
down the temperature in the passage for the
thermally developed flow. When the channel is
divided into several passages by means of plane
baffles, as usually occurs in heat exchangers or

electronic equipment, it is quite possible to enhance
the heat transfer performance between the walls and
fluid by the adjustment of each baffle position and
strengths of the separate flow streams. In such
configurations, perfectly conductive and thin baffles
may be used to avoid significant increase of the
transverse thermal resistance. Stronger streams may
be arranged to occur within the passages near the
channel wall surfaces in order to cool or heat the
walls more effectively. Even though the subject of
channel flow have been investigated extensively,
few studies have so far evaluated for these effects.
Recently, Prathap Kumar et al. [5, 6] and Umavathi
[7] analyzed the free convection in a vertical double
passage wavy channel for both Newtonian and non-
Newtonian fluids.

The growing need for chemical reactions in
chemical and hydro metallurgical industries requires
the study of heat and mass transfer in the presence
of chemical reactions. There are many transport
processes that are governed by the simultaneous
action of buoyancy forces due to both thermal and
mass diffusion in the presence of chemical reaction
effect. These processes are observed in nuclear
reactor safety and combustion systems, solar
collectors as well as chemical and metallurgical
engineering. Das et al. [8] have studied the effects of
mass transfer on the flow started impulsively past an
infinite vertical plate in the presence of wall heat
flux and chemical reaction. Muthucumaraswamy
and Ganeshan [9, 10] have studied the impulsive
motion of a vertical plate with heat flux/mass and
diffusion of chemically reactive species. Seddeek
[11] has studied the finite element method for the
effects of chemical reaction, variable viscosity,
thermophoresis, and heat generation/absorption on a
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boundary layer hydro magnetic flow with heat and
mass transfer over a heat surface.

When the previous studies are reviewed,
one can see there was no much study performed on
heat and mass transfer on a vertical enclosure with
baffle. Therefore, an analysis is made to understand
heat and mass transfer in a vertical channel by
introducing a perfectly thin baffle for viscous fluid
in the presence of first order chemical reaction.

1. MATHEMATICAL FORMULATION:

Consider a steady, two-dimensional
laminar fully developed mixed convection flow in
an open ended vertical channel filled with pure
viscous fluid and is concentrated. The X-axis is
taken vertically upward, and parallel to the direction
of buoyancy, and the Y-axis is normal to it (see
Fig. 1). The walls are maintained at a constant
temperature. The fluid properties are assumed to be
constant. The channel is divided into two passages
by means of thin, perfectly conducting plane baffle
and each stream will have its own pressure gradient
and hence the velocity will be individual in each
stream.

X
A

«

Stream-1 Stream-II

Y =-h Y=h
Figure 1. Physical configuration.

The governing equations for velocity, temperature
and concentrations are
Stream-I|

®, 40,

pelepin (Tl _Twz )+pgﬂc1(C1_C01)_ax H dy? =0
D
dT, du, Y’

K—L4uyl—2| =0 2
dy? ”[ de @
d’C

Ddel—KlCl:O 3)

Stream-I1

P dU

P95 (Tz Ty, )+pg:8c2(C2 _Coz)_a_x"'ﬂ dez

(4)
d2T du, Y
K —2 21 =0 5

=0

d’c,
dy?
subject to the boundary conditions on velocity,
temperature and concentration as

U,=0,T,=T,,C=C atY=-h

U,=0,T,=T,.,C,=C, at Y =h

dr _dT,

dy dy’

C, =C, atyY =h" (7)
Introducing the following non-dimensional

variables

D

-K,C,=0 (6)

U,=0, U,=0, T,=T,, c,=C,,

T -T 3
b Y g T o AT
U, Tw1 _Twz v
3 3 _
Gc, :M, Gc, =_gﬂczA2Czh  Re :U_lh,
19 v 3]
— )
Br:Ulll, _ h_ E, i:l,z,AT=TW _Twa
KAT MJ, oX , T W
¢1:C—C01 , ¢2:ﬂ, Acl:Clr_COI,
Cll_Cm Cll_Coz
) y h* C_l_Cm
AC :C —C , Y:_, *=_’ n = ,
2 2 02 y h 3 Cll—Cm
n2 :_Czl_COZ . (8)
CZ _Coz

One obtains the momentum, energy and
concentration equations in the non-dimensional
form in stream-I and stream-I1 as
Stream-I
d?uy,

V+GRT91+GRC1¢1_F):O ©)

2 2
Zflm{%j =0 (10)
y y

d2

et =0 (11)
Stream-I1

d?u,

d_yz*'GRTez +GRg,¢, - p=0 (12)

2 2
%+ Brﬂi) -0 (13)
y y

—al¢, =0 (14)

subject to the boundary conditions,

u=0,60=1 g=laty=-1

u,=0, 6,=0,¢,=n,,y=1

91:92, %:di;%:nl!
dy dy

$p=laty=y~* (15)

u=0, u,=0,
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where al_h! ay = 4’ ,» GRy _or and
Re
Gc2

GRcy = GRc, =

Il.  SOLUTIONS:

Equations (9), (10), (12) and (13) are
coupled non-linear ordinary differential equations.
Approximate solutions can be found by using the
regular perturbation method. The Brinkman number
is chosen as the perturbation parameter. Adopting
this  technique, solutions for wvelocity and
temperature are assumed in the form

U (y) = (y)+Bru, (y)+Briu,(y)+.. (16)

6.(y)=6,(y)+Bré, (y)+Brig,(y)+.. (17
Substituting Equations (16), (17) in

Equations (9), (10), (12) and (13) and equating the

coefficients of like power of Br to zero and one, we

obtain the zeroth and first order equations as

Stream-|

Zeroth order equations

d?a,

=0 18
ay’ (18)
B | GR,, + GReh — =0 (19)
First order equations
2
LI (20)
dy® dy
2
du L +GR, 6, =0 (21)
Stream-I1
Zeroth order equations
2
Lo (22)
dy
d?u
dyzzo +GR,0,, +GR., ¢4, — p = (23)
First order equations
2
d*g,, . du,, 0o (24)
dy? dy
d?u
ay’ —2+GR, 6, =0 (25)

The corresponding zeroth order and first order
boundary conditions are

Uo=0, gy=1lat y=-1

Uy =0, 0,=0at y=1 (26)
dg, do,
dy dy

ulOZO,um:O,HlO:HZO, at y=y>*

u,=0, 6,=0 at y=-1
u,=0, 8,=0at y=1

da de
u11:01 U21=O, 011:‘9217 d;l :d_;l

vaty=y*

(27)
The solutions of zeroth and first order equations
(18) to (25) using the boundary conditions as given
in equations (26) and (27) are given as follows
Stream-I|

Oy =CYy+C, (28)
o = A +AY+LY? +1,y° +r,Cosh(ayy)
+1,Sinh(ayy) (29)
Stream-II
O =C3y+C, (30)

0 =A+AY+LY +ry° +1,Cosh(a,y)
+1,Sinh(a,y)
First order equations
Stream-I|

0, =EYy+E +py + Py’ + Py + P,y +psy’
+ psCosh(2a,y)+ p,Sinh(2e,y )+ p;Cosh (e y)
+ pgSinh( ey y)+ pyyCosh(a,y)+ py,ySinh (e, y)
+ p,Y°Cosh(a,y)+ piy°Sinh(ay)

@31

(32)
U, =Ey+E;+ R1y2 + Rzy3 + R3y4 + R4y5 + Rsye
+RsY' +R,y* + R,Cosh(2a,y)
+R,Sinh(2¢,y)+ R,Cosh(a,y)+ R, Sinh (e, y)
+R,yCosh(a,y)+ R, ySinh(ay)
+R, y?Cosh(a,y)+ R y?Sinh(a,y)
(33)
Stream-II
O =B, + By +8Y° +8,Y +8,y  +5,y° +5.y°
+5,Cosh(2a,y)+s,Sinh(2a,y)+ s;Cosh(a,Y)
+5,Sinh (@, y)+5,,yCosh(a,y)+s,,ySinh (e, y)
+5,y°Cosh(a,y)+5s,,y°Sinh(a,Y)
(34)
Uy = Eg + E7y+W1y2 +W2y3 +W3y4 "'W4y5 + Rsy6
+Wy” +W,y® +w,Cosh(2a,y)+w,Sinh(2a,Y)
+Ww,,Cosh(a,y)+w,;Sinh(a,y)
+W,, yCosh(a,y)+R,;ySinh(a,Y)
+W,,y*Cosh(a,y)+w;y*Sinh(a,y)
(35)

Solutions of equations (11) and (14) can be obtained
directly and are given as follows

¢ = B,Cosh(eyy)+B,Sinh(a,y) (36)
¢, = B,Cosh(e, y) + B,Sinh(e, y) (37)
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1. RESULTS AND DISCUSSIONS:

The velocity, temperature, and concentration
fields for a viscous fluid in a vertical channel in the
presence of first order chemical reaction containing a
thin conducting baffle is studied analytically. The
non-linear coupled ordinary differential equations
governing the flow have been solved by regular
perturbation method. The thermal Grashoff number

GR; , mass Grashoff numbers GR; (=GR, =GR, ),
pressure gradient p, chemical reaction parameter «

are fixed as 5, 5,-5, and 1 respectively, for all the
graphs except the varying one.
The effect of thermal Grashoff number GR,

on the velocity and temperature is shown in Figures
2a,b,c and 3a,b,c respectively at three different baffle
positions. As the thermal Grashoff number increases,
the velocity increases near the left (hot) wall, and
also at the right (cold) wall at all the baffle positions
in both the streams. The maximum point of velocity
is in stream-Il for the baffle position at y*=-0.8,
where as it is in stream-| for the baffle position at
y*=0.0and 0.8. From Figure 3a,b,c it is seen that

when the baffle position is near the hot wall, the
temperature increases in stream-I where as in
stream-I1 it increases up to y=0.5 and decreases

from y=0.5 as seen in Figure 3a. The temperature

increases continuously in both the streams when the
baffle is at the center of the channel and at the right
wall as seen in Figure 3b and 3c respectively. The
increase in temperature with increase in thermal
Grashoff number is obvious. As the increase in
thermal Grashof number increases the buoyancy
force and hence increases the velocity and
temperature fields.

The effect of mass Grashoff number

GR. (=GR, =GRy,) on the flow is shown in Figure

4a,b,c and Figure 5a,b,c at all the baffle positions.
The effect of GR; is to increases the velocity and

temperature in both the streams at all baffle positions.
When the baffle position is near the left and right
walls, there is no much effect of mass Grashoff
number on the flow field. There is a distinct increase
in velocity and temperature field in stream-Il1 when
the baffle position is near the left wall, in stream-I
and in stream-Il when the baffle position is in the
middle of the channel and in stream-1 when the baffle
position is near the right wall. From Figure 5a,b,c it is
seen that there is reversal of temperature field in
stream-11 when the baffle position is near the left and
middle of channel, where as there is no such reversal
of the temperature field when the baffle position is at
the right wall. This is due to the fact that the left wall
is at higher temperature when compared to right wall.
Further increase in mass Grashoff number implies
increase in concentration buoyancy force and hence
increases the flow field. The similar result was also

observed by Muturaj and Srinivas [12] without
inserting the baffle in a vertical wavy channel.

The effect of Brinkman number Br on the
flow field is shown in Figures 6a,b,c and 7a,b,c. As
the Brinkman number increases both the velocity and
temperature increases in both the streams at all the
baffle positions. However the increase in velocity and
temperature is highly significant in stream-I when the
baffle position is near the left wall, in both the
streams when the baffle position is in the middle e of
the channel and in stream-I when the baffle position
is at the right wall. This is due to the fact that as the
Brinkman number increases the viscous dissipation
also increases which results in the increase of the
flow field.

The effect of first order chemical reaction
parameter o(=ea, =a,) on the velocity, temperature

and concentration is shown in Figures 8a,b,c, 10a,b,c,
and 11a,b,c respectively. As « increases the velocity,
temperature and concentration decreases in both the
streams at all the baffle positions. This is due to the
facts that increase in « increase the concentration of
the fluid which results in the reduction of heat and
mass transfer. The increase of chemical reaction
parameter was to reduce the velocity, concentration
field as observed by Shivarih and Anand Rao [13] for
unsteady MHD free convection flow past a vertical
porous plate.

V. CONCLUSIONS:

The effect of first order chemical reaction on
heat and mass transfer of viscous fluid in a vertical
double-passage channel by inserting perfectly thin
conducting baffle was analysed. According to the
results following conclusions can be drawn.

[1] Increasing the values of thermal Grashoff
number increases the velocity and temperature in
both the streams at all the baffle positions.

[2] Increasing the value of mass Grashoff number
increases the velocity in both the streams at all
the baffle positions. The temperature increases in
stream-1 where as it reveres its direction near the
right wall when the baffle position is at the left
wall. The temperature field increase in both the
streams as mass Grashoff number increases,
when the baffle position is in the middle of the
channel and at the right wall.

[3] With the increase in Brinkman number, increases
the flow field in both the streams at all the baffle
positions.

[4] The increase in the chemical reaction parameter
decreases the velocity, temperature and
concentration in both the streams at all the baffle
positions.

[5] By inserting the baffle the heat transfer can be
enhanced depending on the position of the baffle.
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NOMENCLATURE: u,u, nondimensional velocities in stream-l,
Br Brinkman number stream-I1
G specific heat at constant pressure T, T, dimensional temperature distributions
C,,C, the concentration in stream-1 and stream-I1 T, ,T. temperatures of the boundaries
w ! wy

Co,C,, reference concentrations v baffle position
D diffusion coefficients
g acceleration due to gravity GREEK SYMBOLS

3 . .
or  Grashoff number[h 9 ,IZAT J a,a, chem_lc_al reaction parameters

v yi coefficients of thermal expansion

gp_ AC K B, coefficients of concentration expansion

Gr, Grashoff number | =~ ¢ . )
¢ y AT, AC difference in temperatures and
. concentration
Gr,, Gr;, modified Grashoff number : .
_ 0, non-dimensional temperature
channel width y kinematics viscosity

#,¢, non-dimensional concentrations

h

h” width of passage

k thermal conductivity of fluid
p

non-dimensional pressure gradient P density
O y7, viscosity
Re Reynolds number [U—lj
e SUBSCRIPTS
— . i refer quantities for the fluids in stream-l and
U, reference velocity

stream-11, respectively.
U;,U, dimensional velocity distributions

APPENDIX:
B, = Sinh(eyy*)+nSinh(a,) B _ nCosh(a, )—Cosh(a,y*)
Sinh( e,y *)Cosh( e, )+ Sinh () Cosh (e, y*) ? " Sinh(a,y*)Cosh(e, )+ Sinh (o, )Cosh (e, y*)
B _ Sinh(a, )—n,Sinh(a,y*) 8 :1— B,Cosh(a,y*) _ 1 . 1 . _ 1
° Sinh(e,)Cosh(a,y*)-Sinh(a,y*)Cosh(e,)’  *  Sinh(ayy*) + 2° 2 27 ° 2

_l r (p_GRT CZ) r __GRTCl r __GRCl B, r __GRCl B, r __GRTC4+p r _GRTC3

Gy AT BT : af 4 ar ¢ 2 '° 6
r, :—GRCZZB3 , T :—GRCZZB“ , A=A -1 +r,—1,Cosh(e )+r, Sinh(),
a, a,

(rl(y*2 ~1)+1,(y** +1)+1,(Cosh(cqy*)—Cosh(ey )+, (Sinh (e, y *) + Sinh(al)))

A= 1+y>
(r5 (—y* +1)+ 1, (—y* +1) +7, (Cosh(a,y*)—Cosh (e, ))+ 1, (Sinh (e, y *) - Sinh(az)))
A= *
y*-1
2A2 yra? —rla?
A, =—A -1, —1,—1,Cosh(a, ) — 1, Sinh(a, ), pl:—( A 441 : l), p2=—%,
_(4r12+6Ar2) _ 3nr, ) 3 ) __(r32+r42) T

p3 - 12 ’ p4 - 5 ! 5 10 ' 6 8 ' 7 4 '

(2A 1, @’ -8r 1,0, +361,1,) (2A 1,0 -8 1, +361,1,) (411, 0, —241,1,)
Pg=— 3 ' Py =— 3 v Pro =~ 2 J

a, a, a

(4rr o —24r,r,) 6r, 1, 6r,r, QA +rla,’ —r’a,?) —2A,1,

P =- 2 P =7 y Pis = y § =— S, = )
a, o, o, 4 3
3 —(4r? +6A3r6)’ S, 30k . -3r? s = r2+r’ s - . N __ (AR’ —8r53r7oc2 +36r6r8)l
12 5 10 8 4 a,
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(AL a,” —8r,La, +361,r,) —(4r,,a, — 24r,1,) —(4r,r,a, — 241,1,) 6r,r, 6r.r,
- 0523 Sp = azz Sy = azz 1S, =— a, 1S3 =~ a,
Gy =—(P,— P, + P; — Py + Ps + Ps Cosh(2¢4 ) — p, Sinh(2¢, )+ ps Cosh(a, )

— P, Sinh(a, ) - py, Cosh(a, )+ py, Sinh(a, )+ py, Cosh (e ) — py; Sinh(a ) )
Gy =—(5,+5, +85+5, +; +5; Cosh (2, ) +5, Sinh(2a, ) + s, Cosh(a, )
+s, Sinh(ear, )+, Cosh(er, )+, Sinh(a, ) +5, Cosh(a, ) +5; Sinh(a, )
Gy =G, +G,y +5,Y* 45,y *° +5,y*" +5,y*° +5,y° +5,Cosh (2c,y *) +5,Sinh (2c,y *) + 5,Cosh (a,y *)
+5,Sinh (g y *) + 5,0y *Cosh (e y *) +5,,YSinh (a y *) + 5,y ** Cosh (e, y *) + 5,y * Sinh (g, y *)
=Py * =P,y * —p,y* —p,y** —psy** —ps Cosh(2a,y *)— p, Sinh(2e,y *) - py Cosh (e, y *) v
—p, Sinh(e,y™*) - py, Y *Cosh(a,y*)— p,y *Sinh(e,y *) - p,y ** Cosh(a,y *) — p,y ** Sinh (a,y *)
Gy, =25,y *+35,y* +45,y** 455,y ** 165,y *° +20,5, Sinh (2 @,y *) + 2a,s, Cosh (2 a,y *) + s,a, Sinh (@, y *)
+,8, Cosh(a,y *)+5, (Y *@,Sinh (a,y *)+Cosh (a,y*))+s, (Y * &, Cosh(a,y *)+ Sinh (a,y *))

Sy =

+5,, (2y *Cosh (ar,y *) + ar,y ** Sinh (r,y *)) + 5,5 (2y *Sinh (e, y *) + ar,y ** Cosh (a,y *)) - 2p,y *
=3p,y** —4p,y* -5p,y** —-6p,y** —2a; p, Sinh (24, y *) — 2a, p, Cosh (2, y *) - pyer, Sinh (e y *)
—a p, Cosh(a,y*) = py, (Y * & Sinh (,y*)+Cosh(a,y *)) - py, (Y * @, Cosh(a,y *) + Sinh (a,y *))
—py, (2y*Cosh(ayy*)+ay* Sinh (Y *)) - pys (2y*Sinh (Y *) + ay** Cosh(a,y *))

El__(y*612+GQ_G10_G11_G12) E _(GQ+G 116 +6, (1—){’2)) E -G -E Rlz—GRT E,
= 2 , 2 = 2 B 10~ B3 5
z(_GQ+Glo+Gll_G12(l+y*)) R :_GRT E R :_GRT P, R :_GRT P, R :_GRT P,

? 2 b 6 ? 12 ’ 20 30

R __GRT P, R __GRT Ps R __GRT Ps R __GRT p, R __(psalz_2p11a1+6p12)GRT

6 ’ 7 T ’ 8 2 ’ 9 T 2 ’ 0~ 4
42 56 4af 4af a,
_ (p9a12_2p10a1+6p13)GRT _ (pmal—4p13)GRT _ (plla1—4p12)GRT _ GR; p,,

Rll__ ' Riz__ ' R13__ ’ R14—_—’

a A o o
GR; p GR, E GR, E GR; s GR; s GR; s GR; s
R15=—%:W1:— LSRR A VAR e RV e A VR RT3W6:_ T
a; 2 6 12 20 30 42
_GRT Ss _ _GRT Se W __GRT S W __(S9a22 ~%Su% +6513)GRT W :_(Sloaz _4313)GRT
56 0 4a? T 42 T ol T o '
_ (Suaz —4s, )GRT _ _GRT S, _ _GRT Si3
W3 =— 3 » Wy = 2 » Wis =TT 5
&, @, a,

Gy, =—(R —R, +R,—R, +Rs— R, + R, +R,Cosh(2a,)— R,Sinh (2a) + R,,Cosh (ar,)
-R,, Sinh(a,)—R,, Cosh(a, ) + R, Sinh(a,) + R,,Cosh(a,) - Ry Sinh(a,))
G =RY™ +R,y* +Ry* +R,y** +R,y** +R;y* +R,y** +R, Cosh (2,y *)+ R, Sinh (2 y *)
+R,, Cosh(a,y*)+ R, Sinh(a,y*)+ R, y*Cosh (e, y *) + R,y *Sinh (e, y *) + R,y ** Cosh (a,y *) ,
+Rgy** Sinh (e, y*)
Gy = — (W, + W, + W, + W, + W, +W, +W, +Ww, Cosh(2e, )+ W, Sinh(2a, ) +w, Cosh(a, )
+Ww,, Sinh(a, ) +w, Cosh(a, )+ Ry, Sinh(a, ) +w, Cosh(a, ) + W, Sinh(a,))
Gis =Wy * +W, Y *° W,y * +w, y** 4wy * +wyy * +R,y* +w, Cosh (2, Y *)+W, Sinh(2a,y *)
+Wy, Cosh(a,y*)+w, Sinh(a,y*)+w, y*Cosh(a,y*)+w,y*Sinh(a,y*)+w,y** Cosh(a,y*),
+W,sy** Sinh(a,y *)
E; =(Gis Gy )/(1+Y*), E; =(Gy —Gy)/(1-y*), E; =G, +E;, Eg=G, —E,
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