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ABSTRACT

An analysis is made on the three dimensional fiemevection and mass transfer flow
through a vertical channel in the presence of taxtiaApproximate solutions have been
obtained for the velocity, temperature and coneioin fields using perturbation

technique. It is found that the primary velocityctEases with the increase of both
radiation parameter and Schmidt number but inceadgéh the increase of thermal
Grashoff number as well as mass Grashoff numbee WHEmperature distribution

decreases with the increase of both radiation petermand Reynolds number. The
Concentration field also decrease with the incredsieoth Schmidt number as well as
Reynolds number. The shear stress and mass flteerims of Sherwood number which
are of physical interest are presented in the fofrtables.

Keywords: Three-dimensional, injection, periodic suctionssiransfer.

1. Introduction

Free convective flow with heat and mass transferlieen a subject of interest of many
reseachers due to its day-to day application ieneg and technology. Such phenomenon
are observed in buoyancy induced motions in theospimere, in bodies of water,
guasi-solid bodies such as earth, etc. Guria amd J studied the unsteady three
dimensional flow and heat transfer along a porarsical plate subjected to a periodic
suction velocity distribution. Guria and Jana [Boahave studied the effect of periodic
suction on three dimensional vertical channel flBwe to the periodic suction the flow
becomes three dimensional In the above studiesatthation effect is ignored. It has
important application in space vehicle re-entrybtems. Many processes in engineering
areas occur at high temperatures and it is impbftarthe design of pertinent equipment.
Nuclear power plants, gas turbines, and the varimapulsion devices for aircraft
missiles, satellites and space vehicles are exawofpiich engineering areas. At high
temperature radiation effect can be quite significdhe heating of rooms and buildings
by the use of radiators is a familiar example ohthteansfer by free convection. Heat
losses from hot pipes, ovens etc surrounded byec@il, are at least in part due to free
convection. The effect of radiation on the flow fpasvertical plate was discussed by
Takhar et al. [3]. Guria et al. [4] investigate@ thifect of radiation on three dimensional
flow in a vertical channel subjected to a perioglicction. Guria et al. [5] also studied
investigated the effect of radiation on steadyetdienensional flow past a vertical porous
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plate in the presence of magnetic field.

Sing and Thakar [6] discussed the effect of peciadiction on three dimensional mixed
convection flow and mass transfer. Ahmed [7] aksmlied the effects of heat and mass
transfer on the steady three dimensional flow efsaous incompressible fluid along a
moving vertical plate. Ahmed and Liu [8] studie@ tiffects of heat and mass transfer on
three dimensional flow past a vertical porous phaitlh uniform free stream velocity.
Reddy and Reddy [9] studied radiation and massfeareffects on unsteady MHD free
convection flow past a vertical porous plate witlscous dissipation. However, the
interaction of radiation with mass transfer in thidimension verical channel flow has
received little attention. Recently, Guria [10] tetadied the heat and mass transfer in
three dimensional flow past a vertical porous piatthe presence of radiation. The main
object of this paper is to study the three dimamidveat and mass transfer flow throgh
the vertical channel in the presence of radiation.

2. Formulation of the problem and its solution
Consider the steady flow of viscous, incompressiftiléd between vertical parallel

porous plates separated by a distaitteHere the x* - axis is chosen along the direction
of the flow, y*- axis is perpendicular to the wall of the charaed z* - axis normal to
the x*y*- plane [see Fig.1]. The temperature at the plagés0 and y’=d are
T, and T, (T, >T,) respectively.
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Figure 1. Physical model and Co-ordinates system
The plate y* =d is subjected to a uniform injectiol, and the platey” =0 to
a periodic suction velocity distribution of the rfior
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*
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q )1, (1)

where £(< 1) is the amplitude of the suction velocity.

V' ==V, [1+&cog

The velocity and temperature fields are independnémx* since the channel is
infinite long along X -direction. The flow itself will be three dimensairdue to cross flow.

Let u",v',w" be the velocity components in the direction€ —,y*—,z" — axes
respectively. The problem is governed by the follayequations

ov +6w -0, @
ady* 0z

* * A A—
v U O O L GBTT-T,) + gBCT-C,), (3)

ay* az* ay*Z 62*2

* * * 2, % 2\ ,x
V*av +W*0v :_lap +V(av2+6v2)’ @
oy~ 0z p oy~ oy 0z

LOow owt  1opt . 0w 0w
+W == 4 +

v
oy* 0z* p 0z ay*? 0z’

), ()

LoT?  aT" 1 ,0°T" a°T" 1 odq’
v +W = (F+——3)" ot (6)
oy* 0z©  pC, oy~ 0z" pC, oy
O O 20 20
V*GC +W*6C =D(6C +6C)’ @

oy 0z" ay*>  0z”
where V is the kinematic coefficient of viscosityy is the density, p* is the fluid
pressure,g is the acceleration due to gravityj is the thermal expansion an@, is

the specific heat at constant pressuke” is the permeability of the medium.
The equation of conservation of radiative heatsf@nper unit volume for all
wavelength is

047= [ K, (T")(4e,,(T") -G, )dA,
where €,, is the Plank's function and the incident radiatiGy is defined as

1
G, = ;_Tjo:zme‘ (Q)dQ,

D.qu is the radiative flux divergence an@ is the solid angle. Now, for an optically
thin fluid exchanging radiation with an isothernfit plate at temperaturd, and

according to the above definition for the radiafilvex divergence and Kirchhoffs law, the
incident radiation is given byG, = 4e,, (T,) then,

007 =4 K, (T)(en(T) ~en(Te))dA,
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Expanding K, (T") and e,,(T,) in a Taylor series around,, for small (T"-T,),
we can rewrite the radiative flux divergence as

©,  0e
0.0/= 40" =T |, Ky (2)edA,
where KA0 =K

ATo)

Hence an optical thin limit for a non-gray gas nequilibrium, the following
relation holds

Do = 4T =TI,
and hence
a [}
= AT
where
N ae/lh
1= K CG)odA.

The boundary conditions of the problem are

u*=0,v" = —V0[1+£cos(§ z),w =0T"=T,C”=C, a y" =0,

u*=0,v' =-V,,w =0,T"=T,,C"’=C_,p = p, a y =d. (8)
Introducing the non dimensional variables
* * * * * * 0o_
y:y ’Z:Z_,p: pz’u:U_’V:V_’W:W , :(T TO), 9)
d d Vs Vo Vo Vo (Tw _To)
equations (2)-(7) become
o oy w0
dy 0z
2 2
M1 a—‘2‘+a—‘j)+er9+emc (11)
oy 0z Reody” 0z

2 2
ov Wav__@+i(a_\;+a_\2/)’ (12)
dy 0z dy Reody” o0z
2 2
Va_VV+Wa_VV:_@+i 0_\/2V+0_\;V), (13)
ay 0z 0z Re dy° o0z
2 2
0,00 L 70 50 aa
oy 0z ReProy° oz
2 2
va—C+wa—C: 1 a?+ag), (15)
ay 0z SReody® o0z
where Re=V,d/v , the Reynolds numberPr=v/ip , the Prandtl number and

Gr =dgB(T, -T,)/IV?, the Grashof numberGm=dgB(C,-C,)/V,>, the mass
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Grashof number, F :4Id/,0CpV, the radiation parameterS=Vv/D, the Schmidt

number. Using (9), the boundary conditions (8) Ibeeo
u=0,v=-[1+ecoqm)|,w=0,6=1,C=1, a y=0,

U=0v=-1,w=0,§=0,C=0,p=—P= a y=1. (16)
yo %

3. Solution of the problem
In order to solve the differential equations (10%) we assume the solution of the

following form
u(y,2) = Up(y) +au(y, 2) + €°u,(y, 2) +---,

V(Y,2) = Vo(Y) + v (Y, 2) + £2V, (Y, 2) +---,

W(Y,2) = Wo(y) + e (Y, 2) + €2, (Y, 2) +---, (17)
(Y, 2) = Po(Y) +apy(y, D) +E°p, (Y, 2) +- -,
0(y.2) = 6,(y) +£6,(y, 2) +£°0,(y,2) +---.

C(y,2) = Co(y) +€C,(y, 2) +£°C,(y, 2) + .
On substituting (17) in equations (10)-(15) andatiopg the terms independent @f,
we get the following system of differential equaso

V, =0, (18)
u, — Reyu, = —ReGrg, - ReGmg, (19)
8, — RePry8, - FReP1g, =0, (20)
C, - SReyC, =0, (21)

where primes denotes differentiation with respéxt y and the corresponding
boundary conditions become
u=0,v,=-16,=1C, =1 a y =0
and (22)
U =0,v,=-16,=0C, =0 a y =1
The solutions of the equations (18) to (21), scidje the boundary conditions (22) are

1 5 SRe A SRe
Vo(Y) =1, Q(Y):m[e - € y], (23)
6 () =m[e‘ﬁe‘*zy ~e e, (24)

U(Y) =[A+ ACT+ Ay + A Ae Y + A (25)

where

A= %{ RePr++REPr? + 4FRePi,
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A, = 1{ RePr-+/ RE€Pr2 + 4FReP,

-1 -SRe__ ~-Re -4 _ -Re -, _ _-Re
A= (1- e_RE)[As AEe™T-e )+ A(et-e )+ Ae 2 -e )]
Ai_(l e-Re)[As A (€5 -1)+ Ae M -1)+ A(e 2 -1)],
-GmesRe

%—m (26)
_ Gm

A= (e75%°-1)SRéS-1)
_ ReGre™

A e e -Re

A = ~ReGre™

(€™ -e")A,(4,~Re’
On substituting (17) in equations (10)-(15) andaing the coefficient ofe, we get
the following system of differential equations

=0, 27

dy o0z @7
ou du, _ 1 ,0° u 62u1

Vo—+V,—=— +Grg, +GmgG, 28

ov, _ op ., 1 0%, 2vl
vor=-H, = 25,04, 29
o, oy Re( ay? 22) (29)

2
0%:—% 1 (a Wl 0 Vgl)’ (30)
oy 0z Re oy 0z

2 2
V06_91+V16¢90: 1 (649 6491) Fo, (31)
oy dy RePr ody?
2 2
6C1+V1600: 1 (BC OC) (32)
oy dy SRe dy* 07
The corresponding boundary conditions become
u =0,v, =-coq7z),w, =0, =0,C,=0 a y=0,
u=0,v,=0w=0=0C =0 a y=1. (33)
These are the linear partial differential equatidescribing the three dimensional flow.
To solve the equations (28)-(32), we assume velamimponents and pressure in the
following form

u, (Y, 2) = uy,(y) cog72),

Vo
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vi(Y, 2) = v, (y) cog7z),
(9.2 = = V()sin72), (34)

p.(Y,2) = py(y)cod7m),
6,(y,2) = 6,(y) cog7m),
Ci(y,2) = Cy(y) cog7z),
v, and w, are so chosen that the continuity equation (2gaisfied automatically.

Substituting (34) in (28)-(32) and comparing theefticients of harmonic terms, we
obtain the following set of differential equations

V;I:l + Re\'{l - ”2\/11 = Regv (35)
Vi, + Rey, - 71V, = Rer’ pyy, (36)
6,,+ RePrd,, — (FRePr+ 1), = RePry,6,, (37)
C,, + SReC, - 7°C,, = SReyC,, (38)
u,, + Rey, - 77°u;, = Rey,u, — RgGré, +GmG,). (39)

The corresponding boundary conditions are
u,=0v,=-1,v,=0,6,=0,C,=0 a y=0,

u,=0v,=0Vv,=0,6,=0,C,=0 a y=1. (40)
Solutions of the equations (35)-(39) subject @) @nd on using (34) yield
v,(y,2) =[Be ™ +B,e "™ +B,e” + B,e "] coq/m), (41)

2= %T[Blmle_nhy +B,me "2 - B,72" + B,72 " ]sin(7z), (42)
6,(y,2) =[Ge ™ +G,e ™ +G,g MY +G,e M

+ Gse(ﬂ-Al)y + G6e_(’ml)y + G7e—(rri+az)y + Gge—(m2+/12)y

+ Gge(ﬂ—/iz)y + Gloe‘(ﬂ+/12)y] COi]Z), (44)
Cl(y1 Z) = [Dle—aly + Dze—azy + D3e—(nh_+SRey + D4e—(mz+5R(.)y
+ D" 5% + D e "SR] cog 7z) (45)

u(y,2)=[Ee ™ +E,e ™ +Ee " +Ee ? +Ee MY + E e ™YY
+ E7e(ﬂ-A1)y + Ese-(ﬂ+A1)y + Ege—(mlﬂz)y + Eloe—(m2+A2)y
+E &Y+ E e Y L E e 4 E g
+ Eise—(ml+SRey + Eiee-(meRe)y + E17e(77—SR9y + Eige_(mSRey

— R - R — _
+ Eige (m+Re)y + Ezoe (my+Re)y + E21e(rr ROy 4 E22e (m+Rey
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+ E23ye_nhy + E24ye_m2y + EZSeny + EZBe_ny] Coqlz)7 (46)
m = %{ Re+. R€ +417)},
m, = %{ Re-+R€ +477°},

1= %{ RePr+./REPr? + 4(FRePr+ 1)},

where

Uy = %{ RePr-+/REPI? + 4(FRePr+17%)},

a, = %{SRe’r JS°RE +477)},

@, = {SRe-/SRE +477),

Bl = [IT2 (e” - e_n) 1, (en + e‘”)]/2(r1r4 - r2r3),
B, =—[rr, (" —e ™) +r,(e" +e )/2(r,r, —1,r15),

B, = [+ A(T-m)+ A(T-m))
B, = L ATE M)+ AT
R=e ™ - [ (r-m) +e (e m)]
="~ [e"(r-m) +e " (mrm)]
= me™ + o= m) ~e (s m)

r,=me™ +%[e”(n— m) - €777+ m)]. 47)

The other constants are not given here to saveespa

4. Results and discussion

The velocity, temperature and concentration fietdt @lifferent values of the non
dimensional parameters are plotted in the diagraevialue of dimensionless parameter
Gr is taken as positive. The positive value corredpdn an extremely cooled plate by
the free convection currents. The value of Pramalthber is taken equal to and this value
corresponds to the air. The values of Grashof nusnhee taken to be large from the
physical point of view. The large Grashof humbeuga correspond to free convection
problem. The Schmidt number (S) are taken for hel{8=0.3), water vapo S = 0.60),

oxygen (S=0.66) and ammonia(S=0.78). The effect of Grashoff number, mass
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Grashoff number, radiation parameter and Schmidbb®r on main flow velocity is
shown in Figs.2-5. It is observed from Fig.2 thaeger cooling of surface (an increase in
Gnresults in an increase in the velocity. It ieda the fact that in the values of thermal
Grashof number has the tendency to increase thmahduoyancy effect. This gives rise
to an increase in the induced flow. The primaryouay also increases with increase in
mass Grashoff number. It is seen from Figs.4 atltabthe primary velocity decreases
with increase in radiation parameter as well asy@dhnumber for cooling of the plate
(Gr > 0). Knowing the velocity field it is interesting tmé&w the shear stress at the plate.

The shear stress at the playe'= 0 due to the primary flow is given by

12U B
I, = ,U(ayg yto — d (ay)y:o (48)
In non-dimensional form the shear stress at tateply = 0 can be written as
r,d _,ou
T, = X~ = (_)y:O
W, oy
= Uy(0) + &u, 0).

4 4
=-> Am +&[-Am -Bm,-CA - DA, - > C/(m +m,)
i=1 i=1

-3D/(m +m)+ YE (r-m) - S E (T-mlcosr).  (49)

The shear stress due to the primary flow in teohsr, is shown in Table.1 for
different values of Reynolds number and Schmidt Imemfor cooling of the plate. It is
seen that7, increases with increase in Reynolds number bdédreases with increase

in Schmidt number for cooling of the plate.

TX
Re\s| 0.3 0.6 0.66 0.78
2 3.08 2.58 2.43 2.00
3 4.34 3.31 3.04 2.27
4 5.49 3.84 3.44 2.35
5 6.50 4.15 3.62 2.27
Table 1: Shear stress component due to primary flow for @& =5.0, Pr =0.71,
£=0.25 z=0.0.

The temperatured is plotted for different values of radiation paeter and Reynolds
number in Figs.6 and 7 foRe=5.0, Gr=5.0, £=0.05 z=0.0 for cooling of
the plate. It is found that the temperatufe decreases with increase in radiation
parameter as well as Reynolds number. In Figs. @ @nwe have presented the
concentration field for several values of Schmidmber and Reynolds number. It is
found that the concentration field decrease wittrdase in both Schmidt number and
Reynolds number.
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The non-dimensional mass flux at the plage= 0 in terms of Sherwood numbe8h is
oC

a_y)y:O

=-C,(0)-£Cy(0),

==C,(0)-£C,,(0) cog7m),

Sh=(

Sh
Re\ g | 03 0.6 0.66 0.78

2 1.29 1.62 1.69 1.83

3 1.45 1.98 2.10 2.33

4 1.62 2.38 2.54 2.87

5 1.80 2.79 3.01 3.44
Table 2: Sherwood number for Gr =5.0,Pr=0.71, £=0.25 z=0.0.

2+ , /(;r;g\ 4

/ \ N
150/ //G;?g‘\ ~ \ AN \ E
> f“‘ / \ h N
ir ““,/ Gr=2 SN 7
/ X
osl > A |

y
Figure 2: Primary velocityu for
S=0.3Gm=5,F =2,Pr=0.71Re=4,6 =0.25.
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051

Figure 3: Primary velocityu for S=0.3,Gr =5,F =2,Pr=0.71,Re=4,£ = 0.25.
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Figure 4: Primary velocityu for
S=0.3Gm=5,Gr =5,Pr=0.71,Re= 4,6 =0.25.

93



M.Guria

1.6
1.4 —
1.2+ —
1k \ .
$=0.3,0.6, 0.66,0.78 .
0.8

0.6
0.4

0.2}/

0.2 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

y

0.9 B
0.8F B

0.7 v b

0.3F

0.1

Figure 6: Temperature profiled for Gr =5.0, Re=5.0, Pr=0.71, &£ =0.25.
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Figure 7: Temperature profiled for Gr=5.0, F =2.0, Pr=0.71,&£ =0.25.
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Figure8: Variations of concentration field foRe= 4.
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Figure9: Variations of concentration field fo = 0.3.

5. Conclusion

The steady heat and mass transfer flow of viscoosnpressible fluid passing through
the vertical channel has been studied in the poeseh radiation. It is found that the
primary velocity decreases with increase in radiatparameter as well as Schmidt
number for cooling of the plate. It is also fountt with increase in thermal Grashoff
number and mass Grashoff number the primary vglauiteases for cooling of the plate.
It is observed that the temperature profile de@gagith increase in either radiation
parameter or Reynolds number for cooling of thaepldhe Concentration field also
decrease with the increase of both Schmidt numbearell as Reynolds number.
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