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ABSTRACT

An analysis is made on the three dimensional mb@u/ection and mass transfer flow
past a vertical porous plate in the presence aétiad with uniform free stream velocity.
The solutions have been obtained for the velotéyperature and concentration fields,
shear stresses, rate of heat transfer and masdetrarsing perturbation technique. It is
found that the primary velocity decrease with theréase of both radiation parameter and
Schmidt number but increase with the increase @fstoff number as well as mass
Grashoff number. The temperature distribution deseevith the increase of both radiation
parameter and Reynolds number. The Concentratdoh diso decrease with the increase
of both Schmidt number as well as Reynolds nunibee. shear stresses, the rate of heat
transfer and mass transfer which are of physitafé@st are presented in the form of tables.
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1. Introduction

Free convective flow with heat and mass transferldfeen a subject of interest of many
reseachers due to its day-to day application iene& and technology. Such phenomenon
are observed in buoyancy induced motions in theospimere, in bodies of water,
quasi-solid bodies such as earth, etc. Guria and J8] studied the unsteady three
dimensional flow and heat transfer along a porarsical plate subjected to a periodic
suction velocity distribution. Singh et al. [2] diad the flow of viscous incompressible
fluid along an infinite porous plate subject to gieusoidal suction velocity distribution
fluctuating with time. Sing [3] extended this id@papplying transverse sinusoidal suction
velocity in the presence of viscous dissipativeth@aria and Jana [4] also have studied
the effect of periodic suction on three dimensiomaitical channel flow. Due to the
periodic suction the flow becomes three dimensidnahe above studies the radiation
effect is ignored. It has important applicationsipace vehicle re-entry problems. Many
processes in engineering areas occur at high tetypes and it is important for the design
of pertinent equipment. Nuclear power plants, gabimes, and the various propulsion
devices for aircraft missiles, satellites and spaatécles are example of such engineering
areas. At high temperature radiation effect canguite significant. The heating of rooms
and buildings by the use of radiators is a famikxample of heat transfer by free
convection. Heat losses from hot pipes, ovenswetosnded by cooler air, are at least in
part due to free convection. Hassan [5] and Raptes Perdikis [6] studied the effect of
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radiation on the flow of micropolar and viscoeladtuid respectively. Seddeek [7] also
studied the effect of radiation past a moving plaith variable viscosity. The effect of
radiation on the flow past a vertical plate wasdssed by Takhar et al. [8]. Guria et al. [9]
investigated the effect of radiation on three digienal flow in a vertical channel
subjected to a periodic suction. Guria et al. [&3p studied the effect of radiation on
steady three dimensional flow past a vertical psrplate in the presence of transverse
magnetic field.

Sing and Thakar [11] discussed the effect of pésisdction on three dimensional
mixed convection and mass transfer flow. Ahmed HI&)p studied the effects of heat and
mass transfer on the steady three dimensionaldfawiscous incompressible fluid along
a moving vertical plate. Ahmed and Liu [13] studted effects of heat and mass transfer
on three dimensional flow past a vertical porowelvith uniform free stream velocity.
Reddy and Reddy [14] studied radiation and massfea effects on unsteady MHD free
convection flow past a vertical porous plate witiscous dissipation. However, the
interaction of radiation with mass transfer in thdimension combined convection flow
has received little attention.

The aim of this paper is to study the effect ofatidn on three dimensional mixed
convection flow and mass transfer past a verticabyps plate subject to the periodic
suction velocity distribution with uniform free saam velocity.

2. Formulation of the problem
Consider the unsteady heat and mass transfer flatg@ous, incompressible fluid past a

semi- infinite vertical porous plate. Here the-axis is chosen along the vertical plate, that
is, in the direction of the flow,y*— axis is perpendicular to the plate aad- axis is
normal to thex*y* - plane. All the fluid properties are consideredhstant except the
influence of the density variation with temperatigeconsidered only in the body force
term. The plate is considered to be infinite lengthderivatives with respect t& vanish

and so the physical variables are functions}éf Z, andt” only.
The plate is subjected to a periodic suction véyatistribution of the form

vV ==V, {1+ £ co{ﬂzl—* -t ﬂ (1)

where (0 1) is the amplitude of the suction velocity, is the constant suction/ is

the kinematic coefficient of viscosity artd is the time. Denoting velocity components
U,V,wW in the directionsX -,y — and Z — axes respectively, under Bousinesq
approximation, the flow is governed by the follogiiequations

av* +0VY -0, @
dy o0z
ou”  .ou .o0u 0°u  98°u

SV W S| -+ |+ gB(T-T )+ B( C- C), 3
ot ay 0z ( Y 6zzj gﬁ( L) gg( Q) ®)
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N LoV .oV _ 19p [PV v

* +V _*+W_*___ * +V * + * ] (4)
ot ay 0z POy oy 07
ow  .ow _ .0w _ 14dp 0w 0°w

—tV —/ W —="———F+V| —F+— | (%)
ot ay 0z 00z oy 07
oT" .07 . .0T _ k (0°T  o°T 1 dq’

* +V * +W P * + * - 1 (6)
ot oy 0z pCloy 07 ) pGay

* * * 2 X 2
0 L0 4o -p2C E L0 C : )
ot dy 0z y> 07

where o is the density of the quid,p* is the fluid pressureg is the acceleration due
to gravity, B is the coefficient of thermal expansiok, is the coefficient of heat

conduction, C, is the specific heat at constant pressifre is the permeability of the

porous medium. The equation of conservation ofatad heat transfer per unit volume for
all wavelength is

04’ =[ K, (T7)(4e, (T)- G) o,

where €, is the Plank’s function and the incident radiati@p is defined as
_1
G, = Ejozwe” (Q)dQ,

D.q? is the radiative flux divergence ard is the solid angle. Now, for an optically thin

fluid exchanging radiation with an isothermal ftdéte at temperaturd, and according
to the above definition for the radiative flux digence and Kirchhoffs law, the incident
radiation is given byG, = 4e,,(T,) then,

0g7=4[ K, (M), (T~ 6,(7)) @,
ExpandingK ,(T") and e,,(T,) in a Taylor series around,, for small (TD—TO) , we
can rewrite the radiative flux divergence as

0o =4(T°-T) [ K, (aaeﬁrh] i,
0

where Kﬂo = KMTO).

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

0o’ =4(T7-T) 1.
and hence

O
p Ul
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where | = .[:Kﬂo (a(;{hj dA.
0

The boundary conditions of the problem are

u=0v Z—%{]&é‘co{ml——&j]fj} w =0T =T, C =C, at§/ =

U=U,V =-\,,W=0,p=pT=F,C=G as'y- o (8)
Introduce the non-dimensional variables

I o %
X T-T C -
w2 e oW (17T (C-6) ®
Vo Vo Vo T-T G- G
Using (2.9), equations (2.2)-(2.7) become

CANCLEY) (10)
oy 0z

ou Ju du “u. 0%u

R =—+—+ R¢ GF 11

T {VEJFW(E] oy 07 €Cf+ G ¢ (1D
a)ﬂ+R vﬂ+ ov 1 6p av ﬂ (12)

ot oy oz Reay ay 0z°

2 2

oW W, P 10D, (0w, 0tw 13

ot dy 0z ROz |\0Y 02/

2

w%+R v—+ —0 6 9 - FRé&f, (14)

ot Pr ay* 2%

2

a)a—C+ R j ( ¢ 0 CZ:J (15)

ot
where Gr = m , the Grashoff numberGm= w mass Grashoff

0 0

cv Vv
number, w=—- ,the frequency parameter an®r=— , the Prandtl number,
a

00

All , the radiation parametetszl, the Schmidt numberRe:V—OI, the
AC .V, D Vv
Reynolds number. The boundary conditions (2.8) beco
u=0,w=0yv=-[ I+¢ cofrz- §] § =1C =1 aty =

u=U,w=0,v=-1,=0,C=0 as y - oo, (16)

F =
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where U =U/V,, is the non-dimensional free stream velocity.

3. Solution of the problem
To solve the equations (10)-(15), we assume theisalof the following form

u(y, z,t) = Uy (y) + au (y, z,t) + £, (y, z,t) +---,

V(Y Z,t) = Vo(y) + v (Y, 2, 1) + £7,(y, Z,t) + -,

W(Y, Z,t) = Wo(Y) + ey (Y, 2,t) + €W, (y, 2, 1) +---,

P(Y,Zt) = Po(Y) +epu(y, Z,) + £7p, (Y, Z,8) +-+-, (17)
(Y, z,1) = 6,(y) + £6,(y, 2,1) + £76,(y, 2,1) +---,

C(y,2,1) = C,o(y) +£C,(Y, Z,t) +£°C,(y, 1)+,

Substituting (17) in equations (10) to (15), conmmh the term free frome and the
coefficients of £ from both sides and neglecting thosedf. The term free frome are

v, =0, (18)
U, + Rg GB, + GMG)+ Rey 4~ 0, (19)
g, — RePryd, - FReP1g, =0, (20)
C, —ReSyg, =0, (21)

where the primes denote differentiation with respe y .
The boundary conditions become
u,=0v,=-1,w,=0,6,=1,C, =1 a y=0,
U, =1,v,=-1,w,=0,6,=0,C, =0 as y — co. (22)
The solutions of (18)- (21) under the boundarydithons (22) are
.y _SRe
Vo(y) =-1, G(y)=e ™, Cy(y) = e

Uo(y) =U (1_ e—Rey) + Al‘( e_/]ly - éRey) + 9( eSReL o Rjy,

ReP ++/REPr? + 4FRePr

where A, = > , (23)
- ReGr -Gm
A= Ret,’ 7 SRes-1)
1 1 ¢S-1)
Equating the coefficient o€ from both sides, we get
%-}-% =0, (24)
oy oz
ou dy, du )_(0%y 0%’y
w—+Rg y\—>—— |=| —+ + R¢ G + Gm(, 25
ot e[Ydy ayj (af 97 ¢ G4 9 (25)

2 2
w%—Re%——i%+(M+a Vlj (26)

ot dy Redy |oay? o7
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2 2
w%—Re%:—i%.k an+an ’ (27)
ot oy Redz | ay* 0z°
2 2
o2y 98] 1(50 08 Lo, "
ot dy oy Pr\ ay 0z
2 2
Wi rdy 9G _9C)_1(0°C, o%C,) 9)
ot dy ady ) S|l oay* 0z°

The boundary conditions become

w =0y, =—co{rrz-1 w =04, =0G =0 aty =!I
u=0,v,=0,w,=0,=0C,=0. as y - . (30)
These are the linear partial differential equatidescribing the three-dimensional flow.

We assume the velocity components, pressure angetatare distribution in the
following form

w(yz)=uy, (D€, | yz)t= v Y&,
vvl(y,zt)=i‘—;q1(»é““>, o yzt= p( ye", (31)

a(v.z9=6,(Ne¢™", ¢(yzr= G(y'E",
Substituting (3.31) in (25)-(29), we get the faliag set of differential equations

.. . _ 1.

Vip Re\fl_(ﬂ2 - w) \{1:36 SEY (32)
Vip t Re\ﬁ_(ﬂz - w) leﬁe SF (33)
6, + RePd,,—( FRePr 77 - iPw)§, = RePnd, (34)
u;1+ Reql—(nz— w) u,= Rey 'ld_ Re @+ Gmﬁ (35)
C,,+SReG-(7 - i®) G= SRev, (36)

The boundary conditions become

u,=0,v,=-1,v,=0,6,=0C,=0 a y=0,
u,=0,v,=0,Vv,=0,6,=0C,=0 as y - . (37)
Solving (32)- (36), under the boundary conditi¢di8), and on using (33), we get

Vl(y,z,t)z(/‘iﬂ)[néw_/] é”yJ &=

Wl(y’z’t):iuj—m[éﬂy‘ & ] &,

91()/,2,'[) :[%{ Uy _ é,uy} + ’9{ &y _ —é{y}:| @,
C(y.z 1) :[ %{ gUsRI Y- é”zy} + g{ &+ SRe v *ézy}} @,
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Heat and mass transfer flow past a vertical poptate in the presence of radiation
w(vz )= g - )+ f @- ¢
+B3{e'("ﬁl)y _ e—/ly} + 3{ gA+SRy y_ g }
Bs{e—azy_ e—/ly} + Q{ aUTSRY y_ éﬂ‘} +B (eI g1 4 | gt RE Y- é/l}y:| ')

(38)
where
3= Re+\/Re2 +4(7 -iw)
> :
y= ReP +/REPr? + 4(FRePr+ 17 —iPr o)
5 :
oo SRet/S’Ré +4(7* - iSw)
2 2 y
K = RePMl Kl _ - SPRE
(A-m) (A-m)
- -Kn
o (A+A)? -RePr(A +A) - (FRePr+ m° —iPraw)’ (39)
A = KA
(m+A)? - ReP((7r+ A,) - (FRePr+ 7 ~iPra)’
— Kln — _Kl/]
AT vise) T Sireria)”
_ ~(ReGrA+K,7AA)
A\ +2A-R9
ReGI(A + A)

2" (12 - iRe— (1" —iw))’
B, = —(ReGrA - K,AAA)
(m+A)? - Re(rr+ A) ~ (7T ~iw)
_ —(ReGmA+K,7A,SRé
B, = ,
(2ASRer S’R€ - SRé)
_ ReGn{A + A)
* T (B -ARe- (P -iw)’
_ -(ReGmA-K,1A,SR¢
" (7m+ SR’ - R+ SR~ (77 —iw)’
B, = -KARqU + A +A)
(7Re+iw) ’
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_ K,/ReU +A +A)
A+RO?-ReA+RO- (7P -ic)

B,

4. Results and discussion

| have computed the numerical value of the velo¢dynperature, shear stresses, and rate
of heat and mass transfer for different valueshef mon dimensional parameters and
plotted in the diagram.The value of dimensionlesameterGr is taken as positive. The
positive value corresponds to an extremely coolatefby the free convection currents.
The value of Prandtl number is taken equaltd@1 and this value corresponds to the air.
The values of Grashof numbe(&r) are taken to be large from the physical point of
view. The large Grashof number values corresponftee convection problem. The
Schmidt number (S) are taken for helium (S=0.3}ewaapor (S=0.60), oxygen (S=0.66)
and ammonia (S=0.78). The effect of radiation pa&tem Prandtl number, permeability
parameter and suction parameter on main flow viglésishown in Figs.2-5. The effect of
radiation parametefF on the primary velocity is shown in Fig.2. It isem that the
primary velocity decreases with the increase of#daation parameter. Figs.3. and 4 show
the effect of thermal Grashoff number and massl@fasumber on the primary velocity
profile. It is noticed that the velocity profiledrease with the increase of the both thermal
and mass Grashoff number. Fig.5 shows the effdc&clmidt number on the primary
velocity. It is noticed that the fluid velocity deases with the increase of Schmidt number.
Figs.6 and 7 show the effect & and Re on the temperature profile. It is clear that
temperature decrease with the increase of Bottand Re. Therefore using radiation we
can control the flow characteristic and temperatlis¢ribution. In Figs. 8 and 9 | have
presented the concentration field for several \&alof Schimdt number and Reynolds
number. It is found that the concentration fieldr@ase with increse in both Schimidt
number and Reynolds number.The non dimensionat stregs component due to primary
flow can be expressed as

T, = (g_;)FO = UO(O)+£U1(O) = u'o (0)+ gu'll(o)é(nz—t) ’
=RgU +A +A)-ASRe-AA
+e[t, coqmz~t)~t sirf(mz—1)] (40)

The shear stress due to primary flow in terms7pfare given in Table.1 for
several values of frequency parameter and radigaoameter. From the Table.1 | observe
that 7, decrease with the increase of both frequency petemor radiation parameter. In

Table.2 | have presenter], for several values of Schmidt number and masshefas

number. It is found that, decreases with the increase of Schmidt numbeinbreases
with the increase of mass Grashoff number.
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Heat and mass transfer flow past a vertical popbate in the presence of radiation

T

X

F 2 3 4 5

31.32 26.03 2571 2543
31.07 2591 25.58 25.28
30.81 25.79 25.46 25.16
30.56 25.67 25.34 25.04

CD\ICDU'IE

Table 1: Shear stress component due to primary flow@&r=5.0,Gm=5,
Re=5.0, U =1, S=0.3, z=0, t=0.5.

S 2 3 4 5
Gm
0.z 21.55| 24.80 | 28.06| 31.32
0.6 18.37 | 20.03 | 21.69| 23.35
0.6€ 18.24 | 19.84 | 21.44| 23.04
0.7¢ 17.89 | 19.3! 20.73| 22.16
Table 2: Shear stress component due to primary flow@&r=5.0, « =10,
F=2, Re=5.0,U =1, z=0, t=0.5.

Now we calculate the rate of heat transfer. The ohtheat transfer at the plate=0 is
given by
Nu= [ﬁJ =-6,(0)- €6, (0),
Y Jo
=-6,(0)- 6,0,
=~ 6 comz~1)-§ si(mz- 1] (41)

The non-dimensional mass flux at the plate= O in terms of Sherwood numbesh is
Sh= ("—CJ = —C,(0)-£C,(0)
oy ).
y=0

=-C}(0)-£C,,(0)e™ ™,
=SRe-¢[ Ceoy7m z Y+ Csir{m z )i (42)
In Table 3 | have presented the rate of heat tesrisfterms of Nusselt number

Nu for F =2 and rate of mass transfer in terms of Sherwoodoauntt is observed that

Nu increase with the increase of both Prandtl nuralsewell as Reynolds numbeh
also increase frequency parameter and radiaticenpter the increase in both Schmidt
number as well as Reynolds number.
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Nu Sh
Prf 0.025| 0.71 7.0 11.4 S| 0.3C | 0.6C | 0.6¢ 0.7¢
R Re
2 0.34 | 2.47 22.10 2 0.59| 1.1&¢| 1.3C 1.5¢
14.48
3 0.42 | 3.27 28.20 3 0.8¢ | 1.7¢| 1.9¢ 2.31
19.42
4 0.50| 4.03 | 23.28 4 1.20 | 2.3¢| 2.6 3.1C
31.23
5 0.56| 4.76 | 26.19 5 1.5C | 3.00| 3.3C 3.9C
31.63

Table 3: Nusselt number and Sherwood number fo~10, z=0, t=0.5.

5. Conclusion

In this paper | have studied the three dimensiomakd convection and mass transfer
flow past a vertical porous plate in the presenceadiation with uniform free stream
velocity. The solutions have been obtained fonmédecity, temperature and concentration
fields, shear stresses, rate of heat transfer asd transfer using perturbation technique. It
is found that the primary velocity decrease with tificrease of both radiation parameter
and Schmidt number but increase with the increé<erashoff number as well as mass
Grashoff number. The temperature distribution desevith the increase of both radiation
parameter and Reynolds number. The Concentratioh diso decrease with the increase
of both Schmidt number as well as Reynolds number.
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Figure 1: Physical model and Co-ordinates system

y

Figure 2: Variation of primary velocity forPr =0.71,Gr =5,Gm=5,
w=10,Re=4,5S=0.3U =1
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4 3K

0.5
45

Figure 3: Variation of primary velocity forPr =0.71,F =2,Gm=5,
«=10,Re=4,S=0.3U =1

T T T
Gm=2
- — —Gms=5
Gm=8
— = Gm=10

Figure 4: Variation of primary veldcity forPr=0.71Gr =5,F =2,
a=10,Re=4,5S=0.3U =1
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Figure5: Variation of primary velocity forPr =0.71,Gr =5,Gm=5,

«=10,Re=4,F=2U =1
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Figure 6: Variations of temperature profile faPr =0.71,& =10,Re=4.
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Figure 8: Variations of concentration field forc =10,Re=4.
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Figure9: Variations of concentration field foee =10,S=0.3.
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