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Abstract

This paper concerns the unsteady mixed convecaéioingr boundary layer flow past a vertical wedgéehia presence of thermal radiation.
The governing equations have been solved by theghktforward finite difference method for the eatfrequency range. We observe that the
Richardson’s numbeRi, strongly affects the skin friction, heat transd@ed mass transfer. The effect of the Schmidt nunSsgon the mass
transfer is significant, whereas the skin frictiand the heat transfer are almost unaffected bjl#o the heat transfer is considerably
dependent on the conduction-radiation param&grbut the influence of this parameter on the skictibn and the mass transfer is rather

weak.

|. Introduction

Mixed convection has been the focus of researchusecof
its application in electronic equipment cooled bfaa and
flows in the ocean and in the atmosphere.
phenomena, the forced and the free convectiontsféee of
comparable magnitude. Therefore, mixed convectakes
place when the effect of buoyancy forces on a fbribew
or vice versa is significant. There are variousliapfions in

In this

uniform surface heat flux. Moreover, Kandasamy kt a
presented the effects of variable viscosity andrntioe
phoresis on magneto-hydrodynamics mixed convedtest
and mass transfer past a porous wedge in the meesEn
chemical reaction.

The radiative effects have important applicatiamplysics
and engineering particularly in space technologg aigh
temperature processes such as nuclear power pigass,

thermal engineering and science where the influesice turbines and thermal energy storage. Y#tudied the effect

mixed convection is to be investigated. Examplesheke
applications include atmospheric boundary layerw$p
solar energy systems, boilers, compact heat exensngnd
cooling of electronic devices.

Due to the occurrence in many interesting and itamor
fluid-mechanical problems,
transfer under the influence of free-stream odaltehave
been the important topic of research, for exampie
accelerating and decelerating phases of missiggtflithe
intermittent flow in an engine during unstable casiion,
heat transfer encountered in liquid rocket and djeb
engines, and thermal failure of the resonance halag¢ing in
which the effect of heat generation appears tadm@ficant.

oscillating flow and hea

of radiation on mixed convection flow optically dernviscous
fluids about an isothermal wedge embedded in aratetl
porous medium. Chamkha et'linvestigated the steady-
state, hydromagnetic forced convective boundargHdipw
of an incompressible Newtonian, electrically cortohgcand
heat-generating/absorbing fluid over a non-isotlamedge
in the presence of thermal radiation effects.

Many transport processes occurring both in natune ia
industries involve fluid flow with the combined heand
mass transfer. Coupled heat and mass transfergmsbin
presence of thermal radiation are of importancemeany
processes and have, therefore, received considerabl
attention in recent times. The study of heat andssma

Lighthill* first initiated the investigation of how a bounglar transfer with thermal radiation is of great praatic

layer responds to fluctuations of the external e#joabout

importance to engineers and scientists becauds afmost

a steady mean. Yihpresented an analysis of the forceduniversal occurrence in many branches of sciencg an

convection boundary-layer flow over a wedge witlifanm
suction and blowing, whereas Watanalrevestigated the
behavior of the boundary-layer over a wedge witbtisn
and injection in forced flow. Recently, Sing et*dhave
studied the behavior of unsteady mixed convectiow bf
an incompressible viscous fluid over a vertical gedvith
constant suction/injection. Al-Harbi and Ibrafiinvestiga-

engineering. Motivated by the aforementioned appibns,
the present analysis is devoted to study the udgt@ainar
boundary layer mixed convective heat and mass feans
with conduction-radiation interaction of viscouscam-
pressible fluid past a vertical wedge.

I1. Mathematical For mulation

ted the development of mixed-convection boundaygila A two-dimensional unsteady laminar mixed convection
flow along a symmetric wedge with variable surfaceboundary layer flow of an optically dense viscousd a
temperature embedded in a saturated porous mediutimcompressible fluid past a wedge under the infigenf
Prasad et d.analyzed the magnetohydrodynamics mixedthermal radiation is considered. The physical anfition

convection flow over a permeable non-isothermal geeih
the presence of variable thermal conductivity. A&asty
mixed convection boundary layer flow over a veitisadge
with the effect of magnetic field embedded in a quer
medium has been studied by Kumari ef. aflossain et dl.
examined a steady two dimensional laminar forced fhf a
viscous incompressible fluid past a horizontal vweedgth

*Author for correspondence. e-mail: nepal@du.ac.bd

and coordinate system of the problem are shownguaré 1.

In this figure, oy, o1 and Jdc represent the approximate
momentum, thermal and concentration boundary layer
thickness, respectively. It is assumed that thefasar
temperature of the wedge, species concentration fraed
stream are oscillating with small amplitude but notthe
direction.
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Under the usual Boussinesqg approximation, the ceasen
equations for the unsteady, laminar,
boundary layer flow problem can be written as
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In the above equationg,andy are the coordinates parallel
with and perpendicular to the wedge surfacandv are the
velocity components in the andy-directions, respectively,
v is the coefficient of viscosityy is the acceleration due to
gravity, pr and pc are the coefficient of volumetric
expansion for temperature and concentration, réiseég «

is the thermal diffusivityx is the thermal conductivity and
D is the molecular diffusivity of the species. Femmore, T
and T,
layer and the ambient fluid, respectivey,andC,, are the

species concentration and the ambient concentration
X
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Fig. 1. Flow configuration and coordinate system

The corresponding boundary conditions are

u=v=0,T=T,+(T,-T,)(1+ ),

. (5)
c=c,+(c,-c.)(1+ed“) aty=0
u=U(xt),T=T,,C=C, asy— . (6)

two dimendionaand C, is the mean surface concentration with > C,.

N. C. Roy, P. Akther and A. K. Halder

Here, T, is the mean surface temperature wheretge T,
In
addition the free-stream velocity (x, t) is assumed to be of
the form

U (x.t) =Ugx?(1+£6t), (7)

where Uy, ¢ are constants ana is the frequency.
The quantity g, on the right-hand side of equation (3)

represents the radiative heat-flux in §adirection. In order

to reduce the complexity of the problem the oplcé#hick

radiation limit is considered in the present anialy§hus the

radiative heat-flux term is simplified by using tResseland

diffusion approximation for an optically thick fli

according to

oT*

3K(a+ JS) dy

In the above expression,is the Stefan—Boltzman constant,

a is the Rosseland mean absorption coefficientansd the

scattering coefficient.

Now, y is the stream function that satisfies the carityn

equation (1) and is defined by
0 0

u= 71// v = —71// . (9)
6y 0x

When ¢ << 1, the functionsy , T and C may be developed

in the following forms

40

g =- (8)

are the temperature of the fluid in the boundaryw(x Y, t) w (x Y)+€l//1(X y) eiax
S 1 1

T(x, y,t):Ts(x,y)+sTl(x,y)e'al (10)
C(x y.t) =C,(x,y)+eC,(x.y) d

where only the real part is to be taken as it hagsical
meaning.

Now, we substitute (7)—(10) into (2)—(4) and eegutte
coefficients of & that give

al/js 62[/13 _ al/js 62[/13 =EU2

oy o0xdy  0x 6y2 2 °

o° 11
w b s gp (1,-T,)cos(ma) an
9B (CS —Cm)cos(n/4) ,
6(// 0T, 01// T,

oy Ox 0x 6y 12)

1
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3K(a+a Ts
aw oC, 61// aC, (13)
oy ax 0x ay y

For the set of above equations, Tsand Cs represent the
steady-state solutions that can be determined hky th
following functions:
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Wlth boundary conditions
f=1=0,6=1¢=1 aty=0

f'=1,6=0,¢=0 asy— oo

Substituting the expressions (7)—(10) into (2)—@nd
equating the coefficients of give equations for time-

dependent components, T, and C;as
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The associated boundary conditions become
%

oy
c,=C,-C, at y=0

Y, = =0, T,=T,-T,,

(14)

(15)

(16)

(17)

(18)
(19)

(20)

(21)

(22)

(23)

LA
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To non-dimensionalize the equations (20)—(22), awesaler

the following expressions
3

= (Wo)? °F (1),

=Ux'?, T,=0,C,=0asy - «. (24)

c T (25)
1 =
C.-C. o)

Using (14) and (25) into (20)—(22), we obtain
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Here¢ = wx“4Uq, Gry = Grr+ Gre = ¢f fr (T — T.) + fc
(Cw — C,)}cos(@/4)x3h? is the global Grashof number with
Grr being the Grashof number for thermal diffusion and
Grc the Grashof number for mass diffusid®e, = UpC2v

is the Reynolds numbeRi = Gr, / ReZ is the Richardson’s
number, Pr =v/a is the Prandtl numbeisc = v/D is the
Schmidt number. Other parameters are defineByas 4o

Tj/x(a + 0y, A = TJT, — 1 whereRy is the conduction-
radiation parameter and\ is the surface temperature
parameter.

The corresponding boundary conditions for (26)—@@&)
F=F'=0,0=1®d=1 atyp=0 (29)
F'=1,©=0,®=0 asyn — . (30)

The sets of equations (15)—(19) and (26)—(30) aheed by
employing the straight forward finite difference thmed'%.
Of interest are the skin friction, the rate of heahsfer and
the 5nass transfer which are expressed following &um
etal’:



62
p+k)( o

Cf:( 2)( 4[;1) ' (31)
/dJoX ay y:O

q=- X (ale : (32)
ke (To =T.) Loy Jy=o
D(CW_Cw) ay y=0

In this study, the results are presented in terms&?,
AJE? and A/ where

A =[Re’e /(1K) = R+ R, (34)
A, :‘Re;”q‘:ﬁle'rhe;z, (35)
A, :‘Re;j/zm‘ = o2+ 02 (36)

Here the real parts of the transverse velocity igrad
temperature gradient, and mass gradient at theurdre

", ©/ and @," respectively, and the imaginary parts of
those ard~", ®, and®;'.

[11. Results and Discussion

In this paper, we examine the effects of the Ridban’'s
number,Ri, the Schmidt numbeiSc, and the conduction-
radiation parametelR;, on the amplitudes of skin-friction,
heat transfer and mass transfer.
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Fig. 2. Amplitudes of (a) skin friction, (b) heat transfand (c)
mass transfer for different valuesRifwhile Pr = 0.72w = 0.5,Sc
=0.22,R4=0.5,A=0.1.

Figures 2(a)-(c) depict the effects of varying the The effects of the Schmidt numb&, on the amplitudes of

Richardson’s numberRi, on the amplitudes of the skin
friction, the heat transfer and the mass transéspectively.
From the figure 2(a), it is seen that the amplitofiéhe skin
friction is higher for higher values of Richardssmumber,
Ri. But the rate of change of the skin friction frame
leading edge to the downstream region is higheldaer
Ri. On the other hand, figures 2(b) and 2(c) show with

the skin friction, the heat transfer and the maassfer are
shown in Figures 3(a)-(c), respectively. Resulthdate that
the amplitude of the skin friction increases withiacrease

of Sc. This is due to the fact that the Schmidt number
becomes high owing to either increase of the kineEma
viscosity or decrease of the mass diffusivity & fluid, and
the increase of the skin friction is the resultloé change of

an increase oRi, the amplitudes of both heat and massth€ fluid property. The changing & has no strong effect

transfer are higher near the leading edge whileré¢iverse
case is observed in the downstream region.

8.0

on the amplitude of the heat transfer althoughai ktrong
effect on the amplitude of the mass transfer. Asuhlue of
< increases, the amplitude of mass transfer incsedsés
because the Schmidt numbe, indicates the physical
properties of the diffusing species.
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mass transfer for different values hile Pr = 0.72Ri = 2.0,
Fig. 3. Amplitudes of (a) skin friction, (b) heat transfend () -5 SC:O.ZZA:IO.S. valuesRyfwhi R W

mass transfer for different values@fwhile Pr = 0.72Ri = 2.0,w

=05R4=0.54=05. V. Conclusions

We study the unsteady mixed convection boundargrlay
flow over a vertical wedge in the presence of trdrm
radiation. The dimensionless governing equationg feeen
solved by the straightforward finite difference hwd for

Figures 4(a)-(c) exhibit the influences of the cactibn—
radiation parameterRy, on the amplitudes of the skin
friction, the heat transfer and the mass transéspectively.
From the figures, we observe that the amplitudéhefheat the entire frequency range. We found that for highe

transfer is strongly dependent on the conductiahiatén Richardson’s numbeRi, the amplitude of the skin friction

parameteRy, whereas that of the skin and the mass transfer

is almost unaffected by it. Also an increase in the'S higher. With an increase &, the amplitudes of the heat

conduction-radiation parameter results in decrepsine transfer and the mass transfer are found to beshigar the

. . . : leading edge but the reverse case is seen in thastieam
g?%ﬁ;?nekr?; tzte ;ﬁat.rtr::nf;?s;\;h'fsh t\ﬁa;td?rt]? Z;d;ﬂg region. When the Schmidt numbesg, is decreased, the

corresponds to an increased dominance of conduotien amphtyde of the skin friction increases. On thetwy’ the
changing ofSc has no strong effect on the amplitude of the

radiation. heat transfer. Moreover, the amplitude of the nmemssfer
20 increases as the value &f increases. Also the heat transfer
' is found to be strongly dependent on the conduetion
radiation parameteRy, but the effect of this parameter on
18- the skin friction and the mass transfer is ratheaky
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