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ABSTRACT

An exact solution of the unsteady free convectmmbary-layer flow of an incompressible fluid pastinclined
oscillating plate with the flow generated by Nevidonheating in the presence of radiation is presdntere. The
resulting coupled linear partial differential equeats for the velocity, the temperature and the eotration are
non-dimensionalized and their solutions have bektained in closed form with the help of Laplaceasform
technique. The obtained solutions satisfy govermiqgations as well as the boundary conditions. Papeetric

study of all involved parameters is conducted andepresentative set of numerical results for théocity,

temperature, concentration, skin-friction, Nusseltmber and Sherwood number is illustrated grapihycaind

physical aspects of the problem are discussedtailde

Keywords. Newtonian heating, oscillating plate, Unsteady feceavection, Heat transfer, Mass transfer, thermal
Radiation, inclined plate, Incompressible fluid.

INTRODUCTION

The phenomena of free convection arise in the fidicbn temperature change causes density variaeming to
buoyancy forces acting on the fluid elements. Ndtwonvection heat transfer plays an important inleur
environment and in many engineering devices. Taishe seen in our everyday life in the atmosptkre, which

is driven by temperature differences. Soundalg¢khfirst presented an exact solution to the flofvaoviscous
incompressible fluid past an impulsively startefinite vertical plate by Laplace transform techréqin this case
the plate was assumed to be isothermal. Free ctioneeffects on flow past an exponentially accekulavertical
plate was studied by Singh and Naveen Kumar [2¢ 3kin friction for accelerated vertical plate heen studied
analytically by Hossain and Shayo [3].Das et dl.didcussed transient free convection flow pasinéinite vertical
plate with periodic temperature variation and Salgekar et al. [5] studied the same problem withigoéc heat
flux. An excellent review of existing theoreticalchexperimental work on unsteady boundary layensbeafound in
books by Stuart [6], Telionis [7] and Pop [8]. Rapet al. [9] studied the free convection flow oater near a
moving plate. Das et al.[10] analyzed the flow peob with periodic temperature variation and
Muthucumaraswamy [11] considered the natural cdimecwith variable surface heat flux. Chandran [12]
presented natural convection with ramped wall tenapiee.

Furthermore, there are applications of interestviich combined heat and mass transfer by natunavemion
occurs between a moving material and the ambierdiumg such as the design and operation of chemical
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processing equipment, design of heat exchangewssgiration cooling of a surface, chemical vapgrodéion of
solid layers, flow in a desert cooler, nuclear tees; and many manufacturing processes like hdingpl hot
extrusion, wire drawing, continuous casting, atifidrawing. In view of such application, Gebhartl #era [13]
studied the effects of mass transfer on a steagly onvection flow past a semi infinite verticaatgl by the
similarity method, and it was assumed that the eotration level of the diffusing species in thadlmedium was
very low. This assumption enabled them to negleetdiffusion-thermo and the thermo-diffusion effecs well as
the interfacial velocity at the wall due to spedidfusion. Following this assumption, SoundalgeKiat] studied the
effects of mass transfer on the free convectiow fiast an impulsively started infinite vertical felaand presented
an exact solution by the Laplace transform metf8mlndalgekar and his co-researchers [15-18] iryeagsiil the
effects of simultaneous heat and mass transfereendonvection flow past an infinite vertical plateder different
physical situations. An analytical study to examtihe mass transfer effects flow past an exponéntalcelerated
vertical plate was performed by Jha et al.[19] dhahucumaraswamy et al.[20, 21]. Recently, Nar&aijijused
Laplace transform technique to study the massfeaasd free convection current effects on unstedsiyous flow
with ramped wall temperature. Saravana etal. [R3Jied the mass transfer effects on MHD viscouw firast an
impulsively started infinite vertical plate with mstant mass flux.

In all the studies mentioned above the plate wHgei(i) moving with uniform velocity or (i) it wa uniformly

accelerated or (iii) there was exponentially acegtsl motion of the plate. However flow past a icattplate

oscillating in its own plane has many industriaplégations. Free convection flow along a harmonycakcillating

plate has many industrial applications. The firsh@ solution of the Navier-Stokes equation wagiby Stokes
[24], which is concerned with the flow of incompsdsde fluid past a horizontal plate oscillatingiisa own plane.
Such a flow past an infinite vertical plate ostitlg in its own plane was first studied by Soundily [25]. Similar
problem of flow past an oscillating plate was irtigeted by Turbatu et al. [26], Revankar [27] andp@ et al.
[28]. Gupta employed the Laplace transform techaitgustudy the flow in the Ekman layer on an oatiillg plate.
Further, mass transfer effects on flow past anlatiog plate considered by Lahurikar et al. [29].

In all these investigations the effects of radiati® not taken into account. When the temperatfitbeosurrounding
fluid is rather high, radiation effects on the fld@come significant. In some industrial applicasi@uch as glass
production, furnace design, thermonuclear fusi@sting and levitation and in space technology apfibnssuch
as cosmic flight aerodynamics, rocket propulsionstems, plasma physics, and space craft reentry
aerothermodynamics which operate at higher temperatadiation effects play an important role. Kiaggn view
this fact,Hossain et al. [29] determined the effect of radiabn the natural convection flow of an opticathyck,
viscous, incompressible flow past a heated verpoabus plate with a uniform surface temperaturé amniform
rate of suction, where the radiation was includgdabsuming the Rosseland diffusion approximati®aptis and
Perdikis [30] studied the effects of thermal radiatand free convective flow past a uniformly aecated vertical
plate. Soundalgekar et al. [31] further presentextiesolution to radiation effect on flow past eapiilsively started
vertical plate. Radiation effects on mixed conwattalong an isothermal vertical plate were studhgdHossain and
Takhar [32]. Makinde [33] focused on the thermatliation and mass transfer past a moving porout.pla
Muthucumaraswamy [34, 35] obtained exact solutitakéng into account the effects of thermal radiatilmder
different boundary conditions. Recently, Deka ara$ [B6] investigated radiation effects past a vattplate using
ramped wall temperature, Jana and Ghosh [37] ilgagst radiative heat transfer in the presencadiféct natural
convection. Effects of radiation on unsteady MHBefrconvective flow past an oscillating vertical o plate
embedded in a porous medium with oscillatory haat ¥vas studied by Manna etal.[3Qiffusion-thermo and
radiation effects on mhd free convective heat aadaransfer flow past an infinite vertical plaighe presence of
a chemical reaction of first order was discussedRbyeendra Babu [40] and his co-researchers. FuiS@shaiah
[41] etal. analyzed thermal diffusion and radiateffects on unsteady MHD free convection heat aadsiransfer
flow past a linearly accelerated vertical platehwiariable temperature and mass diffusion.

The above studies did not access the flow fromnatinied surface, a regime of considerable impogancglass
manufacturing, external aerosol particle depositimocesses (Jayaraj[42]), powder technology flaitidmn
processes (Doroodchi et al.[43]), film cooling chesthengineering systems electronic circuit coolmgchanisms,
solar energy collector (Beg[44]).Recently, thermaadiation effects on unsteady hydromagnetic gas fitong an
inclined plane with indirect natural convection Heeen investigated by Ghosh et al.[45]. Barik [d8cussed the
mass transfer and radiation effect on an exporinéiecelerated inclined porous plate with variat@mperature in
the presence of heat source. Similar problem watiest by Reddy [47].
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In all the studies cited above the flow is drivéiher by a prescribed surface temperature or byeagoibed surface
heat flux. Here a different driving mechanism forsteady free convection along a vertical surfaceoissidered;
here the flow is set up by Newtonian heating frdva surface. Heat transfer characteristic are degpgnoh the
thermal boundary conditions. In general there ate fommon heating processes specifying the wadlatbient

temperature distributions, prescribed surface Reatdistributions, conjugate conditions where h&aspecified

through a bounding surface of finite thickness &inde heat capacity. The interface temperaturads known a
priori but depends on the intrinsic propertiestad system, namely the thermal conductivity of tledfand solid

respectively. Newtonian heating, where the heatsfiex rate from the bounding surface with a fifigat capacity is
proportional to the local surface temperature andsually termed conjugate convective flow. Thisfiguration

occurs in many important engineering devices, faneple:

(i) In heat exchangers where the conduction indstibe wall is greatly influenced by the convectinrihe fluid
flowing over it.

(i) For conjugate heat transfer around fins whitre conduction within the fin and the convectiontlie fluid
surrounding it must be simultaneously analyzedritepto obtain the vital design information.

(i) In convective flows set up when the boundmgfaces absorbs heat by solar radiation.

Therefore we conclude that the conventional assiemgif no interaction of conduction-convection claapeffects
is not always realistic and it must be considerdgnvevaluating the conjugate heat transfer prosessenany
practical engineering applications. The Newtoniaating condition has been only recently used irveotive heat
transfer. Merkin [48] was the first to consider fhee-convection boundary-layer over a vertical flate immersed
in a viscous fluid whilst [49, 50, 51] considerda tcases of vertical and horizontal surfaces endgkdda porous
medium. The studies mentioned in [49 - 51] deahwitady free convection. In this area the autbbtisis [52, 53]

were the first one to give exact solution to thetaady free convection boundary-layer flow fromla fertical

plate with Newtonian heating and the solution wiakaimed in closed form using Laplace transform némphe. Our
work was further extended by Narahari and Nayan, [B4ju et al. [55] and Narahari and Ishak [56]nhich they
incorporated the effects of thermal radiation arasstransfer with Newtonian heating under diffetemtindary
conditions like impulsively started plate, exponalht accelerated plate, moving plate etc. An exasttition of the
unsteady free convection flow of a viscous incorapitde, optically thin, radiating fluid past an ioigively started
vertical porous plate with Newtonian heating wasestigated by Mebine and Adigio[57].

To the best of authors’ knowledge, so far, no sthdg been reported in the literature which investég the
unsteady free convection flow of an incompressiideous fluid past an inclined plate with Newtonlamating and
constant mass diffusion. The plate is oscillatimgs own plane. In this study, the equations efphoblem are first
formulated and transformed into their dimensionliesss where the Laplace transform method is agpiiefind
the exact solutions for velocity, temperature andcentration. Moreover, expressions for skin foisti Nusselt
number, and Sherwood number are obtained and ateegblgraphically and discussed for the pertindony f
parameters.

Mathematical Analysis

Consider the unsteady free convective flow of acais incompressible, absorbing-emitting, non-sdatie
optically-thick fluid past an tilted plate inclined an angle: to the vertical. The plate is oscillating in itwro plane.
The x-axis is taken along the oscillating plate andyis is chosen normal to the plate. Initially, fime f < 0, the

plate and fluid are at the constant temperafEOEeand concentratioﬁ:; to C; in a stationary condition. At time t

>0, the plate starts an oscillatory motion in i@ng with the velocity with bcos @* t*), where | is the amplitude
and w* is the frequency of the plate oscillations. Itdssumed that rate of heat transfer from the seirfac

proportional to the local surface temperature@id the concentration level near the plate is ddiEHnC:o to C;, .

Since the plate is considered infinite in thedirection, hence all physical variables will belépendent of
Therefore, the physical variables are functiong/oind t only. Applying the Boussinesq approximation which
states that all fluid properties are constant i exception of the density variation in the bumyaterm, the free
convective is governed by the following equations:-

U _yIYU L, gB(T-T.)com+ off (C- C )cos W
ot oy
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oT _ #T 0
pC, o = kI - @)
ot ady°- 0y
" 0
¢ _p 2C )
ot ay
With the following initial and boundary conditions:
t<0:u=0, T=1T,C=¢ forall'y> 0
t*>0:u*=UOcosnS*t,ai*=—hT,*C= G aty= “)
oy k
u=0 T-T,,C- G as’y - o
The radiation heat flux under Rosseland approxiongt8] is expressed by
q=-200T (5)
3k oay

This model is valid for optically-thick media in weh thermal radiation propagates only a limitedatise prior to
experiencing scattering or absorption. The locarrttal radiation intensity is due to radiation enteagafrom

proximate locations in the vicinity of which emissiand scattering are comparable to the locatiantefest. For
zones where conditions are appreciably differeatrttal radiation has been shown to be greatly adtedubefore
arriving at the location under consideration. Thergy transfer depends on conditions only in tlea adjacent to
the plate regime i.e. the boundary layer regimessRland’s model yields accurate results for intenabsorption
i.e. optically-thick flows which are optically féfrom the bounding surface. It is assumed that dmperature
difference within the flow are sufficiently smalhé then (5) can be linearized by expandingifito Taylor series

aboutT; , which after neglecting higher order terms takesform:

T D4TT -3T; (6)

In view of (5) and (6), (2) reduces to

pC

. N apes
oT _( (160 ja T @

Pat 3K ) ay?

To reduce the above equations into their non-diioeas forms, we introduce the following non-dimeosrsil
guantities:-

u t U2 y'U WV
u= —,t= 0 , = Z -0 =
U, v 7 v © ug
*_ - C
g=T To c=CC po S gV ®
T c, -C. k D
* *_ 3
Gr = V9I33'|'; Gm = VgB(C\g/ Cm)’R:160'|;
Us K 3kk

Substituting the transformation (8) into equati¢by (3) and (7), we obtain the following non-dinsemal partial
differential equations:

288
Pelagia Research Library



Preeti Jain and R. C. Chaudhary Adv. Appl. Sci. Res., 2013, 4(6):285-306

2
a—u:a—L;+Gr6 coxn + Gm Ccos 9)
Jt oy
2
P29 = @+ R)2Y (10
ot oy
aC _ 9°C
== 0% (11)
ot oy
The corresponding initial and boundary conditians@n-dimensional form are:
t<O0O:u= 0,6=0 G 0 foraly>0
t >0 :u= cosot,?:—y(ie ), € 1 aty (12)
y
ZU—»O,G—»O,C—»O as y- oo
Where,
\
Y = —— is the Newtonian heating parameter, when0 thend = 0 which physically corresponds that no heating

0

from the plate exists [59,60], Gr is the Grashofmber, Gm is the modified Grashof number, Pr is Pnandtl

number, Sc is the Schimdt number and R is the Radiparameter respectively. Radiation parametdycelies the
relative contribution of heat transfer by thermadiation to thermal conduction. Large R (>1) valtiesrefore
correspond to thermal radiation dominance and swalles (<1) to thermal conduction dominance (Siegel

Howell). For R = 1 both conduction and radiativatieansfer modes will contribute equally to thgimee. Clearly
the term in r. h. s. of (10) is an augmented diffagerm i.e. with R = 0, thermal radiation vanistend eqn. (10)
reduces to the familiar unsteady one-dimensionatiaotion-convection equation. Rests of the physieaiables
are defined in Nomenclature.

Analytical solutions by the L aplace transform method

The thermal and concentration equations (10) adgl 4te uncoupled from the momentum equation (9 €en
therefore solve for the temperature variglig t) and concentration variable C(y, t) whereugiom solution of u(y,
t) can also be obtained, using Laplace transforohnigue. The Laplace transform method solves difftal

equations and corresponding initial and boundatyevaroblems. The Laplace transform has the adgeritsat it
solves initial value problems directly without deténing first a general solution and non-homogemeditferential
equations without solving first the correspondingmnogeneous equations. Applying the Laplace transfaith

respect to time t to the egs. (9) - (11) we get,

du(y,q)
dy?

P48 0010 0.0)]= (@ RIF 2D 13)

d® C(y,q)
dy?

qu(y,q)- u(y,0F + Grcos 8 (y,q) Gmcaos C(y,[q

Sq aC(y.a) C(y,0)|=

Here,

a(y,q)=T e® u(y,t)dt,0 (y,q):T &0 (y,t)dtan_cIC(y,qii "% (Et)dtdenotes

Laplacetransformsof u(y,tf (y,t)and C(y,t)respectively.
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Using the initial condition (12), we get

d 3(5/2_ D _qu(y.q)+ Gr cost 6 (y.qy Gmcas C(y.q)

d? 8 (y,q) _q( Pr

dy? 1+ R

d® C(y, —
S P-asecyar 0

jﬁ(y,q): 0

The corresponding transformed boundary conditioas a

— _q

u (y!q)_ q2+(A)2

do(y.a) —v{—l +0(y q)}
dy q

— 1
C(y,q)=a aty= 0

u(y.a)~ 08 (,a)~ 0,C(y,q)» 0 asy o
The solutions of (14) subject to the boundary ctons (15) are:

u (y,q)= e-y«ﬁ + 1 e'yxﬁ + ac éyﬁl

2(q-+ iw) 2(q- iw) 7°(/g-c)
—— ac e'y\/ﬁ +_Ee-y\/a __E) gyase
P (fa-¢) q q

g’ qPLy

T
(y,q) 4a-9)
C(y.a)=— &=

Where,
Grcosa Gmcos Pr

a= D= ,C= y and Pf =—— Pry s the effective Prandtl number
Pr,—1 Sc-1 Pr ¥ F

By taking the inverse Laplace transform of (16) sbtutions are derived as:

0(y.t)=F, (yy/ Pt ,t,C)
C(y.)=F (WSc,t

u (y,t)=%[F5 (- i)+ B (i)l - [ RO PL oy §06)]

+%[Fz(yJP_réﬁ,t)‘ R (y’t)]” i{ 50 P Y E(y’ﬂ)
~b[ K (WSc, t- E (1)
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(14)

(15)

(16)

7)
(18)

(19)
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Note that the above solution for the velocity valgagiven by equation (19) is not valid for fluidgth Prandtl
number and Schimdt number unity (ieef2# 1 and Sct 1). A Schmidt number of unity (Sc = 1) indicatbatt
momentum and mass transfer by diffusion are confpgrand velocity and concentration boundary lay#nsost
coincide with each other. As the Prandtl number iseasure of the relative importance of the visg@sid thermal
conductivity of the fluid, the case Pr = 1 corresg®to those fluids whose momentum and thermal deryrniayer
thickness are of the same order of magnitude. M@retine exact solutions of the free convection [mob

Case |I: When Rg+# land Sc = 1 is given below:

U= R 0t 1)+ Ry, tiw))-- 5[ ROYPE - F 0)]
+ [ROVPL - B0+ 4 B/ Py 8 FOLY 20)

Gmcosu
+YZMEOT E (g, 1)

Case IIl: When S¢ land Pg; = 1 is given below:

u(y)=2 IR0t i)+ E (ntio)]- b F (WSe, b (.9

(21)
+MF4(y,t,y)
2y
Case lll: When Sc = land R 1lis given below:
uy)=2 Rt i)+ Bt iw)]+y6r$[a A e S
(22)
mecosa[F( t)]
Here,
FE(v,t)= erf({ \/_j
F(v,t)= 2\/7 an_ verch j
Y,
K(v,t)= (?Hj erfc( j \/;[
= d ) etd VSt erfé Y
F (v, t,Q) e( erfc{zﬁ lIJ\/_tj erf{EZ\/—tj
—Ldw| g gtV _ Fo oo Y
K(v,tQ) Zé [e erf{zﬁ \/w_ﬂ+ S er(02ﬁ+\/w_]}
(23)

erfc (x) being the complementary error functionied by

erffc(x) = 1- erf(x), erf(x)= ij exp-(n°)dn
Jrd

erfc(0) = 1, erfc ¥ O

and erfc (x + iy,) is the complementary error function of the commegument which can be calculated in terms of
tabulated numerical values of the auxiliary funct\,(z), z = % + iy, [61]. The table given in [61] does not give
erfc (x + iy;) directly but an auxiliary function YW(x; + iy;) that is defined as
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N : ~(x;+y4)?
erfc(x, +iy,) = W(-y, +ix e =1

Some properties of Wx; + iy;) are
w4 _ +i
Wl( X, |y1) A (x1 |y1)
W,(x, = iyy) = 2657 — W (x+ iy,)
where W (x; + iy;) is complex conjugate of W x; + iyy).

Also v and¥ are dummy variables and,f, F; F,and lare dummy functions.

ou’
Knowing the velocity field, we now study the chasge the skin-friction. It is given byI—D =—-H (—j
y =0

oy
(24)
The dimensionless expression for skin-friction aaétd from (19) is given by:
_ T _ du
CpU dy| . .

e e 0B 0B 002
+%‘[1—e°zt(1+ erf ¢/ 1) |(V P — }+ @— zézn— 2\5{;;( sc)1 (26)

Another phenomenon in this study is to understéwdeffects of t and Pr on Nusselt number. In nonedisional
form, the rate of heat transfer is given by:-

v oT| _ 1

U= - U,(T-T.)dy 00 1

y'=0

1
=c /Py, | I+ &7)
C [}f‘f eczt |:1+ erf (C\/_t):| -

The dimensionless expression of Sherwood numlggvén by:
oC Sc

Sh=-— =, |— (28)
oy Tt

y=0
RESULTSAND DISCUSSION

In order to discuss the effect of various physipatameters on the velocity field, thermal boundkyer,
concentration boundary layer, skin-friction, Nusseimber and Sherwood number the numerical comipataf the
analytical solutions, obtained in the precedingisac have been carried out and shown graphicalie regime is
controlled by seven thermo-physical parameters lwhie radiation parameter (R), Prandtl number @rashof
number (Gr), modified Grashof number (Gm), Schmiginber (Sc), Newtonian heating paramet®rghase angle
(wt) and single geometric parameter which is angledmation @) and time (t).

In figure 1 the evolution of dimensionless tempemtprofilesd (y, t) inside the boundary layer, against sparewis
coordinate y for different values of Boltzmann-Ralaad radiation parameter R is shown. Again Pr/d 0e. Pr <
3

1, so that heat diffuses faster than momentuméneégime.R = ———=- and as discussed earlier this embodies

3kk
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the relative contribution of heat transfer by thatmadiation to thermal conduction. R correspormdart increase in
the relative contribution of thermal radiation h#ansfer to thermal conduction heat transfer. ¢xsR<<1, thermal
conduction heat transfer will dominate and vicesaeior R > 1. Larger values of R therefore physjoabrrespond
to stronger thermal radiation flux and in accordamdth this, the maximum temperatures are obsefoe® = 3.
Rosseland's radiation diffusion model effectivehhances the thermal diffusivity, as described bgg&li and
Howell. From this figure it is depicted that anriease in radiation parameter leads to an increageitemperature
in the boundary layer region which implies thatiatidn tends to enhance fluid temperature.

Figure 1: Temperature profiles for different valugfsradiation parameter R when t = 0.2, Pr= 0.7t ¥ = 1.

Temperature ——————>
- - S

[
a

Figure 2 exhibits the influence of dimensionlessetit on the thermal boundary layer. It is obsertbed there is an
enhancement in fluid temperature as time progresses

Figure 3 illustrates the influence of Prandtl numBeon fluid temperature taking Pr = 0.71, 1.0, &d 100 which
physically corresponds to air, electrolytic solatiovater and engine oil respectively af@emperature and 1
atmospheric pressure. It is inferred that the tiéds of thermal boundary layer is greatest for Br74 (air), then
for Pr = 1.0 (electrolytic solution) and then far £7.0 (water) and finally lowest for Pr = 100 ¢ame oil) ie. an
increase in the Prandtl number results in a deerehsemperature. Pr signifies the relative effexftsiscosity to
thermal conductivity. The reason is that smallelues of Prandtl number are equivalent to increasiregmal
conductivity and therefore heat is able to diffageay from the heated surface more rapidly tharhfgher values
of Prandtl number.

From figure 4 it is reported that an increase iae Newtonian heating parameterthe thermal boundary layer
thickness also increases and as a result the sudatperature of the plate increases. From figltes4 it is found
that the maximum of the temperature occur in thiity of the plate and asymptotically approachegzero in the
free stream region.

In Figures 5 and 6 the concentration profiles d@s for different values of the Schmidt numberadad time t
respectively. Different values of Schmidt number=S2.22, 0.3, 0.6, 0.78, 0.94 and 2.62 are chdbken,physically
correspond to Hydrogen, Helium, water vapour, Amimp8arbon dioxide and Propyl Benzene respectiaeB5C

temperature and 1 atmospheric pressure. The wdfileve a common feature that the concentrationedses
exponentially from the surface to zero value faagpw the free stream. A comparison of curves anfihures show
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that the velocity decrease&gth increasing Schmidt number while the conceidraboundary layer enhances for
increasing times. This is consistent with the faet the increase of Sc means decrease of moletitfiasivity that
result in decrease of concentration boundary laylence, the concentration of species is highesifeall values of
Sc and lower for large values of Sc.

Temperature —— >
5§ % 5

Figure 2: Temperature profiles for different valugistime t when R =1,Pr=0.71aMd =1.

t=0.2,0.4,0.6,0.8

°¢>

Temperature

Figure 3: Temperature profiles for different valugisPrandtl number Pr when R =5,t=0.2 and .£0

Pr=0.71,1,7,100
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Figure 4: Temperature profiles for different valueisNewtonian heating parametér when R = 1,Rr.71 and t = 0.2.

y=0.1,0.2,03,04,05

Figure 5: Concentration profiles for different vaiof Schmidt number Sc when t = 0.9.

Sc =0.22,0.3,0.6,0.78,0.94,2.62

The velocity profiles u(y, t) in case of radiatiand pure convection are shown in Figure 7. It i®aded from this
figure that the radiation parameter R has an aratétg influence on fluid flow. Physically, it isué to the fact that
an increase in the radiation parameter R for fixallies of other parameters decreases the ratedigitiv@ heat
transfer to the fluid, and consequently, the flugdbcity increases.

Figure 8 illustrates the influence of Prandtl numBe on the flow field. It is evident from the figuthat the fluid
velocity overshoots the plate velocity in the regiclose to the boundary. This overshooting is nppomounced
for low Prandtl number fluids than for higher Printumber fluids. Also the thickness of momentunuhdary
layer is more for fluid with low Prandtl number. & heason underlying this behavior arises from #wt that the
increase in the Prandtl number is due to the iseréa the viscosity of the fluid, which makes théd thick and
hence the fluid moves slowly. For Pr =1, the momenand thermal boundary layers will have same ttésk.
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Figure 6: Concentration profiles for different vakiof time t Sc when Sc = 0.6.
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Figure 7: Velocity profiles for different values eddiation parameter R when Pr = 0.71,Sc = 0.3,@,6m = 3,t = 0.9,
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The effects of Grashof number Gr and modified Goaslumber Gm on velocity are shown in figures 9 afdIt is

observed that the velocity increases with increpsalues of Gr and Gm. Physically, this is possii#eause as the

Grashof number and modified Grashof number incseake contribution from the thermal and mass booyaear

the plate becomes significant and hence a rideeivélocity near the plate is observed. This grisssto an increase

in the induced flow. For higher values of Gr, théd velocity overshoots the plate velocity in ttegions close to

the boundary.

Figure 11 displays the effects of Schmidt numbeoSd¢he velocity field. It is inferred that the welty decreases
with increasing Schmidt number. An increasing Sahinmumber implies that viscous forces dominate dher
diffusion effects. Schmidt number in free convectiiow regimes represents the relative effectivenes
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momentum and mass transport by diffusion in theaigl (momentum) and concentration (species) bognda
layers. Smaller Sc values correspond to lower nubdeaveight species diffusing in air (eg. Hydrod&e = 0.16),
Helium (Sc = 0.3), water vapour (Sc = 0. 6), oxyg®o = 0.66), ammonia (Sc = 0.78), carbon dioxBie £ 0.96))
and higher values to denser hydrocarbons diffugingir (e.g. Propyl benzene in air (Sc = 2.62).eEfively
therefore an increase in Sc will counteract mommandiffusion since viscosity effects will increasedamolecular
diffusivity will be reduced. The flow will thereferbe decelerated with a rise in Sc as testifiefigoye 11. It is also
important to note that for Sc ~ 1, the velocity amehcentration boundary layers will have the sannekhess. For
Sc < 1 species diffusion rate greatly exceeds thememtum diffusion rate and vice versa for Sc > 1.

Figure 8: Velocity profiles for different values &randtl numberPr when R = 2,S¢ = 0.3,Gr = 1,Gm,t=30.9,
45 y=1,0 =3,wT=1/4
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T
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Figure 9: Velocity profiles for different values @rashoff number Gr when R = 2,S¢ = 0.3,Pr =0.71,66,t = 0.9,
s y=1,0 =3,wT=1/4
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Figure 10: Velocity profiles for different valued Modified Grashoff number Gm when R = 2,S¢ = 0.8:.71,Gr = 1,t = 0.9,
S y= 1,0 = W3,6T=14
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Figure 11:Velocity profiles for different values &chmidt number Sc when R=0.1,Pr=0.71,Gr=10,Gm=20,9
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Figure 12 displays the effect of Newtonian heapagametefy on the dimensionless velocity. It is found thattes
Newtonian heating parameter increases the densitheo fluid decreases, and the momentum boundargr la
thickness increases and as a result the veloatgases within the boundary layer.

Representative velocity profiles for five typicalghes of inclinationd = 0,7/6, n/4, n/3, n/2) are presented in figure
13. It is revealed from this figure that on inciiegsthe angle of inclination, the velocity decreadéhe fact is that
as the angle of inclination increases the effethefbuoyancy force due to thermal and mass ddfudecrease by a
factor of cosu. Consequently the driving force to the fluid deses and as a result velocity profiles decreasen Fr
this figure it is also noticeable that the effeEbaoyancy force (which is maximum far= 0) overshoots the main
stream velocity significantly.
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I;igure 12:Velocity profiles for different values dfewton Heating parameter when R=2,Pr=0.71,ScA®382,Gm=2, t=0.9
o =1/3,wT=1/4

y=05,0.7,09,1.0

S

Velocity ————————>
T T

Figure 13:Velocity profiles for different values ahgle of inclination when R=2,Pr=0.71,Sc¢=0.94,GG&=2, t=0.9
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The variation of fluid velocity u(y, t) due to tlscillation of the plate is depicted in figure Bking fluids as water
(Pr = 7.0) and air (Pr = 0.71). The boundary caadifor y— o is replaced by identical ones at.ywhere the
velocity profiles decay to the relevant boundarpdition. We choose yx = 4.0. It is noticed that on increasing
phase anglex from 0 toTv2 the plate velocity decreases. A comparativeystidlata presented in figure 14 show
that the thickness of momentum boundary layer eagr for Pr = 0.71 as compared to Pr = 7.0. Therge
variation of temperature with the Prandtl numbealso observed for velocity. The phase angle 0 corresponds
to no oscillation of the plate, then the fluid apgeches to its maximum velocity of magnitude 1 wheréor the
phase angledt = 172, the velocity gains its minimum value of magdieu0. The oscillations near the plate are of
great significance; however, these oscillationsicedfor large values of the independent varialdedq approach to
zero as y tends to infinity.
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Figure 14:Velocity profiles for different values phase angle when R=0.2,S¢=0.22,Gr=1,Gm=5, t=0.9,
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Figure 15:Velocity profiles for different values tifne t when R=0.2,S¢=0.3,Gr=1,Gm=5,Pr=0.71,
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Fig.16(a):Variation of Skin friction for various tees of Schimdt number(Sc),

Newtonian heating paramet&r( ),angle of inclinafw )

taking Pro=71, R=0.2, Gr =3, Gm = 5.
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Figure 17: Variation of Nusselt number for diffeteralues of Prandtl number (Pr),radiation paramégy,
Newtonian heating Parametef ().
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Figure 18: Sherwood number variation for differaalues of Schimdt number (Sc).
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In order to highlight the effect of temporal vaifiab on the flow field figure 15 is presented hartiking different
phase anglest is revealed that as the time progresses therthggof momentum boundary layer increases because
the contribution from the buoyancy force near thatepbecome significant and hence the velocity éases
monotonically with the temporal variable t. Frorguies 7-15 we observe that the velocity becomesmmam in

the vicinity of the plate and then decreases away fthe plate and finally takes asymptotic valuesaway from

the plate.

Figure 16(a) illustrates the combined effects ohrBicit number (Sc), angle of inclinatioa)(and Newtonian
heating parametey) on skin friction when plotted against time t taiot = /2. It is found that an increase in the
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angle of inclination would produce a decrease élthoyancy force s and hence reduce the skindnictoefficient.
For horizontal plateo( = n/2) as expected the velocity is minimized sincevigational acceleration effects are
negated. With a decrease in angle of inclination/8cand eventually to the minimum (vertical) origiga (a = 0)
the flow is strongly accelerated as gravitationatederation effects are maximized. Similar effexcekhibited on
increasing the Newtonian heating parameter i.@ §ldtion reduces on increasiygvhereas on increasing Schimdt
number it increases.

Figure 16(b) elucidates that with increasing radia{R), Prandtl number (Pr) and modified Grashafber (Gm)
frictional shear stress decreases while reverspdmapfor increasing Grashof number (Gr). It is stigated that
skin friction falls with an increase in Pr, phydigathis is true because an increase in the Ptanahber is due to
increase in the viscosity of the fluid, which malkis fluid thick and hence a decrease in the vBlaxithe fluid.

Therefore skin friction decreases with increasing P

Figure 17 displays dimensionless rate of heat tearfdusselt number (Nu) against time t. This figst®ws that
increasing Prandtl number and Newtonian heatingrpatery enhances the heat transfer coefficient. This neay b
explained by the fact that frictional forces becodmminant with increasing values of Pr and yieldager heat
transfer rate. Furthermore, as time advances,dah&wf Nu is decreasing and after some time ibbess constant.
Nusselt number decreases on increasing radiatiwhih implies that radiation tends to reduce rdtbeat transfer
at the plate.

From figure 18, it is observed that the Sherwoothiber increases with increasing Sc, while revergmpéias for
increasing time t.

The present analytical (Laplace transform) solgiprovide other researchers with solid benchmarksifimerical
comparisons. The authors have used this methodhier @rticles where they have bench marked appmtem
methods such as numerical, asymptotic or experiahenéthods against analytical (Laplace transforat)tens.
Further, all these graphical results discussed elzoe in good agreement with the imposed boundangitions
given by (12). Hence, this ensures the accuracypfesults.

Nomenclature

Co Specific heat at constant pressure

C Species concentration in the fluid

CTN Species concentration near the plate
C; Species concentration in the fluid far away frdma plate
C Dimensionless concentration

D Mass diffusivity

g Magnitude of the acceleration due to gravity
h Heat transfer coefficient

k Thermal conductivity of the fluid

K Mean absorption coefficient

Gr Thermal Grashof number

Gm Modified Grashof number

Pr Prandtl number

O Radiative heat flux in the yirection

R Radiation parameter

Sc Schmidt number

T Temperature of the fluid

TODo Ambient temperature

t Time

t Non-dimensional time

u Dimensional velocity along >direction
u(y,t) Dimensionless velocity

y Cartesian coordinate normal to the plate
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y Dimensionless coordinate axis normal to the plate

Greek symbols

Angle of inclination of the plate

Volumetric Coefficient of thermal expansion
Volumetric Coefficient of mass expansion
Density of the fluid

Dimensionless temperature

Coefficient of viscosity

Kinematic viscosity

Stefan-Boltzmann constant

*

Q< T OO TR

*

T Skin-friction

T Dimensionless skin-friction
0 Dimensionless temperature
® Frequency of oscillation

ot Phase angle

CONCLUSION

An exact solution of the unsteady free convectionrdary-layer flow of an incompressible fluid pastinclined
oscillating plate with the flow generated by Newton heating in the presence of radiation was stludighe
resulting coupled linear partial differential eqoas which describe the problem are non-dimensipedland their
solutions have been obtained in closed form withbklp of Laplace-transform technique. The obtais@dtions
satisfy governing equations as well as the boundangitions are discussed through graphs for diffevalues of
parameters entering into the problem. The followdngclusions can be drawn from the results obtained

1.The dimensionless temperature profiles increase wirease in radiation parameter, time and Newstoheating
parameter whereas reverse happen for increasimgltPraumber.

2.The dimensionless concentration profiles decreatfe mcrease in Schimidt number while reverse hapfoe
increasing time.

3.The dimensionless velocity profiles increase witbreéase in radiation parameter, Grashoff numberifiéal
Grashoff number, Newtonian heating parameter and tihile the thichness of momentum boundary deeraéth
increase in Prandtl number, Schimdt number, anfjleatination of the plate and phase anglkeof the oscillating
plate.

4 Skin-friction profiles show an increase with incsean Schimdt number while the increase in angl@dination
of the plate and newtonian heating parameter tmeisionless skin friction profiles decrease.

5.Dimensionless rate of heat transfer which is Nussa@inber increases as Prandtl number and Newtdwating
parameter enhances but contrary to this, as tideaiation parameter increases the rate of haasfier decreases.

6.The Sherwood number increases with increasing Sittinmber, while reverse happens for increasing tim
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