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ABSTRACT : The influence of combined heat and mass transfer and gravity modulation on unsteady free
convective, viscous incompressible flow past a porous vertical flat plate with periodic temperature in dip-flow
regime retaining the terms involving viscous dissipation in the energy equation has been examined. Assuming
variable suction at the plate and modulated gravity field of the form g = g, + g, sin (@t), the analytical expressions
for flow characteristics are obtained. The effect of gravity modulation on the gravity profiles, temperature profiles,
species concentration is discussed. Increase in gravity modulation parameter shows decrease in the value of skin-
friction and has increasing effect on phase of skin-friction. Gravity modulation parameter has significant impact
on Nusselt number. Even a small increase in gravity modulation parameter leads to significant increase in the
value of Nusselt number and decrease in phase of heat transfer.

Keywords : Gravity modulation, Periodic temperature, Variable suction, Viscous dissipation.

NOMENCLATURE t = dimensionlesstime
A = suction parameter o =tme
C = dimensionless species concentration in the fluid u = dimensionlessvelocity of fluid
C* = species concentration in the fluid u” = velocity of fluid
C, = specific heat at constant pressure V = suction velocity
C. = speciesconcentration in free stream V', = constant suction velocity of the fluid
C', = speciesconcentration at the wall B = coefficient of thermal expansion
D = chemical molecular diffusivity B, = coefficient of thermal expansion with concentration
E. = Eckertnumber 0 = phaseangle for heat transfer
g = acceleration due to gravity € = aconstant (0<e<<1)
g, = constant gravity level 10} = phasedifferencefor skinfriction
g, = theamplitudeof oscilling component of acceleration K = thermal conductivity
due to gravity u = viscosity
G, = modified Grashof number v = kinematic viscosity
G, = Grashof number p = density of thefluid
L" = constant 6 = dimensionlesstemperature
N, = dimensionlesscoefficient of heat transfer w = dimensionless temperature
P = pressure w = frequency of gravitational oscillation
P, = prandtl numer T = skinfriction
q  =raeof hea transfer T = meansskinfriction
q, = heatfluxatthewall
S. = Schmidt number I. INTRODUCTION
T = temperature Modern technology has enhance importance of free
T = temperatureof fluidin free stream conversation flow land heat transfer problems due to its
T*w = temperature of wall numberous and wide range of application, especialy in the

field of aeronautics, cooling devicesand chemical engineering.
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The phenomenon of free convection is the result of variation
in density caused by change in temperature flows play in an
important role in chemical engineering, turbomachinery and
aerospace technology. Recently there has been great interest
in the study of the effect of complex body forces on fluid
motion. Such forces can arise when a system with density
gradients is subject to vibrations. The resulting buoyancy
forces, which are produced by the interaction of density
gradients with the acceleration field, have a complex
spatiotemporal structure depending on boththe nature of
density gradients and the spatial and frequency distribution
of the vibration-induced acceleration field. The effect of such
forces on fluid motion known as gravity modulation or g-jitter
has a profound effect on the homogeneous melt growth of
semicoductor of metal crystals on earth-bound conditions.
Theroretical efforts have been made by many researchers to
explain the effects of the gravitational field on material
processing inside a space shuttle environment. Jules[1] found
that the international space station (1SS), is characterized by
low mean accelerations which are O(1045)ge- the gravity on
earth and fluctuationsthat are two or three order of magnitude
above the mean. Recently many theoretical and experimental
studies dealing with material processing or physics of fluids
under the micro-gravity conditions aboard an orbiting
spacecraft have shown that gravitational field can beresolved
into a mean and fluctuating component. Space related
technology has demanded a profound knowledge of forces
involving vibrations that occur due to interaction of several
phenomena. On spacecraft fluctuating accelerations can
originate from a variety of sources such as crew activities,
vibration from on-board equipment and structural oscillations
of the spacecraft. The fluctuating acceleration act on density
gradientsinthefluid caused by heat and masstransfer between
the fluid and boundaries to produce concvective motions.
Thesemotionsmay lead to increasein heat transfer significantly
beyond that of pure conduction.

Kamotami [2] performed alinearized stability analysisto
show that gravity modulation can significantly affect the
stability limits of the system. They observed that modulation
normal to the direction of temperature gradient to be most
critical. Wadih & Roux [3] intheir study reported that vibrations
can either substantially enhance or retard heat transfer and
thus affect the convections. Biringen and Peltier [4]
investigated the effects of three-dimensionality aswell asnon-
linerarity of the governing equations for both sinusoidal and
random modulation and found that sinusoidal modulations
are more stabilizing and random modulation. Duval and
Jacgmin [5] considered the g-jitter convection of two diffusing
miscible liquids of differing densities under tan oscillating
vertical gravitational field with zero mean. Ramaswamy [6]
studiesthe effects of periodic source (g-gitter)) on fluids system
and heat transfer mechanism of convection glow by imposing
sinusoidal gravity modulation field in two-dimensional
Rayleighbenard problem. Cleaver [ 7] used Galerkin method to
study the two-dimensional modes of oscillatory convectionin

agravitationally modulated fluid layer with rigid, isothermal
boundaries heated either from below o from abovein the case
of both linear and nonlinear phenomena. Farooq & Homsy [8]
analyzed the effect of gravity modulation was observed for
sufficiently large modulation amplitude. Takako [9] using finite
difference method investigated natural convection in a
cylindrical cavity with sinusoidal gravity modulation. Chen &
Chen [10] investigated the stability of convection in a
differentially heated vertical slot under amodified gravity field
g =g, + g, cos(mt). It is shown there that gravity modulation
can stabilize or destabilize the flow.

Rees and Pop [11] studied the effect of a small but
fluctuating gravitational field, characteristic of g-jitter, on the
flow near the forward stagnation of a two dimensional
symmetric body resulting from a step change in its surface
temperature. It has been found that the parameterslike Prandtl
number, theforcing amplitude, and the forcing frequency affect
considerably the shear stress and the rate of heat transfer. Shu
[12] presented a finite element. Study of double-diffusive
convection driven by g-jitter in amicrogravity environment.
Numerical study indicatesthat with anincreasein g-jitter force
(or amplitude(, the nonlinear convective effects become much
more obvious, which in turn drastically change the
concentration fields. Christov and Homsy [13] studied in detail
the non-liner dynamics of two-dimension convection in
vertically stratified slot with and without gravity modulation.
Shridan [14] studies the effect of g-jitter induced combined
heat and masstransfer by mixed convection flow in microgravity
for simple system consisting of two heated vertical parallel
infinite flat plates held at constant butdifferent temperatures
and concentrations. The governing equations are solved
analytically for the induced velocity, temperature and
concentration distributions. Sharidan [15] studied the effect
of periodical gravity modulation, or g-jitter induced mixed
convection, on the flow and heat transfer characteristics
associated with a stretcjomg vertical surface in aviscous and
incompressiblefluid. Thevelocity and temperature of the sheet
areassumed to vary linearly with the distance along the sheet.
Siddavaram and Homsy [16] analyzed the effects of harmonic
gravity modulation on fluid mixing. They investigated the
physical mechanism by which g-jitteraffects the mixing
characteristics of two misciblefluidswhich initially meet at a
sharp vertical interface. In asubsequent study Siddavaram &
Homsy [17] analyzed the effects of stochastic gravity
modul ations the mixing characteristics of two inter-diffusion
miscible Boussinesq fluids initially separated by a thin
diffusion layer. Here the gravity modulation has a Gussion
probability distribution and is characterized by and
exponentially damped cosine auto correlation function. Dyko
and Vafai [18] investigated the effects of gravity modulation
on convection in the annulus between two horizontal coaxial
cylinders in microgravity enviroment to study the unsteady
flow structures in a large-gap annuus; the three-dimensional
transient equations of fluid motion and heat transfer were
solved. Their work described concectionin cylindrical annulus
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under microgravity and provided practical information on the
influence of gravity fluctuations on heat transfer in space
environment Sharidan [19] presented anumerical solutionfor
theeffect of asmall fluctuating gravitational field characteristic
of g-jitter on free convection boundary layer flow near
stagnation point region of a three-dimensional body. It has
been shown that g-jitter affects considerably the flow
characteristics, namely the skin friction and the rate of heat
transfer.

In the present work the unsteady free concective flow
of aciscousincompressible fluid past an infinite vertical flat
porous plate in a dlip-flow regime, with variable suction and
gravity modulation are considered. Theinfluence of combined
heat and mass transfer and gravity modulation on unsteady
free convective, viscous incompressible flow past a porous
vertical flat plate with period temperaturein slip-flow regime
remaining the terms involving ciscous dissipation in the
energy equation hasbeen examined. Assuming variable suction
at the plate and modul ated gravity field of theformg=g,+g,
sin (wt), the analytical expressionsfor flow characteristicsare
obtained. Perturbation method has been used to obtain the
solution. It has been noted that the gravity modulation makes
asignificant change in skin-friction and heat transfer.

II. FORMULATION OF THE PROBLEM

An unsteady free convective flow of aviscousincompressible
fluid past an infinite vertical flat porous plate in a slip-flow
regime, with variable suction in the form V* = —Vv* (1 + ¢
Ae®""") and gravity accelerationintheformg=g, + g, sin («t)
are considered. It is further assumed that the temperature of
the plate oscillatesin time about a non-zero constant mean. It
isconvenient tointroduce aco-ordinate systemwithwall lying
vertically in x*-y* plane. The x* -axis is taken normal to it.
Since the plate is considered infinite in the x* -direction, all
physical quantities will be independent of x*. Under these
assumption, the physical variables are function of y* and t*
only. Then considering viscous dissipation, concentration
variation and assuming variation of density in the body force
terms, the problem isgoverned by the following set of equation:

ou* ou* 0%u*
R VA Sl *_T * C*—-C *
S oy gB(T* —T.*) + gBo( - )+V8y*2
e
oT * oT* k ,9°T*. av, ou*
V= ()t —(——)° Q)
ot ay* pC, ay* C, dy*
* * 2~ %

ot* ay* - ay*Z

The variable suction on the vertical plateisimposed in
theform

VF ==V, (1+eAev) ..(4)

The time-dependent gravitational acceleration is

assumed in the form g = g, + g, sin (w*t*), where g, is the

constant gravity level in the space, g, is the amplitude of the

oscillating component of acceleration. The gravitational
accelerationisrewrittenintheform

g=g,—ig,ev" ..(5
Itisassumed that thereal part dloneisphysically relevant
and the (*) stands for dimensional quantities.

The boundary conditions of the problem are :

* L* ay* * * * * )l WHE*
wr= Lo =T +e(T,*~T_*)é
C*=C* +¢(C *~C_*)e" aty*=0 .(6)
u* —0, T > T_*,C* > C_* asy* — . A7)

All the physical variables are defined in Nomenclature.
The subscript (<) and (w) denotes the free stream condition
and conditions on the surface of plate respectively.

The following non-dimensional quantities are
introduced:

*\/ * t*V *2 _ 4y *
y= Y Vo~ , t= 0 , = <2,
v 4v Vo
u* T * _T * C* _C *
u = * e = * = * = * = *
VO Tw T Cw - Coo
TW * _Too *
Gr (Grashof Number) = gOBVW
- CW* -C., *
Gc (Modified Grashof Number) = goBoVT
0
Pr dtl Numb —M—Cp -
(pran umber) K (k/pC,)
V, *2
Ec (Eckert number e ———
( ) Cp (TW * _Tw*)
. v
St (Schmidt number) D
Vo* L*
h (Rarefaction parameter =7y

Using (4) to (7) and the non-dimensional quantitiesin
(1)to(3)yield

%%—*1+8A€mt)g—;=(1—ieocei‘”t)((§)Gr+CGc)
9%u

100 i 00 1 0% ou

=Y 1 A ot - E el 2

e (I+eAe )ay Pray2+a C(ay) (9

10C . 0C 1 9%C

=21 A joty 7~ _ ~ Y ~

2 ot (1+eAe™) By % oy ..(10)

where g, = ¢ a g, The constant a has been arbitrarily
introduced to compare the corresponding available resultswith
the case of forced convection by taking it as zero otherwise it
will betakenas1.
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Theboundary condition (6) and (7) in the dimensionless
formare

u=h2 oo 14edu

ay’ '
C=1+eot
6—0, CcC—-0

ay=0
asy—eo

(12)

u—o, (12

1. SOLUTION OF THE PROBLEM

Assuming the small amplitude oscillation (0 < e << 1),
the velocity u, temperature 6 and concentration C near the
plate are represented as

u(y.t) = yo(y) +e€“tuy(y) -(13)
O(y.t) = B,(y) + €10, (y) .(14)
Cy.t) =Cyly) +£€LC, (y) .(15)

Substituting (13) to (15) in (8) to (10) and comparing the
coefficients of identical power of €, we obtain

Up" +u,'=—6,Gr-C,Gc ..(16)

o
u"+u 2 u, =-0Gr-C, Gc—Au, +io6,Gr + C, Gc)

(17)
0," +Pro, =—aEcPr (u,)> .(18)

10
0,"+0, Pr—z 0, Pr=—A8, Pr-2au, u,' EcPr ..(19)
C,'+sC, =0 (20)

10
C"+C/'s- 7 C, =-AC,< ..(21)

where prime denotes derivative with respect to y.
The corresponding boundary condition (11) and (12)
reduceto theform
U, oy
Uy = ha_y Uy = ha—y,eozelzl, C,=C, =1,ay=0..(22)
u,—0, u,—0,0,-0,0,—0,C;—0, C, —0,asy— o
(23
Theequation (13) to (21) aretill coupled for thevariables
Ug: Uy, 0, 0, C, and C,, These equation have been solved for
Ec << 1, using perturbation technique in the following form

(Ug: O» Co» 01, Cp) = (Ugy, By, Coyps Uy, 014, Cy)
+ EC(Ugp, 00s Cops Uy, 055, Cy) (24
Using (24) in (16) to (21) and comparing the coefficient
of identical powersof Ec, theresulting equation are solved for
evaluating Uy, 6oy, Coy, Uy, 01, Cyy, Ugps Opr Copr Uy, 015 a0
Cpp
The velocity, temperature and the concentration up to
first order termsin Ec are expressed in terms of the steady and

fluctuating parts as
U(Y; 1) = Ugy () + Ugply) EC+ € [uy (¥) + uy(y) ECl€* ...(25)
0y, 1) =65, (¥) + 0, () EC+ [0, (y) + 0, (Y)ECIE ...(26)

Cyit) = Cpy(y) + Cpp (v) Ec+€[Cyy (V)

+C,(y) Eclet (27)

IV. RESULTS AND DISCUSSION

The effect of variable suction, gravity modulation and
oscillating plate temperature on the velocity and temperature
inslip flow regimeis presented in the subsequent subsections.
For physical interpretation of the problem, the numerical values
of the velocity profiles and tremperature profile have been
computed at timet = /4w for certain fixed values of physical
parameter Prandtl number Pr = 0.71, which represents air at
20°C at 1 atmosphere pressure. The value of the Schmidt
number Sc = 0.94 istaken to represent the presence to species
Carbon dioxide. In gravity modulationg =g, + g, sin (wt), g,/
g, = ¢ = 10isconsidered. The value of Eckert number Ecis
taken 0.001 and &€ = 0.001. The values of Grashof number Gr.
Modified Grashof number, Gc and rarefaction parameter hare
selected arbitraritly. For cooling of the plate by free convection
current, Gr > 0 istaken. During the investigation, it has been
found that fluctuations are confined near the plate.

Velocity profiles

Thevelocity profilesfor carbon dioxidein air are shown
inFig. 1. Itisobserved from the figure that vel ocity component
increases with increasing the rarefaction parameter h and
decreaseswith increasing frequency w aswell with increasing
suction parameter A. Furthermoretheincrease Gr or Gc leads
to increase in the velocity component, while reverse effect is
observed for increasein value of gravity modulation parameter
€ o Increase in Gc. The has more impact on the increase of
velocity component ascompared toincreasein Gr. Thevelocity
component shows more variation in the vicinity of the plate
and then decreases edponentially far away fromthe plate. The
particular case of velocity profilesof carbon dioxideinair for
Gr=2,Gc=5h=04,A=50=10,0t=0,e=0.2,a=1,anda
= 0 in the present study agrees with Sharma [20]. Also the
results have been obtained numberically using MATLAB
software. The numbrical value have been compared with the
values obtained by regular perturbation method for velocity
profile as given in Table 1. The values show good agreement
between analytical resultsand numerical resultsfor the values
of parameters used in computation.

Temperature Profiles

The temperature profiles are presented in Table 2. The
temperature component decreases exponentially far away form
the plate. It is observed that is slight increase in temperature
component with increase in the rarefaction parameter h and
withincreasein frequency . Furthermoretheincreasein Gr or
G, leads to increase in the temperature component, while
reverse effect is observed for increase in value of gravity
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Table1: Comparison of Analytical and Numerical valuesof Velocity profilesfor Pr =0.71, Gr =2, Sc=0.94, Gc=5,ea. =10, A=5,
a=1,h=0.4,Ec=0.001,£=0.01, ® = 30, mt =1/4.

0 0.5 1.0 15 2.0 25 3.0
u
Analytical 3.2888 1.4116 1.2747 1.6277 1.6749 1.4611 1.1665
Numerica 3.2874 1.4108 1.2741 1.6274 1.6745 1.4610 1.1664
Table2: Thetemperaturecomponent 0 at wt =m/4for Sc=0.94, Ec=0.001,A=0,e=0.01 and Pr=0.71.

y Gr=2 Gr=2 Gr=1 Gr=2 Gr=2 Gr=2
Gce=5 Gce=5 Ge=5 Ge=5 Gce=5 Gce=5
h=0.4 h=0.4 h=04 h=04 h=0.4 h=0.2
®=30 ®=30 ®=230 ®w=30 ®=30 ®=30
ea =10 ea =10 ea =10 ea =10 ea =10 ea =10

0 1.0071 1.0071 1.0071 1.0071 1.0071 1.0071

0.5 0.7031 0.7037 0.7031 0.7034 0.7027 0.7028

1.0 0.4921 0.4926 0.4917 0.4926 0.4918 0.4920

15 0.3453 0.3460 0.3447 0.3459 0.3450 0.3452

2.0 0.2430 0.2435 0.2423 0.2436 0.2428 0.2428

25 0.1711 0.1714 0.1704 0.1717 0.1710 0.1709

3.0 0.1204 0.1206 0.1198 0.1210 0.1204 0.1202

35 0.0847 0.0848 0.0841 0.0851 0.0847 0.0845

4.0 0.0595 0.0596 0.0591 0.0598 0.0595 0.0594

modulation parameter € o.. The gravity modulation has
very little impact on the temperature profile as compared to
velocity profile. For large value of gravity modulation parameter
€ o, even the small frequency w has significant impact on the
temperature profile. A particular case of temperature profiles
for carbondioxideinairwithGr =2,Gc=5h=04,A=50=
10, ot =0,e=0.2,a=1and a. = 0inthe present study agrees
with Sharma[20].

Concentration Profiles

Concentration profiles decrease exponentially far away from
the plate. Change in the value of the suction parameter or
frequency w and of gravity modulation parameter € o has no
impact on the concentration profiles.

Skin-friction
The skin-friction on the plate is defined as
ou*
ay*

where nisviscosity.

The skin-friction t in the non-dimensional form on the
platey =0isgiven by

Tr=M= ..(28)

T,
T=—2-=1,,+¢|M |cos(ot+ ¢)
\V2 m IM | (29)

PVo

where mean Skinfriction (t,) isgiven by

T,=— B, +PrB,+SB,—Ec(B,, +PrB,,+2B,,+2Pr
B,, + 2B+ (1+Pr) B, + Pr+ ) B, (1 + ) B,g)  ...(30)
and unsteady component of skinfrictionM =M, +iM; isgiven
by

M=-m;Bjg—Bjg+m B, +m,Byg+ PrBg+ By,
—Ec[m;B,,—m B,,+2B,;+PrB,,+2PrB,,+ B,
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+(1+Pr) By, +2C B,

+(1+S0) By, + (Pr+ S0) B + (1+m,) By,
+(1+my) By, +(1+my) Bgg

+(my + Pr) Bgg + (M, + Pr) By, + (M, + Pr) B,
+(m +$C) B,

+(m, + SC) By + (M, + SC) B ] (31)
where phase angle ¢ for skin-frictionisevaluated from M, and
M, which represent real and imaginary parts of M respectively.
The constants occurring in the above equation have not been
recorded here for the sake of brevity.

Fig. 2 showsr, the skinfriction at ot = wt/4. Skin-friction
decreaseswith increasing rarefaction parameter h near the plate
but it increases with increasing rarefaction parameter away
form the plate. Anincreasein Gr or Gc leadsto decreaseint,
and the same effect is observed for increase in gravity

modulation parameter € o.. The phase of skin-friction for carbon
dioxidein air isdepicted by Fig. 3. It has been noted that the
phase of skin-friction decreases with increasing suction
parameter A aswell aswith increasein rarefaction parameters
h. The phase of skin-friction decreases with increasing Gr or
Gc for the same value of rarefaction parameter h. The phase of
skin-friction increases with increase in value of gravity
modul ation parameter € .

Coefficient of heat Transfer

Dimensionless coefficient of heat transfer is given by

N O, *Vv 00 2
u= =——
KVo* (Ty*—Teo*)  9y| g
oT*
whereqw*=-k e
V* 1o

In terms of amplitude and phase therate of heat transfer
can be written as

Nu=Pr—Ecq-PrBy+2By+2PrB,,+2B,; + (1+Pr) B,
+Pr+Sc) B+ (1+S0)B, | +e[H|cos(wt+8)  ...(33)
where

H=m, B, +PrB,+B,, Ec[-m, B,y +2B,, + PrB,, + 2Pr

B31

+(1+Pr) B3 + 2B,
+(1+8:) 835+(83+PI’) B35+(1+m1) Bg7+(1+mz) BSS
+(1+my) By + (M, +Pr) Byy+ (M, + Pr) By, + (M, + Pr)

Byt (M +80) Byg+ (M, + S) B, + (M, + &) By -

where phase angle 6 for heat transfer is given by H, and H;
which represent real and imaginary parts of H respectively.
The constants occurring in the above equations have not been
recorded here for the sake of brevity.

Fig. 4 shows Nu. The Nusselt number at ot = /4. With
increasing suction parameter, there is monotonic increase in
Nu. Nusselt number increases with increasing rarefaction
parameter h. An increase in Gc leads to decrease and an
increasein Gr lead to an increase in Nusselt number. Gravity
modulation parameter has significant impact on Nusselt
number. Even asmall increasein gravity modulation parameter
€ o leads to significant increase in the value of Nu. The
numerical values of the phase differencetan d are depictedin
Fig. 5. Phasedifferencetan § decreaseswith increasing suction
parameter A, whileincreasein rarefaction parameter h shown
decreasein phase difference near the plate but it showsreverse
effect away from plate. With increasing Gr or Gc, For the same
value of rarefaction parameter h, tan & decreases and same
effect is observed for increasing value gravity modulation
parameter € o.
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V. CONCLUSIONS

1. Itisobserved from the figure that vel ocity component
increases with increasing the rarefaction parameter h and
decreases with increasing frequency o as well as with
increasing suction parameter A. Furthermore the increase in
Gr or Gc leads to increase in the velocity component, while
reverse effect is observed for increase in value of gravity
modulation parameter € . Increasein Ge has moreimpact on
the increase of velocity component as compared to Increase
in Gr. The velocity component shows more variations the
vicinity of the plate and then decreases exponentially far away
formtheplate.

2. The gravity modulation has very little impact on the
temperature profile as compared to vel ocity profile. For large
value of gravity modulation parameter € o. even the small
frequency w hassignificant impact on thetemperature profile.

3.Anincreasein gravity modulation parameter € o leads
to decrease in skin-friction t. The phase of skin-friction also
increases with increase in value of gravity modulation
parameter € o.

4. Gravity modul ation parameter has significant impact
on Nusselt number. Evenasmall increasein gravity modulation
parameter € o leads to significant increase in the value of
Nusselt numbe. Phase difference of Nusselt number decreases
withincreasing suction parameter, while increaseinrarefaction
parameter shows decrease in phase difference near the plate.
but it shows reverse effect away from plate. With increasing
Gr or G, for the same value of rarefaction parameter, Phase
difference of Nusselt number decreases and the same effect is
observed for increasing value of gravity modulation parameter
€O
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