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Abstract

In present paper is study of an unsteady free convective viscous incompressible flow past a vertical
porous flat plate through porous medium with periodic temperature has been discussed in slip-flow regime.
Terms involving viscous dissipation have been retained in the energy equation. The temperature of the plate
oscillates in time about a constant mean. The analytical expressions for flow characteristics are obtained for
variable suction at the porous plate through porous medium. The effect of various parameters on the transient
velocity, transient temperature, the skin-friction and rate of heat transfer are discussed with the help of graphs.

Key words: Free convection, variable suction, viscous dissipation, rarefaction, porous medium, slip
flow.

1. Introduction

The temperature change causes density variation which leads to free convection in the fluid. During
the course of the day the change in atmospheric flow is caused by temperature difference. The free convective
heat transfer on a vertical semi-infinite plate has been investigated by many researchers. But in all these papers,
the plate was assumed to be maintained at a constant temperature, which is also the temperature of the
surrounding stationary fluid.

The temperature change causes density variation which leads to free convection in the fluid. During
the course of the day the change in atmospheric flow is caused by temperature difference. The free convective
heat transfer on a vertical semi-infinite plate has been investigated by many researchers. But in all these papers,
the plate was assumed to be maintained at a constant temperature, which is also the temperature of the
surrounding stationary fluid.

The transient free-convection flow in the steady flow phenomena in the Cooling Towers is useful.
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However, free-convection flow is enhanced by superimposing oscillating temperature on the mean plate-
temperature. In the early stage of melting adjacent to heated surface or in transient heating of insulating air gaps
by heat input at the start-up of furnaces, transient natural convection is of great interest.

Soundalgekar and Wavre (1997) studied the unsteady free convection flow past an infinite vertical
plate with constant suction and mass transfer. He has assumed that the plate temperature oscillates in such a
way that its amplitude is small. Ramanaiah and Malarvizhi® investigated the free convection on a horizontal
plate in a saturated medium with prescribed heat transfer coefficient. Vighnesam and Soundalgekar? presented
the results of the combined free and forced convection flow of water at 4°C from a vertical plate with variable
temperature. Unsteady free convection flow past a vertical porous plate was studied by Anwar®. Das et al.*
investigated analytically the transient free convection flow past an infinite vertical plate with periodic temperature
variation. The effect of a fluctuating surface temperature and concentration on natural convection flow from a
vertical flat plate was given by Hossain et al.®. Sharma and Chaudhary® investigated the effect of variable
suction on transient free convective viscous incompressible flow past a vertical plate with periodic temperature
variation in aslip flow regime. Sharma’ investigated the influence of periodic temperature and concentration on
unsteady free convective viscous incompressible flow and heat transfer past a vertical plate in slip flow regime.
Recently, Sharma and Jain® have studied the effect of viscous heating on flow on past a vertical plate in slip-
flow regime with periodic temperature variations.

This section presents the effects of variable suction on transient free convection flow past an infinite
vertical plate through porous medium in a slip flow regime, when the temperature of the plate oscillates in time
about a constant mean retaining the terms involving viscous dissipation. The governing equations have been
solved for small amplitude oscillation (¢). The solution has been obtained by regular perturbation in terms of ¢.
The effect of suction and rarefaction parameters has been shown on velocity profiles, skin-friction and temperature
distribution.

2. Formulation of the problem:
An unsteady free convective flow of a viscous incompressible fluid past an infinite vertical flat porous

plate through porous medium in a slip-flow regime, with variable suction in the form B/ f = —VO* ( 1+ gei‘”*t* ) ]

is considered. It is further assumed that the temperature of the plate oscillates in time about a non zero constant
mean. We introduce a co-ordinate system with wall lying vertically in x*- y* plane. The x" — axis is taken in
vertically upward direction along the vertical porous plate and y* — 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 assumptions, the physical variables are function of y* and t™ only. Then neglecting viscous
dissipation and assuming variation of density in the body force term (Boussinesq’s approximation) the problem
is governed by the following set of equations:

ou . e ou” R o’y v .
& Vo (1+zAe )F: gB(T =T )+v 5K (1)
x x P *\ 2
C, T ~V (1+ cAe™" )8T* _K0 T*z | (2)
ot oy p oy ot

The boundary conditions of the problem are
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u*:L*[au*J, T*:T;+(1+5Ae"“”“) at y’ =0

(3)

*

u — 0, T ST, as y  —

We now introduce the following non dimensional quantities into equations (1) to (3)

y: yVO*’ t:tVO*zl
v 4y
* . T -T
a)=4vfz), U=u*, 0=—"-=
VO VO Tw _Too

Defining the following quantities

T -7,
Gr (Grashof number) = gﬂVVT
0
Vv
Pr (Prandtl number)= ———_—
(x/pC,)
A
E. (Eckert number) = I
C.(T,-T.)
- VO* L*
H (Rarefaction parameter) =
1%
*2 *
_ V2K
K (Porosity parameter) = 5
1%

Where A is the suction parameter, v is kinematics viscosity, wis the frequency. O is the density, g is

the acceleration due to gravity, ﬁ is coefficient of thermal expansion, T  is the temperature, i is thermal

conductivity and C, is the specific heat at constant pressure. L” is a characteristic dimension in the flow field.
The (*) stands for dimension quantities. The subscript (o0 ) denotes the free stream condition. Equations (1)
and (2) reduce to the following non-dimensional form:

1éu _ou o'u u
=——(1+eAe")—=0Gr+_—-— (@)
4 ot oy oy’ K
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E%—(].—FEP\GMA)%:ia €+ C a—u )
4 ot oy Proy oy
The boundary conditions to the problem in the dimensionless form are
u:h(a—u), 0=1+¢e", at y=0
oy
u—0, 0—0 as Yy ©)

3. Solution of the problem:
Assuming the small amplitude oscillation (¢ < < 1), we represent the velocity u and temperature ¢, near
the plate as

u(y,t) =u,(y) +ee"u,(y)

_ (7)
0(y.t) =6,(y) +ee"6,(y)
Substituting (7) in (4) and (5) and comparing the coefficients of identical powers of &, we obtain
n ’ 1
U, + U, _EU‘J =—-Gro,
. (8)
n ’ Ia) 1 ’
u, +u; — (7 + EJUO =-Gré, + Au,
0, +Pro; =—EcPru/?
o ®
0+ Pro, - ZPrQ1 =—APré, — 2EcPru u;

Taking (90, Uo, 91, U1) = (901, Uo1, 911, U11) + Ec (902, Uo2, 912, U1) and using this in (8) and (9) and
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comparing the coefficients of identical powers of Ec, we get
6, +Pro, =0
0y, +Pro;, =—Pru;

0 +Pro, —%911 — _APro”

0! +Pro, —$QH — _APro? - 2Pru/2u’”

"
01

u

01

, 1
+U Eu‘” =-Gro,,
n ! 1
u,, + Pruyg, _Eu” =-Gro,,

n 14 IO) 1 !
u’ +u;, — (Z + Ej u, =-Gro, + Auj,

n ! Ia) 1 !
u, +u, — (I + Ej u, =-Gré, + Au,

The corresponding boundary conditions aty = 0 are

) el
oy oy

)ty
oy oy

and as y — ooare

31

(10)
(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)
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001:0’ 011:0’ 002:0’ 012:0

where primes denote differentiation with respect toy.
Solving the equation (10) to (17) under boundary conditions (18) and (19) we get

001(y) = eipry
u01(y) = BgeiBly - Bzefpry
002(y) = BSeipry - B4e7281y - Bse—ZPry + BeefBﬂ

uOZ(y) = BlSeiBly - Bgeipry + BloeizBly + Blleizpry - BlZeiB7y

0.(y)=Ce™ +Ce™
u,(y)=Ce* -Ce ™ -Ce™ -Ce ™
0,(y)=Ce ™ +Ce™ + Ce”™ +Ce”™ +Ce™ +C,e™

~Dyy -Dyy —Dyy —Dsy
-C.,e”-C,e+C.e ™ -C,e

U, (y) = Csoeic‘ty - Clgei(:ly - Czoeipry + Cﬂe*ZBly + (:22872 Py Cgse’Bﬂ

-Ce™+Ce™+C,e™-Ce™+C,e ™ +Ce™

Vinod Kumar

(19)

(20)
(21)

(22)

(23)

(24)

(25)

(26)

(27)

Substituting equations (20) to (27) in equation (7) we get the expression for the velocity and temperature

profiles. The velocity and the temperature are expressed in terms of the fluctuating parts as
u(y,t)=u,(y)+e(U, cosmt —U, sin wt)

0(y,t)=6,(y)+¢&(T, coswt —T, sin wt)

u(y,t)=u,, +Ecuy, +&(u, + Ecu,)(coswt +isin mt)
o(y,t)=6,+Ec 6, +¢e(0, +Ec 8,)(cosmt +isin wt)

4. Results and Discussion

(28)
(29)

(30)
(31)

The effect of variable suction and oscillating plate temperature on the transient velocity and temperature

in slip flow regime is presented in the subsequent sub-section.
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(@) \elocity profiles:

In Figure — [1], the transient velocity profiles of boundary layer flow is plotted againsty for £¢=0.2, Ec
=0.02, K=0.2, Gr=3and Pr=0.71, and different values of rarefaction parameter h, frequency » and suction
parameter A. It is observed that the transient velocity increases sharply till y = 0.8, after its transient velocity
decreases continuously with increasing in y. It is concluded that the transient velocity decreases with increasing
suction parameter A, but the transient velocity increases with increasing rarefaction parameter h and
frequency w.

Fig.-[1] .The transient velocity profile for different viane of <. Jr and o

In Figure —[2] the transient velocity profiles of boundary layer flow is plotted against y for ¢ = 0.2,
Ec=0.02,A=1,h=0.4and o =5, and different values of porosity parameter K, Grashof number Gr and Prandtl
number Pr. It is observed that the transient velocity increases sharply till y = 0.8, after its transient velocity
decreases continuously with increasing in y. It is concluded that the transient velocity increases with increasing
porosity parameter K and Grashof number Gr, but the transient velocity decreases with increasing Prandtl
number Pr.

I Fre0TlK=02 Gr=3

I PFr=0T7IK=02Gr=3

0.5 I Pr=0T1K=03Gr=3
Il IVP=10 K=02ldr=3

i 3 !

Fig - - The transient velocity profile tor ditfzrent value of K, Proand Gr

(b) Temperature profiles:

The transient temperature profiles are given in Figure — [3]. It is observed that transient temperature
decreases with increasing A, while reverse effect is observed for . The transient temperature decreases rapidly
for Pr =7 (water) than Pr =0.71 (air) in the vicinity of the plate.
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5. Skin-friction:
The skin-friction on the plate is defined as

. ou”
LR

Where LLis viscosity.
The skin-friction in the non-dimensional form on the plate y = 0 is given by

-
T, =——=1_+¢&|B|cos(awt +
STE Blcos(at+a) (32)

Where 7 (Mean skin-friction) =-B1Bs+PrBz+Ec [-B1C1+BgPr-2B1B10-2B11Pr+B7B1;]

B = -C4C5+C1Cs-B1C7+PrCg+Ec [-C4C30+C19C1+PFC20-281C21-2PTCQQ+B7C23+D1C24-D2C25-
D3Cas+C27D4-C28Ds5-B1Co]

B.
B|=(B? +B?)", tana = —-
Br

Such that By and B; represent real and imaginary parts of B

I

049

6 -

f = —_—  ~
i | 1 Y— 3 ] 5 6

Fiz-[3] The ttansient tempranue poofile for different value of A, Prand

In Figure — [4], the amplitude of transient skin-friction is shown different values of parameters. It is
observed from the figure that the amplitude decrease with the increasing h (rarefaction parameter) and
frequency ¢p for air (Pr =0.71). Physically this is true because the increase in Prandtl number is due to increase
in the viscosity of the fluid, which makes the fluid thick and hence a decrease in the velocity of the fluid. The
amplitude of skin-friction increase with increasing A for air (Pr = 0.71). Phase tan o of skin-friction has been
shown in Figure —(5). It is observed that the phase of skin-friction decreases with increasing h for air (Pr=0.71).
The phase is observed to be increasing with increase of suction parameter A for air (Pr = 0.71). The values of
tana show that there is always a phase lead.
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1 w=3 h=0 I w=5 h=0
I w=5 h=04 I w=5 h=04

5
. M o=10=0 - I o=10.h=0
) IV a=15h=0 IV w=15h=0
q 12
-

__‘___—___r___r______;[\ —_— |

18—
o tane ———»
=

01 02 p P 04 05 0
Fig-(4] . Amplitude of skin friction for Gr =3, Pr=071,K=02 & e=02

A —

Fig- (5] Phase of skan fisction for Gr =3 Pr=071.K=0Zand£=02
6. Coefficient of Heat Transfer:

The Nusselt number (Nu) on the vertical plate is defined as follows:

K oT”

PV, C, (T, -T)) oy ).,

Nu = Pi[Pr+ Ec(B, Pr-2B,B, -2PrB, + B,B,) +¢e*{C,C, +C, Pr
r

+ Ec(CC, +PrC, +2BC, +2PrC,+B.,C, +DC, -D,C,
- D3C16 + D4C17 o DSCIB) } ]
In order to find the physical effect we separate real and imaginary parts.

_ —Pr+Ec(-B, Pr+ B,B, +2PrB, — B;B;)

Nu &
—Pr

+ &|H| cos(at + 5)

H.
WhereH:(Hrz+Hi2)%, tan5:H_'

r

The amplitude ‘ H ‘ and phase tand of rate of heat transfer have been shown in Figure — (6) and Figure—

(7) respectively. It is observed that the amplitude and phase of heat transfer increases with increasing h
(rarefaction parameter) and frequency w. It is observed that the amplitude of heat transfer increases with
increasing A. it is observed for phase of heat transfer. Figure — (7) shows that there always remains a phase lead.
The phase of rate of heat transfer increases with increases of h and frequency w. But
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r

5 0.8

i -\_‘_‘—‘h‘—‘-—;_ﬁ
15 i
0.4
| x

I w=5% h=0
N w=% h=04 0.2 I w=5% h=0
I ev=10.h=0 O w=% h=04
IV a=15h=0 I oo = 10 =0
IVa=15h=0

tans

0.1 02 03 0.4 05 i
A 0.1 02 4 7

Fig {6] Ampliude ofhet trnsfer for Grnd, Fred 1 K= 2and emi 2 Fig-[7] Phaseofhea tranafer foefor Gy =3, Br =0 71, Km 0.2 and g = .2

0.3 0.4 0.5

7. Conclusion

The theoretical solution of the behavior of unsteady free convective viscous incompressible flow past

a vertical porous flat plate through porous medium with periodic temperature has been discussed in slip-flow

regime. Terms involving viscous dissipation have been retained in the energy equation. The temperature of the

plate oscillates in time about a constant mean. The analytical expressions for flow characteristics are obtained

for variable suction at the porous plate through porous medium. The governing equations of motion are solved

by perturbation technique. The study concludes the following results.

() Thetransient velocity decreases with increasing suction parameter A, but the transient velocity increases
with increasing rarefaction parameter h and frequency w.

(i) Thetransient velocity increases with increasing porosity parameter K and Grashof number Gr, but the
transient velocity decreases with increasing Prandtl number Pr.

(i) Thetransient temperature decreases with increasing A, while reverse effect is observed for w. The transient
temperature decreases rapidly for Pr = 7 (water) than Pr = 0.71 (air) in the vicinity of the plate.

(iv) Theamplitude decrease with the increasing h (rarefaction parameter) and frequency w for air.

(v) Theamplitude of skin-friction increase with increasing A for air.

(vi) The phase of skin-friction decreases with increasing h for air.

(vii) The phase is observed to be increasing with increase of suction parameter A for air. The values of tano
show that there is always a phase lead.

(viii) The amplitude and phase of heat transfer increases with increasing h (rarefaction parameter) and frequency
[0}

(iX) The amplitude of heat transfer increases with increasing A.

(X) Thephase of rate of heat transfer increases with increases of h and frequency . But the amplitude of heat
transfer decreases with increasing A.
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