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Abstract

The problem of the free convection from a vertical heated plate in a porous medium is investigated numerically in the
present paper. The effect of the sinusoidal plate temperature oscillation on the free convection from the plate is studied
using the non-equilibrium model, i.e., porous solid matrix and saturated fluid are not necessary to be at same temper-
ature locally. Non-dimensionalization of the two-dimensional transient laminar boundary layer equations results in
three parameters: (1) H, heat transfer coefficient parameter, (2) K, thermal conductivity ratio parameter, and (3) 4,
thermal diffusivity ratio. Two additional parameters arise from the plate temperature oscillation condition which are
the non-dimensional amplitude (¢) and frequency (). The fully implicit finite difference method is used to solve the
system of equations. The numerical results are presented for 0 < H < 10, 0 < K, < 10, 0.001 < 4 < 10 with the plate
temperature oscillation parameters 0 < 2 < 10 and 0 < ¢ < 0.5. The results show that the thermal conductivity ratio
parameter is the most important parameter. It is found also that increasing the amplitude and the frequency of the oscil-
lating surface temperature will decrease the free convection heat transfer from the plate for any values of the other
parameters.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction applications. Representative studies in this area may be

found in the recent books by Nield and Bejan [1], Vafai

The fundamental free convection along vertical/in-
clined heated/cooled plate has been studied extensively
for both pure fluids and porous media by various
authors. The laminar boundary layer approximation is
usually used in the analysis due to its wide of engineering
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[2], Pop and Ingham [3] and Bejan and Kraus [4]. Most
authors considered the isothermal or stream wise tem-
perature variation of the plate. But in the industrial
applications, quite often the free convection is a time
dependent or periodic process. The practical free con-
vection problem with the periodic oscillation of the sur-
face temperature has been addressed by Das et al. [5].
They have used Laplace transform technique to solve
the simplified equations, and the results show that the
transient velocity profile and the penetration distance
decreases with increasing the frequency of the plate tem-
perature oscillation. Recently Saeid [6] has considered
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Nomenclature

A(Nu)  amplitude of Nu(t)/+/Ra(t)

C, specific heat (J kg™' K™

g gravitational acceleration (m s~2)

h heat transfer coefficient between the solid
and fluid phases (Wm ™ K™

H heat transfer coefficient parameter H = hL?/
(pk¢Ra)

k thermal conductivity (W m~! K™ ')

K permeability (m?)

K, thermal conductivity ratio parameter

K: = okd{(1 — @)k}
plate height (m)

Nu_ average Nusselt number

Nug temporal cyclic averaged value of
Nuy(t)/\/Ra(7)

Ra Darcy—Rayleigh number

t time (s)

T temperature (K)

u, v velocity components along and normal to

the plate respectively (ms™")

U,V  non-dimensional velocity components

X,y Cartesian coordinates along and normal to
the plate respectively (m)

X, Y non-dimensional Cartesian coordinates

Greek symbols

thermal diffusivity (m?s™")
coefficient of volume expansion (K1)
non-dimensional amplitude
kinematic viscosity (m?s~!)
density (kg m )
non-dimensional temperature
thermal diffusivity ratio 1 = oo
non-dimensional time

porosity

frequency (s™1)
non-dimensional frequency

DNES Y N>TD = ® ™R

Subscripts

fluid

solid

total (fluid + solid)
wall

ambient

82;—»:/)'—":

the same problem with relatively higher Grashof number
is considered (10* < Gr < 10°) where the laminar bound-
ary layer theory is applicable to study the effect of peri-
odic plate temperature oscillation on the free convection
from vertical plate to pure viscous fluids (air and water).
The results show that increasing the amplitude and the
frequency of the oscillating surface temperature will de-
crease the free convection heat transfer from the plate to
both air and water. For the free convection in porous
media, various authors [7,8] considered the porous ma-
trix is in thermal equilibrium with the fluid, i.e., the tem-
perature of solid and fluid are assumed to be the same
within the representative control volume. Thermal equi-
librium is not valid when the heat is released in the solid
or in the fluid phase. For instance, in the case of com-
bustion in a porous matrix, the heat is released in the
combustible gases. The difference between temperatures
of the solid and gases can be quite substantial in the
flame region ([9]). In adsorption/desorption process or
in a catalyst converter, the heat is released mainly in
the solid matrix. Also, in high speed and/or high Darcy
flow applications, it is important to account for thermal
non-equilibrium effects ([10]). Furthermore, when the
length scale of the representative control volume is the
same order of the length of the system, then the thermal
equilibrium model prediction may be unacceptable
([11]). Tt is expected that, when there is a significant dif-

ference between advection and conduction mechanisms
in transferring heat, the deviation between solid and
fluid phase temperatures increases.

Schumann [12], suggested a simple two-equation
model to account for non-equilibrium condition for
incompressible forced flow in a porous medium. Vafai
and Sozen [10], extended the Schumann model to ac-
count for compressible flow taking into account of
Forchheimer term and conduction effects in the gas and
solid phases. Amiri and Vafai [13] presented a detail anal-
ysis for forced flow through channel filled with saturated
medium. They considered the effects of porosity varia-
tion, boundary effects, inertial effects and non-equilib-
rium condition. Their results indicate that the Darcy
and particle Reynolds parameters are most influential
parameters in determining the validity of the local ther-
mal equilibrium. Recently the non-equilibrium model
has been used in the analysis of different convection heat
transfer problems in porous media by various authors
[14-25]. In the non-equilibrium modeling, it is required
to know the volumetric heat transfer coefficient between
solid and fluid phases. In the literature there are some at-
tempts to measure volumetric heat transfer coefficient
indirectly under forced convection conditions ([26,27]).
These methods are based on the thermal response of
the system to thermal pulses or by measuring the tran-
sient response of the system and use of a non-linear least
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square method to match the prediction of the governing
equations and experimental data (inverse problem). Wu
and Hwang [28], published experimental data for heat
transfer between air and solid particles in a porous bed.
The correlated results showed that the local Nusselt
parameter is a function of the Reynolds parameter and
the bed porosity. The local Nusselt parameter (based
on the particle diameter and thermal conductivity of
the fluid) can be as low as 1.0 for highly porous layer
and for Re on the order of 1000. For bed of porosity of
0.37-0.38 and for Re of 40-1000, the local Nusselt is be-
tween 10 and 100. In fact, the results depend on the accu-
racy of the model assumptions and accuracy of the input
parameters, such as thermophysical properties of the
solid matrix, effective thermal conductivity, boundary
conditions and effect of radiation, etc. No experimental
or theoretical analysis could be identified in the literature
about volumetric heat transfer coefficient under natural
convection conditions. From the basics of heat transfer,
it is expected that the volumetric heat transfer coefficient
for natural convection may be quite low compared with
forced convection, unless the Rayleigh parameter is very
high (Ra > Re®). Mohamad [29] has analyzed the free
convection from a vertical heated plate in a saturated
porous medium using Darcy model and the non-equilib-
rium model. The predicted results are interesting and
indicate that the equilibrium model is difficult to justify
when the solid matrix thermal conductivity is higher than
the thermal conductivity of fluid phase. In the present
work, the Darcy model and the non-equilibrium model
are used also to study the free convection from a vertical
plate immersed in a porous media driven by sinusoidal
plate temperature oscillation.

2. Governing equations

The conservation equations for mass, momentum
and energy in two-dimensional, laminar boundary layer
flow along vertical plate immersed in a porous media,
using the non-equilibrium model are

Ly @
qo(pcp)f%wL (pcp)f <u%+ U%>

- (pkf% +h(T, — Tp) (3)
(- 0)(pe), 2= - Sl vnri -1y @

where the vertical wall is considered to be along x-axis
and y-axis is normal to it. In accordance with the present
problem, the initial and boundary conditions are

“(x7y70):1)(x7y70):03 Tf(x7y70):TS(x7y70):TOC

(5a)
u(0,y,6) =v(0,»,¢) =0; T¢(0,y,¢) = Ts(0,,¢) = T

(5b)
v(x,0,1) =0;  Tr(x,0,7) = Ts(x,0,1) = Ty(2) (5¢)

u(x,00,t) =0; Tr(x,00,¢) = Ts(x,00,¢) = T (5d)

The wall temperature condition is assumed to oscillate
periodically over an average value T, with small ampli-
tude ¢ and frequency o so that the boundary layer theory
is still valid. Therefore the following wall temperature
condition is used:

Ty(t) =Ty + &(Ty — Too) sin ot (6)

It is assumed that the fluid and solid phases have the
same temperature at the vertical plate, i.e., equilibrium
condition is imposed on the non-permeable plate. In
fact, this boundary condition is not valid, due to the
channeling effect. In the present work, the issue of
non-equilibrium boundary condition is not considered
due to lack of information.

In order to simplify the problem and to generalize the
results for the laminar boundary layer flow along a ver-
tical plate, the above equations are written in a non-
dimensional form by employing the following boundary
layer dimensionless variables:

toy X y
T:—LzRa; X:Z; Y:Z\/Ra;
wl? ul vL
= M = :/ V = ;
orRa (pO(fRa qxxf\/Ra
Ty — Ty Ts — T
p=—f . g s “x 7
! AT AT 0

where AT =T, — T, and Ra is the Darcy—Rayleigh
number defined as Ra = #2ZX  The non-dimensional

forms of the governing Eqs.(m.(a{)—(4) are

w ®
U =0 9)
%+U% %z%%—H(GS—&) (10)
z% = ZZY@Z + K H (0 — 05) (11)

where the parameters arises in the non-dimensionaliza-
tion are defined as
o _ quf _ hL2
B ~ @kiRa

(12)

r=— r

% (T— o)k
The initial and boundary conditions Eq. (5) become:
U(X,Y,0)=U(X,Y,0)=0, 0;(X,Y,0)=0,(X,7,0)=0

(13a)
U(0,Y,7)=0, 0:(0,Y,7)=0,(0,Y,7)=0 (13b)
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V(X,0,7)=0, 0;(X,0,7)=05(X,0,7)=1+¢sin(Q1)
(13¢)
U(X,00,7) =0, 0r(X,00,7)=04(X,00,7)=0 (13d)

It is of practical importance to determine the average
total heat transfer (by fluid and solid) per unit area
from the vertical plate, which can be calculated as

B I/L -1 [t <6Tf>
[ x)dx = — ke [ —
“=1) q,(x) ), 195 .

+(1- o)k, (aa?)yo} & (14)

From which it can be shown that, the time dependent
total average Nusselt number is

Nu(t) -1

VRa(t) [0, (K + 1)

S ), @)oo

where Nu(t) = h(t)L/kqy is the time dependent average
Nusselt number based on the time dependent average
heat transfer coefficient and the effective thermal con-
ductivity (keg = @ks + (1 — @)ks), and Ra(t) = gf{Tw(t) —
T} LKl(pvoyg) is the time dependent Rayleigh number.
It is assumed that 6,(t) # 0 where the present problem
arises. It can be shown that the time dependent average
Nusselt number for the fluid and solid phases are

- i )
Nur(t) _ _ / (%) dx (16a)
VRa(t)  [0,(0)]* Jo \OY )y,

Nug -1 ' 10,

Ma(o) _ 3/2/ (—) dx (16b)
VRa(t)  [0(0)]7* Jo \OY /)y,
It is can be seen from Egs. (10), (15) and (16) that, when
H — 0 and K, — oo; leads to the equilibrium model. The
thermal equilibrium model solution can be recovered
also when the heat transfer coefficient parameter

H — oo which leads to same temperatures of the solid
and fluid in the boundary layer.

3. Numerical scheme

The energy equations (10) and (11) are integrated
over a control volume using the fully implicit scheme
which is unconditionally stable. The power-law scheme
is used for the convection-diffusion formulation [30]. Fi-
nally, the finite-difference equation corresponding to the
continuity Eq. (8) is developed using the expansion point
(i+1,j—1), where i and j are the indices along X and
Y respectively [31]. The resulting finite-difference equa-
tion is

Viery = Visj
AY,,
2(AX,)

(Ui+1,j + U1 — Uij — Ui‘j—l)
(17)

where AY,, and AX,, are the grid spaces west and north
of the (i,j) point respectively. The solution domain,
therefore, consists of grid points at which the discretiza-
tion equations are applied. In this domain X by defini-
tion varies from 0 to 1. But the choice of the value of
Y, corresponding to Y = oo, has an important influence
on the solution. In the present study the value of Y cor-
responding to Y = oo is taken Y = 14 following Jang and
Ni [8]. Further larger values of Y produced the results
with indistinguishable difference. The stretched grid
has been selected in both X and Y direction such that
the grid points clustered near the wall and near the lead-
ing edge of the flat plate as there are steep variation of
the velocities and temperatures in these regions.

The algorithm needs iteration for the coupled Egs.
(8)—(11). The convergence condition used for the depen-
dent variables 0, 0, U, and V' is

n o Hr—1
@n

Max <107 (18)

where @ is the general dependent variable and the super-
script n represents the iteration step number. The time
increment At = 0.001 is used for the isothermal wall
case, and At = 27/(1000Q) is used for the oscillation sur-
face temperature case and even smaller in some case of
small values of the non-dimensional frequency.

The steady-state temperature profile of the fluid and
solid phases are shown in Fig. 1 for the H=0 and
K, =1000 and the case H =1000 and K, = 1000 which
represent the equilibrium model for the isothermal plate
(¢ = 0). The results of the equilibrium model found by
Jang and Ni [8] are presented in Fig. 1 for comparison.

IRT T T 1 T I I I '
0.9 ~'~.~ O equilibrium model, Ref. [8] b
= ——  8,=0, (K,=1000, H=1000) |
0.7~ ]
el *,\u-\/e& 0, (K,= 1000, H=0)
0.5 . i
04 ; i
03[~ N . i
0.2 e e
0.1 = -----:'\“_
. | | | | | | | l L
0 05 1 5 2 25 3 35 4 45 5
Y

Fig. 1. Steady-state temperature profiles at X =1, ¢ = 0.
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Good agreement can be observed between the present
results and the numerical results of Jang and Ni [8]
The steady-state value of Nu(t)/\/Ra(t) = Nus(z
v/Ra(t) = Nug(t)/+/Ra(t) = 0.888 is found when H—
1000 and K,=1000 with A=1.0. While Nu(z)/
Ra(t) = 0.884 is found when H=0 and K, = 1000
with A=1.0. The exact value of Nu(t)/+/Ra(t) =
0.888 is found according to the similarity solution of
the equilibrium model in the free convection boundary
layer flow along isothermal plate embedded in a porous
medium [7]. Moreover the steady-state value of the local
Nu/+/Ra is found as 0.446 at the upper end of the plate
(X = 1) comparing with the value of 0.444 obtained from
the similarity solution [7]. The difference between the
present results and the similarity solution [7] for both
the local and average value of the Nusselt number is less
than 0.5%. The above results provided confidence to the
accuracy of the numerical algorithm used for the present
problem in comparison with the equilibrium model.

4. Results and discussion

The transient variation of Nug(t)/+/Ra(t), Nus(t)/

Ra(t) and Nu(t)/+/Ra(t) for the isothermally
suddenly heated plate (¢ =0) are shown in Fig. 2 for
three different cases. (H =0, K,=1000), (H = 1000,

=1000) and (H =K, =1). The results show that,
when H =0 and K, = 1000, the transient variation of
the average Nusselt number for the fluid is exactly same
as the total average Nusselt number with the steady-
state value of 0.884 but the average Nusselt number
for the solid is lower. The thermal equilibrium solution
is obtained for high H and high value of K;. The tran-
sient variation of Nu(t)/+/Ra(z), Nus(t)/+/Ra(z) and
Nug(t)/+/Ra(t) are forming the continues upper curve
in Fig. 2 when (H = 1000, K, = 1000). While for the case
when H=1 and K, =1, the values of average Nusselt

L5 T T T T T T T T T
--(H=0,K,=10°) — (H=10°, K, =10 ) — — (H=1,K,=1)
Nuy (1)//Ra(t) Nus (1) Ra(t)
1+ ~ ‘ B
\\
X\\\ /~ —————— l_
\\ _____________
s LT~ — e
Nus@fJRa() e T T T
0 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
T

Fig. 2. Transient variation of Nu,(t)/+/Ra(t), Nu¢(t)/+/Ra(t)
and Nus(t)/+/Ra(t) for the thermally equilibrium and non-
equilibrium cases.

number for the fluid and the total average Nusselt num-
ber are reduced and the values of average Nusselt num-
ber for the solid are increased. The total average Nusselt
number values are exactly in between the values of the
average Nusselt number for the fluid and for the solid
according to Egs. (15) and (16).

The variation of the steady-state Nu,(t)//Ra(t) with
the thermal conductivity ratio parameter K in the range
(K; = 0-10) for different values of the heat transfer coef-
ficient parameter H and fixed value of the thermal diffu-
sivity ratio 4 =1 is shown in Fig. 3 for the isothermal
plate (¢ =0). It is observed that the steady-state value
of Nuy(t)/+/Ra(z) increases with the increase of the ther-
mal conductivity ratio parameter K. It can be predicted
from Fig. 3 that the steady-state of Nu(t)/+/Ra(z) will
approach 0.888 (equilibrium model solution) when K;
goes to infinity. Fig. 3 shows also that the thermal con-
ductivity ratio parameter K, has a significant effect on
the average total Nusselt number, while the effect of
the heat transfer coefficient parameter H is approxi-
mately insignificant in the case of the isothermal plate
and there is no significant difference even for very small
values of H (0 or 0.1). Therefore, the present study will
focus on the effect of the sinusoidal temperature oscilla-
tion of the plate embedded in a porous medium for dif-
ferent value of the thermal conductivity ratio parameter
K, with fixed values of H=1.

In this case the free convection process starts when
the vertical plate temperature increases suddenly from
the ambient temperature 7, to the average plate tem-
perature T,,. At this time the average Nusselt number
goes to infinity. Then when the vertical plate tempera-
ture is oscillating, the temperature of the both phases
at Y= 01is oscillating and the total average Nusselt num-
ber will oscillates accordingly as a result of the oscilla-
tion of the solid and fluid average Nusselt number. It
is found that the oscillation of the solid average Nusselt
number is always with smaller values than that of the
fluid phase. For very high values of the thermal conduc-
tivity ratio parameter (K, = 10°) the oscillation of the

0.85

0.75

0.65

sle
= S 055
=

HE

0.45

0.35

0.25

Fig. 3. Variation of the steady-state Nu(t)/+/Ra(t) with the
thermal conductivity ratio parameter K, for different values of
H with 2=1and ¢ =0.
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total average Nusselt number will be same as that for the
fluid phase, while for very small values of the thermal
conductivity ratio parameter (K, = 10~%) the oscillation
of the total average Nusselt number will be same as that
for the solid phase. Fig. 4 shows the oscillation of the
plate temperature with an amplitude of ¢ = 0.1 and fre-
quency of Q =1 and the effect of the plate temperature
oscillation on the average Nusselt number. It can be ob-
served that the oscillation of the average Nusselt num-
bers is slightly out of phase with the plate temperature
oscillation for this case. It can be predicted that the
phase difference between the oscillation of the average
Nusselt numbers and the plate temperature oscillation
is higher for higher frequency.

The oscillation of the total average Nusselt number
becomes periodic oscillation after some periods. The last
two oscillating periods in Fig. 4 are almost similar,
which means that the oscillation of the total average
Nusselt number becomes periodic oscillation.

The steady periodic oscillation of the total average
Nusselt number is achieved when the amplitude and
the cyclic averaged value of the total average Nusselt
number become constant for different periods. There-
fore, the following condition is considered for the steady
periodic oscillation of the total average Nusselt number:

— — -1
ANen)” __A(f,vu‘)p <107 and L
A(Nu,) Nut,

where the superscript p is the period number, and

= _ 1 Nu(z) \ [ Nu(t)
A(Nuy) = 5 [Max <—Ra(r)> Min (—Ra(r))]

(20a)

| |
0 5 10 15 20 25 30 35 40

o 6,(7)

Nu, (T), Nus(T),  Nuy(T)

Jra®) T JR(® T VRa(D) A

\ /\ -~ - -~
N/ /7 /
N N/ \\/ \\/ N

7 /
NV

b 0.25 0 5 10 15 20 25 30 35 40

Fig. 4. Oscillation of (a) plate temperature (b) average Nusselt
number. ¢ =0.1; Q=1; with K, =1, H=1and /1= 1.

for 19 < 7 < [19 + 27/Q)] and

— e/ () i
N, = (27/Q) /fU ( Ra(r)) d (200)

Fig. 5 shows the variation of the temporal cyclic aver-
aged values of Nu(1)/+/Ra(t) defined in Eq. (20b) and
designed as Nu, with the non-dimensional frequency Q,
at different amplitudes of the surface temperature oscil-
lation (¢). Two different cases are presented in Fig. 5
which are same as those in Fig. 2 for the non-oscillation
plate temperature, namely (K.=1000; H =0) and
(K;=1; H=1). For both cases the value of Nu is
decreasing with the increase of either the non-dimen-
sional frequency or the amplitude of the plate tempera-
ture oscillation.

The effect of the thermal conductivity ratio parame-
ter (K;) on Ny, is shown in Fig. 6 when the plate temper-
ature oscillates at different amplitudes and constant
non-dimensional frequency of Q=5 and A=1. Once
again for all the values of K, the values of Nu, are decreas-
ing with the increase of the amplitude of the plate temper-
ature oscillation. Increasing the thermal conductivity
ratio parameter (K;) will enhance the free convective

=

0.1 Il L L L L L Il L

Fig. 5. Variation of N:m with the non-dimensional frequency at
the periodic state. 4 = 1.

—e=0;---¢€=0.1; __&e=0.2;
04 —--£=03;—+-£=04; —x- =05 ]
| 1 1 1 1 1 | 1
037 ) 3 4 5 6 7 B 9 10
K,

Fig. 6. Variation of N:m at the periodic state with the thermal
conductivity ratio parameter. H=1, /=1 and Q =5.
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heat transfer for the non-oscillating and oscillating plate
temperature and increase the values of Nu; as expected
and shown in Fig. 6.

All the above results are presented for the case of
equal thermal diffusivity for the fluid phase and the solid
phase i.e., 2 = 1. In the practice this ratio can be more or
less than unity and it is important to consider the effect
of this parameter for the present unsteady free convec-
tion problem. Amiri and Vafai [14] have considered val-
ues of A <1 for the transient analysis of incompressible
flow through a packed bed. In the present work the effect
of 4 is studied for values less than and more than unity
as shown in Fig. 7. The variation of Nu; with the thermal
conductivity ratio parameter (K;) when 1 =1 is chosen
to be as a reference for the case when the plate temper-
ature oscillates with ¢ = 0.3 and Q = 5. For all the values
of K. presented in Fig. 7, the values of Ny, increase with
the decrease of the thermal diffusivity parameter (4).

It is observed that when the plate temperature oscil-
lates at high amplitude and high frequency the values
of Nu(t)/y/Ra(tr) becomes negative for some
instances of the oscillation period. Negative values of
Nui(z)/+/Ra(z) are observed for the cases of high values
of the thermal diffusivity ratio (1) and small values of the
thermal conductivity ratio parameter (K,). The oscilla-
tion of Nu,(t)/+/Ra(t) with time for the last period when
the conditions (19) are satisfied is shown in Fig. 8 for dif-
ferent values of the amplitude of the plate temperature
oscillation. It can be seen from Fig. 8 that for non-
dimensional frequency of 5, when the amplitude of the
plate temperature oscillation ¢ > 0.3, negative values
are obtained for the particular parameter values of
K. =1,H=1,and A = 1. As discussed above smaller val-
ues of K, gives smaller values of Nu(t)/+/Ra(t) and
higher values of A or Q results in smaller values of
Nuy(t)/+/Ra(z) also.

Negative values of Nu,(t)/+/Ra(t) means that there is
no enough time to transfer the heat from the plate to the
ambient medium and there will be some point in the
boundary layer with fluid and/or solid temperature higher

0.8 T T T T I T -] R
0.7 L — _/,-/— """" -
Lo — -
o
os- . S0 E
- s
=
E yanus
0A5—/ L/ —
/
, --A=0.001; —-A=l; ——A=5; —-— A=10
0.4 -
o 1 1 1 1 1 1 1 1
T 2 3 4 5 6 7 8 9 10
K,

Fig. 7. Effect of the thermal diffusivity ratio / on the variation
of Nu, at the periodic state with the thermal conductivity ratio
parameter. For H=1,¢=0.3 and Q =5.

-1 —— €=03
—-—£=02

1 1 1 1 1 1 1
15.08  15.24 1539 1555 15.71 15.87 16.02 16.18 1634
T

Fig. 8. Ultimate periodic oscillation of Nu,(t)/+/Ra(t) with t at
different values of ¢ with Q =5, K, =1, H=1,and 2=1.

than the surface temperature from which heat will trans-
fer partly to the wall, or some of the heat gained by the
porous media in early stages will return back to it when
its temperature drops.

A detailed investigation has been carried out to dem-
onstrate this explanation when negative heat transfer
happened. The period of the last cycle of the oscillation
of Nuy(t)/+/Ra(7) is divided in to eight time steps (a)—(h)
as shown in Fig. 8. At each time step the temperature
profiles at the upper end of the plate (X' = 1) are shown
in Figs. 9 and 10 for fluid and solid phase respectively
for ¢ = 0.5. It can be seen from Figs. 9 and 10 that the
surface temperature is equal at the points (a,c), (d,h)
and (e, g) but the temperature gradients are these points
different which gives different values of the Nusselt num-
ber. The maximum value of Nu(t)/+/Ra(t) occurs near
point (h) when the surface temperature increases
from its minimum value to its average value as shown
in Fig. 8. At point (h) the temperature profiles for
both fluid and solid phases show maximum negative
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Fig. 9. Periodic state fluid temperature profiles at different time
steps (a—h in Fig. 8) for last cycle, ¢ = 0.5 and Q =5 for K, =1,
H=1,and 1=1.
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Fig. 10. Periodic state solid temperature profiles at different
time steps (a—h in Fig. 8) for last cycle, ¢ = 0.5 and Q =5 for
K. =1,H=1,and A1=1.

temperature gradient at the plate (Y = 0) which leads to
the maximum value of Nu;(t)/+/Ra(t). The minimum
value of Nu;(t)/+/Ra(t) is negative and it occurs be-
tween points (¢) and (f) when the surface temperature
goes to its minimum value. The reason is that at points
(e) and (f) the temperature profiles for both fluid and
solid phases show maximum temperature gradient but
in this case positive at ¥ = 0 which leads to the negative

value of Nu;(t)/+/Ra(z).

5. Conclusions

In this paper, the effect of the periodic oscillation of
the surface temperature on the periodic free convection
from a vertical heated plate in a porous medium is inves-
tigated numerically. The non-equilibrium model is used
in the present investigation, i.e., porous solid matrix
and saturated fluid are not necessary to be at same tem-
perature locally. The non-dimensional form of the two-
dimensional transient laminar boundary layer equations
are solved numerically using the fully implicit scheme.
The results are effect by three parameters: (1) H, heat
transfer coefficient parameter, (2) K, thermal conductiv-
ity ratio parameter, and (3) 4, thermal diffusivity ratio.
Two additional parameters arise from the plate temper-
ature oscillation which are the non-dimensional ampli-
tude (¢) and frequency () of the plate temperature
oscillation. The numerical results are presented for
0< H<L10,0< K, <10, 0.001 < 4 < 10 with the plate
temperature oscillation parameters 0 < Q2 < 10 and
0 < £ <0.5. The results show that the effect of the ther-
mal conductivity ratio parameter is more important
than the heat transfer coefficient parameter and the ther-
mal diffusivity ratio. Increasing the thermal conductivity

ratio parameter leads to increasing the average Nusselt
number. It is found also that increasing the amplitude
and the frequency of the oscillating surface temperature
will decrease the free convection heat transfer from the
plate for any values of the other parameters. It is ob-
served that when the plate temperature oscillates at high
amplitude and high frequency the values of the average
Nusselt number becomes negative for some instances of
the oscillation period. Negative values of the average
Nusselt number are observed for the cases of high values
of the thermal diffusivity ratio (1) and small values of the
thermal conductivity ratio parameter (K,). Negative val-
ues of the average Nusselt number means that there will
be some point in the boundary layer with fluid and/or
solid temperature higher than the surface temperature
from which heat will transfer partly to the wall, or some
of the heat gained by the porous media in early stages
will return back to it when its temperature drops.
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