NATURAL CONVECTIVE FLOW IN A MULTILAYERED
VERTICAL POROUS MEDIA
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ABSTRACT .

Convective heat transfer through a vertically multilayered
pornus medra Ls Avomined nyumsartronllyv, The evominntion s focused
upon the offect of the nonwit form permeoabilolinss g Lhe sublayers
on the behavior of the tempermiure. flow fields and the o fferent
regimaes of the heat flow. The study was done on a model with
vertical tsothermal walls at different temperatures and

horizontally perfect insulgted walls, and for Lhree layered porous
medium tn which the firast and third loyers hauve =gual LhicRnessss
and permeabilities. I'he numegrical results are reported for a
range of the permeabillity ratio of the (nner sublayer 0.1<Kr<io
and a range of the width ratio of the inner sub-layer to the lotal
wtdth 0.0 <Wr<t.0, O<Ra“B000 and for on Aspact ratro A=3, The
governing eQuations are written (n .oterms of nondimensional
variagbles and solved using the finite difference method., A



comparison is made with the results odtairned by Laurtiat and Prasad

(121]. The comparison shows o very gocod agreement for the
presented results and proves the wvalidity of the mnodel. The
results give a very good tdea about the effect of the inhomogentty
of th~ poreus madiun o LA flive alructur e aned (omperatures. Lt

ts found also that the heat transfer characteristics depend on
both Kr and Wr besides the Rnown dependence on the Ra and the

aspect ratto. Three regumes of heat flow (s obtained by
increasing of Rayleigh number, Conduction, transient and boundary
Layer regime. A numerical correlatton expresses the effect of
both Wr and Fr on Nu L5 deriued jor the Lboundary tayer regime jor

this paricular case as follows:

Nu = C .C+0.3836 wr+(3C0.0454 Kr + 0.9546> pa® >
where the +ve Ls for the case of Kr>i, the -~-ve ts for the case of
Kr<i and C ts constanl depends on the Aspect ratio.

1 INTRODUCTION

The heat transfer by natural convection across a porous
medium heated from one side 1Is a topic of (undamental Importance
in diverse flelds such as thermal insulation englneering,
geothermal reservior dynamlics and grain storage. The basic model
used so far in the study of porous media heated from one side
consists of a 2-dimensional layer with wvertical isothermal walls
at different temperatures and with adiabatic top and bottom walls,
This model has been lnvestigated extensively during the past 20
years. The first study of the problem, an experimental one, was
reported by Schnelder (1. He lnvestligated the natural convectlon
heat transfer through granular material under the condition of
fixed height and width. The first extensive theoretical work on

this problem was performed by Chan et al. [2). Later ~n, these
~ludl o= wenr e o] Lowesdd 1oy o0 et bees 0l lnivesbtigallions, our of whilceh
the notable thecretical solutions . presented in [(3-13]. Waeber

[(3) reports an Oseen—linearized analysis of the boundary layer
regime in a tall layer. Weber's analysis was improved by Bejan [4)
to account for the heat transfer vertically through the core and,
in this way, to predlct correctly the heat transfer rates revealed
by experiments and by numerical simulations. Simpkins and Blythe
[S] reported an alternative thecry tor the boundary layer reglme
based on an origlnal closed form solution., and for temperature
dependent viscosity (6], The corresponding flow Iln the shallow
layer heated from the cslides was documenled by Walker and Homsy
(71. They developed an asymptotlc solution for the flow and
temperature flelds {nside a shallow layer using the aspect ratlo
as the small parameter. They showad that unlike the in the tall
layers the core region plays an active role in the heat transfer
processes. An approximate integral type solutlon for the same
geometry was reported by Bejan and Tien (8). Tong and Subramanian
[9) have presented a boundary Llayer analysic for a Brinkman model,
and have repcretad signlficant contributions of the diffusion term
at high Rayleligh and Darcy numbers. Furthermore, Poulikakos and
Bejan (10)] and Prasad and Tuntome (111 have considered the
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fForchheimer ~extended Darcy model to study the lnertia effects on
free convection In a vertical cavity. Laurifat and Prasad (12)
considered the Brinkman-—-extended Darcy equation of motfion together
with the tLransport term and examined Lhe <significance of each
tarm. Eikady (13} clarified numerically the effect of the
dimensions of the rectanguiar cavily on the heat transfer through
an {nciined cavity with variable inciinmation angles from O to 180.

The survied literature presented above have been concerned
with natural convection in * layers only fiiled with homogeneous
porous medium, which may not be a good approximation for the
porous layers in the real life. The purpose of this study is to
anajyse and understand the effect of the inhomogenity of the
porous medlum on the (law =Lrfucture and the  canvective heoat
transfer in a vertically layered porous media with vertical
isothermal walls at different temperatures.

2. MATHEMATICAL MODEL AND SOLUTION PROCEDURE

Consider a two~dimensional rectangular vertlcal cavity (shcwn
in Fig. 1) of width W and height H, filied with multilayered
porous medium. Each layer 1is homogenuous, isotbropiC and has
constant permeability K. The porous medium is saturated with a
single phase fluld of density p and viscosity pu. In Fig.1 Tu and
Tc represent the hot and cold vertical walls of the cavity
respectivaely., while the hori=mnntal topz and botitom walls are
insulated. The effect of both the drag and inertla are neglected,
and the flow will obey Darcy's law

The fluid properties are assumed to be constant mvcept (Cor
the density change with temperature which gives rise to the
buoyancy force, this is treated by invoking the Boussinesq
approximation. While the permeability values K of the porous
layers are different, the vajfues of the thermal diffusivity {in

the layers are the same. This assumption is done to study the
ef(eocte of the changr ~f the permeability alons. with thoce
assumptions, the conservation equationg for the mass, momentum

and energy for each layer become:

Continuity
e e [ 2V IV - 0 (2 B
Momentum LDarcy's Law)

Ipr/dde + CusKd u = Q c2)
Opsdy + (u/Kd) v = pgXT - Ted <3

Energy
U AT d% + v T8y = a CAT - + T ayD c4d

where u. v. p, o, (3, g, g and ¥ are the velocity components ln
the x and y directions, pressure, thermal diffusivity,
coefficient of thermal expansion, acceleration due to gravity,
Kinematic viscosity and Permeability of the porous media,
respectively.



l .3, EL kauy

-

Elf:knattng LH: pressure terms from equations (2) and (3),
introducing the stream function p as u = dp/dy and v = - dps/Ix
and s<alling all tLhe variaviem by appropriate characteristic
values of those variables defined by:

X = wv, Y = ysH, v = p H/a W, and 8 alT-Ted/CTu-Ted
the governing equations C1)2-C4D can be transformed into a
non-dimensional stream function and a tesperature equations

SPyrox? + c1sat SPyroy® = -Ra CI0 4]

U /0% + V 80 0 = A a'esax? + o901 ®

where A is the aspect ratio aof the cavity = H/W and Ra is Lhe
Darcy-Rayliegh number based on the height of the cavity H, and is

given by Ra = KgX Tu-TedH /av i
RorBtice iho varticall'Tiares have A ff.“ur ent parmbnhl 1Hitiama ¥V,

the Darcy-Rayleigh number Ra will be different for each layer.

Taking the permeability ratio for each layer as Kr= K/KXn, the

Darcy-Rayleigh number for each layer will be:

Ra = Kr Ram
where Km, Raum are taken as the permeability and the Darcy-~Rayleigh
number in the layer in contact with the hot wall.

The boundary conditions for the nondimensional stream
function and temperature are as follows:
w = O on all walls, as.- 8y O for Y=0,1 and O<KX<1,
6 = 1 for X=0 and OX Y <i, e O for X=1 and 0OCY<1.
']
The effect of the fluid motion on the heat transfer across
the layers can be expressed by the Nusselt number, which \is
defined for the vertlcal hot wall in the non dimensional form as:

[}

Y
Nit - j Nuv. I . Ay 7>
o K=o
4 o
Nuy = ~ —
and u 3 X
where Nu l1s the average (mean) Nusselt number at the wall
Nuy ts the Jocal Hu=z=oelt rniimher

The solution of the governlng differential equations (5) and
(8> has been cbtalned numerically by using the finite difference
scheme presented by Patankar [(16]. The solution consists of the
stream functlion and the temperature fields as well as the
velocities in the x and y directions. More detailed information
about the numerical procedure 1is presented in (14]. After
obtaining the temperature fleld, equation (7D was integrated
numericaliy to get the Nu.

3. RESULTS AND DISCUSSION

The two dimensional natural convection in a multi{layered with
different permeabilities fluid saturated porous medium has been
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analyzed for vertichal isothermdl walls at different* temperatures
and with adlabatic top and bottom walls. The stiudy is made for
thrae layered porous medium in which the first and third layers
have equal thicknesses and permeabilities. The permeability rattio
Kr of the inner subiayer varies from 0.1 to 10 and the width ratio
of the inner sub-layer Wr varies form 0.0 Lo 1.0 for a wide range
of Darcy-Raylelgh number up ta 6000.

Rt The validity nf the madel

In the following study in sections 3.2 and 3.3, the cases of
Wr= 0.0 and 1.0 are corresponding to those cases of a uniformly
filled cavity, and the resuits obtained for these cases are in
good agreement with those obtained by tLhe author in, previous
study [13!.

Another comparison s done with the results obtained by
Lauriat and Prasad (121 for a case of a single layer porous media
with Wr=0, A=5. The values of the vertical velocity V- Ra and the
temperature 9 at the midheight sectlon where Y=0.5, the horizontal
valocity UsRa at X=0.5 for Ra= 250, 1000 and 2500, the local Nur
at Ra=2500 and the average Nu at the hot wall at OKRa<6000 of
Lauriat and Prasad (12] are translated into the corresponding
notations and expressions by thls work and compared with it. The
comparison which ls shown in Figs 2~5 shows a very good agreement
and proves the validlty of the modei.

A relation similar to equalion C7) for the heat flow along
the cold wall x=W, ¥=1 was cbtained and integrated numerically.
The obtained Nu was compared with this calulated from equation
C7>. The results were found to be hnearly identical. the
discrepancy between the resulls of the two approaches was loss
than O, 75%.

3.2 TEMPERATURE AND FLOW FIELDS
3.2.1 Effect of sublayers width

Figs. B-12 show the effect of the widih ratio of the inner
sublayer Wr on the streamlines and isothermal lines. The width
ratioco Wr takes the values 0.0, 0.2, 0.4, 0.6, 0.8, 1.0.

Flgs &-9 show the case where the permeability of the inner
layer {s five times greater than the outer layers r=8, the
aspect ratio A=3 and Ra=150. In the case of We=0.0, where the
whole cavity is filled with low permeability porous media., the
streamlines shown Iin Flg. 6, tend. to be in the outer region of
the sublayers with less flow in the core. With the appearance of
the i oher permesability inner <ablayer, an attraction appesars for
the fiow towards the core, and Lhe tendency for more flow Lo be
initiated in this attractive lavyer existis. With the increase of
¥r the attraction for the flow towards the core increases, and
higher values of stireamfunction exists also, carrying more
convective heat from the hotter side to the coider cne. The flow

i
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rate increases with the increase of ¥r, and the slope of the axis
of the cells changes significantly. For example at Wr= 0O, the

@M 12 rigqme 1~ the ynrttical misdle plana, kot with the { nrMaace
of Wr, tLhe axis moves towards the diagonal of the cavity.
Therefore, the maximum velocitles Chorizontal and vertical
components) drift from the vertical and horizontal middle planes
to the corners (lift bottom and right top cornersd.

An indication for the Lransport of energy by convection
between the two isothermal vertical walls is the rate of f(low
inside the cavity, which can be expressed by the maximum value of
the streamfunction and the mean velocily of the flow., To express
Lthese two functions two variables are used in [(13-15}, and are
defined as:

yrmox= * max (wCx,yd | and Um = J‘CUz+V2) da
A

wher o ymax 1S the maximum value of the non-dimensional
streamfunction, % are taken for counter clockwise and clockwise
Ccirculation resphctively and !Im is axprossed as a function of the
average fluid speed over the area A.

Flg. 7 shows the behavior of the functions expressed by
Ums/Umo and ymaxs/ymoxo With the lncrease of We. where Umo and
ymaxo are the functions in the case of Wr=0, The figure shows a
significant {ncreaseo of both the two functions with the increase
of Wr {ndlcating the lncrease of the transport energy by
convection part in the whole layers.

The behavior of the Lsothermal lines for different inner
sublayer width ratios Wr is shown in Fig. B. It 1ls npticed that
the intertor temperature dlstribution is close to a stralight line
in the central part of tLhe inner s=sublaver. The siope of these
isothermal lines shows that the heat is transfered by both
conduction and convection. With the increase of Lhe widih of the
attrractive lnner sublayer, the {sothermal lines (n the inner
sublayer deviate towards the horizontal direection Cnormal Lo the
walls of the heat flowd), indicating the increase of the transport
of energy by convection part in the core region. The temperature
gradients near the bottom left and the right top corners sre
greatly modifled to a sharp temperature gradlents. Thus the

transport of energy due Lo cross flow near the horlzontal walls
has also {nereased.

Fig. 9 shows the effect of the inner sublayer width ratio Wr
on both the temperature and velocity distributions at the middle
height of the porous media Y=0.% in the half of the wtdth
adjacent to the hotter side. For the case of Wr=0, where the
witolay vmvity (= tllleml with 1w psrgamsabil LIy guwewr= merdin, bed b
Lthe temperature and velocily distribution curves are nearly
strajght lines. With the increase of Wr both the temperature and
velocity curves deviate from the straight line condition in the
inner sublayer and remain taking the nearly straight line shape
in the lower permeabllity outer layer near the hotter side, with
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a significant increase in the velocity field and decreasing
temperatures, The step variation in the permeabllity acrass the
Llnterface of the two sublayers induces step changes Ln the sliopes
of both velocitles and temperatures. The break points in both
flelds are shown by the symbole (o).

Figs. 10-12 show another case, where the permeability of the
inner laver Ls five times less than it in the outer layers. i.e.

Kr for the inner sublayer = 0U.<, the apsect ratlio A=2 and Ra=400.
The behavior of the streamlines for different values of Wr is
shown in Fig. 10. For the case of uniform porous media where

Wr=0.0, L.e. high permeabllity layer, the tewmperature difference
across the two vertical walls causes a relatively high velocity
flow all over the layer. As the less permeability inner sublayer
appears, A new resistance appears for the flow in the core of the
inner sublayer. With the increase of Wr, the damping for the
existing flow in the core increaseses. The slope of the axds of
the cells changes significantly. AT ¥Wr=0 the axis is close to the
diagonal of the cavity. but with the increase of Wr, the axis
moves towards the vertical middle plane jindicating that the

maximum velocities “horizontal and vertical components) drift
from the corners (left bottom and right top cornersl) to the
vertical and horizontal middle planes. Therefore, the flow |is

attracted to be vertically in the outer layers, where the higher
permeability exists, and Is forcad to bo ewchanand between the
outer sublayers carrying the convective hesat energy part through
the upper and lower ends of the inner layer, and less flow of
convectlve energy transfer through the core region.

Fig. 11 shows the behavior of the functions Um/Umo and
wmanswmano  with  the tncer~aze of  Wr, The Cigur~ <hows a
significant decrease of both the two functions. This indicates
the decrease of both the mean velocity of the flow and the rate
of flow inside the cavity, which in turns decreases the transport
energy by convection part in the whole layers.

Fig. 12 shows the behavior of the 1sothermal lines for
different values of Wr, In the core of the inner sublayer,
where, less flow exists, the above modification in the veloeity
field with the increase of Wr changes the isotherm pattern

accordingly. The lsothermal lines deviate towards the vertical
direction  Cparallel to the isothermal walls) 1indicating the
decrease of convection heat flow through the core region. The

Sharp temperature gradients near the bottom left and the rlght
top corners are greatly modified, and the transport of energy due
to the cross flow near the horizontal walls has, thus, decreased.

3.2.2 Effect of permeability ratio

Flgs. 13-15 show the streamlies and the lscthermal lines
behavior for three layers porous media with equai widths, Ra=250,
Aspect ratio = 3 and different permeability ratios for the inner
to the anuter sublayers Kr from 10 to O.1.
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The behavior of the streamlines for different values of Kr
is shown in Fig, 13. For the case of high permeability uniform
porous media where Kr=1, the temperature difference across the
two vertical walls causes a relatively high velocily flow all
over the layer. For the case of Kr21l, with Lhe increase of Kr,
the attraction for the outer streamlines to change iis direction
gradually towards the core of the Linner sublayer Increases,
pacidnc ) he {nmreana of the chance fnr tha luid rate of flow Ln
the core to increase, carrying more convective heat from the
hotter side to tLhe colder one. For the case of Kr<i, with the
decrease of the permeabllity ratioc Kr, the streamlines find an
Lncreased resistance to flow in the core of the inner sublayer,
and s forced to change ils directlon gradually and compressed Lln
the outer sublayers, tending to be parallel to the outer vertiical
walls.  The flow ls forced to be exchanged between the outer
sublayers through the upper and lower ends of the Lnner sublayer.

This phenomend reflects itself on the maximum value of the
stream functlon and the mean velocity of the flow in the cavity.
Fig. 14 shows the Llncrease of both Um-/Umi and wmax-ymaxa with the
increoase of the permeability ratio of the inner sublayer.

Filg. 198 shows the behavior of the lsothermal iines for

different values of Kr. With the decrease of the lnner sublayer
permeabllity ratis Kr the above modification in the velocltiy
field changes the lsotherm pattern accordingly. The lsothermal

lines deviate towards the vertlcal direction C(paraliei te the
isothermal walls) indicating the decrease of convection heat flow
through the core region. The sharp temperature gradients near
the bottom left and the right top corners are greatly modifled,
and the (ransport of enoerqgy Jue Lo Lho cross tiliow near the
horizontal walls has, thus, decreased also.

3.3 Heat transfer
3.3.1 Effect of permsabllity ratio

To show the effect of the permeabllity ratlos., a case of
three layers porous medlia with equal widths are studied. In
which the aspect ratio A = 3, the permeabllily ratios for the
inner to the cuter sublayers Kr differ from 10 to 0.1 and Ra=280.

The behavior of the local rate of heat iransfer Nuy along
the hot wall (= shown in Fig. 16, It takes the Lypical trend as
obtained in (12,141, in which the higher values of the rate of
heat transfer exist at the bottom of the wall and then ii drops
to the lower values at the top of the wall. Fig. 18 shows the
increase of Lhe rate of local heat transfer with Lthe increase of
Lthe limer sublayer petmeabhlilliLy 1 atlio.

Fig: 17 shows the effect of the permeability ratio of the
inner sublayer on the average rate of heat tlransfer expressed by
Nu for dlifferent Ra. Fig. 18 shows tLthe wvariation of Nu /Nu¢ wiith
Ra for different values of Kr. ¥here, Nust L= the value of Nu for



Mancuor 3 Englieesc Loy Jom ealt MBS ol ao, NOL 1 Maren 1S Moo

* the case Where the whole cavity is filled with the pdrous
material of the layer adjacent to the hot wall, l.e. Kr for the
Laner sublayer=l or Wr=0. It is shown that NusNu: (s greater
than 1 for Kr>1 and less than 1 for Kr<i. i.e. Nu i. higher than
its value for a homogenous filled cavity by Krd1 and less than {t
by Kr<i. Both the Nu-Nui-Ra and Nu-Ra curves take nearly the
same form for the different permeability ratioc Kr. [n all cases.
where Ra=0D at the hot wall, Nu-Nus and Nu take the unity value
and the heat Is transferred by pure conduction. By the increase
of Ra, Nu-Nui increases in a transient region untill it takes a
parailel straight line form by Ra>1000, where Nu-Nus depends only
en Kr. The behavior of Nu~Nui is shown in Fig. 19. It glves a
linear relation as follows:

Nu-Nus = 0.0454 Kr + 0.9546 C8d

Kim and Vafia (171 studied the natural convection about a
‘'vartical plate wmbedded in a homogenocus porous media. They
concluded that the Nusselt number depends only on the Raylelgh
number Ra in the thermal boundary layer, where the heating effect
af the wall is felt. This conciusion is also concluded by Weber
[3] by studfing the boundary layer regime for convection (n a
verticai homogenuous porous layer. The mean value of Nu for the
boundary layer heat flow in the homogenuous porous media can be
given according to {3,17) in our notations by following relation:

o.n
Nu = C Ran cod

Where T ls a constant, which depends on the aspect ratio A. By
Weber [3] this constant {s obtained as 1-C¥3 A for the boundary
layer f{low, In Lhis case, the heat conducted from the wall lnto
the fiulid 1s carried upwards by the convective movement of the
fluid {n the steady state. and the fluid ls driven upwards by
bucyancy and restricted by bulk friction. This means that
coutside this layer, where the fluid 1s iscthermal and the
buoyancy effect 13 absent the fluid is nearly motionless.

In our case, for the Nu/Nui straight Lline zone., where
Ra>1000, and NurNui is mainly function of Kr, it can be said that
the heat is transferred in a boundary layer flow. This flow
consists of upward boundary layer on the hot wall, downward
boundary layer on the coid wall and motionless flow in the core,
thus equation (@) can be considered. The constant C in equation
C(9) must be dependent on both the permeability ratio Kr and the
Width ratio Wr of the inner sublayer besides the aspect ratio A.
Because bLhe aspect ratio A and the width ratio Wr are constants
and equation <B8) gives that NusNus=flkr), (L can be said that tLhe
effect of both Kr and Wr on C can be separated, and C can be
written as

C = f{Wr). fCKrd>. fCA 10D

3.3. Effect of sublayers width

To show the effect of the sublayers width ratio Wr, a
constant values for the permeability ratios of the sublayers will
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be considered. Figs, 20-28 show the effect of the width ratioc of
the inner sublaver #%r on the Local and mean Nu at the vertical

hot wall, The width ratio ¥r takes the values 0.0, 0.2, 0.4,
o.85, 0.8, 1.0, for an aspect ratio A=3. Two cases are
considered. In the firsi case, the permeability of the inner
sublayer is taken as five times greater than the ocuter layers
Kr=8 and Ra=1%50. In the second case, the permeability of the

inner sublayer 1ls taken as five times less than it in the outer
layers Kre=0.2 and Ra=400.

Figs. 20 and 21 show the distribution of the local rate of
heat transfer Nuy along the hot wall. The Figures show that the
rate of locai heat transfer inceases with the increase of the
inner sublayer width ratio for Kr>i, and decreases with the
increase of the sublayer widih for Kr<i.

Figures 22 and 23 show the variation of the Nu for different

valum= of Lhe wichbic 1At Ly e Lthe two cazes of study. Lhe
behaviour of the Nu~-Ra curve is nearly the same as that expressed
in Fig. 17. It consists also from the three zones. The zero Ra

at the hot wall where Nu=l and the heat tLransferred by pure
conduction, the transient zone and the boundary layer fiow zone.
It is shown that Nu increases with the increase of the width
ratio Wr by the case of Kr=5 and Nu decreases with the increase
of the width ratio Wr by the case of Kr=0. 2.

Figures 24 and 25 show the behavior of the futhction Nu~sNuil
for the two expressed cases. It is shown that the value of MNu is
higher than its value tor a homogenous filled cavity by Kr=5 and
less than [t by Kr=0.2. It is also shown that (n the boundary
layer flow zone, where Ra>1000, the value of NusNut 1S5 nearly
constant and depends on the widith ratio Wr only. This relation
is shown in Fig. 26. It gives a linear relation as follows

Nt /Nug = 2 O, 203R” Wr + 1 i1
the +ve L8 for the case of Xr>1l and the -~ve for Krdl

For the general case, egquations B8 and 11 can he combined
together to give the effect of both the permeabiliy and width
ratios in the boundary layer flow regieme where Ra>1000. It
can be expressed as {ollows:

NusNus = (20,3836 Wr+12C0.04342 Kr + 0.952) ciad

Equatlieon C9) which expresses the heat transfer in the
boundary layer flow regime canh be developed ta take into
considerajion the effects of both the permeablility ratio Kr and
widlh ratio Wr for Lhe Lhrem layorod porous media and written as:

NuU = C .C30.3835 Wr+13C0.0454 Kr + 0.9546) Ra® "’
where the +ve is for the case of Krd>l, the -ve for Kr<i anmnd C
depends on the aspect ratio A.
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4. CONCLUSIONS

This paper ocutlined numerically the phenomenon of the fluid
flow by natural convection in a two dimensional vertical
mulbtilayered porous medium with different permeabllites " and

bt wod Fotun s iiales Chis =t inly t= Fewsrmewl cig 1l ol fosecl oof 1 i
non~uni form permeability of the sublayers on the behavior of the
tempreture, streamlines flelds and the heat transfer. The

resylts {ndicate the following:

With Lthe increase of Kr or Wr for Kr>1 or the decrease of
¥Wr for K1,

- theo slcope of the axis of the streamlines cells moves from the
vertical middle plane towards the diagonal of the cawvity.

- The mawximum velocities Chorizontal and vertical componenis)
drlift from the vertical and horizontal mlddle planes to the
corners (lifL bottom and right top cornersl,

- the attraction for the flow towards the core increases, the
flow rate and Lhe mean velocity in the cavity ilacrease and
higher values of streamfunction exists, carrying more
convective heat from Lhe hotter side to the colder one.

~ the interior temperature distribution (s close to a straight
line in the central part of the inner sublayer. The isothermal
iinas deviate from the vertical dlrection Cparallel tao the
Lsothermal walls) towards the horizontal direction <(normal to
the isothermal wallsd indicating the increase of the Lransport
of enerqgy by convection part in the core region.

- The temperature gradient near the bottom left and the right top
mearnerae (2 greally med{fled ta a <harp Yamperatires Aaradient,
indicating the increase of the transport ol energy due to cross
flow near the horizontal walls.

With the decrease of Kr or the increase of Wr for K<l or the
decreasg of Wr for Ke>l, the damping for the existing flow in the
core lncreases. and the flow is atiracted Lo be vertically in the
outer layers, where Lhe higher permeabliity exists. and is forced
to be exchanged between the outer sublayers carrying the
convective heat energy part through the upper and lower ends of
the inner layer.

For a constant width ratioc, both the rate of Jlocal heat
transfer and the mean heat transfer at the hot wall increase with
the increase of Lhe inner sublayer permeability ratie and are
higher than its values for a homogenous filled cavity by Kr>1 and
less than it by Kr<1l.

For a constant permeabllity ratioc both the rate of loc.ul
heat transfer at the hot wall and the mean heat transfer lncrease
with the increase of the inner sublayer width ratio for Xr>i, and
decrease with the increase of the sublayer width for Kr<l.

fhe heehavteon of thy 31 The ot wall with the 1o reoase «f Panp
takes 3 stages:
- Nu =1 and the heat transfered by pure conduction when Rau=0.
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transient heat flow by O<Rau<1000
boundary layer flow by Ran>1000. In which the mean rate of
heat transfer depends on both the width ratia, the permeablility
ratio in addition to the dependence on the Rayieigh number and
the aspect ratle. A corretlation (s derived numerically for
this rejationzhip az foliows: . o. 1

Nu = C .(£0.3836 Wr+1)C0.04584 Kr + ©.9548) Ra
where C 1s a constant depends of the aspect ratic A, the +ve is
for the case of Kr>1 and the ~ve for the case of Krdi.

, 5. NOMENCLATURE
A Aspect ratio = H-W 2
g Acceleration due to gravity, m /s
H Height of the porous material, m
K Permeablility of the porous layer, m
Kn Permeability of the porous layer adjacent to the hot
wall, m®
Kr Ratlo of the permeability of the porous layer to ihe
permeabillty of the porous layer adjacent to the hot
wall = K/Kn
=3 Pressure. Pa
Ra Darcy~Rayleth number= g 3 K HCTH ~Ted /o v
Ran Darcy-Rayleih number for the layer adjacent to the hot
wall
T Temperature, K ;
Ta.Tc Temperature of the hot and cold isothermal surfaces, K
.V Fleld voalrw-tl i i1a thee v apel y vife el i, m-=
u,v Non-dimensional f(ield wvelocities in the X and Y
directions respectively
Um Fluid non-dimensional average velocity
X.y¥ Spatial coordinates
X, Y Dimensionless distances in the x andy axis respectively
L4 Width of the porous material, m
Wr width ratio
o Thermal diffusivity of the porous layers, mz/s
[E] Coefficlent of volumetric thermal expansion, 1K
M Dynamic viscosity of the fluid
v Kinematic viscoisity of the fluid, mirs
P Fluid density Ky fm3
P Stream function
¥ dimensionless stream function
Wwmox Masd mum extreamum value of the stream function
8 Non-dimensional temperature = (T-Tc) A Tu~Ted
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