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Natural Flow Convection in a vertically multilayered
porous media with varying permiabilities
(Part 1: Temperature and Flow fields)
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ABSTRACT

Convective heat transfer through a vertical multilayered porous media is
examined numerically. The examination is focused upon the effect of the
nonuniform permeabilities of the sublayers, with vertical isothermal walls at
different temperatures and horizontal perfect insulated walls.  The study was
done for a 3 layered porous medium in which the first and third layers have equal
thicimesses and permeabilities, for a range of the permeability ratio K, of the core
region from 0.1 to 10 and a range of the width ratio of the inner sub-layer to the
total width (W, ) varies form 0.0 to 1.0. This part is concerned with the effect of
the variable permeabilty on the temperature and flow fields and the second part
of this work [l14], is concerned with the effect of the variable permeability
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porous layers on the heat transfer. The governing equations have been wrilten in
terms of nondimensional variables and were solved using the finite difference
method. A comparison is made with the results obtained by Lauriat and Prasad
{13]. The comparison shows a very good agreement for the present resulls and
hence proves the validity of the model. The results give a very good idea about
the effect of the inhomogenity of the porous medium on the flow structure and
lemperatures.

1. INTRODUCTION

The heat transfer by natural convection across a porous medium heated
from one side is a topic of fundamental importance in diverse fields such as
thermal insulation engineering, geothermal reservior dynamics and grain storage.
The basic model used so far in the study of porous media heated from the sides
consists of a 2-dimensional layer with vertical isothermal walls at different
temperatures and with adiabatic top and bottom walls. This model has been
investigated extensively during the past 20 years. The first study of the problem,
an experimental one, was reported by Schneider [1]. He investigated the natural
convection 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 on, these studies were  followed by a
series of investigations, out of which the notable theoretical solutions by Weber
(3], Bums et al. [4] walker and Homsy [5], Bejan and Tien [6], Bejan [7],
Simpkins and Blythe [8], Blythe et al. [9]. Weber [3] reports an Oseen-linearized
aualysis of the boundary layer regime in a ta'l layer; Weber's analysis was
improved by Bejan [7] to account for the heat transfer vertically through the core
and, in this way, to predict comrectly the heat transfer rates revealed by
experiments and by numerical simulations. Simpkins and Blythe {8] reported an
alternative theory for the boundary layer regime based on an original closed form
solution, and for temperature dependent viscosity [9]. The corresponding flow in
the shallow layer heated from the sides was documented by Walker and Homsy
[5]. They developed an asymptotic solution for the flow and temperature fields
inside a shallow layer using the aspect ratio as the small parameter. They showed
that unlike the in the tall layers the core region plays an active role in the heat
transfer processes. An approximate integral type solution for the same geometry
was reported by Bejan and Tien [6]. Tong and Subramanian [10] have presented
a boundary layer amalysis for a Brinkman model, and have reporeted significant
contributions of the diffusion term at high Rayleigh and Darcy numbers.
Furthermore, Poulikakos and Bejan [11] and Prasad and Tuntomo [12] have
considered the Forchheimer-extended Darcy model to study the inertia effects on
free convection in a vertical cavity. Lauriat and Prasad [13] considered the
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Brinkman-extended Darcy equation of motion together with the transport tern and
examined the significance of each term. Elkady [15] clarified numerically the
effect of the dimensions of the  rectangular cavity on the heat transfer through
the inclined cavity with variable inclination angles from 0 to 180.

The survied literature presented above have been concerned with natural
convection in layers only filled 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 analyse and understand the effect of the inhomogenity of the
porous medium on the flow structure and the convective heat transfer in a vertical
layered porous media with vertical isothermal walls at different temperatures.
This part 1s concerned with the temperature and flow fields, and the effect of the
vanable permeability porous layers on the heat transfer is considered in the second
part of this work [14].

2. MATHEMATICAL MODEL AND SOLUTION PROCEDURE

Consider a two-dimensional rectangular vertical cavity (shown in Fig.1) of
width W and height H, filled with mtilayered porous medium. Each Jayer is
homogenuous, isotropioc and has constant permeability K. The porous medium is
saturated with a single phase fluid of density p and viscosity p. In Fig.1 Ty and
T¢ represent the hot and cold vertical walls of the cavity respectively while the
horizontal top and bottom walls are insulated. The effect of both the drag and
inertia are neglected, and the flow will obey Darcy’s law .

The fluid properties are assumed to be constant except for 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 values of the thermal diffusivity in the layers are
the same. This assumption is done to study the effects of the change of the
permeability alone. With these assumptions, the conservation equations for the
mass, momentum and energy for each layer become:

Continuity

Jwdx +avidy =0 €))
Momentum (Darcy's law)

op/ox + (wWK)u = 0 (2)

dp/dy +(wK)v = pgB(T-Tc) (3)
Energy

u AT/dx +v 3Ty = o (d%T/ox? +9%T/ay? ) (4)
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where u, v, p, o, B, g 1 and K are the velocity components in 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.

Eliminating the pressure terms from equations (2) and (3), introducing
the stream function @ as u = de/dy and v=-dg/ dx, and scalling all the
variables by appropriate characteristic values of those variables defined by:

X=x/W, Y=y/H, Y=pH/ a W, and 0= (T-T¢ )(Ty-T¢)
the governing equations (1)-(4) can be transformed into a non-dimensional
stream function and a temperature equations

O2P/OX? +(1/A%) 02¥/ Y2 = -Ra ( 36/0X) (5)
U 90/0X + V 38/0Y = AZ. 0%0/0X? + 3%0/0Y? (6)

where A 1s the aspect ratio of the cavity = H/W and Ra is the Darcy-Rayliegh
number based on the height of the cavity H, and is given by :
Ra=KgPp (Ty-Teg)H/ v

Because the vertical layers have different permeiabilities K, the Darcy-
Rayleigh number Ra will be different for each layer. Taking the permeability
ratio for each layer as K;=K/Ky, the Darcy-Rayleigh number for each layer
will be: Ra = K; Ray
where Ky, Ray are taken as the permiability value and the Darcy-Rayleigh
number in the layer in contact with the hot wall.

On the solution, the boundary conditions for the nondimensional stream
function and temperature are:

Y =0 on all walls, 00/ 0Y =0 for Y=0,1 and 0<X<I,

0=1 for X=0 and 0<Y<l, 0=0 forX=1 and 0<Y<I

The solution of the governing differential equations (5) and (6) has been
obtained numerically by using the finite difference scheme presented by
Patankar [18]. The solution consists of the stream function and the temperature
fields as well as the velocities in the x and y directions. More detailed
information about the numerical procedure can be found in [16].



Mansoura Engineering Journal ¥ol. 19, No.1, March, 1994 M. 97

3. RESULTS AND DISCUSSION

The two dimensional natural convection in a multlayered with different
permeabilities fluid saturated porous medium has been analyzed for vertical
isothermal walls at different temperatures and with adiabatic top and bottom
walls. The study is made for 3 layered porous medium in which the first and
third layers have equal thicknesses and permeabilities. A wide range of the
effective parameters are considered. The penmeability Darcy Rayleigh number
Ra up to 6000. The effect of these parameters on the temperature, streamlines
and the velocity of the saturated fluid flow inside the porous medium are
studied.

3.1 The validity of the model

In the following study in sections 3.2 and 3.3, the cases of W, =0.0 and
1.0, comrespond to those cases of a uniformly filied cavity, and the resuits
obtained here for these cases are in good agreement with those obtained by the
anthor in previous study {15]. Another comparison is done with the results
obtained by Lauriat and Prasad [13] for a case of a single layer porous media
with W=0, A=5 and Ra= 250, 1000 and 2500.  The values of the vertical
velocity V/Ra and the temperature © at the midheight section where Y=0.5 and
the horizontal velocity U/Ra at X=0.5 arc translated into the corresponding
notations and expressions by this work and compared with it. The cotaparison
which is shown in Figs 2-3 shows a very good agreement and proves the validity
of the model.

3.2, Effect of sublayers width

Figs. 4-10 show the effect of the width ratio of the inner sublayer W, on
the streamlines and isothermal lines. The width ratio W, takes the values 0.0,
0.2,0.4, 0.6, 0.8, 1.0.

Figs 4-7 show the case where the permeability of the inner layer is five
times greater than the outer layers K, =5, the aspect ratio A=3 and Ra=150. In
this case of W= 0, where the whole cavity is filled with low permeability porous
media, the streamlines shown in Fig.4, tend to be in the outer region of the
sublayers with less flow in the core. With the appearance of the higher
permeability inner sublayer, an attraction appears for the flow towards the core,
and the tendency for more flow to be initiated in this attractive layer exists.
With the increase of W, the attraction for the flow towards the core increases,
and higher values of streamfunction exists also, cammying more convective heat
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from the hotter side to the colder one. The flow rate increases with the increase
of W,, and the slope of the axis of the cells changes significantly. For example
at W= 0, the axis is close to the vertical middle plane, but with the increase of
W,, the axis moves towards the diagonal of the cavity. Therefore, the maximum
velocities (horizontal and vertical components) drift from the vertical and

horizontal middle planes to the corners (left bottorn and right top corners).

An indication for the transport of energy by convection between the two
isothermal vertical walls is the rate of flow inside the cavity, which can be
expressed by the maximum value of the streamfunction and the mean velocity of
the flow. To express these two functions two variables are used in [15-17], and
are defined as:

Y omax = £ maxjWYiey)! and Up= AI (U2+V2)dA

where W ayx i the maximum value of the non-dimensional streamfunction, + are
taken for counter clockwise and clockwise circulation respectively and Uy, 1s
expressed as a function of the average fluid speed over the area A.

Fig. 5 shows the behavior of those both functions expressed by Upy, /Ump
and Wax¥maxo with the increase of W, Where Uy and Winaxp are the
functions of the mean velocity and maximum streamfunction in the case of
W =0. The two figures show a significant increase of both the two functions with
the in-rease of W, indicating the increase of the transport energy by convection
part in the whole layers.

The behavior of the isothermal lines for different inner sublayer width
ratios W, is shown in Fig. 6. It is noteced that the interior temperature
distribution is close to a straight line in the central part of the inner sublayer. The
slope of these isothermal lines shows that the heat is transfered by both the
conduction and convection. With the increase of the width of the attrractive inner
sublayer, the above modification in velocity field with the W, changes the
isotherm patterns accordingly. The isothermal lines deviate in the inner sublayer
towards the horizontal direction (normal to the walls of the heat flow) 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 comers are greatly
modified to a sharp temperature gradients. Thus the transport of energy due to
cross flow near the horizontal walls has, thus, increased also.

Fig. 7 shows the effect of the inner sublayer width ratio W, on both the
temperature and velocity distributions at the middle height of the porous media
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Y=0.5 in the half of the width adjacent to the hotier side. For the case of
W,=0.0, where the whole cavity is filled with low permeability porous media,
both the temperature and velocity distmibution curves are nearly straight lines.
With the increase of W, both the temperature and velocity curves deviate from the
straight line condition in the inner sublayer and remain tak:ng the nearly straight
line shape in the lower permeability outer layer near the hotter side, witha
significant increase in the velocity field and decreasing temperatures. The step
variation in the permeability across the interface of the two sublayers induces step
changes in the slopes of both velocities and temperatures. The break points in
both fields are shown by the symbol {0).

Figs. 8-10 show another case, where the permeability of the inner layer is
five times less than that in the outer layers, i.e. K, for the inner sublayer = 0.2, the
aspect ratio A=3 and Ra=400. The behavior of the streamlines for different
values of W, is shown in Fig.8. For the case of uniform porous media where
W,=0.0, ie. high permeability layer, the temperature 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 W |, the dampiag for the existing
flow in the core increaseses. The slope of the axis of the cells changes
significantly. At W =0 the axis is close to the diagonal of the cavity, but with the
increase of W, the axis moves towards the vertical middle plane indicating that
the aximum velocities (horizontal and vertical components) drift from the corners
(left bottom and right top corners) to the vertical and horizontal middie planes.
Therefore, the flow is attracted to be vertically in the outer layers, where the
higher perroeability exists, and 1s forced to be exchanged between the outer
sublayers carrying the convective heat energy part through the upper and lower
ends of the inner layer, and less flow of convective energy transfer through the
cote region.

Fig. 9 shows the behavior of the functions expressed by Uy, /Upo and
Y max'¥maxo With the increase of W, where Uy,g and Wi a.g are the functions of
the mean velocity and maximum streamfunction in the case of W, =0.0. The two
figures show a significant decrease of both the two functions which indicates the
decrease of both the mean velocity of the flow and the rate of flow inside the
cavity, which in turns indicates the decrease of the transport energy by convection
part in the whole layers.

Fig. 10 shows the behavior of the isothermal lines for different values of
W, In the core of the inner sublayer, where, less flow exists, the above
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modification in the velocity field with the increase of W changes the isotherm
pattern accordingly. The isothermal lines deviate towards the vertical direction
(parallel to 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 modified, and the transport of energy due to the
cross flow near the horizontal walls has, thus, decreased.

3.3 Effect of permeability ratios

Figs. 11-13 show the streamlines and the isothermal lines behavior for three
layers porous media with equal widths, Ra=250, Aspect ratio A=3 and different
permeability ratios for the inner to the outer sublayers K from 100 0.1.

The behavior of the streamlines for different values of K; is shown in
Fig.11. For the case of uniform porous media where K=1, i.e. high permeability
one layer, the temperature difference across the two vertical walls causes a
relatively high velocity flow all over the layer. For the case of K. >1, with the
increase of K., the attraction for the outer streamlines to change its direction
gradually towards the core of the inner sublayer increases, besides the increase of
the chance for the fluid rate of flow in the core to increase, carrying more
convective heat from the hotter side to the colder one. For the case of K<1, with
the decrease of the permeability ratio K, the streamlines find an increased
resistance to flow in the core of the inner sublayer, and is forced to  change its
irection gradually and compressed in the outer sublayers, tending to be parallel to
the outer vertical walls. The flow is then forced to be exchanged between the
outer sublayers through the upper and lower ends of the inner sublayer.

This phenomenon reflects itself on the maximum value of the
streamfunction and the mean velocity of the flow in the cavity. Fig. 12 shows the
increase of both U/Ug¢ and WinaVmaxt With the increase of the permeability
ratio of the inner sublayer. where U,y and W axq are the functions of the mean
velocity and maximum streamfunction in the case of K=1.

Fig. 13 shows the behavior of the isothermal lines for different values of K.
With the decrease of the innmer sublayer permeability ratio K, the above
modification in the velocity field changes the isotherm pattern accordingly. The
isothermal lines dewviate towards the vertical direction (parallel to 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 comers are
greatly modified, and the transport of energy due to the cross flow near the
horizontal walls has, thus, decreased also.
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4. CONCLUSIONS

This paper outlined a numerical solution for the phenomenon of the fluid
flow by natural convection in a two dimensional vertical multilayered porous
medium with different permeabilites and heated from the side. The study 1s
focused on the effect of the non uniform permeability of the sublayers on the
behavior of the tempreture and streamlines fields. The results indicate the
following:

With the increase of K, or the increase of W, for K. >1 or the decrease of
W, for K,<1,

- the slope of the axis of the streamlines cells moves from the vertical nuddle
plane towards the diagonal of the cavity. '

- the maximum velocities (horizontal and vertical components) drift from the
vertical and horizontal middle planes to the comers (Jeft bottom and right top
corners).

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

- the interior temperature distribution is close to a straight line in the central part
of the inner sublayer. The isothermal lines deviate from the vertical direction
(parallel to the isothermal walls) towards the horizontal direction (normal to
the isothermal walls) indicating the increase of the transport of energy by
convection part in the core region.

~ the temperature gradients near the bottom left and the nght top comers are
greatly modified to a sharp temperature gradients, indicating the increase of the
transport of energy due to cross flow near the horizontal walls.

With the decrease of K; or the increase of W, for K, <1 or the decrease of
W, for K, >1, a damping for the existing flow in the core increases, and the flow is
attracted to be vertical in the outer layers, where the higher permeability exists, and
1s forced to be exchanged between the outer sublayers camrying the convective heat
energy part through the upper and lower ends of the inner layer.

5. NOMENCLATURE

A Aspect ratio = H/W

g Acceleration due to gravity, m %/s

H Height of the porous material, m

K Permeability of the porous layer, m?

Ky Permeability of the porous layer adjacent to the hot wall, mo?
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K, Ratio of the permeability of the porous layer to the permeability of
the porous layer adjacent to the hot wall = K/Ky

p Pressure, Pa

Ra Darcy-Rayleih number=g 8 KH (Ty-Tg) a v

Ray Darcy-Rayleih number for the layer adjacent to the hot wall

T Temperature, K

Th Te Temperature of the hot and cold isothermal surfaces, K

RY Field velocities in the x and y directions, m/s

[SAY Non-dimensional field velocities in the X and Y directions
respectively

Um Fluid non-dimensional average velocity

Xy Spatial coordinates

XY Dimensionless distances in the x and y axis respectively

W Width of the porous material, m

W, Width ratio

a Thermal diffusivity of the porous layers, m?/s

B Coefficient of volumetric thermal expansion, 1/K

n Dynamic viscosity of the fluid

v Kinematic viscoisity of the fluid, m%/s

P Fluid density

¢ Stream function

¥ Dimensionless stream function

¥ max Maximum extreamum value of the stream function

e Non-dimensional temperature = (T-T¢ /(T -Te)
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Fig. 6 isotherms for A=3, K;=5and Ra =150
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