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Natural Convection Flow and Heat 
Transfer Between a Fluid Layer 
and a. Porous Layer Inside a 
Rectangular Enclosure 
A numerical and experimental study is performed to analyze the steady-state natural 
convection fluid flow and heat transfer in a vertical rectangular enclosure that is par
tially filled with a vertical layer of a fluid-saturated porous medium. The flow in the 
porous layer is modeled utilizing the Brinkman-Forchheimer-extendedDarcy equa
tions. The numerical model is verified by conducting a number of experiments, with 
spherical glass beads as the porous medium and water and glycerin as the fluids, in 
rectangular test cells. The agreement between the flow visualization results and 
temperature measurements and the numerical model is, in general, good. It is found 
that the amount of fluid penetrating from the fluid region into the porous layer 
depends strongly on the Darcy (Da) and Rayleigh (Ra) numbers. For a relatively 
low product of Ray. Da, the flow takes place primarily in the fluid layer, and heat 
transfer in the porous layer is by conduction only. On other hand, fluid penetrating 
into a relatively highly permeable porous layer has a significant impact on the 
natural convection flow patterns in the entire enclosure. 

1 Introduction 

Interest in natural convection fluid flow and heat transfer in 
porous media has been motivated by a broad range of applica
tions, including geothermal systems, crude oil production, 
storage of nuclear waste materials, ground water pollution, 
fiber and granular insulations, solidification of castings, etc. 
A comprehensive review of the literature is available (Cheng, 
1978). In a wide variety of such problems, the physical system 
can be modeled as a two-dimensional, rectangular enclosure 
filled with a homogeneous porous medium, with the vertical 
walls held at different temperatures and the connecting 
horizontal walls considered adiabatic. In the past two decades, 
numerous experimental and theoretical investigations have 
been devoted to the steady-state natural convection flow and 
heat transfer in such enclosures. In many real situations, 
however, the porous medium consists of several layers of dif
ferent permeability. In addition, the enclosure might contain 
simultaneously a (free) fluid and a porous layer. A typical ex
ample of this is a situation where porous insulation material 
occupies only a small fraction of the space between two walls. 
The fluid flow and heat transfer can be significantly reduced 
because of the large frictional resistance offered by the porous 
insulation. 

The present study is motivated by natural convection in a 
solidifying casting. Because of the extended freezing 
temperature range of an alloy, a mushy zone might exist, con
sisting of a fine meshwork of dendrites growing into the melt 
region. In the past, fluid flow in this mushy zone has been 
modeled as natural convection in a porous medium (Fisher, 
1981). There has been some controversy on the importance of 
fluid flow between the pure melt region and the porous mushy 
zone. Most investigators have neglected this phenomenon in 
their analyses. However, penetration of fluid into the mushy 
zone can significantly alter the local temperatures and concen
trations in the mushy zone and, eventually, the chemical 
homogeneity and grain structure of the solidified casting. 
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Hence, the objective of the present study is to investigate the 
natural convection flow and heat transfer in such a system, 
idealized as a vertical rectangular enclosure partially filled 
with a vertical porous layer. 

Research devoted to natural convection in layered porous 
media is relatively new. A recent review of the subject has been 
provided by Tien and Hong (1985). Sun (1973), Nield (1977), 
and Somerton and Catton (1982) have studied convective in
stabilities in the case where a horizontal fluid is superposed 
above a porous layer, but no study has been found in the open 
literature concerning the vertical case considered here. Of 
related interest is the numerical investigation of Poulikakos 
and Bejan (1983) who have considered a vertical rectangular 
enclosure with vertical layers of various permeability porous 
media. Tong and Subramanian (1983) and Lauriat and 
Mesguich (1984) have investigated natural convection in ver
tical rectangular enclosures that are vertically divided into a 
fluid and a porous layer, the two being separated by an im
permeable wall. 

In the present study, fluid flow is permitted to take place 
between the fluid and porous layers (i.e., the partition is 
permeable). The flow is modeled by utilizing the Brinkman-
Forchheimer-extended Darcy equations for the porous layer. 
The predictions of the model are verified by conducting ex
periments in rectangular test cells using flow visualization and 
temperature measurements. The heat transfer and fluid flow 
phenomena in the present physical system are further in
vestigated through a number of numerical experiments. 
However, in view of the large number of governing 
parameters, no attempt has been made to present a complete 
parametric study. 

2 Analysis 

2.1 Model Equations. The physical situation and coor
dinate system are shown in Fig. 1. The horizontal extent of the 
fluid layer is s, while the overall dimensions of the rectangular 
enclosure are H and L. It is assumed that the flow is steady, 
laminar, incompressible, and two-dimensional. The ther-
mophysical properties of the fluid are assumed constant, ex
cept for the density in the buoyancy term in the momentum 
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Fig. 1 Schematic of the physical model and coordinate system 

equations. The porous medium is considered homogeneous 
and isotropic and is saturated with a fluid which is in local 
thermodynamic equilibrium with the solid matrix. The gov
erning conservation equations for the fluid and the porous 
layer will be written separately. For the fluid layer, we have: 

Continuity: 

dU dV 

dx dy (1) 

Momentum: 

/ dU dU\ dP d ( 8U\ b ( 8U\ 

/ du au\ dp d / dv\ a / av\ 
-3j + ~dx~{f/~dx~)+ly-^~dy-) 

+ pg$(T-Tc) (3) 

Energy: 

/ oT dT\ d / , dT\ d / , dT\ 

The conservation equations for the porous layer are based on 

a non-Darcian model, incorporating the Brinkman and 
Forchheimer extensions to account for viscous and inertia ef
fects, respectively. The importance of these extensions is 
discussed in Beckermann et al. (1986a and 1987), who have 
found that both extensions must be included simultaneously 
for a high permeability porous medium (i.e., a high Darcy 
number), while the importance of Forchheimer's extension in
creases with decreasing Pr/Rk. In terms of the superficial 
(Darcian) velocity, the governing equations for the porous 
layer are (Tien and Hong, 1985; Georgiadis and Catton, 
1984): 

Continuity: 

dUB + dVD 

dx dy (5) 

Momentum: 

dP d 

dx ox 
o ( dUD\ d ( 8UB\ 

-ill 
\ K 

d 

PC 

4K 

dy 
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/ dT dT\ d / dT\ d / dT\ 

Energy: 

dT . . dT\ d / dT\ _d_ 

~b~y)~lx V eff ~dx~) + ~dy~ Vm dy I 

The boundary conditions for the governing equations for 
both the fluid and the porous layer are the no-slip condition at 
the impermeable walls of the enclosure as well as the constant 
temperature and zero heat flux conditions at the vertical and 
horizontal walls, respectively. The two sets of equations are 
coupled by the following matching conditions at the 
porous/fluid layer interface 

dT 

1 X = S' 

dT 

U\ •uD\ 

kfto^---"M'bx 

= V, D ' x = s + 

(9a) 

(9b) 

(9c) 

N o m e n c l a t u r e 

A = 
CP = 
C = 

Da = 
g = 

h = 

H = 
k = 
K = 

_L = 
Nu = 

P = 
P 

Ra = 

aspect ratio = H/L Rk = 
specific heat, J/kg K 
inertial coefficient, see equa- s 
tion (11) S 
Darcy number = K/L1 

gravitational acceleration, T 
m/s2 u 
average convective heat 
transfer coefficient, W/m2K U = 
height of enclosure, m v = 
thermal conductivity, W/mK 
permeability of the porous V = 
medium, m2 x = 
length of enclosure, m X„ = 
average Nusselt number = 
hL/kj y = 
pressure, Pa a = 
dimensionless pressure = 
PL2/(paj) 

Pr = Prandtl number = vf/a.f 

Rayleigh number = 
gfi(TH-Tc)Ly(Vfaf) 
ratio of thermal conductivities 
= ke([/kf 
fluid layer thickness, m 
dimensionless fluid layer 
thickness =• s/L 
temperature, K 
dimensionless x-component 
velocity = UL/ctf 
x-component velocity, m/s 
dimensionless .y-component 
velocities = VL/af 

^-component velocity, m/s 
horizontal coordinate, m 
binary parameter, see equation 
(13) 
vertical coordinate, m 
thermal diffusivity = kj/pcpj, 
m2 /s 
coefficient of thermal expan
sion, K""1 

e = 

V = 

e = 

M = 
V = 

f = 

p = 

porosity of the porous 
medium 
dimensionless vertical coor
dinate = y/L 
dimensionless temperature = 
(T-TC)/{TH-TC) 
dynamic viscosity, Ns/m2 

kinematic viscosity, m2 /s 
dimensionless horizontal coor 
dinate = x/L 
fluid density, kg/m3 

Subscripts 

b = 
C = 
D = 

eff = 
/ = 

H = 

beads 
cold 
Darcy 
effective 
fluid 
hot 
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(9e) 
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Equations (9a), (9b), (9c), and (9rf) express the continuity 
of temperature, heat flux, normal and tangential velocities, 
and pressure, respectively, across the fluid/porous layer inter
face. Equations (9e) and (9/) are the matching conditions for 
the deviative normal and shear stresses. Note that equations 
(9d) and (9e) taken together imply matching of the total nor
mal stress at the interface. Equation (9/) represents an exten
sion of the shear stress matching condition of Neale and Nader 
(1974) for flow which is not parallel to the fluid/porous layer 
interface. Obviously, matching of the stresses at the interface 
can only be accomplished if Brinkman's extension is used in 
the momentum equations for the porous layer. 

The values for the permeability K and the inertia coefficient 
C in the momentum equations for the porous layer are given 
by Ergun (1952) for packed beds of beads of diameter db and 
porosity e 

K = -
dle 

175(1 - e ) 2 

C=-
1.75 

(10) 

(11) 

In addition, models for the effective properties (/ieff and keU) 
of the porous medium are needed. It has been found that tak
ing fx,M = (if in Brinkman's extension provides good agree
ment with experimental data (Neale and Nader, 1974; Lund-
gren, 1972) and is adopted in the present work. Various 
models for the effective thermal conductivity keft have been 
proposed (Combarnous and Bories, 1975). In the present 
study, a nonlinear equation derived by Veinberg (1967) is 
used, which is claimed to be universally applicable for a 
medium with randomly distributed spherical inclusions 

, + ei 
(kb-kf\ 

*$-*»=<> (12) 

2.2 Dimensionless Equations. Instead of solving the 
governing equations separately for each layer, the equations 
are combined into one set by introducing the following binary 
parameter 

X„(Z,V) = 
1 if in porous layer 0 < e < 1 

0 if in fluid layer e = 1 (13) 

Introducing dimensionless variables (see the Nomenclature), 
the combined conservation equations for the fluid and porous 
layer can be written as: 

Continuity: 

du dv 
- + —— = 0 

3£ dr, 

Momentum: 

I du du \ 

di, dr, 

dp _ / a2« d2u 

dv 
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/ dv dv \ 
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(15) 
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Pr 
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3r,2 / "" \ Da 

lu l jy + RaPrfl 

Energy: 

dd dd 

dr, 
+ v—=(Xp(Rk • ! ) + ! ) ( -

d2e d2e 

(16) 

(17) 
a?2 3r/2 , 

By combining the governing equations for the two regions, the 
fluid and the porous media are treated as a single medium with 
its properties depending on the location within the enclosure. 
The advantage of this formulation is that it ensures the 
satisfaction of the matching conditions at the fluid/porous 
layer interface and, thus, simplifies the numerical solution 
procedure (refer to the following section). It is interesting to 
consider the limiting case when the porous medium has a high 
porosity, because this situation should closely approximate 
natural convection in a purely fluid enclosure. In this limit, as 
Da — oo and Rk — I, the governing equations on the porous 
side begin to resemble the fluid side equations. Indeed, the 
principal difference between the porous and fluid side equa
tions is the absence of inertia terms in the momentum equa
tions for the porous side. At moderate Rayleigh numbers, 
since inertia effects are small, the present formulation is able 
to reproduce the velocity and temperature distributions cor
responding to a purely fluid enclosure when Da is assigned a 
very large value (Beckermann et al., 1986a). The boundary 
conditions for the combined equations are given in dimen
sionless form as 

0 = 1 , H = u = 0a t£ = 0, 0<r,<A 

0 = 0, w = y = 0 a t £ = l , 0<r,<A 

30 

dr, 

30 

= 0, u = v = 0atr, = 0, 0 < £ < l 

= 0, u = v = 0ati)=A, 0 < £ < l 

(18) 

The results for the total heat transfer rate across the 
enclosure will be presented in terms of the Nusselt number 
defined as 

Nu = -
hL 

V 

1 M 30 

'-TJ.(*'(**-1)+1>ir or 
? = 0 

(19) 

According to this definition, the actual heat transfer rate is 
referenced to the heat transfer by conduction if the entire 
enclosure is filled with the fluid alone. 

2.3 Numerical Procedure. The combined continuity, 
momentum, and energy equations (14)-(17) were solved 
numerically using the SIMPLER algorithm (Patankar, 1980). 
The control-volume formulation utilized in this algorithm en
sures continuity of the convective and diffusive fluxes as well 
as overall momentum and energy conservation. The harmonic 
mean formulation adopted for the interface diffusion coeffi
cients between two control volumes can handle abrupt changes 
in these coefficients (for example, if Rk ^ 1) without requir
ing an excessively fine grid, for example, at the porous/fluid 
layer interface. 

The mesh size required for sufficient numerical accuracy 
depended mainly on the Rayleigh and Darcy numbers. For 
most of the numerical experiments, a grid of 25 X 25 nodal 
points ensured independence of the solution on the grid. The 
nodal points were uniformly distributed in the y direction, 
while the distribution along the x direction was slightly skewed 
to have a greater concentration of points near the vertical 
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Table 1 Summary of experimental conditions (A = 1.0, So- 0.5)

Test
No.

Test celli db
fluid [mm] Ra Pr Da C R k RaoDa

1 small t.c.!water
2 small t.c.!water
3 large t.c.!glycerin
4 large t.c.!glycerin

1.6
6.0
1.6
6.0

3.028 X107 6.97
3.028 x 107 6.97
3.471 x 106 12630
3.471 x 106 12630

7.354X 10- 7 0.61241.397
1.296 x 10- 5 0.5647 1.383
3.985 x 10- 8 0.61242.315
7.112x 10- 7 0.56472.259

22.3
392.4
0.14
2.47

1.00.80.60.40.2
Ol.--_----l__----l.__---L__...L-_~

o

Flg.2(c) Isotherms (equal increments)
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0.6 ,i\ D

8
\ \

\~\ \0.4 0

/L EXR Analysis \\~
0.055 0 \ \

0.2
~\\0.496 f::, 0

0.874
\ \
\

0 ~

e=1.0

periments were performed in two different test cells of square
cross section partially filled with a porous medium. The
smaller test cell had inside dimensions of 4.76 em in height and
width and 3.81 em in depth, while the larger test cell measured
20.32 em in height and width and 3.0 em in depth. In both test
cells, the two vertical sidewalls, which served as the heat
source/sink, were multipass counterflow heat exchangers
machined out of a copper plate. For flow visualization pur
poses, the vertical front and back walls were made of plexi
glass. The horizontal top and bottom walls were made of
acrylic and phenolic plates, respectively. The test cells were in
sulated with 5.09-cm-thick Styrofoam.

~

Fig. 2(d) Temperature profiles

Fig. 2 Experimental and predicted results for experiment 1
(water/small glass beads)

Fig. 2(a) Flow visualization

Fig. 2(b) Streamlines (equal increments)

boundaries. For the comparisons with the experimental results
(refer to Section 4), a grid of 50 x 50 nodal points was used.
The iteration procedure was terminated when the dependent
variables agreed to four significant digits. Convergence of the
numerical solution was also checked by comparing the Nusselt
numbers obtained along the two vertical side walls, equation
(19). The agreement between the two values was always better
than 0.1 percent. The calculations were performed on a
CYBER 205 computer and required between 50 and 500 CPU
seconds (depending on the mesh size and the Rayleigh and
Darcy numbers). A test of the accuracy of the numerical
algorithm was obtained by comparing the results to those
reported in the literature for the limiting cases of a fully
porous and a fully fluid enclosure. The results of these com
parisons are given by Beckermann et al. (1986a).

3 Experiments

3.1 Test Cell and Instrumentation. Natur~l convection ex-
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Fig. 3(c) Isotherms (equal increments)

0.5

0.6

0.8

~

Fig. 3(d) Temperature profiles

Fig. 3 Experimental and predicted results for experiment 2 (water/large
glass beads)

1.0 ~----------------,

- e=1.0

0.0

that of the glass beads used in this study (Weaver, 1985). The
glass beads were held in place by a fine fiberglass screen sup
ported by small diameter glass rods. The porosity of the screen
was much higher than the porosity of the glass beads, while
the mesh size was only slightly smaller than the diameter of the
glass beads. It is believed that the screen had a negligible in
fluence on the flow and heat transfer between the porous and
fluid layers. In all experiments, the porous medium was a ver
tical layer occupying half of the test cell. The porosity was
measured separately for each size glass bead (Weaver, 1985).
For the large diameter glass beads, the increase in porosity
near the walls of the test cells is more significant (considering
the relatively small depth of the test cells) resulting in a higher
value of the average porosity.

The fluids used were once-distilled, degasified water for the
smaller test cell and chemical grade glycerin for the larger test
cell. With the various combinations of fluids, glass beads, and
test cells, it was possible to cover a broad range of the relevant
dimensionless parameters. The values of the dimensionless
parameters for the four experiments selected for comparison

Fig. 3(b) Streamlines (equal Increments)

Fig. 3(a) Flow visualization

11Jt1max =22.64

The temperatures of the copper heat exchangers were
measured with five thermocouples epoxied separately into five
small-diameter holes which were drilled close to the surface of
the copper plates. The temperature distribution in the smaller
test cell was measured using a movable thermocouple probe
sheathed in a 1.27 mm o.d. stainless steel tube. The position of
the thermocouple bead in the test cell was determined with a
slide caliper. It was estimated that the position of the bead
could be determined to within ± 0.5 mm. It should also be
noted that the structure of the porous medium was slightly
disturbed due to the movement of the thermocouple probe
especially in the case of the large glass beads. This distur
bance, however, is believed to have had a relatively small in
fluence on the temperature measurements. After each move
rnent of the thermocouple probe, the system was allowed to
reach steady state again.

Measurement of the temperature distribution in the larger
test cell was made with 28 thermocouples with a wire diameter
of 0.127 mm which were placed in three different plexiglass
rakes. The three rakes were located along the center line at
heights of 2.86, 10.16, and 17.78 em measured from the bot
tom of the test cell. All thermocouples were calibrated with an
accuracy of ± O.l°C.

3.2 Test Materials. Spherical glass beads were used as the
porous medium. The beads were of soda-lime glass with
diameters of 1.59 and 6.0 mm. The properties used were for a
soda-lime .glass with a chemical composition closely matching
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with the numerical results are summarized in Table 1. All 
properties were evaluated at a temperature of {TH + Tc)/2. 

3.3 Experimental Procedures. In preparing for the experi
ment, one half of the test cell was first filled with the glass 
beads. Then, the water/glycerin was carefully siphoned into 
the test cell to ensure that no air was trapped in the matrix or 
to prevent air from mixing with the fluid. A mixture of alcohol 
and water was circulated through the two heat exchangers 
from two constant temperature baths. After the system 
reached steady state (after at least 12 hr), the thermocouple 
output was read using a data logger. 

Flow visualization experiments were performed in the small 
test cell by injecting a Calcoid Blue ink/water solution at the 
top of the cold heat exchanger. The test cell was illuminated 
from the back through the plexiglass windows by using a white 
light source and a diffusing white glass plate. The dye was 
allowed to convert with the flow for some time and the entire 
test cell was then photographed from the front. No flow 
visualization was performed in the larger test cell with glycerin 
as the fluid. 

4 Results and Discussion 
4.1 Comparison of Predictions With Experiments. With 

the two different glass bead sizes used in the experiments in the 
smaller test cell, it was possible to cover a relatively broad 
range of Darcy numbers (from about 7.4xl0~7 to 
1.3 X 10"5), while the other dimensionless parameters were ap
proximately constant. The results of these experiments, 
together with the pertinent numerical predictions, are shown 
in Figs. 2 and 3. The values of the governing parameters cor
responding to the figures are listed for the respective ex
periments in Table 1. It can be seen from both the flow 
visualization and the predicted streamlines, that with increas
ing permeability (i.e., Darcy number) the flow penetrates pro
gressively more into the porous layer. In the case of the small 
glass beads (Fig. 2), the flow is almost completely confined to 
the fluid layer and is not able to penetrate into the porous 
layer. A boundary layer develops at the porous/fluid layer in
terface. On the other hand, in the case of the large glass beads 
(Fig. 3), the porous layer offers much less resistance to the 
flow and natural convection takes place in the entire cavity. 
For both sizes of glass bead, the streamlines show sharp 
changes in the slope at the fluid/porous layer interface. When 
the flow enters the porous matrix at the upper region of the 
test cell, the streamlines bend upward. Due to the strong 
downflow along the fluid/porous layer interface, the 
streamlines bend downward when the flow leaves the porous 
region. The above observations indicate that the porous 
matrix exerts a strong influence on the velocity component 
parallel to the interface (resulting in a high velocity gradient 
on the fluid side), while the normal velocity component is 
relatively unaffected. Both velocity components are actually 
continuous across the fluid/porous layer interface. Also, the 
center about which the flow circulates is moved toward the 
lower left corner of the test cell when compared to natural 
convection in a vertical cavity filled with a homogeneous 
medium. 

In general, the agreement between the flow patterns 
revealed by the flow visualization experiments and the 
numerically predicted streamlines is good. With the dye injec
tion method employed in the present study, it was not possi
ble, however, to visualize the flow patterns in the porous 
layer. This is mainly due to scattering of the light by the glass 
beads. The sharp bending of the streamlines at the 
fluid/porous layer interface cannot be seen on the 
photographs (Figs. 2a and 3a), but it was observed during the 
experiments. It should also be kept in mind that, especially in 

Fig. 4(a) Streamlines (equal increments) 

Fig. 4(b) Isotherms (equal increments) 
Fig. 4 Numerical predictions for experiment 4 (glycerin/large glass 
beads) 

the case of the large glass beads, there are relatively large 
nonuniformities in the porosity of the porous layer because of 
the presence of the walls. In reality, the porosity at the wall is 
always equal to one. This effect is, however, not taken into ac
count in the model. It is also recognized that in experiment 2, 
the small size of the porous layer relative to the diameter of the 
glass beads might invalidate the assumptions of homogeneity 
and isotropy used in the derivation of the governing equations 
for the porous medium. The good agreement between the flow 
visualization and the predicted streamlines (Figs. 3a and 3b) 
indicates, however, that this problem is not too severe for the 
conditions of experiment 2. 

The above observations are further supported by the 
predicted isotherm patterns shown in Figs. 2(c) and 3(c). In 
the case of the small glass beads (Fig. 2c) the isotherms in the 
porous layer are almost vertical and equally spaced, indicating 
that heat transfer is mainly by conduction. On the other hand, 
in the fluid layer, there exists a thermally stratified core in the 
center region with thermal boundary layers along the hot wall 
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Fig. 5(a) Experiment 3 
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Fig. 5(b) Experiment 4 

Fig. 5 Experimental and predicted temperature profiles (glycerin/large 
glass beads) 

and the porous/fluid layer interface, indicating strong natural 
convection flow. In the case of the large glass beads (Fig. 3c), 
the isotherms show that the fluid is thermally stratified 
throughout the test cell, while there are thermal boundary 
layers of different thickness at the hot and cold walls. In other 
words, the penetrating fluid causes the heat in the porous layer 
to be transferred convectively. In both cases, the isotherms 
show "cusps" at the porous/fluid layer interface which can be 
attributed to the natural convection flow and the difference in 
the thermal conductivity between the porous and fluid layers. 

A quantitative comparison between measured and predicted 
temperatures is shown in Figs. 2(d) and 3(d). As mentioned 
earlier, temperature measurements were taken at three dif
ferent heights in the small test cell. The general agreement be
tween measured and predicted temperatures is good, and the 
differences in the temperature distributions between the ex
periments with the small and large glass beads are well 
predicted by the numerical model. It should be noted that the 
data trends become somewhat exaggerated due to the dimen-
sionless representation. In reality, the discrepancies between 
the measured and predicted temperatures are less than about 
± 1°C. A large part of these discrepancies is possibly due to 

X 

0.2 0.4 0.6 

S 

0.8 1.0 

Fig. 6 Effect of fluid layer thickness on the Nusselt number (Pr = 1.0„ 
Rk = 1.0, 4 = 1.0, C = 0.55) 

the inaccuracies in determining the exact position of the 
movable thermocouple probe (refer to Section 3). Again, 
nonuniformities in the porosity at the walls are expected to 
produce a considerable difference between the numerical 
model and the experiments in the relatively small test cell of 
the present study. 

In order to validate the model for various Rayleigh and 
Prandtl numbers as well as for different thermal conductivity 
ratios, experiments were also performed in a larger test cell 
with glycerin as the fluid (refer to Table 1). Although the same 
diameter glass beads were used in the experiments in the larger 
test cell, the Darcy numbers are two orders of magnitude 
lower than in the smaller test cell because of the larger length 
scale (i.e., L). Due to the high viscosity of glycerin, the 
Rayleigh number is one order of magnitude lower and the 
Prandtl number is much higher than in the experiments with 
water. Also, the thermal conductivity ratio is higher in the case 
of glycerin. 

The predicted streamlines and isotherms for the case of the 
large glass beads (experiment 4) are illustrated in Fig. 4. (The 
numerical results for experiment 3 are presented in Becker-
mann et al. (1986a).) It can be seen that even for the large glass 
beads, the flow is almost completely confined to the fluid layer 
and very little penetration of glycerin into the porous layer 
takes place. Accordingly, the heat transfer in the porous layer 
is mainly by conduction (Fig. 4b). The streamlines in the fluid 
layer (Fig. Ad) show a behavior similar to what would be ex
pected for natural convection in a vertical enclosure of the 
same aspect ratio as the fluid layer. In other words, even for 
the large glass beads the porous layer acts almost like a solid 
wall. 

The measured and predicted temperature profiles for both 
sizes of glass beads (Figs. 5a and 5b) show that approximately 
70 percent of the total temperature drop across the test cell 
takes place in the porous layer. The agreement between the 
slopes of the measured and predicted temperature profiles in 
the porous layer is very good, indicating the correctness of the 
model adopted for the effective thermal conductivity [equa
tion (12)]. Also, the agreement is good for the general trend of 
the temperature profiles in the fluid layer. Both the measured 
and predicted temperature profiles show strong discontinuities 
in the slope at the porous/fluid layer interface which is due to 
the large differences in the thermal conductivities of the two 
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layers. The relatively large discrepancies in the absolute values 
of the temperatures in the case of the large glass beads (Fig. 
5b) can be attributed to the larger nonuniformities in the 
porosity at the walls of the relatively thin test cell. In addition, 
the viscosity of glycerin varies by almost an order of 
magnitude over the temperature range in the present ex
periments (10°C). Both of the above effects are not taken into 
account in the model. 

In summary, the comparison between measured and 
predicted data shown above established some confidence in 
the numerical model of the present study. Several "real" ef
fects, namely, porosity and property variations, need more at
tention to obtain better agreement between experimental and 
numerical results. 

4.2 Effect of Fluid Layer Thickness on the Nusselt 
Number. The effects of various fluid layer thicknesses S on the 
Nusselt number were determined numerically and are il
lustrated in Fig. 6. As expected, for (unrealistically) high Dar-
cy numbers (i.e., Da = 0.1), the porous layer has nearly no ef
fect on the heat transfer across the enclosure. The flow 
penetrates completely into the porous layer and natural con
vection is only slightly reduced. On the other hand, in the case 
of relatively low Darcy numbers (i.e., Da= lx l0~ 6 and 
Da=lxl0~ 5 ) the Nusselt number decreases sharply with 
decreasing fluid layer thickness. For these Darcy (and 
Rayleigh) numbers, only a small amount of fluid enters the 
porous layer, and the porous layer acts almost like a solid wall 
(see also Fig. 5). A further decrease in the Darcy number (for 
the same Rayleigh number) has practically no influence on the 
functional relationship between the Nusselt number and the 
fluid layer thickness. This observation is also supported by the 
fact that for an impermeable partition between the porous and 
fluid layers (Tong and Subramanian, 1983), the predicted 
decrease in the Nusselt number with decreasing fluid layer 
thickness is very similar to the decrease predicted for low Dar
cy numbers in the present study. 

Quite different behavior can be seen for Da= 1 x 10~4 and 
Da= 1 x 10 -3. Here, a small addition of a porous layer causes 
a sharp decrease in the Nusselt number. The decrease in the 
Nusselt number is, however, less sharp and approximately 
linear for further increases in the porous layer thickness and is 
again more pronounced when the enclosure is almost com
pletely occupied by the porous layer (i.e., S < 0.1). This 
phenomenon can be explained by the fact that for Darcy 
numbers of the order of 1 x 10~4 (and a Rayleigh number of 
1 x 106), the flow does penetrate into the porous layer. In this 
case, the penetrating fluid significantly alters the fluid flow in 
the fluid layer, i.e., the flow in the fluid layer is not similar to 
the natural convection patterns seen in a vertical enclosure of 
that aspect ratio (see also Figs. 2a and 3a). Hence, decreasing 
the thickness of the fluid layer has a completely different ef
fect on the Nusselt number than in the case of low Darcy 
numbers where the flow is simply blocked by the porous layer. 

In order to provide a quantitative criterion for the impor
tance of penetration of fluid into the porous layer for the 
present physical system, many more numerical and experimen
tal studies are needed. In particular, the effects of variations in 
the other dimensionless parameters, namely Pr, A, and Rk, 
need to be investigated. The experimental and numerical 
results (refer to Table 1 and Fig. 6, respectively) as well as ad
ditional numerical studies (Beckermann et al., 1986b) indicate, 
however, that the product Rax Da should be greater than 
about 50 in order for penetration of fluid into the porous layer 
to be significant. 

The coupling of the fluid flow in the porous and fluid layers 
is of particular importance in the solidification of castings. 
Here, the dendrites growing into the melt can form a highly 
permeable porous layer. The flow penetrating into the den
dritic meshwork will not only alter the local conditions in this 

region but may also influence the natural convection patterns 
in the entire casting. 

5 Conclusions 

A model has been developed for natural convection in ver
tical enclosures containing simultaneously a fluid layer and a 
porous layer. The numerical results show good agreement with 
experiments conducted utilizing various glass beads, fluids 
and test-cell sizes. 

The effect of fluid layer thicknesses on the Nusselt number 
has been numerically investigated for various Rayleigh and 
Darcy numbers. It has been found that, if fluid penetrates into 
the porous layer, the natural convection patterns in the entire 
enclosure are significantly altered when compared to fully 
porous or fluid enclosures. The degree of penetration of fluid 
into the porous layer depends roughly on the product of the 
Rayleigh and Darcy numbers, which should be greater than 
about 50 in order for penetration to be significant. 
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