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Abstract-This paper presents an experimental investigation of convective heat transfer in a confined 
rectangular cavity packed with porous media, on the opposing vertical walls of which different 
temperatures are imposed. Measurements are made for each of two kinds of solid particles using three 
kinds of fluids, i.e. water, transformer oil and ethyl alcohol. The present experiments cover a wide 
range of Rayleigh number Ra* between 1 and lo’, Prandtl number Pr* between 1 and 200 and 
geometrical aspect-ratio H/Wbetween 5 and 26. The experimental results indicate that Nusselt number 
Nu* is correlated by the following relationship: 

NOMENCLATURE 

thermal diffusivity, &,/~c,)f; 
constant, defined by equation (1); 
specific heat at constant pressure; 
diameter of solid particle; 

Darcy number, k/ W2 ; 
gravitational acceleration; 
height of rectangular cavity; 

permeability; 
Nusselt number, u W/A,,,; 

Nusselt number for common fluid layer, 

UWl& 
Prandtl number, v&,,,; 
Rayleigh number, g/?fATWk/v,cr,; 
temperature; 
temperature difference between hot and cold 

walls, ( Th - TJ ; 
non-dimensional temperature, 

(T- T,)I(T,- T,); 
width of rectangular cavity; 
distance from hot wall; 
distance from bottom of a rectangular cavity. 

Greek symbols 

F 

coefficient of heat transfer; 
cubical expansion-coefficient; 

n:, 

thermal conductivity; 
thermal conductivity of porous medium 
(without convection); 

“, kinematic viscosity; 

Pt density; 

E, porosity. 

Subscripts 

; 

refers to cold wall; 
refers to fluid; 

h, refers to hot wall; 

m, refers to mixing of solid particle and fluid; 

s, refers to solid. 

NATURAL convective heat transfer of fluid in a confined 

rectangular cavity has been studied both experiment- 
ally and analytically by various investigators so far. 

However, there are a few studies of the cavity packed 
with a porous medium, which are of practical import- 
ance in a process design of a nuclear power reactor 

core with multishield structure containing porous 
insulating materials and of the regenerative heat 
exchanger containing porous materials. Schneider [l] 

investigated experimentally the natural convective heat 
transfer through the granular material under the con- 
ditions of fixed height and width of a rectangular 
cavity. Bories and Combarnous [2] studied the effect 
of the dimension of the cavity on heat transfer in a 
vertical porous layer in the limited range of lo2 N lo3 

of Rayleigh number, Ra*. However, both investigators 

did not clarify the effects of the dimension of a 
rectangular cavity and the physical properties of porous 
media on heat transfer through the vertical porous 
layer. Analytical studies of natural convective heat 
transfer in the vertical porous layer were reported by 

only several investigators [>7] for laminar two- 
dimensional flow in the small range of Ra* < lo3 in 
which the Darcy’s law can be available. 

The purpose of the present study is to examine 
experimentally the effects of the dimension of a rec- 

tangular cavity and the physical properties of porous 
media on heat transfer in a confined rectangular cavity 
packed with porous media, whose opposing vertical 
walls have different but uniform temperature while 
upper and bottom ones insulated. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

The experiments are performed by using three kinds 
of rectangular test-cells, that is, 22, 57 and 116mm 
(width) x 571 mm (height) in section area by 250mm 
in depth. The schematic diagram of the experimental 
apparatus is depicted in Fig. 1. The main parts of the 
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Heaimg Test 
part sectlon 

experimental apparatus consist of a test section and 
heating and cooling parts. The test section in which 
porous media are packed is indicated at the middle 
of the right side in Fig. 1. 

Surface te~~rature of the hot wall (copper plate 
of Smm in thickness) is maintained at uniform 
temperature by using five controllable main heaters. 
The guard heaters are mounted outside the main 
heaters across a bakelite plate in order to minimize 
the heat-loss from the main heaters to the environment. 

Surface temperature of the cold wall (copper plate 
of 5mm in thickness) is kept at uniform temperature 
by temperature-controlled coolant (brine) in each of five 
separate chambers attached to the outside of the cold 
wall. Eighteen Cu-Co thermocouples (0.3mm in 
diameter) are attached on the hot and the cold walls, 
moreover, additional ten the~ocouples are inserted 
between the main and the guard heaters. Five small 
proves (stainless steel pipe of 0.8 mm in diameter) with 
Cu-Co thermocouple of O.lmm in diameter are set 
in the X-direction at the middle height of the porous 
layer in order to measure the temperature distribution. 

Measurements are made for two solid partides 
(glass beads and iron balls) of various diameters with 
three kinds of fluids, that is, water, transformer oil 
and ethyl alcohol. The porosity E obtained in the present 
study is in the range of 0.36 < E < 0.41. The liquid used 
is carefully injected from a nozzle of the bottom wall 
into the test-cell in order to avoid the mixing of 
undesirable air bubble. The experimental apparatus is 
covered with an insulating material (100mm in thick- 
ness) and placed inside a temperature-controlled room 
to prevent a thermal disturbance from the environ- 
ment. Measurements of heat transfer are carried out 
after the thermal condition of the test section has 
reached a steady state. It takes about 5 u 10 h to 
reach the thermal steady state. The net heat transferred 

through the porous layer is estimated by subtracting 
the heat-loss from the total heat obtained by summing 
up the electrical inputs to five main heaters and the 
net mean heat flux y is evaluated by dividing the net 
heat by total heating area. To evaluate the heat-loss 
from the apparatus, careful preparatory experiments 
are performed by placing the apparatus filled with 
fluids of known thermal conductivity in a horizontal 
position. From the results of preparatory experiments, 
the heat-loss from the apparatus IS estimated within 
+Y of the input. Before the running, the thermal - .,o 
conductivity of the porous medium &,, is necessarily 
measured. The physical properties of the porous 
medium adopted to compute the various parameters 
are determined by the average temperature of the 
surface temperatures of hot and cold walls. 

3. ~~P~RIME~TAL RESC’LTS AND OfSCUSSiONS 

Temperature distributions in the X-direction are 
measured at the middle height of the porous layer 
in order to examine a behavior of heat transmission 
through the vertical porous layer. Figure 2 shows the 
typical non-dimensional temperature distributions 
for the aspect-ratio of H/W = 10 and the width 
of cavity of W = 57mm. The temperature distribu- 
tions for water-glass beads as shown in Fig. 2(a) 
are remarkably different from those for transformer 
oil-glass beads as shown in Fig. 2(b). These differ- 
ences suggest that the physical properties of fluids 
have considerable effect on the heat transfer through 
the vertical porous layer. 

The temperature distributions for ethyl alcohol--iron 
balls are shown in Fig. 2(c). It can be seen from 
the figure that the intensity of the convection is not 
so strong. It owes to the larger thermal conductivity 
of iron balls than that of glass beads. Judging from 
the temperature distributions as shown in Fig. 2. it is 
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FIG. 2. Temperature distributions in a vertical porous layer 
for H/W= 10, W= 57mm, (a) water-glass beads; (b) trans- 

former oil-glass beads; (c) ethyl alcohol-iron balls. 

clear that the thickness of thermal boundary layer 
developing near the hot wall is larger than that 
developing near the cold wall. This difference between 
the thickness of the thermal boundary layers might 
be explained by the fact that an ascending flow with 
a thin boundary-layer thickness near the hot wall 
comes into collision with the upper insulated wall and 
consequently the boundary-layer thickness becomes 
large in the vicinity of the upper insulated wall. The 
flow along the upper insulated wall is separated into 

several parts by solid particles near the cold wall, 
therefore, a descending flow with a thick boundary- 
layer thickness appears near the cold wall. 

One of the interesting characteristics, as shown in 
Fig. 2, is that the position of intersection between the 
temperature distribution line having a large tempera- 
ture difference and that having a small one varies 
depending on the combination of fluid and solid 
particle. That is, it is observed that the position of 
intersection for transformer oil-glass beads in Fig. 2(b) 
approaches to the hot wall (X/W= 0) closer than that 
for water-glass beads in Fig. 2(a). This difference of the 
position of the intersection in the present experiments 
might be caused by the fact that viscosity dependency 
of temperature for transformer oil (about 700% 
decrease from 20 to 80°C) is larger than that for 
water (about 230% decrease from 10 to 50°C). 
Moreover, the position of intersection for ethyl 
alcohol-iron balls in Fig. 2(c) approaches to the center 
portion of porous layer closer than that for the 
above-mentioned two cases. Such a behavior might 
be understood by the reason that viscosity dependency 
of temperature for ethyl alcohol is small (about 200% 
decrease from 10 to 50°C) and also the contribution 
of natural convection to heat transfer through the 
porous layer is small due to the large thermal 
conductivity of iron ball. 

From the above-mentioned temperature distribu- 
tions in the vertical porous layer, it is clear that the 
heat transfer through the vertical porous layer is 
remarkably affected by various kinds of fluids or solid 
particles as well as various dimensions of rectangular 
cavities. The following functional relationship given 
by a product of powers is derived from the: result 
of the present dimensional analysis of heat transfer 
through a vertical porous layer; 

Nu* = c Pr*‘(H/W)m Ra*“. (1) 

Where, Nu* is Nusselt number defined as 
Nu* = ctW/&,,Pr* is Prandtl number (Pr* = v//a,) 
and Ra* is Rayleigh number (Ra* = g/?,ATWk/v,a,,,). 

All of the constant and exponents are determined 
by using the root-mean-square method, whose devia- 
tion is within +7% in the present study. The experi- 
mental correlation obtained is : 

Nu* = 0.627Pr*0”30(H/W)-0’527~a*0,463, 

1 < Pr* < 200, 5 -c H/W < 26, 10’ < Ra* < 104. (2) 

Figure 3 shows the present data and Schneider’s 
data [1] together with the present experimental 
correlation, equation (2), indicated as a solid line. 
In this figure, one can see that the obtained results 
in the range of 10’ < Ra* < lo4 agree fairly well with 
the solid-line and when Ra* is less than lo’, the 
experimental data indicated as broken lines lie above 
the solid line. From these facts, it could be concluded 
that the conductive heat transfer is dominant only in 
the range of Ra* < lo’, because the value of 
Nu*/[Pr*“~‘30(H/W’-0’527] remains constant though 
Ra* is varied in this range. 

The point of intersection between the solid line and 
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FIG;. 3. The relationship between Nu*:[Pr*““J”(H~‘W)~““*7] and Ktr* 

the broken lines means a critical value for the onset 
of natural convection. It also should be noticed that 

such critical values of Ku* increase with increasing 
aspect-ratio H/Wunder the same combination of fluid 
and solid particle, while, the critical value for ethyl 
alcohol-iron balls (0) is larger than that for trans- 
former oil-glass beads (0) under the fixed aspect-ratio 

H/W( = 10). From these results. it might be concluded 
that the variation of the critical value is closely 

related with the physical properties of fluid and solid 
particle as well as the dimension of a rectangular cavity. 

One of interesting results as shown in Fig. 3 is that 
the experimental data are plotted below the solid-line 
in the range of Rn* > 103, hut they lie close to the 

experimental prediction by MacGregor and Emcry [8] 
of the turbulent heat transfer for the common fluid 
layer without porous media, if their experimental 

prediction [XU = 0.046R~‘~“] is rearranged by the 
present functional relationship under d = 16.4mm, 
N/CT/= 5, Darcy’s number Da = 2.3 x IO- and 
- /^ 
L,,J~~ = 1.13 (as using water--glass beads). Such a 
behavior might be explained as follows: in case of using 

a spherical solid particle as a solid particle, the 
porocity F: near the wall surface would be almost unit 
due to one particle having only one contact point with 
the wall surface. From the porosity distribution in 
packed bed reported by Yagi et ul. [9], it is clear 
that the porosity distribution from the wall surface 
to a distance of radius of a solid particle in the 
direction of core portion of porous layer is varied 

from 1 to 0.45 and that inside of porous layer becomes 
~nstal~t‘ In the present experimental study using solid 
particles having large diameter (~1 = l6.4mm), the core 
with large porosity would be more extended to a long 
distance from the wall surface. 

Moreover. the thickness of boundary layer develop- 
ing near the vertical wail decreases with increasing 
heat flux, when the range where fluid flows is to be 
limited to the range having a large porosity near the 

vertical wall and the behavior of heat transfer in the 
porous layer might be similar to that in the common 
fluid layer without porous medium. 

The numerical results of Vlasuk [3] are also shown 
in Fig. 3. From the comparison of the experinlenta~ 
data with the numerical result. as shown in Fig. i. 
it is clear that the fatter shows good agreement with 
the former for Rtr* < 10”. This agreement might mean 
that his analytical prediction based on Darcy’s law 
is effective in the range of Rn* < 10”. However, his 
analytical prediction becomes larger than the 
ex~rimenta1 value in the range of Ra* > IO”. This 
difference between the experimental data and his 
prediction might indicate that the Darcy’s law could 
not be applied in the physical model of porous layer 
adopted in the range of Ru* > 10’. That is, for 
Ra* > 103, the turbulent mixture of fluid or the 
viscous force which is proportional to a square of 
fluid velocity would become an important factor from 
the standpoint of evaluating the heat transfer in the 
porous layer. 
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The experiments are carried out by the rectangular 

cavities packed with porous media, whose opposing 

vartical walls have different but uniform temperature, 
while the upper and bottom walls are insulated. It is 
clear that the Prandtl number Pr* as well as the 
aspect-ratio H/Whas a significant effect on the heat 
transfer through the vertical porous layer. The follow- 
ing correlation is derived from the experiments: 

iVu* = 0&~7p~*O’l30 (,/w-O,527 ~~~~0,463 

1 < Pr* c 200, 5 <H/W<: 26, 10’ < Ra* < 104. 
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