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Abstract-Numerical studies are reported for steady-state natural convection in a two-dimensional layered 
porous cavity heated from the side wall. Emphasis is placed on the effects caused by the sublayer thickness 
ratio, permeability contrast and non-uniform conductivity in a system comprising two sublayers. Cal- 
culations have covered a wide range of these parameters. It has been observed that the flow and temperature 
fields for a layered structure with K,/K, < I are completely different from those of K,/KZ > 1. When the 
thermal properties are uniform, the average Nusselt number for a layered system of K,/K, < 1 is always 
greater than that of a homogeneous system, and it increases with Rayleigh number, but decreases with the 
sublayer thickness ratio. For systems of K, /K2 > 1, the average Nusselt number is always less than that of 
a homogeneous system, and it increases with both Rayleigh number and the thickness ratio. When there 
exists a difference in the thermal conductivity of the two sublayers, a second recirculating cell is generated 
in the less permeable layer for K,IIC, < I. The average Nusselt number is found to increase with the 
conductivity ratio for K, /K, < 1, and decrease for K, /K, > 1. Heat transfer results including streamline 
and isotherm patterns, temperature and velocity profiles, and the Nusselt vs Rayleigh number relation in 

terms of these parameters, are presented. 

INTRODUCTION 

OVER THE past years, heat transfer in saturated porous 
media has received considerable attention because of 
its important applications in geophysics, and energy 
related en~nee~ng problems. These include the util- 
ization of geothermal energy, the control of pollutant 
spread in groundwater, as well as the design of nuclear 
reactors, compact heat exchangers, solar power col- 
lectors, and high performance insulation for buildings 
[l, 21. Heat transfer by natural convection across a 
porous layer heated from the side is of fundamental 
importance in many of these applications. The model 
commonly used consists of a layer with both vertical 
walls maintained at different temperatures, and with 
top and bottom walls insulated [3-g]. In fact, in many 
engineering applications, the temperature of a wall is 
not uniform but, rather, is a result of the imposition 
of a constant heat flux. Results for this situation have 
been reported only in refs. [lo, II]. However, these 
studies only considered a homogeneous layer, whereas 
a composite layer, which has also been used widely in 
engineering practices, has not heen studied before. 

A review of the literature shows that most previous 
studies on heat transfer in layered porous media deal 
only with the horizontal case [13-181. To our knowl- 
edge, only Poulikakos and Bejan [ 191 have presented 
a study on vertical layered systems. However, they 

only studied a system of three sublayers subjected to 
an end-to-end temperature difference, for a special 
case of ~1, = CI~ and K, = K3. Since their interest was 
on the investigation of channelling effects, the per- 
meability contract they considered was, thus, limited 
to 0.2 and 5. For ~~eability ratios K,/& > 10 and 
K,/& < 0.1, heat transfer rest&s have not been 
reported. In addition, most previous studies on lay- 
ered porous media have their analyses based on the 
assumption of uniform thermophysical properties. 
The differences in the thermal conductivity between 
sublayers have not been considered before. Therefore, 
our emphasis in the present study has been placed on 
a fundamental examination of the effects caused by 
the sublayer thickness, permeability contrast and non- 
uniform thermal conductivity. 

FOR~U~TION AND NUMERICAL METHDD 

The geometry considered is a two-dimensional, 
two-layer porous system (Fig. 1). For each sublayer, 
it is assumed to be fully saturated and has a different 
permeability, conductivity and thickness. A constant 
heat flux is applied to one vertical wall, while the other 
vertical wall is maintained at a constant temperature 
T,. The top and bottom surfaces are insulated. 

The governing equations based on Darcy’s law are 
given by 
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NOMENCLATURE 

aspect ratio u dimensionless velocity in x-direction 

specific heat of fluid at constant pressure L’ velocity in y-direction, t?$/c!.y 
acceleration of gravity V dimensionless velocity in .y-direction 
average heat transfer coefficient on the x,y Cartesian coordinates 
heated wall x dimensionless distance on .u-axis. x/L 
height of the porous layer Y dimensionless distance on r-axis, .r/N. 
effective thermal conductivity of the 
saturated porous medium Greek symbols 
permeability of saturated porous medium r thermal diffusivity of porous medium, 
width of the porous layer h(w), 
average Nusselt number, I&/k B thermal expansion coefficient of fluid 
constant heat flux 0 dimensionless temperature. 
Rayleigh number, KgflqH ‘jvak T- TJCqHlk I) 
temperature 

; 

density of fluid 
temperature at the cooled wall dimensional stream function 
velocity in x-direction, - all//ay y dimensionless stream function, $/r. 

with the subscript i = I,2 denoting the sublayers. The 
corresponding boundary conditions are 

aT, 
k,== -q, x=0 (5) 

Tz = T,, x = L (61 

8T. 
-=O, y=O,H 
8.~ 

(7) 

FIG. I. A two-dimensional, two-layer porous cavity heated 
with a constant heat flux from the side wall. 

Pj = 0, y=O,H (8) 

ui = 0, x = 0, L. (9 

At the interface, the appropriate conditions are the 
continuity of pressure, temperature, horizontal flow 
and heat flux 

P, =P2 

T, = T2 

u, = uz 

110) 

(11) 

(12) 

(13) 

The justification of these boundary conditions is given 
by Rana et al. [17], and McKibbin and co-workers 
[13-151. 

When the Boussinesq approximation is invoked, 
the governing equations and boundary conditions can 
be non-dimensionalized as follows : 

where 

Ra, = KigflqHZlvuik,, A = L/H 

with 

a4 
-=-A, X=0 ax 

8, = 0, ,Y= 1 

iwi 
2-p = 0, Y = 0, 1 
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Y;=O, Y==O,l 

Yyi=O, 

At the interface, X = L1 /L 

(21) 

In view of the parameters and the complexity 
involved in this problem, we restrict the present study 
to the case of A = 1, and place our attention to the 
effects caused by the permeability contrast, K,/K,, 
the conductivity difference, i~,/iE-~ (= ~(~/a~), and the 
sublayer thickness ratio, LI/L. Since Ra, is a con- 
venient parameter to use in the analysis, we will call 
it the ‘base’ Rayleigh number. The relation between 
the base Rayleigh number Ra, and the Rayleigh num- 
ber of the second layer RaZ is given by 

The dimensionless governing equations (14) and 
(15) are discretized using the control volume approach 
described by Patankar [20]. An iterative scheme with 
under-/over-relaxation parameters is also incor- 
porated to achieve fast convergence. The convective 
terms in the energy equation have been approximated 
by upwind differences. This solution procedure has 
been discussed and successfully used in the study of 
natural convection in porous media in refs. fll, 121. 

The effect of grid fineness on the heat transfer pre- 
diction is shown in Fig. 2. As the grids change from 
4 t x 41 to 51 x 51, the change in overall Nusseft num- 
ber is within 206. For the flow prediction, this effect is 
similar to that on heat transfer, the maximum stream 
function changes only by 0.7% as the grids become 
finer. Therefore, uniform grids, 41 x41, have been 
used in the present study for better accuracy and less 
computational cost. A variation of 1OF4 or less in both 
0 and Y at all nodes in the calculation domain is 
the convergence criterion for the computation. The 
conditions at the interface have been implemented in 
the same way as described by Rana [16]. By using the 
imaginary noda points (Fig. 3), equations (21) and 
(24) can be discretized as 

Uniform Grid 

FIG. 2. l3iWs of grid refinement on average Nusselt 
numbers. 

Sublayer 1 

N-l N N+l 
___ 

Y 
__.. b 

___ b 

___ 
b 

___ 

FIG, 

N-l N NW 

Sublayer 2 

3. Itnaginary nodal points for the treatment of the 
boundary cmditims at the interface. 

(27) 

As an indication of the proper formulation of the 
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L , 

FIG. 4. A comparison of the results obtained from the layered 
model and homogeneous model. 

problem, it has been tested against the corresponding 
homogeneous case [Ill, by setting K, /K, and a, /x2 to 
unity. The results show excellent agreement with each 
other (Fig. 4), the differences between these two 
results are within 2.5%. 

Calculations have covered a wide range of sublayer 
thickness ratios, L,/L = 0.25, 0.5 and 0.75, per- 
meability ratios, 0.01 < K,/K, < 100, and con- 
ductivity ratios, k,/kz 5 0.2 and 0.5. For each layered 
structure, calculations were performed to obtain 
results for base Rayleigh numbers up to 1000. It is 

KI/Kz 

0.01 

0.1 

5, IO 

ml 0 

found that, for a higher base Rayleigh number, con- 
vergence is more difficult to obtain for cases where 
K, lK2 < 1 than those for K, /K2 > 1. However. this 
difficulty can be overcome by using under-relaxation 
of temperature. 

RESULTS AND DISCUSSION 

In this section, the effects of permeability contrast. 
sublayer thickness ratio and non-uniform con- 
ductivity on the temperature and flow fields will be 
discussed separately. The results of these effects on a 
system with uniform thermal propertics are presented 
first. Results with a focus on the effect of non-uniform 
conductivity will then follow. 

J$j%ct of’permeability contrast 

The effect of permeability contrast can be clearly 
seen in Figs. 5 and 6, from which the conductive and 
convective modes of heat transfer in the sublayers can 
be easily identified. For a small base Rayleigh number. 
convection starts in the layer with higher permeability. 
with the layer of lower permeability remaining in the 
conductive mode. With an increase in the base Ray- 
leigh number. convective flow begins to penetrate the 
less permeable sublayer. Eventually. both sublayers 
are all in the convective mode. 

100 

FIG. 5. Effects of permeability contrast: streamline patterns thr L,/L = 0.5 (AY’ = I for K, ;K, = 0.01 and 
0.1 ; AY = 0.1 for K,,!K, = 10 and 100). 
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0.1 

IO 

100 

FIG. 6. Effects of permeability contrast: isotherm patterns for L, /L = 0.5. 

The interaction between the two heat transfer mech- 
anisms, conduction and convection, can also be easily 
identified from Fig. 7 which shows the dimensionless 
temperature distribution across the layers at Y = 0.5. 
By noting the slopes of the temperature distribution, 
i.e. %jaX, one finds that they are constant in the less 
permeable sublayer when base Rayleigh number is 
small, showing that heat is transferred mainly by con- 
duction. With an increase of the base Rayleigh 
number, the gradual changing of these slopes from a 
linear variation indicates the initiation of convection. 

The strength of the convective flow is shown in Fig. 
8. When the base Rayleigh number is small, the first 
sublayer is effectively in the conduction mode (Fig. 
7(a)); therefore, flow moving across the interface is 
very limited (Fig. 8(a)). As the base Rayleigh number 
increases, convection is initiated (Figs. 7(b) and (c)) 
which results in more fluid moving across the interface 
(Figs. 8(b) and (c)). However, it should be noted 
that the mass change by convective flow across the 
interface is minimal for K,/K, = 100. For a layered 
structure of K,/K2 < 1, the convective flow is almost 
completely confined to the first layer. 

Effect of sublayer thickness 

For a fixed base Rayleigh number, it is observed 
that the strength of circulation in the convective cell 
increases with the thickness ratio L, /L for K, /K, > 1, 

and decreases for Kl/K2 < 1 (Figs. 9 and 10). For 
K,/K2 -=I 1, a smaller thickness ratio leads to a smaller 
temperature gradient across the first layer and a higher 
gradient for the second layer (Fig. 11 (a)). This conse- 
quently initiates a stronger convective cell in the 
second layer. With an increase of the thickness ratio, 
the temperature gradient across the first layer 
increases, while it decreases in the second layer (Figs. 
1 l(b) and (c)). Because of the permeability contrast, 
the result of this change is a slight increase in the 
strength of the convective cell in the first layer, but a 
significant reduction in the second layer. For 
KI/KZ > 1, the situation is just reversed to what has 
been described for K, /K2 < 1. 

The effect of sublayer thickness on the flow field 
can be examined from Fig. 12 which shows the vertical 
velocity across the layers at Y = 0.5. The discontinuity 
of the vertical velocity is due to Darcy’s formulation 
which permits a velocity slip at the interface. As the 
thickness ratio increases, it is clearly observed that for 
K,/K2 < 1, the strength of the convective flow in the 
first layer only increases slightly, but it decreases con- 
siderably in the second layer. The situation is reversed 
for K,/K2 > 1. This observation validates the state- 
ments we made earlier. 

EfSect of non-uniform conductivity 
When there exists a difference in the thermal con- 

ductivity of the two sublayers, the temperature and 
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FIG. 7. Effects of permeability contrast: non-dimensional temperature profile across the porous layer at 
Y = 0.5, for L,/L = 0.5. 
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FIG. 8. Effects of permeability contrast: non-dimensional horizontal velocity profiles along the layer 
interface, for L,/L = 0.5. 

flow fields are changed dramatically (Figs. 13 and 14). 
First, it is noticed that a second recirculating cell is 
formed in the less permeable layer for systems of 
K, /K, < 1. Second, the strength of the convective cell 
in a system of K,/K, > 1 is increased considerably. 
The reason for these changes is given as follows : when 
the first sublayer is less conductive, i.e. k, /k, -c 1, the 
temperature gradient across this layer will be higher 
than it should be if the conductivity were uniform 
(Fig. 1.5). It is this elevated temperature gradient that 
initiates the second recirculating cell for systems of 
K,/K, < 1, and increases the strength of the con- 
vective cell for systems of K,/K2 > 1. 

As conductivity becomes more uniform, i.e. 
k, /k, + 1, the temperature gradient across the first 

layer then becomes smaller, which in turn leads to a 
weaker second cell for K,/K, < 1 and a convective 
cell of reducing strength for K, /K2 > 1. For systems of 
K, /K, < 1, the two recirculating cells will eventually 
combine into one cell when conductivity becomes uni- 
form. 

The effect of non-uniform conductivity on the flow 

field can be examined through Fig. 16, which shows 
the horizontal velocity across the interface. As 
noticed, when the conductivity ratio is small, the flow 
moving across the interface is very limited as if there 
were a partition placed in the interface. This is an 
interesting phenomenon which has not been reported 
before. As conductivity becomes more uniform, more 
fluid moves across the interface. 
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IO 

100 

FIG. 9. Effects of thickness ratio : streamline patterns for Ra, = 100 (AY = 1 for K,/K, = 0.01 and 0.1 ; 
AY = 0.1 for K,/K, = 10 and 100). 

Based on the average temperature of the heated 
wall 

f3, = ‘Q(0, Y)dY 
s 0 

(28) 

the mean Nusselt number can be defined as 

Nu=;. (29) 
m 

The average Nusselt number is important for design 
purposes because it gives directly the value of the 
average temperature for any applied heat flux. It is 
observed that the ratio of the maximum temperature 
to the average temperature never exceeds 2, which 
also has been reported in ref. [1 1] for a uniform 
medium. 

The effects of permeability contrast, sublayer thick- 
ness ratio and non-uniform conductivity on heat 
transfer results are presented in Figs. 17 and 18. When 
conductivity is uniform, for systems of K,/K, < 1, it 
is found that the average Nusselt number is always 
greater than that for a homogeneous layer, and it 
increases with base Rayleigh number, but decreases 
with the sublayer thickness ratio. As explained earlier, 
for K,/K, < 1, the temperature gradient across the 
first sublayer is directly proportional to its thickness. 
Therefore, an increase of the thickness ratio will only 

increase the surface temperature of the heated wall 
(Fig. 1 l), thus resulting in a decrease of the average 

Nusselt number. 
For systems of K,/K2 > 1, the average Nusselt 

number is always less than that of a homogeneous 

layer, and it increases with both base Rayleigh number 

and the thickness ratio. As explained earlier also, for 

K,/K, > 1, an increase of the thickness ratio will 

induce a stronger convective cell in the first layer (Fig. 

12), which effectively decreases the surface tem- 

perature of the heated wall (Fig. 11). This in turn 

enhances the average Nusselt number. 
It is easy to understand why for systems of 

K,/K, < 1, the average Nusselt number is always 
greater than that of a homogeneous layer, and is 

less for systems of K, /K2 > 1. Imagine a homogeneous 
system which has a permeability of K,, if part of it 

(i.e the second sublayer) was replaced by a medium 

having a higher permeability, the convective cell in 

this new system will be evidently stronger than that of 
the original system, which thus increases the average 

Nusselt number. On the other hand, if the system was 

partially replaced by a medium of lower permeability, 
the resulting convective cell will be weaker because of 
the confinement. This then leads to a decrease of the 
average Nusselt number. 

For systems having non-uniform conductivity, it is 
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b’k 

0.01 

FIG. 10. Effects of thickness ratio : isotherm patterns for Ho, = 100. 

FIG. 11. Effects of thickness ratio : non-dimensional temperature profile across the porous layer at Y = 0.5, 
for Ra, = 100. 

found that the average Nusselt number increases with For systems of K,/K, < 1, although a second recir- 
the conductivity ratio for K, lKZ < 1, and decreases culating cell is generated because of the non-uniform 
for K, /K, > 1. As discussed before, the effect of non- thermal property, its strength is considerably small 
uniform conductivity on a system of K,/K* > 1 is to when compared to that of a system with uniform 
increase the strength of the convective cell in the first conductivity (Fig. 13). The average surface tem- 
layer (Fig. 13) which in turn effectively lowers the perature thus increases with a reduction of the con- 
average temperature of the heated wall (Fig. 15) and, ductivity ratio (Fig. 15). A direct consequence of this 
therefore, increases the average Nusselt number. result is a decrease in the average Nusselt number. 
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X X X 

FIG. 12. Effects of thickness ratio : non-dimensional vertical velocity profiles across the porous layer at 
Y = 0.5, for Ra, = 100. 

k/k;! 0.2 

Wk 

0.01 

0.5 I 

FIG. 13. Effects of non-uniform conductivity : streamline patterns for Ra, = 100 (AY = 1 for K,/K, = 0.01 
and 0.1; AY = 0.1 for K,/K, = 10 and 100). 
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k/k2 0.2 
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0.01 

FIG. 14. Effects of non-uniform conductivity : isotherm patterns for Ru, = 100. 
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FIG. 15. Effects of non-uniform conductivity : non-dimensional temperature profile across the porous layer 
at Y = 0.5, for L,/L = 0.5 and Ra, = 100. 

CONCLUSIONS in the less permeable sublayer, and as convection in 
the layer with higher permeability. With an increase 

Steady-state natural convection in a two-dimen- of the base Rayleigh number, convection in the layer 

sional, two-layer vertical porous cavity has been of higher permeability begins to penetrate the less 

numerically studied for various permeability ratios, permeable one, and eventually both layers are in the 

sublayer thickness ratios and conductivity ratios. It is convective mode at sufficiently large Ra,. When there 

found that heat transfer always begins as conduction is no conductivity contrast in the system, the average 
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FIG. 16. Effects of non-uniform conductivity: non-dimensional horizontal velocity profile along the 
interface, for L,/L = 0.5 and Ra, = 100. 
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ia) (b) 

FIG. 17. The effects of permeability contrast and sublayer thickness ratio on the heat transfer results : 
(a) for K,/K, = 0.01 and 0.1; (b) for K,/K2 = 10 and 100. 

Nusselt number for K,/K2 > 1 is always less than 
that of a homogeneous medium but is greater for 
K,lK, < 1. For a given Ra the Nusselt number 
increases with the sublayer thickness ratio for 
K,/K, > 1; but decreases for K,/K2 -c 1. When con- 
ductivity is not uniform, the average Nusselt number 
is found to increase with the conductivity ratio for 
K,/K, < 1, and decrease for K, /K2 > 1. 

While the present study has explored a fundamental 

problem in a layered porous medium as an extension 
of several earlier studies, the results have some inter- 
esting implications for the important applications like 
insulation engineering and deep geological disposal of 
high level nuclear waste. For the former case, as 
pointed out by Bejan and Anderson [21], the heat loss 
through a vertical porous layer can be reduced if the 
convective loop is slender, one way to increase the 
slenderness of the convection pattern is to insert one 
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FIG. 18. The effects of non-uniform conductivity on the heat transfer results. for L,:li = 0.5: (a) 
K,/K? = 0.01 and 0.1 ; (b) K,/K2 = IO and 100. 

or more vertical partitions in the porous layer. Obvi- 

ously, another way to achieve this goal is shown in 
this study by using multiple layers of insulation. With 
the proper choice of materials, by considering the 
properties of permeability and conductivity, the lay- 
ered porous wall can be as effective as the one with 
vertical partitions, if not better. 

For the latter application, the thermally disturbed 
zone surrounding a repository will generally 
encompass at least two geologic strata with per- 
meability contrasts possibly as large as 1000, i.e. 
1 < K,/K2 < 1000. Such a permeability contrast can 
result from a combination of fracturing in crystalline 

rock due to thermal stresses and mining of the reposi- 
tory. Based on the results of our study, the following 
regional thermal impacts of the repository might be 

expected. 

(1) Penetration of convection into the second 
sublayer will be minimal, and the second sublayer 
(even though saturated) will effectively be a con- 
ductive barrier. 

(2) The average Nusselt number at the heated wall 

will be smaller than that for a fully convecting, single 
layer system with a homogeneous permeability. This 
implies that mean waste package temperatures will be 
higher and chemical and mass transfer effects near 
the repository will take on added importance in the 
containment of radioactivity. 

(3) The region of increased permeability around 
the repository will have a finite horizontal extent as 
well as a vertical extent. From our earlier study [18], 
it is known that thermal pluming above the repository 
will not occur, and the convective component of the 
radionuclide transport from the repository will be 

confined to a horizontally finite zone in the vicinity of 
the repository. Similar results have also been found 
in the present study. Therefore, we can conclude that 
the region around the repository will be a natural 
barrier for radionuclide containment. This type of 
modelling for the repository must be verified by 
additional numerical and analytical works, as well as 
a validation with laboratory and field experiments. 
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CONVECTION NATURELLE A TRAVERS UNE CAVITE POREUSE STRATIFIEE 

RLsmn~n etudie numeriquement la convection naturelle permanente dans une cavitb poreuse stratifiee 
bidimensionnelle chauffee sur un cot&. On s’interesse aux effets du rapport d’epaisseur de la sous-couche, 
du contraste de permbabilite et de la conductivite non uniforme dans un systeme comprenant deux couches. 
Les calculs couvrent un large domaine de ces paramttres. On observe que les champs de temperature et de 
vitesse avec K,/K2 < 1 sont completement differents de ceux pour K,/K, > 1. Quand les proprittts ther- 
miques sont uniformes, le nombre de Nusselt moyen pour un systeme a K,/K, < 1 est toujours superieur 
a celui pour un systeme homogene et s’il augmente avec le nombre de Rayleigh, il decroit avec le rapport 
d’epaisseur de la sous-couche. Pour des systemes a K,/K, > 1, le nombre de Nusselt moyen est toujours 
moindre que pour le systeme homogene et il augmente a la fois avec le nombre de Rayleigh et le rapport 
d’ipaisseur. Quand il existe une difference dans les conductivites des deux couches, une seconde cellule de 
recirculation est generee dans la couche la moins permeable pour K,/K, < 1. Le nombre de Nusselt moyen 
augmente avec le rapport des conductivitts pour K,/K* < 1 et decroit pour K,/K, z 1. On presente les 
rtsultats concernant les lignes de courant, les isothermes, les profils de temperature et de vitesse et le nombre 

de Nusselt en fonction du nombre de Rayleigh pour differentes valeurs des parametres. 

NATURLICHE KONVEKTION IN EINEM SENKRECHTEN, MIT POROSEM 
MATERIAL GEFULLTEN HOHLRAUM 

Zusammenfassung-Uber numerische Untersuchungen der nattirlichen Konvektion im stationaren Zustand 
in einem zweidimensional geschichteten Hohlraum wird berichtet. Der Hohlraum ist mit poriisem Material 
gefiillt und wird an einer Seitenwand beheizt. Insbesondere wurden die Einfltisse des Dickenverhlltnisses 
der Unterschichten, des Unterschiedes in der Permeabilitat und der inhomogenen Wlrmeleitfahigkeit in 
einem System mit zwei Unterschichten untersucht. Die Berechnungen wurden iiber einen weiten Par? 
meterbereich durchgefiihrt. Es wurde beobachtet, daB das Geschwindigkeits- und Temperaturfeld fur eine 
geschichtete Struktur mit K, /K, < 1 ganz anders sind als fiir K, /K2 > 1. Unter der Annahme einheitlicher 
Stoffwerte ist die mittlere Nusselt-Zahl in einem geschichteten System mit K,/K, < 1 immer grol3er 
als in einem homogenen System, sie nimmt mit der Rayleigh-Zahl zu und mit dem Dickenverhaltnis 
der Unterschichten ab. Bei Systemen mit K,/K, > 1 ist die mittlere Nusselt-Zahl immer kleiner als im 
homogenen Fall und nimmt sowohl mit der Rayleigh-Zahl als such mit dem Dickenverhlltnis zu. 
Wenn die Wlrmeleitfahigkeit in den beiden Unterschichten unterschiedlich ist, entsteht ein zweites 
Rtickstriimungsgebiet in der weniger durchllssigen Schicht, wenn K,/K, < 1 ist. Die mittlere Nusselt- 
Zahl nimmt mit dem Verhaltnis der Wlrmeleitfahigkeit fur K,/K, < 1 zu und fur K,/K, > 1 ab. Die 
Wlrmeiibertragung wird dargestellt in Form von Stromlinien- und Isothermenbildern, Temperatur- und 
Geschwindigkeitsverteilungen und einer Beziehung der Nusselt-Zahl als Funktion der Rayleigh-Zahl 

fur die genannten Parameter. 
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ECTECTBEHHAX KOHBEKqWR B BEPTkiKAJIbHOfi rIOJIOCTM, 3AllOJIHEHHOfi 
ClTOMCTbIM I-IOPMCTbIM MATEPHAJTOM 

hHOTZU,“fl--OIIklCaHbI WIcneHHbIC Hccnel,oBaHHI CTaWlOHapHOfi eCTeCTBeHHOi% KOHBeKUUU B HarpeWe- 

MOiiC60KyDByMepHO~ IIOnOCTH,3ZiIIOnHeHHOiiCnOHCTbIM IIOpHCTbIM MaTep&lanOM.~enbHCCnenOBaHli~ 

cocToxna B HsyveHaH B~H~IHHX Tamx napaMeTpoe, KBK OTHOU~HH~ TOJIWHH n~yx noncnoelr, nepenan 

IIpOHHl,aCMOCTCti H HeOnHOpOnHaK TeIInO~pOBOAHOCTb B CUCTeMC,COCTOSIII&efi A3 nByX IIOJICnOeB. npO- 

BeneHbIpaCYeTbI BLWlpOKOMLWUIa30He3TAX EipaMCTpOB.06HapyXO?HO,YTO IIOnllTe'lC"H~ II TeMnepa- 

Typb, jTJI5, CnOEfCTOii CTpyKTypbI C K,/K, < 1 COBep",eH"O OTnllSaEOTCII OT COOTBeTCTBylO"&lX IIOnefi 

npx KJK, > 1. npa nomomwblx Temo&im~ecmx xapaKTepmTmax cpemee 3fiaYemie vncna Hycce- 
nbTa flna cnoucrofi CACTeMbI c KJK, < 1 Bcerna 6onbwe ero CpenHero 3HaYeHRB nnll OAHOpOnHOi? 

cxTeh4b* II ysenwiasaexn c ~OCTOM wcna Pmes, ~0 yMeHburaeTcs npa ysenwiemm 0THomemx 
Tonum noncnoea. B CIicTeMe c K,/K, > 1 cpenHee 3HaqeHsie wicna HyCCenbTa Bcerna MeHbtue era 

cpenHer0 3HaSewifl nnn ODHO~OAHO~~ clicTeMbI 11 yBenuwsaeTca c p0c~0M KaK wicna Pmen, TaK 11 
OTHOIIICHFTR TO,,IUHH.~pHpa3,IHYHOii Te"nO"pOBOnHOCTIinByX "OnCnOeB BCnOCC MeHbLIIeii IIpOHHUaC- 

MOCTblO npa K,/K, < 1 o6pasye’rca B-ropar wic%a c B03BpaTHOti ItHpKyJIWHeti. HaiineHo, VT0 C 

~CCTOM 0THouIeHxs TennonposonHocTel cpenHee 3HaYeHue wicna HyCCenbTa yeennwiBaeTcn npu 

KJK, < 1 li yMeHbmaeTcs npe KJK, > 1. npHBeAeHb1 KapTllHbI nHHMti TOKa II a30TepM, IIpO&iJIll 

TeMnepaTypbl M CKOPOCTA, a TaKxe 3aBHCAMOCTB wcna HyCCCJIbTa OT wicna P3nea A IIepeYACneHHbIX 

Bbwe napahfe-rpos. 


