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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, < 1 are completely different from those of K, /K, > 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, /K, > 1, the average Nusselt number is always less than that of
a homogencous 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 X,/K, < 1. The average Nusselt number is found to increase with the
conductivity ratio for K,/K, < 1, and decrease for X,/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.,
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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 engineering 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
[1, 2]. 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 [3-9]. 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. [10, 11]. However, these
studies only considered a homogeneous layer, whereas
a composite layer, which has also been used widely in
engineering practices, has not been 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 [13-18]. To our knowl-
edge, only Poulikakos and Bejan [19] 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 a, = a, and K, = K. 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 permeability ratios K;/X, > 10 and
K,/K, €0.1, heat transfer results 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.

FORMULATION AND NUMERICAL METHOD

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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aspect ratio

specific heat of fluid at constant pressure
acceleration of gravity

average heat transfer coefficient on the
heated wall

height of the porous layer

effective thermal conductivity of the
saturated porous medium

K permeability of saturated porous medium
L width of the porous layer
Ni

q

S O o

o

u average Nusselt number, ZH/k
constant heat flux
Ra Rayleigh number, KgBqH */vak
T  temperature
T. temperature at the cooled wall
u velocity in x-direction, — /3y

NOMENCLATURE

U  dimensionless velocity in x-direction
v velocity in y-direction, dy/ix

V' dimensionless velocity in y-direction
Cartesian coordinates

X dimensionless distance on x-axis, x/L
Y  dimensionless distance on y-axis, y/H.

Greek symbols

% thermal diffusivity of porous medium,
k/(pc)y
thermal expansion coefficient of fluid
dimensionless temperature,
T-T./(gH/k))
density of fluid
dimensional stream function
dimensionless stream function, if/x.
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with the subscript / = 1, 2 denoting the sublayers. The
corresponding boundary conditions are
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F16. 1. A two-dimensional, two-layer porous cavity heated
with a constant heat flux from the side wall.

v, =0, y=0H 1t

=0, x=0,L. (9

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

P, =P, (10
T =T, {n
Uy=U, {12)

aT, ar, :
......... S 13
k, o k, e {13)

The justification of these boundary conditions is given
by Rana et al. [17], and McKibbin and co-workers
[13-15].

When the Boussinesq approximation is invoked,
the governing equations and boundary conditions can
be non-dimensionalized as follows:
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Ra, = K. gfgqH?*/va;k,, A=L/H
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e A, X =10 16
ax ; (16)
8,=0 X=1 (an
0,
AL = 18
7y 0, Y=201 (18}
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¥ =0 Y=01 {19)
¥.o=0, X=01 {20)
At the interface, X = L,/L
¥, K, u, 0¥,
grr et 1
0y =0, (22)
¥, =2y, 23)
oy
89; N &a 662
" a OX @9

In view of the parameters and the complexity
involved in this problem, we restrict the present study
to the case of 4 = 1, and place our atténtion to the
effects caused by the permeability contrast, K,/X,,
the conductivity difference, k,/k, (= a,/a,), and the
sublayer thickness ratio, L,/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 Ra, is given by

K, o

Ra, = Rﬂ;*“‘"‘

X o 25

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. [11, 12].

The effect of grid fineness on the heat transfer pre-
diction is shown in Fig. 2. As the grids change from
41 x 41 to 51 x 51, the change in overall Nusself num-
ber is within 2%. 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 10~* or less in both
6 and ¥ 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 nodal points (Fig. 3), equations (21} and
{24) can be discretized as

i 2K, /K
lle\'.;' = Z; {}Yiiv.; 1 +\P}\f\;‘+x 4 (Wé'/%‘) q’z{u 14
20, for, 3 K, /K,
+ <1+K2/K,)\PN+ v\ Tk, K, ) R
oy oy
+ (1 +K2;'K1)Ra2] (26)
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F1G. 4. A comparison of the results obtained from the layered
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problem, it has been tested against the corresponding
homogeneous case [11], by setting K /K, and a, /a, 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, ().Ol < K,/K, <100, and con-
ductivity ratios, k;/k, = 0.2 and 0.5. For each layered
structure, calculations were performed io obtain
results for base Rayleigh numbers up to 1000. It is
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found that, for a higher base Rayleigh number, con-
vergence is more difficult to obtain for cases where
K,/K, <1 than those for K,/K, > 1. However, this
difficulty can be overcome by using under-relaxation
of temperature.

In this section, the effects of permeability contrast,
sublaver

SUDiayer

non- l1n1Fnrm

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.

ratio

thickness

............ and con-

Effect of permeability contrast

The effect of permeability contrasi 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 penctrate the
less permeable sublayer. Eventually, both sublayers
are all in the convective mode.
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FiG. 5. Effects of permeability contrast : streamline patterns for L,/L = 0.5 (A¥ = | for K, /K, = 0.01 and
0.1; A¥Y = 0.1 for K,/K, = 10 and 100).
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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 ¥ = 0.5.
By noting the slopes of the temperature distribution,
i.e. 00/0X, 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 X,/K, = 100. For a layered
structure of K, /K, < 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 K,/K, <1 (Figs. 9 and 10). For
K, /K, < 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.
11(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
K, /K, > 1, the situation is just reversed to what has
been described for K, /K, < 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, /K, < 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,/K, > 1. This observation validates the state-
ments we made earlier.

Effect 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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F1G. 7. Effects of permeability contrast: non-dimensional temperature profile across the porous layer at
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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, > | is increased considerably.
The reason for these changes is given as follows : when
the first sublayer is less conductive, i.e. k,/k, < 1, the
temperature gradient across this layer will be higher
than it should be if the conductivity were uniform
(Fig. 15). 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, /K, > 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, /K, > 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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FiG. 9. Effects of thickness ratio: streamline patterns for Ra, = 100 (A¥ = 1 for K,/K, = 0.01 and 0.1;
AY = 0.1 for X, /K, = 10 and 100).

Based on the average temperature of the heated
wall

1
0, = f 00, Y)dY (28)
0
the mean Nusselt number can be defined as
Nu = 1 29)
U= o

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. [11] for a uniform
medium.

The efects 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

HMT 31:6-I

increase the surface temperature of the heated wall
(Fig. 11), thus resulting in a decrease of the average
Nusselt number.

For systems of K,/K,> 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, /K, > 1. Imagine a homogeneous
system which has a permeability of K, if part of it
(i.€ 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



1254

F. C. Lat and F. A. KuLACKI

L/l Q.25 Q5 075
Ki/Ke / ////;r
00l /' S

L [
N i
0l /// /
| | Y
I )]
10 // f’/f'/ ///J
/)] i//
Tas L
FTTTTT T
| / men
100 ] | /:/ |
/ N 7
(L / [

T T
Ki~Kz
. Li~L=05
gk oo Li/L=025 . ‘ 7 L/L=ors
: ) N Ky Ko Q8
© S
N 00
o8t 08F  So - 08
. ! NN \ KiKa
N\ >
S] O\ S} \\VOO
R o
04t N 0ab R
\\\\ \\ \1 ‘\\\\\
N —~ \\\\ L SN
. ~ N\ - A
N ~ N -~ N
Qg o N 2l o N\
N T R N \\
(o i
ol
o \ —~. \
o] 025 05 0.75 i 0 Q25 Q5 Q.5 OO Q25 05 [8¥%%) f
X X X
(a) (b) {c)

Fic. 11. Effects of thickness ratio ; non-dimensional temperature profile across the porous layer at Y == 0.5,

for Ra, =

found that the average Nusselt number increases with
the conductivity ratio for K,/K, < 1, and decreases
for K, /K, > 1. As discussed before, the effect of non-
uniform conductivity on a system of K,/K, > 1 is to
increase the strength of the convective cell in the first
layer (Fig. 13), which in turn effectively lowers the
average temperature of the heated wall (Fig. 15) and,
therefore, increases the average Nusselt number.

100.

For systems of K, /K, < 1, although a second recir-
culating cell is generated because of the non-uniform
thermal property, its strength is considerably small
when compared to that of a system with uniform
conductivity (Fig. 13). The average surface tem-
perature thus increases with a reduction of the con-
ductivity ratio (Fig. 15). A direct consequence of this
result is a decrease in the average Nusselt number.
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CONCLUSIONS

Steady-state natural convection in a two-dimen-
sional, two-layer vertical porous cavity has been
numerically studied for various permeability ratios,
sublayer thickness ratios and conductivity ratios. It is
found that heat transfer always begins as conduction

in the less permeable sublayer, and as convection in
the layer with higher permeability. With an increase
of the base Rayleigh number, convection in the layer
of higher permeability begins to penetrate the less
permeable one, and eventually both layers are in the
convective mode at sufficiently large Ra,. When there
is no conductivity contrast in the system, the average
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F1G. 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 X, /K, =

Nusselt number for K, /K, > 1 is always less than

that ~Af o0 hami~aganansia madiy haa groator o=
uidl U1 a nOMmoOgLiicous medium but is Ercailt 101

K, /K, < 1. For a given Ra the Nusselt number
increases with the sublayer thickness ratio for
K,/K, > 1; but decreases for K,/K, < 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, /K, > 1.

While the present study has explored a fundamental

10 and 100.

problem in a layered porous medium as an extension
of several earlier Studma, 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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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

buuuuuuxug a wpuauuxy

Py ArtEoan e

Of it

gener auy
encompass at least two geologic strata with per-
meability contrasts possibly as large as 1000, i.c.
1 < K,/K, < 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

e

eXpec ted.

Zone will

(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 wail
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 rpnncutr\rv will take on added imvortance in the

the repository will take on added importance
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

AAAAA Ao PR | TP S PR, R
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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

Résumé—On étudie numériquement la convection naturelle permanente dans une cavité poreuse stratifiée
bidimensionnelle chauffée sur un c6té. On s’intéresse aux effets du rapport d’épaisseur de la sous-couche,
du contraste de perméabilité et de la conductivité non uniforme dans un systéme comprenant deux couches.
Les calculs couvrent un large domaine de ces paramétres. On observe que les champs de température et de
vitesse avec K,/K, < 1 sont complétement différents de ceux pour K,/K, > 1. Quand les propriétés ther-
miques sont uniformes, le nombre de Nusselt moyen pour un systéme a K,/K, < 1 est toujours supérieur
a celui pour un systéme homogene et s’il augmente avec le nombre de Rayleigh, il décroit avec le rapport
d’¢épaisseur de la sous-couche. Pour des systémes a K,/K, > 1, le nombre de Nusselt moyen est toujours
moindre que pour le systeme homogéne et il augmente 4 la fois avec le nombre de Rayleigh et le rapport
d’épaisseur. Quand il existe une différence dans les conductivités des deux couches, une seconde cellule de
recirculation est générée dans la couche la moins perméable pour K,/K, < 1. Le nombre de Nusselt moyen
augmente avec le rapport des conductivités pour K,/K, < 1 et décroit pour X,/K, > 1. On présente les
résultats concernant les lignes de courant, les isothermes, les profils de température et de vitesse et le nombre
de Nusselt en fonction du nombre de Rayleigh pour différentes valeurs des paramétres.

NATURLICHE KONVEKTION IN EINEM SENKRECHTEN, MIT POROSEM
MATERIAL GEFULLTEN HOHLRAUM

Zusammenfassung—Uber numerische Untersuchungen der natiirlichen Konvektion im stationiren Zustand
in einem zweidimensional geschichteten Hohlraum wird berichtet. Der Hohlraum ist mit porésem Material
gefiillt und wird an einer Seitenwand beheizt. Insbesondere wurden die Einfliisse des Dickenverhiltnisses
der Unterschichten, des Unterschiedes in der Permeabilitit und der inhomogenen Wirmeleitfihigkeit in
einem System mit zwei Unterschichten untersucht. Die Berechnungen wurden iiber einen weiten Par»
meterbereich durchgefiihrt. Es wurde beobachtet, daBl das Geschwindigkeits- und Temperaturfeld fiir eine
geschichtete Struktur mit K, /K, < 1 ganz anders sind als fiir X,/K, > 1. Unter der Annahme einheitlicher
Stoffwerte ist die mittlere Nusselt-Zahl in einem geschichteten System mit K,/K, < 1 immer groBer
als in einem homogenen System, sie nimmt mit der Rayleigh-Zahl zu und mit dem Dickenverhaltnis
der Unterschichten ab. Bei Systemen mit K,/K, > | ist die mittlere Nusselt-Zahl immer kleiner als im
homogenen Fall und nimmt sowohl mit der Rayleigh-Zahl als auch mit dem Dickenverhiltnis zu.
Wenn die Wirmeleitfahigkeit in den beiden Unterschichten unterschiedlich ist, entsteht ein zweites
Riickstrémungsgebiet in der weniger durchlissigen Schicht, wenn K, /K, < 1 ist. Die mittlere Nusselt-
Zahl nimmt mit dem Verhaltnis der Warmeleitfahigkeit fiir K,/K, < 1 zu und fiir K, /K, > 1 ab. Die
Warmeiibertragung wird dargestellt in Form von Stromlinien- und Isothermenbildern, Temperatur- und
Geschwindigkeitsverteilungen und einer Beziehung der Nusselt-Zahl als Funktion der Rayleigh-Zahl
fiir die genannten Parameter.
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ECTECTBEHHAS KOHBEKLIMS B BEPTUKAJIBHOH [TOJIOCTH, 3ATTOJIHEHHOM
CJIOUCTBIM IMMOPUCTBIM MATEPUAJIOM

Annotauna—OI1caHbl YACJICHHBIE HCCIIEI0OBAHMSA CTAllMOHAPHOM ecTECTBEHHOH KOHBEKLUHM B HarpeBae-
Moii c60Ky IBYMEPHO# NOJIOCTH, 3aII0JIHEHHOM CIOHCTHIM NMOPHCTHIM MaTepuaiioM. Llens uccienosanus
cocTosiia B U3YYCHHH BJIMSHHS TaKHX MapaMeTPOB, KaK OTHOLLEHHE TOJIIMH ABYX MOACJIOEB, NMepenaj
MPOHUIIAEMOCTEN ¥ HEOJHOPOAHAS TEILIONPOBOJHOCTL B CHCTEME, COCTOsAIIEH U3 AByX noacioes. ITpo-
BeZleHbl PAcUeThl B LIHPOKOM JHana3oHe 3THX napamMeTpoB. OOHapyXeHo, 9TO NOJIg TEYCHUS U TeMIepa-
TypBI 7St CJIOMCTOH cTpyKTyphl ¢ K /K, < 1 COBEpUIEHRO OT/IMYAIOTCA OT COOTBETCTBYIOILMX HOJe#
npu K /K, > 1. IIpH NOCTOSHHBIX TeMIOPU3NIECKHX XaPAKTEPHCTUKAX CpelHee 3HavdeHue uncia Hycce-
abTa A8 caoucToi cuctemsbt ¢ K, /K, < 1 Beerna Goibilie ero cpeiHero 3Ha4eHHs A7 OJHOPOOHOM
CHCTEMBI W YBeJIMYHBAETCS C POCTOM yYHciaa Pajes, HO yMeHBIUAETCS TIPH YBEIHYEHMH OTHOILUEHHS
TomuuH noacnoes. B cucreme ¢ K,/K, > 1 cpeaHee 3HaueHue yuciaa HyccenbTa Bcerza MeHBILE €ro
CpeQHero 3HayeHus MU OQHOPOIHOW CHCTEMBI H YBEJIMYMBAETCA ¢ POCTOM Kak uucia Poases, tak u
OTHOILEHHs TONUMH. [1pU pa3iM4HON TEIIONPOBOIHOCTH ABYX TOAC/IOEB B CJIOE C MEHbIEH NPOHHIAe-
mocThio npu K /K, < 1 obpasyercs Bropas sdeiixa ¢ Bo3BpaTHO#H wMpKyasumed. Haiineno, uto ¢
PCCTOM OTHOLIEHHsS] TEIUIONPOBOAHOCTEH cpedHee 3HaveHHe 4Yncia Hyccenpra ysenwumBaeTcst TpH
K,/K, <1 u ymenbmaerca npu K,/K, > 1. [lpuBeniensl kapTHHbI JIMHMI TOKa H H30TepM, IIpo(H/IU
TEMIEPATYPbl M CKOPOCTH, a Takke 3aBHcHMocTH 4ucna HyccensTta ot umcna Panes u nepevucrieHHBIX
BbIILIE TAPAMETPOB.



