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Abstract—This paper reports a series of numerical simulations and a scale analysis of the penetrative
convection occurring along the unevenly heated horizontal wall of a semi-infinite porous medium. Modeling
the problem as two-dimensional, and assuming that the horizontal wall temperature varies between
alternating hot and cold spots, itis found that the natural circulation consists of a row of counter-rotating cells
situated near the wall. Each cell penetrates vertically into the porous medium to a distance approximately
equal to 4 Ra}/2, where 1 is the distance between a hot spot and the adjacent cold spot, and Ra, is the Darcy-
modified Rayleigh number based on 4 and on the temperature difference between each spot and the porous
medium situated far enough from the wall. The ability of each cell to convect heat between two adjacent spots
increases with the Rayleigh number. The results of numerical simulations in the Ra; range 1-100 are found to
support a number of scaling laws derived based on pure scaling arguments.

INTRODUCTION

IN THIS paper we focus on an interesting occurrence of
natural convection in a semi-infinite fluid-saturated
porous medium, namely, the cellular flow that grows
in the vicinity of a horizontal boundary whose
temperature varies periodically. The system geometry
is presented schematically in Fig. 1, and a
representative sample of the ensuing flow pattern is
shown in Figs. 2-4. This natural convection
phenomenon is interesting for a number of reasons.
First, it belongs to a relatively unknown class of
buoyancy-driven flows termed ‘penetrative convec-
tion’, that is, flows covering only a small part of the
medium into which they are driven. The overwhelming
majority of the natural convection studies found in the
literature has been dedicated to ‘enclosed’ flows, i.e. to
flows which fill the entire porous medium. Recent
reviews of natural convection in porous media
demonstrate that the enclosed flows are becoming a
classical subfield, one where earlier developments have
been confirmed by a relatively large number of
subsequent studies [1, 2].

Penetrative flows, on the other hand, seem to have
escaped scrutiny despite their common occurrence in
nature. We are aware of only two studies of penetrative
convection in porous media, the vertical penetration
into a well filled with porous medium, with application
to the grain storage problem [3], and the lateral
penetration into a horizontal porous structure, with
application to the natural-convection cooling of

rotating electric windings [4]. Both studies have shown
that the shape of these flows and the volume filled by
them depends on appropriately defined Rayleigh
numbers (i.e. on the local temperature differences that
drive them).

The present study addresses an entirely new type of
penetrative convection problem, in that it focuses on a
semi-infinite isothermal porous medium heated and
cooled from below periodically. This configuration is
most relevant to understanding the behavior of
underground porous layers heated unevenly. It will be
based on computer simulations and on scale analysis
shown, that two adjacent spots (one hot, the other cold)
on the horizontal boundary drive a natural convection
cell vertically into the porous medium. It will also be
shown how the height of vertical penetration of each
cell and the cells’ ability to transfer heat between the
two spots, increase with the spot-to-spot temperature
difference. The main features of this penetrative
convection phenomenon will be summarized in the
form of scaling laws validated by numerical
simulations.

MATHEMATICAL FORMULATION

The two-dimensional model shown in Fig 1
represents an infinite impermeable horizontal plate
adjacent to a semi-infinite fluid saturated porous
material. Itis assumed that the temperature of the plate
is a periodic function of the horizontal coordinate x.
Two simple functions for plate temperature will be
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NOMENCLATURE
¢, fluid specific heat at constant pressure Greek symbols
[ function of Rayleigh number, equation (32) a thermal diffusivity of porous medium, k/pc,
g gravitational acceleration B coefficient of thermal expansion
H height of the rectangular domain chosen for 0 thickness of the flow section parallel to the
numerical simulations wall, Fig. 5
h vertical penetration height, Fig. 5 6 temperature scale of region 3, Fig. 5
k thermal conductivity of (fluid/porous A half-period of the wall temperature
matrix) composite variation, Fig. 1
K permeability u  viscosity
Nu Nusselt number, equation (18) v kinematic viscosity, u/p
P pressure p fluid density
net heat transfer rate, equation (19) Y streamfunction.
(Wm™']
Ra,Rayleigh number based on 4, equation (16)
T temperature Subscripts

AT maximum spot temperature relative to the
temperature infinitely far from the wall,
equations (1) and (2)

horizontal velocity component

vertical velocity component

horizontal Cartesian coordinate

vertical Cartesian coordinate.

AR B ~

oo pertaining to the region sufficiently far from
the vicinity of the horizontal wall
f pertaining to the fluid.

Symbols
" dimensional quantity.

porous medium

~<>

0
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+F cold spot —4¢ hot spot
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FiG. 1. Semi-infinite porous medium bounded by an
impermeable horizontal wall with periodic heating and
cooling.
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FIG. 2. Patterns of streamlines and isotherms for Ra, = 1 and
cosine wall temperature variation.



FIG. 3. Patterns of streamlines and isotherms for Ra; = 100 and cosine wall temperature variation.

considered, the cosine variation

T, 0T, = AT cos - (1)
and the step function
A A
AT, 0<x<z
, X< 5
- - A~ A 34
Tx,0—T, =<—AT, Z<i<= (2
2 2
A~ 34
AT, 5 <x<24

In the above equations 2/ is the period (i.e. the shortest
distance between two hot spots) and AT is the
amplitude of the plate temperature variation. Subscript
‘o0’ stands for ‘sufficiently far away from the vicinity of
the horizontal surface’ and 7, is assumed to be
constant.

In accordance with the homogeneous porous
medium model [1], the equations governing the
steady-state conservation of mass, momentum and

HMT 27:10-F

energy in the porous space of Fig. 1 are

au+aﬁ_0 3
ox 8y 3)
K 8P
i=——— @)
u ox
K (3P
ﬁ=——(—.+pg) ()
p\0y
ﬁaT+AaT_ Y ©)
% oy e Tar)

where 4, 9, i, P and T are the fluid velocity components,
the viscosity, the pressure and the temperature. The two
momentum equations are based on the Darcy flow
model whereby K represents the permeability of the
porous matrix. The effective thermal diffusivity of the
mediumisdefined asa = k/(pc,);, where kis the thermal
conductivity of the porous material filled with
motionless fluid. It is assumed that the fluid is locally in
thermal equilibrium with the solid porous matrix.
Modeling the flow as ‘Boussinesq-incompressible’ to
take into account the coupling between the energy and
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momentum equations, we regard the density p as
constant everywhere except in the body force term of
equation (5) where it is replaced by

p = pol1-B(T—-To)l. ™

In this equation the subscript ‘0’ refers to a reference
state, and fis the coefficient of thermal expansion of the
fluid. Eliminating the pressure terms between
equations (4) and (5) and introducing the
streamfunction

N %
= ay s v

ox
yields a unique momentum conservation statement

2 )\~ o7
( >¢=_§ﬁ_1

0 8.9

2 ) 10
5 T 5y v ox (10

Relative to the system sketched in Fig. 1, the taskis to
solve the system of equations (6) and (8)-(10) subject to

(b)

F1G. 4. Patterns of streamlines and isotherms for Ra, = 100 and step-function wall temperature variation.

the following boundary conditions

T described by equation (1) or (2)at y = 0

Il

at X =0 (symmetry)

]

(11
at x =24

]
7
u
7 (symmetry)
[

I

0,
0,
0, atx =41 (symmetry)
0,
0,

To>T, asy- .

In what follows we rely on both numerical and scale
analyses to determine the chief properties of the vertical
penetration phenomenon driven by the nonuniform
temperature of the horizontal boundary.

NUMERICAL SOLUTION

If we define AT, 4, a and o/A as reference unit
dimensions for temperature variation, length, stream-
function and velocity, respectively, we can introduce
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the following dimensionless variables
T-T,
AT

x=)€/1, y=.)}/'17 lp:'p/a’ T=

(12)

u = uf(a/2), v=0Nx/A).

The governing equations and boundary conditions
corresponding to this dimensionless notation are

T
V3 = —Ra; — J (13)
0x
owT) + o(wT) VT (14)
ox dy

v=0, ¥ =0 and T determined from equations (1)
and (2); aty =0

u=0, y=0 atx=0,1,2
v=0, y=0 and T=0 aty=H/A

(15)

where H/A > 1 is the aspect ratio of the rectangular
domain chosen for numerical simulations. In equation
(13), Ra, is the Darcy-modified Rayleigh number based
on the half-period of the plate temperature variation, A

KgBiAT

vo

Ra, = (16)
Due to the symmetry of the boundary conditions
sketched in Fig. 1, only the left half of the problem needs
to besolved (0 < x < 1, Fig. 1). The numerical solution
for the right half (1 < x < 2)is simply the mirror image
of the solution for the left half.

The numerical solution of equation (14) was
determined using an unconditionally stable finite-
difference scheme proposed by Allen and Southwell [5].
This scheme was later tested successfully against a
number of other finite-difference schemes, by Chow and
Tien [6]. The Allen-Southwell method is an
exponential method and its detailed formulation is
omitted here for it can be found in refs. [5, 6]. The
streamfunction field was obtained from equation (13)
using the successive overrelaxation method [7,8] and a
known temperature distribution.

The region of interest was covered with m vertical
and nhorizontal grid lines. We used a uniform grid with
m = 41 vertical grid lines, even though m = 21 yielded
reasonable results also. The number of horizontal grid
lines (i.e. the domain height H) necessary to obtain an
accurate solution depends on the height of flow
penetration into the unbounded porous matrix, hence,
it depends on both Ra; and the temperature
distribution along the horizontal surfaces. In each case,
in order to determine the appropriate value of n we
sought the minimum number of horizontal grid lines
that yielded a solution satisfying the far-field boundary
conditions ( = 0, T = 0) within prescribed error. As
shown in Table 1, the largest number of horizontal grid
lines necessary for an accurate solution was n = 287 for
the case of Ra; =100 and step-function plate
temperature, equation (2). As an additional check, in all
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cases we calculated 0T/dy aty = H/J and found it to be
practically zero. Therefore, despite the finiteness of the
domain used for numerical analysis, the fluid situated
far from the wall was not affected by the hot and cold
spots maintained along the horizontal wall.

The final numerical solutions for flow and
temperature resulted from an iterative process which
was repeated until the following criterion was satisfied

r+1 r

IIM;

< 1074,

17

ZZ ; i3t

In this criterion ¢ refers to T and y, while r denotes the
iterative cycle.

The net heat transfer rate Q from the warm region
0<x<1/2 to the cold region 1/2<x<1 was
determined numerically and cast in Nusselt-number
form

_ 0
Nu = AT (18)
The net heat transfer rate is defined as
2 (o
Q= ——f k(—) dx. 19
0 0y =0

In terms of the dimensionless quantities defined in
equation (12) the Nusselt number is

Yz /T
Nu = —I (—) dx.
0 oy y=0

Equation (20) was integrated numerically after the final
temperature field was obtained. A relation similar to
equation (20) is obtained by integrating the heat flux
along the cold wall region 1/2 < x < 1. This second
Nusselt number calculation was carried out, and the
results were found to be nearly identical to the values
yielded by equation (20); the discrepancy between the
two Nusselt numbers was less than 2%, throughout this
study.

Representative patterns of streamlines and iso-
therms are shown in Figs. 2-4. The special cases selected
for graphicillustration are intended to show two effects,

(20)

Table 1. Numerical results for heat and fluid flow in a semi-
infinite porous medium bounded by an impermeable
horizontal wall with alternating hot and cold spots*

H/A

Ra, Nu VY max (or n/m)
1 1.006 (2.242) 0.0557 (0.0749) 4
10 1.024 (2.3) 0.5805 (0.7679) 4
20 1.124 (2.503) 1.135 (1.457) 5
40 1.387 (2.961) 2.083 (2.54) 5
60 1.636 (3.36) 287  (3454) 6
80 185 (3.7) 36  (4274) 7
100 205 (3.99) 427  (5.065) 7

*The numbers in parentheses correspond to the step-
function distribution of wall temperature, equation (2), and the
others to the cosine distribution, equation (1).
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namely, the effect of Rayleigh number and the effect of
wall temperature variation. Moving from Fig, 2 to Fig.
3, we see that the Rayleigh number governs the vertical
distance to which the natural convection cells penetrate
into the porous medium. The ‘penetration height’
increases visibly as the Rayleigh number Ra; increases.
Furthermore, as shown by the Nu and ¥, values in
Table 1, the net spot-to-spot heat transfer rate and the
mass flow rate of each cell increase monotonically as the
Rayleigh number increases.

Next, comparing Fig. 3 with Fig. 4 we find that the
choice of wall temperature function, equations (1) and
(2), has a relatively weak impact on the vertical
penetration pattern. In the case of step-function
variation of wall temperature, Fig. 4, the cells appear to
be narrower as they position themselves above the
temperature steps (which are located at x = 4/2 and
31/2).

When, as in Fig. 3, the wall temperature varies
smoothly from AT to —AT, each natural convection
cell is spread more evenly over the wall section of length
A situated between points of maximum and minimum
temperature. The weak effect of wall temperature
functionisillustrated further by the cell flow rates (i ,,,)
reported in Table 1. However, the heat transfer rate
(Nu)is noticeably larger in the case of step-function:wall
temperature, suggesting the presence of intense local
heat flux in the immediate vicinity of the temperature
steps.

The heat and fluid flow trends discovered
numerically and documented in Figs. 2-4 and Table 1
canbe predicted analytically on the basis of pure scaling
arguments. To explain these trends is the objective of
the next section. However, before focusing attention on
scale analysis, it is useful to keep in mind that the flow
and temperature patterns reported in Figs. 2-4 show
only the lower extremity of the slender domain (of
height H and horizontal width 1) in which the problem
was solved numerically. In all cases, the rectangular
domain of each numerical solution was considerably
taller than the region illustrated in the figures.

SCALE ANALYSIS

Consider the main components of the penetrative
flow (Fig. 5):

(1) the section parallel to the wall;

(2) the vertical hot plume;

(3) the vertical downflow driven back into the wall
section 1.

The flow extends vertically to a height h: this
penetration height is one of the objectives of scale
analysis. The thickness of the section parallel to the wall
is also unknown and labelled 6. The variation of fluid
temperature around the loop 1-2-3-1 sketched in Fig.
5 requires special attention. Although the temperature
variation along the wall length A is of the order of 2AT,
the fluid loop temperature variation is not as
pronounced. To see this, follow the rise of hot plume

DiMos PoULIKAKOS and ADRIAN BEJAN

0? @
\
[
|
[

/‘\ ! |
® |

|
|
!
\
\
\
|
|
i
|
1
|
|
\
|
\
\
|
[
\
!
._,
|
!
\

§-8 T-2af
—_— . — 7 7l
|
_— - \ )
! © | Y
0 tent
cold spot hot spot
- N ——— =

F1G. 5. Definition of flow regions and temperature scales used
in scale analysis.

fluid through region 2 : the temperature of this fluid is of
the order of 2A T, as this stream has just detached from
the wall. Eventually, this hot stream must turn around
to fill the vacuum created in the beginning of region 1.
The hot stream returns through region 3, and it hits
region 1 at a temperature higher than the cold spot
temperature T ~ 0. Let the temperature scale of region
3 be T' ~ 0. The temperature scale § must be greater
than zero, because only then will the cold spot be able to
recapture the energy poured into the celiular flow by the
hot spot. In conclusion, the cellular flow experiences
temperatures between a high order 2AT and alow order
0.

Thescaling laws required by the governingequations
are as follows. For region 1 near the impermeable wall,
the momentum equation (10) states that

(a ﬁ) Kgp 2AT—0

5 7 v i

5 1 (21)

where the velocity scales (4, 0) are related through the
mass continuity equation (3)

u 0
e

15 (22)

In order to decide which term to retain on the LHS of
equation (21), we make the assumption that the wall
region 1 is such that the 6 scale is less than or, at most,
equal to the A scale (graphically, this assumption means
that region 1 is either a boundary layer or, in the
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extreme, a square). It is easy to see that if § < 4, then
4/d = 0/4, therefore the momentum equation (21)
implies

i ~ —gE(ZAT 9)— (23)
The flow rate through region 1 is
2
¥~ ud ~ —gﬁ QAT— 0) ha (24)

The vertical counterflow between regions 2 and 3 is
driven by the horizontal temperature gradient between
the two branches, d7/6x ~ (2AT — 0)/A. Assuming that
regions 2 and 3 are vertically slender, h >» 4, the
momentum equation {10) requires

5 KgB2AT— 0

— o~ —

A v A

(25)

This also means that the flow rate through regions 2
and 3 is of the order of

W~ 6i~ —gﬁ(ZAT 0)A.

(26)
Comparingthis estimate with the l// scale obtained from
region 1,equation (24), we conclude that the flow rate is
conserved through each cell only if

6 ~ A, constant. 27)

Note that this conclusion is consistent with the d < 4
assumption that preceded equation (23). The same
conclusion is supported by the streamline patterns of
Figs. 24, where the ‘cross’ of maximum dimensionless
stream-function i can be regarded as landmark for
y~0.

The vertical penetration height hfollows from energy
conservation arguments ; looking again at the vertical
counterflow between regions 2 and 3, and assuming
once more that these regions are slender, the energy
equation (6) requires

2AT—0 2AT—0

e (28)
Combining equations (28) and (25), we find

h  KgBi2AT-0

h  KgBA ) 29)

A oy

in other words, the slenderness ratio h/4 is the same as
the Darcy-modified Rayleigh number based on A and
on the unknown temperature variation experienced by
the fluid of one cell.

To determine the fluid temperature variation scale
(2AT—06), we must account for the continuity
(conservation) of heat transfer between the cellular flow
and the differentially heated spots on the wall. Relative
toregion 1 near the wall, the energy equation (6)implies
the following equivalence of scales

2AT-90 0
u

T~ (30)
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Using the earlier conclusion that ¢ is of the order of 4,
equation (27), and substituting the 4 scale given by
equation (23), the energy balance (30) yields a
relationship between 8 and AT
0/AT
a-0/aTF

where Ra, is the Darcy-modified Rayleigh number
based on Aand AT, equation (16). Theratio /AT can be

extracted explicitly from equation (31)
2 1/2
— |+ . (32
* 2Ra, (Ral ) (32)

As shown in Fig. 6, 0 approaches 2A T as Ra; increases,
which means that the cell fluid becomes more
isothermal around the 1-2-3-1 loop as the flow
penetrates deeper into the semi-infinite medium, thus
losing thermal contact with the cold spot on the
boundary.

Itis worth noting that the same relationship between
0 and AT could be derived from an integral scaling
argument regarding the flow of energy from the hot-
spot to the cold spot via the cellular flow. The vertical
counterflow of regions 2 and 3 carries enthalpy pumped
into it by the hot spot at a rate of type rhcpA’T of the
order of

Ra; ~ &2y

~f(Ray) =

AT 4Ra?

Qi ~ pc,0A2AT —0) (33)

where 7 is the vertical velocity scale in regions 2 and 3,
equation (25). The cold spot captures this heat current
via diffusion across a layer of thickness o
0
Qout ~ kA 5
Setting Q,, ~ Q... yields the 0/AT ~ f(Ra,) relation-
ship discovered previously, equation (31).
The penetration height scale h can now be expressed
solely in terms of 4 and Ra,, by combining equations
(29) and (32)

(34)

h
7~ [2-f(Ra;)] Ra;. (35)

This result is plotted on Fig. 6 alongside the other
conclusions furnished by the scale analysis. It is evident
that the slenderness ratio h/A increases roughly as
Ra;”?, demonstrating that the preceding analysis
(which was based on the assumption that /A >» 1) is
valid in the high Rayleigh number limit, i.. in the range
Ra}’? » 1. Although the cases studied numerically
comply only marginally with this ‘high Ra;
requirement, the geometry of the penetrative flow
shownin Figs. 2-4 agrees quantitatively with the order-
of-magnitude predictions of scale analysis (Fig. 6).
Further evidence that the slenderness ratio h/J reaches
0(10) at Ra, = 100 is provided by the numerical
solution : as shown in Table 1, the smallest slenderness
ratio H/A that proved adequate for numerical
simulations at Ra, = 100 was 7.

Finally, the high Rayleigh number scale analysis
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FiG. 6. Graphic summary of the results furnished by scale
analysis.

developed above can serve to extrapolate towards the
Ra; —» oo limit the flow and heat transfer results
obtained numerically for moderate Rayleigh numbers,
1 < Ra; < 100 (Table 1). The scale analysis suggests
that in the high Ra, limit the cell flow rate must scale as

¥ ~ aRa;[2—f(Ra,)] (36)
in other words
_b o) 37
a(2—f)Ra, ’

This scaling law is supported very strongly by the trend
in the numerical data of Table 1 plotted on Fig. 7.

10 ¢
C wall temperature
L A e step
i A o cosine
AE . . a A‘
A A
paY
4 Nu/f N
aN FaN
L A A
i [
L . ; g ;o
r L] o A
O q/mﬂl
oIt i «(2-f)Ra,
¢ @
L
I 10 100
Ra,

FiG. 7. Correlation of heat transfer rate and flow rate results
according to predictions based on scale analysis.
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The heat transfer ratein the Ra, — co limitis given by
equations (32) and (33); in Nusselt number form, these
expressions read

Nu= ]g;% ~ 37 ~f(Ray) (38)
or
N o), (39)
S(Ray)

Figure 7shows that this scaling law is obeyed by all the
numerical Nu data assembled in Table 1.

CONCLUSIONS

We found that a semi-infinite porous medium heated
and cooled periodically from below (or from above)
develops a cellular flow along the horizontal boundary
(Figs. 2-4). Each cell is a deformed plume, in the sense
that the hot plume rising above a hot spot is eventually
turned around and sucked into the vacuum created
around the closest cold spot (Fig. 5). As the Rayleigh
number Ra, increases, the cellular natural circulation
formed along the boundary contains fluid whose
temperature resembles more closely the temperature of
the hot spot, and not that of the porous medium
situated infinitely far from the horizontal boundary.
This temperature asymmetry of the cellular flow is due
to the fact that the fluid in contact with the hot spot
rises, thus fueling the flow, whereas the fluid in contact
with the cold spot is trapped near the wall. If the
periodically heated wall bounds the semi-infinite
porous medium from above (not from below, as in Fig.
1), then the cellular flow formed along such a boundary
contains fluid whose temperature resembles that of the
cold spots.

Numerical simulations and scale analysis showed
that the cellular flow penetrates the porous medium
vertically to a distance approximately equal to A Ra}/?,
where 4 is the distance between adjacent cold and hot
spots (Fig. 6). The wall region of each cell, i.e. the turn-
around region in which the deformed plume sinks and
rises again, does not become a ‘boundary layer’ as Ra,
increases : the thickness of this wall region continues to
be of the same order of magnitude as its length A
(Figs. 2-6). The heat transfer rate between two adjacent
spots increases monotonically as the Rayleigh number
Ra, increases (Table 1). Throughout this study we
showed order-of-magnitude agreement between heat
and fluid flow features revealed by numerical
simulations, and analytical predictions based on pure
scaling arguments.
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CONVECTION PENETRANTE DANS UN MILIEU POREUX LIMITE PAR
UNE SURFACE PLANE AVEC DES SPOTS CHAUDS ET FROIDS

Résumé—On rapporte une série de simulations numériques et une analyse de la convection pénétrante qui
se produit  la paroi horizontale chauffée d’'un milieu poreux semi-infini. La modélisation du probléme est
bidimensionnelle et elle suppose que la température de la surface varie entre des spots alternativement chauds
et froids. On trouve que la circulation naturelle consiste en un réseau de cellules contrarotatives situé prés dela
surface. Chaque cellule pénétre verticalement dans le milieu poreux 4 une distance approximativement égale a
A Ra''?, o0 A est la distance entre un spot chaud et le A froid adjacent, et Ra, est le nombre de Rayleigh modifié
selon Darcy, basé sur A et sur la différence de température entre chaque spot et le milieu poreux situé loin de la
surface. L'aptitude de chaque cellule 4 convecter entre deux spots adjacents agumente avec le nombre de
Rayleigh. Les résultats des simulations numériques pour ledomaine de Ra 1-100 autorisent un certain nombre
de lois dérivées d’arguments basés sur la similitude.

EINDRINGENDE KONVEKTION IN EINEM POROSEN MEDIUM, DAS VON EINER
HORIZONTALEN WAND MIT HEISSEN UND KALTEN STELLEN BEGRENZT IST

Zusammenfassung— Diese Abhandlung stellt eine Reihe numerischer Simulationsrechnungen und eine
Modellbetrachtung bei eindringender Konvektion vor, die an einer ungleichméBig beheizten, horizontalen
Wand eines halbunendlichen pordsen Mediums auftritt. Bei Annahme eines zweidimensionalen Problems
und einer zwischen den abwechselnd heiien und kalten Stellen veranderlichen Wandtemperatur ergab sich,
daB die freie Zirkulation aus einer Reihe entgegengesetzt drehender, wandnaher Zellen besteht. Jede Zelle
dringt bis zu einer Entfernung von etwa A Ra}/* senkrecht in das porse Medium ein, wobei 1 der Abstand
zwischen der heiBen und der benachbarten kalten Stelle und Ra, die Darcy-modifizierte Rayleighzahl ist, die
von A und von der Temperaturdifferenz zwischen den einzelnen Stellen und dem porésen Medium in
ausreichender Entfernung von der Wand abhéngt. Die Fahigkeit jeder Zelle konvektiv Warme zwischen zwei
angrenzenden Stellen zu transportieren steigt mit der Rayleighzahl. Die Ergebnisse der numerischen
Simulationsrechnungen im Bereich 1 < Ra; < 100 ermoglichen die Ableitung einer Reihe von
Modellgesetzen, denen reine MaBstabsparameter zugrunde liegen.

KOHBEKLIUS B [JOPMCTOVI CPEJIE, OTPAHWYEHHOMN TOPU3OHTAJILHON
CTEHKOU C HAT'PETBIMU U XOJIOAHbBIMHU YYACTKAMMU

Annorauust—[1peaCTABNEH P YMCIEHHBIX MOJEJedl U NPOBEAEH AHAIM3 NO/JA00HS [UIS KOHBEKLHH
BIOJIb HEPABHOMEPHO HAIPEBAEMOil TOPU3OHTAIBHOH CTEHKM, OIpaHMYMBatOlLE# noayGeckOHeUHYIO
nopuctyw cpedy. Ans ABymMepHO#N MO/JeaM NPH YCIOBHH, YTO TEMIEPATYPa FOPH3OHTAJIILHONW CTCHKH
HENPEPLIBHO H3IMEHACTCA MEX/y HATPETLIMK U XONOIHBIMHM YYaCTKAMM, HANAEHO, YTO TEYEHHE COCTOMT
M3 PAAA BPALIAKOLWKMXCS B [IPOTUBOMOJIOXHDBIX HATIPABJICHHAX A4YEEK, JJOKATW30BAHHBIX ¥ cTeHKkH. Kaxaas
AveiKa NPOHHMKAET B MOPHUCTYIO Cpedy Ha PACCTOSHME, NPUMEPHO paBHoe X Ra) 2, rie A—paccTosHue
MEX/IY COCCAHHMHM TOpsvMM M XOJOAHBIM yudacTKamH, a Ra,—/lapcu-moaudukauns uncna Pones,
KOTOpPOE OCHOB4HO Ha A W MECTHOH PA3HOCTH TEMMEPATYP MEXAY KaXIbiM y4aCTKOM H NOPHUCTOH
cpenoit Ha AOCTATOYHO OOJILHIOM PACCTOAHUM OT CTEHKH. CNOCOOHOCTb KaXI0# f4eikH NepeHOCHTh
TENJI0 MeXAy ABYMS COCEAHMMH YYaCTKAMH BO3PACTAET C yBejnyeHHeM uuciaa Panes. B pesyiabrarte
YHC/IEHHOTO MOJE/IMPOBAHHS B HHTEpBaje 3HaueHMit uuciaa Ra; ot | mo 100 noarsepxaeH psan
3aBUCUMOCTEH, NOJIy4EHHbIX HA OCHOBE dHANU3a nogobus.



