Int, J. Heat Mass Transfer.
Printed in Great Britain

Vol. 26, No. 5, pp. 701 708, 1983 0017-9310/83/05070} 08 $03.00/0

{C) 1983 Pergamon Press Ltd.

THERMAL CONVECTION IN A CAVITY FILLED WITH A POROUS

MEDIUM: A CLASSIFICATION OF LIMITING BEHAVIOURS

P. A. BLYTHE
Center for the Application of Mathematics, Lehigh University, Bethlehem, PA 18015, U.S.A.

P. G. SIMPKINS
Bell Laboratories, Murray Hill, NJ 07974, U.S.A.

and

P. G. DANIELS
Department of Mathematics, The City University, London, U.K.

(Received 23 March 1982 and in revised form 13 August 1982)

Abstract - Thermally driven flows in a 2-dim. rectangular cavity filled with a fluid-saturated porous medium
are considered in the large Rayleigh number limit when the applied temperature gradient is perpendicular to
the gravity vector. The standard boundary layer description of these flows is shown to be valid only for
R » 10%I?, where R is the Rayleigh number based on the cavity height and L is the cavity aspect ratio
(length/depth). For flows in which R = O(I?), L— oc, the horizontal layers merge and a different solution
regime exists. A discussion of the relationship between the merged layer limit (R/L? fixed, L — o0) and the
classical Hadley cell limit (R fixed, L — c0)is given. Itis found that the intermediate regime R/L fixed, L — oc,
provides the necessary bridge between the merged layer and the Hadley solutions. Bounds on the extent of the

various regimes in the (R, L) parameter space are deduced.
The scaling suggested by the merged layer regime gives rise to an alternative correlation of heat transfer data.
Existing theories for the Nusselt number are reviewed and shown to be consistent with the new scaling law.

NOMENCLATURE g, outer horizontal layer similarity variable,
a, b, constants, equations (2.7) and 2.8); equation (2.18); . .
. constant in Nusselt number expansion 0, scaled temperature in outer layer, equation
equation (4.5); (ﬁ.IB); | difusivicy
C(L, R), defined in equation (3.4); K, therma 1 psmty, . )
F, defines outer horizontal layer solution A, characteristic end layer thickness, equation
(Section 2); S,Q); . .
g, acceleration due to gravity; Vs Inematic viscosity ; . .
‘h cavity height @, scaled stream function in outer layer,
k, permeability ; equation (2.13);
K’ constant, equation (2.16); v, dimensionless stream function.
L, aspect ratio (length/height);
Nu, Nusselt number, equation (4.1); Subscripts
N{R,), scaled Nusselt number, equation (4.4); ables:
0, dimensionless energy flux, equation (5.3); G core variables ; .
R Darcy Rayleigh number, kag T, h/kv; 0, asymptotic limit (x — oc)for vertical layers ;
R, R/L, equation (3.6): h, horizontal layers;;
R, R/IZ, equation (3.1): m, merged layer variables;
Ry({), similarity form for the outer horizontal Vs vertical .layers; o
layer solution ; conv, convective heat transfer contribution;
7 dimensionless ’temperature' diff, diffusive heat transfer contribution.
(x,z), dimensionless Cartesian coordinates;
(x,2z), vertical boundary layer coordinates, Superscripts
equation (2.1); , . . .
¥, horizontal boundary layer coordinate, ’ dimensional variables.

cquation (2.14).

Greek symbols

%,

d,

coeflicient of thermal expansion;
boundary layer thickness ;
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1. INTRODUCTION

THis paper describes some extensions of a recent
analysis [1, 2] of natural convection in a 2-dim.
rectangular cavity filled with a fluid-saturated porous
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medium. Some of the analysisis also relevant to flows of
electrically conducting fluids [3]. It is assumed that the
vertical end walls of the cavity are at fixed but different
temperatures, that the horizontal walls are insulated,
and that the flow is steady. A first-order description of
the entire flow field, including the corner interaction
regions, has been given by Blythe, Daniels and
Simpkins [1] and Daniels, Blythe and Simpkins [2].
These papers are concerned with the large Rayleigh
number limit for 4 fixed aspect ratio L (length/height).
The present paper discusses the consequences of some
ncw scaling laws that were found previously [1, 2], and
puts into context other theories that have appeared in
the literature.

Subject to the Boussinesq approximation, the
governing non-dimensional equations are [1]

¢
—R

€

A0 _ gag, (12)
X, D)

Vi) = (1.1)

<~

Here R is the Rayleigh number based on the cavity
height h, and the origin of the coordinates, made
dimensionless with respect to h, is at the bottom of the
cold wall. In equations (1.1) and (1.2), i is the stream
function and T is the temperature. Appropriate
boundary conditions are

W -0.T=0 on x=0,
(1.3)

g=0T=1 on ¥=L
and
- T _
Y= _ =0 on z2=01 (1.4)
oz
Note that the above equations and boundary

conditions satisfy the symmetry relations
Jix,2) = Pl —x 1=,
. - (1.5)
Tx.2)= 1 -T(L—x.1—2).

2. THE VERTICAL AND HORIZONTAL BOUNDARY
LAYERS

Standard scalings (3, 4] for the vertical boundary
layer structure on the cold wall at X = 0 are

J(x,2:R) = R"7y(x.z)+ . T(X,Z;R) = T(x,z)+ "~
with (2.1
x=R 'Ixz=1z

This transformation leads to the vertical boundary
cquations given in ref. [1]. A corresponding boundary
layer analysis for the hot wall at X = L is avoided by
using the symmetry relations (1.5). At the outer edge of
the layer the vertical velocity component vanishes and

¥ = Y00, 2) = Y (2).

as X — 0.

T = T(oe,z) = T,(2),
(2.2)
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In the core, where X and 2 are O(1),

=R+ . T =T+ . (23)

It follows from equations (1.1) and (1.2) that in the core
Ty,

R o 0. (2.4)
(X X
so that matching with the outer limit of the vertical

boundary layer solution gives
YAX D =, () =y

Lx,2) = T(3) = T, (2, (25)
since 2 = .

The evaluation of . (z) and T, (z) requires a detailed
analysis of the vertical boundary layer equations
together with an additional constraint on .. This
constraint should come from a discussion of the core
behavior near the horizontal boundaries. It is usually
assumed [3--5] that there is negligible mass flux in the
horizontal layers adjacent to the boundaries or,
cquivalently, that the vertical boundary layers empty
into the core, i.e.

$..0 =y (1)=0

An alternative assumption, that the vertical energy flux
across the core is zero. has been made by Bejan [6].
However, this requirement reduces to equation (2.6) in
thelimit R — ~: atfixed L[7]). Theanalysisinrefs.[1,2]
also demonstrates that in this limit (2.6) is consistent
with the horizontal and vertical boundary layer
structures. Further discussion on the Bejan hypothesis
[6] can be found in Section S.

A consequence of the analysis given in ref. [1] is that

Y. (2) ~az'"? 27

where

(2.:6)

and T, (z2) ~bz'? as z-0

a>1616 and b ~0.270. (2.8)

Note that the parameters a and b are independent of L.
Similarly, from the symmetry conditions it follows that

¥ ()~ a(l—2)"?
and (2.9)

z— 1.

T iz) ~1=b(1—2)"% as

Equations (2.7) and (2.9) are clearly consistent with
equation (2.6).

A measure of the vertical boundary layer thickness d,
can be obtained from an earlier analysis [7] which
suggests, for a suitable two-layer model, that

842) = 8¢ (OR'ZT,). (2.10)
Consequently, on the center-line z = 1,2,
5,1/2) = 1.305R '2, (2.11)

If the total vertical boundary layer thickness is to be
small compared with the cavity length [4],1.e. 28, < L,

R > 681L % (2.12)

An equivalent criterion for a Newtonian fluid was first
given by Gill [5].
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Equations (2.7) and (2.9} have important ramifi-
cations concerning the structure of the solutions near
the horizontal surfaces. The detailed analysis given in
ref. [2] demonstrates that, away from the corners, the
horizontalstructure splitsinto two regions. In the outer
region, where thermal diffusion is not important,
appropriate scalings are

¥ = R¥o(x, )+ -, T =R Yz y»+ - (213)
and
F= Ry (2.14)
It can be shown that ([2], Section 3)
B = K¢ = IM*Fo(%/L, y/I}'?) (2.15)
where
K = bja ~ (.167. (2.16)
The function F, is defined by
a2 \ 14
Fy = (ﬁ) b(1—x%/LYM*R(0) 217
where
{=yL 2K Y1 —-%/Ly]" 2 {2.18)

and R, can be expressed in terms of parabolic cylinder
functions. As { — oc the behavior of R(() is algebraic.
The exponential decay length associated with the
approach to this algebraic behavior corresponds to

{[2], equation (3.22))
=2, 2.19)

From equation (2.14) the equivalent horizontal layer
thickness is

8y = (M- R™ M, (2.20)
Hence, from equation (2.18),
Sy = 2[L/KRY]Y? at %=LJ/2. (2.21)

If the total thickness of the horizontal layers is to be
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small compared with the cavity height,i.e. 25, < I,then

2
R > (-11?6) 2 ~917 x 1032 (2.22)

This is one of the principal consequences of the
analysis in refs. {1, 2]. Clearly, when L> 1 the
limitation imposed by the above condition{2.22)is very
strong. In particular, this result implies that for L > 1
the boundary layer description will be valid only if
R » 10*. When R < 10* the horizontal layers merge,
and vertical diffusion becomes important in the core
region.

The restrictions defined by equation (2.12) for the
vertical layers and by equation {2.22) for the horizontal
layers are displayed in Fig. 1. Although the vertical
boundary layers on the end walls are thin even for
moderate values of R, the importance of the horizontal
layers cannot be overstressed and, for L > 1, it appears
that the boundary layer approximation will be of
limited use.

3. LARGE ASPECT RATIO LIMITS

The discussion given in Section 2 suggests that an
important distinguished limit arises as
. R
L-o with R, = i) fixed. 3.0
In this merged layer régime, where the horizontal layers
apparently fill thecavity, itisexpected that diffusiveand
convective effects will be important across the depth of

the cavity but that longitudinal diffusion can be
ignored. Suitable expansions are

'p = me('i/L$Z;R2)+

and (3.2)

T = T(%/L,z; R;)+ -

where the subscript m indicates the merged régime. The
scaled equations must be supplemented by appropriate
end layers in which longitudinal diffusion is important.
These vertical end layer equations are equivalent to the

30
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FIG. 1. Regimes of various limiting behaviours.
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standard vertical boundary layer equations discussed
above. A detailed discussion and analysis of the
cquations governing ¥, and 7, will be given in a future
paper [§].

For the limit (3.1), the end layers on the vertical walls
are of the same form as in the boundary layer limit,
R - = at fixed L. It is important to note that the
boundary layer structure is embedded in the merged
layer structure and can be recovered by the subsequent
limit R, — o. As noted earlier, the result (2.22) suggests
that the boundary layer régime requires R, » 10%; if
R, £10*and L » 1 the merged layer structure must be
used. Within (R, L) parameter space, the complete
extent of the merged layer régime is not obvious.
Solutions in the limit L — o at fixed R are known [9].
For a Newtonian fluid the problem corresponds to
whatistermed a Hadley cellin geophysics, and has been
studied [ 10]. In this limit (1. — oc, R fixed) the stratified
core flow is driven by a constant horizontal
temperature gradient and is parallel with the horizontal
walls : the flow is turned in end layers near the vertical
boundarics. The connection between the Hadley
régime, as R increases, and the merged layer régime, as
R, decreases. is discussed below.

At fixed R, L — i, the solution for the core stream
function has the form [9]

R(

-z(1—z).
o 4172

g - (3.3)

In general C = C(L.: R) and a serics representation, I
— . has been given [8]. The cxpansion can be
rewritten as

C=1+1 ‘(C‘ R? +C R +> (3.4)
A Y - o '

where

C,= =99 %10 3 Cy>~10x107% (3.9

Obviously, the expansion fails when
R, = R/L =0(1), (3.6)

even though (C— 1} is still small, ie. (C—1) = O(L ')
= of1). Equation (3.5), and other results in ref. [8].
suggest that the upper limit for the Hadley régime is

R, ~ 10: (3.7)

this result is shown in Fig. 1.

The restriction (3.6) is clearly distinct from the
limitation associated with the merged layer régime, R,
= O(1), and suggests the existence of an intermediate
régime defined by

I.— « with R, fixed. (3.8)

Equations corresponding to this limit have been
derived ; their properties are described elsewhere [8]. It
is found that in the core the leading approximation still
corresponds to the Hadley structure, but the higher-
order terms arc different from those defined by
cquations (3.3) and (3.4) for the fixed R limit.
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Furthermore, for R; = O(1) the end layer structure is
more complex and is essentially governed by the full
Boussinesq cquations. Although an analytical solution
of the problem is not in general possible. the form of the
asymptoticdecayin theend layers can be determined. It
can be shown that the approach of the end laver
solution towards the core solution introduces a
characteristic length A(R ) for the end laver thickness,
Thedetermination of 7 requires thesolution ofa fourth-
order eigenvalue problem [8]. but approximate
analysis gives*

A=>~R;60. R, > 1. 139

Consequently, the end layers spread into the interior of
the cavity unless

R, _1I

60 ~

rJ

R,

=R, < 30.
I 2

(3.1
which defines the lower limit of the merged layer régime
(Fig. 1). As R, increases, the structure of the end layers
in the intermediate régime splits into two zones [8] with
an inner wall zone corresponding to the standard
vertical boundary layer structure [ 1]. The outer zone is
associated with the core structure for the merged
régime in which both convection and vertical diffusion
are important.

4. PARAMETER DEPENDENCE OF THE NUSSELT
NUMBER

A dimensionless measure of the heat flux across the
end wall x = 0 is defined by the Nusselt number

F o
j\'uzl‘f ( ) d=.
o N /v

Since the horizontal boundaries are adiabatic the heat
flux across any vertical cross section must be the same.
It follows from the energy equation (1.2) that equation
(4.1) is equivalent to [9]

1 ':7- 4 _
Nu=1L J {‘. Vrlgz
o lCx iz

A number of efforts to correlate the dependence of Nu
on the parameters R and I. have been made. Reecent
work has been summarized by Bejan [11]. For L > 1
the discussion given in Section 3 suggests that much of
the data will be in the merged layer régime (L. » v al
fixed R,).

For this régime the expansions (3.2) imply that. toa
first approximation, (4.2) reduces to

r1 P
Nu = 2 J ( ”f’-"‘)'rm dz
«Z ,

[¢]

4.0

14.2)

14.3)

*A more accurate estimate of the smallest positive
eigenvalue is 64.9.
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which must be independent of x/L. Consequently,
Nu = IN(R,) (4.4)

i.e. Nu/I? should depend only on R, in the merged layer
régime.

Since the boundary layer solution is included in the
merged layer structure [8], it follows that the behavior
of N as R, — 20 is known. In this limit ¢, — R}%y
and T,, —» T,, wherey . and T, are independent of R,.
Numerical calculations [9, 12] give

N(R,) ~ cRY? ~0515RY2, as R, — . (4.5)

As R, decreases the merged layer analysis fails, and
for R, = O(L™') the intermediate régime defined by
(3.6) provides the correct description. Unlike the
boundary layer limit, the intermediate core structure is
not contained in the merged layer equations. However,
the limiting behavior as R, -0 of N(R,) can be
obtained from an analysis of the intermediate régime in
the secondary limit R, — co. From the intermediate
equations [8] it can be shown that

2

R
Nu=—L+1+0(L")

50 4.6)

The leading terms in (4.6) are also contained in the
Hadley cell expansion [9, 13]. As R, — oc itis seen that
equation (4.6) implies

2

R
N~=—2 as

130 4.7)

R, -0.
The estimate given in equation (3.10) suggests that the
merged layer expansion will fail when R, ~ 30. It is
anticipated that (4.7) will not provide a good numerical
approximation at the lower bound of the merged layer
régime where higher-order terms in the expansion (4.7)
will be required.

5. DISCUSSION OF EARLIER WORK

Although the above estimates suggest that equation
(4.4) should be approximate for R, > 30, the general

form of the function N(R,) is unknown. As R, — o
boundary layer analysis gives the limiting behaviour
defined by equation (4.5) which is shown in Fig. 2.
Strictly, the merged layer solution is associated with L
> 1, but for sufficiently large R it is expected that the
boundary layer limit is also appropriate for L < 1. In
particular, from equation (2.22), the boundary layer
description is valid when R, » 10% Consequently, the
curve defined by equation (4.5) represents the
asymptotic form of Nu irrespective of L. At the lower
limit of the merged layer régime, the structure of the
intermediate régime implies that N must become
L-dependent as R, — 0.

An earlier analysis by Bejan and Tien [13]
considered the limit L — oc. Their approach was based
on the assumption that the flow away from the end
walls is parallel with the horizontal boundaries. (In this
sense the analysis is similar to the work by Cormack,
Leal and Imberger [10] on the Newtonian fluid
problem.) Near the vertical boundaries a polynomial
profile was used to represent the local behaviour. As
L — oo it can be shown from the Bejan-Tien analysis
[13] that

Nu/I? ~ N (R,)
= (V30/4R; "[(1+2R,/\/30)' 2 =17* (5.1)

where

N, ~0302RY? as R, - cc. (5.2)

Equation(5.2)is not a good quantitative representation
of the true asymptotic behavior [equation (4.5)], but it
is remarkable that equations (5.1) and (5.2) are
qualitatively consistent with the merged layer
prediction. The function defined by equation (5.1) is
shown in Fig. 2. It should be stressed, however, that in
the merged layer régime the core flow is not parallel
with the horizontal boundaries and thus the solution
proposed by Bejan and Tien cannot be correct in that
régime.

In both the intermediate and the Hadley régimes the
core flow is parallel with the horizontal boundaries.

103 T T T — e
BOUNDARY
fo— MERGED LAYER fo | AvER
REGIME
102+ .
: .-
~ L:l e /l
% o 4
\3 10 \‘/,’ —
> /./ -,
A// -7
”
- *— —® WALKER & HOMSY (9)
,or L=|—/’/,’ —=-BEJAN 8 TIEN (13) -
4
7 — — BANKVALL (i4)
—{-2 ---—PRESENT ANALYSIS
107! Lol 1 1 i 1
1.0 10 102 103 104 105 108
R

2

FiG. 2. Correlation for heat transfer data in the merged layer and boundary layer regimes.
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However, in these solutions the horizontal temperaturc
gradient in the core is significant, and vertical diffusion
is important across the core depth. This behaviour
should be contrasted with that in the boundary layer
régime where, although the core flow is parallel with the
horizontal surfaces, diffusive effects are confined to thin
boundary layers and the horizontal temperature
gradient across the core is negligible.

The Bejan- Tien theory [13] can be justified in the
Hadley lmit L - o at fixed R. A morc formal
treatment of this limit has been given by Walker and
Homsy [9], where there is also a discussion of the limit
R — 0Oat fixed L, i.e. the conduction dominated régime.
Walkerand Homsy extended the range of validity of the
conduction solution to larger values of R by means of
Padé¢ approximants and related techniques. In
particular, they required that their solution have the
asymptotic form (4.5), but calculations were presented
only for L =1 and L = }. The results for L = 1 arc
shown Fig. 2. Within the merged layer régime any
L.-dependence of the reduced Nusselt number N
is associated with the higher-order terms. If this
dependence is weak (L > 1) the Walker -Homsy curve
for L = 1 should provide a good approximation to N
over the merged layer range. Support for this view
follows from numerical calculations by Bankvall [ 14]
which arealsoin good agreement with the experimental
observations of Klarsfeld [157]. Bankvall’s results are
also shown in Fig. 2for L = { andfor L. = 2:the range
of R lies between the intermediate and the merged Jayer
régimes. Both curves are consistent with the lower limit
of the extended series [9]. Consequently, the Walker-
Homsy extension does appear to bridge the gap
between the known boundary layer imit (R, — > jand
the numerical calculations which are appropriate to the
lower limit of the merged layer régime. Nevertheless,
since L = 1 for the extended curve shown in Fig. 2, care
must be taken in assuming universal validity over the
merged layer range.

Atlower values of R,, in the intermediate régime, the
L-dependent nature of Bankvall’s data is evident (Fig.
2). Since the governing parameters are now R, and L
this dependence can be anticipated, and is confirmed by
the recent calculations of Hickox and Gartling [16].
Their results lie predominantly in the intermediate
régime, but the value of N obtained for a case thatisin
the merged layer range agrees closely with the earlier
work [9, 14].

The boundary layer limit (4.5) for the Nusselt number
has been discussed at length in the literature. Weber [4]
used a modified Oseen approach [5] to deduce that ¢
~ 0.58, which is somewhat greater than the value
predicted by the numerical calculations [9, 12]
[equation {4.5)]. Bejan [6] attempted to improve the
Weber result by replacing the core condition (2.6) by the
requirement that the vertical energy flux vanish.
Although this suggestion appears to give better
agreecment with numerical solutions of the full
¢quations, it has been argued [7] that a more accurate
integration of the boundary layer equations also
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improves the agreement between the boundary layer
approximationand the Boussinesq equations. As noted
carlier, the boundary layer model is valid only if
R, » 10°. When R, < 10* the thick horizontal layers
have a pronounced cffect on the core solution.
Consequently, it is of interest to ask whether the
improvement given by the Bejan approach [6]
correctly predicts the magnitude of the error terms
associated with the horizontal layers.

In terms of the vanables introduced in Section 1 the

vertical energy flux
AV
(_ “p) 7. ‘..:] dx.  (5.3)
i X €2 B

/

"L

Q(:';R,L)—:-J

o]

For the boundary layer approximation described in
Section 2{R — = atfixed L)the dominant contribution
to Q0 comes from the convective transfer along the
vertical end layers. This effect is represented by

L e
Lt

) X

in the boundary layer limit. The remaining term in
equation (5.3) is associated with vertical diffusion and
the major contribution to this term comes from the core
solution. Consequently.

- L (“:T ~
Qdiﬂ' = — o dx = O(L)
0 ¢z

For flows in which both L and R are large, equations
(5.4)and (5.5) imply that convective and diffusive effects
become comparable when

15.5)

.= R/IZ = O(1), (5.6)

which is the quantity used to describe the merged layer
limit. The existence of this group was noted by Bejan
[6] in a discussion of the correct horizontal boundary
condition for the core solution. Bejan suggested that
{2.6) should be replaced by a requirement that the net
vertical energy flux, as evaluated from the core and
vertical boundary layer solutions, must vanish as
#—0,1. Although for adiabatic walls § =0 on the
horizontal boundaries, Bejan’s hypothesis requires
that @ must vanish at the outer edge of the horizontal
layers or, equivalently, that the vertical energy flux
across the horizontal layers is negligible [c.f. O(R' A].

For the boundary layer limit, R, » 1. Bejan noted
that the cnergy flux hypothesis reduces to equation
(2.6). In fact, the hypothesis is correct only in this limit.
From the outer horizontal layer solution described in
Section 2

Q_com = O(RHG‘LUZL Qdiﬁ = O(Rlzsii"d}.

Hence, as R — o¢ at fixed L, Q = o(R"?) within the
horizontal layer and the Bejan hypothesis is valid.
Alternatively, if R, = O(1), the horizontal layers merge
(Section 3), the boundary layer concept is not
appropriate, and the energy flux hypothesis fails. In this
case the estimates (5.7). together with equation (5.6}

5.7
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indicate that

0 = 0(Qcons) = O(Qairr) = O(RY?).  (5.8)

6. SUMMARY

The main conclusions of the analysis are listed below.

(1) A boundary layer model for the flow field is valid
onlyif R, = RL™? » 10*. When L > 1 this provides a
strong restriction on the magnitude of the Rayleigh
number.

(2) For L>1, the various solution
correspond (approximately) to

(i) 3012 < R < 10*I2, merged layer;

(i) 10L < R < 30[?, intermediate ;
(iii) R < 10L, Hadley.

regimes

(3) Within the merged layer regime the heat transfer
law can be reduced to

Nu = I2N(R,).

Existing theories are consistent with this new scaling
law, i.e. Nu/I? is dependent only on R,.

(4) The vertical energy flux hypothesis [6] is valid
only. in the boundary layer limit, R, — oo ; it does,
however, generate the merged layer similarity group.
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CONVECTION THERMIQUE DANS UNE CAVITE REMPLIE PAR UN CORPS POREUX:
UNE CLASSIFICATION DES COMPORTEMENTS LIMITES

Résumé— Des écoulements mus par la chaleur dans une cavité rectangulaire bidimensionnelle, remplie d'un
milieu poreux saturé en fluide, sont considérées dans une limite de grands nombres de Rayleigh quand le
gradient de température appliqué est perpendiculaire au vecteur gravité. La description classique de couche
limite est valide seulement si R > 10* I?, oui R est le nombre de Rayleigh basé sur la hauteur de la cavitéet ou L
est le rapport de forme (longueur/profondeur). Pour des écoulements avec R = 0 (I?), L — w0, les couches
horizontales disparaissant et un régime nouveau de solution existe. On donne une discussion de la relation
entre la limite de couche (R/L? fixé et L — oo) et la limite de la cellule de Hadley classique (R fixé, L — o). On
trouvequele régimeintermédiaire R/Lfixé, L — o0, fournit le pont nécessaireentre les solutions de couche et de
Hadley. On déduit des extensions des différents régimes dans I'espace (R, L).

L’¢tude du régime donne une corrélation alternative des données de transfert thermique. Des théories
existantes pour le nombre de Nusselt sont revues et on montre qu’elles sont cohérentes avec la nouvelle loi de

structure.
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THERMISCHE KONVEKTION IN EINEM MIT POROSEM MEDIUM GEFULLTEN
HOHLRAUM: EINE KLASSIFIKATION VON GRENZZUSTANDEN

Zusammenfassung Thermisch bedingte Stromungen in einem zweidimensionalen, rechtwinkligen, mit
fliissigkeitsgesittigtem pordsen Medium gefiillten Hohlraum wurden in dem groBen Bereich von Rayleigh-
Zahlen untersucht, in welchem ein zum Schwerkraftvektor senkrechter Temperaturgradient auftritt. Es wird
gezeigt, daB die Gbliche Grenzschichtbeschreibung dieser Stromungen nur fir R > 10* 12 giiltig ist. wobei R
dic mit der Hohlraumhéhe gebildete Rayleigh-Zahl und L das Seitenverhiltnis (Linge, Tiefe) des Hohlraums
ist. Fir stromungen, bei denen R — O(I?)und L. — x gilt, vermischen sich die horizontalen Schichten, und es
existiert ein anderer Losungsbereich. Die Beziehung zwischen den Grenzbedingungen fur dic Vermischung
der Schichten (R/I? konstant, L. —» x ) und fur das klassische Hadley-Zellenmodell (R konstant, L. — =) wird
diskutiert. Dabei ergibt sich. dal3 der Zwischenbereich (R/L konstant, I. » - ) die erforderliche Verbindung
zwischen dem Bereich der Vermischung der Schichten und der Hadley-Losung darstellt. Grenzen der
verschiedencen Berciche im (R, L)-Parameterraum werden hergeleitet. Die fir den Bereich der vermischten
Schichten zweckmiBige Darstellung fithrt zu cinem neuen Ansatz fir die Korrelation von Wirme-
tbertragungsdaten. Vorliegende Theorien fiir die Bestimmung der Nusselt-Zahl werden darauf hin Gberpriift
und ihre Vertriiglichkeit mit der neuen Ahnlichkeitsbeziehung festgestellt.

TEIIOBAS KOHBEKLHUSA B HOTOCTH, 3ANTONTHEHHOHW MOPUCTOM CPEJIOW
KJACCUPHUKAILNUA NNPEAEIBbHBIX PEXHUMOR

AHHOTAUNA—-BO3HUKAKOLLIME 110O/1 JICHCTBHEM | PA,IHCHTA 1EMIICPATY D TCHCHUS B I8YMCPHOR NPAMOYIO.lb-
HOMR MOTOCTH, 3aNOIHEHHOR NOPUCTOM CPL10H, KOTOPAR HACHIUICHA KHKOCThLIO. HCCIC,LYKITCH B 11peieie
60:1b1I0T0 3HaveHUA vyHC1d Praes. [pajieHT TeMepaTyp HanpaBieH NEPReHIMKY TAPHO BEKTOPY CHITbI
TskeCTH. [loka3ano, 4To OOBIMHOC OIHCAHKE HTHUX TCHEHHH C [HOMOUILKY TEOPHH [OI PAHUMHOLO (08
Clp4se11MBO Tobko npH R > 10%L%, r1e R yuc:io Pysies. OTHECCHHOC K BbICOTE 11010CTH. a4 L —
OTHOWEHHE ¢¢ CTOPOHR (JUIHHbL K 111yOuHe). B noToxax. XapakTepu3ytolMXCs 3HaYeHHIMH R = O(LY).
I. — 2. TOPHIOHTAIbLHBLIE CIIOH CIHBAKOICA U BOIHUKAET PEeKHM. ONHCaHHe KOoroporo rpedyer uHoto
10:ax0:1a. OBCYKIACTCH COOTHOILILHHE MEK,1y MPEL/ICIbHBIM C/TYHACM €105, 0OPAIOBAHHOI O B PLIy.IbIaTe
T4KOTO CIUAHHA (R'L? NOCTOSHHOE, 1. = ¥ ) ¥ NPeJe/bHbIM CHYYACM K.1ACCHYCCKON SMCAKH XO/LIM.
Haf:neHo. 410 1IPOMEXY 104HBIH PEKHM. KOIIa OTHOWEHHe R'L 110CTOAHHO, a [ -~ 7. 4BIS€TCA TeM
HECOOXO,IHMbIM 3BCHOM, KOTOPOC CBA3LIBACT /184 BLILUEYIIOMSHYTIX 1IPEEIbHBIX PelICHHA. OnpeseieHbl
I PAHHUbI IPOTAXNKEHHOCTU P IMHHBIX PCOKHMOB B MPOCTPAHCTBE, OMUCHIBAEMOM llapamerpamu R u /.
MacwrabHble napaMeTpsl €108, 00PaI0OBAHHOIO B PE3Y.1b[ATE C.IHCHHS, MO3BOIAIOT NO.TYYHTL HOBYH
0O00LIEHHYK) 3aBUCHMOCTD 1719 OITUCAHHA [IAHHLIX 110 TENAOOOMEHY, KOTOPAR XOPOILUO COTIIACYETCH ¢
HMCHOILIMMHECH aHA THTHYECKUMH 3dBHCHMOCTHMH Ui 4ucia Hyceeibta.



