
\
PERGAMON International Journal of Heat and Mass Transfer 31 "0888# 470Ð486

9906Ð8209:87 ,08[99 Þ 0887 Elsevier Science Ltd[ All rights reserved
PII ] S 9 9 0 6 Ð 8 2 0 9 " 8 7 # 9 9 1 1 1 Ð 0

Natural convection in a porous layer bounded by impervious
domains] from numerical approaches to experimental

realization
S[ Chevalier0\�\ D[ Bernard\ N[ Joly1

Laboratoire {Energe�tique et Phe�nome�nes de Transfert|\ L[E[P[T[!ENSAM "URA CNRS 762#\ Esplanade des Arts et Me�tiers\
22394 Talence Cedex\ France

Received 16 May 0886^ in _nal form 29 June 0887

Abstract

This work presents the results of a numerical and experimental study of free convection in a porous layer bounded
by impervious domains subjected to a vertical temperature gradient[ This con_guration has been chosen as a reference
for some geological structures[ The main parameters of the experimental con_guration are a slope of 04>\ an aspect ratio
of 09 for the porous layer and a thermal conductivity ratio "lp:lnp# of 9[6[ For that case\ a good coherence is found
concerning the ~ow patterns observed through the di}erent methods[ In all results\ an anti!clockwise unicellular ~ow
"with a layer rising from left to right# is observed at low _ltration Rayleigh numbers Ra�[ At higher Ra�\ the three!
dimensional "2D# ~ow which develops is composed of seven transversal "horizontal# rolls and _ve to seven longitudinal
rolls[ However\ depending on the resolution method\ the critical _ltration Rayleigh numbers for the transition from 1D
to 2D ~ows are signi_cantly di}erent[ Moreover\ the experimental temperature _elds have some special features] a high
amplitude of the unicellular ~ow and\ for 2D ~ows\ a low amplitude for the rolls in the central part of the layer and an
even number of longitudinal rolls[ Numerical resolutions taking into account the thermal heterogeneities of the exper!
iment prove the signi_cant in~uence of lateral thermal conditions on ~ow patterns and on the critical _ltration Rayleigh
number[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

e gravity unit vector
` gravity acceleration ðm s−1Ł
H thickness of the porous layer ðmŁ
K permeability ðm1Ł
p pressure ðPaŁ
Ra� _ltration Rayleigh number
t time ðsŁ
T temperature ðKŁ
V _ltration velocity ðm s−0Ł[
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Greek symbols
a dimensionless wave number
b ~uid volumic expansion coe.cient ð0:KŁ
DT temperature di}erence ðKŁ
u dimensionless temperature perturbation
l thermal conductivity ðW m−0 K−0Ł
L dimensionless thermal conductivity
m dynamic viscosity ðkg m−0 s−0Ł
p dimensionless pressure perturbation
r mass density ðkg m−2Ł
"rC# volumic thermal capacity ðJ m−2 K−0Ł
s inverse of time constant "s−0#
v dimensionless velocity perturbation
f sloping angle[

Superscripts and subscripts
c critical
f ~uid
m marginal stability
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np impervious domain
p porous media
ref reference
y y direction
9 at the reference temperature
� equivalent property of the porous media[

0[ Introduction

Natural convection is an omnipresent transport
phenomenon in saturated porous geological structures[
The local thermal conditions and the physical properties
of media are directly of great importance on the charac!
teristics of the heat and mass transfer in such real con!
_gurations[ Moreover the nature of the ~uid ~ow "1D\
2D\ pattern and range# is drastically dependent on the
complexity of geological sites\ that means the geometry\
heterogeneity and anisotropy of the domains[

Fluid motions induced by free convection have tan!
gible e}ects in geothermal areas\ on the di}usion of pol!
lutants or on the mineral diagenesis processes[ During
the last thirty years\ a substantial amount of fundamental
research has been undertaken in order to identify the
parameters that in~uence this mechanism[ A complete
summary of the subject was done by Nield and Bejan ð0Ł[
The _rst theoretical and experimental studies dealt with
the reference con_guration corresponding to a hori!
zontal\ in_nite or of great lateral extensions\ porous layer
heated from below[ The in~uence of the porous medium
characteristics\ ~uid nature and of the thermal and hyd!
rodynamic boundaries on ~ow patterns\ on heat transfer
"characterized by the Nusselt number# and on the range
of temperature perturbations has been actively studied
ð0Ð5Ł[ The slope of the layer is an additional parameter
that in~uences the criterion of convective phenomenon
ð6Ð09Ł[

The reference con_guration described above is simple
enough to allow its study both numerically and exper!
imentally[ However\ this con_guration is far from being
representative of geological structures[ The recent
increase in computer capacity and the development of
new numerical methods allows the study of more complex
con_gurations[ Therefore it is now possible to take into
account the anisotropy and the presence of heat con!
ducting domains bounding the porous layer ð00Ð03Ł[
Numerical modeling allows consideration of additional
physical phenomena appearing in geological structures
such as the transport of reactive solutions or the pref!
erential ~uid ~ows in the fault ð04\ 05Ł[ However\ the
experimental validation of such models is most often
impossible[

This paper presents the research conducted to de_ne a
reference con_guration for geological structures allowing
us to design and to conduct an experimental study[ The
selected reference con_guration is a sloping porous layer

bounded by impervious domains[ Three di}erent forms
of the reference con_guration are determined] "0# the
in_nite layer "1# the ideal _nite layer "with adiabatic
thermal conditions on lateral sides# and "2# the realistic
_nite layer "with lateral thermal losses#[ Three numerical
approaches are considered to study the con_gurations]
"0# direct 1D resolution "1# direct 2D resolution and "2#
a stability analysis[ All of these approaches are based on
_nite element theory[ Firstly\ the paper presents a brief
summary of the mathematical theory and of the numeri!
cal methods used for the resolution of the natural con!
vection phenomenon[ Next\ the numerical results for each
method of resolution are presented depending on the
studied con_guration[ In a third stage\ the experiment\
consisting of the realistic in_nite layer is described and
the original results are presented[ Finally\ the di}erences
between numerical and experimental results are exam!
ined[ The in~uence of the _nite conducting boundaries
and of the thermal lateral conditions are clari_ed[

1[ The three different forms of the reference

con_guration

The reference con_guration considered in this paper is
a sloped porous layer bounded by impervious domains
subjected to a vertical temperature gradient[ It represents
a model of the typical hydrogeological structures of con!
_ned aquifers[ The following remarks underline the most
frequently met characteristics for this kind of natural site[
Generally the saturated porous media are bounded on
the upper and lower sides by more or less impervious
domains and\ consequently\ do not possess good heat!
conducting boundaries[ The thermal conductivity of
these zones is often inferior to the equivalent thermal
conductivity of the aquifer[ The single phase saturating
~uid is water[ Most of these hydrogeological structures
are inclined "anticlinal# and have great lateral extensions
"the aquifer thickness is low in comparison with the other
dimensions#[

Some additional simpli_cations are used in the paper[
All domains are assumed to be homogeneous and
isotropic[ Both totally impervious domains are assumed
to have the same physical properties and particularly
the same thermal conductivity[ No hydraulic gradient is
considered "no advection#[ Therefore\ all obtained results
are general and provide a global frame to estimate the
behavior of real structures[ These results are eventually
extendible to more complex con_gurations taking into
account the known e}ects of various slopes\ geometry or
anisotropic conditions[ Furthermore\ the simpli_cations
mentioned above facilitate the experimental design[

Considering a layer|s slope of _fteen degrees\ three
reference con_gurations have been de_ned with respect to
the precedent considerations[ The _rst one is the in_nite
layer[ This con_guration allows a 2D analytical study[
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The second con_guration concerns the ideal _nite layer\
which is presented in 2D in Fig[ 0a[ The _nite dimensions
correspond to a shape ratio of ten[ The vertical sides of
the con_guration are assumed to be perfectly adiabatic[
The upper and lower horizontal sides of the impervious
domains are isothermal[ The last con_guration is the
realistic _nite layer which is de_ned in order to more
adequately simulate the experimental conditions[ The
most signi_cant di}erence between this con_guration and
the ideal _nite layer concerns the thermal boundary con!

Fig[ 0[ 2D dimensionless model of the ideal _nite porous layer "0a# and 1D dimensionless model of the realistic _nite porous layer "0b#[

ditions[ In 1D modeling "Fig[ 0b#\ the presence of insu!
lating domains and external forced convection on lateral
sides are considered[ The thermal heterogeneities due
to the impermeable medium around the ~uid saturated
porous layer "plastic frame# and to aluminium plates
located in insulating domains "polyurethane foam# are
taken into account "Section 5#[ The thermal con!
ductivities for the di}erent domains are presented in
Table 0[ In 2D modeling\ in order to facilitate the com!
putations\ the thermal heterogeneities are taken into
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Table 0
Thermal conductivity of the di}erent materials used in the exper!
imental set!up

Materials Thermal
conductivity
ðW m−0 K−0Ł

Saturated by water porous layer "glass l� � 9[76
bed# from ð6Ł
Impervious domains "concrete blocks# 0[14
measured at 29>C
Plastic frame 9[06
Aluminium plates 299
Polyurethane foam 9[910
Plastic springs 9[1

account imposing a mixed boundary condition with con!
stant heat transfer coe.cient at the porous layer|s lateral
sides[ However\ this simpli_cation only allows to obtain
a trend of the in~uence of imperfect adiabatic conditions
on the phenomenon[

2[ The mathematical models

2[0[ Natural convection

The usual mathematical description of the natural con!
vection phenomenon is composed of a set of four equa!
tions including the continuity equation\ Darcy|s law\ the
heat transfer equation and a simpli_ed equation of state
for the ~uid ð06Ł[ The system of equations has been trans!
formed into a dimensionless form\ in order to simplify
its resolution[ In the following formulation\ taking into
account simpli_cations due to the considered reference
con_gurations ð07Ł\ the dimensionless _ltration Rayleigh
number Ra� appears\ equation "0[1#[ It quanti_es the
ratio between the driving forces for free convection
"b\ `\ DTref# and stabilizing forces "mf\ lref#[

9 = V � 9 "0[0#

V � −"9p¦Ra�Te# "0[1#

1T
1t

−9 ="L�= 9T#¦V = 9T � 9

with Ra� �
"rC#fkHbrf`

mflref

DTref "0[2#

L�is the tensor corresponding to the ratio of the thermal
conductivity of domains on the reference thermal con!
ductivity and H is the reference length "porous layer
thickness#[ The reference parameters used to obtain the
system presented above are the physical properties of the
~uid and the homogeneous and isotropic permeability of
the porous medium[ Di}erent choices have been made

for the reference thermal conductivity and the reference
di}erence of temperature depending essentially on the
thermal boundaries applied[ It becomes obvious that the
_ltration Rayleigh number is not an intrinsic parameter
of the porous con_guration[

The formulation presented above implies some essen!
tial assumptions[ The simple ones are that the porous
matrix is rigid and that no geochemical reaction or com!
paction take place[ The most important assumption is to
consider that the ~ow value is low[ This requirement is
necessary to assume that Darcy|s law and the local ther!
mal equilibrium condition are valid\ and that the thermal
dispersion can be neglected ð0\ 06Ł[ It is important to
mention that these assumptions are generally justi_ed in
geological structures and specially where no forced ~ow
is considered[ The Boussinesq approximation is assumed
to be valid[ All the physical properties in~uencing the
phenomenon are assumed to be constant\ only the ~uid
density varies as a function of the temperature in the
Darcy|s law[ The most restricting assumption is then to
neglect the variations of ~uid viscosity with temperature
ð08Ł[

2[1[ Stability analysis

Equations "0# can be solved directly in 1D or 2D using
numerical methods[ For the particular 2D con_gurations
of which geometry is assumed to be reducible in 1D "the
2D geometry may be obtained by translation of the 1D
con_guration along the third direction#\ the 1D res!
olution seems to be appropriate[ However\ even in this
case\ the 1D solution obtained numerically may be
unstable to 2D disturbances\ meaning that this solution
may never be observed in real 2D con_guration[ One way
to proceed with the 1D convective study consists then in
realizing a stability analysis as developed below[

To check the stability of a 1D steady state solution
"T9\ P9\ V9#\ an arbitrary in_nitesimal perturbation
"u\ p\ v# is superimposed to it[ The disturbed state
"u¦T9\ p¦P9\ v¦V9#\ as the basic state\ is a solution of
equations "0#[ The resolution leads to equations "1# in
which u and p are periodic functions having the form
presented in equations "2#[

9 = ð9p¦Ra�ueŁ−a1p � 9 "1[0#

su−9 ="L�= 9u#¦ðV9 = 9u−"9p¦Ra�ue# = 9T9Ł

¦a1Lyu � 9 "1[1#

The heat perturbation equation "1[1# has been linearized
ð02\ 05Ł[ To test the stability of the 1D basic state\ we
check for the existence of a solution "u\ p# of equations
"1# which does not vanish for increasing time[

p � p0"x\ z# = eiay = est "2[0#

u � u0"x\ z# = eiay = est "2[1#
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where a is the wave number in the third direction and s

the inverse of a time constant[
If all the perturbation solutions of equations "1# decay

with time\ the basic state is stable[ The real solution is
the 1D computed ~ow[ If at least one perturbation grows
with time\ the basic state is unstable[ The ~ow in the
con_guration is 2D[ If the perturbations decay with time
and only one is constant\ a marginal stability state is
de_ned\ characterized by the critical parameters "Ra�c\ ac#[
The critical perturbation is the _rst which is able to
develop in the con_guration[ Due to the linearization
assumption\ the computed perturbations have a sense
only for in_nitesimal amplitudes[ However\ the per!
turbation pattern and the critical associated wave number
are representative of the 2D ~ow[ The critical _ltration
Rayleigh number corresponds to the transition criterion
from 1D convective ~ows to 2D[ The assumption of
linearization is nevertheless restrictive and may have
some e}ects on the results[ Therefore\ the linear stability
analysis does not act as a proper alternative to the 2D
resolution[

3[ Numerical resolution methods

3[0[ Direct resolutions

An analytical formulation of the velocity and tem!
perature gradient has been obtained for the unicellular
~ow "basic ~ow# in the con_guration of the in_nite layer[
Its formulation is described by Bernard ð19Ł[

A numerical model simulating free convection\ equa!
tions "0#\ has been developed around the general _nite
element program package ð10Ł[ Its _rst development is
1D and has been validated by Bernard ð07Ł[ It assumed
that the con_guration dimensions are _nite and can be
restricted to two dimensions[ Domains are discretized in
space using triangles[ Temperature is approximated in all
the domains by _rst order polynomials\ whereas pressure
is approximated by second order polynomials in porous
domain "where mass transfer takes place#[ The time inte!
gration scheme is semi!implicit with constant time step[
For the resolution\ the reference parameters\ equation
"3#\ are the thermal conductivity of the porous medium
and the ratio of the temperature di}erence between iso!
thermal surfaces related to the dimensionless thickness
separating them ð11Ł[

lref � lp^ DTref �
T1−T0

09

Lp �
lp

lnp

^ Ra�np � LpRa� "3#

where Ra�np is the _ltration Rayleigh number de_ned with
the thermal conductivity of the impervious domain as
reference parameter[

In the second stage\ the 1D _nite element model has
been modi_ed and developed in three dimensions[ In this
2D version of the program\ domains are discretized using
tetrahedra[ The resolution method is unchanged and the
program has been validated by Chevalier ð11Ł[

3[1[ Stability resolutions

Two methods have been developed in order to solve
the perturbation system of equations[

The linear stability analysis of the analytical basic state
has been performed by Joly ð02Ł for the in_nite layer
con_guration[ The results are expressed in terms of criti!
cal _ltration Rayleigh numbers and critical perturbations
of the basic states[ The mathematical approach which
has been used\ is based on Galerkin|s method[

In the second method which has been applied to the
1D and 2D limited con_gurations\ the problem is tackled
numerically with the same _nite element method than
direct resolutions[ Equations "1# can be _nally reduced to
an eigenvalue problem ð12Ł[ The unknown is the complex
number representing the time expansion rate[ The stab!
ility of a given basic state relatively to a given 2D per!
turbation "characterized by its wave number a# is deter!
mined by the sign of the real part of the expansion rate
"Re"sm##\ where sm is the eigenvalue having the largest
real part[ The basic state is stable for Re"sm# negative\
unstable if it is positive and the marginal stability state is
reached for Re"sm# equal to zero[

4[ Numerical results

4[0[ Two!dimensional convection

4[0[0[ General results "all con_`urations#
Due to the slope of the layer and the thermal con!

ductivity contrast between the domains\ the purely con!
ductive thermal gradient is not collinear to the gravity
vector[ Consequently\ when Ra� is di}erent from zero\
the conductive transfer does not solve equations "0#\ and
consequently the convective ~ow must be present[ The
~ow pattern which _rst appears " for small thermal per!
turbations and low Ra�# corresponds to a single 1D cell[
The ~uid moves along the layer slope and the ~ow direc!
tion is determined by the ratio of the thermal con!
ductivities ð07Ł[ For a layer rising from left to right\ if the
thermal conductivity of the porous medium is higher than
impervious domains one\ ~ow starts with a clockwise
rotation "Fig[ 1b#\ otherwise ~ow takes place with a coun!
ter!clockwise rotation "Fig[ 1a#[

4[0[1[ The ideal _nite con_`uration
Depending on the values of Ra� and Lp\ three ~ows

have been determined] the counter!clockwise and clock!
wise unicellular ~ows and a polycellular "transversal
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Fig[ 1[ Examples of di}erent ~ow patterns depending on the con_gurations and Ra�[ "a# clockwise unicellular ~ow obtained for 1D
and 2D in_nite "no cell closure# and _nite con_gurations at low Ra� and Lp ³ 0^ "b# counter!clockwise unicellular ~ow obtained for
1D and 2D in_nite "no cell closure# and _nite con_gurations at low Ra� and Lp × 0^ "c# intermediate state "transition from unicellular
to polycellular ~ow# obtained for the 1D _nite con_gurations^ "d# 1D polycellular ~ow obtained for the in_nite and _nite "integer
number of rolls# con_gurations at high Ra�[
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cells# pattern "Fig[ 1d#[ The computed ~ow patterns are
presented in Fig[ 2 as a function of Ra�np and Lp values[
It is not obvious to de_ne clearly a single value of Ra� at
which the ~ow becomes polycellular[ The ~ow changes
from the unicellular state "Fig[ 1a# to a polycellular one
"Fig[ 1d# through a 1D transition pattern "Fig[ 1c#[ This
intermediate state corresponds to the appearance of a cell
at each lateral side of the porous layer "Fig[ 1c#[ For the
particular value of Lp � 9[6\ the ~ow changes from the

Fig[ 2[ Di}erent 1D ~ow patterns and the 1D:2D stability curve obtained for the ideal _nite layer as a function of Ra� and Lp[ Above
the curve\ all ~ows are three!dimensional[ If Lp ³ 9[6 "zone 0#\ a ~ow composed of transversal rolls appears for some Ra� values
inferior to the 1D:2D transition _ltration Rayleigh number[ If Lp × 0\ no transversal roll ~ow exist[

1D unicellular pattern to a polycellular "2D# one through
a transition state corresponding to Ra�np values ranging
from 5 to 01[

4[0[2[ The realistic _nite con_`uration
The thermal heterogeneities of the experimental con!

_guration "Fig[ 0b# have the e}ects stated below\ on 1D
numerical results[ The existence of the polyurethane foam
"imperfectly adiabatic conditions# has no in~uence on
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~ow patterns and on the range of the convective motions[
However\ the Ra� value of the unicellular ~ow dis!
appearance is inferior to the ideal one[ The presence of
the plastic frame on the layer|s borders has a little e}ect
on temperature _elds[ A maximal variation of 1) is
reached between the temperature _elds corresponding to
simulations with and without the frame[ External air
convection has no in~uence on the results\ due to the
low thermal conductivity of the insulating domains[ This
study of the realistic _nite con_guration establishes only
a weak in~uence of the imperfect adiabatic conditions on
the 1D numerical results[

4[1[ Three!dimensional convection

4[1[0[ The ideal _nite con_`uration
The direct 2D computations allow us to determine

three signi_cant characteristics of the ~ows in the ideal
_nite layer at Lp � 9[6]

+ No purely 1D polycellular ~ow exists[ The unicellular
~ow changes directly into a 2D state[ A roll appears at
each side of the porous layer around the same Ra�
value in the two directions[ The _rst longitudinal rolls
which appear in the medium are then located along the
two lateral sides of the medium[

+ The 2D computations lead to higher values of the ther!
mal perturbations "di}erences between conductive and
convective temperature _elds# than the 1D[ The di}er!
ence is negligible for low _ltration Rayleigh number\ it
grows signi_cantly with Ra�\ as the 1D solutions
become unstable[ At Ra� � 08[1\ the maximal 2D tem!
perature perturbation is 2[5 versus 1[4>C in 1D[

+ The projections of the velocity _eld onto the layer
middle longitudinal and transversal sections are pre!
sented in Fig[ 3 for Ra� � 08[1[ The 2D steady state
~ow pattern "elementary components# appears clearly[
It consists of seven longitudinal and seven transversal
rolls[

4[1[1[ The realistic _nite con_`uration
In order to understand the di}erences between exper!

imental "Section 5# and 2D numerical temperature _elds\
an imperfect adiabatic condition has been used for some
2D computations[ A mixed boundary condition with con!
stant heat transfer coe.cient has been imposed at the
porous layer|s lateral sides[ The coe.cient represents
about one hundredth of the free convection transfer
coe.cient existing on a wall surface in a con_ned room[
Figure 4 allows us to qualitatively compare the tem!
perature perturbation _elds in the middle plane of the
porous layer for the two con_gurations with perfect "Fig[
4a# and imperfect "Fig[ 4b# adiabatic conditions[ The
particular condition of thermal loss favors the devel!
opment of longitudinal rolls "i[e[ favors the 1D:2D tran!
sition#[ An additional longitudinal roll appears and the

value of the longitudinal thermal perturbation almost
doubles[ These 2D numerical results suggest that the
existence of the supplementary roll is due to the imperfect
adiabaticity of the sides and that such conditions reduce
the _ltration Rayleigh number value of the 2D ~ow onset[
The symmetrical thermal losses indeed lead necessarily
to an even number of longitudinal rolls due to the down!
ward ~ow at the ends of the horizontal sides[

4[2[ Stability analysis

4[2[0[ The in_nite layer
Some qualitative di}erences\ presented below\ are

noticeable between the stability conditions of the in_nite
and ideal _nite con_guration ~ows[ The porous layer
extension has a direct in~uence on the pattern of the
perturbations[ It controls the _nite number of rolls "Fig[
1d# which can develop in the medium "i[e[ the wave num!
bers of the disturbances#[ Moreover it must be su.ciently
large to neglect the e}ects of the ~ow loops on the lateral
borders of the porous domain "Fig[ 1a and b#[ The in~u!
ence of the cell loop on the velocity and temperature
_elds has been analyzed through comparison of results
from in_nite "analytical# and ideal _nite "numerical# con!
_gurations ð12Ł[ The variations in the velocity range are
low[ However the changes in thermal _elds are signi_cant[
The temperature perturbations due to the convective loop
"di}erences between temperature _elds of _nite and in_!
nite con_gurations# are\ near the border of the layer\ of
the same magnitude as the perturbations due to the global
convective motion "di}erences between conductive and
convective temperature _elds#[ The di}erences are not
only located on the borders of the porous layer but in all
the domains due to the di}usion phenomenon[ General
quantitative results concerning the transition from uni!
cellular to polycellular ~ow have been obtained for an
in_nite layer inclined by 04>[ If the value of Lp is inferior
to 9[3\ the perturbation motions _rst appear as longi!
tudinal rolls[ If the value of Lp is superior to 9[3\ the
perturbation motions appear in the form of horizontal
rolls ð02Ł[

4[2[1[ The ideal _nite con_`uration
From the stability curve presented in Fig[ 2\ it can

be deduced that for Lp values superior to 0 "common
con_guration of geological structures# no 1D polycellular
~ow exists[ The unicellular ~ow changes directly into a
2D state^ the longitudinal rolls for Ra� values that are less
or equal than Ra� values corresponding to the transversal
rolls appearance[ The possibility of an established poly!
cellular ~ow exists only for low Lp values "³9[6#[ For the
experimental conductivity ratio "Lp � 9[6#\ the critical
_ltration Rayleigh number Ra�c for the 1D:2D transition
is about 07[8 "Ra�np � 02[1#[ The basic ~ow for this Ra�
value belongs to the intermediate state[ This result leads
to the conclusion that the transversal rolls at the lateral
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Fig[ 3[ Transversal "3a# and longitudinal "3b# sections of the velocity _eld in the middle of the 2D ideal _nite layer at Lp � 9[6 and
Ra� � 08[1[

sides of the porous layer appear almost at the same time
as the ~ow becomes three dimensional[ Consequently\ it
is di.cult to conclude the order of appearance of longi!
tudinal and transversal rolls[

The temperature _eld of the critical perturbation in the
middle plane of the porous layer "Lp � 9[6\Ra�c � 07[8#
is presented in Fig[ 5[ The in_nitesimal perturbations
which are able to develop are composed of _ve longi!
tudinal rolls[

4[2[2[ The realistic _nite con_`uration
Due to the in~uence of all experimental hetero!

geneities\ the critical _ltration Rayleigh number for the
1D:2D transition is higher for the realistic _nite con!
_guration "Ra�c � 08[1# than for the ideal one] the poly!
cellular 1D ~ow is more stable[ The occurrence interval
for the polycellular ~ow increases in terms of the _ltration
Rayleigh number but the critical perturbation pattern is
unchanged[ These computations demonstrate that the

thermal heterogeneities of the experimental con_guration
favor the appearance of transversal rolls[

5[ The experiment

5[0[ The experimental set!up

5[0[0[ Materials
All thermal characteristics of the materials are sum!

marized in Table 0\ and the global experimental appar!
atus is presented in Fig[ 6[ All materials are assumed to
be homogeneous and isotropic[

A square bed of sieved glass beads constitutes the
porous layer[ The _ltered spheres are size!homogeneous
with an average diameter of 1 mm[ The bed has been
vibrated during its creation and the uniform ordering of
spheres has been visually veri_ed[ The resulting porosity
was measured and found to be of the order of 22) and
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Fig[ 4[ Temperature perturbation _elds "convectiveÐconductive thermal _elds# in the middle plane of the con_gurations at Lp � 9[6
and Ra� � 08[1^ "a# ideal _nite layer con_guration^ "b# realistic _nite layer con_guration[ The longitudinal rolls located on the borders
of the layer have a signi_cantly higher amplitude than central ones[
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Fig[ 5[ Temperature _eld of the critical perturbation in the middle plane of the porous layer for the ideal _nite layer "Ra�np � 07[8 and
Lp � 9[6#[

Fig[ 6[ Experimental set!up[

the calculated permeability "KozenyÐCarman equation#
is 1[4×09−8 m1[ The side length of the bed is 399 mm\ its
thickness is 39 mm "shape ratio of 09#^ moreover\ the
layer is inclined at an angle of 04>[ Air in the layer has
been evacuated by a vacuum pump and the medium has
been saturated by distilled and desaerated water[ A water

tank maintains the medium in a weak overpressure state
and avoids any entry of air[ A thin plastic frame "PVDF#
maintains the _lling around the porous medium[ Its
dimensions "59 mm wide and 09 mm thick# have been
minimized to limit the disturbances of the thermal bound!
ary condition perpendicularly to the layer[
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Two concrete blocks bound the glass bed on its upper
and lower sides to realize the thermal conducting bound!
aries[ The interfaces between blocks and layer have been
waterproofed[ These three domains represent the cubic
core of the experimental cell[ The concrete has been
vibrated during block formation to obtain homogeneous
domains[ The uniform granular distribution inside the
blocks was visually veri_ed after destroying a test block[

Two water ~ow based heat!exchangers maintain the
uniform temperature conditions at the horizontal limits
of the impervious blocks[

The adiabatic boundary condition on vertical sides is
approximately realized using polyurethane foam "199
mm thick#[ Thin vertical aluminium plates divide the
foam in two parts and connect both exchangers dras!
tically limiting heat losses from the center to the exterior[

5[0[1[ Temperature measurement system
The ~uid temperature is measured in the middle plane

of the porous layer using 03 thermocouples "E type#
which are placed in plastic "PVC# springs in order to
make them mobile within the porous medium[ Seals pre!
vent water leakage at the outlets of the thermocouples
from the porous layer[ The springs have an outside diam!
eter of 2 mm and are made out of 0 mm thread[ They
have been set and glued on the plastic frame before the
setting of the glass spheres[ Rigid metal rods have been
placed in the springs to avoid displacements when vibrat!
ing the bed[ The space between two consecutive spirals
of stretched springs is about 0 mm[ With such charac!
teristics\ porosity and thermal perturbations due to the
use of springs are limited[

Fourteen thermocouple measurement positions are
available in the inclined direction and a quasi!in_nite
number of positions is possible in the horizontal direction
"direction of the 2D ~ow occurrence#[ The thermocouple
disposition is regular in the middle plane of the porous
layer between the upper and lower lateral sides of the
medium with an interval of 29 mm[ The foam blocks and
aluminium plates on two sides are drilled to allow the
thermocouple movements[

A system composed of a step!by!step motor\ an endless
screw and four series of pulleys drag the thermocouples
through the medium[ The reading\ recording and pro!
cessing of experimental data are done using a Hewlett
Packard data!acquisition "scanner# connected to a per!
sonal computer[ Displacements and data!acquisitions are
managed by a Turbo!Pascal program[ The scanner res!
olution is equal to one microvolt and the sensitivity of
the thermocouples to 59 mV >C−0 at 39>C[

A thermocouple has been located in the middle of each
concrete block and at their interfaces with the exchangers[
This allows us to control the exchangers temperature and
the evolution of the thermal characteristics of each block[
The temperature measurement system is composed of 07
thermocouples\ a thermometer\ three temperature reg!

ulating baths "one for each exchanger and one for the
reference temperature# and a scanner[ The accuracy of
the global system was determined to be 9[1>C in absolute
temperature and 9[0>C between the measurements of two
thermocouples[

The experimental equipment is kept in an air!con!
ditioned room "control of temperature and air humidity#[

5[0[2[ Methodolo`y
The temperature measurements are taken along hori!

zontal lines with regular intervals of 09 mm[ After several
tests\ the following optimal "minimal thermal per!
turbation and minimal total duration# measurement cycle
has been chosen]

+ displacement to the new measurement point "06 s#\
+ pause for local perturbation di}usion "32 s#\
+ measurement[

Acquisition of a complete temperature _eld needs 26 min[
To obtain the variations of the _ltration Rayleigh num!

ber Ra�\ the upper side temperature is decreased and the
lower side temperature is increased around the average
temperature T9 "39>C for these tests# using increments of
4>C[ After a temperature change\ 3Ð5 days are needed to
stabilize the temperature _eld depending on a value of
Ra� "the temperature _eld is stabilized if the measured
variation is lower than 9[1>C in 13 h#[

For illustrative purposes\ the grids of measures are
treated as grids of numerical results[ Each experimental
measure location is considered as a computation node[

5[1[ Results

The thermal _elds obtained experimentally for di}er!
ent values of Ra� "in the middle plane of the porous layer#
are presented in Fig[ 7[ The elementary components of
the corresponding ~ows\ deduced from the _eld shapes
are drawn on the same _gure[ For Ra� � 4[4\ the
measured temperature _eld corresponds to the basic uni!
cellular ~ow along the slope direction[ The cell closure
has no signi_cant e}ect on the sides of the temperature
plane[ For Ra� � 7[2\ two longitudinal rolls appear along
the sloped borders of the layer[ The in~uence of the
unicellular ~ow on the temperature _eld is now discern!
ible[ For Ra� � 00\ two additional transversal rolls mod!
ify the unicellular ~ow[ For Ra� � 08[2\ whole ~ow is
2D[ Whatever the _ltration Rayleigh number values are\
the in~uence on temperature _elds of the central rolls is
limited[ Moreover\ it is di.cult to distinguish the pres!
ence of the unicellular ~ow for low Ra� and the appear!
ance of the _rst transversal and longitudinal rolls due to
the measurements imprecision "9[1>C#[

The _ltration Rayleigh number values corresponding
to the di}erent ~ow patterns experimentally determined
are shown in Fig[ 8[ At Ra� value less than 7\ the ~ow is
unicellular[ At Ra� value greater than 00\ the ~ow is
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Fig[ 7[ Experimental temperature _elds in the middle plane of the porous layer and the elementary components of associated ~ows for
Ra� � 4[4 "a#^ Ra� � 7[2 "b#^ Ra� � 00 "c# and Ra� � 08[2 "d#[

Fig[ 8[ Experimental ~ow patterns depending on Ra� at Lp � 9[6[ Each sign corresponds to an experimental result[
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strictly 2D[ In the interval between 7 and 00\ the ~ow
consists of the unicellular pattern plus longitudinal and
transversal rolls along the borders of the layer[

The thermal perturbation amplitudes of the exper!
imental _elds are obtained by subtracting from the tem!
perature _elds temperature average planes approximately
corresponding to the thermal conductive _elds[ The ther!
mal perturbation visualizations allow us to distinguish
more clearly the di}erent ~ow patterns and so to infer the
critical _ltration Rayleigh number[ The most signi_cant
perturbations are located on the borders of the porous
layer[ For low _ltration Rayleigh numbers\ the maximal
temperature perturbations due to the unicellular ~ow are
about 09 times the variations computed by 1D and 2D
numerical resolutions "Ra� � 09\DT½21[1>C#[ For
Ra� values corresponding to a 2D ~ow\ the higher per!
turbations are doubled comparatively to 2D numerical
ones "Ra� � 08[2\DT½26>C#[ In the central part of the
_eld\ the perturbation amplitudes reach the measure pre!
cision[

For Ra� � 08[2 "Figs 7d and 09#\ three!dimensional
~ow patterns are more clearly put into evidence using
temperature perturbation[ The ~ow can be broken up
into following elementary motions] a transversal ~ow
including the basic unicellular ~ow and seven secondary

Fig[ 09[ Elementary component of the experimental 2D ~ow and temperature perturbation _eld for Ra� � 08[2[

rolls\ and\ two important longitudinal rolls along the
sloped borders of the layer and four superimposed central
rolls[

6[ Discussion

6[0[ 1D:2D stability domains

In Fig[ 00\ the occurrence domains of the di}erent ~ow
patterns are presented\ for the _nite con_gurations\ in
terms of Ra� values and as a function of the di}erent
resolution methods[ The critical _ltration Rayleigh num!
ber Rac� for the onset of the 2D ~ow is superior in the
stability study "Ra�c � 08# to the value obtained by the
2D direct computations "Ra�c � 07#[ The di}erence may
be imputable to the linearity assumption[ The non!linear
term omission leads to an overvaluation of the 1D:2D
transition critical Rayleigh number[ The experimental
value of Ra�c is inferior to the 2D computed value[ The
1D results concerning the realistic _nite layer prove that
the transition from unicellular to polycellular ~ow
appears for a lower Ra� value than the ideal one due to
the thermal heterogeneities[ Moreover\ the 2D results
concerning the realistic _nite layer prove that the tran!
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Fig[ 00[ Flow patterns appearing in the ideal _nite layer as a function of Ra� and the study methods "f � 04> and Lp � 9[6#[

sition from unicellular to 2D ~ow appears for a lower
Ra� value due to the thermal losses[ The lower Ra� value
for experimental 1D:2D transition than that for the
numerical one can be so explained[

Both stability study and in_nite con_guration study
indicate the occurrence of transversal rolls before longi!
tudinal ones[ However\ the Ra� values for the appearance
of each type of rolls are close ð02Ł[ The experimental
di.culties to distinguish the 2D ~ow establishment were
also expected[ 2D direct computations do not allow us to
determine distinctly which rolls "transversal or hori!
zontal# appear _rst[

6[1[ 2D patterns

The elementary components of the 2D ~ows obtained
by each method of resolution are described in Table 1[
The most signi_cant remark is that for all methods seven

rolls constitute the transversal part of the 2D ~ow[ Exper!
imentally\ _ve horizontal rolls occur at _rst in the porous
layer\ however at steady state\ an additional roll has
appeared in the medium ð11Ł[ Numerical and exper!
imental 2D ~ows obtained for the realistic con_guration
are composed of an even number of longitudinal rolls[
On both sloped sides of the layer\ the ~uid moves from
the top to the bottom of the medium[

6[2[ Amplitude of convection

Due to the linearization assumption\ the stability
analysis does not allow us to be conclusive in terms of
perturbation range[ The 2D resolutions lead to higher
convective phenomena than 1D ones[ For _ltration Ray!
leigh number corresponding to 2D ~ow\ the 1D numerical
resolution does not allow us to determine the most stable
~ow which develops in the con_guration[ The 1D ~ow
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Table 1
Elementary components of the 2D ~ows

Resolution methods Number of transversal Number of longitudinal
rolls rolls
"horizontal axis# "sloped axis#

1D direct computations] ideal and realistic con_gurations 6 *
Stability analysis] ideal and realistic con_gurations 6 4
2D direct computations] ideal con_guration 6 6
2D direct computations] realistic con_guration 6 7
2D experimental method 6 5

Flows are determined in each direction\ each method and for the ideal and the realistic _nite layers[

obtained has no real signi_cance[ The experimental ~ows
have a higher amplitude than 2D numerical ones[ How!
ever this phenomenon is located on the borders of the
porous layer[ In the central part of the medium\ the
in~uence of the ~ows is lower for experimental results
than numerical ones[

2D numerical results of the realistic layer and exper!
imental ones have common characteristics[ Both show a
more signi_cant phenomenon of convection on the bor!
ders of the layer than in central part "Figs 4b and 7d#[
This particularity can be attributed to the imperfect adia!
baticity of the sides[ Moreover\ the 2D numerical results
suggest that the existence of a supplementary roll in 2D
experimental ~ow can be attributed to the lateral thermal
losses[

The uniformity of the upper and lower isothermal con!
ditions is not as perfect for the experiment as for numeri!
cal resolutions[ These imperfect thermal conditions\ in
addition to the lateral thermal losses\ are an eventual
explanation for the low amplitude of the rolls in the
central part of the layer middle plane[

7[ Conclusions

The work presented here concerns the phenomenon of
natural convection appearing in a saturated porous layer
bounded by impervious domains subjected to a vertical
thermal gradient[ Three con_gurations are considered]
an in_nite layer\ a _nite layer with adiabatic lateral con!
ditions and a _nite layer with lateral thermal losses[ The
experimental and numerical results lead to the following
conclusive remarks[

The phenomenon is restricted by the thermal boundary
conditions[ The upper and lower thermal limits\ char!
acterized by the _ltration Rayleigh number\ in~uence
directly the convection patterns and ranges[ The lateral
thermal conditions in~uence the ~ows indirectly[ The
thermal losses destabilize the 1D basic unicellular ~ow
and a}ect the convective perturbation in the third direc!

tion "they modify the number of transversal rolls which
appear#[

The numerical and experimental resolutions were
necessary and complementary for a better knowledge of
the phenomenon[ They allow us to determine the most
in~uential parameters of the convection[ In our study\
the comparison of the two methods put into evidence the
signi_cant in~uence of the thermal boundary conditions
on the phenomenon[

The reference con_gurations were de_ned to represent
the geological structures[ This study has demonstrated
that the _nite dimensions of numerical and experimental
con_gurations do not allow us to translate directly the
results to natural sites[ However the pertinence of the
models has been proved[ The numerical studies can be
adequately used to simulate the natural convection
phenomenon in real con_gurations\ taking into account
the complexity of the natural environment with special
care to the thermal boundary conditions[
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