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Abstract-The two-dimensional aspect of the transfer resulting from the combined action of water move- 
ment due to gravity and to temperature gradients is shown; critical examination enables us to discuss the 

model validity and to assess the cogency of the experimental device. 

1. INTRODUCTION 

MANY AUTHORS have outlined the various situations, 

either industrial or natural, in which coupled heat 
and mass transfer in porous material interfere. For 
instance, to quote a recent publication, one can refer 
to Udell [I]. Among the resulting effects of coupling, 
the main interest centres on water movement caused 
by moderate temperature gradients. This movement, 
which could in no way be identified with thermo- 
diffusion (a phenomenon not taken into account in 
the usual situations), is-in the case of the considered 
modelization-due to the variation of interfacial ten- 
sion with temperature (as regards liquid-phase move- 
ment) and due to water vapor mass fraction (or vapor 
partial pressure) variations with temperature (for gas- 
phase transfer). Among the works dedicated to the 
analysis of this phenomenon, one may quote the 
works of Philip and De Vries [2], Cary [3], Maaledj 
and Le Fur [4], Cassel et ul. [5], Bories et al. [6] and 
Crausse [7]. One can refer to Crausse et al. [8] for a 
more thorough review. To illustrate the effect of water 
movement due to thermal gradients, one can develop 
an interest in porous material drying subject to a 
temperature gradient as is shown in Fig. 1. Then a 
moisture transfer caused by temperature difference 
detrimental to drying is observed [9]. In the following, 
interest lies in the analysis of two-dimensional effects 
in a closed system. 

2. EXPERIMENTAL LAY OUT 

The porous medium considered is made of sand of 
almost uniform grain size diameter (100 < d < 125 

pm). This sand is placed in a cylindrical cell 35 cm 
long and 5 cm in diameter. This cell is made of a 5- 
mm-wide Plexiglas cylinder separated from a 2-mm- 
wide steel cylinder by an air Iayer of about I mm, and 
surrounded by a 57-mm-wide insulator (Fig. 2). As 
will be shown later, the aim of these devices is to 
avoid lateral thermal leakage and consequently two- 
dimensional temperature distribution. The two ends 
of the cell are made of metal surfaces maintained 
at constant temperature by means of a temperature- 
regulated water flow. Gas-phase pressure is kept uni- 
form and equal to atmospheric pressure by means of 

some vent holes. Temperatures and moisture contents 
of the porous material have been determined by 
thermocouples set along the X-axis of the cell and by 
cutting up the sample in l-cm-thick slices, which are 
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FIG. 1 FIG. 2. Experiment cell (details). 
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NOMENCLATURE 

A,, B,, A>, Bz coefficrents 
C,, D,, CZ, Dz coefficients 
D,,, isothermal mass diffusivity coefficient 
D, non-isothermal mass diffusivity coefficient 
D, isothermal mass diffusivity coefficient in 

vapor phase 

t time 

t, time scale, i = I,. , 1 I 
.Y axial coordinate 

I axial coordinate 
Z axial coordinate. 

D,, non-isothermal mass diffusivity coefficient 
in vapor phase 

K hydraulic conductivity 
L, latent heat of vaporization 
L length of the experiment cell 
I diameter or width of the experimental cell 

T temperature 
7, initial temperature 
T, temperature of the warmer end of the cell 

(55 C) 

Greek symbols 
i* apparent thermal conductivity of the 

porous material 

(PC)* volumetic heat capacity 
p? water density 

p,, density of dry material 
Q moisture content [kg/kg] 
o,, mittal moisture content 
W, moisture content scale (saturation). 

separately weighed and desiccated in a dry kiln. Given 
uniform temperature and moisture content (we, T,) (/Jo*;= v~[(~+~“~,~“,)VTl+V~[~“~,~“Vwl. 
as mttral conditions, the experimental process consists 
of analysing the moisture contents’ and temperatures’ 
space-time evolution when the thermodynamic equi- 

librium is broken by setting the X = 0 section to 
T, > T, (Fig. 3). As far as the experiments described 
and analysed here are concerned the temperature 
difference has always been 34’ C with initial conditions 
of respectively 21 C and I l.2%, and 21-C and 6.6%. 
Extra details concerning these experiments can be 
found in Crausse’s thesis [7]. 

3. MATHEMATICAL FORMULATION 

Considering an unsaturated, nondeformable, 
homogeneous, isotropic porous medium and 
assuming that the total pressure in the gas phase is 
uniform and that there is no chemical reaction, and 
neglecting compressional work, viscous dissipation 
and convective terms in the energy equation and 
considering the gas-phase mass transport equation 
for the evaporating species as quasi-steady, equations 
describing heat and mass transfer phenomena in such 
media are generally the following : 

am 
- = V*[D,,Vw+D,VT]-V* 
at 

(2) 

Here the gas- and liquid-phase mass conservation 
equations have been summed up. The phase-change 
term is not explicitly apparent. All coefficients of equa- 
tions (I) and (2) are dependent variables of moisture 
content and temperature and have been studied from 
specific experiments by Crausse [7] regarding the 
porous medium considered. The above model has 
been validated although with some reservations. As a 
matter of fact the validation has been obtained by 
comparing monodimensional numerical simulation 
and experimental results. Consequently neither 

gravity nor wall heating effects have been taken into 
account. 

4. NUMERICAL SOLVING METHOD 

The resolution of this kind of strongly non-linear 

equation has been the object of numerous publi- 
cations. In the monodimensional case we can quote 
Vauclin et al.‘s work [IO] concerning finite-difference 
methods. Finite-difference methods have been used in 
two- and three-dimensional geometry. One may for 
instance refer to Nakamo et al. [I l] for a three- 
dimensional case. For reasons of flexibility in the 
mesh choice and with the aim of taking into account 
Neuman conditions with a view to applications to 
other problems. we used a finite-element method. In 
two-dimensional geometry the domain under con- 
sideration is cut up and rectangular elements. The 
method is in fact a Galerkin method based on linear 

interpolation. The solving principle, very similar to the 
one described by Bacon [ 121 in the monodimensional 
case, leads us to a system using Newton’s method : 

A,W”‘+‘=B,W”‘+C,T”‘+“+D, (3) 

AzT”‘+ = B2T”‘+C2W’~‘+H+D~. (4) Fw. 3. 
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FIG. 4. Moisture content distribution (steady-state regime, 
00 = 11.2%). 

The resolution is carried out by using a direct Gauss 

elimination method successively for each equation. 
The resolution is obtained when the difference 
between two successive iterations is smaller than a 
given value. The simulation of the transfers in the 
vertical median plane including the X-axis (Fig. 3) is 
performed with a mesh of 175 square elements. 

5. RESULTS AND DISCUSSION 

In order to appreciate the influence of a two- 
dimensional effect induced by gravity and thermal 
interactions, three occurences have been simulated 
and confronted with experimental results ; two occur- 
ences of permanent state regime for initial conditions 
w0 = 11.2% and o0 = 6.6% ; and one occurrence 
of transient state regime for initial conditions 
w,, = 11.2%. In order to make a comparison with 

experimental data, the moisture contents considered 
are the vertical-slice average moisture contents. 
Unless otherwise mentioned, as we have previously 
stipulated, we simulate transfer in the plane defined 
as the median vertical enclosing the X-axis plane. 

Steady-state regime 

Figure 4 gives moisture content distribution in the 
case of initial moisture content at 11.2%. This dis- 
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FIG. 5. Comparison between simulation and experiment 
(steady-state regime). 
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FIG. 6. 11.2% moisture content line time evolution. 

tribution precisely shows the two-dimensional aspect 
of transfers resulting from vertical movement due to 
gravity and horizontal movement due to thermal 
gradient combined action. Figure 5 demonstrates how 

seriously we have to take gravity into account when 
experimental and numerical results are being 
compared. In a transient state regime study we will 
attempt to give the reasons for differences when grav- 
ity is or is not taken into account in the simulation ; 
that is to say how the differential action of the thermal 
gradients is working according to the moisture 
content. The effect of gravity is all the more sensitive 
the higher the initial moisture content. It should be 
noted that considering higher initial moisture contents 

(for instance w0 = 14.2% in the case of the simulation 
we made), the combined effect of gravity and thermal 

gradients causes a saturated zone in the lower. cold 
end of the cell. In this case (already mentioned by 
Firdaouss et al. [13]), we face the problem of coupling 

a non-saturated zone with a saturated zone-a case 
which is not studied here. Such a case has already 
been investigated by Vauclin et al. [14]. In the 6.6% 
case a less sensitive gravity action can be observed. 

Transient state regime 

Simulations were performed with an initial mois- 

ture content of 11.2%. Figure 6 shows the 11.2% 
moisture-content-line time evolution. Figures 7 and 8 
give the temperature and the moisture content dis- 
tribution after 1 h. It should be mentioned that the 
isotherms are not strictly vertical. The difference 
between the upper and lower part is about 0. I C in the 
warmer zone. The time isotherm evolution is slower in 
the higher moisture content zone ; this agrees with the 
material thermal diffusivity considered since we are in 
the 0.07~.16% moisture content zone in which the 

thermal diffusivity coefficient decreases according to 
moisture content (Fig. 9). 

As regards the different processes, it is interesting 

to study time scales of the different phenomena under 

5 zcm 

14.6% 

2b. 3b.Xcm. 

FIG. 7. Moisture content distribution (CO” = 11.2%) 

lb. 2b. 3b. Xcm. 

FIG. 8. Isotherms (CO,, = 11.2%). 
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FIG. 9. Thermal diflusivity of the material. 

consideration (diffusion, gravity, heat conduction, 
latent energy transfer). With this in mind we write : 

(to* = Wi(D, ; T* = (T- T,,)!‘( T, - T,,) : 

.y* = .y!L -* = zll; I* = tit,. (5) 
/ * - 

The mass conservation equation leads to : 

1 ?cu* 

t, ?t* 

(6) 

with t, = L’lD,,, being the time scale of mass diffusion 

due to the moisture content gradient along OX; 
tl = Lb,/ DT( T, - T,) the time scale of mass diffusion 
due to the thermal gradient along OX; t, = lp,w,/p,K 

the time scale of water movement due to gravity; 
t, = P/D,., the time scale of mass diffusion due 
to the moisture content gradient along OZ; and 
tc = I’m: DT( T, - T,,) the time scale of mass diffusion 
due to the thermal gradient along OZ. (It should be 
noted that the temperature scale we have to consider 
is in this case T,- T”, i.c. the maximum difference 
along the vertical between the lower part and the 
upper part of the cell.) 

Concerning the heat transfer equation. we have : 

with th = (pC)*L’/i.* being the time scale of 
heat transfer due to conduction along OX; t,= 
W’)*L’iL@,T the time scale of latent energy 
transfer due to the thermal gradient along OX; 
t8 = (T, - To)(pC)*L’/L,p,,D,w, the time scale of 
latent energy transfer due to the moisture content 

gradient along OX; t,, = (pC’)*I’/E.* the time scale 
of heat transfer due to conduction along OZ: 

t,,, = I’(pC)*/L,p,D,, the time scale of latent energy 
transfer due to the thermal gradient along 02 (for 
the same reason as above, the temperature difference 
considered is TH-T,J; and t,, = Z2(T,-T,,)(pC)*/ 
L,p,D,w, the time scale of latent energy trans- 
fcr due to the moisture content along OZ. 

For the moisture content and temperature ranges 
and the length scales considered we obtain the 

following classification : concerning mass transfer 

alongOX,t,<t,; along OZ, t, c t4 cc tS ; concerning 
energy transfer along OX, t, cc t, < tx ; along OZ, 

t,<c t,, < t,o; with also t4 < t, and tg < t6. 
The classification obtained shows that, considering 

the small temperature differences along OZ (isotherms 
nearly vertical). the evolution towards equilibrium 
results 
--along OZ from a competition between mass flux 

due to gravity and mass flux due to moisture 

gradients ; 
along OX from a competition between mass flux due 
to thermal gradients and mass flux due to moisture 
gradients. 
Concerning heat transfer. WC deduce that is is prac- 

tically monodimensional along Xand we can therefore 
discard vaporization-condensation effects [ 151 given 

by the following simple equation : 

(8) 

Thcsc considerations allow us to understand the 
water redistribution process inside the material. Grav- 
ity acts very quickly compared to water movement 
due to thermal gradients (which, in an early experi- 
ment, were found to only concern the part near the 
55 ‘C cell end) and brings about a stratification along 
the vertical. Water movement due to thermal gradi- 
ents alters this water redistribution in two ways: at 
one end by horizontal water movement (drainage of 
the warmer zone and imbibition of the colder zone) 
and at the other end by a slight change of the gravity 
equilibrium leading to new vertical movements. The 

interaction between water movement due to gravity 
and water movement due to thermal gradients can be 
shown by means of numerical simulation. In this view 
we take as initial conditions the isothermal strati- 
fication due to gravity at T = 21 C and we compare 
the results deriving from these new initial conditions 

when we take into account gravity effects and when 
only horizontal movement are considered. This slight 
modification of gravity equilibrium is due 10 the 
change in the isothermal mass diffusivity coefficient 
and in the hydraulics conductivity. Figures 10 and 1 I, 
which show mass flux density evolution after I h near 
the upper and lower boundaries of the cell. exemplify 
the modification. In the upper part the moisture con- 
tent is lower and as the isothermal and non-isothermal 
mass diffusivity coefficients are increasing with mois- 
ture content in the moisture content range under 
consideration, the horizontal water movement is 
relatively slower in this part than in the lower part, 
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10. 20. 30.Xcm. 

FIG. 10. Horizontal mass flux density space evolution (mass 
flux density due to horizontal moisture content gradients and 
mass flux density due to horizontal thermal gradients); 

t = 60 min. 

hence a change in the gravity equilibrium and water 
redistribution. It should be noted that the gravity 
equilibrium is also changed by heat transfer (hydraulic 
conductivity and isothermal mass diffusivity co- 
efficient change with temperature). 

At the end of this precise local analysis in which 
the distinctly two-dimensional character acting in the 
described experiments has been shown, we have to 
examine the consequences upon the only quantities 
deduced from the experiments, i.e. variation of mois- 
ture content average values in vertical slices on X- 
these elements form the basis together with the pre- 
viously performed monodimensional simulation. With 
this aim in view the calculation of average values in each 
vertical slice was made from the two-dimensional mois- 
ture content distribution at t = 60 min. The com- 
parison of these average values with those previously 
obtained is shown in Fig. 13. This clearly demon- 
strates that the effect of gravity is not the underlying 
factor in the discrepancy between experimint and 
simulation. 

At this stage of the analysis, this discrepancy can be 

0.250~ 10w6Kg/m$s 
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FIG. 11. Horizontal total mass flux density space evolution ; In fact we deal with the problem of an unwanted 
t = 60 min. heating of the porous medium due to differences in 

I I 

0 1). 60. t (minutes) 

FIG. 12. Moisture content time evolution concerning four 
points of the cell. 

derived from three effects. These are the following : 
-one hysterisis effect since, as a whole, the colder zone 

is under imbibition whereas the warmer zone is under 
drainage. (It should be noted as is shown in Fig. 12 
that the mass transfer is locally rather more 
complex). This effect was not taken into account in 
simulation. Taking this phenomena into account is 
likely to greatly improve the results as suggested by 
the anlysis made in ref. [A. 

-one three-dimensional effect caused by the geo- 
metrical shape of the cell which leads to particular 
water accumulation zones. 

-one wall heat transfer effect due to the particular 
structure of the cell. 

The three-dimensional effect 
In order to study this effect the circle obtained by 

cutting up transversely the cylinder was approximated, 
for reasons of numerical simplicity, not by means 
of a square-as in the previous case-but by a 
rhomb. 

Figure 14 shows the distribution due to gravity 
obtained at the very same moment in these two situ- 
ations under isothermal conditions. The analysis con- 
sisted on one hand of making up a new moisture con- 
tent distribution along the vertical from horizontal- 
slice average values obtained in the rhomb case when 
the permanent regime is under isothermal con- 
ditions (T = 21°C) is reached and on the other hand of 
studying the effect of the horizontal thermal gradient 
1 h after starting from these new initial conditions. This 
procedure, the validity of which has been previously 
substantiated in the square case, did not lead us to a 
significant modification of the results shown in Fig. 
13. Since a three-dimensional numerical code was not 
being used, the results obtained until now appear to 
confirm definitely that gravity is not the determining 
factor of the discrepancy between simulation and 
experiment. 

Wall heat transfer effect 
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FIG. 13. Comparison between experiment and simulation 
(transient regime; t = 60 min). 

thermal diffusivity coefficients of the different com- 
ponents of the cell walls (Fig. 2). This effect has been 
studied taking into account the succession of Plexiglas, 
steel, and insulator cylinders constituting the cell and 
the air layer separating Plexiglas from steel. (The mesh 
is no longer 175 elements of identical size but now 
consists of 595 elements of variable size which allows 

us to solve simultaneously heat transfer equations in 
each cylinder constituting the cell.) The boundary con- 
ditions, for the energy equation, along the horizontal 
walls are no longer zero-flux conditions but Dirichlet 

FIG. 14. Moisture content distribution line in rhomb case and 
in square case at the same moment. 

To 
I 
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0. 10. I 0 
M. 30. Xcm . 

FIG. 15. Isotherms taking mto account heat wall transfer 
erect. 

conditions (T = 2 1 -C). The aspect of the isotherm lines 
obtained in the porous medium exemplifies this wall- 
heating effect. The comparison between simulation and 
experiments (Fig. 16) shows a fairly visible sensitivity 
of transfer to this wall-heating effect. 

Lastly we considered the case in which the gaseous 
phase pressure was not uniform and not equal to atmo- 
spheric pressure. (In this case equations were then simi- 
lar to those considered by Moyne et al. [ 161 but written 
in two-dimensional geometry). If we suppose the cell 
to be completely closed, we observe a fairly quick return 
to pressure uniformity and no mass transfer due to 

gaseous phase pressure gradients likely to notably 
improve results. 

6. CONCLUSION 

The critical examination of these experiments in per- 
manent and transient regimes by means of two-dimen- 
sional numerical simulation allowed us to appreciate 
the influence of the mechanisms at work and to dem- 
onstrate the peculiarities of the transfers in the experi- 

mental cell resulting from the combined action of 
gravity, and water movement due to thermal gradi- 
ents. In the present state of our analysis, the hysteresis 
phenomenon in the presence of thermal gradients- 

which is the present object of specific studies-is 
the last effect whose influence is to be understood. 
Presently this analysis gives all the elements allow- 
ing us to make experiments in the best conditions. 

In particular the wall-heating effect influence clearly 

T”c 

_-- Experiment ( w ) 

0 10. 20. 30. LO. Xcm. 

FIG. 16. Comparison between experiment and simulation 
(transient regime: t = 60 min). 
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exemplifies the precautions to be taken in the working 
out of such experiments when thermal gradients take 
place. 9. 
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ANALYSE PAR SIMULATION NUMERIQUE BIDIMENSIONNELLE D’EXPERIENCES DE 
THERMOMIGRATION EN MILIEU POREUX 

R&urn&-L’aspect bidimensionnel des transferts qui rtsulte de l’action combinCe de la gravitk et des gradients 
thermiques est mis en kvidence. Une analyse critique permet ensuite d’examiner la validit& du modile et de 

juger du bien-fond6 du dispositif expCrimenta1. 

UNTERSUCHLJNG DER THERMISCH BEDINGTEN FEUCHTIGKEITSWANDERUNG 
IN UNGESATTIGTEN SCHOTTUNGEN MITTELS ZWEIDIMENSIONALER 

NUMERISCHER SIMULATION 

Zusammenfassung-Es zeigt sich, dal3 die Feuchtigkeitsbewegung infolge der kombinierten Einfliisse 
von Schwerkraft und Temperaturgradienten zweidimensional ist. Ein kritischer Vergleich erlaubt es, die 

Gfiltigkeit des Modells und die Qualitiit der vorhandenen Versuchseinrichtung zu heurteilen. 

AHAJIII3 3KCHEPkiMEHTOB HO MRTPA~AM BJIAl-M, BbI3BAHHOn PA3HOCTbIO 
TEMl-IEPATYP B HEHACbIuEHHOti l-IOPllCTOfi CPEAE, C I-IOMO~bIO ABYMEPHOI-0 

WiCJIEHHOI-0 MOflEJIMPOBAHA5l 

AwoTauHn-Mccnenyercn nByMepHoe nBHmeHAe BoPbI, 06ycnoBneHHoe rpaBNTauHeti A TeMnepaTyp- 
HbIMA rpanHeHTaMH. 06cyEnaeTca npNHuHn npHMeHBMOCTN MOLlenll, OueHHBaH3TCR LIOCTOHHCTBa 3KC- 

nepHMeHTanbHOr0 yCTpOiCTBa. 


