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Abstract-Taking into account the capillary hysteresis effects a mathematical model for mass and heat 
coupled transfers in non-saturated porous media is used for the numerical simulation of the transfer 
processes in a closed sand cell and in a cellular concrete wall. The influence of the capillary hysteresis and 

of the value (&j/37), are brought to the fore. 

1. INTRODUCTION 

THE COUPLED phenomena of mass and energy trans- 
fers in non-saturated porous media under the influ- 

ence of weak thermal gradients are important for 
diverse natural or industrial processes : the heat and 
humidity exchanges between the soil and/or building 
walls and atmosphere, the different drying processes, 
the thermal insulation, etc. 

In spite of the great amount of studies relative to 
this subject which have been realized during the past 

three decades, the bibliography shows the lack of 
analysis on the influence of mass transport properties 
hysteresis in thermomigration processes. Among these 
transport properties, the relation between the suction 
(moisture potential) and conductivity-water content 
are the most influential. This is due to three factors : 

(i) The frequent incapacity in the experimental 
results analysis to separate the effects due to hysteresis 
and other causes, for instance heterogeneity, an- 
isotropy and porous medium compressibility, poor 
control of the interaction between porous medium 
and environment (boundary conditions), misapprecia- 
tion of the porous medium initial conditions and hy- 
draulic history. 

(ii) The difficulties in determining experimentally 
the hysteretical relation I,+T. Besides the necessity 
of obtaining the principal hysteresis cycle, and some- 
times drainage and wetting primary curves according 
to the hysteresis model that has been used, knowing 
what influence the temperature has on +, at a given 
water content, requires delicate experimental 
procedures. 

(iii) The most widely used mathematical model of 
heat and mass transfer in non-saturated porous 
media, the de Vries [l] model, considers the thermal 
and water content gradients as driving forces for the 
transfers. In consequence, among other restrictions 
[2], the hysteresis in the relation I++ is not taken into 
account. 

The poor knowledge concerning the influence of 
the I,--w hysteresis in thermomigration contrasts with 
the results obtained in isothermal situations. The non- 

existence of liquid or vapor transfers due to thermal 
gradients and the possibility of neglecting the phase 
changing processes and thermal influence on the 
hysteretical relation I,&UJ allows a less complicated 
analysis in this case. Several studies [3-S] have shown 
the importance of hysteretical effects in the water con- 
tent distribution in different isothermal situations. 
The results demonstrate the necessity for a research 
effort on the consequences of hysteresis in non-iso- 
thermal problems. 

In this work, we present a mathematical model of 
mass and energy coupled transfers in a non-saturated 
porous medium, which takes into account the relation 
IC/+T hysteresis. This mathematical model is used 
for the numerical simulation of a thermomigration 
process in a cell containing sand. After having com- 
pared this simulation with the experimental results, 
the numerical code is used for the prediction of 
humidity, suction and temperature evolution in a 
cellular concrete wall. 

2. MATHEMATICAL FORMULATION 

The hysteresis between IJ and w prevents the con- 
version of suction gradient into water content gradient 
for mass flux determination, as done by Philip and de 
Vries [9] in their pioneer work. Taking into account 
this restriction, Milly [lo] transformed the equations 

proposed by de Vries [l] into equations in which the 
independent variables are suction $ and temperature 
T, instead of temperature and water content. The 
mathematical model proposed in the present work 
differs from the model presented by Milly in some 
aspects, dealt with further on. 

Obtaining the macroscopic equations which govern 
the heat and mass transfers in a thermomigration 
process has been intuitively realized by modeling the 
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NOMENCLATURE 

a volumetric gas content T temperature 
ak volumetric gas content below which liquid V volumetric trapped air content. 

continuity begins 

& coefficient of thermal volume expansion of Greek sym bob 
water a tortuosity 

C, specific heat of phase i 1: porosity 
C* specific heat of porous medium 0, volumetric liquid content 
D diffusion coefficient of water vapor in air I. thermal conductivity 
&V transport coefficient for vapor flux due to i, air thermal conductivity 

thermal gradient A.ive effective vapor thermal conductivity 

D,” transport coefficient for vapor flux due to P density 
II/ gradient PO nominal density of the porous medium 

: 
acceleration of gravity z relaxation time 
enthalpy relative humidity 

Jk capillary-liquid flux Z moisture potential or suction 

JrP gravity-liquid flux ttf\ liquid content z moisture content 

J4 conduction heat flux (0, vapor content. 
J” vapor flux 
k unit vector in the positive z direction Subscripts 
K hydraulic conductivity 0 initial value or nominal value 
L latent heat of evaporation a air 
M molar mass of water 1 liquid 
P pressure 4 heat 

Ph hydrostatic pressure S solid 
R universal gas constant V vapor 
t time vs vapor saturation. 

porous medium as a multiphase continuum and 
assuming the following : 

the solid phase which constitutes the porous 
medium is rigid and isotropic in a macroscopic sense ; 

the gaseous phase total pressure is uniform and 
constant ; 

thermodynamic equilibrium between the phases 
within the porous medium ; 

there are no chemical reactions between the solid 
phase and the liquid and gaseous phases ; 

heat transfers by radiation are negligible ; 
dissipation effects are negligible in the flow ; 
the heat of wetting is neglected. 

The equations used are the equation of con- 
servation of fluid liquid and vapor phases (l), the 
equation of energy conservation (2), and the relation 
between If/, u) and T, which depends on the porous 
medium hydraulic history (3). 

= -V*[J,+h,(J,,+fi,)+h,J,l (2) 

Lc), = w,[$(r’), I’ G t, 71. (3) 

The use of Darcy’s law (4) to determine the capillary 
liquid flux J,, has the same drawback as Fourier’s law, 

which when used in heat transfers supposes an infinite 
speed propagation of thermal perturbations [I 1,121. 
To avoid this problem the solution usually adopted 
uses a relaxation time for the heat flux. This time, of 
the order of lo-” s, 10. In s and 10mm9 s for solid, 
liquid and gas respectively, would be negli~b~e for prob- 
lems normally encountered in practice. Concern- 
ing the capillary liquid flux, according to Luikov [ 121. 
the relaxation time would be of the order of lo--’ s. 
In this work, the use of a relaxation time z, equation 
(5), is motivated by the fact that water content 
depends on the hydraulic history as well as the actual 
suction. However, situations in which deviations of 
hydraulic history due to infinite propagation speed of 
moisture perturbations are important still remain to 
be established 

The liquid flux due to the force of gravity is deter- 
mined by 

Jig = -p,Kk. (6) 

The dete~~nation of the vapor flux J, through a 
porous medium is realized in the frame of constant 
total pressure by considering the mixture of water 
vapor plus air as an ideal mixture and neglecting thermo- 
diffusion [9] 
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J” = -uaD & gVP” 

pv = pvs exp WMgIRT) = P,,cp. (8) 

The consideration of local thermodynamic equi- 
librium between liquid and vapor phases allows the 
use of Kelvin’s equation (8) to obtain an expression 
for vapor flux in terms of suction and temperature 
gradients 

In the second term of the right-hand side of equation 
(9), Jury and Letey [13] proposed some correction 
factors to consider the differences of thermal gradients 
in the gaseous phase in relation to the porous medium 
thermal gradient, as well as the vapor path decrease 
due to the liquid islands. In spite of the lack of a 
rigorous theoretical justification, using these cor- 
rection factors, instead of au, seems to improve the 
concordance with experimental results. Therefore, 
these correction factors have been adopted here 

P”,g(PW - (a + @g(a))CD 

X& ;~IP”~ &s-s 
> 

VT (10) 

(VT), (VT), 
1=VT= a(VT),+@(VT)r+(l-a-W(VT), 

(11) 

’ = 

a+@(a) * 

a + 6, (~“,/U7@) 1 (12) 
da) = 1 a > a, 

g(a) = a/ak a < ak ’ (13) 

9 is the ratio between the thermal gradient in the 
gaseous phase and the thermal gradient in the porous 
medium; (VT),, (VT), and (VT), are the average ther- 
mal gradients in, respectively, the gaseous, liquid and 
solid phases. de Vries [14] has given an estimation 
method for the average thermal gradients in the 
different phases. ak is the volumetric content of the 
gaseous phase for which the liquid continuity starts. 
A”, is the effective thermal conductivity in the gaseous 
phase at pore scale. Besides the air thermal con- 
ductivity it considers a term due to latent heat transfer 
by the vapor flux 

P 
1”, = &+LD----- 

M dP”, 

P-P” RT dT ’ (14) 

The conduction heat flux J, is determined by Fourier’s 
law 

J, = --NT. (15) 

Equations (lt(3) make up a system of three equa- 

tions and four unknowns, w,, o”, $ and T. The vari- 
able o” is eliminated by using equation (17) obtained 
with the help of the ideal gas law, Kelvin’s law (8) and 
relation (16) 

W” = (s-0,); (16) 

s _ aa, a$ aT 

at 
- -A,t+Bat+Cat (17) 

MP”,rp A=- 
RTP, 

(18) 

M ‘v 
B= agP”, - - 

( > RT PO 
(19) 

aMP”,rp C=- 
[ 

1 dP”, I(IMg 1 
RTp, P”, dT -(RT)2 -T ’ (20) 1 

The theoretical model to be solved is established 
with the help of equation (17) and by neglecting the 
influence of temperature upon the specific heat of each 
phase 

(I-A)%+B$+c~= -~V.(J,,+J,,+J”) 

(21) 

(h,-Ah”)% +Bh”$ +(C*+h”C)g 

= -~v.[~,fh,(~,,+J,,)+h”~“i (22) 

WI = o&&t’), t’ < t, T] (3) 

7% +J,, = -p,KV$ (5) 

Jig = -p,Kk (6) 

J” = -D,“VII/-D,VT 

J, = -IVT 

P M2 

(23) 

(15) 

D,“=aaD--- - 
c ) P-P” RT P,sgcp (24) 

Du” = (a+@,g(a))CD &” $P”, 

xc ( 

1 dP”, 

P”, dT 
- $ 

> 
(25) 

c* = c,+w,c,+o”c” (26) 

in which Ci (i = s, 1, v) are the specific heats of the i 
phases. 

This mathematical model differs from the model 
presented by Milly [lo] in the following aspects : 

the consideration of a relaxation time for the capil- 
lary liquid flux ; 

using the correction factors proposed by Jury and 
Letey [13] for the vapor transport coefficient due to 
the thermal gradient ; 
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the non-consideration of the heat of wetting. neg- 
ligible in most of the applications. 

Moreover Milly’s model consists of lwo differential 
equations for II/ and Twhere the transport coefficients 
depend on $, Tand the hydraulic history ofthc porous 
medium. In this work the terms in 01, are maintained 
and the hysteretical relation I,!-ml- T enters the model 

as a third equation. This shows the possibility of corn 
sidering the transport coefficients as dependent on $ 
t+T, instead of on +T and hydraulic history. 

3. MODELIZATION OF @q-T AND 

K-q-T RELATIONS 

The choice of hysteresis model is a function of the 

quantity of experimental data necessary on model 
calibration, the easiness of use and, of course, the 
quality of results. Among the numerous existing 
models, Mualem’s model II [I51 and Mualem and 
Dagan’s model III 1161 seem to be the most satis- 
factory. In this work Mualem’s model II was chosen 
because it requires as experimental data only the main 
hysteresis cycle. However, it is not so precise as model 

III, in particular concerning porous media which have 
a great part of their hysteresis loop in the range of air- 
intry-value. 

Mualem’s model II provides simple expressions for 

curve simulation inside the hysteresis cycle. During a 
wetting, after a series of drainage and wetting 
processes, the value of R, defined as the difference 
between the water content and the residual water con- 
tent R = w-(J),,~~,,, , is given by 

The left-hand side of this equation indicates that the 
process consists first in an increase of $lm,n to $, (wet- 
ting), and then in a decrease of $, to ti2 (drainage), 
increase of $* to $j and so on. R, indicates the Q($) 
value read on the principal wetting curve, a,($) the 
value read on the principal drainage curve and R,, is 
the maximum water content. 

The R value during a drainage is given by 

The infuence of the temperature on the relation 
$-LJ, is still a difficult point to study because of 
delicate experimental processes. Some studies [ 17~ 191 
obtained a good concordance between the cxpcr- 
imental results and the theory which considers that 
the thermal effects on suction $ would only bc due to 
variations of the tension surface (T with the tcm- 

pcrature 

= II ,i 

in which 7 is called the superficial tension coefficient. 
However, in these works. (c?$/dT),,,, was determined 

by using different ti = $(o),) isothermal curves. which 
neglect the volume variation of the solid, liquid and 
trapped air phases. Other works [20.21] determined 
(C:$/iT),,,, by varying the temperature of porous media 

with constant water content, though this process is a 
delicate one. These works obtained values of 
(A,b/(:T),,, dependent on the water content and 5&100 
times greater than the values given by equation (29). 
Peck [22] included in his theoretical study the water 
and trapped air thermal expansion effects, having 

obtained the following relation : 

in which Br is the water thermal expansion coefficient. 
P, is the water hydrostatic pressure (II, plus atmo- 
spheric pressure) and V is the trapped air volume. 
This equation provides values greater thah those 
obtained by only considering the cffccts due to supcr- 
ficial tension and shows the (c?$/c?T),.,, dependence on 
the porous medium hydraulic history (dependence on 
water content, suction, temperature and trapped air 
volume). In this work, as equation (30) requires 
knowledge of the trapped air volume, the following 
relation, in which n > I, has been adopted 

= n;y!r (31) 

The comparison between the simulations with differ- 
ent values of n and the experimental results should 
allow the determination of the adapted value of n. The 
use of this law for every water content for the whole 
hysteresis cycle at every temperature is a simpli- 
fication. the extent of which can only be shown by 
precise experimental results. 

The determination of the Kmoj,~-T relation is also 
delicate in so far as thermomigration problems arc 
concerned. The K-w, hysteresis (due to that for the 
same water content the filled pores radii distribution 
is different according to whether the porous medium 
was subjected to drainage or to wetting) is normally 
negligible in many practical situations. On the other 
hand, the experimental results relative to the thermal 
influence on the hydraulic conductivity are con- 
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troversial [l&23-25]. In this work we adopt a formula 
according to which this influence acts through the 
water viscosity, in accordance with the equation below 

f&T 
V 

where k is the effective medium permeability, con- 
sidered as independent from temperature, and v is the 
cinematic viscosity of the water. 

4. NUMERICAL FORMULATION 

The method used to solve the equation set proposed 
in this work in bidimensional fields has been the classi- 
cal finite volume method, fully implicit, presented by 
Patankar [26]. Concerning the capillary liquid flux, 
the existence of a relaxation time requires a modi- 
fication of the discretization in time. The resolution 
of equation (5) considering p,KV$ as constant, will 
be 

(33) 

in which Jlco is the initial flux. In a time interval At 
the llux is determined by 

l,Jrcdr=Kr[l-exp(q)] 

-,,kV$n+‘{AIr[l-exp(~)]}. (34) 

The superscript n indicates values at the initial instant 
of a time interval and n+ 1 at its end. The dis- 
cretization shown in equation (34) is also valid for the 
other flux, considering a relaxation time of zero. 

The equation set resolution is realized in an inter- 
active way by using a line-by-line scheme for each 
equation [26]. First of all the energy conservation 
equation, then the mass conservation equation and 
finally, the water content determination by Mualem’s 
model II are considered. After a certain number of 
interactions, the water content of each finite volume 
is compared to the water content of the previous time 
step to evaluate whether there is wetting or drainage 
and to determine the hydraulic history reverse points ; 
then the transport coefficients depending on $, w and 
temperature Tare actualized. A detailed presentation 
of the solution method can be found in ref. [27]. 

5. APPLICATION 

The theory developed above has been applied to 
the heat and mass coupled transfer analysis in the 
following two physical configurations: a closed cell 
containing sand and a cellular concrete wall. 

5.1. Closed system 
An experimental study was realized on a non-satu- 

rated porous medium sample (quartzic sand geome- 
trically characterized by d,, = 140 pm and de,, = 240 
pm), set up in a 350 mm long and 60 mm diameter 
cylindrical cell with a horizontal axis (Fig. 1). The 
cells ends, x = 0 and L, are closed by a thermostatted 
water circulation. The side surface is thermally iso- 
lated by a guard device and drilled with a few 1 mm 
diameter aerations which permit us to keep a uniform 
gaseous phase pressure, equal to the atmospheric pres- 
sure. Before filling the cell, the sand is mixed with an 
adequate water quantity so as to reach the desired 
water content w0 = 0.11 kg kg- ‘. The cell is filled in 
by compression and settled in a thermal medium at 
T,, = 20°C. 

After 48 h rest the thermal gradient is imposed: 
54°C at one cell base and 20°C at the other. A series 
of cells was subjected to this gradient for 6 days, 
another for 8 days, and a third one for 13 days. The 
water content distribution was determined by cutting 
into 1 cm thick slices weighing, drying in an oven then 
weighing again. 

The results obtained with the different series of 
cells showed no greater differences than experimental 
errors. Consequently, to compare the numerical 
results we use a least square curve according to Fig. 
2, in which the left side is subjected to 54°C and the 
right one to 20°C. 

The numerical simulation has been realized in a 
350 x 60 mm rectangular field divided into 210 
volumes. The necessary experimental data for simu- 
lation, the hysteresis cycle (Fig. 3) and the hydraulic 
conductivity (Fig. 4) were obtained in ref. [6]. The 
thermal conductivity used was determined by Crausse 
[ 18,281, by using a sand of slightly different porosity. 
The initial values adopted were : coo = 0.11 kg kg- ‘, 
T, = 20°C JlcO = 0 kg mm * so ‘. Considering that the 

FIG. I. Experiment cell. 
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FIG. 2. Experimental results. 
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FIG. 3. Hysteresis loop of the sand 
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Fro. 4. Hydraulic conductivity of the sand. 

initial value of moisture potential tiO as well as the 
experimental hydraulic history were unknown, 
different values of ii/* were tried in drainage and in 
wetting. At the horizontal boundaries the mass and 
energy flux conditions are nil. At the vertical bound- 
aries, corresponding to the cylindrical experimental 
cell basis, the conditions are nil mass fiux and fixed 

temperature. 
As for the boun~ry conditions presently 

concerned, time independent, no difference has been 

observed between the results obtained by using a 
relaxation time t for the capillary liquid flux of the 
order of 1 O- 4 s and a relaxation time of zero. 

Figures 5 and 6 show the simulation results for the 
pe~anent state regime (reached in 4 days) without 
considering the hysteresis ; n = 3 corresponds to the n 
value used in equation (31). In order to compare the 
experimental and numerical results, we have realized 

vertical averages. These results are shown in Figs. 7 
and 8. For the simulation which takes the hysteresis 
into account, we used an initial suction value situated 
between the drainage curve value and the wetting 

8 s; *; 
0.00 0.05 0.M 0.15 0.20 0.25 0.30 0.35 

X (m) 

FIG. 5. Moisture content distribution (drying curve only, 
n = 3). 

0.00 0.05 al0 0.15 0.20 0.25 0.30 0.35 

X (4 

FIG. 6. Moisture content distribution (wetting curve ox+. 
,I = 7) 

! 
i 
I 
i 
4 
: 
i 
! 
t . . 

0.00 0.0s 0.m 0.6 0.20 0.3 0.10 0.11 

x&n> 

FIG. 7. Simulation results (drying curve only). 
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FIG. 8. Simulation results (wetting curve only) 

curve value, I,+,, = - 0.3 13 m, and the initial hydraulic 
history: wetting with the last reverse point w = 0.01 
kg kg-’ and + = -2.00 m (Figs. 9 and 10). The 
results obtained with some other reverse points are no 
different. Figure 11 shows the thermal distribution 
obtained by simulations with and without hysteresis. 

These results show that in the case of this porous 
medium, and with the considered boundary 
conditions, neglecting the hysteresis leads to con- 
siderable mistakes in the humidity distribution pre- 
diction, in particular for high values of n. However, 
because of the weak thermal conductivity variation, 
in the considered water content range, the hysteresis 
does not seem to influence the thermal profile. 

5.2. Open system 

In this example, numerical simulations concerning 
a cellular concrete sample of density p0 = 450 kg m- 3 
are realized. The hysteresis cycle used (Fig. 12) is 
based on the results obtained with the mercury por- 
osimeter and a simplified version of Mualem’s model 
II [ 151. This simplification consists of considering the 
pore openings radii distribution being equal to the 

8 
d 

%:: 
d 

>o 
8 

0.00 0.05 0.10 0.s 0.20 0.25 0.30 0.35 

x Q 

FIG. 9. Moisture content distribution (with hysteresis, n = 3). 

0.00 0.05 0.10 0.1 0.20 0.25 0.10 035 

x Gn) 

FIG. 10. Comparison between experiment and simulation 
with hysteresis. 

pore radii distribution. The hydraulic and thermal 
conductivity were respectively obtained in refs. [29, 
301. 

The physical model analyzed is shown in Fig. 13 
where rp is the relative humidity. Due to the slight 
inlhtence of gravity for the initial water content 
adopted, w0 = 0.20, the simulations are realized in 
a unidimensional domain divided into 40 volumes. 
Concerning this problem the relaxation time influence 
tests have not been done. Thus the r value used is 0. 

Figures 14-19 show some results obtained by simul- 
ation with or without hysteresis. The influence of hys- 

0.00 0.05 0.10 0.15 0.10 0.25 0.10 0.3s 

X (m) 

FIG. 11. The temperature distributions. 
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0.0 0.2 0.4 0.6 0.5 

MOISTURE CONTENKkg/kg) 

-IT.. 12. Hysteresis loop of the cellular concrelc. 

teresis is shown in Figs. 2&22, and the influence of 11 

value can be seen in Figs. 23 and 24. The temperature 
profiles obtained from the different numerical simu- 

lations did not present important differences. The 
thermal steady-state profile is obtained after about 
24 h (Fig. 25). 

The slight influence of hysteresis observed in this 
example can possibly be explained by the hysteresis 
cycle used, which needs experimental confirmation. 
However, the results shown in Figs. 20-22 lead to the 

conclusion that hysteresis favors the cellular concrete 
wall draining in a certain period of time during the 
process. 

6. CONCLUSION 

The use of the mathematical model shown in this 
work for the numerical simulation of mass and heat 
coupled transfers in a porous medium has allowed the 
analysis of the capillary hysteresis influence effects, the 
capillary liquid flux relaxation time and the (Z$/?T),,, 
value, in strictly determined physical situations. There 
is no influence of the relaxation time for the boundary 
conditions fixed in time. However, in spite of the sim- 

FIG. 13. The physical model 

l = IS0 days 5 
0.10 0.15 0.10 

X(m) 

FIG. 14. Simulation results (without hycrerws. II : I ) 
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FK;. IS. Simulation without hystcrcsis. II =: I 
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n m I80 days 

FIG. 16. Simulation without hysteresis, n = 3. FIG. 18. Simulation with hysteresis, n = 3 
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0.00 0.05 0.10 0.15 0.20 

t 

I 1 

l = ldav 1 

0.00 0.05 0.10 0.15 o.af 

x cm) 

FIG. 17. Simulation without hysteresis, n = 3. FIG. 19. Simulation with hysteresis, n = 3. 
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FIG. 70. Comparison between simulations with and without FE. 12. Comparison between the average moisture contents. 
hysteresis. moisture potential. 
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FIG. 2 I. Comparison between simui~tions with and without 
hysteresis. moisture content. 
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Flu. 2.1. Simulation with hysteresis. 90 days 
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0.00 0.0% OJO 0.15 0.10 

Xh) 

FIG. 24. Simulation with hysteresis. 

.+ 0.00 0.0% 0.M 0.n 0220 

R 

0.00 0.0% OJO 0.E 0.30 

x cm) 

FIG. 25. Evolution of the temperature profile. 
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INFLUENCE DES EFFETS D’HYSTERESIS CAPILLAIRE SUR LE TRANSFERT COUPLE 
D’HUMIDITE ET DE CHALEUR DANS UN MILIEU POREUX NON SATURE 

R&sum&En prenant en compte les effets d’hysttresis capillaire, un modele mathematique des transferts 
couples de masse et de chaleur dans un milieu poreux non sature est utilise en vue de la simulation 
numerique des phenomenes de transfert dans une cellule fermte contenant du sable et dans un mur en 
beton cellulaire. L’influence de I’hysttresis capillaire et des effets de temperature (&j/87’),,> sont pris en 

compte simultanement. 

DER GEKOPPELTE FEUCHTIGKEITS- UND WARMETRANSPORT IN EINEM 
NICHTGESATTIGTEN POROSEN MEDIUM UNTER DEM EINFLUS DER 

KAPILLAREN HYSTERESE 

Zusammenfasung-Ein mathematisches Model1 des Warme- und Stofftransports in ungesattigten porosen 
Medien wird zur numerischen Simulation der Transportvorgange in einer abgeschlossenen Sandzelle und 
einer zellfijrmigen Betonwand angewandt. Dabei wird der kapillare Hysterese-EinfluR beriicksichtigt, der 

zusammen mit dem Wert (@/3T),,, in den Vordergrund gestellt wird. 

BJHIRHME KAIIMJIJDIPHOI-0 FHCTEPE3HCA HA COBMECTHbIR IIEPEHOC BJIAI-W H 
TEI-IJIA B HEHACbIIIJEHHOl? I-IOPMCTOti CPEAE 

AmwratmefIpa nohtowi Marehiarrirecrcoii Moflenri conbrecrnoro btacco- ri rennoneperioca B neriacbr- 
mernibrx nopacrbrx cpenax c yreroh4 sanrrn_mrprroro rwcrepesrica 9rrcnetmo Monenrfpymrca npoueccbl 
neperroca B 3aMgrryroii rnreihce necrra B nqeacroii B~ToHH~~~ crerme. Accnenyercn BnrrRnne rtarmnnrrp- 

HOBO rricrepesrrca n 3ria~enrm (a$/aT), 


