Int. J. Heat Mass Transfer. Vol. 35, No. 6, pp. 1385-1396, 1992
Printed in Great Britain

0017-9310/92 85.00+0.00
Pergamon Press Ltd

The influence of capillary hysteresis effects on the
humidity and heat coupled transfer in a
non-saturated porous medium

C. H. A. MOLENDA, P. CRAUSSE and D. LEMARCHAND
Institut de Mécanique des Fluides, Avenue du Prof. Camille Soula, 31400 Toulouse Cedex, France

(Received 18 March 1991 and in final form 3 July 1991)

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 (0y/dT),, 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:

(1) 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.

(it) The difficulties in determining experimentally
the hysteretical relation y—w—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 [1] 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 Y—w is not taken into
account.

The poor knowledge concerning the influence of
the y—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 y—w allows a less complicated
analysis in this case. Several studies [3-8] 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
Y—w-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 ¥ and @ 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 [10] transformed the equations
proposed by de Vries [1] into equations in which the
independent variables are suction y 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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a volumetric gas content
continuity begins

water
C;  specific heat of phase i
C*  specific heat of porous medium
D diffusion coefficient of water vapor in air

Dy, transport coefficient for vapor flux due to
thermal gradient

D, transport coefficient for vapor flux due to
¥ gradient

g acceleration of gravity

h enthalpy

J.  capillary-liquid flux

Ji,  gravity-liquid flux

conduction heat flux

vapor flux

unit vector in the positive z direction
hydraulic conductivity

latent heat of evaporation

molar mass of water

pressure

hydrostatic pressure

universal gas constant

time

SR R RS

a,  volumetric gas content below which liquid

By coefficient of thermal volume expansion of  Greek symbols

NOMENCLATURE !

T temperature
V' volumetric trapped air content.

o tortuosity

€ porosity
0, volumetric liquid content
) thermal conductivity

4, air thermal conductivity

A. effective vapor thermal conductivity

o density

pe  nominal density of the porous medium
T relaxation time

@ relative humidity

W moisture potential or suction

¢y liquid content = moisture content

w,  vapor conient.

Subscripts I
0 initial value or nominal value
a air *
I liquid :
q heat
s solid
v vapor

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 (1), the
equation of energy conservation (2), and the relation
between ¥, @ and T, which depends on the porous
medium hydraulic history (3).

5
gi[Po(wlwv)]= =V lhe+Je+J) M

ool +hon+ho)]
= VU hUtI)+hI) @
o = o)1 <LTL &)

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 [11, 12].
To avoid this problem the solution usually adopted
uses a relaxation time for the heat flux. This time, of
the order of 10~ ''s, 107'% s and 107 ° s for solid,
liquid and gas respectively, would be negligible for prob-
lems normally encountered in practice. Concern-
ing the capillary liquid flux, according to Luikov [12],
the relaxation time would be of the order of 107 s.
In this work, the use of a relaxation time 7, 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

ch = ileV‘// (4>

5‘] Ic

ot

T +J = —p KV (5}
The liquid flux due to the force of gravity is deter-

mined by
Jig = —mKk. (6)

The determination 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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M
Jv = —(XQDP_PV ﬁVPV (7)
P, = P, exp (Y Mg/RT) = Py0. @®

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

P (MY
J, = —aaDF_—PV(ﬁ> P.goVy

_YMy

aaD RT?

M (1 dp,,

P
p—p, RT? =\p,_ ar >VT' ©

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 aa, seems to improve the
concordance with experimental results. Therefore,
these correction factors have been adopted here

J, = D i MZP Vi —(a+6,g(e)nI'D
"__aaP——ITVﬁ gOViy — (a+ 0 g(a)n

P M 1 dP,, yMyg

“P—P, R_T"’P“<P_vs ar ~ RT’)VT (10)

(VD). V1),

VT~ a(VT), +6,(VT)+(1—a—0)(VT),
(an
B a+6g@ |

= [a+ e,w/zog(a)] 12

gl@=1 a>ay
9@ = afa, a< ak}' )

n 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. a, 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 M dP,

'1“‘_)“+LDP P, RT dT"

(14)

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

J, = —iVT. (15)

Equations (1)—(3) make up a system of three equa-
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tions and four unknowns, w,, w,, ¥ and T. The vari-
able w, is eliminated by using equation (17) obtained
with the help of the ideal gas law, Kelvin’s law (8) and
relation (16)

- 02 (16)
5{;‘; - —A@He%JrC%ltr an
A= %p«’ (18)

B = agP,, (%)2;,(% 19

_aMPag[ 1 dP, _yMg 1]
" RTpy | P, AT (RTY* T/ (

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

0 1
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0

at ot
21
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0

oy =oy(), 1 <1,T] €)
e
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Jy = —pKk 6)
J, = =D, V=D VT (23)
Jy=—AVT (15
M 2
Dy, = aaD ( R T) P.go 24
P M
Dy, = (a+6g@)nI'D 5~ P, RT P
1 dP, yMg
X (va ar ~ RT2> 25
C* = C,+o,C +w,C, (26)

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

This mathematical model differs from the model
presented by Milly [10] 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 two differential
cquations for ¢ and T where the transport coeflicients
depend on i, T'and the hydraulic history of the porous
medium. In this work the terms in ¢, are maintained
and the hysteretical relation ¥~w~T enters the model
as a third equation. This shows the possibility of con-
sidering the transport coefficients as dependent on
w-T. instead of on Y—T7 and hydraulic history.

3. MODELIZATION OF y—w,~T AND
K-o-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 [15] and Mualem and
Dagan’s model III [16] seem to be the most satis-
factory. In this work Mualem’s model IT was chosen
because it requires as experimental data only the main
hysteresis cycle. However, it is not so precise as model
I11, in particular concerning porous media which have
a great part of their hysteresis loop in the range of air-
intry-value.

Mualem’s model 1I provides simple expressions for
curve simulation inside the hysteresis cycle. During a
wetting, after a series of drainage and wetling
processes, the value of Q, defined as the difference
between the water content and the residual water con-
tent Q = Wy, 1S given by

Vi
Q<l//min l//Z s ‘PN)
Qd N “QW N
= QL)+ Oy ) - Q)

+ Z [Q\\’(II/Z/fl)'——Qw(IIIZH l)]

J=1

« Q4(¥2) — ()
Qu - Qw (‘!/ 2/) .
The left-hand side of this equation indicates that the
process consists first in an increase of ¥ ,;, to ¥ (wet-
ting), and then in a decrease of ¥ to i, (drainage),
increase of i, to 5 and so on. Q, indicates the Q(y)
value read on the principal wetting curve, Q4(y) the
value read on the principal drainage curve and Q, is

the maximum water content.

The Q value during a drainage is given by

27

e
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Qu - Qw(wZ/') ’

(28)
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The influence of the temperature on the relation
W —ay is still a difficult point to study because of
delicate experimental processes. Some studies [17--19]
obtained a good concordance between the exper-
imental results and the theory which considers that
the thermal effects on suction ¥ would only be due to
variations of the tension surfacc ¢ with the tem-

perature
o\ Ydo "
éry,  odT

in which 7 is called the superficial tension coefficient.
However, in these works, (8y/3T),, was determined
by using different y = y(w,) isothermal curves, which
neglect the volume variation of the solid, liquid and
trapped air phases. Other works {20, 21] determined
(0¥/¢T),, by varying the temperature of porous media
with constant water content, though this process is a
delicate one. These works obtained values of
(Cy/0T),, 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 :

(29)

((71//) =+ Bi\ TP, + VP, —~yT) (30

T, 20, )

r(nl v
in which By is the water thermal expansion coefficient,
P, is the water hydrostatic pressure (y plus atmo-
spheric pressure) and V is the trapped air volume.
This cquation provides values greater than those
obtained by only considering the effects due to super-
ficial tension and shows the (0y/¢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 > 1, has been adopted

<;l¢>w = .

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 wholc
hysteresis cycle at every temperaturc is a simpli-
fication, the extent of which can only be shown by
precise experimental results.

The determination of the K—oT relation is also
delicate in so far as thermomigration problems are
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-

(31)
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troversial {18, 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

_kg
—v

(32)

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,KVy as constant, will
be

Jie = Jico €Xp (;t) _leVl//[l —exp(—?)]

(33)

in which Ji, is the initial flux. In a time interval Az
the flux is determined by

J Jodt = J,’;‘c[l—exp (%Atﬂ
— p KV ! {At—r [1 —exp <_TA’>]} (34)

The superscript » 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 ¢, @ and
temperature T are 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.
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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 um and dg, = 240
um), 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 celi, the sand is mixed with an
adequate water quantity so as to reach the desired
water content w, = 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
350x 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, 28], by using a sand of slightly different porosity.
The initial values adopted were: w, = 0.11 kg kg™,
T, = 20°C, J.o, = 0 kg m~?s~'. Considering that the

steel

‘ Z
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initial value of moisture potential Y, as well as the
experimental hydraulic history were unknown,
different values of ¥, 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 flux and fixed
temperature.

As for the boundary 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 10~ *s and a relaxation time of zero.

Figures 5 and 6 show the simulation results for the
permanent state regime (reached in 4 days) without
considering the hysteresis; # = 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

1
(=]
o~
£3
o
> 8
d ¥ 1 H ¥ 1 ¥
000 005 O OB 020 025 030 035
X
Fi. 5. Moisture content distribution (drying curve only,
n=3).

Y (m)
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Fic, 6. Moisture content distribution (wetting curve only,
m o= 3).
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0.09 o

0.07

0.20
X {m)

0285 od0 035

o o0

0.00 0.05

F1G. 7. Simulation results {drying curve only}.
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0.3

MOISTURE CONTENT (kg/kg)
o

0.07

05 020 025 030 035

X (m)

F1G. 8. Simulation results (wetting curve only).

curve value, ¥, = —0.313 m, and the initial hydraulic
history : wetting with the last reverse point w = 0.01
kg kg=' and ¢y = —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 p, = 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 [15]. This simplification consists of considering the
pore openings radii distribution being equal to the
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pore radii distribution. The hydraulic and thermal
conductivity were respectively obtained in refs. [29,
30].

The physical model analyzed is shown in Fig. 13
where ¢ is the relative humidity. Due to the slight
influence of gravity for the initial water content
adopted, w, = 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 t value used is 0.

Figures 14-19 show some results obtained by simul-
ation with or without hysteresis. The influence of hys-
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Fi1G. 12. Hysteresis loop of the cellular concrete.

teresis is shown in Figs. 20-22, and the influence of n
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 (éy/0T),,
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-
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FiG. 13. The physical model.
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plicity of the problems analyzed, the results show the
role played by capillary hysteresis and the necessity of
knowing the correct value of (0y//0T),,.
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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

Résumé—En prenant en compte les effets d’hystérésis capillaire, un modéle mathématique des transferts

couplés de masse et de chaleur dans un milieu poreux non saturé est utilisé en vue de la simulation

numérique des phénoménes de transfert dans une cellule fermée contenant du sable et dans un mur en

béton cellulaire. L’influence de 'hystérésis capillaire et des effets de température (y/0T),, sont pris en
compte simultanément.

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

Zusammenfassung—FEin mathematisches Modell des Wirme- und Stofftransports in ungeséttigten porosen

Medien wird zur numerischen Simulation der Transportvorgénge in einer abgeschlossenen Sandzelle und

einer zellfdrmigen Betonwand angewandt. Dabei wird der kapillare Hysterese-EinfluB beriicksichtigt, der
zusammen mit dem Wert (8//0T),, in den Vordergrund gestellt wird.

BJIMSIHUE KANMWIJISIPHOI'O TMCTEPE3UCA HA COBMECTHBIW ITEPEHOC BJIATH U
TENJIA B HEHACBIINEHHOR MMOPUCTON CPEJE

Amnoramus—IIpH 0OMOLIM MAaTEMAaTHYECKOH MOJIETH COBMECTHOTO MACCO- M TEIIONEPEHOCA B HEHACHI-

[IEHHBIX MMOPUCTHIX CPEAAaX C YYeTOM KaWUIAPHOrO THCTEPE3UCa YHMCIEHHO MOIENHPYIOTCH NPOLECCH

nepeHoca B 3aMKHYTOH s4eiike Ilecka B sencTol GeToHHOH crenke. Mccnenyercs BIHsHME KamWLIAD-
HOTO THCTepe3uca u 3Havenus (0y/oT), .



