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Abstract—An analysis of the influence of capillary hysteresis in the humidity migration in porous media

is presented. Several situations have been considered: experimental and numerical study of transfer

phenomena in porous media at impermeable boundaries, numerical simulation of the thermo-hydraulic

behaviour of the cellular concrete wall under cyclic thermal conditions. Effects of temperature on capillary

properties and the relaxation time of the liquid flux by capillary effects, are also taken into account and
studied.

1. INTRODUCTION

HumiD porous media can be submitted to temperature
variations whether during natural physical situations
(night and day cycles at ground and building surface)
or industrial situations (drying farm-produce or
building materials). Some internal displacements of
moisture take place, the direction of which will be
linked to the temperature gradients. Indeed, porous
media may be alternately in position of draining
(moisture loss) or of wetting (moisture gain), during
for instance, cyclic variations of surface hygro-thermic
conditions.

The observations of many researchers have shown
that the retention and transport properties of moisture
of these media can be different in draining or wetting,
thus dependent on the porous medium hydraulic his-
tory. This fact is particularly pronounced when the
liquid phase of the humid porous medium is continu-
ous. The moisture retention properties, defined by the
capillary suction potential , temperature T and the
mean local water content @, manifests a pronounced
hysteretic character. To guarantee a rigorous
approach when estimating the coupled phenomena of
heat and mass transport in porous media, the influ-
ence of hydraulic history on the transport properties
should be taken into account. In that way simulations
are needed to determine the importance of the hys-
teresis on the phenomena predictions.

Recently, the authors have presented a biblio-
graphic synthesis [1], concerning the influence of
capillary hysteresis on the coupled transfers of moist-
ure and heat in non-saturated porous media under
time-invariant boundary conditions. The results
obtained showed that if hysteresis is not considered
in the case of a closed system subjected to a weak
temperature gradient with mean water content situ-
ated in the middle of the hysteresis cycle, it can lead
to important errors concerning the estimations of
moisture distributions. On the other hand, the heat

transfer due to a low variation of thermal conductivity
with the water content m,, is not affected to any great
extent by hysteresis capillary.

The purpose of this paper, which is an extension of
our previous work, is to clarify some questions relative
to the effects of capillary hysteresis in the estimation
of heat and mass transfer phenomena when:

e the average humidification of the medium is situ-
ated at the boundary of the hysteresis cycle (low water
content domain),

e the thermal boundary conditions are cyclic, rep-
resentative for instance of a night and day cycle,

e the influence of one relaxation time of the
moisture flux in liquid phase is taken into account in
the simulations.

2. MATHEMATICAL MODEL

The modelisation of mass and energy transfer in
non saturated porous media is made considering a
continuum equivalent to the porous medium. The
transport equations variables are relative to macro-
scopic properties of a porous medium block, con-
sidered as the Representative Elementary Volume,
REV [2].

The basic assumptions considered are :

o the solid phase which constitutes the porous med-
ium is rigid and isotropic in a macroscopic sense,

e the gaseous phase total pressure is uniform and
constant,

e there is a local thermodynamic equilibrium
between the phases within porous medium,

o there are no chemical reactions between the solid,
liquid and gaseous phase,

o heat transfer by radiation is negligible,

e dissipation effects in the flow are negligible,

o the heat of wetting is neglected.
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a volumetric gas content

a,  volumetric gas content below which liquid
continuity begins

B;  coeflicient of thermal volume expansion
of 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 gravitational acceleration
h enthalpy
Ji.  capillary-liquid flux
J gravity-liquid flux
J,  conduction heat flux
J, vapor flux
K hydraulic conductivity
k unit vector in the positive z direction
L latent heat of evaporation
M molar mass of water
P pressure
P,  hydrostatic pressure
R universal gas constant
t time

NOMENCLATURE

T temperature
V volumetric trapped air content.

Greek symbols

o tortuosity
€ porosity
6, volumetric liquid content
A thermal conductivity
Ao air thermal conductivity
A effective vapor thermal conductivity
P density
po  nominal density of the porous medium
T relaxation time
¢ relative humidity
v moisture potential or suction
o, liquid content 2 moisture content
w,  vapor content.
Subscripts
0 initial value or nominal value
a air
1 liquid
v vapor
s solid
q heat

vs  vapor saturation.

The mathematical model used is already presented in
ref. [1]. Therefore, the equations are given here in their
final form.

Equation (1) represents the mass conservation,
equation (2) represents the energy conservation and
equation (3) the relation between the variables y—
w,—T which depend on the porous medium thermo-
hydraulic history.
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Ci(i = s, 1, v) is the specific heat of the ith phases.

2.1. y—w—T relationship modelisation

In the modelisation of ¥—w, relationship, Mualem’s
model II [3] and Mualem and Dagan’s model I11 [4]
will be used. The thermal effects will be considered
through a model for the (3y/0T),, parameter.

For the simulation inside hysteresis cycle, Mualem’s
model II requires only, as experimental data, bound-
ary curves of the cycle (mains draining and imbitition
curves). During a wetting, after a series of wetting and
draining cycles, the value of Q defined as the difference
between the water content and the residual water con-
tent, Q = @ — Wypmin, IS given by :
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‘/’I l//
Q('J,min l/’Z 'l/
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The left side of this equation shows that the process
consists firstly of an increase from ¥, to ¥, (wet-
ting), then a decrease from ¥, to Y, (draining), again
an increase from ¥, to Y3 and so on.. .. Q,, is the value
of () read on the main wetting curve.

The value of Q during a draining is given by the
relation :

R
Q(wm Wy

+ QN —QWIHY)
(N-1)/2

+ _ZI [ (2 1) —Qu (W20 DIHW ). (12)

) =Q,(¥)

The function H () is defined by :

Q) —Q, ()
Q,-Q.()

Q. () is the value of Qi) read on the main draining
curve and €, is the maximum water content.

When a large part of the hysteresis field is situated
in the range of air-entry-values, significant differences
between experiments and estimations of Mualem’s
model II have been observed [4]. This fact leads
Mualem and Dagan to introduce model III. This
model based on Mualem’s model II, uses additional
functions to consider pore blocking by water, with
high water content, and by air when the water content
is low. These two functions are considered as depend-
ing only on the water content and not on the hydraulic
history. As Mualem and Dagan commented, the cor-
rection function for the pore blocking by air seems to
be of minor importance. For that reason only the
correction function for the pore blocking by water
(F,) will be considered in this work. According to this
model, the value of Q during a wetting is given by :

H(Y) = (13)

W, W 3
Q <!//min l!’Z Tt l/’zv) B Q(l/lN)
—FQ)[1-GUMIQ() -2l (14)
During a draining this value is given by :
Yoo Y _
£1<¢Gmn Wz ""P) —'()(WN)
—F.(Q[ -G YN —Q.@)]. (15)

The functions F,(2) and G(¢) are determined by the
help of the main hysteresis cycle and a primary drain-
ing curve. The application of equation (15) for the
main draining curve gives:
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Q, —Qa(¥) = F.Q)[1 -G —2.¥)] (16)

and in the case of a primary draining curve:

Q. (1) —QW) = F(Q)[1 - GWIQ (1) - Q. ()]
amn

The equations (16) and (17) make it possible to deter-
mine simultaneously F.(Q) and G(¥).

As in ref. [1], the parameter (9y/0T),, is modelised
by equation (18) in which different values of N will
be considered during the simulations:

oy
(ﬁ)‘”l N Nyl/,

y = (1/0)(de/dT) is the superficial tension coefficient.

(18)

3. NUMERICAL FORMULATION

The method used to solve the equation set in bi-
dimensional fields is the classical finite volume
method, fully implicit [5). Considering the capillary
liquid flux, the existence of a relaxation time requires
a modification of the discretization in time. The solu-
tion of equation (4), is:

Jic = Jio €XP (;) —pKVY [1 —exp (?)] (19)

in which J, is the initial flux. In a time interval At the
flux is determined by :

—-A
L Jedt =Jht l:l —exp (—;—t):l
—p KVy"+! {At—r [1 —exp (—Tmﬂ} (20)

The superscript » indicates values at the initial instant
of a time interval and n+1 at its end. The discretiza-
tion shown in equation (20) is also valid for the other
flux, considering a relaxation time zero [6].

To solve equation (3), having a model defining the
variation of suction with temperature at a constant
water content, it is easier to explain the variable ¥
instead of w,. The suction y is a function of its value
at the obtention temperature of the experimental hys-
teresis cycle, %y (which only depends on water content
and hydraulic history) and of temperature :

¥ =fC¢, ). @1
The analysis of equation (21) shows that :
v=v (%2 2

where % is the water superficial tension at the tem-
perature of the experimental hysteresis cycle. The
water content evolution in each control volume is
given by:
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and using equation (22):

dw, (o (*o\"dy dw, dT
W@ (G e

The discretization of this equation leads to:

dw 41 ()G.
w:’+l“_wf= (aT‘Z'-) (O,(Tn+l)> ['1,'14”1 '1

6 1 [4] 24 b o+ | w4 | #
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The values of (8w,/0%) are given by Mualem’s model
Il or Mualem and Dagan’s model III. Considering
model 11

—uring draining:

Jwy R
(515) =[-HCY] (a"a/z)m

oH
+[ () = DY i FLn (26)

—during wetting:

Sy o
(ao—) = [1—H( m( aow)m

In the two previous equations, subscripts imb and N
mean respectively, the values taken from the main
wetting curve, and the values of the last turn back
point draining/wetting or wetting/draining.

The case of Mualem and Dagan’s model 11T gives:

@7

——uring draining:

(8(»,) Fo(an) {[w:("%) w:("tﬁ)}m :o v

2%
0 O,
+1=GCP) (BT’E)- } 28)

——during wetting :

do, , ‘
(5";) Fom)[1 =G4 (aow)m. @9

The solution of the equation set is realized in an inter-
active way by using line by line solution method [5}].
First the energy conservation equation is considered,
then the mass equation and finally the equation (25)
for the determination of the water content. Time steps
are variable, according to the problem analysed, and
determined by preliminary tests.

4. APPLICATIONS

Within the context of this work, the following have
been realised :

C. H. A, MOLENDA et al.

e a comparison between experimental data and
numerical simulations concerning a thermomigration
process in a closed system with low water content,
close to the water content limit of the hysteresis cycle,
with constant boundary conditions,

# a numerical study of the hysteresis influence on
system under thermal conditions which are time-
variable. To this purpose, two physical configurations
studied in ref. [1] have been considered : a closed and
an open system,

e a brief study of the influence of the relaxation
time of the liquid flux by capillarity.

The hysteresis of absorption isotherms is not con-
sidered here. The analysis of its influence will be
realised in a further work.

4.1, Closed system

The set-up and the experimental procedures used
are described in refs. [1, 6]. The closed system strictly
speaking is a cylindrical cell 35 cm long, 6 cm in
diameter filled with damp sand. The quartz sand used
here is the same one used for the previous work [1].
This material was chosen by Nguyen-Tan [7] who
determined the hydraulic conductivity, function of
water content, the main wetting and draining curves,
and several primary curves. Figure 1 shows the hys-
teresis cycle and the primary draining curve used to
obtain H(y} function of Mualem’s model II and
F.(w,) and G (¢) functions of Mualem and Dagan’s
model II1.

The mean water content of the sandy medium con-
sidered is of 0.03 kg kg~ '. During the first experiment
three cells underwent a low thermal gradient (54°C to
the hot side and 20°C to the cold side} 12 days later,
the determination of moisture distribution was
obtained by a destruction method (slicing the porous

o 000 005 040 OB 020 025
A S R T
hd hd
T 17
~ :- ] ~
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T -
w0 17
= -
o - ©
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o watting o
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Fic. 1. Hysteresis cycle (quarizic sand).



Heat and humidity transfer in non saturated porous media

medium and over drying the samples [6]). A series
of numerical simulations has been realised with and
without hysteresis and with different values of N
(equation (18)). These simulations have been devel-
opped according to two types of procedure :

e if only the main wetting curve or the complete
hysteresis cycle are taken into account, the initial con-
ditions of water content and capillary suction are
chosen on the main wetting curve,

¢ if the main draining curve is considered, the initial
conditions correspond to a point on this curve. The
initial temperature is 20°C, and the flux relaxation
period during a liquid phase is nil. When the complete
hysteresis cycle is taken into account, Mualem and
Dagan’s model I11 [4] is used.

The simulations have been realised in a rectangular
domain 350 x 60 mm, divided into 210 finite volumes
and the comparison between the experimental results
was done thanks to vertical averages. The results are
presented in Fig. 2 in which the left side corresponds
to the hot side of the cell.

In a second experiment a cell underwent a thermal
gradient for 12 days and was then put into isotherm
at 20°. Figure 3 shows the moisture distribution after
35 days in isothermal conditions. Figures 4 and 5
present comparative results of the numerical simula-
tion for 28 and 68 days in isothermal conditions after
12 days of thermal gradient.

4.1.1. Thermal cyclic boundary conditions. To check
situations where hysteresis has been taken into
account and where thermal conditions are cyclic on
one side of the closed system, the following boundary
conditions have been used for the temperature :

T(0,1) = (20+ 15 sin (w1))°C
T(L,t) = 20°C.

(30)
(31

According to condition (30), temperature can vary
from 5 to 35°C during a 27n/w period. In this work,
only the results concerning a 48 h period are
presented. In ref. [6], the interested readers will find
the results concerning other periods. The considered
value of N is 3.

Two mean water contents in the closed system have
been considered : 0.11 kg kg~', in the middle of the
hysteresis cycle (Fig. 6) and 0.03 kg kg~', close to
the boundary water content of the hysteresis cycle
(Fig. 7).

4.1.2. Analysis of the results. The comparison
between the experimental results and the numerical
simulations shows, firstly a satisfactory concordance
taking into consideration the experimental difficulties
of precisely determining the transport coefficients and
the capillary properties of the porous medium.
Besides, taking the hysteresis into account did not
significantly modify the moisture distributions given
by the simulations. This result completes the results
obtained in ref. [1] for high water content, where
taking hysteresis effects into account noticeably
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FiG. 2. Comparison between experimental and numerical
results—12 days with temperature gradient. (a) Simulation
with hysteresis, model III ; (b) Wetting curve ; (c) Draining
curve.

improved the agreement with the experimental results.
As the thermal distribution in the closed system
strongly depends on the moisture distribution, these
conclusions can be widened to the capillary hysteresis
influence on to the heat transfers.

Simulations with different values of N showed the
sensitivity of moisture distributions to variations of
(0y/0T),, parameter values. Increasing this parameter
also increases the length of the dry zone and causes
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Fi1G. 3. Experimental result—12 days with thermal gradient
and 35 days in isothermal conditions (20°C).

a greater slope of the moisture profile in the moistened
zone.

The simulation results with cyclic thermal con-
ditions on one face of the closed system show that
when the water content is low, the hysteresis influence
can be neglected but when water content is high, then
this influence can become important. Besides, when
the water content is low, simulations with a variable
temperature between 35 and 5°C for a 48 h period
showed that in spite of the formation of a narrow dry
zone, there is vapor condensation in the wall where
the temperature varies.

4.2. Open system

The problem of a cellular concrete wall under
boundary conditions of temperature and relative
humidity, invariant in time, has already been analysed
[1]. This study realised numerical simulations with a
time variable temperature on one side of the wall. The
simulations were done in a 200 mm long unidimen-
sional area divided into 40 finite volumes. The hys-
teresis model used is Mualem’s simplified model II [8].
The necessary experimental data were obtained in refs.
[6, 9, 10]. As an example, the value of N is 3 and the
relaxation time of the capillary liquid flux is con-
sidered to be nil. The initial conditions chosen for
simulations are:

—water content : 0.02 kg kg~'

—temperature : 20°C
—capillary suction : like that described for the closed
system.

The boundary conditions considered are :

T(0,f) = 20°C (32)
#(0,1) = 50% (33)
T(L,t) = (20415 sin (wf))°C (34)
H(L, 1) = 90%. (35)

Figure 8 shows the results obtained by considering a
thermal variation cycle equal to 24 h.

C. H. A. MOLENDA et al.

(c)

Fi1G. 4. Numerical simulations—12 days with thermal gradi-
ent and 28 days in isothermal conditions (20°C). (a) Wetting
curve; (b) draining curve; (c) hysteresis cycle.



Heat and humidity transfer in non saturated porous media 3083

a s |cycle
o= 1 cycles
s » 4 cycles
+ » 6 cycles
x = 10 cycles

Moisture content (kg/kg)
os

040

PR & i i T L PR i 1
0.00 0.05 040 045 030 035 0.0 0.5
X (m)

(a)

o.n

o = | cycle
o= ) cycles

Moisture content (kg/kg)
on

a = 4 cycles
+ » 6 cycles
x = |0 cycles
(-3
o S SRS B | 1 I
0.00 005 040 045 020 035 020 0.5
X m)
(b)
o
(-3

W
o= 2 cycles
s = 4 cycles
+ = 6 cycles
x = [0 cycles

Moisture content (kg/kg)
on

040

1 1 1 1 1 i
0.00 0.05 ©0J0 045 020 035 030 035
X )

(c)

F1G. 6. Cyclic thermal conditions—Quartzic sand. Numerical
simulations. (a) Wetting curve; (b) draining curve; (c) hys-
teresis cycle.

4.2.1. Analysis of the results. Taking hysteresis into
account shows intermediary moisture distributions
(c) between the ones given by the simulations using only

Fi1G. 5. Numerical simulations—12 days with thermal gradi- the main wetting curve and the main draining curve.

ent and 68 days in isothermal conditions (20°C). (a) Wetting In an analysis using other periods for thermal cyclic
curve; (b) draining curve ; (c) hysteresis cycle. variation, Molenda [6] found that the simulation
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FiG. 7. Cyclic thermal conditions—Quartzic sand. Numerical simulations. (a), (b) Wetting curve;
(c), (d) draining curve; (e), (f) hysteresis cycle.

results with hysteresis are generally closer to the simu-
lation results made with the main wetting curve only.
This is due to the fact that during the simulations
which take the whole hysteresis cycle into account,
the initial conditions of porous medium were con-
sidered on the main wetting curve.

These results show that when boundary conditions
depend on time (cyclic in the present case), it may be
necessary to take capillary hysteresis into account so
as to determine moisture distributions. Indeed, in such
particular physical situations, the porous medium sur-
face undergoes drying and humidification conditions
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FiG. 8. Cyclic thermal conditions—Cellular concrete. Numerical simulations.
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(a). (b) Wetting curve;

linked to the thermal variations. To establish precisely ~ On the other hand, when the thermal boundary con-

how the material will react to such promptings, the
whole capillary hysteresis cycle must be considered.

ditions do not change with time, this rigourous
approach becomes unnecessary.
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4.3. Influence of the relaxation time of capillary liquid
Slux

The analysis of the influence of the relaxation time
lay down two problems :

e ignoring the value of 7: to our knowledge, there
is no other work relating to the time relaxation of
capillary liquid flux than that of Luikov [11]. The
relaxation time of heat flux in a non-homogeneous
medium is also unknown. Kaminski’s experimental
results situate them between 10 and 50 s [12]. But
other authors quoted by Kaminski suggest values
between 10 and several thousands of seconds,

o use of appropriate numerical methods : time steps

o.n

Relaxation time
o= (s

Moisture content tkg/kg)
o.lo

0.109

0.00 005 0J0 0I5 020 0.35
X @)

(a)

0.30  0.35

must be lower or approximately equal to the relax-
ation time. This can be too penalising if 7 is lower
than 1s.

The numerical method used for this work is fully
implicit. This method is robust but sometimes requires
too many interactions for the equations are not linear,
particularly when the phase change terms prevail.
Normally, this prevents simulations of long transitory
systems with too short a time step.

In the present work, relaxation times between 1 and
100 s have been considered and their influence on two
physical situations are analysed :

e a closed system (sandy medium) with homo-
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Fi1G. 9. Influence of the relaxation time—Quartzic sand. (a) After 2 cycles; (b) after 6 cycles.
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Fi1G. 10. Influence of the relaxation time—Cellular concrete. (a) After 2 cycles; (b) after 6 cycles.

geneous initial water contentw, = 0.11 kgkg ™', initial
suction Y = —0.31 m, initial temperature 20°C. The
thermal boundary conditions are given by equations
(30) and (31). Period equal to one hour,

e an open system (cellular concrete), initial water
content w, =0.20 kg kg~', initial suction ¥ =
—108.20 m. Initial conditions are given by equations
(32) and (35). Period equal to one hour.

For both configurations, simulations were made tak-
ing hysteresis into account. Mualem and Dagan’s
model III was used for the closed system and the
simplified model II for the open system. The time
step chosen for every simulation was 1 s. The initial
capillary liquid flux is nil.

The results obtained (relative to the closed system
in Fig. 9, and to the open system in Fig. 10) show that
in the closed system, the influence of relaxation times
below 100 s can be neglected, but the same conclusion
cannot be applied to the open system. As the number
of the cycles and/or the relaxation time increases, the
accumulation of liquid in the cellular concrete wall,
near the right boundary, also increases. This is due to
the decrease in the capillary liquid flux because of the
relaxation time.

5. CONCLUSION

The analysis done throughout this article, which
completes the analysis realised in ref. [1], shows that
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the importance of taking capillary hysteresis into
account to establish the moisture and heat coupled
transfer in non saturated porous medium is problem-
dependent. This can become important, for instance,
in thermomigration problems in closed systems, with
higher water content, or in open systems with bound-
ary conditions depending on time. On the other hand,
in a closed system with low water content and in
an open system with constant boundary conditions,
the influence of hysteresis does not seem to be so
important,

Besides the capillary hysteresis effects, the influ-
ences of the relaxation time of the capillary liquid
flux and the parameter value (0y/0T),, were ana-
lysed.

The simulations show that the influence of relax-
ation time longer than one second could be important
in open systems with cyclic boundary conditions. In
such cases, the relaxation time helps moisture accumu-
lation in condensation zones, because it slows down
the variations of the capillary liquid flux.

The study of the numerical results sensitivity to the
variations of (¢/6T),,, in closed systems with low
water content showed less sensitivity than in the case
of high water contents. Besides the influence on the
slope of the distribution of water contents in the damp
zone, the results obtained brought to the fore the
effects of this parameter on the development of the
dry zone. On the other hand, choosing several values
of N during simulations does not change the con-
clusions of this work, concerning the influence of
capillary hysteresis on the establishment of mass and
heat transfer phenomena in porous media [6].
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