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Abstract—Using the expression of the source of entropy in heterogeneous media, the phenomenological
relation of the phase change of water in a porous medium is investigated when the partial pressure of water

vapour is different from the equilibrium pressure.

After lowering the partial pressure of water vapour in silt samples at a temperature of 80°C, a study of the
re-establishment of equilibrium made it possible to verify the phenomenological relation of phase change
proposed. These experiments also made it possible to measure the phenomenological coefficient of phase

change and to study its variation as a function of the water content.

NOMENCLATURE

Do, coefficient of diffusion of water vapour in
air;

J, rate of phase change per unit volume of the
porous medium;

JX diffusion flow of water vapour in relation to
the movement of the gas phase in the
porous medium;

K, Darcy’s coefficient for the gas phase;

L. phenomenological coefficient of the phase
change of water vapour in the porous
medium;

M, molar mass of component i;

n, volume occupied by the gas phase per unit
volume of porous medium;

Dir pressure of component i;

Y, equilibrium pressure of the water vapour in
the porous medium;

Puer pressure of saturated water vapour;

Py, reference pressure, 101 325 Pa;

R, perfect gas constant;

t, time;

T, temperature;

T reference temperature, 273.15K;

ok, velocity of component or of phase i;

w. water content of porous medium {weight
fraction).

Greek symbols

a, coefficient affecting the variation of air
pressure;

B, coefficient affecting the variation of air
pressure;

7 correction factor applied to D, to take into
account the presence of the liquid and solid
phases;

8, value of Dy at T, and P, 0217 x
107*m?s™ Y

7 molar chemical potential of component i;

Dir apparent mass density of component or
phase i;

Pe mass density of the material forming the
grains;

Do mass density of water, 1000 kg m ™3,

Subscripts

1, solid phase ;

e, liquid water;

a, air;

v, vapour;

g gas phase;

°, indicates that the magnitude considered

must be calculated for p, = p{.

1, INTRODUCTION

THE PHASE change of water in porous media is an
essential phenomenon for mass and energy transfer in
numerous fields: transfer of water in the surface layers
of the soil, drying in porous media, recuperation of
geothermal energy, etc. The study of phase changeina
porous medium is generally approached in two clearly
distinct ways: cither it is assumed that the partial
pressure of water vapour equals the equilibrium press-
ure [1, 2] and the change of phase is therefore closely
linked with the diffusion of the water vapour, or a
global approach is used to explain the evolution of a
vaporisation front [3~5]. The purpose of this study is
to derive the phenomenological relation of the phase
change of water in a porous medium when the partial
pressure of water vapour is different from the equilib-
rium pressure; this situation can develop along a
vaporisation front and at the boundary of a porous
medium; in the latter case it conditions exchanges of
mass and heat with the environment, The relation
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proposed has been checked experimentally and we
examine the variation of the phenomenological coef-
ficient in function of the water content of the porous

medium
medaium.

2. THEORY

We consider a porous medium consisting of a solid
phase taken to be indeformable, chemically inert,
macroscopically uniform and isotropic, with voids
filled with water in liquid form and gas phase consist-
ing of air and water vapour. The state of such a system
can be defined by four state parameters: T, p,, g, £,
which represent respectively the temperature and
apparent masses by volume of liquid water, air and
water vapour. This porous medium is the site of
various irreversible phenomena: heat conduction, fil-
tration of liquid and gas phases, diffusion of water
vapour and air in relation to the movement of the gas
phase, change of phase of water. Such a system can be
described by a phenomenological model of hetero-
geneous media [6-8]; a source term takes into
account the phase change of water in the mass balance
equations of liquid water and water vapour

&

o Pe= et~ (1)
6 k
apvz-(pv.vv),k—*_‘]‘ (2)

The air mass balance is written as follows:

bl
apa = (pa Ux)‘k' (3)

ok, v, ¥ represent respectively the velocity of liquid
water, water vapour and air. The rate of phase change
J represents the mass supply of water from liquid to
vapour per unit fime and volume of the porous
medium.

The source of entropy of the porous medium [9]
shows the contribution of the various irreversible
phenomena to the production of entropy. When the
temperature of the phases are identical and the only
chemical reaction taken into account is the phase
change, the only scalar flux which affects this source is
the change of phase of water. According to the
thermodynamic methods of irreversible phenomena
[10] the rate of phase change is not coupled with
thermodynamic forces of different tensorial orders and
the phenomenological relation for the phase change of
water can be written thus [11]

J=

L

M:rT (“e - 1"\») (4)
L., is the phenomenological coefficient of phase change
of water in porous medium; u, and y, are the molar
chemical potentials of liquid water and water vapour;
M, is the molar mass of the water. Assuming that the
gas phase in the porous medium behaves as an ideal
mixture of perfect gases, the molar chemical potential
of the water vapour can be written as follows [107:
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m=RTm%+mn (5)
kel

where p, is the partial pressure of the water vapour, R is
the perfect gas constant and #(T) is a temperature
function. In a wide range of pressure the molar
chemical potential of the liquid water depends only on
temperature [12] and equation (4) becomes

I

i n
J=— SRInZt 4
M P, M.T

Lud Ty = n(T)]. (6}

€

The thermodynamic force of phase change of water
can be separated into two clearly distinct parts; the
first

R p,
A = - M. ln;); (N

depends only on the partial pressure of the water
vapour ; the second

_ Ty = n(T)

Az M. T

(8)
does not depend on p..

In order to evaluate A4, at any point M in a porous
medium during a thermodynamic transformation:
[ T(M, 1), p{M. 1), p.(M, 1}, p.{M, )], we consider an
element of volume AV* around a point M* of an
identical porous medium. At its boundaries we impose
fluxes of liquid water, air, water vapor and heat energy
so that at all times the fields of the variables T, p,, p, in
the neighbourhood AV* of M* are identical to the
fields of the same variables in the neighbourhood AV
of point M, such that at all points of AV* the partial
pressure of the water vapour is equal to the equilibrium
pressure py; the corresponding density of the water
vapour being p¢. The thermodynamic transformation
at point M* is written T*[T(M, 1), pAM, 1), p,(M, t},
puM, 1)]. It should be noted that pd can be different
from the pressure of saturated vapour p,, because of
the existence of curved liquid-gas phase separation
surfaces. The thermodynamic part A, is identical
along 7 and 7* since it does not depend on p, ; the water
vapour balance, equation (2), along t* makes it
possible to express 4,

1 8 o o ok R ,_[zl

Ay = L. (& Py + (Pl vl + Lo, M, In Po)’ ©)

tJ* being the velocity of water vapour at point M*
along *.

The phenomenological relation of phase change of
water in a porous medium is finally put into the
following form;

L.R
LRy P

10
M, p (10)

a
J o= —p0 + (P 2y —
a[ p (pv ).k
The last term of equation (10) represents the velocity of
phase change associated with the deviation of p, in
relation to p;. When p, = p? at all points in the porous
medium, transformations t and t* are identical and
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equation (10} is reduced to the first two terms; this is
the situation envisaged by Luikov [ 1] the first term of
equation (10) therefore represents the rate of the phase
change caused by local variation of temperature ; the
second term represents the rate of phase change caused
by the divergence of the flux of water vapor; this term
makes it possible to explain the drying of a porous
medium under the effect of a temperature gradient.

3. EXPERIMENTAL STUDY

The purpose of the experimental study described
here was to check the form of equation (10), to devise a
method of measuring coefficient L, and to examine its
variation as a function of the water content (w} of the
porous medium. We limited the work to the case of
vaporisation.

Experimental device and procedure (Fig. 1)

A thin sample of the porous medium (E) is placed in
a cylindrical chamber (M) with a horizontal axis X X ;
it divides this chamber into two compartments (A) and
{B). A pump (P) creates circulation of dry air in
compartments (A) and (B). At the outlet of the
chamber (M} the air is dried in a condenser {C) and
then re-injected into the chamber after heating to the
test temperature in a heating coil (S). The chamber (M)
and the heating coil (S) are set at the same temperature
and have thermal insulation within a chamber (F).
Two cocks (R1) and (R2) allowed the flow of air to
be shut off. The pressure in compartments (A) and (B),
and the pressure in the plane of symmetry Y'Y of the
sample are measured by two standard transducers
(T,) and (T,) placed outside the chamber (F) for
reasons of temperature influence and connected to the
measurement points by a hydraulic circuit. A thermo-
couple measures the temperature in the plane YY
of the sample.

The experiments were carried out on silt. A sample
at a given water content was compacted in chamber
(M) with a hydraulic press; the dry specific weight of
the sample was fixed for all the experiments at
1.7 ¢N cm 3. The chamber (M) was closed and cham-
ber (F) was brought to the test temperature. Dry air

Fic. 1. Diagram of the experimental device.
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was circulated and then stopped by simultaneous
closing of cocks (R1)and (R2). The re-establishment of
equilibrium in chamber (M) was then monitored by
recording the temperature and the total pressure of the
gas phase in YY and the total pressure in compart-
ments (A) and (B). Measurement of the water content
of the sample was carried out at the end of the
experiment after opening chamber (M).

Analysis of the experiment

The circulation of dry air lowers the partial pressure
of the water vapour in compartments (A} and (B); this
drop in pressure brings about movement of the water
vapour in the sample to compartments (A) and (B). If
the sample is thin enough the partial pressure of the
water vapour in the plane of symmetry Y'Y becomes
less than the equilibrium pressure p; ; the vaporisation
phenomenon develops in YY accompanied by a
temperature drop ; when cocks (R1) and (R2) are closed
equilibrium is re-established in Y'Y ; this latter process
is examined in detail below.

Plane Y'Y is a symmetrical plane for all phenomena;
all the vectorial quantities X* (velocities, flows} and
gradients of the scalar quantities x; are zeroin YY:

Xk =0 (1N
(12)

in YY at all times,

x, =0 in YY at all times.

We define the diffusion flux of air and water vapour
in relation to the mean motion of the gas phase, at any
point, by

J¥=po¥ =), i=a,v; withJF= - Jk;

(13)

in which of is the mean velocity of the gas phase

1
vk = L U5+ p, UE). 14
g (p Py ;) (14)
This velocity is given by Darcy’s law

k= — Ky Pesc (15)

Taking equations (10), (11) and (13) into account,
the mass balance in Y'Y for water vapour (2) is written

A

el
5 (v =0 = = TS+ I - oy

Pv

o ok R
+ Py lgx —~ erﬁ In —. (16)

o

¢ Py

We observed in all our experiments that the total
pressure of the gas phase is identical in compartments
(A) and (B) and in the plane YY; this indicates
according to equation (15) that the velocity of the gas
phase is zero at all points of the sample following t,
whence
vk =0. (17}
The mass balance of air, equation (3), in YY is
written as follows, taking equations (13) and (17} into
account:
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Assuming that the volume occupied by the gas phase
does not vary very much during the phase of re-
establishment of equilibrium, and that the gas phase
behaves as an ideal mixture of perfect gases, taking
equations {17), (18) and (19) into account, equation
{16) can be put into the following form:
Men o (pv - Pi

T) = (pa + V) 055

pa =Tk following 7, (i8)

1ok

p.=JVF — p,u% following t*.  (19)

R ¢t

R
Ly B
M, py

€

(20)

where n is the volume occupied by the gas phase per
unit volume of porous medium. We observe in all the
experiments that in a very wide range around the

origin,
@ &:_.83;)
ot T |

varies in a linear manner as a function of In p,/p; ; this
implies, according to equation (20), that (p, + p3) 07k
1s negligible compared to the other terms of equation
(20) and this equation is written

0 - p, R?
S L (R P
ot T nM; o
If p, represents the partial pressure of air
Py =Pp.t P (22)

Adding &/¢t (p,/T) to both sides of equation (21), the
following equation is obtained

2 -7 R* , @
Sy o P LB 3
ot T nMZ p; O\T

Use of this equation requires knowledge of p /T in
Y'Y at all times; according to equation (12)

Pex = Pax + Pvx = 0in YY following 7. (24)

Diffusion in YY therefore occurs at a uniform total
pressure; the diffusion fluxes in Y'Y are written as
follows, according to ref. [ 13] and taking equation {24)
into account:

OM_ P
L_Lﬁ(T/TO)l~88 Pax : 25)

RT Pa
where P, = 101 325Pa, T, = 273.15K, 8 = 0217 x
107* m? s™!, and y is a correction coefficient which
takes into account the presence of the solid and liquid
phases [14].

The air mass balance, equation (18),in Y'Y becomes:

é yOM, P,
é; (pa) - (

RT
In order to determine p,/T, we assume that in the

 _
Jr =

(T/To)! 59 ”p—“) 8
k

a
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region of Y'Y [written V(Y Y}], the temperature can be
considered as uniform. The mass balance of air,
equation (26), can be written using the perfect gas
assumption :

efpy_ 2T 2 (b
a\T ) “ox|p,ox\T

in V(YY}atall times; (27)

where

y0M, P, TO58
X = —————"7g

Mn Té 88 (28)

X varies according to T°#®; the temperature variation
in Y'Y observed during our experiments is of the order
of 5K for tests at 353K ; the relative variations of x are
therefore of the order of 1.3% and can be ignored.
Equation (27) can be solved by separation of variables ;
its solution in Y'Y between the initial instant [closing
of cocks (R1)and (R2)] and the final equilibrium in the
chamber (written t,) is as follows:

%%z at + B, in V{YY)forO <t <t

(29)
It is necessary to know the initial and boundary
conditions of V(YY) in order to determine « and
theoretically ; this is practically impossible, however
constants o and f can be determined experimentally.
Let 1, be the instant when the equilibrium pressure py; is
reached in YY; when t > ¢, p, = pl in YY and
equations (22) and (29) give:

PP _Pa

T 7= at+Bin YY for t, <t <t,. (30}

Following the analysis above, a graphical repre-
sentation of (p, — p7)/T as a function of time (this
representation can be deduced from measurements of
p,and T must be a straight line for t > 1, with slope «,
intersecting the ordinate axis at f§. This makes it
possible to determine the three quantities a, 8, t; and to
deduce from them the variation of p,/T'in YY for 0 < ¢
<t

Assuming that L does not vary significantly for 0 <
t <t equation (21) can be put into the following
form:

pv—p$> (PP
T ) T )
n Pdn 31

R [«
=1 —

" nM; £ Py
If this assumption is valid, the graphical representation
of the LHS of equation (31) in relation to the integral of
the RHS must give a straight line with a slope
proportional to L,,, making it possible to both check
the phenomenological phase change relation (10) and
to measure the coefficient L. It should be noted that
equation (31)is independent of the geometrical charac-
teristics of a sufficiently thin sample and the volume of
compartments (A} and (B}).
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Results of the experiments

We first checked that for the silt used the equilib-
rium pressure of water vapour (p;) was very close to the
pressure of saturated vapour (p,,) corresponding to a
plane liquid-gas phase interface given by the following
formula [15] >

where p, isin Pa and T in K, with T, = 372.2K,
Pl = 981 x 10*Pa,and a = 5123K.

The evolution of the total pressure of the gas phase
in the chamber during the heating phase is in fact
correctly represented by the application of relation
(32) and the law of perfect gases.

The results of an experiment which was repre-
sentative of all the tests carried out are given in Figs.
2(a)-(d). Figure 2(a) shows the variations of the
temperature and the total pressure of the gas phase in
YY during the phase of re-establishment of equilib-
rium, i.¢. after the closing of cocks (R1)and (R2). From
these measurements we show in Fig. 2(b) the variation
of (p, — p,,)/T asafunction of time ; in conformity with
equation (30) the curve obtained has a linear portion
which makes it possible to determine z, « and f and to
deduce from these the variation of p,/T in YY. The
variations of the pressure of the saturated vapour and
the partial pressure of the water vapour in relation to
time are shown in Fig. 2(c); this figure illustrates the re-
establishment of equilibrium in the plane Y'Y. Finally,
Fig. 2(d) gives the variation of [(p, — p, )/ T], — [(p, —
Py T, as a function of

Pus

i
j In
£ p v

we obtain a straight line, in conformity with equation
(31).

The characteristics of the experiments carried out
are given in Table 1; we varied the diameter and

1 1

PulT) = pTyesl (32)

dt;
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thickness of the sample, the ratio of the volume of
chambers (A) and (B) to the volume of the sample, and
also the circulation time of dry air (columns 1-5). The
temperature was nominally fixed at 80°C for all the
experiments but temperature variations were unavoid-
able because of vaporisation ; columns 6 and 7 give the
interval of temperature variation during the phase of
re-establishment of equilibrium. We varied the initial
water content of the sample to study its effect on the
value of L, (column 8). This water content varies
during the test as shown by the measurement of water
content carried out at the end of the tests (column 9).
We attempted to fix the partial pressure of air at
10° Pa; however this control turned out to be practi-
cally impossible given the rapidity of the experiments;
the partial pressure of the air varies between 0.7 x 10°
and 1.3 x 10° Pa (columns 10 and 11). Columns 12
and 13 contain the times for the re-establishment of
equilibrium and the ratio of p,/p,, from which linearity
is obtained in conformity with relation (31). Finally, we
give the value of the coefficient L, in column 14. A
graphical representation of L, as a function of the
water content is given in Fig. 3.

4. CONCLUSION

It should be noted that there is a high degree of
agreement between the theoretical analysis and the
experimental results, thus confirming equation {10) as
awhole. The linearity observed in Fig. 2(d)is good even
far from equilibrium (experiments 4, 5 and 6 in Table
1). This constitutes a verification of the linearity
hypothesis in the case of the phenomenological equa-
tion of phase change of water in porous media.
Linearity is no longer observed when the water content
is over 13% (i.e. a 62% degree of saturation). It may be
considered that at higher water contents a consider-
able proportion of the gas phase is encountered in the

L
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F1G. 2. Results of a phase change experiment.
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Table 1. Characteristics of the experiments
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FiG. 3. Variation of the phenomenological coefficient of
phase change as a function of the water content.

form of trapped gas which prevents vapour phase
transfer. We can conclude that relation (10} is verified
satisfactorily by experiment except in the neigh-
bourhood of saturation. More generally, our results
confirm the linearity hypothesis which is a basic
assumption in the linear thermodynamics of irrever-
sible processes.

Figure 3 shows that the measurements of L, are
coherent even though the conditions of the experiment
(geometry of the sample, volume of compartments,
circulation of dry air) were varied. The value of L, does
not seem to be greatly affected by the partial air
pressure in the range investigated (0.7 x 10° Pa < p,
< 1.3 x 10° Pa). However, coefficient L, varies very
strongly with the water content ; for the silt used in our
experiments the coefficient first increases with w,
reaches a maximum at w = 10% and then falls sharply.
For w = 139, it can be considered that a large part of
the gas phase is in the form of trapped gas and the
method proposed in this study does not allow further
measurement of L_. Tt should be noted however that
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when the water content is high liquid phase transfer
rapidly becomes preponderant and the water change
phenomenon is no longer important.
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RELATION PHENOMENOLOGIQUE DE CHANGEMENT DE PHASE DE L’EAU DANS UN
MILIEU POREUX: VERIFICATION EXPERIMENTALE ET MESURE DU COEFFICIENT
PHENOMENOLOGIQUE

Résumé—A partir de I'expression de la source d’entropie des milieux poreux hétérogénes, on établit la
relation phénoménologique de changement de phase de 'eau dans un milien poreux lorsque la pression
partielle de la vapeur d'eau est différente de la pression d’équilibre.

Des expériences a 80°C environ consistant a abaisser la pression partielle de la vapeur d’eau et la
température dans un limon et 4 étudier le rétablissement de I'équilibre permettent de vérifier la validité de la
relation phénoménologique de changement de phase proposée. Ces expériences permettent également de
mesurer le coefficient phénoménologique de changement de phase et d*étudier sa variation en fonction de la

teneur en eau du limon.
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PHANOMENOLOGISCHE BEZIEHUNG FUR DEN PHASENWECHSEL VON WASSER IN
EINEM POROSEN MEDIUM, VERSUCHSAUFBAU UND MESSUNG DES
PHANOMENOLOGISCHEN KOEFFIZIENTEN

Zusammenfassung—Mit Hille von Entropiebetrachtungen in heterogenen Medien wird die
phéanomenologische Beziehung fiir den Phasenwechsel von Wasser in einem pordsen Medium untersucht,
wenn der Partialdruck des Wasserdampfes nicht dem Gleichgewichtsdruck entspricht. Nach Absenkung des
Partialdrucks von Wasserdampf in Sandproben, die auf Temperaturen von 80°C gehalten wurden, war es
durch die Beobachtung der Wiederherstellung des Gleichgewichts mdéglich, die vorgeschlagene
phianomenologische Beziehung fiir den Phasenwechsel zu bestitigen. Die Versuche ermdglichten es auch,
den phinomenologischen Koeffizienten des Phasenwechsels zu messen und seine Verdnderung in
Abhéngigkeit vom Wassergehalt zu untersuchen.

®EHOMEHOJOIMYECKAS 3ABUCHMMOCTL [1J15 OITMCAHHSA ®A30BBIX
IMPEBPAIIEHUI BOjib! B NTOPUCTONM CPEAE, 3KCIEPUMEHTAJIBHASL MTPOBEPKA
U M3MEPEHHUE SEHOMEHOJOIHYECKOIO KO39dULIMEHTA

Annorammsi—C NOMOILIO BBIPAXEHHA [UTA MCTOYHHKA JHTPONMHMHM B TETEPOTEHHBIX CPEAaX H3YYESHO

(HhEHOMEHOJIOTHYECKOE COOTHOLIEHHE, ONKChIBatolIee (Ha3oBLle INPEBPALICHHA BOALI B TIOPHCTOH cpeae

NpH Napu#ajbHOM JaBJIEHUH BOASHOIO M1apa, OT/JIMYHOM OT PaBHOBECHOTO 3HayeHus. Ilposepka ero

OCYILECTBIIAIACH MOCIIE NOHWKEHHA NaplHaJbHOrO JaBIEHHS BOASHOTO napa B o6pa3uax, HaxoasiMXcs

npu Temuepatype 80°C, npH NOBTOPHOM YCTaHOBJIEHHH COCTOSHMS paBHOBeCHs. B 3TuX JKCnepuMeH-

Tax u3MepeH Takxke (deHoMeHoJoruueckuit koapduuneHT da3zoBoro HM3IMEHEHHS, M BBIBJEHA €ro
3aBUCHMOCTb OT BJIATOCONEPKAHHS.



