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Abstract: In this study, we analyze the effect of non-equilibrium phase
change on transfer at low water content in a sandy soil by considering the
contribution of film flow in the motion of liquid water. Indeed, most of the
non-equilibrium study methods use for hydraulic conductivity, the van
Genuchten-Mualem (VGM) capillary model which does not consider the
film flow occurred at low water contents. Thus, we conduct a theoretical
study by using an unidirectional non-equilibrium two phase flow model to
simulate water transfers by filtration of liquid water and diffusion of water
vapour coupled by liquid/gas phase change. We then compare the results of
the non-equilibrium with the classical model of VGM for hydraulic
conductivity function and another model considering the film flows. The
numerical simulation is based on a column of sandy soil exposed to a
controlled atmosphere. We observe that the shapes of the profiles of fluxes
(liquid water, liquid/vapour non-equilibrium phase change) simulated
using the capillary model are very different from those obtained with the
model considering the film flow. In this last case, the liquid/gas nonequilibrium is not noticeable as in the case of the capillary model. It seems
that the film flows occult the water vapour diffusion by delaying the phase
change process, therefore a lower concentration of water vapour into the
soil than in the case where the capillary flow alone has been considered.
Keywords: Sandy Soil, Low Water Content, Phase Change, NonEquilibrium, Film Flow, Hydraulic Conductivity

Introduction
The phase change (evaporation and condensation) is
the central phenomenon which governs exchanges at the
ground-atmosphere interface (Smits et al., 2011). The
majority of the water is liquid form in the soil must pass
into vapour form to migrate to the atmosphere. In the
funicular regime (high water contents), it is generally
accepted that the process phase change takes place on the
ground surface (Mitarai and Nori, 2006). However, when
the content in water drops and the medium enters the
pendulum then hygroscopic domain, the localization of
evaporation remains an open problem (Levitt and
Young, 2007). Previous results locate the phase change
process in the first few inches from the ground
(Chammari et al., 2008; Ouedraogo et al., 2013). This
phase change allows to describe the nonequilibrium state

in a porous media which occur at the dry end i.e., at low
water content. Thus, the modeling of water dynamics in
this moisture state of the soil deserves special attention.
As water content decreases, hygroscopic effects
become predominant and adsorptive forces prevail over
capillary ones. Liquid water is present in the form of
adsorbed layers around soil particles and its
thermodynamic state can differ markedly from bulk
water (Kébré et al., 2017). Therefore, the modelling of
transport phenomena at low water contents requires a
specific description (Kébré et al., 2017). In particular, it
has been emphasized that vapour diffusion can
contribute considerably to water transport, which leads
to reconsidering the classical assumption of a local
equilibrium (Smits et al., 2011; Ouedraogo et al., 2013;
Massman, 2015). In such situations, liquid filtration,
vapour diffusion and phase change are simultaneous
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instance, phase change kinetics is drastically decreased
when the binding energy of water layers adsorbed on finescale grains increased. This is mainly the case in the
hygroscopic range of water content and is emphasized in
the presence of a clayey fraction (Ouedraogo et al., 2013).
That is why, more recently, several authors have
discussed this equilibrium state in transfers within porous
media in the full range of water contents in the soil
(Smits et al., 2011; Halder et al., 2011; Ouedraogo et al.,
2013; Nuske et al., 2014; Massman, 2015; Trautz et al.,
2015; Novak, 2019; Li et al., 2019). In particular,
(Ouedraogo et al., 2013) proved that this liquid-gas
thermodynamic equilibrium during transfers in the soil is
called into question on the basis of a series of
experiments relating to soil at low water content.
However, most of these studies did not consider the
contribution of film flow in the soil at the dry end. They
commonly used the (Van Genuchten, 1980; Mualem,
1976) capillary model for the hydraulic conductivity
function which does not consider the film flow occurred
at low water contents thus neglecting the contribution of
the transport of liquid water in film form within the
porous matrix. While, we had previously shown the
existence of this mode of transport (Kébré et al., 2017),
in this study, we discuss the non-equilibrium phase
change effect on the transfer in the sandy soil when
considering the film flows. We focus on nonequilibrium model knowing that many works are make
comparison between equilibrium and non-equilibrium
in the water dynamic in the porous media (Smits et al.,
(2011; Li et al., 2019; Seredyński et al., 2020;
Tamizdoust and Ghasemi-Fare, 2020)

transport processes that must be considered to describe
global water exchanges accurately in natural soil.
Moreover, the physical processes that govern liquid
water flow in the low water content range are still in
question. In general, numerical modelling based on the
Richards equation requires the complete determination of
its hydraulic properties (i.e., the hydraulic conductivity
and water retention functions) (Kébré et al., 2017).
Numerous attempts have been made to derive theoretically
the hydraulic conductivity function directly from the water
retention curve based mainly on capillary bundle models
(Burdine, 1953; Mualem, 1976). Although fairly accurate at
large water contents where water is held mainly by capillary
forces, these descriptions generally underestimate the
permeability at low water contents (Khaleel et al., 1995).
The most used van Genuchten–Mualem permeability
function is appropriate for intermediate water contents
(w>0.04 kg.kg−1), which highlights the shortcomings of
capillary bundle models in predicting the permeability
function in this dry range of the soil (Kébré et al., 2017).
During the past decade, several authors have
emphasized the major contribution of flow in thin liquid
films, which is likely to become important at low water
contents. To address this issue, in (Kébré et al., 2017),
we have made discussions on water flow at low water
content and the contributions of film flow to more
predict water profiles for sandy soils. A relative
permeability function has been proposed to successfully
describe water flow focusing on low water content.
Another difficulty to describe drying or water
management processes specially at low water content is
the formulation of the constitutive equations of the water
(vapour and liquid) transport models. Most of them relies
on the local equilibrium assumption (Ouedraogo et al.,
2013). This hypothesis specifies that, on each point of
the domain, liquid and gas phases are in equilibrium
(Li et al., 2019; Seredyński et al., 2020). In that case, it
means that the vapour pressure remains at its equilibrium
value (Ouedraogo et al., 2013). Physically, it amounts to
saying that, when compared to diffusion, phase change
processes are sufficiently fast to assume it instantaneous.
This usual assumption has been considered without
carefully checking its domain of validity (Ouedraogo et al.,
2013; Seredyński et al., 2020). In the fully equilibrium
model, changes in the moisture content of the liquid and
vapor forms are established immediately, so water
content in the liquid and vapor phases are tightly coupled
by a global term (Seredyński et al., 2020). This situation
then leads to a single equation to describe the movement
of water in the porous medium.
Therefor, a large set of experimental investigations
on phase change kinetics have suggested that
evaporation in soils may not be as fast as supposed
(Chammari et al., 2008; Lozano et al., 2008). For

Materials and Methods
Basic Soil Properties
Textural and Physical Properties
The upper layer of a natural Arenosol (IUSS
Working Group WRB, 2006) from Nasso, Burkina Faso
(latitude 11.210733°, longitude -4.420386°), were
investigated. The soil sample, denoted NH1, was taken
from the top layer of the soil (0-30-cm depth). According
to the International Society of Soil Science (ISSS)
classification, the textures of these samples are sand. The
main morphological properties of the soil sample are
summarized in Table 1.
Table 1: Textural characteristics, dry density (s), porosity (n),
saturated gravimetric water content (wsat) and
saturated conductivity (Ksat)
Silt
s
n
wsat
Ksat
Sand %
Clay
kg.m3kg.kg1m.s-1
90
7
3
1688
0.36 0.215
3.65105
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Water Activity
The liquid activity is defined by the sorption
isotherm curve. Since it is an equilibrium property, it
can only describe an equilibrium situation as required
by the local equilibrium assumption (Aljerf, 2018).
Rejecting this fundamental hypothesis means that the
vapour pressure, pv, can diverge from its equilibrium
value, pveq. For the case of an unsaturated soil, we
were inspired by the model representing the
relationship between the chemical potential and the
water content proposed by (Fredlund and Xing, 1994)
to model the isotherms. Thus, the water activity in the
soil is given by:
aw 

pveq T , w 
pvs T 

   w B 
 1  ln  e     
   A   

Van Genuchten (1980) model (denoted by VG80)
for the soil water retention curve expressed with
water chemical potential μ (J.kg−1):


w  wr
1

Se 

wsat  wr 1    

n



m

(2)

Van Genuchten-Mualem model (denoted by
VG80-M) for the relative hydraulic conductivity
without film flows:
1 m
 

K r  Se   Se 1  1  Sem  
 
 

2

(3)

C



(1)

The relative hydraulic conductivity with film flows
from (Kébré et al., 2017) (denoted by K17):
2

where, A, B and C are empirical parameters, the values
of which for the soil under study are recorded in Table 2.
Figure 1 represents the activity of water measured
experimentally using the salt solutions method compared
with the modeled one.

K r  Se   K

cap
r

K

film
r

1 m
 

 Se 1  1  Sem     Se
 
 

Table 2: Coefficients of Equation (1) with the statistics R2
and Root Mean Square Error (RMSE) for the
accuracy of prediction
Parameters of the model
Statistics
--------------------------------------------------------------A
B
C
R2
RMSE
kg.kg1
%
kg.kg1
0.001935
5.144
-1.061
99.01
0.03677

Soil Hydraulic Conductivity Functions
The soil water retention curve and the relative
hydraulic conductivity of this sandy soil have been
presented in (Kébré et al., 2013; 2017). The models used
in this study are given below:
0.025

Gravimetric water content (kg/kg)

0.020
Experimental
Modelling

0.015

0.010

0.005

0.000
0.0

0.2

(4)

0.4

0.6

Water activity (/)

Fig. 1: Water activity for NH1

3

0.8

1.0

Marcel Bawindsom Kébré et al. / American Journal of Environmental Sciences 2021, 17 (1): 1.13
DOI: 10.3844/ajessp.2021.1.13

The first term of this equation corresponds to the
relative permeability coefficient according to the VG80 M model for high and intermediate water content values
and the second term, a simple expression to take account
the film flow at low water content. This formulation give
good results in inverse analysis for sandy soil liquid
water transfer at low water content (Kébré et al., 2017).
In these equations, Se is the effective saturation, wr
(kg.kg−1) and wsat (kg.kg−1) are the residual and saturated
water content, respectively, n, m, 𝛽 and  are fitting
parameters.
Table 3 give values of coefficients for Eq. (2-4) for
the water retention curve and Table 4 for the relative
hydraulic conductivity for Eq. (4). The statistics R2 and
Root Mean Square Error (RMSE) for the accuracy of
prediction are shown.
Figure 2 gives a representation of the water retention
curve of the soil under study while Figure 3 compares
the relative permeability on the one hand without
considering the film flow (Eq. 3) and on the other hand
with the film flow (Eq. 4). It is clearly noted that not
taking the film flow underestimates the transfer force
including the evolution of water content in the soil
(Kébré et al., 2017).

capillary and gravity forces; the diffusion of vapour in
the gas phase and liquid-vapour water phase change.
The mass balance equations for each phase of the
water component are then:


Liquid water:
 w
 .  wvw    ˆ
t



Water vapour:
 v
 . J v    ˆ
t

(6)

Table 3: Coefficients for the water retention curve model (Eq.
2) (Kébré et al., 2017)
Parameters of model
Statistics
-------------------------------------------------------------------wr

n
m
R2
RMSE
kg kg−1
J kg−1
%
kg kg−1
0
0.912
1.392
1-1/n
99.30
0.0041
Table 4: Additional coefficients for the relative hydraulic
conductivity (Kébré et al., 2017)
Parameters of model
Statistics
--------------------------------------------------------------

R2
RMSE
%
kg kg−1
−6
2.40510
1.981
97.84
0.002141

Computational Approach
Conservation Equations
Three elementary phenomena must be considered
in the simulation of the transfers of liquid water and
its vapour: Filtration of the liquid phase induced by

NH1

0.2

Gravimetric water content (kg/kg)

(5)

Experimental
VG80

0.15

0.1

0.05

0
101

10

101

102

103

104

105

106

Mass chemical potential (J/kg)

Fig. 2: Water retention curve for NH1 with Van Genuchten (1980) model (VG80)
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Fig. 3: Unsaturated hydraulic conductivities as a function of the chemical potential for NH1 soil: a comparison between the results
from VG80–M and the model K17 considering the film flows plotted on a logarithmic scale

In these relations (Eq. 5 and 6), ρw and ρv [kg.m3]
denote the bulk densities of liquid water and water vapour
respectively; vw [m.s1] is the intrinsic velocity of liquid
water and Jv [kg.m2.s1] is the vapour diffusion flux. The
rate of the liquid-vapour phase change ̂ [kg.m3.s1] is
thus a voluminal scalar flow, representing the mass of
water passing from the liquid state to the vapour state
per unit of volume and unit of time.
The model state variables, defined from an
experimental point of view, are:



w
 w  
 ˆ
. K r
w  K r g  
0
  K sat
 s g  w
 t
 s

   p   . D p   RT ˆ  0
vs
v
 t g v
Mw

Dvs[m.s2] is the diffusion coefficient of the gas in the
porous medium which depends on several parameters
including the gas diffusion coefficient in free air Dva
[m.s2], the path traveled represented by the tortuosity
factor  [-] and the volume fraction of the gas phase g.
The following expression from (Moldrup et al., 2000)
(Eq. 9) is the most used with (Millington and Quirk,
1961) model for the tortuosity factor and Dva = 26.1 10-6
m.s2 from (Campbell, 1985):

The gravimetric water content, w [kg.kg1], the
ratio between the bulk densities of water liquid
and solid particles
The partial pressure of water vapour in the gas
phase, pv [Pa], related to the apparent density
apparent of water vapour ρv through ideal gas law:
 g pv 

RT
v
Mw

(8)

Dvs  Dvag  Dvag

(7)

g7 /3

(9)

n2

Liquid–Gas Phase Change
In isothermal case, the rate of non-equilibrium phase
change (Eq. 10) is expressed as a function of the partial
vapour pressure (pv); the equilibrium vapour pressure (Eq.
1) and a phenomenological coefficient, L [kg.K.s.m5],
determined experimentally (Lozano et al., 2008):

where, g [-] is the volume fraction occupied by the
gas phase; T[K], the temperature; R [J.mol1.K1] the
ideal gas constant and Mw [kg.mol1], the molecular
molar mass of water.
By explaining the liquid water and vapour fluxes,
the conservation equations are in the form below
(Kébré, 2013):

ˆ   L

5

R  pv 
ln 

M w  pveq 

(10)
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Z

Enclosure where
T and HR are kept constant

z = 0.3 m

Homogeneous soil
with an initial water
content of 0.057 kg/kg

z=0

Fig. 4: Schematization of the physical model
pveq  pveq  aw  w  pvs  T 

The phase change coefficient, L, introduced in this
relation, should depends on the state variables such as the
water content, the temperature and on the nature of the soil.

Boundary Conditions

Physical Model



The physical configuration of the medium that we
consider in this study is represented in Fig. 4. It is a column
of soil compacted with uniform water content and subjected
to drying conditions from the top face. The soil column is
closed on the lower base and on the side parts so as to
impose a unidirectional transfer thus approaching the
natural operating conditions of a surface layer of a soil. The
upper part is subjected to drying under a constant
temperature of 30°C and an atmosphere of constant relative
humidity of 30%. The physical phenomena considered are
therefore: Filtration of liquid water, diffusion of water
vapour and liquid-vapour phase change.
This configuration is perfectly identical to the
experimental studies conducted by (Ouedraogo et al.,
2013), this to allow the comparison of the results for
the study of the non-equilibrium in the transfer at low
water contents.



At side z = 0, the liquid water flux e and vapour
flux v are zero:
e



z 0

 v

z 0

0

(12)

At z = h, the partial pressure of the water vapour is
set by the relative humidity, HR of the ambient air:
pv  HR  pvs T 

(13)

Numerical Scheme
The equations are discretized based on a finitevolume formulation with a one-dimensional regular
mesh where the unknown, w, is at the centre of the grid
blocks. A first order upstream scheme is used to describe
the convective term. Temporal discretization is carried
out by a fully implicit scheme to obtain unconditional
numerical stability. To handle non-linearities, the
Newton-Raphson method ensures accurate convergence
with a moderate time-step.

Initial Conditions


(11)

We consider a soil with uniform initial water
content: wi = 0.057 kg.kg1.
Under these conditions, we admit that the water
vapour pressure, in the initial state, is equal to the
equilibrium vapour pressure of water at temperature
T. This means that at the initial time, on the whole
column of soil:

Results and Discussion
Phase Change: Experimentation and Modeling
The phase change rate is determined experimentally in
the laboratory by the method described in (Lozano et al.,
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2008) then modeled before being integrated into the
simulation code of the coupled transfers of liquid water
and water vapour. Different models have been proposed
in the literature to represent the rate of change of
liquid/vapour phase in a porous material (Lozano et al.,
2008; Trautz et al., 2015; Li et al., 2019). In this study,
we opted for the model in (Lozano et al., 2008) which
has been widely used in similar studies (Chammari et al.,
2008; Benet et al., 2009; Ouedraogo et al., 2013). The
complete model of the phase change coefficient
proposed as functions of the water content and the
vapour partial pressure is characterized by 3 coefficients
(Leq, k, r) through the following expressions:


Close to equilibrium, i.e., r 

pv
1:
pveq

L  Leq

(14)

Far from equilibrium, i.e., 0 

pv
r:
pveq


p 
L  Leq  k  r  v 

pveq 


(15)

6107
Experimental
Modelling

5107

4107

Leq [kg.K.s/m5]



The neighbourhood of an equilibrium situation, i.e.,
when the vapour partial pressure is close to its
equilibrium value, corresponds to the validity domain of
the linear thermodynamics of irreversible processes and
a constant phenomenological coefficient is observed
(Ouedraogo et al., 2013). Outside of this domain, i.e., far
from equilibrium, an affine dependence on the vapour
partial pressure is obtained and the phase change rate is
highly increased. Concerning the soil under
investigation, the influence of the water content on
model parameters (Leq, r) is presented in Fig. 5 and 6
while the third parameter r has been found to be fairly
constant, r = 0.98.
Some bell-shaped curves are generally observed,
where the maximum around w = 0.035 kg.kg1 is roughly
the upper limit of the hygroscopic domain. Above this
maximum, the phase change rate decreases since the
liquid–gas interface area reduces. For water content
greater than 6%, the gas phase is occluded and phase
change cannot be activated. Below the maximum, when
hygroscopic effects become predominant, the intensity of
solid–liquid interactions increase in the adsorbed layers.
The supplementary energy required for water desorption
decreases the phase change rate leading to lower values
of the coefficient.
The Fig. 7 represents the slope k as a function of the
water content.

3107

2107

1107

010
0

0.01

0.02

0.03

0.04

0.05

0.06

Gravimetric water content (kg/kg)

Fig. 5: Evolution of the equilibrium phase change coefficient Leq and its modeling as a function of the water content
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Fig. 6: Variation of the ratio r as a function of the water content
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Fig. 7: Variation of the slope k as a function of the water content
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The modeled expressions for Leq and the slope k as a
function of the water content are as follows:



Leq  w    w  0.0606   0.9019 w3  13.3688w4 

(16)

k  w    w  0.0609   97.48.1w3  1599.7720 w4 

(17)

The simulated profiles of the phase change flux, at
different times, are shown in the Fig. 8a with the
(Van Genuchten, 1980; Mualem, 1976) model and in the
Fig. 8b with the model considering the film flows.
The non-equilibrium phase change flux is remarkable
in the Fig. 8a with an abrupt change in its value in an
area of thickness about 5 cm from the soil-atmosphere
interface. This variation is not observed in the Fig. 8b.
Thus, it can be noted that considering the film flow
mode profoundly modifies the evolution of the phase
change flux and brings the area subjected to strong
variations in flux very close to the surface exposed to the
atmosphere. Does this observation call into question the
rejection formulated in (Ouedraogo et al., 2013) for the
local equilibrium assumption made in most case of water
(liquid and vapour) transfer in the porous media? This
hypothesis specifies that, on each point of the soil
profile, the liquid and gas phases are in equilibrium. In
our case, it implies that at all times, the effective
pressure of the water vapour pv is equal to the
equilibrium vapour pressure pveq. In other words, the
vapour pressure is maintained at its equilibrium value.
Let us study more finely the rapport between these two
quantities which expresses the non-equilibrium.

Phase Change Flux
We use the unidirectional model exposed in the
above sections to simulate water transfers in soil at low
water contents by filtration of liquid water and diffusion
of water vapour coupled by liquid/gas phase change.
This study is a numerical case but in the same
configuration as the experimental and numerical studies
carried out by (Ouedraogo et al., 2013) for a soil with
characteristics very close to NH1.
The phase change phenomenon is not really
quantified by a flux term [kg.m2.s1] but by a volumetric
rate [kg.m3.s1]. Thus, we will make a qualitative
comparison. We consider the relation (Eq. 18) to
represent the nonequilibrium phase change flux in terms
of surface flux by multiplying the rate ̂ by a length.
We choose dz which represents the discretization space
step used in the numerical simulation:
Jˆv  ˆ dz

(18)

Assessment of the Non-Equilibrium

The simulation is carried out by considering two
model of the un relative permeability function (Kr):


The model considering the film flow (Eq. 4) that we
denoted in the figures below by “Kr-K17”.

To assess the liquid/gas non-equilibrium, the ratio of
the effective pressure of the vapour divided by its
equilibrium value is proposed:

The capillary model of Van Genuchten (1980) Mualem (1976) (Eq. 3) that we denoted in the
figures below by “Kr-VG80-M”, the same model in
(Ouedraogo et al., 2013)



pv
pveq

(19)

0.3

0.3

0.28

0.28
0.26
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Kr-VG80-M

1 day
3 day
7 day
13 day

0.24
0.22

0.2

Kr-K17

0.26

1 day
3 day
7 day
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0.24

0.22

0

2107

4107
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8107

0.2
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Phase change flux (kg/m2/s)

0

2107

4107

6107

Phase change flux

(a)
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(b)

Fig. 8: Phase change flux simulated with: (a) The model of Van Genuchten (1980) -Mualem (VGM80-M) and (b) the model K17
considering the film flows
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Fig. 9: Non-equilibrium profiles simulated with: (a) the model of Van Genuchten (1980) -Mualem (VGM80 – M) and (b) the model
K17 considering the film flows
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Fig. 10: Comparison of the evolutions of the average and maximum non-equilibrium for the two models of the relative permeability
considered

This criterion is plotted along the soil column in Fig.
9a for (Van Genuchten, 1980; Mualem, 1976) capillary
model for the relative permeability function and the Fig.
9b with the model considering the film flows. The
profiles in the Fig. 9a have the same shape as those from
(Ouedraogo et al., 2013) but a form completely different
from the case where we consider the film flows (Fig. 9b)
in this water state of the soil. By comparing the two
figures (Fig. 9a and 9b), one can note that the vapour
pressure can differ greatly from its equilibrium value in
the case of capillary flow only and moderately when the
film flow has been taken account.

We also plot in the Fig. 10 the temporal evolutions of
the average and maximum non-equilibrium for the two
models of the relative permeability function. With the
Van Genuchten (1980) - Mualem (1976) capillary model,
the sudden growth of maximum non-equilibrium, for a
short time (t < 4 days) corresponds to the establishment of
the vapour profile due to diffusion phenomena. This
transient behavior is not observed in the case where the
model considers both capillary and film flows.
Considering the film flow, the filtration of the liquid
phase of the water is extended up to the hygroscopic
state of the soil. By comparing the two modeling
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approaches of liquid filtration phenomena, considering
film flows has the consequence to maintain a significant
flux of liquid phase into the soil surface for longer times.
Figure 11 where we plotted the profiles of liquid water
flux along the soil column for each model of relative
permeability clearly illustrate this situation. We note on
each of the Fig. 11a and 11b, two zones: A first zone,
over an altitude of 25 cm, where the liquid phase flux
increase to reach a maximum and a second zone,
between 25 and 30 cm where the liquid phase flux
decrease to reach zero at the interface with the
atmosphere. By comparing the Fig. 11a and 11b, we can
remember that do not consider film flows in low water
content range does not only underestimate the flux but

the depth of the area where the flux is important: About
10 cm deep with the capillary model by Van Genuchten
(1980) - Mualem (1976) and 15 cm for the model
extended to film flow.
The unexpected behavior of the non-equilibrium in
the transfers of the liquid and gas phases in the soil in the
case where we consider the film flows can be explained
by a predominance of the movement of the water
adsorbed on the solid matrix in liquid form. Thus, this
phenomenon occurs to the detriment of the diffusion of
the vapour phase which follows the initiation of the
process of liquid/vapour phase change in the soil
subjected to our controlled atmosphere.
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Fig. 11: Liquid water flux simulated with: (a) the model of Van Genuchten (1980) -Mualem (VGM80 – M) and (b) the model K17
considering the film flows

11

Marcel Bawindsom Kébré et al. / American Journal of Environmental Sciences 2021, 17 (1): 1.13
DOI: 10.3844/ajessp.2021.1.13

other authors have read and approved the manuscript and
that no ethical issues are involved.

Conclusion
In this study, we have presented an experimental
characterization of the non-equilibrium phase change for
NH1, a surface layer of Nasso soil. The near and fartoequilibrium phase change coefficients modeled from
the experimental data, supplemented with the
hydrodynamic functions described were used to feed a
numerical program to simulate liquid and vapour water
transfers. The physical environment is likened to a column
of soil, the upper end of which is exposed to an
atmosphere regulated in temperature and relative humidity
and therefore subject to evaporative phenomena.
We noted that the shapes of the profiles of fluxes
(liquid water, liquid/vapour non-equilibrium phase
change) simulated using the capillary model (model of
Van Genuchten (1980) - Mualem (1976)) are very
different from those obtained with the model considering
the film flow (model in Kébré et al., 2017). In this last
case, the liquid/gas non-equilibrium is not noticeable as
in the case of the capillary model. It seems that the film
flows occult the water vapour diffusion by delaying the
phase change process, therefore a lower concentration of
water vapour into the soil than in the case where the
capillary flow alone has been considered.
What are the physical and fundamental limits for the
observation of film flows when the medium is in an arid
environment? Thus, to better understands the observed
behavior in thermodynamic non-equilibrium with the
global dynamics of liquid water or vapour in the soil, a
series of experiments will be necessary. In addition, the
mechanism of the vapor transport in soil under
nonequilibrium and equilibrium conditions should be
more investigated following pioneers works of (Smits et al.,
2011; Li et al., 2019; Seredyński et al., 2020; etc.).
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