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Thermodynamic non-equilibrium during the drying of a soil. 

Abstract 

Two preliminary experiments show that a non-equilibrium situation can be easily 

encountered during a natural drying process. This leads us to reconsider the 

thermodynamic local equilibrium assumption, and propose a macroscopic two-equation 

model that takes into account mass exchange kinetics between the liquid and vapour 

phase. Numerical simulation of this theoretical model is then compared to experimental 

drying kinetics of soil columns. The discrepancies observed between the theoretical 

prediction and the experimental results are discussed. This contribution emphasizes the 

importance of such non-equilibrium phenomenon when modelling water transport in 

hygroscopic porous media. 
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1. Introduction 

 

Drying kinetics generally displays two phases. It is globally accepted that liquid 

evaporates at the surface during the first phase, referred to as the constant rate phase. 

The second phase is called the diffusion phase and drying kinetics is controlled by 

diffusion mechanisms within the material [1]. When modelling this second phase, the 

state variable chosen is generally the liquid water content. Since the medium includes a 
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gas phase consisting of moist air, using a single variable for describing the moisture 

state implicitly assumes the thermodynamic equilibrium between the liquid water and 

its vapour. This hypothesis implies sufficiently rapid mass exchanges between phases to 

maintain at all times the thermodynamic equilibrium characterised by the equality of 

chemical potentials between the liquid and its vapour [2-6]. However, this hypothesis 

seems to be called into question by experiments about liquid-gas phase change in 

porous media that suggest that the establishment of equilibrium is not instantaneous. 

This applies to soil containing water or heptane at various temperatures [7, 8]. The 

liquid-vapour equilibrium assumption makes tricky the interpretation of drying kinetics 

of certain soils such as silt, since the water state can evolve from the funicular state, 

characterised by a continuous flowing liquid phase, to the hygroscopic state, where the 

water is adsorbed on the solid phase. As the water content decreases, the liquid phase is 

no longer continuous and movement in the liquid phase cannot be envisaged. As shown 

below, the water state of a moist sample subjected to a water content gradient or gravity 

in a saturated atmosphere does not change. Furthermore, as the medium is not yet 

hygroscopic, the vapour partial pressure profiles are uniform and movement by 

diffusion of vapour cannot take place.  

Therefore, we propose to discard the hypothesis of thermodynamic equilibrium 

between liquid water and its vapour when providing the interpretation of drying kinetics 

of a soil in the pendular and hygroscopic states. Two state variables, the liquid water 

content and the partial pressure of vapour in the pores, are used to represent the system 

[8, 9]. Vapour diffusion and liquid-vapour phase change are considered as the main 

phenomena. To emphasize our point of view, two preliminary experiments are first 

described. It aims to qualitatively demonstrate the existence of liquid-vapour non-

equilibrium inside a soil sample submitted to drying conditions. This is followed by an 

experimental water phase change characterization. Then, a set of drying experiments of 

soil columns is presented, allowing a macroscopic comparison with the theoretical 

prediction. 

 

2. Preliminary experiments 

Theoretical aspects developed in this contribution are based on the non-

equilibrium assumption. To justify this point of view, two preliminary experiments are 
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presented below; the first one brings some intermediates conclusions, while the second 

one demonstrates the existence of a non-equilibrium situation during a natural drying 

process. 

2.1. Materials and methods 

The material under investigation is a natural soil (clayey silty sand), coming 

from the riversides of the Hérault river (south of France). Its real mass density is 

s = 2650 kg.m
-3

. The mineralogical analysis based on X-ray diffraction techniques has 

revealed a small clayey fraction (~10%) and a negligible organic content. The lower 

limit of the funicular domain is around w = 13% [10]. Below this water content, the 

liquid phase is no longer continuous and the relative permeability is zero [10]. 

Regarding to the hygroscopic domain, the desorption isotherm is shown in Figure 1. It 

can be seen that hygroscopic effects are observed with a water content lower than 

w = 5%. For indication the saturation is obtained for a water content of w = 29%. 

In these preliminary experiments, soil samples were prepared with a uniform 

10% water content. The soil was first dried at 105°C during 24 hours. The required 

amounts of soil and demineralized water were added using a high-precision scale 

(10
−4

 g). After mixing, it was stored in a waterproof container for 24 hours to ensure the 

homogeneity of the water content. Then, the wet soil was compacted in a cylindrical 

ring by means of a hydraulic press in order to reach a dry density of 1500 kg.m
-3

, which 

corresponds to a porosity of 43%. In each cases presented below, the liquid water 

content, w, was measured by differential weighing after 24 hours drying at 105°C. 

 

2.2. First Experiment 

The soil samples were disposed in a controlled drying atmosphere at T = 30°C. 

The relative humidity was regulated at RH = 33% using a saturated magnesium chloride 

solution. The sample geometry was chosen so that to consider a one-dimensional mass 

transfer along the vertical z-axis (Fig. 2). Three thermocouples introduced in the soil 

sample during compaction did not reveal any temperature gradient or variation during 

the drying phases. The drying kinetics was recorded by differential weighing (Fig. 3). A 

destructive method was applied to some samples to determine the water content profiles 

at different times (Fig. 4). Kinetics and profiles evolutions show some classical 

appearances. 
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This experiment was repeated in the same conditions, except that at time t0, when 

the average water content is around 5.5%, the magnesium chloride solution was 

replaced by pure water in order to impose a relative humidity RH = 100%. 

Consequently, the partial pressure of vapour Pv in the soil is set to its saturated 

value Pvs. Since the soil was not yet in a hygroscopic state, this partial pressure 

corresponds to the equilibrium vapour pressure Pveq. The instantaneous stabilization of 

the average water content (Fig. 3) and of the water content profiles (Fig. 5) was then 

observed in spite of the strong water content gradient. It was noticed that if the sample 

was put back to the initial experimental conditions (RH = 33%), the drying process 

starts again and the kinetics and profiles measured exhibit their usual pattern. 

The following features were deduced from this experiment: 

i- The application of the equilibrium relative humidity at the outer surface of 

the sample stops any mass transfer. 

ii- When the surrounding atmosphere is stable and saturated, the water content 

gradient and the gravity forces are unable to cause any liquid phase flow. 

This confirms that the water was in a pendular state. 

iii- A change in the RH boundary condition was instantaneously transmitted to 

the whole sample, since the characteristic time of vapour diffusion process is 

negligible if compared to the characteristic time of this drying experiment. 

 

2.3. Second Experiment 

In this second stage, the same material is considered. The samples were 

compacted in three parts (A, B and C) and assembled leaving a 1 mm air space between 

them (Fig. 6) [11]. They were placed in a drying atmosphere regulated at T = 30°C and 

RH = 19.5%. The destructive measure consists in separating the three parts and 

weighing each of them. Thermocouples placed in each part did not reveal any 

significant temperature difference during one experiment. It can be seen in Figure 7 that 

the drying of the central part A starts at the beginning of the experiment whereas the soil 

in parts B and C were not yet in a hygroscopic state (t < 45 min). 

This experiment shows that the liquid phase flow is not the only mechanism 

involved during drying. Indeed, if this was the case, part A could not dry since the air 

space constitutes a liquid phase discontinuity that prevents any liquid phase flow. 
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Therefore, the liquid water present inside the soil can only be extracted through vapour 

diffusion, which necessitates a liquid-gas phase change. 

Based on the conclusions pointed up in the last section, it can be asserted that 

drying of the central part A can occurs only if non-equilibrium exists between the 

vapour in the air spaces and the water at the surface of A. This implies that there is not 

liquid-vapour equilibrium throughout the parts B and C. Thereby, even with the slow 

natural drying process observed in parts B and C, non-equilibrium situations are easily 

encountered. 

These preliminary experiments lead us to reconsider the local equilibrium 

assumption between the liquid water and its vapour. This hypothesis is discarded; 

therefore, a non-equilibrium liquid-gas vaporization law is introduced to describe the 

kinetics of the overall drying of a soil column. Next section focuses on the development 

of a water and vapour transport model including the phase change phenomenon. 

 

3. Water transport in a non-saturated soil 

 

A natural soil can be idealized by a triphasic porous medium by considering a 

solid phase, a liquid phase and a gaseous phase. Regarding to the drying process, the 

gaseous phase consists of two components: dry air and water vapour. As discussed in 

the last section, the model proposed in this work relies on the two following 

assumptions: 

 The liquid phase is adsorbed on the solid phase and immobile, meaning that 

liquid surface diffusion is not taken into account. Even if surface diffusion can 

be observed at the microscopic scale, the kinetics of such phenomenon becomes 

negligible when dealing with macroscopic transport problem.  

 The total gas pressure is constant and uniform, since the convective transport in 

the gas phase is negligible. Actually, this means that the gas permeability is 

large enough to assume that any pressure gradient will be instantaneously 

equilibrated when compared to the other transport phenomena. 

Therefore, two elementary phenomena are considered: liquid-gas phase change of 

water and vapour diffusion in the gas phase. Associated to these phenomena, the state 

variables are the water content w [%] defined as the ratio between the apparent mass 
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densities of liquid and solid, and the vapour partial pressure in the gas phase Pv [Pa]. 

Then, the mass balance for the liquid phase is written: 

s
ρ

J
=w

t





 (1) 

while the mass balance for the vapour constituent in the gas phase is given by: 
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where s is the apparent mass density of the solid phase, g is the volume fraction of the 

gas phase, Dvs is the effective diffusion coefficient of vapour in the soil, R is the perfect 

gas constant and M is the molar mass of water. The mass exchange term J [ kg.s
-1

.m
-3

 ] 

represents the rate of water phase change from the liquid to the gas phase. 

From thermodynamic considerations, it can be shown that the volumetric rate of 

phase change J [kg.m
-3

.s
-1

] is proportional to the water chemical potential difference 

between the liquid and vapour states [12-17]. A detailed development of this phase 

change theoretical relation has been given by Bénet et al. [12]. Thus, only the main 

results are recalled here. The phase change rate is expressed as a function of the vapour 

partial pressure by: 

eqv

v

eq

P

P

M

R
LJ=J ln  (3) 

It is written as the sum of an equilibrium part, Jeq, and a non-equilibrium part. The 

equilibrium part accounts for the phase change resulting from temperature variations 

while the liquid water remains in equilibrium with its vapour. For instance, it represents 

the water quantity that evaporates during a temperature raise to maintain the saturating 

vapour pressure in the gas phase. It generally relates to slow or quasi-static phenomena. 

On the contrary, the non-equilibrium part characterizes the response of the system to a 

non-equilibrium situation [12, 13, 15]. This non-equilibrium results from a chemical 

potential difference between the liquid water and its vapour. However, it is better 

represented by a deflection of the vapour pressure Pv with respect to its equilibrium 

value Pveq. The vapour pressure at equilibrium Pveq, is defined as the product of the 

saturating vapour pressure Pvs multiplied by the water activity a. Usually, the water 

activity is directly determined from the experimental sorption isotherm. In the 

theoretical law proposed (Eq. 3), the ratio of the vapour partial pressure to its 



Thermodynamic non-equilibrium during the drying of a soil 7 

equilibrium value can be interpreted as the thermodynamic force that governs the phase 

change. 

The phenomenological coefficient L [kg.K.s.m
-1

], introduced in this relation, 

should depends on the state variables, such as the water content w and the temperature 

T, and on the nature of the soil. This coefficient must be determined experimentally, and 

has been the focus of several works [12, 13, 15, 17]. An original experimental device 

has been developed for this purpose. It allows analysing the return back to equilibrium 

of a soil sample subjected to non-equilibrium conditions. This non-equilibrium situation 

is caused by, first, extracting the gas phase of the soil sample, and then, replacing it by 

dry air, what results in a macroscopic thermodynamic non-equilibrium between the 

liquid phase and its vapour. Thus, the dependence of the phase change coefficient L on 

several physical variables, such as the temperature T, the water content w, the total gas 

pressure Pg, has been experimentally investigated [15, 17]. The influence of the nature 

of the liquid phase and of the texture of the soil has also been underlined. 

From a large set of experimental data carried out in isothermal conditions with 

pure water in clayey silty sand, Lozano et al. [17] have provided a complete model of 

the phase change coefficient. Its variations as functions of the water content and the 

vapour partial pressure are characterised by 3 coefficients (Leq, k, r) through the 

following expressions: 

 close to equilibrium: 1

veq

v

P

P
r  

eq
L=L  (4) 

 far from equilibrium: r<
P

P
<

veq

v
0  


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

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veq

v

eq

P

P
rk+L=L  (5) 

The neighbourhood of an equilibrium situation, i.e., when the vapour partial 

pressure Pv 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. 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. 

The influence of the water content w on the three parameters (Leq, k, r) is 

presented in Figures 8 to 10. Some bell-shaped curves are generally observed, where the 

maximum around 7% is roughly the upper limit of the hygroscopic domain. Above this 
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maximum, the phase change rate decreases since the liquid-gas interface reduces. For 

water content greater than 12%, 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 increases in the adsorbed layers. The supplementary 

energy required for water desorption decreases the phase change rate, leading to lower 

values of the coefficient. 

Therefore, a complete two-equation model of water and vapour transport through 

a hygroscopic soil has been proposed. Using the physical characteristics identified on a 

centimetric-scale soil sample, numerical simulation will be compared to macroscopic 

experimental drying kinetics in the next section. 

 

4. Self drying of a soil at low water content 

In order to discuss the validity of our non-equilibrium assumption, the theoretical 

model presented in the last section will be used to analyse a natural drying kinetics. 

First, the drying experiments are described, then, the numerical implementation is 

briefly presented, and finally the comparison and useful discussions are provided. 

4.1. Experiments 

The same material characterized in the last section is used to make the soil 

columns, i.e., a clayey silty sand with a real mass density of s
*
 = 2650 kg.m

-3
. The wet 

soil was compacted in a PVC tube to reach a solid apparent mass density of 

s = 1500 kg.m
-3

, which corresponds to a porosity of 43%. Sample dimensions were 

10 cm -height and 8.14 cm -diameter. The upper surface is in contact with air, while the 

lower surface is hermetically closed. The initial water content of the soil is fixed at 

w = 8%. Then, the soil samples are placed in a regulated drying atmosphere at 

controlled temperature T = 30°C, and relative humidity RH = 30%. Columns were 

weighed at regular time steps to determine the average water content leading to the 

drying kinetics plotted in Figure 12. The nine experimental kinetics were achieved with 

a good reproducibility [8]. For large times, an asymptotic water content is observed, 

w = 2%, which corresponds to the equilibrium value given by the desorption isotherm. 

 

4.2. Theoretical Model and Numerical Simulation 
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Since the temperature is controlled at T = 30°C, the equilibrium phase change, Jeq, 

accounting for temperature variations can be discarded. Thus, the phase change relation 

(Eq. 3) can be introduced in the two-equation model (Eqs 1-2) to obtain 

eqv
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P

P
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t
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where the phenomenological coefficient L non-linearly depends on the variables w and 

Pv through the experimental correlations presented in Figures 8 to 10. The equilibrium 

vapour pressure Pveq is calculated using the desorption isotherm curve given in Figure 1 

   °C=TPwa=P
vseqv

30  (8) 

The gas volume fraction g will slightly increase as the water content w decreases by 

the following expression 

l

s

s

s

g

ρ

ρ
w

ρ

ρ
=η 1  (9) 

To take into account the soil tortuosity, the effective diffusion coefficient is weighted 

according to the expression proposed by Penman [18-20] 

vag
Dη=D  0.66

vs
 (10) 

where the diffusion coefficient of vapour in air at T = 30°C is Dva = 2.62 m.s
-2

. 

For numerical simulation, these equations are discretized using a one-dimensional 

regular mesh, where the unknowns (w and Pv) are located at the centre of grid blocks. 

Temporal integration is performed based on an implicit scheme to ensure numerical 

stability. This problem is highly non-linear, mainly due to the complex dependence of 

the coefficient L on the unknowns w and Pv. Thus, a Newton-Raphson method ensures 

an accurate convergence for a moderate time step. 

According to the experimental setup, the boundary conditions were a gas-phase 

no-flow condition on the lower surface of the sample, 

0
0
=|P

t
=zv




 (11) 

and a imposed vapour pressure on the upper surface corresponding to relative humidity, 

RH = 30%, of the drying atmosphere 

 °C=TPRH=|P
vsH=zv

30  (12) 
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The initial water content is imposed at w = 8%, what corresponds to an initial 

equilibrium vapour pressure given by 

 °C=TP=|P
vs=tv

30
0

  since the activity is 18 =)=a(w  (13) 

Eventually, the simulated kinetics is plotted on Figure 12 for comparison. Associated 

discussions are provided in the next section. 

 

4.3 Results 

While comparing the theoretical prediction with the experimental drying kinetics 

(Fig. 12), the agreement is not very acceptable. Indeed, estimated drying times are twice 

as large as those observed experimentally. However, this a priori conclusion should be 

reconsidered and discussed in detail. 

First, it must be recalled that the comparison given here is done without any 

adjustable parameters or curve-fitting technique. Every physical characteristic has been 

determined using an independent experimental procedure. In particular, the effective 

diffusivity in soil is estimated through an empirical model (Eq. 10) [18] that has not 

been validated in our case. Actually, the numerical drying kinetics is very sensitive to 

the value of this effective diffusivity. A higher diffusivity leads to some lower vapour 

pressure in the sample, which drastically enhances the water phase change based on 

equation (5). This parameter could have been adjusted from experimental kinetics to 

better suit the physical diffusion phenomenon. However, we prefer not to perform that 

estimation in order to fairly discuss our approach. 

Secondly, the boundary condition numerically imposed (Eq. 12) is practically 

difficult to maintain accurately. A local relative humidity transducer disposed on the 

surface should give some response. Moreover, with respect to the phase change 

phenomenon, the upper boundary layer ( 5 mm) does not behave exactly the same as 

that present inside the sample. Indeed, destructive analyses of soil samples have shown 

a faster drying process of this upper layer. Further investigations are needed to improve 

this boundary condition and give some more valuable drying kinetics comparisons. 

The cause of a macroscopic thermodynamic non-equilibrium has not yet been 

clearly established. However, the explanation should be sought at a smaller scale. A 

natural soil is an extremely heterogeneous medium at multiple scales. The clayey 

fraction creates some very fine porous aggregates ( 0.1 μm) embedded in a larger 
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heterogeneous structure made of sand grains ( 100 μm) [21]. With clayey silt at low 

water content, a double-porosity structure is often encountered [22]. Moreover, even 

with a small clayey fraction, 10% in our case, about 90% of the water is stored in the 

clayey structure. At equilibrium, the liquid water is adsorbed in this complex system by 

some mechanisms that depend on the nature of the solid phase materials and their 

surface (clay, quartz, calcite …) [21]. Thus, even if the second principle of 

thermodynamics imposes the uniformity of the water chemical potential in all its forms, 

its distribution should be very complex. 

Any disturbance of this equilibrium by mass exchange with the environment will 

distort the uniformity of water chemical potential. This generally comes with 

temperature non-uniformities resulting from interface cooling. At the pore-scale, the re-

establishment of equilibrium consists in the movement of liquid water, or vapour, from 

places with a high chemical potential to places with a low chemical potential. Local 

thermal transfers should also occur. These mechanisms are not instantaneous and the 

combination of them should account for the retardation times observed at the 

macroscopic scale. 

Nevertheless, this experimental contribution shows that a non-equilibrium 

situation can be easily reached, even with the slow process of self drying. In this case, 

the nature of the solid phase plays a predominant role since it strongly depends on the 

hygroscopic characteristics of the porous medium. 

 

5. Conclusion 

 

When dealing with water transport in soils, discarding the assumption of a 

macroscopic thermodynamic equilibrium between the liquid and its vapour leads to the 

consideration of a vapour partial pressure deviation with respect to the equilibrium. This 

requires two independent variables to describe the water state in a soil, the liquid water 

content and the partial pressure of vapour. Therefore, the two associated mass balance 

equations are linked through a mass exchange term that represents the phase change 

phenomenon. A non-linear behaviour is experimentally observed as the phase change 

kinetics highly depends on the vapour partial pressure and on the liquid water content. 
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This point of view replies to the challenges raised by the preliminary experiments 

described at the beginning of this paper. In some situations, and particularly with 

hygroscopic porous media, the local thermodynamic equilibrium assumption cannot be 

achieved. This could considerably modify the drying kinetics by emphasizing some 

different limiting processes. 

The representation of a set of micro-scale phenomena using a unique macroscopic 

law corresponds to a classical upscaling approach. This point of view introduces some 

macroscopic coefficient that account for all the microscopic deviations from 

equilibrium. Nevertheless, the phenomenological approach proposed here, relies on an 

experimental determination of macroscopic coefficients, since the whole complexity of 

natural porous media is taken into account. 
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Figure 1: Desorption isotherm of the clayey silty sand at T = 30°C, experimental points 

and fitted model. 
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Figure 2: First preliminary experiment: Schematic view of the experimental device. 
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Figure 3: First preliminary experiment: Drying kinetics at T = 30°C and RH = 33% 

(black square) - RH = 100% (white square). 
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Figure 4: First preliminary experiment: Evolution of the soil sample water content 

profiles in the drying atmosphere (RH = 33%). 
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Figure 5: First preliminary experiment: Evolution of the soil sample water content 

profiles in the saturated atmosphere (RH = 100%). 
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Figure 6: Second preliminary experiment: Schematic view of the experimental device 

(dimensions are given in cm). 
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Figure 7: Second preliminary experiment: Drying kinetics of the three parts A, B and C. 
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Figure 8: Phase change model (Eqs. 3-5): Variation of the phenomenological coefficient 

close to equilibrium Leq as a function of the water content w at T = 30°C. 
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Figure 9: Phase change model (Eqs. 3-5): Variation of the parameter k as a function of 

the water content w at T = 30°C. 
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Figure 10: Phase change model (Eqs. 3-5): Variation of the transition criterion r as a 

function of the water content w at T = 30°C. 
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Figure 11: Comparison of experimental kinetics and theoretical prediction for a 10 cm 

soil column in drying conditions (RH = 30%). 


