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Abstract. Due to climate change, soil desiccating became a serious concern in the agricultural area of
Belgium. Knowing soil evaporation kinetic can help to elucidate and predict: the soil moisture regime, soil
water retention and soil water content. Those parameters are vital for water use efficiency and sustainable
agriculture. This research investigated the mechanism of soil evaporation using both laboratory experiment
and numerical simulation. Soil samples (Luvisol) were collected from the agricultural field in Gembloux-
Belgium, and tested in a small drying chamber. Sensors measured the chamber temperature and humidity,
while digital camera monitored the soil surface throughout the experiment. HYPROP device recorded the
water change, soil suction, and soil water retention curve. During three evaporation experiments, four
periods were observed rather than three as commonly recorded in the theory of drying. The modelling
considered thermo-hydro-mechanical framework for predicting the drying process of Luvisol. The model
used the finite element code LAGAMINE created at the University of Liege. The software aims at assessing
the mechanism of water transport between soil and atmosphere. The results of the simulation showed major
domination of Darcean flow during desiccating, while some short vapour diffusion occurred only after the
soil surface began to de-saturate.

1 Introduction

The process of evaporation is quite complicated in
agricultural soil since it is conditioned by the soil
characteristics (textures, structure, etc.), soil
management (tillage, covered crop, etc.), and the
environmental condition (precipitation, temperature,
etc.). The increase of the world temperatures raised the
soil evaporation rate, leading to severe crop water stress
and considerable yield loss. In Belgium, several dry
spells (no rainfall) were recorded over the course of the
21" century [1]. Understanding the kinetic of
evaporation of the Luvisol (soil of Belgium) will help to
find appropriate method to enhance water use efficiency
and alleviate the effect of climate change on plant water
stress.

Based on previous studies, three distinct periods of
evaporation occurred during the process of drying [2].
The first period is a Constant Rate Period (CRP) during
which the evaporation rate is at its highest and constant.
When the soil water supply decreases, there is prompt
drop of the soil evaporation called “critical-moisture
content”, indicating the start of the first Falling Rate
Period (FRP 1) [3, 4]. The soil surface starts to dry
drastically till the third period called second Falling Rate
Period (FRP 2). The evaporation is very low due to
strong interacting forces at the soil liquid-solid interface.
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Despite wide knowledge of the process, it is not well
understood if the soil water evaporation is mainly due to
liquid transport by capillary or by gas diffusion
transport. Moreover, the soil characteristics and its
behaviour will play huge roles in this mechanism [5, 6].

In general, there is a complex soil hydro-thermo-
mechanical behaviour. Any change in soil temperature,
shrinkage, porosity, etc. affects the soil water
evaporation. Those in turn impact the water suction,
water content, contaminant transport, available water for
plant etc. [7, 8]. Previous numerical estimation model
assessed the drying mechanism at pore level (ex: Pore
network Model). They were limited to isothermal
condition and non-deformable sample due to the need for
high speed computer [9]. Continuum models were
commonly used for evaporation test [10,11]. Gerard et
al. [12] coupled hydro-thermal conditions to simulate
convective drying of a silt soil. Prime et al. [13] and An
et al. [14] used the same method for limestone and sand,
respectively. The mechanical parameter was also added
to the model in order to properly describe the shrinkage
of the sampled material [15,16]. This study used
agricultural soil and considered water flow (hydro-),
temperature (thermo-) and soil shrinkage (mechanical) to
model the kinetic of evaporation.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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2 Materials and Methods

2.1 Sampling

Three samples of soils were taken from 0-10cm depth
from an agricultural site in Gembloux-Belgium. The soil
was a Cutanic Luvisol based on FAO soil classification
[17] and contained about 70% silt, 20% clay and 10%
sand. The bulk density and specific gravity of the
undisturbed soil were 1.38 g cm™ and 2.65 g cm”
respectively. The same soil was oven dried (at 40°C for
one week), crushed, sieved at 2mm, and gradually
compressed (dry) on three core rings (5¢cm height x 8cm
diameter) to form the original bulk density. Those three
disturbed samples were used during the study.

2.2 Device preparation and analysis

Drying experiment was conducted in a drying chamber
using HYPROP device (UMS GmbH, Munich,
Germany). The device was very accurate for continuous
measurement of water evaporation, matrix suction (from
0-100kPa, 2% accuracy) and soil water content.
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Fig. 1.Drying chamber of the experiment

The samples were saturated for 24h and inserted on
the HYPROP package. The soil surface was exposed to a
free evaporation. Precision balance (0.01g) monitored
the soil weight (Figure 1). Temperature and relative
humidity were measured with Platinum resistance
thermometer (0.1°C accuracy) and DHT22 sensors (2-
5% accuracy), respectively. A Canon digital camera (12
Mpixel, 5% accuracy), placed 0.5m above the sample,
monitored the soil shrinkage. All data was recorded
every one min except for the camera (30 min). The
HYPROP package came with hydraulic models to fit the
data including: Mualem, Van Genuchten, Durner
models, etc. For the evaporation prediction, the model
used was the LAGAMINE code [18] with Finite Element
Method. It predicted the process of moisture transfer
between the soil surface and the ambient.

3. Experimental results

The evaporation rate was observed through the water
loss per surface unit and over time:

_ 1dm ]
1=~ 0y
Where: m[kg] and A[mz] were the mass and surface
area, respectively. Figure 2 showed the soil evaporation
rate over time. All three tests presented high fluctuation
during the first hour of the experiment, but depicted
rather similar trend for the rest of it.
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Fig. 2. Change of evaporation rate with time

Four distinct periods of evaporation were observed.
Figure 2 presented a pre-CRP period during the first 15h
which was characterised by high evaporation rate
attaining 1.2 x 10 kg s'm™. This was due to the excess
of water in the beginning and the pre-heating of the
chamber. The second period CRP occurred when the
evaporation attained around 10* kg s'm”. The CRP
lasted for about 20h, passed through a “critical-moisture
content", then continued to the third period (FRP1) when
the evaporation rate declined. The sample surface
experienced a rapid drying. The beginning of the last
period FRP2 was observed as soon as the evaporation
rate arrived at its lowest.

3.2 Soil temperature evolution

Figures 3 showed the temperature above and below the
samples (illustration of test 3).
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Fig. 3. Soil temperature evolution with time (test 3)

During the pre-CRP, the bottom and the surface
temperatures increased at the same rate. Temperatures
were almost constant throughout the CRP periods. Since
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the evaporation rate was constant, the result indicated
that the applied heat was compensated proportionately
by the heat consumed to produce vapour. When there is
not enough water vapour during FRP, the soil
temperature raised to reach the ambient temperature.
Similar result was found by Kowalski [19]. He observed
that the stagnant temperature during CRP was the wet-
bulb temperature obtained from the relation proposed by
Stull [20]. Based on the relation, the calculated wet-bulb
temperatures of our samples were 19.1, 19.7 and 21.3°C,
respectively.

3.3 Shrinkage

The shrinkage was observed from sequenced images
taken from fixed camera. ImageJ software converted the
coloured image into gray 8-bit and in binary images. The
expansion of the black pixels of the binary images
represented the soil shrinkage [21]. The shrinkage was
expressed in percentage of the areas of black pixels over
the sample total surface. Figure 4 showed that the soil
surfaces were reduced by 6.7%, 5.1%, and 6.2%, for the
three samples. The shrinkage took place during the pre-
CRP. More than 70% of the shrinkage occurred during
the time the degree of saturation was quite high (> 0.75).
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Fig. 4. Soil surface shrinkage with time

4 Coupled
model

thermo-hydro-mechanical

4.1 Mechanical model

Soil mechanical properties (i.e. stiffness modulus) were
related to soil moisture content [22, 23, 24]. The results
showed an increase of soil (stiffness) modulus with
matric suction. The relationship shrinkage degree of
saturation was nonlinear; therefore, we choose a
nonlinear elastic mechanical model. Bishop’s effective
stress was used.

o/j = 0jj — pgbij + Sy(Pg — Pw)dij (2)

Where: G{j effective stress tensor, Gij total stress
tensor, S, degree of saturation, §;; Kronecker's tensor,
pw and p, water and gas pressure.

In order to reproduce the nonlinear behaviour of the
soil, equation 6 related the stiffness modulis to the

suction p.=pgy- Py

0j = Df&ij 3)

fi = 26065 + (K — §G)6i]-6kl )
6=y 5)

= ﬁ{(h —D[1—exp(—k,p)]+1} (6

Where: Djy; global elastic tensor, g elastic strain, K

and G bulk and shear moduli, v Poisson's ratio of the
porous medium, K, initial value of the bulk modulus, k,
and k; are fitting parameters, p. suction.

4.2 Hydraulic model

The fluid transport was predicted by a biphasic flow
model as follow. The advective fluxes of liquid and gas
were determined by Darcy’s law. We assumed that the
media were non-reactive material, so that water and gas
flow depended on the degree of saturation (S;) only. S;
was determined from the water stored in porous medium
and the suction p., and calculated from the dual porosity
model of Durner [25].

Gw = =22 (Tpy + Pug) (7)

q4q = —E—Z(Vpg +pg9) ®)
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Where: q,, and q,; mass fluxes of liquid and gas, p,,
and p, water and gas density, g acceleration due to
gravity, k,, and kg water and gas permeability, u,, and
pg dynamic viscosities water and gas, w;, weighing
factors, a; , inverse of air entry pressure, Sgq¢ and Syg
water maximal saturation and the water residual
saturation, S, , effective saturation, m;, and n,,
model parameters, m;, = 1/n, ,.

Adopting this water retention with the formulation
proposed by Mualem [26], we obtained the hydraulic
function k,, . The diffusive flux followed the Fick's law.
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i, = =D, 7 (1 = S)V,,

(11)
Y —PcMy
RH = Pv,sat = €Xp (Pw RT) (12)
Posar = {1994.4 exp[—0.06374(T — 273) +
0.1634 x 1073 (T — 273)?]}* (13)

Where: K, saturated water permeability, [ pore
connectivity, i,, diffusive flux by Fick's law, D,, diffusion
coefficient of vapour into dry air, zand & tortuosity and
porosity, p,vapour density, RH relative humidity, M,
molecular mass of the water vapour, R gas constant, 7'
temperature in  Kelvin, p, ¢, saturated vapour
concentration.

4.3 Heat transfer

The heat transfer in porous media was governed by three
mechanisms of transfer: - the heat conduction (Fourier’s
law), - the convective heat transfer (related to the flow of
liquid, air and water vapour), - and an additional heat
flux associated with the latent heat [9].

VT =
—I;,VT +
[Cp,wpwqw + Cp,aPalg + Cow (paqg + iv)] (T - TO) +
. convection
(Pvag + i) L (14)
~—_—
latent

(Where: ¢y, \/Cp of ¢y, Water/air/vapour specific
heats, p,, air density, i, diffusive flux of water vapour,
T, initial temperature, L water evaporation latent heat)

4.4 Thermo-hydraulic boundary condition

The simulation was performed on 2D-axisymetric
cylindrical soil subdivided in 20 x 50 mesh elements.
The boundary considered the transfer between the thin
layers of soil surface and the ambient (Figure 5). The
sample was saturated and only the upper soil surface
allowed water to pass. The vapour flow and the heat
transfer were due to vapour density difference and
temperature difference between the ambient and the soil
surface [27]. The radiant flux from the lamp-bulb and
the air to the soil surface was estimated by the Stefan-
Boltzmann equation.

q= a(pv,surf - pv,air) (15)
f =1Lg— ﬁ(Tair - Tsurf) —R, (16)
R, = ESO-A(T;ir - Ts‘ﬁu‘f) + Rigmp (17)

Where: g vapour flow, & mass transfer coefficient, A
surface area, Py p and py g vapour density soil
surface and ambient, f heat flux, f coefficient, T,;, and
Tsury temperature of soil ambiant and surface, R, net
radiant from Stefan-Botlzmann law, &5 soil and bulb

emissivity, o constant of Stefan-Boltzmann, R4, flux
term of lamp-bulb.
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Fig. 5. Boundary condition of the model

5. Numerical results and analysis

5.1 Parameters used in the simulation model

Table 1, 2, 3 and 4 present all hydraulic, thermal, and
mechanicals parameters used in the models. The model
parameters were obtained from the experiments (Figure
3, 4) and the HYPROP results. The predictive model was
compared to the results from test 3 (Figure 6 to 11).

Table 1. Mass and heat transfer coefficients from experiments

afms™] BIWm’K']
Test 1 0.0055 122.6
Test 2 0.0050 78.6
Test 3 0.0048 84.8

Table 2. Parameters of the hydraulic model

pwlkgm™] Liquid water density 1000
uyw[Pas] Water dynamic viscosity 107
Kw[mz] Water permeability 1.810"
oy [em™] Inverse( I(;lfaacirro ir)lgrri sp;ressure 01
ofem!] Inverse( I(;lfaacirr0 ?Sct,rr}é Sp;ressure 0.025

my[-] Durner model parameter 0.23
my[-] Durner model parameter 0.41
Sresl-] Residual water saturation 0.004
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Table 3. Parameters of the thermal model

cp’W[Jkg'lK'l] Liquid water specific heat 4180
cp’v[Jkg'lK'l] Water vapour specific heat 1800
cp,a[Jkg'lK"] Air specific heat 1000
l"m[Wm’lK’l] Medium tl.lermal 09
conductivity
B Water evaporation latent
L[Jkg ] heat 2500

Table 4. Parameters of the mechanical model

ps[kgm™] Solid density 2650
D[-] Porosity 0.52
Ko[Pa] Bulk modulus 10°

Gy[Pa] Shear modulus 410
v[-] Poisson’s ratio 0.25

5.2 Soil shrinkage

The non-linear elasticity law allowed predicting the soil
stiffness and gave good agreement with the result with
R’ = 0.996 (Figure 6). The shrinkage model presented in
equation 6 fitted well the experimental result with soil
bulk modulus k; = 1.2 10* and k,= 5 10°*.
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Fig. 6. Experimental and numerical surface shrinkage

5.3 Kinetics of evaporation

The numerical result of evaporation with degree of
saturation and with time fit well with the experimental
data except for the first period. The estimated
evaporation rate of CRP coincided with the data. The
high evaporation of the first period could not be
reproduced due to the fact that the mass transfer
coefficient between the surface and the ambient was
obtained from the average evaporation rate in the CRP
period. Therefore, it was not possible to get a coefficient
value higher that during the CRP (Section 4.4).

However, the CRP period lasted longer and there was
overestimation of evaporation during FRP period (Figure
7). In order to deal with the problem, high evaporation
rate was introduced to the pre-CRP period (i.e. saturated
state Sr ~0.8), and then the prediction curve fit well the
experimental data (R*>0.9) (Figure 8).
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Fig. 7. Experimental and prediction of soil evaporation rate
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Fig. 8. Improved numerical prediction of soil evaporation rate

5.4 Soil temperature

The model managed to predict the temperature variation
during the experiment. Temperature started from 28°C to
the plateau of 32°C which was the wet-bulb temperature
(Figure 9). The temperature increased during the period
FRP and then reached the ambient temperature.
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Fig. 9. Experimental and predicted soil surface temperature

5.5 Water transfer

The moisture transport during drying can be investigated
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based on Coussy [28] theory. It indicated that material
with permeability below 10" m’ presented mainly
Darcean advective water transport. Water was in liquid
form and very negligible vapour diffusion. Therefore,
the Luvisol was dominated by advective flow as its
intrinsic permeability was of magnitude of 10™'* m’
Moreover, Figure 10 showed that moisture was mostly
removed by Darcean advective flow. Figure 11 portrayed
the humidity distribution in the sample. The entire
sample has 100% relative humidity during saturation.
There was formation of evaporation front (dry-and-wet
front) when the soil start to de-saturate. The front moved
to bottom as the soil kept on drying.
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Fig. 10. Temporal evolution of water and vapour flow at the
soil surface
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6. Conclusion

The study showed the process of evaporation of Luvisol
in experimental and numerical approaches. Four
evaporation periods were identified instead of three
during the laboratory test. The soil temperature followed
the Krischer’s curve; however the wet-bulb temperature
was higher due to the applied heat (>30°C). The fully
coupled thermal-hydraulic-mechanical model managed
to reproduce the soil surface shrinkage, the temperature
variation and the soil evaporation processes especially
when correction was added during the start of
evaporation. The moisture transfer mechanism of the
agricultural Luvisol involved mainly Darcean advective
flow. Vapour diffusion contributed a little during the
entire process of evaporation. The evaporation front

move from the soil surface to the bottom as the soil
continued to dry.
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