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Abstract. Thermal, suction and osmotic gradients interact surface water and energy in arid and semiarid arSastd
during evaporation from a salty soil. Vapor fluxes becomeet al, 2006§. The actual mechanisms controlling evapora-
the main water flow mechanism under very dry conditions.tion are intricate $akai et al.2009. Soil evaporation may

A coupled nonisothermal multiphase flow and reactive trans-be controlled by the soil-atmosphere boundary layer when
port model was developed to study mass and energy transfehe soil is moist or by hydraulic conditions when it is dry
mechanisms during an evaporation experiment from a san@Schneider-Zapp et aR010. In the latter case, evaporation
column. Very dry and hot conditions, including the forma- causes the soil to dry and heat up causing liquid, vapor and
tion of a salt crust, necessitate the modification of the re-heat fluxes to interact. The presence of solutes increases the
tention curve to represent oven dry conditions. Experimen-complexity of the system and exacerbates the consequences,
tal observations (volumetric water content, temperature andeading to salinization.

concentration profiles) were satisfactorily reproduced using A number of researchers have analyzed this problem from

mostly independently measured parameters, which suggests, experimental perspectivé/peeting 1925 Scotter 1974

that the model can be used to assess the underlying Processgs. ccar and Hortor.989 Scanlon 1992. They conclude
Results show that evaporation concentrates at a very Narroyy, -+ \vater flux in dry and salini'zed soils is controlled by

frogtl_an_d d'S cc?ntrolle?: by he_a;:]ﬂ?cw, ?réd !|Or|n|tet?] by s_la_llrtuty salinity and temperature gradients. Salinity causes water ac-
gn 'q(l;' ?n vapt(_)r u>t;es. Z ron '“t” eg d'IetS(()jl n (t)_ativity to drop, thus reducing vapor pressure in equilibrium
fy and saline portion above and a moist and diluted portion, liquid water and driving vapor towards the saltier zone.

below. Vapor diffusses not only upwards but also downwardsEvaporation depends also on temperature and absorbs en-

from the evaporation front, as dictated by temperature grad"ergy. Thereby, evaporation is affected by water flow and en-

ents. Condensatlon_of th's d_o wnward flux causes dllut|or!, >%rgy and solutes transport. The interaction of matric poten-
that salt concentration is minimum and lower than the ini-

tial, temperature and salinity gradients under very dry condi-

tial one, just beneath the evaporation front. While this resulttionS was studied b@ran et al(2011), who observed salin-

IS congstent with observations, it required adopting a vapority to decrease below the evaporation front, which they at-
diffusion enhancement factor of 8.

tributed to condensation of downward vapor flux. Unfor-
tunately, experimental studies do not yield direct measure-
ments of flow and phase change processes, which must be
1 Introduction indirectly inferred from state variable measurements. This
is not easy when the phenomena are complex and coupled.

Understanding evaporation is necessary in many fields ofrperefore, quantitative understanding of the above processes
earth system scienceSkuttleworth 2007). In fact, soil  requires mathematical modeling.

evaporation is crucial in controlling the balance of soil-

Most models of evaporation focus on the interactions be-
tween water and heat flowgckson et al1974 Scanlon and

Correspondence tal. Gran Milly, 1994 Boulet et al, 1997). These authors conclude
BY (meritxell.gran@idaea.csic.es) that vapor flux is dominant near the surface where the soil is
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dry, and that water flows in the liquid phase below the evap-man et al, 2008 Sakai et al.2009 or the need for the Dusty
oration front. A good approximation to water table evapo- Gas Model Thorstenson and Pollock989. Representing
ration under isothermal conditions was obtained3mwing these concepts in the presence of high salinity and temper-
et al.(2006, who divided the soil into liquid flow and vapor ature gradients is currently under investigation. Therefore,
flow zones separated by an evaporation front. The width ofthe question is whether the traditional continuum mechanic
this front is subject to debat&ran et al(2011) observed a model can represent the processes involved in soil saliniza-
sharp front, wherealkonucku et al (2004 concluded that a tion. To this end, the experiments @fan et al.(2011) are
sharp phase transformation could not be expected. Notwithideal since they are relatively simple (independently charac-
standing, these models do not consider the role of salinity. terized homogeneous sand and controlled boundary condi-
The effect of high salinities was modeled Bassar and  tions) and all relevant state variables (water content, temper-
Horton (1989, who simulated water transport in unsaturated ature and salinity) were measured. Yet, they appear to be
nonisothermal salty soil on the basis of steady-state heat ansensitive to all of the above processes.
mass transfer. Ironically, salinity effects in theirs and other Therefore, the aim of this work is to test whether tradi-
models have commonly been analyzed assuming dilute soluional models can be used to reproduce the experiments of
tions, which is not suitable since vapor pressure in equilib-Gran et al(2011) in order to (a) evaluate the magnitude and
rium with a salty agqueous phase is very sensitive to salinitydirection of the water fluxes and gain a greater understand-
(Burns et al. 2009. This explains the difficulties encoun- ing of the downward vapor flow mechanism, (b) describe
tered byNassar et al(1992 when modeling evaporation the evolution and location of condensation-evaporation, and
from salty solutions. (c) to assess the relevance of the matric potential, tempera-
In addition to the effect of salinity or water activity, two ture and osmotic gradients in controlling the aforementioned
other factors must be borne in mind when modeling evaporawater separation process.
tion from high salinity solutions. First, salts tend to precipi-
tate in the poresNachshon et al2011) and/or to form a low
permeability crust that should be model&@Kirevich et al, 2 Evaporation experiment and conceptual model
1997. Crust formation was modeled but not compared with
experimental data bQlivella et al. (19963 and both mod-  Laboratory experiments consisted of open sand columns ini-
eled and compared with data Byjimaki et al.(2006 though tially saturated with a 14 g kg epsomite (MgS@x 7H,0)
assuming isothermal conditions. Second, under hot and/osolution. Evaporation was forced by an infrared lamp so that
dry conditions, the residual saturation of water in soil can noradiation at the soil surface was similar to the summer radi-
longer be considered a lower bound for saturatMiily and ation at mid-latitudes. The experiment continued until the
Eagleson1982 Rossi and Nimmp1994 Prunty, 2003. A overall saturation fell to @2, which was identified after pre-
modification of the retention curve must therefore be consid-iminary tests to ensure the occurrence of a well developed
ered to represent water contents under oven dry conditions.crust and a deep evaporation front to allow the study of va-
The emerging picture is complex. A nonisothermal mul- por fluxes. At this stage, the columns were dismounted to
tiphase flow model is necessary to distinguish advective andneasure vertical profiles of temperature, volumetric water
diffusive vapor fluxes. High concentrations near the surfacecontent and solute concentration. Two groups of four iden-
require using non ideal solution chemistry (e.g. Pitzer) totical columns were dismounted at different times to obtain
simulate osmotic effects on vapor pressure and salt precipitathe time evolution of those profiles. These columns were dis-
tion. Mass balances of water, air, heat and solutes are necegiantled sequentially after reaching saturations of 74 % (after
sary and the effects of thermal, suction and salinity gradients? days of evaporation), 50 % (after 4 days), 40 % (5 days) and
must be simulated interacting simultaneously. Furthermore32 % (12 days).
traditional continuum mechanics descriptions (using Darcy Both column experiments and results are described in
and Ficks Laws, or concepts such as retention curve) maysran et al.(2011) and a diagram is shown in Fid. The
not suffice to include energy concepts. For instance, the roleonceptual model emerging from these experiments requires
of film flows and the use of an enhancement factor for va-tighly coupled processes. Capillarity brings about an upward
por diffusion are controversial. On one hand, molecular dy-liquid flux and soil drying. The liquid flux transports solutes
namics simulations@delius et al. 1997 and experimental by advection towards the top, where evaporation leads to a
observationsHu et al, 1995 Miranda et al. 1997 suggest  dramatic increase in concentration. A continuous salt crust
that adsorbed water may display a nearly crystalline strucdis formed at the surface. This leads to changes in soil prop-
ture (water would be virtually immobile). On the other hand, erties increasing thermal conductivity and reducing poros-
Rakhmatkarie\ (2006 argues that the mobility of water ad- ity and vapor diffusivity. Evaporation also reduces the water
sorbed onto muscovite is only slightly less than in the bulk content and the unsaturated hydraulic conductivity causing
liquid, andShokri et al.(2010 describe a continuous water the evaporation front to move downwards. Oven dry condi-
film feeding the evaporation front. There is also discussiontions (i.e. water content well below residual saturation) pre-
in the use of an enhancement factor for vapor diffustdeit- vail above the evaporation front. Measurements suggest that
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fore, hydratation-dehydratation of the mineral phases must
‘ be considered in the mass water balance.

I»

Evaporation )
Radiant heat 3.1 Thermohydraulic processes
The thermohydraulic model focuses on the mass balance of
Crust P T .
N O water (liquid water and vapor) and air (dissolved in water and
ﬁVapor flux Evap. @ @ﬁ in the gas phase) in terms of pressure, and the energy balance
' @ ------------------- wfrent e Dparson | Min Neond. @@Latent in terms of temperature. The equations of water and air mass
Diffusion heat balance are:
9 W
E(WFNPISW*FCOSVPgSg(ﬁ)-FV'(I}N+J\3’) =f" (1)
a a a pa | ga a
ﬁ ﬁ ﬁ E(wl PSP+ wgpgSgP) +V - (i +]g) = f (2)
L _ | where subscripts | and g refer to liquid and gas and super-
Liquid flux Advection Sensible script w and a refer to water and aiw is the mass frac-
N e \aﬂ/ tion (kgkg~1) of a component in a phasg, is the density
WATER SALT ENERGY (kgm~3) of a phaseSis the hydraulic saturation (fm=3),

¢ is the porosity (Mm=3), j (kgm2s71) is the total flux
(advective, diffusive and dispersive) arfidis an external
Fig. 1. Diagram of the design of the evaporation column experi- source/sink term (kg e 5—1) (i.e. top boundary condition
ments and their conceptual model from day one (saturation) to theynd mineral hydratation-dehydratation). Note that the firsts
end of the experiment (oven dry conditions). The water fluxes arenyo terms in the equations represent the change of mass of

on the left, the salt fluxes are on the center and the energy ones Qater (Eq. 1) or air (Eq. 2) in the liquid and gas phase re-

the right. The dashed and point lines show the location of the evap o ively and the third and fourth terms represent the fluxes
oration front and the minimum in salt concentration respectively.

of water (Eq. 1) or air (Eqg. 2) in liquid and gas phase respec-
tively.

. . . The energy mass balance is written as:
this front is very narrow. A water separation process occurs

at the front. On the one hand, concentrations are high above’ _

the front, where water flow is restricted to vapor phase. Onar (Esos(1=¢) +EnSi9+EgogSed) +

the other hand, underneath the evaporation front, concentra- +V-(ic+je+igg = f© €)
tions are diluted below the initial values. Dilution is proba- . o o

bly a result of the vapor pressure increase at the front causefynere E by t?e specific internal energy, is the energy
by evaporation. Below the front, the temperature and vapofflUx (JM“s™7) owing to conduction through the porous
pressure gradient lead to a downward vapor flux. That isMedium, the other fluxeg, jg) are advective fluxes of en-
vapor flows not only upwards from the evaporation front but €rgy (Jnm?s1) caused by mass motions afi! is an inter-

also downwards. Condensation of this downward vapor fluxnal/external supply (Jn?s™*) that accounts for boundary
causes the dilution. conditions at the top (i.e. heat entry from the lamp) and at

the laterals (i.e. heat exit through column walls).
A state variable is associated with each mass balance: lig-

uid pressure ), gas pressureR;) and temperatureTy).
3 Processes and governing equations Constitutive laws must be used to express the mass balance

equations as a function of the state variables. The fluxes and
The system is governed by thermohydraulic and geochemeonstitutive laws that control these balances are shown in Ta-
ical processes. To simulate them, it is necessary to studple 1. Further details on mass balance equations and con-
water flow and heat and reactive transport. Changes irstitutive laws are described )livella et al.(1994 19968.
porosity, thermal conductivity, permeability and water activ- Still, it is worth discussing some of the simplifications im-
ity caused by water content reduction and salt precipitationplicit in Table 1. First, gaseous components diffusion is sim-
should be simulated as well as vapor pressure variations imlated using Fick's Law. Although it is considered less ac-
response to changes in water activity. Moreover, the precipcurate than the Dusty Gas Moddlhorstenson and Pollogk
itates present in the system (epsomite MgSQH,0, hex- 1989, the difference is small when permeability or pressure
ahydrite MgSQ x 6H,0, pentahydrite MgS@©x 5H,O and  is high. According toMebb and Prues@003 results, dif-
starkeyite MgSQ@ x 4H,0) are highly hygroscopic. There- ferences would be negligible in our case. Second, the effects
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Table 1. Constitutive laws, parameters and values used in the numerical model.

Constitutive laws Parameters and values

Water saturation for ret. curve in S =S8i+1—-Sj)Se §9=0.08,a=0.1
- -
modified van Genuchten model Sem (1+ (Pe/ Po) ﬁx) ).=0.93%, Pj=0.0025 MP&

PdY — 650 MPa

Si=as%In(PaY ) py)
Relative permeability function Ky=0, S§<s°
for a new ret. curve 1/ A\ 2
( ) Kn = /Sep(1- (1-581)")", 51> 5°
Sep= (51— 59)/(1— 5%
Intrinsic permeability for G = —%(VPO, — pPag) ko=2.8x10"11m2
Darcy’s Law k =koexp(b(¢ — o)) b=40,¢g=0.4
Diffusive flux of vapor i = —(t¢pa SgDml) Vw D=59x%10"5m2s~1x—npa
. n _
(Fick's Law) Dm=1D ( (273}[’§+T) ) n=23
m 70=8,m=3
T =10(Sg)
Cond_ucflve flux of heat iC=[1—AVT . hsol = 2WmK-1, n=2
(Fourier’s Law) rdry = (1= ) "As0lig+ ¢ 'Agas hgas=0.024 WmK-1b

Asat= (1—¢)"Asolid+ ¢ Aiiq
A =+/Sirsat+ (1—m)kdry

Psychrometric Law Py =136075 ex;(%) aw MPa

Mig = 0.6 WmK~1P

Whereayw=molar mass fraction, =flow rate (mS‘l), k=intrinsic (;) and relative o) permeability,.o =Viscosity (Pa s)p=density (kg m‘3), g=gravity (9.8 m52), ¢$=porosity,

i =vapor diffusive flux (J Sl), S=liquid (§) and gas (§) saturationws=water mass fraction in gas phase (kg of vapour p%lgas phase), Rp=diffusion coeff. (r’r?s—lK”‘l),
T=temperature 9C), tp=tortuosity coeff.,ic=heat conductive flux (J'sl), A=thermal conductivity (WmK‘l) and Py=vapor pressure (Pa). Values used for heat capaci-
ties: Cs=875J kg1 andCy, =4185 J kg 1. * Parameters obtained experimentafiyrom Philip and de Vrieg1957. b From Campbell and Norma(1998

of vapor diffusion enhancement, tortuosity and constrictiv- The van Genuchter{1980 model is widely used under
ity are embedded in one single facteg, If vapor diffusion  moist conditions but requires modification to represent oven
is not enhancedsy should be smaller than 1. As we adopt dry. The assumption is that soil can reach full drying, i.e. if
higher values (see Sect. 4), we term it enhancement factoevaporation takes place in an oven at 13%r near the sur-
Finally, liquid fluxes are assumed zellg & 0) when water  face under a dry or hot atmospheRo§s et al.1991).
saturation falls below the residual saturati6f, which may ~ The van Genuchten retention curve is:

occur under oven dry conditions, as discussed afterwards.

Se= (1+(Pe/P)T7) (4)

3.2 Oven dry conditions where P; is capillary pressurep, is related to the capillary

pressure required to desaturate the soil angla shape pa-
As mentioned above, under oven dry conditions (that is, satfameter of the function. This equation permits to calculate
urations well below residual saturation), the residual saturathe effective saturationsg) as a function of a minimum sat-
tion can no longer be considered a lower bound for saturadrations; and the actual saturatios;{:

tion. To reproduce the experimental da@rgn et al.201) g — (5,—)/(1—S) or S =S+ (1—5)Se (5)
a modification of the retention curve and relative permeabil- ) ) ) ) )
ity functions is necessary. To address thiilly and Eagle- !N order to extend this curve for high suctions (i.e. condi-

son (1982 simply considered the residual saturation to be tions of drying by evaporation) and to represent the oven dry
zero; Rossi and Nimmd1994 proposed a different func- branch that goes from the residual saturation to the ovendry-
tion to extend the capillary curve towards fully dry condi- Ness, the minimum degree of saturation is expressed as fol-
tions; andPrunty (2003 used the zero value in standard re- lows:

tention curve models but modified the relative permeability S = aSOIn(Pgry/PC) ©)

function for the dry range. B dr
where there are three parametess: S° and P¢”. The

latter can be identified with the capillary pressure for the
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dry material and can be considered equaP@" V"< (m2s~1). The values used for the diffusion coefficient and

1000 MPa. However, lower values may be considered ifdispersivity are 10°m?s~1 (Lasaga 1999 and 0.0015m

dryness is induced by atmospheric conditions that are les¢hetween values used b&ggelopoulos and Tsakiroglou

extreme than oven drynesss® is the residual saturation, 2007 and Zheng et al. 2008 respectively. R contains the

for which liquid water becomes discontinuous so that lig- rates of the kinetic reactionsyj,) for all the different min-

uid permeability is zero. Parameterscales the transition eral phases{ps rhex rpent andrstark), omin iS the mineral re-

from the van Genuchten branch to the oven dry branch ofactive surface an®2nm, is the ratio between the ion activ-

the proposed retention curve. Its value may be chosen aiy product and the equilibrium constant. The reaction rates

a= 1/|n(p§ry/pg), wherePco is the capillary pressure for enable us to calculate the liquid water provided by mineral

which the oven dry branch crossgf(i.e., S; = $9). It should hydratation-dehydratation. This amount of water is added to

not be chosen smaller thafy (or else, P. will remain low  the water mass balance as a source/sink tgit) in Eq. (1).

for S) much smaller thas®) nor very large (or else, the oven

dry branch will separate from the van Genuchten branch forf W = (Treps+ 6rhex—+ Srpent+ 4rstardmw )

S| much larger thars®). We adopted her@? =0.03MPa,  \herem, is the molecular weight of water.

for which « = 0.1, after some trial and error attempts. The

remainig parametersPj, » and S° were obtained by fitting

independent measurements of suction and saturation). Thié Numerical model

proposed retention curve is a continuous function with con-

tinuous derivatives. A similar form was a|ready proposed byThe problem is considered one dimensional in a vertical di-

Fayer and Simmond& 995. rection. The grid is made up of 240 elements (for 24 cm col-
For the relative permeability function, we assume that theumn length). The medium is homogeneous except for the

distribution of the liquid phase is unaffected by the abovetop 1.5cm, where a reduced value wf(gas diffusion en-

modification and only depends on saturation. Therefore, it ishancement factor) was used to reproduce the increase in tor-
given by tuosity caused by precipitated salts in the crust (recall that

70 includes the effects of tortuosity, constrictivity and diffu-

_ 0
ki =0. Si=§ sion enhancement). The gas diffusion enhancement factor

ke = Sep<1— (1_561#)*)2’ S > S0 (7)  (vo) (see Tablel) was calibrated to be 1.2 in the upper zone
0 o and 8 below. These values were required to fit the observed
Sep=(S1—57)/(1—-S5%) evaporation and water content profiles and, at the same time,

where S, is the effective saturation for permeability. Note the observed dilution. o
that for saturations below® the capillary pressure can be ~ Boundary conditions (BC) for liquid, vapor and heat were

calculated from the retention curve, but the relative perme-Chosen to reproduce the laboratory conditions (see Table -
ability is zero. This allows representing water isolated in the Te top boundary is a mixed condition representing gas (air
meniscus that can not flow as a liquid phase but can still evap2nd vapor) and heat inflow-outflows. A radiative heat flux
orate. Figur& compares the proposed model and the original(from the lamp) was added at the top boundary. The lateral
van Genuchten model, in terms of retention curve and show&nd bottom BC were of no-flow for water and solutes, but
the adopted relative permeability curve. The parameters useBN€rdy was permitted to dissipate across the insulating layer.
here (see Tabl#) are obtained by manual calibration adjust-  The columnwas initially saturated in water (initial gas and
ing a numerical model using the data from an experimentafiquid pressures werég = P = 0.101325MPa). The ini-

retention curve. tial temperature and porosity weffg = 25°C and¢ =0.4,
respectively.
3.3 Reactive transport Numerical simulations were carried out using the

RETRASO-CODEBRIGHT (RCB) code, which couples the
The mass balance used for reactive transport can be writtethermohydraulic model CODBRIGHT (CB) of Olivella

as et al. (19961 with the reactive transport model RETRASO
dpSipica of Saaltink et al.(2004), which incorporates the approach
ot Li(ca) + R 8) of Saaltink et al(1998. Furthermore, geochemical calcula-
LO=-V-(qip))+V-(Di¢SioV0)+m tions are performed with the object-oriented chemical mod-

ule CHEPROOBea et al.2009 2010, which includes high
salinity solutions using the equations Bitzer(1973. The
feedback of reactive transport in thermohydraulics is per-
where vectore, (molkg™1) is the concentration of aque- formed by a time lag approach. The code solves the ther-
ous species and,, is the linear operator for the advec- mohydraulic equations (Eq4.to 3) for one time step. Re-
tion, dispersion/diffusionn| is the non-chemical source- sults (Darcy fluxes, hydraulic saturation, etc) are used to cal-
sink (molnT3s~1) andD; is the dispersion/diffusion tensor culate the reactive transport for the same time step 8q.

R= Fepst 'hex+ 'pentFstark
min = Omink (2min — 1)
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LE+0

1.E+2
= 1E2
o
= . )
s LE#0 Retention curve £ Relative permeability
o | \F L 1E4 .
= Van Genuchten a — Adopted function
5 —— Proposed &
O 1E2

1E-6
LE-4 : : : 1E8 : : :
0 02 04 06 08 1 0 02 04 06 08 1
Saturation Saturation

Fig. 2. Retention and relative permeability curves (original van Genuchten and proposed) for the sand used in the column experiments.

Table 2. Liquid, vapor and heat boundary conditions and corresponding parameters.

Boundary conditions Top Lateral Bottom
Liquid flux ji=0 ji=0 ji=0
Vapor flux (@§)°=0.020kgkg*
iy =P id+ (Pg)°=0.101325 MPa
+(w5”)°yg<Pg — Pg)+ yg=50kgs MPa—lm—2
+Bg((pgof)° — (pgol) pg=003ms?
pg=1.12kgnr3
Energy flux j@=7503s1 j&=0 j9=0
Je=j8+ve(T®—T)+EY (¥ 70=25°C 70=26°C 70 =26°C
ve=243slc1im—2 ve=25Js1CIm2 ye=13slcIm2
Salinity flux Jjs=0 Jjs=0 Jjs=0

Where superscript O refers to prescribed boundary values, and subscripts k Wdiadid, gas and salinity, respectivelfy is gas pressure, is density,w‘é" is the mass fraction of

vapor in gas (corresponding to the measured relative humidity above the cojyisiakage coefficient for gas advective flgy,is the leakage coefficient for vapor non-advective

flux, jg is a prescribed heat flow from the lamya, is the energy transfer coefficient for energy flux &FB:] is the internal energy of water in gas phase per unit mass of water.

Subsequently, thermohydraulic properties such as porosityhe experimental results at the end of the experiment, af-
changes due to precipitation-dissolution (precipitated masser 12 days. Saturation profiles illustrate the progressive de-
per unit volume is divided by the solid density of the salts saturation of the columns from the top. The water content
and the volume variation obtained corresponds to the changdrops over time to values near residual saturation at a depth
in porosity) or water activity (computed from the osmotic co- that increases with time. Saturation at the top reaches oven
efficient (Felmy and Wearegl986) and the source/sink term dry conditions (water saturations close to zero). The bot-
(f,") are calculated using the reactive transport results. Atom of this zone represents the location of the evaporation
new thermohydraulic time step is calculated using these neviront. Below the front, water content continues to increase
properties. downwards, leading to a degree of saturation profile similar

to that of the sand retention curve. The good match between

model and experiment at the upper oven dry area (above 4 cm
5 Results and discussion depth) supports the validity of the retention curve modifica-

tion (note that without this modification reproducing the step
Figure3 displays the water saturation, temperature and salinin the saturation profile would not have been possible), which
ity profiles computed for four different times along with
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Saturation Temp. (°C) Salinity(mol/kg w)

00 02 04 06 08 1026 30 34 38 42 46 50 0.01 0.1 1 10
0 \. '___\ L L I

11d/

12

Depth (cm)

16

20

Init. Conc.

24

Fig. 3. Profiles of saturation, temperature and salinity measured at the end of the experiment (symbols) and computed (lines). The time
evolution is shown for four different times (after 1.1 days, 3.3 days, 6.6 days and, at the end of the experiment, 12 days). Note that salinity
is expressed as concentration in water to facilitate the analysis of mass transport processes.

improves the simulation of multiphase flow under very dry fluxes. Actually, the time evolution of cumulative evapora-
conditions. tion (Fig. 2 of Gran et al. 2011 evolves according to the
Temperature rises during the experiment and displays &raditional model (e.gSghaier et a].2007), but the evolution
slope change at the evaporation front. The temperature gréf salt concentration profile doesnot.
dient is larger above than below the front because the evap- The fact that the model reproduces qualitatively the obser-
oration front acts as a heat sink. Another smaller temperavations suggests that it can be used to determine the role of
ture slope change can be detected at a depth of 1.5cm fo¥ater flow, heat and transport processes in the system. We
the temperature profiles at days 6.6 and 12. This is due t&liscuss below the mechanism responsible for the dilution of
the increase in thermal conductivity caused by salt precipi-the solution.

tate at the crust (note that conductivity depends on porosity, Figure4 displays the profiles of water and heat fluxes for
see Tabld). the same instants as in Fig. Liquid water flows upwards

The spatial distribution of concentration (expressed as salpecause of capillarity throughout 'Fhe_experlment. An evap-
mass per unit mass of water to facilitate the analysis of masgration front, located where the liquid flux drops abruptly
transfer processes) is noteworthy. Salinity is extremely highto Z€ro, may be observed after 3.3 days. Water vapor flux
at the surface, where the water content is negligible, reachin§rOfIIeS show that vapor flows t.)Oth upwards and downwa}rds
salt solubility and producing precipitates. This high concen- rom the evaporathn fr_ont_. This front advances d_ee_p_er Into
tration zone grows with time, advancing in depth with the the soil as the feeding liquid flux from the bottom diminishes

evaporation front. Immediately below, salinity drops sharply ?ver dt"Ee' A?]O\Te thlshfront, water can no !onger fI(()jv_v as ah
to values underneath the initial concentration. The mini-duid- Nevertheless the water content continues to diminis

mum concentration is always located immediately below thetOWards the top of the column in response to some residual

evaporation front. Further down, salinity rises slightly with evaporation above f[he fron'g. Note that the Wa‘_ef content must
depth, but is still more diluted than the initial conditions. A be_ very low _(very high suction) and/or the salinity very h'gh
difference between the experimental data and the numerica‘ﬁ'gh osmouq effect) tq ensure an upwards vapor flux Qesplte
model is observed: the minimum in the simulated concen-"€ upwards increase in temperature. Both factors, high suc-
tration is smaller than the measured one. The water Congion and salinity, contribute in this case to the upwards vapor
tent and temperature profiles do coincide with what mightflux gbove the gyaporatlon front. None of Fhese two factors
be expected (drier and warmer conditions at the surface thaﬁonmbu_te significantly below the _evaporatlon front, so that
at depth) unlike the concentration profile. Most traditional vapor diffuses dovynwards_accordmg o the temperature gra-
models (e.gHuinink et al, 2002 predict a maximum con- dient. Condensation of this downward vapor flux accounts
centration at the evaporation front and a smooth monotonic!(or the %e?rea;e gfl the vapf)o:]flux ?t _the E olttom hOf the col-
reduction downwards toward initial concentration, caused by"™" a? or é eh |ut|ondo tdedso utlond elow tff evapo-
downwards diffusion. The radically different behaviour ob- ration ror?t. gt uEwar and downward vapor fluxes are
served in our concentration profiles can be attributed to vapoPresentt roughout the experiment.
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Fig. 4. Computed profiles of liquid, vapor and total water fluxes (above), and conductive and total (conductive plus advective) heat fluxes
(below). Positive and negative values stand for upward and downward flows, respectively. The simulation results are shown for four different
times (after 1.1 days, 3.3 days, 6.6 days and 12 days). The difference between the diffusive vapor flux and the total water flux, displayed in
the top 4cm of the above graph on the right, is equal to the advective vapor flux.

The numerical model also enables us to study in detail Figure5displays the spatial distribution of the evaporation
heat fluxes. Figurd displays a conductive heat flux down- and condensation rates and the vapor mass fraction profile.
wards throughout the column. This flux is larger in the upperThe vapor mass fraction profile presents a marked change
zone, where the soil is dry, and decreases over time. Noté the slope and provides evidence of two distinct gradients.
the sudden fall in heat flux observed at all time steps at theSince evaporation occurs at this juncture, the increase in va-
evaporation front, which is due to the heat sink producedpor and gas pressure generates vapor diffusion and advec-
by evaporation. The advance of the evaporation front is obtion both upwards and downwards. The graph on the right
served very clearly and its location is controlled by the abovedisplays the evolution of the evaporation (negative values)
heat flux, which decreases with depth and dryness. The totadnd condensation (positive values). The evaporation rate is
heat flux graph exposes that conductive and advective (latent)igher at the start and decreases as the evaporation front ad-
heat fluxes are similar in magnitude but in opposite directionsvances deeper into the soil. Note that condensation always
above the front. Below, both fluxes are directed downwardsoccurs below the evaporation front and that its magnitude
although the advective flux is the dominant one. is substantially lower than that of the evaporation, causing

the soil to dry. Condensation extends throughout the rel-
atively dry portion of the column, from residual saturation
to saturations around 0.6 (compare the inset of bignd
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Fig. 5. Computed profiles of vapor mass fraction and evaporation (negative)/condensation (positive) rates for four different times. Note the
change in the vapor mass fraction slope at 1.5cm depth owing to the imposition of the reduction in vapor diffusivity on the salt crust.

the saturation profiles in Fig). Vapor condensation occurs more heat is dissipated the temperature gradient just beneath
from the early stages and its maximum evolves decreasing ahe evaporation front also increases. This causes an increase
it advances into the soil because vapor diffusion is hinderedn the downwards vapor pressure gradient and in the down-
by liquid water (recall Tabld, that gas diffusivity is mul-  ward vapor flux, whereas, the upward vapor flux diminishes.
tiplied by Sg). This explains the decrease in concentration The shape of the condensation profile varies to give a bigger
below its initial value. The fact that the model underesti- maximum concentrated just below the evaporation front. We
mates the reduction in concentration can be attributed to aiwan infer that the amount of heat dissipated through the walls
excessive reduction of diffusivity or to further gas diffusion controls the thermal gradient in the column.
enhancement. The gas diffusion enhancement facteg)(was homoge-
nized increasing its value in the upper part of the column
(Table 3). As a result, the soil dries faster and the overall
6 Sensitivity analysis degree of saturation diminishes. The evaporation front ad-
o ] vances deeper into the soil and the area below is colder. The
Further insight into the above processes and into the role ofgmperature profile changes from three to two different gradi-
controlling parameters can be gained from a sensitivity analgnts: the temperature gradient near the surface increases and
ysis. Processes are strongly coupled, i.e. all the parametefs,comes uniform towards the evaporation front. As the lower
affect all the processes. We focused on the sensitivity of thgemperature leads to less lateral heat dissipation, the tempera-
boundary heat dissipatiopf and the gas diffusion enhance- e gradient below the evaporation front decreases. Accord-
ment factor €p), which proved to be more illustrative. Ta- ingly, the downward vapor flux diminishes and hence, the
ble 3 presents the values adopted for these parameters.  condensation. By contrast, the upward vapor flux increases,
Figureé6 illustrates the effect of increasing heat dissipation showing that vapor can flow more easily towards the surface
across the walls. The effect of .the hea_t dissipation througrhnd explaining the downward displacement of the evapora-
the bottom has also been studied but is not shown here (ifion front and the column drying. As the evaporation front
presents a similar system response but less relevant). Increaggyances deeper into the soil, condensation takes place fur-
ing y at the walls causes an increase in the rate of sensiblg,ar down. Overall, the results applying a different value of
heat dissipation, thus having less energy available for evapz, in the upper part of the column, fit to experimental data

oration. Although Fig. 6 shows higher evaporation at theyggesting that variations i must be included to improve
evaporation front, this is overcompensated by a higher cong;r model.

densation below the front. As a result the overall saturation
increases and the evaporation front remains closer to the sur-
face. It also leads to a lower overall temperature. Note that as
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Table 3. Studied parameters for the sensitivity analysis: boundary heat dissipation (at the walls and at the bottom) and gas diffusion
enhancement factor). Compared to the base model (BM): the boundary heat dissipation, by meangatie, has been doubled and
increased by an order of magnitude alternatively andalue for the upper material (firsts 1.5cm) has been increased from 1.2 to 8 to equal
the value for all the column.

Model
Parameter BM  #ot  10bot  20wal  10ywall 7o
Ywall 1 1 1 2 10 1
Ybottom 25 50 250 25 25 25
10 1.2 1.2 1.2 1.2 1.2 8
Saturation Temperature (°C) Concentration (mollkg w)
0.0 0.5 1025 30 35 40 45 50 55 0.01 0.1 1 10
0 p :
.‘;} * Measured
4 — (base model) 1 1
8 ——-2y wall .
g L 10y wall
£ 122{ \ 1 {1 °
o °
a
16 | 1 .
20 i / * Initial .
! : concentration
24 !
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Fig. 6. Analysis of the effect of boundary heat dissipation. Computed profiles of saturation, temperature, concentration, water mass flux,
evaporation and condensation after 12 days.

7 Conclusions and the good qualitative fit between observations and model

outputs lends support to the validity of the model, which
The model reproduces quite accurately experimental obseprompted us to analyze and quantify the computed processes.
vations of varied nature (temperature, water content and salthese confirm the initial conjecture about the highly coupled
concentration). Most model parameters were either meaand rather complex nature of evaporation from a salinizing
sured (retention curve) or derived from the literature (con-soil. In essence, evaporation is driven by heat, but it can be
stitutive laws in Tablel). The only parameter that had to be limited by liquid and vapor flux processes and by salinity.
varied significantly to obtain a good match was the vapor dif-Some conclusions can be inferred from the calibrated model:
fusion enhancement factor. Reliability of model parameters
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« Evaporation causes vapor pressure to increase at the .« It is the temperature gradient more than the tempera-
evaporation front causing vapor to flow upwards and ture range, what governs the magnitude of vapor fluxes.
downwards. Both fluxes occur throughout the experi- Therefore, these processes can occur in salinized soils
ment, but the relative importance of the downwards flux under temperatures lower than the ones observed here.
increases over time. In our model the downward flux is
half that of the upward flux at the end of the experiment. « The formation of a crust due to salt precipitation reduces

porosity and increases tortuosity, which hinders evapo-

« The evaporation front is very narrow, which contradicts ration. These have been simulated by increasing tortu-
the analysis oKonucku et al.(2004. Most evapora- osity at the crust (actually, reducing from 8 in the
tion is concentrated in less than 1cm. Some evaporation  cojumn to 1.2 in the crust). This was necessary to re-
occurs above the front, but condensation starts immedi-  produce evaporation rates together with observed tem-
ately below. This finding may be due to the experimen- peratures and salinity profiles.

tal conditions (loss of heat through the column walls).

Without this heat loss, water vapor could have pene-  Einally, further research is warranted to resolve a number
trated further into the soil, which is consistent with the ¢ issues. The dilution simulated by the numerical model
findings of Scanlon and Milly(1994. is always lower than that measured in the experiments. The
representation of vapor flux may not be accurate, diffusion
enhancement factors are very large, which demands deeper
analysis of this issue.

« Condensation of the downward vapor flux dilutes the so-
lution beneath the evaporation front with the result that
salinity drops below the initial value. This finding con-
firms the existence of a water separation process driven

by evaporation, which contradicts the current models ofACknc"'\'ledgememswe gratefully aCknOV‘.’ledge the financial
. L . support received from the EU WATCH project (WATer and global
soil salinization and formation of eflorescences. How-

. . . . Change) and the Spanish Research Council ATRAPO project.
ever, reproducing the concentration profiles required a

large gas diffusion enhancement factor. Edited by: W. Durner

. Heat flows downwards from the surface to the bottom
of the column mainly by conduction. Still, advection of f
latent heat is also relevant. Upwards advection aImostRe erences
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