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Abstract

A detailed model was formulated to describe the non-passive transport of water-soluble chemicals in the unsaturated zone and used to
illustrate one-dimensional infiltration and redistribution of alcohol–water mixtures. The model includes the dependence of density, vis-
cosity, surface tension, molecular diffusion coefficient in the liquid-phase, and gas–liquid partition coefficient on the aqueous mixture
composition. It also takes into account the decrease in the gas–liquid partition coefficient at high capillary pressures, in accordance with
Kelvin’s equation for multi-component mixtures. Simulation of butanol–water mixtures infiltration in sand was in agreement with the
experimental data and simulations reported in the literature. Simulation of methanol infiltration and redistribution in two different soils
showed that methanol concentration significantly affects volumetric liquid content and concentration profiles, as well as the normalized
volatilization and evaporation fluxes. Dispersion in the liquid-phase was the predominant mechanism in the transport of methanol when
dispersivity at saturation was set to 7.8 cm. Liquid flow was mainly due to capillary pressure gradients induced by changes in volumetric
liquid content. However, for dispersivity at saturation set to 0.2 cm, changes in surface tension due to variation in composition induced
important liquid flow and convection in the liquid-phase was the most active transport mechanism. When the Kelvin effect was ignored
within the soil, the gas-phase diffusion was significantly lower, leading to lower evaporation flux of water and higher volumetric liquid
contents near the soil surface.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Most numerical models of flow and transport through
the vadose zone assume that flow is independent of solute
concentration. However, the presence of some chemicals
in water can affect the physical properties of the fluid
phases, and the resulting transport processes are known
as non-passive. Thus, modeling of infiltration, redistribu-
tion and volatilization/evaporation of these aqueous mix-
tures should take into account their non-passive
transport behavior.
0309-1708/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Various authors have already considered the depen-
dence of some properties on concentration. For example,
Boufadel et al. [6] developed a one-dimensional model to
simulate the density-dependent flow of salt water in vari-
ably saturated media. They found that the concentration
at the front and the flux front position and magnitude
propagate faster in the case of density-dependent solutions
than in the case of passive transport. In a later study, Bouf-
adel et al. [7] expanded their model to take into account
density-and-viscosity-dependent flow in two-dimensional
variably saturated porous media and used it to investigate
beach hydraulics at seawater concentration in the context
of nutrient delivery for bioremediation of oil spills on bea-
ches. Numerical simulations applied to a rectangular sec-
tion of a hypothetical beach showed that buoyancy in the
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unsaturated zone is significant in anisotropic fine-textured
soils with low dispersivities. In all the cases considered,
the effects of concentration-dependent viscosity were negli-
gible compared to the effects of concentration-dependent
density. Ouyang and Zheng [33] used the model FEM-
WATER to simulate the transport of two chemicals, one
with relatively low water solubility (aldicarb) and the other
with relatively high water solubility (acephate), through an
unsaturated sandy soil. Comparison of simulations showed
that the effects of solution density on the transport of aldi-
carb were negligible, whereas acephate, with density-driven
transport, migrated 22% deeper into the soil in a period of
90 days than without considering density-driven transport.
They also performed a numerical experiment including a
viscosity–concentration relationship, but the results indi-
cated that the effect of the viscosity was negligible com-
pared with the effect of density for the simulation
conditions used in their study. The study of Ouyang and
Zheng [33] suggested that under certain circumstances,
e.g., high chemical concentration, high water solubility,
and high pure chemical density, exclusion of the density-
induced mechanism could result in inaccurate predictions
of water movement and chemical leaching through the
vadose zone. These usual simplifications could also lead
to inadequate interaction between the different mass trans-
fer mechanisms when they are included in modeling of
transport through reactive soils. As Zhang et al. [48]
pointed out, concentrated aqueous solutions are signifi-
cantly different from dilute solutions in transport and geo-
chemical processes because of their large density, viscosity,
and complicated ionic interactions.

A number of studies of the effects induced on the flow
by surfactants have emphasized their non-passive trans-
port behavior in the vadose zone. Smith and Gillham
[43] developed an isothermal saturated–unsaturated flow
and transport model with solute concentration-dependent
surface tension. They applied the model to simulate the
infiltration of aqueous solutions of butanol and methanol
into two soils with different silt contents. Their numerical
simulations indicated that solutes that depress surface ten-
sion cause a local increase in the hydraulic head gradients,
which increases the liquid fluxes and the solute transport.
Smith and Gillham [44] complemented their previous work
with laboratory experiments conducted in saturated–unsat-
urated column sand. In this second work, they also incor-
porated the effect of concentration-dependent viscosity
into their earlier model [43] to scale the unsaturated
hydraulic conductivity. From their experimental data and
numerical simulations, they distinguished two flow effects
associated with concentration-dependent surface tension
in the vadose zone: (i) the transient unsaturated flow
caused by changes in pressure head, and (ii) a decrease in
the height of the capillary fringe. Both effects were propor-
tional to the changes in the relative surface tension with
solute concentration. They also observed that higher water
contents were obtained in steady state for the butanol solu-
tion than for water and attributed this difference to the rel-
atively higher viscosity of the butanol solution. Henry
et al. [19] studied the effect of solute solubility on unsatu-
rated flow and concluded that the surfactants can signifi-
cantly affect the flow in unsaturated porous media.
Through a series of closed, horizontal sand column exper-
iments, they demonstrated that the surfactant-induced flow
caused by a highly soluble compound such as butanol was
very different from the flow caused by a relatively insoluble
surfactant such as myristyl alcohol, though both induced a
similar reduction in the surface tension of water. This dif-
ference was attributed to the fact that, unlike butanol,
myristyl alcohol is virtually insoluble and primarily resides
at the air–water interface rather than in the bulk solution.
Thus, flow only occurs at surfactant concentrations that
are greater than or equal to those needed to completely
cover the air–water interface, which leads to an ineffective
transport of myristyl alcohol to previously clean regions
[23]. In another study of surfactant-induced flow phenom-
ena, Henry et al. [20] found that hysteresis was an impor-
tant factor in horizontal flow. They conducted experiments
in closed, horizontal columns filled with silica sand and
with butanol as the surfactant. They also modified a one-
dimensional hysteretic unsaturated flow and transport
numerical model to include the dependence of surface ten-
sion and viscosity on concentration. Under hysteretic con-
ditions and at final steady state, the model predicted
uniform concentration and pressure profiles, but a non-
uniform liquid content profile unlike the situation expected
if the system was non-hysteretic. Also, flow simulations
were sensitive to dispersivity. As Henry et al. [20] noted,
lower dispersivity caused sharper surfactant concentration
gradients, which led to larger capillary pressure gradients
and higher fluxes near the solute front. In the same con-
text, these authors [22] modified a two-dimensional model
for flow and transport in unsaturated soils to include the
dependence of surface tension and viscosity on the surfac-
tant concentration. They directly compared the simula-
tions to the sand box infiltration experiments with
butanol–water mixtures presented by Henry and Smith
[21]. A longitudinal dispersivity value of 1 cm was used
in the simulations and shown to cause too much dispersion
relative to the experimental data at larger travel distances.
In a recent review of the surfactant-induced flow phenom-
ena in the vadose zone, Henry and Smith [23] presented
experimental evidence that surfactant-induced flow effects
can be significant when considered on the laboratory scale.
These effects may be due to surfactant modifications of
moisture retention characteristics and unsaturated hydrau-
lic conductivity, which affect unsaturated flow and chemi-
cal transport. They also recognized that more work is
needed to better understand the potential impact of surfac-
tant-induced flow effects on field-scale transport in the
vadose zone and suggest that models should include a bet-
ter description of processes and phenomena such as hyster-
esis in the hydraulic functions, vapor-phase transport of
surfactant or partitioning of surfactant to the different
phases.
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Despite all of these studies, the effects of several com-
mon simplifications for modeling non-passive transport
of solutes have still not been evaluated. Although several
numerical models can be adapted to simulate some situa-
tions of non-passive transport through the vadose zone in
multiphase systems, e.g., STOMP [46,47] and VST2D
[13], in most of them it is considered that several properties
are independent of the mixture composition.

In this paper, we present a model for non-passive infiltra-
tion–redistribution and transport of water-soluble solutes
in the vadose zone. This model incorporates the dependence
of density, viscosity, surface tension, molecular diffusion
coefficient in the liquid-phase, and the gas–liquid and
solid–liquid partition coefficients, on the solute concentra-
tion. We also include the reduction in the gas–liquid
partition coefficient due to high capillary pressures in
accordance with Kelvin’s equation for multicomponent
mixtures. The effects of these dependencies were illustrated
using a one-dimensional numerical implementation of the
transport model to simulate the infiltration, redistribution
and volatilization of alcohol–water mixtures into different
soils.

2. Basic equations and numerical resolution

2.1. Balance equations

The unsaturated soil system considered consists of liquid
(l), gas (g) and solid (s) phases. Components that may be
present within these phases are water, dry-air and N � 2
water-soluble organic compounds. The mass-conservation
equations for component k under isothermal conditions
were described by [17]

ohlC
k
l

ot
¼ �r � ½Jk

l þ qlC
k
l � � ak

lgNk
lg � ak

lsN
k
ls ð1aÞ

ohgCk
g

ot
¼ �r � ½Jk

g þ qgCk
g� þ ak

lgN k
lg ð1bÞ

ohsC
k
s

ot
¼ ak

lsN
k
ls ð1cÞ

where Ck
i (kg/m3) is the concentration of component k

(k = 1, . . . ,N) in the phase i (i = l, g, s), hi (m3/m3) is the vol-
umetric fraction of that phase, qi (m/s) is the i phase spe-
cific discharge, N k

ij (kg/m2 s) is the interface mass flux of
component k from phase i to phase j, and ak

ij (m2/m3) is
the interfacial area between phases i and j by unit volume
of porous matrix. The diffusive–dispersive mass flux vector
Jk

i (kg/m2 s) is given by

Jk
i ¼ �hiD

k
irCk

i ð2Þ

where Dk
i (m2/s) is the diffusion–dispersion tensor for com-

ponent k [4]. Under the assumption of local phase equilib-
rium [17], the three component equations (1) can be
combined to give
oukCk
l

ot
¼ �r � ðJk

l þ Jk
g þ bkCk

l Þ ð3aÞ

uk ¼ hl þ hgHk
gl þ hsH k

sl ð3bÞ
bk ¼ ql þ qgHk

gl ð3cÞ

Assuming that dry-air is present neither in the liquid-
phase nor in the solid-phase, only the gas-phase transport
(Eq. (1b)) was considered for the dry-air mass-conservation
equation

ohgCa
g

ot
¼ �r � ½Ja

g þ qgCa
g� ð4Þ

where Ca
g is the dry-air concentration in the gas-phase.

The specific discharge of phase i, qi (m/s), is given by the
generalized Darcy’s law [4]

qi ¼ �
kkri

li
ðrP i þ qigzÞ ð5Þ

In Eq. (5), k is the intrinsic permeability tensor of the
soil (m2), gz (m/s2) is the gravity vector, kri is the relative
permeability (dimensionless), qi (kg/m3) is the density, li

(kg/m s) is the dynamic viscosity, and Pi (Pa) is the pressure
of phase i.

The diffusive–dispersive mass flux vector of air Ja
g (kg/

m2 s) was calculated from the conditionXN

k¼1

Jk
g ¼ 0 ð6Þ

The partition coefficient, H k
ij, between phases i and j is de-

fined by

Hk
ij ¼

Ck
i

Ck
j

; i; j ¼ g; l; s ð7Þ

Use of constant partition coefficients is a common assump-
tion when modeling solute transport in variably saturated
soils. However, in this work the gas–liquid partition coeffi-
cient, Hk

gl, was assumed to be dependent on solute concen-
tration and soil–liquid content [10–12] as given by

Hk
gl ¼ H �kgl exp

P M
bV k

RT

 !
ð8Þ

where the exponential term accounts for the Kelvin’s effect
in multicomponent liquid mixtures [39,42]. In (8), bV k (m3/
mol) is the partial molar volume of component k in the li-
quid-phase, R (Pa m3/K mol) is the universal gas constant,
PM = Pl � Pg (Pa), is the matric pressure of the liquid and
T (K) is the temperature. The gas–liquid partition coeffi-
cient for plane interfacial surfaces corresponds to the
dimensionless Henry’s law constant, H �kgl , and its depen-
dence on component concentration was calculated from
the liquid–vapor equilibrium condition [45]

H �kgl ¼ ck

pk
vap
bV m

RT
ð9Þ
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in which pk
vap (Pa) is the vapor pressure of component k, bV m

(m3/mol) is the partial molar volume of the liquid mixture,
and ck (dimensionless) is the activity coefficient of compo-
nent k. In very dry soil conditions, the small quantity of li-
quid in the medium is no longer under the influence of
capillary forces so, strictly speaking, the original matric
pressure definition is not applicable. Nevertheless, as Bag-
gio et al. [3] suggested, the matric pressure definition can be
expanded as

P M ¼ �
DhbV m

ð10Þ

where Dh (J/mol) refers to the enthalpy difference between
the vapor in the gas-phase and the condensed and/or ad-
sorbed liquid-phase, excluding the latent enthalpy of
vaporization. Taking this definition, matric pressure and
Kelvin’s equation can be applied throughout all the range
from wet to dry conditions [15,41].
2.2. Boundary conditions, dispersivities and numerical
procedure

In this work, the one-dimensional version of the non-
passive transport model described previously was
implemented to simulate the infiltration, redistribution
and volatilization/evaporation of alcohol–water mixtures
in soils. A dynamic boundary condition at the surface
was set to accommodate either a given infiltration or an
evaporation/volatilization flux. In case of infiltration, the
top boundary condition for the transport of each compo-
nent (Eq. (3)) was the component mass flux at the surface,
Nk

0 (kg/m2 s), calculated as

Nk
0 ¼ ql0Ck

l;in ð11Þ

where ql0 (m/s) is the given infiltration liquid specific dis-
charge and Ck

l;in (kg/m3) is the concentration of component
k in the infiltrating liquid. In the absence of infiltration, the
evaporation/volatilization mass flux for component k at
the surface was calculated by considering a mass transfer
limitation from the soil surface to the bulk atmosphere

Nk
0 ¼ kk

0 Ck
bk � Ck

g0

� �
ð12Þ

In Eq. (12), kk
0 (m/s) is the atmosphere-side mass transfer

coefficient for component k, Ck
bk (kg/m3) is the background

concentration of component k in the atmosphere, and Ck
g0

(kg/m3) is the concentration of component k in the gas-
phase at the soil surface. For given values of wind velocity,
soil roughness and Schmidt number of the volatilized
chemical, the mass transfer coefficients, kk

0, were estimated
with the semi-empirical correlation proposed by Brutsaert
[8]. This correlation is only applicable under neutral atmo-
spheric conditions and was developed from available
experimental data. In case of non-neutral conditions a dif-
ferent approach using the Obukhov length should be used
as suggested by Brutsaert [8]. In all cases, the boundary
condition at the bottom was set as zero diffusive and dis-
persive fluxes and zero matric pressure gradient. The lower
gas-phase boundary condition was set as a no-flow bound-
ary, while the upper gas-phase boundary condition was a
constant atmospheric pressure.

The longitudinal diffusion–dispersion coefficient for
component k, Dk

i (m2/s), was calculated as

Dk
i ¼

Dk
0i

si
þ DLi ð13Þ

where the molecular diffusion and the longitudinal disper-
sion coefficients in phase i are denoted by Dk

0i (m2/s) and
DLi (m2/s), and si (dimensionless) is the tortuosity of phase
i. Tortuosities, sg and sl, were evaluated according to the
first model of Millington and Quirk as suggested by Jin
and Jury [25], i.e. si = e2/3/hi, where e is porosity. Longitu-
dinal dispersion coefficients for each phase were calculated
as DLi = aLiqi/hi, where aLi (m) is the longitudinal disper-
sivity for phase i given as a function of the volumetric
phase content, in accordance with the correlation proposed
by Grifoll et al. [18]

aLi ¼ a0
Lið13:6� 16Si þ 3:4S5

i Þ ð14Þ
in which Si = hi/e is the actual saturation of phase i and a0

Li

is the dispersivity at saturation. Grifoll and Cohen [17]
used a similar approach to Eq. (14). As they pointed out,
the adoption of an empirical longitudinal dispersivity mod-
el, like described by Eq. (14), is not meant to suggest its
general applicability, but can be used to illustrate a general
trend in dispersivity behavior.

The governing partial differential equations, Eqs. (3)
and (4), were discretized spatially and temporally in alge-
braic form using the finite volumes method [34] with a fully
implicit scheme (backward Euler) for time integration. The
non-linear discretized governing equations were solved
using the multivariable Newton–Raphson iteration tech-
nique [26]. Volumetric liquid content, dry-air concentration
in the gas-phase and alcohol concentration in the liquid-
phase were selected as primary variables. The Jacobian
coefficient matrix was calculated using a finite difference
approximation [26]. The linear system of equations formu-
lated in the Newton–Raphson method was solved for the
correction to the primary variables by the iterative Precon-
ditioned Biconjugate Gradient Method [26,35]. The pre-
conditioner matrix was the diagonal part of the Jacobian
coefficient matrix [35]. Values for the convergence limit
and maximum number of Newton–Raphson iterations
have been defined conveniently as input parameters. Con-
vergence limits were defined with respect to the maximum
residual of each mass balance equation, normalized by
the sum of the mass fluxes absolute values. The tolerance
employed in all simulations was 10�7 while the maximum
number of Newton–Raphson iterations was set to 10. If
the convergence limit was not satisfied after 10 iterations,
the time step was reduced to 50% and the calculation was
restarted from the end of the previous time step. Otherwise,
if the convergence was attained within the maximum
number of iterations, the time step was doubled without
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Fig. 1. Evolution in time of pressure head and liquid content at 38 cm
depth for the infiltration in sand of a water–butanol solution at 7% w/w.
Comparison of experimental and numerical simulation data of Smith and
Gillham [44] with present numerical simulation.
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exceeding a maximum Dtmax = 60 s, and a new time step
was initiated.

The one-dimensional grid was generated by distinguish-
ing two regions. First, from the surface to a depth of z =
0.135 m and starting with Dz1 = 0.2 mm, the grid spacing
increases with a progression factor of 1.008. Second, from
z = 0.135 m to the bottom of the system (z = 0.5 m) the grid
was set uniform with a grid spacing of Dz = 1.33 mm.

The sensitivity of the numerical solution to grid spacing
and time step was analyzed for Test Case I as it is described
in Section 3.2.1 below. For the standard grid and maxi-
mum time step given above, maximum discrepancies
between the numerical results and the exact values are
expected to be less than 1%.

To check the numerical algorithm, we compared the
solution of the passive transport of water–methanol mix-
tures into a loam-type soil with the solution reported by
Grifoll and Cohen [17]. The maximum discrepancy
between these two solutions was also less than 1%.

3. Results and discussion

The present numerical model has been used to simulate
several test cases in order to investigate the non-passive
transport behavior of volatile organic compounds. The first
test presented is the infiltration of water–butanol mixtures
into sand as reported by Smith and Gillham [44]. Their
experimental and simulation results were compared to the
present numerical results in order to check our model,
the numerical algorithm and the computational code. The
next two test cases were for the infiltration of methanol–
water mixtures into a sandy clay loam and silty clay soils.
These test cases illustrated how the dependency of physical
properties on concentration affects a system in which the
solute is soluble in water at any proportion. Initial test sim-
ulations showed that the convective gas-phase component
did not contribute effectively to the transport of methanol
and water. In the present test cases of soils with relatively
low permeabilities, the inclusion of gas-phase convection
did not change the evolution of the volumetric liquid con-
tent and methanol concentration profiles by more than
0.5% and very high CPU times were required. Note that
the differences in gas-phase densities due to the saturation
or absence of methanol were not high enough to induce
density-dependent advection [28]. In addition, as stated
by Lenhard et al. [28], effects of density-driven vapor flow
are more evident in porous media with permeabilities
grater than 10�11 m2. On the contrary, the permeabilities
of the soils studied in this work are less than
4 · 10�13 m2. Most of the results presented in the next sec-
tions were therefore obtained by neglecting gas-phase con-
vection when solving the numerical model.

3.1. Dissolved butanol infiltration

Smith and Gillham [44] studied the infiltration of a buta-
nol–water mixture into a 2 m column sand. Their experi-
mental procedure consisted of infiltrating distilled water
until the steady state was reached and then changing the
infiltration liquid to an aqueous solution of butanol with
7% w/w at the same infiltration rate. Their experimental
results were compared with their earlier numerical trans-
port model [43], which was modified to include the depen-
dencies of surface tension and viscosity on butanol
concentration. Fig. 1 shows the evolution of the pressure
head and liquid content measured at a depth of 38 cm in
the column, the simulation results of Smith and Gillham
[44], and the present numerical calculations. For the pres-
ent simulation, the dependency of surface tension and vis-
cosity on solute concentration, as well as the soil water
retention curve, were taken from Smith and Gillham [44].
A measured constant dispersivity aLi = 0.00177 m [44]
was also used in this case.

Deviations from steady state in pressure head and liquid
content after the application of butanol solution were
observed. These variations were due to the dependency of
surface tension and viscosity on butanol concentration.

As the solute front passed, the water content signifi-
cantly decreased to a minimum before increasing to a
slightly higher value than that of the previous steady state.
The highly localized drainage and rewetting were caused by
hydraulic gradients induced by the surface tension varia-
tions associated with the solute front.

Both the model of Smith and Gillham [44] and the pres-
ent model describe the main characteristics of the experi-
ment. It should be noted that the model parameters used
by Smith and Gillham [44] were estimated independently
of the experimental results that appear in Fig. 1. They sug-
gested that some experimental uncertainty could be intro-
duced in the measurement of dispersivity because it was
determined using a concentrated solution of NaCl that
could be subject to density effects. Moreover, the differ-
ences in the pressure head and volumetric liquid content
between the two simulation results were less than 4.8%,
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which gives an indication of the ability of the present model
to simulate non-passive transport of solutes.
3.2. Methanol infiltration

The impact of the non-passive behavior on the infiltra-
tion and redistribution of methanol–water mixtures is illus-
trated in two cases in which different soils were used. In
both of these test cases we simulated a hypothetical sce-
nario composed by an initial period of infiltration followed
by a period of volatilization/evaporation. Therefore, at
least close to the soil surface where volatilization and evap-
oration occur, the soil was expected to reach conditions of
very low liquid content (hl < 0.10). To simulate these situa-
tions realistically, we used an extended version of the
Brooks–Corey soil–water retention curve proposed by
Rossi and Nimmo [38], which is given as

P M;wðSÞ ¼
P de�S=aRN 0 6 S < Sj

P bS�1=k
e Sj 6 S 6 1

(
ð15Þ

In Eq. (15) S = hl/e and Se = (S � Sr)/(1 � Sr) are the
actual and effective liquid saturation, respectively, PM,w

(Pa) is the matric water pressure, while Pb (Pa) (bubble
pressure or air entry pressure), k (pore size distribution
index), and hr (residual volumetric water content) are the
classical Brooks–Corey parameters. The oven dry matric
water pressure, Pd, was taken as 980 MPa, as suggested
by Rossi and Nimmo [38]. The parameters aRN and hj

(Sj = hj/e), introduced by these authors, were calculated
as functions of the classical Brooks–Corey parameters, as
suggested by Morel-Seytoux and Nimmo [31]. Liquid-
phase relative permeability was computed as a function
of liquid saturation from the soil-moisture retention func-
tion according to the model of Burdine [9]

krl ¼ S2 IðSÞ
Ið1Þ ð16Þ

where

IðSÞ¼
aRN

2P 2
d

ðe2S=aRN �1Þ 06 S< Sj

aRN

2P 2
d

ðe2Sj=aRN �1Þþ k
kþ2

ð1�SrÞ
P2

b

ðS1þ2=k
e �S1þ2=k

ej Þ Sj6 S6 1

8<:
ð17Þ

Given a volumetric liquid content, the matric pressure
for pure water as given by Eq. (15) has been scaled for mix-
tures with the methanol concentration Cl as [29]
Table 1
Polynomial coefficients obtained by fit of experimental dataa at 20 �C to Eq. (

Property a0 a1 a2

rl (N m�1) 7.275 · 10�2 �2.134 · 10�4 5.352
ql (kg m�3) 9.9701 · 102 �1.917 · 10�1 1.665
ll (kg m�1 s�1) 1.003 · 10�3 3.134 · 10�6 3.710
Dm

0l (m2 s�1) 1.350 · 10�9 �7.419 · 10�13 �4.789

a Experimental data extracted from Gammon et al. [14].
P M ¼
rðClÞ
rw

P M;w ð18Þ

where rw is the surface tension of water and r(Cl) (N/m) is
the surface tension of the liquid mixture.

The physical properties of methanol–water mixtures
depend on methanol concentration. In this work, each of
these dependencies has been described by a polynomial
function, as

pðClÞ ¼
X

j

ajðClÞj ð19Þ

where p stands for any of the properties allowed to vary
with methanol concentration (surface tension, density,
viscosity and diffusion coefficient of methanol in the
liquid-phase) and Cl is the methanol concentration in the
liquid-phase. The polynomial coefficients aj, obtained by
fitting Eq. (19) to available experimental data [14], are gi-
ven in Table 1. Diffusion coefficients of methanol and water
in the gas-phase were taken as constants, with values Dm

0g ¼
1:6� 10�5 m2=s [17] and Dw

0g ¼ 2:6� 10�5 m2=s [37],
respectively.

To calculate the gas–liquid partition coefficients for
methanol and water, the partial molar volumes and the
activity coefficients according to Eqs. (8) and (9) are
required. Activity coefficients for water and methanol were
calculated using Wilson’s equation [27] with the parameters
fitted by Gmehling et al. [16] to available experimental
data. Molar volumes were calculated following the proce-
dure described by Lide and Kihiaian [30], who suggested
the Redlich–Kister equation to calculate molar excess vol-
umes. The gas–liquid partition coefficients H �gl for water
and methanol calculated by this procedure are shown in
Fig. 2. For water, this partition coefficient increases mono-
tonically from 1.73 · 10�5, in absence of methanol, to the
limiting value 6.14 · 10�5 as the pure methanol condition
is approached. The partition coefficient for methanol
reaches a minimum value of 1.61 · 10�4 when Cl =
405 kg/m3 and then increases progressively to 2.17 · 10�4,
which is the value for pure methanol. Sorption of methanol
onto the soil solid was assumed to be described by a con-
stant partition coefficient H m

sl ¼ 3:7� 10�3, estimated for
a soil with 2% of organic matter [17]. In their experimental
work, Smith and Gillham [44] used homogeneous sand and
therefore found low values of dispersivity. In heteroge-
neous natural soils higher dispersivities are expected. Jay-
nes [24], for instance, obtained values of dispersivity
between 0.0453 and 0.25 m for a depth of 0.3 m. Also,
19)

a3 a4 R2

· 10�7 �6.831 · 10�10 3.105 · 10�13 0.996
· 10�4 �3.340 · 10�7 – 0.99994
· 10�9 �2.082 · 10�11 1.298 · 10�14 0.998
· 10�15 8.486 · 10�18 – 0.983
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Fig. 2. Gas–liquid partition coefficients for methanol–water system.

Table 2
Simulation conditions and hydraulic soil properties

Test case I Test case II

Simulation conditions

Soil type Sandy clay loam Silty clay
Soil depth (m) 0.5 0.5
Initial pressure head (m), Pini �100 �500
Infiltration rate (cm/h), ql0 0.25 0.075
Total time of simulation (h) 72 168
Initial period of infiltration (h) 15 20
Dispersivity at saturation (cm), a0

Li 0.2; 7.8 7.8
Atmosphere-side mass transfer

coefficient for methanola (kg/m2 s), km
0

3.5 · 10�3 3.5 · 10�3

Atmosphere-side mass transfer
coefficient for watera (kg/m2 s), kw

0

4.0 · 10�3 4.0 · 10�3

Hydraulic soil properties

Soil porosity,b e 0.33 0.423
Residual water content,b hr 0.068 0.056
Brooks–Corey parameter,b k 0.25 0.127
Bubble pressure,b Pbw (Pa) 2754 3352
Hydraulic saturated

conductivity,b Ks (cm/h)
0.43 0.09

Volumetric liquid content
at junction,c hj

0.1415 0.3079

Rossi–Nimmo parameter,c aRN 0.0557 0.0756

a Calculated according to Brutsaert [8] assuming a wind velocity of 2 m/s
and a surface roughness length of 1 cm.

b From Rawls and Brakensiek [36].
c Calculated according to Morel-Seytoux and Nimmo [31].
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Abbasi et al. [1] estimated soil hydraulic and solute trans-
port parameters from several two-dimensional furrow irri-
gation experiments and obtained values of longitudinal
dispersivity between 0.026 and 0.328 m for a depth of
1 m. In this paper, dispersivity at saturation for both the
liquid and the gas phases was set to a0

Li ¼ 0:078 m, the
value suggested by Biggar and Nielsen [5] for saturated soil
conditions in an agricultural field [32]. In their work, Big-
gar and Nielsen measured dispersivities in ponded soils
(of a broad textural class: loam, clay loam, silty clay, silty
clay loam) under steady state infiltration conditions at
depths between 30.5 and 182.9 cm, infiltration pore veloci-
ties between 1.3 and 105.4 cm/day, while hydraulic conduc-
tivities at saturation ranged from 0.3 to 70 cm/day. In the
test cases of the present work, the selected soils and process
conditions were, most of the time, within the range of val-
ues above described.

3.2.1. Test case I
The first case study involved five simulations of the infil-

tration of methanol–water mixtures into a homogeneous
sandy clay loam soil, each with different methanol concen-
tration of the infiltrating liquid, Cl,in. These concentrations
ranged from Cl,in = 0.001 kg/m3, in which the methanol
behaves as a passive scalar, to Cl,in = 786.6 kg/m3, which
corresponds to pure methanol. The upper boundary condi-
tion was set at an infiltration rate of 0.25 cm/h for 15 h, fol-
lowed by 57 h in which the methanol and water were
allowed to volatilize at the surface according to Eq. (12).
The background concentration of methanol in the atmo-
sphere was assumed to be zero, while the background con-
centration of water in the atmosphere was calculated
assuming a relative humidity of 40%. The initial condition
was a uniform volumetric water content of 0.128 m3/m3,
which corresponds to a matric potential of �100 m. The
hydraulic parameters of Eqs. (15)–(17), taken from Rawls
and Brakensiek [36] as typical values for a sandy clay loam
soil, are given in Table 2.

When comparing the results of the simulations for differ-
ent grid spacing and time steps, it is observed that metha-
nol concentration and volumetric liquid content values at
the surface are the most sensitive to these variations. Five
simulations with different grid spacing were run for a max-
imum time step of Dtmax = 60 s and Cl,in = 400 kg/m3. A
coarse grid with N = 125 control volumes was used in the
first simulation. In the following ones, the number of con-
trol volumes N was successively doubled by halving the
grid spacing. The methanol concentration and the volumet-
ric liquid content at the surface at the end of the simula-
tions were extrapolated to an infinite number of volumes,
C1l0 and h1l0 . Fig. 3(a) shows the ratio of Cl0 and hl0 to their
extrapolated value C1l0 and h1l0 as a function of the inverse
of the number of control volumes. Deviations from the
extrapolated value were higher in the case of methanol con-
centration. However, for both concentration and volumet-
ric liquid content, and for all grids tested, the relative
deviations were less than 0.6%. The sensitivity of simula-
tions to time step was tested using the grid described at
the end of Section 2.2 (500 volumes) and Cl,in = 400 kg/
m3. Five simulations were run with Dtmax = 240, 120, 60,
30 and 15 s and the values at the surface extrapolated to
zero time step. Fig. 3(b) shows that methanol concentra-
tion at the surface was sensitive to time step, although
for Dtmax < 240 s, the concentration differences respect
the extrapolated value were less than 5%. For the standard
simulation conditions (N = 500, Dtmax = 60 s), the maxi-
mum deviations expected are less than 1%.

Fig. 4 shows the volumetric liquid content and normal-
ized concentration profiles 48 h after the beginning of
the experiment for five methanol concentrations in the
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infiltrating liquid. Normalization has been carried out with
respect Cl,in in order to emphasize the non-passive behavior
because, in the case of passive transport, the normalized
concentration profiles in Fig. 4 should be independent of
concentration since the solute transport equation (3) is lin-
ear when the coefficients do not depend on the solute
concentration.
θl
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Fig. 4. Infiltration and redistribution of methanol–water mixtures of
different compositions into a sandy clay loam soil. Simulation results after
48 h and a dispersivity of 7.8 cm. (a) Volumetric liquid content, (b)
methanol concentration in the liquid-phase.
The differences in volumetric liquid content profiles for
different Cl,in, shown in Fig. 4(a), are due to three factors:
(i) the dilution effect on the incoming mixture caused by
the initial pure water in the soil, (ii) differences in the
liquid-phase flow caused by changes in viscosity, density
and surface tension, and (iii) the volatilization of the mix-
ture. Note that the relative densities of the mixture change
from 1 for pure water to 0.786 for pure methanol. Then,
when methanol dilutes in water, the volume of the mixture
should shrink due to the non-ideal mixing effects as
described by the dependence of density on concentrations
(Eq. (19) and Table 1). This effect is more pronounced when
the infiltrating mixture is more concentrated in methanol.
During infiltration the causes of the differences in volumet-
ric liquid content are this non-ideal mixing effect and the
changes in liquid flow caused by variations in viscosity
and surface tension. In the case of pure methanol and after
48 h of simulation (i.e. 33 h of volatilization), by balancing
the volumes of initial water, infiltrated liquid, final liquid in
the soil and volatilized liquid, it was calculated that the non-
ideal mixing effect is about 3.6% of the initial water plus
infiltrated liquid volume, whereas the percentage of volatil-
ized liquid is about 9.6%. The relative influence of changes
in liquid flow due to variations in viscosity and surface ten-
sion cannot be deduced from this balance, but the percent-
age of volatilized liquid increases from 5% of the initial plus
infiltrated volume for pure water, to a maximum of 10% at a
concentration of Cl,in = 400 kg/m3, and then decreases to
9.6% for pure methanol. Note that the viscosity of the liquid
is a concave function of the methanol concentration, reach-
ing a maximum at about 392 kg/m3. This shows that more
viscous infiltrating mixtures move more slowly and conse-
quently, by remaining close to the surface for a longer per-
iod, undergo a higher volatilization. Because of the
combined effect of volatilization, viscosity and surface ten-
sion dependent flow, and non-ideal mixing, the front posi-
tion for passive transport (Cl,in = 0.001 kg/m3) is 29.4%
deeper than for pure methanol (z = 0.34 m). Moreover,
the liquid content near the surface also depends on Cl,in

because, as is explained below, the volatilization rate at
the surface is low for low concentrations of methanol.

The gas–liquid partition coefficient for methanol is
between 6 and 10 times higher than for water (see Fig. 2).
Higher overall volatilization rates are therefore observed
for more concentrated mixtures. The differences in the nor-
malized methanol concentration profiles developed at the
soil top (Fig. 4(b)) are largely due to methanol transfer lim-
itations from inside the soil to the surface, which are higher
for more dilute mixtures. This is shown in Fig. 4(b), where
we find progressively larger differences between the concen-
tration profiles established in the first 10 cm adjacent to the
soil surface, especially for Cl,in > 400 kg/m3.

The volatilization flux of methanol N m
0 , normalized by

the corresponding flux at the beginning of volatilization
Nm

0;ini, is shown in Fig. 5(a) for the five numerical experi-
ments. Volatilization decreases as the methanol concentra-
tion and liquid content at surface decrease. These
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volatilization fluxes suffer a sudden decrease due to the
development of high capillary pressures near the surface,
which reduce the gas–liquid partition coefficient according
to the exponential term in Eq. (8) (Kelvin effect). This
behavior is similar to the decrease in soil water evaporation
rates from stage-one to stage-two evaporation [40]. At high
infiltration methanol concentrations, volatilization rates
are higher. This leads sooner to these high capillary pres-
sures and, therefore, to the observed decrease in the volatil-
ization flux.

The evaporation flux of water Nw
0 undergoes a similar

sudden regime change. However, as shown in Fig. 5(b),
after the infiltration has ceased the water evaporation rate
increases due to the loss of methanol to the atmosphere,
which increases the concentration of water at the soil sur-
face. This initial period of increasing evaporation lasts until
Kelvin’s effect begins to be noticeable. During this first
stage, normalized evaporation is higher at higher infiltrat-
ing methanol concentrations. Similar behavior in the time
variation of the evaporation flux of water was experimen-
tally and numerically observed by Chen et al. [11]. It is
worth noting that when the Kelvin equation and the water
vapor diffusion were not included in their water transport
model, the simulation results deviated from the experimen-
tal measurements.

The role of the various contributions to total liquid
movement can be illustrated by inspecting the individual
partial fluxes due to capillary component and gravitational
component. The partial fluxes can be defined, according to
Eq. (5), as given below

ql;cap ¼ �
kkrl

ll

oP l

oz
ð20aÞ

ql;grav ¼
kkrl

ll

qlg ð20bÞ
where ql,cap and ql,grav are the capillary and gravitational
components of the flux, respectively.

The contribution made by each of these components to
the specific discharge after 48 h of simulation and for each
infiltration concentration is shown in Fig. 6. For all cases,
the contribution from the gravity flux was negligible and
the main contribution was from capillary flux. There were
significant differences in the capillary liquid flux due to the
relative differences in dryness at the surface and the differ-
ent viscosity profiles from different compositions of the
infiltrating methanol–water mixture. Note that, for
Cl,in P 400 kg/m3 and close to the surface, the liquid flux
drops to almost zero because of the low liquid content in
this zone (see Fig. 4(a)), which makes the relative perme-
ability negligible. On the other hand, the matric pressure
depends on both the liquid content and the solute concen-
tration. We can therefore divide the capillary flux into two
components—one that is due to changes in volumetric
liquid content and one to changes in the composition of
the liquid mixture. These components are defined as

qC
l;cap ¼ �

kkrl

ll

oP l

oCl

oCl

oz
ð21aÞ

qh
l;cap ¼ �

kkrl

ll

oP l

ohl

ohl

oz
ð21bÞ

where qC
l;cap is the capillary liquid flux due to changes in

methanol concentration and qh
l;cap is the corresponding flux

due to variations in the liquid content. Fig. 7 shows the
contributions of these components for Cl,in = 400 kg/m3

after 48 h of simulation. We can see that qh
l;cap is the main

component of the capillary flux and that there is a small
contribution of qC

l;cap from z = 0.15 m to the front position.
Similar contribution profiles were obtained for the other
Cl,in cases, which indicates that, in the cases we studied,
the main flow mechanism for the infiltration of methanol
was the capillary component due to variations in liquid
content.
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The relative magnitude of the various mechanisms
involved in the component transport through the soil can
be illustrated by inspecting the individual partial fluxes
due to diffusion, dispersion and convection. These partial
fluxes are defined for each phase i = l,g and each compo-
nent k as

J k
dif ;i ¼ �hi

Dk
0i

si

oCk
i

oz
ð22aÞ

J k
disp;i ¼ �hiDLi

oCk
i

oz
ð22bÞ

J k
conv;i ¼ qiC

k
i ð22cÞ

Methanol and water transport by diffusion in the liquid-
phase was negligible in all cases. Fig. 8 shows the partial
fluxes profiles for methanol and all the relevant mecha-
nisms after 48 h of simulation since the start of the numer-
ical experiment. These mechanisms are diffusion in the
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Fig. 8. Normalized partial fluxes in a sandy clay loam soil after 48 h. (a)
Diffusive partial flux of methanol in the gas-phase, (b) dispersive partial
flux of methanol in the liquid-phase, (c) convective partial flux of
methanol in the liquid-phase.
gas-phase, J m
dif ;g, and dispersion, J m

disp;l, and convection,
J m

conv;l, in the liquid-phase. All the fluxes were normalized
with respect to the volatilization flux at that time, Nm

0 . Dif-
fusion in the gas-phase is not an active mechanism for
methanol transport, as we can see in Fig. 8(a), except very
close to the surface and when Cl,in P 400 kg/m3. In these
circumstances the soil close to the surface is very dry (see
Fig. 4(a)) and in this region no mechanism in the liquid-
phase is able to transport the methanol. Diffusion in the
gas-phase is therefore the only active mechanism in this
thin region. The methanol concentration gradient that
drives the gas-phase diffusion is magnified by the Kelvin
effect that decreases the concentration of methanol close
to the surface, as the soil becomes drier. Numerical exper-
iments with higher Cl,in causes a decrease in the liquid sat-
uration which induce higher gas-phase diffusive fluxes. For
Cl,in < 400 kg/m3, the top soil is not so dry because volatil-
ization is lower for lower concentrations of methanol. For
these low input concentrations, therefore, dispersion in the
liquid-phase (see Fig. 8(b)) is the most active mechanism,
and accounts for 90% of the transport at the surface.

It is important to note the close relationship between the
volumetric liquid content and concentration profiles in
Fig. 4, the liquid-phase velocities in Fig. 6 and the partial
mass fluxes in Fig. 8. For example, at the depth corre-
sponding to the liquid front position for the various cases
viscosity increases as the infiltrating mixture becomes more
concentrated. As the viscosity is higher, the velocities are
lower and a decrease in dispersion in the liquid-phase could
be expected. However, the higher the infiltrating concentra-
tion, the lower the liquid volumetric content and the higher
the methanol concentration gradients. This leads to higher
partial dispersive fluxes (Eq. (22b)) in this zone for more
concentrated infiltrating mixtures (see Fig. 8(b)). A similar
analysis explains the interaction between the liquid-phase
velocity, the different transport mechanisms and the liquid
content and concentration profiles in the upper part of the
soil (z 6 0.15 m).

Results of the simulations previously described appear
to be inconsistent with experimental and modeling obser-
vations of Smith and Gillham [44]. Unlike our simulations
that predict a main flow mechanism driven by the capillary
component due to variations in liquid content (see Fig. 7),
Smith and Gillham [44] observed a significant impact of the
solute concentration on unsaturated flow. This discrepancy
in principle may be due to our use of a large dispersivity
value that reduces the concentration gradient and thereby
reduces the magnitude of the effect of the solute on unsat-
urated liquid fluxes. However, it should be noted that the
increase in the matric pressure due to the reduction of
the surface tension in accordance with the scaling proposed
by Leverett [29] is more pronounced in case of butanol
aqueous solution than with aqueous mixtures of methanol.
As explained by Smith and Gillham [43] ‘‘butanol, 0–7% by
weight at 25 �C, causes a non-linear and relatively large

change in surface tension with concentration. Methanol,

0–7% by weight at 25 �C, causes a near linear and relatively
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Fig. 10. Capillary liquid flux and its components after 48 h of simulation,
Cl,in = 400 kg/m3 and a dispersivity of 0.2 cm.
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small change in surface tension’’. A simple calculus shows
that in the case of butanol the reduction is about 70% in
the range of 0–7% by weight. Here it is noteworthy that
experiments and simulations carried out by Smith and Gill-
ham [43,44] involve scenarios of pure infiltration, unlike
our simulations, which include infiltration followed by
the volatilization of the mixture. For aqueous solutions
of methanol and in the full range of solubility the reduction
in surface tension is also 70%. Nevertheless, during volatil-
ization and Cl,in = 400 kg/m3, the concentration of metha-
nol within the soil is reduced to less than 40% of this inlet
composition, which involves a surface tension reduction of
32%. In order to demonstrate the sensitivity of the results
to dispersion, the Test Case I simulations were repeated
with a dispersivity value of 0.2 cm. As shown in Fig. 9,
the variability in concentration profiles diminished com-
pared to the 7.8 cm dispersivity results, while the differ-
ences in volumetric content near the top prevailed due to
volatilization. As expected, with a dispersivity of 0.2 cm
the solute front is not so dispersed as with 7.8 cm
(Fig. 9(b)). Indeed, for a dispersivity of 0.2 cm the solute
front is located at a depth that is the half of the liquid front
position. An additional observation is that the volumetric
liquid content shows a notch just in the solute-front posi-
tion. This notch was not so evident for a dispersivity of
7.8 cm (Fig. 4(a)), but with a dispersivity of 0.2 cm it
grows, especially for the more concentrated mixtures. A
similar notch was observed by Allred and Brown [2] in their
experiments who concluded that it is caused by a modifica-
tion in the soil–water retention relationship in the transi-
tion zone of the soil between high and low
concentrations. Fig. 10 shows the capillary liquid flux
and its components for a dispersivity value of 0.2 cm. We
can see that now, for Cl,in = 400 kg/m3 and at t = 48 h
(during volatilization), the capillary liquid flux due to
changes in the composition is the predominant mechanism
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Fig. 9. Infiltration and redistribution of methanol–water mixtures of
different compositions into a sandy clay loam soil. Simulation results after
48 h and a dispersivity of 0.2 cm. (a) Volumetric liquid content, (b)
methanol concentration in the liquid-phase.
of liquid flow in the region delimiting the solute front. The
sensibility analysis of the model to dispersion demonstrates
that, for aqueous mixtures of methanol and low dispersiv-
ities, changes in surface tension due to variation in compo-
sition may induce important liquid flow. This result agrees
with simulations and experimental results obtained by
other authors [20–22,44].

The coupled non-passive transport of liquid and a solute
through the unsaturated zone is therefore a highly interac-
tive phenomenon in which matric pressure gradients can
induce solute transport and, reciprocally, mixture composi-
tion may change the transport properties and induce a flow
pattern.
3.2.2. Test case II

A second case study was carried out to illustrate the
potential impact of the Kelvin effect on non-passive trans-
port of solute in the vadose zone and its impact on the vol-
atilization of methanol and the evaporation of water. In
some simulations in this case study, the Kelvin exponential
factor of Eq. (8) was not considered except at the surface,
and the results were compared to simulations in which full
consideration of this factor along the system was taken into
account. Note that, if the methanol–water mixture is
allowed to volatilize/evaporate at a rate that is independent
of the liquid content at surface, i.e. ignoring the Kelvin fac-
tor, no decrease in volatilization/evaporation fluxes would
be observed and a regime like stage-two evaporation [40]
would not be attained. With a stage-one like volatiliza-
tion/evaporation remaining indefinitely, the system would
progress to a non-feasible physical situation in which there
would be no mechanism for the transport of components
from the inside to the soil surface able to maintain these
relatively high volatilization/evaporation fluxes dictated
by the atmosphere-side mass transfer limitations. In all
present simulations, therefore, the Kelvin effect at the sur-
face was considered in order to attain feasible physical
situations.
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The simulations for this second case were the infiltration
and redistribution of a methanol–water mixture into a silty
clay soil. The infiltrating methanol concentration was
Cl,in = 400 kg/m3 and the infiltration rate was set at
0.075 cm/h for 20 h, followed by 148 h in which the meth-
anol and water were allowed to redistribute and volatilize.
Like in the Test Case I we assumed the background con-
centration of methanol to be zero, and calculated the back-
ground concentration of water in the atmosphere assuming
a relative humidity of 40%. The hydraulic parameters of a
typical silty clay soil were selected as given by Rawls and
Brakensiek [36] and listed in Table 2. The hydraulic charac-
teristic of this soil allows high capillary pressures to
develop at a relatively high liquid content, a condition
for which we expect the Kelvin effect to have a greater
impact. The initial condition for the simulation was a con-
stant volumetric water content of 0.169 m3/m3, which cor-
responds to a matric head of �500 m.

Fig. 11 shows the liquid content and normalized concen-
tration profiles 48 and 168 h after the start of the simula-
tion (28 and 148 h of volatilization/evaporation,
respectively). The dotted line represents the results
obtained when the Kelvin effect within the soil is ignored.
At both 48 and 168 h, and along the first 5 cm, the volu-
metric liquid content is lower when the Kelvin factor is
allowed to act within the soil. As Fig. 11(a) shows, this dif-
ference increases with time as the soil dries. The maximum
difference in the volumetric liquid content is located within
the first 5 cm adjacent to the soil surface, increasing from
122% after 48 h to 130% after 168 h. For the normalized
methanol concentration this difference increases from
33% after 48 h to 43% after 168 h.

To evaluate the impact of including the Kelvin effect in
simulations, it is important to note that the main transport
mechanism affected is diffusion in the gas-phase. This can
easily be deduced from the definition of gas–liquid parti-
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Fig. 11. Profiles after infiltration, redistribution and volatilization of a
methanol–water mixture into a silty clay soil (dashed line for results
ignoring Kelvin effect within the soil). (a) Volumetric liquid content, (b)
methanol concentration in the liquid-phase.
tion coefficient and Eq. (22). At this point it is helpful to
analyze the case of the transport of pure water. In that
case, the vapor concentration gradients within the soil are
only those developed due to the reduction of the vapor
pressure according to the Kelvin equation. Consequently,
the diffusion of water in the gas-phase disappears if the
Kelvin reduction factor is ignored within the soil and,
therefore, the soil dries slower than when Kelvin effect is
considered within the soil. In fact, ignoring or including
the Kelvin effect within the soil is equivalent to consider
or neglect the transport of water by gas-phase diffusion.
This problem was studied by Chen et al. [11], who found
that including the contribution of water vapor diffusion
in water transport is important for improving the accuracy
of water content and water flux prediction. It is noteworthy
that these authors obtained differences in water content
profile near the soil surface predicted when water vapor dif-
fusion was and was not included in the water transport
simulations, which are similar to the differences in volumet-
ric liquid content shown in Fig. 11(a) caused by including
or ignoring the Kelvin effect within the soil. The impact
of Kelvin effect on the gas-phase diffusion fluxes of metha-
nol and water are shown in Fig. 12. These fluxes have been
normalized by the respective fluxes of volatilization and
evaporation at the beginning of the volatilization period
(20 h). As we can see in Fig. 12, gas-phase diffusion is sig-
nificantly reduced when Kelvin effect is ignored in the
model. If the Kelvin effect is considered over the entire soil,
the drying process near the surface significantly reduces the
liquid-phase flux and, therefore, the liquid-phase convec-
tion and dispersion. This reduction in dispersion in the
liquid-phase along the first 2 cm is compensated by an
increase in gas-phase diffusion in this region. When the
Kelvin effect is allowed to act only at the surface, the
concentration in the gas-phase within the soil is not
affected by matric pressure variations and the changes in
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Fig. 12. Kelvin effect on normalized partial fluxes in a silty clay soil after
168 h and Cl,in = 400 kg/m3 (dashed line for results ignoring Kelvin effect
within the soil). (a) Diffusive partial flux of methanol in the gas-phase, (b)
diffusive partial flux of water in the gas-phase.
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concentration in the liquid-phase are insufficient to increase
the gas-phase diffusion. As in this situation the liquid con-
tent is higher under relatively steep liquid concentration
gradients, there are relatively high liquid-phase dispersive
fluxes that at least partially compensate for the incapability
of the gas-phase diffusion transport. The Kelvin effect also
affected, in a similar way, the transport of water by disper-
sion in the liquid-phase and gas-phase diffusion.

Due to the low gas-phase diffusion of both methanol
and water when the Kelvin effect is ignored within the soil,
volatilization and evaporation rates are lower than the
respective fluxes obtained when the Kelvin factor is consid-
ered within the soil. This situation is illustrated in Fig. 13,
which shows the evolution of the methanol volatilization
and water evaporation at the surface. We can see that there
is a small difference in the volatilization flux of methanol
but a significant one in the evaporation flux of water.
Under certain conditions (clay and dry soil), therefore,
there may be a great difference between considering the
Kelvin effect within the soil and ignoring it. This difference
is reflected in the fluxes for transport to the surface and
mainly affects the less volatile compound (water, in this
case).

We can conclude from this case study that the Kelvin
effect plays an important role in properly representing the
dynamic behavior of solute volatilization and water evapo-
ration under high capillary pressures.

4. Conclusions

A model for the non-passive infiltration, redistribution
and volatilization of liquid mixtures has been developed.
It has been used to illustrate the transport of butanol
and methanol aqueous solutions in the vadose zone. The
coupled non-passive transport of liquid and solute
through the unsaturated zone is a highly interactive phe-
nomenon. Matric pressure gradients can induce solute
transport. Reciprocally, the mixture composition may
change the transport properties and induce a given pattern
of flow.

Simulations for completely miscible methanol–water
mixtures and two different soils (sandy clay loam and silty
clay) showed significant differences in volatilization fluxes,
front position, liquid content and concentration profiles
that depend on the composition of the infiltrating liquid.
For the cases we studied and a dispersivity value of
7.8 cm, the predominant mechanism in the transport of
methanol through the soil was dispersion in the liquid-
phase, with a major contribution from gas-phase diffusion
near the surface during volatilization. By decomposing the
liquid flux into capillary and gravity components, we found
that the liquid flow is mainly due to pressure gradients
induced by changes in the volumetric liquid content. How-
ever, simulations with a lower dispersivity (0.2 cm) showed
that, in this case, convection was more active for methanol
transport than dispersion. Also in this case, the capillary
liquid flux due to changes in the composition is the pre-
dominant mechanism of liquid flow in the solute-front
region.

Including or ignoring in the model the reduction of gas–
liquid partition coefficients according to the Kelvin equa-
tion has an important impact on the global transport
behavior. When the Kelvin effect was ignored within the
soil, the gas-phase diffusion was significantly lower. The
corresponding evaporation flux of water was also lower
and, therefore, the volumetric liquid contents were greater.
The maximum differences in the volumetric liquid content
and normalized methanol concentration profiles were
developed in the first 5 cm adjacent to the soil surface.
These differences were increasing with time, reaching the
values of 130% and 43% respectively at the end of the sim-
ulation. It was found that, under dry conditions on a silty
clay soil, mass fluxes that transport the solute to the surface
can be significantly different when the Kelvin factor is con-
sidered within the soil from when it is ignored. This directly
affects the dynamic of solute volatilization and water evap-
oration rates. This phenomenon may play an important
role under conditions of severe dryness, which could be
crucial to accurately model the fluid flow and contaminant
transport in arid regions or in clay soils, where liquid reten-
tion properties favor the development of high capillary
pressures.
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