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Abstract

An unsaturated flow and non-passive transport model for water-soluble organic compounds has been
implemented in cylindrical coordinates, with atop boundary condition that accounts for different zones of the
surface that can be under infiltration or volatilization independently. We simulated two-dimensional infiltration
of agueous mixtures of methanol from a disk source, its redistribution and volatilization in both homogeneous
and heterogeneous soils. Simulations showed that the incoming compaosition significantly affects volumetric
liquid content and concentration profiles, as well as the fraction of infiltrated mass of methanol that is released to
the atmosphere. Concentration-dependent viscosity had the major impact on the liquid flow. The differencesin
volumetric liquid content and normalized concentration of methanol became more pronounced during transport
through a soil composed of a clay lens embedded within a main matrix of sandy clay loam texture. Dispersion in
the liquid-phase was the predominant transport mechanism when dispersivity at saturation was set to 7.8 cm.
However, for dispersivity of 1.0 cm, changesin composition led to changes in surface tension inducing
significantly higher liquid flow. In this case, liquid-phase advection was the most active transport mechanism for
homogeneous soils and highly concentrated infiltrating mixtures.

Keywords vadose zone; multi-phase transport; VOC transport; volatilization; evaporation.
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1 Introduction

It iscommon in numerical models of flow and transport through the vadose zone to assume that flow and solute
transport do not depend on composition (Grifoll and Cohen, 1996). This is often assumed to simplify
calculations, because with no concentration-dependent transport properties the governing equations are solved in
an uncoupled fashion. However, some chemicals may be present in water at concentrations that affect the
physical properties of the liquid and gas phases. Under this condition, the coupled transport of fluid phases and
chemicals through the unsaturated zone could become a highly interactive phenomenon, where matric pressure
gradients can induce solute transport and, reciprocally, the mixture composition may change the transport
properties and induce a given pattern of flow. The resulting transport processes are known as non-passive (Silva
and Grifoll 2007). Therefore, modeling the infiltration, redistribution and volatilization/evaporation of such
agueous mixtures should take into account their non-passive behavior.

Most of the previous research into non-passive transport through the vadose zone has mainly focused on the
dependence of afew properties (density, viscosity or surface tension) on composition (e.g. Boufadel et al. 1997,
1999; Smith and Gillham 1994, 1999; Ouyang and Zheng 1999). Often the tendency in these papers has been to
study the effects of each concentration-dependent property on mass transport and flow separately. Systems that
can exhibit non-passive transport include saline solutions (Boufadel et al. 1997, 1999; Weisbrod et a. 2004,
Zhang et a. 2005), organic compounds such as oxygenate gasoline additives (Ferreira et al. 2001; Da Silva and
Alvarez 2002; Deeb et al. 2002; McDowell and Powers 2003), some pesticides (Ouyang and Zheng 1999) and
surfactant dissolutions (Smith and Gillham 1994, 1999; Henry et al. 1999, 2001, 2002; Karagunduz et al. 2001,
Henry and Smith 2002; Henry and Smith 2006).

Although there are a number of numerical models that can be adapted to simulate some situations of non-passive
solute transport through the vadose zone in multiphase systems (e.g. STOMP, White and Oostrom 2000;
VST2D, Friedel 2000), most of them assume that several properties are independent of the mixture composition.
Recently, Silva and Grifoll (2007) formulated a detailed model to describe the non-passive transport of water-
soluble chemicals in the unsaturated zone and used it to illustrate the infiltration and redistribution of alcohol-
water mixtures. On the basis of previous studies about non-passive transport, aready referenced in Silva and
Grifoll (2007), these authors devel oped their model, which includes the dependence of density, viscosity, surface
tension, molecular diffusion coefficient in the liquid phase, and gas-liquid partition coefficient on the agueous
mixture composition. The decrease in the gas-liquid partition coefficient at high capillary pressures was
considered in accordance with Kelvin's equation for multi-component mixtures. One-dimensional (1D)
simulations of methanol infiltration and redistribution in two different soils showed that the mixture composition
significantly affects volumetric liquid content and concentration profiles, as well as the volatilization of the
agueous mixture.

Regardless of the usefulness of 1D modeling of solute transport and flow in the vadose zone, this approach is not
capable of describing some phenomenathat are inherent to the three-dimensional nature of soil. Thereisno
doubt that some systems and flow processes require atwo-dimensional (2D) modeling approach (see, for
example, Smith and Gillham 1999; Henry and Smith 2002, 2006; Henry et al. 2002). In particular,
multidimensional modeling may be more suitable in heterogeneous systems because they involve some
characteristics that, except in the case of uniformly layered soils, cannot be captured by 1D simulations. Some
experimental and modeling studies have focused on the 2D transport of volatile organic compound through
homogeneous soils, with non-passivity given by a dependence of density, viscosity and/or surface tension on
composition (Ouyang and Zheng 1999; Henry and Smith 2002, 2006; Henry et al. 2002; Weisbrod et al. 2004).
On the other hand, non-passive transport of some substances through heterogeneous soils may show the coupling
of mechanisms or processes that would not occur in homogeneous media. Several studies show the effect of
porous medium heterogeneities on 2D flow and transport in the vadose zone (Pan and Wieranga 1997; Walker et
al. 1998; Wang and Feyen 1998; Hofstee et al. 1998; Wildenschild and Jensen 1999a, 1999b; Oostrom et al.
2003; Weisbrod et al. 2003; Taylor et al. 2004; Robert et al. 2006). Several of these studies deal with NAPL
transport, including the effects of surfactant addition, in soils consisting of a main matrix that contains one or
more lenses of different textural types (Hofstee et al. 1998; Schroth et al. 1998; Walker et al. 1998; Rathfelder et
al. 2001; Taylor et al. 2001; Ramsburg and Pennel 2002; Oostrom et al. 2003; Ramsburg et al. 2004; Taylor et
al. 2004). For instance, the work of Taylor et al. (2004) investigated the influence of ethanol concentration on the
aqueous flow field and tetrachloroethene (PCE) mass recovery through a combination of numerical simulations
and experiments, including 2D geometries. These experiments were conducted in a sand box to quantify how
adding ethanol to a non-ionic surfactant solution (4% Tween 80) affected the PCE solubilization capacity,
solution properties and contaminant recovery. Density and viscosity dependent concentration relationships were
incorporated into a numerical model (Rathfelder et al. 2001) to simulate fluid flow and DNAPL recovery. The
results showed that small differences between flushing and resident solution density can strongly influence
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surfactant front propagation. Comparison between the measured and predicted results indicated that accurate
simulation of PCE recovery using ethanol amended flushing solution depended on coupled effects of mass
transfer limitations, subsurface layering and solution density contrast.

Although some studiesin the literature deal with the modeling of 2D density-, viscosity- and/or surface tension-
dependent flow (Ouyang and Zheng 1999; Rathfelder et al. 2001; Rathfelder et al. 2001; Henry et al. 2002;
Henry and Smith 2006), there are none on 2D simulations of non-passive transport of volatile organic
compounds in the vadose zone, with several concentration-dependent transport properties. In particular, with the
exception of the work by Henry and Smith (2006), there is no experimental or numerical research on non-passive
transport effects on infiltration from aline or disk source. Additionally, in modeling studies non-flow boundary
conditions are often specified on the soil surface instead of volatilization/evaporation boundary conditions,
because the numerical resolution is less complex. However, the combination of infiltration from aline or disk
source and volatilization boundary conditions at the soil surface provides a more realistic description of the
physical processes that occur, for instance, in spills at field scale. Accordingly, the first objective of the present
work was to implement a two-dimensional version of the non-passive transport model for water-soluble organic
compounds previously developed by Silva and Grifoll (2007). Then, we used thisimplementation to simulate the
infiltration of methanol-water mixtures from a disk source into both 2D homogeneous and heterogeneous soils,
their redistribution within the soil and volatilization to the atmosphere, in order to gain insight into the major
mechanisms and associated flow behaviors.

2 Basic equations and numerical resolution

The detailed equations of the non-passive transport model used in this study and the details of its implementation
in a one-dimensional system are given elsewhere (Silva and Grifoll 2007). A brief description of the main
features of the model and the implementation details in two-dimensional cylindrical coordinate system (r, 2) are
given below.

2.1 Balance equations

The unsaturated soil system considered consists of liquid (1), gas (g) and solid (s) phases. Components that may
be present within these phases are water, dry-air and N — 2 water-sol uble organic compounds. I nter-phase mass
transfer is modeled assuming local phase equilibrium. The mass-conservation equation for component k under
isothermal conditionsis given by (Silvaand Grifoll 2007)

k
S v 5+ 03+, (1)
_ k k 1b
¢k—9|+99Hg|+95HS| ( )
B =q, +ng;| (1)

where C* (kg/m®) is the concentration of component k (k = 1,...,N) in the phasei (i =1, g, 9), 8 (m*m®) isthe
volumetric fraction of that phase, q; (nVs) is the specific discharge of the fluid phasei, and H i:‘( = Cik/C}( are

the partition coefficients for component k between phasesi and j. The specific discharge of phasei, q;, isgiven
by a generalized Darcy’ s law (Bear and Bachmat 1991)

kK.
q; = —Tf'(VPi +p0e,)
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In Eq. (2), k istheintrinsic permeability tensor of the soil (m?), g (m/s?) is the acceleration of gravity, e, isaunit
vector in the vertical direction (positive upwards), k;; is the relative permeability (dimensionless), p (kg/m°) is
the density, 14 (kg/m-s) isthe dynamic viscosity, and P; (Pa) is the pressure of the phasei. The diffusive-
dispersive mass flux vector J;* (kg/m?s) is given by

J? = _eiD:(VCik 3

where D;* (m?s) is the diffusion-dispersion tensor for component k in phase i (Bear and Bachmat 1991).
Assuming that dry air is not present in either the liquid or the solid phases, only the gas-phase transport was
considered for the dry-air mass conservation equation

060,C3
Taevbiracy] o

where C4* isthe dry-air concentration in the gas-phase. The diffusive-dispersive mass flux vectors of air in the
gas-phase, J,* (kg/ m?-s), and water in the liquid-phase, J;" (kg/m*-s), were calculated from the condition of zero
sum of diffusive-dispersive mass fluxes of all componentsin each fluid phase

N
== (53)
k=1kza

N
== 23 @

k=1,k=a,w

It is very common when modeling solute transport in variably-saturated soils to assume the condition of constant
partition coefficients. Nevertheless, in this study a more general gas-liquid equilibrium for multicomponent
liquid mixtures in unsaturated soils (Defay et a. 1966; Rowlinson and Widom 1984; Shapiro and Stenby 1997)
has been used. The gas-liquid partition coefficient, Hg.k, is assumed to be dependent on solute concentration and
soil-liquid content (Chen et al. 2000; Chen and Rolston 2000; Silva and Grifoll 2007) as given by

. P, VK
H§|=Hg|kexr{“” ] ©)

RT

where the exponential term accounts for Kelvin's effect in multicomponent liquid mixtures (Defay et al. 1966;

Rowlinson and Widom 1984). In Eq. (6), A (m*mol) is the partial molar volume of component k in the liquid-
phase, Risthe universal gas constant, Py = P, - Py (Pa), is the matric pressure of the liquid and T (K) the
temperature. The gas-liquid partition coefficient for plane interfacial surfaces corresponds to the dimensionless
Henry’slaw constant, Hg.*k, and its dependence on component concentration was calculated from the liquid-
vapor equilibrium condition (Valsaraj 1995)

A

k
K _ -k PvapVm

H* =
g RT

)

in which pvapk (Pa) isthe vapor pressure of component k, \7m (m*mol) is the partial molar volume of the liquid

mixture, and 7 (dimensionless) is the activity coefficient of component k. Matric pressure was originally
defined to be applied under the action of capillary forces not adsorptive forces. In very dry soils, the small
quantity of liquid in the medium is no longer under the influence of capillary forces, so, strictly, the original
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matric pressure definition is not applicable. However, as Baggio et al. (1997) suggested, matric pressure can be
defined as Py = —Ah/\7m , where Ah (J/mol) refers to the enthal py difference between the vapor in the gas-phase

and the condensed and/or adsorbed liquid-phase, excluding the latent enthalpy of vaporization. Taking this
definition, matric pressure and Kelvin's equation can be applied throughout the range of water content, from
saturation to completely dry conditions (Gawin et a. 2002; Schrefler 2004).

2.2 System description and boundary conditions

The 2D version of the non-passive transport model described previously was implemented in cylindrical
coordinates and used to simulate the infiltration, redistribution and volatilization/evaporation of methanol-water
mixtures in unsaturated soils. The 2D domain considered in the simulations is shown in Fig.1. When boundary
conditions are imposed at the soil surface, two zones were distinguished: zone A and zone B. Zone A, which
goesfromr =0tor =r, isadisk source infiltration zone where a constant liquid infiltration flux, g (M/s), is
imposed fromtimet =0tot = t., followed by evaporation/volatilization for t > t.. In zone B, which extends from
r =r.tor = Ry, evaporation/volatilization is alowed throughout the simulation.

When zone A was under infiltration, the top boundary condition for the transport of each component k, in this
zone (Eq. (1)) was the component mass flux in the z-direction at the surface, No* (kg/m? s), calculated as

N ¥ = Q|0C||§n (8)

where Cunk (kg/m®) is the given concentration of component k in the infiltrating liquid. In zone B and for t > t. in
zone A, the evaporation/volatilization mass flux for component k at the surface was calculated considering a
mass transfer limitation from the soil surface to the bulk atmosphere (Brutsaert 1975; Grifoll and Cohen 1996)

Ng =kE(ck -clo) ©

In Eq. (9), ko (M/s) is the atmosphere-side mass transfer coefficient for component k, Cy* (kg/m®) is the
background concentration of component k in the atmosphere, and Cgok (kg/m®) 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 chemical volatilized, the mass transfer coefficients, ko<, were estimated with the semi-empirical correlation
proposed by Brutsaert (1975) developed for neutral atmospheric conditions. In all cases the boundary condition
at the bottom, z =L, was set to zero diffusive and dispersive fluxes and zero matric pressure gradient. Zero radial
fluxes were also assumed at the lateral boundary. The lower gas-phase boundary condition was set as a no-flow
boundary while the upper gas-phase boundary condition was a constant atmospheric pressure.

2.3 Dispersivities, soil-water retention curve and physico-chemical properties

The diffusion-dispersion tensor for component k in the phase i, D;* (m%s), was calculated as

k

Do . lail Clxi i
DX) =| DO 4 O o)
( i )xy ( T * O 0 5xy + (aLI ;i )9| quH (10)

X, Yy=2,r

where g, and g,; (m/s) are the axial and radial components of the i-phase specific discharge, || q;| isthe
magnitude of this flux, ai; and o (M) are the longitudinal and transversal dispersivities, d,, isthe delta
Kronecker function, Do* (m%s) denotes the molecular diffusion coefficient in the phasei, and 7 (dimensionless)
isthe tortuosity of phasei. Tortuosities, 7; and 7, were eval uated according to Millington and Quirk’s first model
as suggested by Jin and Jury (1996): i.e. 7 = £”%/8, where eisthe soil porosity. In each phase, the transversal
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dispersivity was assumed to be 10% of the longitudinal dispersivity. Thislongitudinal dispersivity is calculated
as afunction of the volumetric phase content, in accordance with the correlation proposed by Grifoll et al. (2005)

o = 136-165 +34S°) )

inwhich § = @/¢isthe actual saturation of phasei and ¢} isthe longitudinal dispersivity at saturation. Grifoll

and Cohen (1996) used a similar approach to Eq. (11). Although the empirical longitudinal dispersivity model
represented by Eq. (11) is not of general applicability, it has been adopted here to illustrate the general trend of
dispersivity behavior (Grifoll and Cohen 1996). The calculation of dispersivities with Eq. (11) requires the value

of dispersivity at saturation, ;. In this study, we assumed ¢ = 7.8 cm for both the liquid and the gas phases.

This value was suggested by Biggar and Nielsen (1976) for saturated soil conditionsin an agricultural field
(Nielsen and Biggar 1973).

1D simulations of the transport of methanol-water mixtures in homogeneous soils carried out by Silva and
Grifoll (2007) showed that, at least close to the soil surface where volatilization and evaporation occur, the soil
can have very low levels of water content (4 < 0.10). More severe dryness conditions are expected for the 2D
case. Therefore, to simulate these situations realistically the model includes an extended version of the Brooks-
Corey (BC) soil-water retention curve proposed by Rossi and Nimmo (1994) (RN), which is given as

Pe S/  0<§ <S5,

PM,W(S): PbSe_]M : S,—SSS1

(12)

where Py, (Pa) isthe matric water pressureand S. = (S - §,)/(1 - S;) isthe effective liquid saturation, while Py,
(Pa) (bubble or air-entry pressure), A (pore size distribution index), and 8, (S, = 4,/¢) (residua volumetric water
content) are the classical BC parameters. The oven dry matric water pressure, Py, was taken as 980 MPa, as
suggested by Rossi and Nimmo (1994). The parameters ory and 6; (S; = 4j/€), introduced by these authors, were
computed as functions of the classical BC parameters, following the method proposed by Morel-Seytoux and
Nimmo (1999). Liquid-phase relative permeability was calculated as a function of liquid saturation from the soil-
water retention curve and Burdine’s model (1953)

ky = 32“((\?_1)) (13)

where the integral function 1(S) isgiven as

IR (2Sam 1) . 0<S <

I(8)= ozzpd(zS/ o A 0=S)(guan_guan) o
RN i/ R -1 r’|\gta4 _ gt X - < <1
2p2 © T2 pZ ? =9

Given avolumetric liquid content, the matric pressure for pure water as given by Eq. (14) was scaled for
mixtures of composition Clm as (Leverett 1941)

Pv = Pvw (19

where &, (N/m) isthe surface tension of water and of C,m) (N/m) is the surface tension of the liquid mixture.
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The assumption of non-passive transport implies that some physical properties of the methanol-water mixtures
depend on composition. The dependencies of surface tension, liquid density, liquid viscosity and liquid diffusion
coefficient on methanol concentration have been described by a polynomial function as given by Silvaand
Grifoll (2007). On the other hand, diffusion coefficients of methanol and water in the gas-phase were taken as
congtants, with values Do, = 1.6x10°° m?/s (Grifoll and Cohen 1996) and Do," = 2.6x10°° m?/s (Reid et al.
1987), respectively.

Partial molar volumes and the activity coefficients, according to Eqgs. (6) and (7), are required to calculate the
gas-liquid partition coefficients for methanol and water. Activity coefficients for water and methanol were
calculated using Wilson’s equation (Kyle 1999) with the parameters suggested by Gmehling et al. (1988). Molar
volumes were cal culated following the procedure described by Lide and Kihiaian (1994), who suggested the
Redlich-Kister equation to cal culate molar excess volumes. The gas-liquid partition coefficient of water, Hg|‘“*,
increases monotonically from 1.73x107, in the absence of methanoal, to the limiting value 6.14x10° as the pure
methanol condition is approached. The partition coefficient for methanol, Hg.m*, has a minimum value of
1.61x10™* when C™ = 405 kg/m?® and then increases progressively to 2.17x10, which is the value for pure
methanol. Adsorption of methanol onto the soil-solid phase was assumed to be described by a constant partition
coefficient Hy™ = 3.7x107°, estimated for a soil with 2% of organic matter (Grifoll and Cohen 1996).

2.4 Numerical procedure

The governing partial differential equations, Egs. (1) and (4), were discretized spatially and temporally in
algebraic form using the finite volumes method (Patankar 1980) with a fully implicit scheme for time
integration. The non-linear discretized governing equations were solved using the multivariable Newton-
Raphson iteration technique (Kelley 1995). VVolumetric liquid content, dry-air concentration in the gas-phase and
the methanol concentration in the liquid-phase were selected as primary variables. The Jacobian coefficient
matrix was approximated using a finite difference approximation (Kelley 1995). The linear system of equations
formulated in the Newton-Raphson method was solved for the correction to the primary variables by the iterative
Preconditioned Biconjugate Gradient Method (Press et al. 1992; Kelley 1995). The preconditioner matrix was
the diagonal part of the Jacobian coefficient matrix (Press et al. 1992). Vaues for the convergence criterion and
maximum number of Newton-Raphson were conveniently defined as input parameters. The convergence
criterion was defined with respect to the maximum residual of each mass balance equation, normalized by the
sum of the absol ute val ues of the mass fluxes. The maximum residual tolerance used in all simulations was 10”7
while the maximum number of Newton-Raphson iterations was set to 50. If the convergence limit was not
satisfied after 50 iterations, the time step was reduced to 50% and the cal culation 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 exceeding a maximum At = 120 s, and a new time step was initiated.

A L=0.6m, Ry=0.6 mdomain was discretized using a uniform 0.005 m cell spacing in the z-direction and a
uniform 0.0115 m cell spacing in the r-direction, resulting in NxN, = 120x52 = 6240 cells. The sensitivity of the
numerical solution to grid spacing and the time step was analyzed for Test case 1 asis described in section 3.1
below. For the standard grid and maximum time step (see above), maximum discrepancies between the
numerical results and the exact values are expected to be less than 0.2% in volumetric liquid content and less
than 2% in methanol concentration.

To check the numerical algorithm, we simulated the infiltration, redistribution and volatilization of an aqueous
mixture of methanol into a sandy clay loam soil, mimicking a 1D situation by fixing the same top boundary
condition for the entire surface. The results of this simulation were compared with the 1D non-passive transport
solution reported by Silvaand Grifoll (2007) with a maximum discrepancy of less than 1%. The rapid infiltration
of water into atwo-dimensional cylindrical system of loamy sand described in Gasté et al. (2002) was also
reproduced and compared with their fine grid solution. The discrepancy found was less than 0.5%.

3 Results and Discussion

The impact of the non-passive behavior on the infiltration and redistribution of methanol-water mixturesin two-
dimensional systemsisillustrated in two test cases, which use different soils. For every test, three numerical
experiments were performed, each of which had a different methanol concentration in the infiltrating mixture.

These concentrations were chosen as 5, 50 and 90% w/w to cover the range of CITn from dilute to highly
concentrated mixtures.
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Test 1D simulations previoudly reported by Silva and Grifoll (2007) showed that the convective gas-phase
component did not make an effective contribution to the transport of methanol and water in sandy clay loam and
silty clay soils, and significantly increased the simulation time. Therefore, the results presented in the sections
below were obtained by neglecting gas-phase advection when solving the numerical model.

Thefirst test case was for the infiltration into a homogeneous sandy clay loam soil (Fig. 2a). In the second test
case, the soil was assumed to be heterogeneous and composed of a cylindrical block of clay texture embedded
within a coarser matrix of sandy clay loam soil texture (see Fig. 2b). Both in homogeneous and heterogeneous
numerical experiments, the upper boundary condition for afirst period of t. = 72 hours was set as an infiltration

rate of Q, =0.3cm/hinzoneA (r. = 0.1 m) and volatilization in zone B (see Fig. 1), followed by 96 hoursin

which the methanol and water were allowed to volatilize in both zones (Eq. (10)). The background concentration
of methanol in the atmosphere was assumed to be zero, while the background concentration of water in the
atmosphere was cal culated assuming a constant relative humidity of 40%. Theinitial conditions were a uniform
volumetric water content of 0.128 m*m? and zero methanol concentration throughout the domain. This
volumetric water content was attained by fixing a matric potential of =100 m in the sandy clay loam main matrix
and —1490 min the clay lens (see Fig. 2). These values were calculated using the hydraulic parameters for Egs.
(13), (14) and (15), taken from Rawls and Brakensiek (1989) as typical values for sandy clay loam and clay soils
(seeTable 1).

3.1 Test case 1: Homogeneous soil

Thefirst case study involved three simulations of the infiltration of a methanol-water mixture into a
homogeneous sandy clay loam soil (Fig. 2a). In each one the methanol concentration of the infiltrating liquid

was different: C|},, = 39.3 kg/m?® (5% wiw), 393.3 kg/m® (50% wi/w) and 707.9 kg/m® (90% wiw). First we

present the sensitivity of the numerical solution to the grid size and time step. Then we analyze the distribution
of the liquid phase in general and the methanol component in particular. Finally, we focus on details of the liquid
phase velocity field and the volatilization of methanol.

3.1.1 Sensitivity analysis of the numerical solution to the grid size and time step

Six simulations with different grids were run for a maximum time step of At = 120 s and the mixture at 90%
w/w for which more noticeable non-passive effects are expected. One of these simulations corresponds to the
selected grid that was described in section 2.4, and that involved NxN, = 120x52 cells. The other five
simulations were also run with uniform grids made by halving or doubling the grid spacing in the radial and

axial directions (NxN;, = 30x52, 40x52, 60x52, 30x104 and 60x104 cells). For constant N,, the simulations
showed insignificant variation of the results to r-direction grid spacing. Volumetric liquid content and
concentrations at the end of the simulation (t = 168 h) were more sensitive to axial grid spacing, especially in the
soil surface of zone A. This result was also observed by Silva and Grifoll (2007) in the 1D non-passive transport
of methanol-water mixtures in unsaturated soils. The volumetric liquid content and methanol concentration at the
surface, bothat r =0andr =r, obtained at the end of the simulations were extrapolated to an infinite number of

control volumes, 85 and C,; from the results available for N, = 30, 40, 60 and 120 with a constant N, = 52.

Fig. 3 showstheratio of ,, and C,, to their extrapolated value 6, and C; asafunction of the inverse of the

number of control volumes, 1/N,. Deviations from the extrapolated volumetric liquid content for the selected grid
(N, = 120) were less than 0.2% (Fig. 3a). Deviations were higher in the case of methanol concentration.
However, for the selected grid, the relative deviation was less than 2% (Fig. 3b). In addition, two simulations
were run using the standard grid and maximum time steps of 30 and 60 s, but the differencesin C,o, the most
sensitive variable, compared to the results for At = 120 s were also less than 2%, which indicated that the
selection of this standard maximum time step was appropriate.

3.1.2 Liquid content and methanol concentration distributions

Fig. 4 shows the volumetric liquid content (Fig. 4a-c) and the normalized concentration (Fig. 4d-f) profiles at the
end of the simulation (t = 168 h) for the three infiltrating mixtures. The concentration was normalized with
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respect to Cmn in order to emphasi ze the non-passive behavior. In the case of passive transport, the normalized

concentration profilesin Fig. 4d-f should be independent of Cmn and would coincide in asingle figure because

the solute transport equation (Eg. (1)) is linear when the coefficients do not depend on the solute concentration
(Silvaand Grifoll 2007).

For the present non-passive transport simulations, the infiltrating agueous mixtures of methanol evolve towards a
different distribution of liquid-phase and normalized concentration, which makes clear the deviations one can
expect when the dependency of physical properties on composition are not taken into account. As can be seenin
Fig. 4a-c, relative significant differences in volumetric liquid content developed in the center of mass of the
profile, or “blob” region, around z= 0.2 m. Small differences can also be observed both in the region close to the
surface and in the liquid front. Silvaand Grifoll (2007) found that the differencesin volumetric liquid content

profilesfor different CITn , are caused by a combination of three factors: (i) a shrinking volume effect due to the

dilution of the incoming mixture caused by the initial pure water in the soil, (ii) differencesin the volatilization
of the mixture, and (iii) changesin viscosity, density and surface tension.

The contribution of (i) cannot exceed 4% of the infiltrated liquid volume for any agueous mixture of methanol,
as calculated from the variation of the liquid density with methanol concentration given by Silva and Grifoll
(2007).

The volume of liquid volatilized to the atmosphere was between 55 and 63% of the infiltrated volume of the
mixture for the three cases. These similar results, independent of the initial concentration, were the consequence
of two processes that compensate each other. First, it was found that more than half of the volatilized volume of
liquid was released to the atmosphere during the infiltration period (first 72 hours), and this amount was higher
for more concentrated infiltrating mixtures. During this period, the intermediate and more concentrated mixtures
flow more slowly than the dilute mixture because of their higher viscosity, and consequently, by remaining close
to the surface for alonger period, undergo a higher volatilization near r = r. within zone B. Secondly, after
infiltration (next 96 hours) the volume of the liquid volatilized was |lower for the more concentrated mixture
largely because of viscosity effects. Once the top-soil became dry enough in zone A, the more concentrated
mixture could not flow upward as fast as the more dilute mixture, because of its higher viscosity.

Viscosity was the concentration-dependent physical property with the greatest impact on the liquid distribution
at the end of the simulation. In order to show that the concentration-dependent viscosity was the single factor
most responsible for the differencesin volumetric liquid content depicted in Fig. 4a-c, a new simulation with
constant viscosity and equal to the pure water viscosity was run for the 90% w/w experiment. The liquid content
distribution at the end of this numerical experiment is shown in Fig. 5, which should be compared with the
volumetric liquid content distribution for non-passive transport (Fig. 4c). As shown in Fig. 5, the constant, lower
viscosity caused lower local volumetric liquid contents, and led to a profile that is similar to the volumetric
liquid content profile obtained for concentration-dependent viscosity with the 50% w/w infiltrating mixture (see
Fig. 4b). This shows that the increased viscosity at the end of the 90% w/w experiment with concentration-
dependent viscosity yields a slower liquid flow, which helps to maintain the large region of high liquid content
depicted in Fig 4-c. In contrast, and in the case of a more concentrated mixture, one could expect a greater
reduction in surface tension to increase the liquid flow, which would in turn decrease the volumetric liquid
contents (Smith and Gillham 1994, 1999). In fact, the corresponding liquid displacement, expressed as the
distance between the mass centers of the moisture and concentration profiles, varied from 3.6 cm for the 5% w/w
mixture to 7.4 cm for the 90% w/w mixture. Nevertheless, Silvaand Grifoll (2007) found that, for 1D non-
passive transport of methanol-water mixtures and a dispersivity of 7.8 cm, the contribution to the matric pressure
gradient caused by changes in the composition of the mixture through its impact on surface tension was small.
Therefore, for the present conditions, the viscosity effect counteracts and exceeds the surface tension effect.

The maximum relative difference in volumetric liquid content found between 5% and 90% w/w profiles was
about 155% at z=1.25 cm, r = 22.2 cm. Additionally, because of the combined effect of volatilization, viscosity
and surface tension dependent flow, and non-ideal mixing, the liquid front position (given by the isovolumetric
curve 4 = 0.128) for the more dilute mixture (5% w/w) advanced almost 7% more than for the more
concentrated one.

Thefinal liquid concentration distributions, shown in Fig. 4d-f, are again mainly the result of the higher liquid
viscosity within the soil as the concentration of the incoming mixture is higher. The lower mobility in the liquid-
phase is partially overcome because methanol is more volatile than water. Note that the gas-liquid partition
coefficient for methanol is between 6 and 10 times higher than for water (Silvaand Grifoll 2007). Moreover, the
soil zone close to the surface becomes drier at higher methanol concentrations, which leads to an increase in the
Kelvin effect, and further promotes the mechanism of gas-phase diffusion. The maximum relative differencein
the normalized methanol concentration between 5% and 90% wi/w profiles was about 173% at z= 2.75 cm,
r=29.8cm.
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Silvaand Grifoll (2007) simulated the 1D non-passive transport of aqueous mixtures of methanol in the same
soil and similar boundary conditions. They found that for 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 mgjor
contribution from gas-phase diffusion near the surface during the volatilization period. As expected, because of
the similarity with the 1D non-passive numerical experiment, at t = 168 h, the predominant mechanismin
methanol transport in the present 2D homogeneous soil simulations was also dispersion in the liquid-phase. The
gas-phase diffusion was not an active mechanism for methanol transport either, except very close to the soil
surface and when the composition of the infiltrating mixture was higher than 50% w/w. In these circumstances
the soil closeto the surfaceis very dry (see Fig. 4b-c) and in this region no mechanism in the liquid-phase can
transport the methanol. Thus, diffusion in the gas-phase is the only active mechanism in thisthin region. In
addition, the methanol concentration gradient that drives the gas-phase diffusion is magnified by the Kelvin
effect, which decreases the concentration of methanol close to the surface as the soil becomes drier.

There were also differences in the shape of the normalized plume of methanol, which consisted of the formation
of a“bump” at adepth that coincided with the center of mass of the concentration distribution (between z= 10
cmand z= 15 cm). This bump extends in the radial direction and was much more pronounced with the more
concentrated mixture (see Fig. 4f). It was demonstrated that the more concentrated mixture flowed more slowly
than the other mixture because of its higher viscosity. Thisled to an increase in the amount of methanol near the
soil surface, which isavailable for volatilization during the infiltration period. On the other hand, because there
were higher concentrations of methanol within the soil in the 90% w/w experiment, and larger concentration
gradients, the transport of methanol by dispersion and convection in the liquid-phase in both the axial and radial
directions was a so higher. Consequently, the “bump” in concentration was formed during the infiltration period
as aresult of abalance between the mechanisms that transport the liquid and methanol upward, because of the
volatilization/evaporation processes, and the mechanisms for methanol transport within the soil.

3.1.3 Liquid-phase velocity field

Fig. 6 shows the liquid-phase vel ocity fields obtained at the end of the simulation for the three infiltrating
mixtures. The first observation isthat liquid flow is higher for the more dilute mixture (5% w/w) and decreases
as the concentration of methanol in the infiltrating mixture increases. The extension of the velocity field clearly
coincides with the advance of the liquid front (Fig. 4a-c), which was previously defined by an isovolumetric
curve at theinitial volumetric liquid content value (4 = 0.128 m*/m®). These significant differencesin the liquid
flux were mainly due to the different viscosity profiles from different compositions of the infiltrating methanol -
water mixture. Higher viscosities reduce the hydraulic conductivity and, according to Eq. (2), yield a slower
liquid flow in both axial and radial directions. Secondly, as the methanol concentration of the infiltrating mixture
is higher the specific discharge of liquid-phase near the soil surface is smaller. This reduction is mainly the
conseguence of the more severe drying in this zone of the soil as the infiltrated mixture contains greater
concentrations of methanol, which reduces the relative hydraulic conductivity and thus, the liquid-phase flow.

3.1.4 Methanol volatilization

As discussed above, the non-passivity in transport of methanol-water mixtures affected the volume of liquid
volatilized to the atmosphere. To analyze these differences in volatilization we used the average volatilization

flux and the accumulated mass rel eased to the atmosphere. The average volatilization flux of component k, NS ,
can be calculated as

—k 1
No =§JN§dS (16)

S

where Sisthe area of the soil that is subject to the boundary condition of volatilization. This areais equa to
7 (Ry-rc) (zone B) during the infiltration period (first 72 h), and equal to 7 Ry* (zones A and B) after infiltration
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(next 96 h). The accumulated mass of component k released to the atmosphere from the beginning of the
numerical experiment to timet can be calculated as

t
MK(t)= SJ Nodt  (17)

0

On the other hand, the mass of component k infiltrated is equal to M* = 7Z'rc20ho C|k’in te. The accumulated mass

of methanol released to atmosphere M™(t), normalized by the corresponding infiltrated mass of methanol M™,, is
shown in Fig. 7 for the three numerical experiments. This figure shows that there is no defined trend in this ratio
as afunction of the infiltrating mixture composition, but the curve for the more dilute mixture lies between the
curves for the intermediate and the more concentrated mixtures. Even the normalized mass of methanol released

to the atmosphere obtained with the 90% w/w mixture is lower than in the other Cmn cases during almost the

whole period of pure volatilization (after 72 h). This apparent contradictory result can be explained by the
influence of Kelvin’s equation on the local volatilization flux of methanol, and consequently, on its average
volatilization flux (Eg. (16)). It has been demonstrated that Kelvin's equation (Eq. (6)) plays an important rolein
solute transport near the soil surface, especially under near dry conditions (Silva and Grifoll 2007). Note that the
local volatilization flux, Ny™, decreases as the methanol concentration and liquid content at the surface decrease.
For 1D non-passive transport, Silva and Grifoll (2007) showed that the local volatilization rate decreases
suddenly because high capillary pressures develop near the surface, which reduce the gas-liquid partition
coefficient according to the exponential term in Eq. (6) (Kelvin effect). At high infiltration concentrations of
methanol, volatilization rates are higher. This leadsto high capillary pressures and, therefore, to adecrease in the
local volatilization flux. In the present 2D situation, similar behavior was observed. First, for t < t., methanol
volatilizesin zone B closetor = r.. During this period, in which zone A is under infiltration, the infiltrated liquid
easily enters zone B, close to the surface, where high liquid content (absence of Kelvin effect) and high methanol
concentration lead to the high volatilization rates (see Fig. 7 for t < t.). The relative methanol volatilization rate

can be expected to increase as the methanol concentration in the infiltrating mixture increases (see Fig. 7 for
m m

i 1in = 90% w/w, which shows relative volatilization

= 5 and 50% w/w). However, thistrend is broken for C
rates close to the case for "},
viscosity for such a highly concentrated mixture, which reduces the liquid’ s ability to spread radially and reach
the surface of zone B to undergo volatilization. Once the infiltration period has ceased (t > t.), there is a short
period of time (approximately fromt = 72 tot = 76 h) in which the volatilization rates increase in al numerical
experiments because evaporation takes place in zone A, which was under infiltration for t < t.. After this short
period, the volatilization rate decreases gradually, since methanol must reach the surface from a progressively

greater depth. The lowest relative volatilization rate again corresponds to the experiment with C"\ = 90% w/w,

l,in
because the high viscosity of the mixture reduces the liquid mobility. At the end of the simulation, the
percentages of the infiltrated mass of methanol that is released to the atmosphere are about 56%, 60% and 51%

for C;', = 5% wiw, 50% w/w and 90% wi/w, respectively.

= 5% w/w whent < t.. Thisreduction in the volatilization rate is due to the high

3.2 Test case 2: Heterogeneous soil

Itiswell known that structures of different scales, such as sand lenses within a main soil matrix of a different
texture, can significantly influence multi-phase flow and transport (Walker et al. 1998; Hofstee et al. 1998;
Taylor et al. 2001; Rathfelder et a. 2001; Oostrom et a. 2003; Taylor et al. 2004; Braun et al. 2005).
Accordingly, in the second case study three additional simulations were run in order to illustrate the non-passive
transport behavior of aqueous methanol mixtures in a heterogeneous soil. The same aqueous mixtures of
methanol (5%, 50% and 90% w/w) were tested in this case study, and the simulations were repeated considering
the same infiltration/volatilization event described in the homogeneous case. Following a similar configuration
studied in previous experimental and theoretical works (Walker et al. 1998; Hofstee et al. 1998; Taylor et al.
2001; Rathfelder et al. 2001; Oostrom et al. 2003; Taylor et al. 2004; Braun et al. 2005), we consider here that
the soil is composed of a clay lens embedded in a main matrix of sandy clay loam texture. The clay lenswas a
cylinder 0.25 minradius and 0.1 m thick. This block islocated at the center of the domain, 0.1 m below the sail
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surface (see Fig. 2b). In order to account for this particular heterogeneous configuration, the soil-water retention
function and the hydraulic conductivity were made location dependent: i.e. they are evaluated using the
hydraulic properties (BC and RN parameters) specific for each soil texture.

In order to make comparisons on the same basis, it must be assumed that the initial mass of water in the soil is
the same for both the homogeneous and heterogeneous soils. Therefore, in the heterogeneous soil, rather than an
initial distribution of matric pressure, we have actually assumed that initially there is a uniform volumetric liquid
content throughout the soil, by imposing different matric pressuresin the main sandy clay loam matrix (-100 m)
and in the clay lens (-1490 m). It is noteworthy that, in the heterogeneous soil simulations, matric pressure
continuity was specified at the faces of adjacent cells of different texture, to ensure the continuity in the liquid-
phase flux at these boundaries.

Fig. 8 shows the volumetric liquid content (Fig. 8a-c) and normalized concentration (Fig. 8d-f) profiles at the
end of the numerical experiment (t = 168 h) for the three infiltrating mixtures tested. Asin Test case 1, the

methanol concentration was normalized with respect to CITn in order to emphasize the non-passive transport

behavior (Silvaand Grifoll 2007). From thisfigure it is evident that the non-passive transport of agueous
mixtures of methanol in a heterogeneous soil |eads to significantly higher differencesin both the liquid content
and normalized concentration profiles than in the homogeneous soil. Thisin principle was an expected result,
because the soil geometry assumed in this test case enables a higher variability of the liquid-phase velocity,
which at the same time isinfluenced by and is responsible for the non-passivity.

Although only results at 168 h are shown here, we found that during infiltration the liquid mixture floods the top
of the clay lensto some extent and flows over it. This was because during infiltration the lower intrinsic
permeability of the lens resulted in a smaller flow velocity than in the background material. Hence, the main
direction of the flow changed from the vertical to the horizontal direction.

3.2.1 Liquid content and methanol concentration distributions

The same analysis of section 3.1 can be used to describe the non-passive transport behavior of aqueous mixtures
of methanol in the heterogeneous soil. Similar conclusions can be drawn about the consequences of non-
passivity on small scales: i.e. the differences in both volumetric liquid content and normalized concentration
profiles separately developed within the clay lens and in the sandy clay |oam background matrix.

For the threeinfiltrating mixtures, volatilization was higher than in the homogeneous soil, because during
infiltration the clay lens acted as a capillary barrier that kept the methanol closer to the surface. Anincreasein
the lateral flow was promoted by the clay lens, which enhanced the processes of evaporation and volatilizationin
zone B during the infiltration period. Fig. 8a-c shows that the drying process of the top soil was more severein
the infiltration of 90% w/w mixture. Although the volume of liquid released to the atmosphere was higher for
this heterogeneous configuration than in the homogeneous soil, comparison of Fig. 4a-c and Fig. 8a-c shows that
the volume of liquid within the region occupied by the clay lens at the end of the simulation was also higher.

For the heterogeneous soil system, the impact of concentration-dependent viscosity on liquid flow had similar
conseguences to those found in the homogeneous soil simulation. Fig. 8a-c clearly shows that the more dilute
mixture (5% w/w) flowed faster through both the clay lens and background material. Because of its lower
viscosity the lateral flow was larger. As shown in Fig. 9a, this permitted the liquid front (defined by a moisture
content contour of initial liquid content) to advance also vertically around the clay lens, and even to surpass the
depth of its bottom boundary (z= 0.2 m) within the background matrix. The maximum relative differencein
volumetric liquid content established between 5% and 90% w/w profiles for the heterogeneous configuration
was about 142%.

The differencesin normalized concentration profiles shown in Fig. 9d-f were much higher than in the
homogeneous soil. The maximum relative difference in the normalized methanol concentration between 5% and
90% w/w profiles was about 275% at z=19.25 cm, r = 29.8 cm. At the end of simulation, the methanol transfer
limitations from inside the soil to the surface were even larger than in the homogeneous soil for the more dilute
mixtures, because of the larger reduction in methanol concentration above the clay lens (first 10 cm adjacent to
the soil surface). At the end of simulation (t = 168 h) the lower methanol concentrations above the clay lens
slightly decreased the concentration gradients compared to the homogeneous soil situation, and the more severe
drying of the top soil decreased the relative permeability and, therefore, the liquid-phase flux within this zone.
Hence, the main transport mechanisms of methanol —globally dominant dispersion in the liquid-phase and
locally dominant gas-phase diffusion near the top soil— were less important than in the homogeneous soil. The
differences in the normalized concentration of methanol within the clay lens for the various numerical
experiments were caused mainly by differencesin the liquid-phase velocity as the result of the effect of viscosity
on the unsaturated hydraulic conductivity: infiltration of a more concentrated solution yields a more viscous
mixture within the clay lens, which leads to alower radial and vertical flow in thisregion. Asin the
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homogeneous soil, the infiltration of the 90% w/w mixture for the heterogeneous configuration led to the
formation of a bump of methanol concentration (Fig. 8f). Thisirregularity was developed around and above the
upper right corner of the clay lens.

3.2.2 Methanol volatilization

In addition to an increase in the volatilization of the mixture due to the presence of the clay lens, there were no
significant changes in the behavior of the fraction of infiltrated mass of methanol that is released to the
atmosphere compared to the homogeneous soil. Fig. 9 shows the evolution of the ratio M™(t)/M™,;, for the
heterogeneous configuration. At the end of the ssimulation, the percentages of infiltrated mass of methanol

released to the atmosphere were about 65%, 71% and 59% for Clr?n = 5% w/w, 50% w/w and 90% wiw,

respectively. In other words, in all cases, the soil heterogeneity increased the volatilized mass of methanol by
about 9% compared to the released mass obtained in the homogeneous soil. Despite this increase, the
mechanisms responsible for the behavior of the methanol release rates are still the same as the ones described in
section 3.1 for the homogeneous soil. The two main mechanisms were: the impact of Kelvin's equation (6) on
the local and average volatilization fluxes of methanol (Egs. (9) and (16)), caused by the drying of the soil
surface, and the viscous effect of the more concentrated mixture, which reduces the mobility of the liquid so it
cannot reach the surface in the zones where it volatilizes (zone B during infiltration, zones A and B after
infiltration). Asin the homogeneous soil, for t > t., there is a short period of time in which the volatilization rates
increase in all numerical experiments because volatilization/evaporation takes place in zone A. The faster drying
process and the higher viscosity had a greater impact on the volatilization of the more concentrated infiltrating
mixture than in the homogeneous soil.

3.3 Sensitivity to dispersion analysis

Because the non-passive transport of alcohol-water mixtures in the vadose zone involves concentration-
dependent properties, dispersivity has a direct effect on simulations (Smith and Gillham 1994, 1999; Henry et a.
2001, 2002; Silvaand Grifoll 2007). Results obtained in the previous section, specially for the homogeneous
case and the more dilute mixtures, appear to be inconsistent with the experimental and modeling observations of
Smith and Gillham (1999), Henry and Smith (2002) and Henry et al. (2002). Unlike our simulations, which
predict amain flow mechanism driven by the capillary component due to variationsin liquid content and due to
the effect of composition on the viscosity of the liquid mixture, these authors have observed a significant impact
of the concentration-dependent surface tension on unsaturated flow. This discrepancy may be because our

dispersivity value was relatively high (., = 7.8 cm), which caused the solute front to be highly dispersed and

substantially reduced the impact of the solute concentrations on unsaturated flow, especialy in the case of low-
concentration infiltrating mixtures. Nevertheless, it should be noted that the increase in the matric pressure due
to the reduction in the surface tension in accordance with the scaling proposed by Leverett (1941) (Eqg. (15)) is
more pronounced for butanol aqueous solutions than for agqueous mixtures of methanol (Smith and Gillham
1994). In addition, the experiments and simulations carried out by Smith and Gillham (1994, 1999), Henry and
Smith (2002), Henry et al. (2002) and Henry and Smith (2006) involved pure infiltration scenarios, unlike our
simulations, which include infiltration and volatilization of the mixture. So, in order to demonstrate the
sensitivity of the results to dispersion, we repeated the simulation with alongitudinal dispersivity value of 1.0
cm, in both the homogeneous and heterogeneous cases and the composition mixture 90% w/w, for which more
noticeabl e non-passive effects are expected.

Henry et al. (2002) found that their results were dependent on the longitudinal dispersivity used in the
simulations. Although they only showed simulation results obtained with alongitudinal dispersivity of 1.0 cm,
they clearly stated that at higher dispersivities, concentration gradients within the solute front were less sharp and
resulted in smaller capillary pressure gradients near the front. On the contrary, longitudinal dispersivity values
below 1.0 cm caused sharper surfactant-induced capillary pressure gradients. In the present simulations, the
effect of an increase in the capillary pressure gradients due to a decrease in the longitudinal dispersivity was
more pronounced than that obtained by Henry et al. (2002), because of the drying of the surface in the zone B
during infiltration, and also because of the presence of the clay lensin the heterogeneous soil.
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Fig. 10 shows the volumetric liquid content and normalized concentration profiles obtained at the end of the
simulation with ¢, = 1.0 cm and Cmn = 90% w/w in the homogeneous soil experiment, whereas Fig 11 shows
the results for the same numerical experiment in the heterogeneous case.

For the homogeneous soil (see Fig 10b) and alongitudinal dispersivity of 1.0 cm, the solute front is more
retarded than the liquid front (Fig. 10a), when «; = 7.8 cm. The zone delimited by the liquid front encompasses

avery concentrated region above a more diluted one. At lower dispersivity the concentration profile presents a
sharp variation, so the concentration gradient at the solute front was higher. This concentration gradient
increased the liquid fluxes, as can be deduced from Egs. (2) and (15). As shown in Fig. 10b, very high
concentrations of methanol still remain at t = 168 h. Note that the viscosity of the liquid mixture is a concave

function of the concentration that reaches a maximum at about Clm =392 kg/m? (Silvaand Grifoll 2007). A
simulation with &, = 7.8 cm | ed to concentrations close to this maximum viscosity. Because the simulation with

o, = 1.0 cm resulted in higher concentrations within the soil, the viscosity of the liquid mixture was lower.
Therefore, the less viscous flow added positively to the impact of surface tension on liquid flow, which caused a
larger displacement of the liquid and led to lower local volumetric liquid contents than when «; = 7.8 cm (see

Figs. 4c and 124). As a conseguence, the liquid front advanced about 4% more than in the simulation with a
longitudinal dispersivity of 7.8 cm.
On the other hand, because higher concentrations of methanol were available near the surface during the

simulation when ¢ = 1.0 cm, the volatilization of methanol was higher. Note that the more severe drying

promoted by high concentrations of methanol close to the surface induced alarger reduction on the local
volatilization fluxes, according to Kelvin's equation (6). Hence, the rate of accumulated volatilization of
methanol decreased significantly. Despite this reduction, the percentage of the infiltrated mass of methanol that

volatilizes to the atmosphere at the end of the simulation increased from 51%, for o, = 7.8 cm, to 54%, for

api =10cm.

It is noteworthy that with alower dispersivity, convection in the liquid-phase was the overall predominant
mechanism that drove the methanol transport. Also, due to the greater drying of the soil surface, the gas-phase
diffusion of methanol was more active near the surface than with a dispersivity of 7.8 cm.

The effect of lower dispersivity on the non-passive transport of a concentrated aqueous mixture of methanol

(Cmn = 90% w/w) in the heterogeneous soil is shown in Fig. 11. Comparing the volumetric liquid content

profilesin Figs. 8c and 11a, we observe that for ¢, = 1.0 cm the liquid has occupied more distant zones both

vertically and radially. Thisincrease in mobility is due to the effect of surface tension, which increases the
matric pressure gradient and thus the specific discharge. Note that the very highly concentrated zone above the
clay lens creates a less viscous flow that further increases the surface tension-induced upward flow caused by the
high concentration gradients in this region. On the contrary, methanol concentrations within the clay lens were

higher than when «; = 7.8 cm, and they were in the range of increasing viscosity as well. However, the more
viscous flow was insufficient to counteract the surface tension-induced flow caused by the higher concentration
gradients developed for &, = 1.0 cm. Asin the homogeneous soil, for this value of dispersivity the volatilization

of methanol increased from 54% when e, = 7.8 cm to 64% for «; = 1.0 cm. Nevertheless, unlike the
homogeneous soil experiment with alower dispersivity, at the end of the heterogeneous soil simulation with
o, = 1.0 cm, dispersion in the liquid-phase was again the overall predominant methanol transport mechanism.

This was due to the clay lens, and the more severe drying of the top soil caused an increase in the concentration
gradients above the lens. Diffusion of methanol in the gas-phase was again more active in the top soil than with
the dispersivity set to 7.8 cm, because of the greater drying of the surface promoted by the clay lens and higher
methanol concentrations.

4 Conclusions

The unsaturated flow and non-passive transport model for water-soluble organic compounds previously
developed by Silvaand Grifoll (2007) was implemented in cylindrical coordinates with atop boundary condition
that accounts for different zones of the soil surface under infiltration or volatilization. The model has been used
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to illustrate the infiltration, redistribution and volatilization/evaporation of methanol-water mixtures both into 2D
homogeneous and heterogeneous unsaturated soils. Simulation scenarios of this study involved infiltrating three
agueous sol utions of methanol with compositions 5%, 50% and 90% w/w into a homogeneous sandy clay loam
soil and a heterogeneous soil consisting of a clay lens embedded in a background material of sandy clay loam
texture.

The main properties influenced by the mixture composition were: (a) the viscosity and surface tension, which
directly affected the liquid flow; (b) the density that led to the non-ideal mixing of the inlet mixture with the
initial soil moisture; and (c) the gas-liquid partition coefficients, which had a significant impact on the mass
transfer limitations from inside the soil to the surface and, consequently, on the overall volatilization rates.

For a saturated dispersivity of 7.8 the predominant mechanism that drives the transport of methanol was
dispersion in the liquid-phase, with locally dominant gas-phase diffusion close to the soil surface. Under these
circumstances, the more dilute infiltrating mixtures flowed faster because they were less viscous. On the
contrary, more concentrated infiltrating mixtures moved more slowly and consequently took much longer to
reach the zones of the soil surface where volatilization occurs (zone A, during infiltration; zones A and B, after
that). Because Kelvin's eguation decreased the gas-liquid partition coefficients and directly influenced the local
volatilization fluxes of methanol and evaporation of water, the fraction of infiltrated mass of methanol that was
released to the atmosphere was affected much more in the case of more concentrated infiltrating mixture. At the
end of the simulation, there was a maximum difference of almost 10% in the volatilized mass of methanol
between the intermediate and more concentrated mixtures. For homogeneous soil experiments, the relatively
large dispersivity at saturation reduced the impact of concentration on the flow induced by changesin surface
tension.

Heterogeneity was a key factor that favored the non-passivity in the transport of aqueous mixtures of methanol.
Differencesin volumetric liquid content and normalized concentration of methanol became more pronounced
during non-passive transport in a heterogeneous soil. The clay lens embedded in the sandy clay loam matrix
acted as a capillary barrier that caused the mixture to be close to the surface for alonger time during infiltration,
and retained large amounts of liquid within it during the pure volatilization period. The lens also promoted the
development of important concentration gradients during the infiltration and redistribution of more concentrated
mixtures, which increased the matric pressure gradients due to changes in composition. Consequently, this
yielded higher surfactant-induced fluxes than in the homogeneous case.

The analysis of the sensitivity of results to dispersion showed that for lower dispersivities, convection in the
liquid-phase was more active than dispersion for methanol transport in the homogeneous soil experiment and the
90% w/w mixture, for which non-passivity was more noticeable. On the contrary, for the heterogeneous soil
simulation, dispersion in the liquid-phase was again the dominant transport mechanism, since the clay lens and
the greater drying of the soil surface increased the concentration gradients above the lens.
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Figure captions

Fig. 1 General diagram of the cylindrical coordinate system with initial and boundary conditions.

Fig. 2 Model domain with boundary and initial conditions for (a) homogeneous soil, and (b) heterogeneous sail.

Fig. 3 Dependency of the concentration (&) and liquid content (b) at surface on the grid spacing Az. Simulations
with N, =52 and At = 160 s.

Fig. 4 Infiltration, redistribution and volatilization of three methanol-water mixtures into a homogeneous soil.
Simulation results after 168 hours and a dispersivity of 7.8 cm. Volumetric liquid content profiles for (a) 5%
w/w mixture. (b) 50% w/w mixture. (c) 90% w/w mixture. Normalized concentration profiles for (d) 5% w/w
mixture. (€) 50% w/w mixture. (f) 90% w/w mixture.

Fig. 5 Volumetric liquid content profile obtained at the end of simulation for homogeneous soil and the 90% w/w
mixture with constant viscosity.

Fig. 6 Liquid-phase velacity fields for Test case 1. homogeneous soil. (a) 5% w/w mixture. (b) 50% w/w
mixture. (c) 90% w/w mixture.

Fig. 7 Evolution of normalized mass of methanol released to the atmosphere in Test case 1. homogeneous soil.

Fig. 8 Infiltration, redistribution and volatilization of three methanol-water mixtures into a heterogeneous soil.
Simulation results after 168 hours and a dispersivity of 7.8 cm. Volumetric liquid content profilesfor (a) 5%
w/w mixture. (b) 50% w/w mixture. (c) 90% w/w mixture. Normalized concentration profiles for (d) 5% w/w
mixture. (€) 50% w/w mixture. (f) 90% w/w mixture.

Fig. 9 Evolution of normalized mass of methanol released to the atmosphere in Test case 2: heterogeneous soil.

Fig. 10 Infiltration of a mixture with composition C;;," = 90% wi/w, into a homogeneous soil with a dispersivity
of 1.0 cm. Results after 168 hours of simulation. (a) Volumetric liquid content. (b) Normalized concentration of
methanol. (¢) Liquid-phase velocity field.

Fig. 11 Infiltration of a mixture with composition C;;," = 90% wi/w, into a heterogeneous soil with a dispersivity
of 1.0 cm. Results after 168 hours of simulation. (a) Volumetric liquid content. (b) Normalized concentration of
methanol. (c) Liquid-phase velocity field (the rectangle defines the boundaries of the clay lens).
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Table 1 Simulation conditions and hydraulic soil properties

Simulation conditions

Sail types sandy clay loam (SCL), clay (C)
Soil depth (m) 0.5
Sail radius (m) 0.5
Initial pressure head (M), P ini -100 (SCL), -1490 (C)
Infiltration rate (cm/h), o 0.3
Total time of simulation (h) 168
Initial period of infiltration (h) 72
Dispersivity at saturation (cm), oy;° 78,10
2Atmosphere side mass transfer coefficient for methanol (kg/m? s), ko™ 3.5x10°
2Atmosphere side mass transfer coefficient for water (kg/m? s), ko 4.0x10°3

Hydraulic soil properties
Sail type sandy clay loam clay
PSoil porosity, & 0.33 0.385
PResidual water content, 6, 0.068 0.09
PBrooks-Corey parameter, 1 0.25 0.131
PBubble pressure, Py, (Pa) 2754 3658
PHydraulic saturated conductivity, Ks (cnm/h) 0.43 0.06
“Volumetric liquid content at junction, ai 0.1415 0.3205
“Rossi-Nimmo parameter, gy 0.0557 0.0784

4Calculated according to Brutsaert (1975) assuming awind velocity of 2 m/s and a surface roughness length of 1 cm.

PFrom Rawls and Brakensiek (1989).
“Calculated according to Morel-Seytoux and Nimmo (1999).
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