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ABSTRACT
Dissolved organic contaminants that decrease the surface tension of water (surfactants)
can have an effect on unsaturated flow through porous media due to the dependence of
capillary pressure on surface tension. One and two-dimensional (1D, 2D) laboratory
experiments and numerical simulations were conducted to study surfactant-induced
unsaturated flow. The 1D experiments investigated differences in surfactant-induced flow
as a function of contaminant mobility. The flow in a system contaminated with a high
solubility, mobile surfactant, butanol, was much different than in a system contaminated
with a sparingly soluble, relatively immobile surfactant, myristyl alcohol (MA). Because
surface tension depression caused by MA was confined to the original source zone, the
MA system was modeled using a standard unsaturated flow model (HYDRUS-1D) by
assigning separate sets of hydraulic functions to the initially clean and source zones. To
simulate the butanol system, HYDRUS-1D was modified to incorporate surfactant
concentration-dependent changes to the moisture content-pressure head and unsaturated
hydraulic conductivity functions. Following the 1D study, a two-dimensional flow cell

(2.4 x 1.5 x 0.1 m) was used to investigate the infiltration of a surfactant contaminant
plume from a point source on the soil surface, through the vadose zone, and toward a
shallow aquifer. Above the top of the capillary fringe the advance of the surfactant
solution caused a drainage front that radiated from the point source. Upon reaching the
capillary fringe, the drainage front caused a localized depression of the capillary fringe
and eventually a new capillary fringe height was established. Horizontal transport of
surfactant in the depressed capillary fringe caused the propagation of a wedge-shaped
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drainage front in the downgradient direction. The numerical model HYDRUS-2D was
modified to account for surfactant concentration-dependent effects on the unsaturated
hydraulic functions and was successfully used to simulate the surfactant infiltration
experiment. The extensive propagation of the drying front and the effect of vadose zone
drainage on contaminant breakthrough time demonstrate the potential importance of
considering surface tension effects on unsaturated flow and transport in systems
containing surface-active organic contaminants or in systems where surfactants are used
for remediation of the vadose zone or unconfined aquifers.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1

Introduction
Organic compounds that reduce the surface tension of water are referred to as

surfactants (SURFace ACTive ageNTS). Surfactants are becoming increasingly popular
for use in subsurface remedial schemes. In addition to the commercial surfactants used
for subsurface remediation, a wide variety of other organic compounds, including
alcohols, acids, amines, esters, aliphatics, aromatics, and humic substances, can reduce

the surface tension of water (e.g., Blank and Ottewill, 1964; Karkare et al., 1993;
Anderson et al., 1995). Because of the variety and popularity of surfactants, studies to
improve our understanding of the effect of surfactants on unsaturated flow and transport

are merited.
The primary impact of surfactants on unsaturated flow in soils is through the
dependence of capillary pressure on surface tension. Because capillary pressure is a
function of surface tension, surfactant-induced reductions in surface tension can cause
proportional decreases in capillary pressure. The surfactant-induced changes in capillary

pressure result in modifications of the moisture content-pressure head relationship
(Salehzadeh and Demond, 1994; Smith and Gillham, 1994, 1999; Lord et al, 1997, 2000;
Dury et al., 1998). As a result, capillary pressure gradients can exist between surfactant-

free and surfactant-contaminated zones in unsaturated porous media.
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1.2 Experimental studies of surfactant-induced flow
Capillary pressure gradients caused by surfactant concentration gradients can be
sufficient to cause unsaturated flow perturbations. For example. Tschapek and Boggio
(1981) found that the presence of a sparingly soluble surfactant, myristyl alcohol (MA) ,
in one half of a homogeneous, uniformly-wetted, closed, horizontal, unsaturated sand
column resulted in flow from the surfactant-containing side of the column to the side that
contained no surfactant. Karkare and Fort (1993) also performed closed column
experiments using MA and concluded that the observed flow was due to capillary
pressure gradients caused by surfactant-induced surface tension gradients between the
two halves of the column. Karkare et al. (1993) applied the same technique to study the
ability of 33 surfactants to induce water movement in unsaturated porous media and
found that, in order for surfactants to be effective at moving water, "they must be waterinsoluble and must form a condensed solid film at their equilibrium spreading pressure".
Because the surfactants that were effective water movers were insoluble and only caused
significant reductions in surface tension at concentrations near those required to form a
condensed monolayer, the region of depressed surface tension remained confined to the
original surfactant source zone. This resulted in a relatively sharp moisture content
transition between the surfactant-containing half of the column, which experienced
drainage, and the surfactant-free half, which experienced wetting.
Smith and Gillham (1999) studied the effects of a surface-active solute, 1-butanol, on
unsaturated flow and transport. In contrast to the insoluble surfactants that Karkare et al.
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(1993) found were effective water movers, dissolved butanol is highly soluble and causes
large changes in surface tension over a range of concentrations up to its solubility limit.
Smith and Gillham (1999) applied 7% butanol solution at the constant flux upper
boundary of a 2 m vertical sand column with a water table lower boundary. As the
butanol solution passed through the column, large changes in moisture content and
pressure head were observed. The changes were a direct result of capillary pressure
gradients caused by surfactant concentration-dependent surface tension variations.
Because of solute dispersion, point measurements of moisture content and pressure head
displayed a relatively gradual, rather than sharp, change as a function of time.
Part of the work presented in this dissertation is a result of contradictions I noticed
between the results of Karkare et al. (1993) and Smith and Gillham (1999). Karkare et al.
(1993) concluded that only insoluble surfactants which formed solid monolayers were
effective at moving water. Their results show that surfactant-induced water movement in
systems contaminated with insoluble surfactants resulted in a sharp moisture content
gradient between the wetted and drained regions. Seemingly in contrast to the results of
Karkare et al. (1993), Smith and Gillham (1999) found that a soluble surfactant, butanol,
was capable of causing dramatic surfactant-induced flow perturbations and that the
moisture content gradient had a 'dispersed' shape to it.
To study the effect of solubility on surfactant-induced flow I performed closed,
horizontal, unsaturated flow column experiments using two surfactants of different
solubilities. One half of each column was pre-wetted (but unsaturated) with either
myristyl alcohol (MA) or 7% (w/w) butanol solution and the other half was pre-wetted
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with pure water. Though MA and 7% butanol cause approximately the same reduction in
the surface tension of water. surfactant-induced flow in the MA and butanol columns
resulted in significantly different moisture content profiles. In the MA columns there was
a sharp moisture content transition between the wetted and drained areas because the
region of surfactant depressed surface tension remained confined to the initial source
zone. However, a gradual moisture content transition was seen in the butanol columns
because dissolved butanol was readily transported with the bulk water flow that was
caused by surfactant-induced capillary pressure gradients. The amount of liquid
movement observed in the butanol columns was within the range of behavior that
Karkare et al. (1993) found to be characteristic of effective water moving surfactants.
Thus, in contrast to the results of Karkare et al. (1993), my 1D experimental results
indicate that soluble surfactants can indeed be effective water movers. The experimental
results and analyses are included in this dissertation as Appendix A.
There have also been observations of surfactant-induced flow perturbations in twodimensional (2D) experimental systems. Walker et al. (1998) applied surfactant solution
on the soil surface of a 2D flow cell and noted the 'spontaneous' spreading of surfactant
solution as it passed from an unsaturated coarse sand layer into an underlying, higher
moisture content, fine sand layer. In addition, drainage of the previously tension-saturated
region of the fine sand occurred. The drainage was a result of a surfactant-induced
decrease in the air entry value for the fine sand when it was wetted with surfactant
solution, rather than water. The surfactant-induced decrease in the air entry value caused
a depression of the capillary fringe height from about 20 cm to about 4 cm (Walker et al.,
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1998). Capillary fringe depression was also seen in the 1D column experiment of Smith
and Gillham (1999) and in other 2D systems (Jawitz et al.. 1998; Chevalier et al., 1998).
Though the 2D experimental studies described above provide additional evidence of
surfactant-induced flow effects in unsaturated porous media, the experiments were
generally not specifically designed to examine surfactant effects on unsaturated flow and,
as a result, the 2D studies do not provide much insight beyond that gained from the 1D
studies. In order to assess the importance of surfactant effects on larger-scale flow and
transport processes, I conducted a 2D laboratory experiment that was specifically
designed to study the effects of a surfactant on flow and transport in an unconfined
aquifer with ambient groundwater flow. Surfactant solution (7% butanol) was applied at a
constant rate at a point source on the soil surface. This scenario was chosen to represent
either the infiltration of a surface-active contaminant plume or the infiltration of a
surfactant solution for remediation of the vadose zone. The results of my 2D work
indicate that surfactants can have a significant effect on both flow and transport in a
shallow unconfined aquifer. The 2D experimental results are presented in Appendix C of
this dissertation.

1.3

Numerical models of surfactant-induced flow
Numerical modeling of unsaturated flow and transport in systems contaminated with

surfactants has been limited. This is primarily due to: 1.) the complexity of modeling
systems in which flow and transport are coupled, and 2.) the lack of experimental data for
model verification. Smith and Gillham (1994) presented a non-hysteretic, 1D numerical
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model that accounted for surfactant concentration-dependent surface tension effects.
Concentration-dependent viscosity effects were later added and Smith and Gillham
(1999) used the model to simulate their 7% butanol column experiment, which is
described above. Because flow and transport are coupled in systems with surfactant
concentration-dependent flow, Smith and Gillham (1994. 1999) simulated the effects
caused by dissolved butanol by solving the flow and transport equations within the same
loop during each time step.
Most unsaturated flow and transport models do not incorporate concentrationdependent surface tension and viscosity effects and would typically be incapable of
simulating surfactant-induced flow perturbations. However, I realized that the flow
observed in my closed, horizontal column experiments that used the insoluble surfactant
myristyl alcohol (MA) could be amenable to simulation with standard models. Because
MA is insoluble, it is essentially immobile and the zone of surfactant-induced surface
tension reduction remained confined to the original surfactant source zone in the
experiments. To simulate the MA column experiments, I used the 1D, hysteretic,
unsaturated flow and transport model HYDRUS 5.0 (Vogel et al., 1996). HYDRUS 5.0
does not incorporate concentration-dependent surface tension or viscosity effects. I
addressed surfactant effects by assigning separate hydraulic properties (i.e., moisture
retention functions) to the surfactant-free and surfactant-containing halves of the column.
That is, the homogeneous experimental sand column was modeled as two column halves
with different retention properties. The effects of viscosity and hysteresis were not
simulated. This approach was successful for simulating flow in columns containing MA
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but was not successful for simulating flow induced by the soluble surfactant butanol. The

1D simulations are given along with the experimental data in Appendix A.
In order to simulate flow in my butanol experiments. I modified HYDRUS 5.0 to
account for concentration-dependent surface tension and viscosity effects on the
hydraulic properties. HYDRUS 5.0, like most flow and transport models and, in contrast
to the model of Smith and Gillham (1994, 1999), solves first for flow and then calculates
solute transport. Despite this difference, the modified HYDRUS 5.0 model was capable
of simulating flow in the butanol experiments. In addition, I applied the model to evaluate
the importance of hysteresis and dispersivity on surfactant-induced flow perturbations in
unsaturated porous media. Both hysteresis and dispersivity were found to be important
factors for accurately modeling the flow behavior in my butanol experiments, as they
were in the study of Smith and Gillham (1999). The 11) hysteretic simulation results and
analyses are presented in Appendix B.
My 1D modeling efforts validated a technique for incorporating surfactant-induced
flow effects into standard unsaturated flow models. I applied the same technique to
incorporate surfactant effects into the hysteretic, 2D, variably-saturated flow and
transport model HYDRUS-2D (Simunek et al., 1999). I then used the modified

HYDRUS-2D model to simulate my 2D butanol experiment, which is presented in
Appendix C. There are apparently no other simulations of 2D surfactant-induced flow
perturbations in unsaturated (air-water) systems. Similar effects occur in other systems
and appropriate models exist for them. For example, HYDRUS-2D (Simunek et al.,

1999) and a number of other models can account for temperature effects on flow that
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result from temperature-induced modifications to surface tension and viscosity.
Theoretical development and a numerical model for the fate and transport of volatile
organic chemicals in unsaturated, non-isothermal, salty porous media have been
presented (Nassar and Horton. 1999; Nassar et al.. 1999). There are also other numerical
models that can simulate surfactant flushing in multiphase systems [e.g., STOMP (White
and Oostrom, 1996) and UTCHEM (Delshad et al., 1996)], but to my knowledge these
models have not been applied to surfactant effects in air-water systems. Therefore, the 2D
simulations that are presented in Appendix D of this dissertation are the first 2D
simulations of surfactant-induced flow perturbations in unsaturated porous media.

1.4 Dissertation Format
This dissertation consists of four manuscripts prepared for publication in peerreviewed scientific journals. The manuscripts are included as Appendices A, B, C, and D.
Two of the manuscripts have been published (Henry et al., 1999, 2001), one has been
accepted for publication (Henry and Smith, 2001), and the other manuscript has been
submitted for review.
I was introduced to the topic of surfactant effects on variably-saturated flow by my
advisor James E. Smith. During my review of the literature, I noticed that there are
fundamental differences between the flow behavior in one-dimensional (1D) experiments
that use a sparingly soluble surfactant (myristyl alcohol) and the behavior in experiments
that use a highly soluble surfactant (butanol). These observations led me to perform the
1D experiments and numerical modeling presented in the papers in Appendices A and B.
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Dr. Smith designed the two-dimensional (2D) experiments presented in Appendix C.
However, I setup and fully calibrated the experimental apparatus, performed the 2D
surfactant experiments, and fully analyzed and presented the experimental results. The
2D simulations presented in Appendix D were my own work. I modified Hydrus 2D,
performed the simulations, and analyzed and presented the results. Throughout my Ph.D.
research and during the production of the papers included here. Drs. James Smith and
A.W. Warrick provided encouragement and technical and editorial advice.
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CHAPTER 2
PRESENT STUDY

The methods, results, and conclusions of this research are presented in the papers
appended to this dissertation. The following is a summary of the most important findings
of this research.

2.1

Summary
My Ph.D. research has involved one and two-dimensional (1D and 2D) experimental

and modeling studies related to the effect of surface-active organic contaminants on flow
and transport in variably saturated porous media. The 1D, closed, horizontal, unsaturated
flow experiments presented in Appendix A demonstrate that, contrary to the results
presented by Karkare et al., 1993, soluble surfactants can induce significant flow in
unsaturated porous media because of their influence on capillary pressure. Two distinctly
different types of surfactant-induced flow behavior were identified. The flow behavior
depends on the solubility and concentration-dependent nature of the surfactant. In
systems contaminated with an insoluble surfactant, such as myristyl alcohol, which only
causes significant decreases in surface tension at concentrations near those required for
monolayer coverage of the air-water interface, the zone of surface tension depression
remains essentially confined to the original surfactant source zone and a sharp moisture
content transition occurs between wetted and drained regions. High solubility surfactants
that depress surface tension as a function of concentration cause a more gradual moisture
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content transition between wetted and drained regions. I have demonstrated a technique
for applying standard unsaturated flow models to the simulation of surfactant-induced
flow by applying separate hydraulic functions to the surfactant source zone and the clean
zone (see Appendix A). The technique is successful for simulating flow in systems
contaminated with low mobility surfactants because the region of surface tension
depression remains confined to the original source zone. The technique cannot accurately
simulate flow in systems contaminated with soluble surfactants because the model does
not account for changes in the hydraulic properties as surfactant solution moves into
regions that were previously uncontaminated.
Previous studies (Smith and Gillham, 1999) indicated the importance of accounting
for hysteresis in the hydraulic functions when modeling transient flow in unsaturated
systems contaminated with surface-active organics, though no hysteretic simulations
were reported. I modified the 1D, hysteretic, variably-saturated flow and transport model

HYDRUS 5.0 so that the model accounted for the concentration-dependent effects of
dissolved organics on surface tension and viscosity. The hysteretic model was used to
simulate my 1D experiments with the high solubility surfactant butanol (see Appendix

B). The model successfully captured the behavior seen in the experiments. For the closed
1D system under consideration, the inclusion of hysteresis in the retention functions was
necessary to accurately simulate the system. Analyses confirmed the conclusions of
Smith and Gillham (1999) that the simulation results were sensitive to solute dispersivity.
This result is in contrast to most systems in which flow is independent of transport. These
modeling results are the first hysteretic simulations of surfactant-induced flow
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perturbations in air-water systems. Further, the modeling approach I used can be easily
adapted to incorporate concentration-dependent surface tension and viscosity effects into
any standard unsaturated flow model, given that the dependence of surface tension and
viscosity on concentration is known for the contaminant of interest.
My 2D experimental work examined the infiltration of surfactant solution from a
point source on the soil surface, through the vadose zone, and toward a shallow water
table. The results of my 2D experimental work, shown in Appendix C, supported the
observations of earlier researchers, but also provided unique information about the effect
of surfactants on larger scale flow and transport processes. Drainage and localized
depression of the capillary fringe were seen as the surfactant solution advanced
downward below the point source. Eventually, a new capillary fringe height was
established below the point source. This behavior was expected based on previous studies
(Walker et al., 1998, Jawitz et al., 1998, Smith and Gillham, 1999). Quite unexpected,
however, was the manner in which the drainage zone propagated across the sandbox. The
drainage zone moved across the sandbox as a drying 'wedge' that appeared to rest on top
of the depressed capillary fringe. The propagation of the drainage zone as a wedge
occurred because surfactant transport in the depressed capillary fringe was rapid relative
to transport above the top of the depressed capillary fringe. This previously
undocumented flow behavior would have been difficult to predict a priori and resulted in
another unusual phenomenon: a tension-saturated zone, wetted with pure water, overlying
a drained region that was wetted with butanol solution. The nature of surfactant-induced
capillary pressure gradients is such that the tendency is for flow to occur from
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contaminated regions toward cleaner regions. Pure water within the tension-saturated
zone was unable to move downward through the butanol-wetted drainage zone and must
have moved horizontally through the tension-saturated zone before exiting the capillary
fringe ahead of the drying wedge. This result was surprising given that, in the constant
surface tension systems that are commonly studied, flow generally occurs in the
downward direction and from wetter regions toward dryer regions, rather than
horizontally. Finally, comparison of dye tracer transport in the surfactant experiment to
dye transport in a very similar surfactant-free experiment showed that surfactant-induced
drainage reduced the storage capacity of the vadose zone and led to dye breakthrough to
the water table that was two times faster in the surfactant experiment. Thus, the results of
the 2D experiment provided valuable insight regarding the manner in which surfactantinduced flow phenomena propagate in an unconfined aquifer and also indicated that
surfactants can lead to faster contaminant transport in variably-saturated porous media.
The final stage of my research involved the simulation of the 2D experiments. I
modified the 2D, hysteretic, variably-saturated flow and transport model HYDRUS-2D to
account for surfactant concentration-dependent surface tension and viscosity effects (see
Appendix D). Attempts to perform hysteretic simulations of the 2D surfactant infiltration
experiment were unsuccessful. However, non-hysteretic simulations captured the general
experimental behavior well. Predicted final steady-state moisture contents and pressure
heads were within the variation expected due to heterogeneity and hysteresis. These
results were apparently the first 2D simulations of surfactant-induced flow effects in air-
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water systems. The 2D model provides a tool for scenario testing to determine the

importance of surfactant-induced flow on a site-specific and contaminant-specific basis.
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Abstract

It has been demonstrated that local surface tension depression due to the presence of an
insoluble surfactant, myristyl alcohol. can result in capillary pressure gradients that cause
significant flow in unsaturated porous media. We hypothesized that the effects of a
soluble surfactant, butanol, would differ from those of myristyl alcohol despite the fact
that both give a similar reduction in the surface tension of water. We investigated this
hypothesis through a series of horizontal column experiments and unsaturated flow
modeling. We found that both surfactants induced water flow from regions of high
surfactant concentration to regions of low concentration but that the shapes of the
resultant moisture content profiles were fundamentally different. Because surface tension
depression from myristyl alcohol was confined to the original source zone, we were able
to simulate the system using a standard unsaturated flow model by assigning separate sets
of hydraulic functions to the initially clean and source zones. Modeling showed that the
redistribution of water due to the initial surfactant induced capillary pressure gradient
created moisture content induced capillary pressure gradients which acted to balance the
system over time. The moisture content profile within the butanol system indicated a
propagation of the zone of reduced surface tension. Because the surface tension of water
is a function of solute concentration, surfactant induced capillary pressure gradients are
expected to remain and influence the flow system as long as concentration gradients
exist.
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I. Introduction
It has been known for many decades that the surface tension of aqueous solutions
of most organic compounds is a function of the solute concentration and is significantly
lower than pure water (cf.. Adam. 1941: Bikerman, 1970: Adamson, 1990). It follows
that the surface tension of water in soils contaminated with organic compounds will be
variable and will be related to the aqueous-phase concentration and character of the
contaminants.
The relation between soil water pressure head, iv, and surface tension, a, can be
expressed as,
= 2a cos(7)
pgr

where, a is surface tension, p is the solution density, g is the gravitational acceleration, y
is the contact angle, and r is the radius of an equivalent circular capillary tube (Bear,
1972). Therefore, soil hydraulic properties during unsaturated flow depend on solute
concentration (Corey, 1994; Salehzadeh & Demond, 1994; Smith & Gillham, 1994,
1999; Dury et al., 1998).
Although unsaturated flow can be induced by capillary pressure gradients caused
by solute concentration gradients, there are few data sets showing this effect. Tschapek
and Boggio (1981) found that water drained from half of an unsaturated horizontal soil
column containing an insoluble surfactant (myristyl alcohol) into the half of the column
which was initially surfactant free. Though myristyl alcohol lowers the surface tension of
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water from approximately 72.5 to 27.1 mN/rn, the authors concluded that a significant
component of the observed water movement was associated with Marangoni flow rather
than due to capillary pressure gradients resulting from the decrease in surface tension.
Marangoni flow is the transport of water due to momentum transfer from a spreading
monolayer at the air-water interface (Karkare & Fort, 1994). Tschapek and Wasowski
(1982) reported that the monolayer spreading rate (Marangoni flow) within unsaturated
porous media was approximately three orders of magnitude slower than on bulk liquid.
However, Tschapek et al. (1984) showed in subsequent column experiments that
significant water movement occurred and again concluded Marangoni flow was a
significant flow mechanism. They also concluded that although aliphatic alcohols with C
< 10 (less than 10 carbons) reduced the surface tension of water to approximately the
same value as alcohols with C > 10, the shorter chain alcohols were not effective at
inducing unsaturated flow in porous media.
Similar closed horizontal column experiments were used by Karkare et al. (1993)
to investigate the abilities of 33 alcohols, acids, amines and esters to induce unsaturated
flow. They concluded that "for surfactants to be effective water movers they must be
water-insoluble and must form a condensed solid film at their n e ", where, 7r e is the
equilibrium spreading pressure. In order to further investigate monolayer spreading as a
possible transport mechanism involved in unsaturated flow, Karkare and Fort (1994) used
radiolabeled 1-hexadecanol as a surfactant in horizontal column experiments. It was
found that unsaturated flow was induced but that after 7 days the concentration of
surfactant in the initially surfactant free half of the column was less than that required to
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foini a close-packed monolayer. Since water movement and surfactant movement were
apparently independent, it was concluded that capillary pressure differences due to
surfactant induced surface tension depression — not Marangoni flow — were the cause of
the unsaturated water movement (Karkare & Fort, 1994).
Smith and Gillham (1994, 1999), and Smith (1995) used laboratory experiments
in large (2 m) vertical sand columns and numerical modeling to examine the effect of a
highly soluble short-chain alcohol (butanol; C = 4) on unsaturated flow above a water
table. The data and the numerical simulations indicated two distinct flow phenomena
associated with concentration-dependent surface tension in the vadose zone. One is a
transient unsaturated flow perturbation that moves with the solute front, and the other is a
change in the height of the capillary fringe in proportion to the relative surface tension.
Jawitz et al. (1998) also noted capillary fringe depression due to concentration dependent
surface tension depression in laboratory experiments involving cosolvent flushing with a
70% ethanol solution within a two-dimensional unconfined aquifer.
The objective of the present study was to demonstrate, quantify and contrast
the effects of two surface active substances, myristyl alcohol and butanol, on unsaturated
flow through porous media. We hypothesized that the flow phenomena, while induced
by surface tension depression within both systems, would be fundamentally different due
to the difference in the solubilities and concentration dependent surface tension effects of
myristyl alcohol and butanol. We also hypothesized that contrary to the conclusions of
Karkare et al. (1993) and Tschapek et al. (1984), significant unsaturated flow would be
induced within the butanol system even without the formation of a close-packed
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monolayer. In support of our objective. we present the results of a series of closed
horizontal column experiments.
We also hypothesized that the myristyl alcohol system could be modeled using a
standard unsaturated flow model since the low solubility of myristyl alcohol would
prevent significant surfactant migration beyond the original source zone. Thus, we
demonstrate that standard unsaturated flow models can adequately simulate the effects of
an emplaced source of myristyl alcohol (and by inference, other low solubility
surfactants) by assigning separate sets of hydraulic functions to the source zone and to the
'clean' zone.

2. Materials and methods
2.1 Experimental
We used an experimental setup similar to that of Tschapek and Boggio (1981) and
Karkare and Fort (1993). Specifically, we investigated the horizontal flow induced
between two halves of a column initially at uniform water content but with differing
concentrations of alcohol in each half of the column. The experimental setup is shown in
figure 1. Columns were schedule 80 acrylonitrile-butadiene-styrene (ABS) pipe with an
inner diameter of 10.16 cm and length of 13.7 cm.
The porous medium used for all experiments was 120 nominal mesh quartz sand
(Kern's Sand and Rock Ranch, Tucson, AZ). The sand was rinsed with tap water to

°

remove dust and oven dried at 100 C prior to use. Dry sand was premixed with
deionized water to an average gravimetric moisture content of 10.9% (weight of
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water/weight of dry sand). Experiments were perfoiined using either butanol or myristyl
alcohol as a surfactant. For experiments involving myristyl alcohol (MA) , powdered
myristyl alcohol (97%, Aldrich Chemical Co.. Milwaukee, WI) was added to the
prewetted sand at 0.05%, based on the dry weight of the sand. This concentration of MA
was expected to be in excess of the amount needed for close-packed monolayer coverage
of the air-water interface (after Karkare and Fort, 1996).
The sand/water/MA mixture was vigorously mixed for 2 minutes, stored in an
airtight vessel for 24 hours to allow for possible redistribution of surfactant and water,
and finally mixed again for 2 minutes before packing into the column. No in-situ surface
tension measurements were made to confii in MA adsorption at the air-water interface.
However, Myrick and Franses (1998) showed that powdered MA sprinkled on a subphase
without agitation reached 95% of the equilibrium surface pressure within 25 seconds.
Also, Karkare and Fort (1996) reported little or no difference between water movement in
column experiments that used MA dissolved in chloroform versus experiments in which
MA was applied as solid crystals. That further indicates that MA dissolution and
partitioning to the air-water interface is rapid in the premixed porous medium.
Butanol experiments were performed using sand premixed to the specified
moisture content with a 7 %(w/w) butanol (laboratory grade) solution. The density of the
7% butanol solution is 99.0% that of water (Smith, 1995). However, since the columns
were horizontal no steps were taken to account for this density difference. Comparison of
samples taken from sand premixed with either water or 7% butanol indicated no
discernible variation in gravimetric moisture content as a result of solution density
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differences. All experiments were conducted at 24±1

° C and at the same initial moisture

content in order to investigate the migration of water solely as a function of surfactant
type and time.
The right half of the column was packed with prewetted sand containing 0.05%
myristyl alcohol or 7% butanol solution. The left half of the column was then packed
with sand containing only deionized water. The total time for packing the second half of
the column did not exceed 10 minutes. Following packing, the column was capped and
sealed with 1/16" thick o-rings to prevent evaporation. Evaporative losses were less than
0.1% by weight over 24 hours.
The moisture content profile within the column as a function of horizontal
distance was determined gravimetrically by carefully extruding the soil core while
sectioning it into samples approximately 1 cm in length along the longitudinal axis. The
samples were then oven dried at 100 0 C for 24 hours. Each experiment for a given
sand/liquid combination was run in duplicate and conducted over two different time
intervals, specifically 2.5 hours and 24 hours. The experimental apparatus was cleaned
between experiments.

2.2 Hydraulic parameters
The unsaturated flow parameters for the sand were obtained using a Haines
apparatus (Cullen & Everett, 1995) to obtain the data and RETC (van Genuchten et al.,
1991) to fit the data using the van Genuchten moisture content-pressure head relationship
(van Genuchten, 1980),
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0, — Or

O—

(1+ ay/
where. 0 is the volumetric water content.

a is the saturated volumetric water content, a

is the residual volumetric water content, and a, n, and in are soil-specific curve fitting
parameters. The saturated and residual volumetric moisture contents were specified as

0.362 and 0.06, respectively and the common assumption of m =1-1/n was invoked.
Both the wetting and drying moisture characteristic curves were measured. The RETCfit to the data of the drying (subscript d) and wetting (subscript w) curves yielded a d =

0.0136 cm -I , a w = 0.0199 cm -I , n d = 9.714, and n„, = 4.896, where a and n are van
Genuchten fitting parameters. The experimental data and fit of the van Genuchten
functions are shown in Figure 2.
The unsaturated hydraulic conductivity was calculated using Mualem's methods

(Mualem, 1986) applied to the van Genuchten function assuming m=1-1/n yielding
K(0)= K s d (1—(1—dim ) 111 )2
where, K(0) is the unsaturated hydraulic conductivity, K, is the saturated hydraulic
conductivity, I (here equal to 0.5) and in are curve fitting parameters, and e is the
effective saturation defined by

=

0 —0
9

1 , -

9,.

It has been demonstrated that the moisture content-pressure head relationships for
systems with monolayer coverage of MA can be obtained by scaling the pressure term by
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a scaling factor equal to the ratio of the surface tension of the organic solution to the
surface tension of pure water (Karkare & Fort, 1993). Smith (1995) and Dury et al.
(1998) have successfully applied the scaling technique to aqueous solutions of butanol,
i.e.,
(Tr

(c0)

e0 ) — '
a(c)

(0, c)

where, ir is the measured pressure head at water content O and concentration c, and

is

the calculated scaled pressure head at the same water content and at the reference
concentration c 0 .

For the modeling efforts presented here the pressure term of the water retention
data was scaled and the modified data was then fit with the van Genuchten function as
described above. The scaling factor used by Karkare and Fort (1993) for the MA system
was 0.374 (27.1 mN/m divided by 72.5 mN/m). The same scaling factor was used here.

The scaling factor used for modeling of the 7% butanol system was 0.358 (after Smith,
1995). The scaled curves for both MA and 7% butanol are shown in Figure 2.

2.3

Flow Modeling
HYDRUS Version 5.0 (Vogel et al., 1996) was used for all flow modeling.

Karkare and Fort (1993) found that in their MA experiments each half of the column was
either wetted or drained, with no backflow occurring. Therefore, we chose to address
hysteretic effects within the column by representing each half of the column with a
separate set of hydraulic parameters. The left half (LHS) of the column, which was
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initially surfactant free , was modeled using the parameters for the wetting moisture
characteristic curve of the water system. The right half (RHS) of the column, containing
surfactant, was modeled using the parameters for the drainage curve for the water system
scaled to represent either the MA or butanol system, as described above. Though

HYDRUS can directly incorporate hysteresis into simulations, our approach provided
improved representation of the hydraulic parameters because the hysteretic approach in

HYDRUS requires that nd = n,„.. That restriction did not fit our scaled data as well.
The unsaturated hydraulic conductivity was estimated as shown above. The
saturated hydraulic conductivity was estimated by trial and error fitting to the
experimental results, and was assigned a value of 1.25 cm/h for all the modeling
presented here. This value is within the range of expected conductivities for a fine sand
(Domenico & Schwartz, 1990). No corrections were made to account for solute
dependent viscosity effects.
The boundary conditions were specified as no-flow and the initial conditions were
specified to be a uniform moisture content of 10.94% throughout the column. The
average bulk density of 1.64 g/cm 3 and particle density of 2.65 g/cm 3 were used to
convert volumetric moisture contents used in HYDRUS into gravimetric moisture
contents for comparison to experimental results.

3. Results and Discussion
3.1 Base Case - No Surfactant
Two 24 hour experiments were run with only deionized water and sand in both
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halves of the column in order to establish a base case and to serve as controls. Because
both halves of the column contain sand premixed to the same moisture content and
chemical composition , no surface tension gradients exist and thus no capillary pressure
gradients exist within the column. The horizontal orientation of the columns eliminates
any hydraulic gradient due to gravity and thus no flow is expected within the columns.
As expected, no flow occurred within the column. The observed spatial variations in the
moisture content profile were less than ±0.8% and are attributed to small bulk density and
porosity differences introduced during packing.

3.2 Myristyl Alcohol Experiments
Results from the 2.5 and 24 hour myristyl alcohol experiments are shown in
Figure 3 as the change in gravimetric moisture content from the average initial moisture
content. Because the initial moisture content was uniform throughout the horizontal
columns, capillary pressure differences due to surface tension variations serve as the only
mechanism for inducing water flow at the beginning of the experiment. The presence of
MA in the RHS of the column caused a lower surface tension and thus a lower capillary
pressure (the soil water pressure becomes less negative) in that section. Water flowed
horizontally from the region of higher water pressure to the region of lower water
pressure, i.e., from right to left. Consequently, the RHS drains and the LHS of the
column becomes wetter as shown in figure 3. Figure 3 shows that significant water
movement occurs within 2.5 hours. Additional movement of water continues from 2.5 to

24 hours, at which time the average change in water content is approximately ±4%.
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Additional discussion of the specific system behavior is presented in the modeling section
below.
The general shapes of the moisture content profiles in figure 3 are very similar to
the results presented by Karkare and Fort (e.g., 1993). The moisture content profiles at
both times show a relatively sharp delineation between the surfactant free half and MA
containing half. During sampling a visually distinct interface was noted between the
wetted and drained halves of the column. The presence of a distinct interface between
the wetted and drained sections of the column is consistent with the conclusion of

Karkare and Fort (1994), i.e., that capillary pressure gradients caused by surfactant
induced surface tension depression, rather than Marangoni flow, are the primary cause of
water movement. If Marangoni flow was the dominant mechanism for water flow, a
propagation of the area of depressed surface tension would be expected to occur with
spreading of the continuous monolayer into the LHS of the column. No evidence of such
propagation is seen in figure 3. However, large changes in surface tension occur only at
MA concentrations near the level required for continuous monolayer coverage and are
minimal at lower concentrations (Karkare & Fort, 1996). Though a significant quantity
of water flows from the RHS to the LUS of the column, we conclude that the
concentration of MA within the LHS of the column remains less than that required for
continuous monolayer coverage. Consequently, the region in which there is significant
surfactant depressed surface tension remains confined to the original 'source' zone.
The reason for the ineffective transport of MA into the LHS of the column is
largely due to the fact that MA is nearly insoluble and resides primarily at the air-water
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interface , rather than in the bulk solution. However, sorption of MA within the LHS of
the column may also be a factor. Though Tschapek et al. (1981) discount sorption effects
because of the low solubility of MA and the hydrophilic nature of the quartz surface ,
sorption of surfactants to inorganic media may not be negligible (West & Harwell, 1992,
Adeel & Luthy, 1995) and may contribute to the apparent retardation of MA movement.
Our results and the very similar results of Karkare and Fort (1993) suggest less transport
of MA than reported by Tschapek and Boggio (1981). That may be because Tschapek et
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al. (1981) calcined their sand at 600 C.

3.3 Modeling the Myristyl Alcohol Experiments
We conducted numerical modeling to provide insight regarding the evolution of
the moisture content profile within the column. Moisture content, pressure head, and
unsaturated hydraulic conductivity values simulated with HYDRUS were used to provide
a reference point for further interpretation of the experimentally determined moisture
content profiles.
Figure 3 shows the simulation results along with the experimental data. The
largest changes in moisture content are expected to occur at the interface between the
surfactant free and MA containing halves of the column. Immediately after initiation of
the experiment, drainage of the RHS and wetting of the LHS of the column adjacent to
the centerline occur due to the large hydraulic pressure gradient caused by surfactant
induced differences in capillary pressure. The initial movement of water results in a
nonuniform moisture content distribution across the interface. Typically, capillary
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pressure gradients due to nonuniform moisture content distributions in homogeneous
porous media act to induce flow in the direction of decreasing moisture content.
However, the magnitude of the component of the capillary pressure gradient caused by
variations in water content across the interface is less than that of the component due to
surfactant induced surface tension variations. Consequently, flow is induced from lower
water contents to higher water contents, i.e., from right to left across the interface and
continues from 2.5 to 24 hours.
The nonuniform moisture content distribution near the interface results in an
increase in the local capillary pressure gradients in both the left and right hand sides of
the column. The flow system that was originally dominated by surfactant induced
capillary pressure gradients across the interface, over time, becomes balanced by
moisture content dependent capillary pressure gradients acting in the opposite direction.
Changes in the capillary pressures within the LHS are rapidly propagated through the

LHS due to the relatively high moisture contents and associated hydraulic conductivities.
That is reflected in the relatively uniform moisture content within the LHS. However, a
decrease of more than two orders of magnitude in the unsaturated hydraulic conductivity
of the drained section near the interface on the RHS prevents rapid changes in moisture
content within that section and causes the near-parabolic moisture content distribution
shown in figure 3.
Comparison of the 2.5 and 24 hour simulations for the MA system shown in
figure 3 indicates additional drainage of the RHS and wetting of the LHS with time. A
relatively uniform moisture content increase throughout the LHS is maintained as
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additional water flows into the LHS. Drainage of the RHS, however, is restricted as the
moisture contents on the RHS approach the residual moisture content.
In general_ previous researchers have provided little temporal data for
investigation of the non-equilibrium behavior of the system. Our experimental results
indicate that considerable water movement occurs between 2.5 and 24 hours, whereas

Karkare and Fort (1994) state that water movement in their columns was essentially
complete within 30 minutes. Modeling our system at long times suggests that greater
than 3 months is required to reach equilibrium (see figure 3). While the exact times are
of course hydraulic property specific, it is expected that sands of similar grain sizes
would behave comparably. At equilibrium the change in moisture content within each
half of the column is approximately 6.8% and -6.8% in the LHS and RHS of the column,
respectively, and the equilibrium pressure is approximately -41 cm of water. These final
moisture contents correspond to a good water mass balance within the column. Karkare
and Fort (1993) did not do numerical flow modeling. However, they used the water mass
balance to support a graphical solution of the expected equilibrium moisture content and
pressure in each half of the column based on the wetting (water only) and draining (MA)
moisture characteristic curves. The modeling approach used here has the advantage of
simulating both the transient and equilibrium moisture content profiles.

3.4

7% Butanol Experiments
Though butanol and myristyl alcohol are both surface active aliphatic alcohols,

the solubilities and concentration dependent effects of each on surface tension are
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different. Myristyl alcohol has a lov, solubility and only reduces the surface tension of
water significantly at concentrations near those required for close-packed monolayer
coverage of the air-water interface (Karkare & Fort, 1996). Butanol is more highly
soluble and has an effect on surface tension which is a function of butanol concentration
(Smith. 1995). up to its solubility limit of 7.4% (w/w). Water containing 7% butanol has
a surface tension of 26.0 mN/m which is approximately the same as that of water with
close-packed monolayer coverage of MA, i.e. 27.1 mN/m.
Figure 4 shows the results of experiments set up the same as described above for
the MA system but with butanol as the surfactant. As in the case with MA, initially a
large surfactant induced capillary pressure gradient exists across the interface between
the alcohol-free and 7% butanol containing halves of the horizontal column and flow
occurs from right to left within the column. Though the initial pressure gradient across
the interface is approximately the same in the butanol systems as it was in the MA
system, the very different moisture content profiles of figures 3 and 4 reveal fundamental
differences in the flow characteristics of the two systems.
The moisture content profile in the RHS of the butanol system is similar to that of
the MA system. That is due in part to the fact that the rate of water loss on the RHS is
limited by the reduced hydraulic conductivity near the center of the core. The LHS of the
butanol system, however, is much different than the MA system. The butanol system
(figure 4) shows the propagation of concentration dependent surface tension effects into
the LHS. Butanol is transported with bulk advective flow and since surface tension is
significantly reduced even at lower butanol concentrations, the zone of depressed surface
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tension extends into the LHS. At 2.5 hours the transport of butanol solution into the LHS
of the column results in a drainage event between 5 and 6.8 cm that did not occur in the
MA system. Extension of the zone of drainage within the column causes an increase in
the moisture content between 0 and 5 cm that is approximately double that observed in
the MA system (4% versus 2% after 2.5 hours).
The extended drainage area is a direct result of the transport of dissolved butanol
into the LHS of the column. As 7% butanol solution flows into the LHS of the column,
pure water is displaced. A large concentration gradient remains between the regions of
clean and butanol contaminated water but has shifted to the left as the solute front enters
the LHS of the column. Surfactant induced surface tension effects serve to induce flow
from regions of high surfactant concentration to regions of low concentration and thus
flow to the left continues due to surfactant induced pressure gradients near the solute
front. As with the MA system, to the right of the solute front exists a drained area
containing 7% butanol solution and to the left a wetted region containing water.
However, the change in moisture content near the butanol solute front is more gradual
than that observed near the interface between the surfactant-free and surfactantcontaining halves of the MA column experiments. Solute dispersion results in a variation
of butanol concentrations in the vicinity of the solute front. Because butanol depresses
surface tension as a function of aqueous concentration, soil water pressures near the
solute front also vary.
The concentration dependent pressure variations are reflected in the range of
moisture contents observed from 4 to 8 cm in figure 4. Within that zone the water
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contents are lower at 2.5 h than at 24 hours because the column drains and then rewets.
That is consistent with the flow perturbation associated with surface tension changes
within the solute front observed by Smith (1995) and Smith and Gillham (1999). At
earlier times large surface tension gradients in the solute front induce large water fluxes
to the left. Those large fluxes cause local drainage to near residual moisture contents. At
later times the solute front is more dispersed and consequently the magnitude of the
surface tension induced component of the hydraulic gradient is smaller. That results in
slower local water fluxes within the solute front. The water that continues to drain from
the RHS then fills pores within the 3-8cm zone which is seen in figure 4 as the increase in
local water contents between 2.5h and 24h. No visually discernible interface between
wet and dry regions was noted during sampling the butanol system because the change in
moisture content near the butanol solute front is more gradual than was the case in the
MA system
Concurrent with the movement of the solute front to the left due to surfactant
induced pressure gradients is an increase in the moisture content between 0 and 3 cm
from 2.5 to 24 hours. Though long-time data were not collected, we expect that
advective movement of the solute front to the left will continue until the change in the
pressure gradient caused by the nonuniform moisture content distribution balances the
surfactant induced pressure gradients. After the hydraulic gradient is near zero with the
water content and surfactant induced components essentially balancing one-another,
diffusion of butanol will become the primary mechanism of solute transport. We expect
diffusion to continue until the butanol concentration is 3.5% throughout the column.
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Thus, the equilibrium moisture content profile will be a result of local wetting and drying
history as well as a shift in the hydraulic properties within the column to those of the
3.5% butanol system.
Though the butanol system is not at equilibrium after 24 hours, figure 4 clearly
demonstrates that dissolved butanol is effective at inducing flow in unsaturated porous
media. The specific water movement, defined by Karkare and Fort (1993) as the mass of
water gained by the surfactant-free half of the column per total mass of sand in the
column, for the butanol system after 24 hours is approximately 0.015, compared to 0.02
for the MA system. However, that statistic alone hides many of the fundamental
differences between the systems. Though water movement depends on soil specific
parameters and experiment duration, comparison to the results of Karkare et al. (1993)
indicate that our values are well within the range of values characteristic of what they
considered effective water moving surfactants.

3.5 Modeling the Butanol Experiments
HYDRUS was shown above to be capable of modeling the flow caused by MA
induced surface tension effects. The results of using HYDRUS to model the butanol
system are shown in figure 4 along with the experimental data. Since the model is
incapable of accounting for the solute induced change in hydraulic properties as the
butanol solution is transported into the LHS of the column, the 2.5 and 24 hour
simulations yield a poor representation of the experimental data. The model results for
the LHS of the column have substantially lower water contents near the end of the
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column (0 to 3cm) and substantially higher water contents between 4 to 7cm as compared
to the experimental data. The model fails to exhibit any of the local drainage and
rewetting exhibited by the butanol system as contaminated water migrates from the initial
source zone. That is the direct result of the lack of concentration dependent surface
tension effects in the model and the significant depression of surface tension by butanol
even at relatively low concentrations. Accurate simulation of the butanol system would
require that hysteretic and concentration dependent hydraulic functions be included in the
model.

4. Conclusions
Organic compounds that depress the surface tension of water can significantly
affect flow in unsaturated porous media. Myristyl alcohol and butanol are both effective
at inducing unsaturated flow but there are fundamental differences between the two
systems. Myristyl alcohol induced surface tension reduction is essentially limited to the
original source zone due to the relatively insoluble nature of MA and the need for
monolayer coverage to cause significant surface tension reduction. The presence of a
contaminant like MA essentially creates a zone of high contamination with different
hydraulic properties than the natural soil. That is analogous to having a 'different' soil
texture within the source zone. Standard unsaturated flow models can therefore be
applied to these systems by assigning separate sets of hydraulic functions to the initially
clean and source zones. Butanol, however, is more soluble and depresses surface tension
significantly even at relatively low concentrations. That causes the propagation of the

46

zone of depressed surface tension as clean water is displaced by water containing
dissolved butanol. The degree of surface tension reduction is highly dependent on
butanol concentration.
The mechanisms of flow illustrated here have clear implications for flow and
transport modeling involving a wide range of organic contaminants. Given that models
that include concentration dependent surface tension and hydraulic functions are not
routinely available, supplementary work to identify compounds that behave in a manner
similar to MA would be useful. Additionally, improvements to current conceptual and
numerical models are necessary to accurately incorporate hysteretic concentration
dependent surface tension effects of soluble compounds. Data such as that presented here
needs to be collected for the verification of such models.
Because butanol causes relatively large decreases in surface tension without the
formation of a close-packed monolayer and thereby induces significant flow, our results
contradict the statement of Karkare et al. (1993) that surfactants must form a condensed
solid film at their equilibrium spreading pressure to be effective water movers. Our
results also contradict Tschapek et al. (1984) by demonstrating that aliphatic alcohols
with C < 10 can be effective at inducing flow in unsaturated porous media. The contrast
between our conclusions and those of the previous researchers demonstrates the
complexity of such systems and the need for further research into solute concentration
dependent surface tension effects on unsaturated flow.
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Abstract
Many organic compounds depress the surface tension of water relative to their aqueous
concentration. These surface-active organic solutes have been shown to cause water flow
in unsaturated porous media. Flow in these systems typically occurs from contaminated
(high concentration) regions toward cleaner (lower concentration) regions. That flow is
characterized by significant drainage and rewetting associated with the advance of the
solute front. In the literature, modeling of unsaturated flow and transport in systems with
solute concentration-dependent surface tensions has been limited to simulations without
hysteresis in the hydraulic functions. However, experimental evidence is also presented
which shows that hysteresis is a factor. We modified the hysteretic unsaturated flow and
transport numerical model HYDRUS 5.0 to include concentration-dependent effects of a
mobile organic solute. The moisture content-pressure head and unsaturated hydraulic
conductivity functions were scaled for concentration-dependent surface tension and
viscosity, respectively. The modified model successfully simulated data from surfactantinduced flow in 1D horizontal column experiments. The effects of hysteresis were shown
to be important to accurately simulate flow in these systems. For example, at final steady
state, hysteretic simulations predicted uniform concentration and pressure profiles, but
moisture contents that varied with distance. The final simulated moisture contents ranged
from 0.12 to 0.25 along the column. In contrast, a non-hysteretic simulation would
predict uniform distributions of concentration, pressure and moisture content.

Dispersivity also had an effect on flow simulations. Lower dispersivity values caused
sharper surfactant concentration gradients which resulted in larger capillary pressure
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gradients and higher fluxes near the solute front. The modeling approach used here is
expected to be applicable to many organic compounds of environmental interest that
depress surface tension and thereby are capable of inducing unsaturated flow in porous
media.
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1.

Introduction

It is common in conceptual and numerical models of flow and transport through
porous media to assume that flow is independent of solute concentration. While this is
generally valid, there is mounting evidence and appreciation that the assumption fails
when the systems of interest involve unsaturated flow of water contaminated with organic
solutes that reduce the surface tension, cr, of water (surfactants). Commercial surfactants
and alcohols used for remediation of areas contaminated with non-aqueous phase liquids,
as well as organic compounds of environmental interest, including both aliphatics and
aromatics, can reduce surface tension (Blank and Ottewill, 1964; West and Harwell,
1992; Karkare et al., 1993).
The primary impact of surface-active organic solutes on unsaturated flow is
through the dependence of soil water pressure, y, on surface tension (Bear, 1972):
11

=

2u cos(27)
pgr

[1]

where a is surface tension, p is the solution density, g is the gravitational acceleration, y
is the contact angle, and r is the radius of an equivalent circular tube. For a given
moisture content and contact angle, Eq. [1] indicates that a decrease in surface tension
will result in a proportional decrease in capillary pressure (the negative soil water
pressure). Consequently, the hydraulic functions that depend on soil water pressure, as
well as the hydraulic gradient, will be affected in the presence of a surface-active solute
front.
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The effect of surfactant-induced changes in surface tension on the moisture
content-pressure head relationship has been demonstrated by numerous researchers
(Salehzadeh and Demond, 1994: Lord et al.. 1997; Dury et al.. 1998: Smith and Gillham,
1999; Lord et al., 2000). In addition, the direct effects of surfactants on unsaturated flow
have been observed in experimental systems. It follows from Eq. [1] that differences in
surface tension within an unsaturated porous medium can cause gradients in capillary
pressure. These capillary pressure gradients can be sufficient to induce water flow. For
example, surfactant-induced capillary pressure gradients due to the presence of a
sparingly soluble and relatively immobile surfactant, myristyl alcohol, in one half of a
homogeneous, uniformly wetted, closed, unsaturated sand column resulted in horizontal
flow from the surfactant containing side of the column to the side that contained no
surfactant (Tschapek and Boggio, 1981; Karkare and Fort, 1993; Henry et al., 1999).
Karkare et al. (1993) also showed that a variety of long-chain alcohols, acids, amines and
esters were capable of inducing flow in the unsaturated horizontal column systems.
Smith (1995) and Smith and Gillham (1994, 1999) studied moisture content and
pressure changes associated with the advance of a 7% (w/w) butanol solution (a = 26
dynes/cm) in unsaturated, vertical, one-dimensional miscible displacement experiments.
They observed a flow perturbation associated with the advancing solute front that was
caused by high local capillary pressure gradients due to concentration-dependent surface
tension variations. As the solute front neared the water table boundary at the bottom of
the column a reduction in the height of the capillary fringe was observed. The reduction
in capillary fringe height was proportional to the relative surface tension of the butanol
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solution versus that of pure water. That result was consistent with Eq. [1] in that the
surfactant-induced reduction in surface tension resulted in a proportional decrease in the
air-entry pressure.
Despite the evidence of flow perturbations caused by surface-active organic
solutes, modeling of this behavior is limited. Karkare and Fort (1993) used a graphical
technique to predict the equilibrium moisture content and pressure in closed, horizontal
column experiments using the sparingly soluble surfactant myristyl alcohol (MA). The
homogeneous horizontal sand column essentially behaved as a system composed of 2
media, each wetted with a different surface tension fluid (pure water or water
contaminated with MA) and exhibiting different hydraulic functions. Henry et al. (1999)
reproduced the experimental results of Karkare and Fort (1993) and successfully modeled
the spatial and temporal flow behavior of the MA system using the unsaturated flow and
transport code HYDRUS 5.0 (Vogel et al., 1996). They assigned separate non-hysteretic
hydraulic functions to the clean and surfactant contaminated zones within the column.
The same approach was unsuccessful for modeling similar experiments using the highly
soluble surfactant butanol. Because standard unsaturated flow and transport models do
not account for concentration-dependent effects of surfactants on hydraulic properties,
they are incapable of accurately modeling systems contaminated with mobile surfactants.
Smith (1995) and Smith and Gillham (1994, 1999) presented an unsaturated/saturated
flow and transport numerical model capable of simulating the effect of concentrationdependent surface tension and viscosity changes on 1D flow and transport. Their model
did not include hysteresis in the hydraulic functions. The differences between
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experimental and simulated results were quantitatively attributable to hysteretic behavior
that was not accounted for in the model. There are apparently no unsaturated flow models
in the peer-reviewed literature that include both hysteresis in hydraulic functions and
concentration-dependent surface tension coupling of unsaturated flow and solute
transport.
The primary objectives of the research presented here were to produce, test, and
evaluate an unsaturated flow and transport model that includes both hysteresis in the
hydraulic functions and concentration-dependent surface tension effects on unsaturated
flow. We apply that model to simulate unsaturated flow and transport in a 1-D horizontal
sand column induced by a mobile surfactant, butanol, by simulating the experimental data
of Henry et al. (1999). To accomplish our objectives, we chose to modify the freely
available, hysteretic, variably-saturated flow and transport numerical model HYDRUS

5.0 (Vogel et al., 1996) to include concentration-dependent surface tension and viscosity
effects. An investigation of the sensitivity of the model results to solute dispersivity is
presented. In addition, the impact of concentration-dependent surface tension and
viscosity changes, as well as the importance of hysteresis in such models, is evaluated.

2. Methods and Materials
2.1 Column Experiment
The data contained herein is from experiments of flow caused by surfactantinduced capillary pressure gradients in closed, horizontal columns (Henry et al., 1999).
The columns were 10.16 cm in diameter and 13.7 cm in length and were made of
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schedule 80 acrylonitrile-butadiene-styrene (ABS) pipe. The left half of each column was
packed with a nominal 120 mesh silica sand prewetted to a volumetric moisture content
of —18% with deionized water. The right half of each column was packed with the same
silica sand prewetted to the same volumetric moisture content with 7% (w/w) butanol
solution. A schematic of the column is shown in Figure 1. The column was prewetted to
a uniform moisture content to eliminate capillary pressure gradients due to moisture
content differences. Closed, horizontal columns were used to generate data from systems
in which all the flow was a direct consequence of surfactant-induced surface tension
changes. Water movement within the columns was evaluated by destructively sampling
replicate columns at 2.5 and 24 h and drying the samples at 100 ° C for 24 h to determine
gravimetric moisture content as a function of longitudinal distance. Full details of the
experiments are found in Henry et al. (1999).

2.2

Hydraulic Characteristics:

Pure Water Retention and Hydraulic

Conductivity
The moisture content-pressure head relationships for the water-wetted sand used
in the column experiment were measured in a 2-D flow cell using TDR for moisture
content determination and pressure transducer equipped tensiometers for pressure head
determination. The measured retention data are shown in Figure 2. A spread-sheet
optimization program (Wraith and Or, 1998) was used to fit the main drainage (MDC)
and main wetting curves (MWC) using the van Genuchten moisture content-pressure
head relationship (van Genuchten, 1980),
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where, O is the volumetric water content,

a is the saturated volumetric water content. O

r

is the residual volumetric water content, y is the pressure head, and a, n, and m are soilspecific curve fitting parameters. The convention that m = 1-1/n was used.
The porosity of the sand was 0.362. The rewetted moisture contents in Figure 2
are less than the porosity. That is because the drainage data are for the main drainage
curve, rather than the initial drainage curve (i.e., the curve which represents drainage
from perfect saturation). From the data in Figure 2, the saturated and residual moisture
contents were determined to be 0.297 and 0.05, respectively. The same values were used
for both the main wetting and main drying curves. The hysteresis routine in HYDRUS

5.0 (hereafter referred to simply as HYDRUS, though other versions of the HYDRUS
code exist) requires that n, = n d , where the subscript IT refers to the main wetting curve
and subscript d refers to the main drying curve. We fit both the main wetting and main
drying curve with a common n value but different a values. The fit parameters for the
main wetting and drying curves were ad = 0.01504 cm -I , a = 0.02136 cm -1 , and nd = /i vy =

9.0. The fit MWC and MDC for the silica sand wetted with pure water are shown in
Figure 2. One of the limitations of the HYDRUS model is that the hysteresis routine does
not incorporate scanning curves. Rather, the technique of Scott et al. (1983) is used to
calculate a new moisture characteristic curve that passes through the reversal point and
either the saturated moisture content (for a reversal from drying to wetting) or the
residual moisture content (for a reversal from wetting to drying).
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Unsaturated hydraulic conductivity was predicted using Mualem's function

(Mualern, 1986) based on the van Genuchten retention function.
K(0) = K, 0` (1 — (1 — 0 ") in ) 2[3]
where, K(0) is the unsaturated hydraulic conductivity, Ks is the saturated hydraulic
conductivity, / and m are curve fitting parameters, and 0 is the effective saturation,
0=

0 0
Os 0,
—

[4]

—

The measured saturated hydraulic conductivity of the sand was 14.58 cm/h.
Unsaturated hydraulic conductivity was not measured, instead we chose to adjust / in the
conductivity function to obtain a reasonable match between our measured and simulated
moisture contents within the column at 2.5 and 24 h. The fitting parameter, /, in the
unsaturated hydraulic conductivity function is commonly assumed to be equal to 0.5.
This value led to an overprediction of water flow in our simulations. Through a trial-anderror process involving the comparison of 2.5 and 24 h simulation results to experiment
results (after Henry et al., 1999), we selected an / value of 3.75 and used it in all
simulations.
The experimental data of Henry et al. (1999) was from vertical slices of soil core
that had experienced 1D horizontal flow. The uniform initial moisture content within
their 10.16 cm diameter columns was 17.9%. Under static conditions, the vertical
distance of +/- 5 cm from the midpoint in the horizontal column would be expected to
generate +/- 5 cm of pressure head. It can be seen from Figure 2 that at a volumetric
water content of 17.9%, +/- 5 cm of pressure head could generate a vertical water content
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difference of a few percent. The butanol system has the potential to have a slightly larger

change due to its steeper moisture retention curve. Such a system would be expected to
behave one-dimensionally, with the lower section of the core slightly wetter than the
upper section. To directly address a concern raised by a reviewer that substantial threedimensional flow effects may have existed in the experimental columns of Henry et al.
(1999), we analyzed data from a preliminary experiment of surfactant-induced flow in the
same closed columns but instrumented with closely spaced horizontal and vertical time
domain reflectometry (TDR) probes for the determination of moisture content. A

horizontal set of probes was placed between two sets of vertical TDR probes 1.3 cm
apart. The differences between the moisture contents measured with the horizontal TDR
probes and the average of those measured with the two sets of adjacent vertical TDR
probes during the surfactant induced flow events were continuously less than 1% over the
24 hour duration. The 24 hour results are directly comparable to the Henry et al. (1999)

data used in this paper. The moisture content measurements at adjacent vertical and
horizontal TDR probes indicate that an insignificant amount of vertical flow occurred
(i.e., the system behaved as a one-dimensional horizontal system). Consequently, the 1D
model used here for the simulations is applicable to the data from Henry et al. (1999).

2.3 Concentration Dependence of Surface Tension and Viscosity

In order to understand the effect of butanol-induced surface tension and viscosity
variations on the moisture content-pressure head relationship and hydraulic conductivity,
respectively, the influence of butanol concentration on surface tension and viscosity must
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be known. The dependence of surface tension on butanol concentration has been
described by Bikerman (1971) and Smith and Gillham (1994. 1999). Smith and Gillham
(1994.1999) fit surface tension data as a function of butanol concentration with the
expression of Adamson (1990) for the concentration dependence of non-ionized organics,

(c
o
= 1 — b ln — +1
-

\. a

(170

)

[5]

where a and b are constants for the compound of interest, cr is the surface tension at
concentration c, and cr o is the surface tension at the reference concentration, c o (cy o 72
dynes/cm at c o = 0.0 %). For butanol at 25 ° C, the constants a and b are 0.365% wt.
butanol and 0.215, respectively (Smith, 1999).
Smith (1995) used a similar expression to fit viscosity data as a function of
butanol concentration,
(

V

1

—

c

eln —+1

Vo

d

))

[6]

where d and e are compound specific constants, v is the kinematic viscosity at
concentration c, and vo is the viscosity at the reference concentration, c o (v o = .9017 cS at
c o = 0.0 %). For butanol at 25 ° C, the constants d and e are 34.49% wt. butanol and 1.366,
respectively (Smith, 1999). The concentration-dependent behavior of both surface
tension and viscosity is shown in Figure 3.
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2.4

Hydraulic Characteristics: Butanol System Retention and Conductivity
Functions
The retention curves for a water-wetted porous medium can be used to represent

the retention curves for a system with a surfactant-modified surface tension but constant
contact angle by scaling the pressure term by the ratio of the concentration-dependent
surface tension of the pore water of interest over the surface tension of pure water (after

Leverett, 1941). Scaling of the pressure head teini by the relative surface tension can be
expressed as:
(O. c) —

V(0, C o

)

[7]

where, tit is the measured pressure head at water content O and reference concentration
c o (c o = zero when pure water is the reference solution), and 4.1 is the calculated scaled
pressure head at the same water content and at concentration c. This approach has been
applied to the scaling of retention curves for silica sand wetted with butanol solution
(Smith, 1995; Dury et al., 1998; Smith and Gillham, 1994, 1999). They also noted that
dissolved butanol had no significant effect on the maximum wetting fluid saturation or
residual wetting fluid saturation. For 7% butanol solution, the scaling factor calculated
using (5) is 0.354. The scaled retention curves for the 7% butanol-wetted sand are shown
in Figure 2 along with the measured and fitted water-wetted retention curves. As shown
in Figure 2, at all moisture contents less than O s the pressures that are characteristic of the

7% butanol system are greater (less negative) than those for the pure water system. Thus,
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in these types of systems flow will tend to occur from contaminated regions toward clean
or less contaminated regions.
Based on the dependence of hydraulic conductivity on viscosity, a similar scaling
approach can be applied to determine the concentration-dependent hydraulic
conductivity. K(0,0, based on the relative viscosities of butanol solution and pure water
(Smith, 1995; Dury et al., 1998; Smith and Gillham, 1999):

V0

K(0,c)-=K(0,c„)

[8]

Here, the concentration-dependent unsaturated hydraulic conductivity, K(0, c), is
determined by scaling the pure water-wetted conductivity at the same moisture content,
K(0,c 0), by the ratio of the viscosity of pure water over that of butanol solution. The
calculated hydraulic conductivity scaling factor for 7% butanol solution is 0.748 (i.e., the
calculated K s for the 7% butanol system is 10.91 cm/h, compared to 14.58 cm/h for the
water system).

2.5 Implementation of Concentration Dependent Effects in HYDRUS
Smith and Gillham (1994, 1999) and Smith (1995) modeled the effects of butanol
on flow and transport in 1D miscible displacement experiments. Their model included
the effects of concentration dependent surface tension and viscosity changes, but did not
include hysteresis in the hydraulic functions. Smith and Gillham (1999) showed
quantitatively that disagreement between their experimental and modeled results was
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attributable to hysteresis and was a direct consequence of the substantial drainage and

rewetting events in such systems. Thus, a numerical model that incorporates hysteresis is
necessary for accurately simulating the flow and transport of surface-active solutes in
unsaturated porous media. In order to improve the state of modeling of these systems and
improve our understanding of the underlying phenomena, we modified the flow and
transport code HYDRUS 5.0 to incorporate concentration-dependent surface tension and
viscosity effects, using the relationships described by Eq. [5] through [8]. In addition to
modeling flow and transport in variably saturated porous media, HYDRUS is capable of
simulating hysteretic behavior in the hydraulic functions. HYDRUS is a widely used,
proven code that is public domain and user-friendly.
No analytical solution for concentration-dependent flow perturbations exists. For
model verification, the modified HYDRUS model was used to reproduce the nonhysteretic simulations of Smith (1995). The two models showed extremely good
agreement. This occurred despite the fact that our model uses an upwind weighting of the
concentration-dependent hydraulic functions calculated using the concentration profile
during the previous time step, whereas, Smith (1995) modeled the butanol system by
solving flow and transport within the iterative loop during each time step.

2.6 Model Parameters
For the first time step the half of the column wetted with 7% butanol solution was
assigned the retention properties and hydraulic conductivity calculated for the 7%

butanol-wetted sand. After the first time step the hydraulic properties throughout the
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column were scaled as a function of solute concentration using Eq. [5] through [8]. The
initial conditions were specified to be a uniform volumetric moisture content of 17.94%
throughout the column, with a butanol concentration of zero in the left hand side (LHS)
of the column and a butanol concentration of 7% in the right hand side (RHS) of the
column. Zero-flux water and solute boundary conditions were assigned at the ends of the
closed column.
Because hysteresis was considered, it was necessary to specify whether the initial
condition corresponded to the main wetting (MWC) or main drainage curve (MDC). The
experimental method of packing the column may have generated an initial condition such
that the column was on a moisture retention scanning curve. However, HYDRUS does
not allow initial conditions to be specified on a scanning curve. Because the premixing
procedure involved adding liquid to dry sand and then packing the wet sand into the
column, we decided that the average state of the wetted sand was better represented as
initially on the MWC. Consequently, the initial condition for the entire model domain
was set on the MWC for either pure water or 7% butanol-wetted sand.
The initial time step size was 10 -8 h. HYDRUS provides an option for updating the
time step size based on the number of iterations required for convergence. The adaptive
time step size multiplier was set at 1.2 and the maximum allowable time step size was
50 h.
The model was found to be sensitive to nodal spacing. For the results presented
here, a spacing of 0.1 cm was used for the first interval on the left end of the column and
a uniform spacing of 0.2 cm was used for the remainder of the domain, resulting in a total

7
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domain length of 13.7 cm. Model results were also found to be sensitive to convergence
criteria. For the results given here, moisture content and pressure convergence criteria
were specified as 0.000005 (dimensionless) and 0.0000005 cm. respectively.
A time-centered scheme with upwind weighting was used for transport calculations.
The aqueous molecular diffusion coefficient for butanol was specified as 0.036 cm 2 /h
(Yaws, 1995). A dispersivity of 2 cm was used for our modeling of the experimental data.
This value was chosen through a trial-and-error fitting of simulated moisture contents to
experimental data. In contrast to most flow and transport models, the hydraulic properties
in a system contaminated with a surface-active solute like butanol are a function of solute
concentration. Thus, dispersivity has an effect on flow and transport calculations (Smith
and Gillham, 1999). The sensitivity of simulation results to dispersivity is presented in
the results section.

3. Results and Discussion
3.1 Experimental Results
Figure 4 shows the 2.5 and 24 h moisture content profiles from the butanol column
experiments of Henry et al. (1999) presented as the change in volumetric moisture
content versus longitudinal distance. A bulk density of 1.64 g/cm 3 was used to convert
measured gravimetric moisture contents to volumetric moisture contents (Henry et al.,
1999). Tests A and B indicate replicate column experiments run for each time. A detailed
description of the system behavior was given by Henry et al. (1999) but will be briefly
summarized here.
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Initially, the surfactant-induced surface tension gradient between the two halves of
the column causes a large capillary pressure gradient at the interface between the
surfactant-free left half (LHS) and surfactant-containing right half (RHS). This pressure
gradient causes a flux of butanol solution from the contaminated region toward the clean
region (i.e., to the left). The flux results in drainage of the contaminated region (RHS)
near the center of the column and wetting of the previously clean region (LHS). As
butanol solution moves into the LHS of the column due to the surfactant-induced
drainage of the RHS of the column, pure water is displaced. However, a large
concentration gradient remains in the vicinity of the solute front and further surfactantinduced drainage occurs behind the solute front, with concurrent wetting ahead of the
solute front; the solute front continues to move to the left due to the high local surface
tension-induced fluxes in the vicinity of the solute front. This process results in wetting
from 0 to 5 cm and drainage from 5 to 13.7 cm by 2.5 h, as shown in Figure 4.
From 0 to 3 cm, the moisture content at 2.5 h is approximately uniform. This region
has been wetted primarily by pure water displaced by the advancing drainage front.
Within this region surfactant-induced capillary pressure gradients are small and flow is
dominated by pressure gradients due to non-uniform moisture content distributions. The
relatively high moisture content in this region results in relatively high hydraulic
conductivities and thus pressure gradient changes are rapidly manifested as changes in
moisture content within this region.
The gradual change in moisture content observed between 3 and 7 cm is due to the
dispersed nature of the solute front and the coincident wetting/drying processes that
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accompany movement of the solute front to the left. Within this zone, capillary pressures
are a function of both moisture content and butanol concentration. However, surfactantinduced capillary pressure gradients dominate those due to non-uniform moisture content
distributions and flow occurs from right to left.
The moisture content profile in the RHS of the column (7 to 13.7 cm) at 2.5 h is
primarily influenced by the reduction in the hydraulic conductivity at the center of the
column caused by the initial drainage. Because the concentration within the RHS is
essentially uniform (-7% butanol solution), concentration-dependent capillary pressure
gradients in that region are small and cannot compensate for the reduction in hydraulic
conductivity. Thus, additional drainage from the RHS, driven primarily by capillary
pressure gradients caused by the non-uniform moisture content distribution, is slow.
At 24 h, flow within the column is still from right to left but the magnitude of the
fluxes decreases as concentration gradients within the column decrease and capillary
pressure gradients caused by non-uniform moisture content distributions in the LHS
balance those due to surfactant-induced surface tension variations. As shown in Figure 4,
the fluid that continues to drain out of the RHS from 2.5 to 24 h partially rewets the
drained region in the center of the column and produces additional wetting between 1 and
3 cm (Henry et al., 1999).

3.2 Modeling of Butanol Experiments
Though the use of a standard unsaturated flow and transport modeling technique
was successfully applied by Henry et al. (1999) for simulating flow induced within a
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closed horizontal column by an immobile surfactant , the same technique could not
adequately simulate flow in a column contaminated with a mobile surfactant such as

butanol. That was because the model did not account for concentration-dependent
changes in the hydraulic functions. The modified HYDRUS model that we present here
incorporates concentration-dependent effects on both the moisture content-pressure head
relationship and hydraulic conductivity, as discussed above. Simulation results produced
using the modified HYDRUS model are plotted in Figures 5a and 51) for 2.5 and 24 h,
respectively, along with the corresponding experimental data of Henry et al. (1999). The

2.5 and 24 h data are plotted on separate graphs for clarity. The modified HYDRUS
model simulates the experimental results well.
The simulated change in moisture content in the RHS of the column provides a good
match to experimental results at both 2.5 and 24 h. The simulations also capture the
gradual change in moisture content with distance between 3 and 7 cm at both times. At

2.5 h the model slightly overpredicts water movement at the left end of the column and
underpredicts drainage at the center of the column. The differences between experimental
and simulated results are likely due to inaccuracies in the hydraulic functions used for
modeling. Early in the experiment, the rate of change of moisture content in the column
is fast. Inaccuracies in the hydraulic functions, particularly the unsaturated hydraulic
conductivity function, which was estimated by Mualem's method rather than measured,
would be expected to cause differences between simulated and experimental moisture
contents at early times. As fluxes in the column decrease over time, the moisture content
profile changes more slowly and slight over- or under-predictions of water flow are
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reduced. By 24 h, as shown in Figure 5b. the simulation results match the experimental
data well throughout the column.
Another source of discrepancy between the simulated results and the experimental
data may be the assumption that the initial condition of the column was characteristic of
the main wetting curve for either the pure water or 7% butanol wetted silica sand. It is
probable that the actual initial condition in each half of the column fell on a scanning
curve. However, HYDRUS does not provide the option of setting initial conditions on
scanning curves. Additional differences between the experimental and simulated results
may stem from the fact that the majority of the experiment proceeded along scanning
curves but the hysteresis routine in HYDRUS uses scaled versions of the MWC and

MDC, rather than actual scanning curves, to simulate hysteresis. Kool and Parker (1987)
noted the potential for error when this scaling technique is used because it does not
predict closed scanning loops. Therefore, the predicted scanning curves may have been
steeper than the actual experimental conditions.
The shapes of the moisture content profiles in Figures 5a and 5b are not intuitive
and merit further discussion. To describe the evolution of the moisture content profiles,
simulation results were examined for several times less than 24 h, as shown in Figure 6a.
In addition to the moisture content profiles of Figures 6a and 6b, simulated moisture
content, pressure head, concentration, gradient, conductivity, and flux values were plotted
for various times in Figure 7 to aid in interpretation of the moisture content profiles. At

t = 0 h, the change in moisture content is zero throughout the column. By 0.001 h the
high fluxes at the interface between the clean and contaminated halves of the column
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result in drainage within the RHS and wetting of the LHS near the center of the column,
as shown in Figure 6a. The areas of both the wetted and drained regions increase and the
boundary between the wetted and drained regions continues to move to the left from
0.001 to 0.075 h. As concentration gradients within the solute front decrease due to
dispersion, solute-induced capillary pressure gradients also decrease, as shown in Figure
7. Thus the advance of the boundary between the wetted and drained regions slows. From
0.075 to 0.25 h the moisture content at 2.5 cm (Fig. 6a) remains approximately constant
while the region to the left of this point wets and the region to the right drains. The
wetting and drainage centered around 2.5 cm causes a 'hump' in the moisture content
profile in the LHS of the column at 0.25 h. Drainage from the RHS of the column from
0.25 to 24 h causes additional wetting between 0.0 and 2.5 cm and rewetting of regions
that had previously experienced drainage between 2.5 cm and the center of the column.
After 24 h, this wetting effectively damps out the hump that was seen in the moisture
content profile at 0.25 h.
Though data were not collected for t > 24 h, the modified HYDRUS model is useful
for investigating the long term behavior of the closed column system. Henry et al. (1999)
speculated that, "After the hydraulic gradient is near zero with the water content and
surfactant-induced components essentially balancing one another, diffusion of butanol
will become the primary mechanism of solute transport." As butanol diffuses out of a
contaminated region, the concentration-dependent surface tension of the region increases
and causes a decrease in the soil water pressure. Similarly, diffusion of butanol into less
contaminated regions results in an increase in the soil water pressure. We expected this
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diffusion process to result in backflow within the column and used the model to evaluate
the importance of the process and to predict the final steady-state condition of the system.
Though the simulated moisture content profile was essentially constant after
25,000 h, simulation results indicated that pressures in the system continued to change
slightly (-1 cm) until 200,000 h. Figure 6b shows the simulated moisture content profiles
for selected times between 24 and 200,000 h (final steady-state). Water and solute mass
balance errors were less than 0.102% and 0.000%, respectively, for all times shown in
Figure 6. The selected profiles in Figure 6b illustrate the major flow processes in the
system. After —24 h, there is negligible additional wetting between 0 and 3 cm. Thus,
leftward flow in this region has ceased but continues in the rest of the column. By 500 h,
drainage from between 0 and 3 cm indicates that backflow (flow from left to right) is
occurring. This is confirmed by positive fluxes in the model output. Wetting/rewetting is
seen between 3 and 12 cm due to additional drainage from the far right end of the column
(12-13.7 cm) and backflow from the region between 0 and 3 cm. By approximately 2500
h, drainage at the far right end of the column has reached a maximum. Subsequent
backflow from 2500 to 200,000 h, caused by surface tension gradients resulting from the
slow diffusion of butanol to the left, causes drainage in the region between 0 and 8 cm
and rewets the section between 8 and 13.7 cm. The occurrence of backflow, as indicated
by comparison of the 24 and 200,000 h profiles of Figure 6b, demonstrates that butanol
diffusion can indeed have a significant effect on flow within the column.
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3.3 Effect of Hysteresis on Simulation Results
The observed processes of draining and rewetting within the column are consistent
with those observed by others due to concentration-dependent surface tension variations
within a solute front. The importance of hysteresis in these types of systems is exhibited
by the non-unifoini steady-state moisture content profile in the horizontal column (Fig.
6b). At steady-state, the concentration at all locations within the column is equal to one
half of the initial concentration within the RHS of the column (Fig. 7). The hydraulic
gradient is zero everywhere within the column and thus the pressure in the column must
be uniform. The hydraulic properties of the column at steady-state are those for the silica
sand wetted with 3.5% butanol solution. If hysteresis were not considered, the uniform
pressure distribution within the column at steady-state would be associated with a
uniform moisture content profile. Because the column is closed, a mass balance on water
is required and the final moisture content would necessarily be equal to the initial
moisture content. The apparent change in moisture content at steady-state would be zero
throughout the column. However, because hysteresis is considered in our simulations, the
moisture content-pressure head relationship within the column may be indicative of the
main wetting curve, main draining curve, or any of the intermediate wetting and draining
curves for the 3.5% butanol system and will vary spatially. Thus, as shown in Figure 6b,
the final steady-state moisture content in the column is non-uniform and is a function of
wetting/drying history. This supports the conclusion of Smith and Gillham (1999) that
hysteresis in the hydraulic functions is required to accurately simulate concentrationdependent surface tension effects on unsaturated flow.

80

3.4 Effect of Dispersivity on Simulated Moisture Content Profile

Since the hydraulic functions for an unsaturated system contaminated with a
surface-active organic solute like butanol depend on solute concentration, transport
parameters such as the aqueous molecular diffusion coefficient and dispersivity can
significantly affect simulation results. Smith and Gillham (1999) showed that adjusting
the dispersivity had a substantial effect on the magnitude and velocity of the flow
perturbation associated with the surface tension changes in the solute front. The butanol
molecular diffusion coefficient for all modeling presented here was taken from the
literature (Yaws, 1995), but dispersivity was adjusted to deteimine a value that resulted in
a good fit of simulation results to experimental data. The dispersivity chosen for
modeling the experimental data was 2 cm.
Additional simulations were run using dispersivities 1/2 and 2 times the value used
for modeling of the experimental data. The goal of these simulations was to
systematically evaluate the effect of dispersivity on the induced flow phenomena by
examining the simulated moisture content profiles within the column at 2.5 and 24 h.
Decreasing dispersivity results in a steeper solute front and larger concentration gradient
within the front. Thus dispersivity has a direct effect on the surfactant-induced capillary
pressure gradients and surfactant-induced fluxes associated with the solute front.
Figures 8a and 8b show the 2.5 and 24 h simulated moisture content profiles,
respectively, for dispersivity values of 1, 2, and 4 cm. At 2.5 h (Fig. 8a) large surfactantinduced fluxes result in more drainage near the center of the column when the
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dispersivity is 1 cm than when dispersivity is 2 or 4 cm. This enhanced drainage results in

a decrease in the hydraulic conductivity near the center of the column. The reduction in
hydraulic conductivity slows additional drainage from the RHS that occurs between 8 and
13.7 cm, thus the amount of drainage observed within this region at 2.5 h decreases with
decreasing dispersivity. Though less water drains from the RHS by 2.5 h when
dispersivity 1, more water is moved to the region between 0 and 4.5 cm because of the
enhanced drainage near the center of the column. Despite the fact that more water has
moved into the region between 0 and 4.5 cm, the maximum change in moisture content at

the far left end of the column at 2.5 h is less because the wetting front is sharper. In
addition to affecting the amount of flow at the left and right ends of the column, a
dispersivity of 1 cm also leads to a steeper change in moisture content between 2 and 6

cm at 2.5 hours, relative to the more gradual change in moisture content observed as
dispersivity increases to 2 and 4 cm. The 24 h moisture content profile (Fig. 8b) displays
some of the same general trends noted at 2.5 h that are associated with decreasing
dispersivity: 1. drainage at the far right end of the column decreases; 2. drainage at the
center of the column increases; 3. the change in moisture content is steeper between 2 and
6 cm; 4. more water accumulates between 0 and 5 cm. In contrast to the 2.5 h profiles,
by 24 h, the maximum change in moisture content at the far left end of the column is
associated with the smallest dispersivity value and varies inversely with dispersivity.
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4. Conclusions
Surface-active solutes can have a significant effect on flow and transport in
unsaturated porous media. Because of the nature of these types of systems. hysteresis in
the hydraulic functions must be considered if flow and transport are to be accurately
simulated by numerical models. We have apparently presented the first numerical model
of unsaturated flow and transport to include both hysteresis and concentration-dependent
changes in the hydraulic functions due to the presence of surface-active organic
contaminants. Additionally, we have shown that concentration-dependent effects on
unsaturated flow can be readily incorporated into standard numerical models. In this
study we have limited our investigation to modeling flow and transport in a system
contaminated with butanol, however, the same technique could be applied to any surfaceactive contaminant for which the concentration-dependence of surface tension and
viscosity is known. As shown by Karkare et al. (1993), surface-active organic
compounds, including alcohols, amines, acids and esters, can induce flow in unsaturated
porous media. The ability of a range of surface-active compounds to induce unsaturated
flow should provide further motivation for measuring concentration-dependent surface
tension and viscosity for water contaminated with surface-active organic compounds of
environmental interest.
Numerical models that incorporate contaminant-induced flow perturbations can
serve as a useful tool for contaminant hydrogeologists, modelers, and regulatory
agencies. The magnitude of the observed flow perturbations will be a function of both the
surface-active behavior of the contaminant of interest and the geology of the site under
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consideration. Thus, numerical models such as the one presented here provide a method

for evaluating the importance of these effects on a site-specific and contaminant-specific
basis. Depending on the contaminant and site of interest, the use of standard numerical
models that do not incorporate concentration-dependent hydraulic functions to simulate

flow and transport in systems contaminated with surfactants may result in considerable
differences between predicted and observed flow and transport. Further, without a
thorough understanding of surfactant-induced flow perturbations, the application of

standard methods for determining transport parameters, such as fitting breakthrough
curves, would give incorrect results in these types of systems because flow within the
system is not steady. Standard methods for determining transport parameters would
predict a higher dispersivity than is actually characteristic of the system. Accounting for

the effect of surfactant-induced flow perturbations is necessary for determining transport
parameters in these systems. Other desirable improvements to the state of modeling these

types of systems would include partitioning of the solute to the gas and solid phases, as
well as dissolution from the organic phase. These features would be of the greatest
interest for simulating contaminant transport and remediation in systems contaminated
with volatile organic compounds of environmental concern.
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Abstract

Organic contaminants that decrease the surface tension of water (surfactants) can have an
effect on unsaturated flow through porous media due to the dependence of capillary
pressure on surface tension. We used an inteimediate-scale 2D flow cell (2.44 x 1.53 x

0.108 m) packed with a fine silica sand to investigate surfactant-induced flow
perturbations. Surfactant solution (7% 1-butanol and dye tracer) was applied at a constant
rate at a point source located on the soil surface above an unconfined synthetic aquifer
with ambient groundwater flow and a capillary fringe of —55 cm. A glass plate allowed
for visual flow and transport observations. Thirty instrumentation stations consisting of
time domain reflectometry probes and tensiometers measured in-situ moisture content
and pressure head, respectively. As surfactant solution was applied at the point source, a
transient flow perturbation associated with the advance of the surfactant solution was
observed. Above the top of the capillary fringe the advance of the surfactant solution
caused a visible drainage front that radiated from the point source. Upon reaching the
capillary fringe, the drainage front caused a localized depression of the capillary fringe
below the point source because the air-entry pressure decreased in proportion to the
decrease in surface tension caused by the surfactant. Eventually, a new capillary fringe
height was established. The height of the depressed capillary fringe was proportional to
height of the initial capillary fringe multiplied by the relative surface tension of the
surfactant solution. The horizontal transport of surfactant in the depressed capillary
fringe, driven primarily by the ambient groundwater flow, caused the propagation of a
wedge-shaped drying front in the downgradient direction. Comparison of dye transport
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during the surfactant experiment to dye transport in an experiment without surfactant
indicated that because surfactant-induced drainage decreased the storage capacity of the
vadose zone, the dye breakthrough time to the water table was more than twice as fast

when the contaminant solution contained surfactant. The extensive propagation of the
drying front and the effect of vadose zone drainage on contaminant breakthrough time
suggest the importance of considering surface tension effects on unsaturated flow and
transport in systems containing surface-active organic contaminants or systems where
surfactants are used for remediation of the vadose zone or unconfined aquifers.
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1. Introduction
Although flow through porous media is commonly assumed to be independent of
solute concentration , dissolved surface-active organic compounds (surfactants) can have

a direct and significant effect on flow through unsaturated porous media. Most organic
compounds are surface-active in aqueous solution and can reduce the surface tension of

water. Because soil water pressure is a function of surface tension, surfactant-induced
reductions in surface tension can result in proportional decreases in capillary pressure
(i.e., increases in soil water pressure) in unsaturated porous media. The effects of surfaceactive solutes on the moisture characteristic relationship can be significant and have been
demonstrated for a variety of organic compounds (Salehzadeh and Demond, 1994; Smith

and Gillham, 1994, 1999; Lord et al., 1997, 2000; Dury et al., 1998).
The effects of surfactants on unsaturated flow have been noted in experimental
systems. Zartman and Bartsch (1990) surveyed the ability of 17 surfactants, including
anionic, cationic, and nonionic species, to enhance drainage from dewatered soil columns
over a range of surfactant concentrations. Due to the dependence of surface tension on

surfactant concentration, they observed an increase in gravity-induced outflow with
increasing surfactant concentration. The volume of column outflow observed was greater
than the volume of surfactant solution applied; thus, surfactant enhanced drainage had
occurred as a result of reduced surface tension.

Here, we apply the general definition of the term 'surfactant' to include all organic
compounds that reduce the surface tension of water: commercial surfactants, alcohols,

humic substances, aliphatics, aromatics, amines, etc. It should be noted that there are
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definitions of 'surfactant' that do not include alcohols (West and Harwell, 1992).
However, the terms 'surfactant' or 'co-surfactant have been used to refer to alcohols in
-

the chemical engineering (Karkare et al., 1993) and environmental (Jain and Demond,

1999) literature.
Tschapek and Boggio (1981) found that the presence of the surface-active compound,
myristyl alcohol, in one half of a homogeneous, uniformly wetted, closed, unsaturated
sand column resulted in flow from the surfactant containing side of the horizontal column
to the side that contained no surfactant. Karkare and Fort (1993) and Henry et al. (1999)
conducted experiments similar to those of Tschapek and Boggio (1981) and concluded
that the observed water movement was due to surfactant-induced capillary pressure
gradients. Karkare et al. (1993) applied the same experimental technique to study the
water moving ability of 33 surfactants (long chain alcohols, acids, esters, and amines) and
found that in order for surfactants to be effective at moving water they must be waterinsoluble and must form a condensed solid film at their equilibrium spreading pressure.
However, Henry et al. (1999) showed that a soluble alcohol, butanol, was effective at
moving water in such systems and that the resultant moisture content distribution in the
column was much different than when the low-solubility alcohol, myristyl alcohol, was
used.
Other experimental observations of surfactant-induced flow perturbations have been
seen in one-dimensional (1D) miscible displacement experiments, though the observed
effects were sometimes secondary to the objectives of the experiment. Bruell et al. (1997,

1998) examined the removal of the non-aqueous phase liquid (NAPL), m-xylene, from
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unsaturated porous media using surfactant flushing. They found that as surfactant
solution (1% Witconol SN90) was applied, column dewatering occurred and the effluent
flow rate subsequently decreased due to reductions in interconnected water filled pores
-

through which flow occurred, leading to a reduction in the effective permeability" (Bruell
et al., 1998). Allred and Brown (1996) studied surfactant transport in unsaturated
columns by applying two types of anionic surfactants to a dry soil column. They noted a
'notch' in the resultant moisture content profiles within the column that was not seen in
experiments run with pure water. The notch coincided with the surfactant solute front and
they concluded that it was caused by variation in the water retention relationship in the
transition zone between high and low surfactant concentrations.
Smith and Gillham (1999) presented laboratory column experiments designed
specifically to examine solute concentration-dependent surface tension effects on flow
and transport in a vertical unsaturated sand column. They used 1-butanol as a
representative surface-active solute. During experiments conducted under constant flux
upper boundary conditions they observed a transient flow perturbation associated with
the advance of the solute front. As the solute front reached the bottom of a column with a
water table lower boundary, depression of the capillary fringe was measured. The steadystate height of the depressed capillary fringe relative to the original height was
proportional to the ratio of the surface tension of the butanol solution relative to that of
pure water, as predicted by the dependence of capillary pressure (and thus air-entry
pressure) on surface tension.
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The effects of surface-active solutes on unsaturated flow, and transport have also been
seen in two-dimensional (2D) laboratory experiments related to NAPL transport and
remediation. Chevalier et al. (1998) studied NAPL lens configurations by applying
unleaded gasoline through an injection well located in the unsaturated zone of a 2D flow
cell with a fixed and level water table (i.e., no horizontal groundwater flow). As the
gasoline reached the top of the capillary fringe, the height of the capillary fringe was
depressed from 14.1 to 10.7 cm across the entire width of the box, despite the fact that the
NAPL lens remained confined to the middle of the box. The capillary fringe depression
was attributed to 'capillary pollution' caused by the gasoline. The capillary fringe
depressed further to 5 cm after surfactant solution (2% Hyonic PE and 2% Witconate 93S) was applied through the injection well. In a separate experiment, the application of
surfactant was not preceded by gasoline. When the surfactant plume reached the top of
the capillary fringe, the height of the capillary fringe depressed from 15.4 to 7.4 cm
(Chevalier et al., 1998).
Walker et al. (1998) and Jawitz et al. (1998) used 4% Triton X-100 and 70% ethanol
solutions, respectively, in studies related to flushing as a remedial technique. Both groups
observed vadose zone drainage as surfactant solution displaced pure water. Walker et al.
(1998) applied surfactant solution on the soil surface of a 2D flow cell with a fine layer
packed in the center of a coarse medium. They noted that during downward movement of
the surfactant plume from the unsaturated coarse sand layer into the wetter fine sand
layer, "spontaneous" spreading of the surfactant solution occurred within the fine layer
and resulted in drainage of the fine layer. Because capillary effects are greater in fine-
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grained materials, vertical and horizontal imbibition of the surfactant solution within the
fine layer was seen that was not observed in the coarse layer. Walker et al. (1998) also
point to the potential effect of surfactant-induced drainage of the vadose zone on other
remedial techniques (e.g., vapor stripping), as did Smith and Gillham (1994). The
approach of Jaw itz et al. (1998) involved the application of the surfactant solution at the
upgradient boundary of a 2D flow cell with an ambient groundwater flow. As the solution
migrated across the box and displaced pure water, a transient depression of the capillary
fringe from an initial height of 9 cm to a final height of 5 cm was observed, as expected,
based on the ratio of the surface tension of the surfactant solution (40 dynes/cm) to that of
water (72 dynes/cm) (Jawitz et al., 1998). Due to the dynamic nature of the capillary
fringe, the saturated volume within the flow cell changed and had a direct effect on
transport.
The studies described above demonstrate the potential for surface-active organic
contaminants (e.g. petroleum constituents), as well as surfactant solutions used for
remediation, to impact capillary processes. However, these phenomenological
observations have provided limited information regarding how solute concentrationdependent surface tension effects from a surface or shallow near-surface source will
propagate in an unconfined aquifer with an ambient hydraulic gradient and what effect
they will have on larger scale flow and transport processes in both the saturated and
unsaturated zones. We conducted laboratory experiments designed to demonstrate and
quantify solute concentration-dependent surface tension effects on flow and transport.
The surfactant effects were compared and contrasted with similar experiments conducted
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with solutes that did not depress surface tension. The experiments used an intermediatescale 2D flow cell to investigate the advance of a contaminant plume containing a
surface-active solute, 1-butanol. from a point source located on the soil surface, through
the v adose zone, and across the water table. Such a scenario was chosen to represent
-

either the infiltration of a surface-active contaminant plume or the infiltration of a
surfactant solution for remediation of the vadose zone, as in the NAPL remediation field
study of Bettahar et al. (1999).

2. Materials and methods
2.1 Flow cell and porous medium
The two-dimensional flow cell (sandbox) used was 2.44 x 1.53 x 0.108 m. A
schematic of the flow cell is shown in Figure 1. The flow cell frame was constructed of
316 stainless steel and had a 316 stainless steel back plate and glass front plate. Viton
cord was used as gasket material. The flow cell was instrumented with 30 instrumentation
stations composed of time domain reflectometry (TDR) probes and pressure transducer
equipped tensiometers for the measurement of moisture content and soil water pressure
head, respectively. The locations of the instrumentation stations are shown in Figure 1
along with their row and column reference numbers. Column numbers are counted from
right to left and row numbers from top to bottom. The sandbox was instrumented more
densely near the point source in order to capture higher resolution data during the early
stages of contaminant infiltration.
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A 120-mesh silica sand (Kern's Rock Ranch, Tucson. AZ) was used in the flow cell.
The sand had an organic carbon content of 0.03%. The — 680 kg of sand used for the
experiment was prepared by triple rinsing with tap water and oven drying at 100 ° C for 24
hr. Before packing, the sand was pre-mixed to a gravimetric moisture content of 3% to
avoid particle segregation during pouring. The box was packed in 1 cm lifts. Each lift
was poured into the box, leveled, and the interface between the loose sand and the
previously packed layer below it was mixed to minimize horizontal layering effects. The
lift was then packed and the procedure repeated for the next lift. No visible
heterogeneities were noted after packing. The average bulk density was 1.70 g/cm 3 and
the porosity was 0.36.
Constant head boundary conditions were used on the ends of the box. On the right
hand side (RHS) boundary, a constant head device was connected to four 0.6 m long
porous stainless steel tubes (Mott Corporation, Farmington, CT) that were inserted into
the sand pack. The porous tubes remained saturated under tension and allowed water to
be applied at a constant head along the entire depth of soil, including the capillary fringe.
The left-hand side (LHS) boundary was controlled by maintaining a constant water table
depth in a coarse sand pack. The capillary fringe in the coarse sand pack was on the order
of a few cm. Therefore, water flowing in the capillary fringe of the fine sand must curve
downward to exit the left-hand boundary at the free water surface. That is, there existed a
physical capillary barrier between the fine sand in the box and the unsaturated section of
the coarse sand pack at the exit boundary. However, the results presented here were not
affected by that exit boundary condition.
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Prior to the beginning of the experiment the water table was raised to the top of the
box and then lowered to 63.9 cm above the bottom of the tank as shown in Figure I.
Consequently, the unsaturated sand was initially on the main drainage moisture
characteristic curve. The average capillary fringe height on the main drainage curve was

—55 cm. In-situ measurements of soil water pressure and moisture content at the
instrument stations in rows 1 and 2 confirmed that the top of the capillary fringe, i.e.,
negative pressures at saturated conditions, was between rows 1 and 2 before contaminant
application at the soil surface. The approximate location of the capillary fringe is shown
in Figure 1. A horizontal gradient was maintained across the sandbox such that the
ambient groundwater flow occurred from right to left. The average horizontal gradient
was 0.025 and the darcian flux was 0.48 cm/h before the application of contaminant
solution at the point source.
Moisture content was measured using two-rod TDR probes. The rods were 0.24 cm
diameter 316 stainless steel, 10.16 cm long, and spaced 2.54 cm apart. The TDR
waveforms were captured through a Tektronix 1502C cable tester connected through a
pair of Vadose multiplexers and a personal computer running TACQ software (Dynamax,
Houston, TX). The waveforms were then analyzed to determine moisture content from
the measured apparent dielectric constant according to the relationship of Topp et al

(1980).
Soil water pressure head was measured using pressure transducer (model 143PCO3D,
Honeywell Micro Switch, Freeport, IL.) equipped tensiometers with 316 stainless steel
bodies and porous cups. Automated data collection was controlled with a personal
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computer through an analog to digital conversion board (National Instruments AT-M1064E-3, National Instruments, Austin , TX). Tensiometers were located 1.91 cm above the
center of each TDR probe and were centered between the two TDR rods.

2.2 Properties of contaminant solution
The surface-active contaminant used was 7% (w/w) 1-butanol (laboratory grade). The
contaminant solution also contained 50 mg/L blue dye (FD & C Blue #1) and 3 g/L KCI
as tracers. The density of the synthetic contaminant solution was 99.0% that of water.
The temperature during the experiment was 25±1 ° C
Butanol depresses the surface tension of water as a function of concentration. The
butanol concentration-dependent surface tension at 25 ° C is shown in Figure 2. Samples
of the synthetic contaminant solution were taken periodically. The average surface
tension of the synthetic contaminant solution was 27.9 dynes/cm.
Dissolved butanol also affects the viscosity of the solution. The butanol
concentration-dependent viscosity at 25 ° C is shown in Figure 2. As seen in Figure 2, 7%
butanol solution has a higher viscosity and lower surface tension than pure water.

2.3 Hydraulic characteristics
The moisture content-pressure head relationship for the water-wetted silica sand was
measured in-situ by gradually raising the water table to the top of the sandbox and then
slowly lowering the water table to the bottom of the sandbox over a period of 1 week.
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Moisture characteristic curves for 13 stations are shown in Figure 3. The curve for each
station represents one hysteresis loop. The average porosity of the porous medium was
0.36. The rewetted saturated moisture content varied from — 0.25 to 0.30. The rewetted
saturated moisture content was less than the porosity because of entrapped air. The
saturated hydraulic conductivity for the fine sand was 14.6 cm/hr, detemiined in a 1-D
column under steady state flow.
The predicted moisture retention curves for the silica sand wetted with 7% butanol
are shown in Figure 3. They were calculated by scaling the pressure term of the waterwetted retention curves by the ratio of the surface tension of 7% butanol solution to that
of pure water (after Leverett, 1941):
T(0) —
ao

v(0 )

where, çtf is the measured pressure head at water content 0 for the porous medium wetted
with pure water, G o is the surface tension of the reference fluid (pure water), o is the
-

surface tension the 7% butanol solution, and is the scaled pressure head at the same
moisture content for the porous medium wetted with 7% butanol solution. This scaling
technique is based on the dependence of capillary pressure on surface tension has been
successfully applied to silica sand systems wetted with butanol solution (Dury et al.,
1998; Smith and Gillham, 1999).
There are a few features of the retention curves shown in Figure 3 that should be
noted for interpretation of the experimental results. First, at all moisture contents less
than saturation, the pressures for the 7% butanol-wetted sand are greater than for the pure
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water-wetted sand. Because flow occurs from regions of higher hydraulic head toward
regions of lower hydraulic head, the tendency will be for flow to occur from
contaminated regions toward clean regions. Second, there is a large difference between
the pressures for the water system and those of the 7% butanol system. This indicates that
large capillary pressure gradients can occur in the vicinity of butanol concentration
gradients. Finally, the lower surface tension of the butanol solution, relative to pure
water, causes a proportional decrease in the air-entry pressure. As a result, a proportional
decrease in the height of the capillary fringe is expected when 7% butanol is the resident
fluid rather than pure water.

2.4 Contaminant transport experiment
Once the ambient flow in the box reached steady-state, the experiment was initiated
by applying the contaminant solution to the unsaturated zone at a point source on the soil
surface at a constant rate of 3 ml/min using an HPLC pump. Contaminant delivery at the
point source was distributed across the thickness of the box (10.8 cm) over a length of 1.9
cm (0.8% of the total length). Except at the point source, the top of the flow cell was
covered with foil to minimize evaporation without producing an airtight seal which might
affect air pressures within the porous medium. The duration of the 7% butanol
application was —9 days. Moisture content and pressure head were monitored continually
at all instrumentation stations throughout the experiment. Pressure measurements were
taken every 2 min and moisture contents every 10 min. Pictures of the experiment were
recorded using a video camera.
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3. Results and discussion
The data are presented in three ways. First, we present data from 2D images of the
experiment that provide information about the macroscopic behavior of the system. Next,
we present point measurements of moisture content and pressure head as a function of
time for positions directly below the point source and for horizontal rows 2 and 3. Those
data show the temporal micro-scale behavior associated with the advancing contaminant
plume. Finally, we present the paired moisture content-pressure head data for individual
instrumentation stations relative to the moisture characteristic curves for the water-wetted
and 7% butanol-wetted porous medium. The direct comparison of the experimental data
to the moisture characteristic curves is highly instructive because it illustrates the relative
importance of drainage and rewetting events compared to pressure changes caused by
surfactant effects.

3.1 Images of 2D flow and transport
For analysis of the photographic data, the relevant features such as drying fronts, dye
plumes and the location of the water table and capillary fringe were digitally traced. They
are presented here as line drawings to clearly outline and contrast the changes over time.
An additional experiment with similar flow conditions such as water table and
capillary fringe locations, ambient groundwater flow rate, and contaminant application
rate was conducted. However, in contrast to the primary surfactant experiment, the
synthetic contaminant solution was simply a dyed water solution of constant surface
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tension (i.e., the solution did not contain any surfactant). The video image results of the
dye transport experiment after 264 h are shown in Figure 4. This figure serves as a base
case to compare and contrast with results from the butanol experiment in which surface
tension varied. The dye plume is shown as a darkly shaded region.
Two interesting features are apparent in Figure 4. First, the entire contaminant (dye)
plume was confined to the vadose zone. Second, considerable horizontal transport of the
contaminant plume occurred within the capillary fringe. This is primarily due to the
relatively large height of the capillary fringe for the fine sand. Hydraulic conductivities
and hydraulic gradients within the capillary fringe were approximately the same as those
below the water table. Therefore, upon penetrating the top of the capillary fringe the
plume migrated horizontally, driven from right to left by the ambient groundwater flow in
the sandbox. The limited horizontal movement of the dye plume seen above the top of the
capillary fringe was due to capillarity. After approximately 120 hr, the movement of the
dye plume near the soil surface in the unsaturated zone was negligible. In general,
contaminant retention in the vadose zone and eventual breakthrough to the water table in
any given spill scenario will depend on a number of factors which include contaminant
application rate, ambient groundwater flow rate, and capillary fringe height.
Photographic results of the 7% butanol experiment (hereafter the `butanol
experiment') are shown in Figure 5 for times from 3 to 202.5 h. The dye plume is shown
as a darkly shaded region while a drained region is shown lightly shaded. The results of
the butanol experiment shown in Figure 5 contrast dramatically with the results of the
constant surface tension base ease experiment in Figure 4. Though liquid was applied at a
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constant rate at the point source in both experiments, a distinct drying front was observed
to be associated with the advancing surfactant front. The drying front reached
instrumentation station (1,2) [(row, column)] below the point source after 3 hours of 7%
butanol solution application (Fig. 5a). In addition to the visually discernible interface
between drained and wetted regions, a dye plume was seen that was retarded relative to
the advance of the drying front. At 3h, the drying front had moved roughly 1.4 times
farther than the dye plume.
It seems counterintuitive that the addition of solution at the point source resulted in
drainage. This behavior was a direct result of surfactant-induced changes in the hydraulic
properties of the porous medium and was not seen in the base case experiment. As 7%
butanol solution was applied to the sand the region directly below the point source
remained unsaturated but the pore water was displaced by butanol solution. The
displacement of water by butanol solution caused a large shift in the moisture contentpressure head relationship, as seen in the water and 7% butanol moisture characteristic
curves of Figure 3. That resulted in high capillary pressure gradients between clean and
contaminated regions. The high capillary pressure gradients induced locally high fluxes
in the vicinity of the butanol solute front, with drainage behind the butanol front and
wetting ahead of it, i.e., the butanol front was coincident with the drainage front shown in
Figure 5a.
For the first 24 h of the butanol experiment the advance of the drying front was
approximately symmetrical about the point source (Fig. 5a-5c). When the drying front
reached the top of the capillary fringe, a localized depression of the capillary fringe
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occurred (Fig. 5b and 5e) because the magnitude of the air-entry pressure for the butanolwetted sand was lower than that for the pure water system. From 10 to 20.5 h (Fig. 5c)
the drying front spread little horizontally but exhibited significant vertical penetration.
The localized depression of the capillary fringe and propagation of the drying front
downward through the capillary fringe was different than the capillary fringe collapse
noted by Jawitz et al. (1998) for 70% ethanol because they applied the solution at the
inlet side boundary of their flow cell. The capillary fringe depression we observed at
early time was more similar to the drainage reported by Walker et al. (1998) for surface
application of 4% Triton X-100.
Eventually, a new capillary fringe height was established below the point source that
represented an equilibrium condition for the sand wetted with surfactant solution. The
height of the depressed capillary fringe was —40% of the initial height. Due to the
dependence of capillary pressure on surface tension, the magnitude of the observed
decrease in the height of the capillary fringe was expected since the surface tension of the
butanol solution was 38.8% that of pure water. The location of the top of the depressed
capillary fringe was coincident with a flattening of the drying front at 33 h seen in Figure
5d just above station (4,2). Though the vertical advance of the drying front below the
point source ceased as a new capillary fringe height was established, vertical movement
of both butanol and dye continued. By 33h the dye plume had caught up to the drying
front below the point source.
As the contaminants (butanol and dye) penetrated the top of the depressed capillary
fringe, significant horizontal transport of both butanol and dye occurred. Figure 5e shows
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the drying front and dye plume at 52.5 h starting to migrate laterally near the top of the
depressed capillary fringe.

A wedge-shaped drainage zone associated with the butanol plume advanced laterally
across the box. This produced an unusual effect: a tension-saturated region overlying a
drained region (Fig. 5f). The surfactant-induced drainage zone effectively created a
capillary barrier that restricted the vertical drainage of pure water through the butanolwetted drying wedge. We expect that pure water that drained from above the wedgeshaped drying front passed through the tension-saturated zone and exited the capillary
fringe ahead of the drying front. The air that displaced the water in the advancing

drainage zone came from the shallow depths closer to the point source.
Comparing the results of the base case experiment (Fig. 4) to the surfactant
experiment results shown in Figures 5f and 5g illustrates an additional significant largescale effect of surfactant-induced flow perturbations. Whereas in the base case
experiment the entire contaminant (dye) plume remained confined to the vadose zone
after 264 h, when the contaminant solution contained surfactant the dye plume penetrated

the top of the water table after only 99 h (Fig. 5f). A considerable volume of the plume
resided below the water table after 202.5h (Fig. 5g). The surfactant-induced drainage of

the vadose zone substantially reduced the storage capacity of the vadose zone while
simultaneously restricting the lateral movement of the dye plume within the unsaturated
regions. This lead to dye breakthrough times to the water table in the butanol experiment
that were half those in the base case experiment. In an aquifer, a surface-active

contaminant plume like the one shown in Figure 5g would be detectable in standard water
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table monitoring wells while a contaminant plume like the base case experiment (Fig. 4)
would not be detectable in standard monitoring wells because it is restricted to the vadose
zone under tension.

3.2 Moisture contents and pressure heads vs. time at points in space

The moisture content and pressure head data for the instrumentation column directly
below the point source are shown in Figure 6. Zero time (0 h) corresponds to the time at
which surfactant solution application began. The data for station (1,2) located 17 cm
below the point source (— 67 cm above the water table) support the visual observations of
Figure 5a and provide additional information on features that were not visually
detectable. A small increase in both moisture content and pressure head was seen
between 0.2 and 2 h as clean water that was displaced below the point source by the
advancing drainage front wetted the porous medium surrounding station (1,2). As the
butanol solute front reached station (1,2) moisture content sharply decreased from 0.13 to
0.05 due to high surfactant-induced local fluxes, and was accompanied by an increase in
pressure from —62 cm to about —22 cm between 2 to 3 h as butanol solution replaced
water in the pore spaces. The increase in pressure with decreasing moisture content is
contrary to the common behavior of constant surface tension systems in which increases
in pressure are associated with wetting events, but agrees with the experimental results
and numerical modeling of Smith and Gillham (1999). The pressure increased at all times
during drainage. That indicates that pressure increases due to increasing butanol
concentration (i.e., decreasing surface tension) were greater than any tendency for
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pressure to decrease due to decreasing moisture contents. From 3 to 7 hours, rewetting
occurred at station (1,2). As the butanol solute front passed, concentration gradients in the
pore fluid surrounding station (1,2) decreased, as did the associated surfactant-induced
capillary pressure gradients. The rewetting served to increase the hydraulic conductivity
of the region in order to conduct the fluid applied at the constant flux point source in the
absence of high hydraulic gradients. The rewetting was not visually identifiable because
sharp moisture content contrasts between adjacent regions were not present behind the
drying front. Though the initial and final moisture contents at station (1,2) were
approximately the same (0.125), the initial and final pressure heads differed greatly (-68
cm to —18 cm) depending on the surface tension of the resident fluid (Fig. 6). These
observations are consistent with the transient flow behavior seen in the 1D dissolved
butanol experiments of Smith and Gillham (1999). Smith and Gillham (1999) also noted
that under constant application rates, the final steady state moisture content in their
column was slightly greater than the initial moisture content because the fluid content
must increase to conduct the more viscous butanol solution under the same hydraulic
gradient. That viscosity effect is not readily apparent in the data from our 2D experiment.
We attribute that to the divergent nature of flow from the point source in this 2D system.
Figure 6 illustrates that as the capillary fringe was depressed a transient moisture
content and pressure head behavior was subsequently seen at each of the other stations in
column 2 directly below the point source. As the butanol front advanced downward it
became more dispersed as a result of mechanical dispersion and diffusion, resulting in
more gradual changes in moisture content and pressure head. Since stations (2,2) and
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(3,2) began at higher moisture contents than (1,2) they experienced more total drainage
but less rewetting because they were closer to the depth of the initial capillary fringe.
Station (3,2) rewetted to a slightly lower moisture content than (2,2) did. The difference
in the final moisture contents at (2.2) and (3,2) may be due to minor heterogeneities in the
porous medium. Station (4,2) was close to the top of the depressed capillary fringe and
consequently experienced only slight drainage and no rewetting. Stations below the top
of the depressed capillary fringe remained tension-saturated and the change in pressure
was small and was only due to groundwater mounding caused by the drainage event
above.
To quantitatively illustrate the effect of a surface-active solute on horizontal flow and
transport, the moisture content and pressure head data from horizontal rows 2 and 3 are
presented in Figures 7 and 8, respectively. All of the stations in row 2 were located at a
depth of 29 cm (-55 cm above the water table) and were expected to have the same initial
moisture content if the porous medium was perfectly homogeneous. Stations (2,1), (2,2),
and (2,3) had moisture contents within the expected range of rewetted saturated moisture
contents. The lower initial moisture contents at stations (2,5) and (2,6) are speculated to
be due to slight variations in packing and consequently, the height of the capillary fringe.
As shown in Figure 5b, instrumentation station (2,2) was the first station in row 2 to
be reached by the drying front. Due to the symmetrical shape of the drying front at early
times, stations (2,1) and (2,3) were contacted next and at approximately the same time.
Figure 7 shows that stations (2,1) and (2,3) experienced similar changes in moisture
content and pressure.
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Surfactant-induced drainage of the vadose zone caused hydraulic conductivity in the
drained regions to decrease. The decrease in hydraulic conductivity severely limited
horizontal flow in the unsaturated zone. After 36 h, the moisture content at stations (2,2)
and (2,3) was —0.10 and the capillary pressure at both stations was —21 cm. Thus, in row
2 near the point source there was essentially no horizontal hydraulic gradient and
hydraulic conductivity was relatively low. The moisture content data in Figure 7a
confirm that horizontal fluxes within the unsaturated zone were small. The drainage front
took 8.5 h to reach station (2,3), located a distance of 33 cm from the point source, and
the drainage event at that location was completed in 4 h. In contrast, due to the decreased
hydraulic conductivity and low horizontal hydraulic gradient behind the drainage front, it
took 43 h for the drainage front to reach station (2,5), which was 51 cm from the point
source. Drainage at (2,5) was slow and took —36 h. Interestingly, there was no change in
pressure at (2,5) during most of the local drainage event. The pressure increase observed
at station (2,5) due to increasing butanol concentrations began when drainage was nearly
completed (Fig. 7). This indicates that during drainage the decrease in pressure due to
decreasing moisture content was balanced by the increase in pressure due to decreases in
surface tension that were caused by increasing butanol concentrations. The surface
tension continued to decrease after drainage was completed. This is indicated by the slow
increase in pressure at station (2,5) after 72 h. At station (2,6), located 87 cm from the
point source, drainage took more than 48 h and pressure changes due to moisture content
and butanol concentration changes were so gradual that only a slight increase in pressure
was noted despite the fact that considerable surfactant-induced drainage occurred.
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Moisture content and pressure head data for rov, 3 , located at a depth of 49 cm below
the point source, are shown in Figure 8. The behavior in row 3 was similar to row 2,
however notable differences were observed for this deeper row.
The drying front reached station (3,2) directly below the point source at 17 h and
drainage was followed by slight rewetting to a final moisture content of 0.11. As in the
case of the shallower row 2, the symmetry of the drying front at early times caused the
drainage event to reach stations (3,1) and (3,3) almost simultaneously at 19 h. At each
station an increase in pressure was observed as the butanol solute front passed. Both (3,1)
and (3,3) drained from rewetted saturation to a moisture content of — 0.07. However, only
(3,3) experienced rewetting, possibly because station (3,1) may have experienced some
boundary effects due to its proximity to the inlet on the RHS of the box.
As discussed above, horizontal movement of the drying front was quite slow in row 2
due to reduced hydraulic conductivities and small horizontal hydraulic gradients in the
drained regions. The drying front propagated more rapidly in row 3 even though it was
deeper than row 2. Comparison of the moisture content data for row 3 in Figure 8a to
those for row 2 in Figure 7a illustrates the importance of surfactant transport in the
depressed capillary fringe on large-scale flow and transport processes. Surfactant-induced
drainage began at station (3,7) at 116 h and took 60 h. At station (2,6), which was
shallower and closer to the point source, drainage began at 150 h and took more than 66
h. Thus, despite the fact that (2,6) was only 87 cm from the point source while (3,7) was
131 cm from the source, station (3,7) began draining earlier and drained more rapidly.
That was because (3,7) was closer to the top of the depressed capillary fringe where
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relatively rapid surfactant transport occurred. Because the rate of horizontal butanol
transport increased with proximity to the top of the depressed capillary fringe, as seen in
the data from rows 2 and 3. the drying front moved across the box as a wedge (Figs. 5f
and 5g).
The pressure head data for stations (2,6) and (3,6), both located a horizontal distance
of 82 cm from the point source, depict the capillary barrier effect that impeded the
vertical drainage of pure water in the tension-saturated zone through the butanol-wetted
drying wedge. After 99 h (the time of the line drawing in Fig. 50 the moisture content at
station (2,6) was 0.18 and the moisture content at station (3,6) was 0.09. The pressure
head at station (2,6) was —56.5 cm while the pressure head at station (3,6) was —37.0 cm.
The vertical distance between the two stations was 20.3 cm, yielding a pressure gradient
of —0.96 (positive z direction vertically upward). This surfactant-induced capillary
pressure gradient essentially balances the gravitational gradient between the two stations.
As a result of the lower hydraulic conductivity of the drained zone and the small vertical
hydraulic gradient (0.04), the vertical flow of pure water through the butanol-wetted
drying wedge was small.

3.3 Paired moisture content-pressure head data
In Figure 9 the paired moisture content-pressure head data from Figures 6, 7, and 8
(column 2, row 2, and row 3, respectively) are superimposed onto the water and 7%

butanol moisture characteristic curves. This type of presentation allows for the
interpretation of the behavior of the concentration-dependent surface tension system
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relative to the range of possible behavior bounded by the water drainage curves and the

7% butanol wetting curves. It should be noted that the paired moisture content-pressure
head data in Figure 9 do not contain any specific temporal information. However, since
the pressure data were collected at constant frequency, a larger distance between adjacent
points on a curve indicates a more rapid change in moisture content and/or pressure head.
The arrows in Figure 9 indicate the direction the data trended over time.
The paired moisture content-pressure head data for column 2 are in Figure 9a.
Because the stations in column 2 varied in elevation, the initial condition of each station
also varied. However, all of the stations started at a moisture content-pressure head
condition that was characteristic of the main drainage curve (MDC) for the water-wetted
porous medium. As the butanol front reached each station, a shift was seen from a system
with retention characteristics of the water-wetted porous medium, through a drainage and

rewetting event, to final locations on the 7% butanol wetting characteristic curves. For
example, station (1,2) began at a moisture content of 0.12 and pressure of —68 cm.
Shortly after the beginning of the experiment, surfactant-induced drainage above station

(1,2) resulted in a minor wetting event which followed a water scanning curve. The
wetting resulted in a pressure head increase from —68 to —62 cm. Next, a relatively rapid
decrease in moisture content due to high surfactant-induced fluxes occurred along with an
increase in pressure due to increasing surfactant concentrations in the pore water
surrounding station (1,2). After drainage, the moisture content was 0.05 and the pressure
head was —22 cm. Finally, as the butanol solute front passed, concentrations gradients
decreased and rewetting proceeded to the final steady-state condition that was located on
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the 7% butanol main wetting curve (MWC). At the final steady state, the moisture
content was 0.13 and the pressure head was —18 cm. Stations (2,2) and (3,2) experienced
a similar transition from an initial moisture content-pressure head condition on the waterwetted main drainage curve to a final condition on the 7% butanol MWC. Because station
(4,2) was near the top of the depressed capillary fringe it remained at a high moisture
content and experienced only a small change in moisture content and pressure.
For all butanol concentrations between 0 and 7%, the moisture content-pressure head
conditions should theoretically plot somewhere between the water-wetted MDC and the
7% butanol MWC. However, in Figure 9a, conditions for stations (1,2), (2,2), and (3,2)
plot outside that range. The observation that the data for (1,2) plots farther outside the
curve than the data for (2,2) suggests that the 1.91 cm vertical spacing between the
tensiometer and TDR rods may be responsible for this difference. The vertical distance
between the pressure and measurement points would be expected to be a greater factor
for sharper fronts. That is consistent with (1,2) plotting further outside the range than
(2,2). This effect was minor relative to the overall surfactant-induced flow behavior and
was small or non-existent in data from the other instrument locations.
The moisture content-pressure head behavior of the stations in rows 2 and 3 was
generally similar to that described above for column 2. However, a behavior that was not
seen in column 2 was seen at the deeper stations further from the source (stations (2,5),
(2,6), (3,6), (3,7), and (3,8)). Because the change in butanol concentration was gradual at
these locations, changes in pressure caused by changes in moisture content were balanced
by pressure changes due to increasing butanol concentration. Thus, large changes in
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moisture content were seen with minimal changes in pressure (Figs. 9b and 9c). Once the
majority of the drainage was completed, an increase in pressure was seen which is
attributable to increasing butanol concentrations. Though the moisture content-pressure
head condition at stations above the top of the depressed capillary fringe was expected to
eventually reach the 7% butanol retention curves, changes at station (2,6) were too slow
to reach that condition within the duration of the experiment. All other stations in Figure
9 reached a condition on the MWC for the 7% butanol-wetted sand.
Rewetting at the locations in row 3 (Fig. 9c) proceeded along the 7% butanol MWC
and did not pass outside the curve as stations closer to the point source had. That is likely
because the front was less sharp and the flow event was more horizontal and thus less
sensitive to the 1.91 cm vertical spacing between the tensiometer and TDR probes. The
fact that all of the locations began on the water MDC and ended on the 7% butanol MWC
points to the potential importance of hysteresis in these types of systems, as noted by
Karkare and Fort (1993) and Smith and Gillham (1999).

4. Conclusions
This study illustrates that unsaturated flow and transport in a system containing a
surface-active contaminant can be significantly different than in a system that does not
contain a surface-active solute. Our 2D results confirm the findings of Smith and Gillham
(1999) in 1D systems. That is, there are two primary features of systems in which
surface-active solutes displace pure water above the water table. First, there is a transient
flow perturbation associated with the advance of the solute front. The flow perturbation is
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a result of large surfactant concentration gradients associated with the solute front that
cause large capillary pressure gradients resulting in locally high fluxes. Second, there is a
depression of the capillary fringe as surfactant solution displaces pure water near the
water table because the lower surface tension surfactant solution has a proportionally
smaller air-entry value. These features can be explained and interpreted using concepts
that are fundamental to flow and transport through unsaturated porous media: flow driven
by hydraulic head gradients, solute hydrodynamic dispersion, the dependence of
hydraulic conductivity on moisture content and viscosity, the hysteretic nature of
moisture characteristic curves, the dependence of capillary pressure on surface tension,
and concentration-dependent surfactant effects on surface tension. Though these concepts
are fundamental, the understanding of such systems still presents some difficulty because
the results are contrary to the constant surface tension systems that are more commonly
studied. Though in hindsight the results of our study can be logically explained based on
fundamental concepts, it was not intuitive to predict a priori that the surfactant-induced
drainage zone would propagate with the ambient groundwater flow as a 'drying wedge'
above the depressed capillary fringe. To our knowledge, this unique phenomenon has not
been previously reported in the literature.
The experimental results also provided insight on other interesting features such as
the capillary barrier effect that restricted pure water in the tension-saturated zone above
the drying wedge from flowing downward through the low moisture content region that
was wetted with surfactant solution. The behavior of the retarded dye plume provided
additional information on the effect of surfactants on large-scale contaminant transport.
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Surfactant-induced drainage of the vadose zone below the point source reduced the
storage capacity of the vadose zone, particularly within the tension-saturated zone, and
concurrently limited horizontal flow and transport through the surrounding tensionsaturated zone. As a result, vertical migration of the dye plume was enhanced and the
contaminant breakthrough to the water table was more than twice as fast as the case in
which the contaminant solution did not contain surfactant. The flow and transport effects
presented here are outside conventional flow and transport conceptual and numerical
models that consider surface tension to be constant. Failure to consider these effects
would lead to underestimation of contaminant travel times. The degree of
underestimation would be a function of the concentration-dependent nature of the
surfactant, the surfactant application rate, horizontal groundwater gradient, and the
hydraulic characteristics of the porous medium and contaminant solution.
The effects shown here have implications for systems contaminated with surfaceactive organics and for surfactant based remedial schemes. Though surfactant-induced
drainage of the vadose zone could be beneficial when coupled with remediation
techniques like soil vapor extraction and air sparging, secondary effects of such schemes
should be considered. Capillary pressure gradients in unsaturated porous media
containing surfactants are such that flow will generally occur from regions of high
concentrations toward regions of lower concentration. As a result, it is possible that
recovery of the capillary fringe under natural hydraulic gradient conditions may be slow
following surfactant use at a contaminated site. The same capillary effects could also
reduce remediation efficiency when a high surface tension fluid like pure water is used
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for flushing of surfactant-contaminated regions of the vadose zone. Additional work is
necessary to evaluate the potential for developing more efficient remediation schemes by
coupling surfactant-induced drainage of the vadose zone with other technologies but care
should be taken to consider potentially detrimental side effects associated with surfactantbased techniques.
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Figure 1.

Schematic of 2D flow cell with location of instrumentation stations,
contaminant point source, flow direction, dimensions, and approximate
locations of capillary fringe and water table. Water at RHS boundary
supplied through tension-saturated porous tubing.
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Numbers in parenthesis correspond to station numbers.
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a.) Moisture content [MC] and b.) pressure head [P] measured in row 3.
Numbers in parenthesis correspond to station numbers.
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Abstract

Surface-active solutes (surfactants) can induce capillary pressure gradients and water
fluxes within the vadose zone. Common numerical models do not account for the effects
of surfactant-induced capillary pressure gradients on unsaturated flow and transport. We
modified the variably-saturated flow and transport model HYDRUS-2D (Simunek et al.,

1999) to incorporate the effects of surfactant concentration-dependent changes to surface
tension and viscosity on moisture retention and hydraulic conductivity, respectively. The
model was tested by simulating the two-dimensional surfactant infiltration experiment of
Henry and Smith (2001). The model successfully captured the major processes associated
with the advance of a surface-active contaminant plume through the vadose zone,
including drainage of the vadose zone and depression of the capillary fringe associated
with the solute front. The simulations also provided insight into unusual features of
surfactant-induced flow such as the upward flow of surfactant solution that was
associated with capillary fringe drainage.
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1. Introduction
Numerical models of flow and transport commonly assume that flow is independent

of solute concentration. However, that assumption is not appropriate in all scenarios. For
example, it is widely known that salt concentration gradients can cause flow

perturbations through concentration-dependent density effects. Less well understood are
the effects of organic surface-active agents (surfactants) on unsaturated flow. The
primary impact of surfactants on unsaturated flow is through the dependence of soil water

pressure on surface tension. The dependence of soil water pressure on surface tension can
be expressed by (Bear, 1972),

2o cos(y)
pgr
-

=

[1]

where y is soil water pressure head, o is surface tension, p is the solution density, g is the
-

gravitational acceleration, y is the contact angle, and r is the radius of an equivalent
circular tube. Because soil water retention is a function of soil water pressure, solutes that
depress the surface tension of water also directly affect water retention in unsaturated
porous media (Salehzadeh and Demond, 1994; Smith and Gillham, 1994, 1999; Lord et
al., 1997, 2000).

In addition to the effect of surfactants on the retention relationship, surfactant
concentration gradients can cause capillary pressure gradients in unsaturated porous
media. At a given moisture content (and thus, a fixed radius of curvature in Eq. [1]) the
soil water pressure head in an unsaturated porous medium wetted with a surfactant

solution will be higher (less negative) than if the porous medium was wetted with pure
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water at the same moisture content. Because of this, there will be a tendency for
unsaturated flow to occur from contaminated regions (higher pressure, lower surface

tension) toward cleaner regions (lower pressure, higher surface tension).
Unsaturated flow caused by surfactant-induced capillary pressure gradients has been
observed in laboratory flow and transport experiments. For example, in horizontal
column experiments, the presence of the surfactant myristyl alcohol in one half of a
uniformly-wetted, unsaturated, homogeneous, closed sand column caused significant

flow from the surfactant-containing half of the column to the half that was initially
surfactant-free (Tschapek and Boggio, 1981; Karkare and Fort, 1993; Henry et al., 1999).
Karkare et al. (1993) used the same horizontal column technique and found that a variety
of surfactants, including long chain alcohols, acids, amines, and esters were capable of
inducing flow.
Surfactant-induced flow perturbations have also been noted in one-dimensional (1D)

miscible displacement experiments in unsaturated porous media (e.g. Allred and Brown,
1996; Bruell et al., 1997, 1998; Smith and Gillham, 1999). Smith and Gillham (1999)
conducted a 1D vertical column experiment designed to study the effects of a surfaceactive solute, 1-butanol, on unsaturated flow and transport. The surface tension of the

surfactant solution used in the experiment was approximately one-third that of pure
water. The butanol solution was applied at a constant flux at the upper boundary of a 2 m
sand column with a water table lower boundary. As the butanol solution passed through

the column, capillary pressure gradients caused by concentration-dependent surface
tension gradients resulted in large changes in pressure head and moisture content
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associated with the butanol solute front. Because the air-entry pressure decreased in
proportion to the surface tension depression caused by the solute, a decrease in the height
of the capillary fringe was observed.
Surfactant-induced capillary fringe depression has also been seen in two-dimensional
(2D) laboratory experiments. Chevalier et al. (1998) found that capillary fringe pollution
caused by gasoline depressed the capillary fringe in a 30 to 40-mesh Ottawa sand from
14.1 to 10.7 cm. The subsequent application of surfactant solution (2% Hyonic PE and
2% Witconate 93-S) depressed the capillary fringe height further to 5 cm. Walker et al.
(1998) and Jawitz et al. (1998) also saw capillary fringe depression in laboratory
experiments related to surfactant-based remediation schemes. Jawitz et al. (1998) noted
that the depression of the capillary fringe changed the saturated volume of the porous
medium and had a direct effect on transport.
In order to gain a larger scale, more representative understanding of the impact of
surfactants on flow and transport in the vadose zone and shallow groundwater zone,
Henry and Smith (2001) used 2D sandbox experiments to investigate the infiltration of a
surfactant solution from a point source located on the soil surface above an unconfined
aquifer with ambient groundwater flow. They used the same surfactant (7% butanol) as
Smith and Gillham (1999). As in the 1D work of Smith and Gillham (1999), large
changes in moisture content and pressure head were associated with the advance of the
butanol solution in the 2D system and capillary fringe depression was observed as
butanol solution displaced pure water within the vadose zone below the point source. In
addition to those effects, some new effects of surfactant-induced flow and transport were
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observed in the experiments. One significant effect was that surfactant-induced drainage

of the vadose zone propagated across the sandbox as a draining wedge which was
positioned above the depressed capillary fringe. This behavior was caused by the

transport of butanol in the depressed capillary fringe, which was rapid relative to butanol
transport in the unsaturated zone. In addition, comparison of the transport of a dye tracer
used during the 2D butanol experiment to dye transport in a surfactant-free 2D
experiment indicated that surfactant-induced drainage of the vadose zone led to a

contaminant (dye) breakthrough time to the water table that was twice as fast as when no
surfactant was used.
Though there is experimental evidence of surfactant-induced flow and transport
effects in unsaturated porous media, transient modeling of such systems is limited. Smith

and Gillham (1994) developed a non-hysteretic, 1D numerical model that incorporated
the effect of concentration-dependent surface tension on flow and transport. Smith and
Gillham (1999) added concentration-dependent viscosity effects on unsaturated hydraulic
conductivity to their model and used it to simulate their laboratory column experiments.

The model successfully simulated the surfactant-induced flow perturbations seen in the
experiments. Differences between the experimental and simulated results were
quantitatively attributable to the fact that hysteresis was not incorporated into the model.

Henry et al. (1999) used the hysteretic, variably-saturated flow and transport model
HYDRUS 5.0 (Vogel et al., 1996) to simulate surfactant-induced unsaturated flow in
closed, horizontal, sand column experiments such as those described above. HYDRUS

5.0 does not account for concentration-dependent surface tension. To simulate surfactant
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effects on the moisture retention relationship, separate hydraulic properties were assigned
to the surfactant-free and surfactant-contaminated halves of the column (Henry et al.,

1999). This approach was successful for simulating flow induced by a low mobility
surfactant (myristyl alcohol) because the region of surface tension depression essentially
remained confined to the original surfactant source zone. Henry et al. (2001) modified

HYDRUS 5.0 to incorporate concentration-dependent surface tension and viscosity
effects into the hydraulic functions and used it to simulate horizontal unsaturated flow
induced by a mobile surfactant, 1-butanol.
We are not aware of any 2D simulations of surfactant-induced flow perturbations in
the vadose zone. Similar effects occur in other systems and appropriate models exist for
them. For example, HYDRUS-2D (Simunek et al., 1999) and a number of other models
can account for temperature effects on unsaturated flow that result from temperatureinduced modifications to surface tension and viscosity. Theoretical development and a
numerical model for the fate and transport of volatile organic chemicals in unsaturated,
non-isothermal, salty porous media have been presented by Nassar and Horton (1999)
and Nassar et al. (1999). There are also numerical models that can simulate surfactant
flushing in multiphase systems [e.g., STOMP (White and Oostrom, 1996) and UTCHEM

(Delshad et al., 1996)] but these models have apparently not been applied to surfactant
effects on unsaturated flow in the vadose zone.
The objectives of this work were to: 1. Modify the commercially available, proven,
two-dimensional, variably-saturated flow and transport model HYDRUS-2D (Simunek et
al., 1999) to include concentration-dependent surface tension and viscosity effects and, 2.
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Use the model to simulate the 2D surfactant infiltration experiment of Henry and Smith

(2001). Comparisons of simulated and experimental results were then used to gain further
insight into the major mechanisms and associated flow behaviors, and to assess the
validity of the modified HYDRUS-2D model.

2. Materials and Methods
The HYDRUS-2D model. version 2.0, (Simunek et al., 1999) was modified to
simulate the surfactant infiltration experiment of Henry and Smith (2001). To provide the
background for our modeling approach we first provide a general description of the
surfactant infiltration experiment, followed by a discussion of the hydraulic
characteristics of the water and surfactant systems. Finally, we describe the modeling
approach and the application of the model to simulate the experiment of Henry and Smith

(2001).

2.1 Surfactant Infiltration Experiment
The surfactant infiltration experiment was conducted in a two-dimensional flow cell
(sandbox) that was 244 x 153 x 10.65 cm. The sandbox was packed homogeneously with
120-mesh silica sand. A schematic of the flow cell, as well as the locations of the

wateitable and the top of the capillary fringe, are shown in Figure 1. The experimental
procedures are discussed fully in Henry and Smith (2001) and are only outlined briefly
here. The flow cell had a glass front plate for the collection of visual data. Moisture
content and pressure head data were collected at 30 instrumentation stations composed of
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time domain reflectometry probes (moisture content) and pressure transducer-equipped
tensiometers (pressure head). The locations of the instrumentation stations are shown in
Figure 1 along with their row and column reference numbers.
Before the experiment, the water table was raised to the top of the flow cell and then
lowered to the location shown in Fig. 1. This was done so that the initial state of the
unsaturated zone would be characteristic of the main drainage moisture retention curve.
Flow was from right to left in the sandbox (Fig. 1) and the gradient was controlled with
constant head devices on each end of the sandbox. After steady-state ambient
groundwater flow was established, surfactant solution was applied at the point source at a
constant rate of 180 mUh for approximately 216 h.

2.2 Hydraulic Characteristics: Pure Water Retention and Conductivity Functions
The moisture content-pressure head relationship for the sand wetted with pure water
was measured in-situ (Henry and Smith, 2001). Though the moisture retention
relationship exhibited hysteresis, the modeling presented here does not incorporate
hysteresis. Because the surfactant infiltration experiment (Henry and Smith, 2001)
resulted in significant drainage of the vadose zone, we used the measured main drainage
retention curve (MDC) for our simulations. The van Genuchten moisture contentpressure head relationship (van Genuchten, 1980),

[2]
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was used, where 8 is the volumetric water content. 8, is the saturated volumetric water
content, Or is the residual volumetric water content, 141 is the pressure head, and a, n, and
m are soil-specific curve fitting parameters. The convention that m = 1-1/n was used. The
fit retention parameters for the main drainage curve were 8, = 0.27019. Or = 0.04487, a =

0.01528 cm -1 , and n = 11.2278. The porosity of the sand was 0.36 and the bulk density
was 1.7 g/cm 3 . The fit drainage retention curve, along with the drainage and wetting
retention data are shown in Figure 2.
Unsaturated hydraulic conductivity was predicted using Mualem's function (Mualem,

1976) based on the van Genuchten retention function,
K(0) = K El ( 1 — ( 1 —

"' ) ni )2

[3]

where K(0) is the unsaturated hydraulic conductivity, Ks is the saturated hydraulic
conductivity, 1 and m are curve fitting parameters, and O is the effective saturation,
=

e-e
o r - Op

[4]

The measured saturated hydraulic conductivity of the sand was 349.9 cm/d. Unsaturated
hydraulic conductivity was not measured. We used the common assumption of 1 = 0.5.

2.3 Properties of contaminant solution
The surface-active contaminant used by Henry and Smith (2001) was 7% (w/w) 1-

butanol. The contaminant solution also contained 50 mg/L blue dye (FD & C Blue #1)
and 3 g/L KC1 as tracers. The density of the synthetic contaminant solution was 99.0%
that of water and the temperature during the experiment was 25±1°C.
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Dissolved butanol affects both the surface tension and viscosity of water as a function
of concentration. To describe the dependence of surface tension on butanol concentration
we fit measured surface tension versus butanol concentration data with the expression of
Adamson (1990).
+1

=1 b ln
0. 0

[5]

“:1

where a and b are compound-specific constants, a is the surface tension at concentration
c,

and a, is the surface tension at the reference concentration, c o (a o = 72 dynes/cm at c o

= 0.0 %). For butanol at 25 ° C, the constants a and b were 0.365% wt. butanol and 0.215,
respectively (after Smith and Gillham, 1999).
Viscosity versus butanol concentration data were fit with a similar equation (after
Smith and Gillham, 1999),
\-1

1—e
+1
V 0\,c/
where d and

e

[6]

are compound specific constants, v is the kinematic viscosity at

concentration c, and v o is the viscosity at the reference concentration, c o (vo
c o = 0.0 %). At 25 ° C, the constants d and

e

=

.9017 cS at

were 34.49% wt. butanol and 1.366,

respectively. The predicted and measured concentration-dependent behaviors of both
surface tension and viscosity are shown in Figure 3.
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2.4 Scaling The Hydraulic Characteristics For Butanol Solutions
The effects of concentration-dependent changes in surface tension and viscosity on
the moisture content-pressure head relationship and hydraulic conductivity were
incorporated using the same scaling relations as Smith and Gillham (1994, 1999). Based
on the dependence of capillary pressure on surface tension, it follows directly from
Leverett (1941) that the moisture content-pressure head relationship for a porous medium
wetted with surfactant solution can be predicted by scaling the water-wetted pressure by
the ratio of the concentration-dependent surface tension of the pore water over the surface
tension of pure water:
T(0, c) =

cy„

y(0, C 0 )

[7]

where çii is the measured pressure head at water content 0 and reference concentration c o
(c o = zero for pure water), and If is the scaled pressure head at the same water content
and at concentration c. The scaling term, su /G o , is calculated using Eq. [5]. This approach
has been successfully applied to the scaling of retention curves for silica sand wetted with
butanol solution (Smith, 1995; Dury et al., 1998; Smith and Gillham, 1999). The
measured retention curves for the water-wetted sand were scaled to represent the curves
for the 7% butanol-wetted sand as shown in Figure 2.
The concentration-dependent hydraulic conductivity, K(0c), can be calculated using
the relative viscosities of butanol solution and pure water (Smith, 1995; Smith and
Gillham, 1999):
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K(B,c)-=--LK(B,

[8]

where K( C), the concentration-dependent unsaturated hydraulic conductivity, is
predicted by scaling the pure water-wetted conductivity at the same moisture content.

K(0 c 0), by the relative viscosity. The concentration-dependent hydraulic conductivity
scaling term, viv, is calculated using Eq. [6].

2.5 Implementation of Concentration-Dependent Effects Into HYDRUS-2D
The following description of the HYDRUS-2D model is primarily from Simunek et
al. (1999). HYDRUS-2D uses the Galerkin finite element method to numerically solve
Richards equation,

a0

at

= V -[K(v)V (yi + z)]

[9]

where z is the elevation head, t is time, and the other variables are as defined above. After
solving for flow using Eq. [9], solute concentrations are calculated using the transport
equation,

aeca + aPs'a

at

al

[V • 813,1 VC,]— [V • qC a ]

[10]

where Ca is the aqueous phase concentration of species a, Sa is the sorbed phase
concentration of species a, q is the darcian flux, p is the bulk density, and D u is the
hydrodynamic dispersion coefficient tensor for the aqueous phase. The hydrodynamic
dispersion coefficient is calculated as
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19D 0 -= D 7

Su ±(D, — D 7 )

lq1.1

+ 9D„2-„Su

[11]

where D, is the molecular diffusion coefficient in water. T„ is the tortuosity factor, q
is the absolute value of the Darcian fluid flux density, 6,i is the Kronecker delta function
(=1 if i=j, and 8 u =0 if i j), and D L and DT are the longitudinal and transverse
dispersivities, respectively. The tortuosity factor is calculated as T„ = 0 7/3 /0 s2 based on the
Millington and Quirk (1961) model.
Equations [9] through [11] are simpler equations than can be solved by HYDRUS2D, but which apply to our simulations. Solute partitioning to the vapor phase and loss
through chemical reactions are ignored in the above equations and were not considered in
our simulations. Adsorption was considered in our simulations. We assumed equilibrium
partitioning between the aqueous and solid phases and used a linear adsorption isotherm
of the form Sa = KdCa , where Kd is the distribution coefficient.
The 1D model presented by Smith and Gillham (1994, 1999) solved both flow and
transport within the iterative loop. Henry et al. (2001) used an upstream weighting
method in which the concentration from the previous time step was used to calculate the
scaling factors and determine the hydraulic characteristics used for flow calculations. We
found very good agreement between these two models and consequently opted to use the
concentration from the previous time step to calculate the scaling factors in this modified
version of HYDRUS-2D. HYDRUS-2D incorporates scaling in the hydraulic functions
based on the similar media concept of Miller and Miller (1956) (Simunek et al., 1999).
The original HYDRUS-2D code includes scaling factors for the pressure head and
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hydraulic conductivity functions. Those scaling factors are used by HYDRUS-2D to
incorporate temperature-dependent changes to the moisture retention and hydraulic
conductivity relationships. We used the same approach by assigning concentrationdependence to the existing scaling factors in HYDRUS-2D. Equations [7] and [8] were
used to calculate the surface tension and viscosity scaling factors, respectively

2.6 Modeling of Surfactant Infiltration Experiment
We simulated water flow and the transport of butanol and dye. A finite element mesh
was created using the graphical preprocessor MESHGEN, which is part of the
commercially available HYDRUS-2D package. The mesh contained 7814 nodes with
variable node spacing. Spacing was finest near the point source and in the vadose zone
where sharp capillary pressure gradients were expected due to surfactant-induced surface
tension effects. The model domain was 234 cm long and 153 cm high. The 234 cm length
used in the model was the length of the 2D flow cell used by Henry and Smith (2001)
minus the 10 cm long gravel pack they used to maintain a constant head boundary on the
left hand side (LHS) boundary of the flow cell.
The flow boundary and initial conditions used for the simulations are shown in Figure

4. On the left hand side (LHS) a constant head boundary was specified from the bottom
of the domain to the location of the water table, above which no-flow boundary
conditions were specified. This simulated the experimental condition in which flow
through the tension-saturated zone could only exit the sandbox on the LHS below the
water table because the capillary fringe height in the gravel pack was negligible. On the
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right hand side (RHS) of the domain a constant head boundary condition was specified
along the entire length to simulate the tension-saturated porous tubing Henry and Smith
(2001) used to supply water at constant head to the capillary fringe and below the water
table. The top and bottom boundaries were specified as no flow, except at the point
source where a flow rate of 210.5 cm/d into the region was applied over a length of 1.9
cm (parallel to the long direction of the flow cell) during contaminant application. The
solute boundary condition at the point source was specified as Cauchy type with a
relative input concentration of 1.0 for both butanol and dye. Cauchy type solute boundary
conditions were also assigned to the rest of the boundaries, with variable contaminant
fluxes that were a function of calculated flow rates and contaminant concentrations.
To simulate steady flow before contaminant application, the initial condition within
the model domain was specified to be a pressure head 2 cm greater than the constant head
value at the RHS boundary. This resulted in initial moisture contents in the unsaturated
zone that were slightly higher than the steady-state values prior to contaminant
application. The simulated system was then allowed to drain for 2 d until steady-state
flow was reached. Though HYDRUS-2D can simulate hysteresis in the hydraulic
functions, our attempts to model the experiment of Henry and Smith (2001) using
hysteresis were not successful. The problem appeared to be related to the criterion used to
determine whether the condition at each node was on a wetting or drying scanning curve.
HYDRUS-2D determines whether a node has switched from wetting to drying, or vice
versa, by comparing the moisture content change between time steps to the moisture
content convergence criterion. Because small time steps were needed to reach
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convergence of the flow solution at nodes near the butanol solute front where the
hydraulic gradient was steep. moisture content changes at nodes farther from the butanol
solute front were generally small and did not correctly trigger a switch between
wetting/drying retention scanning curves. This caused a condition in which only some of
the nodes were on the correct scanning curve following the surfactant-induced flow
perturbation. All of the simulations shown here used the hydraulic parameters for the
drainage retention curve and neglected hysteresis in the hydraulic functions. This
approach was chosen because the flow perturbations associated with the infiltration of the
surfactant solution resulted primarily in drainage of the vadose zone.
The solute initial conditions for both butanol and dye were specified to be a
concentration of zero throughout the domain. Sorption of butanol to the silica sand was
assumed to be negligible because of the low organic carbon content of the sand (0.03%).
Henry and Smith (2001) reported that dye movement was retarded by a factor of
approximately 1.4, relative to movement of butanol. Based on this retardation factor, the
saturated moisture content, and bulk density, a Kd of 0.06 cm 3 /g was estimated for the
dye. The aqueous diffusion coefficient for butanol was set as 0.864 cm 2 /d (Yaws, 1995).
Based on the molecular structure of the dye, an aqueous diffusion coefficient of 0.278
CM

2

/d was estimated (Lyman et al., 1982). The longitudinal and transverse dispersivities

were assigned values of 1.0 and 0.1 cm, respectively.
After 2 d of simulated drainage, the contaminant solution was applied to the domain
at the point source. This time corresponded to experimental time zero. Because the
infiltration of surfactant solution caused large changes in pressure head and, as a result,
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large local fluxes and changes in moisture content, small timestep values were required to
reach convergence. The moisture content and pressure head convergence criteria were 10 4

(dimensionless) and 10 -5 cm, respectively. The time step at 2 d (the start of surfactant

application) was 5x10 -7 d. Time step size was automatically increased when the number
of iterations required for convergence fell below a specified value.

3. Results and Discussion
The experimental results of Henry and Smith (2001) include visual data and
measurements of moisture content and pressure head. For validation of our modeling
technique, we compared simulation results to the experimental results in two ways. First,
to verify that the modified HYDRUS-2D model captured the overall large-scale effects
during infiltration of the surface-active contaminant solution, model results were
compared qualitatively to two-dimensional visual observations from the experiment.
Second, model results were compared to experimental measurements of moisture content
and pressure head at specified points to verify that the model could simulate the physical
processes associated with the surfactant front.

3.1 Comparison of 2D Model Results to Experimental Images
The 2D images of flow and transport from Henry and Smith (2001) were presented as
line drawings that highlighted: (1) the location of a drainage front that was associated
with surfactant-induced drainage of the vadose zone and, (2) a dye plume that was
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retarded relative to the drainage front. For comparison to the experimental results we
present simulated moisture content and dye concentration contour plots.
Henry and Smith (2001) noted a visible interface between the wet and dry regions
near the top of the capillary fringe and at the surfactant-induced drainage front. The
interface was used to delineate a zone of surfactant-induced drainage. For comparison of
simulated moisture content contours to the line drawings of Henry and Smith (2001) , it
was necessary to determine the moisture content at the visible wet/dry interface. We
compared images taken during the experiment to in-situ moisture content measurements
and found that the moisture content on the wet side of the visually detectable wet/dry
interface was approximately 0.21. This value was about 78% of the rewetted saturation
and compares well with the observations of Pantazidou and Sitar (1993) who saw a
wet/dry interface above the top of the capillary fringe in a fine sand at which the
saturation on the wet side of the interface was approximately 76% of that measured in the
capillary fringe. We also determined a visual detection limit for the dye. The
concentration at which dye solution was clearly visible in the water-saturated fine sand
was approximately 75% of the applied concentration. Since dye concentrations in the
model are given as relative concentrations, a simulated concentration of 0.75 corresponds
to the edge of the experimental dye plume in the line drawings of Henry and Smith

(2001).
Figure 5a shows the line drawing of the experimental results after 10 h of surfactant
application at the point source (Henry and Smith, 2001). The simulated moisture content
and dye concentration contours for the same time are shown in Figure 510. The

164

simulations capture the major features of the experimental system well. Both the
experimental and simulated results show a drainage zone below the point source that is
approximately hemispherical. The drainage zone resulted from high local fluxes
associated with large surfactant-induced capillary pressure gradients associated with the
butanol solute front (Henry and Smith, 2001). Standard numerical flow and transport
models that neglect concentration-dependent surface tension effects would be incapable
of simulating the observed drainage event. At 10 h, the drainage zone extended below the
top of the initial capillary fringe and resulted in a localized depression of the capillary
fringe below the point source as seen in Figures 5a and Sb. The simulated moisture
content profile of Figure 51) also shows a higher moisture content region near the point
source that was not visually apparent in the experiment but was confirmed by moisture
content measurements. This wetter region was caused by rewetting that occurred near the
point source as surfactant-induced capillary pressure gradients (i.e., butanol concentration
gradients) decreased. In the absence of large capillary pressure gradients, the rewetting
increased the unsaturated hydraulic conductivity of the region such that the porous
medium could conduct the flow from the constant flux point source (Henry and Smith,
2001).
The simulated 10 h dye plume of Figure 5b captures the retarded behavior of the
experimental dye plume, relative to the movement of the drying front. In addition to
being retarded relative to the movement of the drying front, the experimental and
simulated dye plumes exhibited less horizontal propagation than the drying front did.
Because horizontal hydraulic gradients were small behind the drying front and decreased
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over time, vertical hydraulic gradients due to gravity were dominant in the drained region
and movement of the retarded dye plume below the point source was primarily
downward.
Figures 6a and 6b show the experimental and simulated results, respectively, at 52.5
h. The simulations matched the experimental results well after 52.5 h of contaminant
application. The modified HYDRUS-2D model captured the flattening of the drying front
that occurred as a new capillary fringe height was established below the point source.
This effect was a direct result of the lower air-entry pressure for the fine sand wetted with
butanol solution (Fig. 2). The experimental and simulated results also both demonstrate a
boundary effect that occurred at the right hand side (RHS) boundary as clean water
entering the system through the RHS boundary limited butanol movement toward that
boundary near the top of the depressed capillary fringe. To the left of the point source,
near the top of the depressed capillary fringe, a 'toe' was seen in both the experimental
and simulated drainage zones at 52.5 h. The toe in the drainage front occurred because
the horizontal transport of butanol within the depressed capillary fringe was rapid relative
to horizontal transport within the drainage zone (Henry and Smith, 2001).
Like butanol, dye migration was primarily in the vertical direction above the top of
the depressed capillary fringe, with rapid horizontal dye transport within the depressed
capillary fringe. Because the hydraulic conductivity within the depressed capillary fringe
was essentially the same as that below the water table, dye within the depressed capillary
fringe was rapidly transported horizontally to the left, driven primarily by the ambient
groundwater gradient. Though the simulated and experimental dye plumes exhibited
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about the same distance of horizontal movement within the depressed capillary fringe, the
experimental dye plume was slightly wider than the simulated plume near the soil
surface.
By 202.5 h, a wedge-shaped drainage zone had moved a considerable distance across
the box, as seen in the experimental and simulated results in Figure 7. The propagation of
the drying front as a drying `wedge* positioned above the depressed capillary fringe was
a result of the relatively rapid transport of butanol in the depressed capillary fringe.
Because surfactant-induced flow perturbations in unsaturated porous media are
concentration-dependent, dispersivity has a direct effect on flow simulations (Smith and
Gillham (1994, 1999); Henry et al. (2001)). We found that the shape of the simulated
draining wedge was dependent on the longitudinal dispersivity used for modeling, though
only simulations with D L = 1.0 cm are shown here. At higher dispersivities, concentration
gradients within the butanol solute front were less sharp and resulted in smaller capillary
pressure gradients near the front. This caused a more gradual surfactant-induced drainage
event and had the effect of producing a draining wedge with a steeper leading edge (i.e., a

less sharp toe). Longitudinal dispersivity values less than 1.0 cm, on the other hand,
caused sharper surfactant-induced capillary pressure gradients and a sharper toe in the
draining wedge, but resulted in poorer mass balances. For the simulations shown here,
water mass balance errors were less than 0.007% and butanol and dye mass balance
errors were less than 6.85 and 0.86%, respectively. The value of DL = 1.0 cm used for the
simulations presented here provided acceptable mass balance errors and a reasonable

match between simulated and experimental results.
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The draining wedge observed at 202.5 h in Figure 7 produced an unusual condition: a
tension-saturated zone wetted with pure water overlying a drained zone wetted with
butanol solution. Henry and Smith (2001) speculated that the butanol-wetted draining
wedge acted as a capillary barrier to the downward vertical flow of pure water from the
tension-saturated zone. They proposed that the water that drained from the tensionsaturated zone must have passed through the tension-saturated zone and exited the
capillary fringe ahead of the drying front. To further examine this effect, we graphed the
202.5 h simulated velocity vector field and moisture content contours on the same plot
(Fig. 8). Typically, the length of velocity vectors corresponds to the magnitude of the
velocity. However, because there was a wide range of velocities within the model
domain, we fixed the maximum vector length. The length of vectors that are shorter than
the maximum vector length is proportional to relative velocity, while vectors of
maximum vector length provide only information about flow direction, not relative
velocity. This allowed the vectors corresponding to relatively low velocities within the
draining wedge to be lengthened while the length of vectors corresponding to high
velocity regions remained constant, thus increasing the clarity of the graph. As a result,
not all of the vectors provide direct quantitative information regarding flow velocities but
they do provide useful information about flow direction.
As shown in Figure 8, the 202.5 h velocity vectors at the leading edge of the drying
front confirm that, as proposed by Henry and Smith (2001), the water that drained from
the tension-saturated zone near the leading edge of the drying front moved horizontally
and then downward through the tension-saturated region, rather than directly downward

168

through the drained, butanol-wetted region. Inspection of the velocity vectors at the
leading edge of the draining wedge shows that upward flow is actually induced by the
surfactant. This is counterintuitive and is an important effect that needs to be added to
conceptual models of flow and transport. The velocity vectors of Figure 8 are plotted
along with the 202.5 h simulated butanol concentration contours in Figure 9. In Figure 9,

butanol concentrations in the middle of the sandbox (the area below and within the
draining wedge) were the greatest within the depressed capillary fringe. Above the top of
the depressed capillary fringe, within the draining wedge, butanol concentrations
decreased with elevation. The velocity vectors indicate that flow was in the direction of
decreasing concentration. However, the velocities within the draining wedge were
relatively small because the concentration-dependent capillary pressure component of the
hydraulic gradient that induced upward flow was countered by the gravitational
component of the hydraulic gradient. This result is a dramatic contrast to the behavior
that would be expected in a constant surface tension system. In a constant surface tension
system, both the capillary and gravitational components of the hydraulic gradient would
induce downward flow from a wetter region overlying a drier region in a homogeneous
porous medium.
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3.2

Comparison of Simulated and Experimental Moisture Contents and Pressure
Heads
Henry and Smith (2001) present moisture content and pressure head data versus time

for the instrumentation stations in column 2 , and rows 2 and 3. To evaluate the ability of
the modified HYDRUS-2D model to simulate concentration-dependent flow effects we
compared simulation results to the experimental data for column 2 and row 3.
The simulated and experimental moisture contents and pressure heads for
instrumentation stations above or near the top of the depressed capillary fringe in column

2 are shown in Figure 10. Time zero was the time at which the application of surfactant
solution at the point source began. As shown in Figure 10b, the simulation matched the
initial pressure distribution very well. Differences between the simulated and measured
initial moisture contents (Fig. 10a) were due to the fact that the simulation assumed the
porous medium was homogenous. As the moisture retention curves of Figure 2 show, the
sandbox was not perfectly homogeneous. For example, at instrumentation station (1,2)
the initial pressure head of —67 cm corresponded to a moisture content of about 0.15 on
the fitted main drainage curve used in the model, while measured moisture contents at the
same pressure on the main drainage curve ranged from 0.12 to 0.17. All simulated initial
moisture contents were within the range of moisture contents expected based on the
experimental retention data of Figure 2.
As butanol solution was applied at the point source, surfactant-induced capillary
pressure gradients caused high fluxes near the solute front. The high local fluxes caused
drainage, as discussed above. In the unsaturated zone the surfactant-induced drainage
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resulted in wetting ahead of the solute front. As a result, slight increases were seen in the
measured moisture content and pressure head at station (1,2) between 0.2 and 2 h (Fig.

10). Between 2 and 3 h, moisture content decreased sharply at station (1.2) from 0.13 to
0.05 due to surfactant-induced drainage (Henry and Smith, 2001). Finally, as the butanol
front passed, capillary pressure gradients caused by butanol concentration gradients
decreased and rewetting occurred at station (1,2) in order to increase hydraulic
conductivity so that the porous medium could conduct the flow from the constant flux
point source. The shape and magnitude of the simulated and experimental behavior at
station (1,2) agree well. The simulation exhibits an earlier occurrence of the transient
flow event. The early arrival time suggests that the unsaturated hydraulic conductivity
function, which was predicted using Mualem's (1976) function and the assumption that

/41.5, overestimated hydraulic conductivity.
The surfactant-induced flow event that was seen at station (1,2) subsequently
occurred at the other instrumentation stations in column 2 (Fig. 10). In general, the model
captured the shape and magnitude of the experimental moisture content and pressure head
changes well at the other stations in column 2, though the earlier arrival times increased
with distance from the point source. One obvious difference between the model and
experiment was in the moisture content at station (4,2) following surfactant-induced
drainage. The 36 h predicted and experimental moisture contents at station (4,2) were

0.201 and 0.233, respectively, despite the fact that the pressure heads were about the
same [-21.7 (model) and —20.0 cm (experiment)]. Station (4,2) was near the top of the
depressed capillary fringe and, as seen in the 7% butanol-wetted main drainage curve of
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Figure 2. moisture content values near the top of capillary fringe can vary considerably
with relatively small changes in pressure. At a pressure head of about —21 cm on the main
drainage curve for the 7% butanol wetted sand, moisture contents varied from 0.186 to
0.24. Thus, the difference between the predicted and measured moisture contents at
station (4,2) was within the variation in the measured retention properties caused by
minor heterogeneities in the sandbox.
After drainage, the measured moisture content-pressure head condition at station
(4,2) was characteristic of the 7% butanol-wetted main drainage curve. However, the
experimental conditions at the other stations in column 2 were characteristic of the 7%
butanol-wetted main wetting curve (Henry and Smith, 2001). That was because stations
(1,2), (2,2), and (3,2) each experienced drainage followed by rewetting, while station
(4,2) experienced only drainage. Because the final experimental moisture contentpressure head conditions at stations (1,2), (2,2), and (3,2) were on the butanol main
wetting curve, the non-hysteretic model, which used the retention properties of the main
drying curve, underestimated the final pressure heads. That is consistent with the results
of Smith and Gillham (1999). The model underestimated the pressure heads at the upper
three stations in column 2 (Fig. 10) by an average of about 6 cm. This was approximately
the same deviation expected based on the —7 cm difference between the 7% butanol main
drainage and main wetting curves (Fig. 2) at the final average moisture content for those
stations (-0.13). It follows that simulations that account for hysteresis in the retention
functions would provide a better match to the experimental results than non-hysteretic
simulations.
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The simulated and experimental results for instrumentation row 3 are shown in Figure
11 as moisture content and pressure head versus time. All the stations in row three began
at similar moisture contents and pressure heads because they were at the same elevation.
As the butanol front propagated across the sandbox, a surfactant-induced drainage event
similar to the one seen in column 2 was seen at all of the stations in row 3 except station
(3,8), which was not reached by the butanol front during the experiment. Drainage at
each station was accompanied by a concurrent increase in pressure as the pore water at
each station was replaced with butanol solution. Stations (3,2) and (3,3) experienced
rewetting because they were near the point source; stations farther from the point source
did not rewet. Though station (3,1) was the same distance from the point source as (3,2),
it did not rewet, presumably because it was near the inlet on the right hand boundary of
the sandbox and experienced a minor boundary effect (Henry and Smith, 2001).
The simulated behavior in row 3 was similar to the experimental data (Fig. 11). The
initial simulated pressure heads were within 1 cm of the experimental pressure heads. The
predicted initial moisture contents were higher than most of the measured values in row
3, but were within the range of moisture contents expected based on the retention data of
Figure 2. As the plume migrated across the sandbox, the model underestimated the arrival
time of the surfactant-induced flow event in row 3, as it had in column 2. Additionally,
the model predicted changes in moisture content at stations (3,4), (3,6), and (3,7) that
were more dispersed than those measured. Part of this difference may be due to the
estimated hydraulic functions used in the model. The more gradual change in moisture
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content predicted by the model is also consistent with the effect of using a dispersivity
value in the model that is too large (Smith and Gillharn, 1999; Henry et al.. 2001).
The late-time (>200 h) experimental moisture content-pressure head conditions for
the stations in row 3 were characteristic of the 7% butanol main wetting curve (Henry
and Smith, 2001). Our non-hysteretic simulation, which used scaled versions of the main
drainage curve for its calculations, predicted late-time conditions on the 7% butanol main
drainage curve for stations (3,1), (3,2), (3,2), and (3,4). The differences between the
simulated and experimental results for those stations were within the variation expected
due to hysteresis and minor heterogeneity. However, the simulated moisture contentpressure head conditions for stations (3,6) and (3,7) did not fall on the 7% butanol main
drying curve, as they should have at late-time. Though the simulated pressures at those
stations were approximately the same as the measured values, the model overestimated
moisture content (i.e., the model underestimated drainage). In Figure lia, the simulated
moisture contents at stations (3,6) and (3,7) were still decreasing slowly at late time
though the measured moisture contents had reached a constant value. This behavior
suggests that simulated butanol transport was slower than in the experiment. At 216 h the
predicted relative concentrations at stations (3,6) and (3,7) were 0.539 and 0.502,
respectively, while the experimental relative concentrations were probably near 1.0,
based on the fact that the 216 h experimental moisture content-pressure head conditions
fell on the 7% butanol main wetting curve. To evaluate whether the slower simulated
butanol transport was a result of numerical dispersion, a separate simulation was run
using a mesh with a much finer nodal spacing within the vadose zone. The finer mesh
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had 24983 nodes, compared to 7814 nodes in the original mesh. The results from the
simulation that used the finer mesh were not significantly different from those presented

here, thus it is unlikely that the slower butanol transport in the simulations was caused by
numerical dispersion. Despite the differences between the predicted and experimental
moisture contents and concentrations at stations (3,6) and (3,7), the non-hysteretic
simulations captured the primary physical processes associated with the advance of the

butanol front and demonstrated that the modified HYDRUS-2D model was capable of

simulating flow and transport in a system with concentration-dependent surface tension
and viscosity effects. Hysteretic simulations using measured values of dispersivity and
the unsaturated hydraulic conductivity function would provide improved results.

4. Conclusions
The two-dimensional, variably-saturated flow and transport model HYDRUS-2D

(Simunek et al., 1999) was modified to account for concentration-dependent surface
tension and viscosity effects on flow and transport and was used to simulate the 2D
surfactant infiltration experiment of Henry and Smith (2001). Agreement between the
simulation and experiment was good. Despite the fact that the simulation predicted early

arrival of the surfactant-induced flow perturbation, differences between the measured and
simulated final steady-state moisture contents and pressure heads were within the range
of variation expected due to hysteresis and minor heterogeneities in the experimental

sandbox, features which were not included in our non-hysteretic, homogenous model. As
shown here and by others (Karkare and Fort, 1993; Smith and Gillham, 1999; Henry et
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al.. 2001), hysteretic effects in systems with surfactant-induced flow perturbations can be
significant.
The numerical model successfully simulated flow associated with surfactant-induced
drainage of the capillary fringe. That included upward flow caused by the magnitude of
the surfactant-induced vertical component of the pressure head gradients. An unsaturated
flow model that did not couple flow and transport through these surfactant effects would
fail to simulate the induced drainage event and could not provide any insight into the
complex pattern of associated fluxes.
Numerical models are powerful tools for scenario testing and sensitivity analysis, as
well as for the examination of parameters that are difficult or impossible to measure insitu. Though the simulations shown here considered flow and transport caused by
dissolved butanol in a homogeneous porous medium, the model could be applied to other
hydrogeologic settings and surface-active organic contaminants of interest, given that the
concentration-dependent surface tension and viscosity behavior of the contaminant are
known. As models such as this one are applied to a variety of scenarios, valuable insight
will be gained regarding the importance of considering surfactant-induced flow
phenomena in hydrogeologic computer modeling, assessment of organic contaminant
spills in the vadose zone, and during the design of surfactant-based remedial schemes.
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LIST OF FIGURES
Figure 1.

Schematic of 2D flow cell (Henry and Smith, 2001).

Figure 2.

Moisture retention curves for pure water and 7% butanol-wetted sand. 7%
butanol curves calculated by scaling water curves by relative surface
tension. Gray symbols are measured data, gray lines are scaled curves.
Black line is van Genuchten fit to pure water main drainage curve.

Figure 3.

Dependence of surface tension and viscosity on butanol concentration.

Figure 4.

Model domain with boundary and initial conditions. Flow was simulated
for 2d before contaminant application to ensure that flow was steady at the
time of application. Simulation t = 2d corresponds to experimental t = 0 d.
tv = soil water pressure head, Cbutanoi = relative concentration of butanol,
and Cd ye = relative concentration of dye.

Figure 5.

a.) Experimental and b.) simulated results at 10 h. Dashed lines in Fig. 5b
are dye relative concentration contours of 0.6, 0.75, and 0.9; solid lines are
moisture content contours of 0.15, 0.20, and 0.25. Distances shown on x
and y axes in Fig. 5b are in cm.

Figure 6.

a.) Experimental and b.) simulated results at 52.5 h. Dashed lines in Fig.
6b are dye relative concentration contours of 0.6, 0.75, and 0.9; solid lines
are moisture content contours of 0.15, 0.20, and 0.25. Distances shown on
x and y axes in Fig. 6b are in cm.

Figure 7.

a.) Experimental and b.) simulated results at 202.5 h. Dashed lines in Fig.
7b are dye relative concentration contours of 0.6, 0.75, and 0.9; solid lines
are moisture content contours of 0.15, 0.20, and 0.25. Distances shown on
x and y axes in Fig. 7b are in cm.

Figure 8.

Simulated flow vectors and moisture content contours at 202.5 h.
Maximum vector length was fixed at 10 pixels (i.e., vector length is only
proportional to velocity for vectors with length less than max length).

Figure 9.

Simulated flow vectors and butanol relative concentration contours at
202.5 h. Maximum vector length was fixed at 10 pixels (i.e., vector length
is only proportional to velocity for vectors with length less than max
length).

Figure 10.

Column 2 simulated and experimental a.) Moisture content [MC] and b.)
pressure head [P]. Numbers in parenthesis correspond to station numbers.
Solid lines are simulation results.
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Figure 11.

Row 3 simulated and experimental a.) Moisture content [MC] and b.)
pressure head [P]. Numbers in parenthesis correspond to station numbers.
Solid lines are simulation results.
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Model domain with boundary and initial conditions. Flow was simulated
for 2d before contaminant application to ensure that flow was steady at the
time of application. Simulation t = 2d corresponds to experimental t = 0 d.
NJ = soil water pressure head, Cbutanot = relative concentration of butanol,
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APPENDIX E

FORTRAN SOURCE CODE MODIFICATION AND INPUT FILES FOR

HYDRUS-2D SURFACTANT INFILTRATION SIMULATION
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The theoretical background for the approach used to incorporate concentration
dependent surface tension and viscosity effects into HYDRUS-2D was given in
Appendix D. For reference, the actual modifications to the source code are presented
here, along with the model input files. This information is provided as a resource for
other HYDRUS-2D users and the discussion assumes that the reader is familiar with

HYDRUS-2D.

HYDRUS-2D modifications
As mentioned in Appendix D, the unmodified version of HYDRUS-2D incorporates
scaling in the hydraulic functions. A description of the scaling used in HYDRUS-2D is
given by Simunek et al. (1999). Briefly, scaling of the pressure term of the retention
function is done using the relationship h = a h h * , where a h is the scaling factor for pressure
head, h * is the reference pressure head, and h is the scaled pressure head. Scaling of the
unsaturated hydraulic conductivity function is done using the relationship K(h) =

aKK * (h * ), where K* is the reference hydraulic conductivity at il', ŒK is the scaling factor
for hydraulic conductivity, and K is the scaled hydraulic conductivity at pressure head h.
In the HYDRUS-2D source code the variables Axz and Bxz represent the scaling
parameters a h and UK, respectively. The variables Axz and Bxz are both assumed to be
constant at given node in the original HYDRUS-2D model. In the modified model they
are both a function of solute (butanol) concentration. The code added to HYDRUS-2D to
calculate the concentration-dependent scaling factors was a do loop that calculated the
scaling factors for each node at the beginning of each time step:
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do 813 ii=1,NumNPD
Axz(ii)=(1- .21508*log((conc(1,ii))/.05215+1))
Bxz(ii)=(1-1.366*log((conc(1,ii))/4.92714+1))
continue
813

where NumNPD is the number of nodal points , and the coefficients 0.05215. 0.21508,
4.92714. and 1.366 are the coefficients a , b, d, and e from Eq. [5] and [6] of Appendix
D. The coefficients a and d used in the code above are in units of relative concentration,
whereas the coefficients given in Appendix D are in units of % (w/w).
Because HYDRUS-2D first calculates flow and then calculates solute transport, the
calculation of the concentration-dependent scaling factors was performed at the
beginning of the time loop in the source code for the main program (Hydrus2.for). Thus,
at the beginning of each time step the scaling factors were calculated using the
concentrations from the previous time step. This approach worked well for the simulation
of a system in which the initial surfactant concentration was zero throughout the domain.
A slightly different approach would be necessary for a non-zero initial surfactant
concentration because HYDRUS-2D does not read in the initial concentration data until

after the first flow calculation is performed. Henry et al. (2001) (Appendix B) used
HYDRUS 5.0 for their 1D modeling surfactant-induced flow and addressed this problem
by assigning the 7% butanol-wetted half of the column the retention properties (i.e.
scaling factors) for the 7% butanol-wetted porous sand during the first time step. After
the first time step the concentration-dependent scaling factors were calculated as

discussed above.
There was a second possible place for the calculation of the concentration-dependent
scaling factors in the HYDRUS-2D source code. The temperature-dependent scaling
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factors included in HYDRUS-2D are calculated in the subroutine "SetMat in the
-

subprogram Watflow2.for". This subroutine determines the temperature-dependent
-

scaling factors at the beginning of each time step. Incorporating the concentrationdependent scaling factor calculation in the "SetMat subroutine would be effectively the
-

same as incorporating the calculation at the beginning of the main time loop and would
be consistent with the method used for the temperature-dependent scaling factors.
Though a thorough comparison was not conducted, simulations run with the
concentration-dependent scaling factors in each alternative location in the source code
did not provide apparently different results,

Input files for Surfactant Infiltration Model
At the beginning of a simulation HYDRUS-2D reads input information from six input
files (Simunek et al., 1999):

1.) SELECTORIN

Basic information, material information, time information,
and solute information.

2.) BOUNDARY.IN

Boundary information.

3.) ATMOSPH.IN

Atmospheric information, including variable flux boundary
information.

4.) DIMENSIO.IN

Dimension information.

5.) MESHTRIA.TXT

Finite element mesh information.

6.) DOMAIN.DAT

Nodal information and element information.
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The input files used for the surfactant infiltration simulations of Appendix D are
given below. The reader is referred to the HYDRUS-2D user's manual (Simunek, 1999)
for the definition of variables used in the input files.

1.)

Input File Selector.In

Pcp_File Version=2
*** BLOCK A: BASIC INFORMATION
*****************************************
Heading
Welcome to HYDRUS-2D
LUnit TUnit MUnit (indicated units are obligatory for all input data)
Cm days g
Kat (0:horizontal plane, 1:axisymmetric vertical flow, 2:vertical plane)
2
MaxIt TolTh To1H InitH/W (max. number of iterations and tolerances)
50 0.0001 le-005 f
1WatlChem 1Sink Short Flux 1Scrn AtmInlTemp IWTDep lEquil lExtGen lbw
t
f
t t f f tt t f f t
*** BLOCK B: MATERIAL INFORMATION
**************************************
NMat NLay hTabl hTabN
1
1
0
0
Model Hysteresis
0
0
thr ths Alfa n
Ks 1
0.04487 0.27019 0.01528 11.2278 349.92 0.5
*** BLOCK C: TIME INFORMATION
******************************************
dt dtMin dtMax DMul DMu12 ItMin ItMax MPL
le-007
0.001
0.05 1.05 0.95 3 10 45
(Author's note: the time step was decreased manually to 5e-7 immediately prior to the
application of surfactant solution at the point source at 2 d simulation time).
Unit
tMax
50
0
TPrint(1),TPrint(2),...,TPrint(MPL)
0.01
1
1.5
1.9
2
0.5
2.125
2.05
2.25 2.42
2.85
3
3.375
3.5
4
4.1875 4.5
5
5.5
6
6.125 6.5
7
7.5
8
8.5
9
9.5
10
10.43
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13
14
17.5
15
12
11
27.5
30
22.5
25
35
20
50
45
40
*** BLOCK G: SOLUTE TRANSPORT INFORMATION
*****************************************************
Epsi 1UpW lArtD1TDep cTolA cTo1R Max ItC PeCr Nu.of Solutes Tortuosity
f
f
0.001
0.001
2
2
t
5
0.5 t
DisperT Frac
ThImob (1..NMat)
Bulk.d. DisperL.
0.1
1
1
0
1.7
n-th solute
DifG
DifW
0
0.864
SnkS1
SnkG1
SnkL1' SnkS1'
Ks
Nu
Beta
Henry
Snkt 1
SnkS0
SnkG0
Alfa
SnkG1' SnkL0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
DifG
n-th solute
DifW
0
0.278
SnkG1
SnkL1' SnkS1'
Nu
Beta
Henry
SnkL1
SnkS1
Ks
SnkG0
Alfa
SnkG1' SnkL0
SnkS0
0
0.065401
0
0
0
0
0
0
0
0
0
0
cTop
cBot
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
tPulse
50
*** END OF INPUT FILE SELECTOR.IN'
************************************

2.)

Input File Boundary.In

Pcp_File Version=2
*** BLOCK?: BOUNDARY INFORMATION
*********************************************
NumBP NObs SeepF FreeD DrainF qQWLF
110
20
f f f f
Node Number Array
1
58
64 65
63
66
62
59 60
61
73
74 75
76
72
67 68 69 70 71
77
83
84
85
86
78
82
79
80
81
87
94
95
88
96
92 93
89 90 91
103
104 105
97
102
106
98
99 100 101
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112 113 114 115 116
107 108 109 110 111
122 123 124 125 126
117 118 119 120 121
132 133 134 135 168
127 128 129 130 131
172 314 315 316 317 318 319
169 170 171
320 321 322 323 324 325 326 327 128 329
330 331 332 333 334 335 336 337 338 339
Width Array
1.38922 1.40775 2.80345 2.77938 2.75533 2.73126 2.70719 2.68314 2.65907 2.635
2.61094 2.58687 2.56281 2.53876 2.51469 2.49062 2.46655 2.44249 2.41843 2.39436
2.3703 2.34624 2.32217 2.29811 2.27405 2.24998 2.22591 2.20184 2.1778 1.57132
1.29932 1.62178 2.28062 2.53008 2.1207 2.12068 2.12068 2.1207 2.1207 2.1207
2.12068 2.12068 2.1207 2.13596 2.07951 2.29463 2.06427 1.36244 1.36674 1.43414
1.491 1.43414 1.30461 1.36244 1.42886 1.72095 1.80984 1.72098 2.07951 1.96614
1.36244 1.39127 1.43414 1.33076 1.57755 1.55037 1.50586 1.57755 1.50586 1.50586
1.57756 1.57756 1.46205 1.50584 1.33453 1.17482 1.43414 1.46242 0.629425 0.237991
0.476181 0.475998 0.4758 0.237991 1.06863 2.15009 2.17572 2.20139 2.22702 2.25266
2.27832 2.30399 2.32962 2.35526 2.38092 2.40656 2.43219 2.45782 2.48349 2.50916
2.53479 2.56042 2.58609 2.61176 2.63736 2.66302 2.68869 2.71429 2.73996 2.76563
Length of soil surface associated with transpiration
0
Observation nodes Node(1,....NObs)
527 538 555 564 575 381 679 659 635 667 613 592 350 497 486 456 434 412 479 510
*** BLOCK?: Solute transport boundary conditions *****************************
KodCB(1),KodCB(2)„KodCB(NumBP)
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -2
-2 -2 -2 -2 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1
*** End of input file 'BOUNDARY.IN'
*******************************************

3.) Input file Atmosph.In

Pep File Version=2
*** BLOCK I: ATMOSPHERIC INFORMATION
**********************************
MaxAL
(MaxAL = number of atmospheric data-records)
12
hCritS
(max. allowed pressure head at the soil surface)
0
ht cValuel cValue2 cValue3
tAtm Prec rSoil rRoot hCritA rt

200

0
200
0
0
0
0.001
0
0
200
0
1.99999 0
0
0
0
200
2
0
0
-210.53
0
0
200
0
0
-210.53
3.999
0
0
4
0
200
0
-210.53
0
0
4.5
0
200
0
-210.53
0
0
0
200
4.501
0
-210.53
0
0
9.999
0
0
200
-210.53
0
0
0
200
10
0
-210.53
0
20
0
0
200
-210.53
0
0
30
0
200
-210.53
0
0
0
50
0
0
0
200
-210.53
0
*** END OF INPUT FILE 'ATMOSPH.IN'
*************************************
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0
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0
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0

0

1

0
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0
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0
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0
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0
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0
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4.) Input file Dimensio.In

Note: The maximum number of observation nodes in the original HYDRUS-2D model
was 10. Because there were more than 10 instrumentation stations used during the
surfactant infiltration experiment, the source code was modified to allow up to 30
observation nodes (NobsD 30 = maximum number of observation nodes). This change
is reflected in the Dimensio.In file.
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Pcp_File Version=2
NumNPD NumElD NumBPD MBandD NSeepD NumSPD NDrD NE1DrD
NMatD NObsD NSD
15
1
I
1
20
1
7814 15287 110
30
2
*** END OF INPUT FILE 'DIMENSIO.IN'
*************************************

5.) Input file MESHTRIA.TXT

File Meshtria.txt from the surfactant infiltration simulation was too large to be

included in its entirety (>1000 printed pages). Meshtria.txt contained information about
the finite element mesh, including data for each nodal point, mesh edge, triangular finite

element, and each mesh edge that is on the boundary of the transport domain. The finite
element mesh used for simulating the surfactant infiltration experiment was created by
first specifying the dimensions of the model domain. Next, the locations and spacing of
nodes in instrumentation column 2 and rows 2 and 3 were specified to correspond to
experimental instrumentation station locations and to establish a fine nodal spacing
within the vadose zone. The remainder of the finite element mesh was filled in using the
MESHGEN program that is part of the commercially available HYDRUS-2D package.
For other HYDRUS users modeling similar scenarios, the most valuable information

from Meshtria.txt is the location of the boundary nodes. This information is given below
as part of the Meshtria.txt file. Data are only included for constant head and variable flux

boundary nodes. The lines preceded by asterisks below were added by the author as
column headings but were not included in the actual input files.

***N umNP NEdges NumEl NeBdr ***********************
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1
7814
****Node
1
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

23100 15287
339
X(node) Z(node) Dummy Var DummyVar****
5.0012
0
0
0
0
5.06788
0
233
2.81549
0
5.02454
233
5.6069
4.98123
0
233
8.37425
4.93794
0
933
11.1176
0
233
4.8946
13.8368
4.85129
0
933
16.5319
0
233
4.808
19.203
4.76466
0
233
0
21.8501
4.72135
233
0
233
24.4731
4.67803
4.63469
0
233
27.072
0
233
29.6468
4.59141
4.54812
0
233
32.1976
4.50478
0
34.7243
233
4.46144
0
233
37.227
39.7055
4.41815
0
233
0
42.1601
4.37481
233
4.33152
0
233
44.5905
0
4.28818
233
46.9969
4.2449
0
49.3792
233
4.20156
0
233
51.7375
4.15827
0
233
54.0717
4.11493
0
233
56.3819
0
4.07164
58.6679
233
4.0283
0
233
60.93
0
3.98496
233
63.1679
3.94167
0
233
65.3818
3.89839
0
233
67.5716
1.75836
0
69.7374
233
1.75836
0
70.7142
233
2.91918
0
233
72.336
2.91923
0
73.9578
233
0
3.81725
233
76.8972
3.81725
0
233
79.0179
0
3.8172
233
81.1386
0
3.8172
233
83.2593
3.81725
0
85.38
233
0
3.81725
233
87.5007
3.81725
0
233
89.6214
0
3.8172
233
91.7421
3.8172
0
233
93.8628
-
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99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
314
315
316
317
318
319
320

233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
233
0
0
0
0
0
0
0

95.9835
98.1042
100.255
102.263
104.845
106.392
107.57
109.125
110.438
112.107
113.306
114.716
116.031
117.574
119.473
121.194
122.915
125.353
126.847
128.078
129.63
130.946
132.291
134.101
135.392
137.113
138.547
140.125
141.559
143.28
144.714
146.204
147.726
148.873
150.075
151.741
153
63.9041
61.7668
59.6039
57.4153
55.2011
52.9613
50.6958

3.81725
3.81725
3.61406
3.61406
2.78476
2.12003
2.12003
2.36266
2.36266
2.15799
2.15799
2.36618
2.36618
2.77773
3.09776
3.09776
3.09776
2.68962
2.21517
2.21517
2.36953
2.36953
2.42122
2.32339
2.32339
2.58146
2.58146
2.58146
2.58146
2.58146
2.58146
2.68193
2.06521
2.06521
2.16414
2.26593
2.26307
2.13234
3.84708
3.89323
3.93937
3.98562
4.03165
4.07791

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
168
169
170
171
172

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
193.454
192.978
192.502
192.026
191.55

48.4047
46.0878
43.7454
41.3773
38.9836
36.5642
34.1192
31.6486
29.1522
26.6302
24.0826
21.5094
18.9105
16.2859
13.6357
10.9598
8.25836
5.53125
2.77844
153
153
153
153
153

4.12405
4.1703
4.21633
4.26259
4.30873
4.35487
4.40101
4.44716
4.49341
4.53955
4.58569
4.63184
4.67809
4.72423
4.77026
4.81663
4.86266
4.9088
4.95505
0.680383
0.856769
0.85611
0.85611
0.681812

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

**********End of partial Meshtria.txt file ******************

6.)

Input File Domain.Dat

The Domain.Dat file for the surfactant infiltration simulation was too large to be
included in its entirety (>500 printed pages). Domain.Dat contained information for each
node related to type (boundary node or internal node) and initial condition. The file also
contained element information. Nodal data for points on the domain boundary are of the
greatest use to users studying similar systems. The information for boundary nodes that
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were specified as constant head or variable flux is given in the partial Domain.Dat listing
below. Constant head nodes are denoted by Code = 1; variable flux nodes used at the
contaminant point source are denoted by Code = -3. The remaining boundary nodes were
specified as no-flow and are not shown.

Pcp_File_Version=2
*** BLOCK?: DOMAIN INFORMATION**********************************
Number of Solutes Equilibrium
1
2
Nodal Information
n
Code
h
Q
M Beta Axz
Bxz
Dxz Temp
Conc(1..NS)
1
58
59
60
61
62
63
64
65
66
67
68

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0

63.9

0

1

0

1

1

1

0

0

69.73

0

1

0

1

1

1

0

0

66.9145

0

1

0

1

1

1

0

0

64.1231

0

1

0

1

1

1

0

0

61.3558

0

1

0

1

1

1

0

0

58.6124

0

1

0

1

1

1

0

0

55.8932

0

1

0

1

1

1

0

0

53.1981

0

1

0

1

1

1

0

0

50.527

0

1

0

1

1

1

0

0

47.8799

0

1

0

1

1

1

0

0

45.257

0

1

0

1

1

1

0

0

42.658

0

1

0

1

1

1

0

0
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69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0

40.0832

0

1

0

1

1

1

0

0

37.5324

0

1

0

1

1

1

0

0

35.0057

0

1

0

1

1

1

0

0

32.503

0

1

0

1

1

1

0

0

30.0245

0

1

0

1

1

1

0

0

27.5699

0

1

0

1

1

1

0

0

25.1395

0

1

0

1

1

1

0

0

22.7331

0

1

0

1

1

1

0

0

20.3508

0

1

0

1

1

1

0

0

17.9925

0

1

0

1

1

1

0

0

15.6583

0

1

0

1

1

1

0

0

13.3481

0

1

0

1

1

1

0

0

11.0621

0

1

0

1

1

1

0

0

8.80004

0

1

0

1

1

1

0

0

6.5621

0

1

0

1

1

1

0

0

4.34823

0

1

0

1

1

1

0

0

2.15841

0

1

0

1

1

1

0

0

-0.00736237

0

1

0

1

1

1

0

0

-0.98423

0

1

0

1

1

1

0

0

-2.606

0

1

0

1

1

1

0

0

-4.22779

0

1

0

1

1

1

0

0

-7.16724

0

1

0

1

1

1

0

0
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91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0

-9.28794

0

1

0

1

1

1

0

0

-11.4086

0

1

0

1

1

1

0

0

-13.5293

0

1

0

1

1

1

0

0

-15.65

0

1

0

1

1

1

0

0

-17.7707

0

1

0

1

1

1

0

0

-19.8914

0

1

0

1

1

1

0

0

-22.0121

0

1

0

1

1

1

0

0

-24.1328

0

1

0

1

1

1

0

0

-26.2535

0

1

0

1

1

1

0

0

-28.3742

0

1

0

1

1

1

0

0

-30.5254

0

1

0

1

1

1

0

0

-32.5332

0

1

0

1

1

1

0

0

-35.1146

0

1

0

1

1

1

0

0

-36.6617

0

1

0

1

1

1

0

0

-37.8395

0

1

0

1

1

1

0

0

-39.3952

0

1

0

1

1

1

0

0

-40.7078

0

1

0

1

1

1

0

0

-42.3772

0

1

0

1

1

1

0

0

-43.5761

0

1

0

1

1

1

0

0

-44.9864

0

1

0

1

1

1

0

0

-46.301

0

1

0

1

1

1

0

0

-47.8442

0

1

0

1

1

1

0

0
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113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0

-49.7429

0

1

0

1

1

1

0

0

-51.4638

0

1

0

1

1

1

0

0

-53.1848

0

1

0

1

1

1

0

0

-55.6229

0

1

0

1

1

1

0

0

-57.1171

0

1

0

1

1

1

0

0

-58.3478

0

1

0

1

1

1

0

0

-59.8996

0

1

0

1

1

1

0

0

-61.216

0

1

0

1

1

1

0

0

-62.5612

0

1

0

1

1

1

0

0

-64.3711

0

1

0

1

1

1

0

0

-65.6619

0

1

0

1

1

1

0

0

-67.3829

0

1

0

1

1

1

0

0

-68.817

0

1

0

1

1

1

0

0

-70.3946

0

1

0

1

1

1

0

0

-71.8287

0

1

0

1

1

1

0

0

-73.5497

0

1

0

1

1

1

0

0

-74.9838

0

1

0

1

1

1

0

0

-76.4738

0

1

0

1

1

1

0

0

-77.9955

0

1

0

1

1

1

0

0

-79.1429

0

1

0

1

1

1

0

0

-80.3452

0

1

0

1

1

1

0

0

-82.0111

0

1

0

1

1

1

0

0
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135
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0

-83.27

0

1

0

1

1

1

0

0

-0.00405121

0

1

0

1

1

1

0

0

2.13322

0

1

0

1

1

1

0

0

4.29612

0

1

0

1

1

1

0

0

6.48466

0

1

0

1

1

1

0

0

8.69889

0

1

0

1

1

1

0

0

10.9387

0

1

0

1

1

1

0

0

13.2042

0

I

0

1

1

1

0

0

15.4953

0

1

0

1

1

1

0

0

17.8122

0

1

0

1

1

1

0

0

20.1546

0
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