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ABSTRACT 

 

 

 

 

Two primary mechanisms contribute to mass rebound and storage from source 

zones where dense nonaqueous phase liquids (DNAPLs) are entrapped.  The first is the 

result of the soluble constituents of the DNAPL dissolving into the flowing groundwater 

through mass transfer that occurs at DNAPL-water interfaces in residual zones and pools.  

The second is a result of rebounding of dissolved mass that has diffused into the low 

permeability zones of the aquifer during active DNAPL dissolution.  The heterogeneity 

of the aquifer and the DNAPL entrapment architecture that determine the significance of 

the rebounding diffused mass contributing to source zone emission will affect the 

longevity of the solute plume that produces downgradient risk.  The overall goal of this 

research study was to develop and validate a conceptual model for the fundamental 

processes that are thought to be occurring where conditions dictate for the plume to 

persist after the DNAPL source is depleted.  This work is based on careful 

experimentation in soil tanks and on numerical model simulations of the fundamental 

processes of emission from a source zone.   

The experimental studies were conducted in two-dimensional tanks with 

dimensions 4.9 m x 1.2 m x 0.05 m, that were designed to obtain a physical insight into 

these processes and generate data to test numerical models in their ability to capture the 

governing processes.  The soil-packing configurations were designed in each experiment 

to represent different conditions where mass from dissolved plume diffuses into low 

permeability zones.  The three conditions that were studied represented: (1) a layered 

system containing a high and a low permeability zones, (2) a low permeability mound 

embedded in a high permeability matrix and (3) an inclined low permeability layer in 

high permeability formation.  In each case, a known volume of DNAPL was placed in the 

source zone and the mass depletion during dissolution was monitored using an X-ray 
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attenuation system.  Sampling the effluent monitored the variation of mass emission as a 

function of time.  At the end of the experiment, the low permeability zones were cored 

and analyzed to determine the spatial distribution of diffused mass.  The results from the 

experiments showed that the amount and configuration of the lower permeability material 

in the tank had a pronounced effect on the distribution of the effluent concentration data 

over time.  These findings are significant in the fact that they illustrate the substantial 

contribution of a downgradient formation to the longevity of the contaminant plume even 

after the mass from the source zone has been depleted. 

Numerical modeling simulations were conducted using the data collected from the 

experimental work.  The initial modeling simulations used the traditional advection-

dispersion equation formulation to capture the dominant features of the experimental 

data.  The results from the preliminary numerical modeling work showed that the 

advection-dispersion equation is not able to capture the diffusion of mass into the lower 

permeable layer and the subsequent rebound of this mass from the lower permeable layer.  

Further work was performed to define a suitable alternative to the advection-dispersion 

equation.  The multiphase code name Finite Element Heat and Mass Transfer (FEHM) 

was found to be suitable due to its incorporation of a dual-porosity module within its 

framework.  Numerical simulations of the three tank experiments were performed again, 

and the dual-porosity module was determined to be able to capture the diffusion into the 

low permeability layer and the rebound of the mass from the low permeability layer.  

The numerical code of FEHM did not contain a rate-limited dissolution module 

for the DNAPL in the source zone and therefore a dissolved mass flux rate had to be used 

as input to the source zone.  In order to accurately represent the source conditions in the 

experiments, the rate-limited dissolution module provided by Saenton et al. (2002) was 

incorporated with FEHM.  The result of this incorporation was tested against a three-

dimensional test case and was shown to be successful in comparison with the results of 

the model provided by Saenton et al. (2002). 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

 

1.1 Problems 

 

Dense-nonaqueous phase liquid contamination (DNAPL) is a well-documented 

problem at many sites (Mercer and Cohen, 1990) and many of these sites continue to 

have problems successfully remediating them (ITRC, 2002).  The history at these sites is 

usually that the initial spill occurred decades ago and the stakeholders are still dealing 

with the complexities that are left behind.  Assuming that the spill has already occurred 

 Figure 1.1. Simple conceptualization of DNAPL occurring in horizontal pools 

and vertical fingers (Kueper et al., 1993) 

Entry Point

DNAPL Source Zone: sparse DNAPL occurances

and a pool on top of a fine-grained layer

Groundwater Flow Direction
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and/or the source of the spill has been mitigated, a complex entrapment of DNAPL in the 

subsurface still remains.  Figure 1.1 shows that DNAPL may be in the form of pools, 

fingers, or zones of residual saturation.  All three of these types of formations may or 

may not be interconnected; depending on how much time has passed since the initial 

spill.  A field setting typically may consist of one or more of these different types of 

DNAPL architectures due to some degree of subsurface heterogeneity.   

Pooling occurs when a DNAPL front is migrating through one type of material 

and then encounters a material that is finer, i.e., in a soil texture sense, than the material it 

has been traveling through.  The DNAPL will pool up at the interface between the coarse 

and fine materials, until the entry pressure of the fine material is reached and then the 

DNAPL will enter the finer material.  The situation described is a simplistic description 

of a subsurface scenario that may take on may different forms in an actual field setting.   

At a majority of DNAPL sites, the subsurface is saturated with flowing 

groundwater.  In addition to the mechanisms described above, mass from the migrating 

DNAPL will be dissolving into the flowing groundwater and transported downgradient.  

This transport mechanism is responsible for making what may have been an initially 

small spill into a very large contaminant plume that has a large effect on the surrounding 

area(s) downgradient. 

To further complicate this described scenario, the transported dissolved mass may 

then enter low permeability formations downgradient of the original source zone and 

create a new back diffusing source zone from these low permeability formations.  Now, 

the new source area(s) may consist of discontinuous low permeability areas that have 

dissolved mass back diffusing into the groundwater.  Evidence of this back diffusion into 

the flowing groundwater, or rebounding, is apparent in the distribution of downgradient 

contaminant concentrations over time.  Early small-scale experimental work conducted in 

a simple layered soil domain using a conservative tracer (Sudicky et al., 1985a) and 

reactive tracer (Sudicky et al., 1985b) investigated this phenomenon.  Additional small-

scale laboratory experiments performed by (Herr et al., 1989 and Bajracharya et al., 
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1997) also showed evidence of tailing in domains where there were significant contrasts 

in soil permeabilities.  A number of field studies (Ball et al., 1997; LaBolle et al., 2001; 

Liu et al., 2002; Parker et al., 2004; and Chapman et al., 2005) have investigated the 

effect of back-diffusion from a lower permeability region in the subsurface.  To date, 

there has not been any experimental work conducted at an intermediate-scale to study the 

significance of diffused zone mass storage and rebound in determining the longevity of 

solute plumes emanating from heterogeneous DNAPL source zones.  The intermediate-

scale experiments will provide experimental data for a gap that exists between small-

scale experiments and field-scale studies.  The intermediate-scale experiments will also 

provide data sets for the determination of the appropriate numerical model that best 

simulates the dominant features of each experimental domain. 

In order to fully apply the information gathered from the intermediate-scale 

experiments to the field-scale, a numerical model must be found that is able to simulate 

the dominant processes discovered in the experimental work.  Once the numerical model 

has been shown to capture the fundamental processes at the intermediate-scale, it may be 

applied to a field-scale with greater confidence.  Conventional numerical transport 

models that simulate the advection-dispersion processes do not capture the process of 

mass diffusion into the low permeability zones of an aquifer.  In addition, the nature of 

the paths traveled by a contaminant in an aquifer is strongly influenced by the 

heterogeneity of the subsurface, which determines the underlying flow field.  Considering 

the limitations of the conventional advection-dispersion models, a dual-porosity model 

was evaluated for use with the data obtained from the intermediate-scale experiments.  

Schwartz et al. (2000) applied a dual-porosity model to a nonequilibrium system, i.e., a 

system that contains some time-dependent reaction, and found a better fit of the dual-

porosity model to the experimental data than the advection-dispersion equation.  Guswa 

and Freyberg (2000) investigated the controlling processes of having an embedded low 

permeability lense in a higher permeability region.  They concluded that tailing as a result 

of slow advection is similar to that of tailing caused by diffusion, thereby supporting the 
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work performed by Carrera et al. (1998).  Dual-porosity models have the ability to 

capture back diffusion from a low permeable formation, but most of these models have 

the limitation that they do not account for rate-limited mass transfer of the DNAPL in the 

source zone. 

 Rate-limited mass transfer correlations have been presented in the literature that 

are based on different experimental systems (Powers et al., 1991; Powers et al., 1992; 

Geller and Hunt, 1993: Powers et al., 1994; Nambi and Powers, 2000; Saba and 

Illangasekare, 2000; Saenton et al., 2002).  Although, none of these correlations is 

incorporated within a dual-porosity simulator.  The University of Texas Chemical 

Compositional Simulator UTCHEM implements a modified version of the Gilland-

Sherwood relationship presented in Powers et al. (1991), but does not utilize a dual-

porosity simulator.  In order to best simulate a complex entrapped DNAPL architecture 

using a rate-limited mass transfer relationship and capture the downgradient back 

diffusion into and out of a low permeability layer using a dual-porosity relationship, there 

is a need to couple these two processes into one numerical simulator.  The incorporation 

of a rate-limited dissolution module described in Saenton et al. (2002) is incorporated 

with the Finite Element Heat and Mass Transfer (FEHM) multiphase simulator 

(Zyvoloski, 1999). 

 

1.2 Research Goals 

 

The following hypotheses were developed based on preliminary numerical 

modeling work, preliminary experiments, extensive literature review and results from 

small-scale tank experiments performed by Wilking (2004). 

 

1.  The generation of a contaminant plume from the source zone in a texturally 

heterogeneous system is affected by (1) transverse advection from the DNAPL to the 

transmissive zone, (2) transverse diffusion into the silt layer through the pool, (3) 
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longitudinal advection and (4) transverse diffusion into the silt from the plume.  

 

2.  The significance of the contribution of rebound mass from matrix diffusion is 

dependent on the fraction of low permeability material in the system. 

 

3.  The fundamental processes of matrix diffusion and rebound when analyzed at the 

laboratory scale may be captured through the utilization of numerical modeling. 

 

The primary objective of this research was to test the hypotheses with the goal of 

understanding the overall significance of diffused zone mass rebound and storage in 

determining the longevity of solute plumes emanating from heterogeneous DNAPL 

source zones.  The detailed investigation conducted at the intermediate-scale provides the 

foundation for an accurate conceptual model that describes the main processes that 

contribute to source zone mass emission.  In order to best achieve these objectives in each 

experiment, it was critical to obtain a complete and accurate mass balance.  The mass 

balance for each experiment was calculated from a combination of three observations:  1) 

the mass collected in the liquid effluent from the tank, 2) the mass injected into the 

source zone and the time of complete mass depletion from the source zone and 3) the 

mass of contaminant adsorbed in the low permeable layer of each tank experiment.  

These observations were paramount to each experiment and are described in detail in 

Chapter 3. 

 

To test the stated hypotheses, the following objectives were developed: 

 

 1. Conduct a series of experiments to obtain the relevant physical and chemical 

characteristics of the materials utilized in this research.  These experiments included 

grain size distributions, hydraulic conductivities, and batch sorption tests to determine 

retardation coefficients. 
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2.  Conduct small-scale two-dimensional tank experiments to determine the rate and time 

of mass dissolution from an entrapped source zone. 

 

3.  Conduct a set of intermediate-scale two-dimensional tank experiments representative 

of three possible subsurface textural heterogeneities from the field. 

 

4.  Evaluate the capability of numerically based models to capture the basic processes as 

simulated under controlled conditions in intermediate-scale experiments. 

 

5.  Select and verify the appropriate numerical model chosen from the work performed in 

Objective #4 with a closed-form analytical solution. 

 

6.  Incorporate the rate-limited dissolution model of Saenton et al. (2002) into the 

numerical model selected in Objective #5 and test on a simple two-dimensional 

domain. 

 

1.3 Thesis Outline 

 

This dissertation is divided into eight chapters and two appendices.  An 

introduction to the research and the research objectives are presented in Chapter 1.  

Chapter 2 provides the general background necessary to conduct this research.  Chapter 3 

provides a detailed description of the experiments that were conducted in support of this 

research.  The preliminary numerical modeling that was accomplished in support of this 

work is presented in Chapter 4.  The remainder of the chapters are divided as follows: 

 

Chapter 5 Experimental study of the longevity of diffused zone mass flux plumes 

emanating from DNAPL source zones 
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Chapter 6 Numerical modeling of diffused zone mass flux plumes emanating from 

DNAPL source zones 

 

Chapter 7 Incorporation of a rate-limited dissolution model into FEHM and its 

application to a three-dimensional test system 

 

Chapter 8 ends with the conclusion of this work and discusses some tasks that 

need to be further researched.  Appendix A contains information regarding some small-

scale experiments that were initially conducted.  Appendix B contains a program manual 

for the numerical model described in Chapter 7.  
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CHAPTER 2 

 

 

LITERATURE REVIEW AND BACKGROUND 

 

 

 

 

2.1 Introduction 

 

Dense nonaqueous phase liquid (DNAPL)-contaminated groundwater poses a 

threat to many drinking water sources and it is this threat that has formed the motivation 

for expedited cleanup of these affecting sites.  It is imperative to understand the 

governing subsurface processes occurring at these sites in order to more effectively 

manage them over time.  One important process that must be understood at a site is the 

concept of matrix diffusion.  Matrix diffusion was originally investigated as a concept 

pertaining to the diffusion of a dissolved substance into and out of rock (Golubev et al., 

1971 and Grisak et al., 1980).  Later work was done to investigate matrix diffusion 

effects in a simple layered soil domain using a conservative tracer (Sudicky et al., 1985a) 

and reactive tracer (Sudicky et al., 1985b).  Work presented by Brusseau et al. (1989), 

described matrix diffusion as one component of a bigger conceptual model of nonideal 

transport.  The concept of multiprocess nonequilibrium was presented and was one of the 

first attempts to explain why the advection-dispersion equation did not capture processes 

that produced late arrival breakthrough curves with pronounced “tailing.”   

Laboratory experiments performed by (Herr et al., 1989 and Bajracharya et al., 

1997) also showed evidence of tailing in domains where there were significant contrasts 

in soil permeabilities.  Modeling simulations of synthetic heterogeneous systems with 

low permeability lenses concluded that the character of the solute plume depends on 

plume size, the geometry and arrangement of the low permeability inclusions and the 



10 

transport through these regions (Guswa et al., 2000).  Other work concluded that five 

mechanisms are thought to be responsible for nonideal transport behavior:  longitudinal, 

film and intraparticle diffusion, as well as preferential flow and mass-transfer associated 

with variable-flow domains (Johnson et al., 2003).  Several field studies (Ball et al., 

1997; LaBolle et al., 2001; Liu et al., 2002; Parker et al., 2004; and Chapman et al., 2005) 

have investigated the effect of back-diffusion from a lower permeability region in the 

subsurface.  The following sections will discuss in further detail the concepts presented 

above. 

 

2.2 DNAPL in the Subsurface 

 

The persistence of DNAPLs at contaminated sites is due in part to the density of a 

DNAPL being greater than the density of water (Pankow and Cherry, 1996).  This 

physical property is in contrast to a light-nonaqueous phase liquid (LNAPL) that has a 

density less than water and is easily transported by the flowing groundwater.  Since a 

DNAPL is heavier than water, it has a tendency to migrate downward due to gravity until 

it hits a confining boundary, like an aquitard, or the bedrock (Mercer and Cohen, 1990).  

It is often difficult to delineate where the initial spill occurred, in what timeframe the spill 

occurred and how much was actually spilled.  If this initial information is not available, 

then an attempt to delineate the amount and location of DNAPL in the subsurface must 

be undertaken through the use of various sampling techniques.  Although, without a 

thorough understanding of the subsurface lithology and the mechanisms that facility the 

transport of DNAPL through the subsurface, it may be impossible to find the DNAPL in 

the subsurface. 
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2.3 DNAPL Behavior 

 

The experimental study of the movement of DNAPL has been extensively studied 

(Schwille, 1988; Kueper and Frind, 1991a; Illangasekare et al., 1995; and Phelan et al., 

2004).  The movement of DNAPL in the subsurface is a complex process that depends on 

many factors.  These factors include the quantity and type of DNAPL released from a 

spill, the duration of the spill, the aerial extent of the spill and the type of media and fluid 

the DNAPL is entering into.  Figure 2.1 illustrates such a hypothetical release.  In this 

figure, a significant volume of DNAPL has been released that has allowed the DNAPL to 

migrate downward, due to gravity through the entire extent of the subsurface.  Upon 

initial release, the migration of the DNAPL will occur through the unsaturated zone of 

the subsurface.  If the depth to groundwater is very large or if the initial volume of 

DNAPL spilled was very large, then the DNAPL will remain in the unsaturated zone.  

The DNAPL vapor is released when the DNAPL starts to volatilize.  Due to the gaseous 

nature of the component of the contaminant, it is easily transported great distances in the 

subsurface and may contaminate a much larger area than the original spill.  Several 

studies has been done on DNAPLs in the unsaturated zone and the reader is referred to 

(Reible et al., 1990; Wipfler and van der Zee, 2001; and Oostrom et al., 2003). 

Reible et al. (1990) developed a one-dimensional analytical solution that was 

validated using experimental data for the gravity and capillary driven movement of an 

immiscible fluid through the unsaturated zone.  The developed model was only 

applicable to large spills.  Wipfler and van der Zee (2001) presented a static, constitutive 

set of relationships that accounted for the presence of residual NAPL in the unsaturated 

zone after the NAPL had drained from the unsaturated zone.  This phenomenon is 

realized when conducting laboratory experiments, but was not able to be captured 

through numerical multiphase models.  Oostrom et al. (2003) continued on with the work 

presented by Wipfler and van der Zee (2001).  The authors conducted laboratory 

experiments in order to provide data for numerical simulations.  The numerical 
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simulations were conducted to determine the limitations of the current multiphase models 

to model the presence of residual NAPL after it had drained through the vadose zone.  

The work presented the limitations of using the relative permeability-saturation-capillary 

models (k-S-P) to account for the formation of NAPL residual saturation. 

 

Figure 2.1.  DNAPL in the subsurface (Frind et al., 1999). 

 

 If the subsurface conditions dictate a somewhat shallow groundwater table, the 

DNAPL will cross into the saturated zone depending on if there was enough initial 

volume of DNAPL spilled to create enough head for the DNAPL to continue downward.  

Upon entering the saturated zone, the DNAPL will usually encounter highly 
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heterogeneous formations that consist of various fractions of interbedded fine and coarse 

materials.  If the DNAPL enters into a coarse material that is overlying a finer material, 

enough head must be built up in order to exceed the entry pressure of the fine material 

below.  If the entry pressure of the fine material is not reached, the DNAPL will form a 

pool at the interface between the coarse and fine sand layers.  The literature contains 

many studies on DNAPL pools and the reader is referenced to (Saba and Illangasekare, 

2000; Fu and Imhoff, 2002; and Van Valkenburg and Annable, 2002).  If the migrating 

DNAPL does not come into contact with a soil interface and does not form into a pool, 

then residual ganglia and blobs may form.  Many efforts have been made to accurately 

describe the spreading of this residual ganglia, or fingers (Held and Illangasekare, 1995; 

Zhang and Smith, 2001; and Imhoff et al., 2003). 

 Held and Illangasekare (1995) performed three-dimensional tank experiments to 

study the geometric quantification of the fingering of DNAPL in a saturated, 

homogeneous domain.  The work found that the movement of DNAPL fingers could be 

geometrically described through the use of fractal and multi-fractal scaling.  Zhang and 

Smith (2001) also performed studies to analyze the movement of DNAPL fingers.  

Although in this study, glass beads were used instead of a homogeneous test sand.  The 

authors described a finger consisting of a finger body and a tip.  It was found that the 

shape of the fingers elongated with time and that the fingers did not extend laterally once 

the tip of the finger had passed.  Imhoff et al. (2003) focused on the numerical modeling 

of fingers.  Although DNAPL fingers may be modeled using a multiphase simulator 

using a fine grid resolution in the model, the authors presented an alternative method to 

model fingering that was not as computationally demanding.  The authors presented a 

method that utilized an upscaled-mass transfer coefficient that was utilized to model 

DNAPL dissolution and subsequent fingering.  Their method was able to predict the data 

obtained from a three-dimensional tank experiment.  Although much work has been done 

to study the movement and quantification of DNAPL fingering, the effect of fingering on 

the overall distribution of a contaminant plume at a site has not been investigated.  Once 
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the DNAPL has remobilized into pools and residual ganglia, or both, these formations 

become the new source zones that contribute to the longevity of the downgradient 

contaminant plume.  The formation and transport of plumes from these new sources is 

discussed in the next section. 

 

2.4 Transport of DNAPL by Dissolution 

 

 The mass dissolution rate of a DNAPL in the subsurface is a function of the 

solubility(ies) of the compound(s) in the DNAPL, the groundwater velocity, the mass and 

distribution of the DNAPL material in the subsurface, the pore distribution of the 

medium, the aqueous-phase diffusion coefficient(s) of the compound(s) in question, and 

the effects of other chemical constituents in the system (Pankow and Cherry, 1996).  The 

conceptual model for dissolution is typically given by the stagnant film model.  In this 

conceptual model, all of the resistance to mass transfer is assumed to reside in a stagnant 

layer of thickness 

! 

" , adjacent to the interface, as shown below in Figure 2.2. 

Figure 2.2. Conceptual model of film theory. 
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For one-dimensional diffusion, the flux of a species is given by Fick’s First Law 

as 
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2
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The concentration gradient is typically assumed to be linear in a stagnant film model, 
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In porous media, D/! is typically incorporated into a mass transfer coefficient, 

represented by k.  The mass transfer coefficient is further defined by incorporating the 

DNAPL surface contact area and the volume of porous medium V into (2), so that 

 

! 

N
*

= N
A
n

V
= k

A
n

V
(C

w
"C

sat
) = K(C

w
"C

sat
)   (3) 

 

where K is the lumped mass transfer coefficient and 

! 

N
* is the mass transfer rate per 

volume of porous medium (Pankow and Cherry, 1996). 

 Dissolution is a critical component of the transport of mass in the environmental 

focus area and as such, many studies have been completed to further understand 

dissolution of contaminants in the subsurface environment.  The key studies that are 

pertinent to the work presented in this document are described in the following text.  

Miller et al. (1990) presented a summary of the current state of the field as pertaining to 
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DNAPL dissolution.  Their work presents and describes the limitations of the key mass 

transfer correlations that had been presented in the literature at that time.  Due to the 

difficulty in defining the actual contact surface area between the immobile and mobile 

phases of the dissolving DNAPL, it was determined that there was a need for a new mass 

transfer relationship that was based on the measurable parameters of a relevant system.  

Through the use of column experiments, the authors defined a mass transfer relationship 

based on what they observed to be the most contributing factors to account for mass 

transfer from a pure phase DNAPL to the flowing water.  Although this effort was an 

initial attempt to develop a mass transfer relationship for a soil media system, the 

developed relationship was only valid for the defined system and would not be applicable 

to another domain. 

 Powers et al. (1991) presents work similar to that done by Miller et al. (1990).  

The primary driver for this work was to determine what parameters of a system affected 

the rate-limited dissolution of DNAPL.  Similar to the work of Miller et al. (1990), the 

importance of this work was that it recognized that the transfer of mass from the pure 

phase to the dissolved phase might not be at equilibrium for a given condition.  Up to this 

time, it was assumed that the local equilibrium assumption was valid when describing 

transfer of mass from immobile to mobile phases.  The local equilibrium assumption 

states that at the interface between the DNAPL and the flowing groundwater the 

concentration in the groundwater may be assumed to be at the solubility limit of the 

DNAPL. 

 Powers et al. (1992) and Powers et al. (1994) continue on with the investigations 

presented in Powers et al. (1991).  Column experiments were conducted for both studies, 

the difference being that the Powers et al. (1992) work focused on steady state mass 

transfer rates and the Powers et al. (1994) work focused on transient mass transfer rates.  

Both studies focused on experimentally determining the important physical parameters of 

a saturated soil system that had an effect on the rate of dissolution.  A phenomenological 

model for determining the rate of dissolution was developed based on the grain size and 
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grain size distribution of the soil. 

 Imhoff et al. (1998) also performed a series of column experiments using glass 

beads, a mixed sand, and a treated soil.  The overall goal of their study was to utilize a 

power-law model to describe the rate of dissolution of the DNAPL.  The advantage of 

using a power-law model was that it would not be specific to the parameters of a 

particular experiment.  The power-law model could be applied to a range of flow 

conditions, contaminants and porous media.  The work described up to this point was 

formulated on one-dimensional column experiments and is therefore limited to this 

domain.  In order to be able to eventually apply a rate-limited dissolution expression at a 

field-scale, further study must be done in two- and three-dimensions.  The following 

studies continue to develop and test rate-limited dissolution expressions in more than one 

dimension. 

 Unger et al. (1998) investigated the predication of the mean and uncertainty 

related to the total time of dissolution in a heterogeneous three-dimensional simulated 

aquifer based on the physical properties of the Borden aquifer.  Their work found that the 

mean dissolution time was sensitive to the exponent of the nonaqueous phase saturation 

term in the rate-limited expression.  Their work also determined that the uncertainty of 

the dissolution time was associated with the Reynolds number term in the rate-limited 

expression.  Nambi and Powers (2000) conducted two-dimensional dissolution 

experiments to determine the important mechanisms that affect the rate of dissolution.  

These mechanisms were determined to be the variability of the effective permeabilities, 

the perimeter surface area of the NAPL source zone, the amount of interfacial area and 

the aqueous flow rate through the source zone.  A higher NAPL saturated source zone 

would have more flow bypassing, thereby reducing the amount of mass collected in the 

effluent, whereby a low NAPL saturated zone would have more available interfacial area 

for dissolution and more mass would be collected in the effluent.  Saba et al. (2001) also 

conducted two-dimensional experiments to measure rates of mass depletion, although 

differing from the Nambi and Powers (2000) work, a surfactant was also incorporated in 
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to the system.  Mass transfer rates were correlated to the aqueous phase velocity, NAPL 

saturation and properties of the porous media through the utilization of nonlinear 

regression analysis.  Seanton et al. (2002) continued the work of Saba et al. (2001), 

although the focus was shifted to the incorporation of a heterogeneous DNAPL source 

architecture.  The work by Seanton et al. (2002) is described in detail in Chapter 7.  Zhu 

and Sykes (2004) presented a pseudo-equilibrium approach to describe mass transfer 

using a more simplistic approach.  The work presented in this paper was based on earlier 

work by the same authors (Zhu and Sykes, 2000).  The major disadvantage to many of 

the mass transfer models developed in two-dimensions is that great computational 

resources are needed to apply these models to the field scale in order to solve the 

nonlinear regression problem associated with determining the coefficients of the mass 

transfer relationship.  Zhu and Sykes present a series of screening models developed to 

simplify the mass transfer relationship expression and therefore make it more applicable 

to a field scale environment. 

 Few applications of a kinetic model for NAPL dissolution applied at a field-scale 

have been presented in the literature.  The application of a multiphase model with 

transport and rate-limited dissolution would be difficult to perform in a standard fashion.  

Parallel computing methods would be required to reduce the computational complexity 

and computer time required to perform the simulation.  Parker and Park (2004) present 

work that instead used a percolation model to describe the NAPL movement in place of a 

multiphase simulator.  The flow model was solved using MODFLOW (McDonald and 

Harbaugh, 1988) and the transport model was solved using MT3D (Zheng and Wang, 

1999).  The lumped mass transfer equation was given by Miller et al. (1990).  The results 

of the study found that the heterogeneity in the groundwater velocities and DNAPL 

distributions lead to field-scale mass transfer coefficients that were much less than those 

determined in the laboratory.  The following section will now focus on the transport of 

the dissolved phase portion of the DNAPL in the subsurface. 
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2.5 Transport of DNAPL by Advection and Dispersion 

 

The process of transporting dissolved solids with flowing groundwater is termed 

advection.  The amount of solute that is being transported is a function of its 

concentration in the groundwater and the quantity of the groundwater flowing (Fetter, 

1993).  The three-dimensional movement of ground water of constant density through an 

aquifer is given by (McDonald and Harbaugh, 1988) 
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 = values of hydraulic conductivity along the x, y, and z 

coordinate system aligned parallel to the major axes of 

hydraulic conductivity (L/T) 

h = hydraulic head 

W = volumetric flux per unit volume (sources or sinks) 
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Since the movement of groundwater is defined at an average rate, there will be 

some rates of groundwater movement that will be below the average and some that will 

be above the average.  There are three basic causes of the deviation of groundwater 

movement from this average rate (Fetter, 1993):  (1) as fluid moves through the pores, it 

will move faster in the center of the pores than along the edges, (2) some of the fluid 

particles will travel along longer flow paths in the porous media than other particles to go 

the same linear distance, and (3) some pores are larger than others, which allows the fluid 

flowing through these pores to go faster.  The net result of all of these factors is termed 
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mechanical dispersion and results in the dilution of the solute front through the 

subsurface.  Mechanical dispersion, when combined with molecular diffusion, is termed 

hydrodynamic dispersion.  The coefficients of hydrodynamic dispersion as defined in 

Cartesian coordinates with a velocity 

! 

V (Bear, 1979) are given as 
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In these equations, 
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 = longitudinal dynamic dispersivity (L) 
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 = transverse dynamic dispersivity (L) 
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V  = average linear groundwater velocity (L/T) with components 
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Combining the effects of advection and dispersion on transport of solutes in 

groundwater gives the advection-dispersion equation in three dimensions as defined by 

(Bear, 1979) 
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where 

C = solute concentration (M/L
3
) 

! 

v  = average linear velocity (L/T) in the principal directions x, y and z 

! 

Dij  = defined in (5) through (10) above (L
2
/T) 

t = time (T) 

 

Although the advection-dispersion equation has wide use in the environmental 

field, the conclusions of many heterogeneous transport simulations identified the 

necessary implementation of statistics and stochastic modeling to better appreciate the 

heterogeneity of the subsurface, especially at a field scale.  An extensive number of 

existing studies have addressed the issue of uncertainty in modeling subsurface flow.  A 

more recent approach, as discussed in Sohn et al. (2000), incorporates Bayesian methods 

to be used to identify both the initial estimate in uncertainty estimates and the uncertainty 

reduction available compared with the observed field data.  This work developed a Bayes 

Monte Carlo (BMC) method to update the uncertainty of the fate and contaminant 
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transport of a field-scale model. 

The migration of a solute plume is affected by both retardation (including mass 

transfer at different rates) of solutes in stagnant or low permeability zones and by 

transport of solutes in other regions (Dentz et al., 2004).  In a continuous time random 

walk framework (CTRW), it is assumed that a moving particle undergoes random 

transitions in space according to a coupled space-time probability density function (PDF).  

It has been demonstrated, e.g., Levy and Berkowitz (2003), that small-scale 

heterogeneities existing even in homogeneous domains affect the overall transport 

behavior.  More specifically, in a CTRW approach, the unresolved small-scale 

heterogeneities are treated probabilistically and the large-scale heterogeneities are treated 

deterministically.  The CTRW approach models the transport of a solute particle in a 

heterogeneous domain as a random walk in space and time.  This differs from a discrete 

time random walk, in that, not only the transition length, but also the transition time are 

random variables and distributed according to a coupled transition displacement and time 

distribution which reflects the medium heterogeneities (Dentz et al., 2004). 

Particle transport in a heterogeneous domain is given by a generalized master 

equation (GME), which has been derived by performing an ensemble average.  The GME 

is a mass balance equation for the normalized particle distribution incorporating a space-

time transition rate approach to the effective kinetics of the particle motion (Dentz et al., 

2004).  The GME is given by 
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"(s,u)  is the Laplace transform of the probability rate of displacement s at time t.  The 

variable u is the Laplace parameter.  Without going through the derivation, the basic 

working transport equation is given by 
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Unfortunately, at the time of the writing of this work, the CTRW toolbox was 

only available for homogeneous two-dimensional systems and was subsequently not 

investigated further.   

 

2.6 DNAPL Sorption and Retardation 

 

The term sorption is used to describe the uptake by soil of dissolved species 

without reference to a specific mechanism (Chiou, 1989).  Sorption processes include 

adsorption, chemisorption, absorption, and ion exchange (Fetter, 1993).  Sorption retards 

the movement of dissolved solutes in the subsurface and has the resulting effect of 

reducing the size of a contaminant plume at a site.  Although, this may later have a 

negative effect during remediation, because the retarded mass may start to back diffuse 
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into the system.  Pankow and Cherry (1996) state that layer(s) of low hydraulic 

conductivity provide zones of slow uptake and release of solute due to mass transfer 

resistance between layers. 

 

2.7 Matrix Diffusion 

 

Figure 2.3 presents the simple case of a DNAPL subzone in a transmissive layer 

(e.g., sand) resting on a low permeability layer (e.g., silt) that behaves as a capillary 

barrier.  The four primary processes that govern release of contaminants to groundwater 

are: (1) transverse advection from the DNAPL to the transmissive zone, (2) transverse 

diffusion into the silt layer through the pool, (3) longitudinal advection and (4) transverse 

diffusion into the silt from the plume. In addition, sub-processes 2’ and 4’ have been 

identified as the reversal (or back diffusion) of processes 2 and 4, respectively after the 

DNAPL source has completely exhausted (Sale et al., 2003). 

 

 

 

Figure 2.3. Conceptual DNAPL dissolution process (Wilking, 2004). 
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To date, there has not been any specific focus in the literature on these four 

primary processes.  Somewhat similar work was conducted by Golubev and Garibyants 

(1971) as pertaining to diffusion in rocks.  Specifically, the authors looked at the effects 

of diffusion on the range of geochemical migration and on the rate of interaction between 

the dissolved substance and the rock.  Their work and subsequent work is part of a larger 

area of study that observes transport behavior in complex flow regimes as that presented 

by fractured rock.  A final example of work done in the fractured media realm is given by 

Grisak and Pickens (1980).  Their work looked at combining advective-dispersive 

transport in the fractured domain with diffusive transport in the unfractured domain.  The 

aperture size, matrix porosity, matrix diffusion coefficient, and distribution coefficient 

were all deemed important in determining the relative amounts of solute transported in 

the fracture and stored in the matrix. 

Some later work performed by Sudicky et al. (1985a) was the first to illustrate the 

effects of matrix diffusion in a layered soil domain.  Two-dimensional tanks were used to 

pack a three-layered system of silt/sand/silt.  A conservative tracer was introduced into 

the inflow of the tanks and the resulting breakthrough curves showed shifted peak 

breakthrough concentrations, as well as long “tailing” in comparison to a sand-only 

control tank.  A follow-on paper by Sudicky et al. (1985b) was presented that showed the 

effects of a reactive tracer in the same domain. 

Work presented by Brusseau et al. (1989) had matrix diffusion as one component 

of a bigger conceptual model of nonideal transport.  This work presented the concept of 

multiprocess nonequilibrium, what was one of the first attempts to explain why the 

advection-dispersion equation did not capture processes that produced late arrival 

breakthrough curves with pronounced “tailing.”  A more recent paper that continues on 

with the work presented by Brusseau et al. (1989) is given by Johnson et al. (2003).  This 

work presents five mechanisms that are thought to be responsible for nonideal transport 

behavior:  longitudinal, film and intraparticle diffusion, as well as preferential flow and 

mass-transfer associated with variable-flow domains.  A major conclusion of this work 
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was that local-scale physical heterogeneity controlled the nonideal transport behavior and 

the nonlinear, rate-limited sorption/desorption were of secondary importance.  The 

experiments were conducted on an undisturbed field core with laboratory grade 

trichloroethylene.  Brusseau (1991) was later able to capture the experimental data 

provided by Sudicky et al. (1985) in a numerical model termed multiprocess 

nonequilibrium (MPNE). 

More recently, Liu and Ball (2002) looked at a field scenario that had an 

unconfined aquifer above a natural aquitard.  Cores were taken from the aquitard and 

analyzed for perchloroethylene and trichloroethylene.  The results showed that the 

boundary conditions at the aquifer/aquitard interface were such that a back diffusion of 

contaminants from the aquitard to the aquifer was induced.  Minimal advection through 

the aquitard was assumed based on the known thickness and low permeability of the 

later, combined with the low differences in head between the upper aquifer and lower 

aquitard. 

 

2.8 Remediation Challenges 

 

 Remediation of DNAPL contaminated sites is and will continue to be an area of 

much study.  Due to the complex nature of DNAPL migration throughout the subsurface, 

it is not only difficult to remediate, but it is difficult to first locate and sample.  According 

to the work presented by the Interstate Technology and Regulatory Council (2002), few 

technologies have demonstrated an ability to efficiently remove or destroy DNAPLs.  

Unless it is known exactly where the DNAPL was spilled and it what approximate 

quantity, it is difficult to quantity how much DNAPL is in the subsurface and what the 

aerial extent is.  Prior to selecting a DNAPL remediation scheme, the location of the 

DNAPL in the subsurface must be estimated.  (Rao et al., 2000; Jalbert et al., 2003; and 

Moreno-Barbero and Illangasekare, 2006) present tracer test methods that enable the 

quantification of the amount of DNAPL mass in the subsurface.  Although, these 
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methods may be difficult to implement at a field site.  The current source treatment 

methods for DNAPL contaminated sites include many physical, chemical and biological 

treatment methods.  Some examples of these treatment methods include thermal heating, 

vitrification, excavation, surfactant flooding, in situ oxidation, hot water flooding, 

anaerobic bioremediation and natural attenuation.  

In order to systematically study the efficiency and applicability of these treatment 

methods, experimental study in a laboratory environment must be utilized.  Work 

performed by Conrad et al. (2002) and Heidersheidt (2005) analyzed the efficiency and 

deliver techniques required for the successful implementation of in situ chemical 

oxidation.  The actual method by which most of the physical, chemical and biological 

treatment technologies use to transform the DNAPL into a mobile state usually can be 

proved to work at a bench-scale environment.  The reason for this is that the conditions in 

a bench-scale environment are such that delivery of the treatment technology to the 

DNAPL source zone is optimal and the DNAPL source zone is in a known location.  The 

difficultly that most of this methods have in the field is both in the location of the 

DNAPL source zone and the subsequent delivery of the treatment technology to that area.  

Most of the locations of the DNAPL source zone are not precisely known, and a general 

treatment methodology has to be implemented to a larger, more general area, with the 

hope being that the actual source zone is bounded by this large area.  Herein lies the 

source of failure for most remediation strategies.  If an accurate conceptual model of the 

basic underlying physical and chemical processes is not known, as well as if the location 

and extent of DNAPL contamination is not known, then blindly applying a remediation 

technology to a site will have little chance for success. 

 

2.9 Modeling Tools 

 

Many multiphase numerical simulators have been created in order to better 

understand and attempt to predict the topics presented in this chapter.  Work initially 



28 

performed by Abriola and Pinder (1985) provided a framework of the required equations 

to model multiphase flow.  These equations were borrowed from the petroleum 

discipline.  When formulating the equations for multiphase flow using a continuum mass 

balance, the number of unknowns is greater than the number of equations, so additional 

equations must be defined based on constitutive relationships.  All multiphase models 

require a relationship to be defined for saturation, capillary pressure and the relative 

permeability.  Most often the two choices are between the Brooks and Corey (1966), or 

the van Genuchten (1980) relationships. 

The process of numerically modeling NAPL transport has been accomplished in 

several different domains and realizations.  These three areas include (1) homogeneous 

domain with a single realization, (2) heterogeneous domain with a single realization and 

(3) heterogeneous domain with multiple realizations.  Conceptual and mathematical 

models for multiphase flow in mostly homogeneous porous media in one dimension have 

been presented by (Abriola, 1989; Kueper and Frind, 1991; and Kaluarachchi and Parker, 

1992).  Centimeter scale, first-order rate models in homogeneous porous media have been 

presented by (Miller et al., 1990; Powers et al., 1992, 1994; Imhoff et al., 1994; and 

Imhoff and Miller, 1996).  These studies support the idea of the establishment of near-

equilibrium conditions over short length and time scales. 

The application of multiphase modeling to heterogeneous formations has been 

undertaken by (Kueper and Frind, 1991a, b; Essaid and Hess, 1993; and Kueper and 

Gerhard, 1995). These studies highlighted the importance of the variability of 

permeability and capillary parameters on organic liquid spreading.  A better 

representation of the non-uniform flow field in the NAPL entrapment zone in two 

dimensions has been investigated by (Saba and Illangasekare, 2000; and Nambi and 

Powers, 2000).  Dekker and Abriola (2000) found that the most critical factors in 

modeling organic entrapment in heterogeneous formations included the spill release rate, 

reliable estimates of the mean, variance, and vertical correlation scale of the formation 

permeability, and an accurate representation of the correlation between the capillary 
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pressure–saturation function and the permeability.  Saenton et al. (2002) found that 

varying source zone configurations significantly alter the NAPL mass transfer 

coefficient.  Mayer et al. (1996) observed decreases in dissolution rates in heterogeneous 

media attainable to the formation of NAPL pools.  A two-dimensional multiphase 

simulator developed in the work performed by Lee and Chrysikopoulos (1998) performed 

simulations on domains that are similar to the layered system described in Chapter 3 of 

this work.  Although, the functions used to describe the initial state of the DNAPL in the 

system require the actual surface area of the DNAPL available for dissolution to be 

known.  It is difficult to determine what the actual surface area available for dissolution 

is, and a relationship for dissolution must be developed based on the measurable 

parameters of a system. 

Miller et al. (1998) presents a review of the challenges associated with multiphase 

modeling.  There are several unique challenges and issues involved with multiphase 

modeling including upscaling, constitutive relationships, computational requirements, 

and how to best modeling fingering and dissolution from pools.  The list of models 

presented by Miller et al. (1998) is further reduced when one only considers the most 

current readily available multiphase simulators.  These models include Subsurface 

Transport over Multiple Phases (STOMP) from the Pacific Northwest National 

Laboratory, Finite Element Heat and Mass transfer (FEHM) from the Los Alamos 

National Laboratory, Transport Of Unsaturated Groundwater and Heat (TOUGH2) from 

the Lawrence Berkeley National Laboratory, and the University of Texas Chemical 

Compositional Simulator (UTCHEM) from the University of Texas.  Extensive 

validation studies have been performed for each of these simulators.  Although, these 

comprehensive and robust numerical simulators are still limited by the quality and 

amount of data that is available for input. 
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2.10 Intermediate-Scale Experiments 

 

Intermediate-scale experimental work has been conducted by (Saba and 

Illangasekare, 2000; Barth et al., 2001; and Barth et al., 2003) in order to provide an 

intermediate step between bench-scale studies and direct application of experimentally 

determined parameters to the field.  The work conducted by Saba and Illangasekare 

(2000) utilized a 2.2 m x 1.1 m x 5.08 cm flume to study mass transfer of an emplaced 

DNAPL in two-dimensions.  The experimental data obtained in the study was used to 

develop the dissolution model that was later modified by Saenton et al. (2002) and is the 

described in greater detail in Chapter 7.  Barth et al. (2001) utilized an intermediate-scale 

tank that was constructed 10 m x 1.2 m x 0.06 m to study the effects of how small-scale 

measured values of hydraulic conductivity vary at an intermediate-scale.  Barth et al. 

(2003) used the same intermediate-scale tank system described in Barth et al. (2001) to 

study the effect that an entrapped NAPL had on the transport of a conservative tracer.  

The amount of available references for intermediate-scale experiments that 

studied saturated soil systems is limited due to the complex nature of these types of 

experiments, the amount of resources required and the time required to perform each 

experiment.  Although, intermediate-scale experimental work allows for the controlled 

and systematic evaluation of a particular subsurface phenomena that is dependent upon a 

larger scale.  The experimental work described throughout this document is unique in that 

it necessitated the use of intermediate-scale tanks in order to provide a large amount of 

available interfacial area for the dissolving DNAPL to diffuse into and diffuse back out of 

at a later time.  The width of the tank was kept narrow in order to minimize flow in the 

transverse direction, perpendicular to the tank.  The following section describes these 

experiments in detail. 
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CHAPTER 3 

 

 

EXPERIMENTS 

 

 

 

 

3.1 Introduction 

 

The intermediate-scale experiments were a continuation of small-scale, two-

dimensional experimental work conducted by Wilking (2004), that added further analysis 

of the processes that occurred downgradient of the source zone as the plume developed.  

The work performed by Wilking (2004) allowed for an accurate description of the 

processes that were occurring at and around the source zone.  The goal of the 

intermediate-scale studies was not to mimic field conditions, but rather to create 

conditions that captured the governing processes that occurred in the field that 

contributed to plume loading and longevity.  Once the basic mechanisms first studied in 

small test systems and then up-scaled to large-scale laboratory setting were understood 

and quantified, it was then possible to incorporate this knowledge into a numerical model 

(see Chapter 6).   

In the field, much more complex manifestations of these processes occur as 

controlled by site specific spill conditions, entrapment architecture of the DNAPLs, and 

the natural geologic heterogeneity.  A review of the field lithology by Parsons (1998) 

provides many examples of this complexity.  Figure 3.1 illustrates a complex 

arrangement of mounds, inclined planes and layering between soil types.  Figure 3.1 is 

provided by the work of Adams and Gelhar (1992) that analyzed field scale dispersion in 

a heterogeneous aquifer.  Dekker and Abriola (2000) investigated the influence of field 

scale heterogeneity on DNAPL infiltration and entrapment on a section of the Borden 
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aquifer that contained mounds, inclines and layering.  Parker et al. (2004) analyzed a 

layered system at field site to determine aquitard integrity, which had a diffusing 

DNAPL. 

 
Figure 3.1. Example morphologies observed in the field (Adams and Gelhar, 1992). 

 

The references presented only are a fraction of those presented that study real 

systems that contain inclines, mounds and layering.  In an attempt understand the 

fundamental processes of a complex system, it is imperative to break the system down 

into separate parts and understand the contribution of that part to the whole system.  The 

disassembly of a complex system, such as those field sites just described, into simpler 

parts is illustrated in Figure 3.2.  Figure 3.2 consists of (1) a sand layer overlaying a 

horizontal low permeability layer of silt, (2) a mound of silty soil within a sandy 

formation that intercepts the dissolved plume, and (3) an inclined layer of silty soil that 

produces a converging flow field within a sandy layer. 
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(1) 

 
(2) 

 
(3) 

Figure 3.2. Experimental configurations: (1) a sand layer overlaying a horizontal low 

permeability layer of silt, (2) a mound of silty soil within a sandy formation 

that intercepts the dissolved plume, and (3) an inclined layer of silty soil 

that produces a converging flow field within a sandy layer. 

field material 
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3.2 Materials and Analytical Methods 

 

The following sections describe 1) the test soils and DNAPL used for all of the 

experiments and 2) the major pieces of analytical equipment used to analyze the data 

generated from all of the experiments.  The test soils consisted of sandblasting sand 

obtained from a local source in Colorado.  Although the grain-size distribution of 

sandblasting sands is man-made, these test sands provided a controlled and uniform 

medium for experimental use.  In contrast, a field material mixture of sand and silt was 

also used in the experiments to simulate material that is actually contained in the 

subsurface at the field site.  The test DNAPL used for this experiment was chosen to be 

1,1,2-TCA due to its low volatility compared to trichloroethylene (TCE); the actual 

contaminant of concern at the field site.  Utilizing a DNAPL that has low vapor pressure, 

minimizes handling loses during the experiment, thereby increasing the chances to get a 

complete mass balance.  1,1,2-TCA was found to be a suitable substitute for TCE due to 

the similarities in density. 

The two main pieces of analytical equipment used for the experiments were a gas 

chromatograph and an X-ray system.  The gas chromatograph analyzes liquid samples 

consisting of 1,1,2-TCA dissolved in water.  The gas chromatograph was also used to 

measure 1,1,2-TCA mass extracted into hexane from soil samples taken in the 

experimental tanks.  The X-ray system was used to allow the non-intrusive determination 

of the rate of mass depletion in the source zone of each experiment over time.  Without 

the use of the X-ray, it would have been difficult to not disturb the source zone area while 

determining how much mass remained. 

 

3.2.1 Test Soils 

 

A field soil was obtained from Ft. Worth, Texas, and the material was 

subsequently mechanically separated into a silt fraction and a sand/silt fraction using the 
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sieve sizes shown in Table 3.1.  A mechanical analysis was performed on the field soil 

according to ASTM-D-422 (see Table 3.2).  A 14 model Coulometer was used to 

determine that the average total organic carbon in the soil was 0.42%.  The bulk density 

of the field soil was determined to be 1.4 kg/L and the Kd of the field soil for 1,1,2-TCA 

was determined to be 0.19 L/kg (Wilking, 2004).   

 

Table 3.1.  Mechanical sieve apparatus. 

Screen Location Sieve # Sieve Size 

Top 18 1.0 mm/0.0394 in. 

Middle 40 425 mm/0.0165 in. 

Bottom 50 300 mm/0.0117 in. 

 

Table 3.2.  Mechanical analysis results of field soil. 

 

Table 3.3 lists the properties of the materials used in the experimental study. 

 

 

 

 

 % silt 

(0.074 to 0.005 mm) 

% clay 

(less than 0.005 mm) 

% sand 

(> 0.074 mm) 

field sand 1.4 0.5 98.1* 

*fractionation 

of sand 

component 

coarse 

(2.00 to 4.75 mm) 

4.5% 

medium 

(0.425 to 1.99 mm) 

38% 

fine 

(0.075 to 0.424 mm) 

55.6% 

media type hydraulic 

conductivity 

[m/sec]
a
 

retardation 

factor
b
 

mean grain 

size 

[mm]
c
 

bulk 

density 

[g/cm
3
]

d
 

uniformity 

coefficient
e
 

#16 6.0e-3 1.0 0.96 1.59 1.73 

#30 1.7e-3 1.0 0.49 1.56 1.50 

#50 2.5e-4 1.0 0.31 1.84 1.94 

#140 2.7e-5 1.0 0.10 1.74 1.86 

Field 2.3e-4 1.4 0.38 1.43 3.00 
a
ASTM-D-2434-68.  

b,d
Wilking 2004.  

c
ASTM-D-422.  

e
D60/D10 
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3.2.2 Test DNAPL 

 

The contaminant of concern for the remediation site that funded this work, as well 

as the vast majority of DNAPL contaminated site’s contaminant of concern, was 

trichloroethylene (Mercer and Cohen, 1990).  Therefore, laboratory grade 

trichloroethylene was initially used for the laboratory experiments.  Upon sampling the 

first small-scale tank experiment conducted by Wilking (2004), it was found that TCE 

had high volatilization losses and subsequently it was difficult to obtain an accurate mass 

balance.  A suitable replacement for TCE, which had similar chemical properties, except 

for a much lower vapor pressure, needed to be found.  It was determined that laboratory 

grade 1,1,2-TCA was a suitable replacement and was subsequently used for the 

remainder of all the experiments (see Table 3.4).  Although laboratory grade 1,1,2-TCA 

is not found in a field setting, using a field DNAPL that contains a mixture of various 

DNAPLs creates complexities unique to that mixture.  Using a laboratory grade DNAPL 

limits unknown complexities because the physical constituency of the chemical is known. 

 

Table 3.4.  DNAPL properties. 

a. Lucius, J. E., Othoeft, G.R., Hill, P.L. and Duke, S.K., “Properties and Hazards of 

108 Selected Substances,” U.S. Geological Survey Open-File Report 92-577, 

September 1992. 

b. U. S. EPA, “Soil Screening Guidance: Technical Background Document,” 

EPA/540/R-95/128, July 1996. 

DNAPL Molecular Mass 

(g/mole)
a
 

Density 

(g/cm
3
)

a
 

Water solubility 

(mg/L at 25°C)
b
 

Vapor pressure 

(Pa at 25°C)
a
 

trichloroethylene 131 1.46 1100 6310 

1,1,2-trichloroethane 133 1.44 4420 3000 
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3.2.3 Analytical Instruments  

 

A Hewlett Packard HP6890 Gas Chromatograph with a Flame Ionization Detector 

(GC/FID) equipped with a HP7683 Autosampler/Injector was used to analyze aqueous 

samples containing 1,1,2-TCA.  The aqueous samples were collected from the effluent 

end of the tanks and stored in 5 ml vials in a refrigerator in order to prevent volatilization 

losses.  Two blanks, i.e., tap water, were analyzed along with the 1,1,2-TCA samples in 

every batch.  The first blank would be ran ahead of the sample train in order to receive 

any material that may have be leftover in the GC due to an prior high concentration 

sample run.  A second blank was used as a control for each batch run.  Any noise 

measured in the blank sample would than be subtracted out from the analysis results of 

the samples containing 1,1,2-TCA.   

An Electron Capture Detector (ECD) on the same GC was used to analyze 1,1,2-

TCA extracted from the soil phase using a hexane extraction technique.  Soil cores were 

collected in drinking straws upon the conclusion of the experiment.  After the cores were 

collected they were immediately placed in a freezer in order to prevent volatilization and 

in order to aid in the partitioning of the straw into 1 cm increments.  After a minimum of 

24 hours in the freezer, the straws would be cut into 1 cm increments, weighed and then 

placed into 3 ml of hexane.  The soil/hexane solution would then be stored in the 

refrigerator for a period of 24 hours, thereby allowing the 1,1,2-TCA to go into the 

hexane.  A 5 ml aliquot of the hexane solution would then be extracted and injected into a 

zero-head space 5 ml vial.  The sample vials were then analyzed on the GC using the 

ECD column. 

 

3.2.4 X-ray Analysis 

 

A critical component required in the determination of what primary processes 

affect source longevity is the ability to know precisely when the pure phase mass in the 
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source zone of a system has been depleted.  If it is precisely known when the mass in the 

source has been depleted, then it is known that the longevity of the source zone is not 

attributable to the dissolving mass in the source zone.  In order to non-intrusively 

determine how much mass is remaining in the source zone as a function time, an X-ray 

system was utilized on the source zone.  X-ray analysis allows the non-intrusive 

estimation of the volume amount of a measured material.  The volume estimates are 

calculated using the Beer-Lambert law (Hill et al., 2002) 

 

! 

N = N
o
e
"(µ

water
l+µ

DNAPL
l+µ

soil
l )  

 

where 

! 

N  is the number of counted photons over a given time period, 

! 

N
0
 is the number of 

photons counted in a reference cell, 

! 

µ is a nonnegative photon attenuation coefficient and 

! 

l is the differential path length between the material measured and the reference cell. 

Figure 3.3 illustrates the main components of the X-ray system include 1) an 

automated positioning frame, 2) a Pantak model HF100 X-ray source, and 3) a liquid-

nitrogen-cooled Princeton Gamma Tech (PGT) High-Purity Germanium HPGe detector 

coupled with a PGT SYS4004 multichannel analyzer.  The automated positioning frame 

moves the source and the detector in either a vertical or horizontal plane.  At all times, 

the X-ray source and detector are kept in alignment.  The available interior scanning area 

bound by the X-ray frame is approximately 3 m in length by 1.2 m in height by 35.6 cm 

in width.  Custom LabVIEW software was developed to provide 1) automated 

movements of the source and detector and 2) synchronized data collection with each 

movement.   
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Figure 3.3. X-ray apparatus: (1) automated positioning frame, (2) source and (3) detector. 

 

Due to the fact that the X-ray system is a custom made piece of analytical 

equipment, an off-the-shelf method for analysis does not exist.  Each experiment 

conducted in the X-ray frame needs to define the goals of the experiment in order to 

develop a method of analysis.  The goals for these experiments were to:  (1) minimize the 

total measurement time required at each location in order to observe multiple locations 

and subsequently infer a spatial DNAPL distribution, and (2) maximize the overall 

accuracy and precision of each individual measurement.  The reasoning for the first goal 

was to achieve a complete picture of the coarse inclusion over time in order to determine 

what the spatial variability of the DNAPL saturation. 

In order to achieve these goals, the best configuration for the system was defined 

as follows (Sale et al., 2003) and will be discussed individually in the following text: 

(1) A 2 mm diameter collimated beam 

(2) Spectral filters composed of varying path lengths of samarium, erbium, and 

aluminum.  For more information on spectral filters see Storm et al. (1974) 

1 

2 

3 
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(3) A tube voltage of 70 kV and a tube amperage of 10 mA 

(4) Measurement time of 10 seconds at each point 

A 2 mm diameter collimated beam is required in order to be able to utilize a fine 

grid resolution in the area being scanned.  A typical grid spacing for these experiments 

was 0.5 cm equally spaced over an area of 5 cm x 10 cm.  The development of the grid 

spacing for each experiment is dependent on the data needs of the experiment and on the 

speed of the motors that transition the detector and X-ray source from point to point.  In a 

transient experiment, a fine grid resolution is only pertinent when the area to be scanned 

is small.  Attempting to scan a large area with a fine discretization would be problematic, 

as the motors would not be able to keep up with the experiment.  

The choice of spectral filters depends on the requirements of energy ranges 

needed for the experiment and also depends on the power capacity of X-ray source.  The 

spectral filters are primarily used within the X-ray source cabinet to condition the spectra 

and to spread the photons over a broad and continuous portion of the spectrum.  In 

addition to broadening the spectra, the spectral filters absorb the majority of the lowest 

energy photons that are attenuated readily and do not enhance measurement quality Hill 

et al. (2002).  Defining the correct spectral filters is a difficult task and involves a trial-

and-error solution.  The spectral filters that were determined to work best for saturated 

soil experiments that had emplaced DNAPL consisted of samarium, erbium and 

aluminum.  The samarium and erbium filters are chemical solutions that were installed 

inline with the source cabinet.  The aluminum filters consisted of thin, 3-mm thick plates, 

which were placed on the detector side of the X-ray frame.  The number of plates added 

in front of the detector depended on the tank width and what material was in the tank.  An 

empty tank scan required more aluminum plates in order attenuate the energy from the 

source.  The number of plates would be reduced as the amount of attenuating material in 

the tank increased, i.e., empty tank, water-filled tank, and water/soil filled tank. 

The tube voltage and amperage for each experiment is dependent upon the thickness 

of the attenuating material, basically the thickness of a soil filled tank.  A 2 cm soil/water 
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filled tank would require less energy to scan than a 5 cm soil/water filled tank.  The 

material the tank was constructed of would also have an effect on the required tube 

voltage and amperage.  A tank that was constructed out of aluminum would attenuate 

more energy than a Plexiglas tank and therefore would require a higher tube voltage and 

amperage to scan. 

The measurement time of each experiment, or live time, was dependent on the size 

of the scan grid and the required amount of data to be collected at each point.  A large 

grid would require small live times in order to be able to traverse the entire grid in a 

timely manner.  The required amount of data is based on the requirements of the data 

analysis program and further information may be obtained from Hill (2003). 

The accuracy of the measurements made by the X-ray is difficult to determine due to 

one primary variable within the system as a whole.  This variable includes the position of 

the motors that align the detector and the source.  The motors of the X-ray system 

transverse along vertical and horizontal axes during each experiment.  During each 

movement, the final position of the motor will have some variation.  For example, 

requesting the motors to move to a grid location [1.0, 1.0] may result in a final 

destination of [1.001, 1.001].  Depending on the spacing of the grid used in the 

experiment and the number of grid points, this effect could result in some offset to what 

the user inputted for the grid system.  Typically this error is not as pronounced, as the 

typical grids used in most experiments do not exceed 10 cm in length.  Therefore, the 

positioning of the motors may have some effect on the accuracy of the measurement, but 

it is difficult to quantify. 
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3.3 Experimental Methodology 

 

The following sections present the methods that were used in each experiment to 

1) pack the source zone in each of the tanks in a uniform and consistent manner and 2) 

inject the DNAPL into the emplaced source zone.  The methods described in Section 

3.3.1 and 3.3.2 are similar to those described in Wilking (2004), as it was imperative to 

collaborate on these methods in order to utilize the X-ray data collected by Wilking 

(2004) for the first two intermediate-scale experiments that were not conducted in the X-

ray room.  Sections 3.3.3 and 3.3.4 present the methods used for each experiment to 

collect the effluent samples and monitor the source zone.  Section 3.3.4 is only directly 

pertinent to the third intermediate-scale experiment, as this tank was constructed within 

the frame of the X-ray system.  Similar X-ray methods were used by Wilking (2004) for 

the source zone analysis of the small tanks described in that work. 

 

3.3.1 Source Zone Preparation 

 

The coarse inclusions in each tank were packed by placing aluminum spacers in 

the tank to allow for an exactly dimensioned source zone.  A #16 laboratory sand was 

placed inside the aluminum spacers and then the spacers were slowly pulled out of the 

tank as the surrounding material was emplaced.  The injection apparatus was installed 

into the midpoint of each coarse inclusion.  This apparatus consisted of a 0.2 cm ID glass 

tube attached to thin walled (0.16 cm ID) gas chromatograph (GC) capillary tubing.  The 

gas chromatograph tubing was cut long enough to extend outside of the tank domain. 

 

3.3.2 DNAPL Injection 

 

The injection process was completed in the same manner for each tank.  First, a 

three-way valve was attached to the end of the GC capillary tubing.   A 10 ml syringe 
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was then used to extract approximately 2 ml of water from the source area in order to 

completely fill the GC tubing with water.  Then, a known amount of 0.05% Sudan IV 

dyed 1,1,2-TCA was injected into the source zone.  The injection process occurred very 

slowly and took approximately two minutes for each injection.  Tap water was then 

injected into the tubing to purge any remaining 1,1,2-TCA.  At this point, for experiment 

#3, the X-ray analysis began.  Experiments #1 and #2 were located outside of the X-ray 

machine and the source zones in these tanks were not scanned.  Although, work done by 

Wilking (2004) was used to estimate the rate of total mass depletion from the source for 

these experiments.  It should be noted that although the 1,1,2-TCAwas injected into the 

center of the coarse inclusion, in all of the experiments it was visually observed to 

eventually come to rest on the bottom of the coarse inclusion at the interface with the fine 

layer. 

 

3.3.3 Dissolved Phase DNAPL Liquid Sampling 

 

Effluent samples were gathered from the tank experiments in order to (1) capture 

the breakthrough curve for each experiment and (2) obtain a mass balance of the 

dissolved phase DNAPL mass that was removed from the tank.  Once an injection 

occurred, samples were taken from a valve that was installed in the effluent line of the 

tank on a daily basis.  The required frequency was determined during the execution of the 

first tank experiment.  It was seen through observation of the breakthrough curve, that 

one sample per day adequately described the processes that were occurring in the tank 

domain.  Effluent samples were analyzed using a Hewlett Packard 7683 Series Injector 

with a flame ionization detector on a Hewlett Packard 6890 Series GC due to its high 

sensitivity to organic compounds. The effluent of each tank was captured in a 19-L 

bucket and its mass was taken in order to calculate the flowrate at each effluent sampling 

event. 
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The effluent samples collected for each tank experiment provide the primary basis 

for the conclusions drawn in Chapters 3, 5, and 6, therefore it is important to assign some 

range of error to each sample taken.  This task is difficult for these experiments due to 

three reasons: 1) the scale of the experiment is so large that it would be almost impossible 

to repeat the experiment and get the exact same results, 2) the time required for each 

experiment makes it difficult to attempt a duplicate experiment, 3) the cost associated 

with each experiment prohibits duplicate experiments for each tank packing.  Ideally, it 

would be beneficial to design, pack and analysis two tanks at the same time in order to 

get some idea of the actual range of error that may be expected.  As this is not usually 

possible, and was not possible for this work, great care was taken to perform each 

experiment in a similar and controlled manner.  Each tank was sampled in the same 

manner and the same analysis techniques and controls were used on the samples 

themselves. 

 

3.3.4 Source Saturation Measurement using X-ray Analysis 

 

For experiment #3, the use of X-ray analysis allowed for non-intrusive 

determination of the mass removed from the source zone over time.  In order to obtain an 

accurate conceptual model of all of the processes that are occurring in the experiments, it 

was critical to obtain the time of dissolution of the injected mass into the source zone.  

The use of X-ray analysis allowed for a non-intrusive determination of the mass removed 

from the source zone over time.  By measuring both the effluent concentrations and the 

DNAPL persistence within each tank’s source zone, inferences can be made about the 

nature of the source of observed down-stream contaminants.   
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3.4 Intermediate-Scale Tank Experiments 

 

The following sections describe the three intermediate-scale experiments that 

were performed in support of this work.  The first section describes the materials and 

methodology used to build the tanks.  The successful design and construction of each of 

the tanks was paramount to the success of each of the experiments.  A leaking tank would 

lead to unaccounted for mass loss and thereby make it impossible to obtain a complete 

mass balance.  Each of the designs for each experimental domain was based on the 

prominent subsurface heterogeneities observed at field sites. 

 

3.4.1 Experimental Tank Apparatus 

 

The tank walls consisted of four separate sections, each measuring 2.4 m in length 

by 1.2 m in height by 10.1 cm wide.  The frame of each wall section consisted of 1.2 m 

by 10.1 cm by 1.3 cm pieces of aluminum spaced on 30.5 cm centers.  Each frame was 

fastened to a 1.9 cm thick piece of polycarbonate, measuring 2.4 m by 1.2 m.  The tank 

end and bottom plates were constructed out of 1.3 cm thick by 30.5 cm wide aluminum 

plates. The plates were purchased in 4.8 m lengths and were then cut into 1.2 m sections 

for the end plates. The bottom plate consisted of a 3.7 m section butted up against a 1.2 m 

section. 

The tank walls were lined with 3.2 mm thick plate glass to prevent DNAPL 

chemically interacting with the polycarbonate wall surface. Four pieces of 1.2 m by 2.4 m 

by 0.5 cm pieces of plate glass were attached to the polycarbonate surfaces using silicone. 

Silicone was also applied at each of the fastener holes located on the polycarbonate 

surfaces, to the bottom of the tank, and to the end plates prior to fastening. The entire 

tank was then bolted together with 1/4 in. machine grade bolts and nuts. Four aluminum 

plates were fastened perpendicular to the top of the tank in order to prevent the tank from 

expanding when filled with soil. 
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Each 2.4 m section of the tank was cleaned, and had a panel of plate glass 

installed. After the plate glass installation, two of the 2.4 m sections were bolted together 

to make the adjoining 4.8 m walls of the tank. One wall, with the glass side up, was then 

turned upside down with the bottom facing up. The other wall was flipped in the same 

manner and positioned 5 cm across from the other wall. Four pieces of 5 cm thick R15 

Styrofoam insulation were placed as a barrier between the wall sections.  

Once the two wall sections were aligned along the bottom and sides, the bottom 

plates for the tank were C-clamped in place. A number of 1/4 in. holes (64) were then 

drilled in-place into the bottom plate. Once the holes were drilled, 1/4 in. machine grade 

bolts were used to fasten the bottom plate in place, following a modest application of 

silicone between the aluminum plates. With the help of approximately 15 volunteers, the 

tank was then laid over and pushed back up, thereby righting itself back into its correct 

orientation. 

The inlet and outlet holes were drilled approximately 0.6 m up from the bottom of 

the tank on each end plate. The holes were tapped and 1/4 in. brass ball valves were 

installed to control the flow in and out of the tank. End filters for the tank were then 

constructed out of aluminum screen and fiberglass.  A 19 cm by 1.2 m piece of aluminum 

screen was folded into thirds. A very thin piece of fiberglass insulation was then pulled 

into a thickness of approximately 2 to 3 mm. The fiberglass piece was then placed into 

the aluminum screen, which was subsequently folded onto itself. After three months of 

construction, the tank was leak tested and patched in order to maintain a watertight seal. 

End filters for the second and thirds tanks were constructed out of aluminum 

screen embedded with Flanders Precisionaire furnace filter material.  Constant head 

reservoirs were used to achieve steady state conditions in the tank.  Due to the large 

amount of water required for each tank experiment, tap water was used as the water 

source.  Each tank was saturated for approximately two to three weeks to achieve steady-

state flow conditions prior to DNAPL injection.  A total of two separate tanks were 

constructed for these experiments. 
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3.4.2 Experiment #1 

 

The objective of the first experiment was to determine if the generation of a 

contaminant plume in a textural heterogeneous system from the source zone was affected 

by (1) transverse advection from the DNAPL to the transmissive zone, (2) transverse 

diffusion into the silt layer through the pool, (3) longitudinal advection and (4) transverse 

diffusion into the silt from the plume. 

 

3.4.2.1 Experimental Setup 

 

The simple layered system constructed for this experiment consisted of a #30 

white silica sand obtained from Unimin Corporation in Emmett, Idaho, overlying the 

field soil (see Figure 3.4).  The tank was packed (from the bottom to the top) with a 5.1 

cm bentonite layer, a 29.8 cm layer of the field soil, a 71.1 cm layer of #30 sand and 5.1 

cm of bentonite clay (obtained from Wyo-Ben, Inc. in Billings, MT) was packed at the 

top of the tank to establish confined aquifer conditions and to prevent volatilization of 

contaminants.  The emplaced source zone consisted of a 5.1 cm x 5.1 cm x 5.1 cm coarse 

inclusion of #16 silica sand that had the front edge located 138.4 cm from the influent 

end of the tank and the back edge located 50.2 cm from the bottom of the tank.  After 

achieving steady-state flow conditions in the large tank (0.43 kg/hr +/- 0.03 kg/hr), 

approximately 14.82 g of 0.05% Sudan IV dyed 1,1,2-TCA was injected into the source 

zone.  The average 1,1,2-TCA saturation in the source zone was estimated to be 34%. 
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Figure 3.4. Experiment #1. 

 

3.4.2.2 Results and Discussion 

 

Figure 3.5 shows the measured concentrations taken from the effluent end of the 

tank over the duration of the experiment.  After approximately 30 days, tailing in the 

breakthrough curve was observed. The first peak in Figure 3.5 was thought to be 

attributable to the initial configuration of the DNAPL in the source zone. 
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Figure 3.5. Experiment #1 1,1,2-TCA effluent breakthrough curve. 

 

It was thought that due to the low amount of total DNAPL mass injected, some of 

the DNAPL was contained in the upper part of the coarse inclusion at a lower saturation, 

and the remaining mass of DNAPL was contained at a higher saturation at the bottom of 

the coarse inclusion.  Therefore, the flowing groundwater was able to easily transport 

dissolving mass from the low saturation zone and advectively transport it to the end of 

the tank.  Regrettably, the experimental breakthrough curve is the only measured 

experimental data available to support this theory.  The development of this theory was 

made during the numerical modeling work and the reader is referred to Chapter 6 for 

further information.  Based on work done by Wilking (2004), the mass in the source zone 

was estimated to have been depleted in 10.2 days.  See Chapter 6 for more discussion on 

how this estimate was obtained.  The second peak in Figure 3.5 was thought to be 

attributable to the depletion of the higher saturation DNAPL source in the coarse 

inclusion.  At approximately 30 days, the mass in the source zone has been depleted and 

the tailing of the breakthrough curve begins.  The tailing is thought to be attributed to the 

back diffusion of dissolved mass that entered into the field layer from days 10 through 

20.  Again, samples were not taken from within the tank during the experiment, but the 
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reader is referred to the numerical modeling Chapter 6 for further discussion. Figure 3.6 

shows the measured flowrate captured during the duration of the experiment. 

 

Figure 3.6. Experiment #1 flowrate. 

 

The tailing was allowed to continue for an additional 37 days, until it was 

assumed that no further change in concentration would occur in the effluent in a 

reasonable time duration.  Figure 3.7 shows that approximately 80% of the injected 1,1,2-

TCA mass was captured through the effluent liquid samples.  The initial slope of the 

curve in Figure 3.7 was due to both the advective transport of mass through the tank and 

the dissolution of mass into the low permeability layer.  The second slope of the curve in 

Figure 3.7, at approximately 22 days, is a result of the stored mass rebounding from the 

lower permeability layer to the #30 test sand layer.   
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Figure 3.7. Experiment #1 comparison of mass removed versus mass injected. 

 

Upon completion of the experiment, two different areas of the tank were 

sectioned into approximately 35 soil samples:  1) immediately beneath the source zone to 

the bottom of the tank and 2) from the effluent end of the source zone to the effluent end 

of the tank in the upper 15 cm of the field layer.  The dimensions of the soil samples were 

approximately 5 cm x 5 cm x 10 cm.  A total of 35 useable soil sections were extracted 

from the tank and subsequently subdivided into a total of 400 subsamples for hexane 

extraction and subsequent analysis on the GC.  Figure 3.8 illustrates outlines of soil 

sections 4 through 7 that were taken in the field material layer directly beneath the source 

zone extending to the bottom of the tank.  Soil sections 8 through 11 were the next 

column of soil sections retrieved.  Soil sections 12 and 13 were attempts to sample the 

tank using a coring device that froze the sample in-place using liquid nitrogen.  This 

method proved to be in ineffective because the liquid nitrogen caused the glass to crack 

that was lining the tank walls.  Additional soil samples were sectioned out and extracted 

for the remaining length of the tank. 
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Figure 3.8. Soil sections located in the vicinity beneath the source zone. 

 

Figure 3.9 is a continuation of Figure 3.8 and shows the geometries of the 

remaining soil sections that were taken from the tank extending to the effluent end.  The 

soil sections taken from the tank were triangulated due to the shape of the instrument 

used to extract the samples and the difficulty in extracting the samples from a depth of 1 

m through an opening 5 cm wide.  No samples could be extracted from the last section of 

the tank due a collapse of the soil in this area.  An imbalance had occurred in this section 

when the weight of 1) the overlying soil was removed and 2) the soil horizontally 

supporting this area was removed.  This instability caused the field soil to slough off the 

clay layer and collapse. 
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Figure 3.9. Soil sections 14 through 38 extracted from the tank for Experiment #1.  The 

nominal depth of the soil sections was 10 cm and the width of each tank 

section was 30.5 cm. 
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The 400 subsamples were taken to best represent the average concentration in each of the 

35 soil sections.  Figure 3.10 shows the highest average concentration of 1,1,2-TCA after 

completion of Experiment #1 immediately below the source, followed by a decrease in 

1,1,2-TCA to the bottom of the tank.   

 

Figure 3.10. Average 1,1,2-TCA concentrations beneath the source zone. 

 

Each point on the graph represents the average concentration for each soil section.  

The range on each point represents the lowest and highest value measured for each soil 

section.  The point on the graph with zero concentration did not have a range of 

concentration in that particular section, as all of the subsamples had zero concentration.  

This does not necessarily mean that the entire section had a zero concentration, as there 

may have been a section of the sample that was not captured in the subdivision of the soil 

section.  The soil cores retrieved downgradient of the source zones detected the presence 

of 1,1,2-TCA extending from the source zone to the effluent end of the tank.  As shown 

in Table 3.5 and Figure 3.11, the total average aqueous plus sorbed concentrations in this 

layer ranged from 9 to 130 mg/L 1,1,2-TCA.  The x-direction distance is measured from 
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the edge of the influent side of the tank and the y-direction distance is measured from the 

top of the field soil interface to the bottom of the tank. 

 

Table 3.5 Total average aqueous and sorbed 1,1,2-TCA concentrations. 

X (cm) Y (cm) 1,1,2-TCA (mg/L) 

144.8 26.7 4.4 

144.8 19.1 1.8 

144.8 11.4 0.0 

144.8 3.8 1.2 

160.0 27.9 9.5 

160.0 19.1 2.6 

160.0 14.0 0.5 

221.0 27.9 5.3 

231.1 27.9 10.1 

251.5 27.9 24.0 

261.6 27.9 21.9 

210.8 27.9 21.9 

243.8 27.9 0.1 

274.3 27.9 12.6 

281.9 29.2 13.7 

289.6 29.2 21.8 

312.4 29.2 45.5 

322.6 29.2 54.3 

302.6 29.2 26.8 

342.9 29.2 131.7 

332.7 29.2 148.8 

449.6 29.2 5.0 

434.3 29.2 7.2 

396.2 29.2 21.8 

419.1 29.2 13.8 

403.9 29.2 26.2 

365.8 29.2 14.4 

388.6 29.2 15.9 

373.4 29.2 44.0 

358.1 29.2 77.2 
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Figure 3.11. Kriged concentrations of sampling results in field layer of Experiment #1. 

 

It is hypothesized that due to the initial DNAPL source configuration, essentially 

a 5.1 cm x 5.1 cm x 2.6 cm block, the flow paths were altered to bypass both above the 

source and below the source.  The flow bypassing over the top of the source picked up 

dissolving mass and through longitudinal advection in the transmissive zone, transported 

it to the effluent end of the tank.  The initial peak in Figure 3.5 illustrates this mechanism.  

In the same manner, mass was carried into the field layer, below the source zone.  This 

mass was also advectively transported to the effluent end of the tank, albeit at slower rate, 

as displayed by the second peak in Figure 3.5.  In addition to these mechanisms, 1,1,2-

TCA mass was diffusing into the low permeability layer due to the concentration gradient 

at the interface between the source zone and the field material.  This evidence for this is 

shown in Figure 3.10, as detectable concentrations of 1,1,2-TCA were found to exist 

immediately below the source and extending to the bottom of the tank.  Dissolved mass 
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may also have been advectively transported in the transverse direction from the source 

into the field layer, although to what extent is not known.  Further discussion of this 

hypothesis is discussed in the modeling section, see Chapter 6.   

The simple layering of experiment #1 provided a large surface area of low 

permeability material for dissolved mass to 1) transverse diffuse into during the first 

passage of the contaminant plume and 2) back diffuse from the low permeability layer 

back into the transmissive zone at later times.  This back diffusion is illustrated in Figure 

3.5 in the tail of the curve that occurs from day 30 to the end of the experiment.  The 

significance of the back diffusion from the low permeability layer is that it may explain 

why sustained contaminant concentrations persist in downgradient monitoring wells, 

even after the contaminant source was thought to have been removed.  Depending on the 

textural heterogeneities of the subsurface, the new contaminant sources may be from 

small-interspersed interbedded layers of low permeability materials, or may be from large 

low permeability layers, e.g., a layer of clay. 

 

3.4.3 Experiment #2 

 

The objective of the second experiment was to create a system that would have 

solute transported by both advective transport and by transverse diffusion.  It was 

hypothesized that the mound would both affect the flow pattern through the tank, 

resulting in an attenuated breakthrough curved; as well as having dissolved mass going 

into the mound and then back diffusing into the system.  This effect would also cause the 

breakthrough curve to be attenuated. 

 

3.4.3.1 Experimental Setup 

 

Figure 3.12 illustrates the domain of this experiment included a low permeability 

mound (field soil) embedded in a high permeability matrix (#50 sand) packed on a low 
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permeability #140 sand layer.  The tank was packed with a 5 cm bottom layer of 

bentonite clay, followed by 45.7 cm of #140, and 52.1 cm of #50.  A 7.6 cm layer of 

bentonite clay was packed at the top. The emplaced source zone consisted of a 5.1 cm x 

5.1 cm x 5.1 cm coarse inclusion of #16 silica sand that was located 138.4 cm from the 

influent end of the tank and 50.2 cm from the bottom of the tank.  The field mound was 

packed within the #50 layer, resting on the #140 layer.  The width of the mound was 86.4 

cm, with the center of the mound located 233.7 cm from the edge of the coarse inclusion.  

The mound was 17.8 cm in height at the center, with a down slope of approximately 41% 

to either edge.  Approximately,59.6 g of 0.05% Sudan IV dyed 1,1,2-TCA was injected 

into the same dimensioned source zone as was used for experiment #1.  The resulting 

average 1,1,2-TCA saturation was estimated to be 42%.  A steady-state flowrate of 0.45-

kg/hr +/- 0.3 kg/hr was achieved in the tank. 

 

 

 

Figure 3.12. Experiment #2. 
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3.4.3.2 Results and Discussion 

 

Figure 3.13 illustrates the breakthrough curve at the completion of 80 days of 

analysis.  Figure 3.14 displays the measured flowrate collected for the duration of the 

experiment. 

Figure 3.13. Experiment #2 1,1,2-TCA effluent breakthrough curve. 
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Figure 3.14. Experiment #2 flowrate. 

Approximately 96% of the injected 1,1,2-TCA mass was captured through the 

effluent samples.  Figure 3.15 illustrates that the mass in the source zone was determined 

through X-ray analysis to have been depleted in approximately 42.6 days (Wilking, 

2004).  Figure 3.15 shows that the mass flux from the source zone is transient in nature, 

although the calculated mass depletion curve is linear.  This observation is important, as 

will be described in Chapter 6, because the transient nature of the mass flux from the 

source zone has a direct effect on the distribution on the effluent concentration data 

measured over time. 
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Figure 3.15. Mass flux calculated from X-ray analysis from source area.  Note:  days 15 

through 35 were not measured by X-ray and were interpolated. 

 

Figure 3.16 displays the amount of mass removed from the experiment.  As 

compared to the breakthrough curve obtained in the first experiment, the curve in Figure 

3.13 shows high attenuation of the dissolved mass, thought to be a direct result of the 

downgradient mound.  The data from this experiment showed two primary contributors to 

the distribution of the effluent data over time.  The first effect is from the advective 

transport of dissolved mass into the mound.  The second effect is from the dissolved mass 

being transported around the mound.  The combined effects of these two processes 

resulted in the delay of the peak of the breakthrough curve in the system. 
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Figure 3.16. Experiment #2 comparison of mass removed versus mass injected. 

 

The mass gets transported into the field layer, but the dissolved mass does not exit 

the field layer for long time durations, if at all.  In addition, similar to Experiment #1, 

there is a large region of surface area provided by the field soil mound for dissolved mass 

diffusion into and out of the mound.  This experiment was thought to have greater mass 

recovery, because when compared to the first experiment, the available surface area of 

the field soil is only 550 cm
2
 when compared to 1680 cm

2
 of the first experiment.  

Almost three times as much surface area of field soil was available for mass to back 

diffuse in the first experiment as compared to the second experiment.  In summary, this 

experiment showed that even a small amount of low conductivity material could affect 

both the advective transport and transverse diffusion of a system. 
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3.4.4 Experiment #3 

 

The objective of the last experiment was the same as for the second experiment 

(advective transport and transverse diffusion dominated), but in addition, a complex flow 

regime was added with the inclined plane. 

 

3.4.4.1 Experimental Setup 

 

Figure 3.17 presents the domain of this experiment included an inclined low 

permeability layer (field soil) beneath a high permeability (#30 sand) layer.  The field soil 

was packed to a height of 38.1 cm on the influent end to 96.5 cm on the effluent end, 

resulting in a 12% slope.  The #30 sand was packed on top of the incline, with a #16 

coarse inclusion for the source.  Bentonite clay was packed at the top and bottom of the 

tank in 7.6 cm layers.  The coarse inclusion was located 68.6 cm from the influent side of 

the tank, located approximately 43.2 cm above the bottom of the tank, resting on the 

incline.  The dimensions of the coarse inclusion were approximately 10.2 cm along the 

interface with the field soil, 5.1 cm in height and 5.1 cm in width.  After achieving 

steady-state conditions in the tank (0.43 kg/hr +/- 0.09 kg/hr), approximately 35.43 g of 

0.05% Sudan IV dyed 1,1,2-TCA was injected into the tank.  The average 1,1,2-TCA 

saturation in the source zone was calculated to be 22%.  Immediately after injecting the 

1,1,2-TCA into the tank,  an X-ray scan was started on the source zone 
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Figure 3.17. Experiment #3. 

 

For the X-ray scan, a grid of 759 points was established to surround the source zone area, 

see Figure 3.18.  The spacing in the x- and y-directions was 0.5 cm. 

Figure 3.18. X-ray scan grid domain. 
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The X-ray scanned each point for 10 seconds with the tube set at 80 kV and 12 

mA.  No aluminum plates were used to further reduce the source on the detector side.  

The scan started at point [0,0], traversed from left to right, moved up one point in the y-

direction and then traversed right to left.  This tracking method was used to the top of the 

grid at point [16,11] and then the scan commenced in the reverse order from where it just 

scanned, back to the origin at [0,0].  Figures 3.19 (a) and 3.19 (b) show the configuration 

of the source immediately after injection of the 1,1,2-TCA and at day 22. 
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(a) 

 

(b) 

Figure 3.19. Figure 3.19 (a) and 3.19 (b) show the 1,1,2-TCA saturations of the source 

zone at day 1 (a) and day 22 (b).  Flow is from left to right. 
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3.4.4.2 Results and Discussion 

 

For approximately 22 days (24 hours a day, 7 days a week), the source zone was 

scanned using the X-ray system.  The source was not completely dissolved at 22 days, 

but the X-ray system had to be stopped due to an unexpected facility outage.  After 

reviewing the data, it was assumed that the source was near complete dissolution and 

would have probably been completely dissolved in 23 days.  Approximately 96% of the 

injected 1,1,2-TCA mass was captured through the effluent samples. 

 Figure 3.20 shows that after 171 days of flow through the tank, dissolved mass 

was still being produced from the field soil layer at concentrations well above the 

regulatory limit.  The measured flowrate is shown in Figure 3.21.  

Figure 3.20. Experiment #3 1,1,2-TCA effluent breakthrough curve. 
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Figure 3.21. Experiment #3 flowrate. 

 

The shape of the breakthrough curve showed an initial breakthrough, but then 

slow mass release from the inclined plane for time greater than 40 days.  As was the case 

for the first two experiments, this slow back diffusion from a low permeable layer would 

result in extended cleanup times in the field, as well as creating further complications 

when trying to define these downgradient areas that are the “new” source zones for the 

resulting dissolved phase plume.  The spike in the effluent curve shown at days 64 and 66 

in Figure 3.20 was due to an unscheduled surge in the feed water supply from the facility 

and an associated increase in mass removed from the system over that time period.  

Figure 3.22 shows the mass recovered through the effluent sampling. 
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Figure 3.22. Experiment #3 comparison of mass removed versus mass injected. 

 

3.4.5 Conclusions 

 

In order to compare and contract the effects that each morphology had on the 

amount of mass released from the system, the mass remaining in each domain from all 

three large tanks experiments was normalized and plotted in Figure 3.23.  
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Figure 3.23. Normalized mass in domain for intermediate-scale experiments. 

 

In Experiment #1, the 1,1,2-TCA in the source zone had completely depleted in 

approximately 10 days.  In Experiments #2 and #3, the source depleted in approximately 

43 to 23 days, respectively.  These are important points on these graphs as they represent 

the transition time before which most of the dissolved mass in the plume is generated in 

the source zone.  After this time, the mass observed in the each tank is a result of the 

stored mass in the plume.  Experiment #3 had the longest amount of tailing and 

subsequently had the largest amount of field material and largest available surface area 

available for back diffusion.  Experiment #2 had less mass remaining in the system than 

Experiment #1 due to its lower amount of available field material for diffusion.  The data 

obtained from all three experiments validated the first hypothesis in that all of the 

experiments had the generated contaminated plume affected by 1) transverse advection 
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from the DNAPL to the transmissive zone, 2) transverse diffusion into the silt layer 

through the pool, 3) longitudinal advection and 4) transverse diffusion into the silt.  

Table 3.7 presents a summary comparison of the three intermediate-scale tank 

experiments based on the mass fraction of field material in the tank.  The fraction of the 

initial mass stored in the tank at the point the source is depleted and the fraction of the 

initial mass recovered at the end of the experiments is also presented.   

 

Table 3.7.  Intermediate-scale experimental summary. 

Experiment Fraction 

of Field 

Soil in 

Tank 

Duration 

of Source 

DNAPL 

[days] 

Fraction of 

Initial Mass 

Stored in the 

Soil at the Point 

Source is 

Removed 

Fraction of 

Initial Mass 

Recovered 

at End of 

Experiment 

End 

Time 

[days] 

1 0.27 10.3 0.98 .80 67 

2 0.02 43.1 0.15 .96 80 

3 0.57 23.0 0.88 .95 171 

 

The data provided in Table 3.7 shows that for higher fractions of field material, 

more mass is stored in the tank at the point the mass in source has been depleted.  

Although the values for the fraction of initial mass recovered at the end of the experiment 

are somewhat similar, the duration of the rebounding period observed in each experiment 

is directly related to the fraction of field material in the domain of the experiment.  The 

data presented in Table 3.7 validates the second hypothesis in that the significance of the 

contribution of the rebounded mass as a result of matrix diffusion is dependent on the 

degree of textural heterogeneity. 
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CHAPTER 4 

 

 

NUMERICAL MODELING 

 

 

 

 

4.1 Introduction 

 

Both numerical and analytical models are important tools used to aid in the 

prediction of complex contaminant fate and transport scenarios.  Many risked based 

analyses use numerical modeling to determine the risk posed at a contamination site for 

some time in the future at a potential receptor based location.  Although analytical 

models are useful in their simplicity, it is this simplicity that prohibits the use of these 

types of models in a heterogeneous system at a field-scale.  Numerical models are more 

scalable, i.e., they may be applied to a 1D bench-scale simulation or to a complex 3D 

field simulation.  Numerical models are able to work with more unknowns than most 

analytical solutions, i.e., the capabilities of numerical models are more robust, and 

therefore will require a larger number of inputs to the simulation.  Although, this does not 

mean that all of the input for a numerical model will be known at a field site.  The input 

data often needs to be calibrated in order to provide a complete data set.  

The overall objective of the research reported in this chapter was to determine if 

numerical modeling could capture the dominant processes observed in the experimental 

data.  The first attempt at this objective is through the traditional use of the 

advection/dispersion equation.  As will be seen in the first part of this chapter, the 

traditional use of the advection/dispersion equation does not capture the experimental 

data.  The second part of the chapter describes the second attempt at this objective 

through the use of a dual-porosity model. A dual-porosity model allows the interfaces 

between the high and low permeability regions to be subdivided into mobile and 
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immobile regions.  The second part of the chapter will also discuss the importance of 

accurately modeling the source zone conditions. 

 

4.2 Methods 

 

The following sections describe the methodology that was used to apply the 

advection-dispersion equation to the data that was obtained by an intermediate-scale 

experiment performed by Wilking (2004).  A description of the code that was utilized is 

followed by a discussion on a study that was performed to determine optimal grid spacing 

in order to reduce numerical dispersion.  The parameters used as inputs to the model are 

then presented, followed by a description of how the simulations were performed.  The 

sections are concluded with a discussion of the results. 

 

4.2.1 Code Selection 

 

The first task to development a model framework for the experimental work was 

to determine the appropriate code for the problem.  The tools that were employed for this 

task included MODFLOW (McDonald and Harbaugh, 1988; and Harbaugh et al., 2000), 

MT3D (Zheng, 1990; and Zheng and Wang, 1999) and SEAM3D (Waddill and 

Widdowson, 2000).  These tools are existing three-dimensional finite difference 

groundwater flow and contaminant transport codes.  These models compliment each 

other to simulate non-equilibrium mass transfer from entrapped NAPL in heterogeneous 

aquifers. MODFLOW and MT3D have been used extensively in the literature (Saenton et 

al., 2002; and Sohn et al., 2000) for a similar set of experimental conditions. SEAM3D 

(Waddill et al., 2000) was chosen as the NAPL dissolution model because: 1) it is 

integrated within MT3D and 2) it solves the relationship of (taken from Waddill et al., 

2000): 
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! 

Rsource,lc

NAPL =max 0,kNAPL Clc

eq "Clc( )# $    (1) 

Using Raoult’s Law, 

! 

Clc

eq  is calculated (Corapcioglu and Baehr, 1987; and Parker 

et al., 1991) as 

   

! 

Clc

eq
= f lcClc

sol        (2) 

where 

! 

flc  is the mole fraction of chlorinated ethane lc in the NAPL 

! 

mol
k
mol

NAPL

"1[ ] and 

! 

C
lc

sol  is the solubility of pure chlorinated ethane lc in water.  During each time step, 

! 

flc  is 

computed as 

 

! 

flc =
Clc

NAPL
/" lc

I
NAPL

/" I + Clc

NAPL
/" lc + Tlt

NAPL
/" lt

lt=1

NT

#
ls=1

NS

#
   (3) 

where 

! 

C
lc

NAPL  is the NAPL mass of chlorinated ethene lc per unit mass dry soil 

! 

M
lc
M

solid

"1[ ] , 

! 

I
NAPL  is the NAPL concentration of inert (i.e., relatively insoluble 

constituents) 

! 

M
I
M

solid

"1[ ] , 

! 

T
lt

NAPL  is the NAPL concentration of nonbiodegradable tracer lt 

! 

M
lt
M

solid

"1[ ] , and 

! 

" j  is the molecular weight of NAPL constituent j.  Equations 2 and 3 

represent the concept that the effective solubility of any NAPL constituent is reduced 

when other constituents are simultaneously dissolving into the aqueous phase.  With each 

time step, 

! 

C
lc

NAPL  is updated as 

 

! 

dC
lc

NAPL

dt
= "

#

$
b

R
source,lc

NAPL
       (4) 

where 

! 

"
b
 is the bulk density of the porous medium 

! 

Msolid Lpm

"3[ ].  Thus, dissolution causes 

the NAPL concentration of chlorinated ethane lc to decrease as the aqueous phase 

concentrations increases. 
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4.2.2 Grid Size 

 

The numerical dispersion effect that grid size can have on the model domain has 

been previously discussed in many sources (Zheng and Bennet, 1995; and Zheng, 1999).  

In order to determine the appropriate grid size for the experimental model, the model 

domain was continually refined while observing the computational time versus percent 

change in effluent concentrations.  Figure 4.1 shows a refinement in grid size from an 

initial start of 2.5 cm by 2.5 cm by 5.0 cm thick down to the smallest size of 0.5 cm by 

0.5 cm by 5.0 cm thick. It can be seen on the figure that only an 8% change in effluent 

concentration is observed when going from 0.5 cm to 1.0 cm spacing, yet the 

computational time increase significantly.  The figure also illustrates that there is a 57% 

change when going from a 2.5 cm x 2.5 cm cell size to a 1.0 cm cell size.  These results 

are only valid at this small laboratory scale, and should not be inferred up to a field scale.  

 

Figure 4.1. Effluent curves as a function of cell size. 
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Based on these findings, a 1.0 cm x 1.0 cm x 5.0 cm cell size was chosen. This 

gave the accuracy that was needed for the experimental work, but did not require 

significant computational power.  Applying this grid spacing to a 8 ft x 2 ft x 2 in. tank, 

yielded 244 cells along the 8 ft length, 61 cells along the 2 ft length and (1) 5.0 cm cell 

was applied to the 2 in. thickness.  Based on these the dimensions, the model domain 

contained 14,884 cells. 

 

4.2.3 Parameters 

 

The following tables define the parameters that were used as input to the model. 

 

Table 4.1. #30 physical properties. 

Parameter Value Units 

horizontal hydraulic 

conductivity 

12,500 cm/day 

porosity 0.3 [=] 

specific storage 0.007 cm
-1

 

longitudinal dispersivity 0.05 cm 

bulk density 1542 mg/cm
3
 

retardation 1 [=] 

layer thickness 38 cm 
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Table 4.2. #140 physical properties. 

Parameter Value Units 

horizontal hydraulic 

conductivity 

617 cm/day 

porosity 0.4 [=] 

specific storage 0.006 cm
-1

 

longitudinal dispersivity 0.05 cm 

bulk density 1384 mg/cm
3
 

retardation 1 [=] 

layer thickness 18 cm 

 

Table 4.3. MODFLOW parameters. 

Parameter Value Units 

!x 1 cm 

!y 5 cm 

!z 1 cm 

hydraulic gradient 1.6 cm 

Keff 9308 cm/day 

seepage velocity 2 ft/day 

 

Table 4.4. MT3D inputs. 

Parameter Value Units 

Ratio of transverse to longitudinal dispersivity 0.1 [=] 

Ratio of vertical to longitudinal dispersivity 0.1 [=] 

Effective molecular diffusion coefficient 5e-6 [=] 

 

Table 4.5. SEAM3D inputs (all values at 25° C). 

Parameter Value Units 

1,1,2-TCA solubility 4420 mg/L 

1,1,2-TCA molecular weight 133 g/mole 

1,1,2-TCA initial concentration 0.3 mass/mass 

1,1,2-TCA dissolution rate 0.14 /day 

TCE solubility 1100 mg/L 

TCE molecular weight 131 g/mole 

TCE initial concentration 0.1 mass/mass 

TCE dissolution rate 0.09 /day 
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4.2.4 Simulations 

 

All the model packages (MODLFOW, MT3D, and SEAM3D) were integrated 

within the Groundwater Modeling System (GMS) software, version 4.0. GMS allowed 

rapid display of head gradients in the flow model and kriged concentration data in the 

transport model. GMS also allowed the feature of observation points within the model 

domain to observe a particular point within the model domain.  For all simulations, the 

flow model was solved first using MODFLOW.  The model domain was established with 

constant head cells at each end of the grid.  Two soil layers were defined within the grid; 

the #30 soil at the top and the #140 soil at the bottom. Both soil layers were defined as 

confined aquifers.  Flow was arbitrarily established from left to right of the grid system.  

The flow model was solved under steady state conditions. Only horizontal flow was 

established, no vertical flow was defined in the system.  The output of the flow model 

would define cell-to-cell flow values and head, both required inputs for the transport 

model. 

Once the flow was modeled, the transport was modeled, based on a point-source 

injection point located at [30,43] within the model domain.  At this point, the DNAPL 

parameters were inputted. The MT3D part of the transport model solved the 

advection/diffusion equation with the appropriate inputted parameters.  Outputs of the 

model presented the DNAPL concentration at every cell for every timestep, or a kriged 

concentration profile could be displayed.  Timesteps were automatically defined within 

GMS 4.0, at the time of execution, based on satisfying Peclet and Courant number 

requirements (Zheng and Bennett, 1995). 

 

4.2.5 Results and Discussion 

 

The following figures show the results of the modeling simulations.  For all of the 

figures, the output of the model is based solely on the input of the laboratory-measured 
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data. No calibration or validation was performed.  In the case of the data in Figure 4.2, 

the mass removed from the model domain was plotted against the measured effluent data.  

The model predicts a total mass removal of 3,700 mg, while the experimental data 

showed approximately 4,300 mg.  The actual amount of 1,1,2-TCA injected was 4,240 

mg.  The resulting mass recovery for the model was 87%. 

 

Figure 4.2. 1,1,2-TCA-modeled mass remaining in domain vs. experimental data. 

 

Figure 4.3 shows the sum of the model cell concentrations of 1,1,2-TCA of the last 

column at the effluent end of the model domain (rows 6-61, column 244) plotted against 

the measured effluent concentration.  The model captures the initial start and endpoint of 

the breakthrough curve, but does not capture the actual mass seen through the measured 

data. 
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Figure 4.3. 1,1-2-TCA modeled effluent curve vs. measured effluent data. 

 

This is thought to occur because the model is advection dominated and does not 

accurately capture the diffusion that is occurring in the system.  Figures 4.4 and 4.5 

present a breakout of Figure 4.3 for the time periods 1 to 10 days and 10 to 60 days.  It is 

also seen in these figures that the model is underestimating the concentrations generated 

as a result of the processes that are occurring. 
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Figure 4.4. 1,1-2-TCA modeled effluent curve vs. measured effluent data [1 to 10 days]. 

 

Figure 4.5. 1,1-2-TCA modeled effluent curve vs. measured effluent data [10 to 60 days]. 
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The dissolution rate used in the TCE model was calculated from the X-ray data.  

Although the model is not accurately predicting the experimental data, it is showing the 

dominant features of the system. It is interesting to point out that in the “tails” of the 

plumes in the modeling simulations, i.e., the downgradient plume that has diffused into 

the silt layer and is now back diffusing into the sand and advectively moving through the 

silt. The majority of the mass is removed in the first week of simulation (>80%), while 

the remaining mass (which is still greater than MCL) is still contributing to the system 

over a large area and time scale. The experimental data provides evidence to this 

observation. 

 

4.3 Finite Element Heat and Mass Transfer 

 

Based on the simulations described in Section 4.2, an alternative model was 

required that captured both the advective and diffusion processes that were observed in 

the experimental data.  The numerical model named Finite Element Heat and Mass 

transfer (FEHM) from the Los Alamos National lab was evaluated and selected due in 

part to its ability to model multiphase, multicomponent, reactive and nonisothermal flow 

and transport in three-dimensions.  Although this comprehensive simulator has many 

capabilities, the primary feature required of FEHM was its ability to capture back and 

reverse-diffusion through the utilization of its dual-porosity module.  Based on previous 

modeling work on matrix diffusion presented in the validation test plan of FEHM (Dash, 

2003), it was hypothesized that the dual-porosity code would provide the ability to model 

the back diffusion that was observed in the experiments. 

In addition, FEHM includes the ability to model the standard advective 

contaminant transport component.  The major drawback to FEHM is that it does not 

model rate-limited mass transfer from pure phase material; the model assumes 

equilibrium.  Calculating the dissolved mass flux rate from the X-ray mass depletion data 

and inputting these values as a transient source function curve into the model domain 
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helped to overcome this limitation.  A general description of how the dual-porosity 

module works in FEHM is presented in the following section, followed by a simple 

example of how the dual-porosity module simulations compare to an analytical solution 

given by (Tang et al., 1981). 

 

4.3.1 Dual Porosity Formulation 

 

A dual-porosity system is a porous media system that contains two media that 

have contrasting values of porosity.  Figure 4.6 illustrates such a system.  In both (a) and 

(b), the yellow layer, N1, contains a material with a high permeability and a porosity of 

0.3.  N1 represents the #30 test sand from the tank experiments.  The orange layer, N2, 

contains a lower permeable layer and has a porosity of 0.5.  The N2 layer represents the 

field soil mix of sand and silt.  The boundaries in (a) and (b) represent a simple node-

centered model domain.  Figure 4.6 (a) illustrates how a typical model domain would be 

constructed for this system, without using dual-porosity.  The nodes for N1 and N2 would 

be assigned the corresponding material properties, initial conditions, and appropriate 

boundary values.  The flow and transport equations for the model domain would then be 

solved at the nodes. 
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Figure 4.6. Simple layered domain (a) without dual-porosity nodes and (b) with 

dual-porosity nodes. 

 

In order to apply the dual-porosity concept to the simple system in Figure 4.6 (a), 

the model domain must be reconstructed as shown in Figure 4.6 (b).  The structure of this 

model domain follows the requirements of the generalized dual-porosity macro (gdpm) 

that is included in FEHM.  First, the node in N1 is defined as being a dual-porosity node.  

Second, the user-defined discretization of the N2 layer is applied to the node at N1, 

starting with the first layer at an increment of 

! 

"y
1
 and ending with the last increment of 

! 

"y
5
.  These layers are referred to as the matrix layers in the model and their node spacing 

is not required to be uniform.  The volume fraction of the primary porosity, N1, is 

designated as 

! 

Vf .  The volume fraction of the matrix nodes, defined as 

! 

1"Vf , is equally 

distributed to the matrix nodes.  The material properties, initial conditions and boundary 

conditions are defined for the N1 and N2 nodes the same as was the case for the system 

in Figure 4.6 (a). 
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Using the volume fractions; 

! 

Vf  and 

! 

1"Vf , and the length scales; 

! 

"y
1
 through 

! 

"y
5
 allows 

the dual-porosity system to be solved in a one-dimensional fashion.  The volume fraction 

of the matrix nodes, 

! 

1"Vf , is represented by 

! 

Vf1, thereby allowing a simple definition of 

 

  

! 

Vf +Vf1 =VT =1    (5) 

 

The length scale of the primary porosity volume (N1) is defined as  

 

  

! 

Lf = Lf 0Vf      (6) 

 

where 

! 

Lf 0 represents the nodal spacing between the primary porosity node and the first 

matrix node (

! 

"y
1
 in Figure 4.6).  The length scale of the first matrix volume is defined in 

a similar way as 

 

  

! 

Lf1 = Lf 0Vf1      (7) 

 

The length scale between the matrix nodes is defined as 

 

  

! 

Lf 2 = Lf 0Vf 2      (8) 

 

where 

! 

Vf 2  is the fraction of the second matrix volume.  A geometric factor representing 

the spatial differencing of the one-dimensional flow between the primary porosity node 

and the first matrix node is given as (Zyvoloski et al., 1995) 

 

  

! 

Tff1 =
VT

Lf1(LF + Lf 1)
    (9) 
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using the terms defined in (5) through (7).  The geometric factor representing flow 

between the matrix nodes is given by 

 

  

! 

Tf1 f 2 =
VT

Lf 2(Lf1 + Lf 2)
                 (10) 

 

Equations (9) and (10) are incorporated into a mass balance equation as additional flux 

terms using the following equations (Zyvoloski et al., 1995) with m referring to the 

matrix and 

! 

f  refers to the primary porosity 

 

! 

Tf1 f 2
k"v
µv

Pm,v # Pf ,v( ) +
k"l
µl

Pm,l # Pf ,l( ) + D(Cm,v #Cf ,v ) + D(Cm,l #Cf ,l )
$ 

% 
& 

' 

( 
)  (11) 

 

The parameters to equation (11) are defined in Table 4.6. 

 

Table 4.6. Symbol definitions for Equation (6). 

Symbol Definition Units 

! 

k  Intrinsic permeability L
2
 

! 

"  Density M/L
3
 

! 

µ Viscosity M/LT 

! 

P  Pressure M/LT
2
 

! 

h  Enthalpy L
2
/T

2
 

! 

" Mass fraction of air [-] 

! 

Tf1 f 2 Transfer term [-] 

! 

D Matrix Diffusion Coefficient L
2
/T 

C Concentration of solute M/L
3
 

! 

v  Subscript representing vapor phase  

! 

l Subscript representing liquid phase  

 

Eqn. (11) is solved in one-dimension for each user defined dual-porosity nodes, thereby 

greatly increasing the speed and efficiency of the overall numerical solution.  The left 

side of Eqn. (11) is the Darcy flux into and out of the dual-porosity nodes and the right 
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side of Eqn. (11) is the contaminant flux into and out of the dual-porosity nodes.  In 

summary, the dual-porosity macro of FEHM is solved in one-dimension for flow and 

transport going into and out of the defined dual-porosity nodes.  This solution may be 

embedded into a model domain that contains advective/dispersive transport and an 

example of this is presented in the following section. 

 

4.3.2. FEHM Code Verification with Analytical Solution 

 

The transport module of FEHM with equilibrium sorption has been tested against 

two-dimensional analytical solutions that assume equilibrium sorption (Dash, 2003).  The 

test case involves a two-dimensional grid (see Figure 4.7) with a permeability field set up 

to simulate one-dimensional flow in a fracture.  Fluid in the surrounding matrix is 

stagnant.  Tracers are injected into the flowing fluid in the fracture and are transported 

into the matrix via molecular diffusion.  Sorption may occur in either the fracture, the 

matrix, or both the fracture and the matrix. 

 

Figure 4.7. Geometry and boundary conditions for the validation problem (Dash 2003). 

 

An analytical solution has been provided by (Tang et al., 1981) for the case of one-

dimensional axial dispersion in a fracture, coupled to diffusion into an infinite medium.  

This solution is given by: 
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where " is the integration variable, l, the lower integration bound is given by  

 

   

! 

l =
L

2

Rf

"vt

# 

$ 
% 

& 

' 
( 

1/ 2

 

 

and the lumped parameters Y, T, and A are given by 

 

   

! 

Y =
Rf L"

4#A$ 2
, 

 

   

! 

T = t "
Rf L

2

4D# 2
,  

 

and 

 

 

! 

A =
bRf

"(RmDmol )
1/ 2
. 

 

The retardation factor on the fracture is given by Rf, the mean residence time of 

the fluid through the column is #, $ is the dispersivity, % is the fluid velocity, t is time, b 

is the half-width of the fracture aperture, & is the porosity of the matrix, Rm is the 

retardation factor in the matrix and Dmol is the molecular diffusion coefficient of the 

solute.  The analytical solution is given in terms of retardation factors for the fracture and 
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matrix in order to model sorption.  For FEHM, the equation used to give a retardation 

factor for a saturated medium is given by 

 

  

! 

Rf =1+
"bKd

#" f

 

 

where Kd is the sorption distribution coefficient.  The input parameters for the model runs 

are given in Table 4.9. 

 

Table 4.7. Input parameters for the fracture transport with matrix diffusion test problem 

(Dash, 2003). 

Parameter Symbol Value 

Flow Path Length (x) L 5000 m 

Node spacing along flow 

path 

'x 100 m 

Model width Y 5 m 

Node spacing into the 

matrix 

'y 0.001 – 0.5 m 

Fluid Density (f 1000 kg/m
3
 

Bulk Rock Density (b 2700 kg/m
3
 

Matrix Porosity & 0.05 

Pore Water Velocity % 1.5844x10
-5

 m/s 

Dispersivity in fracture $ 500 m 

Matrix Diffusion 

Coefficient 

Dmol 1.5 x 10
-12

 m
2
/s 

Time step (tracer) 't 0.001 – 5000 days 

Total elapsed time t 1500 years 

Pressure P0 1.0 MPa 

Initial concentration C0 0.0 

Inlet concentration Cin 1 

 

The boundary conditions for the problem are as follows: 

  At l = 0 m, 

! 

q = "# f$ f Af = 7.922 x 10
-6

 kg/s 

  At l = 5000 m, P = 1 MPa 



  91 

The cross-sectional area of the fracture is Af and the fracture porosity is given by &f.  The 

parameters that were varied for these simulations are given in Table 4.8.  

Table 4.8. Adsorption Parameters for the Fracture Transport Problem (Dash 2003). 

Test Medium $1 $2 ) R 

fracture 0.0 0.0 1.0 1.0 Transport with 

Matrix Diffusion, 

No Sorption 
matrix 0.0 0.0 1.0 1.0 

fracture 0.0 0.0 1.0 1.0 Transport with 

Matrix Diffusion, 

Sorption (linear) 

in the Matrix 

matrix 7.4074(10
-2

) 0.0 1.0 5.0 

fracture 8.88889 0.0 1.0 25.0 Transport with 

Matrix Diffusion, 

Sorption in the 

Fracture and 

matrix 

matrix 7.4074(10
-2

) 0.0 1.0 5.0 

 

As is seen in Figure 4.8, FEHM has correctly implemented the solute transport 

solution with equilibrium sorption in two dimensions.  The slight discrepancies are 

probably due to numerical errors associated with insufficiently small grid spacing 

adjacent to the fracture (Dash, 2003).  The application of FEHM to the experimental data 

is presented in Chapter 6. 
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Figure 4.8. Comparison of FEHM and Tang analytical solution for concentration versus 

time for the matrix diffusion model (Dash, 2003). 
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CHAPTER 5 

 

 

EXPERIMENTAL STUDY OF THE LONGEVITY OF DIFFUSED ZONE MASS 

FLUX PLUMES EMANATING FROM DNAPL SOURCE ZONES 

 

 

 

 

5.1 Abstract 

 

Two primary mechanisms contribute to mass flux emissions from source zones 

where dense non-aqueous phase liquids (DNAPLs) are entrapped.  The first is the result 

of the soluble constituents of the DNAPL dissolving into the flowing groundwater 

through mass transfer that occurs at DNAPL-water interfaces in residual zones and pools.  

The second mechanism is a result of the rebounding of dissolved mass that has diffused 

into the low permeability zones of the aquifer during active DNAPL dissolution.  The 

textural heterogeneity of the aquifer and the DNAPL entrapment architecture that 

determine the significance of the rebounding diffused mass contributing to source zone 

emission will affect the longevity of the solute plume that produces downgradient risk.  

The proposed conceptual model of this work considers the generation of a contaminant 

plume in a texturally heterogeneous system from the source zone and how it is affected 

by (1) transverse advection from the DNAPL to the transmissive zone, (2) transverse 

diffusion into the low permeability layer through the pool, (3) longitudinal advection and 

(4) transverse diffusion into the low permeability layer from the plume.  A series of 

experiments were conducted in two-dimensional tanks to test this conceptual model.  

Results indicate that the proposed conceptual model is accurate and that these processes 

must be understood prior to the selection of a remediation strategy for these given 

subsurface conditions. 
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5.2 Background 

 

Dense nonaqueous phase liquid (DNAPL)-contaminated groundwater poses a 

threat to many drinking water sources and it is this threat that has formed the motivation 

for expedited cleanup of these affecting sites.  It is imperative to understand the 

governing subsurface processes occurring at these sites in order to more effectively 

manage them over time.  Matrix diffusion was originally investigated as a concept 

pertaining to the diffusion of a dissolve d substance into and out of rock in fractured 

media (Golubev and Baribyants, 1971; Grisak et al., 1980).  Later work was done to 

investigate matrix diffusion effects in a simple layered soil domain using a conservative 

tracer (Sudicky et al., 1985a) and reactive tracer (Sudicky et al., 1985b).  Work presented 

by (Brusseau et al., 1989) described matrix diffusion as one component of a bigger 

conceptual model of nonideal transport.  The concept of multiprocess nonequilibrium was 

presented; which was one of the first attempts to explain why the advection-dispersion 

equation did not capture processes that produced late arrival breakthrough curves with 

pronounced “tailing.”  Laboratory experiments performed by (Herr et al., 1989; 

Bajracharya and Berry, 1997) also showed evidence of tailing in domains where there 

were significant contrasts in permeabilities.   

Modeling simulations of synthetic heterogeneous systems with low permeability 

lenses concluded that the character of the solute plume depends on plume size, the 

geometry and arrangement of the low permeability inclusions and the transport through 

these regions (Guswa et al., 2000).  Other work concluded that five mechanisms are 

thought to be responsible for nonideal transport behavior:  longitudinal, film and 

intraparticle diffusion, as well as preferential flow and mass-transfer associated with 

variable-flow domains (Johnson et al., 2003).  Several field studies (Ball et al., 1997; 

LaBolle and Fogg, 2001; Liu et al., 2002; Parker et al., 2004; and Chapman and Parker, 

2005) have investigated the effect of back-diffusion from a lower permeability region in 

the subsurface.  The purpose of this research is to examine the fundamental processes that 
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govern the impacts of DNAPL releases on groundwater quality.  A series of experiments 

were conducted in two-dimensional tanks with dimensions 4.88 m x 1.2 m x 0.06 m in 

order to further examine these fundamental processes at an intermediate-scale.  These 

experiments were conducted in parallel with experiments conducted by Wilking (2004) 

that focused more on processes that were occurring in the immediate vicinity of the 

source zone.  Due to the fact that it is very difficult to capture field complexities in a 

laboratory setting, the soil-packing configurations were designed in each experiment to 

represent the conditions where mass from dissolved plume diffuses into low permeability 

zones. The three conditions that were studied represented: (1) a layered system 

containing a high and a low permeability zones, (2) a low permeability mound embedded 

in a high permeability matrix and (3) an inclined low permeability layer in high 

permeability formation. 

 

5.3 Methodology 

 

The following sections describe the methodology that was utilized to conduct the 

intermediate-scale experiments. 

 

5.3.1 Experimental Tank Apparatus 

 

The experimental tank walls consisted of four separate pre-fabricated sections.  

Each section measured 2.4 m in length by 1.2 m in height by 10.1 cm wide.  The frame of 

each wall section consisted of 1.2 m by 10.1 cm by 1.3 cm pieces of aluminum spaced on 

30.5 cm centers.  Each frame was fastened to a 1.9 cm thick piece of polycarbonate, 

measuring 2.4 m by 1.2 m.  The tank walls were lined with 3.2 mm thick plate glass to 

prevent DNAPL chemically interacting with the polycarbonate wall surface.  End filters 

for the tank were constructed out of aluminum screen embedded with Flanders 

Precisionaire furnace filter material.  Constant head reservoirs at the ends of the tank 
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were used to achieve steady state groundwater flow conditions in the tank.  Due to the 

large amount of water required for each tank experiment, tap water was used as the water 

source.  Each tank was saturated for approximately two to three weeks to achieve steady-

state flow conditions prior to DNAPL injection.  A total of two separate tanks of the same 

size and design were constructed for these experiments. 

 

5.3.2 Test Soils 

 

A field soil to create low permeability zones was obtained from Ft. Worth, Texas, 

and the material was subsequently mechanically separated into a silt fraction and a 

sand/silt fraction. A mechanical analysis was performed on the field soil according to 

ASTM-D-422 (see Table 5.1). A CM 5014 model Coulometer was used to determine that 

the average total organic carbon in the soil was 0.42%.  The bulk density of the field soil 

was determined to be 1.4 kg/L and the sorption coefficient of the field soil for 1,1,2-TCA 

was determined to be 0.19 L/kg (Wilking, 2004). Table 5.2 lists the properties of the 

materials used in the experimental study. 

 

Table 5.1. Mechanical analysis results of field soil. 

 % silt 

(0.074 to 0.005 mm) 

% clay 

(less than 0.005 mm) 

% sand 

(> 0.074 mm) 

field sand 1.4 0.5 98.1* 

*fractionation 

of sand 

component 

coarse 

(2.00 to 4.75 mm) 

4.5% 

medium 

(0.425 to 1.99 mm) 

38% 

fine 

(0.075 to 0.424 mm) 

55.6% 
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Table 5.2. Soil properties. 

media type hydraulic 

conductivity 

[m/sec]
a
 

retardation 

factor
b
 

mean grain 

size  

[mm]
c
 

bulk 

density 

[g/cm
3
]

d
 

uniformity 

coefficient
e
 

#16 6.0E-3 1.0 0.96 1.59 1.73 

#30 1.7E-3 1.0 0.49 1.56 1.50 

#50 2.5E-4 1.0 0.31 1.84 1.94 

#140 2.7E-5 1.0 0.10 1.74 1.86 

Field 2.3E-5 1.4 0.38 1.43 3.00 
a
ASTM-D-2434-68.  

b,d
(Wilking 2004).  

c
ASTM-D-422.  

e
D60/D10 

 

5.3.3 Source Zone Preparation.   

 

The coarse inclusions in each tank were packed by placing aluminum spacers in 

the tank to allow for an exactly dimensioned source zone to be created by trapping a 

DNAPL through a capillary barrier between the coarse and fine sand.  A #16 laboratory 

sand was placed inside the aluminum spacers and then the spacers were slowly pulled out 

of the tank as the surrounding material was emplaced.  The injection apparatus was 

installed into the midpoint of each coarse inclusion.  This injection apparatus consisted of 

a 0.2 cm ID glass tube attached to thin walled (0.16 cm ID) gas chromatograph (GC) 

capillary tubing.  The gas chromatograph tubing was cut long enough to extend outside of 

the tank domain.  

 

5.3.4 Experimental Test DNAPL Injection. 

 

The injection process was completed in the same manner for each tank.  First, a 

three-way valve was attached to the end of the GC capillary tubing.   A 10 ml syringe 

was then used to extract approximately 2 ml of water from the source area in order to 

completely fill the GC tubing with water.  Then, a known amount of 0.05% Sudan IV 

dyed 1,1,2-TCA was injected into the source zone.  The injection process occurred very 
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slowly and took approximately two minutes for each injection.  Tap water was then 

injected into the tubing to purge any remaining 1,1,2-TCA.  At this point, for experiment 

#3, the X-ray analysis began.  Experiments #1 and #2 were located outside of the X-ray 

machine and the source zones in these tanks were not scanned.  Although, the mass 

depletion rate was estimated using the laboratory results from Wilking (2004) who used a 

similar DNAPL source where the source was monitored using an X-ray attenuation 

system.  It should be noted that although the 1,1,2-TCAwas injected into the center of the 

coarse inclusion, in all of the experiments it was visually observed to eventually come to 

rest on the bottom of the coarse inclusion at the interface with the fine layer (see Figure 

5.1). 

 

Figure 5.1. DNAPL in source zone after injection. 

 

5.3.5 Experimental Tank Sampling. 

 

Effluent samples were gathered from the tank experiments in order to (1) capture 

the breakthrough curve for each experiment and (2) obtain a mass balance of the liquid 

mass that was removed from the tank.  Once an injection occurred, samples were taken 

from a valve that was installed in the effluent line of the tank on a daily basis.  The 
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required frequency was determined during the execution of the first tank experiment.  It 

was seen through observation of the breakthrough curve, that one sample per day 

adequately described the processes that were occurring in the tank domain.  Effluent 

samples were analyzed using a Hewlett Packard 7683 Series Injector with a flame 

ionization detector on a Hewlett Packard 6890 Series GC due to its high sensitivity to 

organic compounds. The effluent of each tank was captured in a 19-L bucket and its mass 

was taken in order to calculate the flowrate at each effluent sampling event. 

 

5.3.6 Source Saturation Measurement Using X-ray Analysis. 

 

For experiment #3, a Pantak model HF100 X-ray source was used in combination 

with a liquid-nitrogen-cooled Princeton Gamma Tech (PGT) High-Purity Germanium 

HPGe detector coupled with a PGT SYS4004 multichannel analyzer.  The use of X-ray 

analysis allowed for non-intrusive determination of the mass removed from the source 

zone as a function of time.  By measuring both the effluent concentrations and the 

DNAPL persistence within the tank’s source zone, inferences could be made about the 

nature of the source of observed down-stream contaminants. 

 

5.3.7 Experiment #1 Specific Procedures. 

 

The simple layered system constructed for this experiment consisted of a #30 

white silica sand obtained from Unimin Corporation in Emmett, Idaho, overlying the 

field soil (see Figure 5.2).  The tank was packed (from the bottom to the top) with a 5.1 

cm bentonite layer, a 29.8 cm layer of the field soil, a 71.1 cm layer of #30 sand and 5.1 

cm of bentonite clay (obtained from Wyo-Ben, Inc. in Billings, MT).  The same clay was 

packed at the top of the tank to establish confined aquifer conditions and to prevent 

volatilization of contaminants.  The emplaced source zone consisted of a 5.1 cm x 5.1 cm 

x 5.1 cm coarse inclusion of #16 silica sand that had the front edge located 138.4 cm 



100 

from the influent end of the tank and the back edge located 50.2 cm from the bottom of 

the tank.  After achieving steady-state flow conditions in the large tank (0.43 kg/hr +/- 

0.03 kg/hr), approximately 14.82 g of 0.05% Sudan IV dyed 1,1,2-TCA was injected into 

the source zone.  The average saturation of the test DNAPL 1,1,2-TCA in the source zone 

was estimated to be 34%. 

 

 

Figure 5.2. Experiment #1 design. 

 

5.3.8 Experiment #2 Specific Procedures. 

 

The test domain of this experiment included a low permeability mound (field soil) 

embedded in a high permeability matrix (#50 sand) packed on a low permeability #140 

sand layer (see Figure 5.3).  The tank was packed with a 5 cm bottom layer of bentonite 

clay, followed by 45.7 cm of #140, and 52.1 cm of #50.  A 7.6 cm layer of bentonite clay 

was packed at the top to create confined aquifer conditions. The emplaced source zone 

consisted of a 5.1 cm x 5.1 cm x 5.1 cm coarse inclusion of #16 silica sand that was 
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located 138.4 cm from the influent end of the tank and 50.2 cm from the bottom of the 

tank.  The field mound was packed within the #50 layer, resting on the #140 layer.  The 

width of the mound was 86.4 cm, with the center of the mound located 233.7 cm from the 

edge of the coarse inclusion.  The mound was 17.8 cm in height at the center, with a 

down slope of approximately 41% to either edge.  Approximately,59.6 g of 0.05% Sudan 

IV dyed 1,1,2-TCA was injected into the same dimensioned source zone as was used for 

experiment #1.  The resulting average 1,1,2-TCA saturation was estimated to be 42%.  A 

steady-state flowrate of 0.45-kg/hr +/- 0.3 kg/hr was achieved in the tank. 

 

 

Figure 5.3. Experiment #2 design. 

  

5.3.9 Experiment #3 Specific Procedures 

 

The domain of this experiment included an inclined low permeability layer (field 

soil) beneath a high permeability (#30 sand) layer (see Figure 5.4).  The field soil was 

packed to a height of 38.1 cm on the influent end to 96.5 cm on the effluent end, resulting 

in a 12% slope.  The #30 sand was packed on top of the incline, with a #16 coarse 
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inclusion for the source.  Bentonite clay was packed at the top and bottom of the tank in 

7.6 cm layers.  The coarse inclusion was located 68.6 cm from the influent side of the 

tank, located approximately 43.2 cm above the bottom of the tank, resting on the incline.  

The dimensions of the coarse inclusion were approximately 10.2 cm along the interface 

with the field soil, 5.1 cm in height and 5.1 cm in width.  After achieving steady-state 

conditions in the tank (0.43 kg/hr +/- 0.09 kg/hr), approximately 35.43 g of 0.05% Sudan 

IV dyed 1,1,2-TCA was injected into the coarse sand inclusion.  The average 1,1,2-TCA 

saturation in the source zone was estimated to be 22%.  Immediately after injecting the 

1,1,2-TCA into the tank,  an X-ray scan was started on the source zone. 

 

 

Figure 5.4. Experiment #3 design. 

 

5.4 Results and Discussion 

 

The following text describes the results and discussions from the three 

intermediate-scale experiments. 
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5.4.1 Experiment #1 

 

The objective of the first experiment was to determine if the generation of a 

contaminant plume in a textural heterogeneous system from the source zone was affected 

by (1) transverse advection from the DNAPL to the transmissive zone, (2) transverse 

diffusion into the silt layer through the pool, (3) longitudinal advection and (4) transverse 

diffusion into the silt from the plume.  As in shown in Figure 5.5, after approximately 30 

days, tailing in the breakthrough curve was observed.  The tailing was allowed to 

continue for an additional 37 days, until it was assumed that no further change in 

concentration would occur in the effluent in a reasonable time duration.  Based on work 

done by Wilking 2004, the mass in the source zone was determined through X-ray 

analysis to have been depleted in approximately 5.8 days.  Approximately 80% of the 

injected 1,1,2-TCA mass was captured through the effluent liquid samples.  Upon 

completion of the experiment, two different areas of the tank were cored for soil samples:  

1) immediately beneath the source zone to the bottom of the tank and 2) from the effluent 

end of the source zone to the effluent end of the tank in the upper 15 cm of the field layer.  

Figure 5.6 shows the highest average concentration of 1,1,2-TCA immediately below the 

source, followed by a decrease in 1,1,2-TCA to the bottom of the tank.  The soil cores 

retrieved downgradient of the source zones detected the presence of 1,1,2-TCA extending 

from the source zone to the effluent end of the tank.  The concentrations in this layer 

ranged from 9 to 130 mg/L 1,1,2-TCA. 
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Figure 5.5. Experiment #1 1,1,2-TCA effluent breakthrough curve. 

 

Figure 5.6. Average 1,1,2-TCA concentration beneath the source zone after completion 

of Experiment #1. 

 

It is hypothesized that due to the initial DNAPL source configuration, essentially 

a 5.1 cm x 5.1 cm x 2.6 cm block, the flow paths were altered to bypass both above the 
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source and below the source.  The flow bypassing over the top of the source picked up 

dissolving mass and through longitudinal advection in the transmissive zone, transported 

it to the effluent end of the tank.  The initial peak in Figure 5.5 illustrates this mechanism.  

In the same manner, mass was carried into the field layer, below the source zone.  This 

mass was also advectively transported to the effluent end of the tank, albeit at slower rate, 

as displayed by the second peak in Figure 5.5.  In addition to these mechanisms, 1,1,2-

TCA mass was diffusing into the low permeability layer due to the concentration gradient 

at the interface between the source zone and the field material.  This evidence for this is 

shown in Figure 5.6, as detectable concentrations of 1,1,2-TCA were found to exist 

immediately below the source and extending to the bottom of the tank.  Dissolved mass 

may also have been advectively transported in the transverse direction from the source 

into the field layer, although to what extent is not known.  The simple layering of 

experiment #1 provided a large surface area of low permeability material for dissolved 

mass to 1) transversely diffuse into the low permeability formation during the first 

passage of the contaminant plume and 2) back diffuse from the low permeability layer 

back into the transmissive zone at later times.  This back diffusion is illustrated in Figure 

5.5 in the tail of the curve that occurs from day 30 to the end of the experiment.  The 

significance of the back diffusion from the low permeability layer is that it may explain 

why sustained contaminant concentrations persist in downgradient monitoring wells, 

even after the contaminant source was thought to have been removed.  Depending on the 

textural heterogeneities of the subsurface, the new contaminant sources may be from 

small-interspersed interbedded layers of low permeability materials, or may be from large 

low permeability layers, e.g., a layer of clay. 

 

5.4.2 Experiment #2 

 

The objective of the second experiment was to create a system that would have 

solute transported by both advective transport and by transverse diffusion.  It was 
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hypothesized that the mound would both affect the flow pattern through the tank, 

resulting in an attenuated breakthrough curved; as well as having dissolved mass going 

into the mound and then back diffusing into the system.  This effect would also cause the 

breakthrough curve to be attenuated.  Figure 5.7 shows the breakthrough curve after 

approximately 80 days of analysis.  Approximately 96% of the injected 1,1,2-TCA mass 

was captured through the effluent samples.  The mass in the source zone was determined 

through X-ray analysis to have been depleted in approximately 42.6 days (Wilking 2004).  

As compared to the breakthrough curve obtained in the first experiment, the curve in 

Figure 5.7 shows high attenuation of the dissolved mass, thought to be a direct result of 

the downgradient mound.  The data from this experiment showed the effects of the field 

soil layer attenuating the breakthrough curve by dissolved mass being advectively 

transported into the field layer, as well as around the mound.  The mass gets transported 

into the low permeability field soil, but the dissolved mass does not exit for long time 

durations.  In addition, similar to Experiment #1, there is a large region of surface area 

provided by the field soil mound for 1) dissolved mass diffusion and 2) advective 

transport of mass into and out of the mound.  This experiment was thought to have 

greater mass recovery, because when compared to the first experiment, the available 

surface area of the field soil is only 550 cm
2
 when compared to 1680 cm

2
 of the first 

experiment.  Almost three times as much surface area of field soil was available for mass 

to back diffuse in the first experiment as compared to the second experiment.  In 

summary, this experiment showed that even a small amount of low conductivity material 

could affect both the advective transport and transverse diffusion of a system. 
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Figure 5.7. Experiment #2 1,1,2-TCA effluent breakthrough curve. 

 

5.4.3 Experiment #3 

 

The objective of the last experiment was the same as for the second experiment 

(advective transport and transverse diffusion dominated), but in addition, a complex flow 

regime was added with the inclined plane.  For approximately 22 days (24 hours a day, 7 

days a week), the source zone was scanned using the X-ray system. The source was not 

completely dissolved at 22 days, but the X-ray system had to be stopped due to an 

unexpected facility outage.  After reviewing the data, it was assumed that the source was 

near complete dissolution and would have probably been completely dissolved in 23 

days.  Approximately 96% of the injected 1,1,2-TCA mass was captured through the 

effluent samples. 

After 171 days of flow through the tank, dissolved mass was still being produced 

from the field soil layer at concentrations well above the regulatory limit.  The shape of 

the breakthrough curve showed an initial breakthrough, but then slow mass release from 

the inclined plane for time greater than 40 days.  As was the case for the first two 
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experiments, this slow back diffusion from a low permeable layer would result in 

extended cleanup times in the field, as well as creating further complications when trying 

to define these downgradient areas that are the “new” source zones for the resulting 

dissolved phase plume.  The spike in the effluent curve shown at days 64 and 66 in 

Figure 5.8 was due to an unscheduled surge in the feed water supply from the facility and 

an associated increase in mass removed from the system over that time period. 

Figure 5.8. Experiment #3 1,1,2-TCA effluent breakthrough curve. 

 

5.5 Conclusions 

 

The experimental tanks provide data based on dominant subsurface site conditions 

that show the significance of mass storage into low permeability zones as it affects the 

longevity of the dissolved plume.  All three tanks experiments had the source zone 

dissolve in approximately 14 to 43 days, while the tails of the breakthrough curves 

extended on for 70 to 170 days depending on the textural heterogeneity of the 

experimental domain.  In addition, all three tanks continued to be orders of magnitude 

higher than the regulatory limit of 5 ppb for 1,1,2-TCA in groundwater.   These findings 
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show the importance of developing an accurate conceptual model for a site prior to any 

implementation of remediation.  Prior understanding of the dominant subsurface 

processes will allow the appropriate selection of a remediation strategy that will more 

effectively address these processes. 



110 



  111 

 

CHAPTER 6 

 
 

NUMERICAL MODELING OF DIFFUSED ZONE MASS FLUX PLUMES 

EMANATING FROM DNAPL SOURCE ZONES 

 

 

 

 

6.1 Abstract 

 

Conventional transport models that simulate the advection-dispersion processes 

do not capture the process of mass diffusion into the low permeability zones of an 

aquifer.  In addition, the nature of the paths traveled by a contaminant in an aquifer is 

strongly influenced by the heterogeneity of the subsurface, which determines the 

underlying flow field.  Considering the limitations of the conventional advection-

dispersion models, a dual-porosity model was used in this application.  The goal of this 

study was to utilize the numerical code Finite Element Heat and Mass transfer (FEHM) to 

explain the data generated from three intermediate-scale tank experiments.  The dual-

porosity module of FEHM was used in conjunction with the flow and transport modules 

to simulate the physical conditions in the tank.  For each experimental domain, the 

transient source function that was calculated from the measured pure phase mass 

depletion curve was used as input in the source zone.  In addition, the difference in head 

across the constant head boundaries was used as input for the influent and effluent ends 

of the tanks.  For each simulation, sensitivity analyses were performed to determine what 

parameter(s) had the greatest effect on the shape of the resultant effluent breakthrough 

curve in comparison with the measured breakthrough curve for each experiment.  The 

results of the numerical simulations showed that FEHM was able to model diffusion into 

and out of a lower permeability layer of an experimental domain.  In addition, it was 

found that the amount of pure phase DNAPL initially injected, flowrate through the 
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system, and the textural heterogeneity of the system played key roles in the shape of the 

resultant breakthrough curve. 

 

6.2 Introduction 

 

Determining which parameters and processes of a system contribute to the 

distribution of the effluent concentration data over time is a difficult task.  Without 

actually having a complete data set of the measured physical parameters of a system, it is 

difficult to differentiate from adsorption, matrix diffusion or complex textural 

heterogeneity.  Conducting laboratory experiments allows for the careful and precise 

control of the physical properties, initial conditions, and the boundary conditions of a 

particular domain.  At the completion of an experiment, this data may then be used to 

calibrate a numerical model.  Once a model has been calibrated, hypothetical scenarios 

may then be generated to determine what are the controlling parameters and processes of 

a particular domain.  At a filed-scale, many unknowns are encountered and it may be 

difficult to obtain a complete data set at a particular field site.  With this mind, it is 

beneficial when a numerical model may be applied to a site to help fill in the data gaps.  

Although, unless it is known that the physics at a particular site are being captured, the 

application of an inappropriate numerical model to a site would provide no more benefit.  

Once a calibrated model is obtained for a site, sensitivity analyses may be performed to 

determine what the important parameters are, and subsequently, what further data should 

be collected from the site to better calibrate the numerical model and eventually provide 

data for the stakeholders to make informed decisions regarding risk to the downgradient 

receptors. 

The overall goal of this study is to determine if a numerical model can explain 

data generated from three intermediate-scale experiments.  If the numerical model is able 

capture the dominant processes at an intermediate-scale, then it is thought that 
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simulations could continue at a field-scale with greater confidence.  An existing 

numerical code was evaluated for its ability to capture the basic processes that were 

observed in the experimental data of Chapter 3.  Based on the assumptions of the 

experimental conceptual model given in Chapter 1, the numerical model needs to have 

the capabilities to simulate the following processes: 

 

(1) advection, dispersion and diffusion that transport the soluble constituents in the 

DNAPL in the vicinity of entrapment zones and in the aquifer downgradient of 

the source zone,  

(2) diffusion that occurs through the interfaces where the continuous DNAPL is in 

direct contact with low permeability materials in the aquifer,  

(3) matrix diffusion of the solute plume into the low permeability zones that are 

encountered during its migration,  

(4) rebound that occurs from the low permeability zones to flowing groundwater, and  

(5) adsorption that occurs in the material contained both in the low permeability zone 

and the transmissive portion of the aquifer. 

 

The numerical model named Finite Element Heat and Mass transfer (FEHM) 

from the Los Alamos National lab was investigated and selected due in part to its ability 

to model multiphase, multicomponent, reactive and nonisothermal flow and transport in 

three-dimensions (Zyvoloski et al., 1999).  Although this comprehensive simulator has 

many capabilities, the primary feature required of FEHM was its ability to capture back 

and reverse-diffusion through the utilization of its dual-porosity module.  Based on 

previous modeling work on matrix diffusion presented in the validation test plan of 

FEHM (Dash, 2003), it was hypothesized that the dual-porosity code would provide the 

ability to model the back diffusion that was observed in the experiments.  In addition, 

FEHM includes the ability to model the standard advective contaminant transport 

component.  The major drawback to FEHM is that it does not model rate-limited mass 
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transfer from pure phase material; the model assumes equilibrium.  This drawback has 

been addressed and is presented in Chapter 7.  For this chapter, calculating the dissolved 

mass flux rate from the X-ray mass depletion data and inputting these values as a 

transient source function curve into the model domain helped to overcome this limitation.  

Chapter 5 provided a general description of how the dual-porosity module works in 

FEHM and a simple example of how the dual-porosity module simulations compare to an 

analytical solution given by Tang et al. (1981). 

 

6.3 Background 

 

The solute plume measured downgradient of a source zone provides insight into 

the subsurface transport processes occurring within that system and allows decisions 

based on risk to be made to an affected population.  Although, the correct interpretation 

of a contaminant transport breakthrough curve is a difficult task when there is limited 

knowledge regarding the parameters and processes of a given system.  For a 

homogeneous system with a pulse input of a conservative tracer, the resultant 

breakthrough curve is normally distributed and may be described by the advection-

dispersion equation.  At best, this case is ideal and is used for comparison purposes only.  

A more typical system is one that contains high heterogeneity and any one or more 

combinations of different reactions including those that are physical, chemical or 

biological in nature.  It is important to understand the process(es) that are contributing to 

the distribution of the downgradient solute plume over time, in order to make informed 

decisions about the how to best remediate a contaminated site.  A misinterpretation of the 

processes that are contributing to the downgradient distribution of a contaminant plume 

could cause further expense to a remediation project as well as increased risk to a 

downgradient receptor.   

In order to avoid these risks and make more informed decisions regarding 

subsurface conditions, much work has been performed to further understand the 
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limitations of the advection-dispersion equation.  Sudicky et al. (1985 a, b) provided 

some of the initial study on the limitations of the advection-dispersion equation, herein 

after referred to as the ADE.  Simple layered tank experiments were conducted with a 

thin coarse sand layer embedded between two fine sand layers.  A nonreactive tracer 

(1985a) and reactive tracer (1985b) was injected into the thin sand layer and the effluent 

liquid collected for each experiment.  Comparing the experimental data to the ADE 

resulted in prediction errors of the ADE for arrival times, as well as not being able to 

accurately describe the spatial concentration profiles.  Herr et al. (1989) continued on in 

their work to test the applicability of the ADE to column studies packed with permeable 

ceramic cubes and homogeneous sand.  The experiments where the ratio of permeable 

ceramic cubes was higher than the homogeneous sand displayed non-ideal behavior and 

were not described by the ADE.   

The work performed by Kennedy and Lennox (2001) provides a statistical 

explanation for the error in the advection-dispersion equation.  Their work shows that it is 

difficult to define a time step over which displacements in the system may be deemed as 

independent.  Through particle simulations, they found that the defined time step was 

dependent on the slowest moving particle in the system.  In more complex systems, it is 

usually difficult to differentiate between the processes that contributed to the skew of the 

breakthrough curve from a normal distribution.  The skew of the breakthrough curve may 

be the result of soil heterogeneity, adsorption, matrix diffusion, and rate-limited mass 

transport.  The next section focuses on the work that has been done to differentiate which 

process or processes are contributing to the shape of the breakthrough curve. 

Carrera et al. (1998) concluded that matrix diffusion couldn’t be differentiated 

from transport through a highly heterogeneous media or kinetic sorption.  Their work 

recommends performing experiments with different velocities or with tracers that have 

different diffusivities in order to try and differentiate these processes.  Schwartz et al. 

(2000) applied a dual-porosity model to a nonequilibrium system, i.e., a system that 

contains some time-dependent reaction, and found a better fit of the dual-porosity model 
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to the experimental data than the ADE.  Guswa and Freyberg (2000) investigated the 

controlling processes of having an embedded low permeability lense in a higher 

permeability region.  Their work concluded that tailing as a result of slow advection is 

similar to that of tailing caused by diffusion, thereby supporting the work performed by 

Carrera et al. (1998).  Liu and Ball (2002) presented the first study of the effects of back 

diffusion from an aquitard at the Dover Air Force Base in Delaware.  Through careful 

control of the field conditions the authors were able to determine that back diffusion was 

the dominant process in the subsurface and that advection and dispersion were not. 

 

6.4 Numerical Simulations of Three Intermediate-Scale Experiments 

 

The primary purpose of this modeling exercise was not to validate FEHM using 

the experimental data, but rather to use FEHM to explain the experimental observations.  

It would be difficult to validate FEHM with the data obtained from these experiments due 

to the fact that the sampling of the generated plume was only conducted at the effluent 

end of the tank.  Sampling the length of the domain of the tank during the experiment 

may have affected the distribution of the plume as measured at the effluent end of the 

tank due to removal of dissolved 1,1,2mass from the system.  In order to account for this 

error, duplicate tank experiments would have had to be utilized in order to compare the 

breakthrough curves from both tanks.  Without this direct comparison it would have been 

difficult to quantify the effect that sampling the side of the tank had on the distribution of 

the breakthrough curve over time.   

It was hypothesized that if FEHM was able to qualitatively (or semi-

quantitatively) match the experimental observations, then FEHM was capable of 

capturing the fundamental processes that were identified in the conceptual model, and 

that were not able to be simulated using the conventional advection-dispersion models.  

In this introductory outline, the common parameters that are needed in simulating the 

experiments are presented. 
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The overall approach used in these modeling exercises was to conduct two-

dimensional numerical simulations of the first two tank experiments and then, using the 

information gathered from these model simulations, determine if FEHM could predict the 

experimental results of the third tank experiment.  The physical properties of the 

materials used in the experiments were determined in the laboratory and are listed in 

Table 6.1. 

 

Table 6.1. Physical properties of experimental materials measured in CESEP lab. 

 #16 #30 #50 #140 Field 

bulk density 
[kg/m3] 

16201 16101 18501 17401 14302 

hydraulic 
conductivity 

[m/sec] 
6E-31 2E-31 3E-41 3E-51 2E-52 

porosity [-] 0.41 0.41 0.41 0.41 0.52 
sorption 
partition 

coefficient 
[L/kg] 

0.02 0.02 0.02 0.02 0.122 

longitudinal 
dispersivity 

[m] 
[-] 2.5E-13 2.5E-13 [-] [-] 

1. Toshihiro Sakaki, CESEP lab, 2005 (not published). 
2. Wilking (2004). 
3. Edward Hill, III, CESEP lab, 2003 (not published). 

 

The measured potentiometric head values recorded in each tank experiment were 

used as boundary fluxes (inflow/outflow) for each numerical simulation.  All of the flow 

simulations representing the conditions in the tanks (referred to as tank models) were 

conducted for 20 days prior to dissolved DNAPL injecting, in order to allow the flowrate 

in each model to achieve steady state conditions, as recommended by FEHM developers.  

The measured dissolved mass flux rates were calculated from the mass depletion data that 

was measured in the source zone using X-ray analyses (Wilking, 2004).  This transient 
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dissolved mass flux was used as input for the DNAPL source node in each model.  In 

each model domain, a 5 cm x 5 cm x 10 cm coarse inclusion with the DNAPL was 

represented by a single node.  Due to the difficultly of experimentally determining the 

value of the matrix diffusion coefficient, the value of the molecular diffusion coefficient 

of 1,1,2-TCA in soil (Chrysikopoulos and Lee, 1998) was first used and then sensitivity 

analyses were performed.  Sensitivity analysis helped in determining the appropriate 

value for this parameter as compared to the shape of the experimentally obtained 

breakthrough curve.  

 

6.4.1 Numerical Modeling Simulations for Experimental Tank #1 

 

The model domain for the first intermediate-scale tank experiment was described 

in detail in Chapter 3.  In summary, the tank packing consisted of a #30 test sand 

overlying a layer of the field soil.  Constant head end reservoirs were used to keep the 

flow in the tank steady.  Approximately 14.82 g of pure phase 1,1,2-TCA was injected 

into a coarse inclusion of #16 test sand located close to the upstream end of the tank.  As 

was discussed previously, FEHM does not currently have the capability to model rate-

limited mass dissolution, so the dissolved phase mass flux values were calculated from 

measured X-ray data and used as input to the model.  The model domain for the 

simulation is shown in Figure 6.1. 
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Figure 6.1. Model domain for experimental tank #1. 

 

The mesh consisted of 2,550 nodes and 2,450 elements.  The spacing of the nodes 

in the #30 layer was 6.25E-3 m in the y-direction and 1E-1 m in the x-direction.  The 

spacing of the nodes in the field soil layer was reduced to 1E-3 m in the y-direction and 

1E-1 m in the x-direction.  The injection node was located at [143.4 cm, 32.3 cm] and 

was assigned the material properties of #16 test sand.  For the boundary heads provided, 

the flow is from the right end of the tanks to the left end.  All the nodes in the #30 layer 

that were located along the length of the sand/field soil interface were designated as dual-

porosity nodes.  The matrix layers of the dual-porosity macro were evenly distributed to 

the depth of the tank.  Figure 6.2 displays the velocity vectors for the numerical modeling 

simulations.  The larger arrows in the upper region of the figure show high values of 

velocity through the #30 test sand and the small arrows in the lower portion of the figure 

indicate smaller velocities through the field layer.  Table 6.2 summarizes the model input 

values and boundary heads. 
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Figure 6.2. Velocity vectors for Experiment #1. 

Source Zone 
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Table 6.2 Model inputs for large tank experiment #1. 

Name Value Units 

Domain length (x) 5 m 

Domain height (y) 1 m 

#30 node spacing in the x-direction 1e-1 m 

#30 node spacing in the y-direction 6.25e-2 m 

Field node spacing in the x-direction 1e-1 m 

Field node spacing in the y-direction 1e-3 m 

Volume fraction assigned to primary porosity in 

gdpm macro 

8e-1 [-] 

Number of gdpm layers at each dual-porosity 

node 

10 [-] 

Water density 1000 kg/m
3
 

Boundary head at inlet 1.4732 m 

Boundary head at effluent 1.4351 m 

Water temperature 20 C 

#16/#30 x-direction dispersivity 2.5e-1 m 

#16/#30 y-direction dispersivity 2.5e-2 m 

#16/#30 effective molecular diffusion coefficient 8e-10 m
2
/sec 

Field x-direction dispersivity 1e-3 m 

Field y-direction dispersivity 1e-4 m 

Field effective molecular diffusion coefficient 9e-9 m
2
/s 

Field sorption partition coefficient 1.2e-1 L/kg 

 

Initially, the source zone was modeled to have a constant input concentration at 

the solubility limit, over a time interval that was consistent with what was observed with 

the corresponding X-ray analysis.  Although this method was able to produce a near exact 

mass balance comparable to what was measured in the experiment, the resultant 

breakthrough curve did not match the experimental data.  A second attempt at modeling 

the source zone involved calculating transient, dissolved mass flux values based on the 

measured mass depletion values in the source zone from the X-ray analysis.  A transient 

dissolved mass flux curve was then generated and entered into FEHM for the source 

condition over the time of injection. 
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Figure 6.3. Comparison of 1,1,2-TCA mass depletion in the source zone as measured by 

X-ray analysis for Wilking (2004) and the calculated values used for the 
numerical model for intermediate-scale experiment #1. 

 

Figure 6.3 compares the exact data that was measured by Wilking (2004) and the 

calculated mass depletion curve for the first intermediate-scale experiment.  Additional 

calculations had to be performed in order to account for differences in the total mass 

injected between the intermediate-scale experiments and those performed by Wilking 

(2004).  The additional calculations were done in the following manner.  First, the rate 

values in Figure 6.3 obtained from the Wilking (2004) data were applied to the initial 

injected mass of the intermediate-scale experiment, which was a somewhat higher mass 

value than what was injected for the Wilking (2004) experiment.  Therefore, at 
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approximately 8.3 days, the mass in the Wilking (2004) experiment was depleted, while 

in the intermediate-scale experiment there was some amount of remaining mass.  The rate 

value corresponding to the same mass remaining from the Wilking (2004) experiment 

was then incrementally applied to the remaining mass in the intermediate-scale tank until 

the mass was depleted.  For example, if there were 1000 mg remaining in the 

intermediate-scale experiment, then the calculated rate value corresponding to 1000 mg 

remaining in the Wilking (2004) data was used to dissolve the remaining mass.  The time 

increment used was 0.1 days, in order to coincide with the measurement increment of the 

X-ray system.  Extending the rate obtained from the Wilking (2004) data over 0.1-day 

increments yielded a total time to mass depletion of 10.2 days for the intermediate-scale 

tank. The transient flux curve was input to the numerical model and the mass removed 

from the model domain was plotted against the amount of mass removed during the 

duration of the first experiment.  Figure 6.4 shows the comparison of the effluent 

breakthrough curve obtained by the numerical model and that measured during the 

experiment. 

Figure 6.4. Comparison of breakthrough curves for the numerical model and the 
experimental data. 
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Figure 6.5. Cumulative mass comparisons from Experiment #1 and the numerical model.  

Note:  The source is depleted at 10.2 days. 
 

The model curve shown in Figure 6.4 does not capture the initial peak of the 

experimental data.  The tailing of the curve does follow the trend of the experimental 

data.  It was hypothesized at this point, that the source zone architecture was more 

complicated than originally assumed.  It was thought that there might be two distinct 

dissolving source zones of 1,1,2-TCA in the coarse inclusion.  The X-ray saturation 

profile for this source was re-examined to determine if the source zone had two separate 

dissolving sources.  Figure 6.5 compares the cumulative mass collected from the 

experiment and the mass simulated in the numerical model.  Figure 6.6 confirms that 

there may have been two separate masses in the source zone; thought to be a direct result 

of the low amount of 1,1,2-TCA free phase mass initially injected.  The injection method 

for this experiment was conducted in the same manner as for experiments #2 and #3, 

although it is thought that due to the small amount of mass injected, there wasn’t enough 

pressure to push the 1,1,2-TCA to the bottom of the coarse inclusion.  This resulted in a 

dispersed architecture that contained two sources of 1,1,2-TCA in the coarse inclusion 

(see Figure 6.6).  The first source, Region 1 in Figure 6.6, would have dissolved quickly 
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and would not have been in contact with the field soil layer, thereby allowing faster 

dissolution in the #30 layer.  The second source, region 2 in Figure 6.6, would contain the 

majority of the 1,1,2-TCA mass and would be in direct contact with the interface between 

the #30 layer and the field soil layer. 

 

Figure 6.6. X-ray saturation profile of BST-2 (Wilking, 2004).  Region 1 represents a 
lower saturation source zone, while Region 2 represents a separate, higher 
saturation source zone. 

 

Based on the hypothesis of a dual-source zone, the numerical simulations were 

revisited.  Several attempts were made to capture the initial peak of the experimental data 

using a separate source zone in the #30 layer, but it was determined that there was some a 

transition zone from low to high DNAPL saturation between the two sources that was not 

being captured by the model.  
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Sensitivity analyses were then conduct to determine which parameters had the 

strongest influence on the shape of the resulting breakthrough curve.  The first sensitivity 

test was performed by varying the number of matrix layers located at each dual-porosity 

node.  Figure 6.7 shows that increasing the number of layers affected the breakthrough 

curve by increasing the peak height of the curve.  From these analyses, it was determined  

that 10 layers best represented the system to the depth of the tank.   

Figure 6.7.  Sensitivity analysis results of varying the number of gdpm layers. 

 

The soil core data collected beneath the source zone (described in Chapter 3) 

found 1,1,2-TCA concentrations extending to the bottom of the tank, thereby confirming 

the results of Figure 6.7.  Sensitivity analyses were also performed on the volume fraction 

assigned to the primary porosity at the dual-porosity node.  As discussed previously, this 

means that the volume fraction assigned to the #30 sand and field soil in the dual-porosity 

nodes was varied.  For example, if the volume fraction input was 0.01, then 0.01 of the 

total volume at a node was assigned to the #30 sand and 1 – 0.01, or 0.99 was assigned to 
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the field soil.  It was determined that a value of 0.8 best represented the experimental 

data.   

Figure 6.8 shows the sensitivity results of varying the matrix diffusion coefficient.  

It was determined that the matrix diffusion coefficient was the most sensitive parameter 

in the numerical model and represented the degree to which mass diffuses into and out of 

the field soil layer.  Although, permeability heterogeneity may also be an important 

parameter (Carrera, 1998).  A higher value of the coefficient results in more mass 

entering the field layer. 

Figure 6.8.  Sensitivity analysis results of varying the matrix diffusion coefficient. 

 

  Figure 6.9 through 6.12 display kriged 1,1,2-TCA dissolved mass concentrations 

within the model domain over time.  Flow is from right to left in all figures.  The highest 

concentration of dissolved 1,1,2-TCA is represented in red, while a zero concentration is 

indicated by blue. 
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Figure 6.9. Experiment #1, time = 8.16 day 

 

In Figure 6.9, the majority of the plume is being advectively transported through 

the #30 test sand layer, although some of the mass is diffusing into the field layer at the 

interface between the two materials.  In Figures 6.10 and 6.11, the mass in the source 

zone has completely dissolved, as measured through X-ray analysis.  At this point, the 

plume continues to separate into an upper portion, located in the #30 layer, and a lower 

portion, located in the field layer. 
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Figure 6.10. Experiment #1, time = 18.76 days 

 

 

Figure 6.11. Experiment #1, Time = 32.55 days 
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Figure 6.12. Experiment #1, Time = 67 days 

 

Figure 6.12 shows the plume slowly being advectively transported through the 

field material layer, as well as back diffusing into the overlying #30 test sand at the 

interface between the field soil layer and the #30 test sand layer.  The initial hypothesis of 

the numerical simulations for experiment #1 was to determine if FEHM could explain the 

experimental data.  Due to the complexity of the initial source zone architecture, it was 

difficulty to numerically capture the complexity of the initial source condition for this 

experiment.  FEHM did simulate the processes that were contributing to the shape of the 

breakthrough curve, namely the strong contribution of the matrix diffusion coefficient 

and transfer of mass between the immobile and mobile dual-porosity defined nodes at the 

interface.   

It was unfortunate that such a small amount of mass was injected into the source, 

but it was not known at the time of execution of the experiment how much mass was 

needed in order to generate a “predictable” source zone.  Although this experiment was 

the easiest to conduct in the laboratory, it was the most difficult to numerically simulate.  
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The next sections provide discussions on experiments #2 and #3 which where much more 

complex to execute in the lab, but proved to be easier to simulate due to a more uniform 

initial block structure of the injected pure phase 1,1,2-TCA in the source zone. 

 

6.4.2 Numerical Modeling Simulations for Experimental Tank #2 

 

The model domain for the second intermediate-scale tank experiment was 

described in detail in Section 3.  In summary, the main feature of intermediate-scale 

experiment #2 was a mound of field soil located downgradient of the injection point.  The 

purpose of the mound was to simulate both diffusion and advection contributing to 

stagnant zone storage.  The layered system consisted of a #50 test sand overlying a #140 

test sand.  The model domain consisted of 2,541 nodes and 2,432 elements (see Figure 

6.13). The injection node was located at [143.4 cm, 48.2 cm] and was assigned the 

material properties of #16 test sand.  For the boundary head provided, the flow in Figure 

6.13 is from the right end of the tank to the left end.  All of the nodes in the #50 layer that 

were located along the length of the sand/field interface layer were designated as dual-

porosity nodes.  The matrix layers of the dual-porosity macro were evenly distributed 

through entire depth of the mound. 
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Figure 6.13. Model domain for experimental tank #2. 
 

Figure 6.14 illustrates the velocities vectors in the area immediately surrounding 

the coarse inclusion of a #16 test sand used for the source zone.  The lengths of the 

vectors are proportional to the magnitude of the velocity.  The streamlines that enter and 

are directly above the higher permeability material diverge from the lower permeable #30 

material and pass through the coarse material at a higher velocity.  The smaller arrows in 

the lower half of the figure indicate the smaller velocities through the #140 layer.  Figure 

6.15 illustrates the velocity vectors into and around the mound of field material.  As the 

streamlines approach the incline of the field mound, the velocity increases and some of 

the streamlines pass through the mound, while many are forced to converge over the top 

of the mound.  The velocity vectors that enter the mound are at a reduced velocity as 

indicated by the smaller arrows and are directed downwards into the mound.  The 

streamlines exit the left side of the mound and are at the same angle that they entered the 

mound at the right side.  The small arrows in the lower half of Figure 6.15 show the 

reduced velocities through the #140 layer. 
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Figure 6.14. Velocity vectors for the source zone area in the domain of experiment #2. 

 
Figure 6.15. Velocity vectors for the mound area in the domain of experiment #2. 
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The same methods used for the experimental tank #1 simulations were used for 

the experimental tank #2 simulations.  The rate of mass depletion obtained from the X-

ray data obtained by (Wilking 2004) was applied to a somewhat higher total mass 

injected for the second intermediate-scale experiment (see Figure 6.16).  For this X-ray 

data set, scans on the source zone were not performed for approximately 20 days from 

day 15 to day 35.  Therefore, an average mass depletion rate was assumed for this time 

period. 

Figure 6.16. Comparison of 1,1,2-TCA mass depletion in the source zone as measured by 
X-ray analysis for Wilking (2004) and the calculated values for the second 
intermediate-scale experiment. 

 
Table 6.3 lists the model inputs for experiment #2.  The matrix diffusion 

coefficient determined from the simulations for the first experiment was used as a starting 

point for the second experiment simulations.  The volume fraction of the primary porosity 

assigned to the dual-porosity node from the first experiment was used as a staring point 

for the second experiment.  Due to the nature of the geometry of the domain (the depth of 
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the field material in experiment #2 was much less than experiment #1), the number of 

matrix layers used in the field soil mound was reduced from the number used in the first 

experiment.  An initial value of eight layers was used as a starting point, which is equal to 

the minimum value recommended by the model developers. 

 

Table 6.3. Model inputs for large tank experiment #2. 

Name Value Units 

Domain length (x) 5 m 

Domain height (y) 1 m 

#50 node spacing in the x-direction above mound 7.5e-2 m 

#50 node spacing in the y-direction above mound 6.9e-2 m 

#50 node spacing in the x-direction with the mound 2.5e-2 m 

#50 node spacing in the y-direction with the mound 1e-2 m 

Field node spacing in the x-direction 2.5e-2 m 

Field node spacing in the y-direction 1e-2 m 

Volume fraction assigned to primary porosity in gdpm 

macro 

8e-1 [-] 

Number of gdpm layers at each dual-porosity node 8 [-] 

Water density 1000 kg/m
3
 

Boundary head at inlet 1.5430 m 

Boundary head at effluent 1.5049 m 

Water temperature 20 C 

#16/#50/#140 x-direction dispersivity 1e-2 m 

#16/#50/#140 y-direction dispersivity 1e-3 m 

#16/#50/#140 effective molecular diffusion coefficient 8e-10 m
2
/sec 

Field x-direction dispersivity 1e-3 m 

Field y-direction dispersivity 1e-4 m 

Field effective molecular diffusion coefficient 8e-10 m
2
/s 

Field sorption partition coefficient 1.2e-1 L/kg 
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Figure 6.17 illustrates the numerically determined breakthrough curve compared 

to the mass removal curve measured in the experiment.  The numerical curve does not 

exactly match all the features of the experimental data.  The discrepancy in the curves is 

directly attributable to the calculated transient source function used as input to the 

numerical model.  X-ray data was not captured from days 15 to 35 by Wilking (2004) and 

therefore the average value used may either underestimate or overestimate the transient 

source curve depending on what time interval is observed. 

Figure 6.17. Comparison of breakthrough curves for the numerical model and the 
experimental data. 

 

Figure 6.18 presents a comparison of the total dissolved phase 1,1,2-TCA mass 

removed from the experiment compared to the mass removed from the numerical 

simulation. 
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Figure 6.18. Comparison of model-simulated total 1,1,2-TCA mass removed with total 

1,1,2-TCA mass removed from the experiment. 
 

 
Sensitivity analyses were performed similar to what was done for experimental 

tank #1.  The major difference for this experiment compared to the first experiment, was 

that the dual-porosity macro had a reduced effect on the resultant breakthrough curve.  

This was thought to be the result of 1) the available interfacial area between the #50 

material and the field soil was much less than what was available between the #30 layers 

and the field layer in the first experiment and 2) the mound created a situation that caused 

advective transport to dominate.  Figure 6.19 compares the breakthrough curve of the 

experiment with a numerical simulation that does not account for sorption.  Not including 

sorption in the numerical model had little effect on the distribution of the effluent data 

with time.  Figure 6.19 supports the theory that the breakthrough for this experimental 

data set was dominated by advective transport. 
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Figure 6.19.  Sensitivity analysis results of not including sorption in the field layer. 

 

Figure 6.20 shows that changing the matrix diffusion coefficient of the dual-

porosity module did not have a great effect on the breakthrough curve.  Overall, the 

sensitivity analyses showed a strong advective dominance occurring in the domain of 

experiment #2.  The interfacial area between the field soil and the #50 test sand available 

for molecular diffusion was limited to the incline side of the mound, as the mass exiting 

the decline side was a result of the mass being forced downward by the velocity profile.  

As a direct result, changes in the matrix diffusion coefficient had little effect on the 

breakthrough curve. 
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Figure 6.20.  Sensitivity analysis results of changing the matrix diffusion 
coefficient. 

 

In summary, the two driving factors for experiment #2 were 1) the transient mass 

flux curve generated as a result of a higher DNAPL saturated source zone and 2) the 

velocity profile generated as a result of the downgradient mound.  The influence of the 

transient mass flux curve determined most of the shape of the curve up to its maximum 

peak value in the breakthrough curve.  The mound in the domain of the experiment 

delayed the advective transport of mass to the effluent end of the tank.  Figures 6.21 

through 6.24 are snap shots of the kriged concentrations of the dissolved 1,1,2-TCA mass 

being transported through the domain during the time interval of the experiment.  For all 

figures, the red color represents the highest concentration value and the blue represents a 

zero concentration value.  Flow in the figures is from right to left.   

 Figure 6.21 shows the effect of the mound by diverting the contaminant plume 

around the mound.  Some of the dissolved phase 1,1,2-TCA mass has entered the mound, 

but the majority of the mass is being diverted over and beneath the mound. 
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Figure 6.21. Experiment #2, Time = Day 8.16. 

 
 

 
 

Figure 6.22. Experiment #2, Time = Day 32.55. 
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Starting with Figure 6.23, all of the pure phase mass has dissolved from the source zone.  

In Figure 6.23, enough time has elapsed to allow the mass that has entered the mound to 

be advectively transported across the length of the mound and join with the plume that 

has been diverted around and below the mound. 

 

 
 

Figure 6.23. Experiment #2, Time = Day 50.47. 
 

Figure 6.24 shows that the majority of the mass has been removed from the #50 test sand 

layer, except for that mass remaining in the mound.  The majority of the plume at this 

point is being advectively transported through the #140 layer, albeit at a slow rate. 
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Figure 6.24. Experiment #2, Time = Day 75. 

 
6.4.3 Numerical Modeling Simulations for Experimental Tank #3 

 

The model domain for the third intermediate-scale tank experiment was described 

in detail in Chapter 3.  In summary, the main feature of intermediate-scale experiment #3 

was an inclined plane of field soil overlaying a layer of #30 test sand.  The model domain 

consisted of 3,050 nodes and 2,940 elements.  The injection node was located at [4.29 m, 

0.65 m] and was assigned the material properties of a #16 test sand.  For the boundary 

head provided, the flow in Figure 6.25 is from right to left.  All of the nodes in the #30 

layer, with the exception of nodes 2921, 2983, and 3045, that were located along the 

length of the sand/field interface were designated as dual-porosity nodes. The matrix 

layers of the dual-porosity macro were evenly distributed through entire depth of the 

inclined plane. 
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Figure 6.25. Model domain for experimental tank #3. 

 

The heterogeneity representation used in the packing produced a complex flow 

field as shown in Figures 6.26 (a) and (b).  As was the case for the flow field near the 

incline side of the mound in experiment #2, the velocity vectors at the interface between 

the field layer and the #30 layer are directed downwards into the mound.  The vectors 

that approach the top of the mound start to converge and the velocity is increased.  The 

size of the arrow is proportional to the magnitude of the vector. 
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Figure 6.26 (a). Velocity vectors for experiment #3. 

 
Figure 6.26 (b). Magnified section of velocity vectors for experiment #3 at the interface 

between the #30 layer and the field layer on the incline. 
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Figure 6.27. Calculated values for 1,1,2-TCA mass depletion in the source zone. 
Obtained from X-ray analysis by Wilking (2004) for the third intermediate-
scale experiment. 

 

Figure 6.27 illustrates the calculated values used for the 1,1,2-TCA mass 

depletion in the source zone.  As was the case for the first two experiments, the measured 

rate values were applied to the initial starting mass of the actual intermediate-scale 

experiment.  Table 6.4 lists the model inputs for the simulations of experiment #3.  As 

was discussed in the introduction section of the modeling work, the objective of modeling 

experiment #3 was to predict the experimental breakthrough curve using the knowledge 

gathered from the simulations of experiments #1 and #2.  With this in mind, the matrix 

diffusion coefficient and the volume fraction assigned to the primary porosity of the dual-

porosity nodes obtained in the simulation of the first experiment were used as input. 
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Table 6.4. Model Inputs for large tank experiment #3 

Name Value Units 

Domain length (x) 5 m 

Domain height (y) 1.2 m 

#30/Field node spacing in the x-direction 1e-1 m 

#30 node spacing in the y-direction above incline 2.6e-2 m 

#30/Field node spacing in the y-direction (incline) 1.2e-2 m 

#30/Field node spacing in the y-direction below the 

incline 

9.5e-2 m 

Volume fraction assigned to primary porosity in 

gdpm macro 

8e-1 [-] 

Number of gdpm layers at each dual-porosity node 10 [-] 

Water density 1000 kg/m
3
 

Boundary head at inlet 1.4700 m 

Boundary head at effluent 1.4680 m 

Water temperature 20 C 

#16/#30 x-direction dispersivity 1e-2 m 

#16/#30 y-direction dispersivity 1e-3 m 

#16/#30 effective molecular diffusion coefficient 8e-10 m
2
/sec 

Field x-direction dispersivity 1e-2 m 

Field y-direction dispersivity 1e-3 m 

Field effective molecular diffusion coefficient 8e-10 m
2
/s 

Field sorption partition coefficient 1.2e-1 L/kg 

 

The initial simulation run did not predict the measured experimental breakthrough 

curve data.  Although, after performing sensitivity analyses, it was determined that 

increasing the value of the matrix diffusion coefficient generated a closer match to the 

mass removal curve as shown in Figure 6.28.  A spike in the influent feed water caused 

the spike in the effluent data from the facility.  Sensitivity analyses were performed in 

similar fashion to what was done in the first two experiments and the value of the matrix 

diffusion coefficient had the greatest effect on the amount of mass removed from the 

model domain.  Figure 6.29 illustrates the comparison of the total mass removed from the 

experiment and from the numerical simulation. 
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Figure 6.28.  Comparison of breakthrough curves for Experiment #3 and the model 
simulation. 

  

Figure 6.29. Cumulative mass comparison between Experiment #3 and the numerical 
model results. 
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The discrepancies in the curves in Figure 6.28 and Figure 6.29 are attributable to 

spikes in the influent water to the experimental tank system from the facility.  A spike 

occurred at days 74 and at 104, which coincides with the increased in mass removed on 

the experimental curve.  From day 104 onward, the flowrate in the system saw an overall 

increase, possibly a result from the spikes to the system causing some clogged material to 

unclog.  A transient flow simulation was also executed using the daily measured flowrate 

values obtained from the experimental system.   

Sensitivity analyses were performed to determine the effect of not including 

sorption in the field layer.  Figure 6.30 illustrates that removing sorption from the 

numerical model created a higher peak in the breakthrough curve data. 

Figure 6.30. Sensitivity analysis results of not including sorption in the field layer. 

 

As was discussed previously, Figure 6.31 illustrates the effects of varying the 

matrix diffusion coefficient in the dual-porosity model.  The matrix diffusion coefficient 

was determined to be the most sensitive parameter. 
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Figure 6.31. Sensitivity analysis results of varying the matrix diffusion coefficient. 

 

Figures 6.32 through 6.39 provide snapshots for the perturbations in the 1,1,2-

TCA dissolved contaminant plume over the duration of the experiment.  The red color in 

the legend indicates the highest concentration, while the dark blue color indicates zero 

concentration.  Flow is right to left in all figures.  In Figure 6.32 and 6.33 the 

contaminant plume is being advectively transported through the #30, along the field soil 

interface.  Some of the dissolving mass is starting to enter the field soil layer by means of 

diffusion and transverse advective transport. 
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Figure 6.32. Experiment #3, Time = Day 8.2. 
 

 
 

Figure 6.33. Experiment #3, Time = Day 18.8. 
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Figure 6.34. Experiment #3, Time = Day 32.5. 
 

In Figure 6.34 the plume continues to be transport downgradient from the source zone.  

In Figure 6.35 through 6.39, the source zone has almost completely dissolved.  Although, 

due to both transverse advection into the field soil layer and diffusion into the field soil 

layer, the majority of the plume is being displaced into the field material.  Figures 6.35 

and 6.36 illustrate this.  In Figure 6.36 and 6.37, the majority of the plume is in the field 

soil layer and is back diffusing to the #30 test sand.  Slow advective transport of the 

plume is also occurring in the field layer. 
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Figure 6.35. Experiment #3, Time = Day 50.5. 
 

 
 

Figure 6.36. Experiment #3, Time = Day 73.8. 
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Figure 6.37. Experiment #3, Time = Day 104.1. 
 
 

 
 

Figure 6.38. Experiment #3, Time = Day 143.4. 
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Figure 6.39. Experiment #3, Time = Day 154. 
 
 Figure 6.39 illustrates that the entire plume is now contained in the field soil 

layer.  Figure 6.39 illustrates three mechanism that are occurring 1) transverse advective 

transport and diffusion of the plume deeper into the field soil layer, 2) slow longitudinal 

advective transport of the plume through the field layer and 3) rebounding of dissolved 

1,1,2-TCA mass from the field soil layer into the #30 test sand. 

 

6.5 Conclusions 

 

Overall, the numerical solutions indicate that the diffusion of contaminants into 

hydraulically low permeability zone can be a significant factor driving depletion of 

source DNAPL.  This is consistent with the relatively brief longevity of the DNAPL 

sources observed in the laboratory studies.  Due to back diffusion from low permeability 

zones, dissolved phase plumes can persist for long periods after the DNAPL has been 

depleted.  Again this is supported by laboratory studies that indicate persistent dissolved 

phase plumes after DNAPL depletion.  Building on this it seems plausible that field 
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plumes (older, relatively small releases, in heterogeneous materials) may be sustained by 

non-DNAPL source material.  In these instances technologies that only address DNAPL 

may have limited efficacy. 

The numerical modeling work has validated the third hypothesis, which stated 

that the fundamental processes of matrix diffusion and rebound when analyzed at the 

laboratory scale may be captured through the utilization of numerical modeling.  

Specifically, the numerical simulations have shown that a dual-porosity numerical 

solution that incorporates adsorption and matrix diffusion may be used to capture the 

experimental data that was generated to understand the dominant mechanisms described 

throughout this report.  Now that the numerical solution has been shown to be able to 

capture the important processes at a laboratory-scale for these specific domains, further 

work should be performed at a field-scale with synthetically generated domains. 
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Chapter 7 

 

 

INCORPORATION OF A RATE-LIMITED DISSOLUTION MODEL INTO 

FEHM AND ITS APPLICATION TO A THREE-DIMENSIONAL TEST SYSTEM 

 

 

 

 

7.1 Abstract 

 

The ability to numerically model rate-limited mass transfer from dissolving 

DNAPL source architectures is an important process required to better understand the 

interphase mass transfer occurring between a nonaqueous phase liquid and the flowing 

groundwater.  Rate-limited mass transfer is one of many important mass transfer 

mechanisms in addition to advection, dispersion, diffusion and any reactions that are 

occurring in a given system.  Work done by Saenton et al. (2002) provided a rate-limited 

mass transfer relationship in the form of a modified Gilland-Sherwood relationship for 

both natural dissolution conditions and surfactant enhanced dissolution conditions.  The 

focus of this work will concentrate on the adaptation of the natural dissolution model 

provided by Saenton et al. (2002) into the multiphase numerical code named Finite 

Element Heat and Mass (FEHM) Transfer (Zyvloski et al., 1999).  The current model 

structure of Saenton et al. (2002) is divided into five submodels.  The five submodels 

loop over the total time duration of the numerical simulation using a Perl script.  The 

development of the input files for these submodels is a time consuming task and could be 

streamlined if the same model was used to solve the flow and transport solutions.  The 

goal of this study was to incorporate the rate-limited dissolution model provided by 

Saenton et al. (2002) into the multiphase numerical code named FEHM without 

modifying the actual source code of FEHM.  As a result, the DNAPL phase was 

considered to be immobile, as it is in the original model by Saenton et al. (2002).  The 
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incorporation of the rate-limited dissolution module in the multiphase transport 

capabilities of FEHM would have required changing the source code.  The addition of the 

rate-limited dissolution model to FEHM creates greater flexibility than was realized in 

the Saenton et al. (2002) solution, because FEHM can provide the ability to model dual-

porosity solutions, complex chemical reactions, and with further work, the ability to 

couple rate-limited dissolution with moving DNAPL.  A hypothetical test case was 

constructed to compare the accuracy of the rate-limited FEHM code with that of the 

original model constructed by Saenton et al. (2002). 

 

7.2 Introduction 

 

Relationships to describe the mass transfer of immiscible DNAPL to the dissolved 

aqueous phase in water have received much attention.  Relationships used to describe this 

transfer of mass have been adapted from chemical engineering and have been 

incorporated into the environmental arena.  Miller et al. (1990) presents a summary of 

some of the first proposed Gilland-Sherwood relationships and describes a need for a new 

Gilland-Sherwood relationship that incorporates properties of a soil system.  Miller et al. 

(1990) then presents such a relationship based on experiments and modeling conducted 

for a specific experimental system.  Additional correlations have been made in the 

literature based on different experimental systems (Powers et al., 1991; Powers et al., 

1992; Geller and Hunt, 1993: Powers et al., 1994; Nambi and Powers, 2000; Saba and 

Illangasekare, 2000; Saenton et al., 2002).  Although there currently exists a number of 

different rate-limited mass transfer models, the availability of these models and their 

ability to be incorporated within a more robust is difficult to ascertain.  Parker and Park 

(2004) present a model formulation that is similar to the solution of Saenton et al. (2002) 

in that the flow model is solved using MODFLOW and the transport model is solved 

using MT3D.  Although, the primary difference between the two model formulations is 

that the model provided by Parker and Park (2004) utilizes a percolation model to model 
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NAPL flow and the Saenton et al. (2002) model assumes the NAPL is immobile.  The 

Parker and Park (2004) model also implements the lumped mass transfer relationship 

given by Miller et al. (199).  The modular nature of the Seanton et al. (2002) solution and 

the readily availability of the source code makes it a better candidate than the Parker and 

Park (2004) model for incorporation into a larger and more robust numerical simulator. 

In the DNAPL focus area for multiphase, three-dimensional numerical simulators, 

the current readily available multiphase simulators include Subsurface Transport over 

Multiple Phases (STOMP) from the Pacific Northwest National Laboratory, Finite 

Element Heat and Mass transfer (FEHM) from the Los Alamos National Laboratory, 

Transport Of Unsaturated Groundwater and Heat (TOUGH2) from the Lawrence 

Berkeley National Laboratory, and the University of Texas Chemical Compositional 

Simulator (UTCHEM) from the University of Texas.  Of these four models, only 

UTCHEM currently has the capability to model nonequilibrium mass transfer.  The 

remaining models assume local equilibrium, where it is assumed that the concentration of 

the DNAPL in the aqueous phase leaving the organic phase is at the solubility limit of the 

DNAPL.  UTCHEM implements a modified version of the Gilland-Sherwood 

relationship presented in Powers et al. (1991).  Although, different from the Saenton et al. 

(2002) model, the calculated mass transfer coefficient is not updated with changes to the 

groundwater velocity, composition, saturation, and porous medium properties (RERPC 

2000) and is kept constant.  Although all but one of the simulators incorporates a 

nonequilibrium expression for mass transfer, it has been shown in the field that 

contaminant concentrations in the flowing groundwater are lower than their 

corresponding solubility limit (Mackay et al., 1985; Mercer and Cohen, 1990).  

Therefore, there is a need not only to incorporate a rate-limited dissolution model, but 

also to incorporate a solution that is updated during the simulation to account for changes 

in DNAPL saturation, groundwater velocity and DNAPL source concentration. 

The goal of this chapter was to incorporate a rate-limited dissolution model into 

the numerical model of FEHM.  FEHM was chosen as the multiphase model that would 
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be used due to the free availability of the source code and the need of the code author to 

integrate and support efforts to integrate a rate-limited dissolution module.  Due to the 

complex interdependencies and overall size of the source code of FEHM (417 

subroutines), it was desirable to achieve this incorporation without modifying the code of 

FEHM in any way.  In addition, it was desired to streamline the input process and reduce 

the number of input files required to run a simulation.  Currently, for the test case used in 

this chapter, there are approximately 108 input files required for the existing model.  Any 

reduction in this number would greatly enhance the ease of use of the model and may 

encourage increased use of the model.  A synthetic 3D data set was used to compare the 

numerical capability of the addition of the rate-limited dissolution module to FEHM with 

the numerical model of Saenton et al. (2002).  A numerical simulation of an emplaced 

DNAPL source at 80% average saturation in a coarse inclusion was simulated.  The 

domain of the model consisted of a uniform sand with constant head boundaries at the 

inlet and outlet end of the test tank.  For the Saenton et al. (2002) model, MODFLOW-

2000 was used for the flow model and RT3D was used for the transport solution.  FEHM 

was used to simulate both the flow and transport through the tank.  Both numerical 

models were simulated for 100 days in order to compare both models over an extended 

time period. 

 

7.3 Background 

 

The overall goal of the use of a rate-limited expression is to obtain a interphase 

mass transfer relationship that describes the flux of mass from the pure NAPL phase to 

the dissolved phase in the flowing groundwater.  This relationship must also account for 

the important physical and chemical parameters of the system.  The development of a 

relationship to describe interphase mass transfer is based on Fick’s first law of binary 

diffusion (Bird et al., 2002) 
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J = ˆ k (C
s
"C)        (1) 

 

Equation 1 describes the flux, 

! 

J  [M/L
3
/T], from an immiscible phase to the 

aqueous phase, 

! 

C
s
 [M/L

3
] is the solubility limit of the immiscible phase in water, 

! 

C  

[M/L
3
] is the dissolved phase concentration of the immiscible phase in water, and 

! 

ˆ k  is a 

mass transfer coefficient.  The initial work to describe the mass transfer coefficient was 

based on the stagnant film model (Sherwood et al., 1975).  In the stagnant film model, the 

mass transfer coefficient is defined as 

! 

D
l
/" , where 

! 

D
l
 is the free liquid diffusivity of the 

solute and 

! 

"  is the thickness of the stagnant film layer (Miller et al., 1990).  This 

definition for the mass transfer coefficient is only valid at the pore scale and in one 

dimension.  In order to incorporate multidimensions and the parameters of porous media 

system, a modified form of the Sherwood number must be used.  The modified Sherwood 

number is a dimensionless quantity defined as 
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Sh =
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2

D
m

       (2) 

 

where 

! 

d
50

 [L] is the mean particle diameter and 

! 

D
m

 [L
2
/T] is the molecular diffusion 

coefficient.  The model developed by Saenton et al. (2002) consists of five submodels.  In 

order to account for the effects of relative permeability in a two-phase system 

(NAPL/water), the first submodel calculates an effective hydraulic conductivity from the 

NAPL saturation, initial value of saturated hydraulic conductivity and the residual water 

saturation.  The equation for the effective hydraulic conductivity, 

! 

Keff , is given by  

 

! 

Keff = krwK        (3) 

 

where 

! 

K  is the saturated hydraulic conductivity and the relative permeability of the water 
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phase is given by a modified form of Wyllie (1962) and  
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The NAPL saturation has been substituted in place of the water saturation in the 

original equation, 

! 

S
w

=1" S
n
 and the irreducible water saturation is given by 

! 

S
r
.  

Equation 2 was originally developed for a three-phase system consisting of oil, gas, and 

water in the petroleum industry.  The equation describes the water curve of a 

preferentially water-wet system operating on the drainage cycle of a relative permeability 

curve.  The equation is only valid for unconsolidated sand with well-sorted grains (Wyllie 

1962). 

The solution to the flow problem is achieved through the use of the modular 

finite-difference groundwater flow model (MODFLOW).  MODFLOW-2000 (Harbaugh 

et al., 2000) is the current iteration of the model and the basic function of the model is to 

solve the groundwater flow equation 
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Equation 3 is a partial-differential equation and is solved using the finite 

difference method with the appropriate initial and boundary conditions.  The terms 

! 

K
xx

, 

! 

Kyy  and 

! 

K
zz

 are the hydraulic conductivities in the x-, y- and z-directions respectively.  

The first submodel replaces these values with the effective conductivities.  The specific 

storage is given by 

! 

S
s
, 

! 

h  is the potentiometric head, 

! 

t  is the time and 

! 

W is the volumetric 

flux per unit volume.  The term 

! 

W represents any source or sinks terms in the model.  

The outputs of the flow model are the flowrates calculated at each block. 
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The flowrates calculated in the flow model are converted to average linear 

velocities in the third submodel.  The third submodel then calculates the terms of the 

modified Sherwood number.  The first term is the Reynolds number 

 

! 

R
e

=
d
50
u

"
       (6) 

where the mean grain size diameter of a soil particle is 

! 

d
50

 [L], the average linear pore 

velocity is 

! 

u  [L/T] and the kinematic viscosity is 

! 

"  [L
2
/T].  The Schmidt number is 

calculated next 
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with the kinematic viscosity given as 

! 

"  [L
2
/T] and the molecular diffusion coefficient is 

! 

D
m

 [L
2
/T].  Equations 4 and 5 are then input to an equation for an up-scalable mass 

transfer coefficient (Saba 1999; Saba and Illangasekare 2000; Saba et al. 2001) 
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The parameter 

! 

"
n
 is the volumetric NAPL content, 

! 

"  is the tortuosity of the porous 

media, and 

! 

L
*  is the path length of the numerical model block in the direction of flow.  

The alpha coefficients (
  

! 

"
1
L"

4
) are empirical fitting coefficients must be obtained 

through inverse modeling. The value obtained in Equation 6 is then input into a modified 

Sherwood relation that was developed for porous media applications (Bird et al., 2002) 
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and solved for the lumped mass transfer coefficient, 

! 

k
La

.  The structure of the FEHM 

rate-limited dissolution model is different than the Saenton model since FEHM 
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incorporates both the flow and transport solution.  The flowchart for the FEHM model is 

shown in Figure 7.1. 

 

7.4 Numerical Simulation 

 

A synthetic three-dimensional test tank was developed in order to compare and 

contrast the FEHM incorporated dissolution solution with the current Saenton et al. 

(2002) solution.  The parameters utilized for the simulation are shown in Table 7.1 and 

the test material properties are listed in Table 7.2.  Program manuals for the numerical 

simulator described in this section is provided in Appendix B. 

 

Table 7.1. Model parameters used in dissolution simulations. 

Parameters (MODFLOW, FEHM) Value Units 

Cell width along row, z-direction 1.0 m 

Cell width along column, x-direction 0.25 m 

Layer thickness, y-direction 0.5 m 

Column dispersivity, x-direction 1e-1 m 

Layer dispersivity, y-direction 1e-2 m 

Row dispersivity, z-direction 1e-3 m 

Total flowrate 5.79e-3 kg/sec 

PCE density 1620 kg/m
3
 

PCE molecular weight 166 g/mol 

PCE molecular diffusion coefficient 

in water 

7e-10 m
2
/sec 

PCE solubility 1.2e-3 mol/L 

 

Table 7.2. Sand properties. 

Sand #1 #2 

! 

K
sat

 (m/sec) 2.89e-4 8.68e-5 

! 

d
50

 (m) 2.5e-3 1e-3 

! 

S
r
 (-) 0.05 0.01 
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The Saenton et al. (2002) solution was performed in the Windows XP operating 

environment and consisted of 108 input files.  The FEHM solution was performed in a 

Linux operating environment and consisted of 13 input files.  The number of input files 

was able to be reduced due to 1) the same model was used for the flow and transport 

solutions and 2) the model inputs for FEHM are done on a nodal basis in a one-

dimensional array, whereby the MODFLOW/RT3D inputs are three-dimensional arrays 

of (i, j, k).  Inputting model parameters in this fashion requires a model input file for 

every layer of the domain.  A schematic of the model domain is given in Figure 7.1. 

 

 

 

 

 

 

 

 

 

Figure 7.1. Synthetic model domain created for comparison of numerical models. 

 

The source zone architecture in Figure 7.1 was constructed of a wall of four grid 

blocks, all of uniform size.  The same value of DNAPL initial saturation was applied to 

each grid block.  This was required due to the current inability of FEHM to input multiple 

injection rates at multiple nodes through the use of the user-defined flux boundary 

condition.  This limitation was only applied in order to not have to alter the code of 

FEHM. 

NAPL entrapment area 
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Figure 7.2. Flowchart showing the execution sequence of the model at each time step.  

(Modified from Saenton et al. 2002). 

 

In looking at Figure 7.2, the overall structure of the model is straightforward; the 

important aspect of the model execution lies in the sequencing of the submodels.  The use 

of short UNIX scripts imbedded in the overall PERL loop allowed for efficient transition 

between the submodels.  Another important difference in the execution of the rate-limited 
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submodel as compared to the solution of Saenton et al. (2002), was that the flux of 

DNAPL mass from the immobile phase to the mobile phase was calculated within the 

dissolution module and not in the transport module.  Again, in order to not alter the code 

of FEHM, this calculation was performed in the submodel.  This calculated value of flux 

was applied as a user-defined flux at the source zone nodes in the numerical model 

domain.  Doing this would only be possible if the same initial saturation was used as 

input into the model. 

 

7.5 Results and Discussion 

 

An additional advantage that FEHM provided in the reduction of the number of 

input files was that a post-processor was included within the framework of FEHM.  The 

Saenton et al. (2002) method requires the usage of a post-processor program that 

manipulates the concentration output generated from the transport solution.  FEHM has 

imbedded, user-defined modules, that can output concentration, pressure, and the velocity 

vectors to name a few.  For both models, a zone of model blocks (nodes for FEHM) was 

defined in order to capture the effluent breakthrough curve.  Figure 7.3 provides a 

comparison of the generated effluent breakthrough curves for both model simulations.  

The curves have slight variations in the initial ascent of the curve and the amplitudes of 

the two curves differ by approximately 1 mg/L.  The slight variations are caused by slight 

differences in the calculated flow field by MODFLOW and by FEHM.  These velocity 

variations effect the calculation of the Reynolds number, which is calculated for the 

modified Sherwood number, which is used to calculate the mass transfer coefficient. 
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Figure 7.3. Comparison of effluent breakthrough curves for the Saenton et al. (2002) 

solution and the FEHM 2006 solution. 

 

Figure 7.4 provides a comparison plot of the mass balance of PCE in each model over the 

duration of the simulation.  The model curves are nearly identically and show that the 

same mass balance is being achieved by the FEHM 2006 model as was for the original 

model out to the fourth decimal place. 
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Figure 7.4. Comparison of PCE mass balance for the Saenton et al. (2002) solution and 

the FEHM 2006 solution. 

 

7.6 Conclusions 

 

The work presented has incorporated a modified Gilland-Sherwood relationship 

to a multiphase, nonisothermal simulator without any code modification of FEHM.  

FEHM provided the flow and transport solutions to the various submodels of the Saenton 

et al. (2002) solution.  The timing of the execution was controlled with simple UNIX 

scripts and an overall Perl loop that provided the framework for all of the submodels.  

The incorporation of the rate-limited dissolution module into FEHM has created a more 

robust set of numerical tools for both the dissolution module and the rate-limited 

capabilities of FEHM.  Further work should be performed to 1) modify FEHM to allow 

variable, transient injection points to more than one node, thereby allowing nonuniform 
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NAPL saturation input into the source zone and 2) incorporate the dissolution module 

into the reaction module of FEHM to allow the use of the mobile NAPL simulator in 

connection with rate-limited dissolution.  Both of these additions would require some 

modification to the code of FEHM, but the basic framework has already been 

implemented through this work. 
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CHAPTER 8 

 

 

CONCLUSIONS 

 

 

 

 

8.1 Summary 

 

The two primary objectives of this work were to 1) experimentally determine the 

fundamental physical and chemical processes that were occurring for three representative 

field scenarios and 2) numerically model these processes.  A conceptual model was 

developed and through careful experimental observation and method and numerical 

modeling, the conceptual model was proven.  The importance of developing a sound 

conceptual model is paramount to any remediation effort and any contaminated site.  

Minimizing risk to the public at a contamination site is the ultimate goal of any 

remediation effort.  Although, the definition of the endpoint of a remediation effort that 

will minimize risk to the public may be difficult to define.  With this is mind it, is 

imperative to develop a accurate conceptual model in order to provide stakeholders with 

the proper information to make an informed decision on how to best remediate the site 

with the ultimate goal being the reduction of risk to the public.  An ill-conceived 

conceptual model will have a domino effect on the subsequent decisions made at the site.  

The selection of the best remediation alternative is difficult to achieve if the fundamental 

subsurface processes at a site are not clearly understood.  

An inaccurate conceptual model of a contamination site will also affect the correct 

selection and implementation of a numerical model at the site.  The appropriate numerical 

model may only be selected after an accurate conceptual model had been defined.  The 

work presented illustrates the inability of the classic utilization of the advection-

dispersion equation to capture a system that has time dependent reactions occurring, 
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namely the diffusion into and out of a low permeability layer.  A dual-porosity method 

was utilized and found to better capture the subsurface processes that were occurring.  

The reader should not come away with the assumption that FEHM is the only model to 

use for any given situation, rather it is critical to develop a sound conceptual model and 

then determine which numerical model will validate that conceptual model.  In some 

cases, the advection-dispersion equation may be the answer; in other cases, full 

multiphase simulators are needed.  Numerical models should be thought of as tools in a 

toolbox and it is up to the user to determine which tool will best solve the problem.  

Chapter 3 provided experimental data to support the first hypothesis of this work 

that the generation of a contaminant plume in a textural heterogeneous system from the 

source zone is affected by four key processes.  These processes included (1) transverse 

advection from the DNAPL to the transmissive zone, (2) transverse diffusion into the silt 

layer through the pool, (3) longitudinal advection and (4) transverse diffusion into the silt 

from the plume. 

 

• The simple layered system of the #30 test sand overlying the field material 

had a dual-peak breakthrough curve thought to be the result of a complex 

source architecture developed during the injection process.  The initial slope 

of the breakthrough curve was a result of process 3.  Long tailing of the 

breakthrough curve was realized and was the result of the back diffusion of 

the mass that had original diffused into the field layer (process 4).  The data 

collected from the post-mortem coring of the field layer beneath the source 

zone supported processes 1 and 2. 

• The second intermediate-scale experiment had an attenuated breakthrough that 

was a direct result of the downgradient mound of field material in the tank.  

Although some degree of diffusion into and out of the mound may have 

occurred, the shape of the breakthrough curve was dominated by the change in 

flow field around the mound (process 3).  Due to a reduced amount of 
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available surface area for diffusion into the mound, process 4 was not as 

pronounced as it was in the first experiment.  Processes 1 and 2 were not 

confirmed in this experiment, as the area beneath the source was not cored.  

The numerical modeling work performed in Chapter 6 suggests that processes 

1 and 2 occurred in a similar manner to experiment #1. 

• The final intermediate-scale experiment had a field layer inclined from the 

inlet to the outlet with a #30 test sand overlying.  As was the case in the first 

intermediate-scale experiment, diffusion into and out of the mound was 

thought to have occurred due to the large amount of available surface area for 

diffusion, as well as the nature of the flow field.  The velocity vectors at the 

interface of the field/#30 test layer entered the mound at an angle, thereby 

advectively transporting mass into the field layer.  Similar to the first 

experiment, all four processes of the first hypothesis were observed. 

• All three of the intermediate-scale experiments provided data for the second 

hypothesis.  That is, the significance of rebound effects observed as a result of 

matrix diffusion is dependent on the degree of textural heterogeneity.  The 

first and third intermediate-scale experiments had a higher fraction of the field 

soil material and as a result had a higher rebounding effect illustrated by long 

tailing of the breakthrough curve.  The second experiment had a minimal 

amount of field material compared to the first and third experiments and 

tailing of the breakthrough curve was not observed. 

Chapter 4 described two different numerical models.  The first model described 

and utilized was the advection-dispersion equation.  The second model described was a 

dual-porosity model simulator. 

• The utilization of the advection-dispersion equation to capture an 

intermediate-scale experiment conducted by Wilking (2004) was presented.  

The advection-dispersion equation over predicted the initial peak of the 

breakthrough curve and did not capture the tailing of the experiment. 



174 

• A dual-porosity method was presented that has been shown to have promising 

results for similar conditions to those described in Chapter 3.  A test case was 

presented that validated the model against an analytical solution given by 

Tang et al. (1981). 

Chapter 5 revisited the three intermediate-scale experiments and focused more 

on the processes that had occurred in the experiments and how the results supported the 

original conceptual model of the four main processes that were occurring. 

Chapter 6 described the use of a dual-porosity simulator to explain the data of the 

three intermediate-scale experiments.  Due to the nature of the experiments, only the 

effluent data was collected, thereby necessitating the need of a numerical simulator to 

describe the plume evolution within the experimental domain.  The work performed in 

this chapter supports the third hypothesis in that a numerical model was able to capture 

the fundamental processes observed in the experimental data.  Although, the numerical 

model was not able to capture rate-limited nature of the DNAPL source.  This limitation 

was corrected and addressed in Chapter 7. 

• The use of the dual-porosity simulator to model the first intermediate-scale 

experiment was able to capture the tailing of the breakthrough curve of the 

system, but was unable to exactly match the initial peak of the breakthrough 

curve due to a complex source architecture in the source. 

• The dual-porosity simulator was able to capture the breakthrough curve of the 

second intermediate-scale experiment.  Although, diffusion into and out of the 

downgradient mound of field material was determined through sensitivity 

analyses to not be the dominant mechanism.  The attenuation of the 

breakthrough curve was attributable to the change in the flow field around the 

downgradient mound and the transient nature of flux of the dissolving mass 

from the source zone. 

• The dual-porosity simulator was able to capture the breakthrough curve of the 

third intermediate-scale experiment.  Similar to the first experiment, the 
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dominant mechanism in this experiment was the diffusion into and out of the 

field layer.  In addition to diffusion, the inclined plane created a complex flow 

field that also advectively transported mass into the field layer. 

Chapter 7 describes the incorporation of a rate-limited dissolution simulator into 

the dual-porosity model.  The limitations of the model described in Chapter 6 were 

addressed in Chapter 7 through the incorporation of this simulator.  In order to reduce the 

complexity in incorporating the dissolution module into the dual-porosity code, the 

modifications was solely made through the utilization of Perl and UNIX scripts. 

• A rate-limited dissolution module was incorporated into FEHM.  The primary 

purpose of this chapter was to address an inadequacy of the model discovered 

in Chapter 6. 

• The incorporation of the rate-limited solution into FEHM creates a robust tool 

that was previously limited to the capabilities of MODFLOW and RT3D. 

 

8.2 Recommendations for Future Work 

 

This research improved the understanding of the fundamental processes that occur 

in three common subsurface field conditions and their subsequent effect on the longevity 

of a contaminant plume.  The improved understanding of these textural heterogeneities 

through careful experiment and numerical modeling allows a more informed decision to 

be made by stakeholders on the selection of an appropriate remediation alternative.  

However, several topics for future research have been identified to further enhance study 

in the area of plume longevity experiments and the use of numerical models as decision 

tools. 

• Future intermediate-scale experiments should have sampling ports placed at 

equidistant locations downgradient from the source zone.  It may be argued 

that removing mass from the tank itself may alter the shape of the 

breakthrough curve, but the amount of mass removed may be minimized to 3 
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ml at each sample location for subsequent analysis.  Sampling the tank during 

the experiment would bypass the difficult procedure of post-mortem sampling 

of the tank upon experiment completion and would provide more data for the 

calibration of the numerical model. 

• Future intermediate-scale experiments should utilize conservative tracers 

injected into the source zone.  Using conservative tracers would allow the 

experiment to be executed at different velocities and tracers with different 

values of molecular diffusion coefficient could be used.  Doing this would 

remove the effects of the transient flux of a dissolving DNAPL source zone 

and would remove any sorption effects on the shape of the plume. 

• The rate-limited dissolution module that was incorporated into FEHM should 

be tested for computation time against that of the original model of Saenton et 

al. (2002).  Due to the nature of the integration of the dissolution module into 

FEHM and the utilization of the Linux operating environment, significant 

speed up may have occurred; especially in the inverse problem to calibrate the 

alpha coefficients.  The issue of computational time required to solve a 

multiphase transport problem that incorporates rate-limited dissolution has 

been a problem discussed in the literature. 

• Additional work should be performed to FEHM to allow for multi-node, 

transient flux curves to be inputted in the trac module.  This would allow 

variable saturation values to be added in the input file of the source zone. 

• Additional work should be performed to FEHM to add the dissolution module 

as a reaction package option.  Incorporating this option into FEHM would 

allow the rate-limited dissolution module to be used in conjunction with the 

mobile NAPL macro.  Currently, the work of Chapter 7 is only applicable to 

NAPL that is immobile. 
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APPENDIX A 

 

 

SMALL TANK WORK 

 

 

 

 

The objective of the small-scale experiment was to determine the rate of DNAPL 

dissolution from an emplaced source.  Since the first series of large tank experiments 

were going to be conducted in the main bay of the laboratory, the X-ray would not be 

available for source zone depletion analysis.  The idea was to pack the same soil 

configuration for what would be used in the larger tank source zone area.  This consisted 

of packing a 61 cm x 45.7 cm x 2.5 cm tank using the same method that was used for the 

large-scale tank (See Figure A.1).  The first small-scale tank experiment was performed 

using TCE, since TCE is the contaminant of concern at the NAS Ft. Worth site. 

 

Figure A.1. 0.6 m tanks were used for Experiment #1 and Experiment #2 to determine the 

rate of NAPL source dissolution in the 4.88 m tanks. 
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Similarly to the mass removal figure of the first intermediate-scale experiment, 

Figure A.2 shows 23% of the mass still remaining in the system after approximately 70 

days.  Figure A.3 shows the breakthrough curve.  Due to the shorter length of the tank, a 

higher initial concentration, longer attenuating curve was measured.  The dissolution rate 

calculated for this experiment was subsequently not used in the experiment due to 

ongoing work being performed at the time by (Wilking 2004).  It was found that TCE had 

high handling losses and it was difficult to obtain a complete mass balance. 

At this point, it was determined that 1,1,2-TCA be used in future experiments due 

to its chemical similarity to TCE, except that is was much less volatile than TCE.  A 

second small tank was packed and injected in the same manner as was done for the TCE 

experiment.  The X-ray was used to analyze the zone source and effluent samples were 

collected.  Upon analysis of the data, it was determined that the X-ray motors were 

slightly out of alignment in the center of the X-ray frame.  The second small tank 

experiment was located at the bottom of the frame, which produced a greater error in 

alignment once the motors traversed to the bottom.  Once this realization was made, the 

experiment was stopped, since the dissolution data was erroneous.  By this time, (Wilking 

2004) had been running concurrent small-tank experiments and the dissolution data from 

his experiments were extrapolated to obtain the 1,1,2-TCA dissolution rate needed for the 

large-tank experiments. 
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Figure A.2. TCE mass removed/remaining for first small-tank experiment. 

 

 
Figure A.3. TCE breakthrough curve for first small-tank experiment. 
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APPENDIX B 

 

 

PROGRAM MANUALS 

 

 

 

 

 The program manuals described in this appendix follow the format of those 

described in Appendix A of Saenton (2003), thereby allowing the user direct comparison 

of the changes that were needed to incorporate the Saenton et al. (2002) solution into 

FEHM.  The dissolution module consists of the following executable programs modk, dss 

and update.  The flow and transport portion of the model is performed by FEHM.  It is 

assumed that the user is familiar with FEHM.  This appendix describes the input files 

needed to execute the dissolution module, as well as the Perl and UNIX scripts needed to 

execute the programs.  All Fortran-90 source code used in these modules is included at 

the end of this Appendix. 

 

B.1 Dissolution Module 

 

 B.1.1. Program modk 

 

 The program modk calculates the effective hydraulic conductivity as a result of 

NAPL entrapment using Wyllie’s expression as described in Chapter 7.  This program 

must be initially executed prior to the first run of the FEHM/dissolution module and 

anytime that the initial DNAPL source zone saturation is changed.  Inputs to this program 

are NAPL saturation distribution, saturated hydraulic conductivity, and residual water 

saturation for the porous media.  All of the input files are free-format.  The output of the 

program is a FEHM formatted file for the hyco module named initk.dat.  The effective 
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hydraulic conductivity is defined for each node in the model.  This program requires an 

input file named modk.inp.  Input instructions for the modk.inp file are listed below and 

an example input file is in Figure B.1. 

 

Input Instructions for modk.inp:  Each item in the input file refers to a line 

input.  Input file names are case sensitive. 

 

Item #1:  Number of nodes. 

Item #2:  The file name of the file containing the NAPL saturation for all nodes. 

Item #3:  The file name of the file containing the residual water saturation for all nodes. 

Item #4:  The file name of the file containing the initial (water-saturate) hydraulic 

conductivity for all model nodes. 

 

*********************************************** 

250  / number of nodes 

sn.dat  / napl saturation for all layers 

srw.dat  / residual saturation of water for all layers 

init_k.dat  / hydraulic conductivity for all layers 

*********************************************** 

 

Figure B.1. Example input file for modk.inp. 

 

B.1.2 Program dss 

 The program dss generates files used for subsequent FEHM simulation for 

advection, dispersion, reaction and dissolution.  These files are bulk densities and 

effective porosities, amount of available NAPL mass for dissolution, and overall mass 

transfer coefficient.  The program is executed after the initial flow execution of FEHM 

and uses the x-, y- and z-direction velocities generated by FEHM.  The input file must be 

input.dss (case sensitive) and an example input file is shown in Figure B.2. 
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Input Instructions for input.dss:  Each item in the input file refers to a line input.   

 

Item #1:  Velocity vector output file for Day 1 of the avs macro in FEHM. 

Item #2:  Number of nodes. 

Item #3:  Length of model cell in the x-direction. 

Item #4:  Length of model cell in the y-direction. 

Item #5:  Length of model cell in the z-direction. 

Item #6:  Timestep corresponding to loop increment of Perl script. 

Item #7:  Input file containing porosity for each node (without NAPL). 

Item #8:  Input file containing NAPL saturation for all nodes. 

Item #9:  Input file containing mean grain size of the porous media for all nodes. 

Item #10:  Enthalpy for all nodes.  Used as part of rock.dat input file for rock macro in 

FEHM. 

Item #11:  Density of water. 

Item #12:  Density of NAPL. 

Item #13:  Solubility of the NAPL. 

Item #14:  Molecular weight of the NAPL. 

Item #15:  Density of the solid phase. 

Item #16:  Dynamic viscosity of the flowing groundwater. 

Item #17:  Aqueous diffusion coefficient of the NAPL. 

Item #18:  Tortuosity factor. 

Item #19:  Characteristic length for dissolution. 

Item #20:  Pre-multiplier for Gilland-Sherwood relationship for natural dissolution. 

Item #21:  Exponent of the Reynolds number in Gilland-Sherwood relationship for 

natural dissolution. 

 

Item #22:  Exponent of the Schmidt number in the Gilland-Sherwood relationship for 

natural dissolution. 
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Item #23:  Exponent of the term 

! 

"
n
d
50

#L*
$ 

% 
& 

' 

( 
)  in the Gilland-Sherwood relationship for natural 

dissolution. 

 

 ************************************************************ 

exp.10002_vec_node / avs output file from FEHM (day 1)  

250   / number of nodes  

0.25   / delx (meters) 

0.5   / dely (meters) 

1.0   / delz (meters) 

1.0   / dt (days) timestep corresponding to perl script 

phi0.dat   / file containing porosity for node (w/o napl) 

sn.dat   / file containing napl saturation for all nodes 

d50.dat   / file containing d50 for all nodes (meters)  

1010.0   / enthalpy for all nodes 

1000.0   / density of the water (kg/m^3) 

1620.0   / density of the napl (kg/m^3)  

1.2048e-3   / solubility of napl (mol/L) 

166   / molecular weight of napl (g/mole) 

2710.0   / density of the solid phase (kg/m^3) 

1.0e-3   / dynamic visc. of flowing ground water (Pa sec) (kg/m/s)  

8.194e-10   / aqueous diffusion coefficient (m^2/sec) this is the kla time unit  

2.0   / tortuosity factor (tau) 

0.1   / characteristic length for dissolution (lstar) (m) 

9.170   / alpha_1 - empirical parameter for natural dissolution 

0.216   / alpha_2 - empirical parameter for natural dissolution 

0.5   / alpha_3 - empirical parameter for natural dissolution 

1.071   / alpha_4 - empirical parameter for natural dissolution 

************************************************************* 

 

Figure B.2. Example input file for input.dss. 

 

B.1.3 Program update 

 

The program update is used to update the concentrations and NAPL saturation 

after one execution of FEHM is complete.  The program also updates NAPL saturation as 

a result of dissolution.  The input file for this program is named update.inp and an 

example input file is shown in Figure B.3. 
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Input instructions for update.inp:  Each item in the input file refers to a line 

input. 

 

Item #1:  avs macro velocity output file from FEHM for Day 1. 

Item #2:  Total number of nodes. 

Item #3:  Length of model cell in the x-direction. 

Item #4:  Length of model cell in the y-direction. 

Item #5:  Length of model cell in the z-direction. 

Item #6:  Density of the entrapped NAPL. 

Item #7:  Molecular weight of NAPL. 

Item #8:  Multiplier used as a conversion factor to obtain the desired unit. 

Item #9:  Dissolved phase concentrations obtained from avs macro in FEHM at Day 1 for 

all nodes. 

Item #10:  NAPL concentration distribution available for dissolution read as input file 

from dss output. 

Item #11:  A file containing the initial porosity (no NAPL) for all nodes. 

Item #12:  A file containing the NAPL saturation data for all nodes.  This file will be 

overwritten in every loop of the simulation.  This is an output file of the 

update program. 

Item #13:  An output file of the total mass of NAPL present as non-aqueous phase in the 

aquifer at the end of each model loop.  The output of this file is appended to 

the file total_mass at the end of each model loop. 

Item #14:  An output file of dissolved NAPL concentration at observation points and the 

YZ-plane of interest.  The output of this file is appended to the file total_obs 

at the end of each model loop. 

Item #15:  Number of observation nodes. 

Item #16:  Node number of each observation node (one line for each node). 
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****************************************************************** 

exp.10002_vec_node  / avs output file from FEHM (day 1) 

250    / total number of nodes 

0.25     / delx 

0.5    / dely 

1.0    / delz  

1620.0    / density of napl (kg/m^3) 

166    / molecular weight of napl (g/mole) 

166000    / multiplier (to obtain conc in ppm, MW*1000mg/g) 

exp.10002_con_node  / tracer concentration (mol/L) 

conc3.out    / napl conc (mol/L)  

phi0.dat    / initial porosity (no napl) 

sn.dat    / napl saturation (being updated) 

mass.out    / cumulative mass of napl is written (g) 

obs.out    / conc (mg/L), mg/L at eff. (mg/L), total flow (kg/s) 

10    / number of obs pts. 

250    / node number for each  obs. point 

225 

200 

175 

150 

125 

100 

75 

50 

25 

***************************************************************** 

Figure B.3. Example input file for update.inp. 

 

B.2 Interfacing all programs using Perl 

 

A Perl script is contained in the file name hope and is used to execute all of the 

executable files sequentially in a loop over the total simulation time desired.  An example 

of this file is illustrated in Figure B.4. 
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*********************************** 
print `rm total_mass`; 
print `rm total_obs`; 
print `cp exp.fin exp.ini`; 
print `cp fehmn_bak.files fehmn.files`; 
 
#   execute FEHM several times 
 
for ($i=1;$i<=100;$i++) 
{ 
    print `./dss`; 
    print `./xfehm_v2.21lahlx`; 
    print `cp exp.fin exp.ini`; 
    print `./update`; 
    print `./modK`; 
    print `more mass.out >> total_mass`; 
    print `more obs.out >> total_obs`;  
} 
 
# End of the Do LOOP 
*********************************** 
 

Figure B.4.  Example Perl script hope. 

 

The structure of the FEHM solution differs from the Saenton et al. (2002) solution 

in that an addition UNIX script was created to control the sequencing of the various 

executables.  This script named fehm is shown in Figure B.5. 

 

***************** 
cd init 
./init 
cd .. 
./xfehm_v2.21lahlx 
perl hope 
***************** 
 
Figure B.5 UNIX script for fehm control file. 
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The init executable called from the fehm script generates another UNIX script 
shown in Figure B.6. 

 
 
 ****************** 
cp fehmn.files ../ 
cp rock.dat ../ 
cp sn.dat ../ 
cp userc_data.dat ../ 
cp initk.dat ../ 
****************** 
 

Figure B.6.  UNIX script for init control file. 

 


