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Abstract

Residual NAPL trapped in fractured geologic media may act as a long-term source
for dissolved groundwater contamination that is difficult to remediate. Understand-
ing NAPL dissolution at the scale of a single fracture is the first step to a better
representation of this process, as well as other related processes, in larger scale net-
work models. Applying the information from these models will ultimately lead to
improved transport predictions and remediatjon efforts.

The dissolution of NAPL is simulated using a finite-element model with 2-D tri-
angular elements representing a discrete, rough-walled fracture. For fractures that
are bounded by a permeable matrix, 1-D elements are used to model diffusion of
contaminant into the surrounding matrix. The initial NAPL residual distribution in
synthetic correlated aperture fields is created using invasion percolation techniques.
Groundwater flow and aqueous-phase transport solutions are then calculated, with a
concentration-dependent mass-transfer coefficient being used to represent partition-
ing between the NAPL and aqueous phase during dissolution. Detailed mass balance
calculations are used to determine when individual elements containing residual have
been dissolved and should be removed from the system. For comparison, simulations
are performed where NAPL is randomly distributed throughout the fracture.

Sensitivity analyses are performed to delineate the qualita..ve relationships be-
tween fracture transmissivity, residual NAPL saturation, and the concentration of
dissolved NAPL exiting the fracture. These relationships are very sensitive to not
only the initial residual saturation, but also to the initial residual distribution, which

is highly dependent on the synthetic aperture field. Because the correlated aperture



field is produced from a random set of aperture segments there is a large uncertainty
in the behavior of NAPL dissolution.

At higher initial residual saturations the time for NAPL dissolution increases
dramatically because the fracture transmissivity is reduced. This is because at these
lower transmissivities less water is flowing through the fracture, the water in the
fracture reaches saturation, and the dissolution process slows. In reality, the time for
complete dissolution may be even greater since some of the water flow may bypass
the fracture containing NAPL.

The effects of the mass-transfer coefficient, groundwater velocity and matrix
porosity on remediation are also examined. Increasing groundwater head gradients,
such as might occur during a pump and treat operation, are shown to have dimin-
ishing returns in terms of removing NAPL from the fracture by dissolution. If the
surrounding matrix is permeable, NAPL c:. @uickly diffuse into the matrix; however,
after the residual NAP'L has disappeared, dissolved NAPL begins to slowly diffuse
back into the fracture. This greatly increases remediation times and may render

current remediation strategies ineffective.
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Chapter 1

Introduction

The use of non-aqueous phase liquids (NAPLs) by industry following World War 11
has become very common. Unfortunately, contamination of geologic material with
these chemicals has also become common. The spilling of NAPL onto the ground
surface leading to subsurface contamination can occur during NAPL production,
transport, storage and disposal.

Common NAPLs, such as chlorinated solvents, have low aqueous solubilities. For
example, tricholorethene (TCE) has a solubility of 1100 mg/1 (Flick, 1985). However,
the maximum allowable limits imposed by government agencies tend to be much
lower. The drinking water quality standard in the United States for TCE is 0.005
mg/l (VanderLeeden et al., 1990). Like TCE, many of these liquids are extremely
toxic. This toxicity, combined with the fact that they can contaminate large volumes
of water because of their low solubilities, makes NAPLs a serious threat to ground
water resources.

When a NAPL is spilled a portion of the liquid may percolate down through
the unsaturated zone. If it reaches the saturated zone the NA?{. % continue its
downward migraiion providing that it is denser than water (e.g., a dens- * APL or
DNAPL). The NAPL will preferentially travel through highly permeable zones, such
~¢ fractures. A certain amount of the NAPL will be left behind in the porous and
fractured media following this migration. This residual NAPL may act as a long-

term source for groundwater contamination and be difficult to remediate due to slow
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dissolution mechanisms and the inaccessible nature of fractures.

The objective of this thesis is to use a numerical model to investigate the theo-
retical small-scale dissolution behavior of NAPL residual in discrete fractures. The
dissolution behavior of NAPL in a discrete, synthetically-generated, rough-walled
fracture is simulated. Gaining an understanding of this dissolution process at the
small scale will lead to better representations of this process, as well as other related
processes such as dissolution in porous media, in larger-scale models. Ultimately this
will lead to better predictions at contaminated sites, which could lead to improved
remediation efforts. The methodology used for this investigation is given following a

review of some previous work in this area.

1.1 Previous Studies

The principles of NAPL migration in the subsurface have been described by Schwille
(1981; 1988). His theories and laboratory work involving immisicble fluids and porous
media are the framework upon which most similar research is based. Schuwille (1981)
does not address the subject of dissolution; he assumes the NAPL is a perfectly
immisicble fluid. However, Schwille (1988) does discuss aqueous-phase dissolution
and migration of NAPLs. Interest in NAPL dissolution as a contamination problem
has Leen growing steadily over the last few years. For some time it has been realized
that NAPL in the subsurface can partition to the aqueous phase and be a source
for long-term groundwater contamination (Schwille, 1988; Mackay et al., 1985). The
problem of describing and modeling this dissolution process has been a subject of
debate.

Abriola and Pinder (1985) developed a model that describes the transport of
a contaminant through porous media in three forms: aqueous phase, non-aqueous
phase, and vapour phase. The approach used to describe mass transfer between
the non-aqueous phase and aqueous phase is equilibrium phase partitioning, which
assumes that by knowing the concentration in one phase, the concentration in the

other phase can be calculated using a partition coefficient. This assumption is based



on experimental evidence that suggests equilibrium phase partitioning occurs during
the dissolution process (VanderWaarden et al., 1971; Fried et al., 1979).

There is, however, contrary evidence that appears to refute the local equilibrium
assumption. For example, laboratory experiments by Lam et al. (1983) indicate that
these mass transfer processes frequently do not reach a state of equilibrium. This
work involved studying residual oil blobs during tertiary oil recovery.

Powers et al. (1991) present similar evidence that implies there is a process which
limits the rate of NAPL partitioning to the aqueous phase. {“awers et al. (1994),
using laboratory-scale column experiments, showed that the length of time required
to dissolve NAPL is greater than predicted by equilibrium phase partitioning calcu-
lations. A general correlation for transient dissolution rates in terms of volumetric
fractions of NAPL in the porous media and porous media properties was proposed.
Similar results were obtained by Imhoff et al. (1993) who showed that mass transfer
rates for an area of residual NAPL are a function of the NAPL volumetric content,
the Darcy water flux through ihe area and the distance into the contaminated region.

The importance of using equilibrium partitioning versus a rate-limited process
becomes particularly evident when trying to predict the effectiveness of remediation
schemes. Brusseau (1992) constructed a model that estimates the time required to
remediate an aquifer contaminated by residual NAPL. He found if one did not account
for a rate-limited mass transfer process the time and volume of water required for
remediation would be significantly underestimated.

Hunt et al. (1988a; 1988b) found that mass-transfer rate limitations resulted
in groundwater extraction at a contaminated site to be ineffective in removing the
residual NAPL within a reasonable time frame. They suggested that remobilizing
the NAPL, by steam injection for example, would be much more useful in reme-
diation. However, Pennell et al. (1994) suggest that this -=mobilization of NAPL
is dangerous because the NAPL can cause previously uncontaminated material to
become contaminated. They suggest using surfactants which can increase the rate

of mass transfer to the aquecus phase. In theory, if the mass transfer rate is high



enough, NAPL contaminated sites may be remediated using groundwater extraction
methods, such as pump and treat. Unfortunately, surfactants may also lower the
NAPL’s surface tension, which can cause them to remobilize.

Parker et al. (1994) developed a conceptual model for NAPL in parallel plate
fractures partitioning to the aqueous phase in the surrounding matrix. They suggest
that restoration of contaminated fractured material is extremely difficult. Their
findings show that a small amount of time is required for the NAPL to completely
partition to the aqueous phase of the surrounding matrix when the matrix is porous.

Recently, Lowry and Miller (1995) used pore-scale modeling to describe the for-
mation and removal of NAPL in porous media. These researchers feel that current
macroscopic approaches are often unable to capture adequately the complexity of
processes such as NAPL invasion and dissolution. They feel that small-scale mod-
eling may provide the necessary conceptual and quantitative basis for constitutive
theory development.

VanderKwaak (1993) used a two-dimensional numerical model to simulate the
dissolution and transport of NAPL in fractured porous media. Fractures were sim-
ulated as high permeability one-dimensional elements that had the propensity to
rapidly transport contaminant. The effects of matrix porosity and transport of dis-
solved NAPL through the porous media were priorities in this research; tk= small
scale effects of dissolution occurring within a fracture were not represented.

Mendoza (1992) developed a model capable of describing the spatial relationship
between two separate phases in a discrete fracture during drainage and imbibition
processes. Drainage refers to the process whereby NAPL invades the fracture causing
water to drain or exit the fracture. Imbibition is the opposite process where water
enters the fracture causing NAPL to be displaced. The aperture distribution data
and the position of residual within the fracture (i.e. NAPL residual distribution)
following the imbibition process is used as starting point for the dissolution modeling

for this thesis.



1.2 Research Outline

The work presented in this thesis has similarities to previous research in the arca; how-
ever, this study examines the dissolution process at a much finer, more detailed scale.
These finer details include using rough-walled fractures, accounting for advective-
dispersive transport in the fracture and modeling the process of matrix diffusion
across the entire fracture. In addition, phase transfer across explicit water-NAPL
interfaces is accounted for.

The numerical model is a finite-element simulator coded in FORTRAN. Major
inputs for the model, taken from the Mendoza (1992) model, include aperture dis-
tributions representing a rough-walled fracture and the initial location of NAPL
residual within the fracture. The numerical model simulates the dissolution of this
NAPL residual in the single fracture. The model calculates water flow caused by a
head gradient along the fracture. Also, it simulates advective-dispersive transport
within the fracture and diffusion of NAPL into the surrounding fracture matrix. As
documented later, the model compares favorably to analytical solutions and results
obtained by other researchers.

The modeling was carried out on a fracture of an arbitrary size (1.25m by 1.25m).
Relationships between the NAPL residual distribution, the mass output of the frac-
ture, groundwater flow rates, and mass transfer coefficients were studied. Also,
changes in fracture transmissivity during dissolution were recorded and then com-
pared to the mass-output results. A few simulations that included diffusion into a
surrounding porous matrix were also performed. Approximately 60 separate aper-
ture and residual distributions were: investigated, although some of the more detailed
investigations used a single aperture field and corresponding residual distribution.

Details of the theory involved and implementation of that theoury is given in
Chapter 2. The results and analysis of the numerical simulations are presented
in Chapter 3. Conclusions and a discussion of their implications are presented in

Chapter 4.



Chapter 2

Theory and Methods

This chapter describes the theory and conceptual model behind the numerical model
used for later simulations. The chapter also addresses the implementation and some

features and limitations of the numerical model.

2.1 Conceptual Model

Figure 2.1 shows a conceptual model of a contaminated site where a spill on or near
the ground surface has released some NAPL contaminant. This NAPL could be
made up of a single component such as tricholorethene (TCE) or a mixture of several
NAPLs. The NAPL migrates down through the unsaturated zone. The mechanism
driving this downward migration is pressure due to the overlying column of NAPL.
Because the NAPL in this scenario is denser than water (a DNAPL), it continues
its downward migration through the saturated zone. The NAPL may subsequently
invade and travel through fractures in the underlying fractured material.

The NAPL will preferentially enter a fracture only if the capillary entry pressure of
the fracture is lower than the surrounding material and the capillary pressure exceeds
the entry pressure. The capillary entry pressure is simply the pressure required to
force NAPL into a fracture or pore space. The larger the opening of the fracture,
the lower the capillary entry pressure required for the NAPL to occupy that space.

The extent to which the fracture becomes filled depends on the fracturz aperture

6
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Figure 2.1: Conceptual model of a contamination scenario. After Schwille (1988).

distribution, the porosity of the surrounding matrix and the beight of the column of
NAPL.

Once the source of NAPL has been exhausted or removed, the NAPL will begin
to drain out of the fractured material; this is the imbibition process. Following this
imbibition process will be a certain amount of NAPL residual left in the fractured
material. It is this residual that will be immobile and can cause the long-term
contamination as it slowly dissolves over time.

Figure 2.2 shows a detailed example of fractured material. Studying the migration
and subsequent dissolution of NAPL in this material can be accomplished on different
scales of observation. Case 1 would invelve studying the fracture netwaork and the
surrounding matrix material. Case 2 would involve studying a single fractuie. A
single fracture study would include more detail than a larger-scale study. These
small scale details include the aperture distribution of the fracture and position of
NAPL within the fracture. It will be shown in the following chapter that these details
can have a large effect on the dissolution process. Understanding the effect of these

small-scale details can improve the accuracy of modeling at larger scales, such as case

1.
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Figure 2.2: An example of different scales of observation at a contaminated site.

The conceptual model for this thesis is limited to a region within a single fracture
(i.e., case 2). This single fracture is assumed to contain some NAPL residual con-
taminant that will dissolve into the groundwater flowing through the fracture. For
the purposes of a single fracture this groundwater is assumed to have no dissolved
NAPL in it prior to entering the fracture. The superposition of results from several
such fractures where groundwater may have some dissolved NAPL prior to entering

the fracture is left for further study.

2.2 Fracture Aperture Distributions

Fractures are often represented as two parallel plates, with the distance between these
two plates being the fracture aperture. For the model used in this thesis a synthetic
aperture distribution is used to simulate a discrete, rough-walled fracture (i.e., the
aperture will vary spatially throughout the fracture). These synthetic distributions
are created using a Fast Fourier Transform spectral technique developed by Robin
(1993). The aperture field is assumed to be log-normally distributed and to exhibit

isotropic, exponential correlation structure. Research by Snow (1970) has shown
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Figure 2.3: A sample log-normal aperture distribution.

that a log-normal aperture field is a reasonable representation of naturally occurring
discrete fractures in various geologic materials.

The aperture field is discretized onto a two-dimensional square grid. The grid
used for modeling contains 2500 cells (50 by 50 squares). Simulations for this work
use a natural log-aperture mean of —10.5 (aperture in metres). The size of individual
cells are 2.5cm?. Figure 2.3 shows an example of one of the fracture aperture fields

used.

2.3 Residual Distributions

The spatial position of NAPL in a discrete fracture following the invasion process
(both drainage and imbibition) will be referred to as the residual distribution or
residual saturation. The controlling factors in determining the pattern of the resid-
ual distribution are the size and distribution of apertures, the pressure history, the
invasion history, properties of the NAPL and fracture walls, and the physical limita-

tions of the percolation system.
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Density, pyapr | 1460 kg/m3
Aqueous Solubility at 20°C , C, | 1100 mg/L
Coefficient of mass transfer, £ | 2.0 x 10~%m/s
Viscosity, ¢t | 0.57 cp
Interfacial Tension, v | 34.5 dyn/cm
Water Diffusion Coefficient, D* | 1.0 x 10~ %m/s

Table 2.1: Physical properties of the NAPL used.

2.3.1 NAPL

A generic NAPL has been selected for use in the dissolution modeling. Numerous
variations in NAPL properties makes it unfeasible to conduct simulations on many
different NAPLs. This situation becomes increasing complex when the NAPL is
a mixture of more than one NAPL (which is, unfortunately, often the case). For
this study the NAPL is denser than water (DNAPL); however, similar results can
be expected with a NAPL that is less dense that water (LNAPL) (Hardisty et al.,
1995).

The physical properties of the NAPL have been chosen to be similar to Tri-
cholorethene (T'CE). TCE is a common chlorinated solvent, and consequently is also
a common subsurface contaminant. The physical properties for the NAPL are given
in Table 2.1. For this thesis the water is assumed to be perfectly wetting and the
NAPL is consider to be the non-wetting phase.

2.3.2 Capillary Pressure

For a cell to become occupied by NAPL during the invasion process the capillary
pressure of the NAPL must exceed the capillary entry pressure (P?) of that cell.
Each cell in the fracture model is represented by two parallel plates with the aperture
being the distance between the two plates. The capillary entry pressure for a set of

two parallel plates is:

10



P! = gg-cosg (2.1)

where b is the distance between the two plates, v is the interfacial tension between
the two fluids and @ is the contact angle between the interface of the two fluids and
the fracture wall. For this study water is assumed to be perfectly wetting and thus
the contact angle will equal zero.

As pressure of the NAPL at the inlet boundary increases during invasion it may
invade cells with progressively smaller apertures. At any given pressure there is a

minimum aperture that the NAPL can enter. The value, called the critical aperture

(4*), is defined by:
o 2ycosf )
b* = P (2.2)

Hence, all cells where b is greater than b* can be invaded by the NAPL. The concept

of critical aperture used in this context is known as the occupancy criterion.

2.3.3 Percolation Theory

The invasion of NAPL into a fracture is #~complished by using a modified form of
percolation theory. For traditional percolation the only criterion used to determine
the position of the NAPL during the invasion process would be the occupancy crite-
rion. Using traditional percolation theory to place NAPL into the fracture ignores
physical constraints of the system such as phase contacts, phase positions, and the
nature of the fracture walls'. Invasion percolation theory (Mendoza, 1992) is used
to account for these physical constraints by constraining the fluid to entering and
exiting at discrete points. This leads to the introduction of the accessibility and the
trapping criteria.

The accessibility criterion restricts NAPL from invading a cell unless it is physi-

cally connected with the rest of the invading NAPL. This prevents the invading fluid

1A fracture in a permeable material is considered tc have permeable fracture walls. A fracture
in an impermeable material is consider to have impermeable fracture walls.
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from occurring everywhere the occupancy criterion is satisfied, as would occur in the
traditional percolation case. For the fracture model the surrounding matrix is con-
sidered inaccessible to the invading NAPL phase; therefore, NAPL can only appear
at the inlet boundary and travel through the fracture as a continuous phase.

The trapping criterion restricts the removal of NAPL during the imbibition pro-
cess. If a section becomes isolated from the rest of the continuous phase then it is
considered to be trapped. The water (i.e., wetting phase) is subject to the same trap-
ping criteria if the fracture walls are impermeable. On the other hand, permeable
fracture walls will allow water to exit freely. NAPL is trapped whether the walls are

permeable or impermeable.

2.4 Groundwater Flow

Groundwater flow through fractured media has commonly been approximated using
a parallel plate model. Each cell within the fracture has a constant aperture value;
therefore, a parallel plate model is applied to each cell. The equation that describes

the volumetric flow rate through two parallel plates is given by the following:

b3
Q=— 12“’5wAh (2.3)

where @ is the volumetric flow rate through the fracture, u is the viscosity, w is the
distance along the fracture and Ah is the hydraulic head difference along the plates
(h1—A2). Figure 2.4 shows how the variables in Equation 2.3 pertain to the physical
system.

From Equation 2.3 the permeability, &, of each aperture segment can be defined:

b2
k=23 (2.4)

and the transmissivity, T, for each segment:

b%pg
T= 15, (2.5)
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Figure 2.4: Diagram showing the variables used in calculating the volumetric flow
rate through a pair of parallel plates.

The fluid continuity equation for a pair of parallel plates is given by:
v (%‘Q—Vh) =0 (2.6)
The fracture plane can be represented on a two-dimensional grid. The spatially
varying aperture in the fracture corresponds to a spatially varying heterogeneous
transmissivity distribution on this two-dimensional grid. Using this information
and the relation defined in Equation 2.5 the fluid continuity equation for the two-

dimensional plate representing a rough-walled fracture can be written as:
V (T(z,y)Vh)=0 (2.7)

where z and y represent coordinates in the fracture plane.

Capillary Number

During the dissolution modeling the NAPL residual is considered to be immobile. For

this approach to be valid the viscous forces resulting from the flowing groundwater

must be insignificant relative to the capillary forces. The dimensionless capillary

number (N.) measures the ratio of these viscous effects compared to the capillary
effects. The capillary number is expressed as:
U

N, = — (2.8)

where v is the average linear groundwater velocity.



When the capillary number is “small” capillary forces will dominate. Experi-
mental evidence in porous media (Larson et al., 1981) and numerical simulations
conducted using rough-walled fractures (Mendoza, 1992) suggest that N, < 107% is
an appropriate cut off vaiue. Using this value for the capillary number and the pa-
rameters stated in Table 2.1 a minimum average linear velocity can be calculated.
This minimum velocity is the point above which the viscous forces will dominate
resulting in the remobilization of the NAPL. Using Equation 2.8 an expression for

this minimum linear velocity, q, can be derived:

N~y
min = 2.9
g P’ (2.9)
Solving for gma- leads to:
m
Gmin = 500 (2.10)

The maximum values for ¢ during the dissolution modeling are at least one order of

magnitude below this minimum value; therefore, the NAPL is treated as immobile.

2.5 Aqueous Phase Transport

During dissolution mass from the NAPL is transferred to the aqueous phase. The
aqueous phase mass is transported through the fracture by groundwater advection
and hydrodynamic dispersion. The two-dimensional advection-dispersion equation

governing aqueous phase transport in a rough-walled fracture (Sudicky and Frind,

1982) is:

ocC acC 0 aoc
b ot + bv; oz; - Oz; bDij 8z,- -

where C is the aqueous phase concentration of the NAPL and V is the advective

0  ij=gzy (2.11)

groundwater velocity. The hydrodynamic dispersion term, D, is a function of the
dispersivity value assigned to the fracture, the groundwater velocity, and the effective

diffusion coeflicient.
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2.6 Dissolution

There have been several models developed which describe the partitioning of NAPL to
the aqueous phase. Several of these models use the assumption of “local equilibrium”.
This approach assumes that the concentration of a component in one phase will be
in equilibrium with its concentration in the other phase and that the concentrations
may be related by a “partition coefficient” (Abriola and Pinder, 1985).

Despite frequent use in the modeling of NAPL-phase water relationships, local
equilibrium has yet to be adequately demonstrated as being valid (Powers et al.,
1991). The local equilibrium relationship has been inferred from many lab scale
experimental studies ((Fried et al., 1979),(VanderWaarden et al., 1971),(Hunt et al.,
1988a)); however, these studies have been carried out over a limited range of matrix
material, organic compounds, and velocities. Also, there is laboratory evidence to
support a non-equilibrium relationship for NAPL dissolution. Studies for tertiary oil
recovery involving the use of surfactants have indicated that the rate of mass transfer
of oil blobs is frequently not fast enough to reach a state of phase equilibrium (Lam
et al., 1983). Geller and Hunt (1988) showed that the concentration of some organic
chemicals were below the equilibrium concentration levels immediately downstream
of a NAPL source.

This study assumes NAPL dissolution is a rate-limited process. The details of

this rate-limit process are discussed in the following section.

2.6.1 Mass Transfer Relationships

As previously mentioned, the transfer of NAPL from the non-aqueous to the aqueous
phase is represented here as a rate-limited, mass-transfer process. Powers et al.
(1991) have defined a rate-limited mass flux across a two-dimensional interface. This

flux, F,, is expressed as:

Fy = —k(C — C.) (2.12)
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where k, is an effective mass transfer coefficient, and C, is the equilibrium concen-
tration of the NAPL in the aqueous phase. The equilibrium concentration for a pure
NAPL species is the solubility of that NAPL in water.

The rate of mass transfer from the non-aqueous to the aqueous phase is considered
to be limited primarily by diffusion across a boundary layer. The mass transfer
coefficient is thus directly proportional to the diffusion coefficient of the NAPL and
inversely proportional to the thickness of the boundary layer. For simplicity, the
mass transfer coefficient is assumed to be constant; that is, neither the thickness of
the boundary layer nor the diffusion coefficient change during the dissolution process.

The mass flux (F,), however, will be non-linear with respect to time. As NAPL
dissolves, the aqueous concentration (C) increases. This increase will result in de-
crease in the (C — C,) term and therefore, a decrease in the mass flux across the

NAPL-water contact boundary.

Fracture

To calculate a mass flux of NAPL into the fracture, Equation 2.12 must be modified

to include the interfacial area of the NAPL/water contact. The resulting equation is
Fy = —bwk,(C — C,) (2.13)

where w is the width of the aperture segment and b is the height of the aperture
segment. During dissolution the value for b will change whenever a grid block of
NAPL has been removed by dissolution. This will increase the non-linearity of the
Fa with respect to time. Since the grid is square, the value of w does not change

during the dissolution process.

Matrix

If the fracture walls are permeable, NAPL will also diffuse into the surrounding

matrix. To calculate the mass flux from the NAPL to the matrix, equation 2.12 is
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again modified. The resulting equation is:
Fo = —¢uw?k(C - C,) (2.14)

where ¢ is the matrix porosity. As the matrix porosity is increased, the flux into the

matrix will also increase.

2.7 Numerical Formulation

A single discrete fracture is represented on a two-dimensional grid at the micro-
scale. The governing flow and transport equations are discretized using the standard
Galerkin finite-clement formulation (Huyakorn and Pinder, 1983). Flow and trans-
port are modeled using a triangular finite-element grid. A comparison was made
between using square and triangular finite-elements grids; the triangular grid pro-
vided the least amount of numerical error so it was chosen for the flow and transport
modeling. For models that incorporate matrix diffusion the surrounding matrix is
modeled using one-dimensional line elements at every node on the fracture grid. This
one-dimensional line element will simulate the diffusion process into the third dimen-
sion (out of the fracture plane). For simplicity, no lateral advection or diffusion takes
place in the matrix. This would be reasonable where the matrix permeability is much

less than that of the fracture, which is often the case.

Grid

The original aperture field and residual distribution were generated on 200x200 square
grids. Using grids of coarser resolution to simulate the drainage and imbibition
processes produced results that are statistically dissimilar. However, modeling flow,
dissolution, and transport on 200x200 square grids was infeasible due to the amount
of computing time required. For example, a single transport simulation on a 200x200
grid could take up to a week to complete. To solve this problem initial residual

distributions were generated on a 200x200 grid and then scaled to a 50x50 grid for

dissolution modeling.
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Sixteen cells from the 200x200 distribution (4x4 segment) were reduced to one
cell in the 50x50 distribution. The geometric mean of the sixteen aperture segments
was used to calculate the new aperture of the smaller distribution. If seven or more
of the sixteen cells contained residual, then the new cell in the 50x50 distribution
vrould also contain residual. By experimenting with different values it is found that
seven cells as the cutoff value provides the closest match in NAPL saturation to the

original distribution.

Boundary Conditions

The boundary conditions for the model change from the NAPL invasion process to
the dissolution process. The invasion process is conceptualized as a separate event
from the dissolution process. That is, the residual NAPL is in place before the
groundwater begins to flow and dissolution takes place. The separation of these two
events is physically unrealistic; however, the separation is required to perform the
modeling. The invasion percolation process is not performed in discrete temporal
steps; it is based on discrete capillary pressure steps. Also, starting with in NAPL
residual already in place makes the dissolution model easier to construct.

Figure 2.5 illustrates the various boundary conditions used in different stages of
the numerical modeling. The NAPL enters the fracture from the inlet boundary
located at the top of the fracture. During the creation of the initial residuai distri-
bution the driving mechanism of the NAPL, which is the head of NAPL at the inlet
boundary, is the dominating force. For drainage the NAPL enters only at the top.
For imbibition the NAPL exits only at the top and bottom. The permeability of the
fracture walls depends on whether the surrounding matrix is porous.

Following the invasion process, the boundary conditions are changed to simulate
groundwater flow through the fracture. The left and right boundaries are specified
head boundaries. The specified head boundaries are setup of so that flow is from left
to right. The top and bottom boundaries now become impermeable to water flow.

They can be thought of as symmetry boundaries.
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For the transport solution the top, bottom and right boundaries are considered
impermeable for dispersive transport; mass exits the right hand boundary via advec-
tive transport only. The left-hand boundary is constrained to a zero concentration,
which assumes that only clean water (i.e. no aqueous-phase NAPL) is entering the

system.

Dissolution Modeling

The model first calculates a groundwater flow solution through the fracture with no
NAPL residual. This information is used for calculating the effective aperturé and
relative transmissivities during dissolution.

The residual is placed into the fracture using invasion percolation techniques and
the flow solution is recalculated. The contact area between the NAPL and water for
every cell is computed. The mass flux of NAPL across that interface is calculated and
applied to the nodes associated with that interface. The mass fluxes at these nodes
represent the dissolution process. The model now begins stepping through time,
accounting for advective-dispersive transport and NAPL dissolution. The amount of
NAPL removed from each cell due to dissolution is calculated. When the mass of
NAPL originally in the cell is equal to the mass of NAPL that has been removed via
dissolution, the cell becomes free for water to flow through. A new flow solution is
then calculated and the NAPL dissolution boundaries (i.e. the nodal mass fluxes)
are changed to reflect the change in the NAPL residual distribution. The transport
solution now continues with the modified grid. The dissolution modeling continues

until all the NAPL has been removed from the system.

2.8 Model Verification

Due to the complexity of the numerical model there is no single analytical solution
that can be used to verify it. Several comparisons were made to test various aspects

the numerical model. For example, comparing flow through the fracture or matrix
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diffusion out of the fracture were compared to analytical solutions to verify the nu-
merical implementation of the flow and transport equations. Following a short review
of mass balance, the two most complex verifications, advective-dispersive transport

and NAPL dissolution are presented.

Mass Balance

To determine whether the model is accurate and stable, a mass balance calculation
is performed. A mass error term is used to quantify the amount of mass that cannot
be accounted for due to numerical problems. The mass error term is defined as the
mass transferred into the aqueous phase subtracted from the mass change at the
boundaries and the ending aqueous phase mass in the system. A percent error is
calculated by normalizing this mass error term with the original NAPL mass in the
system.

Since this problem is non-linear the Peclet and Courant criteria are only used
as a guide because significant errors may arise even if the criteria are fully satisfied.
Increased values for longitudinal and transverse dispersivities alse kelp increase ac-

curacy and numerical stability without having a dramatic effect on the mass output

results.

Advective-Dispersive Transport

The numerical model was used to perform a transport solution to compare with an
analytical model to verify the accuracy of the advective-dispersive transport equa-
tion implementation. The simulations were performed on grids of various sizes. Pa-
rameters such as potential difference and source conditions were varied to test the
robustness of the solution.

For flow calculations the left and right boundaries had constrained head values,
while top and bottom boundaries were impermeable. Flow was from left to right.
A uniform aperture was specified for the entire domain. A single constrained source

(concentration = 1.0) in the ‘middle of the left side boundary provided the input
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Test 1 Test 2 Test 3
Potential Difference, Ah | 9.0 9.0 99.0
Grid Size (x) | 10 20 10
Grid Size (y) | 10 20 10
Source Thickness | 1.0 0.5 1.0
Length of Model, L { 10.0 10.0 10.0
Grid Spacing, AL | 1.0 0.5 1.0
Groundwater Velocity, v | 0.075 0.075 0.825
Longitudinal Dispersivity, a; | 0.5 0.5 0.5
Transverse Dispersivity, o, | 0.5 0.5 0.5
Diffusion Coefficient, D* | 1.0 x 1079 | 1.0 x 10~° | 1.0 x 10~°
Time Step, At | 1.0 1.0 1.0
Total Time, ¢t | 100.0 100.0 100.0
Peclet Number(x) | 2.0 1.0 2.0
Peclet Numter(y) | 0.013 0.013 123
Courant Number(x) | 0.075 0.15 .825
Courant Number(y) | 1.3 x 107° | 5.4 x 101! | 1.3 x 10~°
%Error | -0.00190 -0.00024 -0.00588

Table 2.2: Parameters used in numerical model for comparison with the LINE2D
analytical solution.

mass. Parameters used for these tests are shown in Table 2.2.

Each of these tests was compared to an analytical solution, LINE2D (Sudicky,
1986). The results of these comparisons are shown in Figure 2.6. The solution
attained by the numerical model and analytical solution are essentially identical.
Small differences result from the effects of boundary conditions and being unable to

represent source conditions exactly between the two codes.

Dissolution

The numerical dissolution process was compared to an example given by Powers et.
al. (1991) . Their work involved studying the dissolution of NAPLs in porous media.
The NAPL in their work is represented by “blobs” in the porous media. The blobs
are quantified by the interfacial contact area with the surrounding saturated media.
The NAPL is dissolved using a rate-limited process. The effects of groundwater flow,

transport (including dispersioﬁ), and diffusion are also included.
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Figure 2.6: Numerical model compared to the analytical solution for a simple
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Figure 2.7: Numerical model compared the analytical solution for a simple advection-
dispersion problem.

The fracture model is setup to closely resemble the scenario presented above.
NAPL is distributed evenly within a fracture that has a constant aperture (i.e. for
a 10% saturation every tenth cell contains NAPL residual). Parameter values such
as porosity and interfacial area are matched exactly between the simulations (see
Table 2.3); however, due to numerical constraints such as the effects that the bound-
aries have, the results cannot be matched perfectly. The results of this comparison

are presented in Figure 2.7.

24



Aquifer Dispersivity, « | .10 m
Darcy velocity, ¢ | 10.0 m/d
Porosity, 6 | .25
Residual saturation of TCE | .10
Lateral extent of contaminated region | 4.0 m
Coeflicient of Mass Transfer, k, | 2.4e-6 m/s

Table 2.3: Parameters used in numerical model for comparison with example from
Powers et. al. (1991).
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Chapter 3

Modeling Results and Analysis

The numerical model described in the previous chapter was applied to a number of
theoretical scenarios to elucidate the dissolution behavior of NAPLs in rough-walled
fractures. Most simulations were conducted using impermeable fractures walls; how-
ever, some example simulations were also run using a permeable matrix. The im-
permeable matrix simulations demonstrate the essential character of the dissolution
process, including what factors control the dissolution process. Through compari-
son to the previous results, the permeable matrix simulations illustrate the potential

significance of matrix diffusion on the dissolution process.

3.1 General System Behavior

This section examines the general behavior of a fracture containing NAPL residual
undergoing dissolution. First, the overall character of NAPL aqueous concentration
and saturation in space and time are illustrated. These are followed by an examina-
tion of changes in the mass output of the fracture, aqueous phase concentration of
the NAPL, NAPL saturation and relative transmissivity of the fracture.

The small-scale perturbations in some of the curves presented here are a direct re-
sult of the discrete representation of the dissolution process whereby NAPL-occupied
cells are converted to water-occupied cells. For example, when residual is removed

from the fracture two effects combine to affect the dissolution process: the flow pat-
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Parameter | Value
Gradient Across Fracture | 0.08 m/m
Fracture Width, (x) | 1.25 m
Fracture Height, (y) | 1.25 m
NAPL Solubility Limit | 1100 ppm
Coeflicient of Mass Transfer, k; | 2.0e-6 m/s
Initial Mass of NAPL | 59.9 grams
Longtitudinal Dispersivity, oy | 0.5 m
Transverse Dispersivity, o, | 0.5 m
Diffusion Coefficient, D* | 1.0 x 107° m?2/s
Time Step, At | 1000.0 sec
Total Time for NAPL Dissolution, t | 7.9 years
Total Mass Error, % | .13

Table 3.1: Parameters used in numerical model for the example simulation.

tern 1s changed and the amount of NAPL in contact with water changes. In most
cases, removing a block of NAPL residual only marginally affects the flow pattern,
yet it might dramatically increase or decrease the contact area between the water and
the NAPL. This change in contact area affects the output concentration. Occasion-
ally removing a block of NAPL may dramatically affect the fracture’s transmissivity
and thus change the total flow of water through the fracture. The combination of
these micro-scale changes may then lead to either a spike or drop in parameters that

characterize the dissolution process, such as the total downstream mass-output.

3.1.1 Simulation Description

The results in this section are from a single dissolution simulation conducted using
a fracture with impermeable walls (i.e., no matrix porosity). The parameters and
some basic output characteristics for this simulation are presented in Table 3.1.

The pattern of NAPL dissolution in this simulation is typical of most simula-
tions presented later in this chapter. Figure 3.1 shows representative snapshots of
the NAPL distribution and the aqueous-phase concentration within the fracture as
dissolution proceeds.

Early in the dissolution process the groundwater within the fracture, which is
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Figure 3.1: A series of snapshots showing the dissolution simulation that is discussed

in this section.
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moving from left to right in Figure 3.1, becomes nearly saturated with NAPL. There
i1s a general increase in NAPL concentration from left to right; clean groundwater
enters the fracture at the left and the NAPL concentration increases as water comes
into contact with more NAPL residual as it passes through the fracture. The rate of
NAPL dissolution at the downstream end of the fracture is slower than the upstream
end because NAPL concentrations are higher near the downstream end; higher NAPL

concentrations result in a slower rate of mass transfer from the non-aqueous to the

aqueous phase.

3.1.2 Dewnstream Concentration

As shown above, the aqueous-phase concentration of NAPL varies spatially through-
out the fracture. Thus, the aqueous-phase concentration in water exiting the fracture
will also differ along the downstream boundary (Figure 3.1). To calculate a repre-
sentative concentration of the water exiting the fracture the mass flux of NAPL at
the boundary is divided by the volumetric water flux.

The average concentration of NAPL in the aqueous phase exiting the fracture
falls steadily during the dissclution process (Figure 3.2). The concentration is ini-
tially close to the solubility limit and declines almost immediately. This decline is
associated with the disappearance of NAPL and a greater amount of water flowing
through the fracture. In other simulations where the groundwater velocity is lower
than this example case, the downstream concentration may be at the solubility limit

for a long period of time before the concentration begins decreasing.

3.1.3 NAPL Saturation

The amount of NAPL in the fracture is expressed in terms of its saturation. NAPL
saturation is measured using both volumes and areas which are referred to as volumet-
ric or areal saturation respectively. The specific values for volumetric and areal sat-

urations differ because of the.varying aperture distribution; however, general trends



-~ 1000 T T
>
E
S
5 800 -
k o=l
[03]
Q
[ o=y
o
O 600 ]
(2]
o
«
X
o
3 400 -
[¢))]
o |
O
<
£ 200 i
o
>
c
=
o
D 0 N 1 N I "
0 1000 2000 3000

Time (days)

Figure 3.2: Concentration versus time curve for a single dissolution simulation.
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Figure 3.3: NAPL Saturation versus time curve for a single dissolution simulation.

of results are the same when these values are plotted against other parameters, such
as time.

The areal saturation (as well as the volumetriz saturations) decreases steadily over
time during the dissolution process (Figure 3.3). The cells of NAPL “'sappear at a
fairly constant rate; however, this rate slows near the end of the dissolution process.
The cells of NAPL at later time in the model are generally the largest cells (i.e. the
NAPL occupies the largest aperture segments). Since the cell contains more NAPL,
it takes longer for the NAPL to disappear. This phenomenon will be discussed in

more detail later.
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Figure 3.4: Relative Transmissivity (for water) curve for a single dissolution simula-
tion.

3.1.4 Relative Transmissivity

The relative transmissivity of the fracture is plotted versus the areal NAPL satura-
tion; these plots are referred to as relative transmissivity curves. As expected, the
relative transmissivity of the fracture increases as the saturation of NAPL decreases
(Figure 3.4). Note there are specific “jumps” in the relative transmissivity. The
sudden increases occur when a cell is removed that opens a new flow path; this new

flow path has a significant effect on the fracture’s relative transmissivity.
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Figure 3.5: Mass-output curve for a single dissolution simulation.
3.1.5 Mass output

Figure 3.5 shows the downstream mass-output relationship versus time for the com-
plete dissolution simulation. The overall pattern presented here is simple and similar
for all other simulations: the mass-output increases gradually from an initial value
to a maximum and then decreases to zero when all the NAPL has been removed.
As mentioned previously, this curve represents the combined effects of variations in
mass-output concentration and relative transmissivity. Note also that there is no cor-
relation between the downstream aqueous-phase concentration and the downstream

mass output (Figure 3.5) during the dissolution process.
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3.2 Sensitivity Analyses

In order to determine the important controls on dissolution, a sensitivity analysis
is performed on different simulation parameters. The emphasis for the sensitivity
analyses is placed on the physical constraints of the system, such as NAPL location

and the fracture aperture distribution.

3.2.1 NAPL Placement

Invasion Percolation

Figure 3.6 shows the mass-output for a single fracture with three different initial
NAPL saturation levels created with invasion percolation methods. All other param-
eters, such as the gradient across the fracture and the coefficient of mass transfer for
the NAPL were held constant, and the same random aperture field was used for each
of the different simulations. To obtain varying initial saturations, an initial residual
distribution was first created using invasion percolation techniques (Mendoza, 1992).
This NAPL distribution was then artificially modified by removing or adding residual
around the edges of existing NAPL residual clusters.

The curve for the low initial NAPL saturation case (20%) has a high peak or
maximum mass output rate. This peak rate occurs relatively early when compared
to higher initial NAPL residual saturations. Following this peak, the rate of mass
output drops quickly until all the NAPL has disappeared (Figure 3.6).

The curve for the relatively high initial NAPL saturation case (44%) has a low
peak mass output rate and the peak rate occurs late when compared to lower initial
saturations. As well, the peak rate occurs over a greater interval of time than the
lower saturation case (i.e. the curve has more of a “U” shape than a “V” shape).
As would be expected, the total time for the NAPL to completely dissolve is much
greater than in the lower NAPL saturation cases. This relationship between NAPL

saturation and dissolution time will be discussed in more detail later.
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Figure 3.6: Mass-output for three saturation levels created with invasion percolation
methods for a single fracture with the same aperture distribution.



Random Residual Assignment

In the previous section it was demonstrated that the initial NAPL saturation affected
the mass-output curves. The position of the NAPL within the fracture will also
have an effect on the mass-output curves. The location of NAPL in the fracture is
controlled by the criteria controlling invasion percolation. To investigate the infuence
that invasion percolation has on the mass-output curves, simulations were performed
where the NAPL was distributed randomly throughout the fracture. To permit
direct comparisons to previous results the initial NAPL saturations were forced to
be identical to the previous invasion percolation residual distributions.

The random residual assignment is produced by randomly assigning NAPL occu-
pied cells throughout the fracture, with no consideration given to either occupancy
(i-e., aperture size) or accessibility (i.e., invasion tnechanism) criteria. This random
residual assignment distribution of NAPL is not meant to represent any real scenario,
nor is it based on an actual physical process, as is the case of invasion percolation.
However, the random residual distribution does offer the chance to exarmine mass
output curves that are independent of the process of invasion and that have a greater
statistical link to the initial NAPL residual saturation. By comparing the random
residual assignmert results to those of invasion percolation we can identify features
of the mass output curves that are a direct result of the NAPL invasion history and
its position in the fracture relative to the raudom aperture field.

Qualitatively, the general mass-output curve shapes and trends for the random
residual distributions are similar to the invasion percolation results (Figure 3.7).
That is, initial lower saturations have higher peaks and the NAPL dissolves quickly,
whereas higher initial saturations have lower peaks and the NAPL takes a longer
time to disappear. Even though the invasion percolation distributior and random
NAPL distribution mass output curves have these similarities, differences are strik-
ingly apparent. One major difference is that the residual distributions created with
invasion percolation take much longer to dissolve than the random residual distribu-

tions (note the different time s'cales for figure 3.6 and figure 3.7). A second significant
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Figure 3.7: Mass-output for three saturation levels created with invasion percolation
methods for a single fracture with the same aperture distribution.

difference is that the separation between the maximum peaks for the random residual
distribution case is small whereas the time separation for the maximum peaks in the
invasion percolation case is relatively large. Thus, invasion percolation curves are
skewed far more to the right than the random NAPL distribution curves.

The underlying reason for these differences must be due to the position of NAPL
within the fracture, which is directly related to the invasion process controlling the
NAPL placemept. Further explanation for these differences may be obtained by
considering arbitrary cross-sections from both a random residual distribution and a
distribution created with using invasion percolation. (Figure 3.8)

The random residual distribution has a high initial dissolution area as compared
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Figure 3.8: Cross-sections through a residual distribution for invasion percolation
and random residual assignment. NAPL is shown in grey and water fills the rest of
the fracture.

with the invasion percolation distribution. The dissolution area is simply the area of
NAPL in contact with water. Even though the cross-section is a simplification of the
three-dimensional case, the high initial dissolution area of the random percolation
case is visually apparent. It is this high dissolution area that results in random
residual distributions having a higher mass output rate than the invasion percolation
distributions. Since more of the NAPL is in direct contact with water, the NAPL in
random residual distributions dissolves more quickly.

A corollary to this is that the invasion percolation distribution is more continuous.
The NAPL is generally located in blobs inside larger aperture spacings. As noted
before, these distributions have a smaller initial dissolution area; the NAPL is more
likely to be connected in groups. Since there is more NAPL-NAPL contact, there is
less NAPL-water contact. Again, this is visually apparent from Figure 3.8. It is the
differences in the NAPL distribution patterns that cause the differences between the
random residual case and the invasion percolation case in the mass-output curves.

For the invasion scenario, the NAPL begins to dissolve from the edges of the

NAPL blobs first. The initial dissolution rates would be low; hence, the initial

38



mass outputs are low. Once the smaller NAPL-containing cells have been removed
the larger ones begin to dissolve. The dissolution of the larger aperture segments
containing NAPL yield the peaks seen on the mass output graph. The peaks are
generally wider (longer in time) and smaller (lower peak mass-output rate) when
compared to the mass output peaks of the random residual distributions. Because of
the spatial location of NAPL within the fracture, invasion percolation distributions

slow the dissolution process when compared to the random residual distributions.

3.2.2 Random Field versus Saturation Effects

The previous results examined varying NAPL saturations and method of occupation
(i-e., random NAPL distribution versus invasion percolation) versus the mass output
for a single random aperture distribution. The random aperture distribution will also
affect the mass output. To determine whether this effect is significant or predictable
further simulations were conducted using a series of statistically similar, but different
random aperture fields. Invasion percolation was used to create the initial NAPL
residual distribution in each random field investigated. The initial NAPL saturation
for every simulation was set at 40% by adding or subtracting NAPL around residual
clusters until the target saturation was reached.

Figure 3.9 shows the mass output curves from two separate random field distri-
butions. Even though both begin with an initial NAPL saturation of 40%, the time
for total NAPL dissolution varies by over 2000 days. Also, the shapes of the curves
vary for each distribution. Curve A has a high initial peak that occurs fairly early.
This is similar to the lower saturation curves seen previously. Curve B has a lower
peak mass output occurring relatively late. This curve shape is reminiscent of the
higher saturations seen previously, yet both mass output curves correspond to the
same initial NAPL saturation. Thus, the controlling factor causing the differences
in these curves must be the character of the random field and the differences they
impose on the residual distributions and flow field.

The random fields are sta'tistically similar. The minor differences in the size
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Figure 3.9: Mass output versus time for two distribution created using invasion
percolation on three different random fields. .

and arrangement of the initial NAPL residual with these fields play a large role
in controlling the aqueous-phase mass output. More importantly, it is the series
of connected pathways during the invasion process that controls the pattern of the
NAPL residual. This effecs, even on the conceptual level, is nearly impossible to

predict beforehand.

3.2.3 Random Field Variance

The variance of the random field was modified to investigate the type of effect this

would have on the mass output curves. Figure 3.10 shows cross-sections of two frac-
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Figure 3.10: A cross-section through two fractures that share the same initial aperture
distribution; however, the variance of each one has been modified. The black cross-
section has a variance of 0.75 while the grey cross-section has a variance of 2.25, but
both have a mean aperture of about 30 microns.

tures. The fractures started with the same aperture distributions and the apertures
were modified so the overall variance of the fractures would be different. For the given
mean aperture, a fracture aperture distribution with a smaller variance has larger
minimum and smaller maximum apertures than a fracture with a larger variance.
The general behavior of the mass output curves after modifying the variance
should be predictable. Increasing the variance of the fracture aperture distribution
should have two main effects of the mass output curves. First, since the apertures
surrounding the NAPL blobs are smaller the initial mass output rates should be
smaller for the fractures aperture distributions with larger variances. Also, the time
for the mass output peak to occur should be later. Second, the mass output peak
should be larger since the peak represents the larger aperture spaces. If the variance
of the aperture distribution is larger then the larger apertures space will also be large.
Figure 3.11 shows a two mass output curves for two dissolution simulations. Most
of the parameters between the simulations were held constant except for the variance.
The result are as exactly as predicted. These results help confirm the importance of
the invasion percolation residual (i.e., blobs) in dissolution modeling. It also demon-
strates that subtle changes in the nature of the random field can have a dramatic
effect on the dissolution of NAPL within the fracture. Also, note that most of the
peaks in the output curves can be be correlated with each other. The higher value

of variance has the effect of stretching the mass output curve in time.
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Figure 3.11: Two simulations showing the mass output of the two fractures that
differ only by the variance (V) of their aperture distributions.
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Figure 3.12: Mass-output for four saturation levels created with invasion percolation
methods for a single fracture (the same aperture distribution).

3.2.4 Higher NAPL Saturations

The time for the NAPL to completely dissolve can vary by years for fractures with
the same initial NAPL saturations, but with different methods of creating the initial
residual distribution (e.g., distributions created using invasion percolation versus
random NAPL assignment). At even higher initial NAPL saturations the effect
becomes further exaggerated as demonstrated by using a NAPL saturation of 50%
(compare Figure 3.12 to 3.13).

For the random residual case, increasing the initial saturation this small amount,

from 44% to 50%, does not have a dramatic effect on the mass output curve. The peak
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mass output rate has declined and the overall time for complete NAPL dissolution
has correspondingly increased. However, for a distribution generated using invasion
percolation the mass output peak is delayed significantly where the initial saturation
has been increased from 44% to 50%.

At 44% saturation most of the larger aperture segments in the invasion percolation
case contain NAPL. When the saturation is increased the only additional space for
the NAPL to reside is in the surrounding small aperture spaces. Since the NAPL-
water contact area within these aperture cells is very small it takes a very long time
for the NAPL to be removed from these smaller aperture cells. Also, the fracture
has a low initial relative transmissivity because much of the fracture is filled with
imm~bile and impermeable NAPL. Thus, the volume of water flowing though the
fracture is low, which contributes to the slow dissolution rate. Once the smaller cells
around the larger ones have dissolved, the mass output increases and the mass output
curves have a similar peak rate curve as the lower saturation cases.

For this case there is a significant high saturation point between 44% and 50%
initial NAPL saturation. This is the point where the larger apertures segments have
been filled with NAPL. Once past this point (i.e. high saturations), the surrounding
smaller apertures are filled. This filling of these smaller segments has a large effect
on the dissolution time.

Figure 3.14 shows the relative transmissivity curve for four simulations. Each
simulation is conducted with the same random aperture distribution. The NAPL
residual distribution for these simulations are created using invasion percolation and
are then modified to represent varying degrees of NAPL saturation. These four
simulations are the same as those presented earlier in Figure 3.12

The 50% initial curve starts with the lowest relative transmissivity. This is to
be expected because the NAPL is immobile and impermeable to water flow and is
filling much of the fracture. However, this particular simulation continues to have
lower relative transmissivities when compared to other curves at the same saturation

point. For example, at the 25% NAPL saturation point, the 50% initial NAPL
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volumetric NAPL saturation. The simulations shown here used NAPL distribution
created by invasion percolation.



saturation curve has a relative transmissivity of approximately 0.01, yet the curves
for initial NAPL saturations of 43% and 33% have relative transmissivities that are
over an order of magnitude higher.

The curves produced from the initial NAPL saturations of 20%, 33% and 44%
have very similar profiles; however, the 50% saturation curve seems, for the most
part, to follow a different path. This curve was differentiated earlier from these
other three in the mass-output results. It was considered a “high” saturation case
because the dissolution time for the NAPL jumped dramatically. Starting with a
higher saturation than the other simulations has had an effect on the path this
curve follows. Since the transmissivities are lower for this high saturation case, the
dissolution process will take longer.

For comparison, Figure 3.15 shows the relative transmissivity curves for the ran-
dom residual distributions (Figure 3.13). The overall relative transmissivity of the
randomly distributed NAPL is dramatically higher. For example, the initial relative
transmissivity for the 43% saturation curve is greater than 0.1. This is over an order
of magnitude larger than for the same saturation created using invasion percolation.
This trend is apparent throughout all the NAPL saturation levels. The reason for this
again has to do with the different position of NAPL relative to the aperture distribu-
tion for the invasion percolation case versus the random residual case. The invasion
percolation case has the lower relative transmissivities because the larger aperture
spaces are preferentially filled. Because the relative transmissivity is directly propor-
tional to the aperture size (Equation 2.5), the invasion percolation distributions have
lower transmissivities for equal saturation of random residual distributions.

The other major difference between the invasion percolation and the random
residual distribution transmissivity cases is that there is no “high” saturation dis-
tinction. The 50% curve in the random percolation case does not show any significant
differences from the other curves; just as it did not show any significant differences

from the trends in Figure 3.13.

The random aperture field also has an effect on the relative transmissivity curve.
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Figure 3.15: Semi-log plot of the relative transmissivity of the fracture versus the
volumetric NAPL saturation. The simulations shown here used NAPL distribution
created by random residual assignment.
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volumetric NAPL saturation. The simulations shown here used NAPL distribution
created by invasion percolation and all distribution have been modified so the initial
NAPL saturation is 40% in all cases.

Figure 3.16 shows the results for 4 simulations conducted with different aperture
fields. Initial NAPL saturations of 40% were created using invasion percolation.
The transmissivity curve for three of the simulations appear to be similar, however
the fourth is lower than the rest. Since these curves are different the pattern of
dissolution, and the time it takes for the NAPL to dissolve, will be different. These
differences are again related to the unpredictable nature of the random fields.

The relative transmissivity curves converge when the NAPL saturation is less

than about 20%. The convergence occurs when the NAPL exists only as disconnected
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50
blobs throughout the fracture. These disconnected blobs do not have a large effect the

relative transmissivity of the fracture when compared to higher NAPL saturations.

Similar results were presented by Mendoza (1992).

NAPL Dissolution Time versus Saturation

Figure 3.17 shows the time for NAPL dissolution versus the initial NAPL saturation.
It summarizes many of the concepts that were presented previously. This figure is
constructed from the curves in Figures 3.12 and 3.13, and also with information from
simulations conducted at lower saturations.

The graph shows two curves, one representing random NAPL distributions and
the other representing invasion percolation distributions. The curves are similar for
lower saturations (below 30%); however, at higher saturations the NAPL dissolution
times for the invasion percolation case begin to increase dramatically. As stated ear-
lier, this is due to the larger pore spaces and the surrounding smaller ones becoming
completely occupied with NAPL. The “high saturation point” in this case would be
around 46% to 48% where the curve suddenly flattens.

Areal Saturation Plots and Discussion of Boundary Effects

The order in which the NAPL disappears from the fracture is different when com-
paring the 44% case to the 50% case. This is indicated by the different paths the
relative transmissivity curves follow.

Figure 3.18 is a plot of the areal NAPL distribution within the fracture and shows
how that distribution changes during the dissolution process. There is little difference
between the distribution of the two cases early in the dissolution process; however
the 44% case disappears much faster and in a different order. The difference in
dissolution time can be explained by the difference in initial relative transmissivities.
Since the initial relative transmissivity of the higher saturation case is low, there is
little water flowing through the fracture. The aqueous-phase concentration of NAPL

within the fracture reaches the solubility limit and the dissolution on NAPL slows
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dramatically. The dissolution rate increases only when the transmissivity increases
to the point where water can move significant amounts of aqueous-phase NAPL out
of the fracture.

The pattern in which the NAPL disappears is also different. This results from
the boundary conditions imposed on the simulation. For the high saturation case,
very little mass is transported out of the downstream boundary, instead the NAPL
slowly diffuses out the left-hand side. Until a significant pathway is opened up, this
diffusion in the main mechanism for NAPL to exit the fracture. Since this process
is very slow, it takes a very long time for the NAPL to dissolve. Also, the NAPL
is removed along the left-hand side of the boundary as opposed to along major flow

paths (such as in the lower saturation case, see Figure 3.18).

3.2.5 Groundwater Flow and Mass Transfer Coefficient

To this point only the effects of saturation, percolation method and various ran-
dom fields on dissolution have been investigated. The effect that the mass transfer
coefficient and groundwater velocity have on the time for the NAPL to completely
dissolve is also important. If the dissolution time is long, then the NAPL residual
can act as a long-term source of groundwater contamination that would be difficult
or impossible to remediate. If the dissolution time is decreased, the NAPL may be
able to be removed using conventional remediation technologies.

To investigate some of the effects of groundwater flow rates and the mass transfer
coefficient has on the NAPL dissolution times several additional simulations were
conducted. Each simulation used the same random field and the same initial residual

distribution created using invasion percolation.

Groundwater Flow

The groundwater velocity through the fracture, which is related to the volume of
water coming into contact with the NAPL is a controlling factor in the rate of dis-

solution. In the discrete fracture there is no single groundwater velocity that can be
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used to characterize the flow through the fracture. Instead, the gradient across the
fracture is used. An increase in the gradient directly correlates with an increase in
the groundwater velocity. Of course, increasing the gradient across the fracture also
increases the volume of water that passes through the fracture for a given amount of
time.

Figure 3.19 shows the relationship between the gradient across the fracture versus
the time for dissolution for a single residual distribution. Note the flattened part of
the curve past about 7000 days. This part of the curve is mainly controiled by
diffusion out of the fracture at the left-hand side. Due to the constraints of the
boundary conditions for the transport model, mass can only exit via diffusion through
the left hand boundary; therefore, the slope at this point in the graph may be less
than expected under “real” conditions.

The effect that the groundwater flow rate has on dissolution is most dramatic
in the neighbourhood of 5000 days. Here the groundwater velocity is still relatively
small and the dissolution time is relatively long. However, only the smallest change
in groundwater velocity produces over a 2000 day difference in the time required
for NAPL dissolution. This effect is mainly a result of the right-hand boundary
condition. Mass that was previously building up at the boundary and not exiting
the system is now being carried across the boundary by advection. Moving this mass
across the boundary lowers the concentration in the system, which increases the rate
of dissolution and decreases the dissolution time.

Figure 3.19 shows that if the gradient across the fracture is increased to about
0.2 m/m, the dissolution time is around 2500 days. This difference in dissolution
time is not as dramatic as in the previous step. The rate of groundwater flow is
being increased; however, the rate of mass transfer from ihe non-aqueous to the
aqueous phase remains the same. The controlling factor in the flux term controlling
the dissolution is the mass-transfer coefficient (k;) instead of the difference between
the maximum solubility and the actual concentration (C, - C).

When looking at higher head gradient values, such as 0.4, increasing the water
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flow rate has nearly lost its effect on dissolution time. Here the water is flowing fast
enough to keep mass from building up and concentrations from being high; therefore,

the mass transfer coefficient is controlling the dissolution.

Mass Transfer Coefficient

Figure 3.19 also shows the effect that varying the mass transfer coefficient has on
dissolution times. At low groundwater flow rates, variation in the mass transfer
coefficient has little effect on the rate at which mass will be dissolving because the
local concentration difference (C, — C) is the controlling factor. However, when
groundwater flow rates are high, differences in dissolution times due to changes in the
mass transfer coeflicient are more apparent. Obviously, increasing the mass transfer
coefficient will result in a shorter dissolution time and vice-versa; the increase in mass
transfer rates has a diminishing effect similar to increasing the rate of groundwater

flow.

3.3 Monte Carlo Results

Results to this point demeonstrate that the aperture field and residual distribution
have large affects on the dissolution of the NAPL. However, a precise description
of the effect that a certain aperture field will have on dissolution is difficult, if not
impossible, to obtain. To better understand the range of dissolution behavior that
different, but statistically similar, aperture fields have a Monte Carlo analysis is

performed.

3.3.1 Mass output

Multiple simulations are conducted on many different initial residual distributions
that were each created from a unique random aperture field. The placement of resid-
ual is generated using invasion percolation and the final residual distributions for

each random aperture field following the invasion process is left unmodified. The
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Value Used
Height/Length of Fracture | 1.25 m
Number of Elements | 2500
Average Aperture | 27.5 u
Head Differential Across Fracture | 0.20m

Table 3.2: Parameters used for Monte Carloc simulations

initial areal NAPL saturations are all within approximately 20% . The initial statis-
tics used in generating the random aperture field, such as the average aperture, are
held constant for every simulation. The random seed used to generate the random
aperture distribution is the only parameter that is varied. Changing this seed will
cause the random distribution of apertures to be different, which also results in a dif-
ferent residual distribution. Table 3.2 shows the parameters used for the generation
of the aperture and residual distributions and some of the parameters used for the
dissolution modeling.

Analysis of several simulati::as shows that the basic pattern is generally the same
for all aperture/residual distributions. Figure 3.20 shows the mass output versus time
results from 20 simulations. Curves that have a higher maximum mass output have
been marked in black, while curves that have a lower maximum mass output have
been marked in grey; this arbitrary distinction is useful for further analysis. There
are curves that have profiles similar to the low saturation curves in the previous
section (black curves). Also some curves have profiles similar to the high saturation
curves in the previous section (grey curves). From the previous results we know that
the random aperture distribution and NAPL saturation/distribution are controlling
the profile of these mass-output curves. The only parameter that has been varied has
been the random seed for the generation of the random aperture field. It is obvious
from Figure 3.20 that the effect of the different random aperture fields is dramatic.

Figure 3.21 shows the mass-output of the fracture versus the NAPL saturation
during dissolution. The curves are from the same simulations that are used in Fig-

ure 3.20, with the same black versus grey separation between high and low maximum
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output values being used. The curve shape between each simulation is similar except
for the maximum mass-output rate. This maximum rate occurs around 20% to 40%
volumetric saturation of NAPL. Note that there is a correlation between the i
tial volumetric saturation of the wetting phase and the maximum downstream :rass
output; higher initial wetting-phase volumetric saturation (lower NAPL saturatic:.)
generally results in higher downstream mass outputs.

The curves that have a high mass output result from NAPL being trapped in
larger aperture segments. This results in a larger area of NAPL in contact with
water; dissolution time is decreased and the rate of mass output is increased. Curves
that have a lower mass output result from NAPL being trapped in small aperture
segments. This results in a smaller area of contact with water; dissolution time is
increased and the rate of mass output is decreased. This concept, which has been
discussed previously, is illustrated in Figure 3.22

Some of the mass-output profiles appear to be produced by saturations similar to
case A while some appear to be produced by saturations similar to case B. A high
mass output case and a low mass output case will be examined. Figures 3.23 and
3.24 show the previous results with two individual examples of a high output case
axd a low output case highlighted.

The highlighted residual cluster in the cross-section of case A (Figure 3.26) shows
the NAPL in a larger set of aperture segments. The surface area of NAPL in contact
with the sur-cinding water is relatively high. This results in a greater mass flux of
NAPL fror ti:= non-aqueous to the aqueous phase. Compare this to the highlighted
section in the cross-section of case B (Figure 3.26). Here, most the of NAPL is
trapped in segments which are relatively small, except for the centre of the residual
cluster. The area in contact with water is relatively low, therefore the mass flux
during dissolution is also low. Since the mass flux is low, the residual cluster will
take a longer tiine to disappear than the cluster in case A. When the smaller segments
around case B cluster have dissolved, the center part will disappear relatively quickly

with high mass fluxes into the water leading to the rapid decline in mass output at
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Figure 3.21: Downstream mass output versus volumetric saturation of the wetting
phase. Black and grey lines shown an arbitrary separation.
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Case A Case B

Figure 3.22: Two conceptual cases on how NAPL is located within a fracture. The
bottom grid shows what the areal saturation would look like in plan view.
the tail end, similar to case A.

The cluster in case A (Figure 3.26) is surrounded by smaller aperture segments.
If these segments were filled with NAPL the pattern of dissolution for the cluster
would be more similar to case B. Generally, NAPL is trapped in larger aperture seg-
ments. Naturally, these larger aperture segments are surrounded by smaller aperture
segments. If these surrounding aperture segments contain no NAPL the dissolution
patterns (such as mass output over time) will be similar to case A. If these surround-
ing aperture segments contain NAPL, then the dissolution pattern will be similar to
case B.

The initial residual distribution patterns cannot all be simply identified as case
A or case B type initial residual clusters. On the contrary, when looking at other
cross-sections of case A, case B type residual cluster distributions can be found and
vice-versa. The controlling factor is how many case A residual distributions there are
compared to how many case B residual distributions. It is the relative distribution of
these two cluster types that will determine which case the mass output will resemble.
Because there is a spectrum of distribution types (i.e., some distributions have more
case A distributions and some have less) there is a distribution of the mass output
curves from type A to type B.

Despite the fact that the a})ove behavior and their causes have been clearly iden-

tified, identifying a priori whether a residual pattern will produce a type A or type
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Figure 3.23: Downstream mass output versus volumetric saturation of the wetting
phase. Two example realizations are highlighted.

B mass output result is difficult. It is especially difficult in these simulations since
the random aperture distribution is the only real variable. There is some indication
given by the initial NAPL saturation. For example, Figure 3.25 shows the two initial
residual distribution for simulations that produced the A and B mass-output curves.
Residual distribution B does have a greater saturation. However, in the scope of
these simulations, the effect of the random field is just as important as the areal

saturation of the initial residual NAPL.

3.3.2 Relative Transmissivity

Figure 3.27 shows the relative transmissivity curves for the 20 Monte Carlo simula-
tions discussed above. The same distinction between the high mass-output curves
and low mass-output curves (black versus grey) has been made. There is no appar-
ent distinction in the paths the relative transmissivity curves follow between these to
cases. In general, the grey curves (i.e., corresponding to simulations that have rel-
ativity longer dissolution times) have lower starting relative transmissivities similar

to the example shown in Figure 3.14.
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Figure 3.24: Downstream mass output versus time. Two example realizations are

highlighted.

Figure 3.25: Initial residual distribution for cases A and B.
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Figure 3.26: Cross sections taken through cases A and B.

These curves depend not only on the original placement of the NAPL as the mass
output results do but, they also depend on the order of disappearance of NAPL.
That is, when one cell ccittaining NAPL is removed the transmissivity of the entire
fracture will change accordingly. A cell may be right near a flow channel and affect
the transmissivity dramatically when it disappears or it may have little effect on the
relative transmissivity when it is removed.

Figure 3.28 shows the effect of varying the mass transfer coefficient and the av-
erage groundwater velocity on the relative transmissivity curves. Simulations were
conducted on one random aperture field with the same initial invasion percolation
distribution. The gradient was modified from 8 x 10~5m/m of water head to about
0.4m/m of water head across the fracture. The mass transfer coefficient was modi-
fied from 1.5cm/s to 2.5cm/s. The results show very little difference in the relative
transmissivity curves which suggests that the NAPL is being dissolved in nearly the
same order for every case, even though dissolution times can vary dramatically.

The one dotted curve in Figure 3.28 corresponds to a very low gradient case. Here
the .wWAPL does dissolve in a slightly different order. This is due to the limiting right-
hand boundary condition. The limitation of this boundary is that mass can only
cross that boundary via groundwater advection. Because the groundwater velocity

is low, more NAPL diffuses out the left hand-side boundary than exits at the right.
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Figure 3.27: The relative transmissivity curve from the Monte Carlo analysis. The
same black and grey separation of the curves is used.
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Figure 3.28: Relative transmissivity curves where the groundwater
mass transfer coefficients are varied.

velocity and the
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Figure 3.29: Plot of NAPL dissolution time versus matrix porosity.

3.4 Permeable Matrix

The results presented to this point have all dealt with fractures that have imperme-
able walls (i.e., the surrounding matrix has no porosity). However, recent research
(Parker et al., 1994) has indicated that a permeable matrix can have a large affect
on NAPL dissolution time; a sample of this effect on dissolution is presented here.
Figure 3.29 shows a plot of the NAPL dissoiution time versus the matrix porosity
(note the plot is on a log-log scale). The simulations represented on this plot are
conducted on a constant aperture field with the same invasion percolation NAPL
distribution. The grid used is smaller (25X25) than the previous sections; this was
necessary because of the extra computational requiremients involving in modeling
both the fracture and the matrix. Each simulation was conducted with a different
value for matrix porosity. The overall effect on the dissolution time is dramatic.
Matrix porosity is critical because the surface area available for NAPL-water
contact with matrix water is much greater than the NAPL-water contact area within
the fracture. Even though diffusion is a relatively slow process, much of the NAPL

can migrate into the surrounding matrix. If the matrix is porous then the predictions
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of the dissolution time and output concentrations k¢ .ine even more complex. Mass
that is stored in the matrix will begin to slowly diffuse back into the fracture and act

as a low-level, long-term source of groundwater contamination.



Chapter 4

Conclusions

This study modeled physical processes at the micro scale to investigate the dissolution
of non-aqueous phase liquids in single, discrete, rough-walled fractures. The results
indicate that micro-scale features, in particular the random aperture distribution of
the rough-walled fracture, have large effects on the dissolution process.

Predicting NAPL dissoluticn times and concentrations for fractured material has
been extremely elusive. A porous media analogue can be used to represent the con-
taminated fractured material. A conceptual porous media scenario usually involves
blobs of NAPL (usually spheres) distributed through the porous media (e.g. Powers
(1991)). However, porous media analogues do not account for the effects that the
fractures have on the distribution and dissolution of NAPL. For accurate simulation
of dissolution in field scale models, effects that the fracture system has on dissolution
must be incorporated into the models. Because these effects are generally ignored
(not to mention difficult or impossible to predict) accurate dissolution estimates may
be difficult to produce.

In general, the results of the dissolution modeling are very sensitive to the aperture
distribution within a rough-walled fracture. This sensitivity is particularly evident
from examining the aqueous-phase mass output over time and the time necessary
for complete dissolution of the residual NAPL: simulations using aperture distribu-
tions that are statistically similar can produce very different results. These results

are closely related to the amount and spatial distribution of NAPL within the frac-
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ture; however, the NAPL distribution is the result of invasion percolation which
is ultimately controlled by the random aperture distribution. Because the results
are extremely sensitive to an essentially random parameter (i.e., random aperture
distribution) there is appreciable uncertainty.

As a result of the invasion percolation process, blobs of NAPL are located in the
larger ap«rture spaces and are surrounded by smaller aperture spaces. The control
this spatial arrangement has on the dissolution process is particularly evident in the
mass-output curves, which in turn are a function of the output concentration and av-
erage relative transmissivity. A low dissolution rate occurs initially when the smaller
NAPL cells are dissolving, while 2 mass output peak occurs when the larger, inner
NAPL cells begin dissolving. The mass output then decreases at later time when only
a few isolated zones of residual are present. Comparisons with random NAPL distri-
butions further emphasize the importance of modeling the NAPL position within the
fracture using a physically realistic scenario (i.e., invasion percolation). Low initial
NAPL saturations wiil produce high rates of mass output over a short period of time
whereas high initial MAPL saturations will produce low rates of mass output over
a much longer period of time. The random aperture field and the NAPL distribu-
tion within the field also can have a significant effect on the mass-output results.
Fractures with similar characteristics and initial NAPL saturations can have very
different mass-output curves.

Following an iritial rapid buildup, the average concentration exiting the fracture
generally decreases steadily during the dissolution process. This decrease correlates
with a decrease in the NAPL saturation, which decreases the water-NAPL contact
area and an increase in the relative transmissivity, which increases the water flow
rate through the fracture. In the field, low concentrations are generally interpreted
to mean there is little or no NAPL free-phase contaminant present. Results from this
‘study support this interpretation; however, it is important to acknowledge that even
though the NAPL concentration is decreasing, the mass output of NAPL out of the

fracture may be increasing due to increased water flow rates.
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Relative to an assumption of phase equilibrium, the use of a rate-limited mass
transfer process reduces the effect that increased groundwater velocity has on the time
for NAPL dissolution. Remediation schemes using dissolution to remove residual con-
taminant may be improved by studying this relationship between the mass-transfer
coefficient and the groundwater velocity.

The initial relative transmissivity of a fracture is highly dependent on the ini-
tial NAPL residual distribution; however, the change in relative transmissivity dur-
ing the dissolution process is generally insensitive to the groundwater velocity and
mass-transfer coefficient. In other words the NAPL disappears in roughly the same
sequence regardless of the groundwater gradient or the mass-transfer coefficient.

An exception occurs for cases with very high initial saturations. In this case the
initial effective transmissivities are so low that diffusion is the primary transport
mechanism. The consequences of this are that the dissolution process is initially very
slow and the relative transmissivity curve many follow a different path than for initial
residual saturations in the same fracture. Of course, because transport by diffusion
is generally very slow the dissolution time for the NAPL in the fracture increases
substantially.

NAPL can rapidly diffuse into the surrounding matrix if it is porous. This matrix
diffusion process adds to the complexity in predictions involving NAPL and fractured
material. Aqueous-phase NAPL that is stored in the matrix can begin to diffuse
back into the fracture once the original NAPL residual has completely dissolved.
This reverse matrix diffusion would cause the fracture to continue to output low
concentrations of NAPL over a long period of time; this is consistent with field

observations (Kennedy and Lennox, 1995).

4.1 Implications

Results here have shown that predicting the dissolution character of a single fracture
may be very difficult, or even impossible, given the usual lack of specific informa-

tion about the fracture aperture distributions and corresponding NAPL saturation.
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However, the general prediction of NAPL dissolution over an entire site still may be
possible. By using a fracture network model, the individual mass outputs of single
fractures may become less important and an average value of mass output and dis-
solution rate may be enough to make general predictions. This may be particularly
true in fractured, porous media where the uptake of the dissolved-phase into the
matrix will tend to integrate and smooth results.

The time required for NAPL in a fracture to completely dissolve is quite long;
simulations conducted for the impermeable case averaged about seven years for the
NAPL to completely dissolve (with clean water flowing into a2 1 m square fracture).
Extrapolating this to the field scale (i.e., a network model) would be difficult; how-
ever, it would be expected that NAPL dissolution at this scale would take a much
longer time, possibly tens of years.

One limitation of the approach taken here, where only a single fracture is consid-
ered, is that the model does not account for flow bypassing the fracture containing
NAPL. If th? fracture has an appreciable NAPL saturation it will have a low trans-
missivity. ‘;'I‘hus, water may bypass the fracture through either the surrounding matrix
or adjacent fractures that do not contain NAPL. If this occurs then the mass output
of the fracture system would be over-predicted, leading to a gross under-prediction
of the required dissolution time. Another limiting feature of the modeling is that
the water flowing into the fracture is assumed to be clean: that is, it contains no
aqueous-phase NAPL. If it does contain some aqueous-phase NAPL then the disso-
lution time for the fracture segment under consideration would be increased since
the mass transfer rate from the non-aqueous to the aqueous phase would be lower.
Thus, the overall dissolution time for a fracture network would increase since water

entering fractures downstream contains aqueous NAPL.
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Abstract

Residual NAPL trapped in fractured geologic media may act as a long-term source
for dissolved groundwater contamination that is difficult to remediate. Understand-
ing NAPL dissolution at the scale of a single fracture is the first step to a better
representation of this process, as well as other related processes, in larger scale net-
work models. Applying the information from these models will ultimately lead to
improved transport predictions and remediatjon efforts.

The dissolution of NAPL is simulated using a finite-element model with 2-D tri-
angular elements representing a discrete, rough-walled fracture. For fractures that
are bounded by a permeable matrix, 1-D elements are used to model diffusion of
contaminant into the surrounding matrix. The initial NAPL residual distribution in
synthetic correlated aperture fields is created using invasion percolation techniques.
Groundwater flow and aqueous-phase transport solutions are then calculated, with a
concentration-dependent mass-transfer coefficient being used to represent partition-
ing between the NAPL and aqueous phase during dissolution. Detailed mass balance
calculations are used to determine when individual elements containing residual have
been dissolved and should be removed from the system. For comparison, simulations
are performed where NAPL is randomly distributed throughout the fracture.

Sensitivity analyses are performed to delineate the qualita..ve relationships be-
tween fracture transmissivity, residual NAPL saturation, and the concentration of
dissolved NAPL exiting the fracture. These relationships are very sensitive to not
only the initial residual saturation, but also to the initial residual distribution, which

is highly dependent on the synthetic aperture field. Because the correlated aperture



field is produced from a random set of aperture segments there is a large uncertainty
in the behavior of NAPL dissolution.

At higher initial residual saturations the time for NAPL dissolution increases
dramatically because the fracture transmissivity is reduced. This is because at these
lower transmissivities less water is flowing through the fracture, the water in the
fracture reaches saturation, and the dissolution process slows. In reality, the time for
complete dissolution may be even greater since some of the water flow may bypass
the fracture containing NAPL.

The effects of the mass-transfer coefficient, groundwater velocity and matrix
porosity on remediation are also examined. Increasing groundwater head gradients,
such as might occur during a pump and treat operation, are shown to have dimin-
ishing returns in terms of removing NAPL from the fracture by dissolution. If the
surrounding matrix is permeable, NAPL c:. @uickly diffuse into the matrix; however,
after the residual NAP'L has disappeared, dissolved NAPL begins to slowly diffuse
back into the fracture. This greatly increases remediation times and may render

current remediation strategies ineffective.
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Chapter 1

Introduction

The use of non-aqueous phase liquids (NAPLs) by industry following World War 11
has become very common. Unfortunately, contamination of geologic material with
these chemicals has also become common. The spilling of NAPL onto the ground
surface leading to subsurface contamination can occur during NAPL production,
transport, storage and disposal.

Common NAPLs, such as chlorinated solvents, have low aqueous solubilities. For
example, tricholorethene (TCE) has a solubility of 1100 mg/1 (Flick, 1985). However,
the maximum allowable limits imposed by government agencies tend to be much
lower. The drinking water quality standard in the United States for TCE is 0.005
mg/l (VanderLeeden et al., 1990). Like TCE, many of these liquids are extremely
toxic. This toxicity, combined with the fact that they can contaminate large volumes
of water because of their low solubilities, makes NAPLs a serious threat to ground
water resources.

When a NAPL is spilled a portion of the liquid may percolate down through
the unsaturated zone. If it reaches the saturated zone the NA?{. % continue its
downward migraiion providing that it is denser than water (e.g., a dens- * APL or
DNAPL). The NAPL will preferentially travel through highly permeable zones, such
~¢ fractures. A certain amount of the NAPL will be left behind in the porous and
fractured media following this migration. This residual NAPL may act as a long-

term source for groundwater contamination and be difficult to remediate due to slow
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dissolution mechanisms and the inaccessible nature of fractures.

The objective of this thesis is to use a numerical model to investigate the theo-
retical small-scale dissolution behavior of NAPL residual in discrete fractures. The
dissolution behavior of NAPL in a discrete, synthetically-generated, rough-walled
fracture is simulated. Gaining an understanding of this dissolution process at the
small scale will lead to better representations of this process, as well as other related
processes such as dissolution in porous media, in larger-scale models. Ultimately this
will lead to better predictions at contaminated sites, which could lead to improved
remediation efforts. The methodology used for this investigation is given following a

review of some previous work in this area.

1.1 Previous Studies

The principles of NAPL migration in the subsurface have been described by Schwille
(1981; 1988). His theories and laboratory work involving immisicble fluids and porous
media are the framework upon which most similar research is based. Schuwille (1981)
does not address the subject of dissolution; he assumes the NAPL is a perfectly
immisicble fluid. However, Schwille (1988) does discuss aqueous-phase dissolution
and migration of NAPLs. Interest in NAPL dissolution as a contamination problem
has Leen growing steadily over the last few years. For some time it has been realized
that NAPL in the subsurface can partition to the aqueous phase and be a source
for long-term groundwater contamination (Schwille, 1988; Mackay et al., 1985). The
problem of describing and modeling this dissolution process has been a subject of
debate.

Abriola and Pinder (1985) developed a model that describes the transport of
a contaminant through porous media in three forms: aqueous phase, non-aqueous
phase, and vapour phase. The approach used to describe mass transfer between
the non-aqueous phase and aqueous phase is equilibrium phase partitioning, which
assumes that by knowing the concentration in one phase, the concentration in the

other phase can be calculated using a partition coefficient. This assumption is based



on experimental evidence that suggests equilibrium phase partitioning occurs during
the dissolution process (VanderWaarden et al., 1971; Fried et al., 1979).

There is, however, contrary evidence that appears to refute the local equilibrium
assumption. For example, laboratory experiments by Lam et al. (1983) indicate that
these mass transfer processes frequently do not reach a state of equilibrium. This
work involved studying residual oil blobs during tertiary oil recovery.

Powers et al. (1991) present similar evidence that implies there is a process which
limits the rate of NAPL partitioning to the aqueous phase. {“awers et al. (1994),
using laboratory-scale column experiments, showed that the length of time required
to dissolve NAPL is greater than predicted by equilibrium phase partitioning calcu-
lations. A general correlation for transient dissolution rates in terms of volumetric
fractions of NAPL in the porous media and porous media properties was proposed.
Similar results were obtained by Imhoff et al. (1993) who showed that mass transfer
rates for an area of residual NAPL are a function of the NAPL volumetric content,
the Darcy water flux through ihe area and the distance into the contaminated region.

The importance of using equilibrium partitioning versus a rate-limited process
becomes particularly evident when trying to predict the effectiveness of remediation
schemes. Brusseau (1992) constructed a model that estimates the time required to
remediate an aquifer contaminated by residual NAPL. He found if one did not account
for a rate-limited mass transfer process the time and volume of water required for
remediation would be significantly underestimated.

Hunt et al. (1988a; 1988b) found that mass-transfer rate limitations resulted
in groundwater extraction at a contaminated site to be ineffective in removing the
residual NAPL within a reasonable time frame. They suggested that remobilizing
the NAPL, by steam injection for example, would be much more useful in reme-
diation. However, Pennell et al. (1994) suggest that this -=mobilization of NAPL
is dangerous because the NAPL can cause previously uncontaminated material to
become contaminated. They suggest using surfactants which can increase the rate

of mass transfer to the aquecus phase. In theory, if the mass transfer rate is high



enough, NAPL contaminated sites may be remediated using groundwater extraction
methods, such as pump and treat. Unfortunately, surfactants may also lower the
NAPL’s surface tension, which can cause them to remobilize.

Parker et al. (1994) developed a conceptual model for NAPL in parallel plate
fractures partitioning to the aqueous phase in the surrounding matrix. They suggest
that restoration of contaminated fractured material is extremely difficult. Their
findings show that a small amount of time is required for the NAPL to completely
partition to the aqueous phase of the surrounding matrix when the matrix is porous.

Recently, Lowry and Miller (1995) used pore-scale modeling to describe the for-
mation and removal of NAPL in porous media. These researchers feel that current
macroscopic approaches are often unable to capture adequately the complexity of
processes such as NAPL invasion and dissolution. They feel that small-scale mod-
eling may provide the necessary conceptual and quantitative basis for constitutive
theory development.

VanderKwaak (1993) used a two-dimensional numerical model to simulate the
dissolution and transport of NAPL in fractured porous media. Fractures were sim-
ulated as high permeability one-dimensional elements that had the propensity to
rapidly transport contaminant. The effects of matrix porosity and transport of dis-
solved NAPL through the porous media were priorities in this research; tk= small
scale effects of dissolution occurring within a fracture were not represented.

Mendoza (1992) developed a model capable of describing the spatial relationship
between two separate phases in a discrete fracture during drainage and imbibition
processes. Drainage refers to the process whereby NAPL invades the fracture causing
water to drain or exit the fracture. Imbibition is the opposite process where water
enters the fracture causing NAPL to be displaced. The aperture distribution data
and the position of residual within the fracture (i.e. NAPL residual distribution)
following the imbibition process is used as starting point for the dissolution modeling

for this thesis.



1.2 Research Outline

The work presented in this thesis has similarities to previous research in the arca; how-
ever, this study examines the dissolution process at a much finer, more detailed scale.
These finer details include using rough-walled fractures, accounting for advective-
dispersive transport in the fracture and modeling the process of matrix diffusion
across the entire fracture. In addition, phase transfer across explicit water-NAPL
interfaces is accounted for.

The numerical model is a finite-element simulator coded in FORTRAN. Major
inputs for the model, taken from the Mendoza (1992) model, include aperture dis-
tributions representing a rough-walled fracture and the initial location of NAPL
residual within the fracture. The numerical model simulates the dissolution of this
NAPL residual in the single fracture. The model calculates water flow caused by a
head gradient along the fracture. Also, it simulates advective-dispersive transport
within the fracture and diffusion of NAPL into the surrounding fracture matrix. As
documented later, the model compares favorably to analytical solutions and results
obtained by other researchers.

The modeling was carried out on a fracture of an arbitrary size (1.25m by 1.25m).
Relationships between the NAPL residual distribution, the mass output of the frac-
ture, groundwater flow rates, and mass transfer coefficients were studied. Also,
changes in fracture transmissivity during dissolution were recorded and then com-
pared to the mass-output results. A few simulations that included diffusion into a
surrounding porous matrix were also performed. Approximately 60 separate aper-
ture and residual distributions were: investigated, although some of the more detailed
investigations used a single aperture field and corresponding residual distribution.

Details of the theory involved and implementation of that theoury is given in
Chapter 2. The results and analysis of the numerical simulations are presented
in Chapter 3. Conclusions and a discussion of their implications are presented in

Chapter 4.



Chapter 2

Theory and Methods

This chapter describes the theory and conceptual model behind the numerical model
used for later simulations. The chapter also addresses the implementation and some

features and limitations of the numerical model.

2.1 Conceptual Model

Figure 2.1 shows a conceptual model of a contaminated site where a spill on or near
the ground surface has released some NAPL contaminant. This NAPL could be
made up of a single component such as tricholorethene (TCE) or a mixture of several
NAPLs. The NAPL migrates down through the unsaturated zone. The mechanism
driving this downward migration is pressure due to the overlying column of NAPL.
Because the NAPL in this scenario is denser than water (a DNAPL), it continues
its downward migration through the saturated zone. The NAPL may subsequently
invade and travel through fractures in the underlying fractured material.

The NAPL will preferentially enter a fracture only if the capillary entry pressure of
the fracture is lower than the surrounding material and the capillary pressure exceeds
the entry pressure. The capillary entry pressure is simply the pressure required to
force NAPL into a fracture or pore space. The larger the opening of the fracture,
the lower the capillary entry pressure required for the NAPL to occupy that space.

The extent to which the fracture becomes filled depends on the fracturz aperture
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Figure 2.1: Conceptual model of a contamination scenario. After Schwille (1988).

distribution, the porosity of the surrounding matrix and the beight of the column of
NAPL.

Once the source of NAPL has been exhausted or removed, the NAPL will begin
to drain out of the fractured material; this is the imbibition process. Following this
imbibition process will be a certain amount of NAPL residual left in the fractured
material. It is this residual that will be immobile and can cause the long-term
contamination as it slowly dissolves over time.

Figure 2.2 shows a detailed example of fractured material. Studying the migration
and subsequent dissolution of NAPL in this material can be accomplished on different
scales of observation. Case 1 would invelve studying the fracture netwaork and the
surrounding matrix material. Case 2 would involve studying a single fractuie. A
single fracture study would include more detail than a larger-scale study. These
small scale details include the aperture distribution of the fracture and position of
NAPL within the fracture. It will be shown in the following chapter that these details
can have a large effect on the dissolution process. Understanding the effect of these

small-scale details can improve the accuracy of modeling at larger scales, such as case
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Figure 2.2: An example of different scales of observation at a contaminated site.

The conceptual model for this thesis is limited to a region within a single fracture
(i.e., case 2). This single fracture is assumed to contain some NAPL residual con-
taminant that will dissolve into the groundwater flowing through the fracture. For
the purposes of a single fracture this groundwater is assumed to have no dissolved
NAPL in it prior to entering the fracture. The superposition of results from several
such fractures where groundwater may have some dissolved NAPL prior to entering

the fracture is left for further study.

2.2 Fracture Aperture Distributions

Fractures are often represented as two parallel plates, with the distance between these
two plates being the fracture aperture. For the model used in this thesis a synthetic
aperture distribution is used to simulate a discrete, rough-walled fracture (i.e., the
aperture will vary spatially throughout the fracture). These synthetic distributions
are created using a Fast Fourier Transform spectral technique developed by Robin
(1993). The aperture field is assumed to be log-normally distributed and to exhibit

isotropic, exponential correlation structure. Research by Snow (1970) has shown



1.25

wn
[++3
:
G
_
E >y
D v w =
O ©N 03
c © P =
g° g
a g
=
L}
N
o
.
o
(=)

el .
0.0 0.625 1.25
Distance (m)

Figure 2.3: A sample log-normal aperture distribution.

that a log-normal aperture field is a reasonable representation of naturally occurring
discrete fractures in various geologic materials.

The aperture field is discretized onto a two-dimensional square grid. The grid
used for modeling contains 2500 cells (50 by 50 squares). Simulations for this work
use a natural log-aperture mean of —10.5 (aperture in metres). The size of individual
cells are 2.5cm?. Figure 2.3 shows an example of one of the fracture aperture fields

used.

2.3 Residual Distributions

The spatial position of NAPL in a discrete fracture following the invasion process
(both drainage and imbibition) will be referred to as the residual distribution or
residual saturation. The controlling factors in determining the pattern of the resid-
ual distribution are the size and distribution of apertures, the pressure history, the
invasion history, properties of the NAPL and fracture walls, and the physical limita-

tions of the percolation system.
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Density, pyapr | 1460 kg/m3
Aqueous Solubility at 20°C , C, | 1100 mg/L
Coefficient of mass transfer, £ | 2.0 x 10~%m/s
Viscosity, ¢t | 0.57 cp
Interfacial Tension, v | 34.5 dyn/cm
Water Diffusion Coefficient, D* | 1.0 x 10~ %m/s

Table 2.1: Physical properties of the NAPL used.

2.3.1 NAPL

A generic NAPL has been selected for use in the dissolution modeling. Numerous
variations in NAPL properties makes it unfeasible to conduct simulations on many
different NAPLs. This situation becomes increasing complex when the NAPL is
a mixture of more than one NAPL (which is, unfortunately, often the case). For
this study the NAPL is denser than water (DNAPL); however, similar results can
be expected with a NAPL that is less dense that water (LNAPL) (Hardisty et al.,
1995).

The physical properties of the NAPL have been chosen to be similar to Tri-
cholorethene (T'CE). TCE is a common chlorinated solvent, and consequently is also
a common subsurface contaminant. The physical properties for the NAPL are given
in Table 2.1. For this thesis the water is assumed to be perfectly wetting and the
NAPL is consider to be the non-wetting phase.

2.3.2 Capillary Pressure

For a cell to become occupied by NAPL during the invasion process the capillary
pressure of the NAPL must exceed the capillary entry pressure (P?) of that cell.
Each cell in the fracture model is represented by two parallel plates with the aperture
being the distance between the two plates. The capillary entry pressure for a set of

two parallel plates is:
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P = gg-cosg (2.1)

where b is the distance between the two plates, v is the interfacial tension between
the two fluids and @ is the contact angle between the interface of the two fluids and
the fracture wall. For this study water is assumed to be perfectly wetting and thus
the contact angle will equal zero.

As pressure of the NAPL at the inlet boundary increases during invasion it may
invade cells with progressively smaller apertures. At any given pressure there is a

minimum aperture that the NAPL can enter. The value, called the critical aperture

(4*), is defined by:
o 2ycosf )
b* = P (2.2)

Hence, all cells where b is greater than b* can be invaded by the NAPL. The concept

of critical aperture used in this context is known as the occupancy criterion.

2.3.3 Percolation Theory

The invasion of NAPL into a fracture is #~complished by using a modified form of
percolation theory. For traditional percolation the only criterion used to determine
the position of the NAPL during the invasion process would be the occupancy crite-
rion. Using traditional percolation theory to place NAPL into the fracture ignores
physical constraints of the system such as phase contacts, phase positions, and the
nature of the fracture walls'. Invasion percolation theory (Mendoza, 1992) is used
to account for these physical constraints by constraining the fluid to entering and
exiting at discrete points. This leads to the introduction of the accessibility and the
trapping criteria.

The accessibility criterion restricts NAPL from invading a cell unless it is physi-

cally connected with the rest of the invading NAPL. This prevents the invading fluid

1A fracture in a permeable material is considered tc have permeable fracture walls. A fracture
in an impermeable material is consider to have impermeable fracture walls.
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from occurring everywhere the occupancy criterion is satisfied, as would occur in the
traditional percolation case. For the fracture model the surrounding matrix is con-
sidered inaccessible to the invading NAPL phase; therefore, NAPL can only appear
at the inlet boundary and travel through the fracture as a continuous phase.

The trapping criterion restricts the removal of NAPL during the imbibition pro-
cess. If a section becomes isolated from the rest of the continuous phase then it is
considered to be trapped. The water (i.e., wetting phase) is subject to the same trap-
ping criteria if the fracture walls are impermeable. On the other hand, permeable
fracture walls will allow water to exit freely. NAPL is trapped whether the walls are

permeable or impermeable.

2.4 Groundwater Flow

Groundwater flow through fractured media has commonly been approximated using
a parallel plate model. Each cell within the fracture has a constant aperture value;
therefore, a parallel plate model is applied to each cell. The equation that describes

the volumetric flow rate through two parallel plates is given by the following:

b3
Q=— 12“’5wAh (2.3)

where @ is the volumetric flow rate through the fracture, u is the viscosity, w is the
distance along the fracture and Ah is the hydraulic head difference along the plates
(h1—A2). Figure 2.4 shows how the variables in Equation 2.3 pertain to the physical
system.

From Equation 2.3 the permeability, &, of each aperture segment can be defined:

b2
k=23 (2.4)

and the transmissivity, T, for each segment:

b%pg
T= 15, (2.5)
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Figure 2.4: Diagram showing the variables used in calculating the volumetric flow
rate through a pair of parallel plates.

The fluid continuity equation for a pair of parallel plates is given by:
v (%‘Q—Vh) =0 (2.6)
The fracture plane can be represented on a two-dimensional grid. The spatially
varying aperture in the fracture corresponds to a spatially varying heterogeneous
transmissivity distribution on this two-dimensional grid. Using this information
and the relation defined in Equation 2.5 the fluid continuity equation for the two-

dimensional plate representing a rough-walled fracture can be written as:
V (T(z,y)Vh)=0 (2.7)

where z and y represent coordinates in the fracture plane.

Capillary Number

During the dissolution modeling the NAPL residual is considered to be immobile. For

this approach to be valid the viscous forces resulting from the flowing groundwater

must be insignificant relative to the capillary forces. The dimensionless capillary

number (N.) measures the ratio of these viscous effects compared to the capillary
effects. The capillary number is expressed as:
U

N, = — (2.8)

where v is the average linear groundwater velocity.



When the capillary number is “small” capillary forces will dominate. Experi-
mental evidence in porous media (Larson et al., 1981) and numerical simulations
conducted using rough-walled fractures (Mendoza, 1992) suggest that N, < 107% is
an appropriate cut off vaiue. Using this value for the capillary number and the pa-
rameters stated in Table 2.1 a minimum average linear velocity can be calculated.
This minimum velocity is the point above which the viscous forces will dominate
resulting in the remobilization of the NAPL. Using Equation 2.8 an expression for

this minimum linear velocity, q, can be derived:

N~y
min = 2.9
g P’ (2.9)
Solving for gma- leads to:
m
Gmin = 500 (2.10)

The maximum values for ¢ during the dissolution modeling are at least one order of

magnitude below this minimum value; therefore, the NAPL is treated as immobile.

2.5 Aqueous Phase Transport

During dissolution mass from the NAPL is transferred to the aqueous phase. The
aqueous phase mass is transported through the fracture by groundwater advection
and hydrodynamic dispersion. The two-dimensional advection-dispersion equation
governing aqueous phase transport in a rough-walled fracture (Sudicky and Frind,

1982) is:

oc ocC o oc
bEt— + bvi 6:::,- - 6:::,- bDij 8z,- -

where C is the aqueous phase concentration of the NAPL and V is the advective

0  ij=gzy (2.11)

groundwater velocity. The hydrodynamic dispersion term, D, is a function of the
dispersivity value assigned to the fracture, the groundwater velocity, and the effective

diffusion coeflicient.
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2.6 Dissolution

There have been several models developed which describe the partitioning of NAPL to
the aqueous phase. Several of these models use the assumption of “local equilibrium”.
This approach assumes that the concentration of a component in one phase will be
in equilibrium with its concentration in the other phase and that the concentrations
may be related by a “partition coefficient” (Abriola and Pinder, 1985).

Despite frequent use in the modeling of NAPL-phase water relationships, local
equilibrium has yet to be adequately demonstrated as being valid (Powers et al.,
1991). The local equilibrium relationship has been inferred from many lab scale
experimental studies ((Fried et al., 1979),(VanderWaarden et al., 1971),(Hunt et al.,
1988a)); however, these studies have been carried out over a limited range of matrix
material, organic compounds, and velocities. Also, there is laboratory evidence to
support a non-equilibrium relationship for NAPL dissolution. Studies for tertiary oil
recovery involving the use of surfactants have indicated that the rate of mass transfer
of oil blobs is frequently not fast enough to reach a state of phase equilibrium (Lam
et al., 1983). Geller and Hunt (1988) showed that the concentration of some organic
chemicals were below the equilibrium concentration levels immediately downstream
of a NAPL source.

This study assumes NAPL dissolution is a rate-limited process. The details of

this rate-limit process are discussed in the following section.

2.6.1 Mass Transfer Relationships

As previously mentioned, the transfer of NAPL from the non-aqueous to the aqueous
phase is represented here as a rate-limited, mass-transfer process. Powers et al.
(1991) have defined a rate-limited mass flux across a two-dimensional interface. This

flux, F,, is expressed as:

Fy = —k(C — C.) (2.12)
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where k, is an effective mass transfer coefficient, and C, is the equilibrium concen-
tration of the NAPL in the aqueous phase. The equilibrium concentration for a pure
NAPL species is the solubility of that NAPL in water.

The rate of mass transfer from the non-aqueous to the aqueous phase is considered
to be limited primarily by diffusion across a boundary layer. The mass transfer
coefficient is thus directly proportional to the diffusion coefficient of the NAPL and
inversely proportional to the thickness of the boundary layer. For simplicity, the
mass transfer coefficient is assumed to be constant; that is, neither the thickness of
the boundary layer nor the diffusion coefficient change during the dissolution process.

The mass flux (F,), however, will be non-linear with respect to time. As NAPL
dissolves, the aqueous concentration (C) increases. This increase will result in de-
crease in the (C — C,) term and therefore, a decrease in the mass flux across the

NAPL-water contact boundary.

Fracture

To calculate a mass flux of NAPL into the fracture, Equation 2.12 must be modified

to include the interfacial area of the NAPL/water contact. The resulting equation is
Fy = —bwk,(C — C,) (2.13)

where w is the width of the aperture segment and b is the height of the aperture
segment. During dissolution the value for b will change whenever a grid block of
NAPL has been removed by dissolution. This will increase the non-linearity of the
Fa with respect to time. Since the grid is square, the value of w does not change

during the dissolution process.

Matrix

If the fracture walls are permeable, NAPL will also diffuse into the surrounding

matrix. To calculate the mass flux from the NAPL to the matrix, equation 2.12 is
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again modified. The resulting equation is:
Fo = —¢uw?k(C - C,) (2.14)

where ¢ is the matrix porosity. As the matrix porosity is increased, the flux into the

matrix will also increase.

2.7 Numerical Formulation

A single discrete fracture is represented on a two-dimensional grid at the micro-
scale. The governing flow and transport equations are discretized using the standard
Galerkin finite-clement formulation (Huyakorn and Pinder, 1983). Flow and trans-
port are modeled using a triangular finite-element grid. A comparison was made
between using square and triangular finite-elements grids; the triangular grid pro-
vided the least amount of numerical error so it was chosen for the flow and transport
modeling. For models that incorporate matrix diffusion the surrounding matrix is
modeled using one-dimensional line elements at every node on the fracture grid. This
one-dimensional line element will simulate the diffusion process into the third dimen-
sion (out of the fracture plane). For simplicity, no lateral advection or diffusion takes
place in the matrix. This would be reasonable where the matrix permeability is much

less than that of the fracture, which is often the case.

Grid

The original aperture field and residual distribution were generated on 200x200 square
grids. Using grids of coarser resolution to simulate the drainage and imbibition
processes produced results that are statistically dissimilar. However, modeling flow,
dissolution, and transport on 200x200 square grids was infeasible due to the amount
of computing time required. For example, a single transport simulation on a 200x200
grid could take up to a week to complete. To solve this problem initial residual

distributions were generated on a 200x200 grid and then scaled to a 50x50 grid for

dissolution modeling.
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Sixteen cells from the 200x200 distribution (4x4 segment) were reduced to one
cell in the 50x50 distribution. The geometric mean of the sixteen aperture segments
was used to calculate the new aperture of the smaller distribution. If seven or more
of the sixteen cells contained residual, then the new cell in the 50x50 distribution
vrould also contain residual. By experimenting with different values it is found that
seven cells as the cutoff value provides the closest match in NAPL saturation to the

original distribution.

Boundary Conditions

The boundary conditions for the model change from the NAPL invasion process to
the dissolution process. The invasion process is conceptualized as a separate event
from the dissolution process. That is, the residual NAPL is in place before the
groundwater begins to flow and dissolution takes place. The separation of these two
events is physically unrealistic; however, the separation is required to perform the
modeling. The invasion percolation process is not performed in discrete temporal
steps; it is based on discrete capillary pressure steps. Also, starting with in NAPL
residual already in place makes the dissolution model easier to construct.

Figure 2.5 illustrates the various boundary conditions used in different stages of
the numerical modeling. The NAPL enters the fracture from the inlet boundary
located at the top of the fracture. During the creation of the initial residuai distri-
bution the driving mechanism of the NAPL, which is the head of NAPL at the inlet
boundary, is the dominating force. For drainage the NAPL enters only at the top.
For imbibition the NAPL exits only at the top and bottom. The permeability of the
fracture walls depends on whether the surrounding matrix is porous.

Following the invasion process, the boundary conditions are changed to simulate
groundwater flow through the fracture. The left and right boundaries are specified
head boundaries. The specified head boundaries are setup of so that flow is from left
to right. The top and bottom boundaries now become impermeable to water flow.

They can be thought of as symmetry boundaries.

18



19

NAPL Invasion Modeling

/

Modeling Grid
Top Boundary: NAPL inlet
Left Boundary: Permeable to NAPL and Water
Right Boundary: Permcable to NAPL and Water

. Non-Aqueous Phase

Bottom Boundary Permeable to NAPL and Water Contaminant
NAPL Dissolution Modeling
Flow Modeling Transport Modeling

| A s Phas
Flow Vectors — ] Qg uents Thase
3G Contaminant
g ¢
s
Top and Bottom Boundary: Impermeable to Flow Top, Bouom, and Right: Zero Dispersive Flux Boundarics
Left and Right Boundary: Specified Head Boundarics Left Boundary: Aqucous-phase Concentration Equal to Zero.

Figure 2.5: Conceptualization of processes and boundary conditions for the numerical
model for various stages of the modeling.



For the transport solution the top, bottom and right boundaries are considered
impermeable for dispersive transport; mass exits the right hand boundary via advec-
tive transport only. The left-hand boundary is constrained to a zero concentration,
which assumes that only clean water (i.e. no aqueous-phase NAPL) is entering the

system.

Dissolution Modeling

The model first calculates a groundwater flow solution through the fracture with no
NAPL residual. This information is used for calculating the effective aperturé and
relative transmissivities during dissolution.

The residual is placed into the fracture using invasion percolation techniques and
the flow solution is recalculated. The contact area between the NAPL and water for
every cell is computed. The mass flux of NAPL across that interface is calculated and
applied to the nodes associated with that interface. The mass fluxes at these nodes
represent the dissolution process. The model now begins stepping through time,
accounting for advective-dispersive transport and NAPL dissolution. The amount of
NAPL removed from each cell due to dissolution is calculated. When the mass of
NAPL originally in the cell is equal to the mass of NAPL that has been removed via
dissolution, the cell becomes free for water to flow through. A new flow solution is
then calculated and the NAPL dissolution boundaries (i.e. the nodal mass fluxes)
are changed to reflect the change in the NAPL residual distribution. The transport
solution now continues with the modified grid. The dissolution modeling continues

until all the NAPL has been removed from the system.

2.8 Model Verification

Due to the complexity of the numerical model there is no single analytical solution
that can be used to verify it. Several comparisons were made to test various aspects

the numerical model. For example, comparing flow through the fracture or matrix
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diffusion out of the fracture were compared to analytical solutions to verify the nu-
merical implementation of the flow and transport equations. Following a short review
of mass balance, the two most complex verifications, advective-dispersive transport

and NAPL dissolution are presented.

Mass Balance

To determine whether the model is accurate and stable, a mass balance calculation
is performed. A mass error term is used to quantify the amount of mass that cannot
be accounted for due to numerical problems. The mass error term is defined as the
mass transferred into the aqueous phase subtracted from the mass change at the
boundaries and the ending aqueous phase mass in the system. A percent error is
calculated by normalizing this mass error term with the original NAPL mass in the
system.

Since this problem is non-linear the Peclet and Courant criteria are only used
as a guide because significant errors may arise even if the criteria are fully satisfied.
Increased values for longitudinal and transverse dispersivities alse kelp increase ac-

curacy and numerical stability without having a dramatic effect on the mass output

results.

Advective-Dispersive Transport

The numerical model was used to perform a transport solution to compare with an
analytical model to verify the accuracy of the advective-dispersive transport equa-
tion implementation. The simulations were performed on grids of various sizes. Pa-
rameters such as potential difference and source conditions were varied to test the
robustness of the solution.

For flow calculations the left and right boundaries had constrained head values,
while top and bottom boundaries were impermeable. Flow was from left to right.
A uniform aperture was specified for the entire domain. A single constrained source

(concentration = 1.0) in the ‘middle of the left side boundary provided the input
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Test 1 Test 2 Test 3
Potential Difference, Ah | 9.0 9.0 99.0
Grid Size (x) | 10 20 10
Grid Size (y) | 10 20 10
Source Thickness | 1.0 0.5 1.0
Length of Model, L { 10.0 10.0 10.0
Grid Spacing, AL | 1.0 0.5 1.0
Groundwater Velocity, v | 0.075 0.075 0.825
Longitudinal Dispersivity, a; | 0.5 0.5 0.5
Transverse Dispersivity, o, | 0.5 0.5 0.5
Diffusion Coefficient, D* | 1.0 x 1079 | 1.0 x 10~° | 1.0 x 10~°
Time Step, At | 1.0 1.0 1.0
Total Time, ¢t | 100.0 100.0 100.0
Peclet Number(x) | 2.0 1.0 2.0
Peclet Numter(y) | 0.013 0.013 123
Courant Number(x) | 0.075 0.15 .825
Courant Number(y) | 1.3 x 107° | 5.4 x 101! | 1.3 x 10~°
%Error | -0.00190 -0.00024 -0.00588

Table 2.2: Parameters used in numerical model for comparison with the LINE2D
analytical solution.

mass. Parameters used for these tests are shown in Table 2.2.

Each of these tests was compared to an analytical solution, LINE2D (Sudicky,
1986). The results of these comparisons are shown in Figure 2.6. The solution
attained by the numerical model and analytical solution are essentially identical.
Small differences result from the effects of boundary conditions and being unable to

represent source conditions exactly between the two codes.

Dissolution

The numerical dissolution process was compared to an example given by Powers et.
al. (1991) . Their work involved studying the dissolution of NAPLs in porous media.
The NAPL in their work is represented by “blobs” in the porous media. The blobs
are quantified by the interfacial contact area with the surrounding saturated media.
The NAPL is dissolved using a rate-limited process. The effects of groundwater flow,

transport (including dispersioﬁ), and diffusion are also included.
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Figure 2.7: Numerical model compared the analytical solution for a simple advection-
dispersion problem.

The fracture model is setup to closely resemble the scenario presented above.
NAPL is distributed evenly within a fracture that has a constant aperture (i.e. for
a 10% saturation every tenth cell contains NAPL residual). Parameter values such
as porosity and interfacial area are matched exactly between the simulations (see
Table 2.3); however, due to numerical constraints such as the effects that the bound-
aries have, the results cannot be matched perfectly. The results of this comparison

are presented in Figure 2.7.
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Aquifer Dispersivity, « | .10 m
Darcy velocity, ¢ | 10.0 m/d
Porosity, 6 | .25
Residual saturation of TCE | .10
Lateral extent of contaminated region | 4.0 m
Coeflicient of Mass Transfer, k, | 2.4e-6 m/s

Table 2.3: Parameters used in numerical model for comparison with example from
Powers et. al. (1991).

14~



Chapter 3

Modeling Results and Analysis

The numerical model described in the previous chapter was applied to a number of
theoretical scenarios to elucidate the dissolution behavior of NAPLs in rough-walled
fractures. Most simulations were conducted using impermeable fractures walls; how-
ever, some example simulations were also run using a permeable matrix. The im-
permeable matrix simulations demonstrate the essential character of the dissolution
process, including what factors control the dissolution process. Through compari-
son to the previous results, the permeable matrix simulations illustrate the potential

significance of matrix diffusion on the dissolution process.

3.1 General System Behavior

This section examines the general behavior of a fracture containing NAPL residual
undergoing dissolution. First, the overall character of NAPL aqueous concentration
and saturation in space and time are illustrated. These are followed by an examina-
tion of changes in the mass output of the fracture, aqueous phase concentration of
the NAPL, NAPL saturation and relative transmissivity of the fracture.

The small-scale perturbations in some of the curves presented here are a direct re-
sult of the discrete representation of the dissolution process whereby NAPL-occupied
cells are converted to water-occupied cells. For example, when residual is removed

from the fracture two effects combine to affect the dissolution process: the flow pat-
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Parameter | Value
Gradient Across Fracture | 0.08 m/m
Fracture Width, (x) | 1.25 m
Fracture Height, (y) | 1.25 m
NAPL Solubility Limit | 1100 ppm
Coeflicient of Mass Transfer, k; | 2.0e-6 m/s
Initial Mass of NAPL | 59.9 grams
Longtitudinal Dispersivity, oy | 0.5 m
Transverse Dispersivity, o, | 0.5 m
Diffusion Coefficient, D* | 1.0 x 107° m?2/s
Time Step, At | 1000.0 sec
Total Time for NAPL Dissolution, t | 7.9 years
Total Mass Error, % | .13

Table 3.1: Parameters used in numerical model for the example simulation.

tern 1s changed and the amount of NAPL in contact with water changes. In most
cases, removing a block of NAPL residual only marginally affects the flow pattern,
yet it might dramatically increase or decrease the contact area between the water and
the NAPL. This change in contact area affects the output concentration. Occasion-
ally removing a block of NAPL may dramatically affect the fracture’s transmissivity
and thus change the total flow of water through the fracture. The combination of
these micro-scale changes may then lead to either a spike or drop in parameters that

characterize the dissolution process, such as the total downstream mass-output.

3.1.1 Simulation Description

The results in this section are from a single dissolution simulation conducted using
a fracture with impermeable walls (i.e., no matrix porosity). The parameters and
some basic output characteristics for this simulation are presented in Table 3.1.

The pattern of NAPL dissolution in this simulation is typical of most simula-
tions presented later in this chapter. Figure 3.1 shows representative snapshots of
the NAPL distribution and the aqueous-phase concentration within the fracture as
dissolution proceeds.

Early in the dissolution process the groundwater within the fracture, which is
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Figure 3.1: A series of snapshots showing the dissolution simulation that is discussed

in this section.
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moving from left to right in Figure 3.1, becomes nearly saturated with NAPL. There
i1s a general increase in NAPL concentration from left to right; clean groundwater
enters the fracture at the left and the NAPL concentration increases as water comes
into contact with more NAPL residual as it passes through the fracture. The rate of
NAPL dissolution at the downstream end of the fracture is slower than the upstream
end because NAPL concentrations are higher near the downstream end; higher NAPL

concentrations result in a slower rate of mass transfer from the non-aqueous to the

aqueous phase.

3.1.2 Dewnstream Concentration

As shown above, the aqueous-phase concentration of NAPL varies spatially through-
out the fracture. Thus, the aqueous-phase concentration in water exiting the fracture
will also differ along the downstream boundary (Figure 3.1). To calculate a repre-
sentative concentration of the water exiting the fracture the mass flux of NAPL at
the boundary is divided by the volumetric water flux.

The average concentration of NAPL in the aqueous phase exiting the fracture
falls steadily during the dissclution process (Figure 3.2). The concentration is ini-
tially close to the solubility limit and declines almost immediately. This decline is
associated with the disappearance of NAPL and a greater amount of water flowing
through the fracture. In other simulations where the groundwater velocity is lower
than this example case, the downstream concentration may be at the solubility limit

for a long period of time before the concentration begins decreasing.

3.1.3 NAPL Saturation

The amount of NAPL in the fracture is expressed in terms of its saturation. NAPL
saturation is measured using both volumes and areas which are referred to as volumet-
ric or areal saturation respectively. The specific values for volumetric and areal sat-

urations differ because of the.varying aperture distribution; however, general trends
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Figure 3.3: NAPL Saturation versus time curve for a single dissolution simulation.

of results are the same when these values are plotted against other parameters, such
as time.

The areal saturation (as well as the volumetriz saturations) decreases steadily over
time during the dissolution process (Figure 3.3). The cells of NAPL “'sappear at a
fairly constant rate; however, this rate slows near the end of the dissolution process.
The cells of NAPL at later time in the model are generally the largest cells (i.e. the
NAPL occupies the largest aperture segments). Since the cell contains more NAPL,
it takes longer for the NAPL to disappear. This phenomenon will be discussed in

more detail later.
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Figure 3.4: Relative Transmissivity (for water) curve for a single dissolution simula-
tion.

3.1.4 Relative Transmissivity

The relative transmissivity of the fracture is plotted versus the areal NAPL satura-
tion; these plots are referred to as relative transmissivity curves. As expected, the
relative transmissivity of the fracture increases as the saturation of NAPL decreases
(Figure 3.4). Note there are specific “jumps” in the relative transmissivity. The
sudden increases occur when a cell is removed that opens a new flow path; this new

flow path has a significant effect on the fracture’s relative transmissivity.
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Figure 3.5: Mass-output curve for a single dissolution simulation.
3.1.5 Mass output

Figure 3.5 shows the downstream mass-output relationship versus time for the com-
plete dissolution simulation. The overall pattern presented here is simple and similar
for all other simulations: the mass-output increases gradually from an initial value
to a maximum and then decreases to zero when all the NAPL has been removed.
As mentioned previously, this curve represents the combined effects of variations in
mass-output concentration and relative transmissivity. Note also that there is no cor-
relation between the downstream aqueous-phase concentration and the downstream

mass output (Figure 3.5) during the dissolution process.
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3.2 Sensitivity Analyses

In order to determine the important controls on dissolution, a sensitivity analysis
is performed on different simulation parameters. The emphasis for the sensitivity
analyses is placed on the physical constraints of the system, such as NAPL location

and the fracture aperture distribution.

3.2.1 NAPL Placement

Invasion Percolation

Figure 3.6 shows the mass-output for a single fracture with three different initial
NAPL saturation levels created with invasion percolation methods. All other param-
eters, such as the gradient across the fracture and the coefficient of mass transfer for
the NAPL were held constant, and the same random aperture field was used for each
of the different simulations. To obtain varying initial saturations, an initial residual
distribution was first created using invasion percolation techniques (Mendoza, 1992).
This NAPL distribution was then artificially modified by removing or adding residual
around the edges of existing NAPL residual clusters.

The curve for the low initial NAPL saturation case (20%) has a high peak or
maximum mass output rate. This peak rate occurs relatively early when compared
to higher initial NAPL residual saturations. Following this peak, the rate of mass
output drops quickly until all the NAPL has disappeared (Figure 3.6).

The curve for the relatively high initial NAPL saturation case (44%) has a low
peak mass output rate and the peak rate occurs late when compared to lower initial
saturations. As well, the peak rate occurs over a greater interval of time than the
lower saturation case (i.e. the curve has more of a “U” shape than a “V” shape).
As would be expected, the total time for the NAPL to completely dissolve is much
greater than in the lower NAPL saturation cases. This relationship between NAPL

saturation and dissolution time will be discussed in more detail later.
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Figure 3.6: Mass-output for three saturation levels created with invasion percolation
methods for a single fracture with the same aperture distribution.



Random Residual Assignment

In the previous section it was demonstrated that the initial NAPL saturation affected
the mass-output curves. The position of the NAPL within the fracture will also
have an effect on the mass-output curves. The location of NAPL in the fracture is
controlled by the criteria controlling invasion percolation. To investigate the infuence
that invasion percolation has on the mass-output curves, simulations were performed
where the NAPL was distributed randomly throughout the fracture. To permit
direct comparisons to previous results the initial NAPL saturations were forced to
be identical to the previous invasion percolation residual distributions.

The random residual assignment is produced by randomly assigning NAPL occu-
pied cells throughout the fracture, with no consideration given to either occupancy
(i-e., aperture size) or accessibility (i.e., invasion tnechanism) criteria. This random
residual assignment distribution of NAPL is not meant to represent any real scenario,
nor is it based on an actual physical process, as is the case of invasion percolation.
However, the random residual distribution does offer the chance to exarmine mass
output curves that are independent of the process of invasion and that have a greater
statistical link to the initial NAPL residual saturation. By comparing the random
residual assignmert results to those of invasion percolation we can identify features
of the mass output curves that are a direct result of the NAPL invasion history and
its position in the fracture relative to the raudom aperture field.

Qualitatively, the general mass-output curve shapes and trends for the random
residual distributions are similar to the invasion percolation results (Figure 3.7).
That is, initial lower saturations have higher peaks and the NAPL dissolves quickly,
whereas higher initial saturations have lower peaks and the NAPL takes a longer
time to disappear. Even though the invasion percolation distributior and random
NAPL distribution mass output curves have these similarities, differences are strik-
ingly apparent. One major difference is that the residual distributions created with
invasion percolation take much longer to dissolve than the random residual distribu-

tions (note the different time s'cales for figure 3.6 and figure 3.7). A second significant

36



T
—— S = 20%

gsLnN | Siniiar = 34% |
S = 44%

Downstream Mass Output (x10™'° kg/s)

0 500 1000 1500
Time (Days)

Figure 3.7: Mass-output for three saturation levels created with invasion percolation
methods for a single fracture with the same aperture distribution.

difference is that the separation between the maximum peaks for the random residual
distribution case is small whereas the time separation for the maximum peaks in the
invasion percolation case is relatively large. Thus, invasion percolation curves are
skewed far more to the right than the random NAPL distribution curves.

The underlying reason for these differences must be due to the position of NAPL
within the fracture, which is directly related to the invasion process controlling the
NAPL placemept. Further explanation for these differences may be obtained by
considering arbitrary cross-sections from both a random residual distribution and a
distribution created with using invasion percolation. (Figure 3.8)

The random residual distribution has a high initial dissolution area as compared
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Figure 3.8: Cross-sections through a residual distribution for invasion percolation
and random residual assignment. NAPL is shown in grey and water fills the rest of
the fracture.

with the invasion percolation distribution. The dissolution area is simply the area of
NAPL in contact with water. Even though the cross-section is a simplification of the
three-dimensional case, the high initial dissolution area of the random percolation
case is visually apparent. It is this high dissolution area that results in random
residual distributions having a higher mass output rate than the invasion percolation
distributions. Since more of the NAPL is in direct contact with water, the NAPL in
random residual distributions dissolves more quickly.

A corollary to this is that the invasion percolation distribution is more continuous.
The NAPL is generally located in blobs inside larger aperture spacings. As noted
before, these distributions have a smaller initial dissolution area; the NAPL is more
likely to be connected in groups. Since there is more NAPL-NAPL contact, there is
less NAPL-water contact. Again, this is visually apparent from Figure 3.8. It is the
differences in the NAPL distribution patterns that cause the differences between the
random residual case and the invasion percolation case in the mass-output curves.

For the invasion scenario, the NAPL begins to dissolve from the edges of the

NAPL blobs first. The initial dissolution rates would be low; hence, the initial
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mass outputs are low. Once the smaller NAPL-containing cells have been removed
the larger ones begin to dissolve. The dissolution of the larger aperture segments
containing NAPL yield the peaks seen on the mass output graph. The peaks are
generally wider (longer in time) and smaller (lower peak mass-output rate) when
compared to the mass output peaks of the random residual distributions. Because of
the spatial location of NAPL within the fracture, invasion percolation distributions

slow the dissolution process when compared to the random residual distributions.

3.2.2 Random Field versus Saturation Effects

The previous results examined varying NAPL saturations and method of occupation
(i-e., random NAPL distribution versus invasion percolation) versus the mass output
for a single random aperture distribution. The random aperture distribution will also
affect the mass output. To determine whether this effect is significant or predictable
further simulations were conducted using a series of statistically similar, but different
random aperture fields. Invasion percolation was used to create the initial NAPL
residual distribution in each random field investigated. The initial NAPL saturation
for every simulation was set at 40% by adding or subtracting NAPL around residual
clusters until the target saturation was reached.

Figure 3.9 shows the mass output curves from two separate random field distri-
butions. Even though both begin with an initial NAPL saturation of 40%, the time
for total NAPL dissolution varies by over 2000 days. Also, the shapes of the curves
vary for each distribution. Curve A has a high initial peak that occurs fairly early.
This is similar to the lower saturation curves seen previously. Curve B has a lower
peak mass output occurring relatively late. This curve shape is reminiscent of the
higher saturations seen previously, yet both mass output curves correspond to the
same initial NAPL saturation. Thus, the controlling factor causing the differences
in these curves must be the character of the random field and the differences they
impose on the residual distributions and flow field.

The random fields are sta'tistically similar. The minor differences in the size
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Figure 3.9: Mass output versus time for two distribution created using invasion
percolation on three different random fields. .

and arrangement of the initial NAPL residual with these fields play a large role
in controlling the aqueous-phase mass output. More importantly, it is the series
of connected pathways during the invasion process that controls the pattern of the
NAPL residual. This effecs, even on the conceptual level, is nearly impossible to

predict beforehand.

3.2.3 Random Field Variance

The variance of the random field was modified to investigate the type of effect this

would have on the mass output curves. Figure 3.10 shows cross-sections of two frac-
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Figure 3.10: A cross-section through two fractures that share the same initial aperture
distribution; however, the variance of each one has been modified. The black cross-
section has a variance of 0.75 while the grey cross-section has a variance of 2.25, but
both have a mean aperture of about 30 microns.

tures. The fractures started with the same aperture distributions and the apertures
were modified so the overall variance of the fractures would be different. For the given
mean aperture, a fracture aperture distribution with a smaller variance has larger
minimum and smaller maximum apertures than a fracture with a larger variance.
The general behavior of the mass output curves after modifying the variance
should be predictable. Increasing the variance of the fracture aperture distribution
should have two main effects of the mass output curves. First, since the apertures
surrounding the NAPL blobs are smaller the initial mass output rates should be
smaller for the fractures aperture distributions with larger variances. Also, the time
for the mass output peak to occur should be later. Second, the mass output peak
should be larger since the peak represents the larger aperture spaces. If the variance
of the aperture distribution is larger then the larger apertures space will also be large.
Figure 3.11 shows a two mass output curves for two dissolution simulations. Most
of the parameters between the simulations were held constant except for the variance.
The result are as exactly as predicted. These results help confirm the importance of
the invasion percolation residual (i.e., blobs) in dissolution modeling. It also demon-
strates that subtle changes in the nature of the random field can have a dramatic
effect on the dissolution of NAPL within the fracture. Also, note that most of the
peaks in the output curves can be be correlated with each other. The higher value

of variance has the effect of stretching the mass output curve in time.
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Figure 3.11: Two simulations showing the mass output of the two fractures that
differ only by the variance (V) of their aperture distributions.
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Figure 3.12: Mass-output for four saturation levels created with invasion percolation
methods for a single fracture (the same aperture distribution).

3.2.4 Higher NAPL Saturations

The time for the NAPL to completely dissolve can vary by years for fractures with
the same initial NAPL saturations, but with different methods of creating the initial
residual distribution (e.g., distributions created using invasion percolation versus
random NAPL assignment). At even higher initial NAPL saturations the effect
becomes further exaggerated as demonstrated by using a NAPL saturation of 50%
(compare Figure 3.12 to 3.13).

For the random residual case, increasing the initial saturation this small amount,

from 44% to 50%, does not have a dramatic effect on the mass output curve. The peak
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mass output rate has declined and the overall time for complete NAPL dissolution
has correspondingly increased. However, for a distribution generated using invasion
percolation the mass output peak is delayed significantly where the initial saturation
has been increased from 44% to 50%.

At 44% saturation most of the larger aperture segments in the invasion percolation
case contain NAPL. When the saturation is increased the only additional space for
the NAPL to reside is in the surrounding small aperture spaces. Since the NAPL-
water contact area within these aperture cells is very small it takes a very long time
for the NAPL to be removed from these smaller aperture cells. Also, the fracture
has a low initial relative transmissivity because much of the fracture is filled with
imm~bile and impermeable NAPL. Thus, the volume of water flowing though the
fracture is low, which contributes to the slow dissolution rate. Once the smaller cells
around the larger ones have dissolved, the mass output increases and the mass output
curves have a similar peak rate curve as the lower saturation cases.

For this case there is a significant high saturation point between 44% and 50%
initial NAPL saturation. This is the point where the larger apertures segments have
been filled with NAPL. Once past this point (i.e. high saturations), the surrounding
smaller apertures are filled. This filling of these smaller segments has a large effect
on the dissolution time.

Figure 3.14 shows the relative transmissivity curve for four simulations. Each
simulation is conducted with the same random aperture distribution. The NAPL
residual distribution for these simulations are created using invasion percolation and
are then modified to represent varying degrees of NAPL saturation. These four
simulations are the same as those presented earlier in Figure 3.12

The 50% initial curve starts with the lowest relative transmissivity. This is to
be expected because the NAPL is immobile and impermeable to water flow and is
filling much of the fracture. However, this particular simulation continues to have
lower relative transmissivities when compared to other curves at the same saturation

point. For example, at the 25% NAPL saturation point, the 50% initial NAPL
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Figure 3.14: Semi-log plot of the relative transmissivity of the fracture versus the
volumetric NAPL saturation. The simulations shown here used NAPL distribution
created by invasion percolation.



saturation curve has a relative transmissivity of approximately 0.01, yet the curves
for initial NAPL saturations of 43% and 33% have relative transmissivities that are
over an order of magnitude higher.

The curves produced from the initial NAPL saturations of 20%, 33% and 44%
have very similar profiles; however, the 50% saturation curve seems, for the most
part, to follow a different path. This curve was differentiated earlier from these
other three in the mass-output results. It was considered a “high” saturation case
because the dissolution time for the NAPL jumped dramatically. Starting with a
higher saturation than the other simulations has had an effect on the path this
curve follows. Since the transmissivities are lower for this high saturation case, the
dissolution process will take longer.

For comparison, Figure 3.15 shows the relative transmissivity curves for the ran-
dom residual distributions (Figure 3.13). The overall relative transmissivity of the
randomly distributed NAPL is dramatically higher. For example, the initial relative
transmissivity for the 43% saturation curve is greater than 0.1. This is over an order
of magnitude larger than for the same saturation created using invasion percolation.
This trend is apparent throughout all the NAPL saturation levels. The reason for this
again has to do with the different position of NAPL relative to the aperture distribu-
tion for the invasion percolation case versus the random residual case. The invasion
percolation case has the lower relative transmissivities because the larger aperture
spaces are preferentially filled. Because the relative transmissivity is directly propor-
tional to the aperture size (Equation 2.5), the invasion percolation distributions have
lower transmissivities for equal saturation of random residual distributions.

The other major difference between the invasion percolation and the random
residual distribution transmissivity cases is that there is no “high” saturation dis-
tinction. The 50% curve in the random percolation case does not show any significant
differences from the other curves; just as it did not show any significant differences

from the trends in Figure 3.13.

The random aperture field also has an effect on the relative transmissivity curve.
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volumetric NAPL saturation. The simulations shown here used NAPL distribution
created by invasion percolation and all distribution have been modified so the initial
NAPL saturation is 40% in all cases.

Figure 3.16 shows the results for 4 simulations conducted with different aperture
fields. Initial NAPL saturations of 40% were created using invasion percolation.
The transmissivity curve for three of the simulations appear to be similar, however
the fourth is lower than the rest. Since these curves are different the pattern of
dissolution, and the time it takes for the NAPL to dissolve, will be different. These
differences are again related to the unpredictable nature of the random fields.

The relative transmissivity curves converge when the NAPL saturation is less

than about 20%. The convergence occurs when the NAPL exists only as disconnected
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dramatically. The dissolution rate increases only when the transmissivity increases
to the point where water can move significant amounts of aqueous-phase NAPL out
of the fracture.

The pattern in which the NAPL disappears is also different. This results from
the boundary conditions imposed on the simulation. For the high saturation case,
very little mass is transported out of the downstream boundary, instead the NAPL
slowly diffuses out the left-hand side. Until a significant pathway is opened up, this
diffusion in the main mechanism for NAPL to exit the fracture. Since this process
is very slow, it takes a very long time for the NAPL to dissolve. Also, the NAPL
is removed along the left-hand side of the boundary as opposed to along major flow

paths (such as in the lower saturation case, see Figure 3.18).

3.2.5 Groundwater Flow and Mass Transfer Coefficient

To this point only the effects of saturation, percolation method and various ran-
dom fields on dissolution have been investigated. The effect that the mass transfer
coefficient and groundwater velocity have on the time for the NAPL to completely
dissolve is also important. If the dissolution time is long, then the NAPL residual
can act as a long-term source of groundwater contamination that would be difficult
or impossible to remediate. If the dissolution time is decreased, the NAPL may be
able to be removed using conventional remediation technologies.

To investigate some of the effects of groundwater flow rates and the mass transfer
coefficient has on the NAPL dissolution times several additional simulations were
conducted. Each simulation used the same random field and the same initial residual

distribution created using invasion percolation.

Groundwater Flow

The groundwater velocity through the fracture, which is related to the volume of
water coming into contact with the NAPL is a controlling factor in the rate of dis-

solution. In the discrete fracture there is no single groundwater velocity that can be
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used to characterize the flow through the fracture. Instead, the gradient across the
fracture is used. An increase in the gradient directly correlates with an increase in
the groundwater velocity. Of course, increasing the gradient across the fracture also
increases the volume of water that passes through the fracture for a given amount of
time.

Figure 3.19 shows the relationship between the gradient across the fracture versus
the time for dissolution for a single residual distribution. Note the flattened part of
the curve past about 7000 days. This part of the curve is mainly controiled by
diffusion out of the fracture at the left-hand side. Due to the constraints of the
boundary conditions for the transport model, mass can only exit via diffusion through
the left hand boundary; therefore, the slope at this point in the graph may be less
than expected under “real” conditions.

The effect that the groundwater flow rate has on dissolution is most dramatic
in the neighbourhood of 5000 days. Here the groundwater velocity is still relatively
small and the dissolution time is relatively long. However, only the smallest change
in groundwater velocity produces over a 2000 day difference in the time required
for NAPL dissolution. This effect is mainly a result of the right-hand boundary
condition. Mass that was previously building up at the boundary and not exiting
the system is now being carried across the boundary by advection. Moving this mass
across the boundary lowers the concentration in the system, which increases the rate
of dissolution and decreases the dissolution time.

Figure 3.19 shows that if the gradient across the fracture is increased to about
0.2 m/m, the dissolution time is around 2500 days. This difference in dissolution
time is not as dramatic as in the previous step. The rate of groundwater flow is
being increased; however, the rate of mass transfer from ihe non-aqueous to the
aqueous phase remains the same. The controlling factor in the flux term controlling
the dissolution is the mass-transfer coefficient (k;) instead of the difference between
the maximum solubility and the actual concentration (C, - C).

When looking at higher head gradient values, such as 0.4, increasing the water
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flow rate has nearly lost its effect on dissolution time. Here the water is flowing fast
enough to keep mass from building up and concentrations from being high; therefore,

the mass transfer coefficient is controlling the dissolution.

Mass Transfer Coefficient

Figure 3.19 also shows the effect that varying the mass transfer coefficient has on
dissolution times. At low groundwater flow rates, variation in the mass transfer
coefficient has little effect on the rate at which mass will be dissolving because the
local concentration difference (C, — C) is the controlling factor. However, when
groundwater flow rates are high, differences in dissolution times due to changes in the
mass transfer coeflicient are more apparent. Obviously, increasing the mass transfer
coefficient will result in a shorter dissolution time and vice-versa; the increase in mass
transfer rates has a diminishing effect similar to increasing the rate of groundwater

flow.

3.3 Monte Carlo Results

Results to this point demeonstrate that the aperture field and residual distribution
have large affects on the dissolution of the NAPL. However, a precise description
of the effect that a certain aperture field will have on dissolution is difficult, if not
impossible, to obtain. To better understand the range of dissolution behavior that
different, but statistically similar, aperture fields have a Monte Carlo analysis is

performed.

3.3.1 Mass output

Multiple simulations are conducted on many different initial residual distributions
that were each created from a unique random aperture field. The placement of resid-
ual is generated using invasion percolation and the final residual distributions for

each random aperture field following the invasion process is left unmodified. The
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Value Used
Height/Length of Fracture | 1.25 m
Number of Elements | 2500
Average Aperture | 27.5 u
Head Differential Across Fracture | 0.20m

Table 3.2: Parameters used for Monte Carloc simulations

initial areal NAPL saturations are all within approximately 20% . The initial statis-
tics used in generating the random aperture field, such as the average aperture, are
held constant for every simulation. The random seed used to generate the random
aperture distribution is the only parameter that is varied. Changing this seed will
cause the random distribution of apertures to be different, which also results in a dif-
ferent residual distribution. Table 3.2 shows the parameters used for the generation
of the aperture and residual distributions and some of the parameters used for the
dissolution modeling.

Analysis of several simulati::as shows that the basic pattern is generally the same
for all aperture/residual distributions. Figure 3.20 shows the mass output versus time
results from 20 simulations. Curves that have a higher maximum mass output have
been marked in black, while curves that have a lower maximum mass output have
been marked in grey; this arbitrary distinction is useful for further analysis. There
are curves that have profiles similar to the low saturation curves in the previous
section (black curves). Also some curves have profiles similar to the high saturation
curves in the previous section (grey curves). From the previous results we know that
the random aperture distribution and NAPL saturation/distribution are controlling
the profile of these mass-output curves. The only parameter that has been varied has
been the random seed for the generation of the random aperture field. It is obvious
from Figure 3.20 that the effect of the different random aperture fields is dramatic.

Figure 3.21 shows the mass-output of the fracture versus the NAPL saturation
during dissolution. The curves are from the same simulations that are used in Fig-

ure 3.20, with the same black versus grey separation between high and low maximum
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output values being used. The curve shape between each simulation is similar except
for the maximum mass-output rate. This maximum rate occurs around 20% to 40%
volumetric saturation of NAPL. Note that there is a correlation between the i
tial volumetric saturation of the wetting phase and the maximum downstream :rass
output; higher initial wetting-phase volumetric saturation (lower NAPL saturatic:.)
generally results in higher downstream mass outputs.

The curves that have a high mass output result from NAPL being trapped in
larger aperture segments. This results in a larger area of NAPL in contact with
water; dissolution time is decreased and the rate of mass output is increased. Curves
that have a lower mass output result from NAPL being trapped in small aperture
segments. This results in a smaller area of contact with water; dissolution time is
increased and the rate of mass output is decreased. This concept, which has been
discussed previously, is illustrated in Figure 3.22

Some of the mass-output profiles appear to be produced by saturations similar to
case A while some appear to be produced by saturations similar to case B. A high
mass output case and a low mass output case will be examined. Figures 3.23 and
3.24 show the previous results with two individual examples of a high output case
axd a low output case highlighted.

The highlighted residual cluster in the cross-section of case A (Figure 3.26) shows
the NAPL in a larger set of aperture segments. The surface area of NAPL in contact
with the sur-cinding water is relatively high. This results in a greater mass flux of
NAPL fror ti:= non-aqueous to the aqueous phase. Compare this to the highlighted
section in the cross-section of case B (Figure 3.26). Here, most the of NAPL is
trapped in segments which are relatively small, except for the centre of the residual
cluster. The area in contact with water is relatively low, therefore the mass flux
during dissolution is also low. Since the mass flux is low, the residual cluster will
take a longer tiine to disappear than the cluster in case A. When the smaller segments
around case B cluster have dissolved, the center part will disappear relatively quickly

with high mass fluxes into the water leading to the rapid decline in mass output at
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Figure 3.21: Downstream mass output versus volumetric saturation of the wetting
phase. Black and grey lines shown an arbitrary separation.
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Case A Case B

Figure 3.22: Two conceptual cases on how NAPL is located within a fracture. The
bottom grid shows what the areal saturation would look like in plan view.

the tail end, similar to case A.

The cluster in case A (Figure 3.26) is surrounded by smaller aperture segments.
If these segments were filled with NAPL the pattern of dissolution for the cluster
would be more similar to case B. Generally, NAPL is trapped in larger aperture seg-
ments. Naturally, these larger aperture segments are surrounded by smaller aperture
segments. If these surrounding aperture segments contain no NAPL the dissolution
patterns (such as mass output over time) will be similar to case A. If these surround-
ing aperture segments contain NAPL, then the dissolution pattern will be similar to
case B.

The initial residual distribution patterns cannot all be simply identified as case
A or case B type initial residual clusters. On the contrary, when looking at other
cross-sections of case A, case B type residual cluster distributions can be found and
vice-versa. The controlling factor is how many case A residual distributions there are
compared to how many case B residual distributions. It is the relative distribution of
these two cluster types that will determine which case the mass output will resemble.
Because there is a spectrum of distribution types (i.e., some distributions have more
case A distributions and some have less) there is a distribution of the mass output
curves from type A to type B.

Despite the fact that the a})ove behavior and their causes have been clearly iden-

tified, identifying a priori whether a residual pattern will produce a type A or type
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Figure 3.23: Downstream mass output versus volumetric saturation of the wetting
phase. Two example realizations are highlighted.

B mass output result is difficult. It is especially difficult in these simulations since
the random aperture distribution is the only real variable. There is some indication
given by the initial NAPL saturation. For example, Figure 3.25 shows the two initial
residual distribution for simulations that produced the A and B mass-output curves.
Residual distribution B does have a greater saturation. However, in the scope of
these simulations, the effect of the random field is just as important as the areal

saturation of the initial residual NAPL.

3.3.2 Relative Transmissivity

Figure 3.27 shows the relative transmissivity curves for the 20 Monte Carlo simula-
tions discussed above. The same distinction between the high mass-output curves
and low mass-output curves (black versus grey) has been made. There is no appar-
ent distinction in the paths the relative transmissivity curves follow between these to
cases. In general, the grey curves (i.e., corresponding to simulations that have rel-
ativity longer dissolution times) have lower starting relative transmissivities similar

to the example shown in Figure 3.14.
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Figure 3.24: Downstream mass output versus time. Two example realizations are

highlighted.

Figure 3.25: Initial residual distribution for cases A and B.
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Figure 3.26: Cross sections taken through cases A and B.

These curves depend not only on the original placement of the NAPL as the mass
output results do but, they also depend on the order of disappearance of NAPL.
That is, when one cell ccittaining NAPL is removed the transmissivity of the entire
fracture will change accordingly. A cell may be right near a flow channel and affect
the transmissivity dramatically when it disappears or it may have little effect on the
relative transmissivity when it is removed.

Figure 3.28 shows the effect of varying the mass transfer coefficient and the av-
erage groundwater velocity on the relative transmissivity curves. Simulations were
conducted on one random aperture field with the same initial invasion percolation
distribution. The gradient was modified from 8 x 10~5m/m of water head to about
0.4m/m of water head across the fracture. The mass transfer coefficient was modi-
fied from 1.5cm/s to 2.5cm/s. The results show very little difference in the relative
transmissivity curves which suggests that the NAPL is being dissolved in nearly the
same order for every case, even though dissolution times can vary dramatically.

The one dotted curve in Figure 3.28 corresponds to a very low gradient case. Here
the .wWAPL does dissolve in a slightly different order. This is due to the limiting right-
hand boundary condition. The limitation of this boundary is that mass can only
cross that boundary via groundwater advection. Because the groundwater velocity

is low, more NAPL diffuses out the left hand-side boundary than exits at the right.
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Figure 3.27: The relative transmissivity curve from the Monte Carlo analysis. The
same black and grey separation of the curves is used.
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Figure 3.28: Relative transmissivity curves where the groundwater velocity and
mass transfer coefficients are varied.
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Figure 3.29: Plot of NAPL dissolution time versus matrix porosity.

3.4 Permeable Matrix

The results presented to this point have all dealt with fractures that have impe
able walls (i.e., the surrounding matrix has no porosity). However, recent rese
(Parker et al., 1994) has indicated that a permeable matrix can have a large a
on NAPL dissolution time; a sample of this effect on dissolution is presented he

Figure 3.29 shows a plot of the NAPL dissoiution time versus the matrix pore
(note the plot is on a log-log scale). The simulations represented on this plot
conducted on a constant aperture field with the same invasion percolation N.
distribution. The grid used is smaller (25X25) than the previous sections; this
necessary because of the extra computational requiremients involving in mode
both the fracture and the matrix. Each simulation was conducted with a diffe
value for matrix porosity. The overall effect on the dissolution time is dramatic

Matrix porosity is critical because the surface area available for NAPL-w
contact with matrix water is much greater than the NAPL-water contact area wi

the fracture. Even though diffusion is a relatively slow process, much of the N.
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of the dissolution time and output concentrations k¢ .ine even more complex. M
that is stored in the matrix will begin to slowly diffuse back into the fracture and

as a low-level, long-term source of groundwater contamination.



Chapter 4

Conclusions

This study modeled physical processes at the micro scale to investigate the dissolution
of non-aqueous phase liquids in single, discrete, rough-walled fractures. The results
indicate that micro-scale features, in particular the random aperture distribution of
the rough-walled fracture, have large effects on the dissolution process.

Predicting NAPL dissoluticn times and concentrations for fractured material has
been extremely elusive. A porous media analogue can be used to represent the con-
taminated fractured material. A conceptual porous media scenario usually involves
blobs of NAPL (usually spheres) distributed through the porous media (e.g. Powers
(1991)). However, porous media analogues do not account for the effects that the
fractures have on the distribution and dissolution of NAPL. For accurate simulation
of dissolution in field scale models, effects that the fracture system has on dissolution
must be incorporated into the models. Because these effects are generally ignored
(not to mention difficult or impossible to predict) accurate dissolution estimates may
be difficult to produce.

In general, the results of the dissolution modeling are very sensitive to the aperture
distribution within a rough-walled fracture. This sensitivity is particularly evident
from examining the aqueous-phase mass output over time and the time necessary
for complete dissolution of the residual NAPL: simulations using aperture distribu-
tions that are statistically similar can produce very different results. These results

are closely related to the amount and spatial distribution of NAPL within the frac-
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ture; however, the NAPL distribution is the result of invasion percolation which
is ultimately controlled by the random aperture distribution. Because the results
are extremely sensitive to an essentially random parameter (i.e., random aperture
distribution) there is appreciable uncertainty.

As a result of the invasion percolation process, blobs of NAPL are located in the
larger ap«rture spaces and are surrounded by smaller aperture spaces. The control
this spatial arrangement has on the dissolution process is particularly evident in the
mass-output curves, which in turn are a function of the output concentration and av-
erage relative transmissivity. A low dissolution rate occurs initially when the smaller
NAPL cells are dissolving, while 2 mass output peak occurs when the larger, inner
NAPL cells begin dissolving. The mass output then decreases at later time when only
a few isolated zones of residual are present. Comparisons with random NAPL distri-
butions further emphasize the importance of modeling the NAPL position within the
fracture using a physically realistic scenario (i.e., invasion percolation). Low initial
NAPL saturations wiil produce high rates of mass output over a short period of time
whereas high initial MAPL saturations will produce low rates of mass output over
a much longer period of time. The random aperture field and the NAPL distribu-
tion within the field also can have a significant effect on the mass-output results.
Fractures with similar characteristics and initial NAPL saturations can have very
different mass-output curves.

Following an iritial rapid buildup, the average concentration exiting the fracture
generally decreases steadily during the dissolution process. This decrease correlates
with a decrease in the NAPL saturation, which decreases the water-NAPL contact
area and an increase in the relative transmissivity, which increases the water flow
rate through the fracture. In the field, low concentrations are generally interpreted
to mean there is little or no NAPL free-phase contaminant present. Results from this
‘study support this interpretation; however, it is important to acknowledge that even
though the NAPL concentration is decreasing, the mass output of NAPL out of the

fracture may be increasing due to increased water flow rates.
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Relative to an assumption of phase equilibrium, the use of a rate-limited mass
transfer process reduces the effect that increased groundwater velocity has on the time
for NAPL dissolution. Remediation schemes using dissolution to remove residual con-
taminant may be improved by studying this relationship between the mass-transfer
coefficient and the groundwater velocity.

The initial relative transmissivity of a fracture is highly dependent on the ini-
tial NAPL residual distribution; however, the change in relative transmissivity dur-
ing the dissolution process is generally insensitive to the groundwater velocity and
mass-transfer coefficient. In other words the NAPL disappears in roughly the same
sequence regardless of the groundwater gradient or the mass-transfer coefficient.

An exception occurs for cases with very high initial saturations. In this case the
initial effective transmissivities are so low that diffusion is the primary transport
mechanism. The consequences of this are that the dissolution process is initially very
slow and the relative transmissivity curve many follow a different path than for initial
residual saturations in the same fracture. Of course, because transport by diffusion
is generally very slow the dissolution time for the NAPL in the fracture increases
substantially.

NAPL can rapidly diffuse into the surrounding matrix if it is porous. This matrix
diffusion process adds to the complexity in predictions involving NAPL and fractured
material. Aqueous-phase NAPL that is stored in the matrix can begin to diffuse
back into the fracture once the original NAPL residual has completely dissolved.
This reverse matrix diffusion would cause the fracture to continue to output low
concentrations of NAPL over a long period of time; this is consistent with field

observations (Kennedy and Lennox, 1995).

4.1 Implications

Results here have shown that predicting the dissolution character of a single fracture
may be very difficult, or even impossible, given the usual lack of specific informa-

tion about the fracture aperture distributions and corresponding NAPL saturation.
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However, the general prediction of NAPL dissolution over an entire site still may be
possible. By using a fracture network model, the individual mass outputs of single
fractures may become less important and an average value of mass output and dis-
solution rate may be enough to make general predictions. This may be particularly
true in fractured, porous media where the uptake of the dissolved-phase into the
matrix will tend to integrate and smooth results.

The time required for NAPL in a fracture to completely dissolve is quite long;
simulations conducted for the impermeable case averaged about seven years for the
NAPL to completely dissolve (with clean water flowing into a2 1 m square fracture).
Extrapolating this to the field scale (i.e., a network model) would be difficult; how-
ever, it would be expected that NAPL dissolution at this scale would take a much
longer time, possibly tens of years.

One limitation of the approach taken here, where only a single fracture is consid-
ered, is that the model does not account for flow bypassing the fracture containing
NAPL. If th? fracture has an appreciable NAPL saturation it will have a low trans-
missivity. ‘;'I‘hus, water may bypass the fracture through either the surrounding matrix
or adjacent fractures that do not contain NAPL. If this occurs then the mass output
of the fracture system would be over-predicted, leading to a gross under-prediction
of the required dissolution time. Another limiting feature of the modeling is that
the water flowing into the fracture is assumed to be clean: that is, it contains no
aqueous-phase NAPL. If it does contain some aqueous-phase NAPL then the disso-
lution time for the fracture segment under consideration would be increased since
the mass transfer rate from the non-aqueous to the aqueous phase would be lower.
Thus, the overall dissolution time for a fracture network would increase since water

entering fractures downstream contains aqueous NAPL.
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