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Abstract

Soil vapour extraction (SVE) is a remediation technique for removing volatile con-
taminants from the unsaturated zone. Quantifying the importance of the various
processes and factors that control air flow during SVE is essential for predicting flow
and transport of vapours. Air flow to both horizontal and vertical SVE wells was
simulated for two field sites in Western Canada.

Two numerical models were used to simulate steady-state air flow: VapourT, a
finite-element model (FEM) that simulates incompressible flow in either two-dimen-
sional axisymmetric or cartesian coordinates; and AIR3D, a finite-difference model
(FDM) that simulates compressible flow in three-dimensions. A one-dimensional
analysis demonstrated that the difference between a compressible and incompressible
How analysis is minimal under typical SVE pressure drawdowns. A two-dimensional
analysis of flow to vertical extraction wells showed that the two models can yield
slightly different solutions because of differences in the FEM and FDM formulation.
These differences are only minimal if the grid discretization is small in areas of large
fluxes. AIR3D was used to estimate the unsaturated zone permeabilities from field
data obtained during horizontal well SVE tests.

A sensitivity analysis was used to examine the impact of geological, hydrogeolog-
ical and well parameters, and model design, on the air flow solution by comparing
the pressure distributions, the travel times and flowpaths to the extraction well,
and the volume of porous media influenced in a given time. Permeability and the
presence of an impermeable cover were determined to be the most sensitive param-

eters examined. The large variance in the solutions resulting from small changes in



permeability, within expected ranges at the sites, emphasized the need for accurate
parameter characterization with field and laboratory analyses.

Three-dimensional simulations demonstrated that the small pressure drawdowns
created by a long horizontal well at one of the sites could be approximated with a
two-dimensional cartesian coordinate solution, whereas the large pressure drawdowns
created by a short horizontal well at the other site could be approximated with a two-

dimensional axisymmetric flow solution.
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Chapter 1

Introduction

Contamination of groundwater and soil by volatile organic contaminants, such as
petroleum products or chlorinated solvents, is an important environmental issue in
Alberta, and elsewhere. Such contaminants, accidently released into the unsaturated
zone as non-aqueous phase liquids (NAPL), may volatilize into the vapour phase,
dissolve into soil water, partition onto soil solids, or remain in their immiscible phase
(Figure 1.1). Once the contaminants have partitioned into the vapour phase, diffusive
transport can rapidly transport contaminants throughout much of the unsaturated
zone. Phase-partitioning processes commonly result in the contamination of under-
lying groundwater, rendering this essential resource unfit for human consumption for

years.

1.1 Overview of Soil Vapour Extraction

Soil vapour extraction (SVE), also known as vacuum extraction, in-situ air stripping,
or soil venting, is a method currently used to remove volatile organic compounds
(VOC) from the unsaturated zone by pumping air out of horizontal or vertical ex-
traction wells (Figures 1.2 and 1.3). The removal of air creates pressure gradients
in the subsurface, inducing air to flow towards the well. The continual removal of
air from the subsurface causes VOCs stored in other phases to partition to the gas

phase. Subsequently, these contaminants are removed from the subsurface with the
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extracted air. SVE also has the effect of replenishing subsurface oxygen which may
enhance in-situ biodegradation of the contaminant (Gilmour, 1996). Depending on
the emission regulations applicable to the site, contaminated air may be expelled to
the atmosphere or treated. Common treatment processes include sorption on to acti-
vated carbon, catalytic conversion, incineration and enhanced biodegradation (John-
son et al., 1990a; Goldfarb et al., 1994).

SVE is an alternative remediation technique to excavation and disposal or incin-
eration. Other remediation techniques that are similar to SVE include: bioventing,
where microorganisms in the subsurface degrade the hydrocarbons, enhanced by the
addition of oxygen and nutrients delivered by SVE wells; air sparging, in which air
is injected in the saturated zone and soil vapour is removed from the unsaturated
zone; multi-phase extraction, where free-phase product, air and water are removed
simultaneously; and soil piles, in which contaminated soil is piled on the surface and
soil vapour is removed with an extraction system.

The use of horizontal wells instead of vertical wells in a SVE system has recently
been proposed and may have a number of advantages. These include the ability to
minimize surface infrastructure, to extract from beneath surface structures, to readily
provide a boundary cut-off, and to have elongated containment zones that mimic
plume shapes (Massmann and Madden, 1994; Armstrong et al., 1995; Mast, 1996).
Possible disadvantages of horizontal well SVE systems are the inability to access
several units of horizontal stratification and difficulties associated with installation

in deep unsaturated zones.

1.2 Study Objectives
The objectives of this research were to:
o develop a conceptual model of flow of air to horizontal wells during SVE;

e compare incompressible and compressible air flow predictions;



e analyze the performance of vertical and horizontal SVE systems at two field

sites; and

e determine which geological, hydrogeologic, and well parameters, and model

design exert the greatest influence over predicted air flow solutions.

These objectives were accomplished by modifying existing numerical models to
simulate and analyze the performance of SVE, using available data from two gas

plants in Western Canada. The two numerical models utilized in this study were:

1. VapourT (Mendoza, 1992), a two-dimensional finite-element model (FEM) that
simulates the flow of incompressible gas and/or transport of vapour in the

unsaturated zone; and

2. AIR3D (Joss and Baehr, 19935), a three-dimensional finite-difference model

(FDM) that simulates compressible air flow in the unsaturated zone.

Because results from a FEM and FDM were compared, it was necessary to analyze
how differences in well-flux calculations between the two model formulations affect
the numerical model solutions.

Using data available on the geological conditions and field pressure observations at
the two sites, the two numerical models were used to simulate air flow behavior during
SVE with horizontal wells. A sensitivity analysis was performed to assess the data
requirements for numerical modelling and to delineate the bounds of applicability
for horizontal wells. The analysis examined geological and hydrogeological parame-
ters, well characteristics and grid design to determine which parameters exerted the
greatest control over the air flow solution. The simulations were evaluated in terms of
comparing pressure distributions, travel times and flowpaths to the extraction well,
and the volume of soil influenced by extraction between different simulations. The
results of the horizontal SVE system were compared to that of vertical SVE systems

installed at the sites.



1.3 Literature Review

Subsurface geological properties and flow parameters must be quantified to design an
effective and efficient soil vapour extraction system. Basic concepts of air flow in the
unsaturated zone and soil vapour extraction are outlined in this section. A review
of horizontal environmental wells is included, followed by a summary of a number of
sites that have employed horizontal wells for SVE. Finally, a brief examination of
models that describe flow of air during SVE is provided.

A vital parameter controlling air flow is the soil permeability. Soil permeability,
which is a function of the intrinsic permeability and the moisture content, can change
during air extraction, although the two processes that typically cause the alteration
may counteract one another (Beckett and Huntley, 1994; DiGiulio, 1996). The in-
coming atmospheric air may be drier than the soil air, which can lead to dehydration
of the unsaturated zone. Beckett and Huntley (1994) conclude that this process is
likely to be negligible. Watertable upwelling, the opposing process which increases
the moisture content in the unsaturated zone, is a result of decreased capillary pres-
sure during SVE (Beckett and Huntley, 1994).

Massmann (1989) and Massmann and Madden (1994) present three methods for
estimating soil air permeability: 1) based on known hydraulic conductivity values; 2)
based on grain-size parameters; and 3) using curve fitting from vertical and horizontal
SVE tests. For the latter, the Theis and Hantush aquifer test methods were used
to analyze pressure versus time observations from SVE tests. Confined and leaky
conditions, for homogeneous and isotropic porous media, were considered. Horizontal
wells were accommodated by assuming two-dimensional flow, neglecting any end
effects, and using image wells to represent the boundary conditions (Massmann and
Madden, 1994). These analyses were applied to a landfill site in Alaska (Massmann
and Madden, 1994). A 12 m horizontal well was installed in a trench at a depth of 2.4
m and a vertical well was screened to the watertable at a depth of 8.5 m. The average
unsaturated Lydraulic conductivity was estimated to be 1.7x10~* m/s; however, the

horizontal well test yielded conductivities approximately twice those of the vertical



well test. The authors note that a vertical test tends to represent a conductivity
over a vertical section compared to a horizontal test which tends to represent the
horizontal section. Thus, these small differences were attributed to varying degrees
of leakage through surface asphalt or stratification for the two configurations.

The flow of air through clay during SVE was investigated by Gibson et al. (1993).
Field studies of SVE, conducted over 8 months, indicated that the radius of influ-
ence was approximately 6 m from the vertical well and that the clay permeability
was between 2x107!! and 8x10~'2 m?. Laboratory studies showed that porosity
enhancement and fracturing can occur when organic solvents are introduced to clay,
thereby increasing the air permeability. The results of this work show that clay can
have satisfactory air flow for SVE, particularly with the increased permeability due
to organic solvent reactions.

Johnson et al. (1990b) present an estimation method to determine the time neces-
sary to reach steady-state flow conditions. Their analysis shows that typical times are
between 1 day to 1 week. This result is somewhat at odds with observations reported
by Massmann (1989), DePaoli et al. (1991), Clarke et al. (1992), Komex (1994c),
Massmann and Maddan (1994), and Kremesec (1995). These other workers have all
found pressure equilibrium times on the order of hours during SVE.

An impermeable cover at the ground surface may reduce the amount of short
circuiting and increase the volume of the subsurface that will be flushed by uncon-
taminated air, as shown in Figure 1.3. Such barriers to flow might include materials
existing at the site, such as asphalt, concrete or buildings; or engineered materials
constructed with the SVE system, such as high density polyethylene liner. The use
of a surface barrier to encourage horizontal flow of air in the unsaturated zone has
been discussed at length by Gannon et al. (1989), DePaoli et al. (1991), Goldfarb et
al. (1994) and Mohr and Merz (1995).

Mohr and Merz (1995) simulated the measured air flow at 21 sites with asphalt
paving. They concluded that the best match between field and model pressures

occurred when the surface boundary condition had no barrier to flow. The only sites



which had a good fit when a barrier was simulated at the surface were sites with
a low-permeability geological layer at the ground surface. Mohr and Merz (1995)
concluded that asphalt was a poor barrier to air flow at the ground surface and that
surface geology, rather than engineered barriers, may have greater influence over the
amount of vertical leakage.

Beckett and Huntley (1994) state that vertical leakage can readily occur through
cracks and seams in asphalt, concrete, gravel-filled utility trenches, and tank cavities.
Similar to the findings of Mohr and Merz (1995) regarding surface barriers, Beckett
and Huntley (1994) also concluded that simulations of SVE using a confined model
yield inconsistent results. They argue that from a practical standpoint, account-
ing for vertical leakage greatly increased the estimates of cleanup time compared to
predictions from models with impermeable boundaries.

Even though vertical wells have traditionally been installed for SVE systems, the
oil, river crossing and utility industries have been drilling horizontal holes for the past
70 years. It is only recently that horizontal wells have been applied to the remediation
of contaminated soils and groundwater (Morgan, 1992; Wilson and Kaback, 1993).
The first directionally drilled environmental horizontal well was installed in 1988 at
the Savannah River Site (Kaback et al., 1991; Wilson and Kaback, 1993).

A survey completed by Wilson and Kaback (1993) found that over 100 direction-
ally drilled environmental horizontal wells had been installed in the United States
up to 1993. Of these, one-quarter were utilized for groundwater remediation, one-
quarter for SVE and one-half for “other” environmental purposes. Over 80% of these
wells were installed by small to medium drilling rigs to depths of less than 8 m. The
SVE horizontal wells were typically 20 to 130 m long, with an inside diameter of 0.05
to 0.15 m (2 to 6 in). They had been installed in geologic deposits ranging from sand
and sandstone to clay. One of the primary reasons reported for installing horizontal
SVE wells was to avoid surface disturbance.

An important consideration in determining whether horizontal or vertical wells

should be installed at a site is the cost of installing, operating and maintaining the



SVE system. The cost of installation is highly dependent on the subsurface geology,
drilling method, well materials utilized and the guidance system used to track to
drilling progress, as well the number, length and depth of the well(s) (Wilson and
Kaback, 1993; Wilson and Losonsky, 1995).

The costs associated with directionally drilled horizontal and vertical environmen-
tal wells were compared by Wilson and Losonsky (1993). Their example considered
five vertical wells with 3 m screens versus one directionally drilled horizontal well with
a 60 m screen. Although the installation costs for both scenarios were similar, ap-
proximately $115 000, the difference in yearly operational costs was substantial: $54
000 for the vertical wells compared to only $17 000 for the horizontal well. A ten-year
estimate of the cost of installing and operating 5 vertical wells was almost $650 000
compared to only $280 000 for the single horizontal well. Wilson and Losonsky (1995)
report that a directionally drilled horizontal environmental well costs between $30 to
$300/ft to install. This is within the range given by Hardy (1997).

The method of installing horizontal wells can vary greatly from that of vertical
wells. Details regarding installation methods and materials used can be found in Dick-
inson et al. (1986), Karlsson and Bitto (1990), Kaback et al. (1991), Morgan (1992),
Wilson and Kaback (1993), and Russell (1996).

At a site described by Kremesec et al. (19935), horizontal wells for a SVE system
were chosen over vertical wells because of the decreased surface disturbance. A 100 m
long horizontal well was installed in medium sands with an estimated conductivity of
3.2x107* m/s at a depth of 2.5 m. AIR3D (Joss and Baehr, 1995) was used to confirm
these conductivity values. The pressure in the 0.1 m diameter well was observed to
decrease from a pressure drawdown of 6.4 %atm at the inlet to 0.8 %atm at the
end of the 100 m long well. It was suggested that one method to alleviate pressure
losses in long horizontal wells would be to increase the pipe diameter (Bass, 1994;
Battaglia and Morgan, 1994; Kremesec et al., 1995). The flow was also observed to
be non-uniform, with only 16% of the flow entering the distal half of the horizontal

well when the extraction flowrate was 0.3 m3/s. These observations were successfully



simulated using ATIR3D. Model results showed a shorter horizontal well exhibiting
much lower pressure loss along the well. Kremesec et al. (1995) concluded that the
choice of whether to use horizontal or vertical wells should depend primarily on the
surface accessibility issue.

A well documented study of SVE in conjunction with a bioremediation and heat
injection system installed to remediate hydrocarbons at the Hill AFB in Utah was
completed by DePaoli et al. (1991). The subsurface geology at the site consisted of
sand interbedded with clay lenses. Hydrocarbon contamination was found to a depth
of 15 m. Six 0.1 m (4 in) horizontal wells were installed in an excavated trench at a
depth of 6 m with a screened length of 10 m. Concrete was poured above the vents
at ground surface to prevent short circuiting. A surface barrier was installed over
half the site by placing two polyethylene sheets at ground surface and covering the
sheets with a layer of excavated soil. Using the observed pressures surrounding the
vent, the two-dimensional radially axisymmetric analytic model FEMAIR was used
to estimate a permeability range of 3x107'? to 6x10~!' m?. The modelling results
showed that surface barriers assist in creating a larger zone of influence. However, the
field observations in the area with no surface barrier had pressure distributions similar
to areas with the surface cover, suggesting that the barriers are ineffective barriers
to flow. As the SVE system operated, the chemical concentration in the extracted
air decreased and composition become less volatile. In zones of higher air flow,
higher mass removal of the hydrocarbons was observed; however, the overall removal
efficiency calculations for the system was strongly dependent on characterization of
the initial hydrocarbon distribution.

Horizontal SVE wells have been used in conjunction with a number of other
remediation techniques. For instance, Downs (1996), Wade et al (1996), and Basinet
and Wollenberg (1997) describe combined air sparging/SVE systems. Additionally,
many researchers discuss the combination of bioventing with SVE (Joss and Baehr,
1993; Komex, 1994d; Kremesec et al., 1995; Mohr and Merz, 1995; Rathfelder et al.,
19935; Gilmour, 1996; Hardy, 1997)
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Kaback et al. (1991) describe the installation and use of horizontal wells at the
Savannah River U.S Department of Energy Site in South Carolina to remediate con-
taminated soils and groundwater. Two horizontal wells were installed in sands and
sandy clay at this site. A 90 m long well was located below the watertable at a depth
of 50 m and a 60 m long well was installed at 20 m depth in the unsaturated zone.
The lower well was used to inject air (sparging), while the upper well was used to
extract air (SVE).

Johnson et al. (1990a) discuss many design, installation, and operational aspects
that must be considered in SVE systems. They state that the three most signif-
icant factors affecting the efficiency of any soil venting operations are the vapour
flowrate, the vapour flowpath relative to the contaminant distribution and the con-
taminant composition. A typical method of determining the effectiveness of a SVE
system is to measure or estimate the radius of influence. Radius of influence, which
is most suitable for axisymmetric flow to vertical wells, has a number of different
definitions associated with it. It has most commonly been defined as the distance
where a defined pressure is measured (Beckett and Huntley, 1994; Johnson and Et-
tinger, 1994). Literature values of the defined pressure range from 0.1 in (2.5x1073
m) H,O (Komex, 1994c), to no observed pressure drawdown (Clarke et al., 1992;
DiGiulio, 1996). Johnson and Ettinger (1994) outline three methods to estimate
the radius of influence: 1) empirical methods based on previous studies; 2) graph-
ical methods based on pressure drawdown versus distance; and 3) semi-analytical
determination based on equations (Johnson et al., 1990a).

A limitation to the above definitions of radius of influence is that there is no
relevance to the time required for remediation. Consequently, SVE system designs
based solely on the radius of influence tend to underpredict the time required for
remediation and are only successfully in containing the contaminated vapours (John-
son and Ettinger, 1994). This problem is overcome with alternative definitions by
Bass (1993), Beckett and Huntley (1994), Goldfarb et al. (1994), Johnson and Et-
tinger (1994) and Mohr and Merz (1995) in which the effective radius of influence is
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defined as the distance from the well where a certain flowrate is found. Commonly,
this distance is where sufficient air flow exists to remediate the subsurface to accept-
able levels within the allowable time. Beckett and Huntley (1994) and Johnson and
Ettinger (1994) suggest that the necessary vapour flux be calculated from the time
required for cleanup and the number of pore volumes required to remove the contam-
inant. The number of pore volumes required for a specified cleanup time depends
on the geology, vapour velocities, contaminant properties and concentrations. Thus,
this concept of pore volume includes the process of chemical partitioning and the
removal of the contaminants, which may be limited by equilibrium partitioning.

Models for soil vapour extraction can be divided into three categories: 1) analytic
models; 2) air flow models; and 3) transport models. Because this work focuses on
the hydraulics of air flow, transport models are not discussed here. An overview of
utilizing models to simulate flow and transport of vapours during SVE is presented
by Jordan et al. (1993).

Many of the analytical models available for describing air flow during SVE are ap-
plicable only to a single vertical well (Massmann, 1989; Johnson et al., 1990a; Marley
et al., 1990; McWhorter, 1990; Baehr and Hult, 1991; Shan and Falta, 1992; Bass,
1993; Beckett and Huntley, 1994; Mohr and Merz, 1995). HWELL, an analytical
model describing steady-state or transient water flow to a horizontal well in a con-
fined anisotropic aquifer was developed by Beljin and Losonsky (1992). Falta (1993)
presents an analytical solution describing steady-state or transient gas flow to a single
horizontal well or parallel, stacked pairs of horizontal wells in anisotropic, homoge-
neous porous media. End effects were ignored by assuming two-dimensional flow. Of
particular note was that air flow to horizontal wells is highly influenced by anisotropic
permeabilities.

Two numerical models that simulate transient or steady-state three-dimensional
compressible air flow to horizontal wells are AIR3D (Joss and Baehr, 1995) and
GAS3D (Sepehr and Samani, 1993). AIR3D has been coupled with an optimizing
program by Welty et al. (1996) and Sawyer and Kamakoti (1998).
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Chapter 2

Theory

2.1 Conceptual Model

The vadose zone can be defined as the zone of soil in the subsurface that possesses
fluid(s) at negative pressures and air at atmospheric pressure. The pressure difference,
caused by surface tension along the interface between the two fluids or the fluid
and the air, is known as the capillary pressure. This phenomenon, along with the
molecular attraction between the fluids and the soil particles, permits water and
NAPL to remain in the pores spaces in the vadose zone. The capillary pressure
between the fluids is a function of the pore geometry, the interfacial tension of the
fluids, and the amount of each fluid present (Fetter, 1993).

As illustrated in Figure 2.1, the unsaturated zone is comprised of two zones:
1) the Pendular Zone, where water is at irreducible water saturation; and 2) the
Funicular Zone, where the water content increases from the irreducible saturation to
about 100% water saturation (Freeze and Cherry, 1979; Abdul, 1988; Fetter, 1993).
The irreducible water content varies depending on the soil texture, ranging from 10%
of the porosity for sands to approximately 40% for clays. The capillary fringe is
defined as the porous media below the Funicular Zone where the soil is close to 100%
saturated but still exhibits negative water pressure (Abdul, 1988). The saturated
zone includes all porous media below the Funicular Zone where the water saturation

is close to 100% (Abdul, 1988). The definitions of the vadose zone and unsaturated
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Figure 2.1: Conceptual model of the unsaturated and saturated zones. (modified
from Abdul (1988))

zone differ in that the vadose zone is defined to include all porous media from the
ground surface to the bottom of the capillary fringe, with all water in the porous
medium exhibiting negative pressures, while the unsaturated zone only extends to
the top of the capillary fringe, with all water saturations being less than 100% (Fetter,
1993; Freeze and Cherry, 1979). In examining air flow, the unsaturated zone is the
zone of interest because it contains porous media with an appreciable air content.
The height of the capillary fringe depends on the largest pore diameter of the soil,
the interfacial tension between the two fluids and the contact angle between the two
fluids (Fetter, 1994). Experimental observations in unconsolidated geologic material
with a porosity of 41% yielded capillary fringe heights of between 2.5 cm for a fine
gravel with a grain size of 2 to 5 mm to greater than 2 m for a fine silt with grain
sizes of between 0.02 to 0.05 mm (Fetter, 1994). In the unsaturated zone, the water
phase is usually the wetting phase (i.e., the contact angle is less than 90°), meaning
it has a tendency to coat the soil grains and occupy the smaller pore throats, while

the air is normally the non-wetting phase and tends to occupy the pore voids. In
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a three-phase system with air, water and oil, the oil is generally non-wetting with
respect to the water and wetting with respect to the air. Thus, water tends to coat
the soil grains and oil exists between the water and air (Fetter, 1993). Even in the
Pendular Zone, with only residual moisture content remaining, water will tend to
form a fine layer on the soil grains (Fetter, 1994).

LNAPL released into the unsaturated zone migrates downwards and laterally
due to gravity and capillary forces, through preferred flowpaths in the vadose zone.
Lateral movement may arise due to the LNAPL pressures being insufficient to displace
the pore water in areas of greater saturation. As the LNAPL moves downwards
it displaces water present in the pore spaces. Residual LNAPL remains immobile
in the vadose zone due to capillary forces. If the free phase LNAFL reaches the
saturated zone, a capillary oil fringe and an oil pool under tension may develop on
the capillary fringe and water in the capillary fringe will be replaced with LNAPL. If
enough LNAPL is present, the LNAPL will begin to exhibit positive pressures and,
if the porous media is very conductive, the water capillary fringe will disappear, the
pool will rest on top of the watertable and may even displace water on top of the
watertable. Such changes were observed by Abdul (1988) in a column experiment
with laboratory sand and diesel.

Changing watertable elevations, due to seasonal watertable fluctuations or ground-
water extraction, may result in the smearing of an oil pool lying near the watertable,
as illustrated in Figure 2.2. As the watertable drops, the oil pool follows likewise, with
LNAPL migrating into, and remaining in, the former saturated zone (Figure 2.2(b)).
When the watertable rises (Figure 2.2(c)), some LNAPL may remain behind as resid-
ual and, depending on the velocities of the watertable rise and oil pool rise, mobile
free phase LNAPL may still exist in the saturated zone (Fetter, 1993). The distri-
butions of LNAPL and water above the watertable will be different for a dropping
watertable, as drainage conditions exist, compared to a rising watertable, where im-
bibition conditions occur. The residual remaining in the saturated zone can dissolve

into the aqueous phase, providing a source of groundwater contamination.
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The residual remaining in the vadose zone and any pools of LNAPL present
provide a source of contaminated soil vapour as illustrated in Figure 1.3. Once the
contaminant has partitioned into the vapour phase, diffusive transport may rapidly
transport the contaminated vapour throughout the system. Generally air diffusion
coefficients are on the order of 107° m?/s, 4 to 5 orders of magnitude greater than
aqueous diffusion coefficients (Mendoza et al., 1996).

Groundwater can become contaminated through a number of different processes.
Soil water in the vadose zone can become contaminated through partitioning from
other phases into the water phase. During infiltration and watertable fluctuations,
the contaminated water from the vadose zone becomes incorporated into the ground-
water. Other sources of groundwater contamination include dissolution of residual
present in the saturated zone due to watertable fluctuations as explained previously,
dissolution of a LNAPL pool in contact with the watertable and diffusion from the
vapour phase into groundwater.

The equilibrium distribution of a constituent i between free phase NAPL to the
vapour phase is related to the vapour pressure (V},) of the constituent and it’s mole

fraction (X;) by the ideal gas law and Raoult’s law:
Yoi
RT
where Cj; is the gas phase concentration, R is the universal gas constant and T is

Cp = 2L X; (2.1)

the fluid temperature (Baehr, 1987). The mole fraction can be found by dividing
the number of moles of the particular compound by the total number of moles of the
contaminant. Compounds with higher vapour pressures have a greater tendency to
volatilize to the vapour phase than those with lower vapour pressures.
The equilibrium water-air partitioning coefficient, Henry’s law constant H, is
defined as:
Cg

where C), is the equilibrium water phase concentration (Fetter, 1993). H has the units
of (%) Both Henry’s law constant and the vapour pressure are highly tem-

perature dependent. Chemicals with high H, such as nonaromatic compounds (e.g.,
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cyclohexane, 1-hexene, n-hexane and n-octane), have a tendency to partition into
the vapour phase compared to chemicals with low H, such as aromatic compounds
(e.g., benzene, toluene, o-xylene and ethylbenzene), which prefer to partition into the
water phase (Fetter, 1993). Therefore, chemicals that are more likely to be present
in the vapour phase, and thus amenable to SVE, are those with high Henry's law
constant and vapour pressures. Table 2.1 presents Henry’s law constants, vapour
pressures and other chemical properties for selected organic chemicals, ranging from
Cs to Cy compounds. During SVE the compounds with high A and V) that have a
greater affinity for the vapour phase will be removed first, changing the NAPL com-
position. Later in time, once the initial lighter compounds have been preferentially
removed, the mole fractions of heavier compounds increase and the concentrations of
the heavier compounds also increase, and subsequently may be removed by the SVE
later in time.

A SVE system typically consists of an extraction well installed in the unsaturated
zone, connected to a blower which removes air from the subsurface, creating a pressure
drawdown in the extraction well, as shown in Figure 1.3. The resulting pressure
gradients force air in the unsaturated zone to flow towards the extraction well. In this
way, extraction wells remove contaminated vapours from the unsaturated zone. This
decreases the concentration of the vapour phase and creates concentration gradients
between the vapour phase and the other phases. The configuration of the extraction
well(s) and the subsurface geology will determine the air flowpath to the extraction
well(s). Depending on local regulations and vapour concentrations, the released
vapour may either be released to the atmosphere or passed through a treatment

system.

2.2 Mathematical Equations for Flow

The continuity equation states that the amount of fluid entering a representative

elemental volume (REV) minus the amount leaving the REV must equal the change
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in storage of the REV and is given by:
~V(pg) = =2 (2.3)

where p is the fluid density, ¢ is the specific discharge, and 8 is the air-filled poros-
ity (Freeze and Cherry, 1979). By assuming that the air-filled porosity is uniform

and constant with time, (2.3) reduces to:

~V(pq) = 65 (2.4

For an ideal gas, the relationship between the density, p, and fluid pressure, P, is

described by the ideal gas law:
_ MyP
P = "RT

where M, is the effective molecular weight, R is the universal gas constant, and

(2.5)

T is the temperature. For an isothermal system, the right hand side of the conti-
nuity equation (2.4) may be written in terms of pressure, rather than density, by

substituting (2.5) into (2.4) and multiplying both sides by g to obtain:

apP
~Viega) = Sy35- (2.6)

The pneumatic specific storage term, S, is equal to:

Gg M,
S0 = "7

= pg(v + 60) (2.7)

where v is the porous media compressibility and § is the fluid compressibility (Freeze
and Cherry, 1979; Massmann, 1989; Mendoza, 1992). The compressibility of the
porous media can be assumed negligible compared to the compressibility of gas,
therefore S, = pgfp.

The specific discharge term, q, must be solved for in (2.6) and this is accomplished
with Darcy’s law. For SVE, the flow of air is primarily due to pressure gradients,
therefore diffusional flow is considered negligible and not accounted for. Air flow due
to barometric fluctuations, watertable fluctuations, infiltration, temperature gradi-

ents and wind gusts is neglected in this study.
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Darcy’s law for groundwater assumes that the velocity of water along the pore
walls is equal to zero, and this flow is referred to as viscous or pressure flow. For the
flow of gases, the velocity may be greater than that predicted by Darcy’s law because
the velocity along the pore walls may be nonzero. This slip low phenomenon is a
result of the mean-path of gas molecules being similar to common pore radii and is
a function of pore radius and gas pressure (Massmann, 1989). For an average pore
radius of 107% mm, the ratio of pressure flow to slip flow is approximately 0.3 com-
pared to a ratio of 200 for a pore radius of 1072 mm. Massmann (1989) concludes
that for porous media in the unsaturated zone with a pore radius of that of sand
and gravels or larger, viscous flow dominates over slip flow and therefore, for those
materials, Darcy’s law for the motion of groundwater flow can be assumed applica-
ble. McWhorter (1990) also concludes that gas slippage is only significant during
high extraction or injection rates in low permeability materials. Darcy’s law also
requires the flow of fluid to be laminar. Calculations by Beckett and Huntley (1994)
demonstrate that air flow velocities outside the wellbore in very coarse-grained sands
are still limited to the lower limit of turbulent flow.

Darcy’s law states that the specific discharge of a fluid, ¢, is proportional to the

gradient of the potential, VP, by:
g= —k£V<I> (2.8)

where £ is the permeability of the soil, u is the fluid viscosity, and ® is the fluid po-
tential (Freeze and Cherry, 1979). For the system considered here, there may be two
important components to the fluid potential: gravitational and pressure potential.
The fluid potential for a compressible fluid is equal to (Hubbert, 1940; Massmann,

1989):

PdP
P P
where g is the gravitational acceleration, z is the elevation, and P, is a reference gas

®=gz+ (2.9)

pressure. Assuming that the system is isothermal and that the dominant potential



is the pressure potential, and applying the ideal gas law, (2.9) becomes:

RT [PdP
¢ = Mo . 7 (2.10)
and the gradient of the fluid potential is:
1
V® =-VP (2.11)
p
Substituting (2.11) into (2.8) yields:
k
= ——VP 2.12
9=-7 (2.12)

Finally, Darcy’s law (2.12) is comhined with the continuity equation (2.6) to

describe the transient mass flow of gases in the unsaturated zone:

P9 _g 9P 9
v <k ; VP) =5, (2.13)

which is similar to the transient flow of groundwater:

oh

(2.14)

where S, is the aqueous specific storage, h is the aqueous head potential and K is
the hydraulic conductivity (Freeze and Cherry, 1979). The main difference between
the groundwater flow equation and gas flow equation is the density of the gas in
(2.13) is dependent on the pressure of the gas, and therefore the gas flow equation is
non-linear.

The effective permeability, k, is equal to the product of the intrinsic, &%, and rela-
tive, k*, permeabilities. The relative permeability, a function of the effective air-filled
porosity and pore-size distribution index, is commonly calculated using the Brooks-
Corey equation (Fetter, 1993). For both sites to be modelled in this study, it was
assumed that the moisture conditions and air-filled porosity were under steady-state
conditions at field capacity. Therefore, the relative permeability was equal to one,

and the effective permeability is taken as being equal to the intrinsic permeability.
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2.2.1 Incompressible Flow

The transient mass flow equation (2.13) is linear if the dependence of density on
pressure is neglected. Assuming that density of the fluid is the initial gas density, p,,

then (2.13) becomes:
oP

at

Since (2.15) is linear, it can be solved with existing groundwater models. An analyti-

V(kp;—gVP) =S, (2.13)

cal solution to (2.13) was developed by Kidder (1957), assuming one-dimensional flow
in a homogeneous system. The results showed differences between the exact and a
linear approximate solution of less than 1% for drawdowns under 20 %atm, increasing
to close to 30% when the drawdown was increased to 80 %atm. Massmann (1989)
recommends a drawdown of 50 %atm as the upper limit to apply groundwater flow
equations to describe air flow. Most SVE systems drawdowns are less than 20 %atm,
therefore (2.15) can be applied to solve for air flow during SVE in the unsaturated
zone.

VapourT, a two-dimensional FEM, utilizes this method of modelling gas flow
(Mendoza, 1992). Compressibility of the gas is still incorporated into the flow equa-
tion through S,, as long as transient flow is modelled. VapourT simulates gas flow
in terms of heads, with: ,

h®*=—+2z (2.16)
Pog

where h*® is the equivalent head of the gas mixture. If elevation potential is assumed
negligible compared to the pressure potential, then z = 0. By substituting pressures

with heads, (2.15) becomes:

Pod ) __ ah'.
\% (k p Vh) = Sop 5 (2.17)
where Sap = (6p,98).
In two-dimensional cartesian coordinates, the gas flow equation is:
0 [,.,; PogOR* 0 [,.,: PogOh* _ oh*
% [k ka az] + % k*k}, L 0z +Q = Sap 5 (2.18)
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where k* is the relative permeability, ki, and ki, are the intrinsic permeabilities,
assuming that the principle directions of permeability are aligned with the coordinate
axes, and Q) is the source term (Mendoza, 1992).

Alternatively, (2.18) can be expressed in two-dimensional axisymmetric coordi-

nates as:

] +Q =502 (2.19)

10 i Pog oh* 10 «1i Pog OR
rar[kk 8]+raz[kk 52

where r is the radial coordinate direction.

2.2.2 Compressible Flow

Compressible flow is modelled by incorporating a varying density with change in
pressure on the left hand side of (2.13). Substituting density with pressure using the
ideal gas law in (2.13) yields (Joss and Baehr, 1995):

Vi
v (kg;;'”jfj VP) S %—P (2.20)

This equation is linearized by using a change of variable where ¢ = P?, and making

two substitutions:

(PVP) = %va (2.21)
and
aP 1 do
5 " 2P 3 (2.22)
Substituting (2.21), (2.22) and o into (2.20) yields:
Moo, |\ _ S0
\Y (kuRT or) = 5% (2.23)
Multiplying (2.23) by (uRT/gM,), (2.23) reduces to (Joss and Baehr, 1995):
V(kVo) = Syp g‘t’ (2.24)

where S3p = 6p/P
A comparison between the exact solution to (2.13) and a non-linear approximate
solution by Kidder (1957) yielded smaller differences than with the linear approxi-

mation, with differences less than 1% for pressure drawdowns less than 20 %atm and
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less than 5% for pressure drawdowns of 80 %atm (Massmann, 1989). To apply the
groundwater flow model, such as MODFLOW (McDonald and Harbaugh, 1988), to
air flow, h in (2.14) is replaced with P2,

AIR3D (Joss and Baehr, 1995) uses MODFLOW (McDonald and Harbaugh,
1988), a three-dimensional finite-difference groundwater flow model, to solve (2.24).
In three-dimensional cartesian coordinates, with the coordinates aligned with the

major axes of the permeability tensor, (2.24) is expressed as:

d do 0 do 0 do do .
%’ (kzza_z) - % (kyyég) + é; (kzza_z> -W= SSD'B? (220)

where k;;, kyy and k.. are the effective permeabilities, and W is the sink term.

2.3 Boundary Conditions

To solve a numerical model, appropriate boundary conditions must be specified. Ei-
ther Type I or Type II boundary conditions are applied along domain boundaries in
AIR3D and VapourT. Type I boundary conditions, also known as Dirichlet bound-
aries, are constrained pressure boundaries. Type II boundary conditions, also called
Neumann boundaries, are specified flux boundaries.

For VapourT, both Type I and Type II boundary conditions can be specified.
Type L is typically applied to the ground surface (i.e., P set to atmospheric pressure),
to the extraction well nodes along a boundary representing a well, and may be used
for the far lateral boundary (i.e., P set to atmospheric pressure). The extraction
well can alternatively be specified as Type II boundary, where the flux is set to the
volumetric extraction rate. Type II boundary conditions are also utilized to simulate
no-flow or impermeable boundaries, such as at the watertable, far lateral boundaries
or symmetry boundaries, by setting the flux to zero,.

AIR3D permits the user to apply Type I or Type II zero-flux boundary conditions.
The default ground surface boundary is assumed to be constrained atmospheric pres-
sure. This is accomplished by adding an additional layer, that is 20% the thickness of

the layer below, with all cells set to atmospheric pressure. The watertable boundary



is set to Type II zero-flux boundaries. In its original form, the far lateral boundaries
were assigned Type I boundary conditions of atmospheric pressure. Modifications to
AIR3D allowed Type II zero-flux boundaries to be specified at the lateral boundaries
(i.e., far lateral boundaries and symmetry boundaries).

Cartesian coordinates (i.e., (2.18) or (2.25)) are are most suitable for horizontal
well configurations, as illustrated in Figures 2.3 and 2.4, with plane A-A’ representing
the two-dimensional cartesian coordinates planes simulated. For two-dimensional
flow, the horizontal well is portrayed as being infinitely long in the y-direction, thus
no effects from the end of the well are simulated. To save computer time and space,
a symmetry boundary may be applied, as illustrated in Figures 2.3 and 2.4. This
approach is taken for most of the simulations in this study.

The vertical wells are realistically simulated with axisymmetric coordinates sim-
ulating radial flow as illustrated in Figures 2.5 and 2.6 by applying (2.19). Alterna-
tively, flow to a vertical well can be modelled in three-dimensions by applying (2.253).
Again, to save computer space and time, a symmetry boundary may be applied
as illustrated in Figures 2.5 and 2.6. Axisymmetric coordinates can only simulate
one vertical well, therefore multiple vertical well systems must be simulated with a

three-dimensional model.

2.4 End Effects

Under isotropic conditions, flow to a vertical well is axisymmetric. That is, at equal
distances from the well, the magnitude of pressure and flowrate is identical. Unlike a
vertical well, flow to a horizontal well is three-dimensional. The influence of the end
effects with a horizontal well SVE system will depend on the geological conditions
and the SVE design. Three-dimensional analyses are the most appropriate modelling
approach, but horizontal wells may also be represented in two-dimensions. As shown
in Figure 2.7(a), a short horizontal well may be represented by axisymmetric flow
to a vertical well with a vertically short screened interval. Alternatively, a long

horizontal well can be represented with two-dimensional flow in cartesian coordinates
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A

Symmetry Boundary

Figure 2.4: Cross-section A-A’ from Figure 2.3. Two-dimensional cartesian coordi-
nates simulation with symmetry boundary.



Figure 2.5: Conceptual model of vertical well with axisymmetric coordinates.

B B’

]

—a

. 7.Symmetry Boundary

Figure 2.6: Cross-section B-B’ from Figure 2.5. Two-dimensional axisymmetric co-
ordinates simulation with symmetry boundary.
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Figure 2.7: Representation of horizontal well in two-dimensions in layer cross-
sections: (a) Short horizontal well with axisymmetric coordinates, and (b) Long
horizontal well with two-dimensional cartesian coordinates.




by assuming flow to the ends of the well in the third dimension is negligible, as
illustrated in Figure 2.7(b). These methods may be appropriate if the computer

limitations and time require a two-dimensional model be utilized.

2.5 Flow Nets

A flow net is a two-dimensional, steady-state representation of potentials consisting
of equipotential and flow lines, typically applied to groundwater systems (Freeze and
Cherry, 1979). Flow net theory can be used to predict pressure distributions and
changes in pressure distribution with changing permeability in pneumatic systems
if incompressible conditions are assumed. An example applied to the flow of gas is
presented by Falta (1995). The same assumptions and rules for flow net construction
for groundwater flow in an aquifer can be applied to air flow in the unsaturated zone,
with pressure potential replacing head potential and permeability replacing hydraulic
conductivity. For a homogeneous, isotropic system, the pressure distribution in the
unsaturated zone is solely dependent on the boundary conditions. The flowrate is
dependent on the permeability and the pressure distribution.

Once the pressure distributions have been established, the change in the distri-
bution due to a change in permeability can be estimated. An increase or decrease
in the z- and z-permeability for an isotropic, homogeneous system will have no ef-
fect on the pressure distribution, only on the flowrate. This is also valid for an
isotropic, heterogeneous system where all the permeabilities are changed the same
magnitude. For an anisotropic, homogeneous domain, a transformation must be
completed to contract/expand the system in the z- or z-direction with the following

relationships (Freeze and Cherry, 1979):

vk
Xg = Toriginal and Zt,- = Z2origi 1—2: (226)
rans origing ans arigina ﬂz

or

vk,
Zirans = Zoriginal and Xgans = Icriginal—\/T

= (2.27)
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Following the transformation, the transformed flow net must be inverted back to the
original domain size.

An example of the transformations for an anisotropic system, where &, has been
decreased to one-half of k;, is shown in Figure 2.8. The top boundary and far
right boundary were assumed to be at atmospheric pressure, the watertable was set
to be a zero-flux boundary and the well was assigned a constant pressure of Py
(Figure 2.8(a)). Using (2.26), the vertical scale was expanded by /2, or 1.4, and
the new flow net was drawn for k; = 2k,. Figure 2.8(b) shows the equipotential for
pressure P;. The transformed flow net was inverted back to the original domain size
(Figure 2.8(c)). The solid line shown on Figure 2.8(c) represents the equipotential,
P;, for the case in which &, = k..

If the original k; = k. is available, resulting flownets can be drawn for varying

the permeability with:

vk
Ziny = Ztrans  and  Xipy = Itrans\/—Ef' (228)
in which every z-dimension of the pressure contour is multiplied by:
k
vk (2.29)

vk:

These relationships will be used in later analyses.

2.6 Summary

The equations for incompressible and compressible air flow in the unsaturated zone
have been developed in this Chapter. The application of these equations and the
boundary conditions will be examined further in the Numerical Model Chapter, along
with the results of a comparison between the incompressible and compressible flow

solution.
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Chapter 3

Numerical Models

A description of the two numerical models utilized for modelling air flow under SVE
conditions is discussed in this Chapter. An analysis of the differences between the
finite-element model (FEM) and finite-difference model (FDM) models is included,
along with example simulations to illustrate the potential difference between the

models.

3.1 Overview of Models

Two numerical models were utilized to simulate the advective flow of air in the
subsurface during SVE: VapourT and AIR3D. Although both models are capable of
modelling transient flow, only steady-state conditions were simulated.

The first numerical model used for SVE evaluation is VapourT (Mendoza, 1992).
VapourT is a two-dimensional, finite-element model (FEM) formulated to use ei-
ther axisymmetric or two-dimensional cartesian coordinates. The model simulates
steady-state or transient flow and transport of vapours. It was originally designed to
simulate passive vapour migration of a gas, but may be used to simulate SVE condi-
tions if the pressure drawdowns are small, less than 50 %atm (Massmann, 1989). For
steady-state flow, the gas is assumed incompressible as explained in Section 2.2.1.
Compressibility is incorporated into the transient solutions through the specific stor-

age term in (2.7). VapourT, programmed in Fortran-77, was run on an IBM RS/6000
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workstation.

The second numerical model, AIR3D (Joss and Baehr, 1993), simulates steady-
state or transient flow of compressible air. It is comprised of three programs: Preair,
MODFLOW (McDonald and Harbaugh, 1988) and Postair. Preair converts air flow
input data into the format required for MODFLOW's groundwater flow equations.
Hydraulic head is replaced with P?; hydraulic conductivity with permeability; and
hydraulic specific storage, S,, with pneumatic specific storage, Ssp. The flow pro-
gram that solves the partial differential equations is MODFLOW, a three-dimensional
finite-difference model (FDM) originally designed to simulate groundwater flow in the
saturated zore (McDonald and Harbaugh, 1988). Postair converts the MODFLOW

output back into air-phase values with the following relationships:

P=vh=o (3.1)
and
1
an’r = Qmad (m) (32)

where h is the hydraulic head, o is a change of variable, P is the pressure, Q,;, is the
Howrate output from AIR3D, Qpmgq is the flowrate output from MODFLOW and u
is the air viscosity (Joss and Baehr, 1993). Preair, MODFLOW and Postair are all
coded in Fortran-77 and were run on an IBM RS/6000 workstation and a personal

computer.

3.1.1 Grid Design

A significant difference between the FEM and FDM is the distinct methods of grid
design. For both methods, the system domain is divided up into a number of ele-
ments/cells. Each element/cell has a number of nodes associated with it.

In the FDM model (AIR3D), the three-dimensional grid is divided into a number
of layers (nz), rows (nz) and columns (ny), with the total number of cells equal to
nz x nz X ny. The discretizations in the z-, y- and z-directions are Az, Ay and Az,

respectively. Node i is located in the centre of a rectangular grid cell (Figure 3.1).
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Figure 3.1: Nodal connectivity for the FDM. { = node number, nz = number of
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Figure 3.2: Nodal connectivity for the node ¢ in the FEM. E = element number,
i = node number, nz = number of nodes in the vertical directions, nz = number
of nodes in the horizontal direction, Az = vertical discretization, Az = horizontal
discretization

This method is known as block-centred formulation. At each node, a difference
equation is written, relating the pressure values at that node to the 6 neighboring
nodes. In Figure 3.1, node 7 is connected to nodes i+1,i—1, i+nz, i—nz, i+nInz
and i — nznz, and is assigned a row, column and layer number. The resulting set
of algebraic equations are then solved iteratively with the Strongly Implicit Matrix
Solver (SIP) (McDonald and Harbaugh, 1988). The calculated pressure values are
representative of the centre of the cell, while flux calculations are completed at the
boundaries between two cells.

In contrast to the FDM, the elements in a FEM can be triangular or quadrilateral
in shape, which allows irregularly shaped grids to be constructed. With VapourT,
the grid is discretized into layers and columns, creating triangular cells, with the
number of nodes in the vertical direction equal to nz and the number of nodes in
the horizontal direction equal to nz, as illustrated in Figure 3.2. The discretizations

in the z- and z-directions are Az and Az. Each element has three nodes associated
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with it. For example, in Figure 3.2, element F has nodes 7, : — 1 and ¢ — 1 + nz.
Moreover, each node has a connectivity of 6 neighboring nodes, with node ¢ + nz
connected to ¢, 2+1,2—1,i+1+nz, i+2nz, i —1+2nz and ¢ — 1 +nz. In VapourT,
the nodes are assigned a number, 1 to nn (number of nodes), with node one located
in the lower left-hand corner, increasing upwards, and node nn located in the upper
right-hand corner. Elements are numbered 1 to ne (number of elements), increasing
across rather than upwards. The total number of elements is ne = 2(nz — 1)(nz — 1)
while the total number of nodes is nn = (nz x nz). Although a head is calculated at
every node in the domain, similar to the FDM, interpolation functions are used to
assign a head at every point with the FEM. The differential flow equations are solved
with Galerkin's method (Wang and Anderscn, 1982; Mendoza and Frind, 1990) and
the ORTHOFEM solver (Mendoza et al., 1994).

To minimize numerical error in the FD), it is recommended that the grid spacing
increase by no more than 1.5 times larger than the previous cell in a finite-difference
grid (Anderson and Woessner, 1992). This is because of the large error associated
with the second derivative of (2.24) when an irregular grid is applied (Anderson and
Woessner, 1992). When designing a finite-element grid, the aspect ratio, which is
defined as the ratio of the maximum to minimum element dimensions, should be less
than 5 (Anderson and Woessner, 1992), although values up to 100 are acceptable
(pers. com., Mendoza, 1999). It is particularly important to follow these rules in
zones where the pressure gradients are the largest (i.e., in the vicinity of the well);
elsewhere, these restrictions may be relaxed. Simulation results are shown later to

estimate the sensitivity of the flow solution to varying grid spacing.

3.1.2 Fluid Balance and Fate

Fluid balance calculations are conducted to: 1) determine the amount of air entering
and exiting the system; 2) determine the fate of air within the domain; and 3) confirm
that conservation of mass has been honoured.

For both programs, the flux of air across all external boundaries, including the
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lateral, watertable and ground surface boundaries and extraction wells, is calculated.
For steady-state simulations, the net flux should equal zero. Fluid balance calcula-
tions are conducted in both programs to estimate the fluid balance error. AIR3D
calculates this as a normalized fluid balance, equal to the difference in fiuid flux
entering and exiting the system, divided by the total flux. VapourT’s fluid balance
calculation is the total fluid flux divided by the positive fluid flux (e.g., total flux
of air entering the domain). These two fluid balance definitions are not identical
and thus cannot be directly compared. They are only used as a balance, code and
discretization check within each individual program.

The summaries of all flow across boundaries can also be used to determine the
fate of the air within the system and to verify that the grid is of suitable dimensions.
To satisfy boundary conditions, it is necessary to place the lateral boundaries at a
far enough distance so that less than 3% of the recharge entered from the lateral
boundaries, with the remaining 95% entering from the atmospheric layer (Joss and

Baehr, 1993).

3.2 Well Representation

As discussed in Chapter 2, the only method of representing an extraction well in
AIR3D is by applying a constrained pressure to the extraction well cells. The pres-
sure can then be adjusted to obtain the volumetric flowrate or velocity measured in
the field. In VapourT, either a constrained pressure or a constrained flux boundary
condition can be applied at the extraction well. Pressure distributions in the extrac-
tion well created by a constrained flux in VapourT exhibited larger pressures halfway
along the screened portion of the vertical extraction well (Gilmour, 1996). Screen
lengths of horizontal wells used for SVE can be much longer than conventional SVE
vertical wells, and it is anticipated that the pressure losses along the horizontal well
will be more significant due to friction and turbulent flow (White, 1986). Pressure
loss is dependent on the soil permeability, size of perforations, roughness of the pipe,

and the length and diameter of the well (Bass, 1994).
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An alternative method of simulating the pressure loss along a horizontal extraction
well was developed using pipe flow theory reported by White (1986). This method
involves setting the first cell of the extraction well to a constrained pressure and
assigning a representative permeability to the remaining cells of the extraction well.
It does not explicitly account for pressure losses due to pipe perforations.

Velocity, v, based on Darcy’s law from (2.17) is:

L ,_o_gL\h‘
L—ku AL

(3.3)

where k is the permeability, p is the fluid density, g is the gravitational constant,
p is the viscosity and (Ah*/AL) is the equivalent head potential gradient. The
Darcy-Weisbach equation that describes the relationship between head loss, Ak s for
turbulent or laminar flow in a pipe and the fluid velocity in a pipe, is (White, 1986):

U= ?jfi—ji—}g (3.4)
where d is the diameter of the pipe, f is the friction factor, and AL is the length of
the pipe.

The friction factor, f, of a pipe can be found using the Moody Chart for pipe

friction (White, 1986). The Moody Chart requires the Reynolds number, R,:

Ro=Y_ v (3.3)
voou
where v is the dynamic viscosity; and the Relative Roughness, (R.):
R.=: (3.6)
== .

where € is the average pipe roughness, an empirical value.
Assuming that the fluid is incompressible, (3.3) and (3.4) can be equated to find
the effective permeability of the pipe for turbulent flow (k,):
2du

k, = —— 3.7
* fup (37)
Multiplying (3.7) by (d/d) and substituting (3.5) yields:

fR.
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| Parameter | Value | Units |

d 0.1 m
v 25 m/s
Q 20 m3/s
v 1.5x107% | m?%/s
R, 1.6x105 -
€ 4.6x107% | m
R, 4.6x10~4 -

f(Rey Rr) 0.2 -
k. 6.3x107% | m?
k( 3.1x10~* m?

Table 3.1: Parameters used for pipe permeability analysis.

For reference, the permeability of a pipe with laminar flow (k;) is (White, 1986):

&

k[=3—2

(3.9)

For a given volumetric flowrate, and therefore known average velocity in the well,
an effective £ value may be determined. Table 3.1 lists the some typical parameters
and calculated pipe permeabilities. As the velocity decreases along the well, the
permeability along the pipe will increase.

In summary, an alternative method of representing an extraction well to account
for pressure losses along the pipe is to assign a permeability in the extraction well
cells and assign a constrained pressure at only the first extraction cell node. For
the two sites to be modelled in the Case Studies and Sensitivity Analysis Chapters,
insufficient information was available on the velocities along the well, and only one
permeability is applied. This method is compared to the AIR3D default settings for

the extraction well in Chapter 3.

3.3 Well Flux Calculations

Differences between the FEM and FDM solutions may occur because of differences

in how the well fluxes are calculated and due to the formulations of the equations.



To illustrate how these differences between models arise and how they depend on
discretization, the methods of calculating the flowrate at the extraction well for the
FEM and FDM are presented. Although this analysis is valid for any node within
the domain, it is outlined and illustrated for a single extraction node and is solved

for the set of discretized equations :
[HI{h} = {F} (3.10)

where [H] is the conductance matrix, {h} is the (pressure) head vector and {F} is
the volumetric flux vector (Wang and Anderson, 1982).

Once the pressures have been calculated for the system, the flowrate can be back-
calculated. For a node representing a well in a FEM domain with axisymmetric
coordinates (Figure 3.2), the volumetric flowrate at that node (F;), assuming incom-

pressible conditions, is equal to:

kr Az 1 k, Az
Fy = w{(2r; + Ax)IE(Pi = Piipz) + (i + §AI)—;A_2(P‘ -P_y)
1 k. Az
+(T§ -+ EAI)'}IE(P; - Pi+l)] (311)

where z and = are the horizontal and vertical coordinate directions, Az and Az are
the horizontal and vertical discretizations, k; and k. are the permeabilities in the
z- and z-directions, F; is the pressure in cell ¢, and r; is the well radius (Wang and
Anderson, 1982). By setting r; = 0, (3.11) reduces to:

A 2
Fi= 2[karBa(P, = Pruns) + ke s S (2P — Pt — Piy)] (3.12)
7 3 Az

A similar analysis is conducted for the FDM. Even though the FDM model se-
lected for modelling in this study assumed compressible flow, the analysis presented
here assumes incompressible flow for comparison purposes. The extraction pressure,
F; at node i, represents the pressure at the centre of a rectangular block. The equa-
tion for the flowrate at an extraction well for an individual node in the FDM, as

illustrated in Figure 3.1, is (Wang and Anderson, 1982):

_ k: AzAy . ky AzAz
1 — Z A.’E (2H R+nz R—-nz) + “ Ay

(2Px - Pi+n.:z:-nz - lji—nz-nz)
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+kz AzAy
pn Az

For axisymmetric flow with the three-dimensional FDM method, it is assumed that

(2F; — Piy1 — Py (3.13)

Az = Ay, kz = ky,and Piun: = Picpz; = Piynznz = Pinznz Therefore, the flowrate

to an extraction cell in the FDM reduces to:

Az?

Fi = —{kz422(P; = Piynz) + kzz?(QPi — Py — Py (3.14)

T~

If the flux equations for the FEM (3.12) and FDM (3.14) are equated, the following

relationships may be determined:
WAZFEM = 4A3F‘DM (315)

and
2 2
TAZrpy _ ATppay

= 3.16
3 Azrem  Azppu (3.16)

Thus, for identical grid discretizations, the FEM and the FDM will yield different
results: either the pressure distributions or the fluxes may be the same, but not both.
Note however, that as Az and Az approach zero, the solutions will converge. This
analysis demonstrates the approximate nature of numerical solution methods and

underlines the necessity of fine grid discretization adjacent to extraction wells.

3.4 Example Simulations

In the following Chapters, VapourT and AIR3D are utilized to simulate air flow
under SVE conditions. Since some of the results from the two-dimensional FEM
will be compared to the three-dimensional FDM, it was necessary to establish the
differences between the two models. A one-dimensional flow scenario was simulated
to illustrate the impact of compressibility effects. Differences in the flowrates and
pressure distributions from the two models were compared using a two-dimensional

vertical well scenario.
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] = Impermeable Boundary

[[] = Constrained Pressure of P,

f8 = Constrained Pressure of P,

<—— = direction of flow if P, > P,

Figure 3.3: Conceptual model of 1D flow analysis.

3.4.1 One-Dimensional Flow Analysis

Due to its relative simplicity, a one-dimensional flow scenario was first chosen to
compare the effects of incompressible and compressible flow between AIR3D and
VapourT. Figure 3.3 illustrates a generic conceptual model of an one-dimensional
flow system. In VapourT, one-dimensional flow was accomplished by setting the top
and bottom boundaries to Type II impermeable boundaries, while the left boundary
nodes were set to a constrained pressure of Pj, and the right boundary nodes to a
constrained pressure of P,. With AIR3D, the top and bottom layers and the two
T - z lateral boundaries were constrained to impermeable boundary conditions. The
two y - z lateral boundaries were set to constrained pressures of P, and P, creating
a defined pressure gradient between these two boundaries.

The grids utilized in VapourT and AIR3D are shown in Figures 3.4 and 3.5,
respectively. The grid discretization in the vertical direction was 0.5 m. In the
horizontal direction, the left and right boundaries with the constrained pressures had

a cell width of 0.1 m, with subsequent cell widths increasing by a factor of 1.5.
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| Parameter |  Value | Units |

L. 100 m
Ly, L, 10 m
P, variable | %atm
P, 100 %atm
k 1.0x10°10 m?
K 1.76x1075 | kg/m-s

Table 3.2: Parameters used for 1D flow analysis.

Simulations were completed in both models with all parameters and boundary
conditions held constant with P, varied. The input parameters are listed in Table 3.2.
Based on Darcy’s law for steady-state flow, the volumetric flowrate for an incom-

pressible flow (Q;) in terms of pressure for the above boundary conditions is:

k AP
Qr= "A; AL,

(3.17)

where £ is the permeability, 4 is the fluid viscosity, A = Ly x L., AL = L, - L, and

AP = P, - P,. The volumetric flowrate for a compressible fluid (Qc¢) is:

Qc = _AEM"’P“”" AP

—w_atm 3.18
u Rprell AL:&: ( )

(Joss and Baehr, 1995), where M, is the molecular weight, R is the universal gas
constant, T is the temperature and p is the fluid density.

Table 3.3 displays the calculated volumetric flowrate at different pressure draw-
downs for VapourT and AIR3D. As the drawdown increased, the difference in the
volumetric flowrate between VapourT and AIR3D increased due to compressibility
effects, as illustrated in Figure 3.6.

Based on (3.17), the calculated volumetric flowrate increased linearly with increas-
ing pressure. However, in (3.18) the volumetric flowrate increased by the pressure
drawdown squared based on the compressible solution. As depicted in Figure 3.6,
the incompressible flow analysis underpredicted the flowrate. At a pressure draw-

down of 20 %atm, the difference between the flowrate in the two models was 6%.
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Figure 3.6: Pressure drawdown versus volumetric flowrate for one-dimensional in-
compressible and compressible flow analysis; units for volumetric flowrate are m3/s.
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Pressure | VapourT AIR3D Difference
Drawdown Qr Qc
(%atm) (m3/s) (m3/s) %
1 5.7x10° 5.7x107° 0.3
5 2.8x1072 2.9x1072 1.3
10 5.7x1072? 6.0x1072 2.7
20 1.1x107! 1.3x10°! 3.6
30 29x107! 4.3x10°! 19.6

Table 3.3: Volumetric flowrates for 1D flow analysis.

This difference increases to 20 % when the pressure difference is 50 %atm. For typ-
ical SVE systems, a maximum pressure drawdown of 50 %atm was suggested by
Massmann (1989) for groundwater equations to apply gas flow. As expected for
one-dimensional flow simulations, the pressure contours were vertical throughout the

section (i.e., no component of z-direction flow).

3.4.2 Two-Dimensional Flow to a Single Vertical Well

A comparison of the results between AIR3D, VapourT and an analytical model was
conducted. This allowed the sensitivity of the grid design on the flow results to be
determined.

The conceptual model and problem simulated were similar to the example outlined
in the AIR3D manual involving axisymmetric flow to a single vertical well (Joss and
Baehr, 1993). This example was an excellent problem for comparing the FEM and
FDM because the flow solution expected would be difficult to solve numerically: flow
converges to a point and there are large changes in spatial gradients throughout the
system. In additional, an analytical solution to the problem is included in the AIR3D
manual.

The initial grid structure and boundary conditions for both models are shown
in Figure 3.7. The problem involves a single vertical extraction well placed in the

middle of the domain with a well radius of 0.1 m and a total length of 1.6 m. The
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well was screened between 1.0 and 1.6 m depth. The ground surface boundary was
set to atmospheric pressure while the lateral boundaries were placed at a distance of
15.1 m from the well. The lateral dimensions were sufficiently large that greater than
99% of the air entering the system did so from the atmosphere. Figures 3.8 and 3.9
illustrate the initial grids utilized in VapourT and AIR3D respectively. Moving away
from the well, there were 5 columns for each grid spacing of 0.2, 0.4, 0.8 and 1.6
m in the z-direction. The grid discretization in the z-direction was 0.2 m. For
VapourT (Figure 3.8), the left boundary was the axis of rotation and the top and
bottom layer thicknesses were set to 0.1 m in order for the nodes of the FEM to be
at the same location as the cell centres in the FDM grid. The well was assigned a
pressure drawdown of 10 %atm. In concordance with Joss and Baehr (1993), the
air permeability in the z-direction was 1.0x107!2 m? half the magnitude of the
z-direction air permeability.

The calculated extraction flowrate out of the vertical well for VapourT was
0.70x107% m®/s and 1.70x10~3 m3/s for a well radius of 0 and 0.1 m respectively
and 1.03x107% m®/s for AIR3D. The extraction rate calculated for the analytical
model was 1.70x10~3 m3/s. The pressure distributions for the two models are shown
in Figures 3.10, 3.11 and 3.12. Both the flowrate calculations and pressure distri-
butions verify that the pressure drawdowns in AIR3D are greater than the pressure
drawdowns in VapourT. The differences between the flowrates and pressure distribu-
tions between AIR3D and VapourT can be attributed to the coarseness of the grid
utilized, compressibility effects and due to different volumes between a cubic and

cylindrical grid domain. These factors are explored further below.

Explanation of Additional Simulations

Additional simulations were performed to determine the dependency of flowrate on
grid discretization in both programs. The grid discretization was decreased to 0.025
m for the first column/row/layer and each subsequent column/row/layer increased,

moving away from the well, by a discretization factor (finc) of 1.2, 1.5 or 2.0 times
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the previous spacing. In VapourT, the number of triangular elements for the original
grid increased from 588 to 838 for fin of 2.0, 1332 for fin. of 1.5, and 2820 for finc of
1.2. In AIR3D, the original number of cells increased from 21 833 to 25 688 for finc
of 2.0, 54 432 for f;,. of 1.5, and 190 800 for f;,. of 1.2.

In VapourT, the extraction well radius (r;) may be specified to be zero, in which
case the extraction well nodes fall along the axis of rotation. Alternatively, the well
radius may be offset from the axis of rotation as illustrated in Figure 3.2. Previous
vertical well simulations by Gilmour (1996) concluded that setting the well radius
to equal zero resulted in model pressure drawdowns that underpredicted observed
field pressures. The analysis by Gilmour (1996) also compared the differences in the
pressure distributions when the vertical well was assigned a constrained flux instead
of a constrained pressure. It was concluded that there was little difference in the
distribution, except very close to the extraction well. The effects of the well radius
and type of constrained boundary in the well are analyzed here.

With the three-dimensional domain in AIR3D, the memory requirements could
quickly increase beyond the capacity of the computers utilized; therefore modelling a
half or quarter grid instead of a full grid was investigated. For axisymmetric flow to a
single vertical well in a full three-dimensional FDM, the flowpaths are nearly identical
for any cross-section in any zz/yz plane through the extraction well. Therefore it is
possible to simulate the same problem in AIR3D with only a half or quarter grid by
applying symmetry boundaries, as illustrated in Figure 3.13. A symmetry boundary
is an impermeable boundary and the pressure distribution on the other side of the
symmetry boundary should be a mirror image. A plan view of a quarter grid is
illustrated in Figure A.1 in Appendix A.

A difference in the flowrate calculations between full grids and partial grids can
occur due to the location where the flowrate is calculated. With the full grid (Fig-
ure A.2 in Appendix A), the flowrate is calculated half-way between nodes 1 and
2, which is 0.1 m from the extraction well. With the quarter grid (Figure A.1 in
Appendix A), the size of the extraction cell was one-quarter of that of the full grid,
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Figure 3.13: Illustration of full, half and quarter grids in AIR3D.

and the flowrate was calculated at a location of 0.05 m from the extraction well. This
caused Az in (3.14) to change and therefore the calculated flowrates were not the
samie.

One final aspect investigated was the effect of flow in the cells directly above the
vertical extraction well. In the VapourT, flow occurs in the nodes above the vertical
well. In AIR3D it is possible to specify whether the cells above the constrained
pressure cells of the extraction well allow flow or not.

Simulations for the vertical well are outlined in Tables 3.4 and 3.5 and illustrated
in Figures A.1 to A.7 in Appendix A. For convenience, all simulations have been
assigned an ID and symbol. The prefix ‘v’ signifies VapourT simulations, while ‘a’
indicates AIR3D simulations. The VapourT simulations were divided into two base
cases: Base Case 1 (v1), with the initial coarse grid, and Base Case 2 (v2), with a finer
grid discretization. Similarly, the ATR3D simulations were separated into Base Case
3 (a3) and Base Case 4 (a4) for the initial and fine grid discretizations respectively.
Within each Base Case, additional simulations were conducted to observe changes in

the pressure distributions and flowrates due to other factors.



VapourT Simulations Symbol | ID Flowrate Figure
(x107% m3/s)

Set 1 Base Case:

initial grid, r; =0 m - |vl 0.72 A3
r;=01m O vl, 1.70 A

Set 2 Base Case:

fine grid, finc = 1.2, r; = Om = | v2 .72 A6
r;=01m [ ] v2, 1.56 A7
increase domain volume to equal

AIR3D domain volume > V2,01 1.76 A6
constrained flux ¢ V2 fluz 1.70 A6
finc =1.3 na V2f1.5 1.76 A6
fine = 2.0 ) v2¢9 1.84 A6
Table 3.4: VapourT simulations
AIR3D Simulations Symbol | ID Flowrate Figure
(x107% m3/s)

Set 3 Base Case

initial full grid, no flow -7 | ad 1.03 A2
quarter grid X ad, 1.22 Al
full grid, flow above well + adp 1.14 A2

Set 4 Base Case:

fine grid, finc = 1.2, full grid, no flow | = = = | a4 1.71 A4
quarter grid X a4, 1.75
full grid, flow above well + adg 1.84
fine = 1.3 na adg s 1.68
finc = 2.0 0 adgy 1.61

Table 3.5: AIR3D simulations



For VapourT, the effect of the well radius was examined in v1, and v2,, along
with the consequences of adjusting the discretization factor from 1.2 (v2) to 1.5 and
2.0 (v2515s and v2p,, respectively). An additional simulation, v2,,, examined the
impact of increasing the grid dimensions so the cylindrical volume of VapourT equals
the cubic domain of AIR3D. Base Case 2 was also compared to a simulation where
the well was represented by a constrained flux rather than a constrained pressure
(V2fiuz)-

The AIR3D simulations analyzed the effect of flow above the well in the initial
grid simulations (adf) and with fine discretization (adf;). Reducing the size of the
grid domain to a quarter grid was also studied with the initial (a3,) and fine grid
(ad,). Similar to the VapourT simulations, the discretization factor was changed to
1.5 (a4s,5) and 2.0 (adso) to examine the effect of grid discretization on the flow

solution.

Results

The calculated extraction flowrates for VapourT and AIR3D, are listed in Tables 3.4
and 3.3, range from 0.70x1073 m3/s to 1.84x1073 m3/s. Figure 3.14 shows the
pressure drawdown curves at the elevation of the extraction well (1.3 m depth),
while Figure 3.15 displays pressures at a depth of 0.5 m.

The pressure drawdowns were also compared to an analytical solution that solves
axisymmetric steady-state flow to a single vertical well with the ground surface at
atmospheric pressure and an infinite lateral domain (Joss and Baehr, 1995). The ana-
lytical solution provides the steady-state pressure distributions for a given extraction
flowrate. The pressure distribution for the analytical solution with an extraction
flowrate of 1.70x10~% m3/s is shown on Figure 3.16, along with selected VapourT
and AIR3D fine discretization simulations. The pressure distributions from VapourT
and AIR3D are nearly identical to that of analytical model.

Generally, all simulations provided a good estimate of the pressure drawdown and

flowrates. The initial grid discretization given in the AIR3D example (i.e., a3) (Joss

als)
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Figure 3.14: Pressure drawdown at vertical extraction well elevation.
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and Baehr, 1995) yielded lower flowrates and pressure drawdowns than predicted by
the analytical model. When the discretization factor was less than 2.0, the pres-
sure distributions between VapourT and AIR3D were very similar and the difference

between the flowrates was less than 10%.

3.5 Summary

A one-dimensional flow analysis was conducted to illustrate the effects of incompress-
ible and compressible flow. The VapourT and AIR3D simulations began to exhibit
variance greater than 3% in the pressure distributions when the pressure drawdown
was greater than 20 %atm. The aim of the vertical simulations was to determine
the most appropriate grid discretization and design for the comparison of the two-
dimensional FEM simulations and the three-dimensional FDM simulations based on
acceptable differences between pressure distributions and the calculated well fluxes.
A quarter grid designed in AIR3D with the cell containing the well being equal to
the well radius, and the size of the next cell increased by no more than a factor of
2.0, produced results that agreed with an analytical model. The most suitable grid
design in VapourT was to set the well radius in the model to the field well radius.

These methods satisfy the flux accuracy without exceeding memory limits.



Chapter 4

Case Studies

Air flow to vertical and horizontal soil-vacuum extraction (SVE) wells at two sites
is discussed in this Chapter. These SVE systems were installed at gas plants near
Strachan, Alberta, and a second site referred to as Site B, by Komex International
Ltd. (Komex). Using geologic and hydrogeologic properties obtained through field
activities by Komex, simulations of two-and three-dimensional air flow to vertical

and horizontal extraction systems were analyzed.

4.1 Strachan

Strachan is the Gulf Canada Resources Limited Strachan Sour Gas Plant, a natu-
ral gas processing plant located approximately 150 km north-west of Calgary. This
site was selected by the Canadian Association of Petroleum Producers (CAPP) as a
research and demonstration project for studying different remediation techniques at
gas plants in Alberta (Armstrong et al., 1995). Site investigations were conducted by
Komex to delineate soil and groundwater contamination and to evaluate a number
of remediation techniques. In addition to SVE, bioventing, air sparging, and dual-
phase extraction have also been employed. Several summary reports detail the site
activities (Komex, 1994a; Komex, 1994b; Komex, 1994d; Komex, 1996). Further-
more, a conference paper on modelling results (Armstrong et al., 1995) and a thesis

on bioventing activities (Gilmour, 1996) have been published.
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SVE was selected as a remediation technique at Strachan for three reasons: 1)
the underlying geology consists of very permeable sand and gravel, conditions which
allow for high air flowrates; 2) the contamination at the site is volatile; and 3) a large
zone of residual hydrocarbon exists in the unsaturated zone because of watertable
fluctuations (Armstrong et al., 1993). One horizontal SVE extraction trench (herein
referred to as the horizontal well), five vertical wells, 28 monitoring points, and
three oxygen and temperature probes were installed at the site as part of the SVE

monitoring and remediation program.

4.1.1 Geology and Hydrogeology

Geophysical seismic refraction surveys were utilized near the location of the horizon-
tal well to determine the thickness of the till because it was necessary to minimize
excavation costs by locating the horizontal well in an area with a thin clay unit.
The surficial geology of the unsaturated zone in the vicinity of the horizontal well
consists of a 2.0 to 2.3 m thick layer of silty clay till overlying approximately 7 m
of very-permeable, coarse sand and gravel with cobbles (herein referred to as sand).
Bedrock underlies the sand. According to Freeze and Cherry (1979), permeabilities
(k) typically range from 107'* m? to 10~'3 m? for glacial till, from 10~'* m? to 10~'°
m? for silty sand, and from 107!3 m? to 10~7 m? for sands and gravels. The sand per-
meability was initially estimated by visual inspection, geophysical testing and tracer
tests to be 8x10~'" m? (Komex, 1994d). Numerical modelling by Gilmour (1996)
and Armstrong et al. (1993), based on observed pressures during extraction from a
single vertical well, resulted in permeability estimates of 6x 10712 m? for the till, and
2.5x107'° m? in the horizontal direction and 1.5x10~'% m? in the vertical direction
for the sand. The clay till overlying the sand is believed to act as an impermeable
cover, which limits air flow short-circuiting and water infiltration.

The watertable lies at a depth of 7 to 8 metres, but fluctuates seasonally by up
to 3 m (Komex, 1994b). The average groundwater flow velocity is estimated to be 1

m/day towards the south (Gilmour, 1996).

61



4.1.2 Contamination Characterization

A layer of free-phase liquid gas condensate exists in the subsurface, covering approx-
imately 65 000 m? and having a volume of roughly 10 000 m? (Armstrong et al.,
1995). Past observations have shown up to 1.5 m of free-phase liquid in observation
wells. As a result of seasonal watertable fluctuations, it is assumed that there has
been vertical smearing of similar magnitude to the watertable fluctuations, leaving
residual above the free-phase product in the unsaturated zone.

The composition of the condensate is believed to range from Cg to Cp, hydrocar-
bons with the vapour phase containing primarily cyclic and branched chains (Komex,
1994b). Variation in hydrocarbon composition between that found in the analyses of
the soil and vapour samples was observed, with the absence of aromatics and straight
chain alkanes in the vapour phase believed to be a result of preferential removal dur-
ing SVE testing and due to biodegradation. Highest hydrocarbon concentrations
were found closest to the capillary fringe in the proximity of the SVE-1 vertical ex-
traction well, shown in Figure 4.1 (Komex, 1994b). A laboratory column test was
conducted prior to initiating the SVE system and the results indicated that under
the ideal conditions of the laboratory test, SVE would be very efficient in removing

the condensate from the site (Komex, 1994d).

4.1.3 Vertical and Horizontal Well Installation and Config-

uration

The presence of cobbles in the subsurface effectively eliminated directional drilling
as a method of installing the horizontal well at Strachan. Instead, the horizontal
well was installed by excavating a trench to 0.2 m below the base of the till with
a backhoe. A 30 m long 0.075 m (3 in) diameter PVC pipe with slots only on the
bottom half was placed in the trench at the top of the sand. A 7.5x10~5 m (30 mil)
PVC liner was placed on top of the pipe to limit short-circuiting (Komex, 1996).

The trench was filled with excavated till and compacted. Three risers pipes were
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connected to the trench pipe at 10, 20 and 30 m from the well header to monitor
pressures within the trench. The horizontal well was located approximately 70 m to
the south of a flare stack and coincided with the known location of the contaminant
plume (Komex, 1996). Furthermore, the horizontal well was oriented with the length
of the well running perpendicular to the predicted southward migration path of the
contaminant plume (Komex, 1996).

A vertical extraction well (SVE-1) was located approximately 96 m from the
horizontal well. Four additional vertical extraction wells were located 30 m radially
from SVE-1 at 90° intervals. SVE-1 was installed using a Becker Hammer drill rig and
was screened between 5.3 and 8.3 m depth (Komex, 1994d; Armstrong et al., 1993).
A number of observation wells were used to collect pressure data and hydrocarbon,
oxygen and carbon-dioxide concentrations. The locations of vertical and horizontal
extraction wells and monitoring wells at the site are illustrated in Figure 4.1.

The 15 HP blower from the vertical SVE system was used with the horizontal
well. For the horizontal SVE test, the blower was capable of extracting air at 170
L/s with a corresponding suction of 8.3 kPa (8.4 %atm) (Komex, 1996).

The cost of installing the horizontal well was approximately equivalent to two ver-
tical wells (Kornex, 1996). This cost comparison took into account the longer installa-
tion time for the horizontal well, 2 days, compared to hours for two vertical wells, and
the fact that vertical well installation required more specialized equipment (Komex,
1996). Operational and maintenance costs such as blowers and additional surface

piping and headers were not included in the cost comparison.

4.1.4 Previous Field Activities and Modelling Results

Two tests were conducted at Strachan to evaluate the efficiency of vertical and hori-
zontal SVE systems. The vertical system operated between 5 May and 10 June 1993,
while the horizontal SVE test was conducted between 1 December 1994 and 6 Jan-
uary 1995. During the vertical SVE test, approximately 10 000 kg of hydrocarbons

were removed via volatilization from the subsurface, an average of 300 kg/d, com-
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Strachan Simulations ID kein ksand
(m?) (m?)

3D horizontal well simulation ki | 1.0x10°12 7.0x10° !
(AIR3D)

2D axisymmetric vertical well simulation | k43 | 6.0x10°2 | k,=1.5x10-'0
(VapourT) k,=2.5x10"'0
(Armstrong et al., 1995; Gilmour, 1996)

2D cartesian horizontal well simulation kaz | 6.0x10°12 2.0x10-10
(VapourT)
(Armstrong et al., 1993)

Additional 3D horizontal well simulation kas | 2051072 | 6.15x10°H
(AIR3D)

Table 4.1: Till and sand permeabilities selected for different modelling simulations
at Strachan.

pared to only 20 to 60 kg/d for the horizontal well system (Komex, 1994d; Komex,
1996). Although the difference between the mass removal of the two systems could be
attributed to the different contaminant distribution and different initial concentra-
tions, it is likely that the location of the vertical well deeper in the unsaturated zone,
closer to the higher concentrations of condensate resulted in a higher mass removal
rate (Komex, 1996). The mass removal rate by biodegradation was also estimated
and found to be approximately 230 kg/d in both systems (Komex, 1996).

Air flow and contaminant transport modelling was performed by Armstrong et
al. (1995) and Gilmour (1996). Based on observed pressures and the extraction rate
(Qec) from a single vertical well pump test, a permeability of 6.0x10~!2 m? for the
till and 2.5x107'° m? in the horizontal direction and 1.5x10~!° m? in the vertical
direction for the sand was estimated by considering radial flow to a single vertical
well with axisymmetric coordinates in VapourT. These permeabilities will be referred
to as k4o throughout the remainder of this Chapter (Table 4.1). A similar analysis
of the horizontal SVE test data using cartesian coordinates in VapourT estimated a
similar till permeability, but a sand permeability of 2.0x10~'% m?, referred to as ka3

in Table 4.1 (Armstrong et al., 1993).



Using k42 and k43 permeability values, the performance of the vertical well and
horizontal well were compared (Armstrong et al., 1995). First, the area of coverage
for a given pressure and depth was observed and secondly, travel time to the well from
a given distance and depth was estimated. Note that the distance from the vertical
well, which was modelled with axisymmetric coordinates, is a radial distance, whereas
the distance from the horizontal well, where cartesian coordinates were used, is the
lateral distance perpendicular to the midpoint of the well.

The results show that the horizontal well exhibited greater model drawdowns than
the vertical well. At a depth of 6.5 m, a pressure drawdown of 1 % atm was observed
46 m from the horizontal well, compared to 28 m for the vertical well. These dis-
tances increased to 97 m and 71 m, respectively, for 0.1 %atm drawdown (Armstrong
et al., 1995). The horizontal model results were supported by measuring oxygen
concentrations during the horizontal SVE test. Elevated O; values were observed
during the extraction test at a monitoring point 100 m away at a depth of 7 to 8
m (Komex, 1996). After 1 hour of SVE extraction, model particle tracking results
showed that particles at a depth of 6.5 m and a lateral distance of 15 m from the
vertical well, but only particles 7 m from the horizontal well at the same depth were
removed (Armstrong et al., 1995). This was partly attributed to near well effects: a
larger pressure gradient existed at a depth of 6.5 m with the vertical well screened
down to 6.5 m (Komex, 1996). The differences in pressure distributions between the
horizontal and vertical well decreased at larger travel times and distance from the
well.

The conclusion of this approximate evaluation was that one horizontal well was
roughly equivalent in areal coverage and travel time to 1.3 to 2 vertical wells and
the cost of the 30 m horizontal trench/well was close to the cost of drilling 2 vertical
wells (Armstrong et al., 1993).

Review of the input and output files from the VapourT simulations for the hor-
izontal well showed that a well flowrate of 0.17 m3/s was specified in Armstrong et

al’s (1995) analysis. However, an extraction rate of 0.085 m3/s should have been
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used to account for the half grid utilized. This adds a degree of error to the perme-
abilities, travel times and area of coverage results from the horizontal SVE modelling

performed by Armstrong et al. (1993).

4.1.5 Numerical Model Set-up

Extensive two-dimensional modelling was completed with the vertical extraction well
test and the horizontal extraction well test with VapourT by Armstrong et al. (1993)
and Gilmour (1996). Thus, this study focused on using the AIR3D model to an-
alyze three-dimensional flow with the data acquired from the horizontal well SVE
test. The horizontal well SVE test involved measuring the horizontal well extraction
flowrate while observing pressures in the extraction well and 17 surrounding monitor-
ing points, located at different depths and distances from the well, after steady-state

conditions were reached.

Pressure Drawdown Analysis from Horizontal SVE Testing

The measured steady-state pressure drawdown distributions in the sand during the
field test of the horizontal well SVE are illustrated in Figure 4.2 for cross-sectional
and plan views respectively. No pressure data was available for the till. Initial
analysis of the pressure data indicated that there were minimal pressure losses with
depth in the sand, except for the three monitoring well nests closest to the extraction
well. The multi-level monitoring wells nearest to the horizontal well, ML9, MLI15,
and ML16, displayed larger pressure drawdowns in the shallower monitoring points,
as would be expected for flow converging to a horizontal well located near the top
of the sand. At distances greater than 30 m from the horizontal well, the multi-level
points exhibited both increasing and decreasing pressures with depth, indicating that
the vertical location of the horizontal well location was not as significant. Because
flow in the sand is essentially horizontal towards the well, only one plan view section
is plotted with all the data points from all layers included. The pressure drawdowns

ranged from 0.005 %atm in the farthest monitoring well (SVE-3A) to 1.1 %atm in
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ML16, 5.5 m from the horizontal well. Although ML19 is perpendicularly closer to
the horizontal well, ML16 is closest to the extraction blower and exhibited higher
pressure drawdowns.

During the horizontal SVE test, a suction pressure of 8.4 %atm, with Q.. equal to
170 L/s, was observed at the well head. The measured drawdowns at 10, 20 and 30
m along the horizontal well were 3.4, 2.5 and 2.5 %atm, respectively. This pressure
loss along the extraction well was one reason why a three-dimensional flow model
is necessary to represent the configuration of the horizontal well at Strachan. A
two-dimensional analysis would not account for such well losses. Additionally, three-
dimensional modelling is able to approximate the end effects present with horizontal
wells, although pressure data was only available for the area extending perpendicular
to the horizontal well. No data was available on the pressures beyond the lateral
extent of the horizontal well, in the “end effects” zone. A knowledge of the pressures
extending parallel to the well would have also provided information on the lateral

anisotropy in k; and k.

Grid Discretization and Boundary Conditions:

A grid was designed in AIR3D with the dimensions of 150 m in the z-direction and
300 m in the y-direction and 9.0 m in depth (z). To reduce computer CPU time and
storage space, a half grid was used with a vertical symmetry boundary along the well
axis (Figure 4.3). The well had a row, column and layer spacing of 0.1 m, 0.05 m
(to account for symmetry boundary), and 0.1 m and was orientated along the y-axis.
Moving away from the well, sequential cells spacing increased by a factor of 1.5 as
recommended by Anderson and Woessner (1992). This resulted in a grid with 98
columns, 49 rows and 24 layers, for a total of 115 248 cells.

The symmetry boundary along which the horizontal well was located was specified
as an impermeable boundary. The remaining three lateral boundaries were set to
atmospheric pressure and placed far enough away from the extraction well such that

greater than 96% of the air recharge to the system entered from the ground surface.
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Figure 4.3: Conceptual model at Strachan (not to scale).

The watertable was represented as an impermeable boundary and the ground surface
was set to atmospheric pressure. Figure 4.4 illustrates the plan view, and two cross-

sectional views of the boundary conditions.

Well Representation:

As discussed in Chapter 2, a horizontal well can be represented in a number of differ-
ent ways within a numerical model. The method utilized for the AIR3D modelling
was to assign the well an effective permeability and constrain the first node of the
well to the pressure observed in the field test. The well permeability was based on
equations for turbulent and laminar flow in a pipe and Darcy’s law, as discussed in
Chapter 2. This method resulted in some pressure losses along the well as observed
in the field (Armstrong et al., 1995). The simulated and observed pressures within
the well are plotted in Figure 4.5.

With Q. equal to 0.17 m3/s and a well radius of 0.05 m, the well permeability at
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Strachan was estimated to vary from 7.2x107% m? for turbulent flow near the blower
to 3.1x10™* m? for laminar flow, with the transition zone between turbulent and
laminar flow occurring at a permeability of 1.5x10™* m?. A single permeability of
1.1x107% m? 1.5 x10° times larger than the surrounding sand, was selected as the
uniform well permeability. The sensitivity of the well permeability to the extraction
rate and flow solution is discussed later.

To model a horizontal well in AIR3D, a constrained pressure in the extraction
well was required for input, with an extraction rate calculated as output. The ob-
served Qe; was 0.17 <+ 2 m®/s, to account for a half grid. The pressure in the first
cell of the extraction well was constrained to a Pp of 3.3 %atm and the till and sand
permeabilities were adjusted until the best match for measured and modelled pres-
sures was found. Although 3.3 %atm is smaller than the observed header pressure
of 8.4 %atm, a smaller pressure was necessary in order for the simulated pressure
in the extraction well to match the observed pressure, and for the simulated Q.. to
equal the observed Q... Based on pipe flow theory, it is reasonable to assume that
significant pressure losses occur between the end of the well screen and the header

where pressure was measured.

4.1.6 AIR3D Horizontal Well Numerical Modelling Results

The horizontal SVE scenario was simulated using the three-dimensional air flow
model AIR3D (Joss and Baehr, 1995) and the results were compared to field ob-
servations. As outlined previously, AIR3D has the advantage of accommodating
important three-dimensional effects such as pressure losses along the horizontal well
and end effects. Table 4.2 displays the input data required for the model and the
previous section outlines the model discretization and boundary conditions.

As explained above, the permeabilities were adjusted until the calculated model
Q.: equaled the measured Q.; and a good match was found between the simulated
and observed pressures. With the amount of data available, approximately 40 pres-

sure observation points, the permeabilities that resulted in the best match between

73



| Parameter | Value
GRID: i
width of grid 300 m
length of grid 150 m
depth of grid 9m
number of columns 98
number of rows 49
number of layers 24
AIR PROPERTIES:
system pressure 1 atm
system temperature 283.15 K

air viscosity at system temp.

1.76x1075 kg/m-s

GEOLOGICAL PROPERTIES:

k see Table 4.1
till depth 0Oto2m
sand depth 2to9m
watertable depth 9m
air-filled porosity 0.25
WELL PROPERTIES:
radius of extraction well 0.05 m
length of well 30 m
depth of well 2t02.1m
Pp 3.3 %atm
Qez (for half grid) 0.085 m?/s
well permeability 1.1x107% m?

Table 4.2: Input parameters required for AIR3D modelling at Strachan.
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Simulation | k* Pp Qez Model Constrained
(m?) | (%atm) | (x10~2 m%/s) Variable
Case 1 kai 3.3 8.5 AIR3D Pp
Case 2 kAQ 1.1 8.9 AIR3D PD
Case 3 kAQ 3.3 24 AIR3D PD
Case 4 /€A3 3.3 8.3 AIR3D pD
Case 5 ka1 17.5 30.5 VapourT, axis. Qez
Case 6 kao 5 30.5 VapourT, axis. Qez
Case 7 ka1 3.3 8.5 VapourT, cart. Qez
Case 8 ka0 1.4 8.5 VapourT, cart. Qez
Case 9 ka3 1.5 8.5 VapourT, cart. Qez

Table 4.3: Input permeabilities, pressure drawdowns and extraction rates for different
AIR3D and VapourT simulations for Strachan. k* refer Table 4.1

field and model pressures were found. These permeabilities are listed as k4, in Ta-
ble 4.1 and the comparison between the simulated and measured field drawdowns is
displayed in Figure 4.6. A total of four sets of data are plotted on Figure 4.6, listed
in Table 4.3. Also the 1:1 best fit line is plotted for a perfect match between model
and field drawdown pressures.

Two plots for k42, estimated by Armstrong et al. (1993) and Gilmour (1996), are
shown on Figure 4.6. The first simulation, Case 2, constrained Q.; to be 8.5 x10~2
m3/s, and through a series of trial and error, Pp of 1.1 %atm was necessary for the
given Q.; and k. The second simulation, Case 3, required Pp to equal 3.3 %atm,
resulting in Q.; of 2.4 x10~! m3/s. Note that the incorrect extraction rate used by
Armstrong et al. (1995) falls within the extraction rates listed in Table 4.3.

The plots indicate applying k42, estimated by Armstrong et al. (1995) and Gilmour
(1996) from the vertical SVE test, resulted in underpredicted model drawdowns in
the three-dimensional horizontal well air flow model. With Case 2, Pp of 1.1 %atm is
obviously too low to match the field pressure data. However, a Pp of 3.3 %atm (Case
3) resulted in Q. equal to 2.4x 10~ m3/s, significantly higher than the observed Q..
The near well pressures match the field drawdowns satisfactorily using k45, but as

the distance from the well increases, the simulated pressure drawdowns are less than
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the fleld drawdowns. One explanation for this difference is the reduction in the ratio
in the till to sand permeability compared to Case 1. The ratio between the till per-
meability and the sand permeability was found to be 1:70 for k,,, compared to 1:30
for k42. As this ratio increases, the pressure drawdown distributions extend farther
from the well. This effect is discussed further in Chapter 3.

An additional simulation, Case 4, was run, attempting to find an alternative
permeability set, k43, with a till to sand ratio of 1:30, similar to k4o, so Q.; would
equal 8.5x1072 m3/s for the given Pp of 3.3 %atm. The resulting till and sand
permeabilities were 2.05x107'2 m? and 6.15x107'° m? respectively. As illustrated
in Figure 4.6, this combination resulted in close, but slightly underpredicted, model
drawdowns.

With the amount of scatter found in the model versus field drawdowns in Fig-
ure 4.6, it was concluded that adding any y-directional and z-directional variation in
the permeability was not justified without further evidence of anisotropy, therefore
the till and sand were considered isotropic. Chapter 5 will further investigate the
effect of including anisotropy.

The solution to the permeabilities is not unique as different combination of Q,;,
Pp, and k may yield similar flow solutions. This is another possible explanation
for the different estimates of k4, and k4o. By only having a good estimate of the
field Qez, various combinations of Pp and permeabilities will result in the required
extraction rate, but only a few combinations will have a good fit between model and
field drawdowns.

Another explanation for the difference between k4; and k4 is that k4, estimated
the permeability in the vicinity of SVE-1, compared to k4, which was the best fit
for the permeability in the area of the horizontal well and it is possible that the
permeabilities vary between the two locations. As well, the horizontal well SVE test
was conducted at a different Pp and Q.. than the vertical SVE and at a different

time of the year which could result in different air-filled porosities and permeabilities.
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4.1.7 VapourT Numerical Modelling Results

A second method to evaluate the permeabilities was to use the two-dimensional
axisymmetric model VapourT to simulate the vertical SVE test simulated by Gilmour
(1996) and to compare the simulated pressures to pressures measured in the field
during the vertical SVE test. Two simulations were completed applying k4, and
k2. The extraction rate was constrained to 3.05x 107! m3/s in the vertical well with
resulting pressure drawdowns in the midpoint of the 3 m screened well calculated
to be 17.5 %atm for Case 5 and 5.0 %atm for Case 6. The results illustrated in
Figure 4.7 indicate that k,, overpredicts the vertical well SVE test.

Finally, a VapourT simulation for two-dimensional flow to the horizontal well
in cartesian coordinates was completed, neglecting all end effects. As illustrated
in Figure 4.8, utilizing k4, (Case 7) yields model drawdowns greater than the field
drawdowns and applying k42 and k.3 (Cases 8 and 9) resulted in underpredicted
model drawdowns. This demonstrates the difference between the two-dimensional
VapourT model and the three-dimensional AIR3D model. Ignoring the flow compo-
nent beyond the ends of the well in VapourT created greater model drawdowns than
three-dimensional flow in AIR3D. A comparison between two- and three-dimensional

flow is further explored in Chapter 3.



79

10 ‘ 1 )
- Case5 "
- Case 6 .
— 1:1 best fit

’g .’ " -
5 -
®
~ 0
c - - V) -
s 10
o
he) -
2
o
O . -
= -
3
(@]
Q [
3]
>

107" - o

-1

10 10° 10

Field Drawdown (%atm)

Figure 4.7: VapourT 2D axisymmetric vertical well model drawdowns vs. field draw-
downs at Strachan.



10

- Case 7
: Case 8 v e
e Case 9
1:1 best fit "e .
. . s e e!
10° - . -
. Bee :
g - oee
= -
* - oo
cC ¢.~
2 .
210" - e -
a : . :
= <
[0+ ;..
> {.
-«
107 - S -
: o0 ©
o
| 5
107 « ‘ ‘ : f
10° 107 107 10° 10’

Field Drawdown (%atm)

Figure 4.8: VapourT 2D cartesian coordinates horizontal well model drawdowns vs.
field drawdowns at Strachan.



4.2 Site B

Site B is a gas plant located on the plains in Western Canada. Komex was contracted
to monitor and design a remediation system to remove hydrocarbons from the unsat-
urated subsurface. A number of pilot tests conducted at Site B during 1991 and 1992
investigated the feasibility of vertical and horizontal SVE as a remediation method
and the results of the activities were summarized by Komex (1994c) and Armstrong et
al. (1995). These investigations indicated the contamination in the subsurface at the
site was volatile and thus SVE was selected as a promising technique.

Due to the confidentiality agreement between Komex and the site owners, the
site is known only as Site B and a limited amount of site information was available.
Despite this limitation, the contrast in the geology and in the horizontal well SVE
systems between Strachan and Site B made modelling this site essential in the analysis

of air flow to horizontal well SVE systems.

4.2.1 Geology and Hydrogeology

The surficial geology of the area consists of a 7 m thick layer of silty sand fining
downwards to sandy silt, of which approximately 5 m is unsaturated (Armstrong
et al., 1995). Grain size analyses showed that 100% of the porous medium is finer
than fine sand to silt (0.2 mm), 50% finer than the sand/silt divide (0.0625 mm)
and 10 to 15% finer than clay size. Freeze and Cherry (1979) provide the following
approximate permeability values for various materials: silty sand 10~ to 1010 m?;
silt 107'% to 10~'? m?; and glacial till 10~ to 10~'3 m?. Below the Quaternary
silt deposits lies clay till of unknown thickness. The watertable is known to fluctuate
approximately 1 m seasonally and groundwater flows from south to north (Armstrong

et al., 1995).
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4.2.2 Contamination

Above the watertable, a layer of liquid condensate covers an area of approximately
40 000 m?. Up to 2 m of free-phase product has been observed in piezometers at the
site (Armstrong et al., 1993). The horizontal well is located above a portion of the

free phase condensate and dissolved phase plume as illustrated in Figure 4.9.

4.2.3 Vertical and Horizontal Well Installation and Config-

uration

Horizontal wells were considered at this site for two reasons. Tests conducted with
vertical wells showed that the radius of influence is small, and thus many vertical
wells would be needed to cover the extensive area of contamination. Furthermore,
the site has many surface structures such as storage tanks, roads, railroad tracks
and fences and it was thought that the horizontal wells could run beneath these
structures, minimizing the surface piping and providing a longer screened interval
per well (Armstrong et al., 1993).

Three horizontal wells were installed using two different drilling techniques. Ini-
tially, a hammering technique was utilized to install the horizontal wells, but difficul-
ties with the drill bit catching on the driving rod and lack of steering control forced
the contractor to abandon this technique (Komex, 1994c). These attempts resulted
in two horizontal wells (HW-1 and HW-2) with screen lengths of approximately 20
m. The third horizontal well (HW-3) was directionally drilled using a jetting fluid
with rotational and pushing force on the drill bit, providing adequate steering con-
trol. The 80 m long well, constructed with 0.075 m (3 in) diameter PVC pipe with
a screen length of 60 m, was positioned at a depth of 3.5 m (Komex, 1994¢c). The
well head is located at the north end of HW-3, with the screened portion of the well
beginning 10 m from the well head. In addition, two trenches, an interceptor trench
and two sets of vertical extraction wells were installed. The location of the horizontal

and vertical SVE wells, trenches and monitoring wells are shown in Figure 4.9.
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4.2.4 Previous Field Activities and Modelling Results

SVE testing was conducted to evaluate the rate of mass extraction, to assess the
applicability of bioventing and to estimate the pressure distribution around the hori-
zontal well. Three horizontal SVE tests were conducted between 29 September and 3
October 1994. The flowrates during the tests were between 0.11 m3/s and 0.15 m3/s
and steady-state conditions reached were within hours (Komex, 1994c). Pressure
drawdowns were recorded in 22 SVE vertical wells, recovery wells and piezometers.

Short-term mass extraction tests yielded removal rates of approximately 220 kg/d
for HW-1, 1380 kg/d for HW-2 and 600 kg/d for HW-3. Based on these removal
rates it was concluded that SVE can successfully remove contaminants from the
subsurface on short time scales (Komex, 1994c). Long-term tests would be necessary
to determine to what extent kinetic effects might lead to decreased removal rates. It
was estimated that approximately 5 kg of hydrocarbons were removed daily through
enhanced biodegradation.

Two-dimensional VapourT modelling by Armstrong et al. (1995) utilizing carte-
sian coordinates yielded permeabilities of 1.5x107!" m? for the till in the upper 3.5
m and 1.9x107'2 m? for the till approaching the capillary fringe, listed as kg, in
Table 4.4. VapourT was then applied to estimate pressures at different locations in
order to determine the effective radius of influence, defined by Armstrong et al. (1995)
to be the radius at a given depth in which the pressure drawdown is 25 Pa (0.025
%atm) or 1 in of water. Preliminary results show the effective radius of influence
for the horizontal well at Site B was approximately 12 m at the elevation of the
horizontal well, compared to 4.5 m for a vertical well. From this, it was estimated
that at this site one 60 m horizontal well was equivalent to approximately 22 vertical
wells (Armstrong et al., 1995). Because of the small radius of influence of vertical
wells and the amount of surface infrastructure, SVE with vertical wells at Site B was
judged infeasible and the remaining investigations focused on SVE using horizontal
wells.

The same error that occurred at Strachan with the flux for a full grid being applied
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Simulation ID ke ke
(m?) (m?)
3D simulations kpi | 6.0x107 | 1.0x10° 12
(AIR3D)
2D cartesian simulations | kg | 1.53x10°1 | 1.9x10"2
(VapourT)

Table 4.4: Till permeabilities selected for different modelling simulations at Site B.

instead of that a half grid also occurred with Site B VapourT two-dimensional carte-
sian coordinates model by Armstrong et al. (1995). Therefore, all the permeabilities

and radii of influence were considered questionable.

4.2.5 Numerical Model Set-up

Only three-dimensional AIR3D simulations were completed for Site B in this study
because only data was available from the horizontal SVE tests. The input and ob-
servation data utilized in the model was obtained from the three horizontal SVE
tests conducted between 29 September and 3 October 1994, including extraction
rates and pressures in 22 surrounding monitoring wells. The well head drawdown
was estimated to be between 9 %atm to 15 %atm, with Q,, between 0.11 m3®/s and
0.15 m®/s (Komex, 1994c). Since steady-state conditions were reached rapidly, only

steady-state air flow was simulated.

Pressure Drawdown Analysis from Horizontal SVE Test

Figure 4.10 displays a column cross-section of the contoured field pressure drawdowns.
Due to the fact that there were no pressure observations within the well and because of
the lateral placement of the monitoring points, it was difficult to estimate head losses
with distance along the well. Therefore, only one column cross-section is presented.
The largest pressure drawdown, 2.6 %atm, was observed in SVE-1, 1 m from the well,

60 m along the well from the well head and at an unknown depth. In comparison,
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Figure 4.10: Field pressure drawdown distributions at Site B. Column cross-section.
Contour interval = 0.2 to 2.0 %atm by 0.2 %atm.

SVM-1 located the same distance along the well, but approximately 2 m from the
well at a depth of 3.4 m had a drawdown of 2.1 %atm, while RW-6, 39 m along the
well, 1.5 m from the well at a depth of 4.13 m, only had a drawdown of 1.3 %atm.
These differences may be a result of a change in permeability with depth or other
heterogeneities in the till. Additionally, the accuracy of the depths and distances to
the horizontal well for some of the monitoring points were somewhat suspect.

As the distance from the well increased, the pressure dropped quickly. At RW-5
located at approximately the same depth as the horizontal extraction well, only 5.7 m
from the well, the pressure drawdown was only 0.12 %atm, demonstrating the rapid
decrease in pressure drawdowns as the distance from the extraction well increased.

It can be concluded that the pressure drawdowns created by the SVE test de-
creased rapidly with distance from the well. Vertically, the largest drawdowns were
located at the depth of the horizontal extraction well. These observations were a
result of the absence of a confining layer at the ground surface and the depth of the
extraction well. The shape of the pressure contours can be described generally as

cylindrical with the axis of the cylinder equivalent to the horizontal well. Flow is
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generally from ground surface down towards to the well. Armstrong et al. (1995)
concluded that heterogeneities existed in the subsurface because of the poor cor-
respondence between field pressure measurements and distance from the extraction

well.

Grid Discretization and Boundary Conditions

The small radius of influence determined through initial investigations resulted in a
markedly smaller domain size than that of the Strachan simulations. The width and
length of the grid were 100 m and 20 m respectively, with a depth of 4.1 m. Similar
to Strachan, a half grid was utilized to save computer time and space. The domain
was discretized into 124 columns, 27 rows and 23 layers for a total of 83 700 cells.
The horizontal well was assumed to have a radius of 0.05 m and a length of 60 m,
located at a depth of 3.5 m.

A distance of 20 m from the horizontal well was determined to be far enough away
such that greater than 99% of the recharge air entered from the ground surface. All

boundary conditions were identical to that of Strachan, as illustrated in Figure 4.4.

Well Representation

No pressures were monitored within the extraction well during the SVE test, so it
was difficult to estimate the pressure losses that would be present in the 60 m long
extraction well. The extraction pressure was chosen to be 7.2 %atm. This value is
less than the 9 to 15 %atm estimated at the well head, but losses were likely to occur
between the well head and the well screen. Similar to Strachan, calculations based on
the well radius and extraction rate were conducted and the well £ was estimated to
vary from 7.9x107° m? to 3.1x10~* m2. A permeability of 6.0x10~¢ m? was selected
as the well permeability. In Chapter 3, the effect of different well permeabilities on

the flow solution is examined.
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4.2.6 Numerical Modelling Results

AIR3D was capable of simulating end effects and pressure losses along the well.
The main difficulty modelling this site was that to predict permeabilities based on
observed field data, both Pp and Q.; were required. Reliable values of Q. were
provided with the field data from Komex, but only an estimate of Pp was available.
Thus, different combinations of & and Pp could result in matching field and model
pressures and a correct value of Q...

All the input data required for AIR3D is listed in Table 4.5 and the boundary
conditions and grid discretization were discussed previously. Similar to Strachan, the
permeabilities were adjusted until the best fit between the field and model pressures
occurred and Q.; was equal to 6.0x1072 m3/s. The permeabilities selected as the
best fit were 6.0x 1072 m? for the till between ground surface and 3.5 m below ground
surface and 1.0x107'? m? for the till between a depth of 3.5 m and the watertable,
listed as kg, on Table 4.4. Simulations with these permeabilities, kg, as well as
the kg, estimated by Armstrong et al. (1993), outlined in Table 4.6, are plotted and
compared on Figure 4.11.

In previous simulations (Armstrong et al., 1993), the permeability set kg, was
found to produce the best match between field and model data using two-dimensional
cartesian coordinates in VapourT. For the AIR3D modelling, two simulations were
completed with kg permeability set: 1) Case 11, in which the pressure drawdown
was adjusted until Q.. equalled 6.0x10~2 m3/s; and 2) Case 12, in which Pp was
constrained to 7.2 %atm, resulting a higher Q... The incorrect extraction rate used
in previous simulations by Armstrong et al. (1995) was within the range listed in
Table 4.6.

There is a large amount of scatter in Figure 4.11. Typically the model pressures
matched the field pressures at larger drawdowns, but as the pressures decreased, the
model drawdowns tend to underpredict the field drawdowns. The pressure distri-
bution in Case 10 and Case 12 are nearly identical. This is due to the extraction

well pressure being the same. With a well permeability of 6.0x107% m?, the model
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| Parameter Value
GRID:
length of grid 100 m
width of grid 20m
depth of grid 41 m
number of columns 124
number of rows 27
number of layers 25
AIR PROPERTIES:
system pressure 1 atm
system temperature 283.15 K

alr viscosity air at system temp.

1.76x107% kg/m-s

GEOLOGICAL PROPERTIES:
k

see Table 4.4

till 1 depth 0 to 3.3 m bgs:
till 2 depth 3.5 to 4.1 m bgs:
watertable depth 4.1m
air filled porosity 0.25
WELL PROPERTIES:
radius of extraction well 0.05m
length of well 60 m
location of well 3.4 to 3.5 m bgs
Pp 7.2 %atm
Qe (for half grid) 6.0 x10~2 m3/s
well permeability 6.0x107% m?

Table 4.5: Input parameters required for AIR3D modelling at Site B.

Simulation | k* Pp Qez
(m?) | (%atm) | (x10~2 m3/s)
Case 10 kg1 7.2 6.0
Case 11 kga 3.4 6.0
Case 12 kg2 7.2 13

Table 4.6: Input permeabilities, pressure drawdowns and extraction rates for different

AIR3D simulations for Site B. k* refer Table 4.4
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predicted a drop in pressure along the 60 m long horizontal well of approximately 1
%atm as illustrated in Figure 4.12.

The permeabilities at Site B were estimated, although the input data uncertainty
resulted in a large uncertainty with the permeability estimates. With lack of infor-
mation regarding well pressure losses, and the possible presence of heterogeneity at
the site, it was determined that focusing the modelling on the sensitivity of different

parameters on the air flow solution would be more beneficial.
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Chapter 5

Generic Sensitivity Analysis

A sensitivity analysis was conducted to determine the impact of different parameters
on the air flow solutions in both two- and three-dimensions. The results of the sensi-
tivity analysis include an estimate of the range of pressure distributions and flowrates,
as well as providing insight into which parameters should be further investigated with

laboratory and/or field programs.

5.1 Approach

The aim of the sensitivity analysis was to change key system parameters and observe
the change in: 1) pressure distributions; 2) the time for various particles within the
domain to reach the well; 3) the flowpaths taken by the particles; and 4) the volume
of porous media influenced in a given time, t, (V}).

AIR3D (Joss and Baehr, 1993) was used to solve for pressure distributions and
the results were compared toc Base Case contours. Travel times and flowpaths were
determined by placing particles throughout the domain and running Forward Par-
ticle Tracking within MODPATH (Pollock, 1989). Finally, the Backward Particle
Tracking option in MODPATH was utilized to calculate V{ for given time periods.
Particles were located in the cells adjacent to the extraction well(s). For each particle,
MODPATH was used to calculate the flowpath of the particle based on the pressure
distribution. Along the flowpath, a time was calculated for each cell that the particle
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passed through. The further the cell was from the well, the longer it would take a
particle located in the cell to reach the extraction well. A Fortran program was writ-
ten to take the output from MODPATH, determine which cells had particles with
travel times less than a specified time, then sum the total volume. This provides an
estimate of the volume of porous media containing air that reaches the extraction
well in the given time period. V;} is similar to the definition of maximum degree of
remediation provided by Johnson and Ettinger (1994), which relates the volume of
soil in contact with contaminated soil. This method is preferred over estimating the
radius of influence in that it can accommodate non-circular shapes created by multi-
ple vertical wells or horizontal wells, and represents velocities rather than a defined
pressure drawdown.

The sensitivity analysis focused on identifying parameters that control the pres-
sure distribution, flowpath, travel time to the well, and V;. The parameters varied
were: 1) geological parameters, such as permeability, presence of a cover and location
of the watertable; 2) well characteristics, including type of well (i.e., horizontal vs.
vertical), number, location, length, permeability, and pressure; and 3) model design,
comprising grid size, discretization and dimensionality.

Two generic Base Cases were selected for the sensitivity analysis, similar to the
geological properties at Strachan and Site B. The two cases have unique site charac-
teristics: Strachan is comprised of a sand-and-gravel unsaturated zone, herein referred
to as the sand unit, capped with a lower permeability glacial till unit, while Site B
consists of only a shallow till unit. The well placement and well length are also
different at the two sites.

The geological properties of Base Case A were based on the Strachan site, with
parameters listed in Table 5.1. The grid dimensions were 150 m (symmetry boundary)
by 300 m by 9 m in depth discretized into 49 rows, 98 columns and 24 layers. The
geology consisted of a 2 m till unit with isotropic permeabilities of 1.0x107'2 m?
overlying a sand unit with a permeability of 7.0x10~!! m?; the watertable was located

at a depth of 9 m. The 30 m horizontal well, located at the top of the sand at a
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| Parameter

Value

grid dimensions
number of cells

150m x 300 m x 9m
49 row, 98 columns, 24 layers

till permeability (0-2 m) 11072 m?

sand permeability (2-9 m) 7x107' m?
watertable depth 9m

till and sand air-filled porosity 0.25

well pressure 96.7 %atm (Pp=3.3 %atm)
well permeability 1.1x1075 m?
cross-sectional area of well (half-well) 5.0x1073 m?

well depth 2tc2.1lm

well length 30 m

Table 5.1: Parameters for Base Case A

| Parameter

Value

grid dimensions
number of cells

20mx 100 m x 4.1 m
27 rows, 124 columns, 25 layers

permeability till; (0-3.5 m) 6x10~ "% m?
permeability till (3.5-4.1 m) 1x107!2 m?
watertable depth 4.1m

till and sand air-filled porosity 0.25

well pressure 93.4 %atm (Pp=6.6 %atm)
well permeability 6.0x107% m?
cross-sectional area of well (half-well) 5.0x1073 m?

well depth 34to3.5m

well length 60 m

Table 5.2: Parameters for Base Case B



depth of 2.0 to 2.1 m, was represented with cells having a permeability 1.1x 105 m?.
The cross-sectional dimensions of the well were 0.1 m by 0.05 m to account for the
symmetry boundary. The first cell of the well was constrained to a pressure of 96.7
%atm, a drawdown of 3.3 %atm. The boundary conditions were the same as those
specified in Chapter 4.

Base Case B had similar characteristics to that of Site B, with a grid 20 m (sym-
metry boundary) by 100 m by 4.1 m deep, discretized into 27 rows, 124 columns
and 25 layers. The Base Case parameters for Case B are listed in Table 5.2. The
subsurface was represented by a 3.5 m thick till unit with an estimated isotropic
permeability of 6.0x107'? m? overlying 0.6 m of till with an estimated permeability
of 1.0x107'? m?. The well, located at a depth of 3.4 to 3.5 m, had cross-sectional
dimensions of 0.1 m by 0.05 m to account for the symmetry boundary and a perme-
ability of 6.0 x107® m?. The pressure in the first cell of the well was constrained to

93.4 %atm, a drawdown of 6.6 %atm.

5.2 Method of Presenting Results

As explained in Section 5.1, four different factors were used as comparison measures in
the sensitivity analysis: pressure distributions, travel time and flowpath to well, and
V:. Figure 3.1 portrays the cross-sections used in displaying the pressure contours, all
of which bisect the horizontal extraction well. The column cross-section was through
the middle of the horizontal well, and, although this might not bisect the vertical
wells if multiple vertical wells were simulated, it illustrates the cross-sectional view
through the middle of a hypothetical contaminant plume.

To compare pressure distributions, the sensitivity analyses were compared to the
Base Case by plotting the 0.5 %atm contour and observing the differences in shape
and magnitude. This contour was selected because it was far enough from the far
lateral boundary that it was not influenced by the boundary conditions, yet it was
not so close to the well that it was influenced by near-well effects. Additionally, the

flowpaths taken by a particle, placed 30 m and 5 m perpendicular to the middle of the
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Figure 5.1: Location of cross-sections for sensitivity analysis figures.

well at ground surface for Case A and Case B respectively, were also plotted on the
pressure distribution plots. These distances were selected for the same reasons as the
0.5 %atm contour selection. Note that on most plots the scales have been exaggerated
and the domains truncated for ease of visualization. Results for travel time to the
well, along with calculated extraction rates, are listed in Tables 5.3 and 5.4 for Case
A and, later, in Table 5.5 for Case B. Also provided in Tables 5.3, 5.4 and 5.5 are
Vi after 5 days of extraction for Case A and 0.5 days for Case B. Again, these times
were chosen in order to find a V; that was not adversely influenced by the boundary
conditions. All extraction rates and volumes are for the half grids simulated; the

actual extraction rates and volumes would be twice the value given.

5.3 Base Case A

The pressure drawdown distributions in column, row and layer cross-sections il-
lustrated in Figure 5.1 for Base Case A are shown in Figure 5.2, with a contour
interval of 0.01 to 0.1 %atm by 0.01 %atm, 0.1 to 1.0 %atm by 0.1 %atm and 1.0 to
3.0 %atm by 1.0 %atm. The dotted line, 0.5 %atm, was the contour selected to be
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Sensitivity Analysis Travel Time Qez Vi Change
Total Sand in Vg
(days) (m?/s) | (x10°m%) | (%)
| Base Case A 1.1 0.6 {8.5x10°" 65 0 |
Watertable Location, 9 m depth
rises 2 m 1.0 0.5 | 7.8x107? 51 -22
drops 2 m 1.2 0.7 | 9.0x10-2 78 19
Till, k=1.0x10"1? m?
no till, k=7.0x10"!! m? 11 9.1 2.3x107! 11 -84
k=1.0x10"'" m? 1.9 14 | 1.3x107¢ 26 -61
k=1.0x10"" m? 27 0.6 | 6.6x1072 101 55
Sand, k=7.0x10"!! m?
k=7.0x10"10 m? 0.3 0.1 | 6.7x10°! 343 430
k=7.0x10"'2 m? 17 14 1.3x1072 9 -83
k.=7.0x10"1? m? 9.6 7.5 | 4.5x107? 41 -37
Well Location, top of sand
middle of the sand 09 05 | 1.1 x10°! 78 20
watertable 1.0 06 | 8.9%x1072 57 -13
bottom of till 14 0.8 | 6.8x1072 65 0
Grid Dimensions and Discretization
dec. grid discretization 1.1 0.6 | 8.6x10°2 45 -30
inc. grid dimensions 1.1 06 | 8.5x10-2 63 -4
full grid na 1.7x107! na na
2D flow 0.8 0.5 | 6.0x1072 20 -69

Table 5.3: Results from sensitivity analyses for varying different geological and grid
parameters, Case A. Bold font represents the Base Case values. Travel times are for a
particle 30 m perpendicular to the middle of the horizontal well to travel to the well,
Qez is the simulated extraction rate and V¢ is the volume of porous media influenced
after 5 d of extraction. The total volume of the domain is 405 000 m® except for
cases with modified grid dimensions.
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Sensitivity Analysis | Travel Time Qez A Change
Total Sand in Vg
(days) (m/s) [(x10°m?)| (%)
Base Case A 1.1 0.6 | 8.5x10°* 65 0
Well Length 30 m
+20m 1.0 06 | 1.1x107! 81 25
—10m 1.3 0.7 | 6.6x1072 33 -19
Well k=1.1x107° m?
k=1.1%x10"% m? 1.7 1.0 5.4x1072 49 -24
k=1.1x10"* m? 1.0 0.6 | 9.2x1072 68 4
no well k 1.1 06 | 8.8x107? 66 2
Vertical Wells (per well) | (per well) | (total)
one 3.3 1.8 2.2x1072 25 -62
one (point well) na 8.5 x 10~2
two 10 m apart! 2.2 1.3 2.0x1072 19 -40
two 30 m apart’ | 3.8 4.7 | 2.1x107? 20 -38
two 60 m apart! 32 31 | 2.2x10°? 22 -32
three 30 m apart' | 2.2 1.3 | 2.1x1072 19 -14
Horizontal Wells (per well) | (per well) | (per well)
two 113 m apart! | 1.1 0.6 | 8.4x107? 60 -8
two 220 m apart! | 1.1 0.6 | 8.5x10-2 65 0
PD=3.3 %atm
Pp=2.3 %atm 1.6 0.9 | 6.0x102 33 -19
Pp=4.3 %atm 0.8 0.5 1.1x10"! 76 17
Pp=13.2 %atm 0.3 0.2 | 3.6x10! 131 102

Table 5.4: Results from sensitivity analyses for varying well properties, Case A.
Bold font represents the Base Case values. Travel times are for a particle 30 m
perpendicular to the middle of the horizontal well to travel to the well, Q.; is the
simulated extraction rate and V; is the volume of porous media influenced after 3 d of
extraction. The total volume of the domain was 405 000 m3 except for lengthen and
shorten well, and 2 horizontal wells. ' Travel times, Q.; and V3 are not symmetrical,
therefore values cannot be doubled for full grid.



compared in sensitivity analyses pressure contour comparison. As well, the flowpath
for a particle 30 m from the middle of the horizontal well has been plotted on the
column cross-section. The pressure drawdown, Pp, in the first cell of the well was set
to 3.3 %atm, with a calculated loss of 0.41 %atm along the 30 m well. This pressure
distribution in the well corresponded to a simulated extraction rate of 8.5x10~2 m3/s.
Approximately 96.5% of the recharge to the system was through the ground surface
boundary; the remaining 3.5% of the recharge entered from the 3 lateral boundaries.
Thus, the grid is an adequate size.

As portrayed in the three cross-sections, flow in the till unit was essentially ver-
tical. The till, acting as a confining layer, forced air to flow horizontally to the
extraction well in the sand, creating a large zone of influence. A particle 30 m per-
pendicular from the middle of the well at ground surface took approximately 1.1 d to
reach the well. Two particles were also placed 30 m perpendicular to the middle of
the well, one at the bottom of the till and the second just below the first in the top of
the sand. It took approximately 0.5 d for the particle to flow vertically through the 2
m thick till unit, and then a further 0.6 d to travel 30 m through the sand to the well.
In comparison, a particle located near the watertable at the same lateral distance
from the well took 0.8 d to travel to the well. At a distance of 75 m perpendicular
to the middle of the well, a particle travelled from ground surface to the top of the
sand in 4.7 d and took 11.0 d to travel the remaining distance through the sand. The
volume of porous media influenced after 5 d of extraction (V) from the horizontal
well was calculated to be 65 000 m3, extending approximately 70 m from the well in
the sand, as illustrated in Figure 5.3. This volume decreased to 23 000 m?3 for 1 d of
extraction and to 43 000 m? for 2.5 d of extraction, and increased to 97 000 m? for
10 d of extraction.

With the defined air-filled porosity of 25%, the volume of air within the 5 d
volume of influence was 16 000 m®. Based on an extraction rate of 8.5x10~2 m3/s,
the calculated volume of air removed after 5 d from the extraction well was 37 000

m3.
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The resulting three-dimensional volumetric flowrates per unit area are illustrated
in Figure 5.4. Based on an extraction rate for a full grid of 0.17 m3/s and a well cross-
sectional area of 0.01 m?, the velocity of air in the extraction well was approximately
17 m/s. As shown in the column and row cross-sectional plots (Figures 3.4(a) and
5.4(b)), the velocities below the extraction well were at least 1.0x10~* m/s (10 m/d).
In the lateral direction, the velocity of 1.0x10™* m/s extends out approximately 20
m in the z- and y-directions.

One obvious difference between horizontal and vertical extraction wells is that flow
to a horizontal well is not axisymmetric. The influence of end effects was evaluated
by placing particles 30 m perpendicular and 30 m parallel to the well as illustrated in
Figure 5.5. With a vertical extraction well and homogeneous porous media properties
(i.e., an axisymmetric configuration), the travel times for particles at different angles,
but the same distance from the well were, of course, identical. In comparison, when
the particles were placed parallel to the horizontal well from both ends, 0.8 d were
required to travel through the till and an additional 1.0 d were required to travel
through the sand compared to 0.5 and 0.6 d perpendicular to the horizontal well,
an increase of 0.7 d in the total travel time. Therefore, due to the end effects of
the horizontal well, the pressure drawdown at a point perpendicular to the well was
greater than a point paralle] at the same distance from the well. The magnitude
of this difference would decrease with decreasing well length, as the horizontal well

approaches the configuration of a single extraction point.

5.4 Sensitivity Analysis for Case A

In the sensitivity analysis, geological and system parameters were varied and the
results of the pressure distribution, travel time and flowpaths to the well, and the
volume of porous media influenced after 5 d were compared to the Base Case. The
geological and flow parameters representing Base Case A were described in Section

3.1 and outlined in Table 5.1.

103



‘R SCALE
a) ground surface ! m/s)
=16
|
E 1x10"
= -2
-8-'_ 1x10
s 1x10”
1x10™
Ix10*
— oud <1x10°
50 75 100 125 150 o~
distance from well (m) N
b) 0— _ ground surface |
] |
) |
A ;
E - |
R 4—,‘ !
= A |
2 A |
) - ;
© 6 :
8§ — |
— |
. R . .. x|
R [Proerporhep et Lot
0 25 50 75 100 125 150 175 200 225 250 275 300
distance along well (m)
¢) 150
=125
31 3
5 755
&= 3
S 503
= »
W —
5 25—: }
Odl’lrriwr_l—itIF"FT.’i f; i t’il]lill)'l.irllflAf\{]:
0 25 50 75 100 125 150 175 200 225 250 275 300

Figure 5.4: Volumetric flowrates per unit area for Base Case A. (a) Column cross-

distance along well (m)

section, (b) Row cross-section, and (c) Layer cross-section.

104



PLAN VIEW
Pe:r Case A 0.8
05 - -1.0
'30m
0.5
0.6
pez Case B
11- = - -13
- '3m .
2.8 4.1 6.6

Figure 5.53: Travel times to well for different particle locations. For Case A times
shown are time to travel through the till and time to travel through the sand in days.
For Case B total time through till in hours is presented.

5.4.1 Permeability

The sensitivity of the flow solution to changing the permeabilities of the sand unit
and the till unit was investigated. Numerical simulations by Rathfelder et al. (1991)
showed that the efficiency of soil venting systems is highly sensitive to the soil per-
meability. The two geological units were treated separately in the analysis. For Case
A, the base isotropic permeabilities were selected to be 1.0x10~'2 m? for the till and
7.0x10~'* m? for the underlying sand.

Due to the heterogeneities of the geological properties, flow net analysis was not
conducted on the cases in which only the sand permeability or only till permeability
were varied. However, an order of magnitude decrease in both the till and sand
permeability resulted in identical pressure distributions as illustrated in Figure 5.6,
but an order of magnitude decrease in the extraction rate, as predicted by flow net

theory.
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Sand Permeability

Three different analyses were simulated with varying sand permeability: 1) increasing
the permeability one order of magnitude; 2) decreasing the permeability one order of
magnitude; and 3) decreasing the z-permeability one order of magnitude. The well
permeability was kept constant.

Increasing the permeability, which increased the permeability contrast between
the sand and the till, caused greater pressure drawdowns as illustrated in Figure 3.6.
The travel time in the sand decreased to 0.1 d, from 0.6 d.

By decreasing the sand permeability, to properties close to those of the till, the
pressure drawdowns shrunk closer to the well. This also increased the travel time
in the sand. A decrease in the sand z-permeability also resulted in the pressure
drawdowns shrinking and the vertical flow component decreased in comparison to
the horizontal component.

The volume of porous media influenced, listed in Table 5.3, clearly illustrates
the effect of varying the sand permeability. Increasing the permeability one order of
magnitude resulted in Vj increasing 5 times from the Base Case. However, in this
simulation the boundary conditions utilized for all simulations were not appropriate
as only 33% of the recharge was through the ground surface with the remaining
47% entering through the lateral boundaries. An order of magnitude decrease in
the sand permeability resulted in V; decreasing to 9 000 m®, while decreasing the
z-permeability decreased the volume to 41 000 m3. Because the extraction pressure

was kept constant, the calculated extraction rates change proportionally in all cases.

Till Permeability

Three scenarios were specified for varying the till permeabilities: 1) decreasing the
till permeability one order of magnitude; 2) increasing the till permeability one order
of magnitude; and 3) removing the till by assigning the till unit the permeability of
the sand. Figure 5.7 illustrates the change in pressure distribution and flowpaths due

to varying the till permeability.

107



————— base

— — — — decrease till permeability

- - — increase till permeability N
.—" — notll ground surface -

0 10 20 30 40 50 &0
distance from well (m)

Figure 5.7: Varying the till permeability, pressure drawdown contour = 0.5 %atm,
Pp in extraction well = 3.3 %atm, particle trace for a particle located 30 m from
extraction well. Column cross-section.

Decreasing the permeability, and thus increasing the permeability contrast be-
tween the sand and the till, elongated the pressure drawdown contours. The decreased
till permeability enhanced the ability of the till to behave like an impermeable cap,
increasing the amount of flow through the sand. The path taken to the well was more
direct, bypassing the volume of soil between the well and the watertable. The total
travel time to the well doubled, while the travel time in the sand stayed constant.
It also increased V3 to 101 000 m3. Simulations of sites with a thick layer of low
permeable soil at ground surface by Mohr and Merz (1995) found the best match
between field and simulated pressures occurred when a barrier at the ground surface
was specified. Similar to increasing the permeability of the sand, the boundary con-
ditions selected were no longer strictly valid, with only 44% of the recharge entering
through the ground surface boundary.

The two simulations with increased till permeability, the first in which the z- and

z-permeabilities were decreased one order of magnitude and the second in which the
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till was replaced with sand, resulted in a decreased capability of the till to induce
horizontal flow through the sand, and an increased amount of air entering vertically
through the ground surface above the extraction well. As the till permeability was
increased to that of the sand, the path taken to the horizontal well became deeper,
with more flow along the watertable. V; decreased drastically from 65 000 m? to 26
000 m?® for increasing the till permeability one order of magnitude and to approxi-
mately 11 000 m® with no till cover. For the simulation with no till, the total travel
time increased one order of magnitude, with the travel time in the sand also increas-
ing one order of magnitude. Note that the geological conditions of no till makes this
simulation similar to that of Case B in which no confining layer at ground surface is

present.

5.4.2 Watertable Location

It is known that the watertable location at Strachan can vary seasonally by up to 3 m.
Two simulations were conducted to observe the changes in the pressure distribution
as a result of the watertable being located 2 m above and 2 m below the Base Case
watertable elevation. The pressure distributions, flowpaths and travel times to the
well did not change significantly. However, V; increased approximately 20% as the

volume of the system increased with a 2 m lower watertable.

5.4.3 Well Characteristics

Well characteristics, such as number and type of well, the well length, the well place-
ment, and well permeability were examined in the sensitivity analysis. The Base
Case horizontal well was 30 m in length and was located at the top of the sand at a

depth of 2 m.
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Number and Type of Wells

An important design aspect of a soil vapour extraction system is the selection of the
type and number of wells. Modelling can provide a vital tool estimating the well
configuration necessary for the required remediation goals. A number of different
simulations with varying combinations of type and number of extraction wells were
performed. These simulations included adding an additional horizontal well at dif-
ferent distances apart and simulating single and multiple vertical well systems. All
the horizontal wells had 30 m screen lengths and were located at the top of the sand.
The vertical wells were screened from the top of the sand to 2.5 metres above the
watertable.

The two additional horizontal well simulations consisted of locating a second
horizontal well either 113 m or 220 m from, and parallel to, the original horizontal
well. The resulting pressure distributions are illustrated in Figures 5.8 and 5.9. By
placing the horizontal wells 113 m apart, the zone of capture of the two horizontal
wells overlapped as shown in Figure 5.9. V} for each well decreased to 60 000 m?3
as a result of the first well influencing the second well. With two horizontal wells
220 m apart, V3 did not change from the Base Case, confirming that the wells
were performing independently. Note that the volume calculated was only for half
a grid and, depending on the conditions on the other half of the grid, this may
not be symmetrical; therefore, the volumes, extraction rates and travel times are
approximate.

The influence of multiple horizontal wells on the velocity field is illustrated in
Figure 5.10. By placing two horizontal wells 220 m apart, the velocities at a distance
of 75 to 110 m from the well decreased, creating a “dead zone” between the two
wells. “Dead Zones” are defined by DePaoli (1991) as areas of the subsurface that
display large pressure drawdowns, but low air velocities. So, although the zone of
influence was essentially doubled with two wells 220 m apart, the porous media at
a distance of 75 to 110 m from the horizontal well displayed decreased velocities. In

contrast, when the wells were moved to only 113m apart, the volume of the dead
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contour = 0.5 %atm, Pp in extraction well = 3.3 %atm, particle trace for a particle
located 30 m from extraction well. Column cross-section
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zone decreased.

At Strachan, there were a number of advantages of installing vertical wells. Com-
pared to the horizontal well, the vertical wells were easier and less expensive to install
and were able to access the entire depth of the unsaturated zone. A number of dif-
ferent vertical well configurations were simulated including: 1) one vertical well; 2)
two vertical wells 10 m apart; 3) two vertical wells 30 m apart; 4) two vertical wells
60 m apart; 5) three vertical wells, each 30 m apart; and 6) one point well with
the same Q,; as Base Case A, screened from 2 to 2.1 m depth. These combinations
were selected because the actual arrangement of vertical wells at the Strachan site
involved one central vertical well with additional vertical wells located 30 m from the
first vertical well. This analysis was designed to compare the existing vertical well
system to that of the horizontal well for the given site geological conditions, to esti-
mate the most efficient well configuration and to determine whether two-dimensional
axisymmetric flow can represent flow to a horizontal well.

The pressure distribution and the values for V¢ for the vertical wells were slightly
smaller than for the horizontal well, as shown in Figures 3.11 and 5.12. The magni-
tude of V; was dependent on the number of vertical wells and the extraction rate. As
the vertical wells were placed farther apart, the area of overlap reduced to the point
that their drawdowns were independent of one another. One vertical well had just
under half V; from the single horizontal well, but only one-quarter the extraction
rate. The difference in extraction rates made the comparison between the horizontal
and vertical well configurations approximate. The volume, V¢, increased to 56 000
m? for 3 vertical wells, just 9 000 m3 less than the Base Case, for a total extraction
rate of 6.3x1072 m3/s. The zone of influences between the horizontal and vertical
wells simulations were similar primarily due to: 1) the influence the till as an im-
permeable barrier, preventing short circuiting to the well; and 2) the relatively short
length of the horizontal well.

One simulation was completed with a vertical, or point, well at the same Q..

as the Base Case. The vertical well was only screened from 2 to 2.1 m depth, and
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Figure 5.13: Varying well placement, pressure drawdown contour = 0.5 %atm, Pp in
extraction well = 3.3 %atm, particle trace for a particle located 30 m from extraction
well. Column cross-section.

the pressure drawdown was constrained to 27 %atm in order for the extraction rate
to equal that of the horizontal well. Figure 5.11 shows that the pressure distri-
butions were slightly less than the horizontal well. The implication of this is that
two-dimensional axisymmetric coordinates modelling of a single point well can be
used to approximate three-dimensional flow to a horizontal well under the geological,

hydrogeological and SVE system conditions of Base Case A.

Well Location

Due to installation constraints at Strachan, a horizontal well installed in the top of
the sand was the only feasible option. Other possible locations, but not practical
from an installation perspective, included the middle of the sand at a depth of 3.35
to 3.45 m and at the bottom of the sand, just above the watertable. In addition to
these two locations, installing the well at the bottom of the till was examined.

The effect of varying the well placement is illustrated in Figure 5.13. As would be
expected, placing the well at the bottom of the till decreased the pressure drawdowns

in the system and increased the travel time to the well. If the well were placed at
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the watertable, the pressure distribution, travel time to the well and V; did not
change significantly; however, a crucial difference with this scenario was the flowpath
taken to the well. When the well was placed close to watertable, air flowed deeper
in the unsaturated zone. This is important if the SVE was designed to remove
contaminated air located near the watertable. However, locating a horizontal well in
proximity to the watertable runs the risk of being affected by watertable fluctuations
and upwelling. When the horizontal well was located in the middle of the sand, Vs
increased by 13 000 m?, a reflection of the greater volume of sand accessible and the
increased pressure drawdowns created when the well was located in the middle of the

sand.

Well Length

The length of the well is determined by installation method, blower capabilities,
area of contamination and site logistics. Shortening the horizontal well to 20 m,
approaching the configuration of a vertical well, decreased the pressure drawdowns
and, correspondingly, decreased V; by 19%. With a 50 m horizontal well, V: increased
by 25%. The particle flowpaths and times to reach the well changed only slightly.
The 20 m long horizontal well exhibited less pressure loss along the length of the

well: 0.2 %atm compared to 0.9 %atm for the 50 m long horizontal well.

Well Permeability

The horizontal well was represented in the Base Case by assigning every cell in the
well a permeability of 1.1x107° m? and assigning a constrained pressure to only the
first cell in the well. As explored in Chapter 2, a horizontal well can be expected to
exhibit pressure losses in the well, as well as a change in well permeability, due to
the transition from turbulent flow near the blower to possibly laminar flow near the
far end of the well. With the limited amount of data available, a single permeability
was examined in the base simulations. An option in AIR3D is to not assign the well

a permeability and the model assumes the cells have an infinite permeability.
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Figure 5.14: Varying well properties, pressure drawdown contour = 0.5 %atm, Pp in
extraction well = 3.3 %atm, particle trace for a particle located 30 m from extraction
well. Column cross-section.

As illustrated in Figure 5.14, increasing the well permeability one order of magni-
tude or assigning no well permeability did not affect the pressure distribution, travel
time to the well nor Vj significantly. In comparison, decreasing the well permeability
by one order of magnitude decreased V3 by 25% and increased the the travel time
to the well by 0.6 d. The pressure difference between the two ends of the horizontal
well decreased to less than 0.1 %atm when the well permeability was increased in
contrast to a pressure difference of 2.0 %atm when the well permeability was de-
creased. The change in extraction rate and fraction of recharge from the atmosphere

were insignificant.

Well Pressure

The method of defining the extraction rate required assigning a constrained pressure
in the well. A Pp of 3.3 %atm was selected as the Base Case pressure, correspond-

ing to an extraction rate of 8.5x10~3 m3/s. At Strachan, only an estimate of the
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pressure drawdown was available, hence an analysis of the consequences of changing
the well pressure on the extraction rate, pressure distribution and V; was important.
By decreasing Pp to 2.3 %atm, the extraction rate decreased to 6.0x10"2 m3/s and
Vi was reduced to 33 000 m®. In contrast, an increase of Pp to 4.3 %atm produced
an extraction rate of 1.1x10~! m3/s and a V§ of 76 000 m3. The pressure draw-
down was then increased further to 13 %atm and the extraction rate increased to
3.6x10~" m?/s with V; doubling to 131 000 m3. At this pressure, the drawdown
was still within the range acceptable for applying groundwater equations to air flow

equations (Massmann, 1989).

5.4.4 Model Design

To ensure that the solution was not affected by the boundary conditions, a grid
with the dimensions of 200 m by 400 m by 9 m was examined. As illustrated in Fig-

ure 3.13, increasing the grid dimensions had little effect on the pressure distributions,

119



flowpath and travel time to the well and V3. Furthermore, the fraction of recharge
from the ground surface did not change. This confirms that for the Base Case, the
boundary conditions selected were adequate.

A simulation of the Base Case conditions using a full grid 300 m by 300 m by
9 m (i.e., with no symmetry boundary) was analyzed. The pressure distribution of
the Base Case was identical to that of a full grid and the extraction rate was twice
that of the Base Case, confirming that the solution was not influenced by using only
a half grid with a symmetry boundary.

The grid discretization of the Base Case was increased by a factor of 1.3 from the
previous cell as recommended for FDM grid design (Anderson and Woessner, 1992).
A subsequent grid was designed with cell discretization only increasing by a factor of
1.2, increasing the total number of cells in the domain from 115 000 cells to 178 000.
Similar to increasing the grid dimensions, decreasing the grid discretization had little
effect on the pressure distribution solution. However, Vi decreased by 30%. The
solution to the volumetric flux requires the gradient to be calculated; a discretization
factor of 1.2 resulted in a more accurate solution of the fluxes.

Finally, a two-dimensional scenario was simulated in AIR3D by reducing the grid
dimension in the z-direction to 30 m and assigning impermeable boundaries to the
two lateral boundaries. As illustrated with the pressure distributions in Figure 5.13,
utilizing a two-dimensional model to simulate a horizontal well produced overpre-
dicted pressure distributions because the same amount of air was extracted from a

smaller volume, neglecting all end effects.

5.5 Base Case B

The pressure drawdown distributions in layer, row and column cross-sections il-
lustrated in Figure 5.1 for Base Case B are shown in Figure 5.16. The pressure
contour intervals are the same as Base Case A, except that 4.0 %atm, 5.0 %atm and
6.0 %atm pressure drawdown contours were also included. The 0.5 %atm contour

was also selected for comparison between the Case B simulations. The pressure in
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Sensitivity Analysis Travel Time Qez Vs Change
in Vi 5
(hours) (m¥/s) | (x10°m®) | (%)
Base Case B [ 4.1 5.4 x10~* 1.9 0
Watertable Location, 4.1 m depth
rises 0.5 m 4.3 5.2x1072 1.6 -13
drops 0.5 m 4.1 5.6x1072 2.0 6
till, k;=6.0x10"!? m?, k,=k,/6
ky=6.0x10"1! m? ko=k,/6 04 5.5x107t 2.8 48
k,=6.0x10"'% m?, ko=k, /6 40 5.5x1073 0.8 -08
k. =6.0x10"'3 m? k.,=k.,/6 9.1 1.7x1072 2.0 3
Add Cover 2.8 | 4.5x1072 2.6 34
Well Location, 3.5 m depth near watertable
bottom of the till 3.8 8.2x 1072 1.8 -8
middle of the till 4.3 5.0x1072 2.1 11
Flow
Two-dimensional Flow 4.1 5.3x1072 1.8 -6
Well Length, 60 m
+20m 4.4 6.7x10~2 7 39
-30m 3.8 2.9%1072 1.1 -43
Well k=6.0x10"° m?
k=6.0x10"7 m? 7.6 3.2x107? 1.6 -17
k=6.0x10"° m? 3.8 5.9x1072 1.9 1
no well & 4.0 5.5x1072 1.9 1
Number and Type of Wells (per well) | (per well) | (total)
2 horizontal 30 m apart! 4.2 5.4x1072 1.9 0
2 verticalf 8.4 4.4x1073 0.3 -86
Pp=6.6 %atm
Pp=5.6 %atm 4.8 4.6x1072 1.8 -4
Pp=7.6 1 %atm 3.6 6.2x10-2 2.0 2
Pp=16.6 %atm 1.7 1.4x107! 2.4 23

Table 5.3: Results from sensitivity analyses for Case B. Travel times are for a particle
5 m perpendicular to the middle of the horizontal well to travel to the well, Q. is
the simulated extraction rate and Vj 5 is the volume of porous media influenced after
0.5 d of extraction. The total volume of the domain is 12 300 m3 except for lengthen
and shorten well. T Travel times, Q., and VZ are not symmetrical, therefore values

cannot be doubled for full grid.



the first cell of the 60 m horizontal extraction well was constrained to 93.4 %atm, Pp
= 6.6 %atm, which corresponded to a simulated extraction rate of 5.4x1072 m3/s.
The pressure loss from the beginning of the well to the last cell of the well was 0.9
%atm. Approximately 99.95% of the air entering the domain did so through the
ground surface, satisfying the criteria that the boundaries be placed far enough from
the extraction well that they have minimal effect on the solution.

The zone of influence created by the horizontal extraction well for Case B was
small due to the absence of a cover and the low permeability of the porous media.
As illustrated in Figure 5.16, flow was essentially vertical from the ground surface to
the well. There was some horizontal flow along the watertable due to the location of
the extraction well near the watertable, but the velocities were relatively small. The
volume of porous media influenced after 0.5 d of extraction was 1 900 m3.

A particle placed at ground surface 3 m perpendicular to the middle of the well
took 4.1 hrs to travel to the well from ground surface compared to 14 hrs for a
particle placed at the same distance along the watertable. This increase in time for
the latter particle was due to the lower permeability in the till with an increased
residual saturation, located directly above the watertable. At a similar distance
parallel to the well, a particle took 11 hrs to travel from ground surface to the end
of the well closest to the well head, and 13 hrs to travel to the end farthest from the
well head. As well as demonstrating the consequence of end effects, this example also
illustrated the influence of well losses.

The volume of porous media influenced after 0.5 d, Vj;, was calculated to be 1
900 m3. This volume decreased to 1 100 m® when the time was reduced to 0.1 d
and increased to 2 300 m? after 1 d of extraction. As illustrated in Figure 5.17, the
volume influenced after 0.5 d extends out from the well approximately 7 m. Based
on an extraction rate of 5.4x1072 m?®/s and an air-filled porosity of 25%, the volume
of air removed by the extraction well after 0.5 d was 2 300 m®, compared to a volume
of 600 m3 in the 0.5 d zone of influence.

The velocity in the extraction well, based on a volumetric flowrate of 0.11 m3/s
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(for a full grid) and a cross-sectional area of 0.01 m3, was 11 m/s. The fluxes for

the column, row and layer cross-sections are plotted on Figure 5.18. In compari-
son to Base Case A, a velocity of 1.0x10™* m/s (10 m/d) was only observed at a
lateral distance of approximately 5 m from the extraction well. Additionally, the
velocity decreased in the lower permeability till at 3.6 to 4.1 m depth, as illustrated

in Figure 5.18(a).

5.6 Sensitivity Analysis for Case B

The geological and flow parameters representing the Base Case B were described in
Section 3.1 and outlined in Table 5.2. The boundary conditions and grid domain
used for the Base Case were found to be suitable for all the sensitivity analyses and

will not be discussed further.

5.6.1 Permeability

As outlined in Section 5.1, the unsaturated zone geology of Case B was divided into
two till units, the first unit extending from ground surface to a depth of 3.5 m, with a
permeability of 6.0x107'2 m?, and a lower till with a permeability of 1.0x10~'2 m?2,
Four simulations were performed to determine the sensitivity of the flow solution to
the permeabilities: 1) increase the till permeability one order of magnitude; 2) de-
crease the till permeability one order of magnitude; 3) decrease the till z-permeability
one order of magnitude; and 4) add a cover. The latter was accomplished by chang-
ing the permeability of the top layer of the domain to 1.0x1.07!* m?, two orders of
magnitude smaller than the till. This was intended to represent some impermeable
barrier situated at ground surface to prevent air short circuiting to the well.

Flow net theory can be used to predict the change in flowrate and pressure distri-
bution with changing permeability. As explained in Section 2.5, an order of magni-
tude increase in the z- and z-permeabilities of both till units only resulted in an order

of magnitude increase in the flowrate with no change in the pressure distribution, as
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illustrated in Figure 5.19. Likewise an order of magnitude decrease in the permeabil-
ity resulted in an order of magnitude decrease in the flowrate with no change in the
pressure distribution. Although the pressure distribution did not change for altering
both &, and k;, V§4 changed to 2 800 and 800 m® for an increase and decrease in
the permeability, respectively.

However, when only £, was decreased by one order of magnitude, (2.28) and (2.29)
were used to estimate the location of the transformed pressure distribution. Based

on these equations, the z-component of the pressure contours was transformed by:

Iinv = Itrans X V 10 (5.1)

In decreasing the z-direction permeability, the horizontal component of flow was
increased, thus the pressure distribution was shifted laterally as illustrated in Fig-
ure 5.19.

The advantage of adding a lower permeability cover to a SVE system is evident
in Figure 5.20, where the pressure drawdowns increased substantially from the Base
Case. By obstructing the short circuiting of air flowing vertically from the ground
surface to the extraction well, air was forced to flow laterally within the domain
towards the well and the pressure distributions were shifted laterally, resulting in the

V3.5 increasing to 2 600 m®.

5.6.2 Watertable Location

As with Case A, changing the watertable location had little effect on the pressure
distribution and travel time to the well. Only V{,, as shown in Table 5.5, was
influenced with the increase in domain size. In reality, a rising watertable could
present problems for this site, by decreasing the air-filled porosity and permeability
near the well with increased water saturation and possibly flooding the well with

product and water, which did occur at Site B.
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5.6.3 Well Characteristics
Well Location

Two new well positions were selected, as shown in Figure 5.21: one located just
above the watertable and a second located in the middle of the till at a depth of 2.0
to 2.1 m. In locating the well just above the watertable, the well was placed in the
lower permeability till, thus the pressure drawdowns decreased, Vj , decreased and
the travel times for a particle to reach the well from ground surface increased. As
well, locating the horizontal well too close to the watertable may result in water and
product entering the well. When the well was located in the middle of the till, a
slight increase in the pressure drawdown and V§ . was observed. However, with the

well located in the middle of the till, less flow was observed along the watertable.
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Number and Type of Well(s)

The shallow unsaturated zone at Site B required that vertical wells have short screen
lengths. A number of vertical wells were installed at Site B in clusters, with approx-
imately 20 to 100 m separating the clusters. Additionally, three parallel horizontal
wells were installed, each separated by approximately 15 m. Initial modelling es-
timated that the lateral zone of influence was on the order of 10 m. Therefore to
observe the influence of overlapping pressure distributions, well spacings of 15 and
30 m were selected. To compare the different well arrangements at Site B, three well
configurations were established: 1) two vertical wells 40 m apart; 2) two horizontal
wells 30 m apart; and 3) two horizontal wells 15 m apart. Both vertical wells were
screened at a depth of between 1 and 4 m and the horizontal wells were both 60 m
long, located at the same depth as the Base Case.

Figure 5.22 clearly displays the large difference between the horizontal well pres-
sure distributions and those of the vertical wells. Essentially, the shape of V{5 for
both the horizontal well and vertical wells was cylindrical, with the cylinder aligned
vertically for the vertical well and laterally for the horizontal well. The consequence
was that Vig was less than 600 m® the vertical wells, compared to 1900 m?® for a
horizontal well.

The influence of multiple horizontal wells on the velocity field is illustrated in
Figure 5.23. There was no change in the velocity distribution by placing the wells 30
m apart, with little interaction between the two wells. In contrast, when a second
horizontal well was placed 15 m from the original well, the volume of the “dead zone”,

zone of high pressure drawdowns and low velocities, decreased.

Well Length

The length of the horizontal well considered in Base Case B was 60 m. Two
simulations were performed with well lengths of 30 m and 80 m. The configuration
of the horizontal well when shortened 30 m verged on that of a vertical well with less

end effects, as indicated in Figure 5.24. Therefore the pressure at the mid-section
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that the scales are highly exaggerated. For k;=k,, pressure contour for vertical wells
are circular.
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Figure 5.24: Varying the well length, pressure drawdown contour = 0.5 %atm, Pp =
6.6 %atm, particle trace for a particle located 5 m from extraction well. (a) Column

cross-section. (b) Layer cross-section.



of the well was greater than the Base Case. With the shorter well, V;; and the
extraction rate were nearly half that of the Base Case. Lengthening the horizontal
well 20 m increased Vg5 to 2 700 m3. The modelled pressure loss along the 30 m
horizontal well was calculated to be 0.3 %atm compared to 1.5 %atm for an 80 m

well.

Well Permeability

The well permeability selected for Case B was 6.0x107% m?. This value took into
account the longer length of the well and higher extraction rate in (3.8) compared
to Case A. The pressure distribution in Figure 5.25 confirms that an increase of one
order of magnitude in the well permeability had no effect on the pressure distribution,
flowpath, extraction rate and Vj.. The same results were observed when no well
permeability was selected. In comparison, a decrease of the well permeability one
order of magnitude resulted in the pressure drawdowns decreasing and V7§ ; decreasing
by 17%. It is interesting to observe the pressure losses in the well varying from
0.9 %atm for a well permeability of 6.0x107% m? to almost 4.4 %atm for a well
permeability of 6.0x10-7 m2. Thus, because of the potential for well losses, well

diameter may be an important parameter for horizontal wells.

Well Pressure

Finally, the effect of varying the pressure drawdown on V§ 5 and the extraction rate
was analyzed. Table 3.5 displays the results of V§,. A 1 %atm decrease in the pres-
sure drawdown resulted in a decrease of Vg by 4% and a decrease in the calculated
extraction rate by 15%. The volume enlarged 2% with a 1 %atm increase in the
pressure drawdown and by 23% with a 10 %atm increase. The resulting extraction
rates also increased by 15% and 165% respectively. A pressure drawdown of 16.5
%atm is still within the recommended range for applying groundwater equations to

air flow equations (Massmann, 1989).
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Figure 5.25: Varying the well permeability, pressure drawdown contour = 0.5 %atm,
Pp = 6.6 %atm, particle trace for a particle located 3 m from extraction well. Column
cross-section
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Figure 5.26: 2D cartesian coordinates, pressure drawdown contour = 0.5 %atm, Pp
= 6.6 %atm, particle trace for a particle located 5 m from extraction well. Column
cross-section



5.6.4 2D Flow

Flow in a section represented by two-dimensional cartesian coordinates was simulated
in AIR3D by decreasing the grid dimensions to 60 m and specifying the lateral
boundaries to be impermeable. As illustrated in Figure 5.26, the pressure distribution
created by two-dimensional cartesian flow to the horizontal well was close to that of
the Base Case and the travel times to the well were identical. The volume of porous

media influenced only decreased by 6%.

5.7 Comparison of Case A to Case B

To illustrate the contrast between Case A and Case B, an analysis of the effect of
the geological and pressure characteristics was conducted. The 0.5 %atm pressure
drawdown for the two Base Cases are plotted on Figure 5.27. For Case A, the 0.5
%atm contour extended out approximately 25 m from the horizontal well compared
to only 4 m for Case B. This difference was more evident when comparing the V1 (i.e.,
1 d of extraction): 23 000 m3 for Case A compared to 2 300 m?® for Case B. Factors
that account for this large difference includes pressure and extraction rates, well
lengths and location, permeability of the subsurface units, presence of a cover, and
depth to the watertable. Even when properties such as well length and depth to the
watertable were factored into the volumes, Case A still has an order of magnitude
larger volume. Subsequently Case A was simulated with the till and sand having
properties of the till at Case B. V] for Case A decreased to 5 600 m3, illustrating the
importance of the high permeability sand with the low permeability barrier at the
ground surface. A simulation of Case A with Case B till properties and P p=6.6%atm
yielded V] for Case A of 13 800 m3.

5.8 Summary

A sensitivity analysis was conducted to determine the effect that geological and hy-

drogeological parameters, well characteristics and model design have on the pressure
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Figure 5.27: Comparison of the two Base Cases, pressure drawdown contour = 0.5
%atm. Column cross-section

distribution, flowpath and travel time to the extraction well, and the volume of porous
media influenced after a given time. Two generic cases with similar characteristics
to the two sites examined in Chapter 4 were examined.

A method was developed to determine the volume of porous media influenced
after a given time. This method can be used as a comparison method for analyzing
the effect of changing properties; however, similar grids must be used because the
solution is somewhat dependent on the grid discretization. The results were also
dependent on the number of particles used in MODPATH, therefore a large number
of particles (e.g., 1000 or more) should be used.

For Base Case A, the pressure distribution representing the 0.5 %atm pressure
drawdown contour was located approximately 24 m from the extraction well. A
particle placed 30 m perpendicular from the well at ground surface took 0.5 d to travel
2 m vertically through the till and an additional 0.6 d to travel 30 m through the sand.
An analysis of the volume of porous media influenced after 5 d of extraction estimated

a volume of 65 000 m3. The zone of the subsurface which contained velocities greater
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than 10 m/d extended vertically from the extraction well to the watertable and 20
m horizontally from the well.

In comparison, the 0.5 %atm pressure contour was observed at a distance of only 4
m for Base Case B. The time required for a particle to travel approximately 5 m from
ground surface to the extraction well was 4.1 hours. The volume of porous media
influenced after 0.5 d of extraction was calculated to be 1 900 m®. Finally, the zone
where the velocities weré greater than 10 m/d only extended laterally approximately
5 m from the extraction well.

In both cases, the permeability and the influence of a low-permeability cover
were the most sensitive parameters. As confirmed by flow net theory, an order of
magnitude increase or decrease in all the permeabilities only resulted in a change
in the extraction rates and velocities, not in the pressure distribution. For Case
A, an order of magnitude decrease in the sand permeability resulted in more than
an order of magnitude increase in the total travel time to the well and an 83%
decrease in Vi. Similarly, removing the till cap resulted in an order of magnitude
decrease in the travel time and a 84% decrease in V. This emphasizes the importance
in characterizing the subsurface permeability properties as accurately as possible.
Likewise, Case B exhibited similar results to Case A with varying permeabilities. An
order of magnitude decrease in the till permeability resulted in an order of magnitude
increase in the travel time to the well and a 58% decrease in the volume of porous
media influenced after 0.5 d. A simulation conducted to determine the effect of
adding a cover at ground surface resulted in V{4 increasing by 34%.

One consequence of locating the horizontal well near the watertable is that the
extraction well may also remove product and water. Simulations showed the largest
volume of soil influenced occurred when the well was located in the middle of the
unsaturated zone. For Case B, however, this resulted in slightly less flow along the
watertable than if the well was located near the watertable. In practice the location
of the horizontal well is often determined by installation constraints.

Only limited amount of data were available on the pressure distributions within
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the actual extraction wells. The method developed in this study uses pipe-flow
theory to represent the well, which assigns a single permeability to the well, and
yielded similar results to assigning no well permeability. The implication of this was
that, although assigning no well permeability resulted in no pressure losses in the
horizontal well, much time and computer space was saved in the process. Until more
data or information is known on well losses, the default well setting in AIR3D appears
to be a suitable method.

The air flow results for horizontal wells were compared to simulations with vertical
wells. A limitation to this analysis is that for a given horizontal and vertical well,
the extraction rate, and thus the volume of porous media influenced, was highly
dependent on the screened length. AIR3D requires a constrained pressure, with the
extraction rate calculated as output, thus for comparison purposes the constrained
variable was the pressure.

For Case A, a constrained pressure of 3.3 %atm in a vertical well resulted in an
extraction rate approximately one quarter of the horizontal well extraction rate. The
volume of soil influenced after 3 d of extraction for one vertical well decreased by
60% for Base Case A. This difference decreased to less than 14% when three vertical
wells were utilized. An increased extraction rate in the vertical wells would further
decrease the difference in the volumes. These similar volumes were a result of the
high permeability of the sands compared to the till, the large volume of soil influenced
because of the till cap, and the screened length of the vertical well throughout the
sand unit.

A comparison of horizontal and vertical wells for Case B was examined. The
resulting extraction rate for a vertical well, based on a constrained pressure, was
over an order of magnitude smaller. The volume of porous media influenced created
by two vertical wells decreased by 86% to less than 600 m? total. As illustrated in
Figure 5.22, the discrepancy between the vertical and horizontal wells was due to
the pressure distributions, with only a small zone of influence created by the vertical

wells. Although the pressure distribution was approximately the same in the z-
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direction (Figure 5.22(a)), the advantage of having a long screened length with the
horizontal well is illustrated in Figure 5.22(c).

Two-dimensional cartesian coordinates simulations were completed for both cases.
For Case A, the two-dimensional cartesian coordinates simulation grossly overpre-
dicted the pressure drawdowns and under predicted V; for the horizontal well due
to the zone of influence and the short horizontal well. However, a simulation with
two-dimensional axisymmetric flow from a point source resulted in pressure distri-
butions similar to the horizontal well. In contrast to Case A, the two-dimensional
cartesian coordinates analysis of the horizontal well in Case B resulted in only a
6% decrease in V3. The implication of this is that a two-dimensional cartesian

coordinates simulation of the flow conditions with Case B parameters is adequate.
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Chapter 6

Conclusions

Soil vapour extraction is a remediation technique for removing volatile contaminants
from the unsaturated zone. The use of horizontal wells with SVE, rather than tra-
ditional vertical wells, has been examined. As part of SVE systems at two gas plant
sites in Western Canada, horizontal wells were installed by Komex International Ltd.
The contrast between the two sites where the horizontal wells were installed clearly il-
lustrates the significance of geological conditions in controlling air flow. At Strachan,
a 30 m trench well was installed below 2 m of till at the top of 7 m of unsaturated
sand. In contrast, a 60 m directionally drilled horizontal well was located near the
watertable at a depth of 3.5 m in till at Site B.

Two numerical models were utilized to examine air flow during soil vapour ex-
traction. VapourT, a two-dimensional FEM, formulated to use either axisymmetric
or cartesian coordinates, simulated the steady-state flow of incompressible gas. The
second model utilized, AIR3D, is a three-dimensional FDM that simulated the steady-
state flow of compressible air. One-dimensional and two-dimensional flow analyses
were performed to estimate the differences that occurred in the two models due to
compressibility effects and the method of formulation of the FEM and FDM equa-
tions. These differences were minimal if the pressure drawdown at the well was within
typical SVE conditions and a fine grid discretization was used near the extraction
well.

Data from field SVE tests conducted by Komex International Ltd. were used to
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estimate the permeabilities at the two sites through numerical modelling of air flow.
Pressure drawdown in the extraction well was required to estimate the permeabilities
with AIR3D. The permeabilities were adjusted until the best match between pressures
observed during the horizontal SVE test and pressures simulated with AIR3D was
found.

A limitation of AIR3D was that the extraction well pressure drawdown and either
the permeability or the extraction rate were required as input. For both field pro-
grams, the extraction rate was known, but only estimates of the pressure drawdown
in the extraction well and the soil permeabilities were available. Thus, different com-
binations of the extraction well pressure drawdown and permeabilities would result
in the required extraction rate.

Most studies investigating SVE focus on the transport of volatile contaminants in
the unsaturated zone. However, an understanding of the factors controlling air flow
and the sensitivity of different parameters on air flow is vital for estimating transport
during SVE. Therefore, a sensitivity analysis was conducted to determine the most
sensitive geological, hydrogeological and well parameters, and model design to the
air flow solution based on the pressure distribution, flowpaths and travel times to the
extraction well, and the volume of porous media influenced after a given time.

The air flow results were most sensitive to the permeabilities. An order of magni-
tude change in the permeability estimates could be the result of poorly characterized
site parameters, heterogeneities or changing moisture content with watertable fluctu-
ations or upwelling. Within the expected range of permeabilities, large differences in
the pressure distribution, travel time to the well and volume of porous media influ-
enced in a given time were calculated. The techniques used in the sensitivity analysis
are not unique to horizontal wells and can be applied to vertical SVE systems as well.

The effect of an impermeable barrier at ground surface was demonstrated by
comparing Base Case A to a simulation with no till cap, and Base Case B to a
simulation in which the top layer was assigned a permeability two orders of magnitude

smaller than the till. It was shown that the lower permeability layer at ground
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surface for Case A produced significantly larger pressure drawdowns farther from
the well, prevented short-circuiting and created greater velocities and flow along the
watertable, even with the well located at a depth of only 2 m. The same effect was
observed for Case B when a low permeability was assigned to the top layer. Whether
construction of such barriers are possible warrants investigation.

Two-dimensional flow to the horizontal well with cartesian coordinates was an-
alyzed for both sites. In the example of Case B, a good estimate of air flow to a
horizontal well was simulated with the 2D cartesian coordinates. For Case A, 2D
cartesian coordinates provided a poor estimate to the flow to the horizontal well.
However, 2D axisymmetric flow to a point source provided a satisfactory estimate
of three-dimensional flow to this horizontal well. Thus, 3D air flow models can be
used to determine the applicability of employing a 2D cartesian coordinates model
for simulating flow to a horizontal well. If a 2D cartesian coordinates air flow model
provided similar pressure distributions to the 3D model, a 2D cartesian coordinates
transport model could be used to model transport in 2D rather than 3D, saving
computer processing time and storage space.

Pressure losses were observed along the length of horizontal well during SVE test
at Strachan. An equation was developed to estimate the equivalent permeability
of the pipe under turbulent and laminar flow conditions. However, both field and
numerical analyses should be performed to better predict the influence of well diame-
ter, soil permeability, perforation size, and well length on pressure losses in horizontal
wells during SVE.

Simulations examining the effect of multiple extraction wells indicated that there
is little advantage to installing horizontal wells at Strachan. The vertical wells, which
were screened in the sand, were capable ensuring air flow near the watertable. The
difficulty in installing directionally drilled or dug horizontal wells near the watertable
in the sand and gravel also make the selection of vertical wells at Strachan more
feasible. In contrast, the simulations indicate that the long horizontal well at Site

B provides a more efficient SVE system than vertical wells. Therefore, fewer wells
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would have to be installed with horizontal wells than if vertical wells were utilized,
reducing the amount of surface disturbance at the site. Directional drilling techniques
that were possible at the site allowed installation of the horizontal well at a depth
deeper than a dug trench would provide.

An in-depth analysis to compare the costs of installation, operational and main-
tenance costs should be conducted to determine whether horizontal or vertical wells

are more practical at a given site.
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Appendix A

FDM and FEM Grid

Discretization Figures
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