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Abstract
Remediation of sites impacted by dense nonaqueous phase liquids (DNAPLs) is an ongoing, costly
challenge where technological improvement is needed to allow for cost-effective cleanup.
Remedial processes using in situ thermal technologies have received increasing attention in recent
years. Electrical resistance heating (ERH) is a commonly applied thermal technology in the
industry. ERH applications are used at heterogeneous sites, where permeability contrasts can
significantly impact the heating process along with the movement of DNAPL and gas phases. To
further understand this, a series of intermediate-scale laboratory experiments were completed in a
two-dimensional flow cell examining the impacts on subsurface processes occurring during ERH.
Groundwater velocity variations within a homogenous coarse sand were shown to limit the heating
rates during ERH. Additionally, experiments entailed the heating 270 mL of trichloroethene
(TCE), chloroform (CF), and tetrachloroethene (PCE) pools in a medium-grained silica sand with
a coarse-grained sand lens located above the DNAPL pools. Spatial and temporal distributions of
temperature, gas saturations, and aqueous DNAPL concentrations were collected and observed
using a distribution of thermocouples, front-face image capture, and post treatment soil sampling.
In each experiment, temperatures increased above DNAPL-water co-boiling plateaus creating
estimated gas volumes of 131 L, 114 L and 215 L that originated from the TCE, CF and PCE pools
respectively. Produced gas migrated vertically, entered the coarse lens and became trapped beneath
a capillary barrier laterally spreading outside the heated treatment zone where 26 - 56% of injected
DNAPL condensed back into a DNAPL phase.

These findings demonstrate that layered

heterogeneity with higher permeability lenses can potentially facilitate the transport of
contaminants outside the treatment zone by mobilization and condensing of gas phases during ERH
applications.
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Chapter 1
Introduction
1.1 Introduction
Groundwater is the world’s most extracted raw material and is an important freshwater resource
for municipalities, agriculture and industrial processes. An estimated 25% of Canadians and 43.8%
of people in the United States rely on groundwater as a source of drinking water (Statistics Canada,
2010; NGWA, 2011). However, contamination of groundwater from leaking gasoline storage
tanks, operations involving chlorinated solvents, and hazardous waste disposal from industrial
manufacturing, landfills and military bases can cause adverse effects to the environment and human
health. Furthermore, exposure to humans through ingestion or inhalation of contaminates in the
groundwater has been linked to increased chronic and carcinogenic risks (Lee et al., 2002).
Mitigating exposure to humans is accomplished through detailed site characterization followed by
subsequent contaminant remediation or containment. In Canada, there are more than 10,000 sites
in the federal government's contaminated sites inventory that must be remediated with estimated
cleanup costs of $7 billion (Parliament of Canada, 2014). Across the United States 126,000 sites
require remediation, and approximately 10 percent of these sites are considered "complex,"
meaning restoration is unlikely to be achieved within the next 50 to 100 years due to technological
limitations (NRC, 2014). Consequently, estimated cleanup costs at these sites ranges from $110
billion to $127 billion (NRC, 2014).
Chlorinated solvents such as tetrachloroethene (PCE), trichloroethene (TCE), 1,1,1trichloroethane (1,1,1-TCA), and carbon tetrachloride (CT) represent some of the most common
and persistent contaminates in soil and groundwater worldwide (Kueper et al., 2014). Chlorinated
solvents exist in the subsurface as a dense nonaqueous phase liquid (DNAPL) and upon release to
the subsurface will migrate until resting in a static distribution of residual and pooled DNAPL
1

(Kueper et al., 2014). The particular configuration of residual and pooled DNAPL is influenced
by a variety of factors including DNAPL viscosity, DNAPL-water interfacial tension (IFT),
DNAPL density, geological structure and permeability, the volume of release, and the nature and
duration of the release (Kueper et al., 2014). However, the influence of permeability heterogeneity
within the subsurface heavily favors the accumulation of pooled DNAPL creating source zones that
are challenging to remediate.
A schematic of a chlorinated solvent source zone is shown in Figure 1.1. Below the water
table, DNAPL dissolution takes place forming a contamination plume that travels in the direction
of groundwater flow and can persist for decades due to the low solubility of many DNAPL
compounds. For volatile organic compounds (VOCs), vaporization and volatilization occur above
the water table, creating a mobile vapour phase plume. Additionally, DNAPLs can enter fractured

Former
Spill
Location

Vaporization & Volatilization

Dissolution

Pools
Sorption/ Desorption

Residual
DNAPL in
Fractures

Figure 1.1. Schematic of a chlorinated solvent source zone after a DNAPL release at ground
surface (Kueper et al., 2014).
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bedrock causing a plume of dissolved contamination in the fracture network, as well as, entry of
dissolved contamination into the rock matrix (Pankow and Cherry, 1996). In general, chlorinated
solvents have aqueous solubilities which are low in absolute terms but still generate dissolved
aqueous concentrations four to seven orders of magnitude greater than current drinking water
quality standard values (Pankow and Cherry, 1996). High concentrations and persistence of
chlorinated solvent source zones pose difficult challenges for remedial efforts that can extend the
time frame for site cleanup and closure.
Many in situ remediation technologies have been developed to cleanup DNAPL source
zones and dissolved phased plumes (Stroo et al., 2012; Kueper et al., 2014). Common technologies
include physical extraction (e.g., pump-and-treat, soil vapour extraction, multi-phase extraction and
excavation) and injection of fluids or reagents (e.g., surfactant or co-solvent flushing, chemical
oxidation, chemical reduction, air sparging, and bioremediation).

However, when these

technologies are applied in a highly heterogeneous subsurface they may only effectively reduce
concentrations in higher-permeability pathways inadequately treating lower-permeability
pathways. For this reason, in situ thermal treatment (ISTT) technologies are becoming increasingly
popular because they are not as sensitive to subsurface permeability heterogeneities as injection
technologies. ISTT technologies include, but are not limited to, thermal conductive heating (TCH),
steam injection heating, radio-frequency heating (RFH), electromagnetic heating, and electrical
resistance heating (ERH).
ERH applications have been shown to outnumber all other ISTT technologies in a state-ofthe-practice review completed by Triplett Kingston et al. (2014). ERH consists of an electrical
current that is passed through the contaminated zone, increasing the subsurface temperature based
on the resistivity of the soil. Elevated subsurface temperatures volatilize VOCs, facilitating mass
recovery via vapour or multi-phase extraction systems. In a heterogeneous subsurface, lowpermeability zones containing clay minerals are preferentially heated driving the vaporized VOCs
3

into adjacent higher permeability regions that are more accessible to extraction methods (Carrigan
and Nitao, 2000). Thus, effective mass removal requires that temperatures are high enough to
vaporize VOCs and establish connected gas transport pathways to soil vapour (SVE) or multiphase
extraction points (Hegele and Mumford, 2014; Martin and Kueper, 2011).
Rapid groundwater fluxes in high permeability lenses can limit ISTT applications by
cooling portions of the treatment zone (Stroo et al., 2012, Triplett Kingston et al., 2014). For
example, Beyke and Fleming (2005) presented results from an ERH field site where unexpected
groundwater velocities of 305 cm/day through high hydraulic conductivity zones resulted in a
longer treatment duration. Additionally, at a former Naval Air Warfare Center (NAWC) site in
New Jersey, USA, desired temperatures in the treatment zone were not achieved presumably
because of the influence of inflowing cold groundwater (Triplett Kingston et al., 2014). There have
been numerous numerical modeling and laboratory studies (Carrigan and Nitao, 2000; Krol et al.,
2011a; Hegele and Mumford, 2014) demonstrating that temperatures at the edge of the heated zone
and in areas furthest from electrodes can vary substantially. However, few studies exist assessing
temperature variations and contaminant mobility due to high groundwater fluxes.
Heron et al. (1998) observed gas production in a two-dimensional laboratory study of ERH
in a silty, low-permeability soil contaminated with dissolved TCE. The study demonstrated
volatized TCE being captured by a SVE system located in a coarse sand layer above a lowpermeability soil. However, no insight was given on mass recovery in soils with lenses of different
permeability where trapping of vapour beneath capillary barriers can occur. Considerable trapping
can even lead to spreading of mass away from capture zones and extend outside the heated areas to
colder zones within the subsurface. Martin and Kueper (2011) conducted a laboratory study
observing gas production and accumulation under a capillary barrier due to the co-boiling of a
DNAPL pool. It was observed that horizontal bedding in the subsurface can act as a mechanism
for lateral spreading of VOC, but did not investigate how substantial this spreading could be or the
4

resulting potential for DNAPL condensation outside of the heated zone. Hegele and Mumford
(2014) observed the displacement and redistribution of DNAPL outside the heated zone above a
vapour front in a bench-scale study using a homogeneous sand pack. It was concluded that the
subsurface should be heated to water boiling temperatures to facilitate gas transport to extraction
points and reduce the potential risk for DNAPL redistribution.

1.2 Research Objectives
The goal of this research was to perform laboratory-scale experiments to evaluate the use of ERH
for the remediation of pooled TCE, PCE, and Chloroform (CF) DNAPL in a fully-saturated
heterogeneous sand pack subjected to a hydraulic gradient and containing a high-permeability lens
located above the pooled DNAPL. Each experiment included visual observation of gas and
DNAPL using digital images, temperature monitoring, and post-treatment chemical analysis.
Specific research objectives were to assess the effect of a layered heterogeneous subsurface on
ERH performance by:
(i)

Demonstrating that spatially variable groundwater velocity results in differential rates of
heating,

(ii)

Demonstrating that low-permeability lenses above DNAPL source zones promote
extensive gas accumulation during co-boiling and lateral gas migration beneath them,

(iii)

Demonstrating that the accumulation of gas in high-permeability lenses can lead to
DNAPL mobilization by condensation in cold regions outside the heated zone.

The published literature does not include the results of ERH experiments using pooled DNAPL in
a heterogeneous environment subjected to groundwater flow. Therefore, this research will serve
as a basis to inform practitioners of the mechanisms involved in heating pooled DNAPL in a
heterogeneous, flowing system.

5

1.3 Organization of Thesis
This thesis is organized in a manuscript format. Chapter 2 includes a literature review of the ERH
process and applications, thermal and electrical properties during ERH, and gas production and
transport mechanisms. Chapter 3 presents temperature data and quantitative visualization of gas
formation and transport following co-boiling of DNAPL during ERH experiments, comparing the
effect of velocity variations on heating and the mobility of the gas phase. Chapter 4 includes a
concluding summary and discussion of the results, as well as recommendations for future work.
The appendices contain supplemental figures, the effect of dissolved sodium chloride in the
porewater on power density, evidence of gas and condensed DNAPL flowing out of the highpermeable lens during heating, soil and aqueous analytical quality control, calibration of data
acquisition devices, and sample calculations. The reader may see duplication between the literature
review of Chapter 2 and the background sections of Chapter 3 as a consequence of the manuscript
format. Chapter 3 will be submitted to Journal of Contaminant Hydrogeology as an original
research paper. Co-authorship of Chapter 3 is detailed in the front matter.
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Chapter 2
Literature Review
2.1 Electrical Resistance Heating
Soil and groundwater contaminants that are commonly treated using remediation technologies
include volatile organic compounds (VOCs) such as chlorinated solvents, petroleum hydrocarbons,
and pesticides. One remediation technology is Electrical Resistance Heating (ERH), which is an
in situ Thermal Treatment (ISTT) technology that consists of passing an electrical current through
the contaminated subsurface between a network of electrodes. Resistance by the subsurface soil to
the electrical current generates in situ heating that volatilizes, vapourizes, and in some cases
degrades, contaminants facilitating mass recovery via vapour or multi-phase extraction systems.
Effective mass recovery during ERH occurs when low permeability zones are preferentially heated
driving the vapourized contaminants into adjacent higher permeability regions that are more
accessible to extraction methods (Carrigan and Nitao, 2000). Additionally, within the heated zone
increased dissolution, desorption, and biodegradation occur which can aid in contaminant mass
recovery.

2.1.1 Description of ERH applications
A standard ERH schematic is shown in Figure 2.1 outlining common components such as the
electrode network, power control unit (PCU), water delivery system, vapour collection and
treatment systems, monitoring and recovery wells, and data acquisition systems. Typically, fullscale ERH systems apply a voltage difference between 150-450 volts (V) (Beyke et al., 2007),
resulting in alternating current (AC) electricity applied at a frequency of 60 Hz to an array of
electrodes. Electrode array patterns can be hexagonal or triangular with electrodes installed
vertically, angled or horizontally by traditional subsurface drilling and installation techniques
(Triplett Kingston et al., 2014). Triangular array patterns are used when three-phase electricity is
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applied, and are most common for full-scale treatment (USACE, 2006). Six-phase electricity
consists of splitting the standard three-phase into six-phases, using a hexagonal array pattern
surrounding a neutral electrode. Six-phase electricity is normally used on pilot scale and not fullscale treatment because of potential “hot spots” and “cold regions” of current flow that can occur
when combining multiple array patterns.

Figure 2.1. Schematic illustration of an electrical resistance heating (ERH) application within
a source zone contaminated with DNAPL (Johnson et al., 2009).
Electrodes are constructed from steel pipe or copper plate for heating distinct zones and
sheet piling for quick installation with minimal drilling wastes for disposal (Johnson, 2009). In
portions of the subsurface that are targeted for current flow the surrounding borehole annulus can
be packed with a conductive material, such as graphite and/or steel shot, to increase the effective
(conductive) diameter of the electrode (Triplett Kingston et al., 2014). In the portions of the
9

subsurface where electrical resistance heating is not desired, the electrode construction materials
are insulated and the surrounding annulus is filled with relatively non-conductive materials such as
sand, bentonite, or cement (Johnson et al., 2009). Electrodes are typically spaced 4.6-7 m apart
and typically extend 0.6-1 m below the target treatment zone and 0.6-1.5 m outside the target
treatment volume (Triplett Kingston et al., 2014). The spacing is dependent upon the characteristics
of the contaminants to be treated, desired rate of heating, the expected heat losses, the construction
of electrodes, and the desired final temperature to be achieved (Triplett Kingston et al., 2014).
The Electro-Thermal Dynamic Stripping Process (ET-DSP™) is an adaptation of ERH that
consists of an imbedded water circulation system (cooling system) inside each electrode
(McMillan-McGee, 2011). The circulation system ensures that the electrode does not dry out the
surrounding soil which can lead to a reduction in the local electrical conductivity. The water is
injected at the end of the electrode which is converted to steam and transported toward the targeted
treatment zone via convective heat transfer mechanisms.
In most applications, heating raises subsurface temperatures to increase the vapour pressure
of contaminants and convert soil moisture into steam. This vapour creation enables contaminants
to be captured via soil vapour extraction (SVE) or multi-phase extraction (MPE) systems.
Traditionally, vapour recovery (VR) has been accomplished using conventional vapour extraction
techniques utilizing shallow wells (above the watertable) installed either vertically or horizontally
(USACE, 2009). In addition, electrodes have served as vapour- and steam-recovery points, or have
operated as MPE wells for the recovery of vapour, steam, water and NAPL from the subsurface
(Beyke and Fleming, 2005). VR during the heating process via shallow extraction systems does
not allow for discrete point extraction targeting areas below the watertable where vapour
accumulation may occur based on the geological conditions of the subsurface. For example, vapour
accumulating beneath saturated low permeability layers may experience significant amounts of
lateral spreading, potentially driving VOCs outside of the target treatment area.
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VOC mass is transported to the surface by vapour or liquid streams and is treated above
ground. For extracted vapour streams, any vapourized water is removed and VOCs are treated by
conventional methods such as granular activated carbon, combustion, or thermal oxidation prior to
being discharged to the atmosphere. Treatment of the extracted liquid is completed by means of
condensing and skimming VOC mass via cooling towers containing air strippers that sequentially
feed additional vapour into the vapour stream treatment system.
Providing three-phase electricity to the electrodes from the municipal power grid is done
through the PCU which enables the ERH operators to adjust voltage levels to achieve a uniform
heating and current field within the subsurface. The PCU also includes isolation transformers that
force ERH current to flow between the electrodes only, preventing ERH current from flowing to a
distant electrical sink (USACE, 2009; Johnson et al., 2009;). Temperature monitoring of the
subsurface is directed through the PCU from a string of thermocouples typically located within the
electrode network to obtain temperatures furthest away from energy input. Additional process
monitoring may focus on the power delivery to the electrodes and cumulative mass removal rates
(Triplett Kingston et al., 2014).
2.1.2 Electrical Properties of the Subsurface
Several models have been created to simulate electrical heating of subsurface soils using the general
ohmic-heating model (Hiebert et al., 1986; Carrigan and Nitao, 2000; Hendricks, 2006; McGee and
Vermeulen, 2007; Krol et al., 2011a). Within this model, the conservation of electric charge
requires the gradient of current density to equal the electric charge injected or extracted at a location
per unit volume per unit time (Carrigan and Nitao, 2000):
∇ · ⃑J = Q

(2.1)

where �⃑
J is the current density vector (A/m2) and Q is the flow rate of electric charge (Amps).

Furthermore, Ohm’s law relates the current density to the electric potential and the electrical
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conductivity of the medium, neglecting electromagnetic effects since ERH is operated at low
frequencies, resulting in quasi-static electric fields (Hiebert et al., 1986; McGee and Vermeulen,
2007; Krol et al., 2011a). Ohm’s law states:
⃑J = −σe ∇V

(2.2)

where V is the electric potential (V) and σe is the electrical conductivity of the medium (S/m). The
electrical conductivity is explicitly dependent on spatial coordinates, temperature, and soil

saturation for a prescribed set of groundwater and soil chemical properties (Carrigan and Nitao,
2000). Combining the current conservation equation with Ohm’s law and assuming no electrical
sources or sinks (Q = 0), electric potential distributions within the subsurface are obtained by
(Carrigan and Nitao, 2000; McGee and Vermeulen, 2007; Krol et al., 2011a):
−∇ ∙ σe ∇V = 0

(2.3).

The electrode potential is a function of time since ERH uses alternating current, resulting in a phaseshifted voltage distribution (Krol et al., 2011a):
V = V0 cos(ωt + φ)

(2.4)

where V0 is the voltage amplitude, ω is the angular frequency (rad/s), t is time (s), and φ is the

phase angle (rad). Consequently, the power dissipated to the subsurface is calculated by either

averaging the value through a power cycle, treating the voltage as a phasor quantity, or separating
the electrode voltages into separate, single-phase solutions (Krol et al., 2011a). Power dissipation
within the subsurface can then be determined by:
U = σe |∇V|2
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(2.5)

where U is the subsurface power dissipation (W/m3). From Equation 2.5, the electrical conductivity
of the medium governs current density which dictates the amount of power dissipation in the

subsurface during ERH. The electrical conductivity of water-saturated porous media is primarily
electrolytic, and is proportional to the sum of the number of dissolved ions multiplied by their
respective mobility in solution under an applied voltage (McNeill, 1980). The bulk electrical
conductivity of porous media can be described using Archie’s law (Archie, 1942):
n
σs = θm Sw
σw

(2.6)

where σ𝑠𝑠 and σ𝑤𝑤 are the bulk electrical conductivity of the porous medium and the pore fluid (S/M)
respectively, 𝜃𝜃 is porosity, and 𝑆𝑆𝑤𝑤 is the water saturation of the medium. The exponents 𝑚𝑚 and 𝑛𝑛

are the cementation and saturation exponents and are defined in studies completed by Archie
(1942). The cementation exponent was found to be approximately 1.8 to 2.0 for consolidated

sandstones and 1.3 for clay-free unconsolidated sands. The saturation exponent is not understood
well in the literature, but was found to be approximately 2.0 for water saturations ranging from 0.15
to 1.0 and is most commonly used for Archie’s law applications.
Equation 2.6 is appealing based on its simplicity and how it applies to a variety of clayfree consolidated and unconsolidated materials based on the 𝑚𝑚 exponent. It is understood that

under completely saturated conditions the 𝑚𝑚 exponent is independent of particle size and

distribution, but dependent on the shape of the particles, increasing as they become less spherical
(McNeill, 1980). Therefore, as long as the porosity is the same for both sand and gravel the
resistivity or conductivity contrast may be quite small. The 𝑆𝑆𝑤𝑤𝑛𝑛 term explicitly accounts for water

saturation effects and heavily influences the conductivity of the formation based on the law’s

assumption that conductivity is solely based on the pore water. Thus, under saturated conditions
the cementation exponent, porosity, and porewater conductivity govern the formation’s electrical
conductivity. Under partially saturated conditions, conductivities will decrease as current flow is
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obstructed from porewater being replaced by more insulating constitutes such as gas or DNAPL.
This can occur in an ERH application when there is DNAPL present or when soil moisture
decreases as temperature and gas production increase.
Conversely, increased temperatures result in decreased liquid (water) viscosities, which inturn increase ionic mobility and thus electrical conductivity (McNeill, 1980). This increase in
electrical conductivity from σw1 to σw2 based on an increased temperature (°C) of 𝑇𝑇2 from 𝑇𝑇1 is

described by Arps (1953):

σw2 = σw1

T2 + 21.5
T1 + 21.5

(2.7).

Archie’s law assumes that the porewater is the only conducting phase that is distributed
within a non-conducting phase (sand) composed of clay-free particles. However, Beyke and
Fleming (2005) stated that low-permeability silts and clays have higher electrical conductivity from
negatively charged particle surfaces on which cations are absorbed and are thus heated
preferentially. The added effects of cations on electrical conductivity of porous media not found
in Archie’s law have been examined by Butler and Knight (1998); Glover et al. (2000); Waxman
and Smits (2003); and Dalla et al. (2004).

2.1.3 Thermal Conduction in Porous Media
Conduction takes place in a fluid by a process of collision between molecules and a consequent
increase in their mean kinetic energy as heat passes from warmer to cooler regions (Farouki, 1981).
Accordingly, when thermal energy is higher in one part of the system, heat will be transferred from
high energy areas to low energy areas due to a thermal gradient until a thermal equilibrium is
reached as energy is diffused to surrounding molecules (Smith and Van Ness, 1987). The transfer
of heat within the subsurface is greatly dependent on the thermodynamic properties of the porous
medium and the fluid moving through it. In groundwater systems, the dominant mechanism for
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heat transfer is conduction across the solid matrix and the fluid flow through the pore space. As
with mass transfer, heat transfer is most easily described by using a macroscopic approach using a
representative elementary volume (REV), which is a control volume used to represent an averaged
collection of pore-scale processes (Bénard et al., 2005; Martin, 2009). Thermal conductivity and
heat capacity of the solids and fluids relevant to this thesis are summarized in Table 2.1.
Table 2.1. Thermal properties of materials
Material
Water
PCE
TCE
Chloroform
Silica Sand
(a)Bristow

Thermal Conductivity (W/m·K)
0.610a
0.110b
0.115b
0.118b
6.300d

Heat Capacity (J/g°C)
4.181a
0.862c
0.967c
0.950c
0.829d

(1998); (b)Kauffman and Jurs (2001); (c)CAMEO (1999); (d)Ho and Pehlke (1990);

2.1.4 Thermal Convection in Porous Media
Heat transfer in porous media due to convection can occur as either free convection or forced
convection. The convective heat transfer is defined as free (or natural) convection when the fluid
motion is introduced by the fluid body forces, for example, buoyant or centrifugal, as a result of
density differences between the fluids (Oosthuizen and Naylor, 1999). Forced convection occurs
when an external force induces hydrodynamic mixing of the interstitial fluid at the pore scale (Nield
and Bejan, 2006). Similar to investigations of conductive behavior in porous media, a REV
approach is generally taken with convective behavior, resulting in an averaged flow throughout a
specified area to compensate for velocity differences on the pore-scale (Martin, 2009). In its basic
form, the convective heat transfer equation is known as Newton’s law of cooling (Lienhard, 2011):
𝐶𝐶 = ℎ�(𝑇𝑇𝑤𝑤 − 𝑇𝑇∞ )

(2.8)

where 𝐶𝐶 is the convective heat flux (W/ m2), ℎ� is the heat transfer coefficient (W/m2/°C), 𝑇𝑇𝑤𝑤 is the

wall temperature of the solid object (°C) and 𝑇𝑇∞ is the temperature of the bulk fluid (°C). In porous
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media the heat transfer coefficient is based on particle size and geometry along with the flow regime
of the fluid moving across the particle surface. Krol et al. (2014) simulated mixed convective flow
on the REV scale associated with subsurface heating using the ratio between the Rayleigh number
𝑅𝑅𝑎𝑎 and the Peclet number 𝑃𝑃𝑒𝑒 :
𝐶𝐶𝑜𝑜 =

𝑅𝑅𝑎𝑎
𝑘𝑘𝑔𝑔𝑔𝑔𝜌𝜌𝑤𝑤 ∆𝑇𝑇
=
𝑃𝑃𝑒𝑒
𝜇𝜇𝜇𝜇

(2.9)

where 𝐶𝐶𝑜𝑜 is the mixed convection number, 𝑘𝑘 is the soil permeability (m2), g is the gravitational

acceleration (m/s2), 𝛽𝛽 is the coefficient of thermal expansion (°C-1), ∆𝑇𝑇 is the difference in

temperature between the inlet and the domain maximum (°C), 𝜌𝜌𝑤𝑤 and 𝜇𝜇 are the density of water

(kg/m3) and the viscosity of water (kg/s·m) respectively at the maximum domain temperature, and
𝑞𝑞 is the Darcy flux (m/s). In the case where 𝐶𝐶𝑜𝑜 is less than or equal to one, advective flow is
dominant and flow lines would be horizontal for a system with constant hydraulic head boundaries
at either end.

At high 𝐶𝐶𝑜𝑜 numbers, natural convective forces are strong, which creates a

symmetrical circular flow pattern as buoyant flow is dominant and the effect of incoming
groundwater becomes negligible (Krol et al., 2014).

Furthermore, transient temperature

distributions during ERH can be computed by solving Equation 2.5 and substituting subsurface
power dissipation (U) into the energy conservation equation that includes thermal conduction,
thermal convection, heat accumulation or phase change (Krol et al., 2011a):

K H ∇2 T − ρw Cp ∇ ∙ [q
�⃗T] + U =

∂
�θρw Cp T + (1 − θ)ρb Cb T�
∂t

(2.10)

where K H is the bulk thermal conductivity of the subsurface (W/m·°C), ρb is the bulk density of

the soil (kg/m3), Cp is the heat capacity of water (J/kg·°C), q
�⃗ is the Darcy velocity vector (m/s), Cb
is the bulk heat capacity of the soil (J/kg·°C), and θ is the porosity.
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2.1.5 Solubility of DNAPL vs Temperature
Aqueous solubilities for TCE and PCE were measured by Sleep and Ma (1997), Heron et al. (1998),
Knauss et al. (2000), and Chen et al. (2012) as a function of temperature and it was determined that
solubilities increased as temperatures reached water-boiling conditions (Figure 2.2). Aqueous
solubilities for CF as a function of temperature can be found in Figure 2.3.
Increases in solubility as temperatures increase will lead to higher dissolution rates as
heating progresses. In addition, mass transfer rates from DNAPL to the aqueous phase can increase
with increased temperature independent of increases in aqueous solubility. For example, Imhoff et
al. (1997) reported an increase in the mass transfer rate coefficient for the dissolution of residual
PCE by a factor of two between temperatures of 5 and 40°C, with no significant increase in aqueous
solubility (Triplett Kingston et al., 2014). This increased mass transfer rate, and increased
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Figure 2.2. a) Solubility vs temperature for TCE and b) PCE from three laboratory studies
including fitted regression equations by Chen et al. (2012) (Triplett Kingston et al., 2014).
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solubility are important as they lead to higher concentrations in the aqueous phase as heating
progresses.
8600

CF (Chen et al., 2012)
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Figure 2.3. Solubility vs temperature for CF (Chen et al., 2012).

2.1.6 Viscosity of DNAPL vs Temperature
As temperature increases, the random kinetic energy of molecules also increases reducing the effect
of intermolecular forces, thereby reducing the viscosity of DNAPLs (Sleep and Ma, 2008). Figure
2.4 displays viscosities and densities of TCE, CF, and PCE decreasing with an increase in
temperature. Observed decreases in DNAPL viscosity with temperature can improve recovery by
continuous DNAPL pumping. However, in ERH applications the increase in vapour pressure and
Henry’s Law constant for most VOCs makes recovery of compounds from a gas phase the more
favorable remediation mechanism (Triplett Kingston et al., 2014). Increases in temperature will
also decrease the density and viscosity of water and decrease the interfacial tension (IFT) between
water and DNAPL potentially leading to the mobilization of trapped DNAPL, particularly
continuous DNAPL retained on capillary barriers (Triplett Kingston et al., 2014). The decrease in
IFT is demonstrated by a regression expression presented by Sleep and Ma (1997) that predicts a
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decrease in IFT between PCE and water from 45 to 42 mN/m between 20 and 90°C. Additionally,
an observed decrease from 43 to 40 mN/m between 5 and 40°C was observed by Imhoff et al.
(1997).

1
0.9
0.8
0.7
0.6
0.5

1.6
1.55
1.5
1.45

0.4
0.3

TCE
CF
PCE

1.65

Density (g/cm3)

Viscosity (centipoise)

1.7

TCE
CF
PCE

(a)

1.4

0 10 20 30 40 50 60 70 80
Temperature (°C)

(b)
0

10 20 30 40 50 60 70
Temperature (°C)

Figure 2.4. a) Viscosity and b) density vs temperature for TCE, CF and PCE DNAPLs
(CAMEO, 1999).

2.1.7 Henry’s Law with Temperature
Volatilization of DNAPL and the mass transfer of dissolved VOC into the gas phase is the primary
treatment mechanism for ISTT technologies. The relative concentrations at equilibrium in the
water and gas phases at a constant temperature can be calculated using Henry’s Law:
𝐶𝐶𝑖𝑖,𝑔𝑔 = 𝐻𝐻𝑖𝑖 𝐶𝐶𝑖𝑖,𝑤𝑤

(2.11)

where 𝐶𝐶𝑖𝑖,𝑔𝑔 and 𝐶𝐶𝑖𝑖,𝑤𝑤 are the concentration in the gas and water phase (respectively) of compound 𝑖𝑖

(mol/m3) and 𝐻𝐻𝑖𝑖 is the dimensionless Henry’s Law constant. Henry’s Law can alternatively be
expressed as (Triplett Kingston et al., 2014):
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𝑃𝑃𝑖𝑖 = 𝐺𝐺𝐻𝐻,𝑖𝑖 𝐶𝐶𝑖𝑖,𝑤𝑤

(2.12)

where 𝑃𝑃𝑖𝑖 is the partial pressure (atm), and 𝐺𝐺𝐻𝐻,𝑖𝑖 is the Henry’s Law constant (atm·m3/mol). Using
the ideal gas law, Equations 2.11 and 2.12 can be related as follows:

𝐶𝐶𝑖𝑖,𝑔𝑔 =

𝑛𝑛𝑖𝑖
𝑃𝑃𝑖𝑖
=
𝑉𝑉𝑔𝑔 𝑅𝑅𝑅𝑅

(2.13)

where 𝑛𝑛𝑖𝑖 represents the number of moles in the gas phase (mol), 𝑉𝑉𝑔𝑔 is the volume of gas (m3), and

𝑅𝑅 is the ideal gas constant (m3·atm/°C·mol). Heron et al. (1998) determined that the Henry’s Law

constant for TCE increases by a factor of 20 between 10 and 95°C with a significantly increased
enthalpy of dissolution within that temperature range. Therefore, an expression for Henry’s Law
constant as a function of temperature was proposed (Chen et al., 2012):

𝑙𝑙𝑙𝑙 𝐺𝐺𝐻𝐻,𝑖𝑖 = 𝐴𝐴𝑖𝑖 −

𝐵𝐵𝑖𝑖
+ 𝐶𝐶𝑖𝑖 𝑙𝑙𝑙𝑙 𝑇𝑇
𝑇𝑇

(2.14)

where 𝐴𝐴𝑖𝑖 , 𝐵𝐵𝑖𝑖 , and 𝐶𝐶𝑖𝑖 are empirical constants. Heron et al. (1998) and Chen et al. (2012) compiled

data showing that Henry’s Law constant for various chlorinated VOCs increases significantly with
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Figure 2.5. Henry's Law constant vs temperature for TCE, PCE, and CF.
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temperature. Chen et al. (2012) used correlations based on Equation 2.14 to calculate increased
Henry’s Law constants for 12 chlorinated VOCs between 8 and 93°C. The authors found good
agreement between measured and fitted data within a similar temperature range and reported an
increased Henry’s Law constant between 3 and 30 times for various chlorinated VOCs. The
calculated relationships by Chen et al. (2012) and Heron et al. (1998) for TCE, CF and PCE are
found in Figure 2.5 along with the reported values of 𝐴𝐴𝑖𝑖 , 𝐵𝐵𝑖𝑖 and 𝐶𝐶𝑖𝑖 found in Table 2.2.
Table 2.2. TCE, CF and PCE regression coefficients for Henry's Law constant
Compound
TCE
TCE
CF
PCE

A
186.1
98.26
136.4
152.2

B
12540
7936
9647
10547

C
-26.11
-13.39
-19.23
-21.23

Reference
Heron et al. (1998)
Chen et al. (2012)
Chen et al. (2012)
Chen et al. (2012)

2.2 Gas Development and Transport
2.2.1 Boiling
The boiling process begins with the onset of a nucleation event from pore surface irregularities
(cracks, scratches, pits, etc.), containing pre-existing or trapped gases (Satik and Yortsos, 1996).
This is referred to as heterogeneous nucleation. After nucleation, boiling of a pure substance
happens at a particular temperature associated with pressure and latent heat. Latent heat of
vaporization is the energy transfer of a substance when it is vapourized from the liquid state by the
heating of the surrounding substance at a constant pressure (Smith and Van Ness, 1987). This
differs from sensible heat which is a function of the transferred heat to a system in which no phase
transitions, chemical reactions, and no change in composition causes temperature of the system to
change (Smith and Van Ness, 1987). During boiling, all energy is converted to latent heat where
there is no temperature increase of the substance and constant temperature measurements
(temperature plateaus) are expected.
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Creation of a gas phase by boiling within water-saturated areas is the target mechanism for
ISTT technologies. For boiling to occur in water saturated areas where no DNAPL is present, the
sum of the water pressure and the capillary pressure must equal the vapour pressure of water:
𝑃𝑃𝑤𝑤𝑣𝑣 = 𝑃𝑃𝑤𝑤 + 𝑃𝑃𝑐𝑐

(2.15)

where 𝑃𝑃𝑤𝑤𝑣𝑣 is the vapour pressure of water (atm), 𝑃𝑃𝑤𝑤 is the water pressure (atm), and 𝑃𝑃𝑐𝑐 is the capillary
pressure (atm). At elevated temperatures, increases in vapour pressure for water and DNAPLs can
be approximated using the Antoine equation (Triplett Kingston et al., 2014):
𝑙𝑙𝑙𝑙𝑙𝑙 𝑃𝑃𝑖𝑖𝑉𝑉 = 𝐷𝐷𝑖𝑖 +

𝐸𝐸𝑖𝑖
𝑇𝑇 + 𝐹𝐹𝑖𝑖

(2.16)

where 𝑃𝑃𝑖𝑖𝑉𝑉 is the vapour pressure (atm), and 𝐷𝐷𝑖𝑖 , 𝐸𝐸𝑖𝑖 , and 𝐹𝐹𝑖𝑖 are empirical constants which are reported
in Table 2.3 for water, PCE, TCE, and CF.

Table 2.3. Empirical parameters (Yaws et al., 2005) and calculated boiling and co-boiling
temperatures for PCE, TCE, and CF, mixed with water.
Compounds

D

E

F

Water
PCE
TCE
CF

7.9492
7.0689
6.8798
7.1115

1657.46
1458.45
1157.83
1232.79

227.02
226.99
202.58
230.21

(a)(CAMEO

Pure Substance Boiling
Point (a) (°C)
100
121
87
61

Co-Boiling Point with
Water (b) (°C)
88
74
56

1999); (b) Assuming an ambient pressure of 1 atm.

It is widely known that liquid water pressure increases linearly below the watertable if no
vertical component of groundwater flow is present. The vapour pressure required to boil water
below the watertable can be approximated by combining of Equations 2.15 and 2.16, and is higher
for greater depths. Furthermore, assuming a negligible capillary pressure, the boiling temperature
as a function of depth below the watertable can be calculated as:

𝑇𝑇𝑏𝑏,𝑖𝑖 =

𝐸𝐸𝑖𝑖
− 𝐹𝐹𝑖𝑖
𝐷𝐷𝑖𝑖 − 𝑙𝑙𝑙𝑙𝑙𝑙(𝜌𝜌𝑤𝑤 𝑔𝑔𝑔𝑔 + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 )
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(2.17)

where 𝑇𝑇𝑏𝑏,𝑖𝑖 is the boiling point at depth 𝑧𝑧 below the watertable (°C), and 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 is the atmospheric

pressure (atm). It is important to note that the presence of dissolved gasses (such as O2 or N2) in

the groundwater will allow initial formation of small amounts of vapour below the boiling point of
water as exsolved gases and water vapour will both contribute to the total gas pressure (Triplett
Kingston et al. 2014). However, no significant effect due to the formation of these gases on boiling
temperatures has been reported.
2.2.2 Co-Boiling
Co-boiling occurs when immiscible liquids, such as DNAPL and water, share interfaces and the
vapour pressures of all liquids are additive contributing to the total gas pressure. For a multicomponent DNAPL with 𝑛𝑛 components the vapour pressure can be estimated using Raoult’s Law,
which assumes behavior as an ideal mixture, and the onset of co-boiling occurs when (Triplett
Kingston et al., 2014):
𝑃𝑃𝑤𝑤𝑣𝑣

𝑛𝑛

+ � 𝑥𝑥𝑗𝑗 𝑃𝑃𝑗𝑗𝑣𝑣 = 𝑃𝑃𝑤𝑤 + 𝑃𝑃𝑐𝑐

(2.18)

𝑗𝑗

where 𝑃𝑃𝑗𝑗𝑣𝑣 is the vapour pressure of DNAPL component 𝑗𝑗 (atm), and 𝑥𝑥𝑗𝑗 is the mole fraction of
component 𝑗𝑗 in the DNAPL phase. Based on this relationship, the formation of vapour (co-boiling)

occurs at a lower temperature than the boiling temperature of either pure liquid. Similar to pure
substance boiling, a temperature plateau can occur during co-boiling. Burghardt and Kueper (2008)
and Martin and Kueper (2011) witnessed this phenomena in laboratory experiments monitoring
temperature in the immediate area of water and a single-component DNAPL. While heating PCE
and water in sand, Burghardt and Kueper (2008) observed the PCE-water co-boiling plateau at
88°C before water-boiling conditions were reached (Figure 2.6). Martin and Kueper (2011)
observed similar temperature versus time data for a co-boiling plateau recorded at approximately
74°C for a TCE pool located in a completely water saturated sand.
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Figure 2.6. Temperature vs time during bench scale heating of PCE DNAPL in a water
saturated soil (Burghardt and Kueper, 2008)
The results of heating experiments completed by Zhao et al. (2014) showed that the coboiling region for multi-component NAPLs is not associated with a well-defined flat temperature
plateau as observed for single component NAPLs. This occurs because of the second term in
Equation 2.18 which changes during heating as more volatile components of the NAPL are
vapourized. During the co-boiling of a multi-component DNAPL the rate of change of temperature
with time is less than during the initial heating of the water and DNAPL or the final heating of
water because some of the energy is being used for phase change (latent heat) while some is heating
the remaining liquids (sensible heat) (Triplett Kingston et al., 2014). In addition, the composition
of the vapour phase produced during co-boiling can be determined using Raoult’s law with Dalton’s
Law to give the mole fraction in the gas phase:

𝑦𝑦𝑗𝑗 =

𝑃𝑃𝑗𝑗𝑣𝑣

∑𝑛𝑛𝑗𝑗 𝑥𝑥𝑗𝑗 𝑃𝑃𝑗𝑗𝑣𝑣 + 𝑃𝑃𝑤𝑤𝑣𝑣

(2.19)

where 𝑦𝑦𝑗𝑗 is the mole fraction in the gas phase. For example, the vapour formed during co-boiling
of PCE DNAPL and water will consist of 35% PCE by mole fraction, which equates to 83% by
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mass fraction of PCE. Table 2.3 shows the pure substance boiling points for TCE, CF, and PCE
along with their water-DNAPL co-boiling temperatures.

2.2.3 Gas Bubble Transport
Two flow regimes have been determined from studies of upwards gas transport in initially watersaturated porous media, continuous (or channel) flow and discontinuous (or bubble) flow.
Continuous flow occurs when air displaces liquid by an applied pressure gradient along continuous
paths of least resistance (Brooks et al., 1999; Geistlinger et al., 2006). Discontinuous flow occurs
as discrete gas bubbles moving through the porous media based on competing buoyancy and
capillary forces (Brooks et al., 1999; Geistlinger et al., 2006). When referring to disconnected gas
bubbles within the subsurface, bubbles can often span multiple pore bodies closely resembling
ganglia or disconnected gas clusters making the terms “bubble” or “cluster” interchangeable. A
gas bubble trapped in a pore space will rise due to buoyancy forces but is resisted by the capillary
forces associated with the adjacent pore throat. Vertical migration into an adjacent pore body will
only occur if the buoyant force is sufficient enough to overcome capillary forces of the pore throat.
The general equation for capillary pressure across a gas-liquid interface is represented with the
Laplace equation:
1 1
𝑃𝑃𝑐𝑐 = 𝜎𝜎 � + �
𝑟𝑟1 𝑟𝑟2

(2.20)

where 𝜎𝜎 is the air-water surface tension (N/m), and 𝑟𝑟1 and 𝑟𝑟2 are the principle radii of curvature

(m). The buoyant force acting on a spherical gas bubble in a liquid is defined as (Brooks et al.,
1999):
4
𝐹𝐹𝑏𝑏 = 𝜎𝜎 � 𝜋𝜋𝑟𝑟𝑏𝑏3 � 𝑔𝑔∆𝜌𝜌
3
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(2.21)

where 𝐹𝐹𝑏𝑏 is the buoyancy force (N), 𝑟𝑟𝑏𝑏 is the effective bubble radius (m) and Δ𝜌𝜌 is the density
difference between the immiscible fluid pair (kg/m3). As gas bubbles expand, that expansion is

biased towards growth in the upwards direction since the hydrostatic pressure decreases with height
making entry into pore throats above the cluster generally more favorable (Mumford et al., 2009a).
The hydrostatic pressure difference along the height of the gas cluster results in higher capillary
pressure at the top of the cluster and a subsequently lower capillary pressure at the bottom. Once
the length of the cluster reaches a critical value, the capillary pressure towards the bottom of the
cluster drops to a value where the reinvasion of water into previously gas-occupied pore space is
possible and the gas cluster is mobile (Mumford et al., 2009a). The length scale associated with
this onset of mobility is referred to as the critical cluster height, which is dependent on the local
capillary pressures at the top and bottom of the gas cluster (Glass et al., 2000; Geistlinger et al.,
2006; Mumford et al., 2009b):

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

�𝑃𝑃𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑐𝑐,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �
∆𝜌𝜌𝜌𝜌

(2.22)

Where 𝑃𝑃𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡 is the capillary pressure at the top of gas bubble (Pa), 𝑃𝑃𝑐𝑐,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the capillary
pressure at the bottom of gas bubble (Pa), and ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the critical gas cluster height (m). Mumford

et al. (2009b) directly measured critical cluster heights for air in water saturated 12/20 (𝑑𝑑50 = 1.1

mm), 20/30 (𝑑𝑑50 = 0.7 mm), and 30/40 (𝑑𝑑50 = 0.5 mm) silica sand and found them to be 1.4–3.6,
3.2–6.0, and 2.8–6.5 cm respectively. Observation of this migration and fragmentation during
discontinuous gas flow has also been simulated using modified invasion percolation models (e.g.,
Wagner et al., 1997; Glass and Yarrington, 2003; Krol et al., 2011b). These models depict gas flow
occurring in a “pipeline” consisting of branching structures of numerous gas fragments that connect
to and disconnect from neighbor fragments many times during the vertical growth process (Wagner
et al., 1997). Agreement between simulations and experiments of this vertical growth pattern has
been observed by Satik and Yortos (1996); Brooks et al. (1999); Glass et al. (2000) and Mumford
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et al. (2009a). Brooks et al. (1999) concluded that channel flow will generally occur in porous
media with grain sizes equal to or less than 1 to 2 mm, and that bubble flow will generally occur in
media with grain sizes greater than 1 to 2 mm. This indicates that a transition from discontinuous
to continuous gas flow occurs by decreasing the grain size for a given gas flow rate (Geistlinger et
al., 2006). The transition threshold has been characterized using a modified Bond number which
is a function of the aspect ratio of the pore throat size to the pore body size:

𝐵𝐵𝐵𝐵 ∗ =

∆𝜌𝜌𝜌𝜌𝑟𝑟 2
>1
𝜎𝜎𝛼𝛼𝑡𝑡

(2.23)

where 𝐵𝐵𝐵𝐵 ∗ is the modified Bond number (Brooks et al., 1999), 𝛼𝛼𝑡𝑡 is the pore throat and pore body
size aspect ratio, and 𝑟𝑟 is the equivalent spherical pore body radius (m). However, Geistlinger et

al. (2006) reported that the Bond number alone was insufficient to characterize gas flow and
experimentally showed that increasing the flow rate for a certain grain size can lead to transition of
the gas flow regime from discontinuous to continuous flow. Therefore, a local stability condition
was proposed for steady state flow, based on flow in a single capillary tube (Geistlinger et al.,
2006):
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝜋𝜋∆𝜌𝜌𝜌𝜌 4
∙ 𝑅𝑅𝑐𝑐
8𝜇𝜇𝑔𝑔

(2.24)

where 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the critical gas flow rate above which gas flow is stable and continuous (m3/s), 𝑅𝑅𝑐𝑐 is

the gas channel radius (m), and 𝜇𝜇𝑔𝑔 is the gas dynamic viscosity (kg/m·s). Geistlinger et al. (2006)
summarized that a neutral curve divides the regions of connected and disconnected gas flow over

a range of flow rates and grain sizes. Studies completed by Brooks et al. (1999), Geistlinger et al.
(2006), Mumford et al. (2009a), and Mumford et al. (2009b) examined vertical gas flow at the pore
and macro scale in great detail, but their studies were limited to homogeneous environments. Glass
et al. (2000) examined the non-wetting phase invasion of CO2 gas and TCE within a heterogeneous
structure reminiscent of fluvial deposits consisting of 12/20 Accusand with a series of capillary
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barriers (40/50 Accusand). Vertical gas flow was observed to travel along disconnected pathways
as gravity-destabilized fingers until a capillary barrier was encountered (Glass et al., 2000). Once
encountered, the capillary barriers caused gravity-stabilized pool growth, preventing the gas from
escaping into the next coarse layer above (Glass et al., 2000; Geistlinger et al., 2006). The extent
of the backward growing macroscopic pool was dependent on a critical pool height achieved before
breakthrough occurred. A relation for this maximum pool height was proposed by Glass et al.
(2000) balancing the local pressure differences for capillary, gravity, and viscous forces:

𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 ~

2𝜎𝜎
1
1
�
+
�
𝑓𝑓
𝑅𝑅
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛
𝑓𝑓
𝑝𝑝
∆𝜌𝜌𝜌𝜌 − 𝑄𝑄𝑔𝑔 𝜇𝜇𝑔𝑔 � 𝑏𝑏 +
� 𝑛𝑛𝑛𝑛𝑛𝑛
𝑘𝑘𝑏𝑏 𝐴𝐴𝑏𝑏 𝑘𝑘𝑝𝑝 𝐴𝐴𝑝𝑝

(2.25)

where 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum thickness of gas that can accumulate beneath a capillary barrier before
breakthrough (m), 𝑄𝑄𝑔𝑔 is the gas flow rate (m3/s), 𝜇𝜇 is the viscosity of the invading fluid (kg/m·s),
subscripts 𝑏𝑏 and 𝑝𝑝 apply to the barrier and pool respectively, 𝑓𝑓 is the fraction of 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 that is within

each unit, 𝑘𝑘 is the soil permeability (m2), 𝐴𝐴 is the cross-sectional area of the invading fluid-filled

porous media (m2), and 𝑅𝑅𝑛𝑛𝑛𝑛 is the average radius of the non-wetting phase invasion (m). If the

viscous term in Equation 2.25 is neglected, an equivalent expression has been presented by (Kueper
and Gerhard, 2014) for the critical pool height required to breakthrough a capillary barrier, often
applied to DNAPL infiltration, as:

𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑃𝑃𝑐𝑐′′ − 𝑃𝑃𝑐𝑐′
∆𝜌𝜌𝜌𝜌

(2.26)

where 𝑃𝑃𝑐𝑐′′ is the entry pressure of the capillary barrier (Pa), and 𝑃𝑃𝑐𝑐′ is the entry pressure of the porous

medium containing the gas pool (Pa). Equation 2.26 assumes that the bottom of the gas

accumulation exists under drainage conditions. Knowledge of potential locations where significant
gas accumulation occurs resulting in gravity-stabilized pool growth below capillary barriers is an
important characterization step when designing gas capture systems during ERH applications.
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2.3 Overview of ERH Design and Performance
2.3.1 Bench-scale and Pilot-scale Studies
To further understand and observe the heating and mass removal processes occurring during ERH
applications, bench-scale studies have been conducted by Buettner and Daily (1995), Heron et al.
(1998), Martin and Kueper (2011), and Krol (2011a).
Krol (2011a) validated an electro-thermal model of an ERH application with laboratoryscale experiments in which voltage distribution, instantaneous electrical power, temperature, and
tracer transport were measured. The effect of buoyancy forces on groundwater flow under
increased temperature was modelled within both homogenous and heterogeneous geological
environments. Accurate results between the model and experiments with regards to temperature
distribution and buoyant flow were found within the homogenous setting but no lab-scale validation
was completed for the heterogeneous simulations.
Heron et al. (1998) conducted a two-dimensional laboratory study on ERH in a silty, lowpermeability soil contaminated with dissolved TCE. The study demonstrated volatized TCE being
captured by a SVE system located in a coarse sand layer above a low-permeability soil. Vapour
extraction was first tested at 23°C, showing very little efficiency in mass recovery due to the lowpermeability layer and an estimated cleanup time of more than 1 year (Heron et al., 1998). Once
water-boiling temperatures were reached TCE recovery increased by a factor of 19 which
corresponded to a mass removal of 99.8%. This demonstrated that vapour recovery can be
enhanced with increased temperature and the formation and mobilization of vapour into higherpermeability soil layers. It was concluded that the formation of gas bubbles in the soil due to
volatilization of dissolved gases may produce air-filled pores and channels for fast gaseous
diffusion, potentially leading to the advection of steam and hot air within the soil (Heron et al.,
1998). Mass recovery was shown to be efficient in high-permeability zones located above the
source if adequate vapour capture is present. However, no insight was given on mass recovery in
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the presence of capillary barriers where trapping of vapour beneath the barriers can occur. It is
expected that the trapping of large volumes of gas could lead to spreading of VOC mass away from
capture zones and extend outside the heated areas to colder zones within the subsurface.
Gas accumulation under a capillary barrier during ERH of pooled TCE in a heterogeneous
sand pack has been observed by Martin and Kueper (2011). It was observed that the only escape
for gas accumulating beneath the capillary barrier, which did not de-saturate during heating, was
venting through a water delivery well that provided a pathway from below to above the barrier
(Martin and Kueper, 2011). Martin and Kueper (2011) stated that horizontal bedding in the
subsurface can act as a mechanism for lateral spreading of VOC, but did not investigate how
substantial this spreading could be or the resulting potential for NAPL re-condensation outside of
the heated zone.
A performance-based pilot study was conducted at the United States Department of Energy
(USDOE) Paducah Gaseous Diffusion Plant in Kentucky. Once design temperatures were reached
within the subsurface, approximately 160 to 180 kg of TCE was recovered daily, and more than
1360 kg of TCE was removed from the subsurface over the course of the 175 day pilot study (Beyke
and Fleming, 2005). Site lithology consisted of a gravel aquifer that was 27.4 m deep underlined
by a clay-rich formation with the watertable roughly 16.8 m below grade. In order to reduce TCE
concentrations within the clay-rich formation, heating was conducted to approximately 30.50 m
below grade uniformly to approximately 100°C.
Another study consisted of applying ERH with an MPE system to remove benzene, toluene,
ethyl benzene and xylene (BTEX) compounds from under an occupied residential apartment
building. The area encompassed approximately 125 m2 and targeted 850 m3 of soil, of which
approximately 350 m3 was contaminated by BTEX (McGee, 2003). Temperatures increased from
10°C to a maximum of 80°C after 31 days of heating. The MPE system recovered a total 1,800 L
of petroleum hydrocarbons during the 220 days of operation.
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2.3.2 Full-Scale Studies
Approximately 98 of 182 ISTT applications reported by Triplett Kingston et al. (2011) have been
implemented at full-scale, with roughly half (56) of those being ERH systems. The majority of
applications were carried out in geological settings consisting of low-permeability soils with highpermeability lenses or high-permeability soils with low-permeability lenses (Triplett Kingston et
al., 2011). Full-scale ERH applications have proven effective in these settings, but recognition of
treatment limitations due to soil heterogeneity is needed. Such limitations may include cooling of
groundwater in areas of increased localized groundwater velocity due to higher permeability.
Consequently, this energy sink can sometimes be significant, limiting the heating of the target
treatment zone (Triplett Kingston et al., 2014). This limitation was observed at a former Naval Air
Warfare Center (NAWC) in New Jersey, USA, where temperatures in the lower 4.6 m of the target
treatment zone did not reach desired temperatures because of the influence of inflowing cold
groundwater (Triplett Kingston et al., 2014). Moreover, at an ERH site located in Fort Lewis,
Washington, the unexpected flow of colder water through high hydraulic conductivity zones
resulted in a longer treatment duration (Powell et al. 2007). Emplacing hydraulic control during
treatment can aid in contaminant containment, but is also important for containment of heat, thereby
influencing the power input required to obtain target conditions in the treatment zone (Truex et al.
2009).
In 2003, the USDOE completed a full-scale remediation located in area A of the Northeast
Site at the Young-Rainey STAR Center in Largo, Florida. Area A comprised 930 m2 extending to
a depth of 10.7 m, representing a total cleanup volume of 9930 m3 (Heron et al., 2005). The site
lithology consisted of fine grained sand underlain with clay. Uniform heating of the subsurface
from 15°C to over 100°C at depths of 7.9 m to 10.40 m was achieved in roughly 4.6 months.
Analytical groundwater data for the most contaminated well on site during remediation is shown
in Figure 2.7. Initially, VOC concentrations spiked with increased subsurface temperatures but
decrease to very low concentrations after consistent heating and vapour extraction proceeded. An
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estimated 1130 kg of VOC mass was removed from the original 1170 kg, demonstrating that
aggressive cleanup of VOC mass at depth is achievable with ERH. Thus, aggressive mass recovery
is achievable with ISTT however further knowledge into the potential reduction in heating and
mass removal rates due to subsurface heterogeneities in contaminant mass distribution, sediment
texture, and hydraulic conductivity at full-scale applications is needed (Truex et al., 2009).

Figure 2.7. Analytical groundwater data during treatment of a full-scale ERH application
located at the Young-Rainey STAR Center in Largo, Florida (Heron et al., 2005).

2.3.3 Computer Modelling
Carrigan and Nitao (2000) simulated ERH in a three-dimensional clay layer located between two
higher-permeability layers subjected to groundwater flow. Their results showed that the high
pressure of the vapour phase, resulting from electrical heating of a low-permeability layer, can
drive VOCs into adjacent, high-permeability layers (Carrigan and Nitao, 2000). Therefore, it was
suggested that while heating low permeability zones, steam-injection and VR systems should be
placed within higher-permeability zones to achieve greater mass recovery. In addition, vapourphase partitioning of VOCs was recognized as an important mechanism in the remediation process
but the formation and transport of vapour was not modelled.
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Hiebert et al. (1986) and McGee and Vermeulen (2007) simulated ERH for the recovery
of bitumen in oil sand but only examined the heating processes and simulated injection of water
into the electrode wells to promote convective heating for added uniform heat distribution in the
subsurface. Neither vapour phase creation nor the transport of VOC in the gas or aqueous phase
was included in these models.
Hendricks (2006) simulated a wedge of homogenous soil within a hexagonal heating array
containing a vapour extraction well located in the center. The medium was represented by four
phases, air, water, soil, and DNAPL (TCE). The dominate mechanisms observed were the
evaporation and condensation across TCE, water, and air phases along with heat transferred by
conduction and convection across all components (Hendricks, 2006). Results indicated that heating
from the electrode caused water and TCE to vaporize and flow toward the extraction point. During
mobilization, vapour reached the edge of the heated zone where condensation of TCE and water
occurred. TCE and water were then reheated and vapourized as the temperature continued to
increase away from the electrode and toward the extraction well. This process occurred repeatedly
until the entire circular area was heated thoroughly and vapours were removed (Hendricks, 2006).
Findings depicted that condensation of TCE vapour can occur within the target treatment zone
under homogenous conditions which has no adverse outcome in terms of VOC spreading if
adequate heating is achieved. Further insight is needed on the potential for vapour spreading within
a heterogeneous geology and if adequate heating within the target treatment zone is limited.
Little research has considered gas bubble formation within a subsurface at elevated
temperatures and the potential for mass transfer to occur by a mobile gas phase during sub waterboiling temperatures. Krol et al. (2011b) examined the effects of heat on gas bubble flow and
associated buoyancy forces during ERH using an electro-thermal model coupled with an invasion
percolation model. The model showed that gas expansion and mobilization in soils can lead to a
significant amount of mass removal from the heated zone, especially at low groundwater velocities,
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signifying that the formation of a discrete gas phase can be an important mass transport mechanism
during thermal remediation (Krol et al., 2011b). It was also stated that as gas bubbles reach cooler
temperature zones, they can collapse and transfer mass from the gas phase to the aqueous phase
(Krol et al., 2011b). In addition, simulations showed that concentrations over the solubility limit
of the VOC were due to repeated gas expansion, mobilization, and condensation events (Krol et
al., 2011b). Simulations presented are useful numerical examples of how mass can be transported
out of the heated zone by buoyant flow or a mobilized gas phase. However, further validation is
needed in larger scale settings that incorporate realistic subsurface heterogeneity. To this date,
many models have included portions of the processes needed for simulating mass transport during
ERH applications, but no single model exists that fully incorporates all.
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Chapter 3
Impact of Gas Production and Transport in Layered Heterogeneous
Sand Impacted by Chlorinated Solvents during Electrical Resistance
Heating
Abstract
A series of intermediate-scale laboratory experiments were completed in a two-dimensional flow
cell examining gas production and migration occurring during the application of electrical
resistance heating (ERH) for the removal of dense, non-aqueous phase liquids (DNAPLs).
Experiments consisted of heating 270 mL of trichloroethene (TCE), chloroform (CF) and
tetrachloroethene (PCE) DNAPL pools in heterogeneous silica sands under flowing groundwater
conditions. Spatial and temporal distributions of temperature, gas saturation, and aqueous phase
concentrations were collected and observed using a distribution of thermocouples, front-face image
capture, and post treatment soil sampling. In each experiment, temperatures increased above
DNAPL-water co-boiling plateaus creating estimated gas volumes of 131 L, 114 L and 215 L that
originated from the TCE, CF and PCE pools respectively. Produced gas migrated vertically,
entered the coarse lens and became trapped beneath a capillary barrier laterally spreading outside
the heated treatment zone where 26 - 56% of injected DNAPL condensed back into a DNAPL
phase. These findings demonstrate that layered heterogeneity with higher permeability lenses can
potentially facilitate the transport of contaminants outside the treatment zone by mobilization and
condensing of gas phases during ERH applications. This underscores the need for vapour phase
recovery and/or control mechanisms below the watertable during application of ERH in
heterogeneous porous media.
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3.1 Introduction
Upon release to the subsurface, dense, non-aqueous phase liquids (DNAPLs) such as chlorinated
solvents, creosote, coal tar and polychlorinated biphenyls represent long term sources of soil and
groundwater contamination. In situ thermal treatment (ISTT) technologies, such as thermal
conductive heating (TCH), steam enhanced extraction (SEE) and electrical resistance heating
(ERH) have the potential to remove large quantities of DNAPL from certain geologic environments
in a relatively short time frame (Kueper et al., 2014).

During ERH treatment, subsurface

temperatures are increased by the resistance of the subsurface to alternating electric current
delivered to a network of electrodes within the treatment zone. Elevated subsurface temperatures
volatilize water and volatile organic compounds (VOCs), facilitating mass recovery using vapour
or multi-phase extraction systems. Volatilization of immiscible liquids that share interfaces, such
as groundwater and DNAPL, occurs at the co-boiling temperature, which is a lower temperature
than either of the individual liquids’ boiling points. This occurs because the vapour pressures are
additive at the interface and contribute to the total gas pressure (Martin and Kueper, 2011; Hegele
and Mumford, 2014; Triplett Kingston et al., 2014; Zhao et al., 2014). Thus, effective mass
removal requires that connected gas transport pathways are established, allowing soil vapour
extraction (SVE) or multi-phase extraction (MPE) points to remove generated vapours.
Heating during ISTT applications can be limited by rapid groundwater fluxes in high
permeability lenses that cool portions of the treatment zone (Stroo et al., 2012, Triplett Kingston et
al., 2014). Beyke and Fleming (2005) and Powel et al. (2007) presented results from an ERH field
site where an unexpected groundwater velocity of 305 cm/day through high hydraulic conductivity
zones required additional hydraulic control and power input to the subsurface to reach desired
temperatures. Desired temperatures in the treatment zone during a TCH pilot test at a former Naval
Air Warfare Center (NAWC) in New Jersey, USA, were not achieved because of inflowing cold
groundwater (Triplett Kingston et al., 2014). Despite the recognition of higher groundwater fluxes
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having the potential to limit ISTT performance, there have been relatively few studies that have
incorporated flowing groundwater (Krol et al., 2011a; Krol et al., 2011b; Krol et al., 2014), and
their focus was not on cooling effects.
Several laboratory studies have investigated ISTT in homogeneous porous media (Heron
et al., 1998; Burghardt and Kueper, 2008; Krol et al., 2011a; Hegele and Mumford, 2014; Zhao et
al., 2014), but few have investigated heterogeneous porous media. Martin and Kueper (2011)
conducted a laboratory study that included layers of fine sand, and observed gas production and
accumulation under those layers during the co-boiling of a DNAPL pool. It is likely that the
accumulation of gas under capillary barriers will lead to extensive lateral migration, as observed in
DNAPL infiltration (Kueper et al., 1993; Pankow and Cherry, 1996) and air sparging (Ji et al.,
1993; Marulanda et al., 2000), and could promote the transport of gas to colder areas outside of the
treatment zone. The migration of gas outside of the treatment zone has the potential to condense
or redistribute DNAPL away from the source zone (Hegele and Mumford, 2014), which is expected
to be more extensive in the presence of capillary barriers.
The current density within the subsurface during ERH depends on the electrical
conductivity of the subsurface media.

In water-saturated porous medium, the electrical

conductivity is primarily electrolytic, and is proportional to the number of dissolved ions multiplied
by their respective mobility in solution under an applied voltage (McNeill, 1980). Increased ionic
mobility in the porewater is expected to increase with increasing temperatures making the electrical
conductivity of the porewater an increasing function of temperature (Arps, 1953; McNeill, 1980).
Additionally, Archie’s Law assumes the conductivity of the subsurface is solely based the
saturation of the pore water (Archie, 1942). Therefore, under partially saturated conditions the
conductivity of the porous media will decrease as the current flow is obstructed due to the
replacement of porewater by insulating fluids such as gas or DNAPL, consequently limiting the
maximum achievable temperature by ERH to the boiling point of the porewater. Conversely, if the
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solid particles are conducting materials (silts and clays) they will have a higher electrical
conductivity and will be heated preferentially (Beyke and Fleming, 2005), resulting in an alternate
expression for Archie’s law in order to estimate the bulk electrical conductivity of the subsurface
in the presence of silt and clays (Butler and Knight, 1998; Glover et al., 2000; Waxman and Smits,
2003; Dalla et al., 2004).
The goal of this study is to investigate the effect of high- and low-permeability layers on
the performance of ERH. Specific objectives are to: i) demonstrate that spatially variable
groundwater velocity results in differential rates of heating, ii) demonstrate that low-permeability
lenses above DNAPL source zones promote gas accumulation during co-boiling and lateral gas
migration beneath them, and iii) demonstrate that the accumulation of gas in high-permeability
lenses can lead to DNAPL mobilization by condensation in cold regions outside the heated zone.
These objectives are addressed in a series of intermediate-scale two-dimensional laboratory
experiments during which gas formation was observed and temperature and electric current were
measured in space and time.

3.2 Background
3.2.1 Heating and Gas Production
The volatilization of a VOC during ERH is affected by the equilibrium partitioning of the VOC
between the sorbed, aqueous and gas phases, which changes as a result of temperature-dependent
changes in the aqueous solubility, distribution coefficient, and Henry’s constant (Burghardt and
Kueper, 2008). Volatilization is also affected by the presence of DNAPL. Subsurface heating in
the presence of DNAPL occurs in four stages, defined by temperature and gas production: i)
DNAPL–water heating, ii) DNAPL–water co-boiling, iii) water heating, and iv) water boiling
(Burghardt and Kueper, 2008; Zhao et al., 2014). During the DNAPL–water heating stage, energy
is converted to sensible heat increasing the temperature of the water, DNAPL, and soil. The rate
of temperature increase is controlled by the effective heat capacity of the DNAPL–water–soil
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mixture, which can be calculated as a volume-weighted average of the heat capacities of each phase
(Lauriat and Ghafir, 2000; Zhao et al., 2014). Gas is first formed during DNAPL–water co-boiling,
which begins at a temperature where the sum of the vapour pressures of the water and DNAPL is
equal to the sum of the liquid water pressure and the capillary pressure:
𝑃𝑃𝑤𝑤𝑣𝑣 + 𝑃𝑃𝑛𝑛𝑣𝑣 = 𝑃𝑃𝑤𝑤 + 𝑃𝑃𝑐𝑐

(3.1)

where 𝑃𝑃𝑤𝑤𝑣𝑣 and 𝑃𝑃𝑛𝑛𝑣𝑣 are the vapour pressures of water and DNAPL respectively (atm), 𝑃𝑃𝑤𝑤 is the liquid

water pressure (atm), and 𝑃𝑃𝑐𝑐 is the capillary pressure (atm). Co-boiling temperatures increase with

depth below the water table due to the increased hydrostatic pressure. The vapour pressures of

water and DNAPL are a function of temperature and can be approximated using the Antoine
equation:

𝑙𝑙𝑙𝑙𝑙𝑙 𝑃𝑃𝑖𝑖𝑣𝑣 = 𝐷𝐷𝑖𝑖 +

𝐸𝐸𝑖𝑖
𝑇𝑇 + 𝐹𝐹𝑖𝑖

(3.2)

where 𝑃𝑃𝑖𝑖𝑉𝑉 is the vapour pressure of component 𝑖𝑖, and 𝐷𝐷𝑖𝑖 , 𝐸𝐸𝑖𝑖 , and 𝐹𝐹𝑖𝑖 are component specific empirical

constants. Co-boiling occurs at a temperature lower than the boiling temperatures of water or
DNAPL because of the additive vapour pressures. During co-boiling, energy is converted to latent

heat, a gas phase mixture of water and VOC is produced, and no increase in temperature is expected.
Periods of constant temperature (temperature plateaus) have been observed in laboratory
experiments of DNAPL-water co-boiling (Burghardt and Kueper, 2008; Martin and Kueper, 2011;
Zhao et al., 2014) when temperatures were measured in the immediate vicinity of DNAPL. Once
all DNAPL is depleted and gas production ceases, water heating will occur as energy is again
converted to sensible heat raising the temperature of the water and soil. When temperatures reach
the water boiling point, the formation of steam occurs with an associated temperature plateau.
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The production and capture of gas during co-boiling and water boiling is the target
mechanism for ISTT technologies and the volume of gas produced during co-boiling can be
estimated using the ideal gas law:

𝑉𝑉𝑔𝑔 =

𝑛𝑛𝑛𝑛 𝑅𝑅𝑇𝑇𝑐𝑐𝑐𝑐
𝑃𝑃𝑛𝑛𝑣𝑣

(3.3)

where 𝑉𝑉𝑔𝑔 is the volume of gas produced (m3), 𝑛𝑛𝑛𝑛 is the number of moles of DNAPL undergoing
co-boiling, 𝑅𝑅 is the universal gas constant (m3·atm/°C·mol), and 𝑇𝑇𝑐𝑐𝑐𝑐 is the co-boiling temperature

(°C). The volume of gas produced during DNAPL-water co-boiling can be substantial. For

example, the complete co-boiling of 1 L of PCE at its co-boiling temperature of 88°C will produce
796 L of gas, composed of PCE and water vapour. If not extracted, the lateral migration of this
volume of gas is expected to be extensive.

3.2.2 Gas Transport and Entrapment
Gas transport following gas production during co-boiling is expected to be discontinuous (Hegele
and Mumford, 2014). Discontinuous gas flow is characterized by the flow of discrete gas bubbles
through porous media subject to competing buoyancy and capillary forces that cause the bubble to
rise or resist its movement, respectively (Brooks et al., 1999; Geistlinger et al., 2006). Higher
capillary entry pressure in finer-grained capillary barriers will impede upward gas migration,
creating gas pools (Glass et al., 2000). Gas will accumulate under a water-saturated capillary
barrier until a critical gas thickness is reached, at which gas can enter the finer-grained medium.
The height of gas accumulation below a capillary barrier before breakthrough can be estimated by
(Kueper and Gerhard, 2014):

𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑃𝑃𝑐𝑐′′ − 𝑃𝑃𝑐𝑐′
∆𝜌𝜌𝜌𝜌
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(3.4)

where 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum thickness of gas that can accumulate beneath a capillary barrier before
breakthrough (cm), 𝑃𝑃𝑐𝑐′′ is the entry pressure of the capillary barrier (Pa), 𝑃𝑃𝑐𝑐′ is the entry pressure of

the porous medium containing the gas pool (Pa), ∆𝜌𝜌 is the difference in density between the water
and gas (kg/m3), and 𝑔𝑔 is the gravitational acceleration (m2/s). Equation 3.4 assumes that the

bottom of the gas accumulation exists under drainage conditions. However, if it in fact exists under

wetting conditions, 𝑃𝑃𝑐𝑐′ can be set to the terminal pressure that is reasonably approximated as half

the entry pressure (Kueper and Gerhard, 2014). Before the critical gas thickness is reached, lateral
spreading of gas could be extensive. The area over which gas can spread underneath a horizontal
capillary barrier can be estimated using the critical gas thickness (Equation 3.4), a known volume
of gas from the co-boiling of a DNAPL source (Equation 3.3), and Brooks-Corey capillary

pressure-saturation parameters (Brooks and Corey, 1964) and (Longino and Kueper, 1995):
−1

𝜆𝜆
𝑉𝑉𝑔𝑔
(𝑃𝑃𝑐𝑐′ )(1 − 𝑆𝑆𝑟𝑟 )
(1−𝜆𝜆)
𝐴𝐴𝑔𝑔 = �𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑟𝑟 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 −
�(𝑃𝑃𝑐𝑐′ + 𝛥𝛥𝛥𝛥𝛥𝛥𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 )(1−𝜆𝜆) − 𝑃𝑃𝑐𝑐′
��
𝜃𝜃
(1 − 𝜆𝜆)(𝛥𝛥𝛥𝛥𝛥𝛥)

(3.5)

where 𝐴𝐴𝑔𝑔 is the plan view area of the gas accumulation under the capillary barrier (m2), 𝑆𝑆𝑟𝑟 is the

residual air-water saturation of the porous medium where gas is accumulating and 𝜆𝜆 is the BrooksCorey pore size distribution index.

For example, Figure 3.1 estimates the minimum gas

accumulation area possible beneath a capillary barrier during the co-boiling of three DNAPL

Table 3.1. Calculated co-boiling temperatures for PCE, TCE, and CF, mixed with water, empirical
parameters for Equation 3.2 (Yaws et al., 2005) and temperature dependent densities (Weast et al.,
1988).
Compounds

Co-Boiling
DNAPL Density at
Vapour Pressure at
Point with
Co-Boiling
Co-Boiling
Temperature
Water (b)
Temperature (atm)
(°C)
(kg/m3)

Water Density at
Co-Boiling
Temperature
(kg/m3)

D

E

F

Water

-

-

-

-

7.9492

1657.46

227.02

PCE

88

967

7.0689

1458.45

226.99

74

0.361
0.650

1610

TCE

1454

975

6.8798

1157.83

202.58

CF

56

0.810

1511

985

7.1115

1232.79

230.21

(b)Co-boiling

point calculated at an ambient pressure of 1 atm
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sources presented in this study (trichloroethene (TCE), chloroform (CF) and PCE) using Equations
3.3, 3.4 and 3.5. Co-boiling temperatures for TCE, CF and PCE were calculated using Equations
3.1 and 3.2, and are found in Table 3.1 with Antoine Equation constants, vapour pressures, and
temperature dependent densities. To simplify calculations, the entrapped gas phase was assumed
to have a density of air (1.0 kg/m3) and be non-wetting with respect to water. The capillary barrier
was assumed to be a medium sand (40/50 Accusand, permeability 2.86 × 10-11 m2) and gas
accumulation was assumed to occur in a coarse sand (12/20 Accusand, permeability 2.00 × 10-8
m2) (Schroth et al., 1996), with the Brooks-Corey capillary pressure function, porosity and
maximum accumulation heights listed in Table 3.2.
Table 3.2. Brooks-Corey entry pressures (air-water) and parameters with calculated maximum
accumulation heights in 12/20 Accusand.
Porous Media
(Schroth et al., 1996)

Entry Pressure
(Pa)

12/20 Accusand
40/50 Accusand

518
1852

Pore
Maximum
Distribution Porosity Accumulation Height in
Index
12/20 Accusand (cm)
3.94
6.17

0.35
0.35

13.95

To conceptualize the potential area occupied by gas accumulation on a field scale, gas
spreading estimates were calculated for a range of DNAPL volumes. All area estimates assumed
that the accumulated gas was at the maximum thickness below the confining layer (Equation 3.4),
giving the minimum gas spreading area. Figure 3.1 demonstrates that the extent of gas spreading
during the co-boiling of a DNAPL source zone can cover a substantial area when trapped under a
capillary barrier. The estimated accumulation area of PCE is larger than CF and TCE because the
critical gas thickness in Equation 3.4 is the same for each DNAPL but PCE will produce a larger
volume of gas due to its lower vapour pressure and higher co-boiling temperature (Equation 3.3).
Lower permeability confining layers have higher entry pressures, resulting in thicker gas
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accumulations required to allow vertical migration. Consequently, potentially larger amounts of
lateral spreading may occur depending on the lateral extent of the capillary barrier.

Minimum Gas Accumulation Area (km2)

0.18

PCE
TCE
CF

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

0

2000

4000

6000

8000

Volume of DNAPL Source (L)
Figure 3.1. Minimum gas accumulation area beneath a capillary barrier (40/50 Accusand) within
a coarse sand (12/20 Accusand) due to the vaporization of PCE, TCE, and CF DNAPL versus
DNAPL volume.
3.2.3 Mixed Flow Associated with Thermal Heating in Porous Media
Groundwater flow can be categorized into three flow regimes: advective flow, buoyant flow and
mixed flow. Advective flow is the movement of water caused by a hydraulic gradient. Buoyant
flow is created by a temperature or density gradient and mixed flow is a combination of both
buoyant and advective flow (Krol et al. 2014). Under normal subsurface conditions, advective flow
is dominant and flow is in the opposite direction of the applied hydraulic gradient. For the condition
of differences in subsurface temperature, buoyant flow occurs and can result in a convective flow
pattern. High groundwater flow present within a heated zone can lead to both advective and
buoyant flow, creating a mixed flow condition. Krol et al. (2014) simulated mixed flow associated
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with thermal heating of the subsurface using a ratio of two dimensionless numbers, the Peclet
number and Rayleigh number to characterize the type of flow present in the subsurface:

𝐶𝐶𝑜𝑜 =

𝑅𝑅𝑎𝑎
𝑘𝑘𝑘𝑘𝑘𝑘𝜌𝜌𝑤𝑤 ∆𝑇𝑇
=
𝑃𝑃𝑒𝑒
𝜇𝜇𝜇𝜇

(3.6)

where 𝐶𝐶𝑜𝑜 is the mixed convection number, 𝑅𝑅𝑎𝑎 is the Rayleigh number, 𝑃𝑃𝑒𝑒 is the Peclet number, 𝑘𝑘

is the soil permeability (m2), g is the gravitational acceleration (m/s2), 𝛽𝛽 is the coefficient of

thermal expansion (°C-1), ∆𝑇𝑇 is the difference in temperature between the inlet and the domain
maximum (°C), 𝜌𝜌𝑤𝑤 and 𝜇𝜇 are the density of water (kg/m3) and the viscosity of water (kg/s·m)

respectively which are relative to the maximum domain temperature and 𝑞𝑞 is the Darcy flux

(m/s). In this form, 𝐶𝐶𝑜𝑜 relates the temperature induced buoyant forces that are dependent on 𝑅𝑅𝑎𝑎

and the advective forces characterized by 𝑃𝑃𝑒𝑒 to indicate if subsurface buoyant flow is present
(Krol et al., 2014). Under constant groundwater flow conditions, higher temperatures in the

heated zone will correspond to a higher 𝑅𝑅𝑎𝑎 which will increase 𝐶𝐶𝑜𝑜 and result in stronger buoyant

flow throughout the heated zone. Therefore, if 𝐶𝐶𝑜𝑜 is less than or equal to one, advective flow is
dominant. At high 𝐶𝐶𝑜𝑜 numbers, natural convective forces are strong, and will create a

symmetrical circular flow pattern as buoyant flow is dominant and the effect of incoming
groundwater becomes negligible (Krol et al., 2014).

3.3 Materials and Methods
Four laboratory experiments were conducted, described here as Experiments A, B, C and D.
Experiment A measured the change in temperature during heating subject to increased or decreased
groundwater velocity through a homogeneous sand pack containing no DNAPL. Experiments B,
C and D measured temperature distribution within a heterogeneous sand pack consisting of coarse,
medium and fine sand layers. Experiments B, C and D involved the heating of pooled TCE, CF
and PCE DNAPL, respectively.
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3.3.1 Flow Cell
The experimental apparatus (Figure 3.2) consisted of an aluminum flow cell with inside dimensions
of 92 cm × 61 cm × 7.6 cm and a front face equipped with a removable glass plate that was clamped
and sealed in place with a Viton® flat gasket.

For temperature, electrical and chemical

compatibility, the inside of the cell was lined with 0.32 cm thick Viton® sheets sealed on the edges
with a Viton® sealant (Pelseal® 2112). The rear of the cell contained 32 ungrounded T-type
thermocouples (0.32 cm diameter, Teflon coated, Omega® Series TJ36) that extended into the
middle of the cell (halfway between the back of the cell and the glass window) in a rectangular grid
pattern of 4 rows (Referred to as UM, C, LM, F in Figure 3.2a) and 8 columns (Referred to as 1-8
in Figure 3.2a) spaced 12.70 cm apart. Perforated plates (polypropylene) covered in 0.015 cm mesh
(polypropylene) were placed on either side of the sand pack to create influent and effluent clear
wells and uniform vertical hydraulic boundary conditions along the influent and effluent edges,
allowing observation of influent and effluent water levels. Water was injected through the side of
the flow cell using a peristaltic pump (Masterflex® Digi-Saltic®) connected to a reservoir and
discharged into a constant head reservoir. The top of the flow cell was open to the atmosphere,
creating unconfined conditions in the top of the sand pack, and allowing any gas produced during
co-boiling to escape to an exhaust system.

3.3.2 Porous Media and Velocity
Sands used in the experiments were 12/20 (𝑑𝑑50 = 1.11 mm), 20/30 (𝑑𝑑50 = 0.71 mm) and 40/60 (𝑑𝑑50
= 0.30 mm) Accusand, and 70/100 (𝑑𝑑50 = 0.11 mm) silica sand (Schroth et al., 1996; AGSCO,
2014) referred to here as coarse, medium-coarse, medium, and fine sand. Accusand particle density
was 2.66 g/cm3 with an organic carbon fraction of 0.0003 (Schroth et al., 1996) and a heat capacity
of 830 J/kg·°C (Ho and Pehlke, 1990). All Accusand was washed in deionized water to remove
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a)

A

Thermocouple location
DNAPL injection location

Variac
0-280 V

Constant
head
reservoir

UM
12.7 cm

C

10.2 cm

LM
F
Influent
reservoir

1

2

3

4

5

7

8

Z

Titanium MMO electrodes

b)

73 cm

Upper Medium Sand
(UM)

61 cm

6

X
Soil Sample Location

S-UM

Coarse Sand
(C)

S-C

Lower Medium Sand
(LM)

S-LM1
S-LM2

Fine Sand
(F)

S-P
S-BP

92 cm
Clear Wells

Z
X

Figure 3.2. a) Experimental apparatus for all experiments. Thermocouple nomenclature consists
of a grid pattern with rows (UM, C, LM, F) and columns (1-8). For the DNAPL experiments
thermocouple location F-4 was replaced with a DNAPL injection system. b) Configuration of
porous media within flow cell and soil sample locations for all DNAPL experiments. Clear wells,
influent and effluent water ports also shown. Influent pump, camera, light source, thermocouple
leads, data logger, and computer not shown.
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any fines. Sand was emplaced in the cell as a slurry that was continuously poured into the cell
which contained water to reduce air entrapment and reduce micro-bedding. The glass face of the
cell was tapped with a rubber mallet during sand emplacement, and repeatable porosities of 0.32 ±
0.05 were achieved. Following sand emplacement, the cell was flushed with a solution of 2 g/L
sodium chloride (NaCl) in deionized water. The NaCl solution was used to increase the electrical
conductivity of the porewater, thereby increasing the power delivered to the cell during ERH. NaCl
solutions have been used in previous studies (Krol et al., 2011a, Hegele and Mumford, 2014) to
overcome large heat losses through cell walls during laboratory experiments. The increased heating
power with the addition of NaCl is shown in Appendix A.
For Experiment A, the cell was packed with medium-coarse sand and no DNAPL pool was
emplaced. NaCl solution was pumped through the cell at flow rates of 20 - 115 mL/min to produce
groundwater velocities of 189 - 1087 cm/day (Table 3.3). Velocities were varied in a stepwise
manner, with each step having a duration of 3.5 - 7.75 hours.
Table 3.3. Applied voltage, groundwater velocities, maximum Co and flow rate durations for all
experiments. Solubility of TCE, CF and PCE at 25°C also presented (CAMEO, 1999)
Experiment DNAPL
A

-

B

TCE

C

CF

Solubility
Voltage (V)
(mg/L)
280
1100
8000

200
200

Velocity (cm/day)

Velocity Duration (hr)

Maximum Co

189, 1087, 189, 1087

3.5, 6, 7.75, 4.75

2.7, 0.46, 4.4, 0.84

(a)

35.5

150(b), 133(c)

(a)

26.5

107(b), 94(c)

10
10

46.25
173(b), 141(c)
10(a)
(b)
velocity is the arithmetic mean velocity of medium, coarse and fine sand layers. Maximum calculated
convection number within coarse sand layer. (C) Maximum calculated convection number within lower medium sand
layer
D

PCE

200

230

(a)Groundwater

For Experiments B, C and D, the cell was packed in the configuration shown in Figure
3.2b. The bottom layer (73 cm × 15±2 cm) consisted of fine sand with a rectangular notch (21 cm
× 10 cm) to contain the emplaced DNAPL pool. Above the fine sand layer, a coarse sand lens (73
cm × 9±2 cm) was placed between two medium sand layers (73 cm × 15±2 cm). The flow rate into
the inlet clear well was maintained at 1 mL/min throughout each experiment, and the influent and
effluent clear wells applied a uniform gradient across all layers. Groundwater velocity varied
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between the different permeability layers and was calculated to be 40 cm/day in the coarse sand,
5.8 cm/day in the medium sand and 0.54 cm/day in the fine sand. Verification of estimated
groundwater velocities was completed by a tracer test (Appendix A).

3.3.3 DNAPL Pool Emplacement
TCE, CF and PCE were selected due to differences in their vapour pressure and aqueous solubility
(Table 3.1 and Table 3.3). Each DNAPL was reagent-grade (Fisher Scientific, Inc.) and dyed red
with 40 mg/L Oil-Red-O for visualization. For each DNAPL experiment, thermocouple F-4
(Figure 3.2a) was replaced with a Teflon line connected to a syringe pump (KD Scientific Model
200) to facilitate injection of a 270 mL DNAPL pool injected into the medium sand at a flow rate
of 5 mL/min. The DNAPL pool was positioned such that thermocouple F-5 was located within the
pool in order to measure temperatures during DNAPL-water co-boiling as an indicator of the
beginning of gas production within the cell.

3.3.4 Heating, Temperature Measurement and Gas Visualization
AC current was delivered to the system using two electrodes spaced 60 cm apart. Electrodes
consisted of Titanium coated with a mixed metal oxide (IrO2–Ta2O5, Titanium Electrode Products
Inc.) to reduce corrosion and associated hydrogen gas production during heating. Electrode design
consisted of two 0.64 cm diameter vertical solid rods connected to a 3.18 cm wide mesh strip 61
cm long, which allowed water to pass through the electrodes while still providing sufficient
conducting surface area.
The applied AC electricity originated from a ground fault indicator (GFI) receptacle
connected to a variable voltage (0 to 140V) output transformer (Staco 3PN1010B), providing an
adjustable voltage output, and a second transformer (Acme Electric TB69307) capable of a 1000
volt-amp (VA) output to apply a voltage range of 200-280 V across the electrodes. A voltage level
for each experiment was applied to reach temperatures that exceeded the co-boiling temperature
within each DNAPL pool (Table 3.3). Power densities for field applications range from 20-100
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watts/m3. In this study, large heat loss through the cell walls and glass face required a high power
density (8.4×103 – 3.0×104 W/m3) to achieve desired temperatures. The current was measured with
an ammeter (Agilent Technologies U3401A) placed in the electrical circuit and recorded at 5 min
intervals.
Temperature data was collected at 1 min intervals from the array of thermocouples using a
digital multi-meter (Keithley 2700, Keithley 7708 40-channel multiplexer). Visual observations
were collected at 5 min intervals with a digital single-lens reflex camera capable of 5184 × 3456
pixel images (Canon EOS Rebel T3i, EF-S 58.5mm lens). To minimize reflected light from the
glass face a black backdrop was placed behind the camera. Digital images were processed by
converting RGB images to gray-scale and subtracting successive images from a starting reference
image that contained no gas phase using MATLAB® (Version 7.9.0.529). Any gas produced and
mobilized within the cell during heating will appear in the resultant subtracted image and only the
difference in pixel intensity (shade of grey) will be visible. As a result, changes in gas saturation
will be clearly identified, specifically locations of gas accumulation. Alignment of successive
images to a reference image captured at the beginning of each experiment was done before image
subtraction to reduce unwanted pixel noise using the image registration bUnwarpJ algorithm
(Sorzano et al., 2005) for ImageJ (http://rsbweb.nih.gov/ij/).

3.3.5 Soil Sample Collection and Analysis
Post-experiment soil samples were collected (Experiments B, C and D) at sampling locations SUM, S-C, S-LM1, S-LM2, S-P and S-BP representing different elevations above and below the
center of the DNAPL pool (Figure 3.2b). After heating was terminated and temperatures reached
ambient conditions, the cell was drained and rotated to a horizontal position. The glass face was
then removed with minimal disturbance to the sand pack. Duplicate soil samples were immediately
collected using two separate 5 g EnCore soil samplers (En Novative Technologies, Inc.) and
refrigerated at 4 °C until taken to Queen’s University Analytical Services Unit (ASU) for chemical
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analysis. At ASU, soil samples were weighed and directly immersed in VOA vials containing 10
mL of laboratory grade methanol (Fisher Scientific, Inc.). The moisture content of each sand layer
was determined by oven drying a sample taken from each sand layer. For quality control, samples
of uncontaminated sand were collected using the same procedure and used for blank and spiked
samples. VOC analysis was conducted using an Agilent Technologies 7890B gas chromatograph
(GC) with an Agilent Technologies G2397A Electron Capture Detector (ECD) using USEPA
Method 551 (USEPA, 1990). The method detection limits for TCE, CF and PCE were 50 ppb, 80
ppb and 120 ppb respectively. Soil concentrations were compared to the DNAPL partitioning
threshold concentration in each sand layer using (Kueper and Davies, 2009):

𝐶𝐶𝑇𝑇 =

𝐾𝐾𝑑𝑑 𝐶𝐶𝑤𝑤 𝜌𝜌𝑏𝑏 + 𝐶𝐶𝑤𝑤 𝜙𝜙𝑤𝑤 + 𝐶𝐶𝑤𝑤 𝐻𝐻𝑖𝑖 𝜙𝜙𝑎𝑎
𝜌𝜌𝑏𝑏

(3.7)

where 𝐶𝐶𝑇𝑇 is the DNAPL threshold concentration (ppm), 𝐾𝐾𝑑𝑑 is the distribution coefficient (𝐾𝐾𝑑𝑑 =

𝐾𝐾𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓), 𝐶𝐶𝑤𝑤 is the aqueous solubility (ppm) at the temperature when the sample was taken (Table

3.3), 𝜌𝜌𝑏𝑏 is the dry bulk density of the sand (kg/m3), 𝜙𝜙𝑤𝑤 and 𝜙𝜙𝑎𝑎 are the water and air filled porosities

(-), respectively, and 𝐻𝐻𝑖𝑖 is the dimensionless Henry's law gas constant for compound 𝑖𝑖. Water and

air filled porosities were calculated using the measured moisture content of each sand layer.
Moisture contents at the time of sample and DNAPL threshold concentrations for each sand used
in Experiments B, C and D are presented in Table3.4.

Table 3.4. Calculated DNAPL threshold concentration
Sand
Coarse
Medium
Fine

Moisture content

TCE Threshold (ppm)

CF Threshold (ppm)

PCE Threshold (ppm)

1%
18%
17%

127
190
219

513
1183
1265

33
40
48
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3.4 Results and Discussion
3.4.1 Heating Rates vs. Groundwater Velocity
The temperature data presented in Figure 3.3 was obtained from thermocouple column 5 (UM-5,
C-5, LM-5, F-5) during Experiment A, and represents the vertical temperature distribution at the
center of the heating zone. During heating, groundwater velocity was initially increased from 189
cm/day to 1087 cm/day, then decreased back to 189 cm/day before being increased to 1087 cm/day
at the end of heating. At a velocity of 189 cm/day temperatures increased at a steady rate. However,
when the velocity was increased to 1087 cm/day increasing temperatures plateaued as a cooling
effect occurred with higher groundwater flow. The mixed convection number (𝐶𝐶𝑜𝑜 ) was calculated
during heating and is shown (Figure 3.3) to be greater than 1 when groundwater velocity is 189
cm/day and less than one when velocity is 1087 cm/day. A 𝐶𝐶𝑜𝑜 greater than one indicates buoyant

flow is present and will induce convective mixing throughout the heated zone. Convective mixing
resulted in temperature similarities at UM5, C5, LM5, and F5 during the initial heating stage and
an observed difference in temperature between the top and bottom of the cell once 𝐶𝐶𝑜𝑜 became less

than one.

For experiments B, C and D the inlet flow rate was kept constant (1 mL/min), producing a
velocity variation between the coarse layer (40 cm/day), medium layers (5.8 cm/day) and the fine
layer (0.54 cm/day). During heating, temperatures in the coarse layer were 1 – 2 °C colder than
temperatures in the medium layers above and below, demonstrating that heating was slightly
limited by the faster flowing groundwater velocity within the coarse layer. However, the limited
heating rates within the coarse layer never plateaued and temperatures increased at a steady rate
throughout each experiment. To determine why temperatures did not plateau within the faster
flowing coarse layer, 𝐶𝐶𝑜𝑜 was calculated in the coarse and lower medium sand layers for each
experiment using the inlet temperature (F-1) and maximum domain temperature (C-5 and LM-5).

The maximum value of 𝐶𝐶𝑜𝑜 for each layer during experiment B, C and D was between 94 and 173,
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indicating that a large amount of convective mixing was occurring in each sand layer during heating
resulting in no temperature plateaus within the faster flowing coarse layer.
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Figure 3.3. Temperature measurements from thermocouples UM-5, C-5, LM-5, and F-5 during
Experiment A. Mixed convection number versus time shown for reference of velocity changes and
change in heating rates throughout the homogenous sand pack (Accusand 20/30).

Temperatures from thermocouple F-5 located in the DNAPL pool for Experiments B, C
and D are shown in Figure 3.4. The measured temperatures in all experiments followed the first
three heating stages presented in Section 3.2.1. The applied voltage was the same for Experiments
B and C thus similar heating rates were observed during the first 6 hours of heating before coboiling occurred. A higher voltage was applied for Experiment D to achieve a higher temperature
than Experiments B and C resulting in a higher initial rate of heating. Similar to previous studies
(Martin and Kueper, 2011; Hegele and Mumford, 2014) an observed TCE-water co-boiling plateau
at 74°C occurred in Experiment B between 12.5 - 14.5 hrs. However, co-boiling was not observed
in Experiments C and D as a plateau of constant temperature but as a region of lower heating rates
between 7.5 – 10.5 hr and 12 – 45 hr for CF and PCE pools, respectively. The difference in
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observed co-boiling regions is due to the thermocouple location with respect to the location of the
DNAPL pool. The thermocouple located in Experiment B was located 5±1 cm from the bottom of
the pool and 7±1 cm from the bottom of the C and D pool. Discrepancies in thermocouple location
within each pool were due to the differences between sand packs and the DNAPL distribution
during injection. Thus, a higher saturation of TCE was located within proximity of thermocouple
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Figure 3.4. TCE, CF and PCE pool temperature measurements at thermocouple location F-5 over
time. Alternating electric current measurements over time for B, C and D experiments.
F-5 whereas lower saturations of CF and PCE were located at thermocouple F-5 resulting in a lower
DNAPL saturation co-boiling in proximity of thermocouple F-5.
Co-boiling durations for the TCE and CF pools are similar in length (2 -3 hrs) whereas the
co-boiling region for the PCE pool is longer (33 hrs). Such large differences in co-boiling durations
was due to the higher co-boiling temperature of PCE which required a greater energy input to
achieve. With a greater energy input applied, temperatures above the PCE pool reached waterboiling while co-boiling of the pool was taking place. Therefore, the applied energy to the system
was used for the phase change of both water above the DNAPL pool and the DNAPL pool itself,
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effectively increasing the duration of co-boiling within the pool. At times later than end of the coboiling region, based on temperature measurements, no dyed DNAPL was observed remaining in
the pool. Zhao et al. (2014) demonstrated that the presence of DNAPL beyond the end of the
measured co-boiling region may occur and will change the temperature profile during the
subsequent water heating stage, as co-boiling of any remaining DNAPL and water heating is
occurring at this time. During co-boiling, large volumes of gas were produced creating high gas
saturations at the pool location and were distributed throughout the cell. Consequently, the
presence of gas lowered water saturations, in-turn lowering the bulk conductivity of the medium,
and decreasing the power density within the heated zone. The result of this, combined with larger
heat losses at higher temperatures, lowered heating rates during the water heating stage compared
to the DNAPL-water heating stage.
Heating profiles within the coarse layer at C-5 (Figure 3.5) show the same three heating
stages, which begin and end at times similar to the heating stages at F-5 (Figure 3.4). However,
temperatures over the duration of heating are higher at C-5 than at F-5 due to convection inside the
cell that forces higher temperature water towards the top of the cell. During co-boiling observed
at F-5, temperature plateaus occurred at C-5. The plateaus at C-5 are not co-boiling regions as
temperatures in all three experiments are above respected co-boiling temperatures making the
presence of DNAPL not possible within proximity of C-5. Measured temperature plateaus at
locations above DNAPL are likely due to the fact that the majority of the applied energy to the
system is being converted to latent heat at the location of DNAPL during co-boiling, in-turn
reducing the energy input used for only heating water. However, further research is needed to
understand how sub-water boiling plateaus can occur above pooled DNAPL.
Measurements of electric current during Experiments B, C and D are also shown in Figure
3.4. Similar to the temperature profiles in Figure 3.4, there are three observed stages of current
measurements. During the initial 5, 4.5, and 6 hrs of heating for Experiments B, C and D,
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respectively, the current increases with increasing temperature as the electrical conductivity of the
porewater increases with increasing temperature. During co-boiling, the rate of increase of the
measured electric current decreased as a function of decreased heating rates. Additionally, the
production of gas began during co-boiling displaced porewater, lowering water saturation
throughout the sand and in-turn decreasing the bulk electrical conductivity. Once co-boiling was
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Figure 3.5. Thermocouple location C-5 and C-8 temperature measurements over time for
Experiments B, C and D.

completed the current increased again as temperature increased. Therefore, due to the relationship
of electrical conductivity to both gas saturation and temperature measurements, temperature and
electric current can be used to predict gas production events during ERH applications. However,
gas production can only be predicted from measurements of electric current if they are coupled
with temperature measurements in order to isolate gas saturation effects from temperature effects
(Hegele and Mumford, 2014).
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3.4.2 Gas Accumulation Beneath a Capillary Barrier
Observations of pool depletion and gas production during heating based on digital images of the
front face of the flow cell are shown in Figure 3.6 for Experiments B, C and D. Figures 3.6 a, b
and c display the image captured at the beginning of each experiment, and were used as the
reference image for the processing outlined in section 3.3.4. In each of the processed images the
resulting difference image revealed the presence and location of gas accumulation and mobilization
shown with darker shaded pixels. Higher gas saturations are represented with darker shaded pixels
and decrease with lighter shades with the presence of no gas indicated in white.
During Experiments B, C and D gas was first observed within the coarse layer at 6.33 hr,
4.48 hr and 12.20 hr, respectively (Figures 3.6 d, e and f).

At these times, temperature

measurements at the location of thermocouple F-5 were below co-boiling temperatures for each
DNAPL (Figure 3.4) however the presence of gas in the coarse layer indicates that co-boiling of
DNAPL was occurring in the pool above F-5. This was also observed in Zhao et al., (2014) where
gas production did not directly match the measured co-boiling regions as local-scale temperature
measurements can be mistakenly interpreted at the beginning or end of co-boiling depending on
the precise location of the thermocouple measurement relative to the location of the DNAPL.
The appearance of gas in the coarse lens shortly after the beginning of co-boiling indicates
that rapid vertical gas transport from the DNAPL source to the coarse sand lens occurred. This
transport of gas to the coarse lens during co-boiling, lead to gas accumulation beneath the upper
medium sand as observed (Figures 3.6 g, h and i) at times 11.42, 7.52 and 28.17 hr. As gas
production continued the depletion of the DNAPL pool was observed until all visual DNAPL was
gone at times 14.78, 9.58 and 43.03 hr (Figures 3.6 j, k and l). At these times, temperature
measurements (Figure 3.4) within the TCE, CF and PCE pools were 85°C, 67°C and 95°C
respectively, indicating that the co-boiling region in each experiment was completed. It should be
noted that the resulting darker pixels at the location of the DNAPL pools displayed in Figure 3.6

60

are overestimates of the amount of gas present because the result of the image subtraction is
displaying both gas production and the reduction in red hue as depletion of the DNAPL pool occurs.
As produced gas accumulated within the coarse layer, further vertical migration was
impeded due to the higher entry pressure of the upper medium sand layer. This lead to continued
gas accumulation in the coarse layer forming pooled gas beneath the capillary barrier. As a result,
gas migrated laterally beneath the capillary barrier until it reached both the inlet and outlet clear
wells as observed in images (Figure 3.6 j, k and l) taken after complete visual pool depletion (clear
wells not shown). Complete depletion of the 270 mL DNAPL pools at their co-boiling temperature
would produce an estimated 131 L, 114 L and 215 L of gas in Experiments B, C and D, respectively
(Equation 3.3). At the end of co-boiling the observed gas pool thicknesses accumulated beneath
the capillary barrier were 3.5 cm, 2.5 cm and 3.0 cm, respectively. Thus, the thickness of gas
entrapped below the capillary barrier in each experiment did not reach the critical threshold
thicknesses (13.95 cm, Table 3.2) calculated using Equation 3.4. Furthermore, using the estimated
gas pool thicknesses at the end of each co-boiling period, the volume of gas trapped beneath the
capillary barrier was approximately 370, 224 and 295 mL, indicating that approximately 130, 113
and 214 L (99% ) of the total gas produced was transported out of the heating zone.

3.4.3 DNAPL Condensation Due to Gas Migration into Cold Regions
The lateral migration of gas to the edges of the coarse layer in Experiments B, C and D resulted in
the transport of gas outside of the heating zone. Temperatures measured in the coarse layer directly
above the DNAPL pool (location C-5) and outside of the heating zone (location C-8) during
Experiments B, C and D are shown in Figure 3.5. Temperatures measured at location C-8 are
similar to those measured at location C-1, on the opposite edge of the cell but also outside of the
heating zone.
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Figure 3.6. Growth and transport of produced gas phase during B, C and D experiments. a), b), c),
are the initial conditions at the start of heating (reference image). d), e), f), are processed images
showing the first occurrence of gas within coarse sand lens. g), h), i), are taken during observed
co-boiling region (Figure 3.4) j), k), l), taken after complete pool vaporization was observed.
Temperatures at C-8 during co-boiling were on average 15-25°C colder than temperatures
at C-5. Additionally, with the exception of later heating times in Experiment C, temperature
measurements at C-8 never reached co-boiling temperatures. Consequently, as gas extended
laterally outside of the heated zone, rapid condensation of VOC to DNAPL occurred in each
experiment. While co-boiling of the pool occurred and gas spread laterally under the capillary
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barrier, both DNAPL and gas were observed to exit the sand pack and enter the influent and effluent
clear wells, suggesting that condensation occurred in the coarse layer outside of the heated zone
and not in the clear wells. The DNAPL that exited the coarse sand was transparent indicting that
it had not been displaced from the original DNAPL pool, but had been vaporized during co-boiling
(leaving the oil-Red-O dye behind) and migrated upwards, accumulating in the coarse layer (Figure
3.6), spreading laterally and condensing outside the heated zone beyond the electrodes. All
condensed DNAPL that exited the sand accumulated at the bottom of the influent and effluent clear
wells. Accumulated DNAPL in the clear wells was 26 - 56% of the original 270 mL of DNAPL in
each pool (Table 3.5). Post treatment soil samples for Experiments B, C and D at the sampling
location shown in Figure 3.2b are presented in Table 3.5. With the exception of untreated residual
condensing after heating was terminated at the location of the PCE pool, all sample concentrations
were below DNAPL partitioning thresholds (Table 3.4) indicating that 270 mL of injected DNAPL
was removed from the heated zone via gas transport (44 - 74%) or condensation into the clear wells
(26 - 56%).
Table 3.5. Post treatment soil sample concentrations (ppm)

Sample Concentration (ppm)
Experiment
B
C

S-UM
3
162

S-C
1
4

S-LM1
20
484

S-LM2
98
501

S-P
91
945

S-BP
95
789

D

0.3

<0.12

25

9

220*

6

Condensation
Volume (mL)
150
85
70

*Concentration above DNAPL threshold limit (Table 3.4)

Production and accumulation of VOC gas is substantial when DNAPL source zones are
brought to co-boiling temperatures and the potential for lateral migration of gas can be extensive
in layered heterogeneous subsurfaces when gas is trapped under capillary barriers. This extensive
spreading of gas can lead to gas transport into colder regions of the subsurface caused by channels
of fast flowing groundwater or areas away of the heated zone where the risk of DNAPL
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condensation can occur. DNAPL condensation prior to extraction from the subsurface can be
detrimental to clean up goals as mass can be mobilized away from the treatment area. Therefore,
connected gas pathways to SVE or MPE systems must be established and temperatures along this
pathway must be maintained above co-boiling temperatures or even brought to water boiling
temperatures (Hegele and Mumford, 2014; Zhao et al., 2014) to remove any risk of DNAPL
condensation prior to mass recovery.

3.5 Conclusions
Laboratory experiments measured and observed the processes of ERH occurring within the
treatment zone subject to flowing groundwater. Results demonstrate that high groundwater
velocities can limit heating rates within the subsurface specifically in zones of higher permeability
soils. Additionally, the co-boiling of 270 mL of pooled TCE, CF and PCE was shown to produce
comparatively large volumes (114 – 215 L) of mobile gas which accumulated beneath a capillary
barrier. Gas accumulation led to lateral migration, spreading gas-phase VOC outside of the heated
zone where rapid gas condensation occurred, forming DNAPL. With the exception of some
residual PCE at the location of injection, post treatment soil concentrations confirmed that no
DNAPL was present within the treatment zone indicating that the majority of VOC mass was
removed via gas escaping the system or by condensing and accumulating at the bottom of water
delivery wells.
Results illustrate the importance of obtaining detailed subsurface characterization such that
areas of fast flowing groundwater can be identified in order to design for sufficient power input or
heat loss management through hydraulic control or installation of additional electrodes.
Additionally, the co-boiling of pooled DNAPL will produce large volumes of VOC gas that can
spread within the subsurface if trapped beneath layered soils. Findings from this work strengthen
the importance of establishing a connected gas pathway from areas of gas accumulation to gas
extraction points maximizing VOC mass removal and minimizing gas spreading. Additionally, the
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implications associated with the spreading of gas outside of the heated zone was observed as visual
evidence of DNAPL condensation occurred rapidly outside of the heating zone effectively
mobilizing DNAPL mass away from the source zone which can be detrimental to site cleanup goals.
Consequently, the redistribution of DNAPL via vapour migration and subsequent condensation
must be considered when employing ISTT, indicating the need for adequate temperature
monitoring and sufficient vapor extraction to ensure adequate subsurface heating and vapor capture
is achieved.

Reaching water-boiling temperatures can facilitate connected gas transport to

extraction points and ensure that adequate temperatures are maintained within and surrounding the
treatment zone.
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Chapter 4
Conclusions
Laboratory-scale electrical resistance heating (ERH) experiments were preformed to evaluate the
use of ERH for the remediation of pooled trichloroethene (TCE), tetrachloroethene (PCE), and
chloroform (CF) dense non-aqueous phase liquid (DNAPL) in a fully-saturated heterogeneous sand
pack subjected to a hydraulic gradient. A lens containing coarse sand was placed between two
layers of medium sand located above the pooled DNAPL generating groundwater velocity
variations on a representative elementary scale (REV). Additionally, the layered geology created
a channel where trapped gas accumulated during the co-boiling of DNAPL. Measured temperature
distributions and the visualization of gas and DNAPL using digital images throughout each
experiment demonstrated that layered heterogeneous subsurfaces can i) limit rates of heating in the
subsurface due to the spatially variable groundwater velocity, ii) Promote large amounts of gas
accumulation in high-permeability lenses during co-boiling of DNAPL leading to extensive lateral
gas spreading when trapped under low-permeability lenses, iii) mobilize DNAPL away from the
treatment zone through the rapid condensation of DNAPL from the gas phase propagating to colder
regions within the subsurface.
As stated in this study, the volatization of 270 mL of pooled TCE, CF and PCE will lead
to large volumes (114 – 215 L) of mobile gas which will accumulate spread laterally along capillary
barriers. Findings of this study showed effective DNAPL source zone cleanup with removing VOC
mass via gas escaping the system or condensing and accumulating at the bottom of water delivery
wells.
This strengthens the knowledge that gas volumes created during co-boiling of DNAPL
source zones will be significant, and that mass recovery is strongly dependent on the ability of gas
capture systems to target zones of high gas accumulation during field scale ERH applications.
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Furthermore, the creation of continuous gas transport pathways connected to extraction wells below
the water table is a beneficial mechanism for capturing and recovering large volumes of gas
compared to vertical, discontinuous transport towards soil vapour extraction wells. Although it
must be recognized that connected gas pathways can also lead to gas transport into colder regions
of the subsurface caused by channels of fast flowing groundwater or areas away from the heated
zone. This strengthens that temperatures along connected gas pathway must be maintained above
co-boiling or brought to water boiling temperatures to remove any risk of DNAPL condensation
prior to mass recovery.
Additionally, results illustrate the importance of obtaining detailed subsurface
characterization such that areas of fast flowing groundwater can be identified in order to design
for sufficient power input or heat loss management through hydraulic control or installation of
additional electrodes. Findings from this work strengthen the importance of establishing a
connected gas pathway from areas of gas accumulation to gas extraction points maximizing VOC
mass removal and minimizing gas spreading. Additionally, the implications associated with the
spreading of gas outside of the heated zone was observed as visual evidence of DNAPL
condensation occurred rapidly outside of the heating zone effectively mobilizing DNAPL mass
away from the source zone which can be detrimental to site cleanup goals. Consequently, the
redistribution of DNAPL via vapour migration and subsequent condensation must be considered
when employing ISTT, indicating the need for adequate temperature monitoring and sufficient
vapor extraction to ensure adequate subsurface heating and vapor capture is achieved. Reaching
water-boiling temperatures can facilitate connected gas transport to extraction points and ensure
that adequate temperatures are maintained within and surrounding the treatment zone.
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Figure A.1. Experiment B temperature measurements in the upper medium (UM) and coarse (C)
sand layers relative to thermocouple location in cell (Figure 3.2). DNAPL pool temperature
(F-5) shown for comparison.
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Figure A.2. Experiment B temperature measurements in the lower medium (LM) and fine (F)
sand layers relative to thermocouple location in cell (Figure 3.2). DNAPL pool temperature
(F-5) shown for comparison.
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Figure A.3. Experiment C temperature measurements in the upper medium (UM) and coarse (C)
sand layers relative to thermocouple location in cell (Figure 3.2). DNAPL pool temperature
(F-5) shown for comparison.
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Figure A.4. Experiment C temperature measurements in the lower medium (LM) and fine (F)
sand layers relative to thermocouple location in cell (Figure 3.2). DNAPL pool temperature
(F-5) shown for comparison.
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Figure A.5. Experiment D temperature measurements in the upper medium (UM) and coarse (C)
sand layers relative to thermocouple location in cell (Figure 3.2). DNAPL pool temperature
(F-5) shown for comparison.
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Figure A.6. Experiment D temperature measurements in the lower medium (LM) and fine (F)
sand layers relative to thermocouple location in cell (Figure 3.2). DNAPL pool temperature
(F-5) shown for comparison.
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Figure A.7. Ambient temperature during heating of Experiments A, B, C, and D. Thermocouple
was located 4.5 m away from cell.
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Figure A.8. Heating rates vs NaCl solution concentration. Experimental procedure consisted of
packing cell with homogenous 20/30 Accusand initially saturated with pure tap water. Heating
occurred until temperatures plateaued due to heat losses. The cell was then flushed with higher
concentrations of NaCl solution to until the concentration needed to achieve water boiling
temperatures was found.
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Figure A.9. Vertical temperature measurements along thermocouple column 5 (Figure 3.2a)
during the heating of a homogenous sand (Accusand 20/30) and a heterogeneous sand (Figure 3.2b)
configuration for 7 and 15 hours respectively. Groundwater velocities of 121 cm/day (0.084
cm/min) and 84.96 cm/day (0.059 cm/min) were applied to the homogenous and heterogeneous
configurations respectively. A large difference in heating rates between the top and bottom of the
homogenous sand are presented and due to the strong convective forces within the cell.
Additionally, results display a decreased heating rate at the top of the heterogeneous sand due to
the fast flowing groundwater within the coarse sand layer (Figure 3.3).
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Figure A.10. Images of Experiment B at times indicated. DNAPL is shown in red and gas is
shown in white.
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Figure A.11. Gas saturation (white) for Experiment B at times indicated
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Figure A.12. Images of Experiment C at times indicated. DNAPL is shown in red and gas is
shown in white.
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Figure A.13. Gas saturation (white) for Experiment C at times indicated
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D-PCE
31 hr d)

D-PCE
35 hr

e)

D-PCE
41 hr e)
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Figure A.14. Images of Experiment D at times indicated. DNAPL is shown in red and gas is
shown in white.
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Figure A.15. Gas saturation (white) for Experiment D at times indicated
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VOC Vapour

DNAPL

a)

b)

DNAPL

c)

DNAPL

d)

Figure A.16. a) VOC gas exiting coarse sand layer into effluent well during heating. b)
Condensed DNAPL exiting coarse sand layer into effluent well. c) DNAPL falling to bottom of
well. d) Accumulation of DNAPL at bottom of effluent well.
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Upper Medium
(UM)

Coarse
(C)

Lower Medium
(LM)

a)a)

Fine
(F)

Time After Injection: 3 hrs
Influent Flow Rate: 8 mL/min

Upper Medium
(UM)

Coarse
(C)

Lower Medium
(LM)

b)

Fine
(F)

Time After Injection: 3 hrs
Influent Flow Rate: 8 mL/min

Figure A.17. a) Image of tracer test displaying faster flowing groundwater within coarse sand
layer compared to flow in medium and fine sand layers. b) Result of image subtraction
displaying extend of fluorescein dye (20mg/L) within each sand layer at time indicated.
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Appendix B
Analytical Methods – Water Samples
B.1. Methodology
For Experiments B, C, and D water samples were extracted from the sand pack via a Teflon
sampling line that was inserted through the perforated polypropylene plate on the effluent end. A
0.015 cm mesh (polypropylene) was wrapped around the end of the sampling so sand would not
enter the line during sampling. The sample line end was located between the effluent well and
electrode (outside the heating zone) at four points distributed vertically along the sand pack at
similar locations to soil sample locations S-UM, S-C, S-LM1, S-LM2. During heating, 5 mL of
ground water was collected into glass VOA vials (no headspace) from each sample location
periodically. Prior to each collected sample, 3 sampling line volumes were purged to ensure the
sample was representative of water within the sand pack at the time of sample collection. Samples
were immediately cooled to 4 °C and kept refrigerated until analyzed. The analysis of samples to
determine the concentrations of organic compounds was performed at the Queen’s University
Analytical Services Unit (ASU). VOC analysis was conducted using an Agilent Technologies
7890B gas chromatograph (GC) with an Agilent Technologies G2397A Electron Capture Detector
(ECD). The analytical method used is based on EPA Method 551- Determination of Chlorinated
Disinfection Byproducts and Chlorinated Solvents in Drinking Water by Liquid-Liquid Extraction
and Gas Chromatography with Electron-Capture Detection (USEPA, 1990). Due to samples
containing high concentrations a series dilution was completed before analysis. It should also be
noted that a dissolved phase plume may have been distributed throughout the sand pack from the
dissolution of the condensed DNAPL that accumulated at the bottom of the water delivery wells
potentially increasing reported concentrations
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B.2. Analytical Water Results
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Figure B.1. Aqueous TCE concentrations during Experiment B. DNAPL pool temperature
measurements (F-5) comparing concentrations to time of DNAPL- water co-boiling.
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Figure B.2. Aqueous CF concentrations during Experiment C. DNAPL pool temperature
measurements (F-5) comparing concentrations to time of DNAPL- water co-boiling.
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Figure B.3. Aqueous PCE concentrations during Experiment D. DNAPL pool temperature
measurements (F-5) comparing concentrations to time of DNAPL- water co-boiling.

B.3. Standards and Calibration
The calibration curves for TCE, CF, and PCE water samples are shown in Figure B.17. Calibration
curves were established using standard solutions that covered the range of concentration expected
in the experimental samples. A new chromatograph calibration curve was established before every
set of samples analyzed. The peak area of each standard solution spike was used to obtain a
multiplying factor for each VOC. Additionally, fluorobenzene was added to each sample as a
surrogate compound to calculate the percent recovery of the analyses and correct the measured
VOC concentration. Therefore, the concentration of each experimental sample was obtain as
follows:
(𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)
𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �
� × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
89

(B.1.)
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Figure B.4. Calibration curves for GC/ECD used for water analytical analysis of TCE, CF, and
PCE.
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B.4. Method Detection Limit and Error Analysis
The method detection limit (MDL) for each VOC is found in Table B.1 and is defined as the
minimum concentration of a substance that can be measured and reported with 99% confidence
that the analyze concentration is greater than zero. The MDL for each aqueous VOC was
calculated by analyzing eight, 5 mL triple distilled water samples spiked with a known
concentration VOC solution. The MDL was calculated using:
𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑡𝑡 × 𝑆𝑆𝑆𝑆

(B.2.)

where 𝑡𝑡 is the variant value at the percent confidence level of measurement and 𝑆𝑆𝑆𝑆 is the standard

deviation of the spiked samples from the known concentration.

To assess the percent accuracy and relative precision error of the GC and analytical method for
each aqueous VOC (Table B.2), eight 5 mL triple distilled water samples spiked with a known
concentration VOC solution was analyzing. The accuracy and relative precision for each VOC was
calculated and was within the threshold hold confidence limits or 10% and 20% respectively:

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑦𝑦 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 % =

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
× 100
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 % =

𝑡𝑡 × 𝑆𝑆𝑆𝑆
× 100
𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

(B.3.)

(B.4.)

where 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the known VOC solution concentration and 𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is the average concentration

of the eight spiked.
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Table B.1. Results of 8 spiked soil samples used for calculation of the MDL of the analytical
method.
Compound

Spike Concentration (ppb)

20
TCE

SD
t at 99% confidence interval
MDL

20
CF

SD
t at 99% confidence interval
MDL

28
PCE

SD
t at 99% confidence interval
MDL
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Measured Concentration (ppb)
21
21
21
20
20
21
20
20
0.48
1.895
1.81
25
23
22
22
23
23
23
23
1.15
1.860
4.29
28
34
27
28
32
27
27
24
3.12
1.895
11.83

Table B.2. Results of 8 spiked soil samples used to calculate the accuracy of the analytical
method.
Compound

Spike Concentration (ppb)

500
TCE

Measured Concentration (ppb)
512
432
446
472
449
472
490
430

Average
Accuracy Error (%)

463
7.35
22
22
21
21
23
22
22
23

20
CF

Average
Accuracy Error (%)

22
9.94
279
268
278
282
283
223
279
263

275
PCE

Average
Accuracy Error (%)

269
2.17
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Table B.3. Results of 8 spiked soil samples used to calculate the relative precision of the
analytical method.
Compound

Spike Concentration (ppb)

20
TCE

SD
t at 95% confidence interval
Relative Precision Error (%)

20
CF

SD
t at 95% confidence interval
Precision Error (%)

28
PCE

SD
t at 95% confidence interval
Precision Error (%)
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Measured Concentration (ppb)
512
432
446
472
449
472
490
430
28.9
2.365
14.75
22
22
21
21
23
22
22
23
0.9
2.365
9.54
279
268
278
282
283
223
279
263
20.38
2.365
17.91

B.5. Quality Control
Calibration standards and blank samples (composed of deionized water and surrogate compound),
were analyzed before experimental samples to ensure no residual contamination from laboratory
equipment or on the GC column effected the analysis of experimental samples. To validate each
VOC calibration, a matrix spiked sample using a second source of VOC was analyzed.
Additionally, sample duplicates were collected and analyzed for every ten experimental samples
analyzed. Results for all aqueous quality control samples are shown in Table B.4.
Table B.4. Aqueous quality control samples for Experiments B, C, and D.
Sample Name
B1-01
B2-02
B2-03
B3-05
B2-06
B2-09
B1-10
B2-10
285ppb Spike
Sample Name
C1-01
C2-02
C2-03
C1-05
C2-06
C4-08
380ppb Spike
Sample Name
D1-01
D2-02
D3-03
D4-04
D1-05
D2-06
D2-07
200ppb Spike

Experiment B- Aqueous TCE QC Samples
Concentration (ppm)
Duplicate (ppm)
21
20
29
28
35
31
118
112
158
153
1597
1132
394
359
1786
1430
317 ppb
Experiment C- Aqueous CF QC Samples
Concentration (ppm)
Duplicate (ppm)
<MDL
<MDL
<1
<1
<MDL
<MDL
13
12
15165
14496
2930
2788
308
Experiment D- Aqueous PCE QC Samples
Concentration (ppm)
Duplicate (ppm)
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
<MDL
4
4
88
55
247
228
239
95

Time Sampled
0:00
1:50
4:00
8:00
10:15
16:00
28:00
28:00
Time Sampled
0:00
1:20
3:30
7:30
9:50
26:30
Time Sampled
0:00
1:50
4:40
11:35
13:40
16:50
33:35
-

Appendix C
Analytical Methods – Soil Samples
C.1. Methodology
For Experiments B, C, and D soil samples were extracted from the sand pack via 5 g EnCore soil
samplers (En Novative Technologies, Inc.) at the sample locations S-UM, S-C, S-LM1, S-LM2, SP, and S-BP (Figure 3.2b). Similar to the aqueous VOC analysis, samples were analyzed at ASU
with the analytical method based on EPA Method 551 using the same GC and ECD. Prior to GC
analysis, soil samples were weighed and directly immersed in VOA vials containing 10 mL of
laboratory grade methanol (Fisher Scientific, Inc.). Additionally, the moisture content of each soil
sample is determined by a wet-dry analysis on a sample taken near each sample location:

𝑢𝑢 =

𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑
𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑

(C.1.)

where 𝑢𝑢 is the moisture content, 𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤 is the mass of the soil sample prior to oven drying (g), and
𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑 is the mass of the dry soil sample (g).

The mass of soil in each sample is then determined:
𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − (𝑢𝑢 ∗ 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )

(C.2.).

The concentration of VOC for each soil sample is then calculated by:
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∗ 10)⁄𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

(C.3.).

The MDL for VOC detection on soil is ten times higher than the MDL for water samples as the
extraction solution (Methanol) volume is ten times larger for soil analysis compared to water.
The MDLs are further increased to account for any uncertainty in the analysis procedure. The
calibration curves for TCE, CF, and PCE soil samples are shown in Figure C.1. Duplicate, blank,
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and spiked soil samples along with sample weights for Experiments B, C, and D are found in
Table C.1. Moisture contents are found in Table C.2.
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Figure C.1. Calibration curves for GC/ECD used for soil analytical analysis of TCE, CF, and PCE.
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C.2. Analytical Soil Results and Quality Control
Table C.1. Soil concentrations and quality control samples Experiment B, C, and D.

Sample Name
S-UM
S-C
S-LM1
S-LM2
S-P
S-BP
QC
Fine Sand Spike
Medium Sand Spike
Coarse Sand Spike
Fine Sand Blank
Medium Sand Blank
Coarse Sand Blank
Sample Name
S-UM
S-C
S-LM1
S-LM2
S-P
S-BP
QC
Fine Sand Spike
Medium Sand Spike
Coarse Sand Spike
Fine Sand Blank
Medium Sand Blank
Coarse Sand Blank

Experiment B- TCE Soil Samples
Concentration
Duplicate
Sample Mass
(ppm)
(ppm)
(g)
3
NA
4.86
1
<1
4.27
20
<1
5.29
98
81
5.85
91
30
5.60
96
17
6.07
Concentration
Spike Concentration (ppm)
(ppm)
2.4
2.9
2.4
2.6
<MDL
<MDL
<MDL
Experiment C- CF QC Soil Samples
Concentration
Duplicate
Sample Mass
(ppm)
(ppm)
(g)
162
118
4.31
2
4
4.63
484
37
5.44
501
60
5.33
944
3
5.38
789
712
5.68
Concentration
Spike Concentration (ppm)
(ppm)
3.0
3.9
4.4
4.0
<1
<1
<1
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Duplicate Mass
(g)
4.41
5.04
5.65
5.91
5.52
Sample Mass (g)
4.21
5.23
4.85
3.96
5.12
4.65
Duplicate Mass
(g)
5.35
4.80
5.50
5.57
5.52
5.58
Sample Mass (g)
3.84
5.08
4.94
3.40
4.99
4.99

Table C.1. (continued)

Sample Name
S-UM
S-C
S-LM1
S-LM2
S-P
S-BP
QC
Fine Sand Spike
Medium Sand
Spike
Coarse Sand
Spike
Fine Sand Blank
Medium Sand
Blank
Coarse Sand
Blank

Experiment D- PCE QC Soil Samples
Concentration
Duplicate
Sample Mass
(ppm)
(ppm)
(g)
<1
<1
5.39
<1
<1
4.54
26
8
5.99
9
7
5.65
223
2
5.58
6
2
5.68
Concentration
Spike Concentration (ppm)
(ppm)
2.4
2.0

2
1.9
<1

Duplicate Mass
(g)
5.21
4.04
5.54
4.92
6.05
5.38
Sample Mass (g)
4.92
4.91
5.05
5.04

-

<MDL
<MDL

5.39
5.04

Table C.2. Laboratory measured soil moisture contents for #70 Silica Sand 40/60 Accusand and
12/20 Accusand from soil samples taken for Experiments B, C, and D.
Soil Type
#70 Silca Sand
40/60 Accusand
12/20 Accusand
Soil Type
#70 Silca Sand
40/60 Accusand
12/20 Accusand
Soil Type
#70 Silca Sand
40/60 Accusand
12/20 Accusand

Experiment B
Wet Mass (g)
Dry Mass (g)
7.10
6.07
6.37
5.38
5.31
5.24
Experiment C
Wet Mass (g)
Dry Mass (g)
6.89
5.95
6.71
5.69
4.81
4.74
Experiment D
Wet Mass (g)
Dry Mass (g)
6.2663
5.3648
6.4643
5.5125
5.6116
5.5267
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Moisture Content
17%
18%
1%
Moisture Content
16%
18%
1%
Moisture Content
17%
17%
2%

Appendix D
Experimental Apparatus

Cell
Air
Purge
Line

Dyed TCE

Syringe
Pump
a)

b)
Influent/Effluent Clear Wells

Electrodes

Thermocouple

c)
Figure D.1. a) Back of cell displaying thermocouple grid and lead wire. b) DNAPL injection
apparatus. c) Inside cell without sand or glass front face displaying placement of thermocouples
and electrodes.
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a)

b)
Ammeter
10A Fuse

+
AC,120 V, 60 Hz
Wall Receptacle

A

12A Fuse

280V

GFCI

Sand Pack

(Resistor)

0-140V Variable
Transformer

1000VA Transformer

c)

Ground to Aluminum
Frame

Transformer
Variable Transformer

Ammeter

d)

Thermocouple
Data Logger

Figure D.2. a) Digital display of ammeter (top) and data logger (bottom) connected to
thermocouples. b) Programmable peristaltic pump used for water delivery. c) Electrical circuit
diagram used in all experiments. d) Voltage control and data acquisition systems.
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UM
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LM1

LM2

a)

Upper Medium
(UM)

S-UM
S-C

Coarse
(C)
Lower Medium
(LM)

S-LM1

S-LM2
Fine
(F)

S-P

S-BP

b)

Figure D.3. a) Location of buried water sampling tubes used to collect aqueous samples. b) Soil
sample locations.

102

Appendix E
Validation of Data Acquisition Devices
Thermocouples (Omega® Series TJ36) were factory calibrated within 1 year of all experimental
runs. Validation of temperature measurements recorded by thermocouples via the data logger were
completed by placing the thermocouples in a beaker of tap water that was heated by a hotplate until
water-boiling conditions were reached.

Thermocouple measurement was compared to the

measurement given by a mercury thermometer placed in the beaker during heating and boiling
(Figure E.1.). Thermocouple measurements at the boiling point of water were determined accurate
to within ±1°C (Figure E.2.).
To measure electrical current, a digital multi-meter (Agilent Technologies U3401A) was
wired in series and validated by a handheld ammeter periodically during heating (Figure E.3.).
Both the multi-meter and ammeter were factory calibrated within 1 year of experimental runs. To
ensure a closed electrical circuit was maintained throughout heating, the ground wire was measured
by the hand held ammeter periodically (Figure E.3.). For safety, any electrical leak during heating
would be detected by the ground fault indictor (GFI) and immediately shut power off to the system.
Prior to each experiment, the influent programmable water delivery pump (Masterflex®
Digi-Saltic®) was calibrated according to manufacture specifications and the flow rate was verified
before and after each experiment (Table E.1.). Flow rate verification was completed by pumping
a known volume of water into a graduated cylinder while recording time with a digital stopwatch.
Thermocouple measurements compared to calibrated thermometer (mercury) measurements.
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Figure E.1. Thermocouple measurements compared to calibrated thermometer (mercury)
measurements.
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Figure E.2. Thermocouple measurements at water boiling temperature.
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12
24
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36

Figure E.3. Validation of in-line ammeter measurements using a hand held ammeter.

Table E.1. Verifying pump flow rate before and after calibration and experiments using a
graduated cylinder and stop watch.
Experiment
A
B
C
D

Pump Flow Rate (mL/min)
Pre-experiment
Post-Experiment
10
10
5
5
5
5
5
5
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Appendix F
Sample Calculations
TCE-Water co-boiling temperature calculation assuming at a pressure of 760 mmHg (1atm):
𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃𝑖𝑖𝑣𝑣 = 𝐷𝐷𝑖𝑖 +
10

𝐷𝐷𝑤𝑤 +

𝐸𝐸𝑤𝑤
𝑇𝑇𝑐𝑐𝑐𝑐 +𝐹𝐹𝑤𝑤

𝐸𝐸𝑖𝑖
) 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇+𝐹𝐹𝑖𝑖
𝐷𝐷𝑛𝑛 +

+ 10

Yaws et al. (2005):

(𝑃𝑃𝑤𝑤𝑣𝑣 + 𝑃𝑃𝑛𝑛𝑣𝑣 = 𝑃𝑃𝑤𝑤 + 𝑃𝑃𝑐𝑐 ),

𝐸𝐸𝑛𝑛
𝑇𝑇𝑐𝑐𝑐𝑐 +𝐹𝐹𝑛𝑛

= 760 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,

𝐷𝐷𝑤𝑤 = 7.9492, 𝐸𝐸𝑤𝑤 = 1657.46, 𝐹𝐹𝑤𝑤 = 227.02, 𝐷𝐷𝑛𝑛 = 6.87981, 𝐸𝐸𝑛𝑛 = 1157.83, 𝐹𝐹𝑛𝑛 = 202.58,
10

(1657.46)
𝑇𝑇𝑐𝑐𝑐𝑐 +(227.02)

(7.9492)+

𝑇𝑇𝑐𝑐𝑐𝑐 = 74°𝐶𝐶.

+ 10

(6.87981)+

(1157.83)
𝑇𝑇𝑐𝑐𝑐𝑐+(202.58)

= 760 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,

Volume of gas produced from a 270 mL TCE DNAPL pool at co-boiling temperature of 74°C:
𝜌𝜌𝑇𝑇𝑇𝑇𝑇𝑇 @74°𝐶𝐶 = 1.45 𝑔𝑔⁄𝑚𝑚𝑚𝑚 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 1999),

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑇𝑇𝑇𝑇𝑇𝑇 = 131.40 𝑔𝑔⁄𝑚𝑚𝑚𝑚𝑚𝑚 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 1999),

𝑛𝑛 𝑇𝑇𝑇𝑇𝑇𝑇 = (270 𝑚𝑚𝑚𝑚)(1.45 𝑔𝑔⁄𝑚𝑚𝑚𝑚)⁄(131.4 𝑔𝑔⁄𝑚𝑚𝑚𝑚𝑚𝑚) = 2.99 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑣𝑣
𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇
= 10
𝑣𝑣
𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇

(6.87981)+

(1157.83)
(74°𝐶𝐶)+(202.58)

= 493.8 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,

𝑉𝑉𝑔𝑔 =

𝑛𝑛𝑛𝑛 𝑅𝑅𝑇𝑇𝑐𝑐𝑐𝑐
,
𝑃𝑃𝑛𝑛𝑣𝑣

𝑉𝑉𝑔𝑔 =

(2.99)(0.082)(347.15)
(0.65)

𝑣𝑣
𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇

,

= 0.65 𝑎𝑎𝑎𝑎𝑎𝑎,

𝑅𝑅 = 0.082 𝐿𝐿 · 𝑎𝑎𝑎𝑎𝑎𝑎⁄𝐾𝐾 · 𝑚𝑚𝑚𝑚𝑚𝑚, 𝑇𝑇𝑐𝑐𝑐𝑐 = 347.15 𝐾𝐾,
𝑉𝑉𝑔𝑔 = 131 𝐿𝐿.

Critical height of gas accumulation in 12/20 Accusand below 40/50 Accusand:
𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑃𝑃𝑐𝑐′′ − 𝑃𝑃𝑐𝑐′
∆𝜌𝜌𝜌𝜌

𝑃𝑃𝑐𝑐′′ = 1852 𝑃𝑃𝑃𝑃 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996), 𝑃𝑃𝑐𝑐′ = 518 𝑃𝑃𝑃𝑃 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996),

𝑔𝑔 = 9.806 𝑚𝑚2 /𝑠𝑠

𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 @70°𝐶𝐶 = 978 𝑘𝑘𝑘𝑘⁄𝑚𝑚3 (𝐶𝐶𝐶𝐶𝐶𝐶, 2014),

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑔𝑔𝑔𝑔𝑔𝑔 ℎ𝑎𝑎𝑎𝑎 𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎 (1 𝑘𝑘𝑘𝑘⁄𝑚𝑚3 ),
∆𝜌𝜌 = (978 − 1) = 976.76 𝑘𝑘𝑘𝑘/𝑚𝑚3 ,

106

𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 =

(1852)−(518)
(977)(9.806)

𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 = 0.139 𝑚𝑚.

Minimum gas accumulation area in 12/20 Accusand below 40/50 Accusand from the gas
produced by the vaporization of a 270 mL TCE pool:
𝐴𝐴𝑔𝑔 =

𝑉𝑉𝑔𝑔
𝜃𝜃

�𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑟𝑟 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 −

𝜆𝜆

(𝑃𝑃𝑐𝑐′ )(1−𝑆𝑆𝑟𝑟 )
(1−𝜆𝜆)(𝛥𝛥𝛥𝛥𝛥𝛥)

�(𝑃𝑃𝑐𝑐′

(1−𝜆𝜆)

+ 𝛥𝛥𝛥𝛥𝛥𝛥𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 )

−

(1−𝜆𝜆)
𝑃𝑃𝑐𝑐′
�

𝜃𝜃 = 0.35 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996), 𝑆𝑆𝑟𝑟 = 0.08 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996),
𝜆𝜆 = 3.94 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996),

𝐴𝐴𝑔𝑔 =

(0.131)
�(0.139) −
(0.35)

(0.08)(0.139) −

�

−1

((518)(3.94) )(1−(0.08))
�((518) +
(1−(3.94))((977)(9.806))
−1

(977)(9.806)(0.139))(1−(3.94)) − (518)(1−(3.94)) � � ,
𝐴𝐴𝑔𝑔 = 0.13 𝑚𝑚3 .

Estimated groundwater velocities in each sand layer (UM, C, LM, and F) for Experiments B, C,
and D with an influent flow rate of 1 mL/min:
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1 𝑐𝑐𝑐𝑐3 /𝑚𝑚𝑚𝑚𝑚𝑚,
𝑄𝑄𝑖𝑖 = 𝐾𝐾𝑖𝑖 𝐴𝐴𝑖𝑖 𝛻𝛻ℎ,

𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑄𝑄𝑈𝑈𝑈𝑈 + 𝑄𝑄𝐶𝐶 + 𝑄𝑄𝐿𝐿𝐿𝐿 + 𝑄𝑄𝐹𝐹,

𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐾𝐾𝑈𝑈𝑈𝑈 𝐴𝐴𝑈𝑈𝑈𝑈 𝛻𝛻ℎ + 𝐾𝐾𝐶𝐶 𝐴𝐴𝐶𝐶 𝛻𝛻ℎ + 𝐾𝐾𝐿𝐿𝐿𝐿 𝐴𝐴𝐿𝐿𝐿𝐿 𝛻𝛻ℎ + 𝐾𝐾𝐹𝐹 𝐴𝐴𝐹𝐹 𝛻𝛻ℎ,
𝐾𝐾𝑈𝑈𝑈𝑈 = 𝐾𝐾𝐿𝐿𝐿𝐿 = 4.33 𝑐𝑐𝑐𝑐/ 𝑚𝑚𝑚𝑚𝑚𝑚 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996),

𝐾𝐾𝐶𝐶 = 30.19 𝑐𝑐𝑐𝑐/ 𝑚𝑚𝑚𝑚𝑚𝑚 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996),

𝐾𝐾𝐹𝐹 = 0.48 𝑐𝑐𝑐𝑐/ 𝑚𝑚𝑚𝑚𝑚𝑚 (𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑎𝑎𝑎𝑎𝑎𝑎 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 1991𝑎𝑎 ),

𝐴𝐴𝑈𝑈𝑈𝑈 = 𝐴𝐴𝐿𝐿𝐿𝐿 = 𝐴𝐴𝐹𝐹 = 112.5 𝑐𝑐𝑐𝑐2, 𝐴𝐴𝐶𝐶 = 67.5 𝑐𝑐𝑐𝑐2
𝛻𝛻ℎ =
𝑉𝑉𝑖𝑖 =

(1)
(4.33)(112.5)+(30.19)(67.5)+(4.33)(112.5)+(0.48)(112.5)

𝐾𝐾𝑖𝑖 𝛻𝛻ℎ
𝜃𝜃𝑖𝑖

,

= 0.000326,

𝜃𝜃𝑈𝑈𝑈𝑈 = 𝜃𝜃𝐶𝐶 = 𝜃𝜃𝐿𝐿𝐿𝐿 = 0.35 (𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996), 𝜃𝜃𝐹𝐹 = 0.41 (𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑎𝑎𝑎𝑎𝑎𝑎 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, 1991𝑎𝑎 )
𝑉𝑉𝑈𝑈𝑈𝑈 = 𝑉𝑉𝐿𝐿𝐿𝐿 =
𝑉𝑉𝐶𝐶 =

(4.33)(0.000326)
(0.35)

(30.19)(0.000326)
(0.35)

= 4.03 × 10−3 𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚𝑚𝑚,

= 2.81 × 10−2 𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚𝑚𝑚, 𝑉𝑉𝐹𝐹 =
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(0.48)(0.000326)
(0.41)

= 3.82 × 10−4 𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚𝑚𝑚

TCE DNAPL partitioning threshold concentration for medium sand layer:
𝐶𝐶𝑇𝑇 =

𝐾𝐾𝑑𝑑 𝐶𝐶𝑤𝑤 𝜌𝜌𝑏𝑏 +𝐶𝐶𝑤𝑤 𝜙𝜙𝑤𝑤 +𝐶𝐶𝑤𝑤 𝐻𝐻𝑖𝑖 𝜙𝜙𝑎𝑎
𝜌𝜌𝑏𝑏

𝐾𝐾𝑑𝑑 = 𝐾𝐾𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓 = (93.33)(0.0003) = 0.028 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, 1998; 𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. , 1996)
𝜌𝜌𝑏𝑏 = 𝜌𝜌𝑠𝑠 (1 − 𝜃𝜃𝑈𝑈𝑈𝑈 ) = (2.66)�1 − (0.35)� = 1.73 𝑚𝑚𝑚𝑚/𝑚𝑚3

𝐶𝐶𝑤𝑤 @24°𝐶𝐶 = 1100 𝑚𝑚𝑚𝑚/𝐿𝐿, 𝐻𝐻𝑖𝑖 = 0.411 (Chen et al. , 2012)

𝜙𝜙𝑎𝑎 = 𝜃𝜃𝑈𝑈𝑈𝑈 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (0.35) − (0.18) = 0.17, 𝜙𝜙𝑤𝑤 = 𝜃𝜃𝑈𝑈𝑈𝑈 − 𝜙𝜙𝑎𝑎 = 0.18,

𝐶𝐶𝑇𝑇 =

(0.028)(1100)(1.73)+(1100)(0.18)+(1100)(0.411)(0.17)

𝐶𝐶𝑇𝑇 = 190 𝜇𝜇𝜇𝜇/𝑔𝑔

(1.73)
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