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Abstract 

In-situ thermal treatment (ISTT) technologies are a set of remediation methods for treating 

chlorinated volatile organic compound (CVOC) dense non-aqueous liquid (DNAPL) source 

zones by increasing the temperature of the subsurface. However, the efficiency and effectiveness 

of the treatment can be greatly reduced by high groundwater flow as a result of convective heat 

losses. Dissolved gas exsolution can generate gas below the boiling point of water and may 

potentially reduce the aqueous relative permeability to mitigate cooling from groundwater flow. 

The effects of using dissolved gas exsolution in ISTT applications were quantified in laboratory-

scale experiments. Laboratory-scale heating experiments were conducted at temperatures above 

and below the co-boiling temperature using sand-water-NAPL mixtures with and without 

dissolved carbon dioxide-saturated water. Results indicated extraction of NAPL was possible at 

temperatures below the co-boiling point. However, limited volumes were extracted (1 to 2 mL 

from 27 mL emplaced initially) using one pore volume of carbon dioxide-saturated water. 

Estimates indicate more than 30 pore volumes of solution are required to extract the emplaced 

volume at a temperature near the co-boiling point. Pore volumes required for treatment increased 

when temperatures decreased. Additional electrical resistance heating (ERH) experiments were 

conducted in a 2D flow cell supplied by water with and without dissolved carbon dioxide to 

determine the effects on groundwater flow rate. Results indicated a reduction of flow by three to 

four orders of magnitude after exsolution. Results also indicated a change in flow regime from 

advection dominated flow to natural convection dominated flow. Overall, the two studies 

indicate that dissolved carbon dioxide exsolution has a potential to be used in practice for 

groundwater flow reduction, but may only see limited effectiveness for removing NAPLs at 

lower temperatures. Further work is required to determine the effects in field applications. 
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Chapter 1  

Introduction 

1.1 DNAPLs  

Dense non-aqueous phase liquids (DNAPLs) are liquids that are less soluble and denser than water 

(Villaume, 1985; USEPA, 2018). DNAPLs are a concern as exposure can cause significant health 

risks to human and ecological receptors even at low concentrations (Lerner et. al., 2003; Wong et 

al., 2009), and can cause contamination plumes for hundreds of years due to their low dissolution 

rates, low mobility, and low vaporization rates at ambient temperatures (Pankow and Cherry, 1996; 

Heron et al., 2016). DNAPL that enters the subsurface can migrate vertically below the 

groundwater table as a separate phase until it reaches soils with low permeability, where the 

DNAPL can accumulate on top of low permeability layers as pools, and can travel horizontally 

along those low permeability layers (Pankow and Cherry, 1996; Kueper et al., 2014). Although 

low permeability media act as barriers that limit vertical migration, the volatile organic compound 

(VOC) components within the pooled DNAPLs can adsorb onto and diffuse into low permeability 

layers over time and become much more difficult to remove. In addition, VOC within the impacted 

low permeability layers can slowly diffuse back into the groundwater at concentrations that are 

much higher than drinking water standards (Liu and Ball, 2002; Roy and Smith, 2007), acting as 

a persistent source. DNAPLs can also enter into bedrock fractures and can cause much wider areas 

of contamination as the fracture apertures in bedrock are typically much larger than pore channels 

in soils and will allow DNAPL to spread with minimal resistance (Sudicky et al., 1998; Steele and 

Lerner, 2001).  
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In particular, chlorinated volatile organic compounds (CVOCs) are a type of DNAPL that can be 

found in the subsurface as a result of industrial processes, disinfection processes with chlorine and 

organic matter, household products, as well as improper storage and disposal of contaminants 

(Villaume, 1985; McCarty, 2010; Huang et al., 2014; Kueper et al., 2014). Due to the common 

applications of CVOCs over several decades as solvents and degreasers, large scale dry cleaning, 

and for manufacturing of other chemicals, CVOCs are one of the most common contaminants 

found at brownfield sites (Doherty, 2000; USEPA, 2004). These compounds can damage the liver 

and kidney, and can also cause cancer upon exposure (Toccalino et al., 2006; Wong et al., 2009; 

Huang et al., 2014).  

 

1.2 Remediation Methods 

To address the environmental concern caused by CVOCs in the subsurface, different remediation 

methods have been developed and applied at different sites (Stroo et al., 2012; Phenrat et al., 2019). 

A majority of these technologies are injection-based treatment methods, such in-situ chemical 

oxidation, in-situ chemical reduction, and enhanced bioremediation. Another common treatment 

method is pump-and-treat, which is a fluid displacement technology that relies on extraction and 

is sensitive to hydraulic conductivity. These methods are effective in many scenarios and excel at 

treating contaminant plumes. However, the effectiveness of injection and extraction is limited in 

treating DNAPL source zones where contaminants are trapped in lower permeability layers. 

Injection methods can also be limited when treating heterogeneous soils where injected substances 

may travel along higher permeability layers instead of treating the entire volume (Sale and 

McWhorter, 2001; Heron et al., 2005; Suthersan et al. 2011; Stroo et al., 2012; Huang et al., 2014). 
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Apart from injection-based remediation methods, another type of remediation is in-situ thermal 

treatment (ISTT). ISTT technologies include thermal conductive heating (TCH), electrical 

resistance heating (ERH), in-situ smoldering combustion, and steam enhanced extraction (SEE) 

(Switzer et al., 2009; Kueper et al., 2014). ISTT relies on heating the subsurface to mobilize CVOC 

DNAPL and removes the contaminants using fluid extraction systems and above ground treatment 

(USACE, 2014). In particular, ERH and TCH do not have an injection component for treatment. 

ERH passes an electrical current between electrodes that are installed within the subsurface and 

heats the volume using the resistance of the soil (McGee 2003; Beyke and Fleming, 2005; Kueper 

et al., 2014). TCH delivers power to heating elements installed into the subsurface and heats the 

surrounding soil around each element via conduction (LaChance et al., 2006; USACE, 2014). In 

most applications, temperatures are increased in the subsurface until the CVOC is vaporized and 

the vapours are extracted for further treatment (McGee, 2003; Beyke and Fleming, 2005; Heron et 

al., 2005; Park et al., 2005; Baker et al., 2006; LaChance et al., 2006; Kueper et al., 2014). 

 

Although ERH and TCH can be applied to low permeability soils and heterogeneous layers for 

effective treatment, there are limitations to this technology (Kunkel et al. 2006; Stroo et al., 2012; 

USACE, 2014). As temperatures need to be increased until the CVOC can be vaporized, cooling 

from groundwater flow can greatly reduce the efficiency and effectiveness of the treatment. In 

extreme cases, ERH and TCH may no longer be practical as a treatment method as a result of high 

groundwater flow (Stroo et al., 2012). The adverse effects of high groundwater flow are important 

in heterogeneous layers as non-uniform temperature distributions can occur, where there may be 

limited heating in higher hydraulic conductivity layers. This allows CVOC vapours from lower 

hydraulic conductivity layers to enter and condense in the higher hydraulic conductivity layers and 
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can spread contaminants, either as dissolved CVOC with transport in the direction of groundwater 

flow or as NAPL with migration by multiphase flow (Kueper et al., 2014; Munholland et al., 2016). 

 

To mitigate the limitations from groundwater flow, hydraulic or physical barriers are installed at 

the treatment area, or the energy input for heating is increased to compensate for the effects of 

convective heat losses (Hegele and McGee, 2017). The barriers can slow down or redirect 

groundwater flow to minimize cooling.  Increasing the energy input can ensure the treatment area 

can be heated to temperatures that can vaporize CVOC. However, the barrier options can become 

expensive with depth, which is usually required as a result of vertically migrating DNAPLs. 

Increasing the energy input is costly and may not even be an option for remote sites (Heron et al., 

2015). There is currently no economical approach applicable to a site with deep treatment zones 

that can maintain the performance of ISTT with high groundwater flow and/or heterogeneous 

layers.  

 

Dissolved gas exsolution is an alternative approach to address colder temperatures created by high 

groundwater flow.  Hegele and Mumford (2015) explored the effects of gas exsolution when the 

temperature of a dissolved CO2-saturated solution was increased. The results indicated that gas 

production was possible at temperatures below the boiling point of water, and the authors 

hypothesized that this would decrease the aqueous relative permeability of a heated zone and 

increase NAPL removal at lower temperatures. However, no experiments were completed on a 

flowing cell and the effect of gas production at lower temperatures on treatment of CVOC 

DNAPLs was not quantified.  
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1.3 Research Objectives 

The objectives of this research are to quantify the effects of dissolved carbon dioxide exsolution 

during ISTT of CVOC DNAPL with respect to temperature requirements for co-boiling and gas 

transport mechanisms. In particular: 

(i) Investigate the potential of using dissolved carbon dioxide exsolution to effectively 

remove CVOCs at temperatures below water-NAPL co-boiling points. 

(ii) Determine the effectiveness of dissolved carbon dioxide exsolution for mitigating 

groundwater cooling during ISTT.  

 

1.4 Organization of Thesis 

This thesis is organized in a manuscript format. Chapter 2 is a literature review of remediation 

methods, fluid properties relevant to ISTT technologies, and the effects of gas during ISTT 

applications. Chapter 3 presents the temperature profiles and DNAPL recovery curves relative to 

temperature and time when heating sand-water-NAPL mixtures with and without dissolved carbon 

dioxide-saturated water in laboratory experiments. Chapter 4 presents the effects of exsolving a 

continuous source of dissolved carbon dioxide in a 2D flow cell on the groundwater flow rate and 

flow patterns during bench-scale ERH heating experiments. Chapters 3 and 4 have been prepared 

as stand-alone manuscripts.  Chapter 5 includes a concluding summary of the results, as well as 

recommendations for future work. The appendix contains supplemental figures, calibration of data 

acquisition devices, and sample calculations. The reader should expect duplication between the 

literature review of Chapter 2 and the background sections of Chapter 3 and Chapter 4 as a 

consequence of the manuscript format. 
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Chapter 2  

Literature Review 

2.1 Remediation Methods 

As CVOCs are persistent within the subsurface and the aqueous concentrations resulting from their 

dissolution are often much higher than acceptable environmental standards, active remediation 

techniques are typically deployed to treat them (Stroo et al., 2012; Phenrat et al., 2019). Some 

common in-situ treatment technologies include pump-and-treat, in-situ chemical oxidation, in-situ 

chemical reduction, and enhanced bioremediation.  

 

Pump-and-treat technologies involve the extraction of groundwater or multiple phases (NAPL, 

aqueous, and vapours) from the subsurface through an applied vacuum in pumping wells (Mackay 

and Cherry, 1989; USEPA, 1999). Based on the objective of the extraction, pumping wells can be 

screened at or below the water table for groundwater and NAPL extraction, and can be screened 

at or above the water table to extract vapours. In general, pump-and-treat often fails to achieve 

remediation standards due to the properties of DNAPLs and results in indefinite operations 

(Newmark and Aines, 1997; Riha et al. 2008; USACE, 2014). 

 

In-situ chemical oxidation involves the injection of an oxidant such as permanganate ion into the 

subsurface (Mumford et al., 2005; Xu and Thomson, 2009), which can then react with 

contaminants to form compounds that do not adversely affect the health of receptors (McGuire et 

al., 2006; Hesemann and Hildebrandt, 2009). In-situ chemical reduction is similar to in-situ 

chemical oxidation, where reducing compounds such as zero-valent iron are injected into the 
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subsurface (Liu et al., 2005; O’Carroll et al., 2013), which dechlorinate CVOCs and form 

compounds that are not harmful to human and ecological health.  

 

Enhanced bioremediation involves the injection of substrates and/or microorganisms to increase 

the rates and effectiveness of microbes that consume the contaminant within the subsurface (Ellis 

et al., 2000; McGuire et al., 2006) through reductive dechlorination. Bioremediation treatment 

times are typically longer in comparison to other technologies, as time is required for the bacteria 

to react with the contaminants. In particular, certain forms of CVOCs are toxic to bacteria required 

for remediation (McGuire et al., 2006; Stroo et al., 2012; Huang et al., 2014).  

 

The effectiveness of injection-based treatment methods can be limited in certain scenarios. One 

major issue is the effect of heterogeneity, which causes injected substances to travel along 

preferential pathways and can result in failure to treat a target zone. Treatment in lower 

permeability media may also be limited as the injection pressures may not be sufficient to distribute 

the treatment fluids. Injection-based treatment can effectively treat contaminant plumes. However, 

for applications of injection-based treatment in DNAPL source zones, aqueous concentrations can 

rebound due to DNAPL dissolution or back diffusion from untreated lower permeability layers 

(Sale and McWhorter, 2001; Heron et al., 2005; Suthersan et al. 2011; Stroo et al., 2012; Huang 

et al., 2014).  

 

One remediation method that does not rely solely on injection-based techniques is in-situ thermal 

treatment (ISTT). Some examples of ISTT technologies are thermal conductive heating (TCH), 
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electrical resistance heating (ERH), in-situ smoldering combustion, and steam enhanced extraction 

(SEE) (Heron et al., 1998; Kaslusky and Udell, 2002; Baker et al., 2006; Switzer et al., 2009; 

Kueper et al., 2014; Scholes et al., 2015; Grant et al., 2016; Zhao et al., 2019). ISTTs increase the 

temperature within the subsurface to mobilize DNAPLs and remove CVOC from aqueous and gas 

phases using recovery systems for treatment above ground (van Zutphen et al., 1998; USACE, 

2014).  

 

SEE involves using pressurized steam fronts injected into the subsurface to displace NAPL and 

water for extraction, in addition to providing energy for vaporization (Newmark and Aines, 1997; 

Parkinson et al., 2004; USEPA, 2014). The energy is transferred via latent heat as the steam 

condenses in the subsurface and heats the target volume. However, as SEE relies on an injection 

process, the treatment times increase with decreasing grain size (Hadim et al. 1993) and are 

affected by preferential pathways created by heterogeneity.  

 

In-situ smoldering combustion is commonly referred to as self-sustaining treatment for active 

remediation (STAR) (Scholes et al. 2015; Rashwan et al. 2016; Grant et al., 2016). The treatment 

process involves a combustion front that spreads from an ignition point and uses contaminants as 

fuel. The combustion is an exothermic reaction and continues as long as oxygen is supplied and 

sufficient fuel is present (Switzer et al., 2009). The process does not require any additional energy 

input (Switzer et al., 2009; Grant et al., 2016). Once there is insufficient oxygen or fuel, the 

reaction stops and the combustion self terminates (Pironi et al., 2011). However, if there are 

insufficient contaminants, combustion does not create sufficient heat to sustain the reaction, or if 

the grain sizes are too large, the volume may not be fully remediated as the surface area for 
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reactions decrease with larger void spaces and the required energy for heating the volume will 

increase. This leads to insufficient heating across the combustion front (Pironi et al., 2011). 

 

TCH uses wells equipped with heating elements that are installed within the subsurface to heat the 

target treatment zone (LaChance et al., 2006; USACE, 2014). Heat is transferred along the heated 

wells into the treatment zone primarily through thermal conduction, and can vaporize contaminants 

at temperatures much higher than the boiling point of water (Stegemeier and Vinegar, 2001; 

Kunkel et al. 2006; LaChance et al., 2006). These vapours are then extracted through wells with 

an applied vacuum through the vadose zone for treatment above ground (Park et al., 2005; Baker 

et al., 2006; LaChance et al., 2006; Kueper et al., 2014). Contaminants can also be removed by 

oxidation and pyrolysis at the highest temperatures between 500 °C and 900 °C (Stegemeier and 

Vinegar, 2001; Kueper et al., 2014).  

 

ERH requires passing an electrical current through the subsurface between electrodes installed 

vertically or laterally within the target treatment zone, which heats the subsurface between the 

electrodes based on the resistance of the soil (McGee 2003; Beyke and Fleming, 2005; Kueper et 

al., 2014). Soils with lower permeability such as silts and clays have a higher electrical 

conductivity, and preferential heating of these soils will occur during ERH (Beyke and Fleming, 

2005). Heat transfer also occurs through thermal convection when heating the flowing liquids 

within the treatment zone and occurs through thermal conduction across strata with different 

electrical conductivities. ERH requires pore water to be present to conduct current and continue 

heating (Roland et al., 2011), which limits ERH to increases in temperature of the subsurface to 

the boiling point of water.  ERH is, therefore, used to treat higher-volatility DNAPLs (Davis, 1997; 
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Kunkel et al. 2006; USACE, 2014). Once the contaminants are vaporized, they are extracted 

through vacuum wells for further treatment (McGee, 2003; Beyke and Fleming, 2005; Heron et 

al., 2005).  

The main advantages of TCH and ERH over other non-ISTT remediation techniques include their 

wide applicability across different soils (Beyke and Fleming, 2005; LaChance et al., 2006; Stroo 

et al., 2012; USACE, 2014; Heron et al., 2016). The capabilities of TCH and ERH do not change 

significantly due to minor fluctuations of thermal conductivity and electrical conductivity between 

different soil matrices, which allows TCH and ERH to be applied even in heterogeneous soils and 

low permeability soils (Kunkel et al. 2006; Stroo et al., 2012; USACE, 2014). Heating the 

subsurface during ISTT generally requires a lower operation time compared to bioremediation and 

pump-and-treat techniques for removal of contaminants, though the operation time is similar to 

chemical treatment (McGuire et al., 2006). In addition, there are several mechanisms and 

properties that ISTT technologies take advantage of through increasing the temperature of a 

DNAPL that improve the effectiveness of DNAPL source removal (Kueper et al., 2014).  

 

Although the advantages of using TCH and ERH to treat CVOC DNAPL are very attractive, there 

are limitations to these technologies. One of the disadvantages is the high energy consumption 

compared to other in-situ treatment technologies (Kunkel et al. 2006; Lemming et al., 2012; 

Kueper et al., 2014). This is a result of heat transfer requirements from the energy source to the 

target treatment zone, which involves increasing the temperature of the liquids to boiling points 

based on the specific heat capacity, and more importantly, for phase change from liquid to vapour 

based on the latent heat of vaporization of water and CVOCs (USACE, 2014). Groundwater flow 

from outside the treatment zone can cool the target volume, resulting in convective heat losses 
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from the system. This increases the heating requirements and energy consumption (Stegemeier 

and Vinegar, 2001; Kunkel et al. 2006; Stroo et al., 2012). In extreme cases, the high groundwater 

flow can cool the treatment volume to an extent where the application of ERH and TCH is no 

longer practical (Stroo et al., 2012). The soil matrix must be heated to maintain high temperatures 

that are uniformly distributed to mitigate preferential migration of vapours from areas of high 

temperature to colder areas located outside the treatment zone where contaminants can condense 

and result in spreading the contaminants (Kueper et al., 2014; Munholland et al., 2016). 

Furthermore, local effects of heterogeneity can change the rate of groundwater flow within each 

layer with different hydraulic conductivities, and can result in non-uniform temperature 

distributions during heating and can limit vaporization in higher hydraulic conductivity layers due 

to cooler temperatures (Munholland et al., 2016). Although ERH and TCH can be applied in 

heterogeneous soils, the vapour must still travel through the subsurface to the vadose zone or to 

multiphase extraction wells below the water table for extraction (Kunkel et al. 2006; Stroo et al., 

2012). As a result of these limitations, ISTT technologies are often much more expensive and have 

high energy requirements for applications in comparison to other remediation technologies 

(McDade et al., 2005; Stroo et al., 2012; Heron et al., 2015), and their cost can limit their 

application, especially for smaller sites (Kueper et al., 2014).  

 

Some of the limitations of ERH and TCH can be mitigated in practice. An insulating surface cover 

is generally installed over the target treatment area to reduce heat losses (USACE, 2014). 

Hydraulic or physical barriers can be installed, or the energy input for heating can be increased, to 

mitigate the effects of convective cooling as a result of groundwater flow from outside of the 

treatment zone (Hegele and McGee, 2017). Hydraulic barriers utilize groundwater pumping wells 
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to control the flow by modifying the hydraulic gradient around the treatment, and physical barriers 

such as sheet piles and slurry walls redirect or reduce the groundwater flow substantially such that 

only minimal volumes of groundwater can enter the treatment zone during heating. Increasing the 

energy input such that any detrimental effects from convective heat loss are negligible ensures that 

the treatment zone can be heated to the required temperatures for remediation. To mitigate some 

effects of heterogeneity for uniform distribution of temperatures, the Electro-Thermal Dynamic 

Stripping Process, which is a specialized ERH method, can be utilized to improve uniform 

temperature distribution during heating through the use of water injections that improve overall 

heat distribution via convective heat transfer (McGee, 2003).  

 

However, the current solutions that address convective heat loss from groundwater flow may not 

be cost effective based on very common factors. Hydraulic barriers can become very costly as 

groundwater flow increases because it requires the extraction and storage of large volumes of 

groundwater, and are expensive and difficult to maintain at deeper depths. Physical barriers 

experience similar limitations, where the cost and difficulty to deploy the barrier increase 

substantially as depths increase. Increasing the energy input will increase the already high energy 

requirements and operational costs. Additional energy may not even be available at all sites as the 

input relies on the local availability of power and may be limited in remote locations (Heron et al., 

2015). As such, there is a need for a flexible and cost effective solution that can address the high 

energy requirements that result from groundwater flow, and a need to improve the uniform 

distribution of heat. There is an additional need for a method to provide effective treatment at 

lower temperatures for application at heterogeneous with high permeability layers.  
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2.2 DNAPL Fluid Properties and Partitioning Mechanisms  

Thermal remediation relies on several mechanisms that change the properties of DNAPLs based 

on an increase in temperature. When CVOCs are heated, the density, sorption to organic matter, 

and the liquid viscosity decreases, while the vapour pressure, vapour viscosity, solubility, and the 

Henry’s Law constant increases (Davis, 1997). There is also a potential increase in CVOC 

biodegradation rate, though this is only applicable when cooling begins as thermal remediation 

typically increases the subsurface temperatures above the threshold of microbial bodies (Perfumo 

et al., 2006).  

 

One important property of CVOCs that is affected by temperature is desorption in soils. Desorption 

occurs as temperatures increase during ISTT applications and higher concentrations of sorbed 

contaminants are released quicker from the soil when the temperatures are near or higher than the 

boiling point of contaminants (Lighty et al., 1988; Tognotti et al., 1991; Uzgiris et al., 1995; Fares 

et al., 1995). This process can be described by partitioning. The partitioning coefficient dictates 

the concentration of the contaminant in each phase including pore-gas, pore-water, and solid-

sorbed at equilibrium (Isherwood et al., 1992). As temperatures increase, the equilibrium 

concentrations are transferred from higher density phases to lower density phases. This results in 

a mass transfer flux from soil-sorbed CVOCs to aqueous and gas phases, and a mass transfer flux 

from the aqueous phase to the gas phase, if a gas phase is available. As organic content increases 

in the soils and as the molecular weight of the CVOC increases, the sorption of CVOCs to soil 

increases (Sleep and McClure, 2001). At equilibrium, the concentrations of each phase can be 

calculated using the following equations (Isherwood et al., 1992; Kueper et al., 2014): 

��,� = 
���,�  (2.1)  
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��,� = ��,� ��,�⁄   (2.2)  

��,� = (
� ��,�)��,�⁄   (2.3)  

��,� =  ��	��,�	  (2.4)  

where Ci is the concentration of compound i (mg·kg-1 for sorbed phase; mg·L-1 for aqueous and 

gas phase), Hi is the Henry’s Law Constant for compound i (unitless), Ki,D is the distribution or 

partition coefficient of compound i (mL·g-1), Ki,oc is the organic-carbon partition coefficient of 

compound i (mL·g-1), foc is the fraction of organic carbon in the solid that the compound has sorbed 

to (unitless), and the subscripts s, w, and g refer to the sorbed, aqueous, and gas phase, respectively.  

 

Heron (1997) indicated that KD for trichloroethene (TCE) decreased by a factor of 1.2 under 

saturated conditions and by a factor of 58 under dry soil conditions between 20 and 100 °C. Sleep 

and McClure (2001) indicated a decrease in KD and Koc by a factor of approximately 1.7 for 

tetrachloroethene (PCE) as temperatures increased under saturated conditions between 22 and 

92 °C.  

 

The solubility of CVOCs indicates the mass of contaminant that can be dissolved in water (Kueper 

et al., 2014), and can indicate remediation times based on mass removal from volumes of water 

extracted. This mechanism is significant as it reinforces the importance of groundwater flow 

control since higher concentrations of dissolved PCE and TCE can flow down gradient from the 

treatment zone during heating if the barrier is not effective. The solubility of PCE and TCE 

increases as temperatures rise between 20 and 100 °C based on studies by Sleep and Ma (1997), 

Imhoff et al. (1997), Heron et al. (1998), and Knauss et al. (2000), though only to a limited extent. 
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Although the solubility does not increase substantially, Imhoff et al. (1997) indicated an increase 

in mass flux from the NAPL to aqueous phases as temperature increases for various CVOCs 

including TCE and PCE, which can increase mass removal during vaporization. However, this 

increase in solubility with temperature is not applicable to all CVOCs (Davis, 1997).  For example, 

a decrease in solubility occurs for 1,1,1-trichloroethane (Chen et al., 2012). There was no 

consistent pattern relating the solubility and temperature for the CVOCs investigated by Chen et 

al. (2012), since solubility was observed to increase, decrease, or even remain relatively constant 

between 8 and 75 °C for eight different CVOCs. Koproch et al. (2019) also indicated that the 

solubility of PCE and TCE observed around 20 °C was a minimum value, and the solubility at 5 °C 

was similar to the solubility found at 60 to 70 °C.  

 

The viscosity of CVOC DNAPLs and water can indicate the potential extraction rate via pumping 

from the subsurface and can indicate the amount of viscous fingering within the subsurface (Sleep 

and Ma, 1997). As viscosity is a factor that affects the flow rate of a fluid, it is important to account 

for any changes that occur as a result of heating. The viscosity of water can be estimated using the 

empirical relationship by Korson et al. (1969): 

�� = %&'
())) × 10-.-/01(2034)30.00-52/(4320)2

4651.17   (2.6)  

where µw
θ is the reference dynamic viscosity of water at 20 °C (cP), µw is the viscosity of water at 

the relevant temperature (cP), and T is temperature (°C). The viscosity of PCE can be estimated 

using the following equation developed by Sleep and Ma (1997): 

ln ���� = −4.723 + (.@A)×()7
B − C.)DE×()F

B2  (2.7) 
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where µPCE is the viscosity of PCE (cP) and T is in Kelvin. Based on the data presented by Kueper 

et al. (2014), the liquid viscosity of CVOCs decrease as temperatures increase between 20 and 

100 °C. However, as the PCE-water viscosity ratio increases as temperatures rise, it was expected 

that the effectiveness of liquid extraction would decrease (Sleep and Ma, 1997). In addition, the 

change in viscosities are limited to 56-69% decrease from 25 °C to 100 °C (Kueper et al., 2014), 

and changes in vapour pressure and Henry’s Law constant are likely more significant in thermal 

remediation. Although CVOC liquid extraction rates may not improve as a result of temperature 

increases, the viscosity of CVOC gases are typically one to two orders of magnitude lower than 

liquids (Davis, 1997). This greatly increases the mobility of CVOCs for vapour extraction, and the 

increase of gaseous viscosity as temperatures increase is negligible when comparing liquid and 

gas viscosities.  

 

The density of a CVOC governs its vertical mobility in the subsurface (Davis, 1997). Since CVOC 

DNAPLs are denser than water, pools are located below the water table as a separate liquid phase 

(Villaume, 1985). When temperatures increase, the density of liquids such as water and PCE 

decrease. The relationship of density and temperature are typically estimated using empirical 

equations.  Water density can be estimated using the following equation (Kell, 1975): 

�� = GAAA.@DAECH(I.AJE(KIB�K.A@K)J)(×()37B2�JI.(K)JI(×()3LB7H()E.EID)C×()31BM�C@).EJCED×()3-2BFN
((H(I.@KA@E)×()37B)  (2.8) 

where T is temperature (°C) and ρw is the density of water (kg·m-3). The density of PCE can be 

estimated using the following equation developed by Sleep and Ma (1997): 

���� = 1.6294 − 6.6655 × 10�JR − 4.9643 × 10�CRC (2.9) 
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where ρPCE is the density of PCE (g·cm-3). The density of water decreases at a lower rate in 

comparison to PCE as temperatures increase. However, the density of PCE remains higher than 

water between 20 and 100 °C and the decrease in density is limited. As such, the decrease in 

density may not improve contaminant recovery (Sleep and Ma, 1997). 

 

The temperature required to change a pure NAPL phase to a gas phase is higher than the 

temperature required at a water-NAPL interface due to the vapour pressure of the water and NAPL, 

and is referred to as co-boiling (Kueper et al., 2014). Some common boiling points of pure phase 

CVOCs and their co-boiling points with water are presented in Table 2.1 (reproduced from 

USACE, 2014): 

Table 2.1. Boiling point of pure phase CVOCs 

Chemical Boiling point 
(oC) 

Co-boiling Point with Water 

(oC) 

Tetrachloroethene 121.0 88.5 

Trichloroethene 87.1 73.1 

1,1,2-Trichloroethane 113.7 86.0 

1,2-Dichloroethane 83.5 72.0 

 

 

It is noted that compounds with lower vapour pressures have higher boiling points (Davis, 1997). 

Boiling of a pure phase in porous media occurs when Equation 2.10 is satisfied and co-boiling of 

immiscible liquids in porous media occurs when Equation 2.11 is satisfied: 

�� =  � + 	  (2.10)  

�� + ∑ � + ∑ T =  � + 	  (2.11)  

where Pwv is the water vapour pressure (Pa), Pi is the partial pressure (Pa) of DNAPL component 

i, and Pj is the partial pressure (Pa) of dissolved gas j, Pw is the water pressure (Pa), and Pc is the 

capillary pressure (Pa). Values of Pw and Pc do not change substantially based on typical ISTT 
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operating temperatures that heat the subsurface to water boiling temperatures and any changes 

are negligible relative to the changes in Pwv, Pi, and Pj. Pw is typically estimated as the 

hydrostatic pressure and Pc changes based on the entry pressure of the soil, increasing as grain 

sizes decrease.  

 

As water vapour pressures vary based on the temperature, this value can be estimated using the 

Antoine equation: 

log �� = W − X
�HB  (2.12)  

where A, B, and C are constants applicable in certain temperature ranges (A=8.07131, B=1730.63, 

C=233.426 for vapour pressure in mm Hg (Torr), applicable between 1 and 100 °C). Temperatures 

in this equation are typically measured in °C (Yaws and Yang, 1989). The Wagner equation is used 

to estimate the vapour pressure of NAPL components for specific temperatures (Reid et al., 1987): 

ln Y�Z[\]
�^_Z`,Za = �ZbHcZb-.FHdZb7H�ZbL

(�bZ  ;where e� = 1 − B
B^_Z`,Z (2.13)  

where Ei, Fi, Gi, and Hi are constants applicable to compound i in specific temperature ranges 

that vary based on compound i, ����is the vapour pressure of component i in its pure phase, 

Pcrit,i is the critical pressure of component i, and Tcrit,i is the critical temperature of component i. 

Pressures and temperatures in this equation are measured in bars and K, respectively.  

 

The partial pressure of NAPL components in an ideal NAPL mixture can be estimated using 

Raoult’s Law (Zhao et al., 2014): 

� =  f�����
  (2.14)  
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where xi is the mole fraction of component i. To account for the partial pressures from dissolved 

gases, Henry’s Law is used: 

T = 
T�T,�  (2.15)  

where Cj is the dissolved gas concentration of component j (mol·m-3) and the Henry’s Law 

constant in this equation is expressed in units of Pa·m3·mol-1. As the Henry’s Law constant 

changes with temperature, the revised value is estimated using an integrated form of the van’t 

Hoff equation (Sander, 2015): 


T(R) = 
T� × exp Y�∆����,�
� × j(

B − (
B'ka  (2.16)  

where Hj
θ is the Henry’s Law constant expressed as mol·Pa-1·m-3 at the reference temperature for 

compound j, Tθ is the reference temperature, R is the gas constant (m3·Pa·K-1·mol-1), ∆
 is the 

change in enthalpy (J·mol-1), and 
�∆����,�

�  is a constant (K) based on the enthalpy of dissolution of 

compound j, valid for limited temperature ranges where the enthalpy of dissolution remains 

relatively constant. Temperatures in this equation are measured in K. The Henry’s Law constant 

indicates the extent of partitioning from the aqueous phase to the gas phase (Davis, 1997).  

 

2.3 Effects of Gas on ISTT Applications 

For a solution saturated with one dissolved component, the concentration of dissolved gas can be 

determined using Equation 2.11, where only Pj is the unknown. Equation 2.16 can be used to 

determine the Henry’s Law constant of the dissolved component at a given temperature. Based 

on a known volume of solution, the number of moles of dissolved gas in solution can be 

calculated at different temperatures. Using the ideal gas law, the change in the number of moles 

of dissolved gas in solution is used to calculate the resulting volume of gas produced upon 
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increasing the temperature, since the aqueous phase would partition to the gas phase based on the 

Henry’s Law constant. This calculation assumes that the temperature change is instantaneous and 

the entire solution is heated equally. Based on this calculation, the volume of gas per volume of 

solution for different dissolved gases was calculated, assuming an initial temperature of 20 °C, 

and is presented in Figure 2.1.  

 
Fig 2.1. Volume of gas produced per volume of water heated based on initial temperature of 20 °C and 

atmospheric pressure 

 

Figure 2.1 shows that CO2 can generate a larger volume of gas than the original volume of water 

at temperatures higher than 65 °C, which increases exponentially with temperature. The other 

common gases found in the atmosphere did not indicate the same potential. This effect was 

explored by Hegele and Mumford (2015), where gas exsolution was observed when the 

temperature of a dissolved CO2-saturated solution was increased. Gas was produced in the heated 

cell when temperatures were below the boiling point of water and gas saturations were 
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maintained when a continuous source of dissolved CO2 was injected into the system.  No NAPL 

was present in their experiments.   

 

Once gas is generated from co-boiling or exsolution of dissolved gases, the rate of energy transfer 

is typically reduced. For ERH, this effect can be described by the modified Archie’s law (Winsauer 

et al, 1952; Amiri, 2012; Glover, 2016): 

lmnn = l�(R) o&
� ∅p  (2.17)  

where σeff is the effective electrical conductivity of the solution (S/m), Sw is water saturation 

(unitless), a is the tortuosity of the media (unitless), m is the cementation component (unitless), 

and σw is the water phase electrical conductivity of the solution (S/m). As gas saturations increase, 

the water saturation decreases and results in a reduction in the effective electrical conductivity. 

This reduces the power input across the electrodes and will result in an overall temperature 

decrease across the treatment area. 

 

For TCH, the presence of gas affects the overall effective thermal conductivity of the treatment 

area as the soil, water, DNAPL, and gas have varying thermal conductivities (Woodside and 

Messmer, 1961). The soil typically has the highest thermal conductivity, followed by water, 

NAPL, and lastly gas (Horai, 1971; Kauffman and Jurs, 2001; Barry-Macaulay et al., 2013; Zhou 

et al., 2019). As a result, the effective thermal conductivity decreases as gas saturations increase 

and reduces the heat transfer between the heat conduction wells.  
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When a treatment area is heated, gas production changes the groundwater flow, as described by 

the multiphase extension of Darcy’s Law: 

qr = st�s u&�
%&

∆v
w   (2.18)  

where qu is the Darcy flux under unsaturated conditions (m·s-1), k is intrinsic permeability of the 

soil (m2), krw is aqueous relative permeability (unitless), h is hydraulic head (m), and L is length 

(m). The aqueous relative permeability decreases with increasing gas saturation, which can be 

described using the Brooks-Corey relationship modified by Burdine (Brooks and Corey, 1964): 

st� = x((�oy)�o_
(�o_ zjDH2

{k
 (2.19) 

where Sg is the gas saturation (unitless), Sr is the residual water saturation (unitless) and λ is the 

pore size distribution index (unitless).  

 

Apart from the groundwater flow rates that can be directly affected by gas saturations generated 

by heating, the flow regime in groundwater can also be changed as a result of heating. Krol et al. 

(2014) identified three main types of groundwater flow that can occur during heating: 1) advective 

flow driven by hydraulic gradient, 2) buoyant flow driven by density without groundwater flow, 

and 3) mixed flow which is driven by a combination of the two other types. The flow type can be 

determined using a ratio of the Rayleigh-Darcy number (Ra) which is the ratio between buoyancy 

forces and thermal diffusivity; and the thermal Peclet number (Pe) which is the ratio between 

advective flow velocity and thermal diffusivity. Krol et al. (2014) refers to this ratio as the mixed 

convection number: 

��
�m  =  |�}u&∆B

%&~ =  }∆B
�  (2.20)  
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where β is the coefficient of thermal expansion (°C-1), ΔT is the change in temperature across the 

length of the treatment area (°C), and i is the hydraulic gradient (unitless). When advective flow 

dominates the system, the ratio is below or at unity and flow lines would be along the groundwater 

flow direction. When buoyant flow dominates the system, the ratio is above 500 and flow lines 

would be circular and only natural convection would be observed. Any ratios between the two 

extreme cases represent a mixed flow regime (Krol et al., 2014).  
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Chapter 3  

Laboratory Study of DNAPL Removal using Dissolved Gas Exsolution during 

In-Situ Thermal Treatment 

 

Abstract 

Convective heat losses from groundwater flow increases the energy requirements for in-situ 

thermal treatment technology applications. An alternative to reducing convective heat losses 

through groundwater flow control is to promote gas production at a temperature that is below 

both the water boiling and NAPL-water co-boiling temperatures. Dissolved gas exsolution can 

generate gas saturations in porous media below these temperatures and NAPL components can 

partition into gas phases, indicating a potential for DNAPL treatment at lower temperatures. 

Bench-scale heating experiments were conducted at temperatures above and below the co-

boiling temperature using sand-water-NAPL mixtures with and without dissolved carbon 

dioxide-saturated water. Depletion of NAPL was successful at temperatures below the co-boiling 

point, though only limited volumes were recovered (1 to 2 mL from 27 mL emplaced initially) 

using one pore volume of carbon dioxide-saturated water. Estimates indicate that more than 30 

pore volumes of solution are required to remove sufficient NAPL as a feasible treatment method, 

with higher volumes required for lower treatment temperatures. No significant changes were 

observed in the temperature profiles and the co-boiling point when heating with dissolved carbon 

dioxide.  

 

3.1 Introduction 

During the application of in-situ thermal treatment (ISTT) technologies for remediation, the 

subsurface is heated until the target contaminants can be extracted from the source zone for 
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treatment and processing above ground. The target contaminants include dense non-aqueous 

phase liquids (DNAPLs).  ISTT technologies are often used to treat DNAPL source zones where 

injection-based remediation technologies may be limited by heterogeneous and low permeability 

soils due to the complex distribution of DNAPLs as residual and pools in high permeability soils 

(Stroo et al., 2012), the diffusion of volatile organic compounds (VOCs) into low permeability 

soils, and the preferential flow of remediation fluids (Triplett Kingston et al., 2014).   

 

Typical ISTT technologies implemented in practice include thermal conductive heating (TCH), 

electrical resistance heating (ERH), steam enhanced extraction (SEE), and in-situ smoldering 

combustion (Triplett Kingston et al., 2014; USACE, 2014; USEPA, 2014; Scholes et al., 2015). 

SEE is unique in comparison to TCH and ERH as it uses steam fronts that can directly displace 

contaminants in the aqueous phase for both liquid and vapour extraction (USEPA, 2014), but 

relies on injection, which makes it more sensitive to heterogeneity. In-situ smoldering 

combustion, also known as self-sustaining treatment for active remediation (STAR), involves a 

combustion front that spreads from an ignition point using NAPL as a fuel in an exothermic 

reaction. The process does not require any additional energy input once it is initialized, but does 

require air injection (Switzer et al., 2009; Grant et al., 2016). TCH relies on heat transfer from 

heating elements into the treatment zone primarily through thermal conduction, and can vaporize 

contaminants at temperatures higher than the boiling point of water. ERH relies on running an 

electrical current through the subsurface between electrodes installed within the target treatment 

zone, which heats the subsurface between the electrodes based on the resistance of the soil 

(Triplett Kingston et al., 2014). As such, ERH and TCH can be applied in heterogeneous soils 

because the capabilities of these technologies do not change significantly due to minor 
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fluctuations of thermal conductivity and electrical conductivity between different soil matrices 

(Stroo et al., 2012; USACE, 2014). 

 

The temperature required to form a gas phase in the presence of NAPL and water is lower than 

the boiling point of water or the pure NAPL alone as a result of co-boiling, which occurs when:  

�� + ∑ � + ∑ T =  � + 	  (3.1)  

where Pwv is the water vapour pressure (Pa), Pi is the partial pressure (Pa) of DNAPL component 

i, and Pj is the partial pressure (Pa) of dissolved gas j, Pw is the water pressure (Pa), and Pc is the 

capillary pressure (Pa). Values of Pw and Pc do not change substantially based on typical 

operating temperatures and any changes are negligible relative to the changes in Pwv, Pi, and Pj. 

The water vapour pressure can be estimated using the Antoine equation (Yaws and Yang, 1989): 

log �� = W − X
�HB  (3.2)  

where A, B, and C are constants applicable in certain temperature ranges (A=8.07131, 

B=1730.63, C=233.426 for vapour pressure in Torr, applicable between 1 and 100 °C), and T is 

the temperature (°C) (Yaws and Yang, 1989). The partial pressure of NAPL components in an 

ideal NAPL mixture can be estimated using Raoult’s Law (Zhao et al., 2014): 

� = f�����
  (3.3)  

where xi is the mole fraction of component i, and Pi
vap is the vapour pressure of component i in 

its pure NAPL phase (Pa). The Wagner equation is used to estimate the vapour pressure of 

NAPL components for specific temperatures (Reid et al., 1987): 

ln Y�Z[\]
�^_Z`,Za = �bZHcbZ-.FHdbZ7H�bZL

(�bZ  ;where e� = 1 − B
B^_Z`,Z (3.4)  
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where E, F, G, and H are constants applicable in certain temperature ranges (E=−7.36067, 

F=1.82732, G=−3.47735, H=−1.00033 for vapour pressure in bar and temperature in K, 

applicable between 252 and 620.2 K for tetrachloroethene (PCE)), Pcrit,i is the critical pressure of 

component i (Pa) (Pcrit, PCE = 4.76×106 Pa), and Tcrit,i is the critical temperature of component i 

(Tcrit, PCE = 620.2 K).   

 

To reach the co-boiling point, temperature across the treatment volume must increase and be 

maintained such that there is sufficient energy for latent heat of vaporization for the contaminant 

volume. However, heat loss due to groundwater flow during treatment greatly limits the 

efficiency of ISTTs, and the energy requirement for vaporization can quickly increase to 

demands that are difficult to satisfy in remote locations (Heron et al., 2015). Several common 

methodologies that are implemented in practice to limit convective heat loss include using 

hydraulic barriers, or installing physical barriers to control groundwater flow entering the 

treatment zone, or increasing the energy input such that treatment requirements can be satisfied 

(Hegele and McGee, 2017). However, hydraulic controls are not cost effective at increased depth 

and additional energy is not available at all sites.  Consequently, there is a need to develop an 

approach that allows effective treatment at lower temperatures.  

 

An alternative to increasing the temperature by decreasing groundwater flow or increasing 

energy input is to promote gas production at a lower temperature, one that is below both the 

water boiling and NAPL-water co-boiling temperatures.  Hegele and Mumford (2015) showed 

that dissolved gas exsolution could promote gas production at such lower temperatures. This is 

important as DNAPL components can partition into gas phases due to mass transfer driven by 
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partial pressure potentials (Roy and Smith, 2007). This gas production at a lower temperature 

could potentially produce gas saturations capable of connecting source zones to extraction 

points, facilitating the treatment of DNAPLs with higher vapour pressures. Although Hegele and 

Mumford (2015) demonstrated the onset of gas production using dissolved gas exsolution, they 

did not investigate the potential for enhanced DNAPL treatment at lower temperatures.  

 

Although the partial pressures of the NAPL components (Equation 3.3) are typically considered 

in Equation 3.1, the partial pressures produced by the exsolution of dissolved gases also 

contribute to the formation of the gas phase during heating. The partial pressure of dissolved gas 

components can be estimated using Henry’s Law: 

T = 
T�T  (3.5)  

where Cj is the dissolved gas concentration of component j (mol·m-3), and Hj is the Henry’s Law 

constant of component j (mol·m-3·Pa-1). Changes in Hj with temperature can be estimated using 

an integrated form of the van’t Hoff equation (Sander, 2015): 


T(R) = 
T� × exp Y�∆����,�
� × j(

B − (
B'ka  (3.6)  

where Hj
θ is the Henry’s constant of component j at the reference temperature (mol·m-3 Pa-1), Tθ 

is the reference temperature (K), R is the gas constant (m3·Pa·K-1·mol-1), ∆
 is the change in 

enthalpy (J·mol-1), and 
�∆����,�

�  is a constant (K) based on the enthalpy of dissolution of the 

compound, valid for limited temperature ranges where the enthalpy of dissolution remains 

relatively constant. Assuming a single dissolved gas, its partial pressure following heating and 

exsolution can be estimated using Equation 3.1 given known water and capillary pressures, and 
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estimates of water vapour pressure and NAPL component partial pressures using Equations 3.2-

3.4 at the new higher temperature.  Its dissolved concentration can then be estimated using 

Equations 3.5-3.6, and the volume of gas can be estimated using the ideal gas law and 

conservation of mass given a known pre-heating concentration.  This approach can be further 

modified for multiple dissolved gases (Cirpka and Kitanidis, 2001).  

 

The purpose of this study was to understand the effect of dissolved carbon dioxide (CO2) 

exsolution for enhanced DNAPL removal during ISTT. Specifically, the objectives were to 

investigate: i) tetrachloroethene (PCE) recovery with increasing temperatures with and without 

the use of dissolved CO2; and ii) PCE recovery at sustained temperature below the co-boiling 

point with the use of dissolved CO2. A series of laboratory experiments was completed by 

heating metal containers packed with silica sand, PCE, and water with or without dissolved CO2. 

This research will provide further insight of the potential for emplaced dissolved CO2 to lower 

the temperature requirements of ISTTs. 

 

3.2 Materials and Methods 

Three sets of bench-scale experiments were conducted, referred to here as Experiments NG, 

DGH, and DGL. Experiments NG (no gas) served as a control without the use of dissolved CO2 

and were heated to 120 °C. Experiments DGH (dissolved gas, high temperature) were flushed 

with dissolved CO2 and heated to 120 °C. Experiment DGL (dissolved gas, low temperature) 

were flushed with dissolved CO2 and heated to 80 °C. Three replicate tests were completed for 

Experiment NG, four for Experiment DGH, and three for Experiment DGL. 
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3.2.1 Apparatus 

Each experiment was conducted in stainless steel cylinders approximately 1 L in volume (132 

mm height × 102 mm inner diameter) modified from Hicknell et al. (2018). Stainless steel plates 

were sealed to the cylinder on the top and bottom using single pin heavy duty clamps with high 

temperature Viton® gaskets (McMaster-Carr, 4520K48). The bottom steel plate was equipped 

with one 3.2 mm compression fitting (Swagelok SS-200-1-2BT), connected to a valve attached 

to a water reservoir for the injection of dissolved CO2-saturated water (referred to as the injection 

port). The top steel plate was equipped with two 6.4 mm compression fittings (Swagelok SS-

400-1-2BT) and two 3.2 mm compression fittings. One 6.4 mm compression fitting was 

connected to a pressure relief valve and the other was attached to a 6.4 mm outer diameter 

copper pipe (referred to as the outlet pipe) to transport vapour from the cylinder. The 3.2 mm 

compression fittings were connected to two thermocouples (3.2 mm diameter, 150 mm length, 

K-type, Omega® Series TJ36). One thermocouple was placed in the centre of the top plate, 

extending 92 mm into the cylinder. The other thermocouple was placed between the centre and 

the edge of the plate, 25 mm from the centre and extended 58 mm into the cylinder. The 

thermocouples were connected to a data logger (Data Translation Inc., DT9805(01)).  

 

For each experiment, the cylinder was packed with 30/40 (d50 = 0.53 mm) silica sand (Accusand; 

Schroth et al., 1996). The sand was rinsed with deionized water to remove fines prior to packing. 

Reagent grade PCE (Fisher Scientific Inc.) was used as the target contaminant. A mixture of 

sand, water and NAPL was used in the experiments, which was packed in three equally sized 

lifts and mixed with a glass stir rod to distribute the PCE evenly. A NAPL saturation of 9.4 ± 

0.5 % was used for all mixtures to maintain residual saturations in the 30/40 sand. The NAPL 
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saturations used are provided in Table 3.1. Preliminary tests for the mixing procedure were 

completed to visually confirm the uniform distribution of residual PCE at the required NAPL 

saturation, using Oil Red O as a tracer. A stainless steel mesh (70 mesh size, 0.17 mm wire 

diameter, 0.2 mm opening) was placed at the top and bottom of the mixture to prevent clogging 

of the injection port, pressure relief valve and outlet pipe. A filter paper (0.011 mm pore size, 

Grade 1, Whatman™) was placed at the bottom of the mixture to further prevent clogging of the 

injection port and any NAPL mobilization through the bottom of the cylinder during heating. 

The void above the top mesh was covered with large glass beads to minimize sand movement 

during boiling. The approximate porosity for all sand-water-NAPL mixtures was 0.45 ± 0.01 and 

the height was 81 ± 2 mm.  

 

Dissolved CO2-saturated water in the reservoir was created by continuously bubbling CO2 gas 

into deionized water until the pH stabilized at 3.94. Preliminary tests showed that 20 min of 

bubbling were required for pH stabilization in a 4 L reservoir and, therefore, a minimum of 

40 min of bubbling was used before flushing the cylinder, and CO2 was continuously bubbled 

through the reservoir until the flushing ended.  

 

A laboratory-scale convection oven (Binder 9010–0131 ED) was used to heat the cylinders 

(Hicknell et al., 2018). The outlet pipe was connected to a water-cooled Liebig condenser, and 

was wrapped with a heating tape (Omega, HTWC101–002) in areas outside of the oven and 

before the condenser. The Liebig condenser drained to a graduated cylinder that was cooled with 

ice and insulated to maintain low temperatures. The general setup is presented in Figure 3.1. 
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Fig 3.1. Cylinder heating setup for Experiments NG, DGH, and DGL. Computer and dissolved CO₂ emplacement 

equipment used prior to heating are not shown, adapted from Hicknell et al. (2018). 

 

3.2.2 Experiment and Measurements 

For Experiments DGH and DGL, a controlled flow of CO2-saturated water from the reservoir 

was used to flush the deionized water from the cylinder by gravity flow. Five pore volumes were 

flushed through each cylinder prior to heating. The flow rate during flushing was controlled such 

that capillary forces dominated over viscous forces to minimize the removal of entrapped NAPL, 

based on a capillary number (Ca) lower than 2 × 10-5 (Powers et al., 1994). Water in the void 

space of the glass bead layer above the sand-water-NAPL mixture was drained through the 

injection port prior to heating. Analysis of the PCE concentration in the solution after flushing 

through the container indicated that the PCE losses by dissolution during the flushing were 

negligible in comparison to the total emplaced PCE (< 0.5% by PCE mass), as presented in the 
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laboratory results completed by the Queen’s University Analytical Services Unit in Appendix D. 

The NAPL saturation prior to heating in each experiment is presented in Table 3.1. 

Table 3.1. Initial PCE volume and saturations in mixture 

Experiment Oven Temperature 

(°C) 

Dissolved CO2 a 

(mol/mL) 

PCE Volume 

(mL) 

Initial NAPL Saturation 

(%) 

NG-1 120  0 27.3 9.3 

NG-2  120 0 28.7 9.8 

NG-3 120 0 28.5 9.8 

DGH-1 120 3.7×10-5 26.0 8.9 

DGH-2 120 3.7×10-5 27.9 9.5 

DGH-3 120 3.7×10-5 27.2 9.3 

DGH-4 120 3.7×10-5 27.9 9.5 

DGL-1 79 3.7×10-5 27.2 9.1 

DGL-2 81 3.7×10-5 27.6 9.3 

DGL-3 80 3.7×10-5 27.5 9.8 

a: This concentration was estimated using Equations 4.1-4.2 and 4.5-4.6, and reflects the concentration resulting 

from bubbling CO2 in the reservoir before entering the sand, assuming a temperature of 20 °C. 

Uncertainties of the temperature, dissolved CO2 concentration, PCE volume and NAPL saturation measurements 

were ± 2 °C, ± 2 mol/mL, ± 1.0 mL, and ± 1.0 %, respectively.  

 

In each experiment, one cylinder was heated from room temperature to the oven temperature 

listed in Table 3.1. For Experiments DGL-2 and DGL-3, if the temperatures plateaued at the 

oven temperature after heating for 10 hrs or more without substantial NAPL removal (< 0.5% 

NAPL saturation), the oven temperature was increased to 120 °C.  Experiments were considered 

complete once the temperature was observed to be at the water boiling point for over 1 hr. 

 

Temperatures were recorded in each thermocouple in 5 s intervals. Volumes of water and PCE 

condensate were recorded from the graduated cylinder throughout the experiments. Preliminary 

experiments using only water and sand in the mixture were completed to confirm vapour 

recovery by condensation and verified with a mass balance calculation. 
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3.3 Results and Discussion 
 

3.3.1 Temperature profiles 

The temperatures measured during heating Experiments NG-3, DGH-2, and DGL-1 are 

presented in Figure 3.2. As observed in other investigations of single component NAPL co-

boiling (Burghardt and Kueper, 2008; Zhao et al., 2014), temperatures in the centre of the 

cylinder initially increased steadily in Experiments NG until the co-boiling point of PCE and 

water was reached at 88 ± 2 °C, where a temperature plateau was observed. Once the PCE in the 

cylinder mixture was vaporized, the temperatures increased until the water boiling point, where 

another temperature plateau was observed. It was noted that the temperatures recorded at the side 

of the cylinder (outer thermocouple) typically indicated a gradual increase in temperature after a 

short plateau, and showed a shorter duration of PCE and water co-boiling than at the centre of 

the cylinder. This is a result of heating occurring first at the edges of the sand-water-NAPL 

mixture from conductive heat transfer to the cylinder, using the energy for latent heat while 

keeping the temperatures at the centre of the cylinder constant. The temperature on the side of 

the cylinder started increasing once the co-boiling there ended. This pattern was observed in the 

study by Hicknell et al. (2018) and was noted by Xie et al. (2019) in their simulations of 

laboratory ISTT treatability tests.  

 

Temperature profiles from Experiments DGH exhibited similar trends compared to Experiments 

NG. The temperatures increased until the co-boiling point was reached at 88 ± 2 °C where the 

plateau for the centre thermocouple was observed. The temperatures were higher on the side of 

the cylinder due to heating of the edges first and was above temperatures found at the centre of 

the cylinder, increasing above the co-boiling temperature shortly after the plateau was observed.  
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Fig 3.2. Temperature and fluid saturation (gas and NAPL) versus time in Experiments (a) NG-3, (b) DGH-2, and (c) 

DGL-1.  

Table 3.2. Duration of each heating stage 

Experiment Initial NAPL Saturation 

(%) 

Time to Co-boiling Duration of Co-boiling Time to Water 

Boiling 

NG-1 9.3 2.15 0.70 0.73 

NG-2  9.8 2.22 0.67 0.76 

NG-3 9.8 2.12 0.90 0.69 

DGH-1 8.9 2.12 0.70 0.66 

DGH-2 9.5 2.03 0.72 0.41 

DGH-3 9.3 2.13 0.70 0.67 

DGH-4 9.5 2.22 0.61 0.57 

DGL-1 a 9.1 - - - 

DGL-2 b 9.3 - 0.68 0.59 

DGL-3 b 9.8 - 0.73 0.64 

a: Co-boiling and boiling point not achieved during experiment 

b: Time to co-boiling skewed by heating to 80 °C over 10 hrs prior to increasing oven temperature to 120 °C. 

Values measured in hrs.  
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After co-boiling ended, the temperatures increased to the water boiling point until the end of the 

experiment. Although the time to co-boiling and duration of co-boiling (Table 3.2) was shorter in 

some Experiments DGH than Experiments NG, the difference was not significant between 

replicates. 

 

Temperature measurements during Experiments DGL did not indicate any early co-boiling 

temperature plateaus. As shown on Figure 3.2c (over the same duration as Experiments NG and 

DGH) and Figure 3.3, there was a steady increase in temperature, which peaked at the oven 

temperature of 80 °C after approximately 8.5 hrs. Experiment DGL-1 was stopped once the 

temperature was considered to be at steady state. After increasing the oven temperature to 120 °C 

in Experiments DGL-2 and DGL-3, the average co-boiling time was 0.70 hrs and the time 

required to reach the boiling point of water from the end of co-boiling was 0.62 hrs, which was 

consistent with the results from Experiments DGH. 

 
Fig 3.3. Temperature and fluid saturation (gas and NAPL) versus time in Experiment DGL-1 (full duration).  

 

Based on these results, the dissolved CO2 may reduce the heating time for the mixture to reach 

the boiling point of water after co-boiling occurs. However, the time required to reach co-boiling 

and co-boiling times did not change significantly between experiments with and without 
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dissolved CO2. Co-boiling at lower temperatures was not observed with the emplacement of 

dissolved CO2 and no changes to the temperature profile were observed when PCE was 

recovered at lower temperatures.  

 

3.3.2 Fluid Saturations 

In Experiments NG, the NAPL saturations started decreasing once the temperatures reached the 

co-boiling point of PCE and water of 88.5 °C (Zhao et al., 2014) (Figure 3.2). It is noted that in 

Experiment NG-3, co-boiling occurred earlier at the side of the cylinder, and NAPL saturations 

decreased when the temperature at the centre of the cylinder was only 85 °C. The gas saturations 

increased at the maximum rate as NAPL saturations decreased, and increased at a lower rate 

once co-boiling ended and until water boiling temperatures were reached. Gas saturations 

increased again at a higher rate during water boiling.   

 

In Experiments DGH, NAPL saturations started decreasing at centre temperatures typically 

between 84 and 86 °C, and occurred before the co-boiling point of PCE and water. Small 

amounts (<1.0 mL in total) of PCE condensate flowed into the graduated cylinder at 

temperatures as low as 56 °C. Larger changes (>1.0 mL in total) in PCE volumes were recorded 

starting at 81 °C in Experiment DGL-1, 82 °C in Experiment DGL-2, and 87 °C in Experiment 

DGL-3. During these early observations of PCE condensation in Experiments DGL, the 

temperatures at the side of the cylinder (oven temperature) were below the co-boiling point. 

However, the average PCE volume change in Experiments DGH and Experiments DGL was 

1.1 mL prior to co-boiling. This resulted in a NAPL saturation change of only between 0.2 and 

0.3% in Experiments DGH and between 0.3% and 0.7% in Experiments DGL. Table 3.3 



56 
 

provides a summary of PCE volumes collected before and after co-boiling occurred. Although 

dissolved gas was emplaced in the mixture prior to heating, the gas saturation trends in 

Experiments DGH were very similar to Experiments NG. 

Table 3.3. NAPL volume removed and saturation before co-boiling and post co-boiling 

Experiment Before Co-Boiling Post Co-Boiling 

 PCE Volume Changea NAPL Saturationb PCE Volume Changea NAPL Saturation 

NG-1 N/A N/A 27.0 0.1 

NG-2 N/A N/A 28.0 0.2 

NG-3 N/A N/A 28.0 0.2 

DGH-1 1.0 8.6 25.0 0.3 

DGH-2 1.0 9.2 27.5 0.2 

DGH-3 0.5 9.1 27.0 0.1 

DGH-4 1.0 9.2 27.5 0.1 

DGL-1c 1.0 8.8 - - 

DGL-2d 2.0 8.6 27.0 0.2 

DGL-3d 1.0 9.2 27.0 0.2 

a: PCE volumes measured in mL. Uncertainty of PCE volume was ± 1.0 mL. 

b: NAPL saturation measured in %. Uncertainty of NAPL saturation was ± 1.0 %. 

c: Experiment stopped before increasing oven temperature to 120 °C. Co-boiling did not occur. 

d: PCE volume change recorded after adjusting oven temperature but before co-boiling point (87 °C). 

 

Greater than 98% of the PCE was removed in all experiments heated to water boiling. Consistent 

with previous experiments (Zhao et al., 2014), the NAPL saturation did not decrease to the final 

value at the end of co-boiling (Figure 3.4).  Although substantial removal occurred during co-

boiling, further removal occurred as temperatures increased between co-boiling and water 

boiling. Zhao et al. (2014) indicated that PCE recovered after co-boiling at the centre of the 

cylinder may be attributable to co-boiling occurring in ganglia away from the thermocouple. It 

may also be a result of delayed condensation from PCE vapour travelling through the pores of 

the sand before reaching the outlet pipe. The increase in NAPL recovery during water boiling 

may be a result of PCE remaining in the glassware post co-boiling, where PCE was flushed 

down to the graduated cylinder by water condensation.  
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The results of the experiments indicated that emplaced dissolved CO2 enables the removal of 

PCE at temperatures lower than the co-boiling point of PCE and water. The overall PCE 

recovery rate did not change significantly with the use of dissolved CO2, as the final NAPL 

saturations are very similar with or without dissolved CO2. Differences occurred at temperatures 

lower than the co-boiling point, particularly with decreases in NAPL saturations in Experiments 

DGH and DGL in comparison to Experiments NG between 81 and 87 °C. Although PCE 

removal was possible at temperatures below the co-boiling point using emplaced dissolved CO2, 

the volumes removed were limited (1 to 2 mL).  

 
Fig 3.4. Normalized NAPL saturation versus temperature.  
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3.3.3 NAPL Removal with Additional Dissolved CO₂ 

Only a limited volume of NAPL was removed prior to co-boiling in the DGH and DGL 

experiments.  This was attributed to a depletion of dissolved CO2 when gas exsolution occurred 

and the gas phase CO2 exited through the outlet pipe, as only one pore volume of dissolved CO2 

was emplaced. A gas saturation contribution that decreases over time in an emplacement 

scenario compared to a continuous injection scenario is consistent with results of Hegele and 

Mumford (2015).  

 

The expected PCE volume that can be recovered from one pore volume of dissolved CO2-

saturated water was calculated using Equations 3.1 to 3.6 considering water, CO2 and PCE in the 

gas phase at the target heating temperature. The partial pressure of CO2 was estimated after 

rearranging Equation 3.1, and the concentration of dissolved CO2 was estimated using Henry’s 

Law (Equations 3.5 and 3.6). The decrease in concentration from CO2 solubility at the initial 

temperature to the target temperature was used to calculate the volume of gas produced, given 

the CO2 partial pressure and applying the ideal gas law. That volume of gas and the partial 

pressure of PCE at the target temperature was used to estimate the volume of PCE depleted. This 

calculation assumes that the temperature is increased instantaneously from the initial to the target 

temperature and that all gas produced is captured. The initial conditions were assumed to be: 

temperature of 20 °C, pore volume of 292 mL saturated with dissolved CO2 solution at 

atmospheric pressure, and a PCE volume of 27.3 mL (the average PCE volume used in the 

experiments).  The capillary pressure of the 30/40 sand was assumed to be equal to the 

displacement pressure of 1278 Pa (Schroth et al., 1996) and calculations were performed for 
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target temperatures of 56-87 °C (Table 3.4). At 80 °C, the estimated PCE volume that can be 

depleted was 0.26 mL. 

Table 3.4. Calculated gas saturation and PCE removal 

Heating Temperature 

(°C) 

Gas Saturation a Gas Volume 

(mL) 

PCE Removed b 

(mL) 

Pore Volumes Required 

to Remove 27.3 mL of 

PCE  

56 0.09 25.35 0.08 363 

80 0.34 99.30 0.26 104 

84 0.64 187.20 0.49 56 

86 1.17 341.18 0.88 31 

87 2.00 584.23 1.50 18 

88.4 280.92 82,028.94 27.3 0.13 

a: Assuming all exsolved gas remains in the pore space of the cylinder with no outlet and fills the entire cylinder.  

Values greater than 1 indicate that more than 1 pore volume of gas was produced.  

b: Based on one pore volume, with a volume of 292 mL and a constant PCE source.  

 

The estimated PCE volumes depleted were lower than those measured in Experiments DGH and 

DGL prior to co-boiling, although within the ± 1 mL precision of the graduated cylinder used to 

measure NAPL in the condensate. The calculated values may be lower because of the 

assumption of instantaneous heating and partitioning.  The partitioning of NAPL compounds to 

the gas phase over time due to concentrations gradients as described by Roy and Smith (2007) 

was not incorporated, where gas generated during heating as exsolution occurs and flowing out 

of the cylinder would provide additional opportunity for partitioning with sustained NAPL-gas 

contact. The estimates in Table 3.4 assume that once the solution in contact with the PCE 

exsolves, no other solution will return to the PCE to repeat the process. Gas flow out of the 

cylinder at temperature greater than 80 °C was likely, as discontinuous gas transport has been 

observed during heating at gas saturations as low as 0.07 (Hegele and Mumford, 2015) and 

continuous gas transport at critical gas saturations above 0.23 (Hegele and Mumford, 2014) in 

20/30 sand.  
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Regardless of any difference between estimated and measured PCE removal, both demonstrate 

that the emplacement of only one pore volume of CO2-saturated water does not substantially 

enhance PCE removal below the NAPL-water co-boiling temperature.  This removal is limited 

by low concentrations of PCE in the gas phase (partial pressure of 27,383 Pa at 80 °C) and low 

gas volumes (Table 3.4).  A continuous supply of dissolved CO2 would increase the exsolved gas 

volume.  To estimate the volume of CO2-saturated water required for complete PCE removal, the 

calculation described above was extended to account for a continuous supply of dissolved CO2. 

This calculation assumed that each pore volume of CO2-saturated water was brought 

instantaneously to the target temperature and could contact all PCE until the PCE was removed 

(i.e., there were no mass transfer limitations at low NAPL saturations, and PCE dissolution to the 

aqueous phase was negligible). Based on these assumptions, 104 pore volumes are required to 

remove PCE with an initial saturation of 9.3 % for a target temperature of 80 °C and 31 pore 

volumes are required for a target temperature of 86 °C. The large number of pore volumes 

required for complete PCE removal by CO2 exsolution will substantially increase the ISTT 

energy requirement.  For example, the energy required to heat 104 pore volumes of water from 

20 °C to 80 °C far exceeds the energy required to heat one pore volume from 80 °C to 100 °C.  

Therefore, this approach is only a tool to be considered if sufficient power cannot be achieved, as 

in the case of unexpectedly fast groundwater flow in portions of the target treatment zone.  

 

3.4 Summary and Conclusions 

A series of laboratory experiments was conducted to determine the effects of using dissolved 

CO2 exsolution for the removal of PCE during ISTT applications. Results indicated that PCE 

recovery was possible at temperatures below the co-boiling point with the use of dissolved CO2. 
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Measureable volumes of PCE were observed at 81 °C, with final volumes of PCE recovered 

before co-boiling occurring between 84 and 87 °C. However, the volume of PCE depleted before 

co-boiling temperatures was limited to approximately 1 to 2 mL. The temperature required for 

co-boiling to occur did not change significantly nor did the total volume of PCE recovered 

change significantly with the use of emplaced dissolved CO2.  Depletion of PCE with a 

continuous source of dissolved CO2 was estimated based on the ideal gas law and the assumption 

of instantaneous heating. Results indicated that more than 30 pore volumes of solution were 

required to remove sufficient PCE as a treatment method. Based on this analysis, exsolution of 

dissolved CO2 is unlikely to be an efficient method for enhancing PCE recovery at temperatures 

below the co-boiling point, and exsolution of dissolved CO2 did not have an effect on PCE 

recovery during or after the co-boiling temperature.  

 

Although the exsolution of dissolved CO2 did not change the temperature for co-boiling 

significantly or provide an efficient PCE recovery method at temperatures below the co-boiling 

point, the results show that the exsolution of dissolved gases can be used to remove PCE at lower 

temperatures.  Further work is needed to investigate other possible dissolved gases, and 

strategies to maintain higher gas saturations that allow continuous gas transport and sustained 

NAPL-gas contact for practical enhancement of NAPL removal. 
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Chapter 4  

Dissolved Gas Exsolution to Mitigate Cooling by Groundwater flow in Bench-

Scale Electrical Resistance Heating Experiments  

Abstract 

Convective heat losses caused by groundwater flow can limit the performance of in-situ thermal 

treatment technologies for remediation of target contaminants and can cause non-uniform 

temperature distributions in heterogeneous layers. Dissolved gas exsolution can generate gas 

saturations in porous media at low temperatures to reduce the aqueous relative permeability and, 

consequently, decrease groundwater flow. Laboratory experiments using electrical resistance 

heating were conducted in a 2D flow cell supplied by water with and without dissolved carbon 

dioxide to determine the extent of flow reduction and the effects on temperature distribution as a 

result of dissolved gas exsolution. Flow rates were reduced by three to four orders of magnitude 

after exsolution due to both exsolution and a change in the flow regime from advective flow to 

buoyant flow where natural convection dominated. Temperature distribution converged along the 

initial groundwater flow direction, but remained non-uniform vertically. Results indicate the 

potential for dissolved gas exsolution as an effective method for groundwater flow reduction and 

improved uniform heating during in-situ thermal treatment. 

 

4.1 Introduction 

Dense non-aqueous phase liquids (DNAPLs) are persistent sources of contamination that can cause 

significant health risks to human and ecological receptors (Lerner et. al., 2003; USEPA, 2018). In 

particular, chlorinated volatile organic compounds (CVOCs) are one of the most common 

carcinogenic contaminants and are found near industrial manufacturers (USEPA, 2004; Toccalino 

et al., 2006; Huang et al., 2014). In-situ thermal treatment (ISTT) technologies are an effective 
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approach to treat CVOC DNAPL source zones. ISTT technologies include thermal conductive 

heating (TCH) and electrical resistance heating (ERH), as well as steam enhanced extraction (SEE) 

and in-situ smoldering (Heron et al., 1998; Kaslusky and Udell, 2002; Baker et al., 2006; Switzer 

et al., 2009; Kueper et al., 2014; USACE, 2014; USEPA, 2014; Grant et al., 2016; Zhao et al., 

2019). TCH and ERH rely on increasing the temperature of the treatment zone to the boiling points 

of the contaminants, and the vapours are extracted through the vadose zone or multiphase 

extraction wells for treatment above ground. TCH and ERH can also be applied in heterogeneous 

soils (Stroo et al., 2012; USACE, 2014; Heron et al., 2016). However, groundwater flow from 

outside the treatment zone can limit the heating process by cooling the target volume, resulting in 

convective heat losses from the system and increasing the heating requirements for proper 

treatment (Stroo et al., 2012; Hegele and McGee, 2017). High groundwater flow can limit the 

applications of ERH and TCH to an extent where the technology is not practical (Stroo et al., 

2012). In addition, although TCH and ERH are applicable in heterogeneous soils, different 

groundwater flow rates within each layer can result in non-uniform temperature distributions 

during heating and result in condensation of contaminants in areas with lower temperatures, in 

addition to lateral gas migration (Munholland et al., 2016). Layers with higher hydraulic 

conductivity may even be insufficiently heated for vaporization of the contaminants to occur due 

to the high advective flow, resulting in no gas phase produced and no contaminants extracted from 

those layers.  

 

The current solutions for addressing the cooling effects from high groundwater flow include the 

installation of hydraulic or physical barriers around the treatment area to reduce the groundwater 

flow rates, or increasing the power delivered to ensure that the treatment zone will reach the 
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required temperatures (Hegele and McGee, 2017). However, site characteristics that increase the 

cost of these solutions are common. For example, physical barriers are less cost efficient as the 

treatment zone increases in depth, hydraulic barriers are expensive to deploy in areas with high 

groundwater flow, and increasing the power delivered will increase the operating costs and may 

not be feasible based on local availability of power (Heron et al., 2015). As such, there is no 

singular solution that can address the cooling from high groundwater flow at any depth and 

location.  

 

Hegele and Mumford (2015) proposed the use of dissolved gas exsolution to promote gas 

production at temperatures below the boiling point of water and below the co-boiling point of 

water and DNAPL, thereby reducing the aqueous relative permeability of the heated zone to limit 

flow.  Although their experiments did not show continuous advective gas transport, which would 

also promote CVOC removal, discontinuous gas transport occurred. They did not measure 

reduction in flow rate or effects of gas exsolution on temperature distribution in their study. 

 

For a dissolved gas phase to exsolve during heating, the following equation must be satisfied: 

�� + ∑ T =  � + 	  (4.1)  

where Pwv is the water vapour pressure (Pa), Pj is the partial pressure of component j (Pa), Pw is 

the water pressure (Pa), and Pc is the capillary pressure (Pa). Values of Pw and Pc do not change 

substantially based on ERH operating temperatures and any changes are negligible relative to the 

changes in Pwv and Pj. Importantly, Pj refers to volatile compounds in the DNAPL as well as 
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dissolved gases present in the groundwater. The water vapour pressure can be estimated using the 

Antoine equation: 

log �� = W − X
�HB  (4.2)  

where A, B, and C are constants applicable in certain temperature ranges, and T is the 

temperature (°C) (Yaws and Yang, 1989). The partial pressure of DNAPL components can be 

estimated using Raoult’s Law (Zhao et al., 2014) and the partial pressure of dissolved gases can 

be estimated using Henry’s Law: 

T = 
T�T  (4.3)  

where Cj is the dissolved gas concentration of the component (mol·m-3), and Hj is the Henry’s 

Law constant (mol·m-3·Pa-1). Changes in the Henry’s Law constant with temperature can be 

estimated using an integrated form of the van’t Hoff equation (Sander, 2015): 


T(R) = 
T� × exp Y�∆����,�
� × j(

B − (
B'ka  (4.4)  

where Hj
θ is the Henry’s constant at the reference temperature of component j (mol·m-3 Pa-1), Tθ 

is the reference temperature (K), R is the gas constant (m3·Pa·K-1·mol-1), ∆
 is the change in 

enthalpy (J·mol-1), and 
�∆����,�

�  is a constant (K) based on the enthalpy of dissolution of 

compound j, valid for limited temperature ranges where the enthalpy of dissolution remains 

relatively constant.  

 

A decrease in advection caused by a decrease in aqueous relative permeability will also change the 

relative importance of advection and natural convection. Krol et al. (2014) identified three main 

types of groundwater flow that can occur during heating: 1) advective flow driven by hydraulic 
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gradient, 2) buoyant flow driven by density without groundwater flow, and 3) mixed flow which 

is driven by a combination of the two other types. A decrease in advective flow rate can reduce 

the volume of water that will require heating and may change the flow type to a mixed or buoyant 

flow. The flow type can be determined using a ratio of the Rayleigh-Darcy number (Ra) which is 

the ratio between buoyancy forces and thermal diffusivity; and the thermal Peclet number (Pe) 

which is the ratio between advective flow velocity and thermal diffusivity. Krol et al. (2014) refers 

to this ratio as the mixed convection number: 

��
�m  =  |�}u&∆B

%&~ =  }∆B
�  (4.5)  

where k is intrinsic permeability (m2), β is the coefficient of thermal expansion (°C-1), ρw is the 

water density (kg·m-3), ΔT is the change in temperature across the length of the flow cell (°C), µw 

is the dynamic viscosity of the water (kg·m-1·s-1), q is the Darcy flux (m·s-1), and i is the hydraulic 

gradient (unitless). To account for changes in saturation due to gas exsolution, additional terms are 

proposed: 

��
�m  =   }∆B

�
~�
~�  (4.6)  

where qs and qu are the Darcy fluxes (m·s-1) under saturated and unsaturated conditions, 

respectively. Based on the study from Krol et al. (2014), the Ra/Pe ratio can indicate the flow 

regime within the flow cell. Advective flow is dominant when Ra/Pe < 1 resulting in flow paths 

from inlet to outlet that are horizontal. When 1 < Ra/Pe < 500, mixed flow is dominant and flow 

patterns become more circular.  The effects of advective flow decrease as Ra/Pe increases. 

Buoyant flow is dominant when Ra/Pe > 500, which produces recirculation zones and the effect 

of flow from the inlet is negligible. 

 



71 
 

The purpose of this study is to determine the effect of dissolved carbon dioxide (CO2) exsolution 

on heating by ISTT. Specifically, the objectives are to investigate: i) the level of advective flow 

reduction as a result of exsolution of dissolved CO2 during heating; and ii) the change in 

temperature distribution across the treated zone as a result of that exsolution. Bench-scale ERH 

experiments were completed in which aqueous solutions of sodium chloride (NaCl) with and 

without dissolved CO2 were introduced into a silica-sand packed flow cell. This research will 

provide further insight of the potential for injecting dissolved CO2-saturated water into the 

subsurface to enhance the performance of ISTTs.  

 

4.2 Materials and Methods  
 

4.2.1 Apparatus  

Single-phase ERH experiments were conducted in a thin flow cell with dimensions of 40 cm × 

20 cm × 1 cm (Fig. 4.1) (Hegele and Mumford, 2014). The cell edges were composed of 

polytetrafluoroethylene (PTFE) with tempered borosilicate glass across the front and back for 

visualization of fluid transport in the cell, and sealed with a Viton® o-ring cord between the walls 

and glass.  Construction using PTFE, glass and Viton® provided electrical insulation at elevated 

temperatures. The top of the flow cell was open to the atmosphere and any gas produced during 

heating but not trapped in the sand escaped from the top of the system. A 2 g/L NaCl reservoir 

was used in each experiment to provide pore water with an elevated electrical conductivity for 

efficient heating, because heat loss through the cell walls in a bench-scale ERH experiment is 

much greater than in field applications. The electrical conductivity was measured for each 

solution prepared (Table 4.1). 
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The cell was wet-packed with the NaCl solution and translucent 30/40 (d50 = 0.53 mm) silica 

sand (Accusand; Schroth et al., 1996) for each experiment. All sands were rinsed with deionized 

water to remove fines prior to packing. All packing was completed by continuously pouring a 

slurry of sand into the solution-filled cell while tapping the walls with a rubber mallet. The 

porosity of the 30/40 silica sand pack in each experiment was calculated from the measured 

volume of the pack (Table 4.1), mass of the sand in the pack, and the grain density (Schroth et 

al., 1996). 

Table 4.1. Experiment Flow Cell Details 

Experiment Porosity Initial Flow Rate 

(g/min) 

EC 

(µS/cm) 

Sand Height 

(cm) 

A 0.406 4.3 3823 35.5 

B 0.384 6.1 3861 36.5 

C 0.389 6.0 3853 36.7 

 

A separate NaCl solution saturated with dissolved carbon dioxide was created by continuously 

bubbling gas phase CO2 into a reservoir until the pH stabilized at 3.94. Preliminary tests showed 

that 20 min of bubbling were required for pH stabilization in a 4 L reservoir and, therefore, a 

minimum of 60 min of bubbling was used before injecting into the flow cell, and CO2 was 

continuously bubbled through the reservoir throughout each experiment. A blue dye (Club House 

Food Colouring: composed of water, propylene glycol, colour, citric acid, and sodium benzoate) 

was mixed in the solution to track flow paths.  

 

Two electrodes composed of titanium coated with a mixed metal oxide (IrO2–Ta2O5, Titanium 

Electrode Products Inc., 60 cm length, 0.64 cm diameter) (Munholland et al., 2016) were inserted 

vertically from the top of the flow cell to 1.5 ± 0.5 cm above the bottom of the cell. The 

electrodes were spaced 12.5 cm apart. A variable voltage output transformer (Staco, 3PN1010B) 

was used to apply a potential between 100 V and 127 V to heat the cell with a single-phase 
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alternating electrical current. The voltage was recorded using a digital multimeter (Gardner 

Bender GDT-311) from manual measurements between the two electrodes. The current was 

recorded using a digital multimeter (Agilent Technologies U3401A) connected to the heating 

system in series. 

  

 
Fig 4.1. Flow cell and electrical resistance heating setup for Experiments A, B, and C. Inlet and outlet piezometers, 

camera, thermocouple leads, data logger, computer, outlet tubing, and receiving containers are not shown 

(modified from Hegele and Mumford, 2014). 
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Thermocouples (3.18 mm diameter, 15 cm length, K-type, Omega® Series TJ36) were coated 

with a Viton® spray and were inserted through two bottom ports of the flow cell, extending 8 ± 

1 cm into the silica sand. The Viton® coating served to mitigate corrosion of the metal sheath. 

Another two thermocouples were inserted from the open top of the flow cell extending 9 ± 1 cm 

into the silica sand. Thermocouples were connected to a data acquisition system (Keithley 2701 

Ethernet Multimeter; Keithley 7708 40-channel multiplexer). 

 

Flow in and out of the flow cell was through four tubes on each side of the flow cell.  The NaCl 

solution in the reservoir was maintained at a nearly constant head by frequent water additions. 

The outlets of the four effluent tubes were maintained at a single, constant elevation. Each inlet 

and outlet tube was connected to a piezometer to measure hydraulic head at the influent and 

effluent edge of the flow cell throughout the experiment. Flow was measured at the outlet based 

on the change in mass within a container over time. The container was covered when it was not 

receiving flow to minimize evapouration of the solution. Clear wells composed of nylon mesh 

(McMaster-Carr 9318T15) were placed in the cell along the influent and effluent edges to 

promote horizontal flow prior to heating.  

 

During the heating experiments, images of the flow cell were captured using a digital single-lens 

reflex camera recording images at a resolution of 6000 × 4000 pixels (Canon EOS Rebel T6i, 

EF-S 18-55 mm lens) to qualitatively monitor gas exsolution and flow paths. A black cloth was 

placed behind the camera to minimize reflections. 
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4.2.2 Experiment and Measurements 

Triplicate experiments were conducted, referred to as experiments A, B and C (Table 4.1).  Prior 

to heating in all experiments, a controlled flow of NaCl solution without dissolved CO2 (other 

than very low concentrations from contact with the atmosphere) from the constant head reservoir 

through the sand was used to measure hydraulic head and flow rate (Table 4.1) to determine the 

saturated hydraulic conductivity. Each experiment was completed in three stages. Stage 1 

involved heating the flow cell at a lower voltage (~100-110 V) until the temperatures within the 

cell reached a near steady state. The reservoir source was then switched to a NaCl solution 

saturated with dissolved CO2 while continuing to heat the flow cell at the same voltage and flow 

rate. Stage 2 extended from the exsolution of dissolved CO2 until the temperatures within the 

flow cell reached a new steady state. For Stage 3, the CO2 bubbling in the influent reservoir was 

stopped and the voltage was increased (~125 V) to increase the temperatures in the flow cell.   

 

This series of stages represents a possible sequence during field applications, where dissolved 

CO2 would be injected and heated to moderate temperatures to promote exsolution, and then the 

dissolved CO2 source would be switched off and power increased to reach required treatment 

temperatures. Initial dissolved CO2 injection at higher power and temperature would promote 

early exsolution prior to reaching the treatment area and would not address colder temperatures 

in that area.  

 

Voltage and flow rate measurements were recorded every 5 min until the reservoir was switched 

to the NaCl solution saturated with dissolved CO2, after which measurements were recorded 

every 2 min until the current stabilized. Once the current stabilized, voltage and flow rate were 
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recorded every 5 min. Pictures of the flow cell were recorded at the same rate to capture the flow 

path during Stage 2 and Stage 3 of heating. Temperature and current were recorded every 10 s 

throughout the experiment. Hydraulic heads in the influent and effluent piezometers were 

recorded two times before switching the reservoir and when substantial changes occurred to the 

flow once the reservoir was switched.  

 

4.3 Results and Discussion 
 

4.3.1 Flow Rate and Current 

The flow rates measured during Experiments A, B, and C are shown in Fig. 4.2, Fig. 4.3, and 

Fig. 4.4, respectively. The current and flow rate recorded at the end of each stage are listed in 

Table 4.2, Table 4.3, and Table 4.4. Stage 1 for Experiment A extended to 250 min in 

comparison to approximately 200 min in Experiments B and C because the voltage was adjusted 

during heating to increase the lowest steady-state temperature to ensure exsolution of dissolved 

CO2 across the flow cell in Experiment A. 

Table 4.2. Current and Flow Information at End of Stages for Experiment A 

Stage I  i Ax 

 

Q*  v Re 

1 372 0.11 34.7 5.2 0.15 0.02 

2 287 0.05 33.3 0.8 0.02 4×10-3 

3 401 0.07 33.3 5×10-3 1×10-4 3×10-5 
*Flow rates below 0.01 mL/min were based on a flow of 0.01 mL/min discharged over the following time range: 

Experiment A, Stage 3 between 485 min and 500 min. Hydraulic gradients were calculated based on the difference 

of average hydraulic head from the inlet and outlet ports over the flow cell length. I is the current measured in 

µS/cm, i is the average hydraulic gradient, Ax is the cross sectional area in cm2, Q is the flow rate in mL/min, v is the 

flow velocity in cm/min, and Re is the Reynold’s number (unitless). 
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Table 4.3.Current and Flow Information at End of Stages for Experiment B 

Stage I  i Ax 

 

Q*  v Re 

1 432 0.14 33.6 6.8 0.20 0.03 

2 366 0.19 32.6 <1×10-4 4×10-6 1×10-6 

3 510 0.21 32.0 <8×10-5 3×10-6 1×10-6 
*Flow rates below 0.01 mL/min were based on a flow of 0.01 mL/min discharged over the following time range: 

Experiment B, Stage 2 between 285 min and 361, Stage 3 between 361 min and 484. Hydraulic gradients were 

calculated based on the difference of average hydraulic head from the inlet and outlet ports over the flow cell length. 

I is the current measured in µS/cm, i is the average hydraulic gradient, Ax is the cross sectional area in cm2, Q is the 

flow rate in mL/min, v is the flow velocity in cm/min, and Re is the Reynold’s number (unitless). 

 

Table 4.4. Current and Flow Information at End of Stages for Experiment C 

Stage I  i Ax 

 

Q*  v Re 

1 416 0.15 35.5 7.6 0.21 0.04 

2 326 0.16 33.2 <9×10-4 3×10-5 4×10-6 

3 459 0.17 32.5 <1×10-4 3×10-6 1×10-6 
*Flow rates below 0.01 mL/min were based on a flow of 0.01 mL/min discharged over the following time ranges: 

Experiment C, Stage 2 between 370 min and 381, Stage 3 between 405 and 500 min. Hydraulic gradients were 

calculated based on the difference of average hydraulic head from the inlet and outlet ports over the flow cell length. 

I is the current measured in µS/cm, i is the average hydraulic gradient, Ax is the cross sectional area in cm2, Q is the 

flow rate in mL/min, v is the flow velocity in cm/min, and Re is the Reynold’s number (unitless). 

 

The hydraulic gradient and flow velocity measured in this laboratory study were much higher 

than the values expected in field applications. However, it was more important to note the 

magnitude of reduction in flow rate from the exsolution of dissolved CO2, since exsolution will 

occur during heating and these effects may be observed in field applications.  
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Fig 4.2. Experiment A. Stage 1 from start to 250 minutes. Stage 2 from 250 minutes to 391 minutes. Stage 3 from 

391 minutes to 500 minutes. The vertical dotted line indicates when the dissolved CO₂ started to exsolve. 

The dashed line indicates when the dissolved CO₂ source was shut down and the voltage was increased.  
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Fig 4.3. Experiment B. Stage 1 from start to 200 minutes. Stage 2 from 200 minutes to 361 minutes. Stage 3 

from 361 minutes to 484 minutes. The vertical dotted line indicates when the dissolved CO₂ started to 

exsolve. The dashed line indicates when the dissolved CO₂ source was shut down and the voltage was 

increased. 
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Fig 4.4. Experiment C. Stage 1 from start to 189 minutes. Stage 2 from 189 minutes to 381 minutes. Stage 3 

from 381 minutes to 500 minutes. The vertical dotted line indicates when the dissolved CO₂ started to 

exsolve. The dashed line indicates when the dissolved CO₂ source was shut down and the voltage was 

increased. 
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During Stage 1 of the experiment, the current increased until the temperature began to stabilize, 

after which it decreased (in Experiments B and C). The increasing current was caused by a 

decrease in water viscosity as temperatures increased, which increased the mobility and thus the 

electrical conductivity of the solution in the flow cell (Robinson and Stokes 1965; McNeill, 

1980). The decrease in water viscosity with temperature also increased the flow rate, given the 

boundary conditions used in these experiments, and both the current and flow rate affect 

temperature.  During the exsolution of dissolved CO2 in Stage 2, the current fluctuated as it 

decreased, which is consistent with the findings from other studies (Carrigan and Nitao, 2000; 

Hegele and Mumford, 2014). This decrease in current was the result of gas acting as a non-

conducting phase where the effective electrical conductivity of the sand decreased as water 

saturation decreases as per the modified Archie’s law (Archie, 1942; Winsauer et al, 1952; 

Amiri, 2012; Glover, 2016): 

lmnn = l�(R) o&
� ∅p  (4.7)  

where σeff is the effective electrical conductivity of the solution (S/m), Sw is water saturation 

(unitless), a is the tortuosity of the media (unitless), ∅ is porosity (unitless), m is the cementation 

component (unitless), and σw is the water phase electrical conductivity of the solution (S/m) 

which is dependent on the mole fraction of salt in the aqueous solution. In addition to a decrease 

in current, the gas production reduced the aqueous relative permeability and decreased the flow 

rate in all experiments. The fluctuation of current continued during Stage 3, and was 

characteristic of gas dynamics in sand during ERH.  
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In the experiments, the flow rates generally increased from the initial flow rate as the flow cell 

was heated during Stage 1. This is due to the effects of increased temperature, which reduced the 

viscosity of the solution. Near the end of Stage 1, there was a small discontinuity in the current 

and a fluctuation in the flow rate shortly after the missing current across all experiments. This 

was caused by changing the reservoir source from the NaCl solution to the NaCl solution 

saturated with dissolved CO2, during which the power was switched off and the flow valves were 

closed momentarily. The spike in flow rate when switching reservoirs was caused by the release 

of pressure built up when the valves were closed. The end of Stage 1 was defined by the change 

in current where exsolution of dissolved CO2 began in the flow cell. At the start of Stage 2, the 

flow rate decreased rapidly and reduced to 0.8 mL/min in Experiment A and to <0.01 mL/min 

over the specific time ranges shown in Tables 4.3 and 4.4 for Experiments B and C, respectively. 

Although Experiment A indicated an increase in flow near the end of Stage 3 and Experiment C 

indicated a similar phenomenon near the end of Stage 2, the flow rates for all experiments 

reduced to <0.01 mL/min by the end of Stage 3. Although there was still dissolved CO2 

remaining in the reservoir during Stage 3, no solution entered the cell during that stage as flow 

was effectively stopped. As such, there were no impacts anticipated from maintaining the 

reservoir with dissolved CO2 connected to the cell during Stage 3.  

 

The reduction in flow rate from 5.2-7.6 mL/min under water-saturated conditions to <0.005 

mL/min after the exsolution of dissolved CO2 was greater than anticipated.  Assuming that the 

decrease in flow rate was due only to a decrease in relative permeability, the Darcy flux can be 

estimated according to the multiphase extension of Darcy’s law:  

qr = st�s u&�
%& �  (4.8)  
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where krw is the aqueous relative permeability. Empirical relationships were used to estimate the 

changes in viscosity and density of the solution based on temperature. It was assumed that 

relationships applicable to pure water would reflect the results within these experiments as the 

concentration of NaCl used was relatively low. Density was estimated using the empirical 

relationship provided by Kell (1975): 

�� = GAAA.@DAECH(I.AJE(KIB�K.A@K)J)(×()37B2�JI.(K)JI(×()3LB7H()E.EID)C×()31BM�C@).EJCED×()3-2BFN
((H(I.@KA@E)×()37B)  (4.9) 

Viscosity was estimated using the empirical relationship provided by Korson et al. (1969): 

�� = %&'
())) × 10-.-/01(203`)30.00-52/(`320)2

`651.17   (4.10)  

where µw
θ is the reference dynamic viscosity of water at 20 °C and µw and µw

θ are expressed in 

cP. The relationship between gas saturation and relative permeability was estimated using the 

Brooks-Corey relationship modified by Burdine (Brooks and Corey 1964): 

st� = x((�oy)�o_
(�o_ zjDH2

{k
 (4.11) 

where Sg is the gas saturation (unitless), Sr is the residual saturation of the sand (unitless) and λ is 

the pore size distribution index from the Brooks-Corey equation (unitless). The values of Sr and λ 

for 30/40 sand were taken to be 0.052 and 6.91, respectively (Schroth et al., 1996). 

 

Using Equations 4.9 to 4.11 and the measured hydraulic gradient from the piezometers, the flow 

rate can be estimated using Equation 4.8, given the cross sectional areas in Tables 4.2 to 4.4 and 

an estimate of intrinsic permeability based on flow under saturated conditions. The expected 

aqueous relative permeability was estimated using gas saturations from previous experiments 
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that used the same flow cell and completed similar heating experiments. The gas saturations 

were taken to be between 0.118 for a continuous source of dissolved CO2 exsolution (Hegele and 

Mumford, 2015), and 0.233 for water boiling (Hegele and Mumford, 2014). The resulting 

expected flow rate estimates at the end of each stage based on the expected gas saturations and 

the average i per stage are presented in Table 4.5.  

Table 4.5. Estimated Flow Rate based on Expected Gas Saturations 

 Flow Rate (mL/min) 

Experiment Sg = 0.118, krw = 0.65 Sg = 0.233, krw = 0.40 

Stage 2 Stage 3 Stage 2 Stage 3 

A 3.3 3.3 2.0 2.0 

B 8.5 11.9 5.1 7.3 

C 5.5 8.1 3.3 5.0 

Sg is gas saturation, krw is relative permeability.  

 

These estimated flow rates using the assumed gas saturations were three orders of magnitude 

higher than the observed flow rates in Stages 2 and 3 of the experiments (Tables 4.2 to 4.4), with 

the exception of Stage 2 in Experiment A where the estimated flow rate was one order of 

magnitude higher. In fact, krw values of  9.1×10-4 to 1.3×10-12, which would result from gas 

saturations of 0.618 to 0.925, would be required to replicate the observed flow rates, excluding 

Stage 2 in Experiment A, where a krw value of 0.15 resulting in a gas saturation of 0.417 would 

be required.  These gas saturations are unreasonably high, and based on these results, it is not 

reasonable to assume that the lower flow rate was attributable solely to a lower relative 

permeability caused by increased gas saturations.  

 

The qualitative observations from the flow path images after exsolution of the dissolved CO2 

occurs show that the solution in the flow cell moves upwards from the influent rather than 

horizontally towards the effluent side.  Horizontal flow prior under saturated conditions was 

confirmed in separate tracer tests prior to heating. It is likely that the effect of natural convection, 
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referred to as buoyant flow by Krol et al. (2014), was increasing during the exsolution of 

dissolved gases as the flow rate decreased. This is also shown at the effluent tubes, where the 

solution receded from the outlet and back towards the flow cell, and is consistent with the flow 

paths shown in the study completed by Krol et al. (2014) where advective flow is not dominant.  

 

Using Equation 4.6, the types of flow at the end of each stage were calculated for the 

experiments completed in this study. The values of Ra/Pe were <1 for all experiments at the end 

of Stage 1, indicating that advective flow dominated the system. Ra/Pe was <1 for the end of 

Stage 2 in Experiment A, indicating advective flow was still the primary flow type. Ra/Pe was 

>500 in Experiment B at the end of Stage 2, indicating that natural convection was already 

dominating the flow system before the power input was increased. Ra/Pe was between 1 and 500 

in Experiment C at the end of Stage 2, and indicated the presence of mixed flow. Ra/Pe was 

between 1 and 500 in Experiment A at the end of Stage 3, and was >500 in Experiments B 

and C. These ratios indicated that the low flow rates observed were not due only to the effects of 

reduced aqueous relative permeability, but were also due to the circular flow direction within the 

cell. Even the lowest ratio in Stage 3 (71.5 in Experiment A) was sufficient to induce mixed flow 

and a circular flow direction within the cell, based on the results from Krol et al. (2014).  

 

The differences in Ra/Pe found in Stage 2 between experiments may be a result of the average 

temperature of the system, with Experiment B having higher temperatures at the end of Stage 1 

and Stage 2 in comparison to the other experiments (Table 4.6). This may have increased 

dissolved CO2 exsolution rates and expedited the effects of natural convection. It is likely that 

the flow rate was lower than those in Tables 4.2 to 4.4 and Ra/Pe values were higher than those 
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in Table 4.6.  This does not change the conclusions regarding the onset of buoyant flow, as 

higher values of Ra/Pe are still indicative of that type of flow.  

Table 4.6. Estimated Ra/Pe based on Observed Flow Rates 

 Ra/Pe 

Experiment Stage 1 Stage 2 Stage 3 

A 0.03 0.36 71.5 

B 0.04 908 2475 

C 0.03 113 1330 

Ra is the Rayleigh-Darcy number and Pe is the Peclet number.  

 

The very low flow rate may be an exaggerated effect that occurred in this bench-scale 2D flow 

cell experiment. As a result of using a 2D flow cell, the exsolved gas may have been forced to 

migrate across the cell and spread across more flow paths. It is likely that the influent flow paths 

will be able to flow around the gas generated from the dissolved gas exsolution in a 3D 

application, and further investigation in 3D systems should be conducted.  

 

4.3.2 Temperature Distribution 

The temperatures measured by the upper and lower thermocouples during Experiments A, B, 

and C are shown in Fig. 4.2, Fig. 4.3, and Fig. 4.4, respectively, and temperatures at the end of 

each stage are listed in Table 4.7.  

Table 4.7. Temperature at End of Stages 

Experiment Stage 1 (°C) Stage 2 (°C) Stage 3 (°C) 

TI* TO BI BO TI TO BI BO TI TO BI BO 

A 52.3 54.8 43.1 47.0 50.3 49.3 44.2 43.3 64.7 63.1 55.6 53.1 

B 56.7 61.0 44.4 50.3 58.2 57.6 50.5 49.8 75.1 73.9 62.5 61.3 

C 55.4 59.1 43.8 48.6 54.7 53.2 47.3 46.2 68.1 67.0 60.6 56.7 
* TI represents the top thermocouple towards the influent, TO represents the top thermocouple towards the outlet, BI 

represents the bottom thermocouple towards the influent, and BO represents the bottom thermocouple towards the 

outlet. 

 

The temperatures were higher near the top of the flow cell in comparison to the bottom of the 

flow cell regardless of the stage of heating. This result is expected due to buoyancy effects 

caused by the decrease in density of the solution due to thermal expansion when heating. 
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However, the temperatures towards the effluent end were higher than their influent counterparts 

in Stage 1. This was a result of the advective flow, where the same energy was applied to the 

heated area, but the thermocouples closer to the influent were cooled by colder solution from the 

reservoir. Once the dissolved CO2 exsolved at the start of Stage 2, the temperatures between the 

influent and effluent thermocouples converged over time and the temperatures at the inlet were 

higher than the outlet by the end of Stage 2. This relationship continues even after the dissolved 

CO2 supply was turned off and the power increased during Stage 3. Although the influent and 

effluent temperatures converged, the vertical temperature difference was still present once the 

source of the dissolved CO2 was shut down. In addition, as the current decreased in Stage 2 

during exsolution of dissolved CO2, the power input across the flow cell was reduced, which 

resulted in a temperature decrease across the flow cell. This demonstrates an important trade-off 

between the decrease in overall temperature in the treated zone and the extent of lateral 

temperature convergence created by gas exsolution and decreased flow rate. These conditions 

may not be ideal for ISTT operations as the energy input will need to increase to match the 

decrease in temperature as a result of lower current in the presence of gas saturations, and further 

investigation is needed to understand the conditions under which this trade-off is beneficial.  

 

4.3.3 Implications for Field Scale ISTTs 

To implement this method of flow reduction at the field scale, it is anticipated that injection 

wells with controlled and uniform gas or dissolved gas flow be installed upgradient and around 

the treatment zone. This gas injection could be by sparging, the injection of gas-saturated water, 

or by diffusion through subsurface gas-permeable membranes (e.g., Waterloo EmitterTM).  Gas 

injection would start as the treatment area was heated to a moderate (sub-boiling) temperature at 
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which exsolution of the dissolved gas could occur (Fig. 4.5).  This is similar to Stage 1 of the 

experiments in this study. It is noted that this temperature increase may temporarily promote the 

advection of contaminants due to the decreased water viscosity. However, with the use of gas 

injections around the treatment zone, the flow would decrease as a result of a lower water 

saturation and lower aqueous relative permeability, which would mitigate that migration.  The 

current could be monitored to determine the onset of Stage 2, when a decrease in current as gas 

exsolves would be accompanied by increased uniformity of the temperature distribution due to 

the increasing influence of natural convection. Once the current reaches a new steady state and 

temperatures were more uniformly distributed, implying that the desired gas saturation had been 

achieved, the gas injection would be stopped and the power increased as per Stage 3. Additional 

gas will be produced with the further exsolution of CO2 already in the treatment zone, the 

vaporization of contaminants, and the boiling of water.  This would further reduce groundwater 

flow during the removal of CVOCs by co-boiling and water boiling. 

 

Although this study did not explore the potential effects of dissolved gas exsolution in 

heterogeneous systems, it is anticipated that more dissolved CO2 would enter layers with higher 

hydraulic conductivity as these layers allow more flow. Therefore, gas saturation generated in 

Stage 2 in these layers with higher hydraulic conductivity would be greater, thereby causing 

larger reductions in aqueous relative permeability and groundwater flow in those layers that are 

the most challenging to heat. This could balance the temperature distribution between layers with 

different hydraulic conductivities and provide gas transport pathways between layers if the 

effective hydraulic conductivities converge in Stage 3.  
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Fig 4.5. Conceptual model showing the three stages of utilizing exsolution of dissolved gases to reduce the cooling 

effects from groundwater flow in ISTT applications. 
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4.4 Summary and Conclusions 

A series of laboratory experiments was conducted to determine the effects of exsolution of 

dissolved CO2 to reduce groundwater cooling during ISTT. Results indicated that the flow rate 

can be reduced substantially once exsolution occurs. The cause of this reduction in flow rate was 

not only due to lower advective flow as a result of lower aqueous relative permeability, but also 

due to effects from natural convection.  The onset of buoyant flow was indicated by the change 

in Ra/Pe from 0.03 to 71.5, and up to 2475 in the most extreme case following gas exsolution. 

This mixing allowed the temperatures to distribute more uniformly along the groundwater flow 

direction. The extent of flow rate reduction found in this study suggests that dissolved gas 

exsolution may be an alternative method for groundwater flow control in field applications, that 

may be applicable for a variety of depths and heterogeneous soils. 

 

The benefits of reduced flow and uniform distribution of temperature along the flow direction are 

offset by the decreasing current with increasing gas saturation. This decreased the overall 

temperature of the system and would require additional power input to balance the temperature 

drop in practice. Also, there were still differences in temperature vertically across the flow cell as 

the effects of mixing from natural convection did not outweigh the effects of buoyancy. 

 

The results provided a potential implementation procedure for field testing, in which gas 

injections should occur while heating the treatment zone at lower temperatures relative to 

treatment requirements. This would minimize contaminant mobilization and allow dissolved 

gases to reach the treatment zone prior to exsolution and serve to mitigate advective groundwater 

flow rates within the treatment zone and lower cooling requirements. 
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Further investigation is needed to determine the effects of 3D flow and heterogeneous layers, and 

in finer-grained material that is often present at sites where ISTT is applied. Although natural 

convection was achieved in the bench-scale experiments, it is anticipated that the flow regime in 

field applications will likely reflect the properties of a mixed flow where advective and natural 

convection both exist in 3D flow. Gas saturation distributions are unlikely to cover all the flow 

paths to the extent found within the 2D bench-scale experiments in this study as flow will not be 

fully blocked vertically and horizontally, but would still alter the flow regime. Additional 

laboratory experiments should record flow rate at a higher precision to confirm the calculated 

Ra/Pe. This becomes more important in finer grained material as decreasing the permeability 

value lowers Ra/Pe, while a lower flow rate increases Ra/Pe. For heterogeneous layers, more 

dissolved CO2 is likely to enter layers with higher hydraulic conductivity as these layers allow 

more flow. When gas saturation is generated during heating, more exsolution will occur in these 

layers and result in larger reductions in aqueous relative permeability and groundwater flow, 

possibly resulting in varying Ra/Pe ratios in different layers. Further investigations are also 

required to determine if the difference in temperatures between the top and bottom of the heated 

zone are an artifact of a bench-scale ERH experiment. Vertical differences in temperature are 

expected to be less in field applications due to the insulating effects of soil and insulated covers 

installed above the treatment zone, and lateral differences in temperature are expected to 

dominate. The effect of natural convection in a field application could be very beneficial for 

temperature distribution as advective groundwater flow will be slowed down substantially, 

decreasing the effect of convective heat losses and providing extra mixing from the circular flow 

for more uniform heating.  
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Chapter 5  

Conclusions and Recommendations 

5.1 Summary and Conclusions 

A series of laboratory experiments were conducted to evaluate the effects of dissolved carbon 

dioxide (CO2) exsolution on mitigating the adverse effects of convective heat loss from high 

groundwater flow during in-situ thermal treatment. Laboratory-scale oven heating experiments 

of sand-water-NAPL mixtures saturated with emplaced dissolved CO2 were completed to 

determine if extraction of tetrachloroethene (PCE) was effective at temperatures below the 

NAPL-water co-boiling point. Additional bench-scale electrical resistance heating (ERH) 

experiments were performed on a 2D flow cell with a continuous injection of dissolved CO2 to 

quantify changes to flow rate and temperature distributions resulting from exsolution.  

 

The results of the heating experiments of sand-water-PCE mixtures saturated with emplaced 

dissolved CO2 indicated that extraction of PCE was possible at temperatures below the water-

PCE co-boiling point. Measurable volumes (>1.0 mL) of PCE were observed at temperatures as 

low as 81 °C, and the majority of the PCE was extracted between 84 and 87 °C. However, the 

total volume of PCE extracted from one pore volume of solution when heating to temperatures 

below the co-boiling temperature was limited to approximately 1 to 2 mL. An estimate for the 

PCE volume extracted using a continuous source of dissolved CO2 was completed based on the 

ideal gas law and the assumption of instantaneous heating. Based on this analysis, over 30 pore 

volumes of CO2-saturated solution would be required to extract the total emplaced volume 

(27.3 mL) of PCE used in this study at a treatment temperature of 86 °C, and the required pore 

volumes increased as treatment temperatures decreased. It was noted that the estimated PCE 
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volume extracted was lower than the volumes observed in the experiments. This discrepancy 

could be the result of not incorporating the effects of continuous partitioning based on 

concentration gradients at the gas-PCE interface. The temperature for co-boiling of PCE and 

water did not change. Overall, exsolution of dissolved carbon dioxide during heating can remove 

PCE at temperatures below the co-boiling point, but the process would not be energy efficient 

and PCE recovery volumes were limited. 

 

The results of bench-scale ERH experiments using a 2D flow cell with continuous injection of 

dissolved CO2 indicated that the flow rate can be reduced substantially after exsolution. Flow 

rates were reduced by three to five orders of magnitude relative to the initial flow. Based on 

observations and calculations, the flow rate at the outlet decreased as a result of the changing 

flow regime from advection dominated flow to natural convection dominated flow.  This was in 

addition to a decrease in relative permeability, which also contributed to the reduction in flow 

rate. The change in flow regime was characterized by the change in Ra/Pe from 0.03 to 71.5, and 

up to 2475 following exsolution of dissolved CO2. In addition to reducing the groundwater flow 

rate, the natural convection flow regime distributed the temperature uniformly within the 2D 

flow cell along the groundwater flow direction. Although the distribution of temperature was 

improved, the gas saturations generated from exsolution of dissolved CO2 caused a reduction in 

electrical current, reducing the overall temperature of the system. The temperature distribution 

was not uniform along the vertical axis even after exsolution of dissolved CO2. Overall, 

exsolution of dissolved carbon dioxide during heating mitigated some effects of groundwater 

cooling. Flow rates were reduced and the temperature distribution was uniform along the 
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groundwater flow direction. However, it did not address the vertical temperature distribution and 

lowered the overall temperature within the flow cell. 

 

5.2 Recommendations 

Based on the results from the sand-water-PCE mixture heating experiments, it is apparent that 

recovery of PCE at temperatures below the co-boiling point is possible using dissolved carbon 

dioxide exsolution. Although PCE recovery rates using dissolved CO2 exsolution is currently too 

low to be considered an efficient method for remediation, there is value in exploring strategies 

that can enhance this recovery process. The extraction of contaminants in vapour form at lower 

temperatures can allow ISTTs to be applied at sites where convective heat losses from 

groundwater flow would normally make ISTT impractical due to limited heating. On a 

laboratory-scale, one approach that can potentially increase the efficiency of extracting PCE at 

lower temperatures using dissolved gas exsolution is to maintain higher gas saturations within 

the system during heating such that continuous gas transport can be sustained to maximise 

removal rates. Ideally, the approach should ensure that NAPL-gas contact is sustained 

throughout the heating process such that continuous partitioning based on concentration 

gradients at the interface can occur.  

 

As per results from the bench-scale ERH experiments, dissolved CO2 exsolution reduced the 

flow rate and improved the temperature distribution in a 2D flow cell packed with a homogenous 

sand, though the overall temperature was lowered and temperature was still not uniform along 

the vertical axis. Further laboratory investigation is required to identify the effects in low 

permeability soils and in heterogeneous layers in a 2D flow cell. It is anticipated that the flow 
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reduction will be limited in soils with low permeability in comparison to soils with high 

permeability due to a reduced mass flow of dissolved CO2. This effect may be more apparent if 

the soil with high permeability is confined by a low permeability soil as gas will flow laterally 

below the interface of the two soil types and may improve uniform temperature distributions 

vertically due to preferential heating of low permeability soils in ERH applications. This 

selective reduction in flow and convective heat losses based on permeability may homogenize 

the effective hydraulic conductivity across different layers and create natural convection 

dominated flow regimes across layers. A pilot test in the field would be beneficial to confirm the 

effects on the overall flow regime. It is unlikely that full natural convection flow will be 

achieved due to the lower density of gas which causes gas saturation distributions to accumulate 

towards the water table. The exsolved gas will likely spread laterally across the top of each 

confined layer and result in local non-uniform vertical temperature distributions. Flow reduction 

is unlikely to be as effective as gas saturations are unlikely to occupy vertical and horizontal flow 

paths to the same extent as observed in the 2D flow cell experiments. It is anticipated that 

temperatures will be uniform along the groundwater flow direction, with reduced overall 

groundwater flow in a mixed flow regime. It will be important to document changes in Ra/Pe in 

the field across different layers to model changes in flow regime and effects of any mixing on the 

temperature distribution across the treatment volume. 

 

Based on the results from these experiments, it is understood that using dissolved CO2 exsolution 

is a potential candidate for mitigating convective heat losses effects from groundwater flow. If 

groundwater flow reduction is insufficient to reduce energy requirements to heat the target 

volume to required temperatures, dissolved CO2 exsolution may be able to generate sufficient 
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gas for discontinuous gas transport for potential extraction of contaminants at lower temperatures 

during ISTT applications.  

 

Future laboratory work should explore the effects of dissolved CO2 exsolution using ERH for 

treating residual and pooled DNAPLs in a 2D flowing cell with passive vapour extraction. The 

flow rate and NAPL recovery volumes should be recorded at a higher precision and the gas 

saturation and flow pattern should be recorded. It is anticipated that continuous gas transport will 

form across the DNAPL pools over time to increase recovery rates once flow rates decrease 

sufficiently. A controlled field scale experiment can provide the understanding for optimizing the 

injection point and methodology for the dissolved CO2. Any injection effects from 

heterogeneous and low permeability soils will actually benefit this method of groundwater 

control as higher mass flows of dissolved CO2 can enter layers with a higher permeability to 

enhance flow reduction, while minimal mass flows will enter low permeability soils. This test 

can provide knowledge on any injection timing or distances from the treatment zone that need to 

be accounted for during operations such that the design volume can be fully covered. Since gas 

saturations increase during typical ISTT applications when vaporizing contaminants, the power 

reduction attributable to dissolved CO2 exsolution should be determined at temperatures below 

the co-boiling point of the target contaminant. This can provide data to quantify power loss due 

to exsolution of injected dissolved gases and the potential cost to increase energy input to reach 

design temperatures under the influence of dissolved gas exsolution. An economic analysis 

comparing the available groundwater control methods should be completed to determine the 

feasibility of this method as a new approach to groundwater control.  
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This potential groundwater control method may not be limited to ISTT applications. If relative 

permeability can be homogenized across heterogeneous layers upon some heating below 

contaminant co-boiling points, typical injection-based remediation methods may be able to 

transport the required substances across the treatment volume as long as the injection pressure 

can overcome the new aqueous permeability that has been reduced by dissolved gas exsolution. 

The lower groundwater flow can increase the residence time of the substance and the higher 

temperatures may benefit some bioremediation techniques. Dissolved gas exsolution can also be 

completed using less reactive gases such as noble gases. Although the volume of gas exsolved 

may be lower, further research is recommended to verify the full potential of this methodology. 
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Appendix A 

Supplemental Figures  

 
Fig. A-1. NAPL saturation versus centre temperature for Experiments NG, DGH, and DGL. Varying NAPL 

saturations did not change temperature patterns.  
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Fig. A-2. NAPL saturation versus centre temperature from this study compared to data from Zhao et al. (2014). 

Centre temperatures were lower in this study during co-boiling in comparison to Zhao et al., (2014).  

 
Fig. A-3. NAPL saturation versus outer temperature from this study compared to data from Zhao et al. (2014). Outer 

temperatures were higher in this study during co-boiling in comparison to Zhao et al., (2014).  
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Fig. A-4. Normalized NAPL saturation versus outer temperature from this study compared to data from Zhao et al. 

(2014). Similar patterns noted for decrease in saturation post co-boiling temperatures.  
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Fig. A-5. Temperature and fluid saturation (gas and NAPL) versus time in Experiments (a) NG-1, (b) NG-2, and 

(c) NG-3.  
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Fig. A-6. Temperature and fluid saturation (gas and NAPL) versus time in Experiments (a) DGH-1, (b) DGH-2, 

(c) DGH-3, and (d) DGH-4.  
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Fig. A-7. Temperature and fluid saturation (gas and NAPL) versus time in Experiments (a) DGL-1, (b) DGL-2, and 

(c) DGL-3.  
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Fig. A-8. Ambient temperature and current over time for (a) Experiment A; (b) Experiment B; (c) Experiment C. 

Amb. inlet and outlet are thermocouples placed 25mm from the back of the glass, outside the cell. These 

thermocouples are aligned with the tip of the thermocouples where the top inlet and outlet temperatures are taken. 

Amb. top is measured 1000mm away from the cell to ensure it is not affected by the heating in the cell. The dashed 

lines separate Stage 1, Stage 2, and Stage 3 of heating in Experiments A, B, and C.  It is noted that the ambient 

temperature profiles for the inlet and outlet reflect the patterns shown in the top inlet and outlet thermocouples 

placed within the cell. The Amb. top thermocouple reflected the temperature within the laboratory over the course of 

the experiments.  
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0 min 4 min 8 min 12 min 16 min 

     

20 min 24 min 28 min 32 min 36 min 
 

     

40 min 44 min 48 min 52 min 56 min 
 

     
Fig. A-9. Dye tracer showing flow paths without dissolved CO2 for Experiment A. The flow rate was at 4.7 mL/min. 

The dye gathered in clear well before flowing out horizontally with a relatively equal distribution.  
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224 min 230 min 235 min 239 min 243 min 

 
247 min 251 min 255 min 259 min 305 min 

 
309 min 313 min 317 min 321 min 325 min 

 
Fig. A-10. Dye tracer showing flow paths with dissolved CO2 for Experiment A. The flow rate was decreasing over 

time. The dye gathered in the clear well before flowing out, but did not flow out from the top inlet as a result of 

exsolved gas gathering near the top section of the cell. Based on the flow path between 247 and 259 min, effects 

from natural convection was observed as flow was moving upwards in the cell. However, advective flow was still 

dominant and the dye reached the outlet within a similar time frame in comparison to the flow without dissolved 

CO2. 
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0 min 4 min 8 min 12 min 16 min 

 
20 min 24 min 28 min 32 min 36 min 

 
40 min 44 min 48 min 52 min 56 min 

 
Fig. A-11. Dye tracer showing flow paths without dissolved CO2 for Experiment B. The flow rate was at 6.6 

mL/min. The dye gathered in clear well before flowing out horizontally with an equal distribution.  
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186 min 190 min 194 min 198 min 202 min 

 
206 min 210 min 214 min 218 min 222 min 

 
226 min 230 min 234 min 238 min 242 min 

 
Fig. A-12. Dye tracer showing flow paths with dissolved CO2 for Experiment B. The flow rate reduced to 2.68 

mL/min during this period of time. The dye gathered in the clear well before flowing out, but did not flow out from 

the top inlet as a result of exsolved gas gathering near the top section of the cell. Some effects from natural 

convection was observed as flow near the middle of the cell was flowing upwards in the cell. Advective flow was 

still dominant, but the top at the cell did not have any dye during this time, in comparison to the equal distribution 

when no dissolved CO2 was injected. 
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0 min 4 min 8 min 12 min 16 min 

 
20 min 24 min 28 min 32 min 36 min 

 
40 min 44 min    

 
Fig. A-13. Dye tracer showing flow paths without dissolved CO2 for Experiment C. The flow rate was at 7.4 

mL/min. The dye gathered in clear well before flowing out horizontally with a relatively equal distribution. It is 

noted that the top section of the cell has a slightly slower flow.  
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184 min 192 min 200 min 208 min 216 min 

 
226 min 234 min 242 min 250 min 258 min 

 
266 min 274 min 380 min   

  
Fig. A-14. Dye tracer showing flow paths with dissolved CO2 for Experiment C. The flow rate reduced to 2.93 

mL/min from 7.46 mL/min during this period of time. The dye gathered in the clear well before flowing out and 

flowed from the top inlet as well, which was not observed in other experiments. Only slight effects of natural 

convection were observed during this period of time. Advective flow was dominant until the end of Stage 2 at 380 

min, though it is difficult to observe from the dye.  
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Fig. A-15. Approximate location of close-up pictures for Experiment A. The close up represents a 1.3 cm by 1.4 cm 

region located 12.6 cm from the left and 19.5 cm from the bottom of the flow cell.  

 

(a) (b) (c) (d) 

    
Fig. A-16. Close-up pictures of cell during Experiment A, taken at (a) 195 min; (b) 250 min; (c) 320 min; 

(d) 450 min. Minor gas exsolution was observed at 195 min, increasing at 320 min and stabilizing by 450 min. 

Image at 250 min shows dyed water that entered this area before full exsolution occurred. Approximate gas 

locations marked in red. 
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Fig. A-17. Approximate location of close-up pictures for Experiment B. The close up represents a 1.9 cm by 2.5 cm 

region located 12.0 cm from the left and 19.8 cm from the bottom of the flow cell.  

 

 

(a) (b) (c) 

   
Fig. A-18. Close-up pictures of cell during Experiment B, taken at (a) 20 min; (b) 226 min; (c) 470 min. Effects 

from gas exsolution can be observed with the dye at 226 min. Gas saturation increased by 470 min. Approximate gas 

locations marked in red. 
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(a) (b) (c) 

 
Fig. A-19. Outlet tubes during Experiment B, taken at (a) 286 min; (b) 423 min; (c) 479 min. As flow reduced 

during the experiment, liquid was observed to retract from the discharging point at the outlet tubes (between 0 and 

20 mm from the end of the tubes). As the temperature increased in Stage 3, the liquid moved further back into the 

cell and stabilized after 423 min in Experiment B (between 55 and 60 mm from the end of the tubes). This effect 

was also observed in Experiment C, but was limited in Experiment A.  
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Appendix B 

Additional Data  

 

 

 
Fig. B-1. Temperature, current, and flow for Experiment NCW-1 (no clear wells and Stage 3 heating). The first 

dotted line indicates when the reservoir source was switched to a NaCl solution saturated with dissolved CO2. The 

second and third dashed line indicates when the system was shut down as gas was noted at the outlet tube. However, 

effects of natural convection were not considered at this point and gas noted at the outlet was assumed to be an error 

as flow was not expected to reduce to less than 0.01 mL/min.  
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Fig. B-2. Temperature, current, and flow for Experiment NCW-2 (no clear wells and Stage 3 heating). The first 

dotted line indicates when the reservoir source was switched to a NaCl solution saturated with dissolved CO2. The 

second dashed line indicates when the system was shut down as gas was noted at the outlet tube. Flow was allowed 

to reach values below 0.01 mL/min as the effect was noted to be repeatable.  
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Fig. B-3. Temperature, current, and flow for Experiment NCW-3 (no clear wells and Stage 3 heating). The first 

dotted line indicates when the reservoir source was switched to a NaCl solution saturated with dissolved CO2. The 

second and third dashed line indicates when the system was shut down as gas was noted at the outlet tube. It was 

noted that gas bubbles were flow from the cell into the outlet tubes and the reduction of flow may be a result of these 

gas phases blocking the outlet. It was decided that clear wells would be installed to mitigate gas flowing directly into 

the outlet tubes.   
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Fig. B-4. Ambient temperature and current over time for (a) Experiment NCW-1; (b) Experiment NCW-2, noted 

Amb. Inlet thermocouple dropped from cell after 260 min; (c) Experiment NCW-3. Amb. inlet and outlet are 

thermocouples placed 25mm from the back of the glass, outside the cell. These thermocouples are aligned with the 

tip of the thermocouples where the top inlet and outlet temperatures are taken. Amb. top is measured 1000mm away 

from the cell to ensure it is not affected by the heating in the cell. The dashed line indicates when the power was 

shut off to change the reservoir source to a NaCl solution saturated with dissolved CO2. 
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Appendix C 

Calibration/Control Data 

 
Fig. C-1. Control experiment for Experiments NG, DGH, and DGL using water only. As per the results, full 

recovery of the liquid was achieved after 24 hours of heating. Similar heating patterns were observed, where 

temperatures in the centre thermocouple were lower than the temperatures measured in the outer thermocouples.  

 
Fig. C-2. Preliminary experiment to confirm bubbling time required to saturate different volumes of deionized water 

with dissolved CO2. Based on the two tests, approximately 20 min was required to reach a stable pH of 3.94.  
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Fig. C-3. Temperature, current, and flow for control test (no dissolved CO2 in second reservoir). The temperatures 

between the inlet and outlet did not change between the stages, though temperatures at the top of the cell lowered 

after the change of reservoirs. The current also reduced after the change of reservoirs, possibly due to minor salt 

concentration differences. The current did not show any fluctuations during heating as gas saturations from gas 

exsolution was not present. It was noted that the flow rate did not change with the exception of the adjustment after 

changing the reservoir.  
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Fig. C-4. Preliminary experiment to confirm temperature readings from thermocouples used in Experiments NG, 

DGH, and DGL after calibration using the DT9800 Calibration Utility. Temperatures measured from ambient 

temperature to the water boiling point.  

 
Fig. C-5. Preliminary experiment to confirm temperature readings from thermocouples used in Experiments A, B, 

and C. Temperatures measured from ambient temperature to approximately 80oC, which is the maximum 

temperature anticipated during the flow cell experiments.  
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Fig. C-6. Ambient temperature and current over time from control experiment. No dissolved CO2 was used during 

heating. Amb. inlet and outlet are thermocouples placed 25mm from the back of the glass, outside the cell. These 

thermocouples are aligned with the tip of the thermocouples where the top inlet and outlet temperatures are taken. 

Amb. top is measured 1000mm away from the cell to ensure it is not affected by the heating in the cell. The dashed 

line indicates when the power was shut off to change the reservoir source as per typical procedures, but without 

dissolved CO2 as a control test. It is noted that the decrease in temperature in the cell did not affect the ambient 

temperature significantly.  

 
Fig. C-7. Preliminary experiment to confirm temperature readings from thermocouples used to measure ambient 

temperatures in Experiments A, B, and C. Temperatures measured approximately between 26 and 80oC to reflect 

similar range of temperatures anticipated during the flow cell experiments.  
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0 min 4 min 8 min 12 min 16 min 
 

 
20 min 24 min 28 min 32 min 36 min 

 
40 min 44 min    

 
Fig. C-8. Dye tracer showing flow paths without dissolved CO2 or heating for control experiment. The flow rate was 

at 7.0 mL/min. The dye gathered in clear well before flowing out horizontally with a relatively equal distribution.  
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188 min 192 min 196 min 200 min 204 min 

 
208 min 218 min 228 min 238 min 249 min 

 
258 min 274 min 489 min   

 
Fig. C-9. Dye tracer showing flow paths in control experiment with heating and no dissolved CO2. The flow rate 

remained constant over time. Although the dye indicated similar patterns where the top portion of the cell was not 

filled immediately, the flow was horizontal throughout the experiment. In addition, no gas phase filled the outlet 

tubes over time.   
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Appendix D 

Chemical Analysis 

REPORT OF ANALYSIS   

    

ASU # 17358 Report ID:  ASU 17358 Tetrachloroethylene-1 

Client: Dr. K Mumford Date Submitted:  13-Mar-20 

 Civil Eng. 

Date Testing 

Initiated: 16-Mar-20 

 Attn: Zenith Wong Date Reported: 17-Mar-20 

  Matrix:  Water 

Results relate only to the item tested   

    

Method: SPME GC/FID   

 Tetrachloroethylene   

 ug/L   

    

PCE sample 

Mar 13 129000   

    

    

Blank <10   

    

Control 260   

Control Target 250   

    

Prepared by:  Authorization:  

 

 

Please find report attached 

  

Paula Whitley 

Laboratory Manager, Analytical Services Unit 

School of Environmental Studies 

Queen’s University 

Kingston, ON K7L 3N6 

Tel: 613 533 6000 ext: 74772 

Cell: 613 532 7796 
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Appendix E 

Apparatus Set-up 

 
Fig. E-1. Set-up for Experiments NG, DGH, and DGL. Heating tape was wrapped from the outlet of the oven to a 

tee connection. The thermocouple at the tee connection was used to track the temperature of the vapours. The 

condenser was cooled with water running at 7 oC. No ice is shown at the insulated graduated cylinder for clarity. 

 

 
Fig. E-2. Cooled graduated cylinder within insulated container during heating. Ice packs were replaced every 6 

hours during heating. Front cover of insulation is in place when volume readings are not being recorded. 
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Fig. E-3. General setup of ERH heating experiment.  

 

 
Fig. E-4. Front view of ERH heating experiment during Stage 1. Dyed solution is saturated is dissolved CO2. 
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Fig. E-5. View of ERH heating experiment after changing to dissolved CO2-saturated reservoir.  

 

 
Fig. E-6. View of power supply and connection with GFFI. Ammeter is placed under textile to minimize glare on 

current readings during experiments.  
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Appendix F 

Sample Calculations 

 

Estimated PCE volume extraction from cylinder: 

 

Initial conditions: Dissolved CO2-saturated water at 20oC (293.15 K); 27.3 mL of PCE; 

capillary pressure of 30/40 sand (Schroth et al., 1996) at 1277.81 Pa.  

 

Target temperature: 80oC, assuming temperature change is instantaneous.  

 

At 20oC: 

 

Water vapour pressure: 

Antoine equation constant for water: A = 8.07131; B = 1730.63; C = 233.426, valid between 1 to 

100oC. 

log �� = W − X
�HB  

��,C)°� = 10j@.)K(D(� (KD).IDCDD.JCIHC)k = 17.47 ��
� = ����. �� �� 

 

Vapour pressure of PCE:  

Wagner equation constant for PCE: A = -7.36067; B = 1.82732; C = -3.47735; D = -1.00033, 

valid between 252 K to 620.2 K. Pcrit, PCE = 47.6 bar; Tcrit, PCE = 620.2 K. 

ln Y�Z[\]
�^_Z`,Za = �bZHXbZ-.FH�bZ7H�bZL

(�bZ  ;where e� = 1 − B
B^_Z`,Z 

e� = 1 − CAD.(E
IC).C = 0.5402  

��� ��� = 47.6 ��� × ��K.DI)IK×).EJ)CH(.@CKDC×).EJ)C-.F±D.JKKDE×).EJ)C7±(.)))DD×).EJ)CL
(�).EJ)C

= 0.0184457 ��� = ����. �� �� 

Raoult’s Law: � =  ∑ f������� ; as only PCE is present as NAPL, f��� = 1.0 

��� =  1.0 × 1844.57 = ����. �� ��  
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Partial pressure of dissolved CO2:  

Assume � = 101325 � 

�� + ∑ � = � + 	   ��2 = � + 	 − ��−��� = 101325 + 1277.81 − 2329.57 − 1844.57 =  �����. �� �� 

 

Moles of CO2 in solution:  

Determine Henry’s Law constant.  


��2
�(298.15 �) = 0.00033 mol ∙ m�D ∙  Pa�(; 

�∆����,��2� = 2400 


�(R) = 
� � × exp Y�∆����,Z
� × j(

B − (
B'ka  

  


��2(293.15 �) = 0.00033 × exp �2400 × Y 1
293.15 − 1

298.15a� 

= �. ��� × � �� ¡¢£ ∙ ¡�� ∙  ¤¥��  

 

Determine concentration of CO2. 

�(�) × 
�(mol ∙ m�D ∙  Pa�() = ��(mol ∙ m�D) 

 ���2 = 98428.66 × 3.786 × 10�J = ��. �� ¡¢£ ∙ ¡��  
 

Assuming 27.3 mL of solution is in contact with the PCE: 

¦��2 = 37.26 × 27.3 × (
()))))) = �.  �� × � �� §¨© ¨ª «¬�  

 

At 80oC: 

 

Water vapour pressure: 

��,@)°� = 10j@.)K(D(� (KD).IDCDD.JCIH@)k = 354.53 ��
� = �����.  � �� 

 

Vapour pressure of PCE:  

e� = 1 − DED.(E
IC).C = 0.4306  

��� ��� = 47.6 ��� × ��K.DI)IK×).JD)IH(.@CKDC×).JD)I-.F±D.JKKDE×).JD)I7±(.)))DD×).JD)IL
(�).JD)I

= 0.2738262 ��� = �����. �� �� 

Raoult’s Law: � =  ∑ f������� ; as only PCE is present as NAPL, f��� = 1.0 
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��� =  1.0 × 27382.62 = �����. �� ��  

 

 

Partial pressure of dissolved CO2:  

��2 = � + 	 − ��−��� = 101325 + 1277.81 − 47267.08 − 27382.62
=  �����. �  �� 

 

Moles of CO2 in solution:  

Determine Henry’s Law constant.  


��2(353.15 �) = 0.00033 × exp �2400 × Y 1
353.15 − 1

298.15a� 

= �. ��  × � �� ¡¢£ ∙ ¡�� ∙  ¤¥��  

 

Determine concentration of CO2. 

���2 = 27953.10 × 9.420 × 10�E = �. �� ¡¢£ ∙ ¡��  
 

Assuming 27.3 mL of solution is in contact with the PCE: 

¦��2 = 2.63 × 27.3 × (
()))))) = �. ��� × � �� §¨© ¨ª «¬�  

 

Volume of PCE condensed when increasing temperature from 20 to 80oC: 

 

Total volume of gas produced: 

� = G¦��2,C)°� − ¦��2,@)°�N
��2

®R = (1.017 × 10�D − 7.189 × 10�E)
27953.10 8.3144598 × 353.15 

= �. ��  × � �� §� 

 

Moles of PCE 

Dalton’s Law: � = �rpf�  ;  °ℎ��� f� =  �Z
���²  ;  �Z

�Z6- = �Z
�Z6- 

����� ¦��� = ¦���,��� = 27382.62
27953.10 × 9.930 × 10�E�D × 1000³�D

22.4 ³�´µ
= �. ��� × � �� §¨© �«¶ 
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Volume of PCE condensed 

mole�  (gas) × ¸�¹m	r¹�t ºm��v»Z
uZ =  ³�q¼�½ ¾´µ¼�� ´� ¿´�À´¦�¦Á �  

2.568 × 10�D mol PCE × (IE.@ � p�¹⁄
(.IC  � 	p7⁄ =   . ���� Ä§� �«¶  

Modified Ra/Pe ratio: 
 

 

At Start of Stage 1, Experiment B: 

 

Initial conditions: Flow at 6.07 mL/min; average head change at 2.775 cm; average temperature 

of 22.06oC; cross sectional area of 35 cm2; length of cell is 20 cm. 

 

Change in temperature: 

Based on temperatures of 22.12, 22.03, 22.10, and 22.00 in cell, the maximum and minimum 

temperatures were taken to determine ∆R. 

∴ ∆R = 22.12 − 22.00 =  . ��℃ 

 

Water density (Kell, 1975): 

�� = GAAA.@DAECH(I.AJE(KIB�K.A@K)J)(×()37B2�JI.(K)JI(×()3LB7H()E.EID)C×()31BM�C@).EJCED×()3-2BFN
((H(I.@KA@E)×()37B)   

Assuming initial temperature of 22.00oC: 

��,CC°� = YAAA.@DAEH(I.AJE(@×CC�K.A@K)J)×()37×CC2�JI.(K)JI×()3L×CC7H()E.EID)×()31×CCM�C@).EJCE×()3-2×CCF a
((H(I.@KA@E×()37×CC) = ���. �� ÇÈ

§�   

��,CC.)I°� = YAAA.@DAEH(I.AJE(@×CC.)I�K.A@K)J)×()37×CC.)I2�JI.(K)JI×()3L×CC.)I7H()E.EID)×()31×CC.)IM�C@).EJCE×()3-2×CC.)IF a
((H(I.@KA@E×()37×CC.)I) = ���. �� ÇÈ

§�   
 

Thermal expansion coefficient: 

��B0�BÉ
− 1� (Rc − R))Ê = Ë 

Y999.77
997.76 − 1a (22.06 − 22.00)Ê =  .    �� Ì�� 
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Darcy flux ratio: 

qr���»rt�»mÍ q��»rt�»mÍ⁄  = qr q�⁄  

q� = Î
W = 6.07 �³/��¦

35 ¿�C × 1
60 ��¦

Ð × 1
100

�
¿� = 2.9 × 10�E �/Ð 

As initial conditions: qr = q� ∴ qr���»rt�»mÍ q��»rt�»mÍ⁄ = �.    

 

Hydraulic gradient: 

� = ∆ℎ
³  

� = 2.775
20 =  . ���� 

 

Modified Ra/Pe: 

®�
�  =   Ë∆R

�
q�qr 

®�
� = 0.00023 × 0.12

0.1388 × 1.00 =  .    �  

 

At End of Stage 3, Experiment B: 

 

Conditions: Flow at <0.01 mL/min over 123 min = 8.1×10-5 mL/min; average head change at 

4.275 cm; average temperature of 67.93oC; cross sectional area of 32 cm2; length of cell is 

20 cm. 

 

Change in temperature: 

Based on temperatures of 74.83, 73.52, 61.08, and 62.29 in cell, the maximum and minimum 

temperatures were taken to determine ∆R. 

∴ ∆R = 74.83 − 61.08 = ��. ��℃ 
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Water density (Kell, 1975): 

��,I(.)@°� = YAAA.@DAECH(I.AJE(KI×I(.)@�K.A@K)J)(×()37×I(.)@2�JI.(K)JI(×()3L×I(.)@7H()E.EID)C×()31×I(.)@M�C@).EJCED×()3-2×I(.)@F a
((H(I.@KA@E)×()37×I(.)@) = ���. �� ÇÈ

§�   

��,IK.AD°� = YAAA.@DAECH(I.AJE(KI×IK.AD�K.A@K)J)(×()37×IK.AD2�JI.(K)JI(×()3L×IK.AD7H()E.EID)C×()31×IK.ADM�C@).EJCED×()3-2×IK.ADF a
((H(I.@KA@E)×()37×IK.AD) = ���. �� ÇÈ

§�   
 

Thermal expansion coefficient: 

Y982.64
978.94 − 1a (67.93 − 61.08)Ê =  .    �� Ì�� 

 

 

Darcy flux ratio: 

q� = Î
W = 6.07 �³/��¦

35 ¿�C × 1
60 ��¦

Ð × 1
100

�
¿� = 2.9 × 10�E �/Ð 

qr = Î
W = 8.1 × 10�E �³/��¦

32 ¿�C × 1
60 ��¦

Ð × 1
100

�
¿� = 4.2 × 10�() �/Ð 

qrq� = �. �� × � �� 

 

Hydraulic gradient: 

� = ∆ℎ
³  

� = 4.275
20 =  . ���� 

 

Modified Ra/Pe: 

®�
� = 0.00055 × 13.75

0.2138 × 1.46 × 10�E = ���� 

 

 

 


