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Abstract 

Dense non-aqueous phase liquids (DNAPLs) such as chlorinated solvents, coal tar and 

creosote are some of the most problematic groundwater and soil contaminants in 

industrialized countries throughout the world. In Situ Thermal Treatment (ISTT) is a 

candidate remediation technology for this class of contaminants. However, the relationships 

between gas production, gas flow, and contaminant mass removal during ISTT are not fully 

understood.  A laboratory study was conducted to assess the degree of mass removal, as well 

as the gas generation rate and the composition of the gas phase as a function of different 

heating times and initial DNAPL saturations. Experiments consisted of a soil, water, and 

DNAPL mixture packed in a 1 L jar that was heated in an oven.  Gas produced during each 

experiment, which consisted of steam and volatile organic compounds (VOCs), was collected 

and condensed to quantify the gas generation rate. The temperature of the contaminated soil 

was measured continuously using a thermocouple embedded in the source zone, and was used 

to identify periods of heating, co-boiling and boiling. Samples were collected from the 

aqueous and DNAPL phase of the condensate, as well as from the source soil, at different 

heating times, and analyzed by gas chromatography/mass spectrometry. In addition to 

laboratory experiments, a mathematical model was developed to predict the co-boiling 

temperature and transient composition of the gas phase during heating of a uniform source. 

Predictions for single-component sources matched the experiments well, with a co-boiling 

plateau at 88°C ± 1°C for experiments with tetrachloroethene (PCE) and water. A comparison 

of predicted and observed boiling behaviour showed a discrepancy at the end of the co-

boiling period, with earlier temperature increases occurring in the experiments. The results of 

this study suggest that temperature observations related to the co-boiling period during ISTT 
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applications may not provide a clear indication of complete NAPL mass removal, and that 

multi-compartment modeling associated with various NAPL saturation zones is required to 

consider mass-transfer limitations within the heated zone. Predictions for multi-component 

DNAPL, containing 1,2-Dichloroethane (1,2-DCA), PCE and Chlorobenzene, showed no co-

boiling plateau. 1,2-DCA, the most volatile component, was found to be removed from soil 

by heating fastest during co-boiling. CB is the least volatile component and dominates in the 

vapour phase at the end of the co-boiling process, and it can be used as an indicator of the end 

of the co-boiling stage. Two field NAPL mixtures were simulated using the screening-level 

analytical model to demonstrate its potential application on ISTT. The two mixtures, which 

have similar composition but different mass fractions result in distinct co-boiling temperature 

and mass transfer behaviour. The non-volatile component in the NAPL mixture results in 

larger amounts of water consumption and longer ISTT operation time.  
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Forward 

This thesis has been written in a manuscript format. Chapter 1 gives a general introduction, 

and Chapter 2 provides a review of relevant literature. Chapters 3 and 4 are independent 

manuscripts that will be submitted for publication. I will be the first author on both of these 

publications; Drs. Mumford and Kueper will be coauthors. Chapter 5 summarizes the 

experimental and modeling results of this study, and also gives recommendations of future 

study. Supplemental experimental data and calculations, information on the analytical method 

and analytical error, details regarding the mathematical model, information on the properties 

of 1,2-dichoroethane, tetrachloroethene and chlorobenzene as a function of temperature, and 

the soil moisture measurements by time domain reflectometry (TDR) are provided in 

Appendices A through E. 
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Chapter 1  

INTRODUCTION 

1.1 DNAPL and Chlorinated Solvents 

Chlorinated organic solvents, for example tetrachloroethene (PCE), trichloroethene 

(TCE), carbon tetrachloride  (CT), and vinyl chloride  (VC) are used in a wide variety 

of applications such as dry cleaning, electronic and pharmaceutical production, metal 

cleaning and as chemical intermediates (Pankow and Cherry, 1996). Most chlorinated 

solvents enter the subsurface through improper disposal, spills during transportation, 

or leaking from pipes and storage tanks (Kueper et al., 2004). Chlorinated solvents can 

represent potential health hazards including effects on the central nervous system, 

liver, and kidney damage (USEPA, 2006). 

Many chlorinated solvents are sparingly soluble in water, and denser than water, and 

are referred to as dense non-aqueous phase liquids (DNAPLs). Depending on the 

physical and chemical properties of a particular DNAPL and the subsurface 

environment, the DNAPL could penetrate below the water table and have the potential 

to migrate to a significant depth in both porous and fractured media. As DNAPL flows 

through a porous or fractured medium, disconnected ganglia and blobs can form, 

referred to as residual.  

When two immiscible fluids (such as DNAPL and water, or DNAPL and air) are in 

contact with each other, there is a clear interface that exists between them, which 
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arises from interfacial tension. The pressure difference across the two sides of the 

interface is known as the capillary pressure. When the DNAPL encounters a capillary 

barrier that the capillary pressure of the DNAPL-water system is not enough to 

overcome, the DNAPL will accumulate to form a pool. The DNAPL pool will 

continue to accumulate until the height of the pool creates enough capillary pressure to 

exceed the entry pressure of the capillary barrier, after which penetration of the 

capillary barrier occurs. When the pool migrates laterally enough to reach the edge of 

the capillary barrier, it will cascade and travel downwards around the capillary barrier 

(Kueper et al., 1989). A conceptual model of a distribution of DNAPL in the 

subsurface following a surface release is shown in Figure 1.1. 

 

Figure 1.1 DNAPL distribution in the subsurface following a surface release 
(adapted from Kueper et al., 2003).  
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Aqueous phase plumes are formed by slow dissolution of residual and pooled DNAPL 

and it can take decades or more to completely deplete the DNAPL (Kueper et al., 

2004).  

Although chlorinated solvent DNAPLs have low solubility in water, their solubility 

values are generally considered harmful to the environment and human health. For 

example, tetrachloroethene (PCE) has a solubility of 150 mg/L (Pankow and Cherry, 

1996), while the maximum contaminant level (MCL) for PCE in drinking water has 

been set at 5 μg/L by the United States Environmental Protection Agency (USEPA).   

1.2 Thermal Remediation 

As groundwater is a major fresh water supply source throughout the world and can be 

contaminated from a variety of sources, contaminated groundwater remediation is 

very important. Traditional groundwater remediation technologies targeting 

chlorinated solvents are pump-and-treat, soil vapor extraction and oxidant flooding. 

These technologies typically cannot achieve complete DNAPL mass removal.   

Another class of technologies, referred to as in-situ thermal technologies (ISTT) have 

the potential to remove large amounts of DNAPL mass from the subsurface (Krol, 

2011). Variations of ISTT include steam-flushing, thermal conductive heating (TCH), 

radio-frequency (RF) heating, and electrical resistance heating (ERH). Thermal 

technologies apply energy to the subsurface, bringing about vaporization, steam 

distillation and boiling of the DNAPL. Certain physical and chemical properties of 

DNAPL components, such as density, viscosity, and affinity for adsorption/absorption 
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to soil decrease with increasing temperature (Davis, 1997).  Other properties, such as 

the aqueous solubility of the DNAPL and vapour pressure, typically increase with 

temperature. 

Although 87% to 99% of DNAPL removal by ISTT has been reported by Beyke and 

Fleming (2005), Heron et al., (2004) and Stegemeier and Vinegar, (2001), there are 

very few studies that have been conducted to examine DNAPL removal efficacy 

during early-stage steam distillation. In ISTT, fully understanding the relationships 

between the VOC removal rate, gas production rate and the soil temperature at the 

water-distillation stage and water boiling stage can be essential to interpret the 

progress of DNAPL removal. Because of the soil temperature data that normally plays 

a role in ISTT process monitoring, and due to the limited number of thermocouple 

installations, the installation locations of the thermocouples requires more attention. 

There are even fewer studies focused on the characterization of multi-component 

NAPL removal during ISTT, although multi-component NAPLs are commonly 

encountered at field sites. A better understanding of multi-component NAPL removal 

requires identification of its water distillation temperature and the vapour 

concentration alteration during ISTT.  

1.3 Research Objectives 

The primary objective of this work is to determine when to stop heating during ISTT 

applications. The relationships between VOC mass removal and soil temperature, 

vapour production rate and vapour composition were studied. This objective has been 

achieved by heating PCE contaminated silica sand in an oven and monitoring 
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temperature using thermocouples installed in the soil. PCE contaminated soil was 

sampled at different heating times and analyzed by gas chromatography–mass 

spectrometry (GC-MS). A full understanding of gas production rates during different 

heating stages was achieved by condensing and collecting the PCE and steam vapor. 

The secondary objective of this study is to characterize the nature of multi-component 

NAPL heating. Thermocouple monitoring during heating identified the range of co-

boiling temperatures for a multi-component NAPL. The removal rate of each 

component was examined by condensed vapor sampling and also soil sampling and 

analysis by GC-MS. 

The third objective of this study is to develop an analytical model to provide insights 

into co-boiling characterization and mass transfer behaviour during heating. The 

theoretical co-boiling temperature range of different organic components and water 

can be simulated using this model. In addition, the theoretical NAPL component 

removal rates of both single and multi-component NAPLs were simulated. The model 

accounts for a heterogeneous NAPL distribution, and was compared to the laboratory 

results.  

1.4 Thesis Overview 

Chapter 1 provides the introduction of NAPL contaminant and NAPL remediation 

technologies. Chapter 2 describes the theoretical background and literature review 

relating to the in situ thermal technology treatment on NAPL contamination. Chapter 

3 and 4 were written as independent manuscripts. Chapter 3 summarizes the PCE 
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impacted soil heating experiments method and results, and Chapter 4 presents 1,2-

DCA, PCE and CB NAPL mixture impacted soil heating experiments. A screening 

level model development for NAPL-water co-boiling temperature and mass transfer 

behaviour was described in both Chapter 3 and 4. Chapter 5 presents the conclusions. 

Supplemental experimental data and calculations, information on the analytical 

method and analytical error, details regarding the mathematical model, information on 

the properties of 1,2-dichoroethane, tetrachloroethene and chlorobenzene as a function 

of temperature, and the soil moisture measurements by time domain reflectometry 

(TDR) are provided in Appendices A through E. 
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Chapter 2  

LITERATURE REVIEW  

2.1 Heat Transfer Mechanisms 

2.1.1 Conduction Overview 

Heat will transfer from a region with high thermal energy to a region with lower 

thermal energy when there is a stationary temperature difference (Van Ness et al., 

2001). Heat transfer by conduction occurs when particles of matter are in direct 

contact with one another. In liquids and gases, kinetic energy is transferred from hotter 

to cooler molecules because molecules with a high thermal energy move faster than 

those with lower thermal energy. Eventually, the diffusion of energy results in a 

thermal equilibrium. In solids, conduction transfers energy in the form of lattice 

vibrational waves induced by atomic motion (Dewitt and Incropera, 2002). The rate of 

conductive heat transfer, relevant to this thesis, is expressed by Fourier’s Law as 

follows (Dewitt and Incropera, 2002):  

                                                                                                                  (2.1) 

where q is the heat transfer rate (W/m2), k is the thermal conductivity (W/m·K), and 

 is the temperature gradient (K/m). 

The thermal conductivity (k) is an intrinsic property of a material to conduct heat. 

Higher thermal conductivity materials allow heat transfer to occur faster than low 

q = −k∇T

∇T
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thermal conductivity materials. Normally, the thermal conductivities of solids are 

greater than those of liquids, and gases have lower thermal conductivities than liquids.  

The material thermal diffusivity describes the ability to conduct thermal energy 

relative to the ability to store the energy (Dewitt and Incropera, 2002). Compared to a 

material that has smaller thermal diffusivity, a high thermal diffusivity material will 

reach equilibrium more quickly when there is a change in its thermal environment. 

The thermal diffusivity of a material is dependent on its thermal conductivity, 

volumetric heat capacity and density as expressed by (Dewitt and Incropera, 2002):  

                                                                                                                    (2.2) 

where α is the thermal diffusivity (m2/s), ρ is density (g/cm3), cp is specific heat 

capacity (J/g/K) defined for a unit mass of a material as the amount of thermal energy 

required to raise its temperature by a unit measure of temperature at a constant 

pressure (Dewitt and Incropera, 2002). 

Typical thermal properties (thermal conductivity and volumetric heat capacity) of 

different materials (sand, organic compounds, water) are summarized in Table 2.1 

 

 

 

α = k
ρcp
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Table 2.1 Thermal properties of different materials (Ho and Pehlke, 1990a; Bristow, 
1998b; Kauffman and Jurs, 2001c; Wilheim et al, 1989d; Hallén, 1993e; Shehatta, 
1993f) 

Material 
Thermal Conductivity  

(k)  
W/m/K 

Heat Capacity  
(cp) 

J/g/K 
Silica Sand 6.300a 0.829a 

Water 0.610b 4.181b 
PCE 0.110c 0.880d 

1,2-Dichloroethane 0.135c 1.303e 
Chlorobenzene 0.127c 1.334f 

 

Of the materials listed in Table 2.1, silica sand has the greatest thermal conductivity 

and the three listed organic compounds have similar thermal conductivities and 

smaller than water thermal conductivity. The silica sand and three organic compounds 

have relatively smaller heat capacity values than water, which implies that water 

requires more thermal energy to raise the same amount of temperature than other 

materials. 

 

2.1.2 Conduction in Porous Media 

The thermal conductivity of the solid matrix and any pore-filling materials affect 

thermal conduction in porous media. Since water has greater thermal conductivity 

than air, the thermal conductivity of soil saturated with water is larger than the thermal 
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conductivity of dry soil. The thermal conductivity values for various types of soil are 

summarized in Table 2.2 

Table 2.2 Typical k values of common soil types (VDMME, 2006) 

Soil Type 
Thermal Conductivity  

(k) 
W/m/K 

Dry sand 0.76 
Saturated sand 2.49 

Dry clay 1.11 
Saturated clay 1.66 

 

The concept of a representative elementary volume (REV) is often used to 

macroscopically describe heat conduction in porous media (Bénard et al., 2005). It is 

typical to assume local thermal equilibrium (LTE) between the fluid and solid phases 

in conductive heat transfer analysis. Therefore, the local liquid and fluid temperatures 

are assumed to be equal at the pore scale. The conduction process is described under 

this assumption by the equation (Hsu, 1999): 

                                                                            (2.3)                                                                  

where ρf and ρs are the densities of the fluid and solid phases, respectively, cpf and cps 

are the heat capacities of fluid and solid phases, respectively, and φ is the porosity of 

porous medium. ke is the soil effective thermal conductivity, and it depends on the 

thermal properties of the soil and fluids phases and also the soil interfacial geometry 

(Woodside and Messmer, 1961a): 

φρ f cpf + (1−φ)ρscps = ∇⋅(ke∇T )
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                                                                                                              (2.4) 

where  and  are the thermal conductivity of the fluid and solid, respectively. 

 

2.1.3 Convection Overview 

Heat transfer that involves the movement of fluid adjacent to a surface is referred to as 

convection. The convective heat transfer is defined as free or natural convection when 

the fluid motion is introduced by the fluid body forces, for example, buoyant or 

centrifugal, as a result of density differences between the fluids (Oosthuizen and 

Naylor, 1999). The convective heat transfer equation is known as Newton’s law of 

cooling (Lienhard, 1981):        

          ( )wq h T T∞= −                                                                                                (2.5)  

where  is the heat transfer coefficient (W/m2/K), which is a function of fluid 

composition, solid geometry and hydrodynamics of fluid motion across the solid 

surface (Chapman, 1984). wT  is the wall temperature of the solid object and T∞  is the 

temperature of the bulk fluid (K). 

 

 

 

ke = k f
φks

1−φ

k f ks

h
−
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2.1.4 Convection in Porous Media 

In porous media, when fluid flows through the pore spaces between solid particles, 

heat is transferred by convection. The energy equation is obtained by a combination of 

averaging the fluid and solid phase energy equations under the LTE assumption. It is 

represented without consideration of viscous dissipation and energy generation by 

(Lauriat and Ghafir, 2000): 

                                                                      (2.6) 

where v is the intrinsic phase-averaged velocity, and  is represented by the left 

side of Equation (2.3). 

 

2.1.5 Thermal Properties of Soil 

The thermal properties of different soil and rock materials include the thermal 

conductivity, heat capacity and thermal diffusivity. The porosity, mineral composition, 

grain size, water content, temperature and pressure influence the soil thermal 

properties (Lu et al., 2007). 

The porosity and saturation are the dominant factors that affect the thermal properties 

of soils and rocks (Schön, 2004). Because of the greater thermal conductivity of solids 

( ) than liquids or gases ( ), increases in the soil porosity ( ) result in decreases in 

(ρcp )e
∂T
∂t

+ (ρcp ) f v ⋅(∇T ) = ∇(ke∇T )

(ρcp )e

ks k f φ
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the effective thermal conductivity of soil ( ) (Equation (2.4)). Since oil has a lower 

thermal conductivity than water, a soil saturated with oil will have a lower thermal 

conductivity than a soil saturated with water (Woodside and Messmer, 1961b). There 

is a nearly linear relationship between moisture content and thermal conductivity 

(Sorour et al., 1990). Sorour et al. (1990) also found that thermal diffusivity and heat 

capacity also increase with moisture content increases. 

The thermal conductivity of soil is also controlled by the soil mineral composition, 

which affects the magnitude of  in Equation (2.4). The thermal conductivity 

increases with increasing quartz content (Schön et al., 1996). As grain size increases, 

the inter-grain spaces increase and the thermal resistance between particles increases. 

Therefore, there is a decrease in thermal conductivity with bigger grain size (Tavman, 

1996). The thermal conductivity of soils and rocks increases with higher pressure. 

However, the effect is small compared to that of temperature (Bear, 1972). 

 

2.2 Phase Change 

2.2.1 Boiling of Pure Liquids 

Evaporation and boiling are the two types of vapourization. Evaporation is the change 

from the liquid to the gas below the boiling point, whereas boiling is the process 

where a substance in the liquid phase is transformed to the gas phase at the 

substance’s boiling temperature, which is a function of pressure. The boiling 

temperature is defined as the temperature at which any addition of thermal energy will 

ke

ks
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make a phase change from liquid to vapour. Boiling and condensation processes both 

involve fluid movement across a solid-liquid interface, and are classified as 

convection heat transfer.  

Latent heat ( ) describes the heat required to convert a fluid from one phase into 

another. In boiling, latent heat is the amount of energy used on a conversion of liquid 

phase into the vapour phase or from vapour to liquid in condensation. Latent heat is 

also known as heat of evaporation at normal boiling point. Latent heat for water and 

common VOCs are shown in Table 2.3. 

Table 2.3 Latent heat and normal boiling T of water and different VOCs (USEPA, 
2001) 

Compound Water PCE 1,2-DCA CB 
Heat of Evaporation 

(cal/mol) 9715 7505 7643 8410 

Normal Boiling T  
(°C) 100 121.25 83.5 131.72 

 

Vapour pressure is the pressure exerted by a vapour that is in equilibrium with its non-

vapour phase and can be estimated by the Antoine equation as follows (Reinhard and 

Drefahl, 1999): 

                                                                                                (2.7) 

where A, B, and C are empirical constants for each substance and the values for 

common chlorinated solvents are listed below in Table 2.4 (Yaws and Yang, 1989) 

hfg

LogP = A − B
(C +T )
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and T is the temperature. In the above equation vapour pressure (P) is in units of 

mmHg and temperature (T) is in Celsius degree.  

Table 2.4 Parameters A, B, C for water and different VOCs (Yaws and Yang, 1989). 

Compounds A B C 
Water 7.9492 1657.46 227.02 
PCE 6.9768 1386.92 217.53 

1,2-DCA 7.0253 1271.25 222.94 
CB 6.9781 1431.05 217.56 

 

Volatile substances have high vapour pressures. Vapour pressure rises rapidly with 

temperature. Figure 2.1 shows the vapour pressure of some common groundwater 

contaminants plotted against temperature.  

 

Figure 2.1 Vapour pressure of common compounds vary with temperature (Stegemeier 
and Vinegar, 2001). 

!
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When the vapour pressure of a pure VOC reaches the ambient pressure, the pure VOC 

can boil. For example pure PCE and pure water have boiling points at 121 °C and 

100 °C, respectively, at a pressure of 760 mm Hg (1 atm). 

                                                                                                                (2.8) 

 

2.2.2 Boiling of Miscible Mixtures 

In an ideal miscible solution, the partial pressure of each component is related to the 

mole fraction of the component in the liquid phase and the pure component vapour 

pressure through Raoult’s Law (Mahan and Myers, 1987) as follows: 

                                                                                                                (2.9) 

where Pi is the partial pressure of component i in the gas phase, Xi is the mole fraction 

of component i in the liquid phase, and Pi
0 is the vapour pressure of pure component i.  

The total vapour pressure associated with a NAPL mixture is, therefore, given by:  

                                                                                                   (2.10) 
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2.2.3 Boiling of Immiscible Mixtures 

Dalton’s law states that the total pressure of a gas mixture is equal to the sum of each 

individual component’s partial pressure (Mahan and Myers, 1987). The boiling 

temperature of a mixture is the temperature at which the sum of the vapour pressures 

equal the ambient pressure:  

          
  
Pt = Pi

0

i=1

n

∑                                                                                                    (2.11)                                                                                                  

For a system consisting of two liquid phases, at a fixed pressure, the temperature and 

composition of both gas and liquid phases can be determined. The boiling temperature 

in this region is independent of the mass ratio of the two liquid phases. During this 

process, the two liquids boil as two immiscible liquids at a lower boiling temperature 

than of each single liquid phase. The vapour generated from the two-phase boiling 

process has a fixed mass ratio that is independent of the mass ratio in the liquid phases. 

Therefore, immiscible mixtures have a total vapour pressure of the system 

independent of the mole fraction of each component. This phenomenon is referred to 

as azeotropic boiling and serves as the basis for steam distillation (Class and Helmig, 

2002). In thermal remediation techniques, the boiling point of the VOCs, especially 

the ones having high boiling points (PCBs) will be significantly reduced based on this 

theory (USEPA, 2004). The boiling point is fixed as long as a liquid NAPL phase 

exists (Costanza, 2005). For a co-boiling water-NAPL mixture, the sum of vapour 

pressure of NAPL and water equals the atmosphere pressure. Figure 2.2 shows that a 
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water-PCE mixture can co-boil at 88°C and pure PCE and pure water have boiling 

points at 121°C and 100 °C, respectively. 

 

Figure 2.2 Vapor pressure of PCE, water, and PCE-water immiscible mixture as a 
function of increasing temperature (reproduced and adapted from Costanza, 2005). 

 

The co-boiling temperature of an immiscible mixture can be determined by combining 

Equation (2.7) and Equation (2.11): 

                                                                            (2.12) 

The temperature value that satisfies the above equation will be the immiscible mixture 

co-boiling temperature at Pambient. Each component in the vapour mixture obtained 

Pambient =10
A1−

B1
(C1+Tcb ) +10

A2−
B2

(C2+Tcb )
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from steam distillation has the mole fraction that can be calculated by the ideal gas 

law (Van Ness et al., 2001): 

                                                                                                             (2.13)  

where  is the component vapour pressure at the immiscible mixture co-boiling 

temperature, is the volume, and  is number of moles. The gas comprised of two 

components will occupy one finite volume, so the ratio of moles for each component in 

the mixture can be obtained by: 

          

n1
n2

= P1
P2                                                                                                        (2.14)        

The mass ratio of the two components will be: 

          1 1 1

2 2 2

m P M
m P M

= ⋅                                                                                               (2.15) 

where M1 and M2 are the molar mass of the two components. For example, a PCE and 

water immiscible mixture will generate gas composed of 84% PCE mass at a co-

boiling temperature of 88 °C. Table 2.5 shows common heterogeneous azeotropes of 

common chlorinated solvents. 

 

 

 

PV = nRT

P

V n
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Table 2.5 Heterogeneous Azeotropes of common chlorinated solvents (Gmehling et al., 
1977) 

Compounds 

Pure 
Substance 

Boiling Point 
(°C) 

Heterogeneous Azeotrope with Water 
 

Co-boiling 
Point (°C) 

Mass Concentration of 
Chlorinated Solvent in 

Liquid/Vapour (%) 
PCE 121 88 84 
TCE 87 73 94 
CT 77 67 96 

 

DNAPLs found at contaminated waste sites are commonly composed of mixtures of 

several organic species (Powers et al., 1997). Assuming the system has ideal 

behaviour, for NAPL mixtures composed of chemically similar components, the 

equilibrium partitioning can be estimated by Raoult’s Law (Schwarzenbach et al., 

2005; Adenekan et al., 1993). The total pressure is the sum of the water vapour 

pressure and NAPL mixture vapour pressure using Equation (2.11). The NAPL 

mixture vapour pressure can be estimated by Equation (2.10). The pressure during co-

boiling of multi-component NAPL with water can be determined by combining 

Equation (2.10) and Equation (2.11): 

                                                                                                (2.16) 

where PNAPL is the total pressure of multicomponent NAPL, determined by Equation 

(2.10). 

 

 

Pambient = PW
0 + PNAPL
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2.3 Effects of Temperature on Physicochemical Properties 

2.3.1 Water-Gas Partitioning (Henry’s Law) 

The Henry’s constant describes the partitioning of a substance between the gas and 

liquid phases. It is represented by the ratio of a substance’s gas phase concentration to 

its dissolved concentration at equilibrium (Heron et al., 1998a) as follows: 

                                                                                                           (2.17) 

where Cg is the concentration in gas phase and Cw is the concentration in aqueous 

phase (mg/L). When the Henry’s constant of a contaminant increases, the 

concentration of a VOC in the gas phase increases and the concentration in the 

dissolved phase decreases. The Henry’s law constant was found to increase with 

temperature for each contaminant in all solvents analyzed by Shimotori and Arnold 

(2002). It was found by Heron et al. (1998a) that the Henry’s constant of TCE 

between 10 °C and 95 °C increased by a factor of 20. The Clausius-Clapeyron 

relationship can be used to correct the dimensionless Henry’s constant from a 

reference temperature to an average soil temperature (USEPA, 2001): 

                                                                       (2.18) 

where HT is the dimensionless Henry’s law constant at the average soil 

temperature, ∆Hv,TS is the enthalpy of vapourization at the average soil 

temperature (cal/mole), TS is the average soil temperature (K), HR is the Henry’s 

H = Cg /Cw

HT =
exp −

ΔHv,TS

Rc
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Law constant at the reference temperature (atm-m3/mole), RC and R are universal 

gas constant, expressed in units of cal/mole/K and atm-m3/mole/K, respectively. 

The enthalpy of vapourization of a compound at the average soil temperature can 

be obtained from its enthalpy of vapourization at the normal boiling temperature 

(USPEA, 2001): 

                                                                                  (2.19) 

where  is the enthalpy of vapourization at the normal boiling point (cal/mol),  

is the critical temperature (K),  is the normal boiling point (K), and n is an 

exponent that is a function of  (Table 2.6). 

Table 2.6 Value of exponent n as a function of TB/TC (USEPA, 2001). 

TB/TC Exponent n 
<0.57 0.3 

0.57-0.71 0.74(TB/TC)-0.116 
>0.71 0.41 

 

2.3.2 DNAPL-Water Partitioning (Solubility) 

The aqueous solubility of TCE and PCE as a function of temperature between 

20.85 °C and 116.85 °C for TCE and between 21.85 °C and 160.85 °C for PCE was 

studied by Knauss et al. (2000). The solubility of TCE increased from 0.010763 mol/L 

to 0.037889 mol/L, while the solubility of PCE increased from 0.001157 mol/L to 

ΔHv,TS = ΔHv,b
1−TS TC
1−TB TC

⎡

⎣
⎢

⎤

⎦
⎥

n

ΔHv,b TC

TB

TB TC
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0.013729 mol/L. Aqueous solubility data as a function of temperature is represented 

by the following equation (Knauss et al., 2000): 

                                                                                          (2.20) 

where S is the solubility in mole fraction, T is the absolute temperature in Kelvin and 

D, E, F are the fitting parameters as shown in Table 2.7 (Knauss et al.,2000; Chen et 

al.,2011). 

Table 2.7 Fitting parameters of solubility calculation (Knauss et al., 2000, Chen et al., 
2011) 

Compounds D E F r2 
PCE -1313.04 52334 184.06 0.932 
TCE 220.29 5136 23.04 0.862 

1,2 DCA 6.77 4417 5.61 0.952 
 

The significant increase of the solubility of contaminants with elevated temperature 

results in an increase of mass transfer of contaminant from DNAPL into the aqueous 

phase. 

 

2.3.3 Adsorption 

The adsorption of a contaminant onto the surface of solid soil grains is strongly 

dependent on temperature, partitioning in the liquid and gas phases, and as well as the 

soil specific area and fraction organic carbon (Udell, 1997). , the distribution 

coefficient, describes contaminant partitioning between the aqueous and sorbed phases. 

RLnS = D + E
T
+ FLnT

Kd
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Column experiments were performed by Sleep and McClure (2001) in order to 

determine the impact of temperature on the distribution coefficients of toluene, PCE, 

and naphthalene. The distribution coefficient of all compounds analyzed at 20 °C to 

90 °C was found to decrease, which represents an increase in the contaminant 

concentration in the aqueous phase relative to that on the solid phase.  

 

2.3.4 Total VOC Concentration 

The equilibrium partitioning of a compound between the sorbed, aqueous, and gas 

phases is described by Pankow and Cherry (1996), and can be expressed as the total 

soil concentration, assuming no NAPL phase exists:         

          ( ) /T d w b w w w a bC K C C C Hρ φ φ ρ= + +                                                             (2.21)                                     

where Cw the pore water concentration of the chemical (mg/L),  is the dry soil bulk 

density (g/cm3),  and  are the porosity filled by water and air, respectively, and 

H is the dimensionless Henry’s Constant. 

For an example porous medium that has  = 0.2, = 0.1, = 1.86 g/cm3 and = 

0.0016, change in the percentage of PCE mass per unit volume of soil in the aqueous, 

vapour and sorbed phases with increasing temperature was found by Burghardt and 

Kueper (2008). As temperature increases from 22 °C to 99.9 °C, the percentage of 

mass in the vapour phase increases significantly from 16% to 81% while both aqueous 

and sorbed PCE mass decline. 

ρb

φw φa

φa φw ρb foc
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2.4 ISTT Technologies 

In situ Thermal Treatment (ISTT) includes electrical resistance heating (ERH), 

thermal conductive heating (TCH), and steam enhanced extraction (SEE). In ERH, the 

thermal energy is produced by conducting an electrical current through the subsurface. 

TCH is heating the subsurface through thermal conduction from heater wells. SEE 

involves steam injection into the subsurface to deliver heat. The SEE method relies on 

the flow of steam through the porous medium and is, therefore, sensitive to 

permeability variations in the subsurface. A great deal of heat losses and possible 

incomplete heating can happen as the steam cannot penetrate low permeability soil.  

Compared to thermal conductivity, hydraulic conductivity can vary by 10 orders of 

magnitude at a single site. Therefore, the areas with low hydraulic conductivity act as 

mass transfer barriers. In contrast, ERH and TCH technologies can be applied on soils 

such as clays with lesser influence of soil heterogeneity (Stegemeier and Vinegar, 

2001; Heron et al., 1998b). The technologies of ERH and TCH will be described in 

more detail in this section. 

 

2.4.1 Electrical Resistance Heating 

In ERH applications for soil VOC remediation, the volatilized chemicals are heated by 

the introduced electrical energy. The introduced electrical energy is converted to 
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thermal energy by the electrical resistance of the soil matrix to the electrical current 

between electrodes. Grain surfaces are heated by thermal conduction of the thermal 

energy. Typically, the electrodes will be installed throughout the treatment area with 

electrode spacings of between 4 m and 8 m (USEPA, 2004). A shorter operating time 

can be achieved with closer electrode spacing, but with a net higher cost. The 

generated vapours are extracted and treated ex-situ. Since the subsurface moisture is 

required for electrical conduction between the electrodes, the moisture content, 

concentration of dissolved salt or ionic content of the water, and ion exchange 

capacity of the soil itself can strongly influence the resistance in the subsurface 

(USEPA, 2004). As long as moisture is present, treatment can be carried out in both 

saturated and unsaturated zones. Resistive heating will not be functional once the pore 

water has been depleted. Therefore, the maximum operating temperature of ERH is 

the boiling point of water. An example ERH set up is shown in Figure 2.3. 

 

Figure 2.3 Schematic representation of ERH system setup (adapted from USEPA, 
2004). 

!
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2.4.2 Thermal Conductive Heating 

In Thermal Conductive Heating (TCH), wells are installed in a hexagonal pattern with 

a vacuum positioned in the center to capture the gas that is generated (Figure 2.4). 

Each well contains a heating element, and the temperature of the subsurface raises by 

conduction heat transfer from the heater wells. Removal of contaminants is enhanced 

via evapouration, steam distillation, boiling, oxidation and thermolysis (Burghardt, 

2008). Typically, temperatures of 100 to 500 °C are achieved in TCH applications, 

depending on the contaminant compounds (Stegemeier and Vinegar, 2001). For 

relatively volatile, low boiling point contaminants, for example TCE, PCE, and BTEX 

(benzene, toluene, ethylbenzene, xylenes) lower temperatures are applied. Higher 

temperatures are applied for semi-volatile compounds, for example PCBs (Stegemeier 

and Vinegar, 2001). 
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Figure 2.4 Schematic representation of TCH system setup (Stegemeier and Vinegar, 
2001). 

 

2.4.3 Importance of Vapour Extraction 

Vapour extraction is an essential part of in situ thermal treatment. The effectiveness of 

the thermal treatment technology relies on all generated VOC vapour being captured 

by a vapour extraction system. In a typical Six Phase Heating process, there are three 

electrodes that form a triangle, and the treatment volume is defined as the triangular 

area and the thickness of the treatment volume. The extraction well is located in the 

center of triangle (Figure 2.5).  
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Figure 2.5 Top and cut view configuration of three electrodes and an extraction well of 
a typical electro-thermal process (McGee, 2004). 

 

The extraction well produces a vacuum pressure gradient. This pressure gradient 

forces liquids and vapours to flow in a horizontal direction towards the extraction well 

(McGee, 2004). In addition, bubbles can travel vertically, driven by buoyancy forces, 

which are a function of temperature. A proper extraction rate should be determined so 

that the bubbles containing VOC can be captured by an extraction well before they 

rise above the heat treatment zone and re-condense. The distance between extraction 

and injection wells, and the rate of extraction are critical to prevent uncontrolled 

bubble movement and achieve successful soil remediation (McGee, 2004). 

 

Top View! Cut View!
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2.5  Laboratory Studies 

There are a number of field studies of in situ thermal technology that have been 

conducted at many sites (e.g., Francis and Wolf, 2004; Heron et al., 2004; LaChance 

et al., 2005; Smart, 2004). There are also a few bench scale experiments using 

rectangular soil tank (Heron et al., 1998b; Martin and Kueper, 2011), batch tests using 

glass jars (Burghardt and Kueper, 2008), and a column apparatus (Näslund, 2003), 

that have been published. However, little research has been done to fully understand 

the DNAPL mass removal rate correlated with temperature information during the co-

boiling stage of a DNAPL-water mixture. Also, most previous studies focused on 

single component NAPLs, however, in the field case there is usually more than one 

component present. 

A bench scale study using ERH combined with SEE was conducted by Heron et al. 

(1998b). This experiment was performed in a 2-D laboratory tank with an initial TCE 

concentration of 1120 mg/L (dissolved phase) in silty soil. The low permeability soil 

contained a water table, saturated zone, and vadose zone in the cell, and an electrical 

current was applied in the cell. Soil vapour extraction alone was applied for the first 8 

days, and only 6.8% of the initial TCE mass was removed. Then the soil temperature 

was raised to 85 °C.  55% of the initial TCE mass was removed from the tank after 28 

days of treatment at 80-90 °C. Finally, the soil temperature was raised to pore water 

boiling temperature and 13.9 grams TCE mass was removed after 5 days of boiling. 

The experiment achieved 99.8% mass removal and had a final treatment soil TCE 

concentration of 600 ppb. 
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Burghardt and Kueper (2008) conducted a series of laboratory experiments to simulate 

the thermal remediation of tetrachloroethene (PCE) impacted soil using TCH. The 

relationship between PCE mass removal and heating time (from 8 hours before dry out 

to 12 hours after dry out), initial NAPL saturation (from 5% to 40%) and soil grain 

size (U.S. Standard Sieve #10 mesh to #200 mesh and composite) was evaluated. A 

typical PCE-water boiling temperature profile is shown in Figure 2.6. 

 

Figure 2.6 Soil temperature (±4°C) at jar center during oven heating experiment for 
base case test (Adapted from Burghardt and Kueper, 2008). 

 

PCE-water boiling has four stages: the mixture of PCE, water and sand is first heated 

up to the co-boiling temperature of 88 °C. Then co-boiling occurs until the NAPL 
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phase PCE is depleted, and the remaining water and sand are continuously heated to a 

water boiling temperature of 100 °C. Pore water then is boiled to dry out and the sand 

rises to the oven temperature. This study found that for experiments starting with 14% 

PCE saturation and using a composite mixture sand, the PCE concentration in soil 

decreased from 140 ppm at 8 hours before dry out to 7.3 ppm at 4 hours before dry out 

and eventually reached 15 ppb at 8 hours after dry out (Burghardt and Kueper, 2008). 

The soil concentration results are shown in Figure 2.7. 

 

Figure 2.7 Concentration of PCE in soil samples as a function of heating time, based 
on time before or after soil dry out (Burghardt and Kueper, 2008). 
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A positive relationship was also found between the initial DNAPL saturation and the 

length of the PCE-water co-boiling plateau at 88 °C. The final PCE soil concentration 

was found to be not zero after thermal treatment, and the smaller grain size soil had 

lower post treatment soil concentrations.  

A laboratory study of remediation of pooled trichloroethene (TCE) perched on a 

capillary barrier using electrical resistance heating (ERH) was performed by Martin 

and Kueper (2011). The experiment was conducted in a 76.2 cm wide, 16.5 cm thick 

and 40.64 cm high 2-D tank filled with #16 and #50 mesh sands. The low permeability 

#50 sand was used to construct the horizontal barriers with #10 sand comprising the 

main body. From visual observation, there was clear indication of pooled TCE 

vapourization at a 73.4 °C co-boiling temperature. They also found that vapour 

migration bypassed the capillary barrier and resulted in a net redistribution of TCE 

within the experimental domain within the confined areas. The overall reduction in 

TCE concentration was over 99.04%. Most importantly, for the fully spanning barrier 

experiment, there was visualization of vapour entrapped under the capillary barrier 

and recondensation as the heat stopped.  
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Chapter 3  

LABORATORY AND MODELLING STUDY EVALUATING 

THERMAL REMEDIATION OF TETRACHLOROETHENE 

IMPACTED SOIL 

Abstract  

Dense non-aqueous phase liquids (DNAPLs) such as chlorinated solvents, coal tar and 

creosote are some of the most problematic groundwater and soil contaminants in 

industrialized countries throughout the world. In situ thermal treatment (ISTT) is a 

candidate remediation technology for this class of contaminants. However, the 

relationships between vapour production, vapour flow, and contaminant mass removal 

during ISTT are not fully understood.  A laboratory study was conducted to assess the 

degree of mass removal, as well as the vapour generation rate as a function of 

different heating times and initial DNAPL saturations. Soil temperature was 

continuously monitored during heating and samples were collected from the aqueous 

and DNAPL phase of the condensate, as well as from the source soil, at different 

heating times, and analyzed by Gas chromatography/Mass Spectrometry. In addition 

to laboratory experiments, a mathematical model was developed to predict the co-

boiling temperature and transient composition of the gas phase during heating of a 

uniform source. Predictions for NAPL sources matched the experiments well, with a 
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co-boiling plateau at 88°C ± 1°C for experiments with tetrachloroethene (PCE) and 

water. A comparison of predicted and observed boiling behaviour showed a 

discrepancy at the end of the co-boiling period, with earlier temperature increases 

occurring in the experiments. The soil PCE concentrations and NAPL saturation 

results showed NAPL phase PCE remained at the end of the observed co-boiling 

plateau. Simulations that used a multi-compartment model, with a range of initial PCE 

saturations, were able to better fit the soil temperature and vapour production data 

from the experiments. The results of this study suggest that temperature observations 

related to the co-boiling period during ISTT applications may not provide a clear 

indication of complete NAPL mass removal, and that the rate of vapour production 

may be used to identify stages of the heating process.  



 

 
 

41 

3.1 Introduction 

Soil and groundwater contamination by dense, non-aqueous phase liquids (DNAPLs) 

such as chlorinated solvents, coal tar and polychlorinated biphenyls (PCBs) can result 

in long-term impacts to groundwater quality. There are a variety of technologies with 

the potential to remediate DNAPL sites. DNAPL remediation employing traditional 

technologies such as pump-and-treat and soil vapor extraction can encounter mass 

transfer limitations, resulting in extended operating times (Mackay and Cherry, 1989; 

Heron et al., 1998a; Smart, 2005).  

In recent years, several other technologies have been developed including surfactant 

and/or cosolvent flushing, in situ thermal treatment (ISTT), in situ chemical oxidation 

(ISCO), and in situ bioremediation (ISB) (Stroo et al., 2012). For injection-based 

technologies, the flow paths often bypass a significant amount of residual 

contamination (Seanton et al., 2002). Therefore, injection-based technologies can only 

achieve partial NAPL mass reduction in source zones. However, ISTT, including 

electrical resistance heating (ERH), thermal conductive heating (TCH) and steam 

enhanced extraction (SEE), have been found capable of removing 95% of NAPL mass 

(Stroo et al., 2012). Thermal technologies deliver energy to the subsurface resulting in 

DNAPL removal by vapourization, steam distillation and boiling. In addition, elevated 

temperatures increase DNAPL dissolution and desorption. 

Only a few laboratory experiments have investigated the efficacy of thermal 

remediation for NAPL and dissolved volatile organic compound (VOC) removal. A 

two dimensional (2-D) laboratory tank experiment to investigate trichloroethene (TCE) 
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removal from a silty soil using ERH was carried out by Heron et al. (1998a). The soil 

temperature was raised to achieve pore water boiling resulting in 13.9 grams of TCE 

mass removal after 5 days. The experiment achieved 99.8% mass removal and had 

post-treatment TCE soil concentrations of 600 ppb. Chen et al. (2010) conducted an 

experimental study focused on the removal of dissolved 1,2-dichloroethane (1,2-DCA) 

(253 mg/L) from fractured rock via heating. This study found that 100% of the 1,2-

DCA was recovered once 38% of the pore volume of condensate was produced (Chen 

et al., 2010). Burghardt and Kueper (2008) conducted a series of laboratory 

experiments to simulate the thermal remediation of tetrachloroethene (PCE) DNAPL 

impacted soil. This study found that during the early stage of heating, total PCE 

concentration in soil decreased from 51 ppm to 7.3 ppm, and eventually reached 15 

ppb after pore water dry out. The duration of the PCE-water co-boiling plateau at 

88 °C was found to increase with increased initial NAPL saturation. A laboratory 

study of remediation of pooled trichloroethene (TCE) perched on a capillary barrier 

using electrical resistance heating (ERH) was performed by Martin and Kueper (2011).  

From the results of visual observation, temperature monitoring and post-experimental 

soil chemical analysis, they found condensation of entrapped vapor occurred and 

resulted in a net redistribution of TCE within the confined areas.  

Water-NAPL boiling has four heating stages. First, the mixture of NAPL, water and 

sand is heated up to the co-boiling temperature. Then co-boiling begins and continues 

until the NAPL phase is depleted.  Following this, the remaining water and sand are 

continuously heated to the water boiling temperature. Pore water is then boiled to dry 
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out. Theoretically, NAPL removal starts at the beginning of the co-boiling period, and 

at the end of the co-boiling period all NAPL is depleted. A co-boiling plateau is 

defined as a constant soil temperature during the co-boiling period. Co-boiling 

plateaus have been observed in lab experiments. For example water-PCE co-boiled at 

88 °C in Burghardt and Kueper (2008) (Figure 3.1) and water-TCE co-boiled at 

73.9°C in Martin and Kueper (2011). 

 

Figure 3.1 Soil temperature (±4°C) at jar center during oven heating experiment for 
base case test (Adapted from Burghardt and Kueper, 2008). 

 

The co-boiling of immiscible fluids is dictated by Dalton’s law, which states that the 

total pressure of a gas mixture is equal to the sum of the individual component partial 
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pressures (Mahan and Myers, 1987). The boiling temperature of an immiscible 

mixture, for example water-PCE, is the temperature at which the sum of the vapour 

pressures of the two immiscible fluids equals the ambient pressure: 

          Pambient = P
0
1 + P

0
2                                                                                      (3.1) 

Vapour pressures can be estimated by the Antoine equation (Yaws and Yang, 1989):  

          LogPi
0 = Ai −

Bi
(Ci+T )

                                                                                   (3.2) 

where Ai, Bi, Ci are empirical constants for compound i (values for common 

chlorinated solvents can be found in Yaws and Yang, 1989).  Table 3.1 lists these 

constants for water and PCE.  

Table 3.1 Empirical constants of Antoine equation for Water and PCE 

Compounds Aa B C 

Water 7.9492 1657.46 227.02 

PCE 6.9768 1386.92 217.53 

aYaws and Yang, 1989, T  is in °C and Pi  is in Torr  

 

The co-boiling temperature of a two-phase binary mixture can be determined by 

substituting Equation (3.2) into Equation (3.1) to give: 
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1 2

1 2
1 2(C ) (C )10 10cb cb

B BA A
T T

ambientP
− −

+ += +                                                                    (3.3) 

where Tcb is the co-boiling temperature of the immiscible mixture at Pambient. The co-

boiling temperature of a two phase binary mixture is lower than the boiling point of 

either liquid. For example, PCE has a normal (1 atm) boiling temperature of 121 °C, 

but will co-boil with water at a temperature determined by Equation (3.3) as 88 °C. 

The ratio of moles for each component in the mixture can be obtained by using the 

ideal gas law (Van Ness et al., 2001): 

                                                                                                       (3.4) 

where ng,w is the moles of water in vapour, and ng,NAPL is the moles of NAPL in vapour. 

For many field applications of ISTT, the depletion of DNAPL by heating is the 

remediation goal. However, it is difficult to determine whether the NAPL is 

completely removed during ISTT operations. Temperature measurement is an 

important monitoring process in ISTT operation, which has a link to DNAPL removal 

in that a co-boiling plateau is an indicator of DNAPL removal. Nevertheless, the co-

boiling plateau is frequently absent in field ISTT temperature profiles.  For example, 

Figure 3.2 displays the soil temperature profile during ERH at Groveland, 

Massachusetts (Soós et al., 2012), where the soil and groundwater were heavily 

contaminated by TCE. Equation (3.3) predicts that TCE and water co-boil at 73.9 °C, 

However, no co-boiling plateaus were observed at the various monitoring locations. 

Martin and Kueper (2011) also discovered that in their 2D tank experiment only 

ng,w
ng,NAPL

= Pw
pNAPL
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thermocouples inserted into the NAPL pool showed a co-boiling plateau. The next 

closest thermocouples were 7.62 cm away from the thermocouples inside the TCE 

pools, and they showed no co-boiling plateaus. 

 

Figure 3.2 Temperature profile during ISTT at Groveland, Massachusetts (Soós et.al., 
2012). 

 

The objectives of this study were to identify PCE removal rates and vapour production 

rates during stages of heating (co-boiling and water boiling), and to develop a 

mathematical model to predict the temperature profile, including the co-boiling 

plateau, and the VOC removal rate during heating of NAPL and water. 
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3.2 Materials and Methods 

3.2.1 Laboratory Experiments 

3.2.1.1 Jar Packing and NAPL Emplacement 

All experiments were conducted in 1000 mL glass jars (Fisher Scientific, Inc.) or 500 

mL glass beakers packed with sand, water, and NAPL. The sand was 40/50 sieve size 

silica sand, with a particle density (ρsg) of 2.663 g/cm3 and an organic carbon fraction 

(foc) of 0.0003 (Schroth et al., 1996). The water was distilled water. The NAPL was 

reagent grade PCE (Fisher Scientific, Inc.). The physical and chemical properties of 

the sand, water and PCE are shown in Table 3.2. 

Table 3.2 Thermal properties of silica sand, water and PCE. 

Material 

Heat 
Capacity 

(cp) 
J/g/K 

Thermal 
Conductivity 

(k) 
W/m/K 

Thermal 
Diffusivity 

(α)  

m2/s × 10-7 

Heat of 
Vapourization 

(ΔHv,b) 
cal/mole/K 

Normal 
Boiling 
Point at 

1atm (°C) 

Silica 
Sand 

0.829a 6.300a 29.443 / / 
Water 4.181b 0.610b 1.430 9939f 100 
PCE 0.880d 0.110c 0.771 8288f 121.25f 

Ho and Pehlke, 1990a;  
Bristow, 1998b;  
Kauffman and Jurs, 2001c;  
Wilheim et al., 1989d;  
USEPA, 2001f 

 

The sand-water-NAPL mixture for each experiment was prepared in four stages. First, 

250 g of dry sand was placed into the 1000 mL glass jar, and the sand was moistened 
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with distilled water and a measured mass of PCE. The mass of NAPL added 

corresponded to a quarter of the total mass required to attain the prescribed level of 

NAPL saturation in the entire jar. The soil mixture was then quickly blended by 

stirring with a glass rod, and distilled water was added to fully saturate the soil. The 

same procedure was employed to fill the glass jar with the other three quarters of dry 

sand, water and NAPL. The porosity (φ) of the sand was calculated by: 

          

s
t

sg

t

MV

V
ρ

φ
−

=                                                                                                    (3.5) 

where Vt is the total volume of the sand, and Ms is the mass soil added. The NAPL 

saturation was calculated by: 

                                                                                 (3.6)  

where MNAPL is the mass of NAPL added and ρNAPL is the density for NAPL.  
 

 

3.2.1.2 Temperature Distribution Experiments 

All experiments were performed in a Binder heating oven with mechanical convection 

(Binder GmbH). The convection oven was chosen to ensure an even distribution of 

heat within the oven and constant temperature throughout the duration of the heating 

test (Burghart and Kueper, 2008). Temperature data was recorded using a data logger 

100
( )

NAPL
NW

S
NAPL t

sg

MS MVρ
ρ

= ×
⋅ −
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(DT9805, Data Translation Inc., Marlboro, Massachusetts) at a frequency of 0.125Hz 

(Figure 3.3). 

 

Figure 3.3 Schematic representation of laboratory setup for soil heating experiments. 

 

Two temperature distribution experiments were conducted to investigate the 

sensitivity of the temperature signal to the measurement location. These experiments 

were conducted in 500mL beakers filled with 500 g of silica sand. In the first 

experiment, one half of the sand was saturated with water only, and the other half was 

mixed with water and 4.7 g PCE to create fully saturated sand with an initial 20% 
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NAPL saturation (Figure 3.4a). In the second experiment, the sand was packed with a 

uniform initial NAPL saturation of 20% (Figure 3.4b).  In these two experiments, five 

thermocouples were placed into the soil (Omega, TTSS). In the first experiment 

(Figure 3.4a), the thermocouple locations were chosen to represent different 

conditions relative to the configuration of the NAPL source. T3 was placed in the 

center of the beaker at the edge of the NAPL source, T2 was placed near T3 but 

entirely within the water-saturated sand, T1 was placed further into the water-

saturated sand, T4 was placed near T3 but entirely within the 20% NAPL sand, and T5 

was placed further into the 20% NAPL sand. In the second experiment, the five 

thermocouples were placed in the jar as shown in Figure 3.4b. 

 

Figure 3.4 Thermocouple locations and NAPL configurations of heating experiments, 
where white represents water-saturated sand and grey represents sand containing 
water and either 5%, 20%, or 40% initial NAPL saturation. (a: r1=r5=0.025 m; b: 
r1=r5=0.035 m, r2=r4=0.025 m; c: r1=0.025 m). 
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3.2.1.3 NAPL Removal Experiments 

An additional 30 experiments were conducted to investigate NAPL removal during 

heating. In these experiments, the oven was set to 128 °C. One 1000 mL glass jar 

filled with a water-NAPL-sand mixture was put into the oven (Figure 3.3). The jar 

was capped with a customized thermally-resistant polypropylene	   lid, which was 

equipped with two brass fittings to accommodate a thermocouple probe and a ¼ inch 

inside diameter copper tube to vent steam and VOCs. The copper tube was connected 

to a condenser to measure vapour production and NAPL removal. The copper tube 

was chosen to eliminate sorption of PCE to the tube walls. The copper tube was 

wrapped with a heating coil (Omega, HTWC101-002) to prevent vapours from 

condensing inside the copper tube. A thermocouple (Omega, SA1XL-T) was used to 

monitor the temperature of the copper tube and maintain the same temperature as the 

oven (128 °C).  

The vapour condenser was a Liebig condenser, which had a 20 cm jacket length and 

24/40 joint. The inner vapour pathway had a diameter of 0.5 inch and was enclosed by 

a 1.5 inch jacket through which cooling water was passed. The surface of the vapour 

tube was cooled by the circulating water and caused the vapour to be cooled and 

condensed. The inner vapour tube can reach the lowest wall temperature measured as 

13-15 °C, where the hot vapours can be cooled to liquid phases. A three-way glass 

valve (Chemglass, Inc.) was connected to the condenser. Condensate flow was 

typically directed to a 250 mL graduated cylinder placed into a 4 °C ice bath to 

minimize volatile losses of PCE from the condensed water and NAPL. The volumes 
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of NAPL and water accumulated in the graduated cylinder were used to determine the 

amount of vapour generation over time. Periodically, condensate flow was redirected 

to a 5 mL sampling vial (Fisher Scientific, Inc.) to collect condensate samples. In 

these experiments, one thermocouple was used, placed at the location r=0.025 m in 

the jar (Figure 3.4c).   

At the conclusion of each experiment, the jar was removed from the oven after a 

predetermined heating time. A layer of soil approximately 1 to 2 cm thick was scraped 

away to expose a fresh soil surface. The soil was immediately sampled in triplicate 

using three separate 5 g En Core soil samplers (En Novative Technologies, Inc.). The 

5 g soil samples were directly immersed in pre-weighed VOA vials containing 5 mL 

of laboratory grade methanol (Fisher Scientific, Inc.). The soil samples were then 

refrigerated at 4 °C until analyzed by purge-and-trap Gas chromatography/Mass 

Spectrometry (GC/MS). A blank sample consisting of clean, uncontaminated soil was 

collected using the same procedure. 

The analysis for PCE in the soil and in the aqueous phase of the condensate was 

conducted using a Hewlett Packard 5890 Series II Plus GC with an attached Hewlett 

Packard purge-and-trap concentrator and a Hewlett Packard 5972 Series mass 

selective detector (Hewlett Packard, Mississauga, Ontario, Canada). The PCE soil 

concentration was quantified using the analytical method based on EPA SW-846: 

Method 8260B-Volatile Organic Compounds by Gas chromatography/Mass 

Spectrometry (USEPA, 1996) and Method 5035A Closed-System Purge-and-Trap and 

Extraction for Volatile Organics in Soil and Waste Samples (USEPA, 2002). The 
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method detection limit for PCE in soil samples was calculated to be 11.46 ppb, with 

accuracy and relative precision (coefficient of variation) of 9.5% and 4.75%, 

respectively.  

Before the analysis, the soil samples were agitated aggressively for 2 minutes and then 

let stand to arrive at a clear layer of methanol extract. A 5 mL gas tight syringe was 

used to take the methanol extract of the sample and organic free deionized water to 

form a 5 mL solution. The surrogates fluorobenzene and deuterated 1,4-

dichlorobenzene were then injected directly into the 5 mL solution. The 5 mL sample 

was then immediately put into the purge and trap. The sample was purged with zero-

grade helium for 11 minutes, and then the trapped material was heated and back 

flushed with helium for 4 minutes to allow for desorption from the VOCARB trap. 

The GC oven temperature was set to 65 ºC, and the desorbed components passed for 1 

minute. The GC oven temperature was then ramped to a maximum of 200 ºC. The 

PCE concentrations in the soil samples were calculated using a 40 ppb standard 

solution peak area and corrected for fluorobenzene recovery.   

 

3.2.2 Experimental Program 

Table 3.3 summarizes the experimental conditions for each of the NAPL removal 

experiments. Six soil samples were taken in triplicate from six experimental jars at six 

different heating times. The initial PCE saturations were 5 %, 20 % and 40 % (listed 

as P5, P20 and P40 in Table 3.3).  The P20 tests were performed in triplicate to assess 
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experimental reproducibility. Small variances during packing resulted in actual initial 

saturations that were 5%±0.1%, 19%±0.2%, and 39%±0.3%, determined by the total 

mass measurements after packing was complete.  

For each initial PCE saturation, six heating times were applied. The type and number 

of samples collected and analyzed during the heating test are summarized in Table 3.4. 

The first two heating times were selected to occur in the PCE-water co-boiling heating 

stage. The third heating time was selected to occur when the PCE-water mixture was 

at the transient temperature between the co-boiling temperature (88 °C) and the water 

boiling temperature (100 °C). The fourth and fifth heating times were selected to 

occur at the early and late stages of water boiling, respectively. The last heating time 

was selected to occur following dry out, when no moisture was left in the soil pores as 

indicated by an increase in soil temperature to the pre-set oven temperature (128 °C).  

As a result of different initial saturations of PCE and water, the time spent on each 

heating stage was different between experiments. For the P5-1 to P5-6 tests, the 

heating times are from 0.95 to 10.45 hours. For the P20 and P40 tests, the heating 

times varied from 1.08 to 7.86 hours and 1.15 to 7.08 hours, respectively. The soil 

temperature for the entire heating period was measured using the T6 experiments. The 

mass of water and PCE removed during the heating process were obtained by 

recording the volume of condensed PCE and steam recovered in the condensate.  
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Table 3.3 Summary of experimental testing program 

Test Stage of Heating Initial PCE Mass 
(g) 

Initial PCE 
Saturation 

P5-1 Co-boiling 16.32 0.049 
P5-2 Co-boiling 16.40 0.050 
P5-3 Transition 16.42 0.050 
P5-4 Water Boiling 16.78 0.051 
P5-5 Water Boiling 16.62 0.050 
P5-6 Dry Out 15.94 0.048 

P20-1 (×3)a Co-boiling 61.99 
 

0.186 
 P20-2 (×3) Co-boiling 62.94 0.189 

P20-3 (×3) Transition 62.50 0.188 
P20-4 (×3) Water Boiling 64.71 0.194 
P20-5 (×3) Water Boiling 63.73 0.191 
P20-6 (×3) Dry Out 62.67 0.188 

P40-1 Co-boiling 132.84 0.402 
P40-2 Co-boiling 129.60 0.393 
P40-3 Transition 131.53 0.398 
P40-4 Water Boiling 127.20 0.385 
P40-5 Water Boiling 129.66 0.393 
P40-6 Dry Out 131.90 0.399 

aThe initial PCE masses for P20-1 to P20-6 shown in table are average values for 
triplicate experiments. 
 

Table 3.4 Summary of sample collection and analysis 

Heating Stage 

PCE – Water 
(P5, P20×3, P40) 

Soil Sample Water Condensate 

Co-boiling 3 1 
Co-boiling 3 1 
Transition 3 1 

Water Boiling 3 1 
Water Boiling 3 1 

Dry Out 3 / 
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3.2.3 Screening Level Modeling Development 

A screening-level mathematical model was developed to simulate the co-boiling 

temperature and duration of the co-boiling plateau. Modeling of the first and third 

heating stages employed the radial transient heat conduction equation. The co-boiling 

process was modeled using Dalton’s Law and the Antoine equation (Equation 3.3). 

The time spent on each heating stage was correlated by the heat energy utilized during 

each heating stage. 

The experimental jar was heated in a convective oven, which had an internal air 

temperature T∞ =128 °C. For the body inside the oven, the heat is transferred between 

the body and the oven by convection and radiation with a uniform and constant heat 

transfer coefficient h. It is a combined convection and radiation heat transfer 

coefficient.  

For the first and third heating stages, the sand and pore fluids mixture both were 

brought up to the boiling point of the pore fluids. The governing equation for change 

in temperature assumes a cylinder with height 2L and radius r0: 

         1
r
∂
∂r
(r ∂T

∂r
) = 1

α
∂T
∂t

                                                                                        (3.7)  

where α is the thermal diffusivity, T is the temperature, r is the radial distance and t is 

time.  
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In the oven experiments, the temperature will change in both the axial (x) and radial (r) 

directions with time. The thermocouple was inserted at the top of the sand mixture. It 

is assumed here that the system can be treated as a one-dimensional transient 

conduction problem, and the dimensionless temperature Θ at any position r and any 

time t is defined as (Dewitt and Incropera, 2002):         

         ( , ) i

i

T r t T
T T∞

−Θ =
−

                                                                                               (3.8) 

where T (r, t) is temperature at location r at time t, and Ti is the initial temperature in 

Kelvin. The approximate analytical solution for the cylinder system is (Dewitt and 

Incropera, 2002): 

                                                                      (3.9) 

where J0 is the zeroth-order Bessel function, J1 is the first-order Bessel function and r0 

is the radius of the cylinder. The dimensionless time (τ) is calculated as:   

          2
0( )

e

p e

k t
c r

τ
ρ

= ⋅                                                                                               (3.10) 

where k is the thermal conductivity (W/m/K) and t is the experimental heating time. 

The effective thermal conductivity (ke) for the sand-water-NAPL mixture is 

approximated using the soil porosity (φ), saturation of NAPL (Sn), and the thermal 

conductivity for soil, water and NAPL (ks, kw, kNAPL) as follows (Hsu, 2000; Woodside 

and Messmer, 1961a): 

Θ = 2
λ1

J1(λ1)
J0
2 (λ1)+ J1

2 (λ1)
e−λ1

2τ J0 (λ1r / r0 )



 

 
 

58 

          (1 ) (1 )n nS S
e NAPL w sk k k kφ φ φ− −= ⋅ ⋅                                                                           (3.11) 

The system heat capacity is assumed constant with temperature and determined by the 

sum of the heat capacities of the mixture’s constituents on a volume basis (Lauriat and 

Ghafir, 2000): 

           ( ) (1 ) (1 )p e n NAPL NAPL n w w s sc S c S c cρ φρ φρ φ ρ= + − + −                                     (3.12) 

where cw, cNAPL, cs are the heat capacities of water, NAPL and soil grains, respectively.  

For the first heating stage with an initial temperature of 25 °C, the experimental Θ is 

plotted using Equation (3.8) and fit to the theoretical value in Equation (3.9) using λ1 

as the fitting parameter. For example, for P20 test λ1 was found to be 0.58. For tests 

with different NAPL saturations, different λ1 values are found because the pore fluids 

(PCE, water and air) have different thermal properties, and the total effective thermal 

properties of the mixture change with change in the saturations of the pore fluids 

(Equation 3.11 and 3.12). 

The Biot number (Bi) is the ratio of the internal resistance of a body to heat 

conduction to its external resistance to heat convection. A large Bi value represents 

large resistance to heat conduction, and therefore, large temperature gradients within 

the body. It is negatively proportional to the thermal conductivity. The Bi number was 

then calculated based on the fitted λ1 by (Dewitt and Incropera, 2002): 

                                                                                                         (3.13) Bi = λ1
J1(λ1)
J0 (λ1)
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The Bi number calculated for all the tests were larger than 0.1, and for this 

circumstance, the temperature gradient in the body cannot be ignored (Dewitt and 

Incropera, 2002). Therefore, the use of Equation (3.9) to determine the temperature 

distribution at different locations was justified. 

Once the system attains the co-boiling temperature at the position r at time t, the total 

amount of heat transferred (Q1) in Joules for the first heating stage is represented as 

(Dewitt and Incropera, 2002): 

          
2
1

2
1 1

1 2 2
1 0 1 1 1

( )41 ( ) ( )
( ) ( ) t p e i
JQ e V c T T

J J
λ τλ ρ

λ λ λ
−

∞

⎡ ⎤
= − ⋅ ⋅ −⎢ ⎥+⎣ ⎦

                                 (3.14) 

The total heat transfer of the third heating stage was calculated using the same method 

with an initial temperature of 88 °C and a final temperature of 100 °C. Since the pore 

fluids mass was altered by the second heating stage (co-boiling), the thermal 

properties of the sand mixture were changed. The equations were updated using the 

new saturations of pore fluids. The λ1’ value was obtained by Equation (3.13) 

associated with the new Bi number. The new dimensionless Θ and the amount of heat 

transferred (Q3) of the third heating stage were calculated by Equations (3.9) and 

(3.14).  

For the second heating stage (co-boiling stage), the PCE and water immiscible mixture 

co-boils at a constant temperature. The co-boiling temperature can be predicted by 

Equation (3.4). For PCE and water co-boiling at 1 atm, the co-boiling point is 

calculated to be 88 °C. The co-boiling vapour pressures of PCE and water are 0.36 
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atm and 0.64 atm. During this process, the amount of heat transfer for the 

vapourization of water and NAPL is:  

                                                                                      (3.15) 

where L is the latent heat of vapourization in J/mol and ng is the moles of the 

generated vapour phase. The ratio between the moles of steam and NAPL generated 

can be evaluated by Equation (3.4). 

For the fourth heating stage, water boiling, once the water reaches its boiling point the 

heat applied (Q4) for pure water vapourization is quantified using Equation (3.15) with 

only water.                                                                              

The heat energy transferred to the system for each heating stage was proportional to 

the time spent on each heating stage. Thus simulated Q and experimental time were 

plotted and a fitting parameter K was obtained as K=5.713 (R2=0.9961) for P20 test. 

See fitting parameter K for P5 and P40 test in Appendix E. Therefore, the simulated 

time can be obtained from the heat energy transferred during each heating stage and 

the fitting parameter K. 

 

3.2.3.1 Multi-compartment Model 

A multi-compartment model incorporates spatially variable NAPL saturations, with 

the temperature simulated as the average soil temperature. The total soil, water and 

NAPL mixture was divided into n compartments with equal total volume. The number 

Q2 = Lwng ,w + LNAPLng ,NAPL
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of compartment is a fitting parameter and was chosen to obtain smooth simulated 

temperature curves. The saturation of each compartment is varied, and the average 

saturation equals the saturation of the single compartment model. The standard 

deviation of the NAPL saturations of all compartments is also a fitting parameter. The 

best visual fitting of the multi-compartment model was obtained by adjusting the 

standard deviation. 

The difference in NAPL saturations introduces different heat transfer (Q) and heating 

times (t) for each heating stage. The temperature was taken as the average temperature 

of all the compartments. By altering the standard deviation of the NAPL saturations, 

the resulting averaged temperature curve presents different shapes.  

The moles of NAPL vapour generated by the multi-compartments at any time t is: 

          nNAPL (t) =
nNAPL(i )
tcb(i )i=1

n

∑
t=0

t

∑                                                                                (3.16) 

where nNAPL(i) is the mole of NAPL in each compartment, and tcb(i) is the time of co-

boiling for each compartment.   
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3.3 Results and Discussions 

3.3.1 Thermocouple Locations Relative to NAPL Source 

Figure 3.5 illustrates the temperature profiles of the temperature distribution 

experiment set up shown in Figure 3.4a. The five thermocouples were 1-2 cm away 

from each other. However, because PCE was not present at each thermocouple 

location, different temperature signals were observed. The thermocouple located in the 

water-saturated sand (T1) showed no co-boiling plateau, whereas the thermocouple 

located in the middle of the NAPL source (T4) showed a co-coiling plateau that lasted 

0.1 hours. Between these two locations, an increase in the duration of the co-boiling 

plateau was observed for locations closer to the source. Therefore, if the distribution 

of NAPL is non-uniform in the soil, the location of the installed monitoring 

thermocouples becomes substantially important.  

If a thermocouple is not installed inside a NAPL zone, it is likely that the co-boiling 

plateau will not be detected. Furthermore, a thermocouple installed in a NAPL zone 

cannot provide data concerning the heating process of other adjacent regions in a soil 

with a non-uniform NAPL distribution. Nevertheless, the temperature signal is 

typically considered as a useful piece of information for monitoring ISTT applications.  

In theory, the end of the co-boiling plateau is expected to be coincident with complete 

NAPL removal. The results of this research show that only a thermocouple installed 

within a NAPL zone will show a co-boiling stage. In addition, even if the 
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thermocouple is directly in the NAPL zone then it still might not be a good indication 

of NAPL removal because of incomplete mixing. 

 

Figure 3.5 The length of co-boiling plateau related to the thermocouple locations. 

 

 

3.3.2 Thermocouple Locations Relative to Energy Source 

During all of the experiments, heat was transferred to the surface of the jar by 

convection in the oven, and then into the jar by conduction through the soil grains and 

through the fluids in the soil pore spaces. As described in section 3.2.3, transient heat 

conduction occurs during the first heating stage, and there is a temperature gradient in 

the radial direction within the jar. When the NAPL in all pore spaces starts to co-boil, 

the entire system achieves thermal equilibrium.  
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As shown in Figure 3.6, based on results from the experimental set-up shown in 

Figure 3.4b, the water-PCE mixture close to the side of the jar (T1) attained its co-

boiling temperature first, and co-boiling was achieved 4.2 minutes later in the center 

of the jar (T3). Thermocouples T4 and T5 served as duplicate measurements for the 

T2 and T1 locations, respectively, because they were located at the same radial 

distances. A separate experiment using only water-saturated sand (no NAPL) 

confirmed that the pore water beside the jar wall began to boil first (see Appendix A).  

 

Figure 3.6 The temperature profiles of thermocouple at different locations.  
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3.3.3 Experimental and Modeled Temperature Profiles 

The experimental temperature profiles for all of the NAPL removal experiments 

showed the same heating stages and the same co-boiling temperature, but the duration 

of each heating stage varied between experiments. The temperature changed as 

expected during the four heating stages. First, the sand, water and PCE mixture was 

heated up to the co-boiling point (88 °C). Following this the soil temperature remained 

at the co-boiling temperature for a time that depended on the initial NAPL saturation. 

The typical heating curves for P5, P20 and P40 are shown in Figure 3.7. All NAPL 

removal experiments used the same thermocouple locations and oven conditions.  The 

duration of the co-boiling plateaus were approximately 0.09 h for 5% initial PCE 

saturation, and 0.38 h for 20% and 0.74 h for 40% initial PCE saturation.  

After the co-boiling plateau ended, the sand and the pore fluids were then heated up to 

the water boiling temperature, and finally the soil temperature increased to the oven 

air temperature after the pore water became depleted (not shown in Figure 3.7). The 

tests with smaller initial PCE saturation spent more time on the first heating stage 

because of the greater heat capacity of water than PCE. In addition, there was more 

water left in the pores for smaller initial PCE saturation at the end of the co-boiling 

stage. Thus, it took longer to achieve dry-out for smaller initial PCE saturation, which 

has been observed previously (Burghardt and Kueper, 2008). The heating time 

required for soil dry-out varied from 7.08 h to 10.45 h.  
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The comparisons between the measured and simulated temperature profiles of the P5, 

P20 and P40 tests are shown in Figure 3.7. The modeled soil temperature matched the 

experimental temperature well, including the heating rate during the first stage (P20, 

for example from 0 to 0.9 h) and the co-boiling temperature of 88°C. In addition, the 

faster rate to achieve the co-boiling temperature for soil with initially larger NAPL 

saturations was also predicted well by the model. However, disagreement between the 

measured and simulated temperatures is noted during the transition between heating 

stages in all saturation tests. Instead of having sharp transitions between different 

heating stages, as predicted by the simulations, the experimental temperature profiles 

showed a more spread out heating transition and a shorter co-boiling plateau. The soil 

with greater saturation of NAPL showed a greater discrepancy. These observed 

discrepancies are discussed further in section 3.3.4.3.  
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Figure 3.7 Experimental and Modeled temperature profile of soil heating of P5, P20, 
P40 tests, and experimental data is showing only every 15th temperature data point for 
clarity. 

 

3.3.4 NAPL Removal  

3.3.4.1 Changes in NAPL and Gas Saturations during Heating 

The saturations of PCE NAPL and gas were calculated throughout the heating stages 

during the NAPL removal experiments. NAPL saturations were calculated based on 

the initial mass of PCE placed in the jars, and the PCE mass in the aqueous and NAPL 

phases of the condensate. Gas saturations were calculated based on the initial volume 

of water placed in the jars, the volume of water in the condensate, and the calculated 
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NAPL saturation. An example of the evolving NAPL and gas saturations for test P20 

is shown in Figure 3.8, using the same experiment used to illustrate the temperature 

profile in Figure 3.7. Error bars here represent one standard deviation and were 

estimated by propagating the uncertainty associated with each measurement in the 

experiments. These results show that, as expected, NAPL saturation decreased and gas 

saturations increased during heating. However, the decrease in NAPL saturation (and 

therefore PCE removal) started before (at 0.86 h) the soil achieved the co-boiling 

temperature (at 0.9 h) measured by the thermocouple (Figure 3.4c). This apparent 

early removal is due to co-boiling at the side of the jar, which reached the co-boiling 

temperature faster (Figure 3.6) than the location used to measure temperature at the 

intermediate location.   

As NAPL and water were removed from the soil during heating, the gas saturation 

continued to increase during all heating stages after the first stage. This is different 

than predicted by the conceptual model, where vapour is produced only during co-

boiling and water boiling, but not during water heating. During the co-boiling stage 

both steam and PCE vapours were produced, and only steam was produced during 

water boiling. The increase in vapour saturation was linear at the beginning of the co-

boiling stage, and during water boiling, but non-linear near the end of the co-boiling 

plateau and linear again during water heating. The vapour generation rate, represented 

by the slopes of these linear regions, was slower during co-boiling than during water 

boiling.  
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For the same amount of heat transferred during the co-boiling and water boiling stages, 

for the same time t, the amount of vapour generation in these two stages can be 

quantified by: 

                                                                                 (3.17) 

where n’w is the moles of water vapour generated in the water boiling stage. The moles 

of water and PCE generated in the vapour phase during the co-boiling stage are 

correlated by Equation (3.4). Therefore, the co-boiling vapour generation rate is 2.81 

times the rate of water boiling, in terms of the volume of condensate recovery. The 

experimental recovery data showed the ratio is 2.76 (Appendix A). 

The decrease in PCE saturation provides insight into the discrepancy between 

measured and simulated temperatures and the production of vapour during the water 

heating stage. PCE saturation decreased slowly at the beginning, and then developed 

to a relatively constant decreasing rate. Near the end of the co-boiling plateau the rate 

of PCE removal slowed. At the end of the co-boiling plateau (1.3 hrs), the NAPL 

saturation was 3%, which represents 15% of the initial NAPL mass. This differs from 

the conceptual model, which predicts that all NAPL is removed by the end of the co-

boiling plateau, and further increase in temperature is due to water heating. In these 

experiments, the NAPL remaining at the end of the co-boiling plateau continued to 

vapourize as temperature at the monitoring location increased, resulting in continued 

vapour production. This vapour production rate was slower than during either co-

boiling or water boiling. 

'
w w w w PCE PCEL n L n L n⋅ = ⋅ + ⋅
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Figure 3.8 NAPL and gas staurations change with heating time for P20 test. 
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calculations (Appendix B) for this sand, this value suggested PCE NAPL still existed 

in the soil after the co-boiling temperature was exceeded.  

The soil concentrations confirmed the NAPL saturation results (Figure 3.7), which 

showed that not all of the PCE NAPL was removed by the end of the co-boiling 

plateau, and that the majority of PCE NAPL was removed prior the beginning of water 

boiling. The PCE NAPL saturation continued to decline and was not detectable after 

the pore water started to boil (1.8 h). However, detectable soil PCE concentrations 

remained. These continued to decrease during water boiling, but did not reach zero.  

At soil dry-out condition, detectable concentrations of PCE remained (54 ppb) in the 

soil for the P40 tests, and below maximum detection limit for P5 and P20 tests (11.46 

ppb). A recalcitrant PCE fraction that increased with increasing initial NAPL 

saturation are consistent with the results of Burghardt and Kueper (2008), who 

reported that the recalcitrant PCE fraction that remains may be more strongly sorbed 

to the soil grain surfaces than the PCE that was removed during the boiling process. 
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Table 3.5 Soil PCE concentration results for P5, P20 and P40 tests 

 
Test 

Heating 
Time 

(hour) 

Total PCE 
Concentration 

(mg/kg) 

PCE 
Mass 

Removed 
(g) 

Water 
Saturation 

After 
Heating 

PCE 
Saturation 

After 
Heating 

P5-1 0.95 10800 6.48 0.948 0.022 
P5-2 1.01 4170 11.34 0.943 0.015 
P5-3 1.22 850 15.39 0.929 0.005 
P5-4 1.75 305 16.21 0.808 NDb 
P5-5 5.78 4.16 16.23 0.092 ND 
P5-6 10.46 NDa 16.24 0 0 
P20-1 1.08 40000 27.54 0.771 0.110 
P20-2 1.17 14700 42.12 0.762 0.068 
P20-3 1.50 1320 59.94 0.712 0.017 
P20-4 2.02 480 63.18 0.688 ND 
P20-5 4.60 1.11 63.43 0.167 ND 
P20-6 7.94 ND 64.80 0 0 
P40-1 1.15 70800 64.80 0.565 0.197 
P40-2 1.31 4710 108.54 0.516 0.064 
P40-3 2.15 1160 120.86 0.520 0.032 
P40-4 2.51 814 128.00 0.417 ND 
P40-5 5.07 11.16 129.62 0.087 ND 
P40-6 7.04 0.054 129.66 0 0 

aAnalyte not detected above the laboratory reporting limit 
bNo NAPL condensate recovery observed 
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Figure 3.9 Soil PCE concentration and soil temperature during heating. 

 

3.3.4.3 Mass Transfer Limitation of NAPL Removal during Heating 

The experimental observations found that the measured co-boiling plateau length was 

shorter than the simulated one. NAPL vapour generation did not stop at the end of the 

co-boiling plateau. The soil PCE concentration analysis confirmed that NAPL existed 

after the observed co-boiling plateau ended. These observations lead to a conclusion 

that the end of the observed co-boiling plateau does not indicate the complete removal 

of NAPL. 
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This mass transfer limitation was primarily introduced by the non-uniform distribution 

of the PCE source, causing different locations to experience different heating stages at 

the same time. Although all the tests were intended to have an even distribution of 

NAPL, the mixing procedure and the nature of NAPL residual blobs caused the 

heterogeneity of PCE distribution. Pores with greater NAPL saturations have longer 

co-boiling periods than those with smaller NAPL saturations. Additionally, greater 

NAPL saturation areas have smaller effective heat capacity so they arrive at co-boiling 

sooner. Co-boiling could only occur in individual NAPL blobs at the pore scale while 

water boiling takes place in adjacent pores. The thermocouple records the average 

temperature, and when the thermocouple indicated that co-boiling ended there was 

still NAPL in the soil that continued to vapourize. A single thermocouple does not 

measure the temperature everywhere in the treatment area. 

 

 

3.3.5 Multi-compartment Model 

3.3.5.1 Soil Temperature Profile of Multi-compartment Fitting 

The Figure 3.10 illustrates the multi-compartment model results of soil temperature in 

comparison with the experimental temperature data. Better agreement between 

measured and simulated temperatures is observed between the co-boiling and water 

boiling stages than with the single-compartment model. The standard deviation of 

NAPL saturations between compartments for P5 is 0.006, P20 is 0.06, and P40 is 0.1. 
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A greater standard deviation of NAPL saturation was found in P40 owing to the 

NAPL in the pore spaces more unlikely to exist in a relatively uniform distribution. 

The single-compartment model predicts the temperature profile for the P5 tests well, 

which means the P5 test had a more uniform NAPL distribution than the P20 and P40 

tests. 

 

Figure 3.10 Multi-compartment Model Fitting to experimental soil temperature of P5, 
P20 and P40 tests. 

 

3.3.5.2 PCE Vapour Production Multi-compartment Fitting  

Figure 3.11 presents the predictions of the single-compartment model and multi-

compartment models as well as the experimental PCE vapour production data. The 
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single-compartment model predicts that the vapour production rate is linear during the 

co-boiling plateau. In contrast, the multi-compartment model predicts that the vapour 

production rate is not linear at the very beginning of the co-boiling plateau and then 

becomes linear at the early time, and slows down near the end. The PCE vapour 

production prediction of the multi-compartment model corroborates the experimental 

observations. This confirmed that NAPL blobs at the pore scales started and finished 

the co-boiling period at different times, so that the vapour production became 

graduated. Higher standard deviation denotes greater variance in time spent on each 

heating stages between individual NAPL blobs (see section 3.3.4.3), thus the vapour 

production is spread out more during the co-boiling period. 

 

Figure 3.11 The PCE vapour generation of single compartment model, multi-
compartment model.  
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3.4 Conclusion 

A co-boiling plateau will not be detected unless a thermocouple is installed precisely 

at the location of the NAPL. Even when a co-boiling plateau is observed, however, the 

end of the co-boiling plateau may not represent the complete removal of the NAPL.  

The experimental results presented here indicate that NAPL saturations decrease 

substantially during heating. Although not as expected, there was NAPL remaining in 

the soil at the end of the co-boiling period. It is suggested that not all of the NAPL will 

have been removed at the co-boiling temperature as indicated by a single 

thermocouple. Therefore, temperature observations related to the co-boiling period 

during ISTT applications may not provide a clear indication of the degree of NAPL 

mass removal.  

The vapour generation rate changes from stage to stage, and therefore can be 

monitored and used to identify the stage of heating. The single-compartment model 

can simulate all of the heating stages and the co-boiling temperature well, but 

discrepancy between simulated and measured results was found at the end of the co-

boiling plateau. A multi-compartment model incorporating a number of NAPL 

saturation zones can predict the soil temperature better. The experimental NAPL 

vapour generation was found to be affected by the mass transfer limitations introduced 

by the NAPL saturation distributions. 

 



 

 
 

78 

3.5 Literature Cited 

Bristow, K. L. (1998) Measurement of thermal properties and water content of 
unsaturated sandy soil using dual-probe heat-pulse probes. Agricultural and forest 
meteorology 89, 75--84. 

Burghardt, J. M. & Kueper, B. H. (2008) Laboratory study evaluating heating of 
tetrachloroethylene impacted soil. Ground Water Monitoring & Remediation 28, 95--
106. 

Chen, F., Liu, X., Falta, R. W., & Murdoch, L. C. (2010). Experimental demonstration 
of contaminant removal from fractured rock by boiling.Environmental science & 
technology, 44(16), 6437-6442 

Davis, E. L. (1997) How heat can enhance in-situ soil and aquifer remediation: 
Important chemical properties and guidance on choosing the appropriate technique.  

Dewitt, D. P. & Incropera, F. P. (2002) Fundamentals of heat and mass transfer, 5/e. 
John Wiley & Sons, Inc, New York.   
Heron, G., Christensen, T. H., & Enfield, C. G. (1998a) Henry's law constant for 
trichloroethylene between 10 and 95 C. Environmental science & technology 32, 
1433--1437. 

Ho, K. & Pehlke, R. D. (1990) Simultaneous determination of thermal conductivity 
and specific heat for refractory materials. Journal of the American Ceramic Society 73, 
2316--2322. 

Hsu, C.-T. (2000) Heat conduction in porous media. Handbook of porous media 4, 
171--200. 

Kauffman, G. W. & Jurs, P. C. (2001) Prediction of surface tension, viscosity, and 
thermal conductivity for common organic solvents using quantitative structure-
property relationships. Journal of Chemical Information and Computer Sciences 41, 
408--418. 

Lauriat, G. & Ghafir, R. (2000) Forced convective heat transfer in porous media. 
Handbook of Porous Media. Marcel Dekker Inc., New York 

Mackay, D. M. & Cherry, J. A. (1989) Groundwater contamination: Pump-and-treat 
remediation. Environmental Science & Technology 23, 630--636. 

Mahan, B. & Myers, R. (1987) University Chemistry, Cummings Publ. Comp. Inc., 
USA,. 



 

 
 

79 

Martin, E. & Kueper, B. (2011) Observation of trapped gas during electrical resistance 
heating of trichloroethylene under passive venting conditions. Journal of contaminant 
hydrology 126, 291--300. 

Saenton, S.; Illangasekare, T. H.; Soga, K.; Saba, T. A. Effects of source zone 
heterogeneity on surfactant-enhanced NAPL dissolution and resulting remediation 
end-points. J. Contam. Hydrol. 2002, 59 (1−2), 27−44. 

Schroth, M., Istok, J., Ahearn, S., & Selker, J. (1996) Characterization of Miller-
similar silica sands for laboratory hydrologic studies. Soil Science Society of America 
Journal 60, 1331--1339. 

Smart, J. L. (2005) Application of six-phase soil heating technology for groundwater 
remediation. Environmental progress 24, 34--43. 

Soós, L., Baxter, D., Phelan, D., Swift, R. and Winder, B. (2012) Combining Thermal 
Technologies for Source Area Treatment. Eighth International Conference on 
Remediation of Chlorinated and Recalcitrant Compounds (Monterey, CA; May 2012). 

Stroo, H. F., Leeson, A., Marqusee, J. A., Johnson, P. C., Ward, C. H., Kavanaugh, M. 
C., & Unger, M. (2012). Chlorinated ethene source remediation: Lessons 
learned. Environmental science & technology, 46(12), 6438-6447. 
USEPA (2001) Technical Factsheet on Common VOCs.  

USEPA (2003). The DNAPL Remediation Challenge: Is There a Case for Source 
Depletion? 

USEPA (2002) Method 5035A - Closed-System Purge-and-Trap and Extraction for 
Volatile Organics in Soil and Waste Samples,.   

USEPA (1996) Method 8260B—Volatile organic compounds by gas 
chromatography/mass spectrometry (GC/MS). EPA Test Methods SW-846. 
Washington, DC: EPA Office of Solid Waste. 

Wilheim, E., Lainez, A., & Grolier, J.-P. (1989) Thermodynamics of (a halogenated 
ethane or ethene+ an n-alkane). VE and CpE of mixtures containing either 1, 1, 2, 2-
tetrachloroethane or tetrachloroethene. Fluid phase equilibria, 49, 233--250. 

Woodside, W. t. & Messmer, J. (1961a) Thermal conductivity of porous media. I. 
Unconsolidated sands. Journal of applied physics, 32, 1688--1699. 

Yaws, C. & Yang, H. (1989) To estimate vapor pressure easily. Hydrocarbon 
Processing;(USA) 68, . 

 

 



 

 
 

80 

Chapter 4  

LABORATORY AND MODELLING STUDY EVALUATING 

THERMAL REMEDIATION OF MULTI-COMPONENT NAPL 

IMPACTED SOIL 

Abstract 

A laboratory study containing multi-component NAPL composed of 1,2-

dichloroethane (1,2-DCA), tetrachloroethene (PCE), and chlorobenzene (CB) was 

conducted. The multi-component NAPL co-boiling temperature, the degree of mass 

removal, the vapour generation rate and vapour composition as a function of various 

heating times, initial DNAPL saturations and DNAPL composition were studied. 

Samples were collected from the aqueous and DNAPL phases of the condensate, as 

well as from the source soil, at different heating times, and analyzed by gas 

chromatography/mass spectrometry (GC-MS). A screening-level mathematical model 

was developed to predict the co-boiling temperature and transient composition of the 

vapour phase during heating of a uniformly distributed DNAPL source. 

The co-boiling temperature showed no well-defined constant-temperature co-boiling 

plateau, but rather a definable co-boiling stage from 81 to 90 °C. The mathematical 

model was found to match the experimental co-boiling temperature well. The soil 

sample analysis results demonstrated that 1,2-DCA, the most volatile component of 

the DNAPL, dominated the vapour phase at the early stage of co-boiling. 
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Chlorobenzene is the least volatile component and was found to increase its 

concentration in the vapour phase during co-boiling and dominates at the end of the 

co-boiling stage. The results were found to be consistent with the mathematical model 

predictions. The most volatile component (1,2-DCA) exhibited soil concentration 

decreases faster than the other two components, and the least volatile component (CB) 

was removed from the soil at the slowest rate. PCE has an intermediate volatility and 

exhibited a depletion rate between that of 1,2-DCA and CB. The analysis of vapor 

concentrations over time can be used to recognize the thermal treatment stage. Two 

field NAPL mixtures were simulated using a screening-level analytical model to 

demonstrate the application of the model in ISTT. The two mixtures have similar 

NAPL composition but different mass fractions, which result in different model 

predicted co-boiling behaviour. The analytical model was found to be useful for 

predicting the co-boiling temperature and mass transfer during ISTT.  
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4.1 Introduction 

Non-aqueous phase liquids (NAPLs) such as chlorinated solvents, fuels and creosote 

are common sources of groundwater and soil contamination. In situ thermal treatment 

(ISTT), including electrical resistance heating (ERH), thermal conductive heating 

(TCH), and steam enhanced extraction (SEE) can deliver energy to the subsurface 

resulting in the removal of NAPL by vapourization and boiling.  

NAPLs found at field sites are often composed of more than one organic compound 

(Khachikian and Harmon, 2000; Powers et al., 1997; Serralde and Rivett, 2004; Lee, 

and Chrysikopoulos, 2006). The remediation of NAPL mixtures composed of 

compounds with a wide range of volatilities and solubilities could be challenging 

because the physicochemical properties are dependent on NAPL composition (Sleep 

and Zhang, 2010). The decrease in rates of removal of low volatility organic 

compounds requires a longer operation time of thermal remediation and higher 

associated costs. A number of laboratory studies have been performed to examine 

ISTT of single-component NAPL sources (Chen et al., 2010; Burghardt and Kueper, 

2008; Martin and Kueper, 2011). Although ISTT has been applied on multiple field 

sites with multi-component NAPLs present, no laboratory experiments have been 

reported in the literature to investigate the efficacy of ISTT for multi-component 

NAPLs. 
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The relationships between soil heating temperature, NAPL mass removal rate, vapour 

phase volatile organic compound (VOC) concentrations, and vapour production rate 

during the heating of a multi-component NAPL source still requires a better 

understanding. NAPL mixtures containing different components are expected to have 

different co-boiling behaviour, co-boiling temperatures and mass transfer rates. In 

addition, the mole fractions of components in the initial NAPL mixture are also 

expected to affect the co-boiling behaviour. Therefore, the ISTT operation time and 

target temperature need to be altered in order to achieve a particular remediation goal.  

This study investigates the heating of soil impacted by NAPL containing 1,2-

dichloroethene (1,2-DCA), tetrachloroethene (PCE) and chlorobenzene (CB) through 

bench scale laboratory experiments and modeling. The components were selected to 

have differing vapour pressures. 1,2-DCA is the most volatile, PCE has intermediate 

volatility and CB is the least volatile. Soil and vapour VOC analysis results of 

contaminated soil with different heating treatment times are provided to characterize 

the co-boiling process of multi-component NAPLs. The model was developed to 

simulate the co-boiling temperature and changes in mole fraction of each component.  

The objectives of this study were to identify the multi-component NAPL co-boiling 

temperature, NAPL removal rates and vapour composition change during stages of 

heating (co-boiling and water boiling), and to develop a mathematical model to predict 

the temperature profile, including the co-boiling temperature, and the mole fraction of 

each NAPL component change in vapour phase during heating of NAPL and water. 
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4.1.1 Background 

The increase in temperature during the heating of a soil-water-NAPL mixture can be 

divided into four stages: (i) initial heating, when the temperature of the soil and pore 

fluids are increased from an initial temperature to the co-boiling temperature, (ii) co-

boiling, when NAPL and water boiling produce a gas phase able to transport VOCs 

away from the NAPL source, (iii) transition heating, following depletion of the NAPL 

and continued heating of the soil and water, and (iv) water boiling, when steam is 

produced and pore water is removed until dry-out occurs. The four heating stages and 

their relationship to soil temperature for a single-component NAPL source has been 

described in Chapter 3. Important differences between the heating of single-

component and multi-component NAPL sources occur during the second, co-boiling, 

stage.   

For ideal multi-component NAPL mixtures, typically composed of chemically similar 

components, the partitioning between the NAPL and gas phases can be estimated by 

Raoult’s Law (Schwarzenbach et al., 1993; Adenekan et al., 1993): 

          0
i i iP X P=                                                                                                      (4.1) 

where Pi is the partial pressure of component i in the gas phase, Xi is the mole fraction 

of component i in the liquid phase, and Pi
0 is the vapour pressure of pure component i.  

The total vapour pressure associated with a NAPL mixture is, therefore, given by:  
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          0
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=∑                                                                                             (4.2) 

where PNAPL is the vapour pressure of the NAPL mixture, and n is the number of 

components in the NAPL mixture. Pure component vapour pressures increase with 

increasing temperature, and can be estimated by the Antoine equation (Yaws and 

Yang, 1989): 

          0

(C )
i

i i
i

BLogP A
T

= −
+

                                                                                     (4.3) 

where Ai, Bi and Ci are empirical constants (e.g., Yaws and Yang, 1989). 

Table 4.1 Empirical constants for use in the Antoine equation  

Compounds Aa B C 

Water 7.9492 1657.46 227.02 
1,2 DCA 7.0253 1271.25 222.94 

PCE 6.9768 1386.92 217.53 
Chlorobenzene 6.9781 1431.05 217.56 

aYaws and Yang (1989) for Pi in Torr and T  in °C . 

 

The total gas pressure is defined by Dalton’s law as the sum of the NAPL mixture 

vapour pressure and the water vapour pressure, which also increases with increasing 

temperature. At the NAPL-water co-boiling temperature, the total gas pressure of 

water and VOC equals the ambient pressure: 



 

 
 

86 

          ambient w NAPLP P P= +                                                                                         (4.4) 

where Pambient is the ambient pressure, Pw is the water pressure, and PNAPL is the NAPL 

pressure. For co-boiling in porous media, this would be equal to the sum of the water 

pressure and the capillary pressure, and approximately equal to the water pressure for 

deeper treatment zones or coarser materials. In the application of ISTT to single-

component NAPL sources (Xi=1 and n=1), the combination of Equations 4.1 to 4.4 

predicts a single co-boiling temperature. However, in the application of ISTT to multi-

component NAPL sources, Xi is a function of time due to the preferential removal of 

more volatile VOCs, which changes the composition of the NAPL mixture. As such, 

the co-boiling stage during the treatment of a NAPL mixture is characterized by a 

range of increasing temperatures rather than a single, constant-temperature plateau. 

 

4.2 Materials and Method 

4.2.1 Laboratory Experiments 

4.2.1.1 Jar Packing and NAPL Emplacement 

All experiments were conducted using a similar method as described in Chapter 3.  

Sand, water, and NAPL were packed in 1000 mL glass jars (Fisher Scientific, Inc.). A 

40/50 sieve size silica sand with a particle density (ρsg) of 2.663 g/cm3 and an organic 

carbon fraction (foc) of 0.0003 was used (Schroth et al., 1996). The NAPL mixture was 

composed of reagent grade 1,2-dichloroethane (1,2-DCA), tetrachloroethene (PCE) 

and chlorobenzene (CB) (Fisher Scientific, Inc.). Methanol used for extraction and 
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analytical analysis was laboratory grade (Fisher Scientific, Inc.). Distilled water was 

used for packing. The analytical analysis employed organic-free deionized water. The 

physical and chemical properties of the silica sand, water and multi-component NAPL 

including 1,2-DCA, PCE and CB are shown in Table 4.2. The silica sand has a greater 

thermal conductivity and thermal diffusivity than the water or the NAPL, and water 

has the highest heat capacity. 

Table 4.2 Thermal properties of silica sand, water and PCE  

 Material 

Heat 
Capacity 

(cp) 
J/g/K 

Thermal 
Conductivity 

(k)  
W/m/K 

Thermal 
Diffusivity 

(α)  
m2/s x 10-7 

Heat of 
Vapourization 

(ΔHv,b) 
cal/mole/K 

Normal 
Boiling 
Point 
(°C) 

Silica Sand 0.829a 6.300a 29.443 / / 
Water 4.181b 0.610b 1.430 9939f 100 

1,2-DCA 1.303d 0.135c 0.827 7643f 83.5f 
PCE 0.880d 0.110c 0.771 8288f 121.25f 

Chlorobenzene 1.334d 0.127c 0.858 8410f 131.72f 
aHo and Pehlke, 1990 
bBristow, 1998 
cKauffman and Jurs, 2001 
dWilheim et al., 1989 
fUSEPA, 2001 

 

The sand, water and NAPL were packed into the glass jars in four lifts, each 

consisting of three stages. First, approximately 250 g of dry sand was put into the jar 

and the sand was moistened with distilled water. Second, a mixture containing equal 

volumes of 1,2-DCA, PCE and CB were added to the moist soil to achieve the 

predetermined NAPL saturation (the initial mole fractions in NAPL are 0.39, 0.30, 
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0.31). Third, distilled water was added to the jar to fully saturate the soil-NAPL-water 

mixture, and the mixture was quickly blended using a glass rod to create an 

approximately uniform distribution of NAPL. Three additional lifts were repeated 

using the same three-step procedure until a total mass of 1000 g of dry sand was 

placed in the jar. The initial mass of NAPL varied between experiments (Table 4.3). 

The NAPL saturation as a percentage of pore space was calculated by: 
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==
−

∑
                                                                                               (4.5) 

where Mi is the mass of component i (1,2-DCA, PCE or CB), ρi  is the density of 

component i, Ms is the mass of dry soil, and ρsg is the grain density of the soil.  

In each experiment, the jar containing soil, water, and NAPL was heated using a 

laboratory convection oven (Binder GmbH) set to 128°C (Figure 4.1). Temperature 

was measured using a thermocouple (Omega, TTSS) inserted through the lid of the jar 

for the duration of the experiment, and data was recorded using a data logger (DT9805, 

Data Translation Inc., Marlboro, Massachusetts) at a frequency of 0.125Hz.     

 

4.2.1.2 Vapour Condensation and Sampling 

During the heating experiments, each jar was capped with a customized temperature-

resistant lid (Fisher Scientific, Inc.) equipped with two brass fittings. One brass fitting 

was used to accommodate the thermocouple inserted into the sand, and the other 



 

 
 

89 

connected the jar to a Liebig condenser (20 cm long, 1.3 cm diameter inner vapour 

tube, 3.8 cm diameter outer water tube) through a ¼ inch internal diameter copper 

tube (Figure 4.1). The copper tube was wrapped with a heating coil (Omega, 

HTWC101-002) to maintain a temperature of 128°C to prevent condensation inside 

the tube prior to reaching the condenser. The temperature of the condenser’s inner 

tube was maintained at 13-15 °C to ensure the condensation of steam and VOCs to 

water and NAPL. Condensate was collected in a 250 mL graduated cylinder, which 

was placed in a 4 °C ice bath to reduce volatile losses. A three-way sampling valve 

(Chemglass, Inc.) was located between the condenser and the graduated cylinder to 

allow the collection of water and NAPL condensate samples. The water and NAPL 

condensate were sampled in a 5 mL vial (Fisher Scientific, Inc.) with no headspace. 

After heating for a predetermined time, the jar was removed from the oven. In order to 

expose a fresh soil surface, a layer of soil was scraped away. The soil was then 

immediately sampled using three 5 g En Core soil samplers (En Novative 

Technologies, Inc.) in triplicate. The soil samples were then transferred into VOA 

vials containing 5 mL of laboratory grade methanol (Fisher Scientific, Inc.). Prior to 

analysis by Gas Chromatography/Mass Spectrometry (GC/MS), the samples were 

stored in a freezer at 4 °C.  

The soil and condensed VOCs were analyzed using a Hewlett Packard 5890 Series II 

Plus GC with attached Hewlett Packard purge-and-trap concentrator and Hewlett 

Packard 5972 Series mass selective detector (Hewlett Packard, Mississauga, Ontario, 

Canada). The analytical method is based on EPA SW-846 Method, 8260B-Volatile 
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Organic Compounds by Gas chromatography/Mass Spectrometry (USEPA, 1996) and 

Method 5035A Closed-System Purge-and-Trap and Extraction for Volatile Organics 

in Soil and Waste Samples (USEPA, 2002). The method detection limit for 1,2-DCA, 

PCE and CB in soil samples were calculated to be 11.09 ppb, 11.46 ppb and 13.49 ppb. 

 

Figure 4.1 Schematic representation of laboratory setup for soil heating experiments. 

 

4.2.2 Experimental Program 

Table 4.3 summarizes the conditions of the experiments. The initial NAPL saturations 

were approximately 5 %, 20 % and 40 % of pore space, and are referred to as the M5, 
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M20 and M40 tests. Small differences in the initial NAPL saturation between tests are 

attributable to NAPL mass lost by volatilization during packing. The initial NAPL 

saturations reported in Table 4.3 were confirmed by weighing the jars at the end of the 

packing. Each experiment consisted of six separate heating tests, referred to as -1 

through -6, each with a different heating time to collect data during different heating 

stages. The first two tests targeted the beginning and end of the co-boiling stage, at 

temperatures of 83°C and 87°C, respectively. The third test targeted the transition 

stage at a temperature of 97°C, which is between the end of the co-boiling stage at 

90°C and water boiling at 100°C. The fourth and fifth tests targeted the early and late 

stages of water boiling, respectively. The last test was selected to end with no 

moisture remaining in the soil pores, as indicated by an increase in soil temperature to 

the oven temperature of 128 °C.  

Temperatures were used to determine the length of each test rather than the duration 

of heating because the time spent on each heating stage increases with increasing 

initial NAPL saturation (Burghardt and Kueper, 2008). Therefore, the duration of the 

M5 tests was longer than the M20 tests, which were longer than the M40 tests. The 

duration of each individual test is presented along with the results in Table 4.5. The -1 

through -5 tests were sacrificed at the end of their heating times to collect soil samples 

used to measure the removal of 1,2-DCA, PCE, and CB.  The -6 tests (M5-6, M20-6 

and M40-6) were used to collect the temperature profile data because they 

experienced uninterrupted heating through all four heating stages. Because the 

variation of initial NAPL saturation between tests within an experiment was minimal, 
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the temperature profile observed during the -6 tests is representative of the heating 

during the other, shorter, -1 to -5 tests. 

Table 4.3 Summary of experimental testing program 

Test Stage of 
Heating 

Temperature 
(°C) 

Initial Mass (g) Initial 
NAPL 

Saturation 
1, 2-
DCA PCE CB 

M5-1 Co-boiling 83 4.42 5.69 3.91 0.050 
M5-2 Co-boiling 87 4.40 5.69 3.91 0.051 
M5-3 Transition 97 4.58 5.98 4.10 0.052 
M5-4 Water Boiling 100 4.59 5.96 4.08 0.051 
M5-5 Water Boiling 100 4.43 5.70 3.96 0.050 
M5-6 Dry Out 128 4.58 5.97 3.95 0.051 

M20-1(×3)a Co-boiling 83 16.65 21.57 14.80 0.195 
M20-2(×3) Co-boiling 87 16.66 21.59 14.81 0.195 
M20-3(×3) Transition 97 16.65 21.64 14.81 0.204 
M20-4(×3) Water Boiling 100 16.81 21.80 14.93 0.207 
M20-5(×3) Water Boiling 100 16.67 21.52 14.81 0.204 
M20-6(×3) Dry Out 128 16.68 21.57 14.81 0.205 

M40-1 Co-boiling 83 35.24 45.60 31.25 0.414 
M40-2 Co-boiling 87 35.21 45.63 31.27 0.414 
M40-3 Transition 97 35.24 45.62 31.24 0.415 
M40-4 Water Boiling 100 35.21 45.63 31.26 0.414 
M40-5 Water Boiling 100 35.22 45.63 31.24 0.414 
M40-6 Dry Out 128 35.22 45.64 31.24 0.414 

aThe initial 1,2-DCA, PCE and CB masses for M20-1 to M20-6 shown in table are 
average values for triplicates experiments. 
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Table 4.4 Summary of sample collection and analysis 

Heating Stage 

1,2-DCA, PCE, CB – Water  
(M5, M20×3, M40) 

Soil Sample Water 
Condensate 

NAPL 
Condensate 

Co-boiling 3 1 1 
Co-boiling 3 1 1 
Transition 3 1 1 

Water Boiling 3 1 1 
Water Boiling 3 1 1 

Dry Out 3 / / 

 

4.2.3   Screening Level Model Development 

The screening-level mathematical model developed in Chapter 3 was modified to 

simulate the co-boiling of multi-component NAPL. The initial heating stage and the 

transition heating stage were modeled using a cylindrical heat conduction equation fit 

to the temperature data of the single-component NAPL heating experiments in 

Chapter 3. To simulate the co-boiling stage, Dalton’s law (Equation 4.4) and the 

Antoine equation (Equation 4.3) for single-component NAPLs were modified using 

Raoult’s law (Equation 4.1).  

During the simulation of co-boiling, the number of moles of each component removed 

from the NAPL is given by the combination of Equation (4.1) and the ideal gas law: 

          ni ,g = Xi
Pi
0Vg
RT

                                                                                                  (4.6)                                                    
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where T is the temperature (K), ni,g is the number of moles of component i vapourized 

over the time step, R is the ideal gas constant, and Vg is the volume of vapour 

produced over the time step. As described in Chapter 3, the time steps are not discrete 

intervals of equal time, but are defined by equal volumes of gas produced, which is 

taken to be 0.05 mL (See Appendix E for gas volume chosen). The mole fraction in 

NAPL phase is updated by: 

                                                                                                 (4.7)                                     

where ni,NAPL is the number of moles of component i in the NAPL, and t and t+1 refer 

to the current and next time steps, respectively. The mole fraction of each component 

in the NAPL phase is updated by: 

          
1
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=

=
∑

                                                                                        (4.8) 

The updated mole fractions are then used to repeat the calculations for subsequent 

time steps.  For each time step, the temperature is defined by Equations (4.2), (4.3), 

and (4.4) such that the vapour pressures of the NAPL mixture and water are equal to 

the ambient pressure, taken here to be 1 atm. At each time step, the mole fraction of 

each component in the vapour phase is determined by: 

          ,g
,g

, w,
1

i
i n

i g g
i

n
Y

n n
=

=
+∑

                                                                                        (4.9) 

The mole fraction of each component in the NAPL condensate is: 

ni, NAPL
t+1 = ni, NAPL

t − ni, g
t
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                                                                                                (4.10)                                                                   

where Yi,g is the mole fraction of component i in the vapour phase, and nw,g is the 

number of moles of water in the vapour phase. The number of moles of water in the 

vapour phase is calculated using the ideal gas law and the vapour pressure of water at 

the temperature of that time step, calculated using Equation (4.3). 

Unlike the co-boiling of single-component NAPLs, which occurs at a constant 

temperature and involves only the conversion of energy input to latent heat of 

vapourization, the co-boiling of multi-component NAPLs occurs over a period of 

increasing temperature during which NAPL components and water are vaporized, and 

the soil and remaining NAPL and water are heated to higher temperatures. Thus, the 

conservation of energy requires that both latent heat and the heat capacity of the solid 

and fluids are considered. During co-boiling, the heat transferred is given by:   

          2 , , , , ,
1 1

n n

i NAPL i g w w g i i NAPL i NAPL s s s w w w t
i i

Q L n L n c m V c mV c m V V T
= =

⎛ ⎞= + + + + ⋅Δ⎜ ⎟⎝ ⎠
∑ ∑ (4.11) 

where Li,NAPL and Lw are the latent heat of vapourization of each component in the 

NAPL and the water in J/mol, and Vi,NAPL,  Vw and Vs is the volume of each component 

in the NAPL-water-sand mixture, and ci,NAPL, cs and cw are the heat capacities of each 

component of the NAPL, sand and water. ΔT is the temperature change during a gas 

(Vg ) volume generation. 
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The heating time and amount of heat energy transferred during each heating stage can 

be correlated by a linear relationship. A fitting parameter K=5.7 can be obtained by 

plotting the relationship of heating time and heat energy transferred. The t1-t4 are 

calculated by Q1-Q4 and K (See Appendix E). 

 

4.3 Results and Discussions 

4.3.1 Temperature Profiles of Different NAPL Component 

As expected, the temperature profile that resulted from the heating of a multi-

component NAPL was different than that observed in the single-component 

experiments (Chapter 3, Burghardt and Kueper, 2008; Martin and Kueper, 2011).  

Rather than a constant temperature co-boiling plateau, the temperature data during co-

boiling showed a period of increasing temperature. For example, Figure 4.2 shows 

temperature profiles for 20% initial NAPL saturations of PCE (Chapter 3) compared 

to those from the mixture of 1,2-DCA, PCE, and CB (M20 experiment). Despite the 

lack of a plateau, a clear co-boiling region is apparent, defined by a different slope 

than the initial heating and transition heating stages.  

The co-boiling region was bounded by a lower temperature of 81°C and an upper 

temperature of 90 °C. The lowest temperature in the co-boiling region was lower than 

the co-boiling temperature of PCE because the most volatile component, 1,2-DCA, 

has a greater volatility than PCE. In addition, the highest temperature in the co-boiling 

region was higher than the co-boiling temperature of PCE because CB has a lower 
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volatility. The increase in co-boiling temperature with time occurs as the more volatile 

components are depleted, leaving the less volatile components in the NAPL until 

chlorobenzene became the dominant NAPL component. Simulations of co-boiling 

using the model described in Chapter 3 with the modifications of Equations (4.1)-(4.4) 

and (4.6)-(4.10) were able to fit the data well. These simulations used a ten-

compartment model with a standard deviation in initial NAPL saturation between 

compartments of 0.02 to accurately simulate the heating profile during the transition 

heating stage (Chapter 3). 

 

Figure 4.2 Temperature profiles for heating of single-component (PCE) and multi-
component (1,2-DCA, PCE and CB) NAPL for an initial NAPL saturation of 20%, 
showing only every 15th temperature data point for clarity.  
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4.3.2 Temperature Profiles Sensitivity to NAPL Saturation 

As has been shown for heating single-component NAPLs (Chapter 3, Burghardt and 

Kueper, 2008), increasing the initial NAPL saturation decreases the duration of the 

initial heating stage and increases the duration of the co-boiling stage. The 

temperature profiles of the M20 experiment (Figure 4.2) are shown alongside those of 

the M5 and M40 experiments in Figure 4.3. The M5 experiment had a co-boiling 

region duration of 0.28 hr, and the co-boiling region durations for M20 and M40 were 

0.53 hr and 0.96 hr, respectively. Although the durations of the co-boiling stages were 

different, they were bounded by the same lower (81°C) and upper (90°C) temperatures 

in all three experiments. Looking only at the temperature profile, the co-boiling region 

in the M5 experiment is difficult to identify. The duration of 0.28 hr was based on the 

time between reaching temperatures of 81°C and 90°C. The results from the M5 

experiment show that although co-boiling does occur, the identification of when co-

boiling has begun or ended is not likely for lower saturation sources based solely on 

the temperature profile data.   

Similar to the simulation results for M20 (Figure 4.2), simulation of the M5 and M40 

experiments using a ten-compartment model agreed well with the measured 

temperatures. Standard deviations in initial NAPL saturation between compartments 

of 0.017 and 0.049 were used for the simulations of the M5 and M40 experiments, 

respectively. This good agreement validates the multi-component modifications made 

to the existing screening-level model (Chapter 3), and provides confidence in applying 
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the model to the heating of more complex NAPL mixtures relevant to field sites as 

discussed in section 4.3.4. 

 

Figure 4.3 Temperature profiles for the heating of multi-component (1,2-DCA, PCE 
and CB) NAPL at initial NAPL saturations of 5%, 20%, and 40%, showing only every 
15th temperature data point for clarity. 
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calculated based on the difference between the NAPL and water volumes and the pore 

volume.  NAPL saturations throughout the M20 experiment are shown in Figure 4.4.  

Error bars represent one standard deviation and were calculated by propagation of the 

measurement uncertainty associated with each measurement in the experiments. The 

results in Figure 4.4 show a decrease in NAPL saturation and an increase in gas 

saturation during heating. Changes were first observed prior to temperatures reaching 

the lowest co-boiling temperature of 81°C. This was also observed in single-

component NAPL experiments, and is due to preferential heating of NAPL at the 

outside edge of the jar that reached the co-boiling temperature faster than the location 

used to measure temperature (Chapter 3). 

As NAPL and water were removed from the soil during heating, the gas saturation 

increased. The gas generation rate, which is proportional to the slope of the 

temperature profile, differed between the stages, being highest during co-boiling and 

lowest during transition heating.  At the end of the observed co-boiling region, defined 

by a temperature of 90°C and the inflection point of the temperature profile, the 

NAPL saturation was approximately 3%. This represents 15% of the initial NAPL 

mass. Similar observations were made for the removal of single-component NAPL 

(Chapter 3), and these results highlight that neither the achievement of the co-boiling 

temperature nor heating through an observable co-boiling period can ensure NAPL 

removal. The presence of NAPL and the continued formation of gas beyond the end of 

the observed co-boiling period is due to the mass transfer limitation introduced by the 
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pore-scale distribution of NAPL (Chapter 3). Complete NAPL removal was achieve 

later in the heating, part way through the transition stage. 

 

Figure 4.4 The NAPL and gas staurations change with heating time for M20 test. 
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production rate in the multi-component experiment (M20) was non-linear. At the early 

stage of the co-boiling, the vapour production rate during the M20 experiment is faster 

than in the P20 experiment. The vapour production rate during the M20 experiment 

declined and became slower than in the P20 experiment at later time. This is because 

during early co-boiling, the more volatile component 1,2-DCA vapourized faster than 

the other two components. As the lower-volatility component CB became more 

dominant in the remaining NAPL, the rate of vapourization decreased. Therefore, the 

presence of low volatility components decreases the NAPL removal rate. 

 

Figure 4.5 Simulated and measured vapour production of M20 and P20. 
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4.3.3.3 Soil Concentration Sensitivity to Heating Time 

In addition to monitoring changes in NAPL saturation by measuring volumes of 

NAPL condensate, soil samples from the sacrificial tests were also used to measure 

soil concentrations of 1,2-DCA, PCE, and CB (Table 4.5). The soil concentrations of 

all three components decreased with increasing heating time, from an initial 

magnitude of 103 to 10-2 mg/kg at dry out. However, the rate of removal of each 

component was different. The removal rate of the most volatile component, 1,2-DCA 

is faster than that of PCE and CB. CB is the least volatile component, and has the 

lowest removal rate. For instance, after 0.77 hours of heating in the M20 experiment 

(M20-1 at early co-boiling), 48% of the initial CB mass and 45% of the initial PCE 

mass, but only 25% of the initial 1,2-DCA mass remained in the soil. At the transition 

heating times (M5-3, M20-3, and M40-3), there were significant amounts of each 

component remaining in the soil, which is consistent with the NAPL saturation results 

that showed incomplete NAPL removal at the end of the observed co-boiling stage. 

Even the most volatile component, 1,2-DCA, was not completely eliminated from the 

soil at the end of the co-boiling stage. Following complete NAPL removal partway 

through the transition heating stage, the soil concentrations of each component 

continued to decline.  

Example results for the M20 experiment are shown in Figure 4.6.  At dry out (M5-6, 

M20-6 and M40-6), soil concentrations of 1,2-DCA, PCE and CB were all below 

detection limits (11.09 ppb, 11.46 ppb, 13.49 ppb) in all three experiments. 
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Table 4.5 Soil concentration results for 1,2-DCA, PCE and CB 

 
Test 

Heating 
Time 

(hour) 

Total Soil Concentration 
(mg/kg) 

NAPL 
Saturation 

After 
Heating 

Water 
Saturation 

After 
Heating 1,2-DCA PCE CB 

M5-1 0.90 1500 2280 1680 0.032 0.940 
M5-2 0.98 870 1390 1080 0.022 0.937 
M5-3 1.44 5 123 86 0.014 0.925 
M5-4 1.70 1.05 15.87 5.08 NDb 0.846 
M5-5 4.70 0.26 0.90 0.12 ND 0.287 
M5-6 8.22 NDa ND ND 0 0 
M20-1 0.77 4200 9980 7780 0.133 0.820 
M20-2 0.93 1780 4480 3970 0.079 0.784 
M20-3 1.08 3 121 87 0.019 0.754 
M20-4 1.69 2.23 37.95 13.47 ND 0.726 
M20-5 4.82 0.31 1.52 0.24 ND 0.179 
M20-6 7.73 ND ND ND 0 0 
M40-1 1.08 11460 29130 22530 0.209 0.574 
M40-2 1.34 5540  2521 1867 0.149 0.554 
M40-3 1.98 5 476 427  0.037 0.525 
M40-4 2.41 2.69 117.56 64.85 ND 0.480 
M40-5 3.64 3.2 21.05 3.16 ND 0.226 
M40-6 6.64 ND ND ND 0 0 

aAnalyte not detected above the laboratory reporting limit 
bNo NAPL condensate recovery observed 
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Figure 4.6 1,2-DCA, PCE and CB soil concentration and temperature profile for the 
M20 test. Error bars represent one standard deviation based on triplicate soil samples. 
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While the 1,2-DCA concentrations decreased, the vapour concentrations of the lower 

volatility components, PCE and CB, increased during the co-boiling stage. These 

trends are due to changing mole fractions as predicted by Raoult’s law (Equation 4.1).  

During water boiling, vapour-phase 1,2-DCA, PCE and CB continued to be produced 

despite NAPL removal due to partitioning from the solid (sorbed) and aqueous 

(dissolved) phases. At the water boiling stage, the chlorobenzene concentration in 

vapour continued to decrease, and slight increases in PCE concentration in vapour 

were found. This stems from the fact that PCE has a relatively high Henry’s constant 

that increases substantially with temperature. The Henry’s constant (Hdimensionless) of 

PCE increases from 0.59 at 20 °C to 13.72 at 100 °C (Burghardt, 2008). Therefore, 

when no NAPL phase exists, the majority of PCE mass is in the vapour phase 

(Burghardt and Kueper, 2008). 1,2-DCA and CB have Henry’s constants calculated 

using the Clausius-Clapeyron relationship equal to 0.05 at 20 °C and 0.62 at 100 °C, 

and 0.13 at 20 °C and 2.59 at 100 °C, respectively. These Henry’s constants are 

smaller than those for PCE.  
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Table 4.6 1, 2-DCA, PCE and Chlorobenzene Vapour concentration 

 
Test 

Heating 
Time 

(hour) 

Vapour Concentration (g/L) 

1,2-DCA PCE CB 

M5-1 0.90 470 530 243 
M5-2 0.98 400 479 349 
M5-3 1.44 142 593 784 
M5-4 1.70 0.47 0.09 0.16 
M5-5 4.70 0.06 0.09 0.08 
M20-1 0.77 638 511 269 
M20-2 0.93 330 653 443 
M20-3 1.08 113 694 741 
M20-4 1.69 0.16 0.15 0.26 
M20-5 4.82 0.04 0.16 0.09 
M40-1 1.08 519 521 322 
M40-2 1.34 211 633 550 
M40-3 1.98 38 664 903 
M40-4 2.41 0.13 0.10 0.39 
M40-5 3.64 0.05 0.16 0.14 

 

The vapour concentration results from the M20 experiment (Table 4.6) are plotted 

together with the soil concentration results (Table 4.5 and Figure 4.6) in Figure 4.7.  

Figure 4.7 presents both the soil and vapour concentrations of 1,2-DCA, PCE and 

chlorobenzene during heating for test M20. The analytical method measurement error 

associate with vapour concentration analysis is 3%. As the chlorobenzene 

concentration in vapour increased from 269 to 741 g/L, the total soil concentrations of 

all components decreased from ~104 to ~102 mg/kg towards the end of the observed 

co-boiling region (Figure 4.7). The vapour concentration can be measured during 

ISTT operation while soil samples are typically only collected following the 

completion of ISTT. Having the least volatile component (CB) dominate the vapour 
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phase could be an indicator that the co-boiling process is complete. Thus, vapour 

concentration measurements may be a useful way of identifying the remediation stage 

during ISTT operation. 

 

Figure 4.7 Soil concentration and Vapour concentration for M20 test. 
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samples were taken as NAPL and water condensate and collected into a 5 mL vial, so 

the analysis results represent the average values of the accumulated condensate during 

the vapour sample collection interval (approximately 0.06-0.07 hr); ii) the greater 

discrepancy found in sample-3 is because the last 2 mL of NAPL condensate was 

sampled from 93 °C to 97 °C, while the simulated ones (single compartment model) 

have completed the co-boiling process. 

Both the measured and simulated results show that at the beginning of heating, the 

NAPL condensate was mainly composed of 1,2-DCA, as expected from Raoult’s law. 

The soil concentration analysis confirmed that the most volatile component, 1, 2-DCA, 

was removed quickly from the soil at the beginning of co-boiling followed by PCE, 

whose mole fraction increased and subsequently decreased, and finally CB, whose 

mole fraction decreased throughout co-boiling. After 1.4 hours of heating, measured 

mole fractions in the NAPL condensate showed that the composition was dominated 

by CB at a mole fraction of 0.61 when the NAPL saturation was approximately 0.01. 

This highlights that measuring the composition of the NAPL condensate in field 

applications of ISTT can provide an indication of the extent of NAPL removal, as the 

mole fractions of the least volatile components will increase significantly as the NAPL 

is depleted. Similar information could be obtained through component-specific 

analysis of the vapour recovered from the heating zone. 
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Figure 4.8 Mole fraction of 1,2-DCA, PCE and CB in the NAPL condensate and NAPL 
saturation remaining for the M20 experiment.  
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The mass fractions of the DNAPL components from each site are summarized in 

Table 4.7, along with the Antoine coefficients of each component. Specific PCB 

congener information was not used in the simulation of the site #2 DNAPL. Rather, 

the PCB component of the DNAPL was treated as a non-volatile component and 

assigned Antoine coefficients to its vapour pressure at 1x10-5 Torr at 25 °C and boiling 

point is 378 °C (USHHS, 2000). The heating of the two field DNAPLs were simulated 

as though they were heated in the experimental apparatus used in this study, assuming 

an initial DNAPL saturation of 20%. As such, the simulation results (Figure 4.9) are 

not expected to be representative of behaviour expected for the application of ISTT at 

these sites because heating and DNAPL removal occur much faster in the jar 

experiments. However, the trends in evolution of the DNAPL condensate composition 

within the different heating stages, regardless of their duration, are expected to be 

representative of field-scale ISTT. 
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Table 4.7 Antoine Coefficient and mass fraction of each component in two field sites 
NAPL 

 
Component 

Antoine Equation 
Coefficientsa Mass Fraction 

A B C Site #1 Site #2 

1,1,1-Trichloroethane 7.0071
8 

1253.2 229.62
4 

1.58 0.70 
Trichloroethene 7.0281 1315.1 230.01 58.11 3.70 

Toluene 6.9546
4 

1344.8 219.48
2 

16.08 30.90 
Tetrachloroethene 6.9768 1386.9 217.53 6.98 14.30 

Ethylbenzene 6.9571
9 

1424.2 213.20
6 

1.87 / 
p-Xylenesb 6.9905

2 
1453.4 215.30

7 
2.15 0.30 

o-Xylenes 6.9989
1 

1474.6 213.68
6 

1.50 1.15 
m-Xylenes 7.0090

8 
1462.2

6 
215.10

5 
2.15 1.15 

PCBc 6.728 2223 200 / 47.7 
aYang and Yaws,1989 
bmass fraction data was available only for combined o- and p-xylene for the site #1 
NAPL and combined o- and m-xylene for the site #2 DNAPL.  The reported mass 
fractions of the combination were arbitrarily assigned equally to both isomers for these 
simulations.  
cAntoine equation coefficient were estimated by vapour pressure at 1x10-5 Torr at 25 
°C and boiling point is 378 °C 

 

Although the two field DNAPLs have similar components, the mole fraction of each 

component in the DNAPL is different, with the site #1 DNAPL composed mostly of 

trichloroethene (TCE) and toluene, and the site #2 DNAPL composed mostly of PCE, 

toluene, and PCB. Therefore, the co-boiling temperature and the change in mole 

fraction of each component during co-boiling are expected to be different between the 

two DNAPLs. The simulated temperature profile during the co-boiling stage and the 

mole fraction in the DNAPL condensate are shown in Figure 4.9 and 4.10. The site #1 
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DNAPL co-boiling stage occurred between 78.4 °C and 93.3 °C, and the site #2 

DNAPL co-boiling stage occurred between 87.9 °C and 100 °C. Because of the higher 

mass fraction of low volatility components (PCBs) in the site #2 DNAPL compared to 

the site #1 DNAPL (Table 4.7), the site #1 DNAPL experiences a lower initial co-

boiling temperature. The low volatility of PCB associated with the site #2 DNAPL 

results in the production of more steam during co-boiling (removal of 430 mL of 

water) than for the site #1 DNAPL (removal of 45 mL of water).  

For the site #1 DNAPL, the volatile components 1,1,1-TCA and TCE both steadily 

decrease in mole fraction in the vapour phase during co-boiling. In contrast, the 

intermediate volatility components toluene, PCE and ethylbenzene have initially 

increasing mole fractions followed by decreasing mole fractions in the vapour phase.  

The xylenes, which have low volatility, exhibit steadily increasing mole fractions in 

the vapour phase during co-boiling. The low volatility components result in larger 

amounts of associated water vapour produced during co-boiling and lead to longer 

ISTT operation times to remove DNAPL. 
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Figure 4.9-A Prediction of the site #1 DNAPL co-boiling temperature and mole 
fraction of each component in NAPL and vapour phases. 
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Figure 4.9-B Prediction of the site #2 DNAPL co-boiling temperature and mole 
fraction of each component in NAPL and vapour phases.   
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PCB is not volatile, and its mole fraction in vapour phase is close to zero until end of 

the co-boiling period. The PCB vapour mole fraction approaches unity at the end of 

the co-boiling period because it is the only remaining organic component at that point 

in time. The temperature at the end of the co-boiling period for the site #2 DNAPL 

approaches the boiling point of water because the PCB component has very low 

volatility.  

 

4.4 Conclusions 

The results of heating experiments of multi-component NAPLs show that the co-

boiling region is not associated with a well-defined flat temperature plateau as 

observed for single component NAPLs. Due to the components in the multi-

component NAPLs having different vapour pressure, the co-boiling temperature 

increases with heating, and this co-boiling region can be identified by temperature 

slope changes during heating. For the prepared NAPL samples in this study, soil 

concentration analyses show that the most volatile component, 1,2-DCA, has the 

fastest removal rate, followed by the intermediate volatile component, PCE, and then 

the least volatile component, CB. The vapour phase mole fractions confirm that 1,2-

DCA (most volatile component) dominated the vapour concentrations at the early 

stages, and that CB (least volatile component) dominated the vapour concentrations in 

the later stages of the co-boiling process. The vapour concentrations of each 
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component indicate what the composition of the remaining NAPL in the soil is, as 

well as the NAPL saturation in the soil.  

Compared to single component NAPL-water co-boiling, the three components NAPL 

employed in this study showed a faster vapour generation rate at the beginning of the 

co-boing stage and a slower rate at the end of the co-boiling stage.  

The multi-compartment model predictions can match the experimental temperature 

profiles well, and the mole fraction of each component with heating can also be 

predicted. The predictions of multi-component NAPL co-boiling using NAPL 

composition data from two Superfund Sites in the USA indicate that although the two 

NAPLs have similar compositions, their co-boiling temperature range and mole 

fraction versus temperature curves are very different due to the different initial mole 

fractions in the NAPL phase. The non-volatile component, PCB, that exists in the site 

#2 DNAPL result in large amounts of water liberated during co-boiling and a longer 

treatment time. 
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Chapter 5  

CONCLUSIONS 

The results of this study indicated that PCE and water co-boil at 88 °C ± 1°C and the 

thermocouple location was found to be essential to the observed co-boiling plateau 

duration. A co-boiling plateau can be only detected when the thermocouple is 

installed at the location of NAPL. However, even when a co-boiling plateau is 

observed, the end of the observed co-boiling plateau may not represent the complete 

removal of the NAPL.  

NAPL saturations in soil were found to decrease substantially during heating. 

Nevertheless, not as expected, there was significant NAPL mass remaining at the 

end of the observed co-boiling plateau. It indicates that a single thermocouple 

temperature observation may not provide evidence of NAPL mass removal.  

The rate of vapour generation during heating changes from stage to stage. For 

instance, the vapour generation rate is fastest during the co-boiling stage and lowest 

during the transient heating stage. Therefore the rate of vapour generation can be 

monitored and used to identify the stage of heating.  

The screening-level mathematical model is capable of simulating the temperature 

and duration of each heating stage well. However, a discrepancy was found at the 

end of the co-boiling stage between simulated and measured results. A multi-

compartment model incorporating a number of NAPL saturation zones and taking 
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the average temperature of all compartments as a representative soil temperature 

improved the predicted soil temperature. The multi-compartment model was also 

found to match the experimental NAPL vapour generation better than the single-

compartment model. 

The temperature profile of heating multi-component NAPL containing 1,2-DCA, 

PCE and CB impacted soil showed no co-boiling plateau but did show a well-

defined co-boiling region from 81 °C to 90 °C. The three NAPL components were 

chosen to have distinct vapour pressures: 1,2-DCA is highly volatile, PCE has an 

intermediate volatility and CB has a low volatility. The soil VOCs concentration 

analysis indicated that 1,2-DCA had the fastest removal rate, followed by PCE and 

then CB. Accordingly, vapour VOCs concentration analysis showed that 1,2-DCA 

dominated the vapour phase at the early co-boiling stage, and CB dominated in the 

later co-boiling stage. The vapour concentration analysis results can indicate what 

the composition of the remaining NAPL in the soil is, as well as the NAPL 

saturation in the soil. Observations that the least volatile component dominates the 

vapour phase can be used as a good indicator of the end of co-boiling stage in filed 

applications. 

During the co-boiling stage of multi-component NAPL, the vapour generation rate is 

faster at the beginning and slower at the end of the co-boiling stage than during 

PCE-water co-boiling. This is due to 1,2-DCA being more volatile than PCE and CB 

less volatile than PCE. Other NAPL mixtures with different components would have 

different results. 



122 
 

The screening-level model can also predict multi-component NAPL heating 

temperature at each stage well. In addition, the change in mole fractions of NAPL 

components in vapour phase with heating can be also simulated well by the model. 

The predictions of multi-component NAPL co-boiling for two Superfund Sites in the 

USA present very different co-boiling temperature and mole fractions of each 

component during heating. Although their NAPL compositions are similar, due to 

the different initial mole fractions in the NAPL phase, their co-boiling behaviours 

are very different. PCB, the non-volatile component in the site #2 DNAPL, results in 

higher co-boiling temperatures, longer treatment time and a larger amount of water 

consumption during co-boiling.  

For future research, experiments conducted with a field multi-component NAPL will 

be useful. A study of soil temperature and vapour generation rate using experiments 

containing multiple NAPL pools with different saturations will give a better 

understanding of the co-boiling behaviour during ISTT field applications.  
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APPENDIX A  
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ANALYTICAL RESULTS 
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A.1 Porosity Measurements 

          1 bulk

sg





                                                                                                           (A.1) 

Table A.1 40/50 silica sand porosity measurement 

 bulk ϕ 

P5 1.718 0.355 

P20 1.717 0.355 

P40 1.711 0.357 

Average 0.356 

Standard Deviation 0.00114 

 

A.2 Temperature Distribution of Heating Sand and Water 

 

Figure A.1 Temperature of heating sand and water at different locations in a glass jar 
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A.3 Analytical Results 

Table A.2 PCE Soil GC-MS results 

 

Sample 
Time  

(Hr) 

Initial PCE 

(g) 

NAPL 

Recovery  

(ml) 

GC-MS 

(ppm) 

Average 

(ppm) 

P5-1a 
0.9 16.32 6 

3745.16 
10813 P5-1b 11461.16 

P5-1c 17234.51 
P5-2a 

1.0 16.40 7.5 
2850.77 

4168 P5-2b 3051.27 
P5-2c 6602.58 
P5-3a 

1.2 16.42 9.5 
869.79 

852 P5-3b 1354.46 
P5-3c 333.14 
P5-4a 

1.8 16.78 10 
876.89 

326 P5-4b 20.87 
P5-4c 79.60 
P5-5a 

5.8 16.62 10 
2.85 

4 P5-5b 3.05 
P5-5c 6.60 
P5-6a 

10.5 15.94 10 

ND 

ND P5-6b ND 

P5-6c ND 
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Sample 
Time  

(Hr) 

Initial PCE 

(g) 

NAPL 

Recovery  

(ml) 

GC-MS 

(ppm) 

Average 

(ppm) 

P20A-1a 

1.1 61.89 18 

24406.27 

25770 P20A-1b 17196.63 

P20A-1c 35721.88 

P20B-1a 
1.1 60.43 17 

37955.20 
40040 P20B-1b 39965.70 

P20B-1c 42201.70 
P20C-1a 

1.0 63.65 18 
38362.73 

30260 P20C-1b 25253.95 
P20C-1c 27175.14 
P20A-2a 

1.2 59.71 27 

22274.06 

14740 P20A-2b 7779.91 

P20A-2c 14177.56 

P20B-2a 
1.2 64.45 27 

8650.94 
17120 P20B-2b 19748.03 

P20B-2c 22963.12 
P20C-2a 

1.2 64.65 29 
22608.80 

17790 P20C-2b 16586.11 
P20C-2c 14179.02 
P20A-3a 

1.5 59.16 36 
848.25 

532 P20A-3b 440.23 
P20A-3c 305.72 
P20B-3a 

1.5 62.63 38 
6048.96 

500 P20B-3b 636.67 
P20B-3c 8318.27 
P20C-3a 

1.6 65.70 39 
1904.34 

1325 P20C-3b 1855.93 
P20C-3c 210.44 
P20A-4a 

2.1 64.80 38 
1104.54 

480 P20A-4b 107.18 
P20A-4c 230.82 
P20B-4a 

2.0 63.88 38 
1659.39 

593 P20B-4b 74.47 
P20B-4c 45.90 
P20C-4a 

2.0 65.45 39 
1320.89 

475 P20C-4b 55.02 
P20C-4c 49.73 
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Sample 
Time  

(Hr) 

Initial PCE 

(g) 

NAPL 

Recovery  

(ml) 

GC-MS 

(ppm) 

Average 

(ppm) 

P20A-5a 

4.7 62.03 38 

19.20 

28 P20A-5b 28.14 

P20A-5c 39.47 

P20B-5a 

5.3 62.70 38 

3.56 

9 P20B-5b 2.78 

P20B-5c 21.49 

P20C-5a 

5.3 66.45 38 

0.55 

1 P20C-5b 1.85 

P20C-5c 0.94 

P20A-6a 

7.9 60.35 38 

0.015 

0.010 P20A-6b 0.007 

P20A-6c 0.009 

P20B-6a 

7.9 64.93 38 

0.010 

0.009 P20B-6b 0.008 

P20B-6c 0.008 

P20C-6a 

7.9 62.73 38 

0.016 

0.009 P20C-6b 0.007 

P20C-6c 0.005 

 

Sample 
Time  

(Hr) 

Initial PCE 

(g) 

NAPL 

Recovery  

(ml) 

GC-MS 

(ppm) 

Average 

(ppm) 

P40-1a 
1.2 132.84 40 

114109.38 
70757 P40-1b 62015.93 

P40-1c 36145.68 
P40-2a 

1.3 129.60 67 
49108.48 

47090 P40-2b 49552.03 
P40-2c 42609.56 
P40-3a 

2.2 131.53 74 
2709.13 

2379 P40-3b 1925.95 
P40-3c 2502.28 
P40-4a 

2.5 127.20 79 
191.76 

814 P40-4b 387.09 
P40-4c 1863.15 
P40-5a 

5.1 129.66 79 
19.04 

11 P40-5b 10.18 
P40-5c 4.27 
P40-6a 

7.1 131.90 79 

0.075 

0.5 P40-6b 0.035 

P40-6c 0.052 
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Table A.3 Soil VOCs GC-MS analysis Results for M5, M20 and M40 

Sample 
Time 

(Hr) 

Initial PCE (g) GC-MS (ppm) Average (ppm) 

1, 2-

DCA 
PCE CB 1, 2-DCA PCE CB 

1, 2-

DCA 
PCE CB 

M5-1a 

0.9 4.42 5.69 3.91 

1494.20 1699.17 1166.17 

1495 2276 1678 M5-1b 1584.54 2448.22 1817.23 

M5-1c 1407.18 2683.16 2051.84 

M5-2a 

1.0 4.40 5.69 3.91 

1002.28 1226.90 788.03 

872 1386 1075 M5-2b 840.84 1530.89 1287.19 

M5-2c 774.50 1402.27 1152.51 

M5-3a 

1.4 4.58 5.98 4.10 

8.56 40.11 34.37 

9 123 86 M5-3b 11.54 167.48 122.05 

M5-3c 7.69 161.46 101.59 

M5-4a 

1.7 4.59 5.96 4.08 

1.75 2.71 0.92 

1.4 15 5 M5-4b 1.41 2.69 1.28 

M5-4c 1.10 42.21 13.03 

M5-5a 

4.7 4.43 5.70 3.96 

0.25 0.45 0.12 

0.3 0.9 0.1 M5-5b 0.20 0.53 0.10 

M5-5c 0.32 1.60 0.13 

M5-6a 

8.3 4.58 5.97 3.95 

ND ND ND 

ND ND ND M5-6b ND ND ND 

M5-6c ND ND ND 
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Sample 
Time 

(Hr) 

Initial PCE (g) GC-MS (ppm) Average (ppm) 

1, 2-

DCA 
PCE CB 1, 2-DCA PCE CB 

1, 2-

DCA 
PCE CB 

M20A-1a 

0.9 16.64 21.58 14.80 

5159.12 13009.64 10008.89 

4209 9983 7280 M20A-1b 3615.19 7988.45 5505.29 

M20A-1c 3852.87 8950.50 6327.29 

M20B-1a 

1.0 16.64 21.57 14.80 

2449.08 4676.51 2951.15 

3511 8498 5990 M20B-1b 3460.63 10285.73 7921.88 

M20B-1c 4623.48 10530.34 7096.90 

M20C-1a 

0.9 16.67 21.57 14.81 

2116.93 7709.82 4356.45 

4426 9888 6295 M20C-1b 4619.21 12174.72 5422.61 

M20C-1c 6542.32 9780.01 9106.22 

M20A-2a 

1.1 16.66 21.60 14.84 

2041.32 5196.67 3873.56 

1779 4480 3966 M20A-2b 1432.91 3247.46 2639.49 

M20A-2c 1862.41 4994.46 5385.19 

M20B-2a 

1.1 16.66 21.57 14.80 

5574.05 5991.22 4890.87 

3710 6534. 4668 M20B-2b 2671.54 5103.53 5385.19 

M20B-2c 2884.42 8507.87 3729.34 

M20C-2a 

1.1 16.65 21.59 14.79 

1947.49 3741.62 2434.50 

1757 5519 4553 M20C-2b 1839.34 9809.86 9302.04 

M20C-2c 1484.25 3004.22 1923.53 
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Sample 
Time 

(Hr) 

Initial PCE (g) GC-MS (ppm) Average (ppm) 

1, 2-

DCA 
PCE CB 1, 2-DCA PCE CB 

1, 2-

DCA 
PCE CB 

M20A-3a 

1.5 16.65 14.79 21.67 

15.35 20.21 11.26 

17 121 87 M20A-3b 20.05 41.35 30.65 

M20A-3c 15.63 301.10 218.41 

M20B-3a 

1.7 16.66 14.78 21.61 

20.35 22.32 12.15 

19 96 78 M20B-3b 15.26 35.17 34.69 

M20B-3c 20.69 230.67 188.53 

M20C-3a 

1.6 16.65 14.85 21.64 

20.55 39.14 14.09 

15 129 75 M20C-3b 14.32 120.50 71.28 

M20C-3c 10.94 228.37 139.64 

M20A-4a 

2.0 16.92 15.11 22.10 

10.24 59.65 19.45 

11 31 13 M20A-4b 8.29 10.97 5.21 

M20A-4c 14.35 21.87 15.75 

M20B-4a 

2.0 16.83 14.87 21.72 

2.16 12.21 3.11 

2.2 38 15 M20B-4b 2.12 75.19 30.10 

M20B-4c 2.40 26.46 10.75 

M20C-4a 

2.5 16.68 14.81 21.57 

0.10 34.85 22.83 

0.3 20 11 M20C-4b 0.20 1.55 0.85 

M20C-4c 0.68 22.25 9.12 

 

 

 

 



 

 

 

137 

 

Sample 
Time 

(Hr) 

Initial PCE (g) GC-MS (ppm) Average (ppm) 

1, 2-

DCA 
PCE CB 1, 2-DCA PCE CB 

1, 2-

DCA 
PCE CB 

M20A-5a 

4.82 16.68 14.81 21.62 

0.20 0.61 0.28 

0.2 0.8 0.3 M20A-5b 0.19 0.96 0.30 

M20A-5c 0.18 0.96 0.31 

M20B-5a 

5.12 16.66 14.81 21.34 

0.37 0.70 0.24 

0.3 1.5 0.2 M20B-5b 0.33 0.62 0.20 

M20B-5c 0.23 3.22 0.27 

M20C-5a 

5.21 16.67 14.82 21.61 

0.35 0.69 0.24 

0.3 1.6 0.3 M20C-5b 0.30 0.79 0.26 

M20C-5c 0.25 3.32 0.29 

M20A-6a 

7.7 16.68 14.81 21.57 

ND ND ND 

ND ND ND M20A-6b ND ND ND 

M20A-6c ND ND ND 

M20B-6a 

7.7 16.68 14.81 21.57 

ND ND ND 

ND ND ND M20B-6b ND ND ND 

M20B-6c ND ND ND 

M20C-6a 

7.7 16.68 14.81 21.57 

ND ND ND 

ND ND ND M20C-6b ND ND ND 

M20C-6c ND ND ND 
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Sample 
Time 

(Hr) 

Initial Mass (g) GC-MS (ppm) Average (ppm) 

1, 2-

DCA 
PCE CB 1, 2-DCA PCE CB 

1, 2-

DCA 
PCE CB 

M40-1a 

1.1 35.24 45.6 31.25 

13371.37 39185.26 29561.91 

11456 29133 22534 M40-1b 8521.84 24741.92 20564.19 

M40-1c 12475.24 23470.48 17475.42 

M40-2a 

1.3 35.21 45.63 31.27 

8737.54 33025.00 26931.38 

5547 25209 21425 M40-2b 4728.47 21653.83 18369.10 

M40-2c 3175.22 20948.75 18974.38 

M40-3a 

2.0 35.24 45.62 31.24 

5.79 450.13 429.42 

6 476 427 M40-3b 7.18 590.57 537.23 

M40-3c 4.28 386.99 314.64 

M40-4a 

2.4 35.21 45.63 31.26 

2.69 177.27 95.53 

2 118 65 M40-4b 2.43 36.60 23.87 

M40-4c 1.99 138.93 75.14 

M40-5a 

3.6 35.22 45.63 31.24 

3.64 4.52 1.56 

3 19 3 M40-5b 4.64 6.76 1.36 

M40-5c 1.58 46.15 5.63 

M40-6a 

6.6 35.24 45.60 31.25 

ND ND ND 

ND ND ND M40-6b ND ND ND 

M40-6c ND ND ND 
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Table A.4 Condensate GC-MS analysis results 

Condensate 

Sample 

GC-MS (ppm) 

1, 2-DCA PCE CB 

M20A-1 6386012 511402 269301 

M20A-2 330384 653612 443614 

M20A-3 113770 694291 741958 

M20A-4 155 133 213 

M20A-5 62 168 96 

 

Condensate 

Sample 

GC-MS (ppm) 

1, 2-DCA PCE CB 

M20B-1 591314 518686 303698 

M20B-2 346504 636383 439759 

M20B-3 110566 669501 899662 

M20B-4 253 152 262 

M20B-5 40 156 91 

 

Condensate 

Sample 

GC-MS (ppm) 

1, 2-DCA PCE CB 

M20C-1 596793 513274 295764 

M20C-2 376838 633883 424974 

M20C-3 101387 600415 897660 

M20C-4 225 144 252 

M20C-5 46 176 94 
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Condensate 

Sample 

GC-MS (ppm) 

1, 2-DCA PCE CB 

M5-1 470241 530164 243885 

M5-2 400834 479951 349755 

M5-3 142147 593987 784599 

M5-4 474 89 164 

M5-5 6 92 82 

 

     

Condensate 

Sample 

GC-MS (ppm) 

1, 2-DCA PCE CB 

M40-1 519189 521769 322564 

M40-2 211909 633392 550626 

M40-3 38711 669887 903303 

M40-4 140 101 394 

M40-5 54 163 139 
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A.4 NAPL and Gas Saturation 

 

Figure A.2 NAPL and gas saturation versus heating time for test P5 (water saturation is 

not shown). 

 

Figure A.3 NAPL and gas saturation versus heating time for test P20B (water saturation 

is not shown). 
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Figure A.4 NAPL and gas saturation versus heating time for test P20C (water saturation 

is not shown). 

 

 

Figure A.5 NAPL and gas saturation versus heating time for test P40 (water saturation is 

not shown). 
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Figure A.6 NAPL and gas saturation versus heating time for test M5 (water saturation is 

not shown). 

 

 

Figure A.7 NAPL and gas saturation versus heating time for test M20B (water saturation 

is not shown). 
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Figure A.8 NAPL and gas saturation versus heating time for test M20C (water saturation 

is not shown). 

 

 

Figure A.9 NAPL and gas saturation versus heating time for test M40 (water saturation 

is not shown). 
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A.5  Vapour Production of Co-boiling and Water Boiling of P20  

 

Figure A.10 Vapour production rates of PCE-water co-boiling and water boiling for P20 

 

A.6 NAPL Saturation Calculation 

The NAPL saturations were calculated by: 

          Sn = (
M initial

rPCE
-VPCE , rec -

VWater , rec ×CWater
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) / (

f
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) ×
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ù
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ú

                                    (A.2) 
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where Minitial is the initial PCE mass added into soil, and VPCE, rec and VWater,rec are the 

volume of  condensed PCE and water. CWater is the PCE concentration in condensed 

water. 

The uncertainty associated with the NAPL saturation is calculated by the propagation of 

the uncertainty following rules (Taylor, 1997): 

For addition or subtraction between x and y: 

          
0 1 1 2 2 3 3y x x x                                                                                         (A.3) 

where β0, β1, β2, β3 are the constants, and x1, x2, x3, x4 are measured quantities. The 

variance of y is: 

          
1 2 3

2 2 2

1 2 3( ) ( ) ( )y x x x                                                                           (A.4) 

For multiplication and division between x and y: 

          1 2
0

3 4

x x
y

x x
                                                                                                           (A.5) 

The variance of y is: 

          31 2 42 2 2 2

1 2 3 4

( ) ( ) ( ) ( )
xx x xy

y x x x x

  
                                                                (A.6) 

The uncertainty of NAPL saturation is associated with the balance used to measure the 

soil mass, measure the NAPL mass, and also the graduated cylinder volume used to 
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collect the NAPL and water condensate. All the certainties are the 1/2 minimum 

graduation of the measuring device (Table A.5) 

Table A.5 Error associated with the measurement devices

 

Measurement 
Minimum Graduation 

Measuring Device 

Error=1/2 Minimum 

Graduation 

NAPL Mass 0.01g 0.005g 

Soil Mass 0.01g 0.005g 

NAPL Volume 2 ml 1 ml 

Water Volume 2 ml 1 ml 
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A.7  Photos of Experimental Set up 

                                      

 

                               

Figure A.11 The heating and condensation set up photos. 
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Taylor, J.R., (1997). An Introduction to Error Analysis: The Study of Uncertainties in 

Physical Measurements, 2/e. University Science Books, Sausalito, CA. 
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APPENDIX B   

ANALYTICAL METHODS  



 

 

 

151 

B.1 Methodology 

The analysis of soil samples to determine the concentrations and compositions of organic 

compounds was performed at the Queen’s University Analytical Services Unit (ASU). 

The analytical methodology adopted in this study was based on USEPA SW-846: Method 

8260B-Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry 

(USEPA, 1996) and, Method 5035A-Closed-System Purge-and-Trap and Extraction for 

Volatile Organics in Soil and Waste Samples (USEPA, 2002). Purge-and-trap (P&T) 

with gas chromatography-mass spectrometry (GC/MS) was used to determine the 

concentration of PCE in the soil samples. A Hewlett Packard 5890 Series II Plus gas 

chromatograph (GC) with attached Hewlett Packard purge and trap concentrator and 

Hewlett Packard 5972 Series mass selective detector (MS) were used in the analysis.  

Soil samples, which had been previously been immersed in 5 ml of methanol and stored 

at 4 °C, were shaken for 3 minutes. The methanol extract was taken up along with enough 

organic free deionized water to form a volume of 5 ml by using a 5 ml gas tight syringe. 

The volumes of methanol extract taken up were determined by the expected 

concentration of PCE in the soil sample. In order to avoid a high concentration of NAPL 

entering and contaminating the system, only a small volume of extract was taken up for 

samples with an unknown concentration of NAPL. 

B.2  Standards and Calibration 

The calibration curves of 1,2-DCA, PCE and CB are shown in Figure B1. A calibration 

curve was established using standard solutions that covered the range of concentration 
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expected in the experimental samples. It is not necessary to establish a new 

chromatograph calibration curve before every analysis.  Instead, a single standard was 

run each day. The peak area of daily standard       was used as a factor for calculating 

the concentration of the experimental samples    . 

      and     were the concentration of the standard solution and peak area of the 

experimental sample according to: 

                    
   

     
                                                                                              (B.1) 
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Figure B.1 Calibration curves for purge and trap GC/MS used for analytical analysis of 

1,2-DCA, PCE and CB. 
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B.3  Quality Control and Error Analysis 

At the beginning of each day when analyses were performed, the daily standards and 

blank samples, composed of organic free deionized water and surrogate compounds, were 

analyzed first to ensure that the machine was free of any residual contamination before 

analysis of experimental samples. The surrogate compounds fluorobenzene and 

deuterated 1,4-dichlorobenzene were used to calculate the percent recovery of the 

analyses and to correct the measured concentration of NAPL for the differences in 

percent recovery between each run. 

B.3.1 Statistical Theory 

The sample mean of a data set represents the average of all individual observations in the 

data set, and for n number of observations: 

          1

n

i

i

x

x
n




                                                                                                         (B.2)  

The standard deviation sd of the data set is represented by: 

          

2

1

( )

1

n

i

i
d

x x

s
n









                                                                                           (B.3) 

B.3.2  Propagation of Uncertainty 

When experimental results are calculated using multiple measured values, the uncertainty 

of each measured value must be considered. The uncertainty of the calculated result is 
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calculated using the propagation of all the uncertainties through a number of provisional 

rules (See Appendix-A, Equation A.3-A.6). 

The combined uncertainty of the analytical method was calculated using Equation (A.4). 

The measurement error in the analytical method included error associated with 

measurement of the soil mass using a balance, measurement of the volume of methanol 

added for extraction using a syringe, measurement of the volume of methanol extract 

using a syringe, and measurement of volume of the water injected into the purge and trap 

using a syringe. The measurement error of the condensate sample also included error 

associated with the syringe used to dilute the condensate prior to analysis. 

Table B.1 Example calculation for measurement error in analytical method 

Measurement 
Theoretical 

Measurement 

Minimum 

Graduation 

Measuring 

Device 

Error=1/2 

Minimum 

Graduation 

Percentage 

Error 

Mass of Soil in 

Sample 
5 g 0.01 g 0.005 g 0.1% 

Volume of Methanol  5.0 ml 0.1 ml 0.05 ml 1% 

Volume of Methanol 

Extract Taken Up 
10.0 µl 0.1 µl 0.05µl 0.5% 

Volume of Water 

and Extract Injected 

in Purge and Trap 

5.0 ml 0.1 ml 0.05 ml 1% 

Sum of Measurement Error (Soil Sample) =2.6% 

Sum of Measurement Error (Condensate Sample) =3% 

 

 

 



 

 

 

156 

B.3.3 Method Detection Limit 

The method detection limit (MDL) is defined as the minimum concentration of a 

substance that can be measured and reported with 99% confidence that the analyze 

concentration is greater than zero. The MDL was calculated by spiking five, 5 g soil 

samples with dilute NAPL solution, and extracting the NAPL with 5 ml of methanol and 

analyzing the samples in the purge and trap. The MDL was calculated using 

                                                                                                                         (B.4) 

where    is the students’ t value for (n-1) measurements and    is the standard deviation 

of the replicates. Using the t value at the 99% confidence level is 3.747 for 5 

measurements. 
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Table B.2 Results of 5 spiked soil samples used for calculation of MDL, accuracy and 

precision of analytical method 

Compounds Actual Soil Concentration (ppb) 
Measured Concentration 

(ppb) 

1,2-DCA 

69.35 70.51 

73.85 73.38 

70.23 73.85 

74.79 78.52 

71.21 72.45 

Standard deviation 2.96 

 t Value at 99% confidence interval 3.747 

MDL 11.09 

PCE 

70.03 65.37 

74.58 64.95 

70.93 70.25 

75.53 66.22 

71.91 61.72 

Standard deviation 3.06 

t Value at 99% confidence interval 3.747 

MDL 11.46 

CB 

63.44 44.80 

67.56 47.07 

64.25 52.04 

68.42 52.51 

65.14 45.78 

Standard deviation 3.60 

t Value at 99% confidence interval 3.747 

MDL 13.49 
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APPENDIX C   

ETEMPERATURE EFFECTS ON PHYSICAL AND CHEMICAL 

PROPERTIES OF 1,2-DCA, PCE AND CHLOROBENZENE 
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C.1 Increase in Vapour Pressure 

Vapor pressure is the pressure exerted by a vapor that is in equilibrium with its non-vapor 

phase (Burghardt, 2008) and can be estimated by the Antoine equation (Reinhard and 

Drefahl, 1999): 

                                                                                                    (C.1) 

where A, B and C are empirical constants for each substance and the values for common 

chlorinated solvents are listed below in Table C.1. Vapor pressure (P) is in unit of mmHg 

and temperature (T) is in Celsius degree. The vapour pressures of water, 1,2-DCA, PCE 

and Chlorobenzene change with temperature were shown in Figure C.1. 

Table C.1 Parameters A, B, C for water and different VOCs (Yaws and Yang, 1989). 

Compounds A B C 

Water 7.9492 1657.46 227.02 

PCE 6.9768 1386.92 217.53 

1,2 DCA 7.0253 1271.25 222.94 

Chlorobenzene 6.9781 1431.05 217.56 

LogP = A -
B

(C +T )
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Figure C.1 Vapour pressure of 1,2-DCA, PCE and CB change with temperature 

 

C.2  Increase in Henry’s Constant 

The Henry’s constant describes the partitioning of a substance in the gas and liquid 

phases. It is represented by the ratio of a substance’s gas phase concentration to its 

dissolved concentration in water at equilibrium as follows (Heron et al., 1998a): 

                                                                                                                (C.2)                                                                     

where Cg is the concentration in gas phase and Cw is the concentration in dissolved 

concentration in aqueous phase (mg/L). When the Henry’s constant of a contaminant 

increases, the concentration of a VOC in the gas phase increases and the dissolved phase 
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concentration decreases. It was found by Heron et al. (1998a) that the Henry’s constant 

for TCE between 10 °C and 95 °C increased by a factor of 20. The Clausius-Clapeyron 

relationship can be used to describe the dimensionless Henry’s constant for average soil 

temperature correction (USEPA, 2001): 

                                                                            (C.3)                                    

where HT is the dimensionless Henry’s law constant at the average soil 

temperature, ∆Hv,TS is the enthalpy of vaporization at average soil temperature in 

unit of cal/mole, TS is the average soil temperature in Kelvin, HR is the Henry’s 

Law constant at reference temperature in units of atm-m
3
/mole, RC and R are 

universal gas constant in units of cal/mole/K and atm-m
3
/mole/K. 

The enthalpy of vaporization of the compound at the average soil temperature can 

be obtained from its enthalpy of vaporization at the normal boiling temperature 

(USEPA, 2001): 

                                                                                       (C.4)              

where  is the enthalpy of vaporization at the normal boiling point,  is the critical 

temperature in Kelvin,  is the normal boiling point in Kelvin, and n is an exponent that 

is a function of . All the values above of 1,2-DCA, PCE and CB were shown in 
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Table C.2 and Table C.3. The Henry’s constants of 1,2-DCA, PCE and CB change with 

temperature were plotted in Figure C.2. 

Table C.2 Value of exponent n as a function of TB/TC (USEPA, 2001) 

Ratio TB/TC Exponent n 

<0.57 0.30 

0.57-0.71 0.74      ⁄   0.116 

>0.71 0.41 

 

Table C.3 Values of enthalpy, Tb, Tc and n for 1,2-DCA,PCE and CB (USEPA, 2001) 

Compounds TC TB TB/TC n 

Enthalpy of 

vapourization 

(cal/mol) 

1,2-DCA 563 356.15 0.63 0.35 7643 

PCE 620 394.15 0.64 0.35 8288 

Chlorobenzene 632 405.15 0.64 0.36 8410 
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Figure C.2 Henry’s constant of 1,2-DCA, PCE and CB change with temperature 

 

C.3  Increase in Solubility 

The aqueous solubility of TCE and PCE as a function of temperature between 20.85 °C 

and 116.85 °C for TCE and between 21.85 °C and 160.85 °C for PCE was studied by 

Knauss et al. (2000). The solubility of TCE increased from 0.010763 mol/L to 0.037889 

mol/L, while the solubility of PCE increased from 0.001157 mol/L to 0.013729 mol/L. 

Aqueous solubility data as a function of temperature is represented by the following 

equation (Knauss et al., 2000): 

                                                                                                 (C.5) 
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where S is the solubility in mole fraction, T is the absolute temperature in Kelvin and D, 

E, and F are the fitting parameters as shown in (Knauss et al.,2000; Chen et al.,2011). 

Table C.4 Fitting parameters of solubility calculation (Knauss et al., 2000, Chen et al., 

2011) 

Compounds D E F R-square 

1,2 DCA 6.77 4417 5.61 0.952 

PCE -1313.04 52334 184.06 0.932 

 

The solubility of Chlorobenzene affected by temperature is estimated by the relationship 

between its solubility and its vapour pressure (Paasivirta et al., 1999) by:  

          /S P H                                                                                                             (C.6) 

where the solubility (S) is in mol/m
3
, and vapour pressure (P) is in Pa, and the Henry’s 

constant (H) is in P·am
3
/mol. 

The solubilities of 1,2-DCA, PCE and CB were reported in Figure C.3. 
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Figure C.3 Solubility of 1,2-DCA, PCE and CB change with temperature 

 

 

C.4 Decrease in Adsorption 

The water/organic partitioning coefficient Koc as a function of temperature is determined 

by substituting values of S from Knauss et al. (2000) into (Pankow and Cherry, 1996): 

          log logocK c S d                                                                                           (C.7) 

where c and d values found by Gerstl (1990) for 1,2-DCA, PCE and CB are shown in 

Table C.5 
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Table C.5 c and d values for 1,2-DCA, PCE and CB (Gerstl, 1990) 

 1,2-DCA PCE CB 

c -0.346 -0.346 -0.475 

d 1.28 1.28 1.318 

 

C.5 Effect of Temperature on Equilibrium Partitioning of 1,2-DCA, 

PCE and CB 

The equilibrium partitioning of a chemical between the sorbed, aqueous, and gas phases 

is described by Pankow and Cherry (1996) as a basis for calculating the total soil 

concentration CT 

                                                                             (C.8)  

where  is pore water concentration of the chemical in mg/L,  is the dry soil bulk 

density in ,  and  are the porosity filled by water and air, respectively, and H 

is dimensionless Henry’s Constant. , is the distribution coefficient, describes 

contaminant partitioning between the aqueous and sorbed phases. The sorbed phase, 

aqueous phase, gas phase and the total soil concentration of 1,2-DCA, PCE and CB were 

shown in Figure C.4. 

. 

CT = (KdSwrb + Swfw + SwHfa ) / rb

Sw rb

g / cm3 fw fa

Kd
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Figure C.4 Phase partitioning of 1,2-DCA, PCE and CB change with temperature 
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APPENDIX D   

TIME DOMAIN REFLECTOMETRY THEORY AND 

MEASURMENTS 
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D.1  Introduction 

Time domain reflectometry (TDR) has been applied to measure water content and 

electrical conductivity. Topp et al. (1980) reported the first application of TDR to soil 

water measurement. The advantages of using the TDR method to measure the soil water 

content are: (i) superior accuracy to within 1 or 2% volumetric water content; (ii) 

calibration requirements are minimal—in many cases soil-specific calibration is not 

needed; (iii) lack of radiation hazard associated with neutron probe or gamma-attenuation 

techniques; (iv) TDR has excellent spatial and temporal resolution; and (v) measurements 

are simple to obtain, and the method is capable of providing continuous measurements 

through automation and multiplexing (Jones et al, 2002). 

 

D.2  TDR Theory 

D.2.1 Measurement Principles 

The TDR instrument propagates a voltage pulse through a coaxial cable to a waveguide 

in contact with the sample. Part of the pulse energy reflects back from each impedance 

change and full reflection of remaining energy reflects back at the end of the probe. The 

sum of the incident voltage and reflected pulse voltage is plotted in time and forms a 

waveform (Nichol, et al., 2003). Figure D.1 illustrates a representative waveform for a 

TDR probe. 
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The dual-tangent method of TDR waveform analysis determines the times that the 

waveform is deflected by the arrival of energy from the probe head and probe end 

reflections (t0, t1). The first tangent is fit to the reflection waveform and a second tangent 

is fit to the falling (probe head) or rising limb (probe end) of the waveform deflection. 

The bulk dielectric permittivity of soil surrounding the probe is a function of propagation 

velocity (Nichol, et al., 2003): 

             
 

√  
                                                                                                               (D.1)                                                                                                              

             (
  

  
)
 

                                                                                                          (D.2) 

where v is the electromagnetic wave propagation velocity with a known length 

waveguide probe (v=2L/t) and c is the speed of light in vacuum (2×10
8
 m/s) and t is the 

travel time for the pulse to traverse the length of the waveguide. 

The bulk dielectric constant Kb is dominated by the dielectric constant of water Kw= 81 

(20 °C) as other soil components have much smaller dielectric constant: Ka= 1 and soil 

minerals Ksoil=3-5. The significant difference in dielectric constant between the soil 

compositions makes TDR a good method for liquid water measurement in soils (Jones, et 

al 2001). 
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Figure D.1 Sample TDR waveforms measured in Millville silt loam soil using the 

Tektronix 1502B TDR cable tester and three-rod probes (Jones, et al 2001).  

 

There are two basic approaches have been used to establish the relationship between soil 

bulk dielectric constant and volumetric soil water content θ. Topp et al. (1980) fitted 

third-order polynomial expressions between Kb and θ to measured data for specific soils. 

                                            
            

         (D.3) 

This empirical relationship can be applied on most mineral soils with water content <0.5. 

However it fails to predict the water content in mineral soils high in organic matter or 

clay content. 
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The dielectric mixing model is another approach to describe the Kb-θ relationship, and 

has adopted by Birchak et al. (1974), Dobson et al. (1985), Roth et al. (1990), and 

Friedman (1998). 

             
  ∑     

  
                                                                                                  (D.4) 

where    and    are the volume fraction and the dielectric permittivity of component i. 

The term α is a parameter accounting for soil geometry;     if the electric field is 

parallel to the layering and      if the electric field is perpendicular to the layering. 

D.2.2  Effective Radius of TDR measurement 

The effective radius of the “cylinder of influence” of two wire probe is estimated by 

Knight, 1992.  

 

Figure D.2 Dimensions of parallel wire probe, 2a is the interfocal distance of the bipolar 

coordinate system, 2d is the distance between the axes of the probe wires, and the wires 

both have diameter 2b (Knight, 1992). 
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                                                       (D.5) 

where α=r/d and β=b/d, and a, b, d were shown in the Figure D.2. The rod diameter of 

TDR used in this study is 6 mm, and the distance between the probe wires is 3 cm, so the 

effective radius of the TDR is 3.096 cm. 

 

D.2.3  Temperature Effects 

With raised temperature, Or and Wraith (1986) suggested that two competing phenomena 

will affect the permittivity measurement. A reduction of permittivity due to free water 

permittivity decrease with increased temperature and an opposing trend due to the 

absorbed water release. As in this research, TDR is applied on water content 

measurements in boiling processes, the special calibrations caused by the thermal effects 

should be taken in order to get precise results. 

D.2.3.1  Temperature Effects on Free Water 

A model describes the water permittivity as a function of temperature was developed by 

Kirkwood, 1939 and then revised by Frohlich, 1949 is now termed as the Kirkwood-

Frohlich model: 

          
     

     

 

 
 

    

    

 

 
 

          

                 

      

   
                                                       (D.6) 

where   is the refractive index (1.33 for water),   is the molecular weight (g),   is the 

temperature dependent density of the fluid,   is the Avogadro’s number 6.022×10
23

, g is 
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the correlation parameter,   is the gas phase dipole moment 1.84×10
-18

, k is the 

Boltzmann constant 1.381×10
-16

, and T is temperature in Kelvin. The data points are 

water permittivity from Weast, 1986 (Figure D.3). 

 

                   

Figure D.3 The permittivity of liquid water as a function of temperature with data from 

Weast, 1986. Thin solid line, permittivity fitted to data using the Kirkwood-Frohlich 

model (Robinson et al., 2006). 

 

D.2.3.2  Temperature Effects on Bound water 

Water molecules within the vicinity of solid surfaces are subjected to interfacial forces 

that constrain their movement, rendering them rotationally hindered (Jones et. al., 2002). 

Wraith and Or (1999) found that with finer soil and lower water content favoring an 

increase in Kb with increasing temperature. This is due to the competing effects of the 
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temperature on Kb of free and hindered soil water. The Kb of free soil water decreases 

with increase in temperature, while the release the bound water caused by temperature 

increase will make Kb increase. For coarse soils and high water content favoring decrease 

in Kb with the same condition with increase in temperature. Because the bound water 

release can dominate in low water content soil at high temperature, there is no significant 

change in soil bulk permittivity with temperature increasing.  

D.2.4  Thermal Effects Modeling  

A physically based grain scale model incorporate the Kirkwood-Frohlich equation into a 

layer dielectric model to describe the thermal response of water permittivity was 

developed by Robinson et al. (2006). 

 

Figure D.4 A and B, forward modeling of the expected temperature response of 

unsaturated glass spheres (A) and quartz sand (B) as a function of water content. C 

(glass spheres) and D (quartz sand) show the corresponding permittivity change as a 

function of increasing temperature at fixed volumetric water contents shown (Robinson et 

al., 2006) 
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The modeling results (Figure D.4) demonstrate that the temperature effects will be 

greater for greater saturation. The prediction indicates that at saturation, the temperature 

fluctuations of ±10 °C from a temperature of 20 °C would result in under and 

overestimation of water content about 0.01; and 0.02 if the thermal difference is 

increased to ±20 °C from a temperature of 30 °C (Robinson et al, 2006). The greatest 

fluctuations will be observed in organic soils that have high porosity, and are composed 

of organic materials with a permittivity of about 2-3 (Robinson et al, 2006). 

D.2.5  TDR Signal Attenuation 

Figure D.5 shows variable temperature affects not only the position of the waveform but 

also the shape of the second reflection neighborhood (Wraith and Or, 1999). The TDR 

attenuation caused by the high temperature is even greater for the soil with high clay 

content. 
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Figure D.5 TDR traces illustrating the effects of changing soil or water temperature on 

the location of second waveform reflections. Numbers adjacent to traces indicate 

temperature in ten degree increments between 5 and 55 °C (Wraith and Or, 1999). 

 

The second waveform location reflections change with the water temperature. Due to 

increased water electric conductivity with increased temperature, the final reflections 

have greater transition times which makes it difficult to identify the second reflection 

trace location (Baker and Allmaras, 1990). 
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D.2.6  TRIME-TDR System 

The TRIME-method (Time Domain Reflectometry with Intelligent Micromodule 

Element) is a new method where the TDR-pulse measurement is carried out by time 

measurement instead of voltage measurements. The TDR-curve is determined by time 

measurements at distinct voltage levels. A special algorithm in the TRIME-device scans 

particular points of the curve to determine the amplitude of the reflected pulse. For the 

high conductivity soil, the amplitude is smaller compared to the low conductivity soil. 

However, because of the new measurement algorithm, TRIME-TDR will give the same 

travel time (Figure D.6). 

  

Figure D.6 TRIME amplitude as a function of electrical conductivity (Theoretical Aspects 

on Measuring Moisture Using TRIME
®

) 

 

The TRIME-TDR system measures the TDR-pulse transit time t1 (ps) relative to an 

arbitrary reference time. To reduce small effects of unavoidable tolerances in electronics, 
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mechanics and production, a linear transformation was applied called “basic balancing” 

(Regalado et al., 2006). t1 the overall transit time including length of the cable and probe 

characteristics, and it transformed into a “pseudo-transit-time” t2 by relationship. The 

Offset and Divisor are two parameters adjusted when operating the basic calibration with 

glass beads. 

             
         

       
                                                                                                       (D.7) 

At various water contents, a fifth degree polynomial was calculated to fit the 

measurements (Stacheder, 1996). 

                        
      

      
      

                                               (D.8) 

Most TDR systems provide values of dielectric constant rather than pseudo transit times. 

An equation to describe the relationship between the sample dielectric constant and the 

TRIME-TDR transit times will be useful to recalibration or comparison the moisture data 

obtained with other TDR system with TRIME System (Regalado et al., 2006) 

                                                                                                            (D.9) 

Experiments showed that TDR measurements are dependent on the material density. The 

universal calibration functions for soils were established at a 1.4 g/cm
3 

dry density. 

Because of the higher dielectric constant for soil matrix than air, when the density 

increases, the amount of soil matrix increases. TDR tends to overvalue the moisture when 

the density is significantly higher (1.7 g/cm
3
) (Theoretical Aspects on Measuring 
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Moisture Using TRIME
®

). The calibration with specific soil material should be carried 

out. 

D.3 TDR Calibration Results at High Temperature 

Table D.1 summarizes the TRIME-TDR measurements of tp values at different 

temperatures.  

Table D.1 TDR experimental measurements of various water saturation at various 

temperatures 

 

Temperature (°C) Water Saturation TDR Measurement (ns) 

30 0.60 395.54 

30 0.77 474.56 

30 0.17 189.76 

30 0.37 316.11 

30 0.58 409.16 

30 0.70 448.82 

30 0.78 486.77 

30 0.61 429.65 

30 0.41 319.04 

30 0.20 201.06 

40 1.00 577.35 

40 0.16 161.50 

40 0.40 327.21 

40 0.60 393.82 

40 0.77 471.83 

40 0.17 189.56 

40 0.37 315.61 

40 0.58 407.45 

40 0.70 448.82 

40 0.79 483.94 

40 0.61 426.82 

40 0.41 318.33 

40 0.20 197.33 
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Temperature (°C) Water Saturation TDR Measurement (ns) 

50 1.00 573.42 

50 0.17 162.41 

50 0.40 325.30 

50 0.60 391.70 

50 0.77 468.91 

50 0.18 189.46 

50 0.38 314.60 

50 0.58 404.82 

50 0.70 448.82 

50 0.79 480.41 

50 0.61 423.19 

50 0.41 317.53 

50 0.21 195.71 

60 1.00 568.62 

60 0.17 162.81 

60 0.40 323.08 

60 0.60 388.67 

60 0.78 465.17 

60 0.18 189.46 

60 0.38 313.89 

60 0.59 402.20 

60 0.70 447.31 

60 0.79 476.58 

60 0.61 419.56 

60 0.41 316.82 

60 0.21 196.22 

70 1.00 563.87 

70 0.17 162.71 

70 0.40 320.96 

70 0.60 384.74 

70 0.78 459.93 

70 0.18 189.15 

70 0.38 313.08 

70 0.59 398.57 

70 0.70 446.10 

70 0.79 472.54 

70 0.61 415.52 

70 0.41 315.61 

70 0.21 198.44 
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Temperature (°C) Water Saturation TDR Measurement (ns) 

80 1.00 558.53 

80 0.18 161.20 

80 0.40 319.44 

80 0.61 380.80 

80 0.78 452.86 

80 0.18 187.64 

80 0.38 312.28 

80 0.59 393.82 

80 0.71 444.28 

80 0.80 468.81 

80 0.61 411.48 

80 0.41 315.41 

80 0.21 197.23 

90 1.00 552.07 

90 0.41 317.83 

90 0.61 377.17 

90 0.79 443.78 

90 0.19 185.92 

90 0.38 310.66 

90 0.59 387.77 

90 0.71 440.25 

90 0.80 463.96 

90 0.62 408.56 

90 0.41 312.98 

90 0.21 195.01 

 

Figure D.7 shows the surface fitting of TDR measurments and soil saturation affected by 

temperature. The fitting parameters were shown in Table D.2. 
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Figure D.7 Surface fitting of saturation vs. TRIME-TDR travel time and temperature 

 

          2 2( , ) 00 10 01 20 11 02f x y p p x p y p x p x y p y                                 (D.10) 

 

Table D.2 Fitting Coefficients (with 95% confidence bounds): 

p00 p10 p01 p20 p11 p02 

0.04884 -0.001462 0.0004291 6.26e-006 4.123e-006 2.089e-006 

(-0.02965, 

0.1273) 

(-0.003288, 

0.000365) 

(0.0001678, 

0.0006903) 

(-7.085e-006, 

1.96e-005) 

(2.157e-006, 

6.089e-006) 

(1.784e-006, 

2.395e-006) 
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Table D.3 Goodness of Fitting 

SEE R-square RMSE 

0.04373 0.9936 0.02217 

 

The dielectric permittivity was estimated by Equation (D.9) using TRIME-TDR travel 

time and also by Equation (D.3) (Topp et al., 1980) shown in the plot Figure D.8. 

 

Figure D.8 Comparison of soil dielectric permittivity measured by TRIME-TDR and 

estimated by Topp et al., 1980. 
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The temperature effects on moist sand permittivity were modeled by Robinson et al. 

(2006), the modeled results and TRIME-TDR measured results were plotted on Figure 

D.9 

 

Figure D.9 Temperature effects on dielectric permittivity measured by TRIME-TDR and 

modeled by Robinson et al., 2006. 
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APPENDIX E   

MATHMATICAL MODEL 
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E.1 Matlab


 Code 

The following shows a example MATLAB


 code for M20 boiling at 1 atm pressure 

 

Pt=101326.7778;                                      %Total pressure Pa 

R=8.314;                                                  %Gas constant 

vg=0.00005;                                   %Gas removed per time step 

  

% Mole fraction 

M(1,1:4)=[99,165.83,112.6,18.02];                         %Molar weight 

cp(1,1:5)=[1.30303,0.88042,1.334,4.1813,0.835];          %heat capacity 

H(1,1:4)=[31978.312,34676.992,35187.44,40650];   %heat of vapourization 

m(1,1:5)=[16.299,21.15,14.47,166.76,1000]; 

rho(1,1:5)=[1.25,1.62,1.11,1,2.663]; 

V(1,1:5)=m(1,1:5)./rho(1,1:5); 

nN(1,1:4)=m(1,1:4)./M(1,1:4); 

VT=sum(V); 

nNT=sum(nN(1,1:3)); 

f(1,1:5)=V(1,1:5)./VT; 

  

% Antonie Equation for vapor pressure 

A(1,1:4)=[7.0253,6.97683,6.9781,7.94915]; 

B(1,1:4)=[1271.25,1386.92,1431.05,1657.46]; 

C(1,1:4)=[222.94,217.53,217.56,227.02]; 

  

% Initial condition 

T=81.2; 

X(1,1:3)=nN(1,1:3)./nNT;                   %mole fraction in NAPL phase 

P(1,1:3)=X(1,1:3)*133.322.*10.^(A(1,1:3)-B(1,1:3)./(C(1,1:3)+T)); 

P(4)=133.322.*10.^(A(4)-B(4)/(C(4)+T)); 

ng(1,1:4)=vg*P(1,1:4)./R/(T+273.15); 

ngT=sum(ng(1,1:3)); 

Y(1,1:3)=ng(1,1:3)./ngT;                    %mole fraction in gas phase 

Vg(1,1:3)=ng(1,1:3).*M(1,1:3)./rho(1,1:3); 

VgT=sum(Vg(1,1:3)); 
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for t=(1:380); 

     

    nN(t+1,1:4)=nN(t,1:4)-ng(t,1:4); 

    m(t+1,1:4)=nN(t+1,1:4).*M(1,1:4); 

    m(t+1,5)=m(1,5); 

    V(t+1,1:4)=m(t+1,1:4)./rho(1,1:4); 

    V(t+1,5)=V(1,5); 

    nNT(t+1)=sum(nN(t+1,1:3)); 

    X(t+1,1:3)=nN(t+1,1:3)./nNT(t+1); 

     

     

    P1guess(t)=X(t+1,1)*133.322*10^(A(1)-B(1)/(C(1)+T(t))); 

    P2guess(t)=X(t+1,2)*133.322*10^(A(2)-B(2)/(C(2)+T(t))); 

    P3guess(t)=X(t+1,3)*133.322*10^(A(3)-B(3)/(C(3)+T(t))); 

    P4guess(t)=133.322*10^(A(4)-B(4)/(C(4)+T(t))); 

     

    P(t,1:4)=[P1guess(t),P2guess(t),P3guess(t),P4guess(t)]; 

    fn=@(x)Sgsolve(x,Pt,X(t+1,1:3),A,B,C); 

    z=fsolve(fn,[P(t,1:4) T(t)]); 

    T(t+1)=z(5); 

    P(t+1,1)=z(1); 

    P(t+1,2)=z(2); 

    P(t+1,3)=z(3); 

    P(t+1,4)=z(4); 

     

     

    ng(t+1,1:4)=vg*P(t+1,1:4)./R/(T(t+1)+273.15); 

    ngT(t+1)=sum(ng(t+1,1:3)); 

    Y(t+1,1:3)=ng(t+1,1:3)./ngT(t+1); 

    VT(t+1)=sum(V((t+1),1:5)); 

    f(t+1,1:5)=V(t+1,1:5)/VT(t+1); 

    Vg(t+1,1:3)=ng(t+1,1:3).*M(1,1:3)./rho(1,1:3); 

    VgT(t+1)=sum(Vg(t+1,1:3)); 

     



 

 

 

194 

  

    cp(t,1:4)=cp(1,1:4); 

    H(t,1:4)=H(1,1:4); 

    Heat(t,1:4)=cp(t,1:4).*f(t,1:4).*m(t,1:4).*(T(t+1)-T(t))+H(t,1:4).*ng(t,1:4); 

    Heat(t,5)=cp(1,5)*f(t,5)*m(t,5)*(T(t+1)-T(t)); 

    

    HTotal(t)=sum(Heat(t,1:5))/11.4252./40650; 

  

     

    if  nN(t+1,1)<0; 

        nN(t+1,1)=0; 

        ng(t+1,1)=0; 

        X(t+1,1)=0; 

        m(t+1,1)=0; 

    end   

    if  nN(t+1,3)<0; 

        nN(t+1,3)=0; 

        ng(t+1,3)=0; 

        X(t+1,3)=0; 

        m(t+1,3)=0; 

    end   

    if  nN(t+1,2)<0; 

        nN(t+1,2)=0; 

        ng(t+1,2)=0; 

        X(t+1,2)=1;   

    end   

    

end 

plot(1:381,T); 
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E.2 Sensitivity Analysis 

 

Figure E.1 Simulated co-boiling curve for different volume of gas generation per time 

step. 

 

By alternating the volume of gas generate per step in the mathematical model, the trend 

of the curve does not change. However, the end point of co-boiling cannot be predicted 

well using large Vg values (0.0005 L, 0.0002 L, 0.0001 L). The end of the co-boiling 

region can be simulated well using 0.00005 L gas generation per time step, and further 

reduction of this value (000002 L) obtained the same results. Therefore, 0.0005 L were 

chosen for the model of 1,2-DCA, PCE and CB co-boiling prediction. 
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E.3 Model Fitting to Experimental Results 

For the transient heat conduction heating of heating stage one and three, the 

dimensionless temperature Θ at any position r and any time t is defined as (Dewitt and 

Incropera, 2002):   

                                                                                                              (E.1) 

where T (r, t) is temperature at location r at time t, and Ti is the initial temperature in 

Kelvin. The fitting parameter λ1 was found to fit the dimensionless temperature to the 

experimental temperature results through as (Dewitt and Incropera, 2002): 

                                                                         (E.2) 

where J0 is the zeroth-order Bessel function, J1 is the first-order Bessel function and r0 is 

the radius of the cylinder.  

The Biot number was estimated by λ1 by: 

                                                                                                              (E.3) 

Once the system attains the co-boiling temperature at the position r at time t, the total 

amount of heat transferred (Q1) in Joules for the first heating stage is represented as 

(Dewitt and Incropera, 2002): 

Q =
T (r, t) -Ti

T¥ -Ti

Q =
2

l1

J1(l1)

J0

2(l1) + J1

2 (l1)
e-l1

2t J0(l1r / r0 )

Bi = l1

J1(l1)

J0(l1)
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                                                 (E.4) 

During co-boiling process, the amount of heat transfer for the vapourization of water and 

NAPL is:  

                                                                                           (E.5) 

For estimation of the heat transfer for third heating stage (Q3) using revised Equation E.4 

with new λ1 and system heating properties. The heat transfer of water boiling stage (Q4) 

is calculated by E.5 with water only. 

For the convenience of calculation, the heat energies transferred during each heating 

stage are normalized by the constant of water heat of vapourization and water moles. 

          *

w w

Q
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L n



                                                                                                       (E.6) 

The experimental and simulated time were plotted for each test, and the fitting constants 

K were obtained by the equation of the plots y=Kx 
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Table E.1 Fitting parameters and Biot number of transient conduction heating for P5 

Heating Stage Heating Stage 1 Heating Stage 3 

λ1 0.575 0.5839 

Bi 0.172 0.178 

 

Table E.2 Heating energy transferred, simulated time and experimental time for P5 

Heating Stage 
Heat Energy 

Transferred 
Simulated Time 

Experimental 

Time 

Heating 65356.06 0.141 0.847 

Co-boiling 10882.98 0.023 0.070 

Transient Heating 19223.65 0.041 0.410 

Water Boiling 433864.54 0.934 4.220 

 

 

Figure E.2 Fitting of simulated time and experimental time for P5 
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Table E.3 Fitting parameters and Biot number of transient conduction heating for P20 

Heating Stage Heating Stage 1 Heating Stage 3 

λ1 0.580 0.624 

Bi 0.176 0.205 

 

Table E.4 Heating energy transferred, simulated time and experimental time for P20 

Heating Stage 
Heat Energy 

Transferred 
Simulated Time 

Experimental 

Time 

Heating 59532.06 0.128 0.847 

Co-boiling 41230.94 0.089 0.453 

Transient Heating 16196.19 0.047 0.440 

Water Boiling 348267.42 0.750 4.260 

 

Figure E.3 Fitting of simulated time and experimental time for P20 
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Table E.5 Fitting parameters and Biot number of transient conduction heating for P40 

Heating Stage Heating Stage 1 Heating Stage 3 

λ1 0.60 0.702 

Bi 0.287 0.263 

  

Table E.6 Heating energy transferred, simulated time and experimental time for P40 

Heating Stage 
Heat Energy 

Transferred 
Simulated Time 

Experimental 

Time 

Heating 53370.74 0.115 0.77 

Co-boiling 82710.63 0.178 0.83 

Transient Heating 12774.79 0.028 0.56 

Water Boiling 232099.89 0.500 2.89 

 

  

Figure E.4 Fitting of simulated time and experimental time for P40 
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Table E.7 Fitting parameters and Biot number of transient conduction heating for M5 

Heating Stage Heating Stage 1 Heating Stage 3 

λ1 0.57 0.58 

Bi 0.169 0.176 

 

Table E.8 Heating energy transferred, simulated time and experimental time for M5 

Heating Stage 
Heat Energy 

Transferred 
Simulated Time 

Experimental 

Time 

Heating 62379.70 0.134 0.774 

Co-boiling 18263.30 0.039 0.314 

Transient Heating 17196.48 0.037 0.312 

Water Boiling 434043.65 0.935 5.32 

 

Figure E.5 Fitting of simulated time and experimental time for M5 

 

 

y = 5.7021x 

R² = 0.9991 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.2 0.4 0.6 0.8 1.0

E
x

p
er

im
en

ta
l 

T
im

e
 

Simulated Time 



 

 

 

202 

Table E.9 Fitting parameters and Biot number of transient conduction heating for M20 

Heating Stage Heating Stage 1 Heating Stage 3 

λ1 0.585 0.632 

Bi 0.179 0.211 

 

Table E.10 Heating energy transferred, simulated time and experimental time for M20 

Heating Stage 
Heat Energy 

Transferred 
Simulated Time 

Experimental 

Time 

Heating 56277.65 0.121 0.793 

Co-boiling 48128.28 0.104 0.577 

Transient Heating 15258.40 0.033 0.390 

Water Boiling 347397.34 0.748 4.240 

 

 

Figure E.6 Fitting of simulated time and experimental time for M20 
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Table E.11 Fitting parameters and Biot number of transient conduction heating for M40 

Heating Stage Heating Stage 1 Heating Stage 3 

λ1 0.604 0.711 

Bi 0.191 0.270 

 

 Table E.12 Heating energy transferred, simulated time and experimental time for M40 

Heating Stage 
Heat Energy 

Transferred 
Simulated Time 

Experimental 

Time 

Heating 49087.49 0.106 0.778 

Co-boiling 92359.64 0.199 0.890 

Transient Heating 10975.31 0.024 0.412 

Water Boiling 223575.00 0.481 2.700 

 

 

Figure E.7 Fitting of simulated time and experimental time for M40 
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E.4 1,2-DCA, PCE and CB Mole Fractions in Vapour 

 

Figure E.8 Simulated and experimental 1,2-DCA, PCE and CB mole fractions in vapour 

of test M5 
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Figure E.9 Simulated and experimental 1,2-DCA, PCE and CB mole fractions in vapour 

of test M20-B and M20-C 
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Figure E.10 Simulated and experimental 1,2-DCA, PCE and CB mole fractions in vapour 

of test M40. 

 

E.5  Multi-compartment Model 
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deviations of saturations between the compartments were shown in Table E.13. 
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Table E.13 Standard deviation of the saturations between 10 compartments 

Test 

Stand deviation of 

saturation between 

compartments 

P5 0.0061 

P20 0.0603 

P40 0.101 

M5 0.017 

M20 0.020 

M40 0.049 
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