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Abstract 

Gas bubbles can significantly affect contaminant transport in both sediments and groundwater systems. In 

some circumstances, gas bubble mobilization can result in the transport of non-aqueous phase liquids 

(NAPLs) as coatings or films on the gas bubble surface, which could move a greater mass of volatile organic 

compounds (VOCs) through a porous medium than what might be transported as volatized, gas-phase mass. 

Despite this potential enhanced transport, whose outcomes include the appearance of oil sheens created as 

gas bubbles break at the water surface after being transported out of contaminated sediments, there has been 

little controlled laboratory study to determine factors that may control bubble-facilitated NAPL transport 

in porous media. Laboratory experiments conducted in thin, two-dimensional flow cells packed with 

medium sand showed that both trapped LNAPL (heptane, decane, soltrol 100) and DNAPL (creosote) could 

be mobilized when subjected to gas flow. In these experiments, LNAPL mobilization originated from the 

top of the source zone and moved along the gas flow pathway as a clearly visible finger (as high as 11.3 

cm). When the emplaced upper sand layer was too thin (5.4 cm), the breakthrough of this LNAPL finger 

occurred, resulting in contamination of the clean water above the sand. LNAPL fingers occurred 

predominantly during relaxation and gas redistribution (slow discontinuous gas flow) after air injection was 

stopped in the 10 mL/min experiments. Observed pore-scale double displacements were considered as the 

main reason for the LNAPL finger development. In comparison, creosote was mobilized as either thin films 

on the bubble surface or tails below the bubbles. Petroleum hydrocarbon (PHC) concentrations measured 

above the clean sand indicated that creosote was constantly released out of the sand pack over 8 hours in 

the short-term experiments, with more mass being released through thinner and finer sand layers. In the 

long-term experiment, clearly visible evidence suggested significant depletion (~69%) of the DNAPL 

source zone after 30 days of gas injection. The similar ratios of PAHs in the transported and original source 

creosote confirmed the stable transport of creosote as a whole in the sand layer without breakdown rather 

than by mass transfer to the gas bubbles. 
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Chapter 1 

Introduction 

1.1 Introduction  

Non-aqueous phase liquids (NAPLs) have been frequently encountered in the subsurface. 

Petroleum hydrocarbons are mostly light non-aqueous phase liquids (LNAPLs) whose densities are 

less than that of water. They include gasoline, diesel, heating oils and jet fuel that are released to 

the subsurface from either accidental leakage from storage tanks and pipelines above ground and 

underground, or accidental release during handling and transfer at fuel manufacturing facilities, 

refineries, gas station, airports and military bases (CL:AIRE, 2014). After the release of LNAPL 

into the subsurface, some LNAPL will eventually reach the saturated zone and spread laterally 

along the capillary fringe. The free LNAPL phase will pool in the vicinity of the groundwater table, 

subject to distribution according to gravity and capillary forces in the resulting air-LNAPL-water 

system (Figure 1.1a). Water table fluctuations further redistribute the LNAPL, and a portion of the 

pool becomes trapped as a residual phase above or below the water table, which is referred to as a 

smear zone (Mercer and Cohen, 1990; Reddi et al., 1998; Allen et al., 2007).  

Dense non-aqueous phase liquids (DNAPLs) have been produced and utilized widely since the 

beginning of the 20th century (Lerner et al., 2003). Because their importance as groundwater and 

soil contaminants was not recognized until the 1980s, there are thousands of DNAPL-contaminated 

sites in North America, continental Europe and other industrialized areas of the world (Lerner et 

al., 2003). Similar to an LNAPL release, DNAPL released to the subsurface will migrate down to 

the water table. However, as they are denser than water, DNAPL will continue to migrate 

downward into groundwater under gravity force until encountering a capillary barrier, typically a 

low-permeability layer. DNAPL migration below the water table results in the formation of 

DNAPL at residual saturation along the way (Mackay et al., 1985; Kueper et al., 1989; Powers et 
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al., 1991) (Figure 1.1b). One of the most commonly encountered groups of contaminants is 

chlorinated solvents, due to their large number of historic users and high frequency of handling in 

a variety of industries, such as dry cleaning, metal degreasing, pharmaceutical production and 

pesticide formulation (Lerner et al., 2003; Kueper et al., 1989). A second group of DNAPL 

compounds are those composed primarily of polycyclic aromatic hydrocarbons, including coal tar 

and creosote. Coal tar is a product derived from the gasification of coal and creosote is a wood 

preservative composed of coal tar distillates (Lerner et al., 2003). In addition to groundwater 

systems, contamination of shallow river and lake sediments by DNAPL has also been widely 

reported, such as coal tar from direct wastewater discharge into the water bodies through sewers or 

ditches at former manufactured gas plants (MGP) (Luthy et al., 1994; McLinn and Stolzenburg, 

2009b). This coal tar contamination can reach 2 m deep or more in soft river sediments and is 

persistent along several hundred meters laterally (Jafvert et al., 2006).  
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Figure 1.1: LNAPL and DNAPL migration in the subsurface (Mercer and Cohen, 1990). 
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Gas bubbles are often present in both groundwater systems, particularly in the vicinity of the water 

table due to water table fluctuations, and in sediments, due to microbiological activity.  These gas 

bubbles can significantly affect contaminant transport in these systems. In addition to production 

by natural processes, such as water table fluctuations and biogenic gas ebullition, gas bubbles can 

be produced by remediation activities such as bioremediation, in situ chemical oxidation, in situ 

chemical reduction, supersaturated water injection and air sparging. In a residual NAPL source 

zone, trapped bubbles can act as mass transfer sinks for volatile organic compounds (VOCs), as 

VOCs partition from the water or NAPL to the gas phase (Roy and Smith, 2007; Mumford et al., 

2008). Mobilized gas bubbles can enhance vertical transport of VOCs, increasing vapor intrusion 

and air emissions by orders-of-magnitude higher compared to under diffusion-limited conditions 

(Soucy and Mumford, 2017). In the context of contaminated sediments, ebullition-facilitated PAH 

fluxes to surface water are reported as 0.6 to 3.8 mg/m2·day at the Chicago Sanitary and Ship Canal 

(Viana et al., 2012). In some circumstances, gas bubble mobilization can also result in the transport 

of DNAPL as films, coatings or layers on the gas bubble surface. This has been frequently reported 

at contaminated sediment sites, and is associated with biogenic gas ebullition. For example, 

ebullition-induced oil sheens and droplets (Figure 1.2) were observed floating up from the DNAPL 

deposit sediments to the water body surface during low tide at Bangor Landing and Newtown Creek 

(McLinn and Stolzenburg, 2009b; NYC Environmental Protection, 2016). Even a small volume of 

sheens can spread quickly over a large surface area, posing an increasing threat to human and 

environmental receptors (McLinn and Stolzenburg, 2009b).  
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Figure 1.2: Ebullition-induced sheens and droplets at Newtown Creek (NYC Environmental 

Protection, 2016). 

 

In-situ sand capping is an engineering solution designed to limit mass transfer from contaminated 

sediments to surface water. It has three main purposes: (a) Physical isolation of contaminated 

sediments from the benthic habitat; (b) stabilization of sediment particles suspension; and (c) 

chemical isolation of contaminant flux (Palermo, 1998). In a conventional design, in-situ caps are 

usually composed of a chemical-isolating layer and a protecting armour layer (Palermo and Reible, 

2007). The material of a chemical-isolating layer can be clean sediments, sand, gravel or more 

complex geo-material such as geotextiles. Most in-situ capping sites have used sediment or soil 

materials from nearby waterways or uplands (Palermo, 1998). Sand caps are effective in reducing 

chemical flux of ebullition-induced volatile contaminants (Yuan et al., 2007; Yuan et al., 2009). 

However, this is not always the case when there is additional NAPL coating and entrainment on 

gas bubbles. For example, sheens were observed along with bubble bursts in locations where 

residual creosote was present in the sediments underlying the sand cap (2 – 5 feet-thick) at the 

McCormick & Baxter site (Blischke and Olsta, 2009).  

The spreading of NAPL on gas bubbles as films and coatings has been widely studied in the context 

of oil recovery where gas and carbonated water are used in the tertiary recovery stage, although 

there are limited studies of the subsequent vertical transport under buoyancy. Micromodel studies 
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have presented a precise description of pore-scale displacement mechanisms responsible for 

residual NAPL mobilization (Oren et al., 1992; Oren et al., 1994; Keller et al., 1997). In their 

scenarios, gas displaced disconnected residual NAPL present in the entire domain as a stable flat 

front in the horizontal direction (i.e., no gravity and buoyancy). The spreading of NAPL between 

gas and water is often associated with a high final recovery (Grattoni and Dawe, 2003; Alizadeh et 

al., 2014; Mohammadmoradi and Kantzas, 2017). Another application example that relies on this 

bubble-NAPL attachment is gas floatation, used in wastewater treatment. It takes advantage of the 

large buoyancy force of gas bubbles to lift heavy oil droplets, which is particularly valuable for 

oily water cleanup (Moosai and Dawe, 2003). However, the mobilization mechanism can be much 

simpler in free water due to the lack of pore constraints that exist in porous media. 

There is a need to better understand the potential for mobilized gas bubbles to transport NAPL in 

NAPL-impacted groundwater and sediment systems. The spreading of NAPL on rising gas bubbles 

could move a great mass of NAPL to the groundwater table or water surface, potentially increasing 

the NAPL-impacted area. It could also serve as a removal mechanism, shortening source lifetimes 

as part of a remediation strategy. Despite this potential enhanced transport, whose outcomes include 

the appearance of oil sheens and droplets as gas bubbles break at the water surface after being 

transported out of NAPL-impacted sediments, there has been little systematic laboratory study to 

determine factors that may control bubble-facilitated NAPL transport in the context of groundwater 

systems and contaminated sediments.  

1.2 Research Objectives  

The overall goals of this research were to investigate NAPL transport by flowing gas bubbles in 

the context of both groundwater and contaminated sediments. Specific research objectives were to: 

(a) characterize the mobilization of residual LNAPL in sand packs resulting from gas flow, 

(b) investigate the effect of LNAPL spreading coefficient on LNAPL transport by migrating gas,  
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(c) investigate creosote removal from NAPL-impacted sand during gas injection and flow, and 

(d) investigate the effects of sand layer thickness and grain size on creosote release from a 

protecting sand layer. 

This research will serve as a basis to: (a) improve our understanding of NAPL transport by gas 

bubble flow (i.e., ebullition) in residual LNAPL sources and through a protecting sand layer 

emplaced over contaminated sediments, (b) examine the ability of a thin sand cap to protect surface 

water from NAPL-impacted sediments subjected to gas flow, and (c) give practitioners a concept 

of how much NAPL mass can be transported through sand layers of different thicknesses if 

ebullition occurs.  

1.3 Organization of Thesis  

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

and spreading, gas dynamics, three-phase displacements and colloid straining (as it relates to the 

trapping of oil droplets in porous media). Chapter 3 presents laboratory experiments conducted in 

a thin, two-dimensional flow cell (20 × 40 × 1 cm3) packed with medium sand that contained a 

layer of trapped LNAPL (heptane, decane or soltrol 100) near the cell’s midpoint. Gas was injected 

through the LNAPL layer, and gas flow patterns and NAPL displacement using both slow and fast 

air injection rates were monitored. Chapter 4 presents laboratory experiments conducted in a small-

scale glass cell (10 × 20 × 1 cm3) that contained a DNAPL (creosote) pool. Gas was injected 

upwards through the pool, and breakthrough concentrations above protecting sand layers of 

different thicknesses and grain sizes were measured. Chapter 5 summarizes the overall conclusions 

and recommendations for future research. The reader should expect duplication between the 

literature review of Chapter 2 and the introduction and background sections of Chapter 3 and 

Chapter 4 as a consequence of the manuscript format. 
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Chapter 2 

Literature Review 

2.1 Gas transport in porous media  

2.1.1 Gas production 

Gas bubbles can be generated by the biodegradation of natural organic matter as well as organic 

contaminants present in sediments and groundwater systems. Fluctuation of the water table 

(Lenhard et al., 1993) and gas-based groundwater remediation technologies such as air sparging 

(Johnson et al., 1993) and supersaturated water injection (Nelson et al., 2009) can also lead to the 

physical trapping of gas in the subsurface. Biogenetic gas bubbles from sediments typically contain 

46-95% CH4, 3-50% N2, and small quantities of CO2 and H2 (Fendinger et al., 1992). The rate of 

bubble production is dependent on the composition, redox potential and microbial population of 

the sediments as well as the water depth and nutrients in the water (Fendinger et al., 1992). Tanner 

et al. (1997) measured methane emissions from constructed wetlands for wastewater treatment to 

be 0.073 – 0.73 L/m2/day. Ye et al. (2009) measured gas production rates on the order of 30 mL/day 

in laboratory experiments of anaerobic methanol degradation in a 55 cm wide × 45 cm high × 1.28 

cm thick cell (i.e., 4.2 L/m2/day). Viana et al. (2012) observed that gas ebullition rates are highly 

temperature dependent, ranging from 0.05 to 11 L/m2/day at water surfaces in the Chicago Sanitary 

and Ship Canal site, where gas is produced by methanogenesis in sediments impacted by a 

combined sewer outfall (CSO).  

The mass transfer of dissolved gases and volatile components can occur between the NAPL and 

gas phases entrapped in an otherwise saturated porous medium (Roy and Smith, 2007), leading to 

the growth of gas bubbles. The governing equations for this multi-component mass transfer are 

described in detail by Cirpka and Kitanidis (2001). The partitioning of volatile compounds from 

the aqueous phase to the gas phase is simply based on Henry’s law: 
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𝑃𝑖 = 𝑐𝑖𝐻𝑖 (2.1) 

where, 𝑃𝑖 is the partial pressure of volatile compound i, 𝑐𝑖 is the molar concentration of compound 

i in the aqueous phase, and 𝐻𝑖 is the Henry’s law coefficient of compound i. According to the ideal 

gas law, 𝑃𝑖 is also related to the gaseous concentration of compound i:  

𝑃𝑖 = 𝑐𝑖
𝑔

𝑅𝑔𝑇 (2.2) 

where, 𝑐𝑖
𝑔

 is the molar concentration of compound i in the gas phase, 𝑅𝑔 is the gas constant, and T 

is the temperature. The partial gas pressure is related to the total gas pressure according to Dalton’s 

law:  

𝑃𝑔 = 𝑃𝑤 + 𝑃𝑐 = ∑𝑃𝑖 (2.3) 

where, 𝑃𝑔  is the total gas pressure, 𝑃𝑤  is the hydrostatic water pressure, and 𝑃𝑐  is the capillary 

pressure controlled by the liquid-gas interfacial tension and interface curvature. Mumford et al. 

(2008) introduced a conceptual model (Figure 2.1) to describe the partitioning of volatile 

compounds from a NAPL pool to a trapped gas phase above. The conceptual model assumes a 

series of discontinuous gas clusters with a uniform distribution above a NAPL pool. Volatile 

compounds can transfer out from the NAPL pool upper surface to the gas-water interfaces due to 

an initial concentration gradient, which then increases the gas clusters’ sizes. As volatile compound 

is introduced into the gas phase, the partial pressure of the other gaseous compounds (e.g., O2 and 

N2 if the trapped gas is air) will decrease in order to maintain a constant total gas pressure, leading 

to further mass transfer of those dissolved gases in the aqueous phase to those gas clusters. 

Eventually, an equilibrium state will be reached with a steady partitioning rate of volatile 

compounds and dissolved gases from the NAPL pool to the discontinuous gas clusters above. 
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Figure 2.1: Schematic for mass transfer between a NAPL pool and gas clusters. LP is the width of 

the NAPL pool and LD is the distance between gas clusters and the pool (Mumford et al., 2008). 

 

2.1.2 Gas mobilization and fragmentation 

Both mass transfer and direct gas injection can increase the volume of gas bubbles. In porous media, 

gas bubble expansion takes place in two main steps (Li and Yortsos, 1995; Mumford et al., 2009). 

Firstly, the pressure of the gas cluster increases until it exceeds the sum of the hydrostatic pressure 

and entry pressure of an adjacent pore throat. Assuming a constant volume of gas, the pressurization 

step is expressed according to the ideal gas law: 

𝑉𝑔

𝑑𝑃𝑔

𝑑𝑡
= 𝑅𝑔𝑇

𝑑𝑛𝑔

𝑑𝑡
(2.4) 
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where, 𝑉𝑔 is the gas bubble volume, t is the time, and 𝑛𝑔 is the total moles of gas. Secondly, the 

expanding gas cluster will enter an adjacent pore body and its capillary pressure drops immediately 

due to an increase in volume. The pore-filling step is mathematically expressed as:  

𝑃𝑔

𝑑𝑉𝑔

𝑑𝑡
+ 𝑉𝑔

𝑑𝑃𝑔

𝑑𝑡
= 𝑅𝑔𝑇

𝑑𝑛𝑔

𝑑𝑡
(2.5) 

During which both the gas pressure and volume can change. In fact, the new capillary pressure can 

be either larger or smaller than in the previous pore body, depending on the curvature of the newly 

formed gas-water interface. Following the same process, the expanding gas cluster will occupy 

more and more pore spaces through repeated pressurization and pore-filling. The gas cluster 

expansion is vertically dominated due to decreasing hydrostatic pressure with increased height.  

When viscous force can be neglected and the gas flow is only controlled by capillary force and 

buoyancy force during slow gas expansion (i.e., when gas flow rate is smaller than 𝑄𝑐𝑟𝑖𝑡 in 2.1.3), 

hydrostatic equilibrium can be applied to a growing gas cluster. As the gas cluster grows in an 

upward direction, the capillary pressure at the bottom of the cluster (with higher hydrostatic 

pressure) decreases to retain a uniform gas pressure throughout the height of the entire gas cluster. 

When the capillary pressure at the bottom drops to a threshold that is small enough to allow the re-

entry of water, fragmentation or mobilization will take place, depending on the location of water 

imbibition (Mumford et al., 2009). The critical gas cluster length h is related to the hydrostatic 

pressure drop and capillary pressure by (Geistlinger et al., 2006; Roy and Smith, 2007; Mumford 

et al., 2009): 

ℎ =
𝑃𝑐

𝑡𝑜𝑝
− 𝑃𝑐

𝑏𝑜𝑡𝑡𝑜𝑚

∆𝜌𝑔
(2.6) 

where, 𝑃𝑐
𝑡𝑜𝑝

 and 𝑃𝑐
𝑏𝑜𝑡𝑡𝑜𝑚  are the capillary pressures at the top and bottom of the gas cluster 

respectively, ∆𝜌 is the density difference between the water and gas phase, and g is the gravitational 
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acceleration. Figure 2.2 is an illustration of gas cluster expansion, fragmentation and mobilization 

in a porous medium. 

 

Figure 2.2: Illustration of gas cluster expansion, fragmentation and mobilization (Mumford et al., 

2009). 

 

2.1.3 Critical gas flow rate 

Mobilization and fragmentation occur during discontinuous gas flow in porous media. Gas flow 

transitions from discontinuous to continuous under certain conditions depending on grain size 

distribution, packing density and injection rate (Geistlinger et al., 2006). An early experimental 

investigation by Ji et al. (1993) using glass beads showed that bubble flow and air channels occur 

in porous media with a grain diameter larger than 4 mm (gravel) and smaller than 0.75 mm (sand 

and silt), respectively. They also observed dual air patterns in the 2 mm beads, which may be the 

transition grain size. Brooks et al. (1999) investigated gas flow in glass beads with grain sizes 
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between 0.71 and 3 mm. Their minimum gas injection rate was 20 mL/min and reached up to 2100 

mL/min. In medium grain-sized beads, the gas flow pattern was found to be dependent on the 

injection rate. At a certain flow rate, the transition from discontinuous to continuous occurred as 

the grain size decreased. More recently, Geistlinger et al. (2006) summarized a detailed 

classification of continuous and discontinuous flow from literature (Figure 2.3). 

 

Figure 2.3: Classification of continuous (black dots) and discontinuous (white dots) gas flow. Glass 

beads are indicated by circles and natural sands by triangles (Geistlinger et al., 2006). 

 

The balance between hydrostatic pressures and viscous pressure results in the stability of a gas 

channel (Stohr and Khalili, 2006), which can be described by:  

∇𝑃𝑣

∇𝑃𝑐
=

128𝑄𝜇𝑔

𝜋𝑑4

∆𝜌𝑔
(2.7) 

where, 𝑄 is the gas flow rate, 𝜇𝑔 is the viscosity of the gas, and 𝑑 is the gas channel diameter. 

Hagen-Poiseuille’s law is applied regarding a single straight capillary to calculate the viscous 

pressure gradient. When ∇𝑃𝑣 = ∇𝑃𝑐, stable gas channels can exist in porous media. After some 

rearrangement of equation (2.7), the critical gas flow rate can be calculated as:   
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𝑄𝑐𝑟𝑖𝑡 =
𝜋𝑑4∆𝜌𝑔

128𝜇𝑔

(2.8) 

If the gas flow rate is smaller than 𝑄𝑐𝑟𝑖𝑡, the viscous pressure will not be large enough to cancel 

out the effect brought by capillary pressure change, thus stable gas-water interfaces cannot be 

maintained and discontinuous flow will take place instead. Geistlinger et al. (2009) showed the 

critical flow rate for a variety of capillary radii, as indicated by the solid black line in Figure 2.4. 

As can be seen, the critical gas flow rate increases rapidly with the increasing capillary radius, and 

it is more likely to have bubble flow in coarse porous media and air channels in fine porous media 

respectively.  

 

Figure 2.4: Critical flow rate at different capillary radii. The dashed lines indicate the realistic 

range of capillary radius for 0.5 mm, 1 mm and 2 mm glass beads (Geistlinger et al., 2009).  

 

2.2 Wettability and spreading 

2.2.1 Interfacial tension and wettability 

The behaviour of NAPL in porous media depends on fluid properties such as viscosity, density and 

interfacial tension (Mercer and Cohen, 1990). Interfacial tension is caused by an imbalance of 

attraction between molecules on either side of an interface. In a bulk liquid phase, the same liquid 
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molecules attract each other due to cohesion. However, at a fluid-fluid (liquid-liquid or gas-liquid) 

interface, different molecules (liquid or gas) attract each other due to adhesion. If cohesion is 

greater than adhesion, the result is a net inward force at the interface towards the bulk phase. These 

molecules have additional energy that prevents the spontaneous collapse of the interface, analogous 

to a stretched elastic membrane. This additional energy per unit area is the definition of interfacial 

tension, and the interfacial tension between a liquid and its own vapour is called surface tension. 

Considering a liquid drop on a solid surface, there are three interfacial tensions at the three-phase 

(solid, liquid and gas) contact line (Figure 2.5a). Young’s equation (Young, 1805) can be used to 

describe the mechanical force balance as: 

𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣𝑐𝑜𝑠𝜃 (2.9) 

where, 𝛾𝑠𝑣 , 𝛾𝑠𝑙  and 𝛾𝑙𝑣  are the solid-vapor, solid-liquid and liquid-vapor interfacial tensions, 

respectively. Wettability is characterized by the contact angle 𝜃 and there are three possible wetting 

states (Figure 2.5b). In systems where the two liquids are NAPL and water, if 𝜃 = 0° or 180°, the 

system is completely water-wet or NAPL-wet, respectively; if 𝜃 < 70°, the system is partially 

water-wet; if 𝜃 > 110°, it is partially NAPL-wet; and if 70° < 𝜃 < 110°, it is considered neutral 

(Mercer and Cohen, 1990).  

 

Figure 2.5: Young’s equation at the three-phase contact line and the three possible wetting states 

(Bonn et al., 2009). 

 

a b 
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2.2.2 Spreading coefficient 

Considering the introduction of NAPL onto a water surface in the presence of air (Figure 2.6), the 

spreading coefficient is defined as (Kalaydjian, 1992; Zhou and Blunt, 1997): 

𝑆 = 𝛾𝑤𝑔 − 𝛾𝑔𝑜 − 𝛾𝑜𝑤 (2.10) 

where, 𝛾𝑤𝑔, 𝛾𝑔𝑜 and 𝛾𝑜𝑤 are the water-gas(air), gas-NAPL and NAPL-water interfacial tensions, 

respectively. When S is positive, the NAPL spreads between the gas and water; when S is negative, 

the NAPL phase will form a definite contact angle with the gas-water interface (Moosai and Dawe, 

2003). 

Interfacial tension can change when the interface is contaminated with other molecules. For 

example, the partitioning from NAPL to water will decrease the water surface tension. As a result, 

a NAPL with an initially positive spreading coefficient (prior to contamination of the water) can 

change to having a zero or even negative spreading coefficient (following contamination of the 

water). The spreading coefficient when the three phases are mutually saturated is thus referred to 

as the equilibrium spreading coefficient to distinguish it from the initial spreading coefficient. For 

partial wetting with a certain contact angle 𝑆𝑒𝑞 < 0, and for complete wetting, 𝑆𝑒𝑞 = 0. The gas-

NAPL contact angle 𝜃𝑔𝑜 can be expressed as: 

𝑐𝑜𝑠𝜃𝑔𝑜 = 1 +
𝑆𝑒𝑞

γ′
𝑔𝑜

(2.11) 

where, γ′𝑔𝑜  is the gas-NAPL interfacial tension at thermodynamic equilibrium, and 𝑆𝑒𝑞  is the 

equilibrium spreading coefficient. When the initial spreading coefficient is positive but becomes 

negative, rapid spreading of the NAPL phase is followed by a retraction of the NAPL into a lens as 

𝑆𝑒𝑞 < 0 (Rowlinson and Widom, 1982; Zhou and Blunt, 1997; Dobbs and Bonn, 2001; Keller and 

Chen, 2003). In general, 𝑆𝑒𝑞 = 0 if the initial spreading coefficient is large and positive. For non-

volatile liquids, thermodynamic equilibrium is hard to be reached within the experimental time 
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window, so it is reasonable to use the initial spreading coefficient to predict whether a NAPL 

droplet will spread on a gas-water interface or not (Bonn et al., 2009).  

 

Figure 2.6: Oil spreading on the water film (Kalaydjian, 1992). 

 

In porous media, NAPL with a negative spreading coefficient can also spread between water and 

gas due to the constraint of pore geometry. This has been proven both theoretically and 

experimentally (Dong et al., 1995; Keller et al., 1997). The stability of the spreading NAPL layer 

is thought to be controlled by capillary pressures and interfacial tensions, rather than just the 

spreading coefficient alone (Fenwick and Blunt, 1995; Dong et al., 1995; Keller et al., 1997; Mani 

and Mohanty, 1998). Assuming the three-phase distribution in a wedge-shaped pore throat and only 

considering one curvature in the direction of the plane of Figure 2.7, the NAPL layer becomes 

unstable when the contact point of the NAPL-water interface at the pore wall coincides with the 

contact point of the gas-NAPL interface. Fenwick and Blunt (1995) defined the critical ratio for a 

stable NAPL layer to exist as: 

𝑅𝑐 =
cos(𝜃𝑜𝑤 + 𝛽)

cos(𝜃𝑔𝑜 + 𝛽)
 (2.12) 

where, 𝜃𝑜𝑤 is the contact angle of the NAPL-water interface, and 𝛽 is the half-angle of the wedge 

(Figure 2.7). A NAPL layer is thick and stable at large 𝑅 and becomes unstable at R that is below 

the critical value 𝑅𝑐. 𝑅 is expressed as:  
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𝑅 =
𝑟𝑔𝑜

𝑟𝑜𝑤
=

𝛾𝑔𝑜𝑃𝑐𝑜𝑤

𝛾𝑜𝑤𝑃𝑐𝑔𝑜
 (2.13) 

where, 𝑃𝑐𝑜𝑤  and 𝑃𝑐𝑔𝑜  are the NAPL-water and gas-NAPL capillary pressures, respectively. 

Substituting the gas-NAPL contact angle and assuming 𝜃𝑜𝑤 = 0, the following relationship was 

derived (Fenwick and Blunt, 1995): 

1

𝑅𝑐
= 1 +

𝑆𝑒𝑞

𝛾′𝑔𝑜

− (−
𝑆𝑒𝑞

𝛾′𝑔𝑜

)

1
2

(2 +
𝑆𝑒𝑞

𝛾′𝑔𝑜

)

1
2

tan𝛽 (2.14) 

Keller et al. (1997) plotted this relationship for a few NAPLs of environmental significance (Figure 

2.8), showing their dependence of the critical radius 𝑅𝑐 on the half angle of the crevice and the 

equilibrium spreading coefficient. As the equilibrium spreading coefficient approaches zero, the 

stable NAPL layer can exist in a much wider range of pore throat radii.   

 

Figure 2.7: Three phases in a wedge-shaped pore corner with a half-angle β (Fenwick and Blunt, 

1995). 
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Figure 2.8: Dependence of the critical radius 𝑹𝒄 on the half angle of the crevice and the equilibrium 

spreading coefficient (Keller et al., 1997). 

 

2.3 NAPL mobilization in porous media  

2.3.1 NAPL trapping mechanism 

When NAPL (a non-wetting phase) is ready to invade an initially water-saturated porous medium, 

the capillary pressure between NAPL and water needs to overcome the displacement pressure (PD), 

which is controlled by the largest pore throat. As the non-wetting phase pressure increases, more 

and more water is displaced out of the medium, resulting in a decrease in water saturation. A 

subsequent increase in water saturation follows a secondary imbibition curve. The distinct capillary 

pressure below which NAPL is no longer continuous in the porous medium and NAPL flow cannot 

be maintained, is referred to as the terminal pressure (PT) (Gerhard and Kueper, 2003). The non-

wetting phase saturation at this point is called the residual NAPL saturation (Srnw), where NAPL is 

trapped as blobs or ganglia at the pore scale. The magnitude of the residual NAPL saturation is 

dependent on several factors (Mercer and Cohen, 1990), including: (1) the medium pore size 

distribution; (2) wettability; (3) fluid viscosity ratio and density ratio; (4) interfacial tension; (5) 
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gravity and buoyancy forces; and (6) hydraulic gradients. Figure 2.9 is a group of representative 

capillary pressure-saturation (Pc - S) curves.  

 

Figure 2.9: Capillary pressure-saturation (Pc - S) curves (solid lines). Arrows on curves indicate 

the direction of saturation change, drainage or imbibition (Gerhard and Kueper, 2003). 

 

There are two main mechanisms for NAPL entrapment: snap-off and bypassing, which create 

NAPL residual (Blunt, 1998). During slow imbibition displacement where viscous effects are small, 

the water-NAPL interfaces advance across pore bodies in a motion known as “Haines Jumps”. 

When the wetting fluid is displacing the non-wetting fluid in the pore spaces, it may bypass an 

adjacent large pore and cause NAPL in that pore to become disconnected from the non-wetting 

fluid (Figure 2.10). NAPL entrapment can also occur when the wetting fluid flows along pore walls 

and the thin water film causes the rupture of the meniscus, resulting in two daughter menisci and 

the disconnection of the non-wetting fluid (Larson et al., 1981) (Figure 2.11). The main features of 
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this snap-off NAPL entrapment mechanism are the rate of wetting phase supply to the bridge region 

and the rate at which the trailing NAPL can pass through the bridge (Chatzis et al., 1983). 

 

Figure 2.10: Oil being bypassed in the large pore. Water and oil are shown in white and black 

respectively (Chatzis et al., 1983). 

 

 

Figure 2.11: Snap-off in a linear series of pores of high aspect ratio (Chatzis et al., 1983). 

 

2.3.2 Double displacements 

In a water-wet system, water is the wetting phase, gas is the non-wetting phase, and NAPL is the 

intermediate wetting phase. There are six possible displacements (Table 2.1) under the three-phase 

condition in porous media where one phase displaces another which displaces the third (Keller et 

al., 1997). Drainage is defined as the invasion of the non-wetting phase into the wetting phase, and 

it is the case where gas displaces water, NAPL displaces water or gas displaces NAPL. Imbibition 

includes two different types: snap-off and piston-like displacements. Snap-off occurs when water 

invades into gas (no NAPL layer), water into NAPL (no gas in the pore throat) or NAPL into gas 

(NAPL layer present). Meanwhile, piston-like displacement can be water displacing gas, water 

displacing NAPL or NAPL displacing gas (Fenwick and Blunt, 1995). Residual NAPL can be 
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mobilized by double drainage, where gas displaces an isolated NAPL blob which then displaces 

water. Double drainage is more likely to take place than direct gas-water displacement if the 

spreading coefficient is large enough (Oren et al., 1992; Fenwick and Blunt, 1995). The threshold 

capillary pressure for double drainage to happen should include the entry pressure of both drainage 

events (Oren et al., 1994; Li, 2009), which is expressed by:  

𝑃𝑐
𝐷𝐷 =

2𝛾𝑔𝑜 cos 𝜃𝑔𝑜

𝑟1
+

2𝛾𝑜𝑤 cos 𝜃𝑜𝑤

𝑟2

(2.15) 

where, 𝑟1 is the radius of the pore space occupied by NAPL, and 𝑟2 is the radius of the largest 

accessible pore throat occupied by water. 

Table 2.1: Six double displacements in a three-phase system (adapted from Fenwick and Blunt, 

1995). 

Drainage 

Gas→oil→water Double drainage, DD 

Gas→water→oil Drainage-imbibition, DDI 

Oil→gas→water Imbibition-drainage, DID 

Imbibition 

Water→oil→gas Double imbibition, II 

Water→gas→oil Imbibition-drainage, IID 

Oil→water→gas Drainage-imbibition, IDI 

 

In a pore-scale micro-model study by Keller et al. (1997), different double displacements were 

observed in a water-decane-air system, in which decane was a non-speading NAPL. Gas was 

initially injected into the model at a low pressure to observe the displacement of residual NAPL. 

As the gas pressure was increased, the gas front advanced slowly until it met the water-decane 

interface, followed by some decane bulging out into the water-filled pore space to form a layer over 
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the gas bubble. They concluded six possible double displacements under the stable NAPL layer 

condition (Figure 2.12). However, regardless of the negative spreading coefficient, double drainage 

was the most common displacement in their experiment, and no direct gas-water contact was 

observed in the presence of decane. Their findings are consistent with the results from another 

micro-model study by Oren et al. (1992). In their system with a positive spreading coefficient, the 

water film separating the gas-water and NAPL-water interfaces drained quickly and ruptured to 

produce a new gas-NAPL interface. Since NAPL can easily form a layer between gas and water, 

direct displacements between gas and water are often not seen in a three-phase system.  

 

Figure 2.12: Illustration of six double displacements when an oil layer is not present and is present 

(Keller et al., 1997). 
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2.3.3 NAPL mobilization with rising bubbles 

Other than being mobilized by double displacements, NAPL itself has been observed to spread over 

gas bubbles as thin films and travel with those rising gas bubbles in both free water and porous 

media applications (e.g., Li et al., 2007; Mclinn and Stolzenburg, 2009b; Chatzis, 2011; Alizadeh 

et al., 2014). In fact, gas floatation used for oily wastewater treatment relies on this attachment 

between gas bubbles and heavy oil droplets. Moosai and Dawe (2003) have described the gas-oil 

attachment process in the free water phase. As shown in Figure 2.13, the water layer between oil 

and gas becomes thinner and thinner as a gas bubble approaches an oil droplet. The thin water layer 

dimples due to an interfacial tension gradient, and eventually drains to a critical thickness where it 

ruptures and oil begins to spread over the gas bubble if its spreading coefficient is positive.  

 

Figure 2.13: Illustration of oil-gas attachment process (Moosai and Dawe, 2003). 

 

Similar NAPL mobilization has been investigated in porous media as well in the context of oil 

recovery. For instance, Chatzis (2011) demonstrated the mobilization of trapped residual NAPL by 

a rising gas bubble in a simple pore network (Figure 2.14). NAPL was found to spread over a gas 

bubble after initial contact and mobilize with the rising bubble. Although most NAPL drained 

towards the tail of the gas bubble due to gravity and eventually broke off, some NAPL was still 
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able to mobilize for a significant distance with the gas bubble. They also indicated that a large 

number of gas bubbles are needed for the complete recovery of residual NAPL. In a study of 

carbonated water injection, it is reported that thick oil layers between exsolved gas and brine 

reconnected isolated oil blobs and stayed stable until being displaced out of the porous medium 

(Alizadeh et al., 2014).  

On the other hand, this NAPL migration along with gas bubbles has caused serious environmental 

concerns in terms of contaminated sediments management. Biogenetic gas bubbles from NAPL-

impacted sediments can entrain DNAPL around their surfaces if the spreading condition is satisfied 

(Figure 2.15). These NAPL spreading layers are stable and can travel with gas bubbles until 

reaching the free water surface, where gas bubbles break and NAPL is left there as a sheen 

(Blischke and Olsta, 2009; McLinn and Stolzenburg, 2009b). Sand caps that are designed to protect 

surface water from contaminated sediments, have been reported effective in reducing bubble-

facilitated volatile contaminant release induced by mass transfers (Yuan et al., 2007). However, the 

additional NAPL coatings and films on gas bubbles are no doubt associated with a much greater 

mass release, which was not able to be retained by conventional sand caps (Blischke and Olsta, 

2009; McLinn and Stolzenburg, 2009a). 



 

30 

 

Figure 2.14: Mobilization of a rising gas bubble followed by an oil tail (Chatzis, 2011). 

 

 

Figure 2.15: NAPL transport with gas bubbles as spreading films (Blischke and Olsta, 2009). 

 

2.3.4 Colloid transport theory 

Porous media can limit the amount of NAPL migrating through as suspended small droplets or 

particles. There are three main mechanisms associated with porous media filtration, dependent on 
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the size of particles (Mcdowell-Boyer et al., 1986) (Figure 2.16). For particles close to or larger 

than pore sizes, there will be no penetration into the porous media other than the accumulation of 

particles at the entrance as a cake. As particles decrease sizes to a level where their entry can occur, 

the porous media will retain a portion of particles by straining in smaller-sized pores. Extremely 

small particles can be removed by physical and chemical forces between particles and the media.  

 

Figure 2.16: Three filtration mechanisms for contaminant particles of different sizes (Mcdowell-

Boyer et al., 1986). 

 

The transport of emulsions as dispersed oil droplets in porous media is analogous to the transport 

of colloids and has been widely studied using colloid transport theory (Soo and Radke, 1986; 

Coulibaly et al., 2006; Cortis and Ghezzehei, 2007). Colloids are particles with effective diameters 

of less than 10 μm (McCarthy and Zachara, 1989). The transport of colloids is usually modelled by 

a modified advection-dispersion equation that considers the colloid concentration in the aqueous 

phase instead of the dissolved concentration (Bradford et al., 2003; Coulibaly et al., 2006; Cortis 

and Ghezzehei, 2007). For example, a one-dimensional filtration model was developed by Bradford 

et al. (2003) to account for both colloid attachment and straining using mass balance: 

𝜕𝐶𝑤

𝜕𝑡
= 𝐷

𝜕2𝐶𝑤

𝜕𝑥2
− 𝑣

𝜕𝐶𝑤

𝜕𝑥
−

𝜌𝑏

𝑛

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
−

𝜌𝑏

𝑛

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
(2.16) 
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where, 𝐶𝑤 is the colloid concentration in the aqueous phase, D is the hydrodynamic dispersion 

coefficient, v is the pore water velocity, n is the medium porosity, 𝜌𝑏 is the bulk density, 𝑆𝑎𝑡𝑡 is the 

colloid concentration attached on solid grains by physical and chemical forces, and 𝑆𝑠𝑡𝑟  is the 

colloid concentration retained by straining in small pores. The straining term can be further 

expressed as (Bradford et al., 2003): 

𝜌𝑏

𝑛

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝑘𝑠𝑡𝑟𝜑𝑠𝑡𝑟𝐶𝑤 (2.17) 

where, 𝑘𝑠𝑡𝑟 is the first-order straining coefficient, and 𝜑𝑠𝑡𝑟 is a dimensionless straining function 

that changes with the height and grain size of porous media. Retention by straining is highly 

dependent on both colloid size and porous medium grain size. Large colloid size and small grain 

size correspond to greater mass removal by the porous medium (Bradford et al., 2002). 

In summary, the mobilization of NAPL by gas flow in porous media is a complex process and 

involves many different study areas. It requires a compilation as well as a comprehensive 

understanding of gas dynamics, NAPL properties, multiphase flow, and filtration and sorption in 

porous media in order to generate better engineering solutions for environmental problems 

associated with gas and NAPL. Knowledge concerning NAPL and gas flow could also be 

potentially applied in improving oil recovery rate and remediating NAPL source zones in the 

subsurface.  
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Chapter 3 

Laboratory Investigation of Non-aqueous Phase Liquid Mobilization by 

Gas Bubble Flow 

 

Abstract 

Gas bubble flow can induce vertical mobilization of trapped non-aqueous phase liquid (NAPL), 

potentially increasing the vertical height of the source as well as dissolution in the aqueous phase. 

Laboratory experiments conducted in a thin, two-dimensional flow cell packed with medium sand 

showed that NAPL mobilization originated from the top of the NAPL source zone and moved along 

the gas flow pathway as a clearly visible finger. This NAPL finger was able to reach heights of 

11.3 cm, 6.7 cm and 4.3 cm in experiments using heptane, decane and soltrol 100, respectively. 

Furthermore, when the emplaced upper sand layer was too thin (5.4 cm) the breakthrough of a 

NAPL finger occurred, resulting in NAPL contamination of the clean water above the sand. NAPL 

fingers occurred predominantly during relaxation and gas redistribution (slow discontinuous gas 

flow) after air injection was stopped, following injection at 10 mL/min. Pore-scale images showed 

that NAPL was mobilized by double displacement and spreading on rising gas bubbles, which 

helped connect isolated NAPL blobs during air injection into a NAPL source zone at residual 

saturation. Observed NAPL re-invasion into the previously gas-occupied pores was considered as 

the main reason for the NAPL finger development.  

3.1 Introduction  

Non-aqueous phase liquids (NAPLs) have impacted a variety of environments that contain porous 

media. For example, petroleum hydrocarbons released into the subsurface can form pools of light 

non-aqueous phase liquid (LNAPL) in the vicinity of the water table. This LNAPL can then be 

redistributed by water table fluctuations, causing a portion of a pool to be trapped as a residual 



 

40 

above or below the water table in a smear zone (Reddi et al., 1998; Allen et al., 2007). Dense non-

aqueous phase liquids (DNAPLs), including chlorinated solvents and coal tar, can also be released 

to the subsurface, and migrate below the water table due to their higher-than-water density (Mackay 

et al., 1985; Kueper et al., 1989; Powers et al., 1991). Coal tar has also been found in shallow river 

and lake sediments, usually caused by direct wastewater discharge into the water bodies through 

sewers or ditches of manufactured gas plants or other industries (Luthy et al., 1994; McLinn and 

Stolzenburg, 2009b). Coal tar can reach a depth of 2 m into soft river sediments and has been found 

to have lateral extents of several hundred meters (Jafvert et al., 2006).  

NAPL-impacted soils and sediments are often conceptualized as two-fluid systems that contain 

NAPL and water in the pore space. However, a gas phase can also be present. Gas bubbles can be 

generated by the biodegradation of natural organic matter as well as organic contaminants present 

in sediments and groundwater systems. Fluctuation of the water table can lead to the physical 

trapping of air in a NAPL source zone (Lenhard et al., 1993). Artificially, gas-based groundwater 

remediation technologies such as air sparging (IAS) (Johnson et al., 1993) and supersaturated water 

injection (SWI) (Nelson et al., 2009) can also introduce a gas phase into a NAPL source zone. If 

mobilized, this gas phase has the potential to affect the transport of volatile organic compounds 

(VOCs) by: (1) VOCs that partition from the water or NAPL to the gas, resulting in upward 

migration through connected gas channels (Chao et al., 1998) or rising gas bubbles (Mumford et 

al., 2010; Soucy and Mumford, 2017) or (2) NAPL that coats the surface of rising gas bubbles. In 

addition to these two mechanisms, gas migration in NAPL sources also has the potential to provide 

opportunity for fluid rearrangement through double displacement mechanisms (Fenwick and Blunt, 

1995), where the first fluid displaces the second which then displaces the third (e.g., gas displaces 

NAPL which then displaces water). 

The transport of NAPL by rising gas bubbles has been reported in the context of both sediment and 

groundwater contamination. In surface water, gas bubbles that are released from NAPL-impacted 
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sediments and break at the water surface can leave NAPL at the water surface, which is often 

observed as a sheen. The spreading sheen can cover a large area (10,000’s of m2) on the river 

surface and pose a threat to drinking water quality (McLinn and Stolzenburg, 2009b). Despite 

frequent observations of this process, such as the McCormick & Baxter site in Oregon (Blischke 

and Olsta, 2009), the Bangor Landing site in Maine (McLinn and Stolzenburg, 2009b) and the 

Newtown Creek site in New York (USEPA, 2018), there is a limited number of controlled 

laboratory studies. In a study of supersaturated water injection as a groundwater remediation 

technique, Li et al. (2007) reported that dyed hexane emplaced at the bottom of a sand box was 

partly removed by CO2 bubbles in the form of spreading NAPL films, and a free-phase pool of 

NAPL was produced on the water surface of their experiments after the gas bubbles broke. McLinn 

and Stolzenburg (2009a) studied the migration of coal tar through a model sand cap subject to gas 

ebullition in a 15 cm-diameter column. They emplaced a 30 cm fine sand layer above the coal tar 

source zone and injected air into that source zone at 200 mL/min. NAPL migrated through the sand 

layer after 12 hours of air injection and gas channels (2 cm wide) were the main pathways of the 

gas-tar migration. However, ebullition rates are expected to be less than 200 mL/min in the field. 

For example, Tanner et al. (1997) measured methane emission from constructed wetlands for 

wastewater treatment to be 0.073 – 0.73 L/m2/day. Ye at al. (2009) measured gas production rates 

on the order of 30 mL/day in laboratory experiments of anaerobic methanol degradation in a 55 cm 

wide × 45 cm high × 1.28 cm thick cell. Viana et al. (2012) observed that gas ebullition rates are 

highly temperature dependent, ranging from 0.05 to 11 L/m2/day at water surfaces in the Chicago 

Sanitary and Ship Canal site.  

Sand caps are often used to protect the water column from underlying sediment contamination.  

These caps reduce the mass transfer from the impacted sediments to the surface water, thereby 

reducing the bioavailability to benthic and aquatic organisms (Perelo, 2010). However, thick sand 

caps may be undesirable because they reduce water depth and result in consolidation of the 
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underlying sediment. As an alternative, placing a thin-layer cap using active material should have 

less impact on water flow or flood capacity, especially when the water bodies are shallow (Reible 

et al., 2006; Lampert et al., 2011). Some studies have shown the effectiveness of thin sand caps for 

the management of contaminated sediments. For example, Murphy et al. (2006) numerically 

estimated that the effectiveness of a 15 cm thick sand cap with an underlying 1.25 cm sorbent layer 

could last for more than 500 years in preventing the flux of polychlorinated biphenyls (PCBs) from 

sediments into the bioactive zone in the absence of groundwater seepage. In the laboratory study 

of Lampert et al. (2011), sand caps ranging from 2 cm to 8 cm thick were all found to be effective 

at reducing the dissolved concentration of polycyclic aromatic hydrocarbons (PAHs) when 

contaminant migration was mainly controlled by molecular diffusion. In the presence of gas 

ebullition, Yuan et al. (2007) showed that a 2 cm thick sand cap could reduce phenanthrene flux 

released with gas by around five times. This thin sand cap retained contaminants moved up with 

gas bubbles by exchanging mass with clean pore water, and most importantly, by preventing 

sediment suspension that was the major source of contaminant release into the water column. To 

further study the effect of cap thickness, Yuan et al. (2009) developed a model to estimate this 

bubble-facilitated release through caps of different thicknesses and found that a 0.5 m sand cap 

could reduce organic contaminant flux by five times more compared with a 0.1 m cap one year 

after emplacement. Overall, it is important to consider a proper thickness when designing sand caps, 

but care should also be taken when using a thin sand cap since the barrier between the contaminants 

and the clean water column becomes much shorter.  

In the context of soil and groundwater contamination, the redistribution of NAPL from high-

saturation to low-saturation configurations (i.e., from pools to residual) has the potential to enhance 

NAPL dissolution and increase dissolved concentrations. For example, laboratory studies have 

shown that increases in the relative permeability of water by decreasing NAPL saturation in a 

source zone can lead to more efficient tracer partitioning (Moreno-Barbero et al., 2006) and higher 
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effluent concentrations (Nambi and Powers, 2000). If water is forced to flow through a finger-

shaped source zone at near residual saturation, dissolved concentrations near solubility can be 

reached rapidly, and the plume can have the same vertical height as the finger (Anderson et al., 

1992). NAPL films moved by gas bubbles away from a source zone of higher saturation may have 

a similar effect. For example, Roy and Smith (2007) investigated the enhanced mass transfer to 

water by trapped gas bubbles above a DNAPL pool and found that this mass transfer could increase 

the vertical height of the source as well as the aqueous DNAPL concentrations. Although their 

focus was on dissolution from VOCs in the gas bubbles, the observed residual NAPL dragged by 

gas bubbles and the spreading NAPL films could also have contributed to the increased aqueous 

concentrations. As a result, even very limited NAPL migration may strongly affect the VOC 

concentrations in the aqueous phase.  

The purpose of this study was to: (1) characterize the mobilization of residual NAPL in sand packs 

resulting from gas flow at different rates, (2) identify whether the NAPL’s spreading coefficient 

affects its upward migration in the presence of gas, and (3) examine the ability of a thin sand cap 

to protect surface water from NAPL-impacted sediments subjected to gas flow. Experiments were 

conducted in a thin, two-dimensional flow cell packed with medium sand that contained a layer of 

trapped NAPL, and air was injected at a controlled rate through a needle below.  

3.2 Background 

3.2.1 Gas flow in porous media 

Gas flow in porous media occurs as continuous gas channels or as discontinuous gas clusters 

(bubbles), depending on the injection rate and grain size distribution (Ji et al., 1993; Geistlinger et 

al., 2006). For a stable gas channel to exist, the hydrostatic pressure gradient should be equal to the 

viscous pressure gradient (Stohr and Khalili, 2006), described as:  

∇𝑃𝑣

∇𝑃𝑐
=

128𝑄𝜇𝑔/𝜋𝑑4

∆𝜌𝑔
= 1 (3.1) 
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where 𝑄 is the gas flow rate, 𝜇𝑔 is the viscosity of gas, 𝑑 is the gas channel diameter, ∆𝜌 is the 

density difference between gas and water, and 𝑔 is the gravitational acceleration. Equation (3.1) 

assumes Hagen-Poiseuille’s law for a single straight capillary to calculate the viscous pressure 

gradient. After some rearrangement of equation (3.1), the critical gas flow rate can be calculated 

by:   

𝑄𝑐𝑟𝑖𝑡 =
𝜋𝑑4∆𝜌𝑔

128𝜇𝑔

(3.2) 

Equation (3.2) is equivalent to that presented by Geistlinger et al. (2006). However, when the gas 

injection rate and gas pressure are small, the viscous force can be neglected and the gas flow in 

porous media is controlled only by capillary and buoyancy forces (i.e., when gas flow rate is smaller 

than 𝑄𝑐𝑟𝑖𝑡 ). As a gas cluster expands slowly upwards, either by injection or production from 

solution, the capillary pressure at the bottom of the cluster decreases. When the capillary pressure 

is small enough to allow the re-entry of water, fragmentation occurs, resulting in gas bubble flow 

(Mumford et al., 2009). The capillary pressure of a growing gas cluster is related to the hydrostatic 

drop over the cluster length by (Geistlinger et al., 2006; Roy and Smith, 2007; Mumford et al., 

2009): 

𝑃𝑐
𝑡𝑜𝑝

= 𝑃𝑐
𝑏𝑜𝑡𝑡𝑜𝑚 + ∆𝜌𝑔ℎ (3.3) 

where 𝑃𝑐
𝑡𝑜𝑝

 and 𝑃𝑐
𝑏𝑜𝑡𝑡𝑜𝑚  are the capillary pressures at the top and bottom of the gas cluster 

respectively, ∆𝜌 is the density difference between the water and gas phase, and h is the height of 

the gas cluster. As a result, gas-channel flow is favored during fast direct gas injection, and bubbly 

flow where fragmentation happens repeatedly is favored during slow gas injection. 

3.2.2 Spreading coefficient 

The spreading coefficient controls the spreading of NAPL over a gas-water interface (Zhou and 

Blunt, 1997): 
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𝑆 = 𝜎𝑔𝑤 − 𝜎𝑔𝑜 − 𝜎𝑜𝑤 (3.4) 

where 𝜎𝑔𝑤 , 𝜎𝑔𝑜  and 𝜎𝑜𝑤  are the gas-water, gas-NAPL and NAPL-water interfacial tensions 

respectively. When S is positive (spreading) the NAPL will spread over a gas bubble, but when S 

is negative (non-spreading) the NAPL will form a definite contact angle with the gas-water 

interface (Moosai and Dawe, 2003), creating small lenses of NAPL. However, in porous media, 

NAPL with a negative spreading coefficient can also spread between water and gas due to the 

constraint of pore geometry (Dong et al., 1995; Keller et al., 1997).  

Importantly, interfacial tension can change when the composition of the fluids changes. For 

example, for a NAPL with an initially positive spreading coefficient, that NAPL will form a layer 

between gas and water. However, as VOC partitions from the NAPL to the gas and water, the 

magnitude of 𝜎𝑔𝑤  decreases, resulting in a zero or even negative value of 𝑆 . The spreading 

coefficient under thermodynamic equilibrium (when the three phases are mutually saturated) is 

referred to as the equilibrium spreading coefficient. For partial wetting with a non-zero contact 

angle 𝑆𝑒𝑞 < 0 , and for complete wetting 𝑆𝑒𝑞 = 0 . Specifically, when the initial spreading 

coefficient is positive, it leads to rapid spreading of the NAPL phase, followed by a retraction into 

a lens if 𝑆𝑒𝑞 < 0 (Rowlinson and Widom, 1982; Zhou and Blunt, 1997; Dobbs and Bonn, 2001; 

Keller and Chen, 2003). In general, 𝑆𝑒𝑞 = 0 if the initial spreading coefficient is large and positive. 

For non-volatile liquids, thermodynamic equilibrium is hard to be reached within the experimental 

time window, thus it is reasonable to use the initial spreading coefficient to decide whether a NAPL 

droplet will spread or not (Bonn et al., 2009).  

3.2.3 Double displacement 

In a three-fluid water-wet system where water is the wetting phase, gas is the non-wetting phase, 

and NAPL is the intermediate wetting phase there are six possible double displacements (i.e., where 

the first fluid displaces the second which then displaces the third). Double drainage 
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(gas→NAPL→water) is the most commonly observed double displacement event, and it is 

considered as one of the main mechanisms mobilizing residual NAPL (Fenwick and Blunt, 1995; 

Keller et al., 1997). When gas is slowly flowing through a NAPL source zone at residual saturation 

(Figure 3.1), isolated NAPL blobs can be reconnected by double drainage. If the NAPL is spreading, 

there will always be a NAPL layer separating the gas and water phase. At some critical point, the 

growing gas cluster can fragment, bringing NAPL with it and rising under buoyancy, into the clean 

sand layer above. 

  

Figure 3.1: Conceptual diagrams showing (a) a growing gas cluster (b) invades a NAPL blob which 

displaces water and (c) coalesces with a neighboring NAPL blob. Double drainage (d) continues 

mobilizing NAPL until gas (e) fragmentation and (f) mobilization happen after reaching a critical 

length. 

 

Considering fluid displacement at the pore-scale, when an expanding gas cluster meets a residual 

NAPL blob, it can either invade the pore that contains NAPL or an adjacent pore that contains 

water. For the gas cluster to invade the NAPL-occupied pore, that NAPL must displace the water 

in at least one of the surrounding pore throats. These two drainage events, gas displacing NAPL 
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and NAPL displacing water, must happen simultaneously. As a result, the threshold capillary 

pressure for the gas to displace a NAPL blob includes the entry pressure of both drainage events 

(Oren et al., 1994; Li, 2009), expressed by:  

𝑃𝑐
𝐷𝐷 =

2𝜎𝑔𝑜 cos(𝜃𝑔𝑜)

𝑟1
+

2𝜎𝑜𝑤 cos(𝜃𝑜𝑤)

𝑟2

(3.5) 

where 𝑃𝑐
𝐷𝐷 is the capillary pressure required for double drainage, 𝜃𝑔𝑜 and 𝜃𝑜𝑤 are the gas-NAPL 

and NAPL-water contact angles respectively, 𝑟1 is the effective radius of the pore space occupied 

by NAPL, and 𝑟2 is the effective radius of the largest accessible pore throat (for NAPL) occupied 

by water. In comparison, the threshold capillary pressure for a direct gas-water drainage event to 

happen is expressed by: 

𝑃𝑐
𝐷 =

2𝜎𝑔𝑤 cos(𝜃𝑔𝑤)

𝑟3

(3.6) 

Where 𝑃𝑐
𝐷 is the capillary pressure required for gas-water drainage, 𝜃𝑔𝑤 is the gas-water contact 

angle, and 𝑟3 is the radius of the largest accessible pore throat (for gas) occupied by water. Only if 

𝑃𝑐
𝐷𝐷 < 𝑃𝑐

𝐷 can double displacement take place to mobilize a residual NAPL blob. Alternatively, 

single displacement occurs instead. Assuming a porous medium that is completely water-wet 

(𝜃𝑜𝑤 = 𝜃𝑔𝑤 = 0) and has a very uniform grain size distribution (𝑟2 = 𝑟3), the ratio between 𝑃𝑐
𝐷𝐷 

and 𝑃𝑐
𝐷 can be expressed by: 

𝑃𝑐
𝐷𝐷

𝑃𝑐
𝐷 =

𝛼𝜎𝑔𝑜 cos(𝜃𝑔𝑜) + 𝜎𝑜𝑤

𝜎𝑔𝑤

(3.7) 

where 𝛼 is the ratio of pore throat radius to pore body radius, 𝑟1 is taken to be the pore body radius 

and 𝑟2 and 𝑟3 are taken to be the pore throat radius. Under thermodynamic equilibrium, cos(𝜃𝑔𝑜) 

is related to the spreading coefficient by (Kalaydjian, 1992): 

𝑐𝑜𝑠(𝜃𝑔𝑜) = 1 +
𝑆𝑒𝑞

𝜎𝑔𝑜

(3.8) 
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For a spreading NAPL (𝑆𝑒𝑞 = 0 and 𝜎𝑔𝑜 + 𝜎𝑜𝑤 = 𝜎𝑔𝑤), 𝑐𝑜𝑠(𝜃𝑔𝑜) = 1. Therefore, because the 

aspect ratio 𝛼 < 1, the ratio between 𝑃𝑐
𝐷𝐷 and 𝑃𝑐

𝐷 will also be < 1. As a result, double drainage 

will be favored over single drainage.  

3.3 Materials and Methods 

3.3.1 Experimental set-up 

A series of experiments were conducted in a thin, two-dimensional flow cell packed with 20/30 

sand (Figure 3.2). The cell had a width of 20 cm, a height of 40 cm and a thickness of 1 cm. The 

four ports at the bottom of the cell were connected to a reservoir by tubing to drain and imbibe 

water. A 3 to 4 cm tall layer of non-volatile NAPL (soltrol 100, heptane or decane) at residual 

saturation was emplaced near the vertical midpoint of the cell to simulate NAPL-impacted 

sediments, and air was injected at a controlled rate through a needle below. A perforated Teflon 

block underlain with polypropylene mesh was pressed down by three screws attached to the lid to 

exert a pressure on the top sand surface. The purpose of this block was to prevent sand 

rearrangement during the injection of air, while still allowing air to pass through the block and exit 

the cell. No Teflon block was used in the thin sand cap experiment (experiment #5, Table 3.2) to 

allow NAPL to flow into the surface water.  The cell was backlit with a LED panel (LEDGO CN-

1200H). The small thickness of the cell allowed sufficient light to be transmitted through for the 

visualization of gas and NAPL in the sand. A digital camera (Canon EOS Rebel T5i) was mounted 

on a tripod approximately 60 cm away from the experimental cell to capture photos of the entire 

sand pack at a constant time interval (5 s during air injection and 5 min during relaxation). NAPL 

mobilization was identified through observations in the initially clean sand above the source zone 

and in the free water above the sand pack.  
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Figure 3.2: Experimental set-up for NAPL mobilization by gas flow. 

 

3.3.2 Sand packing and NAPL emplacement 

Translucent 20/30 natural sand (0.7 mm median grain diameter) (Schroth et al., 1996) was used in 

the experiments. The sand was rinsed with deionized water to clean out fine grained material, and 

was wet packed by continuously pouring into the cell that was partly filled with water. During 

pouring, a rubber mallet was used to tap the glass walls gently at a constant speed to vibrate the 

pack, and the water level was always above the top sand surface. This packing method was used to 

promote a homogeneous pack that was initial free of trapped gas bubbles. In order to emplace the 

NAPL layer at residual saturation near the vertical midpoint of the cell, sand was first packed until 

the half-height of the cell, then approximately 30 mL of NAPL dyed with Oil-Red-O (600 mg/L) 

was slowly poured into the cell from the open top and on to the water above the sand. After the 

water and NAPL surfaces both stabilized, the valves controlling the four ports at the bottom of the 

cell were opened to allow water to drain into the reservoir that was placed below the bottom of the 
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cell. NAPL was emplaced quickly (in approximately 3-5 minutes) to create a flat invasion front. 

Water was imbibed back into the cell through the bottom ports by raising the reservoir before the 

30 mL of NAPL completely entered the sand and, therefore, before the air-NAPL interface entered 

the sand, to prevent air invasion. The majority of NAPL was displaced out of the pores by the 

imbibing water but some remained trapped as immobile blobs or ganglia. A disposable syringe was 

used to remove displaced NAPL from above the sand, which was measured to calculate the average 

residual NAPL saturation in the source zone (34-36% of the pore space). Delicate task wipes 

(Kimtech Kimwipes) were then used to remove any thin NAPL films that could not be removed 

using the syringe and to clean the glass walls of the cell. Following this NAPL emplacement, 

additional clean sand was packed on top of the source zone. This clean sand represents either a 

clean sand cap, in the context of protecting surface water from contaminated sediments, or clean 

sand above a LNAPL smear zone, in the context of soil and groundwater contamination. The 

porosity of the sand was determined using the mass of sand used in the packing and the dimensions 

of the sand pack.  

3.3.3 NAPL characterization and air injection 

Three LNAPLs (Table 3.1) were chosen as the trapped NAPL phase in the source zone. They all 

have a low solubility and a vapor pressure less than 7% of atmospheric pressure, and are considered 

as non-volatile. These NAPLs were chosen, in part, to ensure little to no mass transfer into the gas 

phase such that any NAPL removal from the source zone was not due to volatilization. In addition, 

air-water, NAPL-air, and NAPL-water interfacial tensions were measured using a Drop Shape 

Analyzer (KRÜSS DSA100) to determine the spreading coefficient for each NAPL, using the 

pendant drop method and a straight or J-shaped needle in a bulk liquid or gas phase.  

Laboratory air was injected below the NAPL source zone through a stainless-steel needle that had 

an outer diameter of 0.7 mm. The tip of the needle was bent approximately 45 degrees to make it 

easier for gas to come out in an upward direction. The other end of the needle was connected to 
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two gas tight syringes on a syringe pump (kdScientific KDS-270) to control the air injection rate at 

either 0.1 mL/min or 10 mL/min (Table 3.2). Each experiments consisted of two steps: air injection, 

which was stopped once the gas was observed to break though the top of the sand (i.e., into the free 

water), and relaxation, during which no air was injected and a period of 2 to 5 days was allowed 

for gas desaturation and redistribution in the sand. 

Table 3.1: Properties of NAPL. 

 Soltrol 100 Heptane Decane 

Specific gravity 0.75 0.68 0.73 

Dynamic viscosity (mPa·s)b 0.83 0.39 0.84 

Vapour pressure (kPa)b 0.82 6.09 0.17 

Water solubility (mg/L)b Negligible 2.42 0.026c 

a Chevron Phillips Chemical product information for soltrol 100, values for heptane and decane 

from CRC Handbook of Chemistry and Physics, 99th Edition; b at 37.8 °C for Soltrol 100, at 25 °C 

for heptane and decane; c Calculated from IUPAC-NIST solubility data series. 

 

Table 3.2: Conditions and observations for NAPL mobilization by gas flow. 

Experiment 

no. 

Air 

injection 

(mL/min) 

Porosity Average 

NAPL 

saturation 

Source 

zone 

thickness 

(cm) 

Upper sand 

layer 

thickness 

(cm) 

NAPL 

finger 

length 

(cm) 

Soltrol 100 

1 0.1 0.367 0.33 3.3 13.5 2.2 

2a 10 0.351 0.34 3.8 14.1 2.6 

2b 10 0.349 0.32 4.0 13.8 4.3 

Heptane 

3a 0.1 0.354 0.32 3.5 14.5 NA 

3b 0.1 0.353 0.31 3.2 15.0 3.3 

4a 10 0.340 0.33 3.1 15.0 8.5 

4b 10 0.346 0.33 3.5 14.8 11.3 

5 10 0.352 0.30 3.8 5.4 >5.4 

Decane 

6 0.1 0.364 0.31 3.6 14.8 NA 

7 10 0.352 0.41 3.5 14.6 6.7 
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3.3.4 Image processing 

Images of the experiments were processed following the approach described by Mumford et al. 

(2009) to analyse gas flow in thin sand packs. Images were converted to an array of greyscale 

intensity values using MATLAB (R2017b) and used to calculate a change in optical density as 

(McNeil et al., 2006): 

∆OD = O𝐷𝑡2 − O𝐷𝑡1 = log (
𝐼𝑡1

𝐼𝑡2
) (3.9) 

where OD is the optical density, 𝐼 is the transmitted light intensity, and 𝑡1 and 𝑡2 refer to the image 

capture times. Images were processed both by taking 𝑡1 and 𝑡2 to be sequential images, and by 

taking 𝑡1 to always be the image prior to air injection. In the processing of each image, intensities 

were normalized to a reference region known to not contain gas or NAPL to correct for temporal 

lighting changes, and a 5 × 5 pixel2 (0.54 × 0.54 mm2) median filter was used to reduce noise.  

3.4 Results and Discussion 

3.4.1 Spreading coefficient measurements 

The surface tension (NAPL-air) measurements for soltrol 100, heptane and decane (Table 3.3) all 

showed a good agreement with reported literature values. Measured NAPL-water interfacial 

tensions were different from literature values for both soltrol 100, 47.6 compared to 41.0 mN/m 

(Dong and Chatzis, 2004), and decane, 48.7 compared to 52 mN/m (Hirasaki, 1993). While these 

differences are not large, they resulted in all of the LNAPLs used having a positive spreading 

coefficient, with heptane being more spreading than soltrol 100 which is more spreading than 

decane. 

  



 

53 

Table 3.3: Interfacial tension measurements from DSA 100.  

 Soltrol 100 Heptane Decane 

NAPL-air IFT (mN/m) 22.09±0.01 19.69±0.01 23.34±0.01 

NAPL-water IFT (mN/m) 47.59±0.01 48.87±0.04 48.74±0.18 

Spreading coefficient (mN/m)a 2.61±0.01 3.73±0.02 0.21±0.15 

a Calculated using equation (3.4) assuming an initial spreading coefficient and a measured water-

air IFT of 72.29±0.03 mN/m.  

* Error bars were derived from 15-20 software calculations with 95% confidence interval. 

 

3.4.2 Gas flow pattern 

An example experiment for an air injection rate of 0.1 mL/min is shown in Figure 3.3a-c. It took 

approximately 25 min for air to break through the upper sand layer. At this air injection rate, the 

invasion pattern of gas was characterized by a distributed set of discontinuous clusters. These 

clusters formed a single gas finger that slowly expanded from the air injection point until it reached 

the bottom surface of the NAPL source zone. Significant changes in optical density occurred within 

the source zone due to the local displacement of NAPL as well as the presence of the injected air, 

represented by the darker colour. The increased lateral migration of the air in the NAPL source 

zone may be due to double displacements that took place in the source zone as well as a higher 

entry pressure at the interface between the source zone and upper sand layer created during the 

pause in packing between those layers. In this experiment, air left the source zone as a single finger 

but branched into two fingers before reaching the free water surface. However, small differences 

were observed in other experiments at the same injection rate. For example, a gas finger branched 

into two fingers before entering the source zone and came out as one finger in experiment #1, and 

no branching occurred in experiment #3b. The discontinuous nature of the gas fingers at the 0.1 

mL/min injection rate, caused by repeated gas fragmentation and mobilization events, is evidenced 

in Figure 3.4a. Discontinuous gas flow is characterized by the repeated alternation between white 

and black regions along a finger, as the fragmented gas clusters mobilize from one place to another. 
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At the injection rate of 10 mL/min, the gas flowing out from the injection point rapidly divided into 

multiple gas channels. These continuous gas channels entered the residual NAPL source zone with 

a much wider contacting area compared with the single gas finger in the 0.1 mL/min experiments. 

A representative example from experiment #4a is shown in Figure 3.3d-f. The breakthrough took 

approximately 15 s. The continuity of these channels is illustrated in Figure 3.4d, where there are 

no repeated regions of white and black along a single finger. Instead, between images at 10 s and 

15 s after the start of injection, gas saturation decreased (white regions) from the injection point 

until the source zone and increased (black regions) up to the top of the sand as gas from below 

flowed continuously through and above the NAPL source zone. This release of gas from below the 

source zone is likely due to heterogeneity at the top of the source zone that caused gas to pool. 

Once gas accumulated enough pressure for breakthrough, it was transported immediately to new 

regions through stable gas channels. Evidence of continuous gas flow is also shown in Figure 3.4e, 

where gas was released through continuous channels throughout the sand pack after breakthrough 

at the top of the pack.  

The critical gas flow rate for the transition between discontinuous and continuous gas flow has been 

reported to be approximately 10 mL/min in this 0.7 mm sand (Van De Ven and Mumford, 2019). 

However, the results of this study show continuous channels at 10 mL/min rather than transitional 

flow. This might be due to the residual NAPL layer emplaced at the midpoint, which reduced the 

relative permeability of water and increased the viscous forces responsible for stabilizing flowing 

gas channels (Geistliner et al., 2006).  
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Figure 3.3: Gas flow pattern for experiment #3a at 0.1 mL/min indicating (a) gas emergence, (b) 

gas breakthrough of the NAPL source zone, and (c) gas breakthrough of the upper sand layer; and 

for experiment #4a at 10 mL/min indicating (d) gas emergence, (e) gas breakthrough of the NAPL 

source zone, and (f) gas breakthrough of the upper sand layer.  
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Figure 3.4: Selected differences in gas distribution from experiment #3a at 0.1 mL/min: (a) 21 min 

– 20 min, (b) 27 min – 26 min, and (c) 83 min – 58 min; and from experiment #4a at 10 mL/min: 

(d) 15 s – 10 s, (e) 20 s – 15 s, and (f) 50 min – 25 min. Images (a) and (d) were taken during 

injection, images (b) and (e) were taken shortly after injection was stopped, and images (c) and (f) 

were taken during relaxation. The white regions indicate a decrease (imbibition) in gas saturation, 

the black regions indicate an increase in gas saturation (drainage) and the grey regions indicate no 

change. 

 

3.4.3 NAPL finger development 

Figure 3.5 represents the typical distribution of NAPL in the 0.1 and 10 mL/min experiments. There 

was no clear evidence of NAPL displacement, either by transport as film on rising bubbles or as 

fingers created by double displacement, while air was being injected at either the slow or fast rate. 
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Slight NAPL mobilization (< 4 cm) was observed at 0.1 mL/min, characterized by a few short light 

red fingers at the top surface of the source zone (Figure 3.5a). Similarly, the air injection at 10 

mL/min did not lead to any apparent NAPL mobilization other than causing some roughness of the 

NAPL source zone’s top surface (Figure 3.5c). NAPL also did not show any visible redistribution 

during the relaxation period in the slow injection experiments (Figure 3.5b). In comparison, NAPL 

fingers were clearly observed during gas relaxation in the high injection rate experiments (Figure 

3.5d). These fingers originated from the top of the source zone and moved along the main gas flow 

pathways. That is, NAPL imbibed along the gas pathway. It is also worth noting that NAPL was 

following multiple gas pathways in the beginning of relaxation, but it eventually concentrated on 

one gas pathway, leading to the development of the longest NAPL finger. This NAPL finger was 

able to reach as high as 11.3 cm in experiment #4b. Furthermore, when a thinner (5.4 cm) upper 

sand layer was used in experiment 5, the NAPL finger was able to break through the sand, resulting 

in NAPL being transported to the water surface (Figure 3.6). NAPL fingers longer than 4 cm were 

observed following air injection into soltrol 100, heptane, and decane (Table 3.2) but only for 10 

mL/min injections and only during the relaxation step. The NAPL finger lengths were not 

correlated to the spreading coefficients, as air injection into soltrol 100 produced the shortest NAPL 

finger but soltrol 100 has a spreading coefficient between decane and heptane. Small differences in 

pore sizes between separate sand packs likely dominate the length of the NAPL finger that is formed, 

particularly considering the similarity of the spreading coefficient of the three NAPLs used.  

The formation of a NAPL finger represents a much different mechanism of NAPL mobilization 

than transport as films on rising bubbles, and is attributed to double displacement. This double 

displacement occurred during the slow discontinuous gas flow in the relaxation step after the 

injection at 10 mL/min (Figure 3.4f) as the continuous gas channels fragmented. In comparison, 

there was almost no gas flow during relaxation after the slow injection at 0.1 mL/min when no 

clearly visible NAPL fingers formed (Figure 3.4b-c), as the gas was already fragmented throughout 
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the experiment. Similar NAPL mobilization after gas injection has also been reported by Li (2009) 

in their residual NAPL recovery experiments, as 46.8% of the total recovery came from the time 

after the system was shut off.  

 

Figure 3.5: Images collected during experiment #3a and #4a, showing gas breakthrough of the 

upper sand layer (a) and (c) and NAPL redistribution (b) and (d). No apparent NAPL mobilization 

was observed during initial injection at either 0.1 or 10 mL/min. However, a long NAPL finger 

developed during relaxation in the high injection rate experiment.  

 

Figure 3.6: Images collected during experiment #5 when a thin sand layer was emplaced above the 

source zone, showing status before air injection (a), after air injection (b) and when NAPL broke 

through the thin sand layer (c) during relaxation. The water surface was contaminated by the dyed 

NAPL (indicated by the black arrow). No teflon block was used in this experiment.  
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3.4.4 Microscale NAPL mobilization 

One additional experiment was conducted using soltrol 100 and a 0.1 mL/min air injection with the 

same set-up described in section 3.1, except that a larger grain-sized 12/20 sand (Schroth et al., 

1996) was used to observe pore-scale displacements and further investigate the formation of the 

NAPL fingers. Close-up pictures were taken with a macro lens (EFS 60mm f/2.8 Macro USM) 

installed on the digital camera at a constant time interval of 5 s.  

Once the injected air reached the residual NAPL source zone, it favored the invasion of NAPL-

occupied pores, resulting in double drainage. This pushed NAPL into previously water-filled pores. 

In the meantime, NAPL also spread around the gas bubble (Figure 3.7). When a gas bubble 

surrounded by NAPL fragmented, NAPL filled back in the pores at the fragmentation point (Figure 

3.8). NAPL that surrounded a bubble, presumably as a film, also travelled with rising gas bubbles 

(Figure 3.9). This was observed in the immediate vicinity of the source, but did not extend far into 

the pack above the source and appeared to have been removed from the bubble along the migration 

pathway. Importantly, neither double drainage nor transport as films on rising bubbles was able to 

mobilize trapped NAPL through a 13.5 to 15.0 cm-thick sand layer, as there were no clear 

observations of dyed NAPL on the free water. Therefore, the 13.5 to 15.0 cm-thick sand layer was 

sufficient to prevent NAPL mobilization by gas bubble flow under the conditions investigated in 

this study.  

Based on these pore-scale observations, it is hypothesized that double drainage and NAPL 

spreading can help connect isolated NAPL blobs during air injection into a NAPL source zone at 

residual saturation, as NAPL is displaced to previously water-filled pores. If the NAPL is spreading, 

then individual NAPL blobs touched by the expanding gas will eventually become a connected 

layer sandwiched between the gas and water phase. It is reasonable to assume that more gas-NAPL 

contact in the source zone will produce more NAPL displacement, more coalescence and greater 

connection. Therefore, during fast injection, the additional gas-NAPL contact promoted by 
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increased lateral gas migration and a greater number of gas channels should have caused additional 

NAPL displacement and coalescence in the source zone. However, instead of forming NAPL 

fingers, the limited amount of NAPL may evenly spread over a large volume of gas as thin films 

that are not visible macroscopically.  

The formation of short NAPL fingers during slow injection is attributed to repeated double 

displacement in the source zone. Connected NAPL blobs were mobilized into the upper sand layer 

by gas clusters and remained there as short finger-like structures. Repeated fragmentation events 

of gas also contributed to the formation of NAPL fingers, as it could cause NAPL to fill back in 

those pores at fragmentation points along the gas flow pathway. It is worth noting that after gas 

fragmented from the injection point, NAPL could be reconnected and mobilize at the rear of a gas 

cluster as well by spontaneous NAPL-gas imbibition. As soon as gas emptied from a pore space 

adjacent to NAPL, that pore space would be filled by either NAPL or water. Because NAPL is the 

intermediate-wetting phase, its pressure should be lower than gas but higher than water. Therefore, 

NAPL that has the higher pressure should prefer to enter the pore where gas leaves (Li, 2009). 

Regardless of all the favorable conditions mentioned above, because of the very limited gas-NAPL 

contact as well as the short injection time, the reconnection and mobilization of NAPL blobs were 

not enough for the NAPL fingers to reach a substantial height during injection.  

Slow discontinuous gas flow was observed during gas relaxation in the fast injection experiments. 

Once injection was stopped after gas breakthrough at the upper boundary, gas started to exit the 

sand through the existing gas channels, and its pressure decreased slowly until the capillary pressure 

between gas and NAPL reached a point where NAPL could imbibe against gas. That was the 

initialization of the NAPL finger’s growth. Eventually, most gas channels collapsed and 

fragmented due to the continuous release of gas pressure and water or NAPL imbibition, forcing 

all the gas to leave through one stable channel. As a result, NAPL-gas imbibition concentrated on 

that specific gas pathway and formed the highest finger in the end. In addition, the fragmentation 
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of gas channels also promoted the movement of NAPL along the gas pathways, as discussed for 

the slow air injection experiments. The extensive gas-NAPL contact ensured sufficient NAPL 

supply for NAPL-gas imbibition, and the long duration (2-4 days) of slow discontinuous flow 

during gas relaxation allowed the full potential of this NAPL finger’s growth. 

 

Figure 3.7: A double drainage event in the source zone: red outline indicates a connected NAPL 

ganglion or individual NAPL blobs, white outline indicates a gas bubble, and black arrows indicate 

locations where water was displaced by NAPL following air-NAPL drainage and NAPL-water 

drainage. ∆t = 5 s between the two sequential images. 

 

Figure 3.8: NAPL re-invansion into the previously gas-occupied pores. Black arrows indicate 

location where NAPL was imbibed in. Δt = 5 s between the two sequential images. 
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Figure 3.9: NAPL spreading and mobilization into the upper clean sand layer from the source zone 

along with the gas bubbles: black arrows indicate the NAPL-bubble movement under buoyancy. 

Δt = 5 s between every two sequential images. 

 

3.5 Summary and Conclusions 

In this study, a series of laboratory experiments was conducted in a thin, two-dimensional flow cell 

packed with 0.7 mm sand. Digital images captured using light transmission techniques clearly 

showed the migration of gas injected at 0.1 mL/min and 10 mL/min. Gas migration occurred as 

discontinuous, unstable flow through repeated mobilization, trapping and coalescence events 

during slow injection and as continuous channel flow during fast injection. Multiple gas channels 

were able to cover a larger surface area in the residual NAPL source zone compared with a single 

gas finger, which could possibly cause more isolated NAPL blobs and ganglia to be reconnected.   

There was no clear evidence of NAPL mobilization during the air injection at both the 0.1 mL/min 

and 10 mL/min injection rates, other than an increase in the local roughness at the top surface of 

the residual NAPL source zone. No NAPL was brought into the clean water above the sand after 

gas breakthrough. However, during relaxation and gas redistribution following the 10 mL/min 

injections, NAPL mobilization originated from the top of the NAPL source zone and moved along 
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the gas flow pathway as a clearly visible finger. This NAPL finger was able to reach heights of 

11.3 cm, 6.7 cm and 4.3 cm in the experiments for heptane, decane and soltrol 100, respectively. 

Furthermore, when the emplaced upper sand layer was too thin (5.4 cm) the breakthrough of a 

NAPL finger occurred, resulting in NAPL contamination of the clean water above the sand.  

NAPL mobilization and spreading were both observed in close-up (pore-scale) images. Double 

drainage, where gas displaces NAPL which displaces water, was able to mobilize an isolated NAPL 

ganglion. The spreading NAPL could also travel upwards with the host gas bubbles from the source 

zone into the clean sand layer above. However, this NAPL-bubble combination did not seem to be 

very strong and NAPL could have been lost along the migration pathway as gas bubbles near the 

top of the clean sand layer did not have NAPL spreading layers over them. These main findings 

indicate that the NAPL finger observed in the experiments could be caused by a different 

mechanism rather than by mobilization with rising bubbles. 

It is expected that these results will help researchers and practitioners to identify conditions under 

which bubble-facilitated NAPL transport could occur and the distance over which that 

displacement could take place. These results also demonstrate that it is important to consider the 

potential for NAPL redistribution after applying gas-based remediation technologies, such as air 

sparging and supersaturated water injection in the subsurface, as NAPL fingers can develop 

following the relaxation of continuous gas channels once air injection has stopped. In NAPL-

contaminated sediments, where the depth of clean sediment above the NAPL may be small, NAPL 

fingers may reach the surface water, resulting in rapid spreading of contamination. It is important 

to note, however, that the transport of NAPL along with rising gas bubbles over distances of 10s of 

cm, as has been reported for coal tar in river sediments (McLinn and Stolzenburg, 2009b) was not 

observed in our experiments. Further studies will be required to investigate other factors such as 

NAPL viscosity and NAPL saturation in the source zone and their effect on NAPL mobilization by 

gas flow.  
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Chapter 4 

Bubble-facilitated Mobilization of Trapped Dense Non-aqueous Phase 

Liquid at Residual Saturation 

Abstract  

Gas bubble mobilization can result in the transport of DNAPL as coatings on the gas bubble surface. 

This could move substantial DNAPL mass to the groundwater table or water surface, potentially 

increasing the DNAPL-impacted area. However, it could also serve as a removal mechanism, 

shortening source lifetimes as part of a remediation strategy. A controlled laboratory study was 

conducted to investigate this bubble-facilitated DNAPL transport through sand layers of different 

thickness (11.4 cm, 7.0 cm, 4.5 cm) and grain size (20/30, 30/40). Short-term experiments were 

conducted for eight hours to estimate DNAPL flux, and a long-term experiment was conducted for 

30 days to investigate DNAPL removal. Heptane was used as a solvent trap to collect creosote mass 

transported through the sand by gas bubbles, and was analyzed by gas chromatography (GC) for 

petroleum hydrocarbons (PHC) and priority polycyclic aromatic hydrocarbons (PAHs). The results 

showed that gas bubbles leaving the source zone were often coated in creosote, and that creosote 

travelled with the gas bubbles as either thin films or tails below the bubbles. Gas invasion was 

dominated by capillarity in the 11.4 cm-thick sand layer and by fracturing in the thinner sand layers. 

PHC concentrations measured in water above the clean sand indicated that creosote was constantly 

released out of the sand pack over eight hours, with more mass being released through thinner and 

finer sand layers. In the long-term experiment, images showed significant depletion (~69%) of the 

source zone in 30 days. Similar ratios of priority PAHs in the transported and original source 

creosote confirmed the stable transport of creosote as coatings and films rather than by mass 

transfer. An analytical straining model was developed and could match the short-term experimental 
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data reasonably well, suggesting that straining may be the dominant filtration mechanism in the 

sand layers.  

4.1 Introduction 

Non-aqueous phase liquids (NAPLs) can enter an aquatic system directly through chemical waste 

effluents and spills, or indirectly through terrestrial runoff and atmospheric deposition (Perelo, 

2010). If sediments are impacted by NAPL, those sediments can then affect surface water quality 

through the movement of contaminated sediment particles up into the water column, advection of 

pore water through the sediments and into the surface water, or diffusion from pore water to surface 

water (Palermo and Reible, 2007). Coal tar is a dense non-aqueous phase liquid (DNAPL) that is 

commonly observed in sediments at former manufactured gas plant (MGP) sites. It is composed of 

hundreds of aromatic organic compounds, including polycyclic aromatic hydrocarbons (PAHs) and 

many other undetermined organic chemicals (Luthy et al., 1994). Likewise, creosote is a complex 

mixture composed of various coal tar distillates and was commonly used in wood preservation 

(Lerner et al., 2003). In soft sediments, coal tar can reach a depth of 2 m and has been found to 

have lateral extents of several hundred meters (Jafvert et al., 2006). Because several organic 

compounds can dissolve in the aqueous phase at different rates from the mixture simultaneously, 

sediments contaminated by coal tar and creosote are considered as a long-term contamination 

source for both groundwater and surface water (Hyun et al., 2010). 

In-situ sand capping is an engineering solution designed to limit mass transfer from contaminated 

sediments to surface water. It has three major functions (Palermo, 1998): (a) Physical isolation of 

contaminated sediments from the benthic habitat, (b) stabilization of sediment particles suspension, 

and (c) chemical isolation of contaminant flux. In the conventional design, sand caps are usually 

composed of a chemical-isolating layer and a protecting armour layer (Palermo and Reible, 2007). 

These sand caps are often several feet thick to ensure complete isolation from underlying sediments 

(Lampert et al., 2011). However, thick sand caps may be undesirable because they greatly reduce 



 

73 

water depth and cause consolidation of the underlying sediments. As an alternative, placing a thin-

layer cap using active material that can absorb or degrade contaminants should have less impact on 

water flow and flood capacity, especially when the water bodies are shallow (Reible et al., 2006; 

Lampert et al., 2011).  

Gas bubbles can be generated by the biodegradation of natural organic matter as well as organic 

contaminants present in sediments, opening advective channels that may not only facilitate 

contaminant release but also damage sand cap integrity (Reible et al., 2006; Viana et al., 2007). 

Biogenic gas bubbles from sediments typically contain 46-95% CH4, 3-50% N2, and small 

quantities of CO2 and H2 (Fendinger et al., 1992). Gas ebullition rates have shown a great variation 

under different local conditions. For example, Tanner et al. (1997) measured methane emission 

from constructed wetlands for wastewater treatment as 0.073 – 0.73 L/m2/day. Ye at al. (2009) 

measured gas production rates on the order of 4.2 L/m2/day in laboratory experiments of anaerobic 

methanol degradation in a glass cell, in the context of groundwater remediation. Ebullition rates 

are also highly temperature dependent, ranging from 0.05 to 11 L/m2/day throughout the year at the 

Chicago Sanitary and Ship Canal site (Viana et al., 2012). 

Two mechanisms have been identified that can lead to bubble-facilitated contaminant transport in 

a sand-capped system. On the one hand, volatile contaminants can partition into gas bubbles from 

contaminated pore water in the sediments, and exchange with clean pore water when migrating 

through the sand cap, where most of the contaminants are retained but the rest is brought up into 

the water column and is released from the gas bubbles (Fendinger et al., 1992; Yuan et al., 2007; 

Yuan et al., 2009). On the other hand, gas bubbles migrating through the sediments can entrain 

NAPL around their surfaces as coatings and films if the spreading condition is satisfied. These 

NAPL spreading layers are stable and can travel with gas bubbles until reaching the free water 

surface, where gas bubbles break off and NAPL is left as a sheen (Blischke and Olsta, 2009; 

McLinn and Stolzenburg, 2009b). In a comparison of these two mechanisms, bubble-facilitated 
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transport as NAPL films can bring up a much greater mass, and sand caps have often been observed 

to fail in retaining the majority of organic contaminants. For example, McLinn and Stolzenburg 

(2009a) have observed coal car forming a visible migration network along an experimental column 

wall in a 30 cm fine sand layer emplaced above a coal tar source and eventually reaching the top 

boundary after 12 hrs of 200 mL/min air injection. Using the same column, Vater et al. (2012) have 

found a linear growth relationship between air injection rate and released mass of Benzo[a]pyrene 

(B(a)P) that was selected as a conservative tracer for coal tar transport. Most importantly, their 

results indicated that a 30 cm-thick sand layer could remove less than 10% of the NAPL migrating 

via ebullition. Considering the over-100-year breakthrough time of PAHs for a 25 cm-thick sand 

cap under diffusion (Yin et al., 2018), ebullition plays a very important role in accelerating 

contaminant transport and therefore needs to be better understood in order to optimize sand capping 

designs.    

The goals of this research were to evaluate the mechanism of gas transport in sand packs during 

ebullition and to understand residual DNAPL (creosote) mobilization through simulated sand caps 

of different thicknesses under controlled gas flow conditions. A light transmission technique was 

used to visualize gas distribution and sand cap fracturing, as well as NAPL mobilization in the 

porous medium. Gas chromatography (GC) was used to determine the bubble-facilitated mass 

release of petroleum hydrocarbons (PHC) and priority polycyclic aromatic hydrocarbons (PAHs) 

of environmental significance. Specific research objectives were to: (1) demonstrate the 

relationship between accumulated PHC mass and elapsed time at a constant air injection rate, (2) 

compare the total mass of PHC transported through protecting sand layers of different thicknesses, 

and (3) identify the effect of sand grain size on NAPL retention in an initially clean sand layer.  
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4.2 Materials and Methods 

4.2.1 Experimental set-up 

A series of experiments were conducted in a small-scale two-dimensional glass flow cell. The flow 

cell was 10 cm wide, 20 cm high and 1 cm thick. It was packed with 20/30 or 30/40 medium sand 

with a median grain diameter of 0.7 or 0.5 mm, respectively (Schroth et al., 1996) and contained a 

creosote source zone (4.18 ± 0.08 cm) below a clean sand layer (Figure 4.1). A free water layer 

was placed on top of the clean sand. Gas (air or nitrogen) was injected through the creosote source 

zone at 1 mL/min through a J-shaped stainless steel needle (outside diameter = 0.7 mm) using either 

a syringe pump (kdScientific KDS-270) or a mass flow controller (Cole-Parmer, model #32907-

55). Short-term experiments were conducted for 8 hours to estimate DNAPL flux, and a long-term 

experiment was conducted for 30 days to investigate DNAPL removal. The cell was backlit with a 

LED panel (LEDGO CN-1200H). The small thickness of the cell allowed sufficient light to be 

transmitted through the sand to facilitate visualization and digital imaging of gas and NAPL. A 

digital camera (Canon EOS Rebel T5i) was mounted on a tripod approximately 50 cm away from 

the experimental cell to capture photos of the entire sand pack. Inspired by Yuan et al. (2007), 

heptane was added above the water layer as a solvent trap to collect creosote mass transported 

through the sand by gas bubbles, and was analyzed by gas chromatography (GC) for petroleum 

hydrocarbons (PHC) and priority polycyclic aromatic hydrocarbons (PAHs). Detailed experimental 

conditions are shown in Table 1.  
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Table 4.1: Detailed experimental conditions for creosote mobilization via ebullition.  

Experiment # Sand Upper sand 

layer 

thickness 

(cm) 

Air injection 

rate 

(mL/min) 

Duration (h) Number of 

replicates 

1 20/30 11.4 ± 0.4 1 8 3 

2 20/30 7.0 ± 0.3 1 8 3 

3 20/30 4.5 ± 0.1 1 8 3 

4 30/40 7.0 ± 0.3 1 8 3 

5 20/30 8.0 1 720 1 

6 20/30 11.0 0 (control) 8 1 

 

 

Figure 4.1: Experimental set-up for simulating gas ebullition in contaminated sediments.  

 

4.2.2 Sand packing 

Creosote has a density close to water of 1.05 – 1.11 g/mL (Mercer and Cohen, 1990) and it is 

extremely difficult to be injected into the sand pack without having any of it move upwards along 

the injection needle. Therefore, sand was premixed with water and creosote to achieve a desired 

saturation (~25% of the pore space) before being emplaced into the bottom of the cell. To make the 

artificial contaminated sediments, 10 mL water was first added into 68.2 g dry silica sand and mixed 
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thoroughly with a scoop before 4 mL creosote was added and further mixed. The premixed sand 

was then slowly added into the cell in 4 or 5 lifts, using a glass stirring rod to compact the sand 

after each lift. During the packing process, the inner wall of the cell was covered with wax paper 

to protect the glass from being stained. The wax paper was removed after contaminated-sand 

packing was done, and a 2 cm-thick clean layer was packed with partially water-saturated (water 

saturation of approximately 80%) sand following the same procedure. The purpose of this thin 

clean sand layer was to avoid particle suspension that could cause creosote redistribution from the 

source zone when packing the remainder of the clean sand layer. Two blocks of fine sand (70/100) 

were also packed at the left and right sides of the cell as capillary barriers to prevent edge effects. 

Water-saturated sand was subsequently packed to the desired thickness (Table 1) as a clean sand 

layer using a wet packing method to minimize gas entrapment. Water above the sand pack was 

replaced by clean DI water several times using a syringe. Once packing was complete, 5 mL of 

heptane was added to the top of the clean water above the sand and the cell was left in a fume hood 

overnight (approximately 17 hours) for vaporization to remove any creosote sheens created during 

packing that could not be pumped out. Porosity was measured from 5 additional sand-only packings 

as 0.389 ± 0.010.  

4.2.3 Samples collection and analysis 

Before starting gas injection, 5 mL heptane was added on top of the water layer as a solvent trap. 

As gas migrated through the sand pack from the contaminated source zone and through the water 

layer above, any creosote coating over gas bubbles was extracted from their surfaces and dissolved 

in the heptane layer. Heptane samples were taken every hour in the short-term experiments 

(experiments #1-4, #6) and every day in the long-term experiment (experiment #5) using disposable 

glass pipettes. In order to reduce the error from carry-over contamination of creosote in the heptane 

layer, the aged heptane was almost completely removed after collecting each sample and 5 mL of 

fresh heptane was added. Therefore, the PHC concentrations in the samples were produced from 
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the gas-transported creosote mass in each hour. The same procedure was followed in the long-term 

experiment. After rinsing the upper water surface with fresh heptane, 5 mL heptane was added and 

sampled after an hour of continuous gas injection. Collected heptane samples were sent for PHC 

analysis by GC-FID and priority PAHs analysis by GC-MS. Creosote is a complex mixture that 

contains many hydrocarbons, primarily polycyclic aromatic hydrocarbons (PAHs) and phenolic 

compounds (Lerner et al., 2003). PHC compounds were divided into three main groups based on 

the number of carbons: F2 (C10 – C16), F3 (C16 – C34) and F4 (C34 – C50), whose sum can be 

used to estimate the creosote mass. This analytical method is used for the analysis of petroleum 

hydrocarbons for the application of the Canada-Wide Standard for Petroleum Hydrocarbons in Soil 

(CCME). Priority PAH analysis included (USEPA, 2014): naphthalene, acenaphthylene, 

acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, 

chrysene, benzo(bkj)fluoranthene, benzo(a)pyrene, dibenzo(ah)anthracene, indeno(123cd)pyrene, 

and benzo(ghi)perylene.  

Heptane was chosen as the extraction solvent for its low vapour pressure and the advantage that it 

does not interfere with the F2 – F4 signals in the chromatogram. It also has a good solubility for 

creosote, evidenced by an additional test where source creosote was dissolved in both heptane and 

dichloromethane (DCM) for comparison. Concentrations of the priority PAHs were consistent and 

had no statistical difference. Assuming the mass loss of PHC from the heptane layer due to 

vaporization over an hour was insignificant, the measured concentration of PHC at t+1 was affected 

by the remained creosote-impacted heptane in the cell after taking the sample at t: 

C𝑡+1 =
𝑚𝑡+1 + 𝐶𝑡𝑉𝑙𝑒𝑓

𝑉𝑙𝑒𝑓 + 𝑉𝑎𝑑𝑑 − 𝑉𝑣𝑎𝑝
 (4.1) 

where C𝑡  and C𝑡+1  are the measured PHC concentrations at t and t+1, 𝑚𝑡+1  is the PHC mass 

transported by gas in the hour t+1, 𝑉𝑙𝑒𝑓 is the volume of the aged heptane left in the cell after 

collecting the sample at t,  𝑉𝑎𝑑𝑑 is the 5 mL of fresh heptane added for the hour t+1, and 𝑉𝑣𝑎𝑝 is 



 

79 

the volume of heptane loss due to vaporization. After some rearrangement, the PHC mass 

transported by gas in each hour can be calculated as: 

𝑚𝑡+1 = C𝑡+1(𝑉𝑙𝑒𝑓 + 𝑉𝑎𝑑𝑑 − 𝑉𝑣𝑎𝑝) − 𝐶𝑡𝑉𝑙𝑒𝑓 (4.2) 

The vaporization rate of heptane was measured by plotting its liquid level in the cell as a function 

of time under the same experimental condition (i.e., inside the fume hood). The heptane volume 

loss in an hour was calculated as 0.72, 0.54 and 0.54 mL for experiment #1, #2 and #3, respectively. 

Using equation 4.2, hourly PHC mass flow can be calculated from measured concentrations in the 

heptane layer, and used to estimate the cumulative PHC mass transported by gas.     

4.3 Results and Discussions 

4.3.1 Gas and NAPL visualization 

Gas flow was expected to be discontinuous (i.e., bubble flow) in 20/30 medium sand for gas 

injected at 1 mL/min (Van De Ven and Mumford, 2019), which is similar to the gas flow pattern 

under field condition during slow biogenic gas ebullition in contaminated sediments. In experiment 

#1 with an 11.4 cm sand layer, gas flow was first observed in the sand pack as a single finger exiting 

the top surface of the source zone. Before having become visible in the clean sand layer, gas tended 

to spread and accumulate at the interface between the source zone and the overlaid clean sand layer 

or while in the source zone. This is inferred from the observation that gas did not always come out 

of the source zone directly above the injection needle. After gas reached the upper boundary of the 

sand pack and migrated into the water layer, additional gas fingers were created in the sand pack. 

At the end of each experiment, gas remained trapped in the sand by capillary forces. However, 

there was no visible evidence of neither NAPL fingers nor a NAPL migration network as has been 

reported in a previous study by McLinn and Stolzenburg (2009a) done with a much faster gas 

injection rate at 200 mL/min. Instead, NAPL travelled as thin coatings and films that surrounded 

gas bubbles (Figure 4.2b) and was able to reach the water layer and eventually dissolve into the 
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heptane layer. Transport to the water layer was evident based on the colour change in the initially 

transparent clean heptane layer to greenish yellow. In addition, sand grain rearrangements occurred 

repeatedly during gas injection within 4 cm below the upper boundary of the sand pack, resulting 

in fracturing and fast gas release near the top (e.g. Figure 4.2a). This fracturing region, however, 

did neither extend deeper into the sand pack nor produce any sustained fracture opening in the sand 

pack.  

 

Figure 4.2: Creosote and gas distribution taken from experiment #1. White solid outlines indicated 

the approximate gas distribution in the clean sand layer. Indicated are (a) a sand fracture caused by 

a gas bubble near the upper boundary and (b) a creosote film coating a gas bubble.   

 

In experiments #2, #3 and #4 with less thick sand layers (7.0 cm or 4.5 cm), gas flow had similar 

behavior before breakthrough at the upper boundary of the sand pack. Sand grains were also 

observed to be significantly lifted by gas near the upper surface. As gas injection continued, a 

clearly visible fracture channel was generated by gas flow, percolating from the top surface of the 

source zone up to the upper boundary of the sand pack (Figure 4.3). The formation of this fracture 
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channel in the clean sand layer created a preferential pathway for gas flow, where sand was less 

able to trap gas bubbles or their surrounding NAPL films. For example, Figure 4.3b shows a large 

gas bubble that displaced sand grains and included a creosote tail that drained towards the rear of 

the bubble by gravity. As a result of the fracturing, a greater mass of creosote was released into the 

heptane layer than during experiment #1, which deepened its colour rapidly.  

 

Figure 4.3: Creosote and gas distribution taken from experiment #3. A fracture channel originated 

from the top of the source zone up to near the upper boundary of the sand pack. Indicated are (a) 

two fine blocks outlined by white dashed lines and (b) a gas bubble coated by creosote with extra 

creosote draining towards the rear under gravity.  

 

The two modes of gas invasion observed in these experiments are consistent with what has been 

reported in the literature (Jain and Juanes, 2009; Holtzman and Juanes, 2010; Choi et al., 2011). 

The transition between capillary-dominated invasion and fracture opening is mainly controlled by 

porous media grain size and effective vertical confining stress. Decreasing grain size and effective 

confining stress can both lead to the dominance of invasion by fracture opening, where sand grains 

are pushed aside by gas. In this study, the 11.4 cm sand layer (experiment #1) exerted higher 

confining pressure on the creosote source zone, and gas invasion was dominated by capillarity. 

With decreasing sand layer height, the effective confining pressure was decreased as well. Gas 
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pressure was sufficient to overcome compression and friction at grain contacts, and a fracture 

formed (Jain and Juanes, 2009). However, the effect of grain size is not yet identifiable as fracture 

formation occurred in the 7.0 cm sand layer composed of either 20/30 (experiment #2) or 30/40 

(experiment #4) sand.    

4.3.2 DNAPL flux through sand layers  

Heptane samples containing dissolved creosote compounds were analysed for PHC. A calibration 

check was made by dissolving a known amount of creosote in heptane as 3510 μg/g. The detected 

F2, F3 and F4 concentrations were 2081 μg/g, 1593 μg/g and 3 μg/g, respectively (recovery = 

105%). All the results indicated that the F4 concentration was insignificant (<10 μg/g) compared 

with the concentrations of F2 and F3 that were one to two orders of magnitude higher. Therefore, 

F4 is not discussed further. Figure 4.4 shows the accumulated mass of F2 and F3 over time using 

data from triplicate experiments. Under the four conditions, the accumulated F2 and F3 both 

showed an approximately linear increase over time. This reflects the transport of creosote from the 

source zone and through the clean sand layer by mobilized gas bubbles. Mean values suggest that 

more F2 mass was transported via ebullition into the heptane layer than F3, indicated by the mass 

accumulation curve of F2 above the curve of F3; however, the overlapping confidence intervals 

show that this difference is not statistically significant. In the late stage of gas injection, the gap 

between F2 and F3 curves increased, suggesting the mass transport rates of F2 may have been 

higher than F3. Those differences mainly resulted from the original composition ratio of F2 to F3 

in the source creosote. The ratios of the slope (mass flow in an hour) of F2 to F3 for Figure 4.4a, 

4.4b, 4.4c and 4.4d are 1.34, 1.31, 1.36 and 1.33, respectively, similar to 1.31 (2081 μg/g / 1593 

μg/g) in the source creosote. This supports transport of creosote as a DNAPL attached to gas 

bubbles rather than as volatilized compounds.   

The thickness of the clean sand layer (11.4 cm, 7.0 cm and 4.5 cm) affected the mass of creosote 

transported to the heptane layer, with 10 mg, 26 mg and 78 mg of total PHC (F2 + F3) mass released 
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in 8 hours, respectively. The released total PHC masses through a 7.0 cm and a 4.5 cm sand layer 

are 2.6 and 7.8 times the mass through an 11.4 cm sand layer, respectively (Figure 4.5a). The 

increase in mass transported through thinner sand layers is attributed to increased fracturing of the 

sand pack. Once a preferential gas pathway has formed to connect the source zone with the upper 

boundary of the sand pack, gas bubbles that entrained creosote could pass through with little 

resistance from the sand pack, leading to the fast transport and the high concentration of creosote 

in the heptane layer. In addition, a thicker sand layer also means a longer transport pathway for 

creosote-entrained gas bubbles, where more gas and creosote can be trapped by capillary forces 

during their migration. The important role of sand fracturing is further supported by the detection 

of high concentrations of creosote in experiment #4 using 30/40 sand. As reported in previous 

studies, finer sand has a higher entry pressure and is easier to fracture under gas flow (Jain and 

Juanes, 2009; Holtzman and Juanes, 2010; Choi et al., 2011). The accumulated total PHC mass was 

71 mg in 8 hours, approximately 2.7 times the mass through an equally thick layer composed of 

20/30 sand (Figure 4.5b). Sand fracturing that occurred in thinner sand layers also resulted in 

greater variability between replicate experiments (error bars in Figure 4.5) because of the 

randomness associated with the location and frequency of fracturing.  

To examine the effect of diffusion, a control experiment #6 was conducted without any gas injection 

for 8 hours. PHC concentrations were detected in the first three samples taken over the first three 

hours (152 μg/g, 64 μg/g and 15 μg/g), but concentrations decreased and remained below detection 

limits in the following five samples. The early-detected concentrations are attributed to 

contamination with creosote during the packing procedure, and the later-time concentrations 

confirm the negligible contribution of diffusion over the length and time scales of these 

experiments.  
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Figure 4.4: F2 and F3 mass accumulation curves for (a) 11.4 cm, (b) 7.0 cm and (c) 4.5 cm-thick 

sand layers composed of 20/30 sand, and a (d) 7.0 cm-thick sand layer composed of 30/40 sand. 

Data points are averaged from triplicate experiments and error bars show 95% confidence interval.  
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Figure 4.5: Comparison of total PHC (F2 + F3) mass accumulation curves for (a) three sand layer 

thicknesses and (b) two different grain sizes. Data points are averaged from triplicate experiments 

and error bars show 95% confidence interval. 

 

4.3.3 Long-term depletion of DNAPL source zone 

Long-term (30 days) gas injection (experiment #5) resulted in substantial removal of creosote from 

the source zone. Selected photos (Figure 4.6) show the different stages of creosote depletion in the 

source zone. RGB raw images were processed (colorThresholder, MATLAB R2017b) with a set 

colour threshold in HSV space (hue = 0 – 1; saturation = 0.125 – 1; value = 0.387 – 1) to clearly 

show the distribution of creosote. The masked images were returned in black and white (Figure 

4.6), and the proportion of black pixels was calculated to estimate creosote removal over time. As 

can be seen, creosote residuals above the needle emplacement point started to deplete early after 

the start of gas injection (Figure 4.6c). As this depletion occurred, gas bubbles were released from 

the source zone and into the clean sand and water at the left-hand side of the cell. As the gas 

injection continued, a cleanout zone gradually extended upwards and laterally away from the 

injection point (Figure 4.6d). The left-hand side of the source zone was cleaned out when the right-

hand side showed little effect of the gas flow. However, late-stage depletion shifted and 

concentrated on the right-hand side of the source zone (Figure 4.6e) as gas bubbles were released 
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from the source zone and into the clean sand at the right-hand side of the cell. At the end of 30 

days, an estimated 31% of the creosote was still left in the source zone, based on the processed 

images.  

PHC mass flow was also measured over a period of 30 days in experiment #5 (Figure 4.7). In the 

first 8 hours, the averaged PHC mass flow was 1723 μg/h, lower than 3217 μg/h measured in 

experiment #2. The discrepancy could be a result of the different gas injection methods, as the mass 

flow controller provided continuous gas injection rather than 60 mL injections that were started 

and stopped every 60 min. Similar to high mass removal rates using a pulsed gas injection method 

in air sparging, the intermittent refill of syringes when using the syringe pump could have generated 

new gas flow channels, resulting in more mixing and gas-creosote contact in the source zone (Bass 

et al., 2000; Heron et al., 2002). From day 1 to day 8, the PHC mass flow remained at a relatively 

stable level, fluctuating between 1500 μg/h and 4500 μg/h. This corresponds to the period during 

which the creosote in the source zone above the needle was depleting rapidly. PHC mass flow 

declined steadily between day 9 and day 21 until reaching a minimum of 334 μg/h. The decrease 

in the mass flow resulted from a decrease in the creosote above the needle that was available to 

coat the gas bubbles migrating through the sand pack. However, PHC mass flow increased from 

day 22 to day 27 when the right-hand side of the source zone started to deplete and new creosote-

gas contacts were initiated. The maximum mass flow was reached on day 27 at 9195 μg/h. This 

high mass flow represents a failure of the sand layer to protect the water layer from releases of 

creosote. As the depletion of the right-hand side of the source zone neared completion, PHC mass 

flow dropped again, to 815 μg/h.  



 

87 

 

 

Figure 4.6: Visualization of creosote depletion in the source zone, with (a) showing the processing 

window (white outline). Different stages are shown as (b) day 0 before gas injection, (c) day 4, (d) 
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day 16 and (e) day 29. Raw images are presented on the left side and masked binary images on the 

right side. Normalized creosote percentages calculated from black pixels are (b) 100%, (c) 88%, 

(d) 62% and (e) 31%. Note that (c), (d) and (e) are also marked in Figure 4.7 correspondingly.  

 

 

Figure 4.7: Measured PHC (F2+F3) mass flow rate in 30 days. The first 8 hours are illustrated in 

a separate figure attached on the left top corner.  

 

4.3.4 Priority PAHs analysis 

Three samples S-2, S-8 and S-97 collected during the long-term experiment (experiment #5) 2 h, 8 

h and 97 h after the start of gas injection were analysed for PAHs and compared to the analysis of 

the original creosote emplaced in the source zone (Figure 4.8). PAHs with high molecular weight, 

benzo(bkj)fluoranthene, benzo(a)pyrene, dibenzo(ah)anthracene, indeno(123cd)pyrene and 

benzo(ghi)perylene, were all detected in the three heptane samples. These 5–6 ring PAHs have 

extremely low vapour pressures (< 0.000001 atm at 20 °C) (Hicknell et al., 2018) and therefore are 

considered unable to partition into the gas phase. To compare the composition of the creosote 

collected in the heptane layer above the sand pack and the creosote in the source zone, the 

concentration of each PAH was normalized to the concentration of benzo(a)pyrene. 

Benzo(a)pyrene was selected as a conservative tracer for creosote transport through the sand pack 

for its low solubility and low volatility (Vater et al., 2012). Figure 4.8 shows that the compositions 
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of the source creosote and the three samples are consistent with each other. It can be inferred that 

creosote did not fractionate during migration from the source zone through the sand layer. 

Observations of high-molecular weight PAHs in the heptane layer and no change in the PAH ratios 

between the source zone creosote and transported creosote show that the bubble-facilitated 

transport of creosote occurred as coatings and films rather than by mass transfer into gas bubbles.  

Table 4.2: Concentrations of creosote as PAHs in sample S-2, S-8, S-97 and source creosote. 

Compound S-2 

(ng/g) 

S-8 

(ng/g) 

S-97 

(ng/g) 

Source creosote 

(µg/g) 

Naphthalene 30800 58100 81500 97200 

Acenaphthylene 386 799 1330 1090 

Acenaphthene 18700 32800 54000 58500 

Fluorene 14600 27000 50100 64100 

Phenanthrene 26600 46300 78300 81200 

Anthracene 6590 9270 13500 14000 

Fluoranthene 11900 18900 33600 41400 

Pyrene 7000 11000 22100 28400 

Benzo(a)anthracene 2730 4430 5860 8820 

Chrysene 2830 4930 5600 7790 

Benzo(bkj)fluoranthene 2340 4050 6870 7500 

Benzo(a)pyrene 1080 1610 2930 3680 

Dibenzo(ah)anthracene 114 123 422 220 

Indeno(123cd)pyrene 396 584 1020 853 

Benzo(ghi)perylene 254 323 698 627 

* Note: the concentrations are presented as ng compound/g heptane for sample S-2, S-8 and S-97 

and µg compound/g creosote for source creosote.  
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Figure 4.8: Normalized concentrations of PAHs in (a) sample S-2, (b) S-8, (c) S-97 and (d) source 

creosote. Note that sample S-2, S-8 and S-97 are also marked in Figure 4.7 correspondingly. 

 

4.3.5 Comparison with straining model 

Porous media (e.g. sand caps) can limit the amount of NAPL migrating through as suspended small 

droplets because of filtration. It is hypothesized that NAPL-coated gas bubbles would be similarly 

affected. There are three main mechanisms associated with porous media filtration, dependent on 

the size of droplets (Mcdowell-Boyer et al., 1986). For droplets close to or larger than pore sizes, 

there will be no penetration into the porous media other than the accumulation of droplets at the 

entrance. As droplets decrease in size to where their entry can occur, the porous media will retain 

a portion of droplets by straining in smaller-sized pores. Extremely small droplets can be removed 

by physical and chemical forces between droplets and the media solid surface. The transport of 

emulsions as dispersed droplets in porous media is analogous to the transport of colloids (Soo and 

Radke, 1986), which is usually modelled by a modified advection-dispersion equation that 

considers the colloid/droplet concentration instead of the dissolved concentration (Bradford et al., 

Normalized concentration to benzo(a)pyrene 
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2003; Coulibaly et al., 2006; Cortis and Ghezzehei, 2007). For large droplets comparable to pore 

sizes, Bradford et al. (2003) introduced a straining term as: 

∆𝑆𝑠𝑡𝑟 =
𝜃𝑤

𝜌𝑏
𝑘𝑠𝑡𝑟𝜑𝑠𝑡𝑟𝐶𝑤 (4.3) 

where ∆𝑆𝑠𝑡𝑟 is the strained solid-phase concentration of NAPL droplets, 𝜃𝑤 is the water content, 

𝜌𝑏 is the bulk density, 𝑘𝑠𝑡𝑟  is the straining coefficient, 𝜑𝑠𝑡𝑟 is a dimensionless straining function 

that changes with sand height and grain size, and 𝐶𝑤  is the aqueous concentration of NAPL 

droplets. 

When gas bubbles migrate through the sand pack with NAPL coatings surrounding them, the 

transport process is similar to emulsion transport where NAPL can be stripped off gas bubbles 

along the pathway due to pore constraints. Therefore, it is reasonable to use the straining theory to 

explain this bubble-facilitated NAPL transport. Following the mass balance approach that Yuan et 

al. (2009) used for a capped sediment system, the NAPL source zone loses mass due to continuous 

gas flow as: 

𝑑(𝐶1𝐴ℎ𝑠𝜃𝑤1)

𝑑𝑡
= −𝑄𝑔𝑘𝑐𝐶1 (4.4) 

where 𝐶1 is the aqueous concentration of NAPL droplets in the source zone, 𝐴 is the cross-sectional 

area of the flow cell, ℎ𝑠 is the height of the source zone, 𝜃𝑤1 is the water content in the source zone, 

𝑄𝑔 is the volumetric gas flow rate, and 𝑘𝑐 is a first-order kinetic coating coefficient that relates the 

NAPL concentration in the aqueous phase to the NAPL concentration in the gas phase. Considering 

straining as the main filtration mechanism in the sand layer and neglecting chemical attachment 

and detachment: 

𝑑(𝐶2𝐴ℎ𝑐𝜃𝑤2)

𝑑𝑡
= 𝑄𝑔𝑘𝑐𝐶1 − 𝑄𝑔𝑘𝑐𝐶2 − 𝐴ℎ𝑐𝜃𝑤2𝑘𝑠𝑡𝑟𝜑𝑠𝑡𝑟𝐶2 (4.5) 
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where 𝐶2 is the aqueous concentration of NAPL droplets in the sand layer, ℎ𝑐 is the height of the 

sand layer, 𝜃𝑤2 is the water content in the sand layer. The heptane layer on top collects the NAPL 

mass that has been transported out of the sand pack: 

𝑑(𝐶3𝐴ℎℎ)

𝑑𝑡
= 𝑄𝑔𝑘𝑐𝐶2 (4.6) 

where, 𝐶3 is the NAPL concentration in the heptane layer, and ℎℎ is the height of the heptane layer. 

With the boundary conditions 𝐶1(t = 0) = 𝐶0 and 𝐶2(t = 0) = 𝐶3(t = 0) = 0, the above ordinary 

differential equations (equations 4.4 through 4.6) have an analytical solution: 

𝐶3 =
𝑎2𝑎4𝐶0

𝑎2 + 𝑎3 − 𝑎1
(

1

𝑎2 + 𝑎3
𝑒−(𝑎2+𝑎3)𝑡 −

1

𝑎1
𝑒−𝑎1𝑡) +

𝑎2𝑎4𝐶0

𝑎1(𝑎2 + 𝑎3)
 (4.7) 

where, 𝑎1 =
𝑄𝑔𝑘𝑐

𝐴ℎ𝑠𝜃𝑤1
, 𝑎2 =

𝑄𝑔𝑘𝑐

𝐴ℎ𝑐𝜃𝑤2
, 𝑎3 = 𝑘𝑠𝑡𝑟𝜑𝑠𝑡𝑟, and 𝑎4 =

𝑄𝑔𝑘𝑐

𝐴ℎℎ
. This straining-based model does 

not consider the partitioning between water, NAPL, gas and sand. All parameters except 𝑘𝑐, 𝑘𝑠𝑡𝑟 

and 𝜑𝑠𝑡𝑟 can be obtained from the experiments.  

To match the experimental data from section 3.2 using equation 4.7, 𝑘𝑐  and 𝑎3  were both 

considered as fitting parameters to estimate the PHC accumulation curves for the three different 

sand layer thicknesses. 𝑘𝑐 was determined to be 0.006 (assumed constant for all three experiments) 

and 𝑎3 was determined to decrease with the decreasing sand thickness as 0.7, 0.4 and 0.03 h-1. The 

best-fit solutions are illustrated in Figure 4.9 along with the measured data. The developed model 

agrees well with the experimental data, indicating that bubble-facilitated NAPL transport as 

coatings can be simulated similar to emulsion/colloid transport, and that straining may be the 

dominant filtration mechanism in the sand cap. Although it is not the focus of this manuscript, a 

further model study into parameters 𝑘𝑐, 𝑘𝑠𝑡𝑟 and 𝜑𝑠𝑡𝑟 can possibly serve as a useful tool to predict 

in-situ sand cap performance in contaminated sediment management. 
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Figure 4.9: Best-fit solutions (lines) for experimental PHC data (symbols) for 11.4 cm, 7.0 cm and 

4.5 cm-thick sand layers composed of 20/30 sand. 

 

4.4 Summary and Conclusions 

In this study, a series of experiments was conducted in a two-dimensional glass flow cell (10 × 20 

× 1 cm3). It was packed with medium sand (d50 = 0.7 or 0.5 mm) and contained a 4.2 cm-thick 

creosote source zone below a clean sand layer (11.5, 7.0 or 4.5 cm-thick). Gas was injected into the 

source zone through the sand pack at 1 mL/min. Results showed that gas bubbles leaving the source 

zone were often coated in creosote, and that creosote travelled with the gas bubbles as either thin 

films or tails below the bubbles. Gas invasion was dominated by capillarity in the 11.5 cm-thick 

sand layer and by fracturing in the 7.0 and 4.5 cm-thick sand layers. In the short-term experiments, 

PHC concentrations measured above the clean sand indicated that creosote mass was constantly 

released out of the sand pack over 8 hours. More mass was released through thinner and finer sand 

layers, with 10 mg, 26 mg and 78 mg total PHC mass released from 11.5 cm, 7.0 cm and 4.5 cm-

thick sand layers composed of 20/30 sand and 71 mg from a 7.0 cm-thick sand layer composed of 
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30/40 sand. In the long-term experiment, constantly detected PHC mass flux and source zone 

images both suggested significant depletion of the source zone. In addition, the analysis of priority 

PAHs confirmed the transport of creosote as coatings on the gas bubbles rather than as volatilized 

compounds, based on the detection of higher-molecular weight creosote compounds and similar 

PAH ratio between the source creosote and transported creosote.   

Experimental results were compared to an analytical model using mass balance and colloid 

transport theory. The model was able to fit the short-term PHC mass accumulation curves for the 

11.5, 7.0 and 4.5 cm-thick sand layers composed of 20/30 sand by adjusting a lumped straining 

coefficient, suggesting that straining may be the dominant filtration mechanism in the sand layers. 

However, a more detailed study will be needed to determine how the straining coefficient is related 

to porous media properties in order to predict long-term performance of a sand cap subject to 

ebullition and bubble-facilitated NAPL transport for contaminated sediment management.   

It is expected that the results presented in this study can help practitioners and regulators to better 

understand the important role that ebullition can play in DNAPL migration. If DNAPL can spread 

over the gas bubble surface, unexpectedly-fast DNAPL transport will occur away from the source 

zone into water bodies. Special care should be taken when designing a sand cap for contaminated 

sediments isolation to account for ebullition. On the other hand, this bubble-facilitated transport 

could also serve as a removal mechanism, shortening source lifetimes as part of a remediation 

strategy, provided that the transported NAPL could be recovered. 
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Chapter 5 

Conclusions and Recommendations 

5.1 Conclusions  

In this study, a series of laboratory experiments was conducted in thin, two-dimensional flow cells 

packed with medium sand to investigate the mobilization of trapped NAPL subject to gas flow. 

Digital images captured using light transmission techniques clearly showed the migration of 

injected gas and NAPL in the sand pack. In the experiments using LNAPL, the effects of the 

NAPL’s spreading coefficient and gas flow rate were investigated. Heptane, decane and soltrol 100 

were used to represent different spreading coefficients. Gas migration occurred as discontinuous, 

unstable flow during slow injection (0.1 mL/min) and as continuous channel flow during fast 

injection (10 mL/min). There was no clear visual evidence of LNAPL mobilization during either 

injection rates. No LNAPL was brought into the clean water above the sand after gas breakthrough. 

However, during relaxation and gas redistribution following the 10 mL/min injections, LNAPL 

mobilization originated from the top of the source zone and moved along the gas flow pathway as 

a clearly visible finger. This LNAPL finger was able to reach heights of 11.3 cm, 6.7 cm and 4.3 

cm in the experiments for heptane, decane and soltrol 100, respectively. Furthermore, when the 

emplaced upper sand layer was too thin (5.4 cm) the breakthrough of an LNAPL finger occurred, 

resulting in contamination of the clean water above the sand. Pore-scale images showed that double 

displacements were able to mobilize and reconnect isolated NAPL blobs and ganglia, which 

potentially caused the formation of those LNAPL fingers. In the experiments using DNAPL, the 

effects of overlaid sand layer thickness and grain size were investigated. Gas was injected into the 

creosote source zone through the sand pack at 1 mL/min. Gas invasion was dominated by capillarity 

in the 11.5 cm-thick sand layer and by fracturing in the 7.0 and 4.5 cm-thick sand layers. In the 

short-term experiments, petroleum hydrocarbon (PHC) concentrations measured above the clean 
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sand indicated that creosote mass was constantly released out of the sand pack over 8 hours. More 

mass was released through thinner and finer sand layers, with 10 mg, 26 mg and 78 mg total PHC 

mass released from 11.5 cm, 7.0 cm and 4.5 cm-thick sand layers composed of 20/30 sand, and 71 

mg from a 7.0 cm-thick sand layer composed of 30/40 sand. In the long-term experiment, constantly 

detected PHC mass flux and source zone images both suggested significant depletion of the source 

zone. In addition, the analysis of priority PAHs confirmed the transport of creosote as coatings on 

the gas bubbles rather than as volatilized compounds, based on the detection of higher-molecular 

weight creosote compounds and similar PAH ratio between the source creosote and transported 

creosote. Experimental results were compared to an analytical model using mass balance and 

colloid transport theory. The model was able to fit the short-term PHC mass accumulation curves 

for the 11.5, 7.0 and 4.5 cm-thick sand layers composed of 20/30 sand by adjusting a lumped 

straining coefficient, suggesting that straining may be the dominant filtration mechanism in the 

sand layers. 

This study showed that both trapped LNAPL and DNAPL could spread on the gas bubble surface 

and be mobilized by gas flow. However, there was no clear visual evidence of a NAPL migration 

network in the sand pack, suggesting that the NAPL coatings or films might be too thin to be visible 

after they travelled over a long distance and could only be detected with chemical analysis. The 

development of NAPL fingers could result mainly from the NAPL’s density, as it occurred in the 

LNAPL experiments but not in the DNAPL experiments. Sand layer fracturing also seemed to be 

a very important factor in this bubble-facilitated NAPL migration as it was often associated with 

high DNAPL mass flow.  

5.2 Recommendations  

Experimentally, further studies will be required to investigate other factors such as NAPL viscosity 

and NAPL saturation in the source zone and their effect on NAPL mobilization by gas flow. A 

wider range of NAPL spreading coefficients and gas injection equivalent to the actual ebullition 
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rate in the field will also need to be studied. With respect to numerical modelling, a more detailed 

study will be needed to determine how the straining coefficient is related to porous media properties 

in order to predict long-term performance of a sand cap subject to ebullition and bubble-facilitated 

NAPL transport for contaminated sediment management.   
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Experimental Apparatus  

 
 

 

 

 

Figure A.1: Flow cells used for LNAPL and DNAPL experiments. 
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Figure A.2: Syringe pump and mass flow controller used for gas injection.  
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Interfacial Tension Measurements (Chapter 3) 

Table B.1: Water-air surface tension measurements. 

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 72.26 Water-Air L-Y 25.9 

0-2 72.38 Water-Air L-Y 26.2 

0-3 72.4 Water-Air L-Y 26.2 

0-4 72.06 Water-Air L-Y 26.2 

0-5 72.3 Water-Air L-Y 26.2 

0-6 72.34 Water-Air L-Y 26 

0-7 72.3 Water-Air L-Y 26 

0-8 72.33 Water-Air L-Y 26 

0-9 72.31 Water-Air L-Y 26 

0-10 72.29 Water-Air L-Y 25.9 

0-11 72.31 Water-Air L-Y 26 

0-12 72.29 Water-Air L-Y 26 

0-13 72.31 Water-Air L-Y 26 

0-14 72.27 Water-Air L-Y 26 

0-15 72.28 Water-Air L-Y 26 

0-16 72.27 Water-Air L-Y 26 

0-17 72.28 Water-Air L-Y 26 

0-18 72.29 Water-Air L-Y 26 

0-19 72.27 Water-Air L-Y 26.3 

0-20 72.31 Water-Air L-Y 26.3 

* L-Y indicates the evaluation method using Young-Laplace equation. 
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Table B.2: Soltrol 100-air surface tension measurements. 

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 22.06 Oil-Air L-Y 27.1 

0-2 22.07 Oil-Air L-Y 27.1 

0-3 22.08 Oil-Air L-Y 26.9 

0-4 22.08 Oil-Air L-Y 26.9 

0-5 22.1 Oil-Air L-Y 27 

0-6 22.07 Oil-Air L-Y 27 

0-7 22.11 Oil-Air L-Y 27.1 

0-8 22.09 Oil-Air L-Y 27.1 

0-9 22.08 Oil-Air L-Y 27.1 

0-10 22.09 Oil-Air L-Y 27.1 

0-11 22.11 Oil-Air L-Y 26.9 

0-12 22.11 Oil-Air L-Y 26.9 

0-13 22.09 Oil-Air L-Y 26.9 

0-14 22.07 Oil-Air L-Y 26.9 

0-15 22.08 Oil-Air L-Y 26.9 

0-16 22.08 Oil-Air L-Y 27.2 

0-17 22.08 Oil-Air L-Y 27.2 

0-18 22.12 Oil-Air L-Y 26.9 

0-19 22.09 Oil-Air L-Y 26.9 

0-20 22.08 Oil-Air L-Y 26.9 
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Table B.3: Soltrol 100-water interfacial tension measurements. 

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 47.62 Oil-Water L-Y 26.9 

0-2 47.6 Oil-Water L-Y 27.1 

0-3 47.57 Oil-Water L-Y 27.1 

0-4 47.57 Oil-Water L-Y 27 

0-5 47.63 Oil-Water L-Y 27 

0-6 47.61 Oil-Water L-Y 27 

0-7 47.58 Oil-Water L-Y 27 

0-8 47.6 Oil-Water L-Y 27 

0-9 47.59 Oil-Water L-Y 27 

0-10 47.6 Oil-Water L-Y 27 

0-11 47.6 Oil-Water L-Y 27 

0-12 47.59 Oil-Water L-Y 27 

0-13 47.59 Oil-Water L-Y 27 

0-14 47.6 Oil-Water L-Y 27 

0-15 47.62 Oil-Water L-Y 27 

0-16 47.61 Oil-Water L-Y 27 

0-17 47.57 Oil-Water L-Y 27 

0-18 47.57 Oil-Water L-Y 27 

0-19 47.57 Oil-Water L-Y 27 

0-20 47.58 Oil-Water L-Y 27 
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Table B.4: Heptane-air surface tension measurements. 

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 19.66 Oil-Air L-Y 28.7 

0-2 19.67 Oil-Air L-Y 28.9 

0-3 19.67 Oil-Air L-Y 28.7 

0-4 19.67 Oil-Air L-Y 28.6 

0-5 19.67 Oil-Air L-Y 28.9 

0-6 19.66 Oil-Air L-Y 28.9 

0-7 19.7 Oil-Air L-Y 28.5 

0-8 19.7 Oil-Air L-Y 28.5 

0-9 19.71 Oil-Air L-Y 28.8 

0-10 19.69 Oil-Air L-Y 28.8 

0-11 19.72 Oil-Air L-Y 28.7 

0-12 19.7 Oil-Air L-Y 28.7 

0-13 19.7 Oil-Air L-Y 28.5 

0-14 19.7 Oil-Air L-Y 28.6 

0-15 19.69 Oil-Air L-Y 28.7 

 

 

 

 

 

 

 

 

 

 

 



 

108 

 

Table B.5: Heptane-water interfacial tension measurements. 

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 49 Oil-Water L-Y 28.7 

0-2 48.97 Oil-Water L-Y 28.4 

0-3 48.97 Oil-Water L-Y 28.6 

0-4 48.96 Oil-Water L-Y 28.6 

0-5 48.91 Oil-Water L-Y 28.6 

0-6 48.91 Oil-Water L-Y 28.6 

0-7 48.87 Oil-Water L-Y 28.5 

0-8 48.89 Oil-Water L-Y 28.7 

0-9 48.86 Oil-Water L-Y 28.5 

0-10 48.82 Oil-Water L-Y 28.5 

0-11 48.8 Oil-Water L-Y 28.3 

0-12 48.8 Oil-Water L-Y 28.6 

0-13 48.76 Oil-Water L-Y 28.5 

0-14 48.77 Oil-Water L-Y 28.5 

0-15 48.77 Oil-Water L-Y 28.3 
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Table B.6: Decane-air surface tension measurements.  

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 23.36 Oil-Air L-Y 28 

0-2 23.34 Oil-Air L-Y 28 

0-3 23.35 Oil-Air L-Y 28.4 

0-4 23.33 Oil-Air L-Y 28 

0-5 23.34 Oil-Air L-Y 28.2 

0-6 23.35 Oil-Air L-Y 28.1 

0-7 23.34 Oil-Air L-Y 28.1 

0-8 23.33 Oil-Air L-Y 28.3 

0-9 23.34 Oil-Air L-Y 28 

0-10 23.33 Oil-Air L-Y 28.2 

0-11 23.34 Oil-Air L-Y 28.2 

0-12 23.33 Oil-Air L-Y 28 

0-13 23.35 Oil-Air L-Y 28.1 

0-14 23.34 Oil-Air L-Y 28.2 

0-15 23.34 Oil-Air L-Y 28 

0-16 23.34 Oil-Air L-Y 28 

0-17 23.34 Oil-Air L-Y 28.2 

0-18 23.33 Oil-Air L-Y 27.9 

0-19 23.34 Oil-Air L-Y 28.1 

0-20 23.35 Oil-Air L-Y 28.1 
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Table B.7: Decane-water interfacial tension measurements.  

Run No. IFT [mN/m] System Method Temperature 

[°C] 

0-1 49.32 Oil-Water L-Y 28.3 

0-2 49.25 Oil-Water L-Y 28.5 

0-3 49.14 Oil-Water L-Y 28.6 

0-4 49.03 Oil-Water L-Y 28.3 

0-5 49.2 Oil-Water L-Y 28.6 

0-6 49.39 Oil-Water L-Y 28.6 

0-7 48.88 Oil-Water L-Y 28.4 

0-8 48.87 Oil-Water L-Y 28.6 

0-9 48.8 Oil-Water L-Y 28.6 

0-10 48.7 Oil-Water L-Y 28.6 

0-11 48.71 Oil-Water L-Y 28.5 

0-12 48.62 Oil-Water L-Y 28.5 

0-13 48.54 Oil-Water L-Y 28.5 

0-14 48.49 Oil-Water L-Y 28.5 

0-15 48.3 Oil-Water L-Y 28.4 

0-16 48.3 Oil-Water L-Y 28.6 

0-17 48.25 Oil-Water L-Y 28.4 

0-18 48.19 Oil-Water L-Y 28.3 

0-19 48.15 Oil-Water L-Y 28.6 
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Supplementary Images for LNAPL experiments (Chapter 3) 

     

    

Figure C.1: Unprocessed raw images at indicated times for experiment #1. First row was taken 

during gas injection, and second row was taken during gas relaxation.   
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Figure C.2: Unprocessed raw images at indicated times for experiment #2a. First row was taken 

during gas injection, and second row was taken during gas relaxation.   
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Figure C.3: Unprocessed raw images at indicated times for experiment #2b. First row was taken 

during gas injection, and second row was taken during gas relaxation.   
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Figure C.4: Unprocessed raw images at indicated times for experiment #3a. First row was taken 

during gas injection, and second row was taken during gas relaxation.   
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Figure C.5: Unprocessed raw images at indicated times for experiment #3b. First row was taken 

during gas injection, and second row was taken during gas relaxation.   
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Figure C.6: Unprocessed raw images at indicated times for experiment #4a. First row was taken 

during gas injection, and second row was taken during gas relaxation.   

 

 

 

 

5 s 10 s 15 s 

50 min 24.3 h 66.5 h 



 

117 

   

    

Figure C.7: Unprocessed raw images at indicated times for experiment #4b. First row was taken 

during gas injection, and second row was taken during gas relaxation. 
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Figure C.8: Unprocessed raw images at indicated times for experiment #6. First row was taken 

during gas injection, and second row was taken during gas relaxation. 
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Figure C.9: Unprocessed raw images at indicated times for experiment #7. First row was taken 

during gas injection, and second row was taken during gas relaxation. 
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Supporting Data for PHC Measurements (Chapter 4) 

 

Figure D.1: Calibration curves for experiment #1A* (*A, B, C indicate triplicate experiments).  

 

Table D.1: Supporting data for experiment #1A. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 24 151 4 179 0.7 2.2 2.1 

#2 46 93 2 141 0.9 2.4 3.8 

#3 86 103 3 192 1.0 3.0 4.8 

#4 140 124 2 266 1.0 2.6 6.2 

#5 192 176 4 372 0.8 3.7 6.7 

#6 230 188 4 422 0.8 3.3 7.6 

#7 254 201 5 460 0.8 4.0 7.8 

#8 294 261 7 561 0.8 2.8 9.1 
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Figure D.2: Calibration curves for experiment #1B.  

 

Table D.2: Supporting data for experiment #1B. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 43 71 3 116 0.8 3.1 2.9 

#2 129 138 22 289 0.8 2.7 4.3 

#3 198 149 3 349 1.0 4.2 4.2 

#4 225 161 2 388 0.8 4.0 4.3 

#5 283 204 2 488 0.8 4.9 3.6 

#6 342 244 2 588 0.8 3.7 4.1 

#7 400 284 1 686 0.9 3.5 4.7 

#8 405 310 2 717 0.8 3.6 5.3 
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Figure D.3: Calibration curves for experiment #1C.  

 

Table D.3: Supporting data for experiment #1C. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 38 75 5 119 0.8 2.1 2.1 

#2 85 78 7 170 0.9 3.0 3.2 

#3 148 116 3 267 0.8 3.2 4.2 

#4 250 215 5 470 0.8 3.6 4.8 

#5 284 194 3 481 1.0 3.8 5.0 

#6 330 225 2 557 0.8 4.1 5.1 

#7 277 190 2 469 0.8 4.0 5.2 

#8 299 201 2 502 0.9 4.0 5.3 
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Figure D.4: Calibration curves for experiment #2A.  

 

Table D.4: Supporting data for experiment #2A. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 243 340 11 594 0.6 1.8 2.6 

#2 275 268 10 553 0.7 3.8 3.1 

#3 487 475 15 976 0.6 3.4 4.1 

#4 502 446 12 960 0.6 4.4 4.1 

#5 624 501 3 1128 0.6 4.5 4.0 

#6 715 570 8 1293 0.6 4.5 3.9 

#7 666 615 8 1288 0.7 4.4 3.8 

#8 665 509 0 1174 0.7 4.3 3.9 
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Figure D.5: Calibration curves for experiment #2B.  

 

Table D.5: Supporting data for experiment #2B. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 206 157 NA 363 0.5 3.6 0.9 

#2 317 193 NA 510 0.6 4.3 0.9 

#3 474 370 NA 844 0.7 4.5 0.8 

#4 464 339 NA 803 0.6 4.4 0.7 

#5 512 326 NA 838 0.6 4.4 0.7 

#6 733 541 NA 1274 0.6 4.4 0.7 

#7 696 456 NA 1153 0.6 4.5 0.6 

#8 949 631 NA 1580 0.6 4.4 0.6 
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Figure D.6: Calibration curves for experiment #2C.  

 

Table D.6: Supporting data for experiment #2C. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 411 333 NA 743 0.5 4.0 0.5 

#2 688 556 NA 1244 0.6 4.4 0.4 

#3 683 570 NA 1254 0.7 4.6 0.1 

#4 621 443 NA 1064 0.6 4.4 0.1 

#5 695 491 NA 1187 0.6 4.5 0.0 

#6 729 619 NA 1347 0.6 4.8 0.0 

#7 711 555 NA 1266 0.6 4.5 0.0 

#8 926 593 NA 1519 0.6 4.4 0.0 

 

  



 

126 

 

Figure D.7: Calibration curves for experiment #3A.  

 

Table D.7: Supporting data for experiment #3A. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 696 549 12 1257 0.7 3.5 0.8 

#2 1248 872 0 2119 0.6 4.3 0.9 

#3 1338 976 31 2345 0.6 4.4 0.9 

#4 1729 1218 0 2947 0.6 4.4 0.9 

#5 3305 2514 43 5862 0.6 4.5 0.8 

#6 3185 2492 0 5677 0.6 4.6 0.6 

#7 3913 3165 0 7079 0.6 4.6 0.3 

#8 2866 2006 0 4872 0.7 4.3 0.3 
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Figure D.8: Calibration curves for experiment #3B.  

 

Table D.8: Supporting data for experiment #3B. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 720 500 NA 1221 0.6 3.6 0.8 

#2 759 536 NA 1295 0.7 4.6 0.6 

#3 1478 1000 NA 2478 0.6 4.2 0.7 

#4 2419 1700 NA 4119 0.6 4.4 0.7 

#5 2222 1633 NA 3854 0.7 4.8 0.2 

#6 1988 1442 NA 3430 0.6 4.8 0.0 

#7 2327 1708 NA 4035 0.6 4.8 0.0 

#8 2109 1576 NA 3685 0.8 4.8 0.0 
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Figure D.9: Calibration curves for experiment #3C.  

 

Table D.9: Supporting data for experiment #3C. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 520 495 3 1018 0.5 3.4 1.1 

#2 1232 935 0 2167 0.6 4.4 1.0 

#3 1127 769 0 1896 0.7 5.0 0.3 

#4 1576 1238 0 2814 0.6 4.6 0.1 

#5 1483 1014 0 2498 0.6 4.4 0.1 

#6 1934 1306 0 3240 0.7 4.5 0.0 

#7 1791 1256 0 3047 0.6 4.7 0.0 

#8 1833 1277 0 3109 0.8 4.5 0.0 
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Figure D.10: Calibration curves for experiment #4A.  

 

Table D.10: Supporting data for experiment #4A. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 453 293 4 751 0.5 3.1 1.4 

#2 954 658 3 1615 0.7 4.2 1.5 

#3 1806 1292 11 3109 0.6 4.6 1.2 

#4 2567 2005 18 4590 0.6 4.4 1.2 

#5 2876 2254 12 5142 0.6 4.6 1.0 

#6 2649 2008 12 4669 0.7 4.4 0.9 

#7 2972 2178 12 5161 0.6 4.5 0.9 

#8 4080 2952 11 7042 0.6 4.5 0.8 
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Figure D.11: Calibration curves for experiment #4B.  

 

Table D.11: Supporting data for experiment #4B. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 334 247 1 582 0.7 3.6 0.7 

#2 454 354 0 808 0.6 4.0 1.1 

#3 3522 2689 0 6210 0.7 4.4 1.0 

#4 1448 1086 0 2534 0.6 4.8 0.6 

#5 718 516 0 1234 0.6 4.4 0.6 

#6 1427 1047 0 2474 0.6 4.6 0.4 

#7 2097 1563 0 3659 0.6 5.0 0.0 

#8 1680 1242 0 2922 0.8 4.4 0.0 
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Figure D.12: Calibration curves for experiment #4C.  

 

Table D.12: Supporting data for experiment #4C. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 145 91 3 239 0.5 3.4 1.1 

#2 297 234 0 531 0.6 4.6 0.8 

#3 564 413 0 976 0.6 4.6 0.6 

#4 979 716 0 1695 0.6 4.6 0.4 

#5 1396 1059 0 2455 0.6 4.6 0.2 

#6 1423 1111 0 2534 0.6 4.6 0.0 

#7 1737 1268 0 3005 0.6 4.6 0.0 

#8 2379 1738 0 4117 0.8 4.2 0.0 
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Figure D.13: Calibration curves for experiment #6.  

 

Table D.13: Supporting data for experiment #6. 

Sample F2 

(μg/g) 

F3 

(μg/g) 

F4 

(μg/g) 

Sum 

(μg/g) 

Heptane 

vaporized 

(mL) 

Heptane 

sampled 

(mL) 

Heptane left 

in cell 

 (mL) 

#1 55 91 7 152 0.8 3 1.2 

#2 24 36 5 64 0.9 3.4 1.9 

#3 6 7 2 15 0.8 5.0 1.2 

#4 0 0 0 0 0.8 3.6 1.8 

#5 0 0 0 0 0.8 4.2 1.8 

#6 0 0 0 0 0.7 4.4 1.7 

#7 0 0 0 0 0.8 3.8 2.1 

#8 0 0 0 0 1.0 4.4 1.7 
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Supplementary Images for Creosote experiments (Chapter 4) 

     

Figure E.1: Unprocessed raw images at indicated times for experiment #1.  

 

     

Figure E.2: Unprocessed raw images at indicated times for experiment #2.  
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Figure E.3: Unprocessed raw images at indicated times for experiment #3.  

 

   

Figure E.4: Unprocessed raw images at indicated times for experiment #4.  
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Supporting Data for PAH Measurements (Chapter 4) 

 

Figure F.1: Compositional percentages of PAHs in source creosote and sample S-2, S-8, and S-97. 


