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Abstract 

The dissolution of residual, or trapped, light non-aqueous phase liquid (LNAPL) is an 

important process that controls, in part, many LNAPL contaminated site remediation. 

Smear zones can be created in LNAPL source zones by water table fluctuation, trapping 

both residual LNAPL and gas below the water table to create a three-phase gas-LNAPL-

water system. Two sets of laboratory experiments were conducted in this study to 

investigate the effect of trapped gas on the distribution and dissolution of trapped LNAPL. 

The first set involved visualization experiments where heptane was spilled in a two-

dimensional (2-D) cell. Observations suggested that both heptane and air were trapped 

during an experiment with a large water table fluctuation, and consisted of singlets, 

doublets and multi-pore ganglions. Heptane was distributed as very thin films around most 

of the trapped air, and as discontinuous lenses, most of which were connected to air. The 

second set of experiments consisted of toluene dissolution experiments in short one 

dimensional (1-D) columns. Results showed that toluene dissolution was faster in an air-

toluene-water system than in a toluene-water system. Toluene concentrations in the three-

phase system were high during the early period of the dissolution, and dropped rapidly 

after 150-250 pore volumes, followed by long tailing concentrations. The increased 

toluene-water interfacial area associated with toluene films or layers in the three-phase 

system might be responsible for the observed dissolution behaviour. Toluene 

concentrations during dissolution from the two-phase system declined more slowly, and 

were consistently higher than those in the three-phase experiments. Modelling showed that 

existing two-phase empirical dissolution models, when applied to a three-phase system, 

over-predict early toluene concentrations, and significantly under-predict the later toluene 
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concentrations and the time required for dissolution. The lumped mass transfer coefficient, 

based on the best fit of a general power law model, was found to be orders of magnitudes 

higher for dissolution in the three-phase system than that for the two-phase system. In 

conclusion, trapped LNAPL dissolution in the presence of trapped gas is substantially 

different than that which occurs without any gas phase, and predictions of natural 

attenuation and remediation performance made using two-phase models will be misleading. 
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Chapter 1 

Introduction 

1.1 Introduction 

Groundwater is the major freshwater resource in many parts of the world for municipal, 

agricultural and industrial purposes. Contamination of groundwater by hazardous waste 

due to improper disposal or accidental release poses a potential threat to the supply of fresh 

water which can endanger the environment and human health. The United States has more 

than 77,000 contaminated sites, with estimated expenditures of $6-8 billon per year to 

identify, characterize and clean up these sites (USEPA, 2004). 

Light Non-Aqueous Phase Liquids (LNAPLs) are organic liquids that have a density 

less than that of water, for example gasoline, diesel fuel, crude oil, and BTEX (benzene, 

toluene, ethylbenzene, xylene) compounds. Due to their low solubility, many LNAPL 

sources can persist for decades, producing concentrations in groundwater above water 

quality standards. The migration and distribution of LNAPL at the field scale depends on 

several factors including volume released, release rate, LNAPL properties and soil 

properties. Once spilled, LNAPL moves downward through the unsaturated zone, and three 

major forces act on its movement: capillary, viscous and buoyancy forces (e.g. Mercer and 

Cohen, 1990; Wilson et al., 1990). During migration, LNAPL will leave residual blobs in 

the pore spaces held by capillary forces. A large spill will eventually reach the water table 

where its vertical movement is limited by its density and, therefore, it spreads laterally. The 

distribution of LNAPL in the vicinity of the water table has been previously conceptualized 

as floating like a pancake (Lenhard and Parker, 1990; Newell et al., 1995). However, 

studies by Lenhard and Parker (1990) and Farr et al. (1990) showed that LNAPL saturation 
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in the vicinity of water table can vary with depth, and that LNAPL can occupy the pore 

spaces in the porous medium below the water table. 

A rise in the water table can entrap LNAPL as residual blobs in the porous medium 

below the new water table (Lenhard et al., 1993; Van Geel and Sykes, 1997; Dobson et al., 

2007), and as a result, LNAPL pools can undergo smearing due to fluctuation of the water 

table (e.g. Newell et al., 1995; Reddi et al., 1998; Dobson et al., 2007; Yadav and 

Hassanijadeh, 2011). Seasonal water table fluctuations, pumping activities or groundwater 

recharge events can create smear zones and contaminate previously uncontaminated 

regions of the saturated and unsaturated zones. The immobile LNAPL blobs in smear zones 

in porous media are very difficult to mobilize, and can create a long-term source of 

pollution as they partition slowly into the aqueous and vapor phases (Powers et al., 1992; 

Reddi and Pant, 1998). Many remediation technologies rely on the dissolution of NAPL 

into water, and clean up time during site remediation or monitored natural attenuation 

(MNA) is dictated by the dissolution of residual NAPL. In this regard, the dissolution 

process and the factors affecting dissolution should be properly understood and accurately 

incorporated into numerical models. 

Significant experimental and modelling studies of NAPL dissolution in two-phase 

NAPL-water systems has been undertaken over the past two decades involving laboratory 

investigation in short one-dimensional columns (e.g. Miller et al., 1990; Powers et al., 

1992; Geller and Hunt, 1993; Imhoff et al., 1994; Powers et al., 1994) or two-dimensional 

flow cells (e.g. Saba and Illangasekare, 2000; Nambi and Powers, 2003) as well as field-

scale modeling (e.g. Mayer and Miller, 1996; Frind et al., 1999; Parker and Park, 2004). 

These studies elucidated many important factors associated with NAPL dissolution. One of 
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the major observations was the prevalence of diffusion-limited conditions, which produced 

dissolved volatile organic compounds (VOC) concentrations below NAPL solubility limits, 

especially in  heterogeneous media (e.g. Mayer and Miller, 1996; Nambi and Powers, 

2003). This observation had led researchers to often adopt a non-equilibrium linear driving 

force model that depends on the NAPL concentration gradient and the NAPL-water 

interfacial area (e.g. Miller et al., 1990;  Powers et al., 1992; Powers et al., 1994; Saba and 

Illangasekare, 2000; Nambi and Powers, 2003). However, due to the complexity of 

experimentally determining the NAPL-water interfacial areas, a lumped mass transfer 

coefficient has been used in those studies, which described dissolution using a 

dimensionless modified Sherwood number and did not account for interfacial area 

explicitly. The measured Sherwood number was then fit to empirical power law models 

known as correlation models. NAPL saturation has been used in those correlation models 

as a surrogate of the NAPL-water interfacial area. Although the complex geometry of the 

NAPL ganglia is not captured by the saturation (Khachikian and Harmon, 2000), these 

correlation models were successful in predicting residual NAPL dissolution in the systems 

under which they were calibrated. However, variation among the predicted mass transfer 

rates between correlation models was observed when applied to the same systems (Grant 

and Gerhard, 2004; Maji and Sudicky, 2008; Kokkinaki et al., 2013). Nevertheless, the 

correlation models are still extensively used in numerical models to predict NAPL 

dissolution in two-phase NAPL-water systems.  

In addition to trapping residual LNAPL, water table fluctuations can also trap air 

below the water table (e.g. Fry et al., 1995; Ryan, 2000; Williams and Oostrom, 2000; 

Dunn and Silliman, 2003; Marinas et al., 2013). When an LNAPL pool rises along with a 
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rise in the water table, with or without an initial drop in the water table, both LNAPL and 

air can become trapped in the smear zone (Lenhard et al., 1993; Van Geel and Sykes, 1997; 

Dobson et al., 2007). Therefore a smear zone can be a three-phase LNAPL-air-water 

system. The presence of a gas phase affects the distribution of LNAPL at the pore scale, 

and will be different than the LNAPL distribution in a two-phase LNAPL-water system. In 

a three-phase system, a spreading NAPL will form a thin continuous NAPL film of 

molecular thickness between the water and gas (e.g. Leverett, 1941; Wilson, 1992; 

Adamson, 1997; Fenwick and Blunt, 1998) and a non-spreading NAPL will form a thinner 

(nanometers across) NAPL film between the water and gas, with excess NAPL remaining 

connected to the film as discontinuous droplets (e.g. Adamson, 1997; Zhou and Blunt, 

1997; Fenwick and Blunt, 1998; Oostrom et al., 2003). Also, the existence of stable NAPL 

layers (several microns across) in the crevices of pores for non-spreading NAPL has also 

been noted by several investigators (e.g. Haiden and Voice, 1992; Dong et al., 1992; Keller 

et al., 1997; Zhou and Blunt, 1997, Fenwick and Blunt, 1998). A NAPL film will have a 

large NAPL-water interfacial area available for dissolution (Wilson, 1992; Bradford et al., 

1999) compared to the interfacial area of NAPL blobs in a two-phase system with the same 

NAPL saturation. As a result, faster LNAPL dissolution is possible in smear zones 

containing trapped LNAPL and gas compared to LNAPL dissolution in a two-phase 

LNAPL-water system.  

There has been limited study of LNAPL dissolution in smear zones. Reddi et al. 

(1998) and Dobson et al. (2007) investigated LNAPL mass transfer in the smear zone but 

the potential effect of trapped gas phase was not considered. There is no smear zone study 

that has compared the dissolution of LNAPL layers or films in three-phase systems to the 
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dissolution of LNAPL blobs in two-phase systems. Moreover, no empirical correlation 

model has been presented in the literature that represents NAPL dissolution in a three-

phase NAPL-water-gas system and involves NAPL films or layers instead of NAPL blobs, 

and none of the existing two-phase correlations have been tested for NAPL dissolution in 

three-phase systems. 

1.2 Research Objectives 

The aims of this research study were to investigate residual LNAPL dissolution from smear 

zones with and without trapped gas phase, and to test existing two-phase NAPL correlation 

models to predict LNAPL dissolution in three-phase smear zones. Distinct research 

objectives were to: 

(i) demonstrate differences in the distribution of LNAPL in smear zones with and 

without a trapped gas phase 

(ii) measure LNAPL dissolution from smear zones with and without a trapped gas 

phase, and 

(iii) assess the applicability of existing two-phase empirical dissolution models in 

predicting LNAPL dissolution in three-phase smear zones with a trapped gas 

phase.  

This research will (i) improve our understanding of LNAPL dissolution in realistic 

smear zones by identifying differences between dissolution rates with and without a 

trapped gas phase, and (ii) help inform practitioners about the utility of applying  two-

phase empirical dissolution models to simulate three-phase systems. 
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1.3 Organization of Thesis 

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

NAPL and gas entrapment processes in the saturated zone, trapped NAPL and trapped gas 

dissolution in two-phase systems, NAPL and gas in three-phase systems, and smear zones. 

Chapter 3 is planned for submission to the Journal of Contaminant Hydrology as an 

original research paper. It presents two sets of laboratory experiments. The first set is a 2-D 

bench-scale experiment to create smear zones and to visually assess the distribution of 

LNAPL. The second set of experiments involves the dissolution of trapped LNAPL in a 1-

D column with and without a trapped gas phase. Chapter 4 includes a concluding summary 

and discussion of the results, as well as recommendations for future work. As a result of the 

manuscript format, the reader may find duplication between Chapter 1 and the introduction 

section of Chapter 3, between the literature review of Chapter 2 and the background section 

of Chapter 3 and between the conclusion section of Chapter 3 and Chapter 4.  The 

appendix contains supplemental photos from two sets of experiments performed, laboratory 

steps for emplacing NAPL in the 1-D column with and without a trapped gas phase, data 

regarding emplacement in the 1-D column, and data from the analysis of toluene by gas 

chromatography. Co-authorship of Chapter 3 is detailed in the front matter.  
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Chapter 2 

Literature Review 

2.1 Two-phase Non-Wetting Fluid Entrapment in the Saturated Zone 

2.1.1 NAPL Entrapment 

Non-wetting fluid, including gas and non-aqueous phase liquid (NAPL), can be trapped in 

both the unsaturated zone and the saturated zone. NAPL that is released at ground surface 

or in the shallow unsaturated zone progresses downward through the unsaturated zone due 

to gravity, and leaves a residual saturation trapped in the pore spaces by capillary forces. 

Residual saturation is the saturation of a wetting or non-wetting phase at which it becomes 

discontinuous. When spilled in sufficient amount, LNAPL continues to move downward 

until it reaches the capillary fringe, where it accumulates and spreads laterally. When 

spilled, dense non-aqueous phase liquid (DNAPL) continues to move below the water 

table, displacing water (the wetting fluid) until it reaches a capillary barrier. During this 

migration in either the unsaturated or saturated zone small blobs of NAPL become trapped 

in the pore spaces when capillary forces overcome viscous and gravity forces. Trapped 

NAPL in the unsaturated zone is usually treated as a three-phase system where NAPL 

remains in the pore space with a continuous air phase and some residual water (Figure 

2.1a). Trapped NAPL in the saturated zone is usually treated as a two-phase system where 

NAPL in the pore space is occluded by water (Figure 2.1b). Trapped NAPL can constitute 

15 to 50% of the pore space in the saturated zone and 10 to 20% in the unsaturated zone 

(Mercer and Cohen, 1990). 
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Figure 2.1: Non-wetting phase residuals: (a) In the unsaturated zone; (b) in the saturated zone 

(after Kueper et al., 2003). 

The entrapment of non-wetting fluid in the saturated zone within a representative 

elementary volume (REV) can be described using capillary pressure-saturation 

relationships.  When NAPL displaces water (drainage), the water saturation decreases and 

capillary pressure increases until the water saturation reaches a minimum value referred to 

as the irreducible water saturation. When water displaces NAPL (imbibition), such as when 

water flows through the location of a recent NAPL spill, the NAPL saturation decreases 

and the capillary pressure increases until a minimum non-wetting phase saturation is 

achieved.  This non-wetting phase is trapped by the wetting phase, and is referred to as the 

residual non-wetting phase saturation. Figure 2.2 shows an example of two-phase capillary 

pressure-saturation curves for primary drainage, secondary drainage, and secondary 

imbibition. 

At the pore scale, capillary trapping of non-wetting fluids occurs as a result of two 

major mechanisms- snap off and bypassing (Chatzis et al., 1983; Wilson et al., 1990; 

Mercer and Cohen, 1990). Snap off occurs in high aspect ratio pores where the non-wetting 

phase is displaced by the wetting phase that continues to go into the throats from the pore  
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Figure 2.2: Capillary pressure-Saturation curve (adapted from Ch. 4, Remediation Hydraulics). 
 

body and disconnects the continuous non-wetting phase in the pore body. Figure 2.3 shows 

the occurrence of snap off for much larger pore bodies than pore throats. Bypassing occurs 

when wetting fluid flow through smaller pores disconnects the non-wetting fluid, causing 

NAPL ganglia to be trapped in clusters of large pores surrounded by smaller pores (Mercer 

and Cohen, 1990). Figure 2.4 shows an example of trapping by bypassing. Bypassing is 

more prevalent in heterogeneous porous media (Wilson et al., 1990). Generally, snap off 

creates single pore blobs while bypassing creates multipore blobs. 

At NAPL-contaminated sites, residual NAPL can be created from pooled NAPL by several 

mechanisms, including water table fluctuation, pool dissolution and volatilization, which 

decrease NAPL saturation and increase water saturation.  These mechanisms can be the 
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Figure 2.3: Non-wetting residual formation by snap of (adapted from Wilson et al., 1990). 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Non-wetting residual formation by bypassing (adapted from Wilson et al., 1990). 

 

 

result of natural processes or remediation. The presence of residual NAPL is an important 

consideration in the assessment of risk or the design of remediation approaches at NAPL-

contaminated sites because their slow dissolution into groundwater can serve as a long-

term source of groundwater contamination.  The dissolution of residual NAPL is discussed 

in section 2.2. 
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2.1.2 Gas Entrapment 

Trapped gas refers to disconnected or discontinuous gas bubbles that can occupy a single 

pore or multiple pores in porous media. Sometimes the term gas cluster is used for 

disconnected gas that occupies multiple pore bodies (Mumford et al., 2008). Figure 2.5 

shows an example of a discontinuous gas phase in a porous medium. This trapped gas 

phase can occur below the water table through a number of mechanisms including water 

table fluctuation, microbial activity, denitrification, depressurization or site remediation  

activities such as in-situ air sparging, gas injection for bioremediation, and in situ thermal 

treatment (e.g. Roy and Smith, 2007; Mumford et al., 2008; Marinas et al., 2013). 

 

 

 

 

 

 

 

 

Figure 2.5: Trapped gas phase in porous media (after Mumford et al., 2009). 

 

Similar to NAPL-water systems, discontinuous gas phase can be created by snap off 

and bypass mechanism. At the macroscopic scale, in a two-phase multiphase flow system 

of either gas-water or gas-NAPL, movement of non-wetting gas within porous media is 

similar to the movement of NAPL in a NAPL-water system. That is, during drainage gas 
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displaces water or NAPL into the smaller pores, which eventually leads to the formation of 

a wetting phase residual. In this process the gas phase remains continuous. During water or 

NAPL imbibition gas is displaced until trapped (residual) gas is formed. Capillary 

pressure-saturation curves, like the one shown in Figure 2.2, can also be developed for gas-

NAPL or gas-water systems. 

      Flow and mass transfer processes can be affected by the presence of trapped gas.  For 

example, trapped gas significantly reduces the hydraulic conductivity of water flowing 

through porous media (e.g. Christiansen, 1944; Ronen et al., 1989; Faybishenko, 1995; Fry 

et al., 1997; Ryan et al., 2000; Marinas et al., 2013). Also, Williams and Oostrom (2000) 

showed an increase in dissolved oxygen gas concentration due to trapped air created by 

water table fluctuation.  Trapped gas has also been shown to cause retardation of dissolved 

gases and volatile contaminants (Fry et al., 1995; Donaldson et al., 1997; Cirpka and 

Kitanidis, 2000; Geistlinger et al., 2005).   Recently, the expansion, fragmentation and 

mobilization of a disconnected gas phase has been shown to affect mass transfer with (e.g. 

Roy and Smith, 2007; Mumford et al., 2008) or without (e.g. Zhao and Ioannidis, 2011) the 

presence of a NAPL. The role of discontinuous gas phases in groundwater systems is 

receiving increased attention in the literature, particularly with respect to multi-component 

gases (Mumford et al., 2008). 

2.2 Mass Transfer from Trapped NAPL 

Mass transfer is the movement of mass from one phase to another, from one place to 

another or within different parts of a single phase, and is driven by differences in chemical 

potential. Mass transfer takes place everywhere and in several forms. Here, our focus is on 

the mass transfer from trapped NAPL to flowing groundwater in porous media. Mass 
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transfer from residual NAPL in groundwater has been usually described as either an 

equilibrium process or a diffusion-controlled rate-limited process. The following sections 

describe these two processes. 

2.2.1 Local Equilibrium Assumption  

A local equilibrium assumption (LEA) uses the equilibrium partitioning relationship 

between the NAPL and the aqueous phase to estimate the NAPL mass transfer in water. 

That is, the concentration of the dissolved volatile organic compound (VOC) from the 

NAPL in the groundwater at the source corresponds to the NAPL solubility value and the 

mass transfer is assumed to occur instantaneously. The LEA requires definition of the 

"local" scale, or REV, over which the assumption is applicable and quantification of the 

volumes of the two fluids that are equilibrated (Nambi and Powers, 2003). Miller et al. 

(1990) and Imhoff et al. (1994) noted that the size of the local scale is generally on the 

order of a few centimeters. In modelling studies, Mayer and Miller (1996) and Frind et al. 

(1999) found that for homogenous media, the dissolution process was near equilibrium. 

However, Mayer and Miller (1996) found that concentrations were below equilibrium for 

heterogeneous media. Powers et al. (1991) concluded that small contact time, small NAPL 

saturation and large blobs will result in non-equilibrium dissolution. In laboratory 

experiments, non-equilibrium is achieved by using short columns with high aqueous phase 

velocity (e.g. Miller et al., 1990; Powers et al., 1992; Powers et al., 1994). Modeling 

studies of residual NAPL dissolution have shown that significantly longer times were 

required for NAPL dissolution under rate-limited conditions compared to estimates based 

on the LEA (e.g. Mayer and Miller, 1996; Grant and Gerhard, 2004).  
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2.2.2 Rate Limited Dissolution 

The rate-limited or non-equilibrium approach is controlled by diffusion from the NAPL-

water interface to the flowing groundwater, where the concentration of VOC in the 

groundwater is below its solubility limit. This process is also known as the kinetic model, 

diffusion-limited model or stagnant film model and has been used by several researchers 

(e.g. Hunt et al., 1988; Miller et al., 1990; Powers et al., 1992; Imhoff et al., 1994). In this 

model (Figure 2.6), VOC is transferred from the NAPL to the aqueous phase by diffusion 

through a stagnant film. Slow diffusion through this stagnant boundary layer can prevent 

VOC concentrations from reaching solubility values in the flowing groundwater.  

 

 

 

 

 

 

 
Figure 2.6: Stagnant film model (after Frind et al., 1999). 

 

The rate-limited mass transfer can be described using a driving force and an interfacial 

area between the two-phases of concern (Miller et al., 1990) and is often represented as: 

                                                       J = kl anw (Cs - C)                                                        (2.1) 

where J is the mass flux of VOC from non-aqueous to aqueous phase (gm/cm3.s), kl is the 

average mass transfer coefficient at the wetting and non-wetting interface (cm/s), anw is the 

δ 

Cs 

C 

 



19 
 

specific interfacial area between wetting and non-wetting phase per unit volume of porous 

medium (cm2/cm3), Cs is the solubility concentration of VOC (mg/L) and C is the VOC 

concentration in bulk aqueous phase (mg/L). 

2.2.3 Correlation Models 

The specific interfacial area between the non-aqueous and aqueous phases in equation 2.1 

is very difficult to evaluate because of its microscopic, transient and system-specific nature. 

Although several new experimental and theoretical techniques have been developed to 

measure interfacial area such as magnetic resonance imaging or synchrotron-based 

computed microtomography, interfacial tracer technique, capillary tube model or pore 

network model, these techniques are often tedious, expensive and subject to other 

limitations (Dalla et al., 2002; Raeesi and Piri, 2009). This limitation has led to researchers 

(e.g. Miller et a., 1990; Powers et al., 1992; Imhoff et al., 1994; Saba and Illangasekare, 

2000) to implement the stagnant boundary layer model using a lumped mass transfer 

coefficient  that combines the average mass transfer coefficient  and the specific interfacial 

area as:   

                                                             J = Kl (Cs - C)                                                      (2.2) 

where Kl is the lumped mass transfer coefficient (s-1). Several researchers (Miller et al., 

1990; Powers et al., 1994; Gellar and Hunt, 1993; Imhoff et al., 1993; Powers et al., 1994; 

Saba and Illangasekare, 2000; Nambi and Powers, 2003) have proposed empirical 

relationships for the rate-limited dissolution of residual NAPL in porous media, which are 

known as correlation models. Table 2.1 shows six NAPL correlation models, and Table 2.2 

shows the experimental conditions under which the correlation models were developed. 

These studies characterized experimental Kl using a dimensionless modified Sherwood 
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number: 

                                                            Sh=                                                                 (2.3) 

where d is the mean grain size (cm), and Dm is the molecular diffusion coefficient of the 

NAPL in water (cm2/s).The correlation models relate the modified Sherwood number to 

other dimensionless groupings such as the Schmidt, Peclet and Reynolds numbers. Table 

2.3 shows commonly used dimensionless numbers in NAPL transport and dissolution 

studies. 

Table 2.1: Residual NAPL dissolution correlation models 
 

Reference Correlation Valid conditions* System 
 

Miller et al., 1990 
 

Sh= 12Re
0.75Өn

0.6Sc
0.5 

 

 
Re = 0.005–0.1; 

Sn = 0–0.21 

 
1-D 

 
Powers et al., 1992 

 
Sh= 57.7Re

0.61d50
0.64Ui

0.41 
 

0.012< Re<0.2 
 

1-D 
 

Imhoff et al., 1994 
 

Sh= 340Өn
0.87Re

0.71(d50/x)0.31 
 

Re = 0.0012–0.021; 
Sn = 0–0.16 

 
1-D 

 
Powers et al., 1994 

 
Sh= 4.13Re

0.598δ0.673Ui
0.369(Өn/ Өno)β4 

 
Re = 0.034–0.588; 
Sn = 0.001–0.197 

 
1-D 

 
Saba and 

Illangasekare, 2000 

 
Sh= 11.34Re

0.2767Sc
0.33(d50 Өn/τL)1.037 

 
Re = 0.0015–0.01; 

Sn avg = 0.22 

 
2-D 

 
Nambi and Powers, 

2003 

 
Sh= 37.15Re

0.61Sn
1.24 

 
Re = 0.018–0.134; 

Sn = 0.01–0.35 

 
2-D 

 

 

 

The correlation models are highly dependent on the experimental conditions under 

which they were derived (Khachikian and Harmon, 2000; Grant and Gerhard, 2004; 

Kokkinaki et al., 2013a). Different correlation models were developed under different 

experimental conditions (See Table 2.2). As such, the input parameters and mass transfer  

Note: Sh, modified Sherwood number; Re, Reynolds number; Өn, NAPL volumetric content; Sc, 
Schmidt number; d50, mean grain size; Ui, uniformity coefficient of porous medium; x, distance 
into the cell where dissolution occurring; δ = d50/0.05; Өno, initial NAPL volumetric content; τ, 
tortuosity; L, path length inside contaminated zone; Sn, NAPL saturation. 
*After Kokkinaki et al. (2013a) 
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Table 2.2: Experimental conditions employed during correlation model formulation. 

        Note: L, length; H, height; W, width; I.D., inside diameter; TCE, trichloroethene. 

 

rates are different. The variability in correlation models may be due to variability in 

saturation, porous media properties, NAPL properties, dimensionality, sampling methods 

and data analysis methods used to calibrate individual models. For example, only Powers et 

al. (1994) analyzed transient NAPL dissolution and used a time dependent NAPL 

saturation term in their correlation; only Nambi and Powers (2003) used heterogeneous 

porous media; only Powers et al. (1992) do not have any saturation or volumetric content 

term; only Miller et al. (1990) and Nambi and Powers (2003) do not have any porous 

media property term; only Saba and Ilangasekare (2000) and Nambi and Powers (2003) 

used a two-dimensional system; only Imhoff et al. (1994) and Saba and Illangasekare 

(2000) included the effect of length of source zone on the dissolution behaviour.  Imhoff et 

al. (1994) compared the Sherwood number prediction from the work of Miller et al. (1990),  

Reference NAPL Cell 
dimension 

Porous medium 
properties 

Miller et al., 1990 Toluene; 
Sn 2.6% to 21.5% 

L 9.0 cm; 
I.D. 2.5 cm 

Glass beads; 
d50 0.02 to 0.065 cm; 
Porosity 0.39 to 0.41 

Powers et al., 1992 Styrene and TCE; 
Sn 8.4% to 18.5% 

L 3 to 5 cm; 
I.D. 5.5 cm 

Sand; 
d50 0.045 to 0.12 cm; 

Porosity 0.327 to 0.392; 
Ui 1.19 to 3.46 

Imhoff et al., 1994 TCE; 
Өn ≤ 4% 

L 3 to 7 cm; 
I.D. 8.25 cm 

Silica; 
d50 0.03 to 0.042 cm; 

X 0.1 to 3.5 cm; 
Powers et al., 1994 Styrene, TCE; 

Өn 3.9% to 6.5% 
L 3 to 5 cm; 
I.D. 5.5 cm 

Sand; 
d50 0.045 to 0.12 cm; 
Porosity 0.34 to 0.40; 

Ui 1.19 to 2.42; 
β4=0.518+0.114δ+0.1Ui 

Saba and 
Illangasekare, 2000 

Para-xylene; 
Sn 22% 

L 220 cm; 
H 110 cm; 
W 5.08 cm 

Sand; 
d50 0.049; 

Porosity 0.40; 
Tortuosity 2 

Nambi and Powers, 
2003 

o-toluedene; 
10%< Sn<35% 

 

L 17.8 cm; 
H 12 cm; 
W 2.9 cm 

1.5 to 3 cm coarse sand lens 
surrounded by fine sand; 

d50 0.036 to 0.15 cm 
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Table 2.3: Typical dimensionless numbers. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: Kl, lumped mass transfer rate coefficient; dp, mean grain size or average diameter of  
NAPL blobs; vw, aqueous phase velocity; ρw, density of water; μw, viscosity of water; Dm, NAPL 
diffusivity in water; qw, darcy flux; σ, NAPL-water interfacial tension; g, acceleration due to 
gravity. 

 

Powers al. (1992) and Geller and Hunt (1993) and found orders of magnitude difference 

under the same conditions, and attributed this difference to different laboratory methods of 

establishing residual saturations. Grant and Gerhard (2004) simulated the mass removal 

rate from a source containing Dicholoroethane (1,2-DCA), as either residual or as an 

emplaced pool in 1-D homogeneous and 2-D heterogeneous systems, respectively, using 

different correlation models and observed significant difference in the predicted time 

Dimensionless numbers Acting forces Expression 

Sherwood Number 
 

Ratio of interface mass transfer rate 
to the diffusion rate 

Sh = 	  

Reynolds Number 
 

Ratio of inertial forces to the 
viscous forces 

Re = 	 	  

Schmidt  Number 

 

Ratio of viscous forces to the  

diffusional forces 

Sc = 
	

 

Peclet  Number 

 

Ratio of advective forces to the 

diffusional forces 

Pe = Re Sc = 	  

Capillary  Number 

 

Ratio of viscous forces to capillary 

forces 

Ca = 	  

Bond Number 

 

Ratio of buoyancy forces to 

capillary forces 

NB = 	 	  



23 
 

required to completely dissolve the DNAPL source zone.  Similar discrepancy was also 

noted by Khachikian and Harmon (2000) in a review study. In Figure 2.7, modified 

Sherwood numbers from six correlation models were plotted as a function of Reynolds 

number (Re), mean diameter of the particle (d50) and NAPL volumetric content (θn) using  

the same porous medium and NAPL properties for all. All parameters other than the one 

used in each of the sensitivity analysis (Re, d50, or θn) were held constant. The modified 

Sherwood number, representing a dimensionless mass transfer rate, was found to increase 

with increasing Reynolds number or aqueous phase velocity (Figure 2.7a) and with 

increasing particle diameter (Figure 2.7b). The modified Sherwood number was found to 

decrease with decreasing residual NAPL content (2.7c), which would result in slower 

dissolution as the residual NAPL dissolves. However, in all comparisons, mass transfer 

rates were orders of magnitude different between models. In all cases, Miller et al. (1990) 

and Saba and Illangasekare (2000) produced highest and lowest modified Sherwood 

numbers, which would produce the fastest and the slowest dissolution rates, respectively.  

This is consistent with previous observations of Mayer and Miller (1996), Grant and 

Gerhard (2004) and Kokkinaki et al. (2013a). 

Maji and Sudicky (2008) simulated NAPL dissolution in heterogeneous porous media 

at the field scale. In contrast to previous works, they found that the predicted time to 

dissolve TCE DNAPL was similar when the Miller et al. (1990), Geller and Hunt (1993), 

Powers et al. (1994) or Imhoff et al. (1994a) correlations were used. However, they 

observed that the predicted time using the Nambi and Powers (2003) correlation was twice 

the time required by others and significantly longer time was required by with Saba and 

Illangasekare (2000) correlation. The similarity of the three models might be due to the  
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Figure 2.7: Sensitivity of Sherwood number in different 
correlation models. (a) With Reynolds number; (b) with mean 
diameter of the porous media particle and (c) with residual 
NAPL content. 
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mass transfer limitations associated with low velocities used in the model (Kokkinaki et al., 

2013a). Kokkinaki et al.  (2013a) also performed simulations using published correlations 

for a complex three-dimensional source zone dissolution containing pooled and residual 

1,3,5-trifluorobenzene (TFB) and found that all the correlation models underpredicted the 

effluent concentration and overestimated the time required for DNAPL dissolution. Despite 

differences in the coefficients and exponents among the empirical models, the authors 

found similar effluent concentrations were predicted by the Saba and Illangasekare (2000) 

and Nambi and Powers (2003) models, and by the Powers et al. (1994) and Imhoff et al. 

(1994) models. Following rigorous analysis of the correlation models, the authors 

concluded that a model’s performance depends on the source zone architecture and the 

hydrodynamics of the system. They also concluded that correlation models may not 

necessarily provide accurate estimates of the mass transfer rate if they are applied to a 

system that is different than the system for which the models were calibrated, even if they 

are applied within their applicability ranges, and that models with better predictions in one 

system may not perform well in other systems.  

As suggested by Equation 2.1, the dissolution rate for residual NAPL in the saturated 

zone depends on the available NAPL-water interfacial area. Different dissolution rates 

associated with different porous media, NAPLs, and hydraulic properties are the result of 

the effect of those properties on the interfacial area or on the thickness of the NAPL 

layer/film available for dissolution. Successful prediction of dissolution behavior depends, 

in part, on how accurately the dissolving interfacial area is accommodated in the model.  

Most of the available correlation models (Table 2.1) have used NAPL saturation or 

volumetric content as a surrogate for the interfacial area and were successful in predicting 
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their experimentally observed dissolution behavior. However, the correlations, as discussed 

in the previous section, were unsuccessful in predicting dissolution in other systems with 

different porous media, saturations or dimensions. Grant and Gerhard (2007a)) developed a 

thermodynamically based explicit interfacial area model to directly include interfacial area 

in NAPL dissolution simulations. The model predicts the NAPL-water interfacial area as a 

function of the capillary pressure-saturation relationship of the fluid pair, and was able to 

predict interfacial areas during drainage and imbibition. It was also designed to include the 

effective interfacial area that is in contact with water (i.e. excluding the non-wetting fluid 

area covered by solid).  Grant and Gerhard (2007b) tested this interfacial area based model 

using data from a bench-scale 2-D experiment that investigated the dissolution of a 

complex DNAPL source containing pooled and residual (1,2-DCA) dichloroethane, and 

found a better match than when they used the local equilibrium assumption or the Saba and 

Illangasekare (2000) correlation. Kokkinaki et al. (2013a) also used the interfacial area 

based thermodynamic model to simulate published experimental dissolution of a three-

dimensional source zone and found a better match than using the correlation models except 

the Miller et al. (1990) model. Also, Kokkinaki et al. (2013b) used the interfacial area-

based model to simulate dissolution of a three-dimensional source zone at high aqueous 

phase velocity and found excellent agreement with measured concentrations.       

2.3 Mass Transfer from Trapped Gas Phase 

Mass transfer between gaseous and aqueous phases plays an important role in many 

remediation activities, including in situ air sparging (Geistinger et al., 2005). Mass transfer 

takes place between the dissolved compounds of the mobile aqueous phase and the trapped 

gas phase until equilibrium is reached (Fry et al., 1995). Unlike mass transfer during the 



27 
 

dissolution of residual NAPL, during which NAPL saturation decreases as the dissolution 

continues, the saturation of a trapped gas phase may increase or decrease depending on the 

composition of the gas phase and the dissolved gases in the upgradient water (Cirpka and 

Kitanidis, 2001). Multicomponent partitioning between volatile components in the trapped 

gas phase and aqueous phase, based on their concentrations and Henry’s law constants, is 

responsible for this changing gas saturation.  If the total transfer of all gas components in 

and out of the trapped gas is not equal, then the saturation of the gas phase changes (Fry et 

al., 1995).  

      Similar to the dissolution of NAPL in a NAPL-water system, the dissolution of trapped 

gas has been described with either the local equilibrium assumption (e.g. Fry et al., 1995; 

Cirpka and Kitanidis, 2001) or non-equilibrium rate limited assumption (e.g. Donaldson et 

al., 1997; Geistlinger et. al., 2005). Fry et al. (1995) and Cirpka and Kitanidis (2001) 

showed, using the local equilibrium assumption, that trapped gas can significantly retard 

the movement of volatile tracers and other dissolved gases due to the partitioning of the 

dissolved gases to a trapped gas phase. Fry et al. (1995) performed experiments in sand 

with an initial gas saturation ranging from 0 to 4.4% in different experiments and found 

that the retardation factor of dissolved oxygen gas increased from 1 to 6.6 with the 

increasing initial gas saturation. The authors proposed a transport model based on 

equilibrium partitioning and a constant trapped gas volume. Their model under-predicted 

experimental retardation factors.  

      Donaldson et al. (1997) used a rate-limited model to predict the mass transfer of 

dissolved oxygen between the aqueous phase and a trapped gas phase. Their model 

provided a better match than the equilibrium partitioning model to the measured dissolved 
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oxygen concentrations, and calculated values of a mass transfer parameter (which the 

authors defined as the ratio of a lumped mass transfer coefficient and the flow rate) and the 

retardation factor increased with an increase in the initial trapped gas between experiments. 

The authors noted that they observed changes in trapped gas volume during the course of 

the experiments but the model assumed constant trapped gas volume during partitioning 

between aqueous and gas phase. Multicomponent VOC partitioning was also not 

considered. 

      Cirpka and Kitanidis (2001) presented a mathematical approach to account for changes 

in the volume of trapped gas due to the mass transfer of dissolved gases. They related the 

partitioning of dissolved gases to changes in partial pressures, aqueous concentration, and 

gas saturation. In their experiments, multiple dissolved gases were injected into a one-

dimensional column containing trapped gas at constant concentrations, but effluent 

concentrations of each component increased and decreased until the trapped gas was 

dissolved. The authors showed for the first time that the concentration of dissolved gas 

could increase above its influent value due to mass transfer with a trapped gas phase. This 

changing gas volume local equilibrium model of Cirpka and Kitanidis (2001) has been 

widely used by other investigators. For example- Mumford et al. (2010) used it to 

investigate the effect of gas expansion and mobilization on the aqueous phase 

concentration above a DNAPL pool. Their simulation modified this model to include a 

capillary pressure-saturation relationship and used the modified model in conjunction with 

macroscopic invasion percolation theory to show how discontinuous gas flow can produce 

a transient pulse of dissolved VOC above a DNAPL pool.  Amos and Mayer (2006a) and 

Amos and Mayer (2006b) also used the Cirpka and Kitanidis (2001) model to simulate 
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bubble production, consumption, contraction and entrapment in porous media related to 

biogeochemical interactions, physical transport and gas ebullition under methanogenic 

conditions.  

      Geistlinger et al. (2005) formulated a multicomponent variable gas volume model that 

included rate limited mass transfer.  They employed lumped mass transfer coefficients 

based on Sherwood number correlations derived from the conceptualization of trapped gas 

as a single sphere or multiple spheres. Their rate limited model was able to describe 

experimental concentration tailing behavior and changing gas saturations. Qualitative 

dissolution behavior was similar to that of Cirpka and Kitanidis (2001). The authors also 

showed that dissolution was close to local equilibrium at velocities lower than 8 m/day. 

      Other studies have investigated mass transfer to trapped gas in the presence of NAPL. 

In a two-dimensional flow cell experiment, Roy and Smith (2007) showed for the first time 

that the presence of a discontinuous gas phase above a TCE DNAPL pool leads to 

partitioning of mass from the DNAPL to gas, causing the trapped gas phase to expand, 

mobilize and redistribute. Mumford et al. (2009) showed repeated expansion, 

fragmentation and vertical mobilization of discontinuous gas phase above a 1,1,1-TCA 

pool subjected to a flowing aqueous phase saturated with atmospheric gases, producing gas 

that evolved as macroscopic fingers. Mumford et al. (2010) showed that this gas flow 

produced higher aqueous phase concentration of that DNAPL constituent downgradient of 

the pool due to partitioning. 
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 2.4 Non Wetting Phase in Three-phase Gas-NAPL-Water system 

Gas, water and NAPL can be present together in both the saturated zone and the 

unsaturated zone. The distribution of the three fluids varies with NAPL properties, soil 

type, spill volume and history of NAPL movement. In a water-wet three-phase system, 

water is the wetting fluid, gas is the non-wetting fluid and NAPL is the intermediate-

wetting fluid. In water-wet porous media, as NAPL moves downward through the 

unsaturated zone, it is trapped by capillary forces along with continuous air phase in the 

pore spaces as mentioned earlier. In the saturated zone both gas and NAPL can be trapped 

due to movement of the water table or during pumping or remediation activities (e.g. 

Williams and Oostrom, 2000; Dobson et al., 2007) Several previous studies defined 

entrapped or trapped NAPL, as the NAPL displaced into the larger pores by water after 

imbibition in the saturated zone and is occluded by water.  Residual NAPL is defined as the 

NAPL left behind after drainage in the unsaturated zone (e.g. Van Geel and Roy, 2002; 

Lenhard et al., 2004; White et al., 2004). NAPL residual in the unsaturated zone is non-

water-occluded and can occupy dead end pores and pore wedges, or can exist as films or 

lenses on the water surface (Lenhard et al., 2004). Both residual NAPL in the unsaturated 

zone and trapped NAPL in the saturated zone are immobile NAPL. However, residual 

NAPL can be continuous or discontinuous, but trapped NAPL is always discontinuous.  

Similar to NAPL, gas can also be entrapped by water in the saturated zone, and can be 

referred to as water-occluded trapped gas.  

      Capillary pressure-saturation curves measured in two-phase systems have been used to 

predict capillary pressure-saturation relationships in three-phase systems (Leverett, 1941).  

This is advantageous as three-phase capillary pressure-saturation curves are difficult to 
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measure in the laboratory. An example three-phase capillary pressure-saturation 

relationship is shown in Figure 2.8. Leverett (1941) suggested that for a spreading NAPL 

(i.e., a NAPL that will spread spontaneously and completely over an air-water interface) 

the total liquid saturation (water saturation + NAPL saturation) will be a function of the 

capillary pressure across the air-NAPL interface and the water saturation will be function 

of the capillary pressure across the NAPL-water interface, irrespective of the number and 

proportion of liquid present in the porous medium.  The air-NAPL and NAPL-water  

 

 

 

 

 

 

 

Figure 2.8: Typical three-phase capillary pressure-saturation curve (adapted from Leverett, 1941). 

 

capillary pressure-saturation relationships can be obtained from two-phase experiments.  

The assumptions that the three-phase total liquid saturation will be similar to the two-phase 

NAPL saturation as a function of air-NAPL capillary pressure and the three-phase water 

saturation will be similar to the two-phase water saturation as a function of NAPL-water 

capillary pressure were experimentally proven for the first time by Lenhard and Parker 
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(1988) for monotonic drainage paths. However, the assumptions are not valid when the 

fluid saturation is not a unique function of capillary pressure alone due to hysteresis and 

fluid entrapment effect (e.g. Lenhard and Parker, 1988; Lenhard, 1992).   

Extensive numerical (e.g. Lenhard and Parker, 1987 and 1988; Kaluaracchi and 

Parker, 1992; Van Geel and Sykes, 1994(b); Van Geel and Sykes, 1997; Wipfler et al., 

2001; Van Geel and Roy, 2002; White et al., 2004; Lenhard et al., 2004) and laboratory 

(e.g. Lenhard, 1992; Van Geel and Sykes, 1994(a); Van Geel and Sykes, 1997; Hofstee et 

al., 1997; Van Geel and Roy, 2002) works are present in the literature to explain NAPL 

flow, NAPL entrapment and residual NAPL formation processes in three-phase systems in 

response to varying capillary pressure, initial water and NAPL contents, and soil properties 

under hysteretic and non-hysteretic conditions. For example, Parker et al. (1987) applied 

the Leverett (1941) assumption in conjunction with the interfacial tension scaling 

procedure to formulate three-phase capillary pressure-saturation-relative permeability 

relationship for monotonic drainage in porous medium. The constitutive three-phase 

relationship was successful in predicting the experimental observations of Lenhard and 

Parker (1988). Van Geel and Roy (2002) modified the hysteretic multiphase flow model of 

Parker and Lenhard (1987), Lenhard and Parker (1987) and Lenhard (1992) to describe 

residual NAPL formation in the unsaturated zone during NAPL drainage experiment.  

However, the author is not aware of any multiphase flow code that assumes NAPL is non-

spreading, except the work of White et al. (2004) who modified their equations to include 

both spreading and non-spreading NAPL. Their model predictions showed good agreement 

with the experimentally obtained NAPL residual for both spreading and non-spreading 

NAPL. 
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2.5 Spreading and Non-spreading NAPL in Three-Phase  

Leverett (1941) assumed that the NAPL is spreading, that is, intermediate wetting NAPL 

spreads over the air-water interface.  The tendency of NAPL to spread is measured by a 

spreading coefficient, Cs (Adamson, 1997): 

                                                     Cs = σaw – (σnw + σan)                                                  (2.4) 

where, σaw, σnw and σan are interfacial tensions (mN/m) at the air-water, NAPL-water and 

air-NAPL interfaces, respectively. Note that these interfacial tensions are of pure liquids, 

and Cs is an initial spreading coefficient, before mass transfer between fluids has occurred. 

Figure 2.9a depicts the situation when a drop of NAPL is in contact with an air-water 

interface. When air-water interfacial tension exceeds the sum of the NAPL-air and NAPL-

water interfacial tensions, the contact angle ϴ (measured through the organic liquid) goes to 

zero and the NAPL spreads in molecular thickness on the gas-water interface and the films 

remain continuous (Figure 2.9b). NAPLs with positive initial spreading coefficients include 

soltrol, hexane, heptane, benzene, and toluene (e.g. Mercer and Cohen, 1990; Dobbs and 

Bonn, 2001). When the spreading coefficient is negative, the contact angle ϴ is greater than 

zero, and the NAPL forms very thin monomolecular (nanometers across) films on the gas-

water interface and any excess NAPL coalescences into discontinuous droplets as shown in 

Figure 2.9c (Adamson, 1997; Zhou and Blunt, 1997; Fenwick and Blunt, 1998; Oostrom et 

al., 2003). Spreading NAPL can be mobilized or drained to very low saturation in three-

phase systems through continuous channels of NAPL films (e.g. Wilson et al., 1990; Blunt 

et al., 1995; Zhou and Blunt, 1997; Fenwick and Blunt, 1998). However, higher recovery 

or low saturation has also been observed for non-spreading NAPL in three-phase systems, 
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Figure 2.9: (a) A drop of NAPL in water-wet media; (b) stable NAPL layer at gas-
water interface when Cs>0 or Cs

e = 0 and (c) NAPL film and NAPL lens when Cs < 0 
or Cs

e < 0 (after Fenwick and Blunt, 1998). 
 

 

suggesting that non-spreading NAPL may have NAPL layers (microns order thick) in the 

crevices providing additional channels for NAPL flow (Keller et al., 1997; Zhou and Blunt, 

1997; Fenwick and Blunt, 1998). In a micromodel study, Haiden and Voice (1992) showed 
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the existence of films for non-spreading iodobenzene.  Dong et al. (1995) theoretically and 

experimentally showed the existence of thin layers for non-spreading benzene in the corner 

of the pore spaces in porous medium.  Keller et al. (1997) also showed stable NAPL layers 

for non-spreading air-decane-water system. However, in a glass micromodel study, Øren 

and Pinczewski (1995) did not observe any non-spreading isobutanol film in water wet 

porous medium.   

Mass transfer between the three fluids changes the interfacial tensions between them, 

particularly reducing the air-water interfacial tension (e.g. Adamson, 1997, Fenwick and 

Blunt, 1998; Dobbs and Bonn, 2001; Oostrom et al., 2003). Therefore, when in 

thermodynamic equilibrium, the sum of NAPL-water and NAPL-air interfacial tension can 

exceed the air-water interfacial tension, resulting in a negative equilibrium spreading 

coefficient despite having a positive initial spreading coefficient. Examples of this type of 

NAPL are heptane, hexane, benzene, carbon tetrachloride and trichloroethene (e.g. Dobbs 

and Bonn, 2000; Oostrom et al., 2003).The equilibrium spreading coefficient, Cs
e, is 

defined by (Adamson, 1997; Fenwick and Blunt, 1998; Zhou and Blunt, 1997; Dobbs and 

Bonn, 2001): 

                                                 Cs
e = σaw

e – (σnw
e
 + σan

e)                                                (2.5) 

where σaw
e, σnw

e
 and σan

e are interfacial tensions (mN/m) between mutually saturated 

fluids. If Cs>0 and Cs
e = 0, the spreading film will continue to grow as more NAPL is 

added (Figure 2.9b). However, if Cs > 0 and Cs
e < 0, NAPL will spread over the gas-water 

interface with only a very thin (nanometers across) film (Figure 2.9c) and excess NAPL 

will form discontinuous lenses similar to NAPLs with negative initial spreading coefficient. 
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Figure 2.9(b) shows that no air-water interface exists when gas and spreading NAPL 

trapped in water which agrees with leverett (1941) assumption. However, Figure 2.9(c) 

shows the existence of air-water interface is possible when gas and non-spreading NAPL is 

trapped in water. For example, Wilson (1992) observed air-water interfaces for non-

spreading NAPL in three-phase. Thus, the assumption that the air-NAPL capillary pressure 

can be represented by the total liquid saturation is not valid for non-spreading NAPLs 

(Hofstee et al., 1997) and the air-water capillary pressure can be a function of both the 

water and NAPL saturations since direct contact of air and water is possible (Zhou and 

Blunt, 1997).  

 Figure 2.9b shows that spreading NAPL in three-phase might have increased NAPL-

water interfacial area comparing to NAPL blob in a two-phase system having similar 

saturation. The increased interfacial area might cause increased dissolution rate for 

spreading NAPL (Wilson, 1992). However, Wilkins et al. (1995) showed that non-

spreading NAPL tetrachloroethene (PCE) and spreading NAPL styrene and toluene 

produced similar dissolution rates during vapour mass transfer. They attributed this to  

presence of NAPL films for non-spreading NAPL. Increased dissolution rates for NAPL 

films comparing to NAPL blobs were also shown by Bradford et al. (1999) where 

increased proportion of PCE wet porous media resulted in increased proportion of PCE 

films in PCE-water-soil matrix and subsequently produced faster PCE dissolution rates 

proportionally. The tendency of NAPL to spread, as discussed above, has been investigated 

in the unsaturated zone only, where air-water and air-NAPL interfaces are more prevalent 

than in the saturated zone.   
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2.6 LNAPL Smear Zones 

2.6.1 LNAPL Spill  

LNAPL spills are a common environmental problem, and are frequently encountered in 

petroleum manufacturing, storage, and handling facilities such as refineries, bulk-product 

terminals, gas stations, airports, and military bases (ITRC, 2009). Figure 2.10 shows a 

conceptual LNAPL spill scenario (Newell et al., 1995). If a sufficient volume of LNAPL is 

released, it will reach the water table and flow laterally as well as vertically as a continuous 

phase because of its density. The distribution of LNAPL has been previously 

conceptualized as floating above the water table like a pancake (Lenhard and Parker, 1990; 

Newell et al., 1995; Sale, 2003). However, studies by Farr et al. (1990) and Lenhard and 

Parker (1990) showed that LNAPL saturation can vary with depth, rather than as a constant 

saturation pancake layer, and that LNAPL can reside with water below water table. Figure 

2.11 shows two of the mentioned conceptual LNAPL distributions in porous media.  

 

 

 

 

 

 

 

 

 

  Figure 2.10: Conceptual LNAPL spill scenario (adapted from Newell et al., 1995). 
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Figure 2.11: (a) Conceptual LNAPL pancake model (after Sale, 2003) and (b) conceptual vertical 
equilibrium profile of LNAPL (after Farr et al., 1990). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Conceptual distribution of LNAPL in monitoring well and porous medium. (a)  
LNAPL in well and formation; (b) pressure distribution and (c) saturation profile. (adapted from 
Sale, 2003). 
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Farr et al. (1990) and Lenhard and Parker (1990) presented theoretical analyses to 

calculate LNAPL volume in porous media from the LNAPL thickness in a monitoring well. 

They assumed a homogeneous porous medium, a non-hysteretic capillary pressure-

saturation relationship and ignored residual LNAPL. Figure 2.12 shows a conceptual 

LNAPL spill scenario based on the Farr et al. (1990) and Lenhard and Parker (1990) 

models (Sale, 2003). Panel 1 shows that LNAPL in the well extends below the LNAPL in 

the porous medium. Panel 2 shows the pressures in the LNAPL and water to be equal at the 

LNAPL-water interface in the well. Above this point the difference between LNAPL and 

water pressure increases. Panel 3 shows that the LNAPL saturation in the porous medium 

changes vertically, and has what is commonly referred to as a ‘sharkfin’ shape. Above the 

LNAPL-water interface in the porous medium, LNAPL saturation increases with height 

and increasing capillary pressure, reaching a maximum at the LNAPL-air interface. 

Decreasing LNAPL saturation with continued increasing height near the top of the LNAPL 

is due to air that occupies the pore space along with LNAPL and water. The LNAPL 

saturation and shape of the sharkfin are sensitive to soil grain size and LNAPL thickness in 

the monitoring well.  

2.6.2 Smear Zone 

LNAPL that has accumulated as a pool in the vicinity of the water table can undergo 

smearing due to fluctuation of the water table (Newell et al., 1995; Reddi et al., 1998; 

Dobson et al., 2007; Yadav and Hassanizadeh, 2011). That is, when the water table goes 

down (water drainage), the LNAPL pool will move downward to distribute itself relative to 

the new water table location (Figure 2.13a [ii]). Subsequently, when the water table goes 
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                                 (a)                                                                        (b) 

 
Figure: 2.13: Conceptual LNAPL smear zone formation: (a) Of the water table drop and 
subsequent rise and (b) of the water table rise from initial position. 
 

up (water imbibition), the LNAPL will re-establish itself leaving behind trapped LNAPL in 

the saturated zone (Figure 2.13 a [iii]). Seasonal fluctuation or pumping activities can 

create a smear zone and contaminate previously uncontaminated regions of the saturated 
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zone. Smearing can also result from a rise of the water table, without an initial decrease, 

and the subsequent rise of the LNAPL, also leaving behind trapped LNAPL (Figure 2.13 

b). Groundwater recharge can create this type of smear zone and contaminate previously 

uncontaminated unsaturated zone. Water table fluctuations can also result in air entrapment 

below water table (e.g. Fry et al., 1995; Ryan et al., 2000; Williams and Oostrom, 2000; 

Dunn and Silliman, 2003; Marinas et al., 2013), and it is expected that air can also be 

trapped in smear zones along with trapped LNAPL creating a three-phase air-LNAPL-

water system (e.g Lenhard et al., 1993; Dobson et al., 2007). Lenhard et al. (1993) 

performed a laboratory study by spilling LNAPL and raising the water table up and down. 

They concluded that air was trapped by a rising air-LNAPL interface and both air and 

LNAPL were trapped by a rising LNAPL-water interface. Experimental and modeling 

studies by Van Geel and Sykes (1997) also showed that LNAPL and air were trapped 

during cyclic water table fluctuations.  However, many studies of LNAPL and water table 

fluctuation have ignored the effect of trapped gas phase.  For example, Ostendorf et al. 

(1993) modelled the vertical distribution of LNAPL near the water table and used an 

empirical formula for LNAPL trapping during water table fluctuation. Their trapping 

model assumed that the air phase was completely displaced by LNAPL during a water table 

rise.  Steffy et al. (1997) investigated the effect of initial water content on the residual 

LNAPL saturation during a rise of the water table. The authors found that the higher the 

initial water content, the lower the trapped LNAPL saturation,  However, trapped gas phase 

was not considered. 

      There have been few studies focused on smear zones, and studies concerning LNAPL 

dissolution from smear zones are even more limited. Reddi et al. (1998) simulated the 

[i] 
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dissolution of a LNAPL pool with and without a smear zone beneath the pool and found 

that LNAPL mass loss was greater with the smear zone. The authors concluded that 

enhanced dissolution due to increased NAPL-water interfacial area and enhanced 

biodegradation of trapped LNAPL in the smear zone was responsible for enhanced mass 

transfer. Similar enhanced dissolution and enhanced biodegradation of a multicomponent 

LNAPL in a smear zone was observed by Dobson et al. (2007) in a two-dimensional flow 

cell experiment. They concluded that increased LNAPL-water interfacial area in the smear 

zone led to an increase in the dissolution rate compared to experiments without a smear 

zone, and that the effect of increased interfacial area was greater than the effect of 

increased biodegradation rate due to increased microbial activity in the smear zone. 

Dobson et al. (2007) observed air entrapment in the smear zone, but neither Reddi et al. 

(1998) nor Dobson et al. (2007) considered the effect of trapped air on NAPL-water 

interfacial area and the NAPL dissolution rate. Although NAPL saturation is expected to be 

lower in three-phase systems than in two-phase systems (e.g. Mercer and Cohen, 1990; 

Wilson et al., 1990; Steffy et al., 1997), NAPL that spreads on the gas-water interface in a 

three-phase system could result in increased NAPL-water interfacial area available for 

dissolution (see Figure 2.9b). As a result, smear zones having trapped LNAPL and gas 

phase might have increased LNAPL-water interfacial area that may lead to faster 

dissolution than in two-phase smear zones having no gas phase. Similarly, non-spreading 

LNAPL trapped in smear zones with gas phase might also have enhanced NAPL-water 

interfacial area due to the presence of films (see Figure 2.9c) on the gas-water interface and 

layers in the crevices that may lead to faster dissolution. 
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Chapter 3 

Dissolution of Trapped Light Non-Aqueous Phase Liquid in the Presence 

of Trapped Gas 

Abstract 

Understanding the dissolution of non-aqueous phase liquid (NAPL) at contaminated sites is 

important for designing effective remediation and monitoring schemes. Spills of light non-

aqueous phase liquid (LNAPL) can accumulate in the vicinity of the water table and, 

subsequently, be distributed over a larger thickness by fluctuations of the water table. This 

is referred to as a smear zone, and is typically treated as a two-fluid (NAPL and water) 

system.  However, water table fluctuations can also entrap air bubbles, potentially trapping 

them alongside residual LNAPL to create a three-fluid (NAPL, water and gas) smear zone. 

Trapped gas bubbles in a smear zone can result in different initial NAPL saturations or 

different interfacial areas for NAPL dissolution that could lead to different mass transfer 

rates. This potential difference was investigated using two sets of bench-scale experiments. 

The first set consisted of visualization experiments where heptane was released into water-

saturated homogeneous silica sand packed in a 2-D, 40 cm × 20 cm × 1 cm cell.  Two pool 

thicknesses were investigated, with the thinner pool and larger water table drop allowing 

air invasion during drainage and trapping heptane and air during imbibition to create a gas-

NAPL-water system, and the thicker pool and smaller water table drop creating a NAPL-

water system. Observations suggested that in the three-phase smear zone both trapped 

heptane and air consisted of singlets, doublets and multipore ganglions, with heptane 

distributed as very thin films around most of the trapped air and as discontinuous lenses, 

most of which were connected to trapped air. However, NAPL in the two-phase smear zone 
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consisted of more complex, long-branched ganglia with no films. The second set of 

experiments consisted of dissolution experiments in short (5 cm long) 1-D columns 

containing either toluene-water or air-toluene-water systems. Results showed that toluene 

dissolution was faster in the three-phase system than in the two-phase system. It was 

observed that early-stage effluent toluene concentrations in the three-phase system were 

higher than toluene concentrations during dissolution of similar toluene saturations in the 

two-phase system.  After 150-250 pore volumes, toluene concentrations in the three-phase 

system dropped rapidly, with long tailing concentrations afterwards. Toluene 

concentrations in the two-phase system declined more slowly, and were consistently higher 

than those in the three-phase experiments. Modeling showed that existing two-phase 

empirical dissolution models, when applied to the three-phase system, over-predicted early 

toluene concentrations, and significantly under-predicted the later concentrations and the 

time required for dissolution. Based on the best fit general power law model, the lumped 

mass transfer coefficient was found to be considerably higher during three-phase 

dissolution then during two-phase dissolution. 

3.1 Introduction 

Light non-aqueous phase liquid (LNAPL) spills are a common environmental problem, and 

are frequently encountered in petroleum manufacturing, storage, and handling facilities 

such as refineries, bulk-product terminals, gas stations, airports, and military bases (ITRC, 

2009). LNAPLs are organic liquids that have a density less than that of water, for example 

gasoline, diesel fuel, crude oil, and BTEX (benzene, toluene, ethylbenzene, xylene) 

compounds. Due to their low solubility, many LNAPL sources can persist for decades, 

producing concentrations in groundwater above water quality standards. The migration and 
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distribution of LNAPL at the field scale depends on several factors including volume 

released, release rate, LNAPL properties and soil properties. A large spill will eventually 

reach the water table and, in the vicinity of the water table, LNAPL will be in mechanical 

equilibrium with air and water (Farr et al., 1990; Lenhard et al., 1990). However, a rise in 

the water table after this initial equilibrium is reached can entrap LNAPL as residual blobs 

in the porous medium below the new water table (Lenhard et al., 1993; Van Geel and 

Sykes, 1997; Dobson et al., 2007), and as a result, LNAPL pools can undergo smearing due 

to fluctuation of the water table (e.g. Newell et al., 1995; Reddi et al., 1998; Dobson et al., 

2007; Yadav and Hassanijadeh, 2011). The immobile LNAPL blobs in the smear zone are 

difficult to move and create a long-term source of pollution as they partition slowly into the 

aqueous and vapour phases (Powers et al., 1992; Reddi and Pant, 1998). Many remediation 

technologies rely on dissolution of NAPL into water, and clean-up time during site 

remediation or monitored natural attenuation (MNA) is dictated by the dissolution of 

residual NAPL. In this regard, the dissolution process and the factors affecting LNAPL 

dissolution in smear zones should be properly understood and accurately incorporated into 

numerical models. 

Significant experimental and modelling studies of NAPL dissolution in two-phase 

NAPL-water systems has been undertaken over the past two decades, involving laboratory 

investigation in short one-dimensional columns (e.g. Miller et al., 1990; Powers et al., 

1992; Geller and Hunt, 1993; Imhoff et al., 1994; Powers et al., 1994) or two-dimensional 

flow cells (e.g. Saba and Illangasekare, 2000; Nambi and Powers, 2003) as well as field-

scale simulations (e.g. Mayer and Miller, 1996; Frind et al., 1999; Parker and Park, 2004). 

These studies elucidated many important factors associated with NAPL dissolution. One of 
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the major observations was the prevalence of diffusion-limited conditions, which produced 

dissolved volatile organic compounds (VOC) concentrations below NAPL solubility limits, 

especially in heterogeneous media (e.g. Mayer and Miller, 1996; Nambi and Powers, 

2003). The measured mass transfer rates were represented in terms of a Sherwood number, 

which was fit to empirical power law models known as correlation models (Miller et al., 

1990; Geller and Hunt, 1993; Imhoff et al., 1994; Powers et al., 1994; Saba and 

Illangasekare, 2000; Nambi and Powers, 2003). NAPL saturation has been used in those 

correlation models as a surrogate of the NAPL-water interfacial area. Although the 

complex geometry of the NAPL ganglia is not captured by the saturation (Khachikian and 

Harmon, 2000), these correlation models were successful in predicting residual NAPL 

dissolution of the systems under which they were calibrated. However, variation among the 

predicted mass transfer rates between correlation models was observed when applied to the 

same system (Grant and Gerhard, 2004; Maji and Sudicky, 2008; Kokkinaki et al., 2013a). 

Nevertheless, the correlation models are still extensively used in numerical models to 

predict NAPL dissolution in two-phase NAPL-water systems.  

In addition to trapping residual LNAPL, water table fluctuation can also trap air below 

the water table (e.g. Fry et al., 1995; Ryan et al., 2000; Williams and Oostrom, 2000; Dunn 

and Silliman, 2003; Marinas et al., 2013). When an LNAPL pool rises along with a rise in 

the water table, with or without an initial drop in the water table, both LNAPL and air can 

become trapped in the smear zone (Lenhard et al., 1993; Van Geel and Sykes, 1997; 

Dobson et al., 2007). Therefore, a smear zone can be a three-phase LNAPL-air-water 

system. In a three-phase system, a spreading NAPL will form a thin continuous NAPL film 

between the air and water (e.g. Leverett, 1941; Wilson, 1992; Adamson, 1997; Fenwick 
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and Blunt, 1998) and a non-spreading NAPL will form a thinner film between the air and 

water, with excess NAPL remaining connected to the film as discontinuous droplets (Zhou 

and Blunt, 1997; Keller et al., 1997; Fenwick and Blunt, 1998; Oostrom et al., 2003). A 

NAPL film will have a larger NAPL-water interfacial area available for dissolution 

compared to the interfacial area of NAPL blobs in a two-phase system with the same 

NAPL saturation (Wilson, 1990; Bradford et al., 1999). As a result, faster LNAPL 

dissolution is possible in smear zones containing trapped LNAPL and air compared to 

LNAPL dissolution in a two-phase LNAPL-water system. There have been few studies 

focused on smear zones and LNAPL dissolution from smear zones. Reddi et al. (1998) 

simulated the dissolution of a LNAPL pool with and without a smear zone beneath the pool 

and found that LNAPL mass loss was greater with the smear zone. Similar enhanced 

dissolution and enhanced biodegradation of a multicomponent LNAPL in a smear zone was 

observed by Dobson et al. (2007) in a two-dimensional flow cell experiment. Although 

Dobson et al. (2007) observed air entrapment in the smear zone, neither Reddi et al. (1998) 

nor Dobson et al. (2007) considered the effect of trapped air on NAPL-water interfacial 

area and the NAPL dissolution rate. To this end, there is no smear zone study that has 

compared the dissolution rate of LNAPL layers or films in three-phase and LNAPL 

ganglions in two-phase. Moreover, no empirical correlation model has been presented in 

the literature that represents NAPL dissolution in a three-phase gas-NAPL-water system 

and involves NAPL films or layers instead of NAPL blobs. None of the existing two-phase 

correlations have been tested for NAPL dissolution in three-phase systems. 

The goals of this paper are to (i) demonstrate differences in the distribution of LNAPL 

in smear zones with and without a trapped gas phase, (ii) measure LNAPL dissolution from 
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smear zones with and without a trapped gas phase, and (iii) test the applicability of existing 

two-phase empirical dissolution models in predicting LNAPL dissolution in three-phase 

smear zones with a trapped gas phase. This research will improve our understanding of 

LNAPL dissolution in realistic smear zones by identifying differences between dissolution 

rates with and without trapped gas phase. Furthermore, it will help inform practitioners 

about the utility of applying two-phase empirical dissolution models to simulate three-

phase systems. 

3.2 Background 

3.2.1 Mass Transfer from Trapped Non-Wetting Phase 

Gas is a non-wetting phase and trapped gas refers to disconnected or discontinuous gas 

bubbles that can occupy a single pore or multiple pores in porous media. This trapped gas 

phase can be created below the water table through a number of mechanisms including 

water table fluctuation, microbial activity, denitrification, depressurization or site 

remediation activities such as in-situ air sparging, gas injection for bioremediation, and in 

situ thermal treatment (e.g. Williams and Oostrom, 2000; Roy and Smith, 2007; Mumford 

et al., 2008; Marinas et al., 2013). Flow and mass transfer processes can be affected by the 

presence of trapped gas.  For example, trapped gas significantly reduces the hydraulic 

conductivity of water flowing through porous media (e.g. Christiansen, 1944; Ronen et al., 

1989; Faybishenko, 1995; Fry et al., 1997; Ryan et al., 2000; Marinas et al., 2013). 

Williams and Oostrom (2000) showed an increase in dissolved oxygen gas concentration 

due to trapped air created by water table fluctuation.  Trapped gas has also been shown to 

cause retardation of dissolved gases and volatile contaminants (Fry et al., 1995; Donaldson 

et al., 1997; Cirpka and Kitanidis, 2000; Geistlinger et al., 2005) due to partitioning 
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between the aqueous and gas phases. The role of discontinuous gas phases in groundwater 

systems is receiving increased attention in the literature, particularly with respect to multi-

component gases (Mumford et al., 2008). 

At NAPL-contaminated sites, residual trapped NAPL can be created from pooled 

NAPL by several mechanisms, including water table fluctuation, pool dissolution and 

volatilization, which can be the result of natural processes or remediation. Slow dissolution 

of residual NAPL into groundwater can serve as a long-term source of groundwater 

contamination. The dissolution of residual NAPL in groundwater has been described as 

either an equilibrium process or a diffusion-controlled rate-limited process. A local 

equilibrium assumption (LEA) uses the equilibrium partitioning relationship, where the 

concentration of the dissolved volatile organic compound (VOC) from the NAPL in the 

groundwater at the source corresponds to the NAPL solubility value, and the mass transfer 

is assumed to occur instantaneously. A rate-limited, or non-equilibrium approach, is 

controlled by diffusion from the NAPL-water interface to the flowing groundwater, where 

the concentration of VOC in the groundwater is below its solubility limit. In modelling 

studies, Mayer and Miller (1996) and Frind et al. (1999) found that for homogenous media, 

the dissolution process was near equilibrium. However, Mayer and Miller (1996) found 

that concentrations were below equilibrium for heterogeneous media. Powers et al. (1991) 

concluded that small contact time, small NAPL saturation and large blobs will result in 

non-equilibrium dissolution. Modeling studies of residual NAPL dissolution have shown 

that significantly longer times were required for NAPL removal under rate-limited 

conditions compared to estimates based on the LEA (e.g. Mayer and Miller, 1996; Grant 

and Gerhard, 2004).  
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The rate-limited mass transfer can be described using a driving force and an interfacial 

area between the two-phases of concern (Miller et al., 1990), and is often represented as: 

                                      J = kl anw (Cs - C) = Kl (Cs - C)                                                (3.1)  

where J is mass flux of VOC from non-aqueous to aqueous phase (gm/cm3.s), kl is average 

mass transfer coefficient at the wetting and non-wetting interface (cm/s), anw is the specific 

interfacial area between wetting and non-wetting phase per unit volume of porous medium 

(cm2/cm3), Cs is the solubility concentration of VOC (mg/L), C is the VOC concentration 

in bulk aqueous phase (mg/L) and Kl is the lumped mass transfer coefficient (s-1). 

The NAPL-water interfacial area is microscopic, transient and system-specific in 

nature. Although several new experimental and theoretical techniques have been developed 

to measure interfacial area these techniques are often inaccurate and expensive (Dalla et al., 

2002; Raeesi and Piri, 2009). A lumped mass transfer coefficient that combines the average 

mass transfer coefficient and the specific interfacial area has been used by several 

researchers (Miller et al., 1990; Powers et al., 1994; Gellar and Hunt, 1993; Imhoff et al., 

1993; Powers et al., 1994; Saba and Illangasekare, 2000; Nambi and Powers, 2003) to 

describe the non-equilibrium rate limited dissolution of residual NAPL in porous media 

without quantifying the NAPL-water interfacial area. These studies characterized 

experimental Kl values using the modified Sherwood number (Sh) as: 

                                                          Sh=                                                            (3.2) 

where d is the mean grain size (cm), and Dm is the molecular diffusion coefficient of the 

NAPL in water (cm2/s).. The experimental Sh is usually fitted to a Sherwood-Gilland type 
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power law model as a function of porous media properties, aqueous phase velocity and 

NAPL saturation. The NAPL saturation, or volumetric content, serves as a surrogate for the 

NAPL-water interfacial area available for dissolution. These empirical power law models 

often include dimensionless numbers such as the Reynolds number (Re) and the Schmidt 

number (Sc), and are known as correlation models. Table 3.1 shows six of the published 

correlation models.). Variability in mass transfer rates or time required for NAPL 

dissolution predicted by the correlation models, when used to model the same system, has 

been shown by several investigators ( e.g. Imhoff et al., 1994; Mayer and Miller, 1996; 

Khachikian and Harmon, 2000; Grant and Gerhard, 2004; Kokkinaki et al., 2013a), and the 

differences were attributed to variability in NAPL saturation, method of establishing 

saturation, porous media properties, NAPL properties, dimensionality, sampling methods 

and data analysis methods used to calibrate individual models.  

 

Table 3.1: Residual NAPL dissolution correlation models. 

Reference Correlation Valid conditions* System 

Miller et al., 1990 Sh= 12Re
0.75Өn

0.6Sc
0.5 

 

Re = 0.005–0.1; 
Sn = 0–0.21 

1-D 

Powers et al., 1992 Sh= 57.7Re
0.61d50

0.64Ui
0.41 0.012< Re<0.2 1-D 

Imhoff et al., 1994 Sh= 340Өn
0.87Re

0.71(d50/x)0.31 Re = 0.0012–0.021; 
Sn = 0–0.16 

1-D 

Powers et al., 1994 Sh= 4.13Re
0.598δ0.673Ui

0.369(Өn/ Өno)β4 Re = 0.034–0.588; 
Sn = 0.001–0.197 

1-D 

Saba and 
Illangasekare, 2000 

Sh= 11.34Re
0.2767Sc

0.33(d50 Өn/τL)1.037 Re = 0.0015–0.01; 
Sn avg = 0.22 

2-D 

Nambi and Powers, 
2003 

Sh= 37.15Re
0.61Sn

1.24 Re = 0.018–0.134; 
Sn = 0.01–0.35 

2-D 

 

 

Note: Sh, modified Sherwood number; Re, Reynolds number; Өn, NAPL volumetric content; 
Sc, Schmidt number; d50, mean grain size; Ui, uniformity coefficient of porous medium; x, 
distance into the cell where dissolution occurring; δ = d50/0.05; Өno, initial NAPL volumetric 
content; τ, tortuosity; L, path length inside contaminated zone; Sn, NAPL saturation. 
*After Kokkinaki et al. (2013a) 
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However, Maji and Sudicky (2008) found that the predicted time to dissolve 

trichloroethene (TCE) DNAPL was similar when the Miller et al. (1990), Geller and Hunt 

(1993), Powers et al. (1994) or Imhoff et al. (1994) correlations were used. Kokkinaki et al. 

(2013a) found similar effluent concentrations were predicted by the Saba and Illangasekare 

(2000) and Nambi and Powers (2003) models, and by the Powers et al., (1994) and Imhoff  

et al., (1994) models during modelling of dissolution from a 3-D source zone. The authors 

concluded that correlation models may not necessarily provide accurate estimates of the 

mass transfer rate if they are applied to a system that is different than the system for which 

the models were calibrated, even if they are applied within their applicability ranges, and 

that models with better predictions in one system may not perform well in other systems.  

Successful prediction of dissolution behaviour depends, in part, on how accurately the 

dissolving interfacial area is accommodated in the model. Grant and Gerhard (2007a) 

developed a thermodynamically-based explicit interfacial area model that predicts the 

NAPL-water interfacial area as a function of the capillary pressure-saturation relationship 

of the fluid pair, and was able to predict interfacial areas during drainage and imbibition. 

Grant and Gerhard (2007b) tested this interfacial area-based model using data from a 

bench-scale 2-D experiment that investigated the dissolution of a complex DNAPL source 

containing pooled and residual 1,2-dichloroethane (DCA), and found a better match than 

when they used the local equilibrium assumption or the Saba and Illangasekare (2000) 

correlation. Kokkinaki et al. (2013a) also used the interfacial area-based thermodynamic 

model to simulate published experimental dissolution of a three-dimensional source zone 

and found a better match than using the correlation models except the Miller et al. (1990) 

model. Also, Kokkinaki et al. (2013b) used the interfacial area-based model to simulate 
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dissolution of a three-dimensional source zone at high aqueous phase velocity and found 

excellent agreement with measured concentrations. 

3.2.2 Non-Wetting Phase in Three-Phase Gas-NAPL-Water System  

Gas, water and NAPL can be present together in both the saturated and unsaturated zones. 

The distribution of the three fluids varies with NAPL properties, soil type, spill volume, 

spill location and the history of NAPL movement. In a water-wet three-phase system, water 

is the wetting fluid, gas is the non-wetting fluid and NAPL is the intermediate-wetting 

fluid. Several studies have defined entrapped or trapped NAPL, as the NAPL displaced into 

the larger pores by water after imbibition in the saturated zone and is occluded by water. 

Residual NAPL is defined as the NAPL left behind after drainage in the unsaturated zone 

(e.g. Van Geel and Roy, 2002; Lenhard et al., 2004; White et al., 2004). NAPL residual in 

the unsaturated zone is non-water-occluded and can occupy dead end pores and pore 

wedges, or can exist as films or lenses on the water surface (Lenhard et al., 2004).  Similar 

to NAPL, gas can also be entrapped by water in the saturated zone, and can be referred to 

as water-occluded trapped gas. 

The tendency of NAPL to spread is measured by a spreading coefficient (Adamson, 

1997): 

                                                     Cs = σaw – (σnw + σan)                                                 (3.3) 

where CS is the spreading coefficient, σaw, σnw and σan are the interfacial tensions (mN/m) 

at the air-water, NAPL-water and air-NAPL interfaces, respectively. For spreading NAPL, 

air-water interfacial tension exceeds the sum of NAPL-air and NAPL-water interfacial 

tensions, and the NAPL spreads in molecular thick films on the gas-water interface and the 
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films remain continuous. NAPLs with positive spreading coefficients include soltrol, 

hexane, heptane, benzene, and toluene (e.g. Mercer and Cohen, 1990; Dobbs and Bonn, 

2001). For non-spreading NAPL, the spreading coefficient is negative, and NAPL forms 

very thin monomolecular (nanometers across) films on the gas-water interface, and any 

excess NAPL coalescences into discontinuous droplets (Adamson, 1997; Zhou and Blunt, 

1997; Fenwick and Blunt, 1998; Oostrom et al., 2003). Spreading NAPL can be mobilized 

or drained to very low saturation in three-phase systems through continuous channels of 

NAPL films (e.g. Wilson et al., 1990; Blunt et al., 1995; Zhou and Blunt, 1997; Fenwick 

and Blunt, 1998). However, higher recovery or low saturation has also been observed for 

non-spreading NAPL in three-phase suggesting that non-spreading NAPL may have NAPL 

layer (microns order thick) in the crevices providing additional channels for NAPL flow 

(Keller et al., 1997; Zhou and Blunt, 1997; Fenwick and Blunt, 1998). In a micromodel 

study, Haiden and Voice (1992) showed the existence of films for non-spreading 

iodobenzene.  Dong et al. (1995) theoretically and experimentally showed the existence of 

thin layers for non-spreading benzene in the corner of the pore spaces of porous medium.  

Keller et al. (1997) also showed stable NAPL layers for a non-spreading air-decane-water 

system.  

Mass transfer between the three fluids changes the interfacial tensions between them, 

particularly reducing the air-water interfacial tension (e.g. Adamson, 1997; Fenwick and 

Blunt, 1998; Dobbs and Bonn, 2001; Oostrom et al., 2003). Therefore, when in 

thermodynamic equilibrium, the sum of the NAPL-water and NAPL-air interfacial tensions 

can exceed the air-water interfacial tension, resulting in a negative equilibrium spreading 

coefficient despite having a positive initial spreading coefficient. Examples of this type of 
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NAPL are heptane, hexane, benzene, carbon tetrachloride and trichloroethene (e.g. Dobbs 

and Bonn, 2001; Oostrom et al., 2003). The equilibrium spreading coefficient (Cs
e) is : 

                                              Cs
e = σaw

e – (σnw
e
 + σan

e)                                            (3.4)              

where σaw
e, σnw

e
 and σan

e are interfacial tensions (mN/m) between mutually saturated 

fluids (Adamson, 1997). If Cs>0 and Cs
e = 0, the spreading film will continue to grow as 

more NAPL is added. However, if Cs > 0 and Cs
e < 0, NAPL will spread over the gas-water 

interface with only a very thin (nanometers across) film and excess NAPL will form 

discontinuous lenses similar to a NAPL with a negative initial spreading coefficient. No 

air-water interface exists when gas and a spreading NAPL are trapped in water, which 

agrees with the Leverett (1941) assumption. However, existence of an air-water interface is 

possible when gas and a non-spreading NAPL are trapped in water (Wilson, 1992).   

A spreading NAPL in a three-phase system is expected to have a larger NAPL-water 

interfacial area than NAPL blobs in a two-phase system with the same NAPL saturation, 

due to NAPL films covering the gas-water interface, and may result in faster dissolution 

(Wilson, 1992). However, Wilkins et al. (1995) showed that non-spreading NAPL 

Tetrachloroethene (PCE) and spreading NAPL styrene and toluene produced similar 

dissolution rates during mass transfer in the vapour phase. They attributed this to presence 

of NAPL films for non-spreading NAPL. The tendency of NAPL to spread, as discussed 

above, has been investigated in the unsaturated zone only, where air-water and air-NAPL 

interfaces are more prevalent than in the saturated zone.  
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3.3 Materials and Methods  

Two sets of laboratory experiments were conducted: two-dimensional proof-of-concept 

experiments, referred to here with the prefix “P”, and one-dimensional emplacement and 

dissolution experiments, referred to here with the prefix “E” and “D”, respectively (Table 

3.2). Experiments P were conducted to demonstrate differences the configuration of 

LNAPL in smear zones with and without a trapped gas phase. Experiments E was designed 

to achieve uniform distributions of non-wetting phase residuals throughout 1-D sand-

packed columns. Experiments D were conducted to measure VOC concentrations in the 

outflow of the columns, resulting from the dissolution of emplaced LNAPL. Experiments 

involving three-phase air, LNAPL and water are referred as “anw”, while those involving 

two-phase LNAPL and water are referred as “nw”.  

3.3.1 Proof-of-Concept Experiment 

The smear zone proof-of-concept experiments (P-nw and P-anw) were performed by 

spilling LNAPL in an initially water-saturated two-dimensional 40 cm × 20 cm × 1 cm cell 

(Figure 3.1). The cell was custom designed and manufactured, and made of a 

polytetrafluoroethylene (PTFE) cell frame with tempered borosilicate glass walls, sealed to 

the frame using Viton O-ring cord. This allowed visualization of the gas and NAPL phases 

during the experiment. The cell was packed with 20/30 (푑50 = 0.71 mm) silica sand 

(Accusand) by continuously pouring into the water-filled cell while tapping the walls with 

a rubber mallet to achieve a homogeneous, water-saturated pack. The sand was rinsed with 

deionized water before packing to remove fines. Properties of 20/30 are given in Schroth et 

al. (1996). The porosity of the 20/30 accusand pack was calculated from the measured 

volume of the pack and the grain density (2.664 gm/cm3) (Schroth et al., 1996). 
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Table 3.2: Summary of experiments performed. 

 

Note: Initial residual toluene saturation could vary ±2% owing to gravimetric error 
         *Standard deviation in bracket  
          ɤOne of the experiments was run for dissolution which will be referred as D-nw 
           Sn is NAPL saturation and Sa is air saturation 

 

The LNAPL used in this experiment was heptane (Certified grade, Fisher Scientific). 

Heptane was chosen because of its low solubility and low volatility. Relevant properties of 

heptane are given in Table 3.3 Heptane was dyed with oil red-O (Sigma Aldrich) with a 

concentration 100 mg/L to facilitate visualization. Two water table fluctuation experiments  

 

Experiment Name 

 

Fluids 

 

Number of 

experiments 

 

Porosity 

Residual (%) 

Wetting 

phase 

Non-wetting 

phase 

Proof of  concept 

 

P-nw 

 

 

 

Heptane, 

Water 

 

 

1 

 

 

 

0.39 

 

 

 

- 

 

 

 

Sn 21.5±2.0 

P-anw 

 

Air, Heptane, 

Water 

1 

 

0.382 

 

- 

 

Sn 11.2±1.2 

1-D Column 

E-aw 

 

 

Air, Water 

 

 

6 

 

 

 

0.346 

(±0.003)* 

 

 

 

8.1 (±1.2) 

 

 

 

Sa 22.0(±1.7) 

E-nw 

 

Toluene, 

Water 

3ɤ 

 

0.345 

(±0.001) 

 

11.7 (±0.4) 

 

Sn 27.7(±0.8) 

E-anw and D-anw 

 

Air, Toluene, 

Water 

3 

 

0.345 

(±0.003) 

 

7.0 (±0.2) 

 

Sn 11.3(±1.1);  

Sa 17.1(±3.4) 
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Figure 3.1: Proof of concept experiment cell. 

 
 
 

Table 3.3: Properties of LNAPL at 20 degree C temperature. 
 

 Reference: (a) Van Geel and Roy (2000); (b) Mercer and Cohen (1990); (c) Schnoor (1996); (d) Equation 2.3 

 

were performed: a 1.15 cm-thick LNAPL pool with a 22 cm water table fluctuation, which 

allowed air to enter from the top of the cell (Experiment P-anw); and a 2.75 cm thick 

LNAPL pool with a 11 cm water table fluctuation, which did not allow air to enter 

 
 

LNAPL 

 
Density 
(g/cm3) 

 
Viscosity 

(cP) 

 
Vapour  
Pressure 
(mm Hg) 

 
Solubility 
(mg/L) 

Interfacial tension (mN/m) Initial 
Spreading 

Coefficientd 
Cs 

 
Air-water 

σaw 

 
Air-LNAPL 

σan 

 
LNAPL-water 

σnw 
Heptane 0.685a 0.409a 35.0a 3.0a 

72.0b 
19.3b 50.2b 2.5 

Toluene 0.87c 0.552b 28.1b 515c 28.52b 36.1b 7.38 

air entry ports 

Heptane dyed with oil red-O 

water table  

20/30 silica sand  

PTFE frame  

40/50 silica sand  

drainage ports 

31 cm  

2 cm  

2.75 cm for experiment P-nw 
1.15cm for experiment P-anw 
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(Experiment P-nw).Figure 3.1 shows the initial condition of the Experiments P-anw and P-

nw. In Experiment P-anw, 23 mL of dyed heptane was emplaced using a gas tight syringe 

on water surface that was above the sand pack. The water table was then lowered in 

multiple steps (3.81 cm each) by lowering the external water reservoir over a period of four 

hours (40 minutes per step). The water table was then raised using similar steps, and was 

brought back to its original position above the top sand surface. Similar steps were 

followed in Experiment P-nw, but 55 mL of dyed heptane was emplaced and the air phase 

was not allowed to enter the porous medium during drainage. 

The drainage and imbibition steps were photographed with a computer-controlled 

digital SLR camera (Canon, EOS Rebel T3i). Final distribution of heptane and air was 

photographed using a macro lens (Canon EF-S 60mm f/2.8 Macro USM) to obtain high 

resolution images of the soil grains and residual fluids. The experiments were performed at 

night to avoid changes in ambient light intensity and the cell was illuminated with a 

backlight source LED panel (Led Go, CN-1200H). During the experiment, the top of the 

cell was covered to minimize evaporative loss.  
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3.3.2 One-Dimensional Column Apparatus 

The dissolution experiments were performed in a specially designed and manufactured 

stainless steel cell 5.05 cm length and 7.28 cm in diameter (Figure 3.2). Before conducting 

dissolution experiments, drainage and imbibition steps were performed in the column to 

emplace trapped LNAPL or trapped LNAPL and air in two-phase and three-phase smear 

zones, respectively. During water drainage, the bottom end cap contained two 25 mm 

diameter holes each covered by a hydrophilic nylon membrane (10 μm pore size, 5 m of 

water entry pressure, Maine Manufacturing LLC) sealed with a Viton O-ring using 

compression tube fittings to achieve residual water saturation in both two-phase and three-

phase experiments. The end caps used in all other stages of the experiments had one entry 

port and no membranes. Oil resistant Buna-N gaskets (McMaster-Carr) were used to seal 

the end caps to the main body. Perforated steel plates and mesh were used at both ends of 

the cell to hold the sand in place. Teflon tubing and stainless steel fittings were used for 

compatibility with NAPL. The porous medium was the same 20/30 silica sand that was 

used in the proof-of-concept experiments. Soil was rinsed with deionized water and packed 

by continuously pouring into the water-filled cell while tapping the walls. Toluene 

(Certified grade, Fisher Scientific) was used for the emplacement and dissolution 

experiments. Toluene was chosen for the dissolution part of this study over heptane 

because of its higher aqueous solubility (Table 3.3). 
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                                       (a)                                                                      (b) 
 
 

Figure 3.2: Schematic of experimental column cell for LNAPL emplacement and dissolution. Cell 
body and end caps are made of stainless steel. All the tubing made of Teflon. (a) Drainage 
configuration; (b) imbibition and dissolution configuration. 
 
 

3.3.3 Trapped NAPL Emplacement in 1-D Column 

Six two-phase air-water drainage-imbibition experiments (Table 3.2; E-aw experiments) 

were performed to measure residual saturations. Three two-phase toluene-water drainage-

imbibition experiments (Table 3.2; E-nw experiments) were performed to measure residual 

toluene saturations and create conditions representative of a smear zone with smaller water 

table fluctuations and a thicker LNAPL pool, such that trapped air was not present. LNAPL 

or air was emplaced by draining water through the nylon membranes by lowering the 

external water reservoir. During this process, either air (E-aw experiments) or LNAPL (E-

nw experiments) entered the sand from the top of the cell. The water table was lowered in 

     NPT 
connection 

   Flat  
end-cap 

  Cell 
  body 

Hydrophilic 
membrane 

O-ring 

Gasket 

Air or LNAPL 
(drainage) 

 To water 
 reservoir 
(drainage) 

To graduated cylinder 
(air/LNAPL/water during 
imbibition) or To sampling 
and waste (dissolution) 

LNAPL or water reservoir 
(imbibition) or Pump 
(dissolution) 

Perforated  
still plate 
and net 7.28 cm 

Angular 
end-cap 

5.25 cm 
Porous 
media 

Teflon 
tubing  
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multiple steps over 24 hours until no more water was drained from the cell. Then, either 

deionized water or toluene-saturated deionized water was imbibed through the bottom of 

the cell in air-water and toluene-water experiments, respectively, by increasing the external 

water table at a rate of 0.5 cm/hour. During this process, air or toluene was displaced from 

the porous medium, trapping air or toluene in the porous medium. In toluene-water 

experiments, displaced toluene was collected in a graduated cylinder.  Volumes of water 

and toluene were tracked gravimetrically in all the steps. 

3.3.4 Trapped NAPL and Air Emplacement in 1-D Column 

Three three-phase air-toluene-water emplacement experiments (Table 3.2; E-anw 

experiments) were performed to measure residual LNAPL and air saturations and create 

conditions representative of a smear zone with larger water table fluctuations and a thinner 

LNAPL pool, such that trapped air was present. Using a similar procedure as emplacement 

in the two phase experiments, water was drained by air followed by toluene imbibition 

against water through lowering and raising of the water or toluene reservoirs, respectively.  

Toluene imbibition stopped when toluene reached the top of the porous medium creating 

trapped air and water, and a maximum toluene saturation. Toluene-saturated deionized 

water was then imbibed from the bottom into the cell at a rate of 0.5 cm/hour by raising the 

water reservoir to trap toluene in the porous medium. Toluene was displaced from the 

porous medium by water and overflowed into a graduated cylinder. Volumes of toluene 

and water were tracked gravimetrically in all the stages of the experiment to calculate the 

trapped toluene and air saturations. The first step consisted of water drainage by air, rather 

than water drainage by toluene followed by toluene drainage by air, based on observations 

in the three-phase proof-of-concept experiment, which showed that successive drainage of 
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water by LNAPL and then air did not result in LNAPL residual. This observation is 

discussed in section 3.4.1. 

3.3.5 Dissolution, Sampling and Analysis 

Toluene dissolution experiments were performed following one of the three two-phase E-

nw experiments and following all three of the three-phase E-anw experiments. Deionized 

water was pumped into the cell with a Masterflex (Easy Load 3) pump. Before the starting 

of dissolution, five pore volumes of water were flushed through the cell to equilibrate the 

porous medium. Dissolution experiments were then started by pumping water into the cell 

at an aqueous phase velocity of 0.1 m/day (Re= 0.079), and was same for each of the 

dissolution experiments. Aqueous phase samples were collected at 360-720 min intervals 

into a 4 mL sealed (with Teflon septum) vial through a syringe needle. Samples were then 

immediately stored upside down in a refrigerator (4°C) until analyzed for toluene (Hewlett 

Packard 5890 series II Plus gas chromatograph (GC) with an attached Hewlett Packard 

purge-and-trap concentrator and a Hewlett Packard 5972 series mass selective detector). 

The analytical method was based on EPA SW-846: Method 8260B-Volatile Organic 

Compounds by Gas Chromatography/Mass Spectrometry (USEPA, 2006) and Method 

5035A- Closed-System Purge and- Trap and Extraction for Volatile Organics in Soil and 

Waste Samples (USEPA, 2002). The detection limit for toluene in aqueous samples was 20 

µg/L.  

Each dissolution experiment was continued until the aqueous toluene concentration 

dropped to 3 to 4 orders magnitude lower than the equilibrium solubility value. Oil red-O 

dye was added to the outflow waste water at regular intervals to see if any separate phase 

toluene exited the cell. At the end of all D-anw experiments, each cell was disassembled 
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and checked for any separate phase toluene with dye. No separate phase toluene was found 

in the outflow aqueous phase waste or in the cell body components. Duplicate soil samples 

were taken immediately at the end of one of the dissolution experiments (D-anw-3) using 

En core samplers (En Novative Technologies). The soil samples were kept refrigerated 

(4°C) and analyzed within 48 hours of sampling. The soil samples were immerged in 

methanol (Fisher Scientific) and analyzed for toluene using the same gas chromatograph 

instrument and methods that were used for aqueous phase sample analysis. The detection 

limit of toluene in soil samples was 50 µg/kg. 

3.4 Results and Discussion  

3.4.1 Observation of Trapped Gas Phase in a Smear Zone 

Experiments P-anw and P-nw resulted in the formation of smear zones following 

fluctuation of the water table. Figure 3.3 shows photos taken at the end of Experiment P-

anw and P-nw. Non-wetting phase heptane was trapped in both the experiments by the 

advancing wetting phase during water table rise. Both smear zones consisted of singlets, 

doublets and multipore ganglions. Significant trapped air phase was formed by the 

advancing wetting phase during water table rise in thin LNAPL pool experiment P-anw 

(Figure 3.3a), demonstrating that smear zones can contain both trapped air and heptane. 

Figure 3.3c shows the highlighted trapped air and trapped heptane in P-anw. However, the 

thick LNAPL pool experiment (P-nw) resulted in trapped heptane in a smear zone 

consisting of a two-phase NAPL-water system with only trapped NAPL in water (Figure  
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Figure 3.3: Configuration of smear zones. Red blobs are dyed heptane. (a) Trapped heptane and 
trapped air in P-anw experiment; (b) trapped heptane only in P-nw experiment; (c) trapped air and 
heptane highlighted in white and red respectively in P-anw; (d) trapped heptane highlighted in red 
in P-nw; and (e) trapped air surrounded by heptane in P-anw. 

 

3.3b). This two-phase smear zone had more complex long-branched heptane ganglions than 

the three-phase smear zone (Figure 3.3a). In Figure 3.3d trapped heptane in P-nw is 

highlighted in red. Figure 3.3e shows a zoomed-in view of trapped air surrounded by 

trapped heptane in P-anw. Although Figure 3.3 represents a small portion of each 

experiment, these observations are consistent over the whole three-phase and two-phase 

(a) (b) 

0.7 mm 

(c) (d) 

(e) 



75 
 

zones. 

Close inspection of the air-heptane-water distribution in the P-anw smear zone 

revealed that there were very thin films of heptane around most of the trapped air. Similar 

to trapped heptane, trapped air consisted of singlets, doublets and more complex shapes 

extending to multiple pores. It was observed that there were some trapped air without any 

heptane film that resulted in exposed air-water interfaces. Significant heptane lenses were 

observed and most of them were connected to trapped air. Because these images were 

captured at the front face of the cell, the few trapped air that did not appear to be connected 

to trapped heptane might have been connected deeper in the sand pack away from the side 

of the glass.  

The distribution of heptane in films and lenses in experiment P-anw is likely due to its 

negative equilibrium spreading coefficient. Although, to the author’s knowledge, the 

concept of spreading in three-phase has not been investigated in the saturated zone, we 

assume that the tendency to spread in the unsaturated zone will be applicable to a three-

phase saturated zone containing trapped gas and NAPL. Heptane has a positive initial 

spreading coefficient (Table 3.3), but reduction of the air-water interfacial tension due to 

the partitioning of heptane to the water and air results in a negative spreading coefficient at 

equilibrium (Fenwick and Blunt, 1998, Dobbs and Bonn, 2001). However, where trapped 

air was observed with no visible heptane film in P-anw, it is likely that these were very thin 

(nanometers) heptane films that were not observable at this resolution. Similarly, higher 

resolution experiment would be needed to observe any NAPL layers that were present in 

the crevices and corners of the pore spaces. 
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Figure 3.4: Double displacement in P-anw experiment. Heptane dyed red. (a) No trapped heptane 
left behind during drainage; (b) trapped heptane and trapped air during imbibition. 

 

The trapped heptane saturation was calculated to be 21.5 ± 2% in experiment P-nw and 

11.2 ± 1.2% in experiment P-anw. Approximately 50% less heptane got trapped in 

thepresence of air, which is consistent with previous studies (Wilson et al., 1990). It must 

be noted that during drainage in experiment P-anw, a continuous gas phase invaded from 

the top and displaced heptane to create heptane bank ahead of the gas phase. This, in turn, 

displaced a continuous water phase below it (Figure 3.4a). Initially, heptane displaces 

water at the heptane-water interface, water occupies the smallest pore throats and heptane 

occupies the pore bodies and larger throats. During subsequent water table drop air invades 

the system. Heptane is wetting with respective to air but non-wetting with respective to 

water. As a result, air invades the larger pore bodies at the air-heptane interface, and 

heptane cannot go in the smallest pore throat that are occupied by water but drains from the 

pore bodies though films to create the heptane bank. Similar double displacement was also 

Heptane displacing water 

Air displacing heptane 

No trapped heptane 

Heptane displacing air 

Water displacing heptane 

Trapped heptane and trapped 

(a) (b) 
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observed by Fenwick and Blunt (1998) in pore network modeling and by Keller et al. 

(1997) in micromodel studies. Hayden and Voice (1992) found that even non-spreading 

NAPL can be mobilized to very low NAPL saturations. Although it seemed 100% NAPL 

was mobilized by this double displacement through continuous channels of heptane, very 

small amount of residual heptane in very thin films might still have been present after 

drainage, which was not possible to confirm without higher resolution images. During 

imbibition in Experiment P-anw, water displaced heptane above it, which, in turn, 

displaced gas above it (Figure 3.4.b). However, residual water from the smallest pore 

throats reconnected with the invading continuous water, and air and heptane were trapped 

in the pore throats and pore bodies. Because heptane was not trapped during the water table 

drop, the conditions observed in Experiment P-anw were reproduced in the three-phase 1-D 

column experiments without including water drainage by t as a step in the procedure. 

Rather, water was drained to residual by air, and NAPL followed by water were imbibed 

from the bottom.   

3.4.2 Residual Saturation in 1-D Column Smear Zones 

Results from the two-phase air-water and toluene-water and the three-phase air-toluene-

water experiments are given in Table 3.2. Air saturations were calculated by subtracting 

water volume from the pore volume for the two-phase experiments, and by subtracting 

water and toluene volumes from the pore volume for the three-phase experiments. The 

average residual water saturations in the E-aw and E-anw experiments obtained during 

water drainage by air were 8.1% and 7.0%, respectively (Table 3.2). These values agree 

with the 8.6% residual water saturation reported by Wilkins et al. (1995) in 20/30 sand. 

At the end of water imbibition, the average residual air saturation in the E-aw 
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experiments was 22.0% and the average residual toluene saturation (Sn) in the E-nw 

experiments was 27.7%. The residual air saturations is within the range of 13% to 54% 

reported by Marinas et al. (2013) and slightly higher than the 16% reported by Williams 

and Oostrom (2000). Both residual air and toluene saturations are greater than the values 

reported by Schroth et al. (1996) for 20/30 sand.   However, Schroth et al. (1996) did not 

experimentally measure the residual non-wetting phase values of air-water, soltrol-air and 

soltrol-water experiment. The residual toluene Sn in E-nw was also greater than the residual 

Tetrachloroethene (PCE) saturation (12.84%) in 20/30 sand reported by Bradford et al. 

(1999). However, similar porous media can produce different residual organic phase 

saturation in different studies owing to different methods of organic phase emplacement 

(Wilson et al., 1990). Nevertheless, the residual organic saturation found in this study 

(27.7%) agrees well with the saturated zone NAPL residual 15%-50% and 27.1% reported 

by Mercer and Cohen (1990) and Wilson et al. (1990) respectively. 

The average toluene residual saturation at the end of imbibition in the three-phase E-

anw experiments was 11.3% which is less than 50% of the average residual toluene 

saturation measured in the two-phase E-nw experiments. The average trapped air saturation 

(Sa) in E-anw was 17.1%. The average total non-wetting phase residual saturation St 

(trapped toluene saturation Sn + trapped air saturation Sa) after imbibition in the E-anw 

experiments was 28.4%, which was similar to the average residual toluene saturation 

27.7% in the two-phase E-nw experiments.  Excellent agreement was found between the 

residual toluene saturation measured in the three-phase 1-D column experiments and the 

residual heptane saturation measured in the proof-of-concept thin pool drop Experiment P-

anw. The residual toluene saturation measured in the two-phase 1-D column experiments  
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Figure 3.5: Toluene concentration during two-phase and three-phase dissolution experiments. 

 

agreed well with the residual heptane saturation measured in the proof-of-concept thick 

pool drop Experiment P-nw.  

 

3.4.3 Toluene Dissolution With and Without Trapped Gas 

Aqueous toluene concentrations measured in the effluent from the two-phase and three-

phase smear zone dissolution experiments are shown in Figure 3.5. The uncertainly in the 

measured concentrations was determined to be ±4.95%, based on the variance of the 

known standard sample runs on the Gas Chromatography. This ±4.95% is not visible on the 

Figure 3.5 because the error bars are smaller than the size of the data points. Data reveals 

that dissolution occurred significantly faster in the three-phase air-toluene-water 

experiments than in the two-phase toluene-water experiment. In both the two-phase (D-nw) 

and three-phase (D- anw) experiments dissolution started under rate-limited conditions (i.e. 

with concentrations below the solubility value of 515 mg/L).  Similar toluene 
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concentrations were observed at the beginning of both the D-nw and D-anw experiments. 

After 150-250 pore volumes of water flushing, concentrations in all D-anw experiments 

declined rapidly. However, concentrations in the D-nw experiment declined more slowly, 

and were consistently higher than those in the D-anw experiments. Concentrations in the 

D-anw experiments decreased to 1% of the initial concentration after approximately 500 

pore volumes, while concentrations in the D-nw experiments took approximately 1300 pore 

volumes. Tailing concentrations were observed earlier in D-anw experiments, and low 

concentrations continued beyond 1400 pore volumes. Tailing occurred later in the D-nw 

experiments, and concentrations may have decreased further down to D-anw tailing levels 

if the experiment was continued beyond 1800 pore volumes. The rapid drop in effluent 

concentration followed by long tailing in the D-anw experiments is repeatable, with similar 

concentrations measured in each of the three experiments.  

This dissolution behavior of toluene in water in the presence of trapped air cannot be 

explained by only the lower initial toluene saturation in the three-phase experiments 

compared to the two-phase experiments. Figure 3.6 shows toluene saturation plotted 

against effluent concentrations for each of the D-nw and D-anw experiments. Saturations 

were calculated based on the initial mass emplaced and the mass removed during 

dissolution, calculated by the piece-wise integration of the effluent concentration 

breakthrough curve. In Figure 3.6, the error bars on the saturation values represent the 

combination of the ±4.95% uncertainty of the measured concentrations and ±2% 

uncertainty in initial toluene saturation associated with emplacement procedure. From the 

error propagation calculation it was found that the error in saturation was dictated by the 

error in initial saturation. The size of the error bars is same on each data points as the  



81 
 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 50 100 150 200 250 300 350 400 450 500

S n

Concentration (mg/L)

D-nw
D-anw-1
D-anw-2
D-anw-3
Poly. (D-nw)
Poly. (D-anw-3)

Figure 3.6: Toluene saturation during dissolution of two-phase and three-phase experiments. 
Vertical error bars correspond to 2% uncertainly in saturation 
 

 

combined errors in saturation were found to be within ±2.01 to ±2.08% for all saturation 

values. The solid lines on Figure 3.6 are fifth degree polynomial fits to the two-phase and 

three-phase saturations, and are presented here to aid interpretation of the figure and not as 

a model fit. Toluene concentration in the soil at the end of the D anw-3 experiment was 

found to be below detection limit (50 µg/kg), and is consistent with this data. Figure 3.6 

reveals that near the initial toluene saturation (11.3 %),  the toluene concentrations in the 

two-phase D-nw experiment were lower than in all of the three-phase D-anw experiments 

(i.e. approximately 180-220 mg/L in D-nw compared to 425 mg/L, 460 mg/L and 450 

mg/L in D-anw-1, D-anw-2 and D-anw-3 respectively). If NAPL saturation was a 

reasonable surrogate for interfacial area during the dissolution of residual NAPL both with 

and without trapped gas, then similar NAPL saturations would be expected to produce 
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similar aqueous VOC concentrations. This suggests that the mass transfer rate of toluene to 

the aqueous phase in the three-phase system was enhanced during the early period of 

dissolution in the D-anw experiment, and that an increased mass transfer rate of toluene 

might be associated with increased toluene-water interfacial area in presence of trapped air. 

This is likely due to the presence of toluene films across the air-water interfaces and layers 

in the pore crevices. Toluene has a positive initial spreading coefficient (Table 3.3), and to 

author’s knowledge, the only reported value of the equilibrium spreading coefficient (Cs
e) 

of toluene is by Dobbs and Bonn (2001) which is 0.0 to -0.2.  If toluene has negative 

equilibrium coefficient (Cs
e<0), the distribution of trapped toluene in water in presence of 

trapped gas would be similar to the distribution of heptane observed in the proof-of-

concept Experiment P-anw (Figure 3.3a and 3.3c). As soon as the toluene films at air-water 

interface and toluene layers in the pore crevices disappeared due to dissolution, the 

concentration dropped rapidly due to decreased toluene-water interfacial area, and the 

remaining toluene saturation produced long tailing concentrations. This observation is 

supported by the work of Bradford et al. (1999), where in two-phase experiments the 

authors showed that NAPL films in a partial NAPL-wet porous medium produced faster 

NAPL dissolution than NAPL blobs in water-wet porous medium, with similar decreases in 

aqueous concentrations and tailing during the dissolution of NAPL films. The authors 

concluded that increased NAPL-water interfacial area was responsible for the faster 

dissolution.  

However, if toluene has zero equilibrium spreading coefficient (Cs
e=0), the films over 

much of the air-water interfaces will likely be thicker than the films of a non-spreading 

NAPL, but will still have the increased interfacial area and increased mass transfer rate. 
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Therefore, it is likely that both spreading and non-spreading NAPL in presence of trapped 

air will have a faster dissolution rate compared to the dissolution rate in a two-phase 

system.  

3.4.4 Use of Two-Phase Correlation Model to Predict Three-Phase Dissolution  

Empirical correlation models have been widely used in practice to predict residual NAPL 

dissolution in two-phase NAPL-water systems. The correlation models of Miller et al. 

(1990), Imhoff et al. (1994), Powers et al. (1994) and Nambi and Powers (2003) were 

simplified to the general power law form Sh = β0Sn
β

1, and values β0 and β1 were calculated 

for those correlations using properties of 20/30 silica sand and toluene, and the conditions 

of the D-nw experiments (Table 4). Assuming one-dimensional aqueous phase flow and 

neglecting dispersion, the normalized concentrations C/Cs in each correlation models were 

calculated from the equation (Powers et al., 1992; Nambi and Powers, 2003): 

                                                      = - ( ) ln (1 -	 )                                           (3.5)                         

where qw is the darcy velocity (cm/s) and L is the length (cm) of the column. Normalized 

concentrations predicted using these correlation models and using the conditions of the D- 

nw experiment are shown in Figure 3.7. Compared to measured concentrations, all of the 

models over-predicted the toluene concentrations at early times (< 500 pore volumes), and 

under-predicted the concentration afterwards, when the predicted concentrations rapidly 

dropped to zero. These results show that the mass transfer rate in the D-nw experiment was 

slower than the predicted mass transfer rates. Failure of the published correlations to 

predict dissolution of a different system was also shown by Kokkinaki et al. (2013a) where  
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Table 3.4: Power law model as a function of non-wetting phase saturation. 

 

 

 

 

 

 

 

 

 

Figure 3.7: Correlation model predictions and power law fit for two-phase D-nw experiment. 
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0.6 
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Imhoff et al. (1994) Sh= 5.32Sn
0.87 5.32  

0.87 
Powers et al. (1994) Sh= 3.56Sn
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0.8 
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all the correlation models except of that by Miller et al. (1990) under-predicted effluent 

concentrations and over-predicted the time required for complete DNAPL removal. Figure 

3.7 also shows that the Nambi and Powers (2003) predicts a slower mass transfer rate 

compared to other correlation models, which is also consistent with previous studies (Maji 

and Sudicky, 2008; Kokkinaki et al., 2013a).  

The initial aqueous toluene concentrations may have been over-predicted due to the 

higher initial toluene saturation (Sn = 27.7%) in the D-nw experiment, compared to those 

used in other studies (Sn = 0 to 20%).  The likely lower interfacial area-to-volume ratio in 

the D-nw experiment may not have been accounted for in the correlation models, resulting 

in faster predicted dissolution by the correlation models. Different experimental conditions 

(i.e. different porous media and different NAPL) in different studies might also have 

affected the parameters involved in β0 and β1 of the correlation models. The slower 

dissolution rate of toluene in D-nw might also be associated with the long branched 

complex multiple pore toluene ganglions as observed in the 2-D experiment. Similar slow 

dissolution in higher saturation and long branched ganglions was also reported by Nambi 

and Powers (2003).  

Figure 3.8 shows the correlation model predictions for toluene dissolution in the three-

phase D-anw experiments. The correlation models, similar to the D-nw prediction, over-

predicted the initial toluene concentrations and under-predicted the time required for 

dissolution. However, the portion of the three-phase dissolution with a rapid drop of 

toluene concentration associated with dissolving high toluene-water interfacial area in the 

three-phase air-toluene-water system is well accommodated by the correlations. This may 

be due to the fact that toluene concentration in three-phase D-anw experiments (11.3%) is 
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Figure 3.8: Correlation model predictions for three-phase D-anw experiment. 

 

within the range of the saturations under which the correlations were developed and also as 

the high initial concentration creates a rapid drop as soon as the saturation goes zero. 

However, it cannot predict the low concentration tailing observed in the three-phase 

experiments associated with the remaining toluene concentrations after the high interfacial 

area films dissolved. 

Values of β0 and β1 were calibrated to the measured concentrations in the D-nw 

experiment to account for conditions that were different than other published correlations, 

but still using a power law model to predict toluene dissolution. The best-fit values of β0 

and β1 were obtained by minimizing the root mean square error of the measured and 

predicted (Equation 3.5) toluene concentrations and are shown in Table 3.4.  The black 

solid line in Figure 3.7 shows the predicted D-nw dissolution using the best-fit β0 and β1 

values, and agrees well with the measured values. The fitted model can accurately predict 
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        Figure 3.9:  Three-phase D-anw predictions using two-phase D-nw fit parameters. 

 

the concentration of toluene during dissolution until 1600 pore volumes, beyond which the 

measured concentrations are nearly constant (data not shown). It must be noted that the 

shape of the dissolution curve is very sensitive to the β0 and β1 values, and different values 

are likely required for different conditions.  

The calibrated values of β0 and β1were used to predict toluene concentrations in the 

three-phase D-anw experiments using either the NAPL saturation Sn or the total non-

wetting phase saturation St (NAPL saturation Sn + air saturation Sa) as the saturation term 

in the correlation. The upper (dashed) line in Figure 3.9 is the prediction using three-phase 

Sn values. It predicts early and final toluene concentrations well. However, the model fails 

to predict the rapid concentration drop associated with the dissolving high toluene-water 

interfacial area for the toluene films in the three-phase system.  The lower (dot-dashed) line 

in Figure 3.9, the prediction using St values, over-predicted the toluene concentrations at  
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    Figure 3.10: Power law fits for three-phase D-anw experiments. 

 

the initial stage and dropped down to zero rapidly as the toluene saturation went to zero. It 

under-predicts the remaining toluene concentrations and the time required for dissolution. 

The results shown in Figure 3.9 show that a power law correlation model based on, 

and calibrated to, two-phase dissolution data cannot accurately describe dissolution in a 

three-phase system.  As an alternative, new values of β0 and β1 were obtained by fitting the 

correlation model to the three-phase data. Figure 3.10 shows the best fit predictions for 

each of the three-phase dissolution experiments, fit individually. As it was very difficult to 

fit this specific power law model to the shape of the observed three-phase dissolution, the  

fitted model obtained was a balance between the early high, rapid drop and the tailing of 

concentrations. These fits are based on data up to 1200 pore volumes, after which 

concentrations did not change significantly. The values of β0 were found to be 65 to 2760 

(Table 3.4), which is several orders magnitudes greater than the β0 of both the published  
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Figure 3.11: Comparison of Sherwood numbers in three-phase and two-phase dissolutions. 

 

correlation models using these experimental conditions and the best-fit values based on the 

two-phase experiments. The values of β1 were found to be 1.78 to 2.42, which is also 

significantly greater that the exponents of the published correlation models or the best-fit 

values based on the two-phase experiments.  It is important to note that small changes in 

the exponent create big changes in the predicted concentration.  

The Sherwood numbers based on the power law fits of two-phase D-nw and three-

phase D-anw dissolution were simulated to compare mass transfer rates. Figure 3.11 

illustrates that the ratios of the three-phase Sherwood number to the two-phase 

Sherwoodnumber was several orders of magnitudes higher than unity, depicting very high 

Sherwood the porous medium properties (i.e. d50) and NAPL properties (i.e. Dm) did not 

change between experiments D-anw and D-nw, the ratio of Sherwood number can 

represent the ratio of lumped mass transfer coefficient Kl (Equation 3.5). Therefore, lumped 
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mass transfer coefficient is also significantly higher during three-phase dissolution.  

Furthermore, if it is assumed that the thickness of the stagnant film layer (δ), and therefore 

the average mass transfer coefficient (kl= Dm/δ) (Miller et al., 1990), is same for both two 

and three-phase system, then it can be concluded from the ratio of Sherwood numbers in 

Figure 3.11 that NAPL-water interfacial area is significantly higher in three-phase than 

two-phase. However, Sherwood numbers were orders of magnitude different between the 

three-phase dissolution experiments (Figure 3.11), suggesting considerable variability in 

the interfacial areas between experiments. It is apparent that the mass transfer rates in 

three-phase is several order magnitude greater than the mass transfer rate predicted by the 

two-phase empirical models and therefore the two-phase models cannot be directly used to 

predict the dissolution in three- phase.  The discrepancy is attributed to the presence of 

trapped gas phase, and the distribution of NAPL as films or layers in three-phase systems, 

which increases the NAPL-water interfacial area at early times and produces a rapid drop 

in concentration as the films dissolve.  

3.5 Conclusions 

In this study, the effect of a trapped gas phase on the distribution and dissolution of 

LNAPL in a smear zone was investigated in laboratory experiments. One set of 

experiments involved visualization experiments by spilling heptane and fluctuating the 

water table in a 2-D cell to create three-phase and two-phase smear zones with and without 

trapped air. The three-phase smear zone was observed to have both trapped heptane and air 

and consisted of singlets, doublets and multipore ganglions. However, the two-phase smear 

zone was found to have more complex long-branched ganglions. Trapped heptane in the 

three-phase system was distributed as thin films around most of the trapped air and as 
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discontinuous lenses, most of which were connected to trapped air. This distribution of 

heptane as films and lenses in three-phase systems is due to its negative equilibrium 

spreading coefficient. 

Another set of experiments involved toluene dissolution with and without a trapped 

gas phase in a small 1-D column. Drainage and imbibition was performed in the 1-D 

column to create two-phase and three-phase conditions representative of the smear zones 

observed in the 2-D cell experiment. Average residual toluene saturations in toluene-water 

systems was 27.7% and average residual toluene and residual air saturations in toluene-

water-air systems were 11.3% and 17.1%, respectively.  These values were consistent with 

the saturations estimated in the 2-D cell experiments and the reported values from the 

literature. Effluent aqueous phase concentrations from repeated three-phase dissolution 

experiments revealed that toluene concentrations were high during the early period, 

dropped rapidly after 150-250 pore volumes, and tailing concentrations were observed for 

long periods. Toluene concentrations from two-phase dissolution experiment were high 

during the early period but, unlike three-phase dissolution, declined more slowly and were 

consistently higher than those in the three-phase experiments. Toluene concentrations 

decreased to 1% of the initial concentration after approximately 500 and 1300 pore volume 

in the three-phase and two-phase experiments, respectively. The increased interfacial area 

associated with toluene films and layers is responsible for high concentrations in the early 

period, and as soon as the films disappeared due to dissolution, the concentrations dropped 

rapidly due to decreased interfacial areas, and the remaining toluene produced long tailing 

concentrations. These observations show that the dissolution of residual NAPL in the 
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presence of trapped gas is different than the dissolution of residual NAPL without trapped 

gas phase. 

Furthermore, existing two-phase empirical correlation models, in a general power law 

form Sh = β0Sn
β

1, were used to predict three-phase dissolution. Results showed that all of 

the correlation models over-predicted initial toluene concentrations and significantly under-

predicted the time required for dissolution as the predicted concentrations dropped to zero 

earlier. The general power law model was calibrated to the experimental two-phase 

dissolution and values of β0 and β1 were used to predict three-phase dissolution. Results 

showed that the prediction using the toluene saturation and two-phase calibrated 

parameters can predict early and final three-phase toluene concentrations well. However, it 

cannot predict the rapid concentration drop in three-phase systems corresponding to 

dissolving toluene films. On the other hand, modeling using the total non-wetting 

saturation and two-phase calibrated parameters showed that it over-predicted toluene 

concentrations during early stages of three-phase dissolution. Afterwards, predicted 

concentrations rapidly decreased to zero and under-predicted the remaining three-phase 

toluene concentration and the time required for dissolution. These analyses suggest that 

two-phase empirical models cannot be used to model LNAPL dissolution in the presence of 

a trapped gas phase. 

The general power law model was fitted to three-phase experimental dissolution and it 

was found that the fit parameters (β0=65 to 2760 and β1= 1.48 to 2.72) were significantly 

different than those of the two-phase dissolution fit (β0=1.87 and β1= 1.18). Furthermore, 

ratios of the three-phase and two-phase Sherwood numbers, based on the calibrated 

models, showed that the three-phase Sherwood numbers and, therefore, the lumped mass 
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transfer rates and interfacial areas, were orders of magnitudes higher than those of a two-

phase system. This exercise shows that LNAPL dissolution is faster in a three-phase system 

containing trapped gas phase than in a two-phase system, and reinforces that two-phase 

models cannot be used to predict dissolution in three-phase gas-LNAPL-water smear 

zones.  

This study is the first to investigate residual NAPL dissolution in the presence of a 

trapped gas phase and to show the difference in smear zone LNAPL dissolution between 

two-phase LNAPL-water and three-phase gas-LNAPL-water systems. Observations of this 

study underscore the importance of treating the dissolution behavior in a three-phase smear 

zone differently than in a two-phase LNAPL-water system.  When used to predict aqueous 

VOC concentrations from NAPL dissolution in a three-phase system, using existing two-

phase correlation models, or a power law model calibrated from two-phase system 

experiments, that includes the total non-wetting saturation will over-predict early NAPL 

concentrations and significantly under-predict the later concentrations and the time 

required for dissolution. As a result, LNAPL source zones subjected to water table 

fluctuations will require significantly larger volumes of water flushing than the predicted 

volumes to get down to very low concentration. Including the NAPL saturation in the 

calibrated model, rather than the total non-wetting saturation, would predict initial and final 

three-phase concentrations well, but would fail to predict the rapid decrease in aqueous 

concentration and also over-predict the volume of water required. All of these could 

mislead practitioners regarding natural attenuation or remediation performance in smear 

zones containing trapped gas. The trapped gas phase in this study was created in an 

LNAPL smear zone by water table fluctuation. However, trapped gas can also be produced 
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by other in-situ processes, such as exsolution or thermal remediation, and a consideration 

of its effect on dissolution will be important for those applications as well. 
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Chapter 4 

Conclusions and Recommendations 

Two sets of laboratory experiments were performed in this study to investigate the effect of 

a trapped gas phase on the distribution and dissolution of LNAPL in a smear zone. The first 

set of experiments consisted of visualization experiments by spilling heptane in a 2-D cell 

to create smear zone with and without trapped air phase. It was observed that air phase 

completely displaced the intermediate phase, heptane, from the pore bodies to create a 

heptane bank ahead of it (double displacement) during an experiment with large drop in 

water table (drainage). In that experiment both heptane and air were trapped in the porous 

medium during water table rise (imbibition) resulting in a three-phase smear zone. On the 

other hand, heptane was trapped during water table rise to create a two-phase smear zone in 

an experiment involving small water table drop. In the three-phase smear zone both trapped 

heptane and air were observed to be consisted of singlets, doublets and multipore 

ganglions, while trapped heptane in the two-phase smear zone was found to have more 

complex long-branched ganglions than the three-phase system. Moreover, trapped heptane 

in the three-phase was observed to be distributed as thin films around most of the trapped 

air and as discontinuous lenses, most of them which were connected to trapped air. 

Negative equilibrium spreading coefficient of heptane is likely the reason for the heptane 

distribution as films and lenses in the three-phase systems. 

The second set of experiments involved toluene dissolution with and without trapped 

gas phase in a small 1-D column. Drainage and imbibition was performed in the 1-D 

column to create two-phase and three-phase conditions representative of the smear zones 
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observed in the 2-D cell experiment. In 1-D column, average residual toluene saturation in 

toluene-water system was 27.7% and average residual toluene and residual air saturations 

in air-toluene-water systems were 11.3% and 17.1% respectively, which were consistent 

with the saturations estimated in the 2-D cell experiments and the reported values from the 

literature. Effluent toluene concentrations were very high during the early period in both 

two-phase and three-phase dissolutions. However, concentrations in the three-phase 

experiments declined rapidly after 150-250 pore volumes of water flushing, while 

concentration in the two-phase experiment declined more slowly and were consistently 

higher than those in the three-phase experiments. Toluene concentrations decreased to 1% 

of the initial concentration after approximately 500 and 1300 pore volume in the three-

phase and two-phase dissolutions respectively. Tailing concentrations in the three-phase 

dissolution experiments reached earlier than that of the two-phase experiment. Long tailing 

concentration continued in the three-phase dissolution beyond 1400 pore volumes, while it 

may have decreased further in the two-phase dissolution. Similar concentration in all the 

three-phase experiments showed that the dissolution behavior was repeatable. Presence of 

toluene films between air and water, and toluene layers in the crevices and corners of the 

pore spaces may be responsible for dissolution pattern observed in three-phase. Although 

toluene concentrations were lower in three-phase than that of the two-phase system, the 

toluene films and layers had increased toluene-water interfacial areas comparing to the 

interfacial area of NAPL blobs in the two-phase which was supported by 425-460 mg/L 

and 180-220 mg/L toluene concentrations in the three-phase and two-phase corresponding 

to the similar 11% toluene saturation. The increased interfacial area resulted in higher 

effluent concentrations in the early period, and as soon as the films disappeared due to 
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dissolution the concentrations dropped rapidly due to decreased interfacial areas, and the 

remaining toluene produced long tailing concentrations. These observations show that the 

dissolution of residual NAPL in the presence of trapped gas phase is different than the 

dissolution of residual NAPL without trapped gas phase. 

Existing two-phase empirical correlation models, in a general power law form Sh = 

β0Sn
β

1, were used to predict three-phase dissolution. Results showed that all of the 

correlation models over-predicted initial toluene concentrations and significantly under-

predicted the time required for dissolution as the predicted concentrations dropped to zero 

earlier. However, predicted high initial concentrations created rapid drops in concentration 

as soon as the saturation went to zero which was similar to the part of the three-phase 

experimental dissolutions associated with rapid concentration drop due to dissolving 

toluene films. The general power law model was calibrated to the experimental two-phase 

dissolution and values of β0 and β1, in conjunction with three-phase toluene saturation or 

total non-wetting saturation, were used to predict the three-phase dissolution. Results 

showed that the prediction using the toluene saturation and two-phase calibrated 

parameters can predict early and final three-phase toluene concentrations well. However, it 

cannot predict the rapid concentration drop in three-phase systems corresponding to 

dissolving toluene films. On the other hand, modeling using the total non-wetting 

saturation and two-phase calibrated parameters showed that it over-predicted toluene 

concentrations during early stages of three-phase dissolution. Afterwards, predicted 

concentrations rapidly decreased to zero and under-predicted the remaining three-phase 

toluene concentration and the time required for dissolution. These analyses suggest that 

two-phase empirical models cannot be used to model LNAPL dissolution in the presence of 
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a trapped gas phase. 

The general power law model was fitted to the three-phase experimental dissolution. It 

was found that the fit parameters in three-phase dissolutions (β0=65 to 2760 and β1= 1.48 to 

2.72) were significantly different than those of the two-phase dissolution fit (β0=1.87 and 

β1= 1.18). Furthermore, ratios of the three-phase and two-phase Sherwood numbers, based 

on the calibrated models, showed that the three-phase Sherwood numbers and, therefore, 

the three-phase lumped mass transfer rates and interfacial areas, were orders of magnitudes 

higher than those of a two-phase system. This exercise shows that LNAPL dissolution is 

faster in a three-phase system containing trapped gas phase than in a two-phase system, and 

reinforces that two-phase models cannot be used to predict dissolution in three-phase gas-

LNAPL-water smear zones.  

This study is the first to investigate residual NAPL dissolution in the presence of a 

trapped gas phase and to show the difference in smear zone LNAPL dissolution between 

two-phase LNAPL-water and three-phase gas-LNAPL-water systems. Observations of this 

study underscore the importance of treating the dissolution behavior in a three-phase smear 

zone differently than in a two-phase LNAPL-water system.  When used to predict aqueous 

VOC concentrations from NAPL dissolution in a three-phase system, using existing two-

phase correlation models, or a power law model calibrated from two-phase system 

experiments, that includes the total non-wetting saturation will over-predict early NAPL 

concentrations and significantly under-predict the later concentrations and the time 

required for dissolution. As a result, LNAPL source zones subjected to water table 

fluctuations will require significantly larger volumes of water flushing than the predicted 

volumes to get down to very low concentration. Including the NAPL saturation in the 
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calibrated model, rather than the total non-wetting saturation, would predict initial and final 

three-phase concentrations well, but would fail to predict the rapid decrease in aqueous 

concentration and also over-predict the volume of water required. All of these could 

mislead practitioners regarding natural attenuation or remediation performance in smear 

zones containing trapped gas.  Although, the trapped gas phase in this study was created in 

an LNAPL smear zone by water table fluctuation, it can also be produced by other in-situ 

processes, such as exsolution or thermal remediation, and a consideration of its effect on 

dissolution will be for those applications as well. 

A thermodynamic based dissolution model that incorporates the NAPL-water 

interfacial area anw for dissolution in a three-phase system might be effective for prediction 

and can be a subject for future research. Using an interfacial area-based model for 

dissolution in a three-phase system would need to consider pore-scale distribution of the 

NAPL in the presence of gas and be able to account for both the dissolution from residual 

NAPL layers or films and NAPL blobs. Moreover, a thermodynamic model would require 

capillary pressure-saturation information for the fluids in the three-phase system, which 

would be difficult to measure in field and laboratory settings. As such, the successful 

prediction of NAPL-water interfacial areas in three-phase using thermodynamic based 

interfacial area model will likely remain a challenge, and the correlation models might still 

be used by practitioners and researchers to describe NAPL dissolution. Formulation of an 

empirical correlation model for three-phase gas-NAPL-water system is a timely concern. 

However, more research investigations need to be performed with different porous media, 

NAPL, flow rates and cell properties before generally-applicable relationships can be 

presented. Experiments involving porous medium heterogeneity may need to be 
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investigated as it will affect non-wetting phase distribution in three-phase. Furthermore, 

high resolution experiments are recommended to obtain pore scale images of spreading and 

non-spreading NAPL distributions in three-phase saturated zones. 
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Appendix A 

Supplemental Photos of Proof of Concept Experiments 
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Figure A.1: Proof of experimental apparatus. (a) Front view; (b) side view. 

Camera 

Experimental 
       Cell 

Backlight 
  Water 
reservoir 

Experimental 
       Cell 

40/50 Accusand 

20/30 Accusand 

Dyed Heptane 



109 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2: Drainage sequence of D-anw experiment with large drop of water table 
allowing air phase to enter from top displacing heptane. Heptane dyed red with oil red-O. 
No heptane was trapped during subsequent displacement of water by heptane and heptane 
by air. Similar drainage sequence was also seen in experiment D-nw for heptane pool drop 
with small drop of water table except there was no air phase in the porous medium. 
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Figure A.3: Imbibition sequence of D-anw experiment after large drop of water table 
Heptane is dyed red with oil red-O. As the water table rises, heptane and air was trapped 
during displacement of heptane by water and air by heptane. Similar imbibition sequence 
was also seen in experiment D-nw after small of water table drop where heptane was 
trapped by water during displacement of heptane by water. 
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(g) (d) 

(b) 



111 
 

 

Figure A.4: Close photos of the center of the smear zone containing trapped air and heptane in D- 
anw at two different locations (a) and (b). 
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Figure A.5: Close photos of the center of the smear zone containing trapped heptane in D-nw at 
two different locations (a) and (b). 
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Appendix B 

Supplemental Photos of 1-D Column Experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure B.2: Clean 20/30 Accusand before packing. 
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Figure B.3: Water drainage by air during two-phase E-aw or three-phase E-anw experiments. 
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Figure B.5: Water drainage by toluene during two-phase E-nw experiments. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.6: Toluene imbibition during three-phase E-anw experiments. 
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Figure B.7: Water imbibition during three-phase E-anw experiments. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.8: D-nw or D-anw dissolution experiments setup. 
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Figure B.9: Example of aqueous phase waste during dissolution experiments showing no separate 
phase toluene. The black dots in water are powder of oil red-O dye. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure B.10: 20/30 sand after D-anw dissolution experiment showing no toluene. The black dots in 
the sand are powder of oil red-O dye. 
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Appendix C 

Experimental Step by Step Procedure for Toluene Emplacement in 1-D 
Column Smear Zone 

C.1 Emplacing trapped toluene 

 (i) Drainage of water by toluene  

1. The column was packed with 20/30 silica sand using wet packing procedure and 

mass of sand before and after the packing was recorded to measure porosity 

2. Two steel plates and one net was placed on top of the sand pack of the cell, the 

extended angular cap was then placed on top of the steel plates, and the top cap was 

filled with water using a syringe 

3. Tubing of water flow side of the valve was filled with water 

4. Tubing of toluene flow side of the valve was filled with toluene 

5. Mass of toluene reservoir was recorded, and it was connected to the top extended 

cap of the cell 

6. Mass of water reservoir mass recorded and it was connected to the bottom two-hole 

cap of the cell 

7. Toluene reservoir side of the valve was opened and drainage of water was started 

8. Drainage was stopped when no more water was draining out of the column 

9. Toluene reservoir was disconnected from the cell and mass was recorded 

10. Water reservoir was disconnected from the cell and mass was recorded. 

(ii) Imbibition of water to displace toluene   

1. After drainage- the cell was inverted, slightly tapped and the two-hole cap was 

opened  
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2. Two steel plates and one net was placed on top of the sand and  an angular cap was 

placed top of the cell on top of that 

3. Mass of graduated cylinder was recorded and it was connected to the top cap of the 

cell through tubing 

4. Mass of water reservoir was recorded and it was connected to the water tubing side 

of the valve connected at bottom cap 

5. Water side of the valve was opened and imbibition was started 

6. Imbibition was performed in multiple steps 

7. Imbibition was stopped when some water, after cessation of toluene overflowing 

into the graduated cylinder, went into the graduated cylinder 

8. Mass of graduated cylinder was recorded and the volume of each phase in the 

graduated cylinder was noted 

9.  The water reservoir was disconnected from cell and mass was recorded 

10.  The top cap of the cell was connected to the sampling tubing  

11.  The pump tubing was connected to the water side of the valve at bottom cap 

12.  The set-up was ready for dissolution experiment. 

 

C.2 Emplacing trapped toluene and trapped air  

  (i) Drainage of water by air  

1. The column was packed with 20/30 silica sand using wet packing procedure and 

mass of sand before and after the packing was recorded to measure porosity 

2. Two steel plates and one net was placed on top of the sand pack of the cell, the 

angular cap was then placed on top of the steel plates, and the top cap was filled 
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with water using a syringe 

3. Mass of water reservoir mass recorded and it was connected to the bottom two-hole 

cap of the cell 

4. Water drainage was started 

5. Drainage was stopped when no more water was draining out of the column 

6. The water reservoir was disconnected and mass was recorded. 

(ii) Imbibition of toluene to displace air 

1. After drainage- the cell was inverted, slightly tapped and the two-hole cap was 

opened  

2. Two steel plates and one net was place on top of the sand and the extended angular 

cap was placed on top of the cell 

3. The cell was inverted 

4. Tubing of water flow side of the valve was filled with water 

5. Tubing of toluene flow side of the valve was filled with toluene 

6. The mass of toluene reservoir was recorded and it was connected to the bottom cap 

of the cell at the toluene flow side of the valve 

7. The top angular cap of the cell was opened , a another cell (body only) was placed 

on top it 

8. One angular end cap was placed on the top of the top cell 

9. Mass of graduated cylinder was recorded and connect it to the top cap of the top 

cell 

10. Toluene reservoir side of the valve connected at bottom cap of the cell was opened 

and toluene imbibition was performed in several steps 
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11.  Toluene imbibition was stopped when it reached the top of the gasket placed in 

between two cell body 

12. The toluene reservoir was disconnected and mass was recorded. 

(iii) Imbibition of water to displace toluene  

1. Mass of water reservoir was recorded and it was connected to the valve at the 

bottom cap of the cell  

2. Water reservoir side of the valve was opened and  water imbibition was performed 

several steps 

3. Imbibition of water was stopped when some water, after cessation of toluene 

overflowing into the graduated cylinder, went into the graduated cylinder  

4. The water reservoir was disconnected and mass was recorded 

5. Mass of graduated cylinder was recorded and the volume of each phase in the 

graduated cylinder was noted 

6. The top cap of the top tell was opened and a syringe was used to pull water out of 

the top cell 

7. The top cell was disconnected carefully and one  angular cap was placed on top of 

the packed cell 

8. The top cap was connected to the sampling tubing 

9. The pump tubing was connected to the water side of the valve at bottom cap 

10.  The set-up was ready for dissolution experiment. 
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Appendix D 

Heptane Emplacement Data in 1-D Column 

Several heptane emplacement experiments were performed in the 1-D column to create 

smear zones containing trapped heptane (E-nw experiments) and trapped heptane and air 

(E-anw experiment). These experiments were performed to make sure that heptane and 

toluene have similar wetting and non-wetting residuals in the 1-D column (see Table E.1 

and Table 3.1). Heptane was not chosen for dissolution experiment for its very slow 

solubility in water which was not suitable for analysis in the gas chromatograph machine.  

 

 

Table D.1: Summary of heptane emplacement experiments. 

 
Experiment Name 

 
Fluids 

 
Number of 

experiments 

 
Porosity 

Residual (%) 

Wetting 
phase 

Non-wetting 
phase 

1-D Column 

E-nw 

 
 
 

Heptane, 
Water 

 
 
7 

 
 
 

0.346 
(±0.004)* 

 
 
 

11.88 
(±1.77) 

 
 
 

26.49  
(±2.91) 

E-anw 
 

Air, Heptane, 
Water 

3 
 

0.346 
(±0.002) 

 
9.76 

(±1.13) 

 
Sn 11.8 (±1.69) 
 Sa 16.89(±4.04) 

   
 
        Note: Heptane saturation is subject to ±2 uncertainly associated with initial emplacement  
                  procedure   
                  Sn is NAPL saturation and Sa is air saturation 
                  * Standard deviation in bracket; 
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Appendix E 

1-D Column Concentration Data 

Table E.1: Toluene Concentration with time from the beginning to the end of the experiments. 

Note: Concentrations were calculated from the aqueous-phase sample analysis in the Gas Chromatograph and 
subject to uncertainty of ±4.95% calculated from the variance of known standards. 

Two-phase D-nw 
Experiment 

Three-phase D-anw-1 
Experiment 

Three-phase D-anw-2 
Experiment 

Three-phase D-anw-3 
Experiment 

Time 
(mins) 

Concentration 
(mg/L) 

Time 
(mins) 

Concentration 
(mg/L) 

Time 
(mins) 

Concentration 
(mg/L) 

Time 
(mins) 

Concentration 
(mg/L) 

42 464 56 425 56 456 52 446 
392 430 797 245 1862 454 539 374 
936 378 1689 30.0 2452 117 1043 256 
1440 296 2527 13.3 2739 74.0 1509 283 
1842 284 2844 4.51 5202 7.19 1999 165 
2376 276 3699 2.85 5936 3.65 2436 162 
2892 248 4496 3.14 6671 3.0 2933 10.5 
3394 214 5074 2.67 7432 2.71 3401 11.5 
4004 221 5746 3.16 8128 2.77 4247 8.12 
4489 206 6483 1.73 8920 3.55 4970 6.70 
5287 223 7237 3.15 9611 3.33 5600 5.68 
6009 184 7954 1.48 10233 3.00 6831 0.871 
6728 160 8703 0.985 11082 1.81 8007 1.72 
7459 69.2 9397 0.967 12522 2.18 9289 0.951 
8136 60.0 10000 1.24   10700 0.722 
8859 58.5 10802 1.56   12110 0.646 
9686 12.4 11364 1.15   13610 0.765 

10176 10.4 12296 0.982   15050 0.637 
11076 12.9 12817 1.05   16640 0.686 
11781 7.49 13741 0.664   18020 0.360 
12516 9.64 14237 0.925     
13150 6.55 15033 0.887     
13898 4.95 15724 0.868     
14452 4.58 16455 0.796     
15336 4.20 18637 0.891     
15900 2.55       
16727 2.30       
17266 1.96       
18126 1.86       
18887 1.72       
19654 1.80       
19861 1.74       
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Appendix F 

Toluene Saturation during Dissolution 

 
 
 
 
 
 
 

 
 

Figure F.1: Toluene saturation during dissolution experiments calculated from concentration at the 
outflow. The vertical error bar is ±2% uncertainty. 
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