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ABSTRACT 

LNAPL Volume in a Petroleum-Contaminated Groundwater System — 
A Modeling and Experimental Study 

Zhi Hong Zhang 

LNAPLs, or light non-aqueous phase liquids, are less dense than water. They can co-exist 

with water in the aquifer, which are hydrocarbons presenting potential health, resource, 

and environmental risks. Examples of LNAPL are gasoline, diesel, motor oils, and 

similar materials. 

For many decades, the oil production industry has recognized that LNAPLs 

accidentally released to the subsurface remain in porous media. The study of the 

distribution of LNAPL in contaminated soil began in the 1930s. At that time, LNAPL 

was considered like "pancakes" over groundwater table. In the past two decades, several 

methods have been studied to analyze the actual LNAPL thickness present in wells or 

groundwater and the LNAPL volume in petroleum-contaminated sites. However, 

previous studies were lack of consideration of the heterogeneous characteristics of the 

soil. Also few model validations could be found. 

A new oil volume computation method is developed in the present study, based on an 

integrated analysis of oil properties, the characteristics of subsurface porous media, and 

the interactions between oil, soil, and groundwater. Quantitative analyses and tools are 

thus provided to quantify LNAPL volumes residing in the petroleum-contaminated 

groundwater system. 
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Importantly, a pilot-scale experiment was set up and conducted in the Environmental 

Engineering laboratory at Concordia University with actual oil spills and measurements. 

The developed model has been tested and validated through the pilot-scale experiment 

and applied to a real petroleum-contaminated site. In addition, a user-friendly modeling 

system has been developed in the present study. 

The developed modeling tool can be used to identify the field distribution of LNAPL 

and its volume present in the soil and groundwater system. The approach can support 

effective LNAPL recovery action at the contaminated site and thus help solving oil spill 

contamination problems for the management of groundwater resources. 
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Chapter 1 

Introduction 

1.1 Introduction 

Oil spill is a significant environmental pollution problem. Over 315,000 releases from 

leaking underground storage tanks (USTs) were reported by USA environmental 

agencies as of March 1996. The us Federal regulations state that at UST sites where 

investigations indicate the presence of free products, owners and operators must remove 

those free products to the maximum extent practicable as determined by the 

implementing agency (40 CFR 280.64, API Interactive LNAPL guide; 

http://www.api.org/ehs/groundwater/lnapl/). 
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Each release represents a potential threat to human health and the environment; 

appropriate remedial steps must be taken to assess the risk and minimize the impact. 

LNAPL can migrate significant distances if the release source (e.g., a leaking 

underground storage tank) is not eliminated. The migrating free-phase LNAPL may have 

the potential to impact surface water bodies, water supply wells, and underground 

utilities. Explosive vapours released from LNAPL may migrate into utilities or other 

confined spaces and accumulate at concentrations representing an explosion hazard. Also 

LNAPL present a vapour and toxicity risk: Volatilize from LNAPL and migration into 

indoor or ambient air, and direct contact with LNAPL in soil, groundwater or surface 

water may present risks to human health or the ecology. 

Releases of petroleum products may occur above ground (e.g., spills, leaks from 

exposed piping) or below ground (e.g., leaks from tanks or piping). The recovery of a 

product above ground is relatively routine. Effective methods for cleaning up these 

releases from the ground surface, surface water bodies, or sewers and other underground 

conduits are well established. By contrast, the recovery of a product from below the 

ground is usually much more difficult, more costly, and less effective. The released 

product first soaks into the soil, and only if the volume of release is large enough will the 

free product accumulate at the water table. The soil will retain a significant portion of the 

product, but as this portion is immobile, it does not contribute to that portion termed 

"free product". 

Petroleum products typically produced, stored, and distributed include gasoline, 

middle distillates (diesel, kerosene), and heavy fuel and lubricating oils. These products 

vary in chemical composition and physical properties. The characteristics of these 
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product types in conjunction with the hydrogeology conditions at the site and the manner 

in which the product is released are the primary factors that influence the movement and 

distribution of LNAPL in the subsurface. When oil is accidentally released at the surface 

or from an underground pipe or storage tank, oil migrates vertically downward under the 

force of gravity (Figure 1.1). When the volume of the release is sufficient, the LNAPL 

will migrate through the unsaturated zone to the capillary fringe and water table. The 

increasing water content in the capillary fringe and the effects of buoyancy will impede 

the vertical movement of the LNAPL near the water table. As a result, the less dense oil 

will begin to migrate laterally along the water table. In general, the lateral oil migration 

will preferentially flow with the water table gradient. However, if the rate of downward 

vertical LNAPL movement from the surface is greater than the lateral migration, the oil 

will begin to mount vertically and the oil flow may become radial. In addition, the 

downward migration into the aquifer will increase, thereby displacing water from the 

aquifer porous space. 

Plume ̂  

y.-

Capillary 
Fringe 

Figure 1.1 LNAPL release to the subsurface (API Interactive LNAPL guide, 
http://www.api.org/ehs/groundwater/lnapI/) 
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The important properties of hydrocarbons and geologic media must be considered 

when designing a free product recovery system. The first step is to estimate the volume 

of Hydrocarbons. Therefore, methods for evaluating recoverability of subsurface 

Hydrocarbons are very important. This method need to characterize the extent of the free 

product at a site as well as to estimate the volume of the free product. 

Low density non-aqueous phase liquids (LNAPL) can accumulate as contaminants in 

the unsaturated zone and enter a saturated zone by being transported by the groundwater 

flow. In order to estimate the distribution and volume of the LNAPL, monitoring a well 

system is a commonplace practice. Many observations have been obtained that relate the 

thickness of the oil observed in monitoring wells to the actual thickness in the 

subsurface. And some empirical formulae have been obtained (De Pastrovich et al., 1979 

and Lenhard and Parker, 1990a). However, the applications of these empirical 

relationships are very limited to specific soil types and fluids. 

The quantitative understanding of petroleum distribution in subsurface media and its 

recovery was developed in the 1930s. In the past two decades, methods have been 

reported to analyze the actual LNAPL thickness and volume in petroleum-contaminated 

sites. For example, De Pastrovich et al. (1979) and Hall et al. (1984) based the 

estimations of oil volume on hydrocarbon density and release rate. Lenhard and Parker 

(1990a), Farr et al. (1990) have developed an integrated method to calculate the free 

LNAPL volume (specific volume) in porous media using the observed thickness of the 

oil in the monitoring well. Marinelli and Durnford (1996) have suggested to further 
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evaluate which model (van Genuchten or Brook-Corey model) is more consistent with 

field soils and soil layering effects on oil drainage. More recently, Sleep et al. (2000) 

have pointed out that the existence of layered soil would invalidate calculations based on 

assumptions of soil homogeneity. 

Thus, it is seen that previous studies were limited to observations and theoretical 

analysis. Specifically, few methods of estimating oil volume in the subsurface have 

considered the effects of heterogeneous (i.e., layered soil), which could mislead or give 

the incorrect results. Very limited model validation through laboratory or field scale 

studies could be found. Moreover, there is no integrated user-friendly system. The 

present thesis study is intended to extend previous efforts on the accurate calculation of 

the oil volume in the subsurface after an accidental release. 

1.2 Research objectives 

The objectives of the present thesis study are the following: 

1) To develop a new oil volume computation method, based on an integrated 

analysis of the oil properties, the characteristics of subsurface porous media, and 

the interactions between oil, soil, groundwater, and the site investigation; 

2) To develop a pilot-scale experiment in the laboratory with actual oil spills and 

observations to validate the developed oil volume model; 

3) To apply the developed and validated method to a field case study; and 
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4) To develop a user-friendly modeling code for technology transfer. 

1.3 Organization of this thesis 

The present thesis is organized as follows, 

Chapter 1 is the background and research objectives of this thesis study. 

Chapter 2 reviews previous modeling systems and significant parameters of 

modeling. 

Chapter 3 describes the derivation of a computation module and examines the 

proposed modeling through two cases. 

Chapter 4 validates the model through a pilot-scale system experiment. This 

experiment had as its goal to test these commonly applied techniques using data 

generated in a pilot-scale test. 

Chapter 5 develops a user-friendly computation system. Also this system is applied 

to a real site. 

Chapter 6 includes a model sensitivity analysis. A sensitivity analysis was 

conducted to evaluate the impact of changes in selected variable parameters. The 

variables and associated values were used for the pilot-scale experiment case. 

Chapter 7 gives conclusions, research contributions, and recommendations for 

future study. 
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Chapter 2 

Literature review 

In this chapter, first the interaction of spilled oil and groundwater as well as related 

physical parameters of the system is briefly presented. Then previous studies on the 

estimation of oil volume in the porous media are reviewed. A short summary and 

discussion are presented at the end. 

2.1 Spilled oil in groundwater system 

Understanding of LNAPL behavior in groundwater is important for the choice and 

implementation of an effective clean up strategy. 
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Figure 2.1 Accumulation of oil released to the subsurface 
(http://www.api.org/ehs/groundwater/lnapl/) 

Figure 2.1 shows a simple experiment that shows how oil is released to the soil and 

accumulates above groundwater. According to this experiment (API Interactive LNAPL 

Guide- http://www.api.org/ehs/groundwater/lnapl/), Figure 2.1-a shows an LNAPL that 

has just been released into the soil. The LNAPL does not reach the capillary fringe. 

There would probably not be any accumulation of the free product if the release of the 

LNAPL were to be stopped at this point. In Figure 2.1-b, the LNAPL is still being 

released and the volume of the release has grown large enough for the free product to 

begin accumulating on, and displacing, the capillary fringe. The free product is beginning 

to displace the capillary fringe and some of the LNAPL are dissolving into the 

groundwater. In Figure 2.1-c, d; Residual hydrocarbons remain in the soil beneath the 

UST. The free product plume has spread extensively. 
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Figure 2.2 shows the progression of a typical petroleum product released from an 

underground storage tank. 

Unsaturate Zone aturaj _1 
nD 

HfiPL 

CapJK&yZone Jftteawmi 
SaiuraMI Inrm 

A 

Confining Layer 

wnmrnmm^mmfnmmmmlmmfm 
Be^anirtg of Release 

Zdf30 

Cautery Zor» Water Table 

SaSyrated Zone 

B 

Dissolved Contaminant 

Release Continues 

Utvs*Kurat*d Zon* •tsimti 

topijsry&m' 

Saturated 2*m* 

Source of Release is Eliminated 

Figure 2.2 Progression of a typical petroleum product released from an underground 
storage tank (EPA510-R-96-001, September 1996) 
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The process shown above is very complex. It is based on fluid and geological 

properties and conditions. Some of the related characteristics are briefly reviewed. 

The physical properties of fluids that are most significant to free product recovery and 

migration are density and viscosity. Common petroleum hydrocarbons tend to 

accumulate above the water table because of their low density. Viscosity is a factor 

controlling the mobility and recoverability of liquid hydrocarbons. A third fluid property 

is interfacial tension, which is important because it determines how easily a geologic 

medium will be wetted with a fluid. It is also important because it controls (with porous 

size) the height of the capillary rise in a porous media. All three properties are inversely 

related to temperature. 

2.2 Previous observations and experimental studies on oil 

volume estimation 

2.2.1 Field observation 

Fluid physics indicate that, at equilibrium, the observed LNAPL thickness in an 

observation well is greater than the actual thickness in the aquifer, although there is an 

apparent volume exaggeration by wells. The depth down to the groundwater and the 

apparent thickness of an LNAPL in monitoring wells can be measured with an oil/water 

interface probe (ORS Model #1068013 or equivalent). The thickness of an LNAPL in a 

monitoring well typically exceeds the thickness of LNAPL in the subsurface by a factor 

estimated to range between 2 and 10. Due to this difference, the LNAPL thickness 
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measured in a monitoring well is commonly referred to as the "observed or apparent 

thickness" and is not an accurate measurement of the LNAPL thickness in the 

subsurface. 

2.2.2 Correlation between observed and actual oil thickness 

Many studies have been performed to correlate LNAPL thickness in a monitoring well to 

actual LNAPL thickness. These studies have produced correlations that can be used to 

estimate the actual LNAPL thickness from the observed LNAPL thickness measured in a 

monitoring well. 

Because of the LNAPL thickness, observations made in monitoring wells are only an 

estimation of the actual volume of LNAPL in the aquifer. To determine the actual 

LNAPL thickness, it is necessary to collect and visually analyze the observed thickness 

in the monitoring well. This was done by de Pastrovich et al. (1979) using the 

CONCAWE method. They came to the conclusion that the actual thickness is 

approximately four times the observed thickness. Kramer (1982) and Yaniga and Demko 

(1983) have respectively proposed a difference between the actual oil thickness and the 

observed thickness in the monitoring well of 2-3 times, 2.5-3 times and 5-10 times 

approximately in each case. Shephard (1983) and Hall et al. (1984) included the grain 

size in the Equations. Schiegg (1985) included capillary heights and Corey (1986) 

proposed the Brooks-Corey model. Parker et al. (1987) and Parker and Lenhard (1989) 

went further, incorporating soil saturation into their Equations. This improved the 

accuracy of the estimation of the oil volume. Figure 2.3 illustrates this relationship. 
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Figure 2.3 Observed versus actual LNAPL thickness (De Pastrovich et al (1979)) 

It has been demonstrated that the thickness of the LNAPL in a monitoring well is 

greater than the thickness of the LNAPL in the formation (De Pastrovich et al., 1979 and 

Lenhard and Parker, 1990a); and that the apparent thickness in a monitoring well can be 

from 2 to 10 times greater than the actual LNAPL thickness in the formation (Mercer and 

Cohen, 1990). Lenhard and Parker (1990a) have developed an Equation (2-1) to estimate 

the actual LNAPL thickness in the formation using the apparent LNAPL thickness in the 

monitoring well. 

Do = 
rro b a o H 0 

b a o r m - b o W O - O 
(2-1) 
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where: 

Do= actual thickness of LNAPL in the formation 

Ho = apparent LNAPL thickness in the well 

rro = density of LNAPL 

bao = air/oil scaling factor = Saw/sao 

bow = oil/water scaling factor = saw/sow 

Saw - surface tension of uncontaminated water (72.75 dynes/cm @ 20°C) 

s a o - surface tension of LNAPL (26.8 dynes/cm for JP-5) 

s0w
= Saw- sao

= interfacial tension between water and LNAPL 

2.2.3 Experimental studies 

Previously, laboratory experimental studies were rarely found. Also the experimental 

studies were almost in homogeneous condition. They did not consider heterogeneous 

conditions and layer effects (Wickramanayake et al., 1991 and Sleep et al., 2000). 

2.3 Previous models of calculating oil volume in the porous 

media 

The quantitative understanding of petroleum distribution in subsurface media and the 

recovery of petroleum was developed in the 1930s at Princeton and other universities. 

This understanding established the role of interfacial and capillary forces in determining 

the distribution of oil in subsurface media. Previous studies on the calculation of the 

volume of oil when it is spilled into porous media are reviewed below. 
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Studies presented by De Pastrovich et al. (1979): 

In the past two decades, there have been reports about methods for the analysis of the 

actual LNAPL thickness and volume in petroleum contaminated sites. For example, De 

Pastrovich et al. (1979) and Hall et al. (1984) made estimations based on hydrocarbon 

density and release rate. These studies have tried to relate the measured thickness in the 

monitoring well to the "actual LNAPL thickness" with the ratio of 4:1 (De Pastrovich et 

al., 1979). Based on laboratory studies and a review of many of these methods, Hampton 

and Miller (1988) have pointed out that the relationships investigated in their study were 

not sufficient to reliably predict hydrocarbon thickness in the formation. 

Studies presented by Lenhard and Parker (1990a) and Farr et al. (1990): 

A few methods reflecting more complex relationships incorporating the properties of 

the porous medium have been developed. Simultaneously and separately, Farr et al. 

(1990) and Lenhard and Parker (1990a) investigated the theoretical basis for estimating 

LNAPL volume in porous media under vertical equilibrium conditions taking into 

consideration the fluid and media properties. These efforts corroborated one other and 

thereby enhancing the validity of each individual study. Wickramanayake et al. (1991) 

compared the methods proposed by De Pastrovich et al. (1979), Hall et al. (1984), and 

Lenhard and Parker (1990a) to estimate the LNAPL volume from an artificial release. 

The method proposed by Lenhard and Parker (1990a) was found with an accurate 

estimate of LNAPL release after the system had reached equilibrium. 

14 



During the same period of time, Lenhard and Parker (1990a) and Fair et al. (1990) 

developed an integrated method to calculate the free LNAPL volume (specific volume) 

in porous media using the apparent thickness of oil in the monitoring well. An analytical 

solution based on the Brook-Corey model was also obtained. Their research was based 

on two assumptions: the existence of hydrostatic equilibrium between the well and the 

adjacent porous media, and the homogeneity of porous media. The first assumption 

makes it possible to connect the thickness of the oil in the well with the distribution of 

the LNAPL in the porous media. The second assumption facilitates the analytical 

solution based on the Brooks-Corey capillary pressure-saturation model (BC model). 

Although the integrated method was applied more widely than empirical formulae, the 

method considered only homogeneous soils. The specific volume showed no relations to 

the groundwater table in the homogeneous soils. Basing our conclusions on the available 

soil type and fluid properties, the actual specific volume in the porous media is 

proportional to the apparent thickness in the monitoring well under the assumption of 

homogeneity. Wickramanayake et al. (1991) compared the total oil volume in a pilot-

scale sand tank with the calculation employing the method of Lenhard and Parker 

(1990a) and concluded that there is a fairly accurate fit based on the van Ganuchten 

(1980) model. 

Studies presented by Durnford et al. (1991): 

Few previous studies have been adequately evaluated under a variety of field 

conditions especially in the majority of soils and aquifers with heterogeneous 

characteristics. These studies were limited to homogeneous sites. Furthermore, several 
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potential limitations in the application of many of these methods were identified by 

Durnford et al. (1991): (1) water table fluctuations can result in differences in "actual 

LNAPL thickness"; (2) uncertainties exist in the measurements of capillary pressure-

saturation relationships when using methods incorporating soil and fluid properties; and 

(3) it is difficult to evaluate the spatial variability in subsurface properties (heterogeneity) 

and its effects on the distribution of LNAPL inside. 

Studies presented by Marinelli and Durnford (1996) and Sleep et al. (2000): 

More recently, Marinelli and Durnford (1996) have suggested the need to further 

evaluate which model (VG or BC model) is more consistent with field soils and soil 

layering effects on oil drainage. Moreover, Sleep et al. (2000) thought that the existence 

of soil layering would invalidate calculations based on assumptions of soil homogeneity. 

From the engineering point of view, specific oil volume estimations of free phase oil in 

the stratified soils are more significant due to almost no existence of homogeneous soils 

in the real world. 

2.4 Discussion and summary 

In summary, four methods of calculating the LNAPL volume associated with a LNAPL 

spill site have been available since the 1970s. Much of the understanding of the 

distribution and mobility of spilled LANPL is useful for establishing a modeling method. 

However, previous studies were limited to the following areas: 
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1) Heterogeneous soil: Few of these studies considered the effects of 

heterogeneous soil, i.e. the layering effects, which directly affect the oil volume 

estimation results or simply result in an incorrect estimation. 

2) Validation: Very few of the model validations in these studies were through 

laboratory and field scale experiments. 

3) Selectivity: These studies do not present an integrated consideration of both 

properties and characteristics associated with subsurface soil and groundwater 

and spilled LNAPL. 

4) Interface: A few user-friendly systems and extensive unstable analyses could be 

found. 

The present thesis is intended to address the issues given above by extending previous 

model development and by creating a model validation experiment. 
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Chapter 3 

Development of an oil volume computation 

system 

Low density non-aqueous phase liquids (LNAPL) as contaminants can accumulate in 

unsaturated zones and enter saturated zones are transported by the groundwater flow. In 

order to estimate the distribution and volume of LNAPL, monitoring a well system is a 

commonplace practice. In this chapter, an oil volume computation system is developed 

and examined through similar literature case studies. 

3.1 Development of a conceptual model 

The present study focuses on developing a method to estimate free phase LNAPL as 

indicated in Figure 3.1. The steps are (1) to construct a conceptual model based on; (2) to 
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define the level of different fluids; (3) to determine the physical interactions between oil 

and the groundwater system; and (4) to develop the mathematical model; 

M Release Source 

iFree LNAPL 

Figure 3.1 Condition of LNAPL and water in porous media 

The subsurface can be divided into two zones based on water content: the unsaturated 

zone and the saturated zone. The movement of petroleum hydrocarbons in the subsurface 

is fundamentally different in the unsaturated and saturated zones. It is commonly 

accepted that the boundary between these two zones is the water table, which is the 

surface where water pressure equals atmospheric pressure. Below the water table, in the 

saturated zone, all porous and void spaces are filled with water and the water pressure is 

greater than the atmospheric pressure. Water pressures above the water table, in the 

unsaturated zone, are less than the atmospheric pressure, and the water may be 

considered to be under tension or suction. Directly above the water table is a relatively 
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thin zone—the capillary fringe—that is saturated with water but the water pressure is less 

than the atmospheric pressure. The capillary fringe is thicker in fine-grained media and 

thinner in coarse-grained media. Above the capillary fringe in the unsaturated zone, voids 

and porous spaces are filled primarily with air and varying amounts of water as either 

liquid or vapor (Figure 3.1). 

3.2 Oil volume computation 

3.2.1 Calculations of phase-to-phase elevation corresponding to the oil 

saturation in the porous media 

The majority of petroleum hydrocarbons stored in USTs are lighter than water, which 

means that they float. A free product generally moves in the same direction as the flow of 

groundwater. This movement is strongly influenced by soil heterogeneity and anisotropy, 

and the design and operation of an effective free-product recovery system is dependent 

upon the accurate characterization of the hydrogeology conditions at the site. It is 

extremely important to realize that the elevations of liquid surfaces in a monitoring well 

containing both groundwater and free products are not representative of the hydraulic 

head at that location. The measurement must first be corrected to account for the 

thickness of the free product. Other critical factors to consider are the total volume of the 

release and the depth down to the groundwater. 

The following formulae are mainly based on two assumptions: 
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• Hydrostatic equilibrium between the well and porous media. 

• Homogeneous porous media. 

The depth to the water table is an important factor that affects how the free product 

migrates and how its recovery should be approached. Except for very deep water tables, 

the depth to the water table can be determined through relatively inexpensive borings or 

monitoring wells (or well points). The depth to the water table will indicate the potential 

for petroleum hydrocarbons to reach the water table, where the free product can then be 

collected in wells or trenches. All other factors being equal, a greater depth to the water 

table requires that the volume of liquid petroleum hydrocarbons be greater if they are to 

reach the water table. 

According to the equilibrium of pressure on the interface of oil-water in the well, we 

have Figure 3.2 (extended from Fetter, 1998): 

P.L.'PJ P-i] 

I „ = ^ T [3-2] 

P. 

where, 

T= apparent oil thickness in monitoring well (m); 

0,0 = oil and water densities, respectively (kg/m3); 
* o * w 

Lw= apparent thickness in monitoring well under water table (m). 

The interface between oil, water and air phases in the well and aquifer can be 

expressed by Equation [3-3]: 
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D:=D?+— [3-3i 
A S 

where, 

jy° = depth of interface of air-oil in monitoring well (m); 

£)"- depth of oil capillary fringe in soil (m); 

p™= air-oil displacement pressure (N/m2). 

It is evident that the difference is the oil capillary fringe (Figure 3.2), 

D:=D:+L0/ [3-4] 

where (Figure 3.2), 

/ , , - height of oil capillary fringe in porous media (m); 

_£ = height of residual oil in porous media (m); 

j ^ = height of oil move vertically in porous media (m); 

_£ = height of mobile oil in porous media (m); 

_£. = height of immobile oil in porous media (m); 

[j= height of water capillary fringe in porous media (m). 

P L«'-9h; t3"5! 
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Figure 3.2 Conceptual diagrams for heights in porous media (Extended from Fetter 
(1998)) 

Similarly, the difference between the oil-water interface in the well and the aquifer is 

expressed as: 

D:=D°;+ [3-6] 

where, 

Ap = pv-pe (g/cm3); 

£)ow = depth of interface of oil-water in monitoring well (m); 

£)ow = depth of water capillary fringe in soil (m); 

p%— oil-water displacement pressure (N/m2). 

In Figure 3.2, this difference consists of the water capillary fringe and the water table 

difference. 

—. ow __ ow _ _ [3-7] 
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So, the height of the water capillary fringe is expressed as: 

P: P0 
iwf 

[3-8] 

Three-phase saturation relations are based on the work of Lenhard and Parker (1987): 

s.+s.=i> P>P: t3"9] 

(^>w\-x 

( \ p 
kJ w \ *- ' Virl r*ow 

\JLd J 

where, 

+ S„> P?*P [3-10] 

$ = irreducible saturation of water; $ = actual saturation of water; $ = actual 

saturation of oil; pa°= air-oil displacement pressure (N/m2). 

Oil saturation equals the oil residual saturation in the porous media at the upper 

boundary of immobile oil, i.e. S = S • Combining with Equations [3-9] and [3-10], 

we get the following: 

s0A-s, 
f ^™\~i 

i 

\ r d ) 

[3-11] 

where, 

S! = irreducible saturation of oil. 

And the corresponding depth can be expressed in Equation [3-12] (Figure 3.2): 

where, 

Z= depth of immobile oil in soil (m). 

Therefore, Equation [3-13] exists: 
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where, 

D:-P-
V 

d / - 7 +P: [3-13] 

pT= the pressure of interface of immobile oil in soil (N/m ). 

The height of the immobile oil zone above the water capillary fringe based on 

Equations [3-9]-[3-13] is as follows (Brooks, R.H. and Corey, A.T., 1964): 

JU 
kpg 

kj wr KJ o 

i -S 
- 1 

wr J 

[3-14] 

where, 

X = BC parameter (Brooks-Corey model). 

The mobile oil zone can be calculated by Equation [3-15] (Figure 3.2): 

p o w 

L"M Apg " 

Equation [3-14] is substituted for [3-15]; we obtain Equation [3-16], 

[3-15] 

L =T 

-Ms mo &pg 
*J W O 0 
l~S 

*-* wr 

[3-16] 

At the depth of £)aov (depth of residual oil in soil), oil saturation is zero. We can 

calculate this depth based on the relationship of water saturation and total (oil and water) 

saturation. Total liquid saturation is expressed as: 
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( w>oY 
+s^ P:±P: [3-17] 

From Equations [3-17] and [3-10] and the conditions of Equations [3-18] and [3-19], 

the depth of the point at which oil saturation is zero can be acquired by Equation [3-20]. 

fc.+SJ-S^o 

where, 

Pd D -1 V -z +P: 

[3-18] 

[3-19] 

pao- the immobile oil and mobile oil displacement pressure. 

yMOW y-\o w 

's 1-Jw 
PoP08 

ffpje-Pite 
[3-20] 

In Figure 3.2, the height of the oil staying in the air-oil-water phase (three dimensions) 

is as follows: 

ao __ aow 

I-J vo ~̂~ I~J ro = D7-D 

Substituting Equation [3-20] in [3-21], we get Equation [3-22]. 

[3-21] 

T +T = K** 
Ep.g-K** 

T-

P0z 
[3-22] 

Equation [3-22] is the height of the residual oil and oil moves vertically in soil. 

Equations [3-5], [3-14], [3-15] and [3-22] are important for oil volume calculations. They 

clearly show the different height of oil in soil. Through these Equations, we deduct the 

volume of oil in porous media. 
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3.2.2 BC model 

The Brooks-Corey (BC) model evaluates the volume of an LNAPL using the thicknesses 

in wells compared to the capillary displacement porous-entry pressure (Fair et al., 1990). 

The use of this concept involves consideration of some of the same theoretical constructs 

(e.g., scaling parameters to obtain capillary parameters) as the background to analyze 

LNAPL volume and mobility. 

Specific volume is defined as the volume of a substance per unit area, expressed in 

cubic meter per square meter (m3/m2).. Using a specific volume, it is possible to 

represent the distribution of oil in porous media. The total specific volume of oil in 

porous media can approximately be expressed as Equation [3-23]: 

vM \Livo JLirof j JL/of \ IJwr/ JL/mo V *3wr/ JL/io j [3-23] 

where, 

(/>= porosity of soil; 

T= apparent oil thickness in monitoring well (m); 

yT=ihe total specific volume of oil in porous media (m /m ). 

K is the ratio of oil saturation to water saturation in oil mobile zones. Sor and S w are 

residual oil and water saturation, respectively. K is proportional to T (apparent oil 

thickness in monitoring well). Thus Equation [3-24] is obtained: 

f 

vM-s H1* ^ +K +Ay.<f> [3-24] 
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where, 

~ao -r^pw 1- C pu" p 
A U w J. d , JL d 2 pog ^PS 

Owr *3, 

1-5. wr J 
%-4-sJ iSor Id 

2 A/Cg 

The free phase oil volume (specific volume under ideal discharge conditions) is as 

follows: 

. 3 / „ 2 N 

Vm-Vr-Vr 

where, 

Y = the free phase specific volume of oil in porous media (m7mz); 

Y = the residual phase specific volume of oil in porous media (m3/m2). 

The residual oil volume in porous media is as follows: 

V, = *iD7-D7)s„ 

[3-25] 

[3-26] 

Based on Equations [3-24], [3-25], [3-26], the free phase oil specific volume is the 

following: 

Vm = *'-
P7*pg kJ wr LJ o 

Pd Pog-Pd&Pg 

where, B is constant, i.e. 

p _ O wr . Id . Id [ >Jwr t J « 

+ 4-SJKT + B*<I> E 3 " 2 7 ! 

2 pog APS 1-5 wr J 
%-4-sJ 9 Pow 

2 Apg 
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If oil in porous media is extended over a soil surface, £) "ow < 0 , the total specific 

volume and the mobile oil specific volume are calculated by Equations [3-28] and [3-29], 

respectively. 

where, c and d are constants expressed in the following: 

[3-28] 

[3-29] 

•*ao T-»pw 

l _ o i _ o p"» p-
C = rf° x — H * . + — ^ x J-*- + r" 2 pog APS 

i-s„-s. \~ 

i-S. wr J 

-4-sJ )Jor „ Id 

2 Apg 

n = r\tt0
 x

 wr °r + wr x + 
2 pog &Pg 1-5. 

, <J or x /rf 

2 A/# 

Using the Equation above to calculate the case in the article by Fair et al. (1990), it 

was found that K is important, which determines the accuracy compared with the 

analytical results. K is within a range of 0.3-0.7 and increases along with T. So it would 

not fit well with the analytical curve except by adjusting the K value. The reason is that 

both water and oil saturations in the soil are complex. Simply using (1-Swr) or 1/2(1 -sw) 

for oil saturation causes erroneous results. 

3.2.3 VG model 

Another concept is to employ actual saturation at the half depth as representative 

saturation. From this point, a computational method -VG can be obtained. The analyses 

are as follows: 
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For BC model parameters, Vmis obtained: 

r m ' \Ljmo {{D:+D7) 
[3-30] 

GivenZ = JX° + ~~\L)7 ~ D7)> Equation [3-31] is obtained based on Equations [3-

5], [3-9], [3-10], and [3-15]: 

( 

vm=n-s ' wrA 

•%ow
 TV° 

>r_.±d , -Id 

APS pgg 
1 -

/ l A / ^ n lApg PZ { 1^ 
2P: 2P7P0S

 2. 
[3-31] 

Similar deductions can be obtained for VG model Vm calculation (van Ganuchten, 

M.T., 1980): 

V m T\J_jmo JLjio/ O o {D. +DS J 
[3-32] 

When paJ and jT are assumed to be zero, a n d j ^ + J^ = T, utilizing Equations [3-

33] and [3-34] gives the specific volume of oil (Equation [3-35]) based on VG 

parameters: 

S0
+S„ = i [3-33] 

o w v o „ 
1 

l+{aowP°w) 
+S« [3-34] 
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vm=4-sw> 

,1-1/n 

1 + ^a^ps 
Y 
J ) 

[3-35] 

where, 

££w= VG model parameter (oil-water); and n= VG model parameter. 

•\ow r k a o 

p"w p" 
From Equation [3-31], if Vm>0.0, T >^—^ =-^—. That is in concordance with the 

APS pog 

result (Lenhard and Parker, 1990a). 

3.2.4 Total oil volume calculation 

3.2.4.1 Calculation of the total volume of spilled oil in a groundwater system 

When an underground storage tank (UST) leaks oil, the leaked oil will spread in two 

directions: vertically and laterally. If there is enough leaked oil, it will reach the 

groundwater capillary fringe and the groundwater table, thus producing free oil in porous 

media. Free oil will flow in a lateral direction because of the pressure difference in the 

media. The spread of leaked oil shows the apparent complexity in the real world due to 

the heterogeneity of the porous media. Site investigation using monitoring wells and core 

samples in the leaked oil area usually produces three kinds of free phase oil results: free 

oil accumulated in the wells; no free oil in the wells but with a certain thickness in core 

samples; no oil is found in the wells and samples. According to the above-mentioned 
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analysis, a site can be divided into three areas, i.e., the free phase oil area, the non-free 

phase oil area, and the non-contaminated area (Figure 3.3). 

The free phase oil area is the area where free oil accumulates in the monitoring. The 

non-free phase oil area is the area in which free oil cannot be found in the monitoring 

well, but it is evident that the soil is contaminated. Non-contaminated area is defined as 

an area where the soil is not contaminated by a concerned source of leaked oil. 

Figure 3.3 Delimitation of contamination areas 

3.2.4.2 Oil volume estimation in free phase oil area 

Lenhard and Parker (1990a), Fair et al. (1990) proposed formulas to calculate specific 

volumes in the free-phase oil area. Their Equations are identical after a conversion 

between models of parameters (Lenhard and Parker, 1990b). These related studies are 
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referred to in the development of methods of estimating oil volume in the free-phase oil 

area in below. 

First, vertical equilibrium pressure distribution and the relationships between fluid 

levels (air-oil and oil-water) in the monitoring well and porous media are built under the 

condition of hydrostatic equilibrium (Equations [3-36]-[3-39]). 

h.-\-pmh-z:) i3-36i 

Z--Z'+Ppjp~ [3"38] 
^ / ro'/ o 

ro'' ow 

ao ao 
= Z : + — % - [3-39] 

f ro i do 

where, 

h w'h =°il_water, air-oil capillary head, respectively (m); p =ratio of oil density 

with water density; fo =air entry pressure in BC model (m); R ^oil-water scaling 
" * ow 

factor; R =air-oil scaling factor; y^^elevation of interface of air-oil in monitoring well 

(m); £fl°=elevation of oil capillary fringe in soil (m); ^"^elevation of interface of oil-

water in monitoring well (m); 2fw-elevation of water capillary fringe in soil (m). 

Secondly, the decision concerning the distribution of oil saturation is based on three-

phase relationships between fluid content and capillary pressures (Lenhard and Parker, 

1987,1988), which are the extensions of the two-phase relationships of the Brooks-Corey 

(BC) concept or the van Ganuchten (VG) concept (Equations [3-40]-[ 3-47]). 
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sSp0WhJ=S>{h*) [3-40] 

Y,{fimhJ=S'(h') [3-41] 

Sw = JjtfM [3-42] 

— C + C - C 

S, =0,v ° ° ° m [3-43] 

Sih*)={hjrf »*>hd [3-44] 

£*(/**)= 1 r < ^ [3-45] 

S'(A-)=f + (aA-)r]"" /?*>0 [3-46] 

S*(h*)=l h*<0 [3-47] 

where, 

S*[h*J= scaled saturation-pressure function; $ = effective saturation of water; § = 

effective saturation of total fluid (oil +water); g = water residual saturation; and g = 

actual saturation of oil. 

Last, the specific volume of free-phase oil is obtained by the integration of the oil 

saturation in the soil (Equation [3-48]). 

Vsf0 = l:JSdz [3-48] 

where, 

y = specific oil volume in free phase oil area; Zu = elevation where oil saturation is 

zero. 
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An analytical solution is acquired based on BC model (Equations [3-49a] and [3-

49b]). 

y =1^zlAu-B) <l>(l-Sm) B\Al-x-Blx) 
V* \-pm (l-pro)(l-A) 

> z„ [3-49a] 

_</>(i-sm)(c B) 4>(\-sm) 
Sf° l-Pn (l-/>ro)(l-A) 

B\Cl'x-B1^)+^(D-E)+ MJ 
0-/00-^) 

EX(Dl-X-El-*\- ^m ( A n\ fiv^m) D*/ Al-A /-1-A-, -(A-cy •Bx{Al-x-CxX) <z„ [3-49b] 

where, 

^= porosity of soil; X = BC model parameter. 

The development of Equation [3-48] is based on the configuration shown in Figure 

3.4 and is for the area of oil saturation distribution along with the vertical contamination 

zone (Figure 3.4). 
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Figure 3.4 Conceptual diagram of oil in the monitoring well 
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The total oil volume in the free-phase oil area is the integration of specific oil volume 

over the whole free-phase oil area (Equation [3-50]): 

A\ 

where, 

yT = total oil volume in free phase area; A=free phase oil area. 

3.2.4.3 Oil volume estimation in non-free phase oil area 

Equation [3-48] expresses the general method for calculating the specific oil volume in 

the soil; it is also applicable to non-free phase oil area, 

where, 

y = specific oil volume in non-free phase area. 

Determinations of oil saturation and the upper and lower limitation of the integration 

range influence the accuracy of the specific volume of the non-free phase oil. The non-

free phase oil area is produced when oil spreads in the vertical or lateral direction and the 

amount of oil is less compared to the amount in the free phase oil area. In this area, oil is 

in the form of oil residual saturation; and air, oil, water co-exist in the soil, i.e., the three-

phase condition. S0 equals Sor when the oil is in the three-phase condition. 

Residual oil saturation (Sor) can be expressed as Equation [3-52]. 
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Sor=F rSm(l-Sm) [3-52] 

where, 

Fr is a function of the volume of free phase oil, porosity, and oil thickness; it ranges 

from 0.2 to 0.5. 

The upper limitation zu and lower limitation zL are determined by the thickness of the 

contaminated soil. The specific volume of oil in the non-free phase area is calculated as 

follows: 

v«-*s.*< t3-53J 

where, 

L = the thickness of contaminated soil (m). 

Similarly, the total oil volume in the non-free phase oil area is the integration of the 

specific oil volume over the whole non-free phase oil area (Equation [3-20]). 

Vsnf=\\VJA t3-54] 
A2 

where, 

yT = total oil volume in non-free phase area. 

3.2.4.4 Total oil volume calculation 

The total oil volume in the site is the sum of the oil volume in the free phase oil area and 

in the non-free phase oil area. 

VT-\\VJ^\\yjA [3-55] 
A\ A2 

where, 

yT = total oil volume in free phase area and non-free phase area. 
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3.2.5 Volume estimation of free phase oil in stratified soils 

3.2.5.1 Specific volume estimation of free phase oil in homogeneous soil 

Figure 3.5 shows that the subsurface porous media is assumed to be homogeneous. 

7aw_ _„ ^ , mmmm 

•1 
j 

—i zy 
i Wafer Table 

L_JL___ 

i LNAPL 
| Layer 

Figure 3.5 The subsurface porous media is assumed to be homogeneous 

Vertical equilibrium pressure distribution and the relationships between fluid levels 

(air-oil and oil-water) in the monitoring well and porous media are built under the 

condition of hydrostatic equilibrium based on the van Ganuchten (VG) concept 

(Equations [3-1 ]-[ 3-4]). 

h„,°v-p„fc-z7) 

ow ow 

Zd S £ W 

[3-56] 

[3-57] 

[3-58] 
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Z>zZ [3-59] 

The decision about the distribution of oil saturation is based on three-phase 

relationships between fluid content and capillary pressures (Lenhard and Parker, 1987), 

which are the extensions of two-phase relationships of VG concept (Equations [3-40]-[3-

43], [3-60]-[3-61]). 

S>(h-)=[l + {ah*}}m h*>0 [3-60] 

S*(h*)=l h*<0 [3-61] 

The specific volume of free phase oil is obtained by the integration of oil saturation in 

the soil (Equation [3-62]). 

Vsf = fpSd* [3-62] 

where, 

y = specific volume in porous media; 

2" ^elevation where the oil saturation is zero or at the level of the leaked source; it can 

be expressed as Equation [3-63] (Lenhard and Parker, 1990b). 

- PaoProzZ-Pj-pJzZ 
p p -p (l-p) 

[3-63] 

In this section, the specific volume of free phase oil in homogeneous soil has been 

obtained. The following gives the specific volume of free phase oil in stratification soils. 
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3.2.5.2 Estimation of free phase oil in stratified soils 

The method developed in Section 3.2.5.1 is based on the assumption that the site is 

homogeneous. The present section is to extend the method to consider soil layering 

effects. Figure 3.6 gives one example of soil heterogeneity. 

Figure 3.6 Soil heterogeneity (API Interactive LNAPL guide, 2004) 

Figure 3.7 shows a monitoring well with an LNAPL layer located between the air-

NAPL interface zao and the NAPL-water interface zow- The elevation of the water table, 
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zaw, provides the data for fluid levels. While the water table is not present because of the 

LNAPL layer, its elevation is easily determined from the elevations zao and zow, and the 

LNAPL density p0. For the example shown in Figure 3.7, the interface between the upper 

Layer 1 and the lower Layer 2 is at elevation zn located beneath the water table. This 

interface could be located above, below, or at the water table. The texture characteristics 

of each layer and the contrast across the interface will strongly influence the resulting 

LNAPL saturation distribution. Figure 3.7 should be compared with Figure 3.5. 
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Water Table 
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Faeies Interface 

V 
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Figure 3.7 The simple heterogeneity in subsurface porous media 

For the heterogeneous soil system, the texture characteristics that must be defined for 

each layer include the porosity n, the van Genuchten parameters N and a, the irreducible 

water saturation Swr, and the residual LNAPL saturation values for the vadose zone and 

the saturated zone, sorv and sors. The fluid properties include the LNAPL density p0 (it is 

assumed that the water density is lg/cm3), and the water and LNAPL surface and 

interfacial tensions, oaw, o"ao, and a0w 
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The integration pattern of Equation [3-62] can be analogized to calculate the specific 

volume of free phase oil in stratified soils (Equation [3-64]). 

N 2»» 

V*rL \<t>iS0?* [3-64] 

where, 

N= number of soil layers between 2fw and^" ; 

,̂. = porosity of 1th soil layer; 

$ . = oil saturation of i* soil layer; 

zlb = lower boundary of 1th soil layer; zlb should greater than g™ • 

zub = upper boundary of i* soil layer; zub should less than 2 " . 

For a two-layer soils profile, when soil 1 is underlying soil 2, the Equation [3-13] is 

simplified to Equation [3-65]. 

Vsfo= &Sol
dz+\f2So2

dz [3-65] 

where, 

Z\ = elevation of interface between soil 1 and soil 2, it should be situated between 

<j>x,$2 = porosity of soil 1 and soil2, respectively; 

S0l ,So2 = oil saturation of soil land soil 2, respectively. 
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3.2.5.3 Total free phase oil volume estimation 

The total free phase oil volume in the site is the sum of the specific volume in every node 

multiplied by the area designated to that node (Equation [3-66]). 

1=1 i 

where, 

A= area designated to node i; 

V - specific volume in node i; 

n= number of nodes. 

3.3 Testing of the proposed modeling approach 

This section discusses the proposed modeling through two examples. The first example is 

based on a single layer soil. The other one is based on stratified soils. The effects of soil 

layering on the specific volume in porous media are discussed. 

3.3.1 Case 1 

This case deals with single-layer soil. The input data are adapted from Lenhard and 

Parker (1990a). The LNAPL specific volumes are predicted as a function of well 

hydrocarbon thickness. Hydrocarbon specific volumes are estimated by the developed 

model and compared with the literature data. 
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For a single-layer condition, outcomes based on the van Genuthten (VG) model are 

expected to be the same as reported in the literature (i.e. Lenhard and Parker, (1990a)). 

Particularly, the VG model parameter Q is given as in Equation [3-67] (Fair et al., 

1990). 

« . = « * / * . t3-67] 

where, ^ao=VG model parameter (air-oil); Ct is VG model parameter (m"1); R is 

the scaling factor. Both of them are used in the method of Lenhard and Parker (1990a). 

(% is an input parameter in the method of Farr et al (1990), which depends on the 

properties of soil and fluid. Farr et al. (1990) had a misconception about ^ . They 

thought (2 depends only on the property of the soil. 

Two types of soil are chosen to compare the results reported in Farr et al. (1990) with 

those reported by Lenhard and Parker (1990a), respectively. The input and output data 

are shown in Tables 3.1 and 3.2. 

Table 3.1 Input data from Lenhard and Parker (1990a) 

Soil types 

Soil 1 

Soil 2 

Porosity 

0.43 

0.43 

Irreducible water 
saturation Sm 

0.13 

0.58 

van Genuchten parameter 

n 

2.434 

1.645 

a (m1) 

0.027 

0.185 

Fluid Density ratio, pro 0.73 
Properties Air-oil scaling factor 3.20 

Oil-water scaling factor 1.45 

44 



Table 3.2 Comparison of specific volume with VG model 

Predicted LNAPL specific volumes from well hydrocarbon thickness 

Well hydrocarbon thickness 
(cm) 

Soill 

Soil 2 

30 

60 

100 

150 

200 

250 

300 

30 

60 

100 

150 

200 

250 

300 

Specific volumes(cm3/cm2) 

(literature) 

0.2 

1.6 

6.7 

17.2 

30.3 

45 

60.7 

1.5 

4.7 

9.9 

17 

24.5 

32.2 

40 

VG(predicts) 

0.08 

0.32 

5.7 

16.7 

30.0 

44.5 

59.7 

1.3 

4.8 

10.0 

16.9 

24.3 

32.0 

39.7 
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Figure 3.8 Comparison of LNAPL specific volumes with VG model results for soil 1 

(Literature-Lenhard and Parker (1990a)) 

In Figure 3.8, series 1 is literature data in soil 1. Series 2 is the simulation outputs data 

with VG parameters for soil 1. Figure 3.8 shows that the simulation results are the same 

between this case study and Lenhard and Parker (1990a) with the soil 1 condition. 
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Figure 3.9 Comparison of LNAPL specific volumes with VG model results for soils 1 
and 2 

Figure 3.9 shows the different results of specific volumes obtained for soil 1 and soil 

2. It clearly indicates that the soil layering effects will influence the results. Therefore, it 

is important to consider soil layering effects in the estimation of the volume of an 

LNAPL. 

3.3.2 Case 2 

(A) Description of the example case with a testing run 

The same example with information given in Table 3.1 is used here. However, soil 1 is 

below soil 2 as shown in Figure 3.10. The thickness of soil 1 is 0.838 m and that of soil 2 

is 0.864 m. 
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UST 

Oil t h i c k n e s s 

Figure 3.10 Site conditions and monitoring wells in the study domain 

The site parameters include geological properties and porous medium properties. They 

include water dynamic viscosity, water density, water surface tension, average recharge 

rate, water saturation, air entry head, residential water saturation, van Genuchten's a, van 

Genuchten's n, etc. The porous medium properties include hydraulic conductivity in three 

dimensions, the ratio of horizontal to vertical hydraulic conductivity, porosity, bulk 

density, surface ground elevation, groundwater elevation, groundwater gradient and 

direction. The data used in this hydrological study are given in Table 3.3. 
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Table 3.3 Input data for hypothetical case 

Soil parameters 

Porosity 

km 

n 

a 

Soill 

0.33 

0.25 

4.3 

2.5 m"1 

Soil 2 

0.3 

0.25 

5.0 

4.0 m"1 

Fluid parameters 

Density ratio 

Pao 

Pow 

0.867 

1.655 

2.526 

Note: the parameters of soil 1, soil 2 and fluid are adapted from Sleep et al. (2000). 

where, 

n, a is the van Genuchten parameters n and a; pao is air-oil scaling factor; and pow is 

oil-water scaling factor. 

The model is run using the input data given in Table 3.3. Table 3.4 gives the modeling 

results for a two-layer soil system compared to literature results. Specifically, for the 

same site condition, Sleep et al. (2000) and Lenhard and Parker (1990a) reported with a 

specific oil volume of 9.7 x 10~3 and 1.11 x 10~2 m3/m2, respectively, considering soil 

layering effect, the proposal method gives 1.38x 10 2 m3/m2 just for soil 1 and 2.87x 10"2 

m3/m2 for the two-layer system. 
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Table 3.4 Comparison of specific volume 

Conditions 

Water level is 0.04m; apparent 
thickness of oil is 0.8 m 

Specific volume (m3/m2) 

Sleep et al. 
(2000) 

9.7 xlO"3 

Lenhard 
and Parker 

(1990a) 

1.11 xlO"2 

Stratified 
method 

#1.38xl0"2 

2.87 x 10"2 

# No stratification is considered, entire soil is soil 1. 

Sleep et al. (2000) obtained the results based on the parameters of soil 1 in Table 3.3. 

When the effect of soil layering is considered, the specific volume in porous media is 

larger than the results based on homogeneous soil. 

(B) Further comparison analyses 

The following scenarios are designed to apply the developed method to estimate the oil 

in the stratified soils. 

• Scenario 1: only soil 1 is considered (Figure 3.11); 

• Scenario 2: only soil 2 is considered (Figure 3.12); 

• Scenario 3: both soil 1 and soil 2 are considered; soil 1 is located above soil 2 

(Figure 3.13); 

• Scenario 4: both soil 1 and soil 2 are considered; soil 1 is located below soil 2 

(Figure 3.14). 
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The basic parameters for soil 1, soil 2, fluid and fluid levels in the monitoring well are 

enumerated in Table 3.5. 

Table 3.5 Input data for hypothetical case study 

Soil parameters 

Porosity 

Sm 

n 

alpha 

Soill 

0.43 

0.13 

2.434 

2.7 m-1 

Soil 2 

0.43 

0.58 

1.645 

18.5 m-1 

Fluid parameters 

Density ratio 

pao 

Pow 

0.73 

3.2 

1.45 

2 7 in the monitoring well is 87.0 m (assuming surface level is 100.0 m) 

2 ^ in the monitoring well is 90.0 m 

Source: the parameters of soil 1, soil 2 and fluid are modified from Lenhard and 

Parker (1990a). 
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Figure 3.11 LNAPL specific volumes in soil 1 

300 350 
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Figure 3.12 LNAPL specific volumes in soil 2 

300 350 

For scenarios 1 and 2, the soil compositions are actually homogeneous. Figures 3.11 

and 3.12 show the specific volume in soils 1 and 2 according to different thickness of 

LNAPL in a well. The thickness of the LNAPL in the well is 3m. The results are y = 
V sfo 

,3/~2 3 /„2 . 0.6069 m /m for soil 1 and y = 0.4005 m /m for soil 2, values which agree with the 
' sfo 

calculations made by Lenhard and Parker (1990a). 

Under the conditions of scenarios 3 and 4, the specific oil volumes in porous media 

will vary with the elevations of the interface between soil 1 and soil 2 under the same 

apparent oil thickness in the monitoring well (Figures 3.13 and 3.14). 
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Figure 3.13 Specific volumes with soil 1 above soil 2 

Figure 3.13 shows the specific volume with the variable elevation of the interface 

between soil 1 and soil 2. In this case, soil 1 is located above soil 2. The x-axis is the 

elevation of the interface of soil 1 and soil 2. Series 1 is the specific volume of soil 1 with 

the different level between soil 1 and soil 2. Series 2 is the specific volume of soil 2 with 

the different level between soil 1 and soil 2. Series 3 is the total specific volume of soil 1 

and soil 2 with the different level between soil 1 and soil 2. It illustrates the fact that soil 

layering influences specific volume significantly. In this case, the maximum specific 

volume occurs at 87.8m; and it exceeds the range of only the soil 1 or soil 2. 
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Figure 3.14 Specific volumes with soil 1 below soil 2 

In this case, soil 2 is located above soil 1. Figure 3.14 shows the specific volume with 

the variable elevation of the interface between soil 1 and soil 2. The three series 1, 2, 3 

are individual illustrations of specific volume with the different boundary level under the 

condition of soil 1, soil 2 and soil 1 + soil 2. The maximum specific volume occurs at 

91m; and it exceeds the range of only the soil 1 or soil 2. 

Given the identical apparent oil thickness in the monitoring well and depth of the 

interface of soils, the ordering of soils will affect the varied specific oil volume in porous 

media. For example, when the elevation of the interface of soils is 89.5 m, the specific oil 

volume is 0.524 m for soil 1 above soil 2 and 0.484 for soil 1 below soil 2. 
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3.3.3 Summary 

The developed modeling method has been examined through a set of case studies. By 

applying the developed modeling method to two complete cases, the systematic operation 

and all the functions of the modeling are demonstrated and tested. A pilot-scale 

experiment is designed in Chapter 4 to finally validate the developed model. 

Using the results from the case studies, a system to calculate total volume for sites of 

multi-type soils is developed. The effects of soil layering on specific oil volume in the 

porous media are discussed. Whereas it is only a system of two-layer soils, the results 

indicate the significance of the influence of the effects of stratified soils on the specific 

volume of free phase oil in the porous media. The specific oil volume in a two-layer 

porous media would extend the scope of specific oil volume, which is obtained assuming 

only one kind of soil is present under certain conditions. 

After the thorough analysis of two cases, the values of the free phase LNAPL volume 

have been obtained. The result could serve as an important basis for considering the 

design of efficient remediation programs. The following conclusions are drawn: 

1) The volume of free phase LNAPL in the subsurface of petroleum contaminated 

sites is highly sensitive to in-situ soil properties. Under different soil 

characteristics, the volumes could vary substantially even with the same 

observed oil thickness in monitoring wells. 

2) The distribution of free phase LNAPL in the subsurface is related to site 
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conditions. Due to the heterogeneous characteristics of porous media in most 

sites, the distribution could be very different. Sequentially, the estimated volume 

of the free product will also be highly variable. 

3) In addition to soil properties, the contaminant release history and fluid properties 

are other important factors affecting the estimation of the oil volume. The fluid 

properties such as density and viscosity partially decide the retention ability of a 

free phase LNAPL in the subsurface. 

4) The estimation of free phase contaminants in petroleum contaminants is an 

important step before any remediation programs are designed. The results from 

this case study could help in the design of a cost-effective enhanced oil recovery 

(EOR) scheme for this site. In addition, the result can be incorporated into 

further sophisticated multi-phase, multi-component modeling of the subsurface 

contamination for the purpose of risk assessment. 

In order to test the performance of the modeling method, the model has been applied 

to a pilot-scale experiment to validate this system. This application is achieved by 

comparing the observed data and the calculated results. 
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Chapter 4 

Model validation through a pilot-scale 

experiment 

4.1 A pilot-scale experiment 

In this chapter, a pilot-scale oil-spill experiment is established and set up to validate the 

model developed. 

4.1.1 Materials and method 

The experiments were conducted is a customized 0.50m x 0.50m and 0.30m deep, open-

top plastic tank with a drainage hole (Figure 4.3). 
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The tank was filled to a depth of 0.29m with fairly uniform washed silica sand. The 

particle size ranged from 0.1mm to 2mm in diameter. 

The wells were developed using plastic pipe (ABS). The diameter of the pipe is 

20mm. Altogether, using the stainless-steel made well screens. The hole of the well 

screen is lxl mm. The well is shown in Figure 4.1. 

The LNAPL used in this experiment was lubricating oil (engine oil), which was 

chosen because it represents typical spilled oil and is relatively safety. 

4.1.2 System set up and experiment 

Many gaps were made by sawing the pipes to produce the wells. The distance between 

the gaps was 0.5cm. The wells were wrapped with stainless-steel well screens, each well 

extending to the bottom of the tank, were installed (Figure 4.1). The screens were used to 

prevent the sands from entering the wells. 
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Figure 4.1 Picture of well that was wrapped with well screen 

This system includes 12 wells. Four wells (wells 1-4) were located 10cm from the 

center of the tank (Figure 4.2). Another four wells (wells 5-8) were located 20cm from 

the center of the tank (Figure 4.2). The third four wells (wells 9-12) were located 25cm 

from the centre of the tank (Figure 4.2). 
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Figure 4.2 Layout of wells in tank 

Sfc^'V 

Figure 4.3 Picture of tank with wells and sand 
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The experimental validation process is shown in Figure 4.4. 

-

Experiment set up 

4 
Method and Materials 

* 

Experimental parameters and Conditions 

* 

Experimental process and Measurement 

V 
-

Validation between experimental results with modei ouipuis "^— 

1 
Comparison the results of modeling 

> t 

Validation results and Analysis 

> f 

Run model 

Figure 4.4 The experimental validation process flow chart 

4.1.3 Preparation and analysis of data 

Interfacial tension is the force of attraction between molecules at the interface of a liquid. 

These tensions are essential for calculating the spreading rates and the likely extent to 

which the oil will form oil-in-water and water-in-oil emulsions. The interfacial tensions 

of crude oils and oil products are dependent on the temperature and degree of 

weathering. The following tension values are at "0% Weathering Volume" - in other 

words, fresh oil. 
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Table 4.1 Surface tension and interfacial tension 

Air-Oil (mN/M or dynes/cm) 

Temperature 

0 

15 

Surface Tension (mN/m or dynes/cm) 

33.1 

32.0 

ESD96 

ESD96 

Oil-Seawater (mN/M or dynes/cm): 

Temperature 

0 

15 

Oil-Seawater (mN/M or dynes/cm): 

6.4 

NA 

ESD96 

ESD96 

Oil-Water (mN/M or dynes/cm): 

Temperature 

0 

15 

Oil-Water (mN/M or dynes/cm): 

10.5 

7.1 

ESD96 

ESD96 

Source: ESD 96, Lubricating Oil (Industrial, Teresso 150) 

Table 4.2 Representative van Genuchten model parameters 

Soil type 

Sand 

Saturated Water 
Content, qm 

mean 

0.43 

std. 
dev. 

0.06 

Residual Water 
Content, qwr 

mean 

0.045 

std. 
dev. 

0.010 

van Genuchten 
n 

mean 

2.68 

std. 
dev. 

0.29 

van Genuchten 
a (ft1) 

mean 

4.4 

std. dev. 

0.88 

Source: After Carsell and Parish (1988) 

Density, which refers to the mass per unit volume of a substance, is often presented as 

specific gravity (the ratio of a substance's density to that of some standard substance, 

usually water). The densities of petroleum hydrocarbons typically found in USTs are less 

than 1.0 and typically range from 0.75 g/ml to as high as 0.99 g/ml. Density varies as a 

function of several parameters, most notably temperature; however, in most subsurface 
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environments the temperature (and hence the density) remains relatively constant. The 

densities of some common petroleum hydrocarbons are presented in Table 4.1. 

Table 4.3 Representative LNAPL density values (g/cm3) 

Fluid Type 

Electrical Lubricating Oil 

Electrical Lubricating Oil - used 

Temp. 

0°C 

0.882 

0.883 

Temp. 

15 °C 

0.974 

0.874 

Temp. 

20 °C 

NA 

NA 

Temp. 

25 °C 

NA 

NA 

Source: Charbeneau et al. (1999) 

Residual saturation refers to the saturation level at which a continuous mass of 

petroleum hydrocarbons (NAPL) becomes discontinuous and immobilized by capillary 

forces (Newell et al., 1995). Residual saturation is important to free product recovery 

because it represents the amount of petroleum that cannot be recovered by pumping or 

gravity drainage. 

Table 4.4 Representative residual saturation values 

Soil Type 

Sand 

Residual 
Saturation, Swr 

0.10(0.023) 

Bubbling Pressure Head, 
^b (m)* 

0.069 (0.014) 

Porous Size Distribution 
Index,X 

1.68(0.29) 

Source: Charbeneau et al. (1999) 

Table 4.5 Total porosity 

Soil/ Rock Type 

Sand 

Minimum 

0.242 

Maximum 

0.49 

Midpoint 

0.366 

Source: Charbeneau et al. (1999) 
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4.2 Experiment results and comparison with modeling outputs 

4.2.1 Experiment results 

The lubricating oil was spilled in the centre of the tank as shown in Figure 4.5. The tank 

was filled with water to 14cm from the bottom (water table). The quantity of oil added 

was 150ml each time until the oil thickness did not change. A condition of equilibrium is 

reached if the oil thickness result is the same the last three times. 

— 

Figure 4.5 Location of oil spill 
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Figure 4.6 shows the distribution of the LNAPL thickness in the tank. 

0.45 

0.35 

0.25-

0.15 

Figure 4.6 LNAPL thickness contour with a 600ml spill in the tank (0.5 x 0.5m) 

4.2.2 Modeling and experimental results 

In this section, both VG- and BC-based modeling methods were used to predict the total 

oil volume for the 600ml and 750ml spill scenarios. 

4.2.2.1 Computational mesh 

First, the computational mesh of modeling is built based on the experimental pilot setup. 
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Because the size of the tank was 50 x 50cm, we divided it into 10 x 10cm space. Each 

mesh was 5 x 5cm. All the wells were located as shown in Figure 4.7. 

Y (cm) 

0 X(cm) 5 10 15 20 25 30 35 40 

Figure 4.7 Setup of computational meshes 

The axis of x, y of the wells is shown in Table 4.7. These coordinate data will be input 

into the modeling system. 

Table 4.6 Location of wells in computational mesh 

Well 

Location (x,y) 
cm 

Well 

Location (x,y) 
cm 

MW1 

25,35 

MW7 

40,10 

MW2 

35,25 

MW8 

10,10 

MW3 

25,15 

MW9 

25,50 

MW4 

15,25 

MW10 

50,25 

MW5 

10,40 

MW11 

25,0 

MW6 

40,40 

MW12 

0,25 
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4.2.2.2 Results of VG-based model for a 600ml spill 

Based on Section 4.1.3, experimental data were prepared for a VG model. The specific 

volume and total volume were obtained through the modeling system. 

The model, as described in Chapter 3, was run for an experimental oil spill of 600ml. 

The results of VG modeling give 571.7 ml. The difference may come from: 

1) The measurement of the level of oil and water 

2) The measurement of porosity 

3) Change of the oil surface tension under different room temperature 

4) Numerical calculation such as the interpolation 

Table 4.7 gives the parameters used in the VG model. The parameters include 

porosity, residual saturation, VG parameter, density ratio, air-oil scaling factor and oil-

water scaling factor. 

Table 4.7 Parameters for VG model 

Soil types 

Sand 

Porosity 

0.334 

Irreducible water 
residual saturation Sm 

0.01 

van Genuchten parameter 

n 

2.97 

a (nf1) 

17.33 

Fluid Density ratio, pr0 0.86 

Properties Air-oil scaling factor 10.394 
Oil-water scaling factor 2.275 
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Table 4.8 gives the experimental data including the oil level and water level of the 

wells. It shows the locations of the observed well and the experimental data for a 600ml 

spill. 

Table 4.8 Wells data input for 600ml spill 

MW1 

MW2 

MW3 

MW4 

MW5 

MW6 

MW7 

MW8 

X(m) 

0.25 

0.35 

0.25 

0.15 

0.1 

0.4 

0.4 

0.1 

Y(m) 

0.35 

0.25 

0.15 

0.25 

0.4 

0.4 

0.1 

0.1 

Oil level (m) 

0.155 

0.163 

0.158 

0.156 

0.190 

0.190 

0.190 

0.190 

Water level (m) 

0.213 

0.195 

0.196 

0.197 

0.190 

0.190 

0.190 

0.190 

Table 4.9 shows the modeling outputs for the specific volume for a 600ml spill. MW 

1~8 wells are the observation wells. Table 4.9 shows that different specific volumes are 

obtained for different wells and oil thicknesses in wells. 

Table 4.9 Specific volume of observed well for 600ml spill based on VG modeling 
(m3/m2) 

MW1 

MW2 

MW3 

MW4 

MW5 

MW6 

MW7 

MW8 

X(m) 

0.25 

0.35 

0.25 

0.15 

0.1 

0.4 

0.4 

0.1 

Y(m) 

0.35 

. 0.25 

0.15 

0.25 

0.4 

0.4 

0.1 

0.1 

Oil level 
(m) 

0.155 

0.163 

0.158 

0.156 

0.190 

0.190 

0.190 

0.190 

Water 
level (m) 

0.213 

0.195 

0.196 

0.197 

0.190 

0.190 

0.190 

0.190 

Oil 
thickness 

(m) 

0.058 

0.032 

0.038 

0.041 

0 

0 

0 

0 

Specific 
volume(m /m ) 

0.0125827 

0.00537560 

0.00672632 

0.00765514 

0 

0 

0 

0 
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The generation of the contour in Figure 4.8 is based on the results of modeling for a 

600ml spill. The results of the modeling system have the specific volume at every 

location of the computation mesh in the tank. Then, the software Surfer is used to 

produce the contour of the oil specific volume. Figure 4.8 shows the distribution of oil 

specific volume for a 600ml spill in the tank. 

(m) 
0.5- J L J I L 

0.45-

0.4H 

0.35-

0.3H 

0.25-

0.2-4 

0.15-

0 . H 

0.05-

0.05 0.1 0.15 0.2 025 0.3 035 0.4 0.45 0.5(m) 

Figure 4.8 LNAPL specific volume contour of VG model for a 600ml spill 
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4.2.2.3 Results of VG-based model for a 750ml spill 

Based on Section 4.1.3, experimental data were prepared for a VG model. The specific 

volume and total volume for 750ml spill were obtained through the modeling system. 

The model was run for an experimental oil spill of 750ml. The results of VG modeling 

give 704.2ml. The input data are shown in Tables 4.7,4.10. 

Table 4.10 gives the experimental data including the oil level and the water level of 

the wells. It shows the locations of the observed well and the experimental data for a 

750ml spill. 

Table 4.10 Wells data input for a 750ml spill 

MW1 

MW2 

MW3 

MW4 

MW5 

MW6 

MW7 

MW8 

MW9 

MW10 

MW11 

MW12 

X(m) 

0.25 

0.35 

0.25 

0.15 

0.1 

0.4 

0.4 

0.1 

0.25 

0.5 

0.25 

0 

Y(m) 

0.35 

0.25 

0.15 

0.25 

0.4 

0.4 

0.1 

0.1 

0.5 

0.25 

0 

0.25 

Oil level (m) 

0.209 

0.195 

0.200 

0.205 

0.223 

0.224 

0.25 

0.25 

0.196 

0.25 

0.25 

0.25 

Water level (m) 

0.268 

0.236 

0.248 

0.252 

0.234 

0.231 

0.25 

0.25 

0.204 

0.25 

0.25 

0.25 
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Table 4.11 shows the modeling outputs for a 750ml spill. MW 1—12 wells are the 

observation wells. Table 4.11 shows that different specific volumes were obtained for 

different wells and oil thickness in wells. 

Table 4.11 Specific volume of an observed well for a 750ml spill based on VG model 
(m3/m2) 

MW1 

MW2 

MW3 

MW4 

MW5 

MW6 

MW7 

MW8 

MW9 

MW10 

MW11 

MW12 

X(m) 

0.25 

0.35 

0.25 

0.15 

0.1 

0.4 

0.4 

0.1 

0.25 

0.5 

0.25 

0 

Y(m) 

0.35 

0.25 

0.15 

0.25 

0.4 

0.4 

0.1 

0.1 

0.5 

0.25 

0 

0.25 

Oil level 
(m) 

0.209 

0.195 

0.200 

0.205 

0.223 

0.224 

0.25 

0.25 

0.196 

0.25 

0.25 

0.25 

Water 
level 
(m) 

0.268 

0.236 

0.248 

0.252 

0.234 

0.231 

0.25 

0.25 

0.204 

0.25 

0.25 

0.25 

Oil 
thickness 

(m) 

0.059 

0.041 

0.048 

0.047 

0.011 

0.007 

0 

0 

0.008 

0 

0 

0 

Specific volume 
(m3/m2) 

0.0128416 

0.0076504 

0.0094997 

0.0095341 

0.0004826 

0.0000927 

0 

0 

0.0016688 

0 

0 

0 

The generation of the contour in Figure 4.9 is based on the results of the modeling for 

a 750ml spill. The results of the modeling system have the specific volume at every 

location of the computation mesh in the tank. Then, the software-Surfer was used to 

produce the contour of oil specific volume. Figure 4.9 shows the distribution of oil 

specific volume for a 750ml spill in the tank. 
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Figure 4.9 LNAPL specific volume contour of VG model for a 750ml spill 

4.2.2.4 Results of BC-based model for a 600ml spill 

The specific volume and total volume were obtained through the BC modeling system. 

The BC model was run for an experimental oil spill of 600ml. The results of the VG 

modeling give 480.1 ml. 

The experimental data of the oil level and water level of the wells are same as in the 

previous section (Table 4.8). Table 4.8 shows the locations of the observed well and the 

experimental data for a 600ml spill. 
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Table 4.12 shows the parameters used in a BC model. The parameters include 

Porosity, Residual saturation, BC parameter, density ratio, air-oil scaling factor and oil-

water scaling factor. 

Table 4.12 Parameters for BC model 

Soil types 

Sand 

Porosity 

0.334 

Irreducible water 
residual saturation Sm 

0.01 

BC parameter 

Hd(m) 

0.045 

namda 

1.13 

Fluid Density ratio, pro 0.86 

Properties Air-oil scaling factor 10.394 

Oil-water scaling factor 2.275 

Table 4.13 gives the parameters of the BC model. The parameters include 

Displacement Pressure Head (m) and Porous Size Distribution Index. 

Table 4.13 Brooks and Corey Soil Parameters from Carsel and Parrish (1988) 

Soil Texture 

Sand 

Porosity 
n 

0.43 

Irreducible water 
saturation, Swr 

0.105 

Vbaw 

0.045 

Porous size 
distribution 

index X 

1.13 

Source: Carsel and Parrish (1988) 

Table 4.14 shows the modeling outputs for the specific volume for a 600ml spill. MW 

1-8 wells are the observation wells. Table 4.14 shows that different specific volumes are 

obtained for different wells and oil thicknesses in wells. 
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Table 4.14 Specific volume of the observed well for a 600ml spill based on BC model 
(m3/m2) 

MW1 

MW2 

MW3 

MW4 

MW5 

MW6 

MW7 

MW8 

X(m) 

0.25 

0.35 

0.25 

0.15 

0.1 

0.4 

0.4 

0.1 

Y(m) 

0.35 

0.25 

0.15 

0.25 

0.4 

0.4 

0.1 

0.1 

Oil level 
(m) 

0.155 

0.163 

0.158 

0.156 

0.190 

0.190 

0.190 

0.190 

Water 
level 
(m) 

0.213 

0.195 

0.196 

0.197 

0.190 

0.190 

0.190 

0.190 

Oil 
thickness 

(m) 

0.058 

0.032 

0.038 

0.041 

0 

0 

0 

0 

Specific volume 
(m3/m2) 

0.01084143 

0.00425573 

0.00562321 

0.00656987 

0 

0 

0 

0 

The generation of the contour in Figure 4.10 is based on the results of the BC 

modeling for a 600ml spill. The results of the modeling system have the specific volume 

at every location of the computation mesh in the tank. Then, the software-Surfer was used 

to produce the contour of oil specific volume. Figure 4.10 shows the distribution of oil 

specific volume for a 600ml spill in the tank. 
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0.45H 

0.35 

0.25^ 

0.15 

0.05 

Figure 4.10 LNAPL specific volume contour of BC model for 600ml spill 

4.2.2.5 Results of BC-based model for a 750ml spill 

The specific volume and total volume for a 750ml spill had been calculated by using the 

BC modeling system. The model is run for an experimental oil spill of 750ml. The results 

of BC modeling give 603.3ml. 

The input data are shown in Table 4.10 (Wells data input for a 750ml spill) and Table 

4.12 (Parameters for BC model). 
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Table 4.10 gives the experiment data including the oil level and the water level of the 

wells. It shows the locations of the observed well and the experimental data for a 750ml 

spill (oil and water levels of wells). 

Table 4.15 gives the specific volume of wells is calculated by the BC modeling system 

for a 750ml spill. MW 1—12 wells are the observed wells. Table 4.15 shows the different 

specific volume according to the different wells and the oil thicknesses in the wells. 

Table 4.15 Specific volume for a 750ml spill based on BC model (m3/m2) 

MW1 

MW2 

MW3 

MW4 

MW5 

MW6 

MW7 

MW8 

MW9 

MW10 

MW11 

MW12 

X(m) 

0.25 

0.35 

0.25 

0.15 

0.1 

0.4 

0.4 

0.1 

0.25 

0.5 

0.25 

0 

Y(m) 

0.35 

0.25 

0.15 

0.25 

0.4 

0.4 

0.1 

0.1 

0.5 

0.25 

0 

0.25 

Oil level 
(m) 

0.209 

0.195 

0.200 

0.205 

0.223 

0.224 

0.25 

0.25 

0.196 

0.25 

0.25 

0.25 

Water 
level 
(m) 

0.268 

0.236 

0.248 

0.252 

0.234 

0.231 

0.25 

0.25 

0.204 

0.25 

0.25 

0.25 

Oil 
thickness 

(m) 

0.059 

0.041 

0.048 

0.047 

0.011 

0.007 

0 

0 

0.008 

0 

0 

o 

Specific volume 
(m3/m2) 

0.0112635 

0.0065698 

0.0082001 

0.0080234 

0.00029951 

0 

0 

0 

0.00003381 

0 

0 

0 
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The generation of the contour on Figure 4.11 is based on the results of BC modeling 

for a 750ml spill. The results of the modeling system have the specific volume at every 

location of computation mesh in tank. Then, the contour of oil specific volume is drawn 

by using the software-Surfer. It shows the distribution of oil specific volume for a 750ml 

spill in the tank. 

0.2H 

Figure 4.11 LNAPL specific volume contour of BC model for a 750ml spill 
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4.3 Validation results and discussion 

The developed model was validated by using a pilot-scale experiment. The volume 

estimation using a VG model gave a fairly accurate estimate of the free liquid present in 

the porous space under equilibrium conditions. 

4.3.1 A summary of experimental and modeling results 

Specific Volumes were determined for each well using both van Genuchten and Brooks-

Corey. The total volume was calculated by adding up the volume in approximately equal-

sized grids around each well. 

Table 4.16 Comparison of experimental and modeling results 

^ ~ " ^ \ ^ ^ Experimental 
^ ^ ^ ^ ^ o i l spill 

Modeling results ^ " ~ ^ - \ ^ 
VG-based model result 

(ml) 
BC-based model result 

(ml) 

600ml 

571.7 

480.1 

4.72% err 

20.1% err 

750ml 

704.2 

603.3 

6.11% err 

19.6% err 

Results obtained from VG and BC models are compared to the known oil volume in 

Table 4.16. When the oil in the sand appeared to stabilize and equilibrate with that in the 

wells, a good agreement between known and predicted oil volumes was obtained using 

the VG model. 

The results of VG modeling are 571.7ml and 704.2ml towards to experimental spills 

of 600ml and 750ml; the percent error of results is 4.72% and 6.11%, respectively. The 

results of BC modeling are 480.1ml and 603.3ml towards to experimental spills of 600ml 

and 750ml; and the error in the results is 20.1% and 19.6%, respectively. The comparison 

shows that both VG- and BC-based models could generate reasonable results. The output 
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from VG-based model is better. The differences can be due to the uncertainties associated 

with the selected oil properties, interactions between oil and porous media, and output 

interpolations. More discussions are included in the next section. 

In order to obtain reliable result from experimental results, the model parameters were 

calibrated based on an extensive literature survey. (Carsell and Parish, 1988 and 

Charbeneau et al., 1999). 

4.3.2 Comparison of the VG- and BC-based modeling results 

Based on Section 4.2, the specific volume has gotten through the modeling system's 

calculation. Also we obtain the contour of specific volume with VG and BC model using 

the software Surfer. 

The Specific Volumes were determined for each well using both van Genuchten and 

Brooks-Corey. The total volume was calculated by adding up the volume in 

approximately equal-sized grids around each well. Figure 4.12 is the comparison of the 

specific volume of VG and BC model for a 600ml spill. 
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LNAPL specific volume contour of 
VG model under 600ml spill 

LNAPL specific volume contour of 
BC model under 600ml spill 

Figure 4.12 Comparison of the specific volume of the VG and BC models for a 600ml 
spill 

Figure 4.13 is the comparison of the specific volume of the VG and BC models for a 

750ml spill. 

0.15 0 2 025 0.3 0.35 0.4 

LNAPL specific volume contour of LNAPL specific volume contour of 
VG model under 750ml spill BC model under 750ml spill 

Figure 4.13 Comparison of the specific volume of the VG and BC models for a 750ml 
spill 
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Table 4.17 gives the comparison of specific volume between VG and BC modeling 

with different thicknesses of oil. The results of the VG model are larger than the BC 

model's and are closer to the real quantity of the spill. 

Table 4.17 Result comparison for a 600ml spill 

Thickness of NAPL in 
well (cm) 

0.058 

0.032 

0.038 

0.041 

Specific volume of LNAPL (m3/m2) 

VG model 

0.0125827 

0.00537560 

0.00672632 

0.00765514 

BC model 

0.01084143 

0.00425573 

0.00562321 

0.00656987 

Figure 4.14 shows the comparison of the specific volume of the VG and BC model for 

a 600ml spill using the curve. The curve of the VG model is higher than that of the BC 

model. In addition, the specific volume of the LNAPL increases with the thickness of the 

LNAPL in the wells. 
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0.01 -

0.008 -

0.006 -

0.004 -

0.002 -

0.032 0.038 0.041 0.058 

Thickness of LNAPL in well (cm) 

Figure 4.14 Comparison the LNAPL specific volume of the BC model for a 600ml 
spill with VG model 

—•—BC model 

-"*- VG model 
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Table 4.18 presents the comparison of the specific volume between VG and BC 

modeling with different thicknesses of oil for a 750ml spill. The results of the VG model 

are larger than those of the BC model and are closer to the real quantity of the spill. 

Table 4.18 Comparison of the results in the case of a 750ml spill 

Thickness of NAPL in 
well (cm) 

0.059 

0.041 

0.048 

0.047 

0.011 

0.007 

0.008 

Specific volume of LNAPL (m3/m2) 

VG model 

0.0128416 

0.0076504 

0.0094997 

0.0095341 

0.0004826 

0.0000927 

0.0016688 

BC model 

0.0112635 

0.0065698 

0.0085925 

0.0080234 

0.0010503 

0 

0.00003381 

Figure 4.15 presents the comparison of the specific volume of the VG and BC models 

for a 750ml spill using the curve. The curve of the VG model is higher than that of the 

BC model. In addition, the specific volume of the LNAPL increases with the thickness of 

the LNAPL in the wells. 
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Figure 4.15 Comparison of the LNAPL specific volume of the BC model for a 750ml 
spill with VG model 

In summary, the VG-based model outputs have a good match with the experiment. 

This agreement is to be expected only when equilibrium is reached because the model has 

been developed for the case where fluids in porous media adjacent to a monitoring well 

are in equilibrium with the fluid-level elevations in the well. Modeling, experiment and 

field observations confirm that the above assumption is reasonable. The reasons for the 

difference between the predicted and the actual oil volume using the BC model are 

various. One reason is that the Brook-Corey model assumes that a distinct water-

saturated capillary fringe exists above the water table, which is different from the VG 

model and any contributed to the errors. 

The fluidity of the LNAPL also makes it difficult to accurately measure their 

thickness in site monitoring wells. Additionally, the varying properties cause the LNAPL 

to behave differently in the subsurface. The presence of the LNAPL in several different 

geologic units further complicates the situation, as LNAPL will behave differently in 

different lithologies. As a result of all these factors, the LNAPL saturation profiles of 

spilled LNAPL in each of the geologic units at the site will differ. 
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Chapter 5 

Application of the developed model to a 

petroleum contaminated site and 

development of a user-friendly 

computation system 

5.1 Application to petroleum contaminated sites 

In the present section, one real example is presented. For instance, the useful information 

in relation to site conditions and contamination situations has been obtained in the 

preparation of the data and provision of important bases for further simulating separation 

and recovery of condensate from the contaminated subsurface at the study site. 
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5.1.1 The study site 

Figure 5.1 provides an overview of the study site, which is located at Hoosier, 

Saskatchewan, Canada. The site and facilities served and operated as a natural gas 

processing plant from the middle of 1960s until 1990. The plant utilized a series of 

scrubbers to remove condensate, recognized as an LNAPL, from the natural gas stream 

prior to transport in a regional transmission line. Throughout the operating history of the 

site, the waste condensate has been disposed of in two perforated underground storage 

tanks (USTs) (Figure 5.2). From 1992 to 1998, a number of site investigations and 

monitoring works were conducted. 

1 \Tf\ L^U 

Study^site 
CHoosief) /"' /? "Si 

Figure 5.1 The study site 

The soil stratigraphy at the depth of 0.05 m to 0.15 m consists of a thin sand and 

gravel fill. Clay till underlies the fill and extends to depths varying from 1.1 m to T2.2 



m. Sand underlies the clay till in most areas of the site except the immediate south. Clay 

till underlies the sand over most of the site. The sand was discontinuous and ranged in 

thickness between 0.02 m and 5.5 m. The sand was generally encountered at the depths of 

5.0 m to 12.0 m. 

Groundwater was encountered between 4.5 m and 10 m below the surface. Around 

UST2 area, the groundwater table was encountered at depths of 5.7 m to 9.1 m below the 

surface, while it was 4.7 m to 9.2 m deep north of the UST2. Figure 11 describes a 

graphical display of groundwater flow direction and a vertical view of the water table at 

the study site. It is indicated that the general groundwater flow direction is towards the 

south, with the gradient of the water table being approximately from northeast to 

southwest. The only exception is to the immediate south of the site, where higher 

gradients can be found at some spots. The groundwater table is predominately located 

within the clay-till soils. 

The investigation results of the site contamination conditions show that (1) elevated 

concentrations of total petroleum hydrocarbons (TPH), benzene and toluene, as well as 

elevated combustible vapor, were detected at levels above the local soil quality guidelines 

for commercial/industrial areas (SERM, 1995); (2) residual hydrocarbon concentrations 

in soils were at levels above the local soil quality guidelines for industrial/commercial 

areas (SERM, 1995); (3) free phase products were encountered in several monitoring 

wells with a thickness ranging from 20 mm to 450 mm. The residual phase hydrocarbons 

and free phase hydrocarbons were present in fractured clay till near the water table and in 

the vadose zone above the discontinuous sand stratum under the three USTs; and (4) the 

peak dissolved concentrations of BTEX (benzene, toluene, ethyl-benzene, and xylene) in 
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groundwater were close to or higher than the regulated standards in the local non-potable 

groundwater quality guidelines (SERM, 1995). For example, a highly contaminated area 

was beside the UST1 with a peak benzene concentration of 7.22 mg/L and a peak toluene 

concentration of 5.9 mg/L. 

Site investigation results indicate that the leaked condensate and its constituents 

have been contaminating the soil and groundwater inside and around the site. The 

separation and recovery of the condensate are required to prevent the spreading of 

contaminants to the surrounding communities. 

5.1.2 Site simulation 

Site investigation results in 5.1.1 are used to develop a conceptual model and to prepare 

model simulations. The simulation area is considered a two-dimensional domain. The 

area is 100 x 80 m2 with a depth of 14.0 m (Figures 5.3 and 5.4). In the 2D computational 

mesh system, the total number of nodes is 99 with a computational mesh of 11 x 9. The 

distribution of monitoring wells is described in Figure 5.2. Figures 5.3 and 5.4 show the 

main profiles of the study site. According to the site investigation, two types of soils are 

related to the estimation of the specific oil volume in porous media. The interface 

between two kinds of soils ranges from 5.8 m to 13.7 m. The soils and fluid parameters 

are enumerated in Table 5.1. The distributions of apparent oil thickness in monitoring 

wells and the interface depths of soils are shown in Table 5.2. 
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5.1 Soil and fluid properties 

Soil 
types 

Soill 

Soil 2 

Porosity 

0.36 

0.34 

Irreducible water 
saturation Sm 

0.100 

0.069 

van Genuchten parameter 

n 

3.50 

1.98 

a (m1) 

1.80 

1.03 

BC parameters 

X 

1.55 

0.74 

hd(m) 

0.39 

0.60 

Fluid Density ratio, pro 0.78 
Properties Air-oil scaling factor 3.02 

Oil-water scaling factor 1.50 

Table 5.2 Depths of oil and soil interfaces in monitoring wells 

Well number 

MW-1 

MW-2 

MW-3 

MW-4 

MW-5 

MW-6 

MW-7 

MW-8 

MW-9 

MW-10 

MW-11 

MW-12 

X 

(m) 

61.84 

61.46 

61.47 

45.68 

29.89 

76.88 

85.96 

61.47 

37.41 

84.02 

37.41 

5.16 

Y 

(m) 

34.96 

46.24 

18.8 

34.96 

35.34 

34.96 

10.9 

2.63 

62.03 

63.91 

10.9 

34.34 

Dao 

(m) 

10.187 

9.8 

10.33 

10.29 

10.32 

10.53 

11.99 

12.07 

8.25 

7.51 

11.94 

11.16 

Dow 

(m) 

11.87 

11.45 

12.03 

11.89 

12.07 

11.63 

11.99 

12.07 

8.25 

7.51 

11.94 

11.16 

Zl
s(m) 

11.0 

12.8 

10.0 

13.7 

11.5 

10.7 

5.6 

5.8 

12.3 

10.4 

9.4 

11.0 



5.1.3 Results 

All parameters are input through a user-friendly interface (module 1 in interface). Then, 

Module 2 in the system of interface is employed to calculate the specific oil volume at 

the locations of the monitoring wells. Finally, the specific oil volume at all 

computational nodes and the total free-phase oil volume are computed in Module 3 and 

displayed by the user-friendly interface. In this case, iteration converge criterion, 

0.00001, is designated for the finite difference method. 

Both BC and VG models are used to simulate the distribution of the leaked 

LNAPL in the contaminated soil and groundwater. Parameters for BC model (Table 

5.1) are derived from the conversion of the VG model (Lenhard et al., 1989). Figures 

5.5 and 5.6 illustrate the specific volume (m3/m2) distribution contours for the VG 

model and BC model, respectively. 

8 0 . 0 0 1 • • • • • • • • • f 

3p J . . . . , ; = ; . . \ 
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 

Figure 5.5 Specific volume distribution in stratified soils based on VG model 
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Figure 5.6 Specific volume distribution in stratified soils based on BC model 

By comparison, Figures 5.7 to 5.8 show the specific oil volume assuming the site 

is homogeneous. Specifically, Figures 5.7 and 5.8 display the distribution of the 

specific oil volume in soil type 1 (lower soil) based on VG and BC models, 

respectively; the specific oil volume in soil type 2 (upper soil) based on VG and BC 

models is shown in Figures 5.9 and 5.10. 
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Figure 5.7 Specific oil volume distribution in soil 1 based on VG model 
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Figure 5.8 Specific oil volume distribution in soil 1 based on BC model 
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Figure 5.9 Specific oil volume distribution in soil 2 based on VG model 
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Figure 5.10 Specific oil volume distribution in soil 2 based on BC model 
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The total free-phase oil volumes are shown in Figure 5.11 for both VG model and 

BC model. Since non-zero apparent oil thickness occurs only in six monitoring wells, 

i.e. MW-1 to MW-6, the specific oil volume in porous media corresponding to these 

monitoring wells is shown in Figure 5.12 for VG model and Table 5.3 for BC model. 

For VG model 

t 
For BC model 

1 

135.04 

Stratiied Soil 1 Soil 2 Stratified Soil 1 
Soil type 

1.22 

Soil 2 

Figure 5.11 Total volume of free phase oil (m ) 

0.1 

£.0.08 H 
© 
a 
,2 0.06 
o 
> 
*g 0.04 
o 
•S 0.02 -
e, 

M 0 

MW-1 

I Stratified DSoil 1 D Soil 2 

MW-2 MW-3 MW-4 MW-5 
Monitoring well 

DL 
MW-6 

Figure 5.12 Specific oil volume in porous media based on VG model (MW-1 to 6) 
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Table 5.3 Specific oil volume in porous media based on BC model (MW-1 to 6) 

Soil types 

Stratified soils 

Soill 

Soil 2 

Specific oil volume (m /m ) 

MW-1 

0.0010 

0.0710 

0.0010 

MW-2 

0.0006 

0.0653 

0.0006 

MW-3 

0.0740 

0.0740 

0.0013 

MW-4 

0.0001 

0.0569 

0.0001 

MW-5 

0.0024 

0.0830 

0.0024 

MW-6 

0.0 

0.0016 

0.0 

In Figures 5.5 and 5.6, it can be seen that for the same apparent oil thickness in 

monitoring wells (Table 5.2) and same soil types (Table 5.1), the specific oil volume in 

soils based on the VG model differs from the specific oil volume based on the BC 

model. This difference is mainly attributed to the assumption in air entry displacement 

pressure; in other words, air entry pressure is considered in the BC model, but it is 

assumed to be zero in the VG model. As far as this case is concerned, the specific oil 

volume based on the BC model is much less than that based on the VG model because 

both soil 1 and soil 2 have great air entry pressures (Table 5.1). As a result, the total 

free-phase oil volume based on the BC model is 23.18, whereas the amount of total 

free-phase oil volume based on the VG model is 82.47, which is greater by 3.5 times. 

Except for the amount of the specific oil volume in porous media, Figures 11 and 12 

show that the distribution of the specific oil volume in porous media based on the VG 

model (Figure 5.5) is much broader than that based on the BC model (Figure 5.6). 

Although there is a difference in the distributions of the specific oil volume for the 

VG model and the BC model, the specific oil volume distributions in Figures 5.5 and 

5.6 reflect the relationship of site contamination and groundwater flow direction 
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precisely. Along with the groundwater flow direction, site contamination extends from 

the northwest to the southeast (Figure 5.2); thus, the groundwater flow would 

significantly influence the contaminant distribution in porous media. 

Figures 5.7, 5.8 (soil 1) and Figures 5.9, 5.10 (soil 2) reflect the impact of the soil 

types on the specific oil volume in homogeneous porous media. They give similar 

results as Figures 5.5 and 5.6. The specific oil volume based on the VG model is bigger 

than that based on the BC model, and the bigger the air entry pressure of the soil, the 

greater the difference in the results for the VG model and BC model. 

Figure 5.12 shows the results of the specific oil volume based on the VG model 

under the conditions of the same apparent oil thickness (in every well) for different soil 

types. Because the apparent oil thickness in MW-2 and MW-4 occurs in soil 2 

completely (Figures 5.3 and 5.4), the computational results for soil layering and 

homogeneous soil 2 are identical. Similarly, the apparent oil thickness in MW-3 exists 

only in soil 1 (Figure 5.4), so the same specific oil volume is obtained for soil layer and 

homogeneous soil 1 (Figure 5.12). Apparent oil thickness in MW-1, MW-5 and MW-6 

occurs in both soil 1 and soil 2 (Figure 5.3), but the specific oil volume in porous media 

for stratified soils is closer to the specific oil volume for soil 2 (upper soil in this case). 

Actually, the specific oil volume in stratified soils (0.0364 m3/m2) for MW-5 is less 

than the results for any homogeneous soil (0.0976 m3/m2 in soil 1 and 0.0368 m3/m2 in 

soil 2, shown in Figure 5.12). 

The specific oil volume based on the BC model in porous media for MW-1 to 6 

(Table 5.3) has the same trends as that based on the VG model (Figure 5.12). On the 
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other hand, dissimilar characteristics are present due to air entry pressure. For example, 

the specific oil volume in stratified soils and in homogeneous soil 2 is much less than 

that in homogeneous soil 1 (Table 5.3). 

Based on the BC model, when the apparent oil thickness in monitoring wells is 

less than the minimum apparent oil thickness, there will be no free phase oil in porous 

media; that is, specific oil volume is zero (MW-6 in Table 5.3). Specifically, the 

minimum apparent oil thickness is 1.563 m for soil 1 and 1.016 m for soil 2, but the 

apparent oil thickness in MW-6 is 1.1 m. Therefore, the specific oil volume in soil 1 

and in stratified oils is zero and it is bigger than the aero in soil 2 (Table 5.3). 

5.1.4 Discussions 

(1) Specifically, the specific oil volume in stratified soils is the function of the 

apparent thickness of the free oil in the monitoring wells, the ordering of soils and the 

distributions of this apparent thickness (i.e. the relation of the interface of soils and the 

apparent thickness in the monitoring wells). It is different from the specific oil volume 

in the homogeneous soil that is only the function of the apparent thickness of oil in the 

monitoring well. 

(2) When BC model parameters are used to calculate the specific oil volume of 

free-phase oil in a two-layer soils system, the apparent oil thickness should be bigger 

than the minimum apparent oil thickness computed by the upper soil parameters in 

order to get the non-zero specific oil volume. Unless the height of the apparent oil 

thickness in lower soil in the monitoring wells is much greater than the minimum 
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apparent oil thickness computed by the lower soil BC model parameters, the specific oil 

volume in a two-layer soils system mainly depends on the characteristics of the upper 

porous medium. 

5.2 Development of a user-friendly modeling system 

5.2.1 Development of interface system 

The developed model in Chapter 3 was programmed into a user-friendly model system 

in this section. It also provides guidance on how to use the toolkit software utility to 

evaluate LNAPL volume under a range of conditions. First, an overview of the program 

menus and structure is given. The reader is then guided through data input, with a 

discussion of the parameter selection process. Also this chapter provides a sample 

application of the tool for the real site described in section 5.1.1. 

In order to compute the total free-phase oil volume, a program has been 

developed. The program flowchart is shown in Figure 5.13. 
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Start 

Choose and 

Input/output format 

Soil, fluid and well Parameters 
input 

Calculate specific volume at 
monitoring well locations 

Specific volume calculation for 
other nodes 

Total free phase oil volume 
calculation 

Results output 

Stop 

Figure 5.13 Flowchart of the modeling system 
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5.2.2 System user guide 

This software utility is organized as a standard Microsoft Windows program. The user 

must select and input the appropriate soil, groundwater, and LNAPL physical and 

chemical properties. This is done through a series of five input tabs in the LNAPL 

utility, identified as "Soil Properties", "Groundwater Conditions", "Source Area 

Parameters", and "LNAPL Properties". The petroleum contaminated site in Section 5.1 

is used for this user-friendly modeling system. 

5.2.2.1 Model and input options 

The first step will choose the model. This system includes a BC model and a VG 

model; users can choose one of them in accordance with the available parameters 

(Figure 5.14). 

Figure 5.14 Interface of model choice 

Also the users can choose an input style-file input or screen input. When users 

choose the file input, this program will show the file-input option (Figure 5.15). The 

input file must be in the same folder. 
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Figure 5.15 Interface of input file 

5.2.2.2 Data input 

Users familiar with multiphase fluid mechanics and fate and transport principles may 

not require much guidance, but we still recommend reviewing parameter definitions 

used here since they may be slightly different from those the user has employed in the 

past. It should be kept in mind, however, that highly erroneous results can be generated 

if parameter uncertainty and the sensitivity of the results to the input assumptions and 

the site conceptual model are not accounted for. Almost certainly a range of site 

104 



conditions must be considered to gain a full spectrum of reasonable results. Similarly, 

the applicability of certain assumptions inherent in the definition of the LNAPL source 

term and all the other related factors must be carefully thought out. 

•S Soil Properties 

The soil parameters may be input either by assuming that the soil is homogeneous, 

or by subdividing the vertical LNAPL impacted zone into two different layers. The user 

makes this choice by enterin the soil type numbers (Figure 5.16) to select either the 

Homogeneous Conditions or the Vertically Layered Conditions option button on the 

Properties input. 

Figure 5.16 Interface of parameters input 

If the Vertically Layered Conditions option is selected, values for each of these 

parameters must be selected for each of the different layers. Users should click 

"Another soil" to separately input the soil properties (Figure 5.18, 5.18). Figure 5.17 

shows the soil properties of the BC model. Figure 5.18 shows the soil properties of a 

VG model. 
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Parameters with regards to soils based on the BC model are the following: 

porosity, residual water saturation in the soil (Sm), and BC model parameters, i.e. X and 

hj. The parameters for soils based on the VG model are the following: porosity, 

residual water saturation in the soil (Sm), and VG model parameters, i.e. n anda. 

H 8 Continue t-. Back i" End 

— a s 
— » j j 

Figure 5.17 Interface of soil parameters input (BC model) 
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I * Another 
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Figure 5.18 Interface of soil parameters input (VG model) 

•S Fluid Properties 

Fluid parameters include specific gravity, the air-water scaling factor, and the 

water-LNAPL scaling factor (Figure 5.19). 

SHaBBi**'•<*! 

1111111111 Continue Back Quit 

Figure 5.19 Interface of fluid parameters input 
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S Mesh parameters 

This section includes site area data and monitoring well data (coordinates, depth of 

interface of air-oil, depth of interface of oil and water, depth of interface of soils see 

Figure 5.21), mesh data (number of meshes in x and y directions, maximum length of 

the site in the x and y directions, see Figure 5.20). 

Figure 5.20 Interface of mesh input 

The system is developed to calculate the specific volume in the nodes where the 

monitoring wells are located. 

This system is to interpolate the specific volume in other nodes and to compute the 

total volume. The finite difference method is utilized to interpolate the specific volume. 
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Figure 5.21(a) Interface of well parameters 

Figure 5.21(b) Interface of well parameters 
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Figure 5.21(c) Interface of well parameters 

This system can deal with a maximum of 100 wells and 100*100 coordinate grids. 

•f Output of program 

The Output option allows the user to save the result with file and screen output 

(Figure 5.22, 5.23). The user can use other commercial software to draw a contour map, 

for example, SURFER. 
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Figure 5.22 Interface of file output option 

{Results stored in |;output.txt 

Close 

l"~—'""* Br 

Figure 5.23 Interface of the results 

As shown in Figure 5.23, the interface system generates the same result as in the 

real case study in section 5.1. 
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Chapter 6 

Conclusions, research contributions and 

future studies 

6.1 Conclusions 

The following conclusions can be obtained from this study: 

(1) The effects of soil layering on the specific oil volume in the porous media 

have been discussed in this study. It indicates a significant influence of 

stratified soils on the specific volume of free phase oil and its distribution 

in the porous media. The developed method for the oil volume in multiple 

layers porous media is more practical than the solution obtained by 

assuming that only one kind of soil is present. 

(2) Considering the heterogeneity of the sites is very important and the 

developed system can get accurate results compared with simplified sites 
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in soil types. Besides soil heterogeneity, the mesh delimitation and 

interpolation method also affect the total free phase oil volume computed 

for a site. Nevertheless, the accurate total oil volume estimation of free 

phase oil is the basis for effective recovery of leaked oil in the sites, and 

reasonable results have been obtained through applying the developed 

model to typical site cases. 

(3) The developed system is helpful for the estimation of the total free-phase 

oil volume, and the developed user-friendly interface system facilitates 

the usage of the model. 

6.2 Research contributions 

The research contributions of this thesis are summarized in below: 

(1) A new modeling approach has been developed in this study to compute 

the volume of oil spilled into the groundwater system, which is a critical 

step before any cleanup action being taken. 

(2) The developed model improved previous models on considering the 

heterogeneous characteristics of the nature soil and groundwater system. 

(3) A physical pilot scale experiment with different amounts of oil spill was 

conducted in this thesis study, which has provided a systematic validation 

of the developed model. 
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(4) The developed approach has been successfully applied to a real oil spill 

site with its groundwater being contaminated by the spilled oil. The 

application has provided technical details to support the site remediation. 

(5) Additionally, a user-friendly interface was developed in this study, which 

will facilitate the use and application of the developed model. 

(6) Finally, detailed sensitivity analysis has been conducted to examine 

various uncertainties associated with the site, spilled oil, and modeling 

methods. 

6.3 Future studies 

The following topics are suggested in the future studies: 

(1) Advanced methods, such as fuzzy logic and stochastic analysis, can be 

used to quantify system uncertainties. 

(2) The developed method can be linked with pollutants fate and transport 

simulation to support effective environmental risk assessment and site 

remediation. 

(3) Further, numerical analysis can be incorporated into the developed model 

to enhance the modeling accuracy. 

(4) Also based on the above recommendations, the complete nature 

heterogeneous soil and groundwater can be considered to obtain accurate 

calculation of spilled oil volume. 
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Appendix A 

Model sensitivity analysis 

There are a large amount of uncertainties associated with from different types of input 

data. These parameters to simulation models rang from data include the porosity, VG 

model parameters, scaling factor, and several parameters used to define fluid 

characteristics. Sensitivity analysis is conducted in this Chapter to study the above 

modeling uncertainties. 

Model sensitivity analysis 

The parameters to be varied for the sensitivity analysis were chosen to demonstrate a 

range of conditions, all of which could be expected to vary depending on site specific 

circumstances. Through the model's calculation and considering the parameters' 

significance, three additional parameters were selected for this study. The porosity, the 

VG model parameters and the scaling factor are included in the sensitivity analysis. 
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1. Porosity 

A sensitivity analysis was conducted to evaluate the impact of changes in selected 

variables based on the pilot-scale experiment case. The soil type is sand in the pilot-

scale experiment. The ranges of parameters are given in Table A.l and A.2. 

Table A.l Range of porosity 

Soil type 

Sand 

Porosity 

Minimum 

0.242 

Maximum 

0.49 

Midpoint 

0.366 

Source: After Carsell and Parish (1988) 

The range of Porosity considered in the pilot-scale experiment case is given below 

(Table A.2). 

Table A.2 Porosity in pilot-scale experiment case 

Soil types 

Sand 

Porosity 

*0.242~0.49 

Irreducible water 
residual saturation 

Sm 

0.01 

van Genuchten parameter 

n 

2.97 

a (m"1) 

17.33 

Fluid Density ratio, pro 0.86 

Properties Air-oil scaling factor 10.394 
Oil-water scaling factor 2.275 

* Range used for sensitivity analysis 
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Based on the input range in Table A.2, three results of oil volume were obtained 

using the developed model as shown in Table A.3 for 600ml spill case. 

Table A.3 The results of the oil volume with different porosity 

Porosity 

0.242 (min) 

0.334 (mean) 

0.49 (max) 

Volume of LNAPL (ml) 

392 

542 

795 

Figure A.l illustrate that soil porosity significantly influences volume. The 

minimum or maximum volume occurs and the volume of LNAPL is increasing with 

porosity increasing. In this case, when porosity is 0.49, the maximum volume emerges. 
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Figure A.l Comparison LNAPL volumes in variation of porosity 

2. VG parameter 

The range of VG parameters is given below based on the literature survey (Table A.4). 
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Table A.4 Range of VG parameters 

Soil type 

Sand 

van Genuchten 
n 

Minimum 

2.39 

Maximum 

2.97 

Midpoint 

2.68 

van Genuchten 
a (m_1) 

Minimum 

13.79 

Maximum 

17.33 

Midpoint 

15.56 

Source: API Interactive LNAPL Guide and Source: After Carsell and Parish (1988) 

The range of the VG parameters is given below (Table A.5) in the pilot-scale 

experiment for 600ml spill case. 

Table A.5 VG parameter based on the pilot-scale experiment case 

Soil types 

Sand 

Porosity 

0.343 

Irreducible water 
residual saturation Sm 

0.01 

van Genuchten parameter 

n 

*2.39~2.97 

a (m"1) 

*13.79~17.33 

Fluid Density ratio, pro 0.86 

Properties Air-oil scaling factor 10.394 
Oil-water scaling factor 2.275 

Range used for sensitivity analysis 

The results of oil volume obtained based on the inputs in Table A.5 in the 

variation of VG-n are given below, 

Table A.6 The results of the oil volume with different VG-n 

VG-n 

2.39 

2.67 

2.97 

Volume of LNAPL (ml) 

501 

532 

542 
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Figure A.2 illustrate that the VG-n parameter influences the volume. The very 

small change in the VG-n greatly influences the volume of LNAPL, and higher VG-n 

values lead to higher oil volume. In this case, when the VG-n is 2.97, the maximum 

volume emerges (Figure A.2). 
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Figure A.2 Comparison LNAPL volumes in variation of VG-n 

The results in variation of VG-a are obtained bellow (Table A.7), 

Table A.7 The results of the volume in the variation of VG-a 

VG-a 

13.79 

15.81 

17.33 

Volume of LNAPL (ml) 

472 

508 

542 



Figure A.3 illustrate that the VG-a parameter is with the similar effect as the VG-n 

parameter. It significantly influences the volume. In this case, when the VG-n is 17.33, 

the maximum volume emerges (Figure A.3). 
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Figure A.3 Comparison LNAPL volumes in variation of VG-a 

3. Scaling factor 

The model parameters, scaling factor, of oil may also influence the volume of oil in the 

groundwater system. Scaling factor is reflected to the surface and interfacial tension of 

oil. The range is found based on literature survey as in Table A.8. 

Table A. 8 Range of surface and interfacial tension 

Temperature 
(°Q 

15 

Surface tension (mN/ra or dynes/cm) 

Minimum 

21.4 

Maximum 

41 

Midpoint 

32 

Interfacial tension (mN/m or 
dynes/cm) 

Minimum 

5.5 

Maximum 

8.7 

Midpoint 

7.1 

Source: ESD 96, Lubricating Oil (Industrial, Teresso 150) 
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The range of the scaling factor is given below (Table A.9) based on the pilot-scale 

experiment. 

Table A.9 Scaling factor in pilot-scale experiment case 

Soil types 

Sand 

Porosity 

0.334 

Irreducible water 
Residual saturation 

Sm 

0.01 

van Genuchten parameter 

n 

2.97 

a (m_1) 

17.33 

Fluid Density ratio, pro 0.86 

Properties Air-oil scaling factor *( 10.394,10.213) 
Oil-water scaling factor *(2.275, 2.364) 

* Range used for sensitivity analysis 

The results in the variation of the Air-oil Scaling factor are given below (Table 

A.10), 

Table A. 10 The results of the oil volume with different air-oil scaling factors 

Air-oil scaling factor 

10.213 

10.394 

Volume of LNAPL (ml) 

535 

542 

Figure A.4 illustrate that air-oil scaling factor parameter influences volume but not 

as significant as porosity, and the air-oil scaling factor parameter is in direct proportion 

with the volume of LNAPL. In this case, when the VG-n is 10.394, the maximum 

volume emerges (Figure A.4). 
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Figure A.4 Comparison LNAPL volumes in variation of air-oil scaling factor 

The results in the variation of the oil-water scaling factor is given below (Table 

A.11), 

Table A.l 1 The results of the oil volume with different oil-water scaling factors 

Oil-water scaling factor 

2.275 

2.364 

Volume of LNAPL (ml) 

542 

479 

Figure A.5 illustrate that oil-water scaling factor parameter influences volume but 

not as significant as porosity. Moreover, the oil-water scaling factor parameter is in 

inverse proportion with the volume of LNAPL. In this case, when the VG-n is 2.275, 

the maximum volume emerges (Figure A.5). 
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Figure A.5 Comparison of LNAPL volumes with the variation in the oil-water 
scaling factor 

As a result, the volume of the LNAPL will increase with the porosity, the VG 

parameters and the increase in the air-oil scaling factor. The volume of the LNAPL will 

decrease with the increase in the oil-water scaling factor. Moreover, the porosity and 

VG parameters have a great influence on the volume of the LNAPL. 

The extensive model sensitivity analyses have helped to examine the model 

parameters and their values in the model development, validation, and application in 

this thesis study. 
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Appendix B 

Measurement of porosity and grain size 

distribution 

Soils are made of particles of different types and sizes. The space between particles is 

called pore space. Pore space determines the amount of water that a given volume of 

soil can hold. Porosity is the percentage of the total volume of soil that consists of pore 

space. This is an important measurement in the experiment. 

Porosity 

The standard technique for measuring effective porosity is as follows (from Fetter, 

C.W., 1994, porosity measurement is on p. 81.) 

Materials: 

Balance, backer, measure cylinder, specific gravity bottle; 
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Procedure: 

An alternative method uses density measurements. 

Take a sample of known volume, Vt. Dry in an oven at 105 C until the sample 

weight is constant (this drives off pore water but does not dehydrate minerals). 

A material's porosity could be evaluated by measuring its pore volume (Vp) and 

volume (Vt). The total volume is easily obtained by measuring the total volume of the 

sample. In principle, the pore volume could be evaluated directly by measuring the 

volume of needed to completely saturate the sample. In practice, this measurement is 

very difficult to make. Porosity is usually evaluated indirectly by using the expression 

n= 1- (Vs/Vt) = l-(pb/pp), where n is the porosity, Vs is volume of the solid 

components, Vt is total volume, pb is the dry bulk density of the sample, and pp is the 

density of the solid component 

The dry bulk density, pb, of a dried soil sample is the mass of the dried sample 

divided by the volume of the sample. 

Then the sample is broken into individual grains and the particle volume is 

measured by placing all the particles in water and measuring the volume of water 

displaced by the particles. 

The mass of the dried sample, divided by the particle volume gives the particle 

density, pp, of the sample. The percent porosity is the quantity one minus the bulk 

density divided by the particle density: n = 1 -(pb/pp). 
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Grain size distribution 
The standard grain size analyses allow determining the relative proportions of different 

grain sizes that make up a given soil mass. The grain size analysis is widely used in soil 

classification and for determining hydraulic conductivity with a variety of empirically-

derived formulas. The data obtained from grain size distribution curves is used in the 

design of filters for earth dams, the design of well screens, air fields, etc. 

Materials: 

Balance, Sieves, Soil collection tin 

Procedure: 

Using a sample of dry sand, the general procedure for completing your analyses is as 

follows: 

In the tin, collect a sample from tank. Fill the tin completely and seal the sample 

immediately after collecting it to preserve the moisture content. 

Record the mass and volume of the tin and sample. 

Ovens dry the sample with the lid off on the "low" setting for 24 hours. 

Record the mass of the tin and dry sample. 

Stack your sieves in order of decreasing sieve size. 

Put the sieves on the shaker and pour the dry sample into the top sieve. 
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Record the mass of each sieve along with the soil it contains. 

Analyze the grain size distribution by completing the table and graph on the 

following Table A. 1 and Figure B. 1. 

Table B.l Record of masses 

Mass of beaker and sample: Mass of empty beaker: 

Mass of dry sample: Volume of sample: 

sieve # 

pan 

grain diameter 
(mm) 

mass of sieve 
(or tray) (g) 

mass of soil 
and sieve (g) 

mass of soil 
(g) 

mass of soil 
passing (g) 

% 
finer 

"Mass of soil passing" is the sum of the masses of soil collected in all the sieves 

below the sieve of interest. 

"% finer" is the percent (by weight) of total soil mass collected in all the sieves 

below the sieve of interest. (So the pan at the bottom, which contains all the finest 

material, will have 0% finer.) 4 
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Create a graph of the grain size distributions by plotting % finer by weight vs. 

grain diameter. From the graph, determine the particle diameter corresponding to 10%, 

30% and 60% finer (designated as dlO, d30, and d60, respectively). 
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Figure B.l Grain size distributions (% finer by weight vs. grain diameter) 

The information standard methods that used in the experiment adopt the 

American Society for Testing and Materials (www.astm.org), affectionately known as 

ASTM. They publish the standard test methods for properties of soil. 
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