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The Groundwater Project Foreword 

The United Nations (UN) - Water Summit on Groundwater held from 7 to 8 

December 2022 at the UNESCO headquarters in Paris, France, concluded with a call for 

governments and other stakeholders to scale up their efforts to better manage groundwater. 

The intent of the call to action was to inform relevant discussions at the UN 2023 Water 

Conference held from 22 to 24 March 2023 at the UN headquarters in New York City. One 

of the required actions is strengthening human and institutional capacity, for which 

groundwater education is fundamental. 

The 2024 World Water Day theme is Water for Peace, which focuses on the critical 

role water plays in the stability and prosperity of the world. The UN-Water website states 

that more than three billion people worldwide depend on water that crosses national borders. There 

are 592 transboundary aquifers, yet most countries do not have an intergovernmental 

cooperation agreement in place for sharing and managing the aquifer. Moreover, while 

groundwater plays a key role in global stability and prosperity, it also makes up 99 percent 

of all liquid freshwater—accordingly, groundwater is at the heart of the freshwater crisis. 

Groundwater is an invaluable resource. 

The Groundwater Project (GW-Project), a registered Canadian charity founded in 

2018, is committed to advancement of groundwater education as a means to accelerate 

action related to our essential groundwater resources. We are dedicated to making 

groundwater understandable and, thus, enable building the human capacity for sustainable 

development and management of groundwater. To that end, the GW-Project creates and 

publishes high-quality books about all-things-groundwater, for all who want to learn about 

groundwater. Our books are unique. They synthesize knowledge, are rigorously peer 

reviewed and translated into many languages, and are free of charge. An important tenet 

of GW-Project books is a strong emphasis on visualization: Clear illustrations stimulate 

spatial and critical thinking. The GW-Project started publishing books in August 2020; by 

the end of 2023, we had published 44 original books and 58 translations. The books can be 

downloaded at gw-project.org. 

The GW-Project embodies a new type of global educational endeavor made possible 

by the contributions of a dedicated international group of volunteer professionals from a 

broad range of disciplines. Academics, practitioners, and retirees contribute by writing 

and/or reviewing books aimed at diverse levels of readers including children, teenagers, 

undergraduate and graduate students, professionals in groundwater fields, and the general 

public. More than 1,000 dedicated volunteers from 70 countries and six continents are 

involved—and participation is growing. Revised editions of the books are published from 

time to time. Readers are invited to propose revisions. 

We thank our sponsors for their ongoing financial support. Please consider 

donating to the GW-Project so we can continue to publish books free of charge. 

The GW-Project Board of Directors, January 2024 

https://www.unwater.org/
https://gw-project.org/
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Foreword 

Groundwater contamination was not perceived to be a major problem until the 

early 1980s when recognition was triggered by the common finding of chlorinated solvents 

in public water-supply wells and monitoring wells at industrial and military sites in the 

United States and West Germany. Within a decade or so, similar findings came from all 

industrialized countries where studies were undertaken. 

Occurrence of non-aqueous phase liquid (NAPL) groundwater contamination was 

not new; chemicals such as trichloroethylene, methylene chloride, and chloroform had been 

entering aquifers from leaks, spills, and disposals for decades, and their contamination of 

groundwater was not suspected even though the solvents were used abundantly at 

hundreds of thousands of locations world-wide. Maximum acceptable concentrations in 

drinking water had not been specified by regulators for any of these chemicals for decades 

and their presence was not apparent by either taste or odor. 

Groundwater sampling for solvents did not begin until the late 1970s as overall 

awareness of organic chemicals in the environment grew. Although awareness of these 

chemicals in groundwater arose in the early 1980s, there was delay in recognizing that: 

1. these oil-like liquids dissolved sparingly in water (i.e., they are immiscible 

liquids), 

2. they easily entered aquifers where they moved rapidly, and 

3. their high density relative to water made them common as contaminants deep 

in aquifers relative to gasoline and other petroleum products that are generally 

lighter than water. 

This book describes the physics of both denser-than-water and lighter-than-water 

immiscible liquids in the subsurface. The basis of this book is knowledge about the 

fundamentals of fluid mechanics, laboratory experiments, field experiments, and 

investigations of contaminated sites. Knowledge from these sources is essential for 

understanding how and why petroleum products behave much differently than the 

denser-than-water immiscible liquids and for understanding why it is so difficult to 

remediate subsurface contamination by dense immiscible liquids. 

The authors of this book have published numerous papers, book chapters, and 

monographs on the topic based on their laboratory, field, theoretical, and mathematical 

work. They are experienced in teaching the subject matter and providing consulting advice. 

Drs. Mumford and Kueper are professors of civil engineering at Queen's University in 

Canada and Dr. Lenhard is a US government researcher. 

John Cherry, The Groundwater Project Leader 

Guelph, Ontario, Canada, March 2024 
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Preface 

This book focuses on the behavior of non-aqueous phase liquids (NAPLs) in porous 

media as a subset of the more general topic of multiphase flow. Many NAPLs are 

manufactured organic chemicals; their release to the subsurface has resulted in much of the 

known groundwater contamination in industrialized nations. These chemicals include 

what have become known as LNAPLs (light non-aqueous phase liquids)—such as gasoline, 

diesel fuel, heating oil, and jet fuel—and DNAPLs (dense non-aqueous phase liquids), 

which include chlorinated solvents used as cleaning and degreasing chemicals in many 

types of manufacturing industries as well as creosote, coal tar, and polychlorinated 

biphenyls (PCBs). 

The importance of LNAPLs was recognized in the 1930s by the petroleum industry. 

By the 1960s, there were impressive monographs on their flow and distribution in the 

subsurface based on rigorous laboratory and theoretical research, one of which was 

Groundwater Pollution in Porous Media by Fluids Immiscible with Water by Dr. Frederich 

Schwille (1981). Schwille went on to become the first to recognize the importance of 

chlorinated solvent DNAPLs in groundwater and published a landmark monograph in 

1984 based on research conducted in the laboratory that he directed in Germany. Schwille’s 

monograph was in German and James Pankow translated it to English as Dense Chlorinated 

Solvents in Porous and Fractured Media in 1988. This published work was impressive in its 

attention to photographs from pioneering laboratory experiments, which continue to 

inspire people working in this area, including for the visual demonstrations presented in 

this book. 

Building on the work of Schwille, a team of researchers associated with the 

University Consortium for Chlorinated Solvents Research conducted theoretical research 

as well as laboratory and field experiments that resulted in the publication of Dense 

Chlorinated Solvents and Other DNAPLs in Groundwater (1996) edited by James Pankow and 

John Cherry. This book is available on the Groundwater Project website. 

Work by Art Corey, including his Mechanics of Immiscible Fluids in Porous Media 

(first published in 1986 and republished in 1994) was also an important early reference on 

this subject. Corey provided a fundamental understanding of capillary pressure-saturation-

relative permeability relationships in porous media. 

In the spirit of those early works, this book aims to synthesize and summarize 

information concerning the fundamental properties and processes that control how 

LNAPLs and DNAPLs migrate in the subsurface. This includes conceptual diagrams to 

help readers appreciate the complexities associated with multiphase flow in porous media, 

where subtle differences in subsurface and fluid properties often control migration and 

result in substantial lateral spreading rather than vertical flow. Building on this conceptual 

understanding, the content progresses from an introduction of fluid saturation, interfacial 

tension, and wettability to a fundamental explanation of capillary pressure and relative 

https://www.amazon.ca/Dense-Chlorinated-Solvents-Porous-Fractured/dp/0873711211
https://www.amazon.ca/Dense-Chlorinated-Solvents-Porous-Fractured/dp/0873711211
https://gw-project.org/books/dense-chlorinated-solvents-and-other-dnapls-in-groundwater/
https://gw-project.org/books/mechanics-of-immiscible-fluids-in-porous-media/
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permeability. These are key concepts needed to understand NAPL migration, interpret 

field observations, and develop numerical models. 

This book concludes with a discussion of more detailed concepts specific to LNAPL 

and DNAPL and presents a series of images from controlled releases in the laboratory to 

highlight—in a detailed and visual way—important aspects of NAPL flow and 

distribution. We have chosen to present conceptual figures together with photographs from 

the field and laboratory throughout this book to help readers develop an intuitive 

understanding of these complex, and often invisible, phenomena. As such, this book is 

intended to be an introductory book suitable for upper year undergraduate students and 

first-time graduate students, as well as practitioners looking to understand fundamental 

processes. We hope that this introduction leads you to find NAPL flow, with its pore-scale 

complexities and macroscale implications, to be the endlessly fascinating topic that has 

captivated our curiosity for decades. 
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1 Introduction 

1.1 Multiple Fluids in Porous Media 

Groundwater scientists and engineers are often concerned with the flow of a single 

fluid—water—through porous or fractured subsurface material; hydrogeology is primarily 

concerned with understanding this flow. However, in many situations, more than one fluid 

is present in the subsurface. For example, in soils near the ground surface and above the 

water table, air and water coexist in the pore space between grains. 

The flow of water and air is important for infiltration and irrigation, and the amount 

of water in the pore space plays an important role in unsaturated soil mechanics. In oil and 

gas reservoirs, the flow of oil, gas, and water controls the recovery of natural resources. In 

each of these examples, the presence of an additional fluid phase (or phases) affects the 

amount of water in the pore space and the pathways available for that water to flow 

through the pore network. An understanding of other fluids in the pore space is not only 

important because of their effect on groundwater flow but also because groundwater is part 

of an interconnected hydrological system that involves water as well as dissolved and 

suspended material in that water. Some compounds (e.g., chemicals, solutes) can move 

between pore fluids by mass transfer across fluid–fluid interfaces; an understanding of how 

other fluids are distributed alongside groundwater in a pore space is critical for 

understanding that exchange of mass. 

This book focuses on a class of fluids referred to as non-aqueous phase liquids 

(NAPLs), whose behavior in vadose and groundwater systems has much in common with 

fluid behavior in unsaturated soil and in oil and gas reservoirs. Over the last several 

decades, considerable attention has been paid to NAPLs in soil and groundwater (Schwille, 

1981; Mercer & Cohen, 1990; Corey, 1994; Pankow & Cherry, 1996; Kueper et al., 2003; 

Mayer & Hassanizadeh, 2005; Kueper et al., 2014; Rivett et al., 2014; Essaid et al., 2015). 

Many NAPLs are anthropogenic industrial liquids that are hazardous to human and 

ecological health. Consequently, a comprehension of NAPL flow and fate in the subsurface 

is important for understanding, investigating, and predicting the consequences of historic 

or improper disposal and accidental releases of NAPLs to subsurface environments. 

NAPLs are generally classified according to their density relative to water: as light 

non-aqueous phase liquids (LNAPLs) or dense non-aqueous phase liquids (DNAPLs). That 

difference in density is important and is the first predictor of where a NAPL will be 

distributed in the subsurface. For example, an LNAPL released at ground surface will flow 

downward through the vadose zone, and its flow path will be affected by contrasts in both 

water content and subsurface material properties (Figure 1). 
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Figure 1 - Conceptual model of a LNAPL release to a water-table aquifer with groundwater flowing from left to 
right. a) After LNAPL migration downward through the unsaturated (vadose) zone, leaving residual LNAPL along 
its path, then accumulating in the vicinity of the capillary fringe and depressing the water-saturated region. b) 
After LNAPL has been depleted and vertically redistributed (shown by the vertical double-headed arrow) by 
fluctuation of the water table, creating a smear zone of residual (entrapped) LNAPL below the water table. 
Vaporization in the unsaturated zone and dissolution in the saturated zone within the pool and smear zone 
result in the formation of a vapor plume and a dissolved plume, respectively. 

Contrasts between layer properties can result in lateral spreading of LNAPL at the 

boundaries of those layers. If the LNAPL is able to break through or flow around a layer 

then it can continue to flow downward toward the water table, provided sufficient LNAPL 

volume is present. Lateral spreading also can occur once the LNAPL reaches the 

water-saturated capillary fringe with the LNAPL remaining in the vicinity of the water 

table due to its buoyancy (although not strictly above the water table as discussed in Section 

5.3). 

In contrast, a DNAPL released at the ground surface will flow downward through 

the vadose zone but will not be significantly impeded by the water table (subject to entry 

pressure requirements discussed in Section 5.1; Figure 2). Gravity continues to drive 

DNAPL deeper into the subsurface, with substantial lateral spreading dictated by 

geological heterogeneity. In fact, although early conceptual figures often depicted DNAPL 

as moving downward directly below its release location at or near ground surface, it is 

much more common for DNAPL to move laterally before moving downward because of 

the strong influence of capillary barriers (described in Section 5.1). In other words, DNAPL 

moves sideways to move down. Lateral spreading is relatively unaffected by the water 

hydraulic gradient. 
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Figure 2 - Conceptual model of a DNAPL release into a heterogeneous sandy aquifer with groundwater flow 
from left to right containing a) discontinuous silt and clay layers, and b) continuous layers of finer sand, both of 
which act as capillary barriers. Downward DNAPL migration in the saturated zone is only possible following 
bypass or breakthrough of these barriers. DNAPL is present as both pools and residual, with pools present on 
top of the capillary barriers. DNAPL can also enter fractures in bedrock or clay, if present, and these media do 
not necessarily provide an impenetrable boundary. Vaporization in the unsaturated zone and dissolution in the 
saturated zone result in the formation of a vapor plume and a dissolved plume, respectively. 

By virtue of their respective densities, LNAPL is likely to be primarily distributed 

above the water-saturated zone, while DNAPL can be found at substantial depths within 

the water-saturated zone. NAPLs with densities near but still less than water will behave 

as LNAPLs but can transform to DNAPLs as the lighter components of the NAPL are 

depleted (e.g., Roy et al., 2004). Importantly, although they are typically treated as 

immiscible liquids when assessing their flow in porous media, most NAPLs are not 

perfectly immiscible because they have finite aqueous solubilities and vapor pressures. 

Therefore, once released to the subsurface and in contact with water or air, NAPLs dissolve 

in water and vaporize into air. Generally, NAPLs dissolve in water at low concentrations 

(sparingly soluble), often creating large and persistent plumes of dissolved organic 

compounds that can be hazardous even at low (μg/L) concentrations. NAPLs partitioning 

into the air is based primarily on their vapor pressures; there are examples of both volatile 

and non-volatile NAPLs. 

1.2 Purpose 

The purpose of this book is to introduce the fundamental mechanisms, properties, 

and mathematical relationships that control and describe the flow of NAPLs in porous 

media. NAPL flow in porous media is a subset of the more general topic of multiphase flow 

in porous media; much of what is discussed here also applies to air and water in the vadose 

zone, and to free gas phase in groundwater. In addition, material in this book serves as a 
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complement to topics related to groundwater contamination, as well as strategies for the 

investigation and remediation of NAPL-impacted sites. The focus here is on 

capillary-dominated displacement. Instabilities related to viscous and gravity forces are not 

addressed (e.g., Toussaint et al., 2012; Ewing & Berkowitz, 1998; Kueper & Frind, 1988). 

This book is organized into six sections. Section 2 introduces parameters that are 

important for understanding, describing, and simulating NAPL flow in porous media. 

Section 3 explains the concept of capillary pressure, which links pressures in the air (gas), 

water, and NAPL phases, as well as approaches used to describe capillary pressure at a 

macroscopic scale. Section 4 describes the related concept of relative permeability, which 

dictates the resistance to the flow of multiple fluids in a pore space. The emphasis of 

Sections 3 and 4 is on two-fluid (e.g., NAPL–water) systems. 

Section 5 introduces selected concepts specific to LNAPL and DNAPL in the 

subsurface, including a discussion of three-fluid systems. Finally, Section 6 presents two 

laboratory demonstrations (along with links to videos) to highlight the key concepts of 

LNAPL and DNAPL flow that are presented in this book. These six sections are followed 

by a summary, exercises for the reader to test and develop their knowledge, and additional 

detail on the mathematics that describe flow in three-fluid (air–NAPL–water) systems. 

The material in this book is by no means an exhaustive treatment of NAPLs in the 

subsurface; readers are encouraged to seek additional information available through The 

Groundwater Project, as well as studies published in the scientific and engineering 

literature and guidance documents issued by various government agencies. 

1.3 Nomenclature 

Key terminology used to describe NAPL flow in porous media is defined 

throughout this book. This includes some terminology that was originally proposed by 

petroleum engineers for their needs that was later adopted and, in some cases, redefined 

by hydrogeologists for their requirements. For example, NAPL pools are subsurface regions 

in which the pore space is mostly, but not completely, occupied by NAPL. The NAPL in 

pools exists in a connected network of pores and is potentially mobile. 

Unlike NAPL pools, NAPL residual refers to NAPL that is immobile, but it is defined 

differently depending on the number of fluids present. In a two-fluid (NAPL–water) 

region, NAPL residual refers to disconnected blobs and ganglia that are surrounded 

(occluded) by water. However, in a three-fluid (air–NAPL–water) region (e.g., the vadose 

zone), NAPL residual refers only to NAPL in films, bypassed pores, and pendular rings; 

water-occluded NAPL is referred to as entrapped NAPL. NAPL residual is discussed in 

more detail in Sections 3.4 and 5.2. 
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1.4 Light Non-Aqueous Phase Liquids (LNAPLs) 

LNAPLs include a wide range of organic liquids but in the context of groundwater 

contamination are most often associated with petroleum hydrocarbons. These include 

gasoline and diesel fuel, heating oil, jet fuel, kerosene, and feedstock such as crude oil. 

LNAPLs also include organic solvents such as alkanes and aromatics, including benzene 

and toluene. Organic solvents can occur as components in fuels and as compounds used in 

chemical manufacturing. LNAPL releases can be associated with a variety of storage and 

fluid transfer infrastructure, including above ground and underground storage tanks and 

pipelines, as well as with fluid handling operations. LNAPL releases can occur at, for 

example, manufacturing facilities, refineries, terminals, filling stations, airports, and 

military bases (Rivett et al., 2014). Smaller-scale releases can also be associated with 

domestic use (e.g., home heating oil) or commercial and industrial facilities. 

Examples of LNAPLs are listed in Table 1, along with fluid properties that affect 

their movement and fate in groundwater systems. These properties include those that affect 

flow (density, viscosity, interfacial tension) and those that affect the partitioning to water 

and air (solubility and vapor pressure, respectively). Solubility and vapor pressure are 

listed only for individual chemicals (components), and not for multicomponent LNAPLs, 

as those properties are functions of the LNAPL composition. 

Table 1 - Properties of example LNAPLs. 

LNAPL 
Density 

(g/cm
3
) 

Dynamic 

viscosity 

(cP) 

Solubility 

(mg/L) 

Vapor 

pressure 

(mm Hg) 

Interfacial tension (mN/m) 

NAPL–water Air–NAPL 

Single components1 

Benzene 0.87 0.60 1,750 95.2 35 28.9 

Toluene 0.86 0.55 535 28.1 36.1 28.5 

Ethylbenzene 0.86 0.68 152 7.00 35.5 29.3 

m-Xylene 0.86 0.81 130 1.00 36.4 29.0 

Petroleum fuel mixtures2 

Petrol (Gasoline) 0.67–0.80 0.62   52  

Avgas 0.71 2.3   37  

Kerosene 0.81 2.3   47–49  

Diesel 0.87 2.7   50  

Bunker C 0.93 45,030   40  
1Mercer & Cohen (1990) at 20–30 °C and air–NAPL interfacial tension at 20 °C 
2Rivett et al. (2014) at 15 °C, air-NAPL interfacial tension for mixtures not reported 

3Also reported as a DNAPL, with a density up to 1.1 g/cm
3
 

 

Although releases of a single component can occur, LNAPLs are typically found in 

groundwater systems as multicomponent liquids. This is particularly true for petroleum 

fuels. Therefore, LNAPL composition—and specific aspects of LNAPL behavior associated 

with that composition—is site-specific. Nevertheless, the fate of each individual chemical 

component is important because the composition of the LNAPL may change over time as 

those chemicals partition from the LNAPL to the water and/or air. 
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Once released to the subsurface, LNAPL can threaten environmental quality 

through a variety of processes. The migration of LNAPL through the subsurface and its 

subsequent discharge to surface water can affect that surface water by creating oil sheens, 

which impacts aquatic organisms and potentially compromises drinking water supplies. 

Organic compounds in LNAPL can partition to surrounding groundwater (dissolve), 

creating a dissolved plume that can be transported in the direction of groundwater flow 

(Figure 1) towards drinking water wells or surface water. 

The dissolved plumes created by LNAPL dissolution are limited to the shallow 

saturated zone (i.e., near the water table and connected to the LNAPL source), with deeper 

vertical movement created only by transverse vertical dispersion or vertical hydraulic 

gradients, including those created by recharge. Deeper plumes can also be created by the 

“smearing” of LNAPL due to fluctuations of the water table (Figure 1), such that a larger 

cross section of LNAPL is available for contact with flowing groundwater (e.g., Dobson et 

al., 2007). Biogeochemical reactions with the dissolved organic compounds in the plume 

can further reduce groundwater quality through reduction in dissolved oxygen and 

changes in metal, nitrogen, and sulfur speciation. 

In addition to the formation of a dissolved plume in the saturated zone, volatile 

organic compounds can partition from the LNAPL or the impacted groundwater into soil 

gas and move into buildings—which is referred to as vapor intrusion—thereby reducing 

indoor air quality. A detailed description of mass transfer (dissolution and vaporization) 

and the associated reactive transport processes are outside the scope of this book and are 

discussed in more detail elsewhere. They are an important consideration at 

LNAPL-impacted sites, in part because groundwater and soil gas are more mobile than 

LNAPL (once a release has stopped), resulting in plumes that are larger than the LNAPL 

source. However, an understanding of plume formation and the subsequent reactive 

transport pathways starts with an understanding of LNAPL flow and distribution in the 

subsurface. 

1.5 Dense Non-Aqueous Phase Liquids (DNAPLs) 

Like LNAPLs, DNAPLs include many different chemicals associated with a variety 

of industries and applications. These include chlorinated solvents such as trichloroethene 

(TCE) and tetrachloroethene (PCE) that have been used as cleaning and degreasing 

chemicals. Due to their widespread use and persistence, TCE and PCE are two of the most 

frequently detected groundwater contaminants in industrialized areas of the world (e.g., 

Zogorski et al., 2006). DNAPLs also include pesticides and polychlorinated biphenyls 

(PCBs), a group of liquids used primarily as insulating oils in transformers. DNAPLs also 

include coal tar and creosote (e.g., Jackson et al., 2006), historic byproducts of coal 

gasification processes that consist mainly of polycyclic aromatic hydrocarbons (PAHs). 
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Coal tar is a byproduct associated with former manufactured gas plants (MGPs), and 

creosote is an industrial liquid used primarily as a wood preservative. 

Because of their widespread uses across multiple industries, there are many 

DNAPL-impacted sites worldwide. Releases at DNAPL-impacted sites can be associated 

with storage tanks and fluids handling, as well as burn pits and waste lagoons, and can 

occur at manufacturing facilities, solvent recyclers, dry cleaners, and chemical production 

facilities (Kueper & Davies, 2009). Examples of chlorinated solvent DNAPLs and selected 

fluid properties are listed in Table 2. 

Table 2 - Properties of example DNAPLs. 

DNAPL 
Density 

(g/cm
3
)1 

Dynamic 

viscosity1  

(cP) 

Solubility 

(mg/L)1 

Vapor 

pressure 

(mm Hg)1 

Interfacial tension (mN/m)2 

NAPL–water3 Air-NAPL 

Carbon tetrachloride 1.59 0.97 825 109 45.0 27.0 

Trichloroethene 1.46 0.57 1,100 75 34.5 29.5 

Tetrachloroethene 1.63 0.9 200 18.9 44.4 32.9 

1,2-dichloroethane 1.25 0.84 8,500 82.1 30 32.6 

1,1,1-trichloroethane 1.35 0.84 1,300 124.6 45 25.8 

cis-1,2-dichloroethene 1.28 0.48 3,500 205 30 24 
1from Pankow & Cherry (1996) at 25 °C 
2from Mercer & Cohen (1990) at 20–25 °C 
3Textbook values of interfacial tension for laboratory-grade NAPLs such as chlorinated solvents are often 

higher than those found during field investigations, which typically range between 10 and 25 mN/m. 

DNAPLs encountered at field sites typically have lower interfacial tensions than laboratory-grade 

DNAPLs because of exposure to impurities during their use and in the subsurface. 

 

Although the use of DNAPL as chemical feedstock can result in the release of 

single-component liquids, multicomponent DNAPLs are common. Multicomponent 

DNAPLs can form during chemical manufacturing, through co-disposal at former solvent 

recycling facilities, and through degreasing operations where DNAPL solvents (e.g., 

cutting oils and lubricants) are used to remove LNAPLs. An example of a multicomponent 

DNAPL is provided in Table 3. 
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Table 3 - Composition of DNAPL from S-AREA as percent by mass1 

(Cohen & Mercer, 1993). 

Compound S-AREA OW-213F 

Chlorobenzene 0.8 

Dichlorobenzene 0.6 

Trichlorobenzene 11.5 

Tetrachlorobenzene 32 

Pentachlorobenzene 6.4 

Hexachlorobenzene 1.6 

Toluene 0.1 

Chlorotoluene 0.9 

Dichlorotoluene 0.9 

Total benzene hexachlorides 0.4 

Carbon Tetrachloride 1.0 

Trichloroethene 0.4 

Tetrachloroethene 13 

Hexachloroethane 1.1 

Hexachlorobutadiene 4.2 

Hexachlorocyclopentadiene 12 

Octachlorocyclopentadiene 14 

Endosulfan II 0.3 

Mirex 0.1 

Total 100.5 
1Total composition > 100 percent reflects the uncertainty in 
laboratory analysis 

 

Like LNAPLs, DNAPLs may threaten environmental quality through dissolution 

into groundwater to create a dissolved plume of organic compounds that potentially 

discharges to surface water or impacts drinking water wells, or through vaporization to 

soil gas and subsequent vapor intrusion into buildings (Figure 2). The rate of DNAPL 

dissolution into flowing groundwater is typically very slow given the low aqueous 

solubilities of most DNAPLs. As a result, a DNAPL source zone (the portion of subsurface 

that contains DNAPL) present below the water table can remain in place for decades to 

centuries (Kueper et al., 2014), even if remedial action is taken because remediation does 

not completely remove the DNAPL. 

The potential hazards associated with such long-lived source zones are made worse 

because components in many DNAPLs, including chlorinated solvents, have an adverse 

effect on human health at low (μg/L) concentrations. For example, a single 208 L (55 gallon) 

drum of TCE can theoretically contaminate 6x1010 L of water at a concentration of 5 μg/L, a 

common regulatory standard. On average throughout the world, each person uses about 

250 L of domestic water per day so one spilled drum of TCE could theoretically 

contaminate a day’s worth of water used by 3 percent of the world population. In addition, 

DNAPL source zones often extend much deeper in the subsurface than LNAPL source 

zones, leading to the formation of much deeper plumes and potential impacts on deeper 

aquifers. 

The complexity of DNAPL source zones produces complex plumes due to variable 

dissolution rates from residual and pooled sub-regions (relatively low and high NAPL 
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saturations) as well as multiple transport processes, including diffusion, mechanical 

dispersion, sorption, and reaction. Importantly, even if DNAPL is prevented from entering 

a low-permeability layer that acts as a capillary barrier, dissolved compounds in the plume 

can diffuse into that layer, later acting as a source of contamination (Section 1.6). 

Dissolution from DNAPL source zones is also often found to be rate-limited (i.e., 

resulting in dissolved concentrations that are less than the solubility limit), which depends 

on the DNAPL distribution (source architecture) and must be accounted for when 

interpreting dissolved concentrations measured in groundwater samples collected at 

DNAPL-impacted sites. As discussed for LNAPL, one needs to understand the source in 

order to understand the plume. 

Waste management practices at industrial facilities have changed dramatically over 

the years. For example, it was common from the 1940s through to the early 1980s to dispose 

of LNAPLs and DNAPLs in unlined ponds, unlined burn pits, unlined landfills, and 

directly to the ground surface. Waste management practices in the USA improved in the 

mid to late 1980s with the implementation of modern environmental regulations such as 

the passage in 1980 of the Comprehensive Environmental Response, Compensation and 

Liability Act (CERCLA), also known as Superfund. To further put things into historical 

perspective, Schwille (1981) was the first English language publication to present the 

concept of heavier-than-water solvents sinking below the water table, and the term 

non-aqueous phase liquid (NAPL) was first coined in 1981 during studies of a hazardous 

waste landfill in Niagara Falls, New York, USA (Pankow & Cherry, 1996). 

Commercial laboratories offering services for the analysis of organic compounds in 

groundwater samples were not readily available from the 1940s through to the 1970s, a time 

period during which large volumes of organic NAPLs were released to the subsurface 

throughout industrialized countries worldwide. It was not until 1979 that EPA published a 

series of analytical methods that employed gas chromatography/mass spectrometry 

(GC/MS) for determining organic compounds in wastewater (not groundwater) (Pankow 

& Cherry, 1996). Analytical methods for determining concentrations of organic chemicals 

in groundwater samples followed. By the 1990s, commercial laboratories providing 

analyses of organic compounds in groundwater samples were readily accessible and 

available to practitioners. 

1.6 Life Cycle of a NAPL Source Zone 

A NAPL source zone is defined as the overall volume of the subsurface that contains 

NAPL. Both LNAPL and DNAPL source zones age with time; the discussion here focuses 

on a DNAPL source zone, with similar concepts applicable to an LNAPL source zone. 

DNAPL distribution (architecture) in the subsurface is dependent on the elapsed 

time since the original DNAPL release occurred. As discussed by Kueper and others (2014), 

the DNAPL source zone goes through five life cycle stages beginning with an initial release 
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of DNAPL to the subsurface and culminating in complete DNAPL depletion, with 

contamination persisting due to the diffusion of organic compounds out of 

lower-permeability zones (often referred to as back-diffusion) and desorption of organic 

compounds from solids. The stages are described here and illustrated in  Figure 3 and its 

associated animation. 

• Stage 1 (Source On - Figure 3a) refers to the period of time during which DNAPL 

releases to the subsurface are occurring. DNAPL releases can be short in 

duration, such as the sudden failure of a storage vessel, or longer in duration, 

such as slow leaks from pipes, sumps, and disposal ponds operating for years 

or decades. 

• Stage 2 (DNAPL Redistribution - Figure 3b) corresponds to the period of time 

during which releases to the subsurface are no longer occurring, but the 

DNAPL is still migrating in the subsurface until it reaches an equilibrium 

distribution. The duration of Stage 2 depends on several factors including the 

volume of DNAPL released, the DNAPL viscosity, the permeability of the 

subsurface, the geologic structure, and the DNAPL-water interfacial tension. 

• During Stage 3 (Dissolution, Aging, and Diffusion - Figure 3c), DNAPL is slowly 

depleted as a result of vaporization into air and dissolution into groundwater. 

For a multicomponent DNAPL, the aqueous solubility of each component is a 

function of its mole fraction (i.e., the number of moles of that component relative 

to the total number of moles) in the DNAPL. As the DNAPL dissolves into 

groundwater, the components with higher effective solubility are depleted 

faster than those with lower effective solubility. Over time, the DNAPL is 

therefore enriched in components with lower effective solubility and the 

dissolved phase plume becomes depleted in the components having initially 

higher effective solubility. The practical implication of this is that groundwater 

practitioners should expect to see changes in the plume chemistry over time. 

Similar aging effects will occur in the unsaturated zone as the DNAPL 

components with higher effective vapor pressure are depleted faster than those 

with lower effective vapor pressure. Another important aspect of Stage 3 (as 

well as Stages 1 and 2) is that dissolved phase contaminants are diffusing into 

lower-permeability media such as silts and clays where little groundwater flow 

occurs. 

• Stage 4 (DNAPL Depletion - Figure 3d) refers to the point in time at which all 

DNAPL has been depleted as a result of vaporization and dissolution. The 

amount of time required to reach Stage 4 is dependent on several factors 

including the volume of DNAPL released, the aqueous and vapor phase 

solubility of the DNAPL, and the groundwater velocity. 
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• During Stage 5 (Back Diffusion and Desorption - Figure 3e), dissolved phase 

plumes are being sustained by back-diffusion out of lower-permeability media 

into higher-permeability media, and desorption. 

 
Figure 3 - Life cycle stages of a DNAPL source zone. a) Stage 1 DNAPL is being released to the subsurface 
where it migrates in response to geologic heterogeneity. b) Stage 2 DNAPL no longer enters the subsurface 
but redistributes within the subsurface until it reaches an equilibrium condition. c) Stage 3 DNAPL slowly 
depletes due to vaporization and dissolution, while dissolved DNAPL diffuses into lower permeability media. d) 
Stage 4 DNAPL has been depleted, only dissolved and sorbed contaminants remain. e) Stage 5 Dissolved 
contaminant plumes are sustained by back diffusion from lower permeability media and desorption (after Kueper 
et al., 2014). The stages are brought to life by this video. 

https://youtu.be/IJ6GFcbvREY
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The amount of time required to progress through all five life cycle stages depends 

on a number of factors including, but not limited to, the following: 

1. volume of DNAPL released, 

2. vapor pressure and solubility of the DNAPL, 

3. groundwater velocity, and  

4. proportion of low permeability diffusive sinks. 

This book focuses on processes relevant to early stages of the DNAPL source zone 

life cycle (Stages 1 and 2) during which migration and entrapment processes dominate. 

These early stages determine the source zone architecture that is available for Stage 3. Many 

of the NAPL sites under investigation today are in Stage 3; Stages 3 through 5 are discussed 

further in Kueper et al. (2014) and Sale et al. (2008, 2018). 

1.7 Relevant Exercises 

The following Exercises give the reader practice working with the material 

presented in Section 1 Introduction: 

Exercise 1 prompts the reader to think about hazardous liquids in their home. 

Exercise 2 examines sites associated with DNAPL release. 

Exercise 3 looks at multicomponent NAPLs. 

Exercise 4 asks the reader to use the information presented in Table 1 and Table 2 

to calculate the minimum volume of water required to dissolve an organic solvent and a 

chlorinated solvent. 
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2 Parameters Important to NAPL Flow 

2.1 Overview 

Many of the parameters that are used to describe water flow (single-phase flow) in 

porous media (e.g., Woessner & Poeter, 2020) are equally important to multiphase flow. 

These include fluid properties (e.g., density and viscosity) and porous media properties 

(e.g., porosity, intrinsic permeability, and the degree of heterogeneity and anisotropy). 

Many of these are defined over a representative elementary volume (REV), which includes 

many grains and pores. 

Although these parameters are important for the description of NAPL flow in 

porous media, they are not sufficient. Additional parameters are required to describe the 

simultaneous presence of multiple fluids in the pore space, and the interfaces created by 

those multiple fluids. These include both fluid–solid interfaces (water–solid and, 

potentially, NAPL–solid) and fluid–fluid interfaces (NAPL–water, air–NAPL and air–

water). Throughout this book the gas phase is referred to as air because that is the most 

relevant gas under most conditions at NAPL-impacted sites—although the concepts and 

equations discussed can be readily applied to other gases. These properties are defined at 

a microscopic (pore, interface) scale in this section. Sections 3 and 4 discuss how the 

properties are incorporated into macroscopic-scale flow. 

2.2 Quantification of Fluid Content 

Porosity is the ratio of the volume of pore space to the total volume of a sample of 

a porous medium (Woessner & Poeter, 2020). Similarly, we can describe the volume 

occupancy of water, NAPL, and air in a porous medium as shown in Equations (1),(2), and 

(3). 

 
𝜃𝑤 =

𝑉𝑤

𝑉𝑇
 

(1) 

 
𝜃𝑛 =

𝑉𝑛

𝑉𝑇
 

(2) 

 
𝜃𝑎 =

𝑉𝑎

𝑉𝑇
 

(3) 

where: 

𝜃𝑤 = volumetric water content (dimensionless) 

𝜃𝑛 = volumetric NAPL content (dimensionless) 

𝜃𝑎 = volumetric air content (dimensionless) 

𝑉𝑤 = volume of water (L3) 

𝑉𝑛 = volume of NAPL (L3) 
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𝑉𝑎 = volume of air (L3) 

𝑉𝑇 = total volume of pore space (L3) 

𝜃𝑤, 𝜃𝑛, and 𝜃𝑎 are also referred to as the water-, NAPL-, and air-filled porosities, 

respectively. 

Given that the sum of the water, NAPL, and air volumes is equal to the total pore 

(void) volume (∑ 𝑉𝑖𝑖=𝑤,𝑛,𝑎 = 𝑉𝑣), it follows that the sum of the water-, NAPL- ,and air-filled 

porosities is equal to the total porosity (∑ 𝜃𝑖𝑖=𝑤,𝑛,𝑎 = 𝑉𝑣 𝑉𝑇⁄ = 𝜃𝑇). Furthermore, for a 

water-saturated porous medium, with no NAPL or air in the pore space, 𝜃𝑤 = 𝜃𝑇 . 

It is also common to express fluid occupancy as a saturation, which represents a 

volumetric fraction of a sample’s pore volume rather than of its total sample volume as 

shown in Equations (4), (5), and (6). 

 𝑺𝒘 =
𝑽𝒘

𝑽𝒗
 (4) 

 𝑺𝒏 =
𝑽𝒏

𝑽𝒗
 (5) 

 𝑺𝒂 =
𝑽𝒂

𝑽𝒗
 (6) 

where: 

𝑆𝑤 = water saturation (dimensionless) 

𝑆𝑛 = NAPL saturation (dimensionless) 

𝑆𝑎 = air saturation (dimensionless) 

This is not to be confused with the concept of saturation as it relates to aqueous solubility, 

where a saturated solution is a solution containing the maximum solute concentration. 

A fluid-filled porosity is equal to the product of that fluid’s saturation and the total 

porosity; the sum of the saturations is equal to unity (∑ 𝑆𝑖𝑖=𝑤,𝑛,𝑎 = 1). A release of NAPL 

(either LNAPL or DNAPL) to the subsurface above the water-saturated capillary fringe 

commonly results in the occupation of the pore space by a combination of water, NAPL, 

and air (i.e., water, NAPL, and air saturations are all greater than zero). Even in the vicinity 

of the capillary fringe and the water table, LNAPL and air can be entrapped as a result of 

water table fluctuations. Nevertheless, this section will focus on two-fluid systems that 

contain water and NAPL, with a discussion of three-fluid systems presented in Section 5.2. 

As discussed further in Section 3, fluids exist in several forms and locations in the 

subsurface. For example, NAPL can exist as a continuous phase throughout a portion of 

the pore space, or it can exist as disconnected blobs (ganglia). This has significant 

implications for NAPL mobility. The NAPL and water are also not distributed uniformly 

throughout the pore space, with NAPL preferentially occupying the larger pores. 
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The physicochemical properties of the fluids and solids control which fluids contact 

solid surfaces and which fluids contact other fluid surfaces (further explained in Section 

2.4). For most NAPLs, water is assumed to be the wetting fluid and will contact the solid 

surfaces and occupy the smaller pore spaces when either air or NAPL is present in 

two-fluid systems. However, in some two-fluid systems (e.g., portions of petroleum 

reservoirs), NAPL will be the wetting fluid and occupy the smaller pore spaces in 

preference to water or brine—for example, for crude oil (e.g., Tiab & Donaldson, 1996) as 

well as some NAPLs recovered from field sites (e.g., Dwarakanath et al., 2002). Examples 

of residual and pooled NAPL are shown in Figure 4. 

 
Figure 4 - Photo of a water-saturated laboratory sand box experiment (Kueper, 1996) showing red-dyed 
tetrachloroethene (PCE) DNAPL in silica sand. The accumulations of DNAPL on top of the silica sand cannot 
penetrate because the capillary pressure at the base of the accumulations does not exceed the entry pressure 
of the silica sand, as described in Section 3.1. 

The visual assessment of NAPL saturations in field samples can be difficult. Some 

NAPLs are colorless and are not easily differentiated from water. In addition, low NAPL 

saturations (less than 10 percent of pore space) are difficult to detect visually but can still 

be an important source of groundwater contamination. For this reason, a variety of NAPL 

presence and saturation indicators, both direct and indirect, are typically employed in field 

investigations (Kueper & Davies, 2009). 

Figure 5 presents a variety of photographs of DNAPLs encountered in the 

subsurface. Figure 5a shows dark brown DNAPL present in a sand layer situated between 

adjacent layers of clay. The core was obtained at a chemical manufacturing facility. The 

DNAPL is present at sufficient saturation such that it can freely flow out of the sand. Figure 

5b shows pink-colored DNAPL present in fine- to medium-grained sand lenses (Kueper et 

al., 1993) and the DNAPL is present at insufficient saturation to freely flow out of the sand 

lenses. Figure 5c shows red-colored DNAPL present in medium-grained sand (Kueper et 

al., 1993) and the DNAPL is present at sufficient saturation to freely flow out of the sand. 
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The saturation at which DNAPL is mobile depends on the pore structure and saturation 

history and is typically greater than 30 percent. 

 
Figure 5 - Photographs of DNAPL encountered in the subsurface showing a) and c) DNAPL at sufficient 
saturation to flow out of the sand and (b) DNAPL at insufficient saturation to flow out of the sand. Pink- and 
red-colored DNAPL is the result of dye added as part of field experiments (photographs by B. Kueper). 

2.3 Interfacial Tension 

Molecules on either side of a fluid–fluid interface experience an imbalance of forces 

because of different NAPL-to-NAPL and water-to-water (cohesive) and NAPL-to-water, 

air-to-NAPL, and air-to-water (adhesive) forces. For example, while the water molecules in 

the bulk phase in Figure 6 experience no net force, water molecules at the NAPL–water 

interface experience a net force away from the interface toward the water molecules in the 

bulk phase. The water molecules at the interface have less binding energy than those in the 

bulk phase, and this missing energy is associated with a free surface energy (Adamson, 

1990). Because energy is required to separate a fluid, binding energy is treated as negative 

and free surface energy (missing binding energy) as positive. This free surface energy 

represents the energy that must be put into a system to create new interfacial area and can 

be expressed as an energy per unit area (e.g., J/m2) or a force per unit length (e.g., N/m). 

Commonly, this is called interfacial tension for an interface between any two fluids. Surface 

tension is a more specific term that is commonly used for an interface between a liquid and 

air. In the context of NAPL flow in porous media, interfacial tension is often used to 

describe the NAPL–water interfacial tension, while surface tension is used to describe the 

air–NAPL or air–water interfacial tension. 
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Figure 6 - Conceptual illustration of intermolecular forces in the bulk phases of fluid 1 (blue) and fluid 2 
(red) and at the fluid–fluid interface, where forces between fluid 1 molecules (green arrows) and between 
fluid 2 molecules (yellow arrows) are different than those between fluid 1 and fluid 2 molecules (black 
arrows). 

Conceptualizations of interfacial tension based on energy per unit area or force per 

unit length (Adamson, 1990) are both useful. Thinking about a discrepancy of 

intermolecular forces leading to differences in binding energy is helpful to understand why 

various fluid pairs have different interfacial tensions, and why those tensions might 

change. For example, it is expected that increasingly similar forces between molecules on 

either side of an interface leads to a lower interfacial tension. On the other hand, forces 

acting tangential to an interface are helpful in establishing conceptual models linking 

pressure and gravity. This is used in Section 3. 

The interfacial tension of NAPLs encountered at field sites is often less than those 

listed in Table 1 and Table 2. Mixtures of components, the possible presence of surfactants, 

and impurities imparted to the NAPL during its use and subsequent migration through the 

subsurface alter the intermolecular forces, with a corresponding lowering of interfacial 

tension. As a result, while theoretical values of interfacial tension may be useful for 

screening-level calculations, site-specific measurements are important for more detailed 

evaluations. A variety of techniques are available to measure interfacial tension including 

use of ring, plate, and drop-shape tensiometers; a variety of commercial laboratories 

perform this service. While textbook values of interfacial tension for laboratory grade 

NAPLs such as chlorinated solvents may be in excess of 40 mN/m, site-specific values 

typically range between 10 and 25 mN/m. 

2.4 Wettability and Contact Angle 

Wettability is the tendency of one fluid to spread over a solid surface in the presence 

of another fluid. Like interfacial tension, it is controlled by the forces between molecules in 

each phase and between phases. The wettability depends on both the solid and the two 

fluids. In the case of NAPL and water in porous media, this creates three interfaces (water–
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solid, NAPL–solid and NAPL–water) and a one-dimensional contact line where the NAPL–

water interface meets the solid surface. 

Wettability can be expressed and quantified using the magnitude of the contact 

angle, which can be measured between the NAPL–water interface and the solid surface 

(Figure 7), although alternate wettability indices from the petroleum industry are also used 

(e.g., Dwarakanath et al., 2002). If the contact angle measured through a fluid is less than 

90°, that fluid is referred to as the wetting fluid. Conversely, if the contact angle measured 

through a fluid is greater than 90 degrees, that fluid is referred to as the nonwetting fluid. 

The fluid through which the contact angle is measured is somewhat arbitrary. Therefore, 

an understanding of the system being studied and the basis of the measurement is 

important when reporting or interpreting contact angles. While 90 degrees is a convenient 

threshold for defining a change from wetting to nonwetting conditions, intermediate 

wetting conditions are also defined in practical applications. One such definition is for 

contact angles between approximately 60 degrees and 130 degrees to define intermediate 

wetting, while those less than 60 degrees define wetting, and those greater than 130 degrees 

define nonwetting conditions (Morrow, 1976). Furthermore, if the contact angle is 0 degrees 

through one fluid, that fluid is referred to as being perfectly wetting. 

 
Figure 7 - Conceptual cross-section of a drop of a) wetting fluid and b) nonwetting fluid on a solid surface. 

The determination of wettability and contact angle are important in multiphase 

flow because the affinity of one fluid over another for the solid surface dictates both the 

preferential pore occupancy and the magnitude of capillary forces caused by interfacial 

tension, with subsequent effects on capillary pressure, relative permeability, and capillary 

trapping discussed in Sections 3 and 4. 

Theoretically, the contact angle is defined by a balance of forces acting at the contact 

line, referred to as Young’s equation (Adamson, 1990). Written for a NAPL–water fluid 

pair, this is shown in Equation (7). 

 𝜎𝑠𝑛 − 𝜎𝑠𝑤 = 𝜎𝑛𝑤 cos 𝜃 (7) 

where: 
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𝜎𝑠𝑛 = solid–NAPL interfacial tension (MT-2) typically in mN/m 

𝜎𝑠𝑤  = solid–water interfacial tension (MT-2) 

𝜎𝑛𝑤  = NAPL–water interfacial tension (MT-2) 

𝜃 = contact angle (dimensionless) 

Although conceptually useful, Equation (7) is difficult to apply because solid–fluid 

interfacial tensions are not known. Instead, the contact angle is treated as an empirical 

parameter, typically measured by imaging a drop of liquid placed on a solid surface (sessile 

drop). In samples from most NAPL-impacted sites, NAPL is considered to be the 

nonwetting fluid in the presence of water (Figure 8), and the wetting fluid in the presence 

of air. However, some NAPL-wet and mixed-wet systems have been reported for NAPLs 

recovered from field sites (e.g., Dwarakanath et al., 2002) and in the petroleum industry 

they have been found to occur in certain circumstances under near surface conditions 

(Salathiel, 1973). For example, organic compounds (e.g., asphaltenes) containing 

hydrophilic and hydrophobic functional groups (Ramirez-Corredores, 2017) may attach to 

solids or water films on solid surfaces, with the hydrophobic end creating NAPL-wet pores. 

This condition is commonly called mixed-wet in petroleum reservoirs, but it is also possible 

for this to occur in NAPL-impacted media when these compounds are in the NAPL. 

 
Figure 8 - Droplet of PCB DNAPL nonwetting in the 
presence of water on calcite. Note also the two droplets of 
PCB DNAPL nonwetting in the presence of water on glass 
on the bottom of the jar. Droplets are indicated by the white 
arrows (photograph by B. Kueper). 

This book makes use of a contact angle in situations where the contact line is 

assumed to be static and the properties of the solid surface are assumed to be uniform in 

space. Neither of these is generally true in the field, and the contact angle depends on 
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contact line direction (hysteresis) and velocity (dynamic effects) as well as surface roughness 

and surface chemistry (Dussan, 1979; Adamson, 1990). However, quasi-static assumptions 

can provide useful estimates of NAPL behavior, particularly in slower-moving systems. 

The impact of contact line direction on the contact angle is important in situations where 

NAPL is either invading or being removed from the pore space (decreasing or increasing 

water saturation) and is discussed further in Section 3 as part of a discussion of hysteresis. 

A concept related to wettability is the spreading coefficient (Adamson, 1990; Zhou & 

Blunt, 1997), which is defined by a balance of forces similar to Equation (7) but applied to 

the contact line created by three fluids (e.g., the meeting of NAPL–water, air–NAPL, and 

air–water interfaces). The magnitude of the spreading coefficient dictates whether a NAPL 

will spread continuously over an air–water interface to create a pair of NAPL–water and 

air–NAPL interfaces, or contract into lenses separated by patches of air–water interface. 

This spreading behavior has important implications for the retention of NAPL in the 

vadose zone, where continuous NAPL films are able to flow but discontinuous NAPL is 

immobile (e.g., Hofstee et al., 1998).
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3 Capillary Pressure 

3.1 Capillary Pressure Associated with Single Interfaces 

The differences in intermolecular forces at a fluid–fluid interface described in 

Section 2.3 result in free surface energy associated with that interface, which creates 

interfacial tension. To minimize the free surface energy, interfacial tension acts to contract 

the interface to reduce its surface area. The result is curvature of the interface and an 

increase in the fluid pressure on the inside (concave side) of the interface compared to the 

outside (convex side) of the interface, which maintains a balance of forces on the interface. 

The difference in pressure between the fluids on the inside and outside of the 

curved interface is referred to as capillary pressure. Capillary pressure across a single 

interface depends only on the interfacial tension and the curvature of the interface. 

Therefore, in the absence of contact with a solid surface, the capillary pressure of an air 

bubble suspended in water is the same as the capillary pressure of a water drop with the 

same curvature suspended in air, where the inside fluid has the higher pressure in both 

cases. However, for multiphase flow in porous media, where fluid–fluid interfaces intersect 

solid surfaces to form contact lines, the direction of interface curvature is controlled by 

wettability, with the nonwetting fluid being on the inside of the curved interface. Therefore, 

for a NAPL–water system in which the NAPL is the nonwetting fluid, the capillary pressure 

is defined by Equation (8). 

 𝑃𝑐 = 𝑃𝑛 − 𝑃𝑤 (8) 

where: 

𝑃𝑐  = capillary pressure (ML-1T-2) 

𝑃𝑛 = NAPL pressure (ML-1T-2) 

𝑃𝑤 = water pressure (ML-1T-2) 

It is important to note that fluid and capillary pressures can be expressed in a variety 

of units. For example, pressures can be expressed as force per unit area (e.g., N/m2 ) or as 

an equivalent height of fluid, which is referred to as pressure head (e.g., cm of water). Units 

of pressure and head are commonly used, and the concepts discussed here are equally 

applicable to both. The relationship between capillary pressure and curvature is given by 

the Young-Laplace equation (Dullien, 1992) shown as Equation (9). 

 𝑃𝑐 = 𝜎𝑛𝑤 (
1

𝑅1
+

1

𝑅2
) (9) 

where: 

𝑅1 and 𝑅2 = principal radii of curvature (L) 
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Each principal radii of curvature is defined as the radius of a circle tangent to a 

curved surface at some point on that surface, oriented along two orthogonal planes normal 

to the surface at that point. If a mean radius of curvature is defined as shown in 

Equation (10),  

 𝑅 =  
1

2
(

1

𝑅1
+

1

𝑅2
) (10) 

where: 

𝑅 = mean radius of curvature (L) 

then Equation (9) can be simplified to Equation (11). 

 𝑃𝑐 =
2𝜎

𝑅
 (11) 

In the special case of a spherical interface, 𝑅1 = 𝑅2 = 𝑅 and 𝑅 is the radius of the 

sphere. By convention, 𝑅1 and 𝑅2 are chosen to be positive such that 𝑃𝑐  is positive. 

However, 𝑅1 and 𝑅2 have different signs if their centers of curvature lie on opposite sides 

of the interface. This can produce the interesting result of 𝑃𝑐 = 0 for 𝑅1 = −𝑅2 in 

Equation (9), which is the case for pendular rings of water at the contact points between 

grains. 𝑃𝑐 =  0 is also true for the case of 𝑅1 = 𝑅2 = ∞ (flat interface, no curvature). 

Capillary pressure is often related to pore sizes of a porous medium through 

analogies to capillary rise. For example, consider the rise of water (the wetting fluid) in a 

narrow tube with a circular cross section (capillary tube) suspended in a large reservoir of 

water, shown in Figure 9 for water and air.  

 
Figure 9 - Conceptual illustration of water rise in a capillary tube. 
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The air pressure (nonwetting fluid pressure) above both the tube and reservoir is 

equal to atmospheric pressure. The water rises up into the tube (capillary rise) from the free 

water surface by wetting the inside tube surface, pulled up by interfacial tension. As a 

consequence, the water pressure is negative in the capillary tube above the free water 

surface. A force balance on the column of water in the tube, once it comes to rest, is given 

by Equation (12). 

 2π𝑟𝜎 cos 𝜃 − π𝑟2ℎ𝑐𝜌𝑤𝑔 = 0 (12) 

where: 

𝑟 = radius of the tube (L) 

ℎ𝑐  = height of water in the tube (L) 

𝜌𝑤 = water density (ML-3) 

𝑔 = gravitational acceleration (LT-2) 

The first term is the capillary force: the product of the length of the contact line (in 

this case, the inner circumference of the tube) and the component of interfacial tension 

acting parallel to the tube wall. The second term is the weight of the water: the product of 

the water volume, water density, and gravitational acceleration. 

A rearrangement of Equation (12) gives the capillary rise Equation (13) 

 ℎ𝑐 =
2𝜎 cos 𝜃

𝜌𝑤𝑔𝑟
 (13) 

For a static water column in the tube, the water pressure immediately below the air–

water interface is shown by Equation (14). 

 𝑃𝑤(𝑧=ℎ𝑐) = 𝑃𝑤(𝑧=0) − 𝜌𝑤𝑔ℎ𝑐  (14) 

Taking the water pressure at the reservoir surface to be equal to the air 

(atmospheric) pressure, together with Equation (13) and the definition of capillary pressure 

as 𝑃𝑐 = 𝑃𝑎 − 𝑃𝑤  (analogous to Equation (8) but for air as the nonwetting fluid) gives 

Equation  (15). 

 𝑃𝑐 =
2𝜎 cos 𝜃

𝑟
  (15) 

Equation  (15) is remarkably similar to Equation (11) but uses the tube radius 

(analogous to a pore size) in place of the mean radius of curvature of the interface. In the 

special case of a contact angle of zero, 𝑅 = 𝑟 and Equations (11) and  (15) are identical. 

However, it is important to note that although capillary pressure is fundamentally a 

function of the interfacial tension and the curvature of the interface, if measures of the 

porous medium are used to infer capillary pressure, then the wettability of the medium, 

expressed through the contact angle, must also be considered. 
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Capillary rise examples can serve as instructive analogies (e.g., to understand the 

height of the capillary fringe in coarse- versus fine-grained materials), although it is 

important to understand that many aspects of pore networks are not well represented by 

collections of straight, smooth-walled capillary tubes. 

Similar analogies can be used to understand the concept of entry pressure, where a 

non-zero capillary pressure must be imposed to enable the invasion of NAPL into a 

water-filled pore. Consider, for example, NAPL above the grains of a water-saturated 

porous medium (Figure 10). According to Equation (8) and Equation (11) for 𝑃𝑛 = 𝑃𝑤 , 

𝑃𝑐 =  0 and 𝑅 = ∞, and NAPL cannot enter the pore throats (Figure 10a). As Pc increases, 

the curvature of the interface increases (the mean radius of curvature decreases), but 𝑅 

remains greater than 𝑟 cos𝜃⁄ , where 𝑟 here represents an effective radius of a pore throat 

(Figure 10b). Only after Pc is increased, such that 𝑅 = 𝑟 cos𝜃⁄  and Equation  (15) is satisfied, 

can NAPL enter the pore throats, starting with the largest available throats (Figure 10c). 

 
Figure 10 - Conceptual illustration of NAPL invading a water-saturated porous medium, where the NAPL-water 
interface is a) not curved, b) slightly curved at slightly increased capillary pressure and c) more curved at higher 
capillary pressure, that allows NAPL to invade the medium, starting with the largest pore throats. 

This analogy is useful because it illustrates that a pressure difference between 

NAPL and water may not be sufficient for NAPL to invade a water-saturated medium and 

form a continuous phase through that medium. It also illustrates that the pressure 

difference (capillary pressure) required for NAPL invasion is proportional to the cosine of 

the contact angle, and inversely proportional to the representative pore size of the medium. 

3.2 Macroscopic Capillary Pressure 

The previous discussion was focused on a single interface in a single tube, but the 

presence of multiple fluids in a porous medium creates many interfaces that extend over 

many pores of different size (Figure 4). It is not practical to know the radius of curvature, 

or the pore geometry and contact angle, in every pore for field application. However, their 

measurement in very small samples have been valuable in furthering the knowledge of 

fundamental processes (e.g., Wildenschild & Sheppard, 2013). Instead, as is done for many 

other properties important for describing flow in porous media, there is a need to define 

effective properties at the macroscopic scale. Therefore, a macroscopic capillary pressure is 

defined using Equation (8); however, the water pressure and NAPL pressure are measured 

(e.g., Dane & Topp, 2002) at the boundaries of a macroscopic sample (Figure 11) and the 



Flow and Distribution of Non-aqueous Phase Liquids Kevin Mumford, Bernard Kueper, and Robert Lenhard 

 

25 

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org 

Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited. 

capillary pressure is representative of an average interface curvature over many pores and 

interfaces. It is important to recognize this conceptual leap from the scale of a single 

interface to the macroscopic scale. As explained in the following text, a macroscopic 

description results in capillary pressure that depends on more than simply interfacial 

tension and the curvature of the interface. Some researchers have chosen to represent this 

macroscopic capillary pressure using different notation (e.g., Korteland et al., 2009). In this 

book, the conventional notation of 𝑃𝑐 , 𝑃𝑛, and 𝑃𝑤 will be used. The scale is to be inferred 

from the context. 

 
Figure 11 - Device utilized to measure DNAPL-water capillary pressure curves 
(adapted from Kueper, 1989). The measured capillary pressure curves are 
presented and discussed in Kueper and Frind (1991). 

The analogy illustrated in Figure 10 suggests that for a difference in NAPL and 

water pressure applied over many pores of different sizes, different sized pores will be 

invaded by NAPL at different capillary pressures (different interface curvatures). For the 

typical condition of NAPL as the nonwetting fluid, this invasion occurs from the largest 

pores to the smallest pores, with the largest pores being invaded at smaller curvature 

(larger radius of curvature). Therefore, it is the wettability of the porous medium that 

dictates preferential pore occupancy, with the wetting fluid generally occupying the 

smallest pore spaces and the nonwetting fluid occupying the largest pore spaces. The extent 

of that pore occupation (i.e., definition of small and large) is controlled by the magnitude 

of the capillary pressure. 

It is important to note that this general characterization is also subject to the 

connectivity of the pore space, with larger pore spaces (pore bodies) surrounded by smaller 
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pore spaces (pore throats). This preferential occupancy results in a capillary pressure that 

is a function of fluid saturation at the macroscopic scale, which has significant implications 

for NAPL flow. 

3.3 Drainage, Imbibition, and Capillary Pressure-Saturation Curves 

Relationships between capillary pressure and saturation in porous media are 

determined by applying a pressure difference across a porous medium sample. For 

two-fluid NAPL–water systems, these relationships are typically measured using a sample 

that is initially water saturated, and the capillary pressure is raised by either lowering the 

water pressure or increasing the NAPL pressure (Figure 11). After each increment of 

capillary pressure, and after the system has reestablished mechanical equilibrium (i.e., the 

fluids are static), the change in water (and NAPL) saturation is calculated by measuring the 

water displaced from the sample. 

Successive capillary pressure increments (both increasing and decreasing) result in 

the creation of capillary pressure-saturation curves (Figure 12). An alternate approach is to 

change the fluid saturation through controlled injection or withdrawal and measure the 

equilibrated water and NAPL pressures at the sample boundaries (Su & Brooks, 1980; 

Lenhard & Brooks, 1985; Lenhard & Parker, 1988). 

 
Figure 12 - Conceptual representation of capillary pressure-saturation 
curves. Drainage curves are shown in blue and imbibition curves are 
shown in red. The presence of a macroscopically continuous, 
nonwetting fluid phase is represented by solid lines, while a 
macroscopically discontinuous phase is shown by dashed lines 
(modified after Kueper & Gerhard, 2014). Symbol definitions are listed 
in Table 4. 
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Table 4 - Key capillary pressures and saturations. 

Name Symbol Description 

Displacement pressure 𝑃𝑑 Capillary pressure required for NAPL to enter the largest pore at the 

boundary of a porous medium sample during drainage. 

Entry pressure 𝑃𝑒 Capillary pressure required to create the first sample-spanning 

pathway of NAPL that allows NAPL flow during drainage. 

Terminal pressure 𝑃𝑡 Capillary pressure at which all NAPL is disconnected across a 

porous medium sample during imbibition such that NAPL flow 

ceases. 

Reversal point RP Capillary pressure and saturation at which the direction of change 

is reversed (drainage to imbibition or imbibition to drainage). 

Represents the start of a scanning curve. 

Emergent saturation 𝑆𝑤
𝑀 Water saturation that corresponds to the entry pressure and NAPL 

relative permeability greater than zero. 

Extinction saturation 𝑆𝑤
𝑋 Water saturation that corresponds to the terminal pressure and a 

NAPL relative permeability of zero. Note that 𝑆𝑤
𝑋 depends on RP, 

with the maximum value of 𝑆𝑤
𝑋

 occurring for RP at 𝑆𝑤 = 𝑆𝑟 .  

Residual water saturation 𝑆𝑟 Minimum water saturation achievable on drainage. 

Residual NAPL saturation 𝑆𝑛𝑟 Trapped NAPL saturation during imbibition.  

𝑆𝑛𝑟 = 1 − 𝑆𝑤
𝑋 depends on RP. 

The curve beginning at complete water saturation (upper blue curve in Figure 12) 

is referred to as the primary drainage curve. Drainage refers to the displacement of the 

wetting fluid (water) by the nonwetting fluid (NAPL) resulting in a decrease in the wetting 

fluid saturation and a corresponding increase in the nonwetting fluid saturation. The 

opposite process is imbibition, the displacement of the nonwetting fluid by the wetting fluid 

resulting in an increase in the wetting fluid saturation. 

The shape of the primary drainage curve has several key characteristics. A small 

increase in capillary pressure above zero does not cause water to drain from a 

water-saturated state, except for around the sample boundaries (boundary effects), when the 

capillary pressure increases above zero or when macropores are present with sizes that are 

not capillaries (large macropores or large fractures). The capillary pressure required for 

NAPL to displace water and invade the largest water-filled pore is referred to as the 

displacement pressure and is related to the pore-size distribution of a sample. In general, 

lower-permeability media have higher displacement pressures than higher-permeability 

media due to their generally smaller pore throats. 

A threshold, the entry pressure, is reached when the capillary pressure is increased 

to a value where the NAPL can invade a network of pores that is continuous through the 

sample so that NAPL will flow through the sample; this corresponds to a NAPL relative 

permeability greater than zero, as discussed in Section 4.2. 

The relationship between capillary pressure and saturation is non-linear. This is 

controlled by the distribution of pore sizes in the porous medium, with smaller and smaller 

pores being drained as capillary pressure is increased. 
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The water saturation does not reach zero at high capillary pressure. As the wetting 

fluid in most media, water preferentially coats the surface of mineral grains, and exists as 

films on grain surfaces and around grain contact points (pendular rings), which cannot be 

displaced by an increase in nonwetting fluid pressure. This results in a residual water 

saturation (𝑆𝑟). 

Other important capillary pressures and saturations that characterize capillary 

pressure-saturation curves are listed in Table 4 and illustrated in Figure 12. The key 

features of capillary pressure-saturation curves—including displacement pressure, entry 

pressure, and residual water saturation—have been given different names by different 

disciplines that use such curves (e.g., hydrogeologists, petroleum engineers, soil scientists, 

or material scientists; Corey, 1994) and care should be taken when transferring values from 

one discipline to another. 

Importantly, the primary drainage curve is not the only capillary 

pressure-saturation relationship that occurs in porous media. For example, if drainage 

continues along the primary drainage curve to the residual water saturation and then 

capillary pressure is decreased, the result is the displacement of the nonwetting fluid by 

the wetting fluid along a separate secondary imbibition curve (lower red curve in Figure 12). 

The dependence of capillary pressure on the direction of saturation change is referred to as 

hysteresis. Hysteresis is generally the result of differences in contact angle (receding and 

advancing) during drainage and imbibition, often referred to as raindrop effect, and the 

resistance of pore throats or pore bodies to NAPL or water invasion, often referred to as 

ink-bottle effect (Hillel, 1980). One result of hysteresis is lower capillary pressures along the 

secondary imbibition curve compared to along the primary drainage curve at the same 

water saturations. 

An important characteristic of capillary pressure-saturation relationships is that as 

capillary pressure returns to zero during imbibition, the water saturation will not return to 

100 percent. This is due to NAPL entrapment during imbibition, which is discussed further 

in Section 3.4. The entrapped NAPL is immobile and is commonly referred to as a residual 

NAPL saturation (𝑆𝑛𝑟), including in the petroleum industry, but it is also referred to as an 

entrapped NAPL saturation in three-fluid (air–NAPL–water) systems (Parker & Lenhard, 

1987; Lenhard et al., 2004). The latter definition avoids potential confusion with residual 

water saturation, which exists at much higher capillary pressure, and distinguishes 

between immobile NAPL that is entrapped by water and immobile NAPL that is not 

entrapped by water (further explained in Section 5.2 for three-fluid systems). In two-fluid 

(NAPL–water) systems, all immobile NAPL is entrapped by water.  

The curves shown in Figure 12 illustrate that hysteresis results in a non-unique 

capillary pressure-saturation relationship. In fact, an infinite number of capillary pressure-

saturation combinations are possible, depending on the history of the capillary pressure 

changes, including the location of the reversal point at which the change in direction occurs. 
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These pathways are referred to as scanning curves (Figure 12) and, assuming an initially 

water-saturated porous medium, occur between the primary drainage curve and secondary 

imbibition curve. The scanning curves will never overlap the primary curves, and 

subsequent scanning curves will not overlap earlier (previous) scanning curves. 

As is the case for the names of various capillary pressures and saturations that 

define key features of the capillary pressure-saturation curves, even the curves themselves 

are referred to by different names in different disciplines. For example, the bounding 

(outside) curves have been called primary or main curves, and all other curves have been 

called scanning curves. 

In addition to the features of capillary pressure curves listed in Table 4, the shape 

of a capillary pressure-saturation curve also provides information concerning the pore-size 

distribution of the porous medium. As mentioned above, the non-linear relationship 

between capillary pressure and saturation is controlled by the distribution of pore sizes. 

Consider, for example, an initially water-saturated porous medium undergoing drainage 

once the displacement pressure has been reached. According to Equation  (15) applied at 

the scale of a single pore throat, this is a capillary pressure sufficient to enter that size of 

pore space subject to the relevant contact angle. The smaller the pore, typically associated 

with finer-grained, lower-permeability media, the higher the displacement pressure 

(Figure 13). In addition, if all the pore throats in a medium were the same size (i.e., an 

extremely well-sorted granular medium), a capillary pressure equal to the displacement 

pressure would be sufficient to enter all pores, and the capillary pressure-saturation curve 

would appear as a horizontal line between 𝑆𝑤  =  1 and 𝑆𝑤  =  𝑆𝑟. Conversely, if there is a 

broad range of pore sizes, then successive increases in capillary pressure are required to 

drain the medium. For example, the slopes of the curves shown in Figure 13b are much 

shallower than those in Figure 13a. 

 
Figure 13 - Example drainage capillary pressure-saturation curves measured in sand by a) 
Kueper and Frind (1991) using tetrachloroethene (PCE) as the nonwetting phase and water as 
the wetting phase, and b) by Schroth and others (1996) using air as the nonwetting phase and 
water as the wetting phase. Both sets of data show progressively higher curves for finer-grained, 
lower-permeability sand. The data for (b) was collected in well-sorted sands that exhibit shallower 
(flatter) drainage curves than the Borden aquifer sands used to gather the data shown in (a). 
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3.4 Residual Formation and Fluid Trapping 

The formation of immobile wetting and nonwetting fluid is important in multiphase 

flow. They are often both referred to as a residual and both represent a saturation at which 

that phase becomes immobile, but the similarities end there. As discussed above, wetting 

fluid residual consists of a collection of films and pendular rings that are formed at the end 

of drainage at relatively high capillary pressure. Wetting fluid can also be trapped in larger 

pores that are surrounded by very small pores that do not drain at high capillary pressures, 

and through which the rate of wetting fluid movement is negligible. 

In a NAPL–water system, the consequence of a residual water saturation is that the 

pore space of an initially water-saturated medium will not become completely filled with 

NAPL (𝑆𝑛 <  1) following a NAPL release. Even highly-saturated NAPL zones (often 

referred to as pools; discussed further in Section 5) are not completely NAPL-saturated. 

Nonwetting fluid residual is quite different than wetting fluid residual. Nonwetting 

fluid residual in a NAPL–water system is entrapped and consists of disconnected blobs and 

ganglia that are formed at the end of water imbibition at relatively low capillary pressures. 

These are generally conceptualized as being formed by pore-scale snap-off and bypass 

processes, whereby unstable wetting fluid configurations redistribute and fragment 

nonwetting fluid in pore throats, or wetting fluid becomes connected in surrounding 

smaller pores leaving disconnected nonwetting fluid in the adjacent pores (Dullien, 1992). 

In a NAPL–water system, the consequence of a residual NAPL saturation is that once 

NAPL enters a region of an initially water-saturated porous medium, that porous medium 

will not return to being completely water-saturated (𝑆𝑤 < 1) even if the macroscopic 

capillary pressure returns to zero. A non-zero capillary pressure still exists at the scale of a 

single blob due to the curvature of the local NAPL–water interface, but the macroscopic 

capillary pressure is equal to zero because the NAPL is not continuous at the macroscopic 

scale. 

The formation of nonwetting residual is an important consequence of capillary 

pressure-saturation hysteresis and has important implications on the distribution of NAPL 

at field sites, as well as efforts to remove it. The disconnected blobs and ganglia that exist 

at a residual NAPL saturation generally cannot flow under most conditions. Consequently, 

residual NAPL will not be mobilized by groundwater flow after drainage and imbibition 

during a NAPL release to the subsurface. In most cases, residual NAPL can only be 

removed by mass transfer (dissolution or vaporization), potentially aided by the 

application of in situ remediation technologies. Therefore, NAPL residual can serve as a 

persistent source of groundwater contamination. As discussed in Section 5.2, immobile 

NAPL in three-fluid (air–NAPL–water) systems includes discontinuous NAPL blobs and 

ganglia occluded by water.  However, it also includes NAPL films and pendular rings that 

result from NAPL drainage (resulting from a process similar to how residual water 

develops). 
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3.5 Mathematical Capillary Pressure-Saturation Expressions 

The relationship between capillary pressure and saturation can be described using 

mathematical expressions. These mathematical expressions are useful for performing 

screening calculations. They are also incorporated in sophisticated numerical models used 

to simulate NAPL flow, although tabulated capillary pressure-saturation data can also be 

used. Several mathematical expressions are available to characterize the relationship 

between capillary pressure and saturation; two of the more commonly-used expressions 

are the Brooks-Corey equation (Brook & Corey, 1966) and the van Genuchten equation (van 

Genuchten, 1980), examples of which are shown in Figure 14. 

 
Figure 14 - Example capillary pressure-saturation curves 
modeled using the Brooks-Corey (1966) and van Genuchten 
(1980) expressions (adapted from Lenhard et al., 1989). 

Both of these equations make use of an effective wetting saturation that scales the 

water saturation between the residual water saturation and a maximum water saturation 

as shown in Equation (16). 

 𝑆𝑒 =
𝑆𝑤 − 𝑆𝑟

𝑆𝑚 − 𝑆𝑟
 (16) 

where: 

𝑆𝑒 = effective wetting saturation (dimensionless) 

𝑆𝑚 = maximum water saturation (dimensionless) 

For primary drainage, 𝑆𝑚 = 1. When plotting capillary pressure versus water 

saturation, the primary drainage curve is asymptotic to 𝑆𝑤 = 𝑆𝑟 at high capillary pressure. 

However, when plotting capillary pressure versus effective saturation, the curve is 

asymptotic to 𝑆𝑒  =  0 at high capillary pressure. Using effective saturation, the 
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Brooks-Corey equation describes the relationship between capillary pressure and 

saturation as shown by Equations (17) and (18). 

 𝑆𝑒 = (
𝑃𝑐

𝑃𝑑
)

−𝜆

 for 𝑃𝑐  ≥  𝑃𝑑  (17) 

 𝑆𝑒 = 1 for Pc  <  Pd (18) 

where: 

𝜆 = pore-size distribution index (dimensionless) 

The value of 𝑃𝑑  in Equations (17) and (18) can be determined by extending the  

 𝑃𝑐-𝑆e relationship to 𝑆𝑒 = 1, which can overestimate the true displacement pressure. It is 

also important to note that Equations (17) and (18) are not continuously differentiable over 

all 𝑃𝑐 , which requires additional care when implementing the equations in numerical 

models. Nevertheless, the description of 𝑆𝑒 = 1 for some 𝑃𝑐 > 0 accurately represents 

NAPL behavior in porous media and is particularly important for modelling the effect of 

water-saturated capillary barriers and their effect on NAPL distribution (Kueper & Frind, 

1991). 

The van Genuchten equation describes the relationship between capillary pressure 

and saturation as shown in Equation (19). 

 
𝑆𝑒 = [1 + (𝛼𝑃𝑐)𝑛]−𝑚 (19) 

where: 

𝛼 = fitting parameter related to a characteristic capillary pressure (M-1LT2) 

𝑚 and 𝑛 = fitting parameters related to the pore-size distribution (dimensionless) 

Commonly, 𝑚 is assumed to be (1 − 1/𝑛), which simplifies calculation of the 

relative permeability. Unlike Equations (17) and (18), Equation (19) is continuously 

differentiable, which is computationally advantageous for use in numerical models. 

However, Equation 19 predicts 𝑆𝑒 < 1 for any 𝑃𝑐 > 0, which cannot reproduce the 

exclusion of NAPL from water-saturated capillary barriers that occurs. It is clear from 

laboratory and field experiments that NAPL will be excluded from entering 

water-saturated capillary barriers if the capillary pressure at the base of the accumulated 

NAPL does not exceed the displacement pressure of the barrier (Kueper et al., 1993; 

Pankow & Cherry, 1996). Therefore, simulations that do not allow for this exclusion are 

unable to accurately represent NAPL distributions in many cases where such barriers are 

present, including at field sites. Equations (17), (18), and (19) are empirical relationships, 

and the parameters 𝑃𝑒 and 𝜆, or 𝛼, 𝑚 and 𝑛, as well as 𝑆𝑚 and 𝑆𝑟, are often determined by 

fitting experimental 𝑃𝑐 versus 𝑆𝑤 data. 
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3.6 Scaling Capillary Pressure Curves 

The mathematical expressions of macroscopic capillary pressure are related to the 

properties of the fluids and porous media. For example, inspection of Equation (15) 

indicates that capillary pressure increases with increasing interfacial tension, all other 

factors remaining equal. It is also reasonable that capillary pressure will be higher at the 

same effective wetting fluid saturation in finer-grained porous media, which typically have 

smaller pore spaces and lower intrinsic permeability than coarser-grained porous media. 

Given these relationships, it is convenient to have an expression that allows capillary 

pressure to be scaled between similar porous media. A dimensionless expression 

developed by Leverett (1941) to correlate capillary pressure-saturation data of similar 

porous media with different intrinsic permeabilities, porosities and interfacial tensions is 

called the Leverett J-function (Amyx et al., 1960) as shown by Equation (20). 

 

𝐽 =
𝑃𝑐

𝜎
√

𝑘

𝜃𝑇
 (20) 

where: 

𝐽 = dimensionless capillary pressure (dimensionless) 

𝑘 = intrinsic permeability (L2) 

Later, Rose and Bruce (1949) added cosine of the contact angle (cos𝜃) to the Leverett 

J-function when investigating capillary pressure data but did not publish a revised 

equation. Subsequently, Brown (1951) wrote the Leverett J-function with cos𝜃 in their 

analyses. Other investigators have followed Brown (1951) by including cos𝜃 in the 

denominator next to the interfacial tension (𝜎) in the Leverett J-function to address 

wettability effects (Anderson, 1987; Dullien, 1992; Tiab & Donaldson, 1996). For similar 

porous media where 𝐽 is considered constant and the contact angle is not considered, this 

allows scaling relationships to be established as shown by Equation (21). 

 
𝑃𝑐1

𝜎1

√
𝑘1

𝜃𝑇1
=

𝑃𝑐2

𝜎2

√
𝑘2

𝜃𝑇2
 (21) 

Different, but similar, media and/or fluid pairs are denoted by the subscripts 1 and 

2. Equation (21) is particularly useful in the case of scaling between different fluid pairs in 

the same medium (𝑘1 = 𝑘2 and 𝜃𝑇1 = 𝜃𝑇2), where capillary pressure can be scaled by the 

ratio of interfacial tensions if contact angles are ignored (fluid-pair scaling is discussed in 

Section 5.2 for three fluid air–LNAPL–water systems). This allows, for example, capillary 

pressure-saturation relationships for NAPL–water and air–NAPL systems to be estimated 

from air–water experiments as was done by Lenhard and Parker (1987a). For example, the 

various capillary pressure drainage curves presented in Figure 13a, which employed PCE 

as the nonwetting phase and water as the wetting phase, were successfully scaled using the 
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Leverett J-function to arrive at a common dimensionless displacement pressure applicable 

to sands of different permeability (Kueper & Frind, 1991). 

3.7 Relevant Exercises 

The following Exercises provide the reader with an opportunity to work with the 

material presented in this section. 

Exercise 5 prompts the reader to sketch capillary pressure-saturation curves. 

Exercise 6 asks the reader to estimate displacement pressure.
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4 Relative Permeability 

4.1 Effective Permeability and The Extension of Darcy’s Law 

Darcy’s law (Darcy, 1856) relates the specific discharge of a single fluid (typically 

water in a water-saturated system) to the hydraulic-head gradient and hydraulic 

conductivity. Although proposed for a system saturated with a single fluid, Darcy’s law 

can also be used to describe specific discharge in unsaturated (multiphase) systems. The 

saturated hydraulic conductivity is a function of both the fluid properties and the porous 

medium, where the porous medium property is the intrinsic permeability. For multiphase 

flow, assuming that each fluid is able to flow within its own separate network of connected 

pores, Darcy’s law can be extended as shown by Equation (22). 

 
𝑞𝛼 = −

𝑘𝛼𝜌𝛼𝑔

𝜇𝛼
∇ℎ𝛼 (22) 

where: 

𝑞𝛼 = specific discharge (LT-1) 

𝑘𝛼  = effective permeability (L2) 

𝜌𝛼  = density (ML-3) 

𝜇𝛼 = dynamic viscosity (ML-1T-1) 

∇ℎ𝛼 = hydraulic-head gradient (dimensionless) 

𝛼 = fluid identifier (wetting or nonwetting) 

The effective permeability represents the influence of the porous medium on the 

resistance to flow within only the network of connected pores occupied by fluid 𝛼. The 

effective permeability is often expressed as a relative permeability as shown by 

Equation (23). 

 
𝑘𝑟𝛼 =

𝑘𝛼

𝑘
 (23) 

where: 

𝑘𝑟𝛼 = relative permeability of fluid indicated by α (dimensionless) 

Relative permeability is less than unity (i. e. , 𝑘𝑟𝛼 < 𝑘) because of the reduced 

ability of a fraction of the pore space to conduct fluid, as well as the increased tortuosity 

induced by flow around pores occupied by the second fluid. Taking the two fluids to be 

water and NAPL (𝑎 = 𝑤, 𝑛) and separating the pressure and elevation components of 

hydraulic head, Equations (22) and (23) can be combined to give Equations (24) and (25). 

 
𝑞𝑖𝑤 = −

𝑘𝑖𝑗𝑘𝑟𝑤

𝜇𝑤
(

𝜕𝑃𝑤

𝜕𝑥𝑗
+ 𝜌𝑤𝑔

𝜕𝑧

𝜕𝑥𝑗
) (24) 
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𝑞𝑖𝑛 = −

𝑘𝑖𝑗𝑘𝑟𝑛

𝜇𝑛
(

𝜕𝑃𝑛

𝜕𝑥𝑗
+ 𝜌𝑛𝑔

𝜕𝑧

𝜕𝑥𝑗
) (25) 

where: 

𝑧 = elevation (L) 

𝑖, 𝑗 = x, y, and z directional identifiers 

Although intrinsic permeability is a tensor (potentially having different values 

depending on direction), relative permeability is assumed to be a scalar (a singular value 

independent of direction). 

Equations (24) and (25) are analogous to Darcy’s law, where the specific discharge 

of each fluid is related to a driving force defined by the hydraulic-head gradient and a 

resistance defined by properties of the fluid and porous medium through which it flows. 

Importantly, the resistance depends on the fluid saturation, and that resistance decreases 

as the number of pores occupied by the fluid increases. Therefore, the flow of one fluid 

depends on the second fluid, and the relative permeability depends on the fluid saturation. 

4.2 Relative Permeability Curves 

Much in the same way as was described for capillary pressure, there is a need to 

represent the relationship between relative permeability and saturation at the macroscopic 

scale. This relationship is represented by a set of relative permeability curves (Figure 15). 

Together with capillary pressure-saturation curves, they form a set of 𝑘-𝑆-𝑃 relationships 

that couple the mathematical descriptions of water and NAPL flow in porous media. 

 
Figure 15 - Conceptual representation of relative permeability curves. 
Drainage curves are shown in blue and imbibition curves are shown in red 
(modified after Kueper & Gerhard, 2014). 
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The relationships between relative permeability and saturation for the wetting 

(water) and nonwetting (NAPL) fluids are different because they occupy different size 

pores, with the wetting fluid occupying the smaller, less conductive pores and the 

continuous nonwetting fluid occupying the larger, more conductive pores. Consider an 

initially water-saturated (𝑆𝑤 = 1) sample undergoing drainage by NAPL invasion (blue 

curve starting at 𝑘𝑟𝑤 = 1 on the right side in Figure 15). The water relative permeability 

decreases from its initial value of 𝑘𝑟𝑤 = 1 as the water saturation decreases. That initial 

decrease is steep, as the largest, most conductive pores are first occupied by NAPL. 

At the same time, the NAPL relative permeability does not increase (𝑘𝑟𝑛 = 0) 

because NAPL has yet to form a sample-spanning connected pathway through which 

NAPL can flow. That is, the capillary pressure is less than the entry pressure (𝑃𝑐 < 𝑃𝑒). Only 

after the emergence saturation is reached (𝑆𝑤 = 𝑆𝑤
𝑀) does 𝑘𝑟𝑛 increase (𝑘𝑟𝑛 = 𝑘𝑟𝑛,𝑒 > 0). 

As water drainage continues, the water relative permeability continues to decrease, 

until reaching a value of zero at the residual water saturation. That is, water becomes 

essentially immobile (𝑘𝑟𝑤 = 0) even though water is still present in the sample (𝑆𝑤 = 𝑆𝑟). 

Meanwhile, the NAPL relative permeability increases, reaching a maximum value less than 

unity (𝑘𝑟𝑛 = 𝑘𝑟𝑛,𝑚𝑎𝑥 < 1) because all of the pore space is not accessible to the NAPL at 

the residual water saturation. While less than unity, it is typically close to unity because the 

pore space not occupied by NAPL is comprised of the smallest pore spaces. Inspection of 

Figure 15 shows that the sum of the relative permeabilities (i.e., the superposition of either 

the two blue curves or the two red curves) is less than unity whenever two fluids are 

present. 

Like capillary pressure-saturation curves, relative permeability curves are 

hysteretic. This hysteresis is more pronounced for the nonwetting fluid and is often 

negligible (Lenhard & Parker, 1987b) for the wetting fluid. During imbibition, the water 

relative permeability does not return to unity (𝑘𝑟𝑤 < 1) due to NAPL entrapment at the 

extinction saturation (𝑆𝑤 = 𝑆𝑤
𝑋).  

4.3 Mathematical Relative Permeability-Saturation Expressions 

Like the relationship between capillary pressure and saturation, the relationships 

between relative permeability and saturation are empirical. Multiple steady-state and 

unsteady-state measurement techniques are available (Honarpour et al., 1986), but are 

difficult, time-consuming, and costly. For this reason, estimates based on fits to capillary 

pressure-saturation measurements are often used to estimate relative permeability. Two 

such models for two-fluid systems are the combination of the Brooks-Corey (Brooks & Corey, 

1966; Equations (17) and (18)) and Burdine (Burdine, 1953) models as shown by 

Equations (26) and (27), 

 
𝑘𝑟𝑤 = 𝑆𝑒

3+
2
𝜆 (26) 
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𝑘𝑟𝑛 = (1 − 𝑆𝑒)2 (1 − 𝑆𝑒

1+
2
𝜆) (27) 

and the combination of the van Genuchten (van Genuchten, 1980) (Equation 19) and Mualem 

(Mualem, 1976) models as shown by Equations (28) and (29). 

 
𝑘𝑟𝑤 = 𝑆𝑒

1
2 [1 − (1 − 𝑆𝑒

1
𝑚)

𝑚

]
2

 (28) 

 
𝑘𝑟𝑛 = (1 − 𝑆𝑒)

1
2 (1 − 𝑆𝑒

1
𝑚)

2𝑚

 (29) 

where: 

𝑚 = 1 − 1/𝑛 (dimensionless) 

Note that other expressions, and other combinations are also available (e.g., Leij et 

al., 1996). The latter set of equations was proposed for air-water systems but can be applied 

to other two-fluid systems, such as NAPL–water. Equations (26), (27), (28), and (29) are for 

non-hysteretic capillary pressure-saturation relations, and equations that consider 

hysteresis are more complex (Parker & Lenhard, 1987; Lenhard & Parker, 1987a). 

Mass balance expressions can make use of Equations (24) and (25) to derive the 

governing equations for multiphase flow in porous media, analogous to the governing 

equation for groundwater flow (Woessner & Poeter, 2020). Written for water and NAPL, 

these are expressed as shown by Equations (30) and (31). 

 𝜕

𝜕𝑡
(𝑆𝑤𝜃𝑇𝜌𝑤) =

𝜕

𝜕𝑥𝑖
[
𝑘𝑖𝑗𝑘𝑟𝑤𝜌𝑤

𝜇𝑤
(

𝜕𝑃𝑤

𝜕𝑥𝑗
+ 𝜌𝑤𝑔

𝜕𝑧

𝜕𝑥𝑗
)] (30) 

 𝜕

𝜕𝑡
(𝑆𝑛𝜃𝑇𝜌𝑛) =

𝜕

𝜕𝑥𝑖
[
𝑘𝑖𝑗𝑘𝑛𝜌𝑤

𝜇𝑛
(

𝜕𝑃𝑛

𝜕𝑥𝑗
+ 𝜌𝑛𝑔

𝜕𝑧

𝜕𝑥𝑗
)] (31) 

Equations (30) and (31) are then coupled using Equations (8) and (16) combined 

with (17), (18), (26) and (27).  Alternatively, Equations (8) and (16) can be combined with 

(19), (28) and (29). These equations, and modified versions where the dependent variables 

do not involve the phase pressures (Kueper & Frind, 1991), form the basis of complex, 

numerical multiphase flow simulators. The equations need to be solved simultaneously 

along with appropriate boundary conditions because the fluid pressure from one equation 

is needed for the other.
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5 DNAPL and LNAPL Distribution 

5.1 DNAPL Distribution in DNAPL-Water Systems 

Upon release to the subsurface, DNAPL will distribute itself in the form of 

disconnected blobs and ganglia of organic liquid referred to as residual DNAPL, and in 

connected distributions referred to as pooled DNAPL (Section 3.4). Residual DNAPL always 

forms at the trailing edge of a migrating DNAPL body and typically occupies between 

5  and 30 percent of pore space (Wilson et al., 1990; Cohen & Mercer, 1993; Pankow & 

Cherry, 1996). Figure 5b illustrates residual PCE DNAPL in sand (Kueper et al., 1993). 

Residual DNAPL is trapped by capillary forces and typically will not enter a monitoring 

well, even if it is present directly adjacent to the monitoring well sand pack and even under 

aggressive groundwater pumping conditions (Cohen & Mercer, 1993; Pankow & Cherry, 

1996). 

Pooling of DNAPL can occur above capillary barriers, which are typically layers or 

lenses of relatively less permeable material. Figure 5c illustrates a pool of PCE DNAPL that 

was perched upon a 1 cm thick silt lens (Kueper et al., 1993). The silt lens had a higher 

displacement pressure than the sand occupied by the DNAPL pool; consequently, the 

DNAPL did not penetrate the silt lens. One important observation here is that the thickness 

of the capillary barrier is generally not a factor in whether DNAPL will penetrate the 

barrier. Of relevance is that there is a permeability contrast, and the permeability contrast 

represents a difference in displacement pressures. 

A second important point is that DNAPL pooling can occur at any elevation within 

an aquifer, not just above a major feature such as a clay or silt aquitard. Pools represent a 

connected distribution of DNAPL in the pore space, and typically correspond to DNAPL 

saturations on the order of 30 percent to 80 percent of pore space (Kueper et al., 1993; 

Pankow & Cherry, 1996). 

The thickness of DNAPL pools is dependent upon the DNAPL density, the 

DNAPL–water interfacial tension, the vertical component of the groundwater hydraulic 

gradient, and the displacement pressure of the capillary barrier upon which the pool has 

formed (Kueper et al., 1993; Longino & Kueper, 1999). Kueper and others (1993) provide 

the following expression for the maximum stable pool height that can accumulate above a 

capillary barrier (Equation (32)). 

 
𝐻 =

𝑃𝑐
′′ − 𝑃𝑐

′

∆𝜌𝑔
 (32) 

where: 

𝐻 = the maximum height (thickness) of DNAPL such that the capillary 

barrier is not penetrated (L) 

𝑃𝑐
′′ = entry pressure of the capillary barrier (ML-1T-2) 
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𝑃𝑐
′ = capillary pressure at the top of the pool (ML-1T-2) 

∆𝜌 = difference in density between the DNAPL and water (ML-3) 

𝑔 = gravitational acceleration (LT-2) 

The capillary pressure at the top of the DNAPL pool (𝑃𝑐
′) is dependent on the 

saturation history associated with pool placement. The maximum value of 𝑃𝑐
′ will be the 

entry pressure of the porous medium within which the pool resides. This assumes that the 

top of the pool exists under drainage conditions. However, if the top of the pool exists 

under imbibition conditions, 𝑃𝑐
′ may be as low as the terminal pressure. As discussed by 

Gerhard and Kueper (2003), the terminal pressure can be reasonably approximated as half 

the entry pressure. Of note is that the pool height predicted by Equation (32) is independent 

of the depth below the water table. Equation (32) assumes a one-dimensional hydrostatic 

system; the pressure profiles for this system are illustrated in Figure 16 for the case of the 

top of the DNAPL pool existing under drainage conditions (Kueper et al., 2014). 

 
Figure 16 - Hydrostatic distribution of water and DNAPL pressures for DNAPL pooled upon a capillary barrier 
(Kueper et al., 2014). The top of the DNAPL pool has a non-zero capillary pressure. 

Figure 17 shows the relationship between the maximum stable DNAPL pool height 

and hydraulic conductivity of the capillary barrier for a variety of chlorinated solvent 

DNAPLs (Kueper et al., 2014). The calculations supporting Figure 17 assume that the 

DNAPL pools reside in a medium-grained sand having a hydraulic conductivity of 

1x10-2 cm/s and a porosity of 40 percent. The entry pressure of the capillary barrier (𝑃𝑐
′) is 

calculated using Equation (20) and a dimensionless entry pressure of 0.11 and assumes that 

the top of the pool exists under wetting conditions (i.e., 𝑃𝑐
′ in Equation (32) is set to half of 

the entry pressure). Each DNAPL is assumed to have an interfacial tension with water of 

0.025 N/m. Figure 17 illustrates that lower density DNAPLs and lower hydraulic 

conductivity capillary barriers promote larger DNAPL pool heights. 
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Figure 17 - Maximum stable DNAPL pool height accumulated above a water-saturated capillary barrier 
versus hydraulic conductivity of the barrier for four different DNAPLs (details provided in Kueper & 
Gerhard, 2014). The volume of DNAPL in a pool under drainage conditions can be estimated using the 
calculations in Longino and Kueper (1995). 

As discussed in Section 3.6, the displacement pressure of a particular lamination, 

lens, or layer correlates with its hydraulic conductivity. It is well established that aquifers 

are heterogeneous with respect to the distribution of hydraulic conductivity, and that it is 

not uncommon for macroscopic-scale hydraulic conductivities within an aquifer to vary by 

between three to six orders of magnitude. It follows that displacement pressures within an 

aquifer will vary widely between various laminations, lenses, and layers. Consequently, 

DNAPL will migrate through saturated porous media according to displacement pressure, 

always following the path of least capillary resistance (lowest displacement pressure at the 

advancing DNAPL front). The result of this selective nature of migration is a very tortuous, 

sinuous distribution of DNAPL residual and pools (i.e., the source zone architecture) as 

shown in Figure 2. One implication of the selective nature of DNAPL migration is that 

delineating the DNAPL source zone can be challenging and subject to uncertainty. This, in 

turn, is one of the major reasons why many remediation implementations do not achieve 

desired groundwater clean-up goals. 

A concept related to DNAPL distribution is the bulk retention capacity, typically 

used to characterize DNAPL-impacted sites, defined as shown by Equation (33). 

 
𝑅𝑏 =  

𝑉𝑛

𝑉𝑠𝑧
 (33) 

where: 

𝑅𝑏 = bulk retention capacity (dimensionless) 

𝑉𝑛 = volume of NAPL in a source zone (L3) 

𝑉𝑠𝑧 = total volume of the source zone (L3) 
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This appears similar to the definition of NAPL saturation (Equation (5)) but the 

difference lies in the scale at which it is applied. NAPL saturation is determined at the scale 

of a single soil sample, where much of the pore space in that sample could contain NAPL. 

The bulk retention capacity is determined at the scale of a NAPL source zone in which, 

because of the heterogeneous distribution of NAPL, much of the subsurface volume 

contains no NAPL at all (Kueper et al., 2014). Therefore, while local-scale residual NAPL 

saturations may be on the order of 0.05 to 0.3 (5 to 30 percent of pore space) and local-scale 

NAPL saturations in pools may be on the order of 0.3 to 0.8, bulk retention capacity is 

typically on the order of 0.005 to 0.03 (Kueper & Davies, 2009). Importantly, bulk retention 

capacity accounts for the presence of both NAPL residual and NAPL pools. 

DNAPL distribution in the subsurface is also dependent on the elapsed time since 

the original DNAPL release occurred. As discussed in Section 1.6, the DNAPL source zone 

goes through five primary life cycle stages. This life cycle begins with an initial release of 

DNAPL to the subsurface and culminates in complete DNAPL depletion with 

contamination persisting as a result of diffusion from low permeability zones and 

desorption from solids. In theory, a sixth life cycle stage exists where all former 

contaminants are non-detectable in soil, groundwater, and vapor. To our knowledge, there 

are no documented cases of sites reaching Stage 6. The reader is referred to Kueper and 

others (2014) for a detailed discussion of the various life cycle stages of a DNAPL source 

zone, within which the distributions of DNAPL can vary significantly. 

Exercise 7 asks the reader to calculate DNAPL pressures, capillary pressure, and 

maximum pool height. 

5.2 NAPL Distribution in Three-Fluid Systems 

In the previous sections, the focus was on two-fluid (NAPL–water) systems in 

porous media. Unless NAPL is released directly at the water-saturated capillary fringe 

above the water table or directly at the water table, a three-fluid (e.g., air–NAPL–water) 

system will be created (Figure 18a). Whenever the NAPL pressure is greater than or equal 

to zero (gauge pressure) in a region, a two-fluid, NAPL–water system will exist in that 

region, except for possibly entrapped air. Whenever the NAPL pressure is less than zero, a 

three-fluid, air–NAPL–water system will exist. Therefore, the subsurface may contain 

regions of two-fluid (NAPL–water) and three-fluid (air–NAPL–water) systems. This is true 

for NAPLs with a density less than water (LNAPLs) and greater than water (DNAPLs). In 

this section, the focus is on LNAPLs as a prelude to Section 5.3. 
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Figure 18 - A drawing of a) an air–LNAPL–water system in porous media showing free LNAPL (pink), entrapped 
LNAPL (purple), and residual LNAPL (red), which consist of continuous thin LNAPL films and relatively immobile 
LNAPL in wedges, with mobile (light blue) and residual water (dark blue), and b) LNAPL that is unable to 
displace water from a larger pore space because it cannot enter the smaller water-filled pore space at the 
current capillary pressure. 

In a three-fluid (air-NAPL-water) system in porous media where water wets the 

solid surfaces (i.e., wetting fluid), water will be in the smallest pore spaces, air will be in 

the largest pore spaces, and NAPL will be in pores spaces not occupied by either water or 

air (i.e., the intermediate pore sizes). This depends on the accessibility of air-NAPL and 

NAPL-water interfaces to pores—these are the interfaces that separate the continuous air 

and continuous NAPL; and those that separate the continuous NAPL and continuous 

water, respectively. For example, it is not uncommon for larger pores to be adjacent to (i.e., 

be surrounded by) smaller water-filled pores, which prevent nonwetting fluid from 

entering the larger pore space until the relevant capillary pressure is reached. 

Consequently, NAPL cannot displace water from the larger pore space in Figure 18b 

because a smaller pore space exists between the NAPL and the larger pore space containing 

water. Only after the NAPL-water capillary pressure becomes large enough to displace 

water from the smaller pore space will the NAPL be able to displace water from the larger 

space. This can occur with LNAPL as well as DNAPL in the vadose zone. The pore size 

distributions in porous media can be very complex and the general statement in the 

beginning of this paragraph depends on accessibility of fluid–fluid interfaces separating 

the immiscible fluids to all pores. 

Which fluid will occupy the pore sizes depends on the wettability order. For cases 

where water is the wetting fluid (i.e., water wets the porous media relative to other fluids) 

it is generally assumed for air-NAPL-water systems that NAPL will wet water surfaces 
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relative to air, which occurs almost without exception. Ordinarily, a liquid will wet either 

the solids or other liquid phase surfaces relative to air. An exception is a two-fluid, air–

mercury system where air wets the solid surfaces relative to liquid mercury (i.e., air is the 

wetting fluid and mercury is the nonwetting fluid). An air–mercury system is employed in 

mercury porosimetry which is used in the petroleum industry to measure the pore-size 

distribution of solid cores. The solid and fluid molecular properties determine the 

wettability order. In an air-NAPL-water fluid system in water-wet porous media, there will 

be air-NAPL and NAPL-water fluid-fluid interfaces separating the immiscible fluids. The 

fluid pressure difference across the air-NAPL interfaces is the air-NAPL capillary pressure 

shown by Equation (34). 

 
𝑃𝑐

𝑎𝑛 =  𝑃𝑎  −  𝑃𝑛  (34) 

where: 

𝑃𝑐
𝑎𝑛 = air-NAPL capillary pressure (ML-1T-2) 

𝑃𝑎  = air pressure (ML-1T-2) 

𝑃𝑛 = NAPL pressure (ML-1T-2) 

Commonly, the air pressure in the near subsurface is assumed to be at atmospheric 

pressure (zero-gauge pressure) because of its connectivity to the atmosphere through 

networks of pores and fractures. However, the subsurface air pressures change in time and 

location with varying time-dependent atmospheric conditions (weather); therefore, an 

assumption of zero-gauge pressure (i.e., 𝑃𝑐
𝑎𝑛 = −𝑃𝑛) is not always appropriate. 

As discussed in Section 3.1, the fluid pressure difference across NAPL–water 

interfaces is the NAPL–water capillary pressure shown by Equation (35). 

 
𝑃𝑐

𝑛𝑤 =  𝑃𝑛 −  𝑃𝑤 (35) 

where: 

𝑃𝑐
𝑛𝑤  = NAPL–water capillary pressure (ML-1T-2) 

𝑃𝑛 = NAPL pressure (ML-1T-2) 

𝑃𝑤 = water pressure (ML-1T-2) 

Equation (35) is similar to Equation (8), but explicitly defines the capillary pressure 

as being the NAPL–water capillary pressure. Because both NAPL–water and air–NAPL 

capillary pressures exist in air–NAPL–water systems in porous media, a single 𝑃𝑐  cannot 

be used for defining the capillary pressure as originally presented in Equation (8). 

Therefore, a superscript is used in Equation ((35) and elsewhere in this section for capillary 

pressure symbols, where the first superscript indicates the relative nonwetting fluid at the 

interface and the second superscript indicates the relative wetting fluid at the interface. 
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In special cases where NAPL may behave as a wetting fluid relative to water in the 

pore spaces—as discussed in Section 2.4 for NAPL-wet and mixed-wet systems in porous 

media—the capillary pressures in air-NAPL-water fluid systems will be defined 

differently. The capillary pressure separating the continuous NAPL and water would be 

the water-NAPL capillary pressure (𝑃𝑐
𝑤𝑛) and the capillary pressure separating the 

continuous air and water would be the air–water capillary pressure (𝑃𝑐
𝑎𝑤). 

For this book, the focus is three-fluid (air–LNAPL–water) systems where water is a 

strongly wetting fluid. Additional work has been done on fluid systems that are not 

strongly water wet (e.g., Anderson, 1987; Lenhard & Oostrom, 1998; Morrow, 1990). 

In addition to the definitions of capillary pressure for each fluid pair presented 

above, descriptions of air-NAPL-water systems also require more specific definitions of 

saturation. For example, the total liquid saturation is the ratio of the water- and 

NAPL- occupied pore space to the total pore space. It is typically assumed to be governed 

by the air-NAPL capillary pressure while the water saturation is governed by the 

NAPL-water capillary pressure. Effective total liquid saturation and effective air saturation can 

also be defined by accounting for the residual water saturation, similar to Equation (16). A 

mathematical description of these parameters is provided in Box 1. 

Accounting for different forms of NAPL in air-NAPL-water systems requires 

different terminology than that used in Section 3.4 for two-fluid systems (i.e., residual and 

pooled NAPL). Lenhard and others (2004) developed alternative terminology to label 

LNAPL that is: 

1. free LNAPL, which is continuous and can move under LNAPL pressure 

gradients; 

2. entrapped LNAPL, which is occluded by water during water imbibition; and 

3. residual LNAPL, including LNAPL as thin films, LNAPL in pore wedges that is 

not entrapped by water, and LNAPL in bypassed pores. 

While LNAPL present as thin films may move under LNAPL pressure gradients, 

its velocity is expected to be negligible compared to LNAPL in the center of pores and is 

typically treated as being immobile. In the case of nonspreading LNAPLs (i.e., with a 

spreading coefficient less than one, as discussed in Section 2.4), residual LNAPL also 

includes discontinuous LNAPL lenses. Theoretically, continuous LNAPL films will result 

following drainage of LNAPL-filled pores for spreading LNAPLs, but discontinuous 

LNAPL lenses will result following drainage of LNAPL-filled pores for nonspreading 

LNAPLs.  All discontinuous LNAPL, whether entrapped or residual, is assumed to be 

immobile. 

Figure 19 shows free LNAPL internal to LNAPL films. Figure 19 also shows residual 

LNAPL as continuous thin LNAPL films and LNAPL that may remain following LNAPL 

drainage in the vadose zone (an air-LNAPL-water system). The LNAPL films wet the water 

films adjacent to the solid porous media (i.e., water films lie between the LNAPL films and 
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the solid grains). Because the water films are assumed to be immobile, the LNAPL films 

also are assumed to be immobile. The LNAPL that remains after LNAPL has drained from 

pores is generally in pore wedges as shown in Figure 19 and pores bypassed during the 

LNAPL drainage. This LNAPL in pore wedges and bypassed pores is also typically treated 

as being immobile because it is connected by only LNAPL films (for spreading LNAPLs) 

or is discontinuous (for nonspreading LNAPLs). 

 
Figure 19 - This drawing shows a) potential forms of LNAPL and water in a water-wet porous medium, where 
b) shows relatively immobile LNAPL in films and pore wedges (red) following LNAPL drainage, and free LNAPL 
(pink), c) shows immobile isolated (discontinuous) water (light blue) and water films (dark blue), and (d) shows 
entrapped LNAPL in pore wedges (red) and pore bodies (purple), as well as free water (light blue). 

Figure 19a shows LNAPL in a three-phase, air–LNAPL–water system in water–wet 

porous media where some water is isolated because it remains connected by only water 

films during water drainage as LNAPL invades pore spaces. The formation of isolated 

water develops as LNAPL displaces water from larger pores that surround smaller pores 

containing water (also shown in Figure 19c). The water in the small pores will not drain as 

the LNAPL invades nearby larger pores because of capillary forces. The isolated water may 

be in a single pore (pore throat) or may be in multiple pores. 

Furthermore, the isolated water and the water films wetting the solids can be called 

residual water and are typically treated as being immobile because water film flow will be 

very slow (Sections 3.3 and 3.4), that is, water that will not drain under high LNAPL-water 

capillary pressures. 

Figure 19b shows LNAPL in films on water surfaces (water films) and in pore 

wedges, as well as LNAPL that is subject to LNAPL pressure gradients (free LNAPL). 

Figure 19d shows entrapped LNAPL where water-occluded LNAPL ganglia can be in pore 

bodies (larger pore spaces at the junction of several pores), pore wedges, and pore throats. 
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In Sections 3.3 and 3.4 (which refer to LNAPL–water systems), residual NAPL is 

synonymous with entrapped NAPL. According to the approach by Lenhard and others 

(2004), residual LNAPL in NAPL-water systems would only be the LNAPL films on water 

surfaces and in narrow pore wedges. 

Entrapped LNAPL can be in pore bodies and created by snap-off mechanisms 

(Deng et al., 2015) when water displaces LNAPL from pore bodies during water imbibition 

(Figure 19d). Entrapped LNAPL also can be created when water displaces LNAPL in pores 

adjacent to larger LNAPL pore wedges as water passes over the LNAPL wedges and 

occludes the LNAPL (Figure 19d). Additionally, entrapped LNAPL can form similarly to 

how isolated water forms when water displaces LNAPL, where LNAPL can remain in 

smaller pore spaces as water displaces LNAPL from surrounding larger pores. 

To estimate total liquid and water saturations in air-NAPL-water systems in 

water-wet porous media, a similar approach to Section 3.5 (e.g., using the van Genuchten 

equation) can be used for nonhysteretic, capillary pressure-saturation relations. Using this 

approach, the air-NAPL capillary pressure is used to estimate the effective total liquid 

saturation and the NAPL-water capillary pressure is used to estimate the effective water 

saturation. In addition, scaling factors are often used to estimate parameters using air-water 

capillary pressure-saturation data rather than measuring air-NAPL or NAPL-water curves 

directly. 

Analogous to the approach discussed in Section 4.3, the relative permeabilities of 

air, NAPL and water as a function of fluid saturation can also be estimated. These 

relationships are needed to predict fluid flow in air-NAPL-water systems and, along with 

capillary pressure-saturation relationships, are incorporated into the governing equations 

that form the basis of numerical multiphase flow simulators. Equations for estimating 

capillary pressure and relative permeability functions, as well as the governing equations 

for flow in air-NAPL-water systems, are presented in detail in Box 1. 

5.3 LNAPL Distribution 

Following a release of LNAPL, its distribution and movement through the 

unsaturated zone will be controlled as described in Section 5.2 and will be affected by 

spatial variations in subsurface properties. This can result in the formation of various forms 

of immobile LNAPL, including films, wedges and occluded LNAPL, and mobile LNAPL 

above lower-permeability layers and water-saturated layers or lenses. When the vertical 

movements of LNAPL and water have ceased (becoming static; the vertical equilibrium 

assumption) after the LNAPL reaches the capillary fringe, then the LNAPL and water 

pressure distributions become linear and equal to their mass densities. For example, when 

vertical water movement has ceased, then the water pressure at a given elevation (𝑧) can 

be determined from Equation (36). 
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𝑃𝑤 =  𝜌𝑤𝑔𝑧𝑎𝑤 − 𝜌𝑤𝑔𝑧 (36) 

where: 

𝑧𝑎𝑤  = elevation of the water table (𝑃𝑤 = 0), which is the elevation of the 

air-water interface in a well (borehole) screened only in the 

water-saturated zone (L) 

Water pressures will be negative above the water table and positive below. When 

vertical LNAPL movement has ceased, then the LNAPL pressure at a given elevation (𝑧) 

can be determined from Equation (37). 

 
𝑃𝑛 =  𝜌𝑛𝑔𝑧𝑎𝑛 − 𝜌𝑛𝑔𝑧 (37) 

where: 

𝑧𝑎𝑛  = elevation of the air-LNAPL interface (𝑃𝑛 = 0) in a well (borehole) 

screened in the subsurface containing LNAPL and water  (L) 

As 𝑧𝑎𝑤 is the elevation of the water table, 𝑧𝑎𝑛 is the elevation of the LNAPL table. 

LNAPL pressures will be negative above the LNAPL table and positive below. 

From Equations (36) and (37), the elevation of the LNAPL-water interface (i.e., 𝑧𝑛𝑤, 

the elevation where 𝑃𝑛 = 𝑃𝑤) in a well (borehole) screened in the subsurface containing 

LNAPL and water can be determined from Equation (38). 

 𝑧𝑛𝑤 =  
𝜌𝑛𝑧𝑎𝑛 −  𝜌𝑤𝑧𝑎𝑤

𝜌𝑛 −  𝜌𝑤
 (38) 

Equation (38) can be rearranged to calculate 𝑧𝑎𝑤 (i.e., the elevation where 𝑃𝑤 = 0) 

if only a well screened across the water table is available. The air-LNAPL and 

LNAPL-water capillary pressures can be determined from the elevations of the air-LNAPL 

(𝑧𝑎𝑛) and LNAPL-water (𝑧𝑛𝑤) interfaces in a well as shown by Equations (39) and (40). 

 𝑃𝑐
𝑎𝑛 =  𝜌𝑛𝑔(𝑧 − 𝑧𝑎𝑛) (39) 

 𝑃𝑐
𝑛𝑤 =  (𝜌𝑤 −  𝜌𝑛)𝑔(𝑧 −  𝑧𝑛𝑤) (40) 

Knowing the distribution of air-LNAPL and LNAPL-water capillary pressures, the 

total liquid and water saturation distributions can be determined from Equations Box (1-5) 

and Box (1-6) of Box 1, respectively. Figure 20 shows the general approach for determining 

the vertical air, LNAPL and water saturation distributions in the subsurface near a well 

where the air-LNAPL (𝑧𝑎𝑛) and LNAPL-water (𝑧𝑛𝑤) interfaces in the well were measured.  
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Figure 20 - Predicting air (white), LNAPL (red) and water (blue) saturation distributions in the subsurface when 
the vertical equilibrium condition exists. 

The LNAPL saturation distribution with height typically has a “shark fin” shape as 

shown in Figure 20, which is consistent with what is found in field investigations. Once the 

total liquid and water saturation distributions are known, then the LNAPL relative 

permeability distribution can be calculated using Equation Box (1-10). 

From the LNAPL saturation and relative permeability distributions, the LNAPL 

volume and the LNAPL transmissivity can be predicted, which is useful information for 

planning LNAPL cleanup operations. Such analyses have been developed by Farr and 

others (1990) and Lenhard and Parker (1990). Later, Lenhard and others (2017) expanded 

the approach to predict the distributions of free, entrapped, and residual LNAPL 

saturations from the historic fluid levels in wells. 

The work of Farr and others (1990) and Lenhard and Parker (1990) showed that 

when LNAPL collects above the water-saturated capillary fringe, an LNAPL layer with 

𝑆𝑛 = 1 does not develop as some earlier investigators assumed. Instead, above the 

water-saturated capillary fringe, the LNAPL saturation varies depending on the 

air-LNAPL and LNAPL-water capillary pressures. 

The amount of LNAPL at any location above the water-saturated capillary fringe 

will be a function of the shape of the capillary pressure-saturation curves. If the curves are 

relatively flat, indicating a significant volume of similar pore sizes, then there can be a high 

LNAPL saturation (greater than 80 percent of pore space) above the water-saturated 

capillary fringe. Uniform sands (i.e., sands with similarly sized grains) are likely to have 

uniform pore sizes. If the shape of the curves is more gradual, indicating the pores sizes are 

not uniform, then there will not be such a high LNAPL saturation above the 
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water-saturated capillary fringe; there will be a more gradual change in LNAPL saturation 

with height. Regardless of the shape of the capillary pressure-saturation curves, water will 

be present above the water-saturated capillary fringe and there will be no zone where the 

LNAPL saturation is equal to 1. 

The approach to determine NAPL saturation and relative permeability distributions 

when the vertical equilibrium condition applies is only applicable for LNAPLs. A 

fluctuating water table will move LNAPL vertically, causing LNAPL and air to become 

entrapped during a rising water table and releasing entrapped LNAPL during a falling 

water table. This process can result in a smear zone as described by LNAPL remediation 

practitioners, where LNAPL can be present above and below the water table as a 

combination of free, residual, and entrapped LNAPL and distributed over a larger depth 

interval than would be predicted under hydrostatic conditions. 

In addition, the formation of a smear zone can be affected by other processes 

including biological activity and changing LNAPL composition and fluid properties over 

time. Free LNAPL will not enter a monitoring well screen unless the LNAPL pressure is 

greater than atmospheric pressure but may enter the sand pack surrounding the 

monitoring well by capillary forces. The LNAPL will be contained in the pore spaces of the 

sand pack because of capillary forces when the LNAPL pressure is less than atmospheric. 

5.4 Relevant Exercises 

The following exercises provide the reader with an opportunity to work with the 

material presented in this section. 

Exercise 8 asks the reader to calculate fluid saturations related to LNAPL in a 

three-fluid system. 

Exercise 9 asks the reader to calculate total liquid saturations, water saturations 

and LNAPL saturations as a function of elevation based on measurements of LNAPL in a 

monitoring well. 
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6 Visual Examples of DNAPL and LNAPL Migration 
Practitioners infer NAPL behavior from site history, the analysis of soil and 

groundwater samples, inspection of fluids in monitoring wells and soil cores, data from 

geophysical surveys, and information concerning site geology and hydrogeology. These 

site-specific data are complemented by laboratory experiments and numerical models, in 

simplified settings, that are used to investigate NAPL migration and build a fundamental 

and transferable understanding of the governing processes. 

In the spirit of the tank experiments performed by Schwille (1981), two 

laboratory-scale demonstrations are presented here to illustrate key aspects of DNAPL and 

LNAPL migration. 

6.1 DNAPL Migration through Heterogeneous Sand 

In this demonstration, approximately 350 mL of PCE DNAPL was released into a 

water-saturated, coarse-sand layer near the top of a heterogeneous sand pack in a 

1.5 m x 1.5 m x 2 cm flow cell (Figure 21). The flow cell was made from glass walls sealed 

to a stainless-steel frame and was backlit to promote clear observation of the fluids over the 

entire thickness of the pack (perpendicular to the glass walls). This backlit technique is 

commonly referred to as the light transmission method (Tidwell & Glass, 1995; Niemet & 

Selker, 2001). 

 
Figure 21 - Selected images from a release of PCE DNAPL (red) into a) water-saturated heterogeneous sand 
showing b) migration along and c) breakthrough of capillary barriers before d) accumulating in a coarse sand 
lens. Numbered features are described in the text. Black vertical bars are supports on the outside of the front 
glass wall. Darker region in the middle portion of the sand is caused by variation in lighting. A video of the 
PCE DNAPL release is available here. 

The PCE DNAPL was dyed using Oil-Red-O so that it appeared distinct from the 

water. Three sand sizes were used and appear as different colors in Figure 21, with finer 

sand appearing darker when backlit. Capillary pressure-saturation curves for these sands 

are shown in Figure 13b (top-most and two bottom-most curves). 

The four key features of the heterogeneous pack are 

1. a triangular layer of coarse sand that contained the release point, 

2. a sloping, discontinuous capillary barrier of fine sand, 

3. a continuous capillary barrier of fine sand, and 

4. a lens of coarse sand. 

1 

3 

4 

https://youtu.be/AErx9tT-HYs
https://youtu.be/AErx9tT-HYs
https://youtu.be/AErx9tT-HYs
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These features are surrounded by medium sand (Figure 21 includes the numbered 

features). Layering of the medium sand during packing created minor spatial differences 

in sand properties. 

Once released into the triangular coarse sand, the PCE accumulated as a pool on the 

underlying medium sand until it accumulated to its critical pool height (Figure 21a). After 

breakthrough into the medium sand, the PCE migrated downward until it encountered the 

discontinuous sloping capillary barrier of fine sand. Unable to overcome the entry pressure 

of that capillary barrier, the PCE migrated laterally to the right along the top of the barrier 

(Figure 21b). As additional PCE was released, downward migration continued past the 

sloping capillary barrier and accumulated on the continuous fine-sand capillary barrier 

below. There, the PCE accumulated as a pool (Figure 21c). Importantly, because of the 

geometry of these barriers, this pool was not underneath the release point, which is a 

common finding at DNAPL-impacted sites. 

After the DNAPL accumulated to a height equal to the critical pool height of the 

continuous capillary barrier, DNAPL continued to migrate downward. That migration was 

not stopped at the top of the coarse sand lens because the entry pressure of that sand is less 

than that of the medium sand above it. An additional PCE pool was formed at the base of 

the coarse sand lens, with the medium sand acting as a capillary barrier similar to the 

release in the triangular coarse sand surrounding the release point (Figure 21d). It is 

important to note that although the PCE was able to continue its migration after the release 

was stopped, a PCE pool remained in the triangular coarse sand at a height lower than the 

critical pool height, which is defined by the terminal pressure rather than the displacement 

pressure of the medium sand. 

Overall, Figure 21 (and the accompanying video) highlights the importance of 

capillary barriers in controlling DNAPL migration, which results in the formation of both 

residual and pools. In this case, capillary barriers were created using sands that differed in 

their permeabilities by only one order-of-magnitude. Greater differences are typically 

encountered at most field sites. The result is that DNAPL must move laterally to move 

downward, either by flowing along and around discontinuous barriers or accumulating 

and breaking through barriers after reaching the critical pool height. 

6.2 LNAPL Migration Followed by a Water Table Fluctuation 

In this demonstration, approximately 1,000 mL of heptane LNAPL was released 

above the water table and into a homogeneous medium sand pack in the same 

1.5 m x 1.5 m x 2 cm flow cell that was described in Section 6.1 (Figure 22). The water table 

was set at the top of the sand during sand emplacement but was lowered below the release 

point prior to heptane emplacement. Therefore, the water above the water table is on a 

drainage pathway when the LNAPL is introduced, with all water saturations greater than 

or equal to the residual water saturation. 
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Figure 22 - Selected images from a release of heptane LNAPL (red) into an unsaturated homogeneous sand 
pack (darker grey) above a water-saturated homogeneous sand pack (yellow) showing a) downward migration 
to and pooling along the capillary fringe with b) further migration towards the water table, followed by c) lowering 
and d) raising the water table to create a smear zone. Black vertical bars are supports on the outside of the 
front glass wall. The original water table position is marked by a dashed black line drawn on the glass wall. 
Clear wells along the edges of the cell appear lighter. Darker region in the middle portion of the sand is caused 
by variation in lighting. A video of the heptane LNAPL release is available here . 

The difference between unsaturated sand and water-saturated sand can be seen in 

the backlit images of Figure 22, with the unsaturated sand appearing as a darker grey and 

the water-saturated sand (both below the water table and in the capillary fringe) appearing 

as yellow. The abrupt change in water saturation is a result of the uniformity of the sand 

and the relatively shallow capillary pressure-saturation curve (Figure 13b). 

As in the PCE demonstration described in Section 6.1, the heptane was dyed using 

Oil-Red-O so that it appeared distinct from the water. During the demonstration, the water 

table was lowered and then raised by extracting or injecting water from ports in the bottom 

of the cell. Heptane released in the unsaturated zone migrated downward as the 

intermediate wetting fluid until reaching the capillary fringe where it began to pool. 

Importantly, this pooling does not occur at the water table because the capillary fringe is 

also water-saturated. Once pooling began, the heptane moved laterally along the capillary 

fringe and continued to move downward toward the water table as heptane accumulated 

and heptane pressure increased (Figure 22a). Relatively early in the heptane release—and 

only beneath the release point—the heptane pressure exceeded that of water and displaced 

some water from the capillary fringe. 

Under field conditions, within a larger domain and for a greater volume of LNAPL 

released, LNAPL can penetrate below the water table. This highlights the 

oversimplification of early conceptual models of LNAPL migration, which assumed that 

LNAPL pooled as a “pancake” on the water table. In fact, LNAPL presence above and 

below the water table is common, just as most of an iceberg is beneath the ocean’s surface. 

Continued heptane release was followed by redistribution and further lateral 

migration. After the release stopped, the LNAPL below the release point transitioned to 

LNAPL residual as LNAPL drained and was replaced by air. This residual appears as a 

lighter red color in the unsaturated zone below the release point (Figure 22b). Continued 

lateral migration resulted in heptane entry into wells along the edges of the flow cell (Figure 

22b). This was possible because the LNAPL pressure was positive (greater than 

atmospheric), which allowed entry through the well screen. 

https://youtu.be/5IxM9rbbKpE
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If monitoring wells are installed through a LNAPL source that has reached 

hydrostatic equilibrium, the lack of further LNAPL migration into the well or the lack of 

LNAPL in the well does not indicate a lack of LNAPL presence in the adjacent (subsurface) 

material. LNAPL can be held in the pore space by capillary forces in the capillary fringe 

and above, and not enter a well because the LNAPL pressure is negative. Within the wells, 

it is important to note that the water table does not coincide with the air–LNAPL interface 

or the LNAPL–water interface. The LNAPL–water interface in a well is the elevation where 

the LNAPL and water pressures are equal (the LNAPL–water capillary pressure is zero), 

not where the water pressure is zero (the water table). 

Following redistribution, the water table was lowered (Figure 22c) and raised 

(Figure 22d). Pooled heptane was mobilized downward, leaving LNAPL residual in its 

previous location. In turn, only a fraction of the heptane returned to that location as the 

water table was raised, with a portion remaining at lower elevations as water-occluded 

LNAPL. This “smearing” of the LNAPL source by lowering and raising the water table 

creates an LNAPL source that is deeper than the source created by the initial release (Figure 

22b versus Figure 22d) with greater LNAPL–water interfacial area, which enhances 

dissolution. 

Overall, Figure 22 (and the accompanying video) highlights the importance of water 

saturation in controlling LNAPL migration, with primarily downward migration under 

unsaturated conditions where LNAPL is the intermediate wetting fluid and lateral 

migration and pooling when encountering water-saturated conditions in the capillary 

fringe. It should not be assumed that LNAPL pools exist solely at the water table; LNAPL 

can exist both above and below the water table. This is exacerbated by water table 

fluctuations that create a smear zone of residual LNAPL above and/or water-occluded 

LNAPL below an original LNAPL pool. This sensitivity to water saturation can be further 

complicated by heterogeneity in permeability and entry pressure (e.g., gain size) which also 

influences capillary forces in three-fluid (air–LNAPL–water) systems (e.g., Schroth et al., 

1998; Wipfler et al., 2004).
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7 Summary 

Understanding the flow of NAPL in porous media is an important component of 

the conceptual models that are foundational to the investigation and remediation of soil 

and groundwater following the release of LNAPL or DNAPL to the subsurface, many of 

which are hazardous industrial chemicals. NAPL flow is dictated by a combination of 

porous media and fluid properties, notably interfacial tension and wettability, that define 

the difference in pressure between two fluids (capillary pressure). 

Relationships between capillary pressure, the curvature of fluid-fluid interfaces, 

and pore geometry result in the preferential entry of NAPL into a sub-set of the (larger) 

pores, which leads to complex distributions of NAPL that are controlled primarily by 

geological features, particularly capillary barriers that cause NAPL to spread laterally and 

form NAPL pools. These relationships also lead to increased occupancy of the pore space 

(saturation) by NAPL with increasing capillary pressure, and non-linear relationships 

between saturation and the resistance to fluid flow (relative permeability). Importantly, 

these relationships depend on the saturation history and direction of change (hysteresis), 

leading to non-uniqueness and the formation of trapped, discontinuous NAPL blobs 

(NAPL residual). 

Where air is present in addition to NAPL and water, other forms of immobile NAPL 

are created, which include films and wedges as well as water-occluded NAPL. This book 

presents an introduction to these important concepts, including conceptual models used to 

plan the investigation and remediation of NAPL-impacted sites and many of the 

mathematical expressions that form the basis of numerical models used to simulate 

multiphase flow relevant to those sites.
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8 Exercises 

Exercise 1 

What are some examples of hazardous liquids you might have in your home? 

Which of these are non-aqueous phase liquids? Are they LNAPLs or DNAPLs? 

Solution to Exercise 1

Return to where text linked to Exercise 1 

Exercise 2 

Provide two examples of activities or sites associated with DNAPL releases. 

Solution to Exercise 2

Return to where text linked to Exercise 2 

Exercise 3 

Why are NAPLs at field sites often found to be multicomponent NAPLs? 

Solution to Exercise 3

Return to where text linked to Exercise 3 

Exercise 4 

Using information in Tables 1 and 2, what is the minimum volume of water required 

to dissolve: (a) 1 L of benzene and (b) 1 L of 1-2-dichloroethane? 

Solution to Exercise 4

Return to where text linked to Exercise 4 

Exercise 5 

Sketch three capillary pressure-saturation curves for the same medium but for three 

fluid pairs with different interfacial tensions. 

Solution to Exercise 5

Return to where text linked to Exercise 5 
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Exercise 6 

The displacement pressure for air–water in a sand is measured to be 4,000 Pa. 

Estimate the displacement pressure for NAPL–water if the NAPL–water interfacial tension 

is 25 mN/m and the air–water interfacial tension is 72 mN/m. 

Solution to Exercise 6 

Return to where text linked to Exercise 6 

Exercise 7 

Consider a 1 m thick DNAPL pool in sand above a silt lens. The top of the pool is 

1.5 m below the water table and the top of the lens is 2.5 m below the water table. You know 

that: 

The DNAPL–water displacement pressure in the sand is 3,000 Pa. 

The DNAPL–water displacement pressure in the silt is 6,000 Pa. 

The DNAPL density is 1.15 g cm3. 

a) What is the DNAPL pressure at the top of the pool? 

b) What is the DNAPL pressure at the bottom of the pool? 

c) What is the capillary pressure at the bottom of the pool? 

d) What pool height is required for DNAPL to invade the silt lens? 

Solution to Exercise 7

Return to where text linked to Exercise 7 

Exercise 8 

Consider a DNAPL pool within a sand that has accumulated on a silt lens. The top 

of the lens is located 10 m below the water table. The sand has an air–water displacement 

pressure of 2,500 Pa and the silt has an air–water displacement pressure of 6,900 Pa. The 

sand can be characterized by a Brooks-Corey 𝑃𝑐-𝑆w function for DNAPL-water with a 

pore-size distribution index of 2.5 and a residual water saturation of 0.10. Assume the pool 

exists under drainage conditions and that it exists at its maximum height. Assume that the 

air-water interfacial tension is 72 mN/m and the DNAPL-water interfacial tension is 

20 mN/m. Assume that the DNAPL density is 1.46 g/cm3. 

a) Plot the water and DNAPL pressures versus elevation above the top of the silt 

lens. 

b) Plot the water and DNAPL saturations versus elevation above the top of the silt 

lens. 

Solution to Exercise 8

Return to where text linked to Exercise 8 
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Exercise 9 

Consider an LNAPL-impacted site where LNAPL has been detected in a monitoring 

well. The LNAPL thickness in the well is 40 cm, and the LNAPL–water interface in the well 

(𝑧𝑛𝑤) is 100 cm above the datum [i.e., the air–LNAPL interface (𝑧𝑎𝑛) is 140 cm above the 

datum]. Analysis of the LNAPL shows that it has a density of 700 kg/m3 (𝜌𝑛), an LNAPL–

water interfacial tension of 0.030 N/m, and an air–LNAPL interfacial tension of 0.035 N/m. 

Assume the water density is 1,000 kg/m3. The monitoring well has been installed in a sandy 

soil that has an estimated porosity of 0.43. Previous laboratory testing on this soil showed 

that the air–water capillary pressure-saturation relationship can be described by the van 

Genuchten equation, with 𝛼𝑎𝑤 = 0.145 cm-1, 𝑛 = 2.68, 𝑚 = 1 −  1 𝑛⁄  , and 𝑆𝑟𝑤 =  0.05 

(Carsel & Parrish, 1988). 

a) What will be the elevation of the air–water interface in a nearby monitoring 

well that does not contain LNAPL? 

b) Estimate the scaling factors 𝛽𝑛𝑤 and 𝛽𝑎𝑛 for this LNAPL. 

c) Estimate the total liquid saturations (𝑆𝑡) and water saturations (𝑆𝑤) at 

elevations of 80 to 200 cm above the datum. Note that for negative air–LNAPL 

capillary pressure 𝑆𝑡 =  1 and for negative LNAPL–water capillary pressure 

𝑆𝑤 = 1. The air pressure can be assumed to be atmospheric. 

d) Plot the LNAPL saturations, calculated as the difference between the total 

saturations and water saturations (𝑆𝑛 =  𝑆𝑡 − 𝑆𝑤), as a function of elevation for 

80 to 200 cm above the datum. 

e) Repeat parts (c) and (d) for the same LNAPL, LNAPL thickness and elevation 

of the LNAPL-water interface, but for a sandy clay soil with 𝛼𝑎𝑤 = 0.03 cm-1, 

𝑛 = 1.3, 𝑚 = 1 − 1 𝑛⁄ , and 𝑆𝑟𝑤 =  0.10.  How do the LNAPL saturations 

compare to those calculated in part (d)? 

Solution to Exercise 9

Return to where text linked to Exercise 9 
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10 Boxes 

Box 1 - Additional Equations for Air-NAPL-Water Systems 

For air-NAPL-water systems in water-wet porous media, the air-NAPL capillary 

pressure governs the total liquid saturation; the ratio of the pore space volume occupied by 

NAPL and water to the total pore space volume (porosity) shown in Equation Box (1-1). 

 
𝑆𝑡 =

𝑉𝑛 + 𝑉𝑤

𝑉𝑣
=  

𝑉𝑡𝑙

𝑉𝑣
 (1-1) 

where: 

𝑆𝑡  = total liquid saturation (dimensionless) 

𝑉𝑡𝑙 = volume of the pore space occupied by NAPL and water (L3) 

The effective total liquid saturation (𝑆�̅�), similar in concept to the effective water 

saturation discussed in Section 3.5, is shown in Equation Box (1-2). 

 
𝑆�̅� =

𝑆𝑤 +  𝑆𝑛 − 𝑆𝑟𝑤

1 −  𝑆𝑟𝑤
 (1-2) 

As addressed in Sections 3.2 and 3.3, the NAPL–water capillary pressure governs the water 

saturation; the ratio of the pore space volume occupied by water to the total pore space 

volume (porosity). The effective water saturation is defined as in Section 3.5, assuming 

maximum water saturation (𝑆𝑚) is equal to 1. Although the effective water saturation is 

commonly given the symbol 𝑆𝑒 in two-fluid systems (Equation 16), it cannot be used in 

three-fluid systems. Instead, a single overbar is used in this section to indicate effective 

saturations as shown in Equation Box (1-3). 

 
𝑆𝑤
̅̅̅̅ =

𝑆𝑤 − 𝑆𝑟𝑤

1 − 𝑆𝑟𝑤
 (1-3) 

The effective air saturation, which also is a function of the air-NAPL capillary 

pressure, is illustrated by Equation Box (1-4). 

 
𝑆𝑎
̅̅ ̅ =

𝑆𝑎

1 − 𝑆𝑟𝑤
=  

1 −  𝑆𝑡

1 − 𝑆𝑟𝑤
 (1-4) 

where: 

𝑆𝑎 = air saturation (dimensionless) 

Using only the van Genuchten (1980) equation as an example, the air-NAPL-water 

effective total liquid saturation in water-wet porous media is a function of the air-NAPL 

capillary pressure as shown by Equation Box (1-5). 

 𝑆�̅� = [1 + (𝛽𝑎𝑛𝛼𝑎𝑤𝑃𝑐
𝑎𝑛)𝑛]−𝑚 (1-5) 

where: 
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𝛽𝑎𝑛  = air–NAPL scaling factor (dimensionless) 

𝛼𝑎𝑤 and n    = van Genuchten (1980) parameters determined using nonhysteretic, 

air-water capillary pressure-saturation data (M-1LT2 and dimensionless, 

respectively) 

The corresponding effective water saturation is a function of the NAPL-water 

capillary pressure as shown by Equation Box (1-6). 

 
𝑆𝑤
̅̅̅̅ = [1 + (𝛽𝑛𝑤𝛼𝑎𝑤𝑃𝑐

𝑛𝑤)𝑛]−𝑚 (1-6) 

where: 

𝛽𝑛𝑤  = NAPL–water scaling factor (dimensionless) 

Both Equations Box (1-5) and (1-6) were proposed by Parker and others (1987) to 

convert two-fluid, air-water capillary pressure-saturation relations, which are more 

commonly measured, to three-fluid, air-NAPL-water capillary pressure-saturation 

relations. The scaling factors 𝛽𝑎𝑛 and 𝛽𝑛𝑤 can be determined from ratios of interfacial 

tensions (Lenhard & Parker, 1987a) as shown by Equation Box (1-7a) and (1-7b). 

 𝛽𝑎𝑛 =  
𝜎𝑎𝑤

𝜎𝑎𝑛
 (1-7a) 

 𝛽𝑛𝑤 =  
𝜎𝑎𝑤

𝜎𝑛𝑤
 (1-7b) 

where: 

𝜎𝑎𝑤  = air-water interfacial tension (MT-2) 

𝜎𝑎𝑛 = air-NAPL interfacial tension (MT-2) 

𝜎𝑛𝑤 = NAPL-water interfacial tension (MT-2) 

This scaling approach neglects contact angle, similar to Leverett (1941), whereas 

contact angle is included in a common version of the Leverett J-function (Dullien, 1992, 

Tiab & Donaldson, 1996). Alternatively, the scaling factors can be determined using 

nonlinear regression on air-water, air-NAPL and NAPL-water data from capillary 

pressure-saturation measurements, which requires substantially more effort than either 

measuring or relying on published interfacial tension data. Ideally, the interfacial tension 

measurements should be conducted after the NAPL and water have been in contact with 

each other for a period. 

To ensure there is no discontinuity in fluid saturations as a two-fluid, air-water 

system transitions into a three-fluid, air-NAPL-water system in rigid porous media for 

spreading NAPLs, the following condition is needed (Lenhard et al, 2002) as shown by 

Equation Box (1–8). 
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 1

𝛽𝑎𝑛
+  

1

𝛽𝑛𝑤
= 1 (1–8) 

 
which infers: 𝜎𝑎𝑛 + 𝜎𝑛𝑤 = 𝜎𝑎𝑤  

 

When considering hysteretic, three-fluid (air-NAPL-water) capillary pressure-

saturation relations, it is useful to introduce the concept of apparent saturations. The 

apparent total liquid and water saturations account for entrapped air and NAPL. As a result 

of relative nonwetting fluid entrapment by the corresponding wetting fluid (i.e., 

entrapment of air by water in air–water systems, and entrapment of air by NAPL and 

entrapment of NAPL by water in air–NAPL–water systems), the relative wetting fluids (i.e., 

NAPL and water) will be displaced into larger pore spaces following the relative 

nonwetting fluid entrapment. This is important for predicting the mobility (relative 

permeabilities) of the fluids. Readers are referred to Parker and Lenhard (1987) and 

Lenhard and others (2004) for further information. 

Air, NAPL, and water relative permeabilities as a function of fluid saturation are 

needed to predict fluid flow in air-NAPL-water systems. It is well accepted that the air 

relative permeability is a function of only the total liquid saturation, the NAPL relative 

permeability is a function of both the total liquid and water saturations, and the water 

relative permeability is a function of only the water saturation. Using the van Genuchten 

(1980) and Mualem (1976) equations, Parker and others (1987) calculated the air, NAPL, 

and water relative permeabilities for nonhysteretic capillary pressure-saturation relations 

as shown in Equation Box (1–9), (1–10), and (1–11). 

 
𝑘𝑟𝑎 = 𝑆�̅�

1
2 (1 − 𝑆�̅�

1
𝑚)

2𝑚

 (1–9) 

 
𝑘𝑟𝑛 =  (𝑆�̅� −  𝑆�̅�)

1
2  {[1 −  𝑆�̅�

1
𝑚]

𝑚

−  [1 −  𝑆�̅�

1
𝑚]

𝑚

}

2

 (1–10) 

 
𝑘𝑟𝑤 =  𝑆�̅�

1
2 {1 −  [1 −  𝑆�̅�

1
𝑚]

𝑚

}

2

 (1–11) 

where: 

𝑘𝑟𝑎  = air relative permeability (dimensionless) 

𝑘𝑟𝑛  = NAPL relative permeability (dimensionless) 

𝑘𝑟𝑤 = water relative permeability (dimensionless) 

When capillary pressure-saturation hysteresis is considered, equations for 

predicting air, NAPL, and water relative permeabilities can be complex. Readers are 

referred to the literature for further information (Lenhard & Parker, 1987b). 

The capillary pressure-saturation and relative-permeability/saturation relations 

described in this section for three-fluid air-NAPL-water systems are needed to predict the 
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movement of air, NAPL, and water in porous media. To predict (calculate) LNAPL 

distributions for evaluating potential health and environment risks or for planning 

remedial efforts, one needs to be able to estimate fluid saturations and relative 

permeabilities based on the air, NAPL, and water pressures. The capillary 

pressure-saturation and relative permeability-saturation relations are critical for solving 

the fluid flow equations for the separate fluid phases, which include those for NAPL and 

water presented in Section 4.3—that is, Equation (30) and Equation (31), reproduced here—

as well as an additional equation for the flow of air shown as Equation Box (1–12). 

 𝜕

𝜕𝑡
(𝑆𝑤𝜃𝑇𝜌𝑤) =

𝜕

𝜕𝑥𝑖
[
𝑘𝑖𝑗𝑘𝑟𝑤𝜌𝑤

𝜇𝑤
(

𝜕𝑃𝑤

𝜕𝑥𝑗
+ 𝜌𝑤𝑔

𝜕𝑧

𝜕𝑥𝑗
)] (30) 

 

 
𝜕

𝜕𝑡
(𝑆𝑛𝜃𝑇𝜌𝑛) =

𝜕

𝜕𝑥𝑖
[
𝑘𝑖𝑗𝑘𝑟𝑛𝜌𝑛

𝜇𝑛
(

𝜕𝑃𝑛

𝜕𝑥𝑗
+ 𝜌𝑛𝑔

𝜕𝑧

𝜕𝑥𝑗
)] (31) 

 

 
𝜕

𝜕𝑡
(𝑆𝑎𝜃𝑇𝜌𝑎) =

𝜕

𝜕𝑥𝑖
[
𝑘𝑖𝑗𝑘𝑟𝑎𝜌𝑎

𝜇𝑎
(

𝜕𝑃𝑎

𝜕𝑥𝑗
+ 𝜌𝑎𝑔

𝜕𝑧

𝜕𝑥𝑗
)] (1–12) 

These three equations are difficult to solve because the fluid pressures are linked 

via the capillary pressures and they must be solved simultaneously. In addition, the fluid 

(and possibly porous medium) properties are changing with respect to time and space. 

It is important to note that although Equation (30) and Equation (31) appear as they 

do in Section 4.3, the solution of them here requires the three-fluid capillary pressure-

saturation and relative permeability-saturation relations and not the two-fluid capillary 

pressure-saturation and relative permeability-saturation relations. Although the solution 

to these equations is complex, these equations do not account for the mass transfer of 

compounds between fluid phases (i.e., dissolution or vaporization), which is important for 

estimating long-term fate or remedial efforts. 

The solution to Equations (30), (31), and (1-12) generally requires numerical 

methods using computers after stipulating initial and boundary conditions. One 

simplification to solving the set of equations is to assume that porous medium properties 

do not change with time. 

Another is to neglect the air phase, so Equation Box (1-12) does not need to be 

solved. When developing an equation to predict water flow in a two-fluid, air–water 

system in soils, Richards (1931) assumed the air phase pressure is constant (generally 

assumed to be atmospheric) and the air phase does not affect water flow in a 

non-deformable porous medium. With these assumptions, the air flow equation—

Equation Box (1-12)—is not needed. Richards’ (1931) assumption, which originally 

pertained to two-fluid air-water systems, has been extended to air-NAPL-water systems so 
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only Equation (30) and Equation (31) with simplifications need to be solved simultaneously 

to predict NAPL and water flow and subsurface distributions. Unfortunately, assuming 

constant air pressure is not valid for all subsurface conditions. 

The capillary pressure-saturation scaling format by Parker and others (1987) and 

Lenhard and Parker (1987a) minimizes the number of parameters needed to solve 

Equations (29) and (30). The capillary pressure-saturation and relative permeability-

saturation relations needed for Equations (29) and (30) can be obtained from more easily 

measured air-water capillary pressure-saturation relations and interfacial tensions. 

Return to where text linked to Box 1 
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11 Exercise Solutions 

Solution Exercise 1 

There are many examples of hazardous liquids, including household cleaners that 

you might be familiar with, but most are solutions (e.g., bleach) and are soluble in water. 

The most common example of NAPLs that might be found in a home setting are petroleum 

fuels like gasoline and diesel, which are LNAPLs. Mineral spirits used for cleaning are 

another example of a common LNAPL found in homes. 

Return to Exercise 1 

Return to where text linked to Exercise 1 

Solution Exercise 2 

There are many DNAPLs with a variety of uses and used by multiple industries. 

Therefore, DNAPL can be found at many types of sites. These include sites associated with 

storage tanks and fluids handling, burn pits and waste lagoons, as well as manufacturing 

facilities, solvent recyclers, dry cleaners, and chemical production facilities. 

Return to Exercise 2 

Return to where text linked to Exercise 2 

Solution Exercise 3 

Some NAPLs, such as petroleum fuels, contain a variety of chemicals and are 

therefore referred to as multicomponent NAPLs. Others are created through the use of 

those chemicals, such as using DNAPL solvents to remove LNAPL in degreasing 

operations. Still others are formed through co-disposal, where multiple NAPLs are released 

at the same location over time. 

Return to Exercise 3 

Return to where text linked to Exercise 3 
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Solution Exercise 4 

The minimum volume of water required can be calculated from the maximum 

concentration (i.e., solubility) and the density. 

𝑉𝑜𝑙𝑢𝑚𝑒𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒 𝑁𝐴𝑃𝐿 =
(𝑉𝑜𝑙𝑢𝑚𝑒𝑁𝐴𝑃𝐿 𝑡𝑜 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒) (𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑁𝐴𝑃𝐿)

(𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦𝑁𝐴𝑃𝐿 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟)
 

𝑉𝑤 𝑡𝑜 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒 𝑏𝑒𝑛𝑧𝑒𝑛𝑒 =
(1 L ) (

0.87 g
cm3  

1,000 cm3

1 L
)

(
1,750 mg

1 L  
1 g

1,000 mg
)

= 497 L 

𝑉𝑤 𝑡𝑜 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒 1-2-dichloroethane =
(1 L ) (

1.25 g
cm3  

1,000 cm3

1 L
)

(
8,500 mg

1 L  
1 g

1,000 mg
)

= 147 L 

Return to Exercise 4 

Return to where text linked to Exercise 4 
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Solution Exercise 5 

 

(a) Assume 𝑃𝑑  = 8 cm (of water) and 𝜆 = 4 

∴ 𝑃𝑐 = 𝑃𝑑𝑆𝑒
−1 2⁄

 (rearrangement of Equation (17)) 

→ plot 𝑃𝑐 for 𝑆𝑒 = 0 to 1 

(b) Scale 𝑃𝑑  using Equation (21) given: 

𝑃𝑑1 =  𝑃𝑐1 = 8 cm 

𝑃𝑑2 =  𝑃𝑐2 

𝑘1 =  𝑘2 

𝜃𝑇1 =  𝜃𝑇2 

∴  
𝑃𝑐1

𝜎1

√
𝑘1

𝜃𝑇1 
=  

𝑃𝑐2

𝜎2

√
𝑘2

𝜃𝑇2 
 

𝑃𝑑2 =  𝑃𝑑1

𝜎2

𝜎1
 

Assume 𝜎1 = 72
mN

m
 and 𝜎2 = 54

mN

m
    

∴  𝑃𝑑2 = 8 cm 
54 

mN

m
 

72
mN

m

= 6 cm  

→ repeat (a) for 𝑃𝑑 = 6 cm 

(c) Assume 𝜎1 = 72
mN

m
 and 𝜎2 = 36

mN

m
  

∴  𝑃𝑑2 = 8 cm ∙  
36

 mN

m
 

72 
mN

m

= 4 cm  

→ repeat (a) for 𝑃𝑑 = 4 cm 

Return to Exercise 5 

Return to where text linked to Exercise 5  
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Solution Exercise 6 

Using Equation (20) with constant permeability and porosity; let the capillary 

pressures equal the displacement pressures, and let condition 1 be air–water (aw) and 

condition 2 be NAPL–water (nw). 

𝑃𝑐1

𝜎1

√
𝑘1

𝜃𝑇1
=

𝑃𝑐2

𝜎2

√
𝑘2

𝜃𝑇2
  𝑤𝑖𝑡ℎ 𝑘 & 𝜃 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,  & 𝑙𝑒𝑡𝑡𝑖𝑛𝑔 𝑃𝑐 = 𝑃𝑑    

𝑃𝑑1

𝜎1

√
𝑘

𝜃
=

𝑃𝑑2

𝜎2

√
𝑘

𝜃
 

 

𝑃𝑑
𝑛𝑤 = 𝑃𝑑

𝑎𝑤 𝜎𝑛𝑤

𝜎𝑎𝑤
 

=  4,000 Pa 
25 𝑚𝑁

𝑚

72 𝑚𝑁
𝑚

  

=  1,389 Pa 

Return to Exercise 6 

Return to where text linked to Exercise 6 
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Solution Exercise 7 

Start by sketching the DNAPL pool and identifying important locations for 

calculating fluid pressures (A, B, and C) as shown in this image. 

 

Sketch of DNAPL pool. 

a) The water pressure at the water table (A) is defined as zero (gauge pressure) and 

the water pressure at the top of the DNAPL pool (B) is 𝑃𝑤
𝐵 (assuming hydrostatic 

conditions). 

𝑃𝑤
𝐵 =  𝑃𝑤

𝐴 + 𝜌𝑤𝑔𝑧𝐴𝐵  

= 0 + 1
g

cm3
9.81

m

s2
1.5m

1kg

1000g

(100)3cm3

m3
= 14,715

kg

m s2

1Pa

1
kg

m s2

 

= 14,715Pa 

Assuming that the capillary pressure at the top of the pool is equal to the 

displacement pressure in the sand, the DNAPL pressure is given by a rearranged 

Equation (8). 

𝑃𝑛
𝐵 = 𝑃𝑐

𝐵 + 𝑃𝑤
𝐵 

=  3,000 Pa + 14,715 Pa 

=  17,715 Pa 

b) The DNAPL pressure at the bottom of the pool (C) can also be calculated assuming 

hydrostatic conditions using the density of the DNAPL. 

𝑃𝑛
𝐶 =  𝑃𝑛

𝐵 + 𝜌𝑛𝑔𝑧𝐵𝐶 
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= 17,715 Pa + 1.15
g

cm3
9.81

m

s2
1m

1kg

1000g

(100)3cm3

m3

1Pa

1
kg

m s2

 

= 17,715 Pa + 11,281.5 Pa=28,996Pa 

c) The water pressure at the bottom of the pool (recall that the water is present 

alongside the DNAPL) is calculated as for the top of the pool shown in (a).  

𝑃𝑤
𝐶 =  𝑃𝑤

𝐴 + 𝜌𝑤𝑔𝑧𝐴𝐵 

= 0 + 1
g

cm3
9.81

m

s2
2.5m

1kg

1000g

(100)3cm3

m3

1Pa

1
kg

m s2

 

=  24,525 Pa 

and the capillary pressure is: 

𝑃𝑐
𝐶 = 𝑃𝑛

𝐶 − 𝑃𝑛
𝐶 

=  28,996.5 Pa−24,525 Pa 

=  4,471.5 Pa 

d) To invade the silt, the capillary pressure at the bottom of the pool must exceed the 

displacement pressure of the silt. Using Equation (32) and again assuming that the 

capillary pressure at the top of the pool is equal to the displacement pressure of the 

sand, the maximum stable pool height is as shown here. 

𝐻 =
𝑃𝑑

𝑠𝑖𝑙𝑡 − 𝑃𝑑
𝑠𝑎𝑛𝑑

∆𝜌𝑔
 

=
(6000Pa − 3000Pa)

1
kg

m s2

1Pa

(1.15
g

cm2 − 1
g

cm2) 9.81
m
s2

1kg
1000g

(100)3cm3

1 m3

= 2.04m 

 

Therefore, any DNAPL pool height greater than 2.04 m will invade the silt lens. 

Return to Exercise 7 

Return to where text linked to Exercise 7 
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Solution Exercise 8 

Pressures and saturations are shown in this image. If your calculations do not match 

these values, you may want to keep working on it to sort it out or read on for an explanation 

of how the values were calculated.  

 
Fluid pressure as a function of elevation above the top of the silt and corresponding water saturation. 

Fluid pressures can be calculated assuming hydrostatic conditions using the same 

approach as shown in the solution to Exercise 7 and subsequently used to calculate 

capillary pressures and fluid saturations.  

The water pressure at the water table is defined as zero (gauge pressure) and the 

water pressure at the top of the silt, 10 m below the water table is 𝑃𝑤
𝑡𝑜𝑝 𝑠𝑖𝑙𝑡 (assuming 

hydrostatic conditions). 

𝑃𝑤
𝑡𝑜𝑝 𝑠𝑖𝑙𝑡 =  𝑃𝑤

𝑤𝑡 + 𝜌𝑤𝑔𝑧𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑙𝑢𝑚𝑛 𝑎𝑏𝑜𝑣𝑒 𝑠𝑖𝑙𝑡  

= 0 + 1
g

cm3
9.81

m

s2
10m

1kg

1000g

(100)3cm3

m3
= 98,100

kg

m s2

1Pa

1
kg

m s2

 

= 98,100 Pa 

So, the water pressure is a straight line from 0 kPa at the water table to 98.1 kPa at 

the top of the silt, which is 10 m below the water table. 

To estimate the NAPL-water displacement pressure for sand and silt, use 

Equation (21) with constant permeability and porosity, let the capillary pressures equal the 

displacement pressures, and let condition 1 be air–water (aw) and condition 2 be NAPL–

water (nw). 
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𝑃𝑐1

𝜎1

√
𝑘1

𝜃𝑇1
=

𝑃𝑐2

𝜎2

√
𝑘2

𝜃𝑇2
  𝑤𝑖𝑡ℎ 𝑘 & 𝜃 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑙𝑒𝑡𝑡𝑖𝑛𝑔𝑃𝑐 = 𝑃𝑑    

𝑃𝑑1

𝜎1

√
𝑘

𝜃
=

𝑃𝑑2

𝜎2

√
𝑘

𝜃
 

𝑃𝑑
𝑛𝑤−𝑠𝑎𝑛𝑑 = 𝑃𝑑

𝑎𝑤−𝑠𝑎𝑛𝑑 𝜎𝑛𝑤

𝜎𝑎𝑤 =  2,500 Pa 
20 

𝑚𝑁

𝑚

72 
𝑚𝑁

𝑚

 =  694 Pa 

𝑃𝑑
𝑛𝑤−𝑠𝑖𝑙𝑡 = 𝑃𝑑

𝑎𝑤−𝑠𝑖𝑙𝑡 𝜎𝑛𝑤

𝜎𝑎𝑤 =  6,900 Pa 
20 

𝑚𝑁

𝑚

72 
𝑚𝑁

𝑚

 =  1917 Pa 

The maximum height of the DNAPL pool is the height that causes a capillary 

pressure at the top of the silt that is equal to (but not greater than) the NAPL-water 

displacement pressure of the silt. Using Equation (32) and assuming that the capillary 

pressure at the top of the pool is equal to the displacement pressure of the sand, the 

maximum pool height is H as shown here. 

𝐻 =
𝑃𝑑

𝑠𝑖𝑙𝑡 − 𝑃𝑑
𝑠𝑎𝑛𝑑

∆𝜌𝑛𝑤𝑔
 

=
(1,917 Pa − 794 Pa)

1 
kg

m s2

1 Pa

(1.46 
g

cm3  −  1 
g

cm3) 9.81  
m
s2  

1 kg
1000 g  

(100)3 cm3

1 m3  
=

1,222.2 
kg

m s2

4,512.6 
kg

m2 s2

= 0.27 m 

The NAPL pressure at the bottom of the pool is 𝑃𝑛
𝑡𝑜𝑝 𝑠𝑖𝑙𝑡 and can be calculated as 

the sum of the water and capillary pressures. 

 𝑃𝑛
𝑡𝑜𝑝 𝑠𝑖𝑙𝑡 =  𝑃𝑤

𝑡𝑜𝑝 𝑠𝑖𝑙𝑡 + 𝑃𝑑
𝑛𝑤−𝑠𝑖𝑙𝑡

⬚
=  98,100 Pa + 1,917 Pa = 100,017 Pa 

Similar to the calculation of water pressure, NAPL pressure at various elevations 

can be calculated assuming hydrostatic conditions.  An example is shown here for the 

elevation equal to the top of the pool. 

𝑃𝑛
𝑡𝑜𝑝 𝑝𝑜𝑜𝑙 =  𝑃𝑛

𝑡𝑜𝑝 𝑠𝑖𝑙𝑡 − 𝜌𝑛𝑔𝑧𝐷𝑁𝐴𝑃𝐿 ℎ𝑒𝑖𝑔ℎ𝑡 𝑎𝑏𝑜𝑣𝑒 𝑠𝑖𝑙𝑡  

= 100,017 − 1.46
g

cm3
9.81

m

s2
0.27m

1kg

1000g

(100)3cm3

m3
= 96,150

kg

m s2

1Pa

1
kg

m s2

 

= 96,150 Pa 

So, the NAPL pressure is a straight line from 96.15 kPa at the top of the pool to 

100.017 kPa at the top of the silt (bottom of the pool). 

The corresponding water saturations are calculated using Equations (16) and (17). 

DNAPL saturations can then be calculated as 𝑆𝑛 = 1 − 𝑆𝑤. 
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𝑆𝑒 =
𝑆𝑤 − 𝑆𝑟

𝑆𝑚 − 𝑆𝑟
 

𝑆𝑒 = (
𝑃𝑐

𝑃𝑑
)

−𝜆

 for 𝑃𝑐  ≥  𝑃𝑑  

For example, for the water saturation at the bottom of the pool: 

𝑃𝑤 = 98,100 Pa 

𝑃𝑛 = 100,017 Pa 

𝑃𝑐  = 100,017 – 98,100 Pa = 1,917 Pa 

𝑆𝑒 = (
1,917 Pa

694 Pa
)

−2.5

 = 0.08 

𝑆𝑤 = 𝑆𝑒 (𝑆𝑚 – 𝑆𝑟) + 𝑆𝑟 

 = 0.08 (1 – 0.1) + 0.1 

 = 0.17  

Return to Exercise 8 

Return to where text linked to Exercise 8 
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Solution Exercise 9 

(a) Find 𝑧𝑎𝑤 given 

 𝑧𝑛𝑤 = 100 cm, 𝑧𝑎𝑛 = 140 cm, 𝜌𝑤 = 1,000 kg m3⁄ , and 𝜌𝑛 = 700 kg m3⁄  

 

𝑧𝑛𝑤 =
𝜌𝑛𝑧𝑎𝑛−𝜌𝑤𝑧𝑎𝑤

𝜌𝑛−𝜌𝑤
      (Equation (38)) 

∴ 𝑧𝑎𝑤 =
𝜌𝑛𝑧𝑎𝑛 − 𝑧𝑛𝑤(𝜌𝑛 − 𝜌𝑤)

𝜌𝑤
 

=
700

kg
m3  140 cm − 100 cm (700

kg
m3 − 1,000

kg
m3)

1,000
kg
m3

 

= 128 cm 

 

(b) 𝛽𝑎𝑛 =
𝜎𝑎𝑤

𝜎𝑎𝑛
       (Equation Box 1-7a) 

and 𝜎𝑎𝑤 = 𝜎𝑎𝑛 + 𝜎𝑛𝑤     (Equation Box 1-8) 

∴ 𝛽𝑎𝑛 =
0.035

N
𝑚 + 0.030

N
𝑚

0.035
N
𝑚

= 1.857 

𝛽𝑛𝑤 =
𝜎𝑎𝑤

𝜎𝑛𝑤
       (Equation Box 1-7b) 

=
0.035 

N
𝑚 + 0.030 

N
𝑚

0.030 
N
𝑚

= 2.167 

 

(c) Given:  

𝑆�̅� = [1 + (𝛽𝑎𝑛𝛼𝑎𝑤𝑃𝑐
𝑎𝑛)𝑛]−𝑚     (Equation Box 1-5) 

𝑆𝑤
̅̅̅̅ = [1 + (𝛽𝑛𝑤𝛼𝑎𝑤𝑃𝑐

𝑛𝑤)𝑛]−𝑚    (Equation Box 1-6) 

𝑆�̅� =
𝑆𝑤+𝑆𝑛−𝑆𝑟𝑤

1−𝑆𝑟𝑤
      (Equation Box 1-2) 

𝑆𝑤
̅̅̅̅ =

𝑆𝑤−𝑆𝑟𝑤

1−𝑆𝑟𝑤
       (Equation Box 1-3) 

 

𝛼𝑎𝑤 = 0.145 cm−1 

𝑛 = 2.68 

𝑚 = 
1 −

1

𝑛
= 1 −

1

2.68
= 0.627 
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𝑆𝑟𝑤 = 0.05 

 

Because 𝛼𝑎𝑤 is given in units of cm−1, it is easiest to express each of 𝑃𝑐
𝑛𝑤and 

𝑃𝑐
𝑎𝑛as an equivalent head of water (in cm) by dividing by 𝜌𝑤𝑔 

 

𝑃𝑐
𝑛𝑤 = (𝜌𝑤 − 𝜌𝑛)𝑔(𝑧 − 𝑧𝑛𝑤)     (Equation (40)) 

∴ ℎ𝑐
𝑛𝑤 =

(𝜌𝑤 − 𝜌𝑛)

𝜌𝑤

(𝑧 − 𝑧𝑛𝑤) 

and  𝑃𝑐
𝑎𝑛 = 𝜌𝑛𝑔(𝑧 − 𝑧𝑎𝑛)     (Equation (39)) 

∴ ℎ𝑐
𝑎𝑛 =

𝜌𝑛

𝜌𝑤

(𝑧 − 𝑧𝑎𝑛) 

 

Next calculate 𝑆𝑡 and 𝑆𝑤 at elevations from 𝑧 = 80 cm to 𝑧 = 200 cm.  

For example, for 𝑧 = 120 cm: 

ℎ𝑐
𝑛𝑤 = (

1,000 − 700

1,000
) (120 − 100) = 6 cm 

ℎ𝑐
𝑎𝑛 = (

700

1,000
) (120 − 140) = −14 cm 

 

for ℎ𝑎𝑛 < 0    𝑆𝑡 = 1 

 

to calculate 𝑆𝑤: 

𝑆𝑤
̅̅̅̅ = [1 + {(2.167) (0.145 cm −1)(6 cm)}2.68]−0.627 = 0.310 

𝑆𝑤 = 𝑆𝑤
̅̅̅̅ (1 − 𝑆𝑟𝑤) + 𝑆𝑟𝑤 = 0.310(1 − 0.05) + 0.05 = 0.345 

 

as another example, at 𝑧 = 150 cm: 

ℎ𝑐
𝑛𝑤 = 

(
1,000 − 700

1,000
) (150 − 100) = 15 cm 

ℎ𝑐
𝑎𝑛 = 

(
700

1,000
) (150 − 140) = 7 cm 

𝑆�̅� = [1 + {(1.857)(0.145 cm −1)(7 cm)}2.68]−0.627 = 0.310 

𝑆𝑤
̅̅̅̅  = [1 + {(2.167)(0.145 cm −1)(15 cm)}2.68]−0.627 = 0.073 

𝑆𝑤 = 0.073(1 − 0.05) + 0.05 = 0.120 



Flow and Distribution of Non-aqueous Phase Liquids Kevin Mumford, Bernard Kueper, and Robert Lenhard 

 

82 

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org 

Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited. 

𝑆�̅� = 𝑆𝑤+𝑆𝑛−𝑆𝑛𝑤

1−𝑆𝑛𝑤
 and 𝑆𝑡 = 𝑆𝑛 + 𝑆𝑤 

 

∴ 𝑆𝑡 = 𝑆�̅�(1 − 𝑆𝑟𝑤) + 𝑆𝑟𝑤 = 0.310(1 − 0.05) + 0.05 = 0.345 

 

(d) Calculate 𝑆𝑛 = 𝑆𝑡 − 𝑆𝑤 for 𝑧 = 80 cm to 𝑧 = 200 cm.  

For example,  

for 𝑧 = 120 cm: 𝑆𝑛 = 1 − 0.345 = 0.655 

for 𝑧 = 150 cm: 𝑆𝑛 = 0.345 − 0.120 = 0.225 

 

The calculated LNAPL saturations (𝑆𝑛) are shown in this image (left-hand 

side) as a red solid line; 𝑧𝑎𝑛 and 𝑧𝑛𝑤 are shown as horizontal broken black 

and blue lines, respectively. The LNAPL distribution curve has the “shark 

fin” shape found by field investigators. Above  𝑧𝑎𝑛, the sand is unsaturated 

with respect to liquids; air, LNAPL, and water are in the pore spaces. 

Below 𝑧𝑛𝑤, the sand is saturated with only water; there is neither air nor 

LNAPL. 

 

(e) Repeat part (d) using: 

∝𝑎𝑤 = 0.03 cm−1 

𝑛 = 1.3 

𝑆𝑟𝑤 = 0.10 
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The resulting LNAPL saturations are shown on the right-hand side of the previous image. 

For the same thickness of LNAPL in a well, the LNAPL saturations are far less in this sandy-

clay soil that in the sandy soil. 

 

Return to Exercise 9 

Return to where text linked to Exercise 9 
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12 Notations 

𝛼 = Equation (19): fitting parameter related to a characteristic capillary 

pressure (M−1LT2) 

𝛼 = Equation (22) and (23): fluid identifier (wetting or nonwetting) –

dimension is not relevant 

𝛼𝑎𝑤 = van Genuchten (1980) parameter determined using nonhysteretic, air–

water capillary pressure-saturation data (M−1LT2)  

𝛽𝑎𝑛 = air–NAPL scaling factor (dimensionless) 

𝛽𝑛𝑤 = NAPL–water scaling factor (dimensionless) 

𝑔 = gravitational acceleration (LT−2) 

H = the maximum height (thickness) of DNAPL such that the capillary 

barrier is not penetrated (L) 

∇ℎ𝛼 = hydraulic-head gradient (dimensionless) 

ℎ𝑐  = height of water in capillary tube (L) 

𝑖, 𝑗 = x, y, and z directional identifiers 

𝐽 = dimensionless capillary pressure (dimensionless) 

𝑘 = intrinsic permeability (L2 ) 

𝑘𝛼  = effective permeability of fluid α (L2) 

𝑘𝑟𝛼 = relative permeability of fluid α (dimensionless) 

𝑘𝑟𝑎 = relative permeability of air (dimensionless) 

𝑘𝑟𝑛 = relative permeability of NAPL (dimensionless) 

𝑘𝑟𝑤 = relative permeability of water (dimensionless) 

𝜆 = pore-size distribution index (dimensionless) 

𝑚 and 𝑛                         = Equation (19): fitting parameters related to the pore-size distribution 

(dimensionless) 

𝜇𝛼 = dynamic viscosity (ML−1T−1) 

𝑃𝑎  = air pressure (ML−1T−2) 

𝑃𝑐  = capillary pressure (ML−1T−2)  

𝑃𝑐
𝑎𝑛 = air–NAPL capillary pressure (ML−1T−2) 

𝑃𝑐
𝑛𝑤 = NAPL–water capillary pressure (ML−1T−2) 

𝑃𝑐
′ = capillary pressure at top of pool (ML−1T−2) 

𝑃𝑐
′′ = entry pressure of capillary barrier (ML−1T−2) 

𝑃𝑛 = NAPL pressure (ML−1T−2) 

𝑃𝑤 = water pressure (ML−1T−2) 
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𝑞𝛼 = specific discharge (LT−1) 

𝑅 = mean radius of curvature (L) 

𝑟 = tube radius (L) 

𝑅𝑏 = bulk retention capacity (dimensionless) 

𝑅1 and 𝑅2 = principal radii of curvature (L) 

∆𝜌 = difference in density between DNAPL and water (ML−3) 

𝜌𝛼  = density of fluid represented by α (ML−3) 

𝜌𝑤 = water density (ML−3) 

𝑆𝑎 = air saturation (dimensionless) 

𝑆𝑒 = effective wetting saturation (dimensionless) 

𝑆𝑚 = maximum water saturation (dimensionless) 

𝑆𝑛 = NAPL saturation (dimensionless) 

𝑆𝑡 = total liquid saturation (dimensionless) 

𝑆𝑤 = water saturation (dimensionless) 

𝜎𝑎𝑛 = air–NAPL interfacial tension (MT−2) 

𝜎𝑎𝑤  = air–water interfacial tension (MT−2) 

𝜎𝑛𝑤  = NAPL–water interfacial tension  (MT−2) 

𝜎𝑠𝑛 = solid–NAPL interfacial tension (MT−2) 

𝜎𝑠𝑤  = solid–water interfacial tension (MT−2 ) 

𝜃 = contact angle (dimensionless) 

𝜃𝑎  = volumetric air content (dimensionless) 

𝜃𝑛 = volumetric NAPL content (dimensionless) 

𝜃𝑤  = volumetric water content (dimensionless) 

𝑉𝑎 = volume of air (L3 ) 

𝑉𝑛 = volume of NAPL in a source zone (L3) 

𝑉𝑠𝑧 = total volume of the source zone (L3) 

𝑉𝑇 = total volume of pore space (L3) 

𝑉𝑡𝑙 = volume of the pore space occupied by NAPL and water (L3) 

𝑉𝑤 = volume of water (L3) 

𝑧 = elevation (L) 

𝑧𝑎𝑛 = elevation of the air–LNAPL interface (𝑃𝑛 = 0) in a well (borehole) 

screened in the subsurface containing LNAPL and water (L) 
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𝑧𝑎𝑤 = elevation of the water table (𝑃𝑤 = 0), which is the elevation of the air–

water interface in a well (borehole) screened only in the water-

saturated zone (L) 
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