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Relations for Addressing Subsurface

LNAPL Contamination
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Abstract An overview of the historical development of k-S-P relations (constitu-
tive relations) to model potential flow of light nonaqueous phase liquids (LNAPLSs)
in the subsurface is presented in this chapter. The focus is advancements proposed
by Parker, Lenhard, and colleagues over time. Discussion includes constitutive rela-
tions for incorporation in numerical multiphase flow models as well as constitutive
relations for predicting subsurface LNAPL volumes and transmissivities from fluid
levels measured in monitoring groundwater wells. LNAPL saturation distributions
are given for various subsurface properties and layering sequences.

Keywords Capillary pressure - LNAPL saturation + LNAPL-specific volume -
Multiphase modeling - Relative permeability

2.1 Introduction

The potential contamination of groundwater by hydrocarbon fuels, such as gasoline
(petrol), diesel, and heating oils, has existed since these products were produced.
Hydrocarbon fuels, which exist as light nonaqueous phase liquids (LNAPLSs), enter
the subsurface by leaks in storage containers, pipes, and spills. Once in the subsur-
face, hydrocarbon compounds can potentially partition in water and contaminate
groundwater resources. Typically, hydrocarbon fuels consist of many compounds
each with different capabilities (properties) for partitioning into water, subsurface
gas, and onto solid matter. Groundwater becomes contaminated by (1) dissolved fuel
compounds moving downward by gravity in the vadose zone as water recharges the
surface aquifer; (2) volatized fuel compounds partitioning in vadose zone water and

R. J. Lenhard (<)
San Antonio, TX, USA
e-mail: rj.lenhard @yahoo.com

J. Garcia-Rincén
Legion Drilling and Numac, 11-13 Metters Place, Wetherill Park, NSW 2164, Australia

© The Author(s) 2024 21
J. Garcia-Rincén et al. (eds.), Advances in the Characterisation and Remediation

of Sites Contaminated with Petroleum Hydrocarbons, Environmental Contamination
Remediation and Management, https://doi.org/10.1007/978-3-031-34447-3_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34447-3_2&domain=pdf
https://orcid.org/0000-0001-5272-026X
mailto:rj.lenhard@yahoo.com
https://doi.org/10.1007/978-3-031-34447-3_2

22 R. J. Lenhard and J. Garcia-Rincon

groundwater; and (3) direct partitioning into groundwater as the fuels collect at the
top of the water-saturated region or get entrapped in it. In this chapter, we briefly
discuss the efforts to model subsurface LNAPL behavior including permeability
(k)-saturation (S)-pressure (P) relations; prediction of subsurface LNAPL satura-
tions, volumes, and transmissivities based on LNAPL and water levels in nearby
groundwater wells; and conclude with suggestions for some improvements in LNAPL
predictive models. A focus is on constitutive (k-S-P) relations developed by Parker,
Lenhard, and colleagues.

2.2 Recognition of Health Effects from LNAPLs
in the Subsurface

Initially, there was little concern of health effects from LNAPLs in the subsurface
because the health effects from exposure to some of the compounds were not well
understood, except for introduced alkyl leads, e.g., tetraethyl lead in the 1920s (Lewis
1985; Oudijk 2007). Lead was known to have adverse human health effects for some
time. Only after relatively high occurrences of sickness and cancer were reported,
the health effects from exposure to LNAPL compounds became better understood.
For example, benzene, toluene, and xylenes, which are components of LNAPLs,
were eventually recognized as either toxic or carcinogenic to humans (IARC 1987;
ATSDR 1995; EPA 2007). As the health effects from compounds in LNAPLs were
better understood, more stringent regulations were introduced to minimize potential
soil and groundwater contamination. Additionally, there were requirements to clean
up contaminated sites to minimize the adverse health effects to humans, limit risks
to the environment, and reduce other negative impacts from subsurface LNAPL
contamination.

2.3 Predicting Subsurface LNAPL Behavior: Early
Developments

To plan the remediation of LNAPL-contaminated sites, cost-effective approaches and
designs are needed. Practitioners need to know the volume and distribution of LNAPL
in the subsurface. Initially, the thickness of LNAPL in boreholes (groundwater wells)
was used to estimate the LNAPL thickness in the subsurface (de Pastrovich etal. 1979;
Hall et al. 1984). The LNAPL thickness in the subsurface was then used to calculate
the subsurface LNAPL-specific volume (LNAPL volume per horizontal surface area),
which is an important factor for designing remediation systems. Hampton and Miller
(1988) conducted laboratory investigations of the relationship between the LNAPL
thickness in a borehole and that in subsurface media and concluded that the LNAPL
thickness in the subsurface is not a good measurement of the LNAPL-specific volume
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because other factors were involved such as porous media pore-size distributions
and pore-scale physics that govern LNAPL saturation distributions. The pore-scale
physics of LNAPLs in the subsurface that could potentially result in groundwater
contamination, however, were well-known (van Dam 1967; Schwille 1967) when
these early models were proposed. Because available computers at the time were
limited, remediation practitioners used relatively simple expressions to help with
remediation strategies and designs.

Abriola and Pinder (1985a,b) were among the first to develop a numerical model
to address subsurface LNAPL contamination, which was able to solve the governing
equations for multiphase (air, LNAPL, water) flow. Relatively soon afterward, several
other multiphase flow numerical models were developed (e.g., Faust 1985; Osborne
and Sykes 1986; Baehr and Corapcioglu 1987; Kuppusamy et al. 1987; Kalu-
arachchi and Parker 1989). To predict the potential flow of air, LNAPL, and water
in incompressible porous media, a set of governing equations is

ol kkrapa

¢E(Sapa) =V —(VPa + PagVZ) (21)
il kkropo

¢E(Sopo) =V (VP + pogVz) (2.2)
d kkry 0w

¢5(Swpw) =V n—(VPw + pwgVz) (2.3)

where

¢ is the porosity (assumed to be constant for each media type),

Sa, Sy, S,y are the air, LNAPL, and water saturations, respectively,

Pas Po, Py are the air, LNAPL, and water mass densities, respectively,

k is the intrinsic permeability tensor,

kra» kro, ki are the air, LNAPL, and water relative permeabilities, respectively,

Na»> No» Ny are the air, LNAPL, and water dynamic viscosities, respectively,

P,, P,, P, are the air, LNAPL, and water fluid pressures, respectively,

g is the scalar gravitational constant,

t is time, and,

z is elevation.

The equations (Egs. 2.1-2.3) need to be solved simultaneously because the depen-
dent saturation variable in each equation is a function of the independent pressure
variable of other equations as well as the relative permeabilities. Consequently, the
equations are relatively difficult to solve. Hassanizadeh and Gray (1990) proposed
another approach and governing equations to describe multiphase flow based on
macroscale thermodynamic theory. Their equations, which were based on funda-
mental laws of physics, were for only two-fluid systems, but Hassanizadeh and Gray
(1990) stated that it would be straightforward to extend the theory to more than two
fluids.
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A simplifying assumption for solving Eqgs. (2.1-2.3) can be made by assuming air
to be at atmospheric pressure whenever there is interconnected air (continuous air
phase). Richards (1931) made such assumption when considering water movement
through soils. Under this assumption, then Eq. (2.1) can be neglected. This assump-
tion is likely realistic for soils near the interface with the atmosphere, where air can
freely move from soil pores to the atmosphere and vice versa. However deeper in
the subsurface, continuous air may not be atmospheric because of time-dependent
atmospheric conditions. The air pressure may vary with elevation. If there are clay
or cemented layers, then there may be significant differences in the air pressures
on opposite sides of the layers. Air flow has been observed at breathing boreholes
which means an air pressure gradient exists. Furthermore, if vacuum extraction of
LNAPL vapors is employed as a remediation option, then Eq. (2.1) is needed for
any computer simulations (predictions). Employing the Richards (1931) assumption
may not always be valid; it would depend on subsurface conditions and what is being
simulated.

Important elements for predicting multiphase flow are the physical relations,
particularly the relations describing how saturations and relative permeabilities vary
as a function of the fluid pressures. Typically, the relations between fluid saturations
and pressures are empirically parameterized and the parameters are utilized to predict
fluid relative permeabilities. For two-fluid systems (air—water or LNAPL—-water),
only one set of parameters is needed. For three-fluid systems (air—-LNAPL-water),
there can be multiple sets of parameters.

Leverett (1941) proposed that the total-liquid saturation in multiphase systems,
with gas and liquid phases, is a function of the capillary pressure at gas—liquid
interfaces in which gas is the nonwetting fluid. Therefore, the total-liquid saturation
(sum of water and LNAPL) would be a function of the air—-LNAPL capillary pressure
for air-LNAPL—water systems in porous media where water is the wetting fluid and
LNAPL has intermediate wettability between air and water. From the petroleum
industry, the water saturation is commonly assumed to be a function of the oil-
water (LNAPL—water) capillary pressure in which water is a strongly wetting fluid.
For three-fluid systems, the total-liquid saturation can be predicted from the air—
LNAPL capillary pressure using one set of parameters and the water saturation
can be predicted from the LNAPL—-water capillary pressure using another set of
parameters. Both sets of parameters need to reflect the same pore-size distribution
for the predictions to be accurate and avoid numerical convergence issues as the two-
fluid (air—water) system transitions into a three-fluid (air—rLNAPL~-water) system and
vice versa.

To calculate the LNAPL saturation, the water saturation is subtracted from the
total-liquid saturation. Commonly, water is assumed to be the wetting fluid, air is the
nonwetting fluid, and LNAPL has intermediate wettability between water and air.
Under this condition and neglecting fluid films, water will preferentially occupy the
smallest pore spaces, air will occupy the largest continuous pore spaces, and LNAPL
will occupy intermediate-sized pore spaces. However, this wettability sequence does
not hold for all porous media or LNAPLs. In some cases, porous media can have
LNAPL-wet, mixed-wet, or fractional-wet wettability instead of a strongly water-wet
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wettability (Anderson 1987). The distribution of fluids within the pore spaces will be
governed by the wettability. Hence, the calculation of fluids saturations as a function
of capillary pressures will depend on the wettability. In the following discussions in
this chapter, we assume the porous media to be strongly water wet.

2.4 The Parker et al. (1987) Nonhysteretic Model

Parker et al. (1987) proposed a parametric formulation to describe nonhysteretic
k-S-P relations for air—LNAPL-water systems in porous media where water is the
wetting fluid, LNAPL has intermediate wettability, and air is the nonwetting fluid. The
formulation can be calibrated relatively easily using more readily available air—water
S-P measurements or published parameters. The scaling approach yields closed-form
expressions of k-S-P relations that could be employed to predict behavior in two-fluid
air—water, air-LNAPL, or LNAPL—water systems, or three-fluid air-LNAPL—-water
systems.
For S-P relations, Parker et al. (1987) proposed a scaled S$*(h*) functional as

§*(1*) = 5, (Bawhaw) 2.4
§*(h*) =S, (Baohao) 2.5)
S* (1) = 5, (Bowhow) (2.6)
$*(h*) =5, (Bowhow) 2.7)
S*(h*) = 5" (Baohao) (2.8)

where superscripts aw, ao, ow, and aow refer to air—water, air-LNAPL, LNAPL—
water, and air—LNAPL-water fluid systems, respectively; Ba.w, Bao, and B, refer to
air—water, air-LNAPL, and LNAPL-water scaling factors, respectively; hay, Ao, How
are air—water, air-LNAPL, and LNAPL~water capillary heads, respectively [, =
(Pa — PW)/pwg w0 =FPa— P)/pwg’ ow = (Po— Py )/ glsand S,,, S,, and S,
are the effective water, LNAPL, and total-liquid saturations, respectlvely, defined by

Ej = (Sj - Sm)/(l — S (2.9)

in which §; (j = w, o0,¢) are actual saturations and S,, is the minimum or irre-
ducible wetting fluid saturation. To mathematically describe the relations, Parker
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et al. (1987) adapted the van Genuchten (1980) S-P equation to predict the effec-
tive saturations. However, the Brooks-Corey (1966) mathematical equation or other
models for describing S-P relations also could be used.

The fluid pair scaling factors (B,, Bao, and B,,) are obtained by regressing
air-LNAPL and LNAPL-water S-P data, if available, against air—water S-P data;
however, obtaining such data may not be available or too time-consuming and expen-
sive to conduct. Lenhard and Parker (1987a) overcame this issue by showing that the
scaling factors can be estimated from ratios of interfacial tensions as

ﬂaw =1 (210)
Bao = anfs 2.11)
Bow = v/ (2.12)

where o,,,, 04, and o,,, are air—water, air-LNAPL, and LNAPL—water interfacial
tensions, respectively. By defining B,, = 1, Parker et al. (1987) made the S-P
parameters to be based on air—water S-P relations. This made it considerably easier
to obtain parameters to describe the S*(h*) relations because one could use avail-
able air—water S-P data or published air—water parameters and ratios of interfacial
tensions, which are more easily measured than air—LNAPL and LNAPL~water S-P
data. Consequently, investigators can conduct numerical simulations of multiphase
flow without the need and cost for S-P data from different fluid systems. Enforcing

Bav="1p..+ 8, (2.13)

which is the same as o,,, = 0,4, + 0,, ensures the S-P relations of air—water and
air-LNAPL-water systems will match as an air—water system transitions into an
air-LNAPL-water system and vice versa (Lenhard et al. 2002), which is impor-
tant for convergence of numerical models as fluid systems change. Lenhard and
Parker (1987a) noted that when measuring interfacial tensions, all fluids need to be
in equilibrium with each other, particularly water. The condition given by Eq. (2.13)
indicates that LNAPL will spread on water surfaces. A similar scaling approach was
advanced by Leverett (1941) when he was extrapolating S-P data for one rock sample
to similar rock types with different intrinsic permeabilities and porosities (slightly
different pore structure between rock types) in petroleum reservoirs. Parker et al.
(1987) extrapolated S-P data for different fluid systems in a porous medium with
constant rigid pore structure —not between different porous media.

For nonhysteretic k-S relations, Parker et al. (1987) followed van Genuchten
(1980) by employing the Mualem (1976) model for air—water systems, but extended
it for air-LNAPL-water fluid systems in porous media to yield closed-form equations
for predicting three-fluid relative permeabilities as
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k=S, {11 —Ef/’”]m}z (2.14)
kyo = (S, — 5,,)°° { [1 - Eﬁf’”]m - [1 - E,”’"]m }2 (2.15)
koo =§2'5(1 —E,”'”)zm (2.16)

in which the k,,, k,,, and k,, are the water, LNAPL, and air relative permeabili-
ties, respectively, and m is a van Genuchten (1980) S-P parameter (m =1-1 / nl

Closed-form expressions for relative permeabilities are in Parker and Lenhard (1989)
when the Brooks-Corey (1966) S-P model is used in Burdine’s (1953) relatively
permeability integral.

The approach of Parker et al. (1987) allowed investigators to model air—water
and air—-LNAPL—-water flow in the subsurface using numerical models that can be
easily calibrated. Only air—water van Genuchten parameters o, n; the irreducible
water saturation (S,,); and the interfacial tensions o,,, 0,, are needed for the k-S-
P relations when the van Genuchten (1980) and Mualem (1976) models are used
for water-wet porous media. The nonhysteretic k-S-P relations were initially tested
against air—LNAPL-water experimental data by Lenhard et al. (1988) in a multiphase
numerical model. When the Brooks-Corey (1966) and Burdine (1953) models are
used for water-wet porous media, only the air—water Brooks—Corey parameters A,
(displacement head) and ) (pore-size index); the irreducible water saturation (S,,);
and the interfacial tensions o,,, 0,,, are needed for the k-S-P relations.

2.5 Hysteretic Model

Shortly after Parker et al. (1987) proposed the nonhysteretic k-S-P relations, Parker
and Lenhard (1987) and Lenhard and Parker (1987b) proposed hysteretic k-S-P rela-
tions, which accounts for contact angle, pore geometry (“ink bottle”), and nonwetting
fluid entrapment effects in the both vadose and liquid-saturated zones when fluids
change from drying-to-wetting saturation paths and vice versa. The entrapment of
LNAPL in water and entrapment of air in LNAPL and water are considered. Nonwet-
ting fluid entrapment occupies pore space that would otherwise be occupied by a
relative wetting fluid and displaces the relative wetting fluid into larger pore spaces.
For example, entrapped LNAPL by water will displace water into larger pore spaces
at the same actual water saturation and, thereby, increase the conductance rate of
water. The effect increases the water relative permeability and decreases the LNAPL
relative permeability at given actual water and LNAPL saturations for wetting fluid
imbibition saturation paths than for wetting fluid drying saturation paths. To account
for these effects, Parker and Lenhard (1987) and Lenhard and Parker (1987b) intro-
duced the term “apparent” fluid saturations where the apparent two-phase (air—water)
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water saturation is the sum of the effective entrapped air saturation in water and the
effective water saturation; and the apparent three-phase (air-LNAPL-water) water
saturation is the sum of the effective entrapped air and LNAPL saturations in water
and the effective water saturation. The apparent saturations better index the pore
sizes in which the continuous fluids reside than effective or actual saturations for
predicting relative permeabilities. The hysteretic k-S-P relations were initially tested
against transient air—rLNAPL-water experimental data by Lenhard et al. (1995) in a
multiphase numerical model, which yielded good results.

2.6 Predicting LNAPL Saturations, Volumes,
and Transmissivity from Well Levels

To further help develop LNAPL remediation strategies and forecast three-
dimensional LNAPL movement, Parker and Lenhard (1989) vertically integrated
k-S-P relations and incorporated them into a two-dimensional numerical model
(ARMOS) (Kaluarachchi et al. 1990). The earlier Parker et al. (1987) nonhysteretic
k-S-P relations provided the framework. The model, ARMOS, was later modified
to include LNAPL entrapment in both the unsaturated and liquid-saturated zones
(Kaluarachchi and Parker 1992). The calculation of the LNAPL entrapment volume
in a vertical slice of the unsaturated zone is based on the change in the air—LNAPL
level in wells from rising water tables. The LNAPL entrapment volume in a vertical
slice of the liquid-saturated zone is based on the change in the LNAPL~water level in
wells from rising water tables. Parker et al. (1994) used ARMOS to model LNAPL
migration and direct LNAPL recovery at LNAPL spill sites from knowledge of fluid
levels in wells. Waddill and Parker (1997a) later proposed semi-analytical algorithms
to predict LNAPL trapping and recovery from wells in diverse soils. The algorithms
were incorporated in a version of ARMOS and tested against experimental data
(Waddill and Parker, 1997b). Later, the approach of Parker and Lenhard (1989) was
incorporated in American Petroleum Institute’s (API) LDRM model (API 2007).

Parker and Lenhard (1989) developed the vertically integrated nonhysteretic k-
S-P relations for incorporation into multiphase numerical models to assist remedia-
tion practitioners. However, not all LNAPL remediation practitioners have access to
numerical models so Lenhard and Parker (1990) published equations for determining
the LNAPL volume in a vertical slice of the subsurface from fluid level elevations
in wells that can be used in simple computer programs. At the same time, Farr et al.
(1990) also published equations to determine LNAPL volume in a vertical slice of
the subsurface. Both publications assume vertical equilibrium conditions and use the
Brooks-Corey (1966) S-P model for developing their equations. The difference in
the approaches is Lenhard and Parker (1990) utilized elevations from the fluid levels
in the wells to determine LNAPL and water pressures, and Farr et al. (1990) utilized
depths from the surface to determine LNAPL and water pressures. The air phase is
assumed to be atmospheric in both models.
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Fig. 2.1 A cartoon showing determining of total-liquid (S;), water (S,,), and LNAPL saturations
from wells adjacent to LNAPL-contaminated soils

Using the approach of Lenhard and Parker (1990) and Farr et al (1990) to determine
LNAPL and water pressures, and hence air-LNAPL and LNAPL—water capillary
pressures, from elevations (depths) of the air-LNAPL and LNAPL-water interfaces
in the wells, the subsurface LNAPL saturations adjacent to wells can be calculated.
Figure 2.1 shows an example of information that can be obtained. From the air—
LNAPL and LNAPL-water capillary pressures, the total-liquid saturations (.5,) and
the water saturations (S,,), respectively, can be calculated, which by difference yields
the LNAPL saturations (S, = S; — S,,).

The shape of the Fig. 2.1 LNAPL saturation-elevation profile is similar to the
“shark fin” shape description (Frollini and Petitta 2018) reported by researchers/
practitioners. However, the shape depends on porous media type. For example,
Fig. 2.2 shows the predicted LNAPL saturations as a function of elevation for the
scenario where the air—-LNAPL interface in a well is at an elevation of 150 cm above
a datum and the LNAPL~water interface is at an elevation of 100 cm above the same
datum for a LNAPL thickness in the well of 50 cm. If an accompanying well is only
screened in the water-saturated zone, then the air—water interface would occur at an
elevation of 135.5 cm above the datum, which can be determined from Eq. 2.5 in
Lenhard and Parker (1990). Hydrostatic conditions are assumed so the LNAPL and
water pressures vary linearly with elevation. Furthermore, nonhysteretic S-P relations
are assumed, i.e., entrapped and residual LNAPL saturations are not considered. The
datum elevation for determining the LNAPL saturations can be arbitrarily set. The
predicted S; and S,,, from which the LNAPL saturations are determined in Fig. 2.2,
are obtained using the van Genuchten (1980) model, but other S-P models could
be used (e.g., Brooks and Corey 1966; Alfaro Soto et al. 2019). The left diagram
in Fig. 2.2 is for a loamy sand soil and the right diagram is for a clay loam soil.
The shape of the predicted LNAPL saturation-elevation distribution is noticeably
different, especially the LNAPL saturation values at each elevation. The LNAPL
saturations in the clay loam soil extend to higher elevations than those in the loamy
sand soil, but not to a large extent. The LNAPL saturations in Fig. 2.2 become zero
at an elevation of 188 cm for the loamy sand soil and become zero at an elevation
of 193 cm for the clay loam soil. The LNAPL saturation predictions in Figs. 2.1 and
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Fig. 2.2 Predicted LNAPL saturation-elevation distributions of a loamy sand (left) and a clay loam
(right) soil for a scenario where the air—-LNAPL interface in a well is at an elevation of 150 cm and
the LNAPL-water interface is at 100 cm (center)

2.2 assumed that all the LNAPL is mobile or free as originally proposed by Lenhard
and Parker (1990).

2.7 Incorporating Free, Residual, and Entrapped LNAPL
Fractions

Later, Lenhard et al. (2004) proposed further adaptions to the k-S-P relations proposed
by Parker et al (1987). Understanding that k,, will be greater than 0 whenever the
effective S, (S,) is greater than 0, unless k,, is arbitrarily set to zero at some S,,,
Lenhard et al. (2004) proposed an approach for methodically setting k,, = O at
variable S, by considering a residual LNAPL saturation. When k,, > 0 because §0
> 0, then LNAPL will continually drain from the vadose zone until vertical S-P
equilibrium conditions are established. Setting k,, = 0 arbitrarily at some fixed S,
is not realistic because the mobility of LNAPL at different water saturations will not
be the same. For example, setting k,,. = 0 at S, =0.15 might be reasonable when
the effective water saturation (S,,) = 0.2, because the LNAPL will reside in small
pores; but, not when S,, = 0.7, because the LNAPL will reside in larger pores. The
LNAPL may be immobile when S,, = 0.2, but much of the LNAPL will likely be
mobile at S,, = 0.7, so setting k,, = 0 at some arbitrary LNAPL saturation is not
reasonable for all water saturations.

Lenhard et al. (2004) considered LNAPL to exist in three forms: free, entrapped,
and residual. Free LNAPL is continuous and can move freely in porous media when a
LNAPL total-pressure gradient exists. Entrapped LNAPL is water-occluded LNAPL
that results from water displacing LNAPL from pore spaces and can potentially
exist everywhere in the subsurface (i.e., above and below the water-saturated zone).
Entrapped LNAPL is discontinuous and immobile; it will not move under water
and LNAPL total-pressure gradients typical in porous media. Residual LNAPL is
immobile LNAPL that is not water occluded, which may exist as LNAPL wedges and
films. There may be LNAPL films connecting some residual LNAPL (wedges) to free
LNAPL, but the movement of LNAPL through the films is likely to be very slow and
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Fig. 2.3 A cartoon showing air (white), LNAPL (red), and water (blue) in subsurface pore spaces

cause the residual LNAPL to behave as if practically immobile under most LNAPL
total-pressure gradients. Figure 2.3 shows a cartoon of air, LNAPL, and water in
water-wet, subsurface, porous media as envisioned by Lenhard et al. (2004). Air is
shown as white and exists when the air—-LNAPL capillary pressure is greater than 0.
LNAPL is shown as red with LNAPL films slightly darker red. The LNAPL films
are attached to water films in pores containing air that previously were LNAPL filled
and attached to water films in LNAPL-filled pores. Water-occupying pores is lighter
blue. Water films wetting the solid particle grains (dark gray) is darker blue.

Figure 2.4 shows expanded sections of Fig. 2.3 which displays the Lenhard et al.
(2004) concepts of free, entrapped, and residual LNAPL. Free LNAPL (Fig. 2.4a—c)
is LNAPL continuous throughout the pore spaces that can move freely in response
to LNAPL total-pressure gradients. It does not include LNAPL films (Fig. 2.4a,c) on
water films (Fig. 2.4a,c) which theoretically will not move freely; the LNAPL films
are assumed to be relatively immobile. Entrapped LNAPL (Fig. 2.4c) as explained
earlier is water-occluded LNAPL which will not move in response to water and
LNAPL total-pressure gradients. The water-occluded LNAPL is discontinuous and
exists as blobs in pore bodies and LNAPL wedges that do not drain prior to water-
filling pores during increasing water saturations. A similar situation may occur with
water in smaller pores surrounded by larger pores that fill with LNAPL before
the water in the small pores drain resulting in isolated water (Fig. 2.4b). Residual
LNAPL is idealized as LNAPL wedges and films in the three-phase air-LNAPL—-
water zones (Fig. 2.4a). It also includes the relatively immobile LNAPL wedges and
films (Fig. 2.4c) in the two-phase LNAPL—water zones.
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The concepts of free, entrapped, and residual LNAPL advanced by Lenhard et al.
(2004) were incorporated in numerical codes by White et al. (2004) and Oostrom
et al. (2005) and were shown to be important for predicting LNAPL behavior in the
vadose zone. Additional models to incorporate a residual LNAPL saturation in k-S-P
relationships were proposed by Wipfler and van der Zee (2001) and Van Geel and
Roy (2002). Oostrom et al. (2005) tested both the Van Geel and Roy (2002) and
Lenhard et al. (2004) formulations against transient three-fluid column experiments.

2.8 Recent Developments. The Lenhard et al. (2017) Model

Effects of entrapped and residual LNAPL (Lenhard et al. 2004) were considered by
Lenhard et al. (2017) when predicting subsurface LNAPL saturations and transmis-
sivity from LNAPL and water levels in wells. In the Lenhard et al. (2017) model,
historical air-LNAPL and LNAPL-water interface levels in wells were considered.
Specially, the highest air-LNAPL interface elevation and the lowest LNAPL—water
interface elevation were included. The highest air—-LNAPL interface elevation in an
observation well reflects the highest elevations in the subsurface that may contain
residual LNAPL. The lowest LNAPL—water interface elevation reflects the lowest
elevations that may contain entrapped LNAPL. Both entrapped and residual LNAPL
will affect the LNAPL relative permeability at a location because they reduce the
amount of free or mobile LNAPL at that elevation. The LNAPL relative permeability
distribution governs the LNAPL transmissivity.

For the same configuration of air-LNAPL and LNAPL-water interface eleva-
tions in a well as Fig. 2.2 (current levels) and assuming the air-LNAPL interface
elevation at one time was 50 cm higher (i.e., historical elevation is 200 cm) and
the LNAPL-water interface elevation was 50 cm lower (i.e., historical elevation is
50 cm), predicted free, entrapped, and residual LNAPL saturations are shown in
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Fig. 2.5. Again, the van Genuchten (1980) model was used to predict the S-P rela-
tions consistent with the Lenhard et al. (2017) model. In comparison to Fig. 2.2, the
upper free LNAPL elevation for the loamy sand soil in Fig. 2.5 is predicted to be
about 20 cm lower. This results because residual LNAPL occurs, which is not mobile
(free), and some minor entrapped LNAPL exists as water displaced LNAPL from
those pores when the water table was raised (i.e., as the LNAPL-water interface in
the well was raised from the historical level). The residual LNAPL for the loamy
sand soil in Fig. 2.5 is predicted to occur about 50 cm higher than the free LNAPL
in Fig. 2.2, because the historical air—-NAPL level is 50 cm higher. The lower free
LNAPL elevation is the same for the loamy sand soil in Figs. 2.2 and 2.5 because the
lower free LNAPL occurrence is a function of the current LNAPL-water level (i.e.,
100-cm elevation) and not historical levels. However, the lower entrapped LNAPL
elevation for the loamy sand soil in Fig. 2.5 is predicted to be about 50 cm lower than
the free LNAPL in Fig. 2.2 because the historical LNAPL-water level is 50 cm lower.
There is no predicted entrapped LNAPL in Fig. 2.2 because it was not considered
in the nonhysteretic S-P relations. For Fig. 2.5, the maximum possible entrapped
LNAPL was set at 0.15, and the maximum possible residual LNAPL was set at 0.15.
These are additional parameters in Lenhard et al. (2004, 2017). The LNAPL distri-
butions in Fig. 2.5 can help practitioners design remediation programs focused on
free, entrapped, and residual LNAPL and not only on free LNAPL as in Fig. 2.2.
The predicted free LNAPL volume in a vertical slice of the loamy sand soil per cm?
of surface area in Fig. 2.2 is predicted to be 11.7 cm?/cm?, whereas the free LNAPL
volume is predicted only to be 9.9 cm®/cm? in Fig. 2.5. The difference is because
of considering residual and entrapped LNAPL in Fig. 2.5. The difference also has
a significant effect on predicted LNAPL transmissivities using the methodology in
Lenhard et al. (2017). When entrapped and residual LNAPL are not considered, the
predicted free LNAPL transmissivity is 6200 cm?/day for the loamy sand soil with
an assumed water-saturated hydraulic conductivity of 350 cm/day. When entrapped
and residual LNAPL are considered, the predicted free LNAPL transmissivity is
4225 cm?/day—a difference of over 30%. If a calculation is conducted that accounts
for only LNAPL under positive LNAPL pressures, then the predicted free LNAPL
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Fig. 2.5 Predicted free (red solid line), entrapped (black dotted line), and residual (green dashed
line) of a loamy sand (left) and a clay loam (right) soil where the current air-LNAPL and LNAPL—-
water interface elevations in a well are the same as in Fig. 2.2 with the historical highest airrLNAPL
level 50 cm higher than current and the historical lowest LNAPL-water level 50 cm lower than
current
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transmissivity is only 4830 cm?/day for the loamy sand in Fig. 2.2 and 3360 cm?/
day in Fig. 2.5. Because only LNAPL under positive pressure will enter a borehole,
estimations of LNAPL transmissivity should be based on LNAPL under positive
pressure for planning direct LNAPL recovery from wells.

2.9 Layered Porous Media

When the contaminated subsurface can be represented as homogeneous, the subsur-
face LNAPL distributions can have a “shark fin” shape. For layered porous media,
however, the subsurface LNAPL distribution shape can be more varied. Consider a
scenario where two coarse layers are separated by a fine layer. Assume a LNAPL-
contaminated subsurface with a 20-cm fine layer between two coarse layers that
may be over 100 cm thick. In nearby monitoring wells, the air—LNAPL interface in
one well occurs at an elevation of 160 cm above the datum and the LNAPL—water
interface in the same well occurs at an elevation of 100 cm above the datum for a
LNAPL thickness of 60 cm in the well. In an accompanying well screened only in
the water-saturated zone, the air—water interface occurs at an elevation of 142 cm
above the datum. Assuming hydrostatic conditions, nonhysteretic S-P relations, and
the van Genuchten (1980) model to predict S, and S,,, the subsurface LNAPL satu-
ration distribution can be predicted. Figure 2.6 shows the results for the fine layer
occurring between the 120- and 140-cm elevations. Because the fine layer is below
the air-LNAPL interface in the well and above the elevation of the LNAPL-water
interface, the fine layer will be completely saturated with LNAPL and water. The
fine layer will have a higher water saturation than the coarse layers because of its
smaller pore sizes. The contrast in pore sizes between the coarse and fine layers can
produce significant differences in LNAPL saturations at the boundaries between the
layers. The resulting shape of the subsurface LNAPL distribution will consequently
be very different than a “shark fin” shape.
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Fig. 2.6 Predicted LNAPL, total-liquid (S;), and water (S,,) saturations for a scenario involving a
fine layer between two coarse layers with 60 cm of LNAPL inside a nearby monitoring well
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Fig. 2.7 Predicted LNAPL, total-liquid (S;), and water (S,,) saturations for a scenario involving a
coarse layer between two fine layers with 60 cm of LNAPL inside a nearby monitoring well

The shape of the subsurface LNAPL distribution curve will depend on whether
there are contrasting pore sizes between potential layers, the location of the layers
relative to the air-LNAPL and LNAPL—water interface elevations in nearby wells,
and the thickness of LNAPL in the wells. As another example, consider a scenario
where two fine layers are separated by a coarse layer. Assume a LNAPL-contaminated
subsurface with a 20-cm coarse layer between two fine layers that may be over 100 cm
thick. The opposite configuration as for Fig. 2.6. Further, assume the same conditions
and fluid levels in wells as for Fig. 2.6. Using the same calculation protocols, Fig. 2.7
shows the results of the predicted total liquid, S;, and water, S,,, saturations. For
Fig. 2.7, the coarse layer is completely liquid-saturated for the same reason as the
fine layer in Fig. 2.6, but the water saturation is low because of its larger pore sizes.
The low water saturation yields a high LNAPL saturation for the coarse layer. The
contrasting sizes of pores in the coarse and fine layers produce a significant difference
in LNAPL saturations at the boundaries of the layers—just like in Fig. 2.6, but in
the opposite direction. The shape of the subsurface LNAPL distribution curve can
be quite complex for layered porous media and not a simple “shark fin” shape.
Furthermore, an abrupt change in pore sizes at layer boundaries can result in LNAPL
moving laterally versus downward similarly to a capillary break of constructed soil
covers over waste pits. The subsurface LNAPL distribution depends on many factors.

2.10 Summary and Steps Forward

The historical development of k-S-P relations described in this chapter largely follows
advancements proposed by Parker, Lenhard, and colleagues. Many of their proposed
concepts and equations are incorporated in today’s multiphase numerical models or
code developers have used some of their concepts in building their models. However,
further advancements are still required to help accurately predict the subsurface
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behavior of LNAPL, especially the effects of microbiological action and potential
changes in fluid properties over time.

A key element of k-S-P models is that they mimic physics of multiphase flow, even
if the models may be empirical. The various forms of LNAPL in the subsurface need
to be addressed. Careful estimation of model parameters is needed also to produce
good predictions, but this is not routinely done by contaminated land practitioners
nor typically required by regulators. Improved and more accessible measurement
methods for two-fluid and three-fluid systems should be developed and adopted.

Similarly, the effects of heterogeneous subsurface conditions should be acknowl-
edged by investigators and considered when conducting numerical simulations or
using simple predictive models. This may be incorporated into models specifi-
cally developed to represent heterogeneous environments with layered systems or
multimodal pore-size porous media (see Chap. 3).

Some models to predict LNAPL volumes, distribution, and transmissivity may
not account for certain processes, which may have not been considered relevant
enough for practical purposes in the past. Additional research may be needed to
elucidate the relevance of mechanisms like those associated to natural source zone
depletion (e.g., entrapment of gases caused by methanogenic outgassing or pres-
ence of microorganisms and extracellular polymeric substances) on LNAPL distri-
bution predictions. More information on natural source; zone depletion phenomena
is presented in Chap. 5. Further research is also needed for systems not exhibiting
strongly water-wet characteristics.

Good understanding of multiphase flow principles is paramount to develop sound
conceptual site models and, therefore, should be an essential skill of regulators and
practitioners managing LNAPL-contaminated sites. Multiphase models are currently
underutilized and may help to analyze LNAPL remediation options and design cost-
effective solutions, including mass recovery systems (see Chap. 12) and any other
in-situ remediation strategies targeting the LNAPL source zone.
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adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
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