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Abstract: Surfactant flushing with intermittent air injection, referred to as enhanced flushing, has been
proposed at a site in Korea contaminated by military activity to overcome the difficulty of treatment
caused by a layered geological structure. In this study, we developed a simple numerical model for
exploring the effects of various physical and chemical processes associated with enhanced flushing on
pollutant removal efficiency and applied it in a field-scale test. This simple numerical model considers
only enhanced hydraulic conductivity rather than all of the interacting parameters associated with
the complex chemical and physical processes related to air and surfactant behavior during enhanced
flushing treatment. In the numerical experiment, the removal efficiency of residual non-aqueous
phase liquid (NAPL) was approximately 12% greater with enhanced, rather than conventional,
flushing because the hydraulic conductivity of the low-permeability layer was enhanced 5-fold, thus
accelerating surfactant transport in the low-permeability layer and facilitating enhanced dissolution
of residual NAPL. To test whether the enhanced flushing method is superior to conventional flushing,
as observed in the field-scale test, successive soil flushing operations were simulated using the newly
developed model, and the results were compared to field data. Overall, the simulation results aligned
well with the field data.

Keywords: enhanced flushing; residual NAPL; simple numerical modeling; enhancement of hy-
draulic conductivity; air injection

1. Introduction

The duration and cost of in situ treatment in an unconfined aquifer increases with
increasing heterogeneity of the soil, and such treatment has limited applicability in layered
subsurface structure. Additionally, it is regarded as a difficult situation for non-aqueous
phase liquid (NAPL) remediation when solutes are released from the low-permeability
zone due to back diffusion after primary sources are removed.

Because of the inefficiency of the conventional pumps and treatment technologies
used to remediate aquifers, including the low permeability mentioned above, which are
contaminated with non-aqueous phase liquid, considerable effort has been expended to
develop alternative remediation technologies, such as surfactant-enhanced aquifer reme-
diation. Shen et al. [1] measured the relative permeability of sandstone and showed that
the reduction in interfacial tension associated with the addition of a surfactant caused
the relative permeability of both the aqueous and oil phases to increase in a water–oil
system. Moreover, Torabzadeh and Handy [2] showed experimentally that, at a certain
temperature, the relative permeability of both the oil and water phases increases with
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decreasing interfacial tension at a given water saturation in a water–oil system. In addition
to relative permeability, interfacial tension changes induced by the addition of surfactant
affect the capillary pressure-saturation relationship in unsaturated flow. Desai et al. [3]
evaluated the influence of surfactant on the capillary pressure-saturation relationship and
reported that lower surface tension enhanced drainage from unsaturated soil.

Surface tension reduction has been exploited to allow air sparing to be used as
a subsurface remediation technique, referred to as the “surfactant-enhanced air sparg-
ing” method [4–6]. As the surface tension reduction induced by the addition of surfactant
decreased the water-holding capacity of sand, the ability of air to displace groundwater
could be enhanced, thereby increasing the area of air sparging compared to that with-
out surfactant and increasing the contact between air and NAPL. Furthermore, the flow
of gas and surfactant solution through porous media results in foam generation in situ,
which leads to increased viscosity and has the tendency to preferentially block channels
and high-permeability regions in porous media, thus diverting gas to lower-permeability
regions [7–9].

A few studies have used numerical modeling to investigate the mechanism of en-
hanced remediation associated with various physical and chemical processes involved in
surfactant flushing combined with air injection [10,11]. Similarly, with the aim of enhancing
oil recovery, numerical simulations have been conducted to investigate the effectiveness of
SAG injection for increasing displacement efficiency; these studies have considered surfac-
tant foam transport in terms of the gas mobility reduction and relative permeability changes
associated with a reduction of interfacial tension [12–19]. However, most of these works
considered only some, and not all, of the processes that improve remediation when surfac-
tant flushing is combined with air injection. For example, Lee et al. [10] simulated foam flow
process using method of characteristics (MOC)-based three-phase fractional flow theory
(water, NAPL, foam), in which gas mobility reduction factor was calculated. However,
they did not consider surfactant transport and interphase mass transfer of residual NAPL
into the aqueous phase, such as dissolution, and they only considered a one-dimensional
problem. However, Lee and Kam [11] performed MOC-based modelling and simula-
tion of foam-enhanced oil recovery processes (EOR) in a multi-layered system. Lee and
Kam [11] considered the surfactant transport advection effect but not the dispersion process.
Zoeir et al. [14] simulated the foam EOR process using commercial software such as CMG
STARS. The CMG STARS explicitly solves three-phase saturation equations and phase-
pressure equations to account for capillary, viscous and gravitational forces affecting mul-
tiphase flow. However, in their study, surfactant transport was not explicitly considered
even in homogenous porous media. Majidaie et al. [13] conducted numerical simulation
using CMG STARS to investigate the potential of chemically enhanced water alternating
gas injection as a new, enhanced oil-recovery method. They used alkaline, surfactant and
polymer additives as a chemical slug, which is injected during the water alternating gas
process to reduce the interfacial tension and simultaneously improve the mobility ratio.
Additionally, due to immiscible carbon dioxide dissolution, oil viscosity reduction was
simulated. However, Majidale et al. [13] did not explicitly consider surfactant transport.
Hosseini-Nasab et al. [12] applied a local equilibrium with an implicit texture foam model
for numerical modelling of foam flow in the sandstone rock in the presence of oleic phase.
This model assumes that a local steady state of foam dynamics is reached instantaneously
wherever gas and surfactant coexist in porous media. Additionally, this model calculated
reduction of gas mobility due to the presence of a foaming agent and gas-relative permeabil-
ity reduction, but surfactant concentration was assumed to be constant across simulation
domain. In other words, surfactant transport was not considered. Commonly, all of above
works simulated foam transport, interfacial tension reduction, relative permeability change,
gas-phase mobility reduction, and viscosity change in their works, but did not explicitly
simulate surfactant transport, or interphase mass transfer of residual NAPL phase to the
aqueous phase, such as surfactant enhanced dissolution.
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Although a comprehensive and sophisticated model considering all relevant processes,
including foam transport, interfacial tension reduction, relative permeability change, gas-
phase mobility reduction, viscosity change, surfactant-enhanced mass transfer, dissolved
NAPL transport, and the capillary effect, is desirable, this would require numerous phys-
ical parameters that are not easily determined for field applications, making numerical
simulations impractical to perform.

In the present study, we developed a numerical model and used it to investigate
the effects of various physical and chemical processes associated with surfactant flushing
and air injection on removal efficiency in a field-scale test. Here, to improve the practical
application of numerical modeling, foam flooding and the increased aqueous phase relative
permeability due to interfacial tension were not explicitly modeled but instead considered
in the context of the increased hydraulic conductivity, which was determined simply
through an aquifer test performed at the field site during the process of surfactant flushing
combined with air injection. Meanwhile, the aqueous contaminant concentration and
degree of contaminant removal from contaminant sites were simulated over time.

The objectives of this study were to: (1) develop a numerical model for simulating
enhanced flushing to overcome difficult-to-treat contamination caused by a layered sub-
surface structure, (2) comparatively evaluate the results of field-scale tests and predictive
models to clarify the characteristics of the remediation method, and (3) compare the results
of the conventional and enhanced flushing methods to establish the superiority of the
enhanced flushing method over the conventional flushing method.

2. Development of Numerical Simulation Model

The developed model uses a fractional flow-based approach to simulate two-phase
flows, such as water and NAPL [20–22]. In order to obtain distributions of total pressure and
water saturation in the fractional flow-based approach, the partial differential equation for
total pressure is solved using the finite element method, and the partial differential equation
for water saturation is solved using the finite element method (FEM) or Lagrangian–
Eulerian method (LE). Subsequently, to account for surfactant-enhanced solubilization and
surfactant solution transport, multispecies transport of dissolved NAPL and surfactant
are simulated simultaneously using multispecies transport equations based on the finite
element method or Lagrangian–Eulerian method. Details of mathematical descriptions for
LE and of numerical formations of water-NAPL phase flow and multispecies transport are
described in Supplementary Materials.

2.1. Equation Governing Multiphase Flow

The multiphase system in a porous medium is assumed to be composed of two phases:
water and NAPL. For simplicity, we consider only incompressible fluids. The equations
describing the flow of two fluid phases in a porous medium are based on conservation of
mass [20–23]:

∂φρiSi
∂t

+∇·(ρiVi) = Qi + ∑
j

Eij, i = 1, 2 in Ω (1)

Vi = −
krik
µi

(∇pi + ρig∇z), i = 1, 2 (2)

where ρi is the density of phase i [M L−3] (with the subscript i indicating the phase (1 for
water and 2 for NAPL)), φ is the effective porosity of the porous medium [L3 L−3], Si is
the saturation of phase i [L3 L−3], t is time [T], Qi is the source and sink term for phase i
[M L−3 T−1], Eij is the rate of mass exchange from phase j to phase i [M L−3 T−1], Vi is the
Darcy velocity of phase i [L T−1], kri is the relative permeability of phase i [dimensionless],
k is the intrinsic permeability tensor [L2], µi is the dynamic viscosity of phase i [M L−1 T−1],
pi is the pressure of phase i [M L−1 T−2], g is the gravitational constant [L T−2], z is elevation
[L] and Ω is an interested bounded area. Relative permeability relationships corresponding
to the van Genuchten model are expressed as:
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kr1 = S1/2
1

[
1−

(
1− S1/m

1

)m]2
(3)

kr2 = S1/2
2

{(
1− S1/m

1

)m
−
[
1−

(
S1 + S2

)1/m
]m}2

(4)

where m is the curve shape parameter. The capillary-pressure–saturation relationship in
the water-NAPL phase system follows the model of Parker et al. [24], as follows:

S1 =
[
1 + (α21h21)

n]−m, if h21 > 0 (5)

S1 = 1, if h21 ≤ 0 (6)

where n [dimensionless] and α21 [L−1] are the van Genuchten parameters and h21(= h2 − h1)
is the NAPL-water capillary head [L], h1 is the pressure head of water phase [L] and h2 is the
pressure head of NAPL phase [L]. S1 and S2 are water and NAPL saturations, respectively,
and are defined as follows:

S1 =
S1 − S1r
1− S1r

, S2 =
S2 − S2r

1− S2r
(7)

where S1r is the irreducible saturation of the water phase [dimensionless] and S2r is the
residual NAPL saturation [dimensionless]. The total velocity, Vt [L T−1], given by the sum
of the velocities of the two phases, is defined as follows:

Vt = V1 + V2 (8)

Using Equations (2) and (8), it can be rewritten as:

Vt = −∑2
i=1

krik
µi

(∇pi + ρig∇z) (9)

Based on Equation (9), we can define the total mobility, κ [L3 T M−1]; fractional
mobility for phase i, κi; and mobility-weighted average fluid density [dimensionless], ρ
[M L−3] as follows:

κ = ∑2
i=1

krik
µi

(10)

κi =

kri
µi

∑2
j=1

( krj
µj

) , i = 1, 2 (11)

ρ = κ1ρ1 + κ2ρ2 (12)

Substituting Equations (10)–(12) into Equation (9) results in:

Vt = −κ

[
1
2
∇(p1 + p2) +

(
κ1 − κ2

2

)
∇(p1 − p2)

]
− κρg∇z (13)

where κ1 + κ2 = 1. If we define the total pressure, Pt [M L−1 T−2], of an imaginary variable
as follows:

Pt =
p1 + p2

2
+

1
2

[∫ p1−p2

0
(κ1 − κ2)dη

]
(14)

Equation (13) becomes:
Vt = −κ·(∇Pt + ρg∇z) (15)

The total pressure in the water and NAPL two-phase system is calculated as fol-
lows [20–22]:

−∇·κ·(∇Pt + ρg∇z) =
Q1

ρ1
+

Q2

ρ2
+

Ew
n

ρ1
− Ew

n
ρ2

in Ω (16)

where Ew
n is the mass exchange from the NAPL to the water phase [M L−3 T−1]. Initial and

boundary conditions of total pressure equation can be transformed according to numerical
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schemes provided by Suk and Yeh [21]. In Equation (16), the total mobility, κ [L3 T M−1],
is an independent parameter of the total pressure, Pt [M L−1 T−2], and the equation is
linear. The velocities of the water and NAPL phases determined using Equation (13) are
as follows:

V1 = κ1Vt − κ1κκ2∇Pc12 − κ1κ(ρ1 − ρ)g∇z (17)

V2 = κ2Vt − κ2κκ1∇Pc21 − κ2κ(ρ2 − ρ)g∇z (18)

where Pc12(Pc21) [M L−1 T−2] is the capillary pressure of water (NAPL) and NAPL (water).
Assuming incompressible flow and continuity of the total flux, Equation (17) can be substi-
tuted into the water-phase mass conservation Equation (1), resulting in the following water
saturation equation:

∂φS1
∂t + Vt· dκ1

dS1
∇S1 = ∇·κ1κκ2

∂Pc12
∂S1
·∇S1 − κ1∇·Vt

+∇·κ1κ·(ρ1 − ρ)g∇z + Q1
ρ1

+ Ew
n

ρ1

(19)

Initial and boundary conditions of water saturation equation can be obtained according
to numerical schemes provided by Suk and Yeh [21]. In the fractional flow formulation,
water saturation Equation (19) has the properties of transport equation with mixed parabolic
and hyperbolic properties of the partial differential equation. Even though the water
saturation equation can be solved using the standard FEM, problems such as spurious
oscillation, numerical dispersion, grid orientation, phase error, peak clipping and valley
elevating might be encountered. To avoid the numerical problems, a LE approach can be
additionally used in this study. Details of LE approach for water saturation equation are
described in Supplementary Materials.

2.2. Transport Equations for Dissolved NAPL Species and Surfactant

The transport behavior of a dissolved contaminant can be described based on adsorp-
tion and surfactant-enhanced dissolution from the NAPL to aqueous phase by considering
linear adsorption and mass conservation equation of a dissolved contaminant, as follows:

(θ1 + ρbKd,o)
∂Co

∂t
+ V1·∇Co −∇·(θ1D·∇Co) +

Q1

ρ1
Co = Ew

n (20)

where Co is the concentration of the dissolved contaminant [M L−3], ρb is the bulk density
[M L−3], θ1 is the water content [L3 L−3], Kd,o is the distribution coefficient between
adsorbed and aqueous NAPL species [L3 M−1], and Q1 is the source and sink term for
water [M L−3 T−1]. θ1D is the dispersion coefficient [L2 T−1], which is defined as follows:

θ1D = αT |V1|δ + (αL − αT)
V1V1

|V1|
+ θ1amτδ (21)

where |V1| is the magnitude of V1 [L T−1]; δ is the Kronecker delta tensor; αL and αT are the
longitudinal and transverse dispersivities [L], respectively; am is the molecular diffusion
coefficient [L2 T−1]; and τ is the tortuosity [dimensionless]. The mass exchange rate from
the NAPL phase to the water phase can be determined as follows [25–27]:

Ew
n = Cw

n
(
ρw

n − Co
)

(22)

Cw
n =

am(
dp
)2 Sh, Sh = β0(Re)

β1(θ2)
β2 , Re =

dpv1ρ1

µ1
(23)

ρw
n = ρw

n,pure + γCs (24)

where Cw
n is the rate coefficient, which regulates the rate at which equilibrium is reached

[T−1]; am is the molecular diffusion coefficient [L2 T−1]; dp is the mean particle diameter [L];
Sh is the Sherwood number [dimensionless]; Re is the Reynolds number [dimensionless];
v1 is the seepage velocity [L T−1]; ρ1 is the water density [M L−3]; µ1 is the dynamic
viscosity of water [M L−1 T−1]; θ2 is the NAPL phase volumetric content [dimensionless];
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ρw
n is the equilibrium concentration of NAPL species in the water phase (solubility limit)

[M L−3]; β0, β1 and β2 are dimensionless fitting parameters [dimensionless]; ρw
n,pure is

the equilibrium concentration of NAPL species in the pure water phase [M L−3]; γ is
an empirical parameter [dimensionless]; and Cs is the concentration of surfactant [M L−3].
Equation (24) was formulated by Pennell et al. [28]. Equilibrium solubility is linearly
related to surfactant concentration over the critical micelle concentration (CMC), as shown
in Equation (24). Finally, the multiphase flow and solute transport equations can be obtained
by substituting the mass exchange rate in Equation (22) into Equations (16), (19) and (20)
using FEM or Equations (S18), (S21b) and (S28) using LE in Supplementary Materials.

Since the solute transport equation for the surfactant is not related to mass exchange,
its governing equations can be expressed as follows:

(θ1 + ρbKd,s)
∂Cs

∂t
+ V1·∇Cs −∇·(θ1D·∇Cs) +

Q1

ρ1
Cs = 0 (25)

where Cs is the surfactant concentration [M L−3], Kd,s is the distribution coefficient [L3 M−1]
between adsorbed and aqueous surfactant, and the solute transport equation for the
surfactant using LE is illustrated in Equation (S33b) of Supplementary Materials.

The numerical procedure is presented in detail in Figure 1. First of all, the numerical sim-
ulation conducts to the total pressure Pt using Equation (S36) in Supplementary Materials
at step II and solves the total velocity Vt using Equation (S17) at step III. Then, using the
total pressure and total velocity, the water saturation S1 is solved in Equation (S42a) for
FEM or Equation (S42b) for LE at step V. Since the water saturation equation is nonlinear,
the iterative process is needed to get the converged solution at step VI. After getting the
converged solution of the water saturation, NAPL saturation is obtained using S2 = 1− S1
and water phase Darcy velocity V1 is calculated in Equation (S19). The concentration of
the dissolved contaminant Co in Equation (S27) for FEM or Equation (S28) for LE and the
concentration of surfactant Cs in Equation (S33a) for FEM or Equation (S33b) for LE are
calculated by using Equation (S49a) for FEM or Equation (S49b) for LE, respectively, at
step IX.

Figure 1. Flow chart for proposed numerical method. tn+1 and tn are new and old time levels, respectively;
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∆t is time step; Pt is the total pressure; S1 and S2 are the water phase and NAPL phase saturations,
respectively; Vt is the total velocity; V1 is the Darcy velocity of water; V1 f is the particle tracking ve-
locity for water saturation; Co and Cs are the concentrations of dissolved contaminant and surfactant,
respectively; Vd,o and Vd,s are the particle tracking velocities for dissolved contaminant and surfactant,
respectively; superscripts n + 1 and n indicate the new and old time levels, respectively; superscript
m is the nonlinear iteration level; and superscript ∗ indicates the results of particle tracking. Details
of numerical description for water-NAPL flow and multispecies solute transport are presented in
Supplementary Materials.

To validate the newly developed numerical model, dissolved NAPL transport fol-
lowing surfactant enhanced dissolution by surfactant flushing was used as an example.
A conceptual schematic diagram of this case is shown in Figure 2, with the initial and
boundary conditions indicated. The input parameters of this example were adopted from
Zhong et al. [25] and are provided in Table 1. In addition, it is assumed that Kd,o = Kd,s = 0,
Q1 = 0, γ = 1 and ρw

n,pure = 0.

Figure 2. Initial and boundary conditions used for model verification. The subscripts o and s represent
the dissolved NAPL species and surfactant. Co and Cs are the concentrations of the dissolved
contaminant and surfactant, respectively, and Co,initial and Cs,initial are the initial concentrations of
the dissolved contaminant and surfactant, respectively.

Table 1. Input parameters used for model verification.

Parameter (Units) Value Parameter (Units) Value

L (m) 0.05 dp (m) 1.70 × 10−4

φ (m3 m−3) 0.355 αL (m) 0.0011
θ1 (m3 m−3) 0.29039 am (m2 day−1) 7.52 × 10−7

θ2 (m3 m−3) 0.06461 β0 (-) 364
V1/θ1 (m day−1) 2.85 β1 (-) 1.04

ρ1 (kg m−3) 1000.0 β2 (-) 1.14
ρ2 (kg m−3) 1490.0 Re (-) 5.61 × 10−3

ρb (kg m−3) 1620.0 Sh (-) 7.31 × 10−2

µ1 (kg m−1 day−1) 86.4 Cw
n (day−1) 1.9

The numerical results obtained using the developed model were compared against
the analytical solution obtained by Clement [29] to verify the accuracy of the numerical
solutions. As shown in Figure 3, excellent agreement was found between the numerical
and analytical solutions.
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Figure 3. Comparison of the surfactant and contaminant concentration distributions obtained using
numerical and analytical methods at time t = 7 × 10−3 days.

3. Field-Scale Operation of Surfactant Flushing with High-Pressure Air Injection
3.1. Site Characteristics

The study site (approximately 1500 m2) was located on a military base and was con-
taminated with gasoline and diesel oil. The major source of petroleum contamination in
the area was identified as spillage from a deteriorating oil pipeline connected to an under-
ground storage tank. Gasoline and diesel were distributed in the subsurface at a depth of
6–9 m. The TPH concentration was analyzed using the standard method for soil in Korea.
The mean TPH concentration in the area was 3010 mg/kg, which was 1.5-fold higher than
the regulatory standard (i.e., 2000 mg/kg) stated in Korean soil conservation law. A hill
was present in the upper part of the study site, while a sloping area and flatland were
present in the lower part (Figure 4). A landfilled layer was located in the subsurface (0–6 m),
and a weathered layer containing sand and completely weathered granite-based silt was
present below the landfilled layer. The landfilled layer was composed of yellowish-brown
sands to a depth of 6 m, and the weathered layer was composed of mixed silt and sand
atop granite at depths of more than 6 m. Table 2 lists the soil characteristics of the landfilled
and weathered layers in this area.

3.2. Field-Scale Remediation Operation

Recently, to resolve the problem of preferential channeling through highly permeable
layers, and to remove residual oil trapped by the strong capillary forces present in highly
heterogeneous layered porous media, cyclic injection of a surfactant and air has been
used at a military site in Korea that was polluted with gasoline and diesel from leaking
transportation pipelines. Before cyclic injection of surfactant and air, the polluted area was
remediated through serial in-situ treatments, including slurping and soil flushing over
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a 10-month period [30]. After the long-term field operation of the serial in-situ remediation
process, no free-phase NAPL was present, but residual NAPL remained.

Figure 4. Location of the study area. Gasoline and diesel tanks are located in upper part of field area.
Cross symbols in the sub-figure indicate surfactant-injection (IN) wells.

Table 2. Summary of soil properties in the study area.

Property Landfilled Soil Weathered Soil

pH 6.0 5.9
Porosity (%) 39.0 25.7

Density (g/cm3) 1.62 1.73

Distribution of soil (%)
Granules 3.6%

Sand 94.1%
Silt/clay 2.3%

Granules 1.3%
Sand 89.7%

Silt/clay 8.9%

Bio-slurping was used initially to remove about 99% of the free-phase NAPL, and in
situ surfactant flushing was then conducted for 6 months to meet Korean soil conservation
law. During in situ surfactant flushing, surfactant alone equivalent to 5 pore volumes was
injected at a flow rate of 0.47 L/min over 3 months. However, the surfactant failed to
meet Korean soil conservation law with respect to remediation because the surfactant solu-
tion could not flow through the low-permeability weathered layer sufficiently to remove
residual NAPL. After the serial in-situ remediation process, the removal efficiency differed
among porous layers [30]. The removal rate of total petroleum hydrocarbon (TPH) in a low-
permeability weathered layer was shown to be lower than that in the high-permeability
landfilled layer as the flushing solution could not move through the low-permeability
weathered layer, which contained a high percentage of silt or clay; moreover, residual
pollutants in the weathered layer were strongly adsorbed to the soil. Therefore, to enhance
remediation in the low-permeability layer and meet the legal standard, surfactant injection
combined with intermittent air injection was conducted for 12 months and was expected
to increase the sweeping efficiency of the surfactant and migration ability of contaminant-
laden fluids in the low-permeability weathered layer (because the surfactant foam that
forms prevents preferential flow through the high-permeability layer). In addition, inter-
facial tension in the low-permeability layer will be reduced due to the delivery of greater
amounts of surfactant into the low-permeability layer; in turn, aqueous relative permeabil-
ity in the low-permeability layer will increase. For clarity, the former process (surfactant
alone) is hereafter referred to as the conventional flushing method, while the latter process
(surfactant with intermittent air injection) is referred to as the enhanced flushing method.
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The non-ionic surfactant used in this study was 0.5% Tween-80 (polyoxyethylene sorbitan
monooleate). For conventional flushing, 5 pore volumes of surfactant alone were injected
at a high flow rate of 0.47 L/min over 3 months. For enhanced flushing, the surfactant
was injected into the aquifer at a low flow rate of 0.16 L/min, with approximately 4.4 pore
volumes injected using gravity flow. Air was then injected into the low-permeability weath-
ered layer at a high pressure of 35 psig, and at a flow rate of 350 L/min, through each
air-injection well (equivalent to ~3 pore volumes). The detailed operational parameters of
conventional and enhanced surfactant flushing are shown in Figure 5.

Figure 5. Schematic diagrams of the operational strategies used for (a) conventional surfactant
flushing and (b) enhanced flushing. The groundwater level temporally fluctuated between 5.5 and
6 m below the surface.

For field-scale operation, 23 surfactant solution injection wells, 8 pumping wells and
7 air-sparging wells were used, as shown in Figure 6. The radius of influence of each of
the 23 surfactant wells used for soil flushing was 5.5 m, whereas the radius of influence of
each of the eight pumping wells was 7.5 m. Both surfactant solution injection wells and
pumping wells were installed in the subsurface (9 m depth) using 100-mm diameter PVC
pipes. Screened wells were also established using pipes positioned vertically perforated
at a depth of 6–9 m. Air-sparging wells were constructed from white PVC pipes, 50 mm
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in diameter, and these screened wells were installed to a depth of 9.0–9.5 m below the
subsurface. Detailed diagrams of the surfactant-injection, pumping and air-injection wells
are provided in Figure 7.

Figure 6. Distribution of wells installed for soil flushing, including (a) surfactant-injection (IN) wells,
(b) pumping wells (PW) and airsparging wells (AS).

Figure 7. Diagrams of (a) surfactant-injection/pumping wells and (b) an air-injection well.
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4. Numerical Experiment

To explore the effects of high-pressure air injection during the enhanced flushing
operation on remediation efficiency in the field, enhanced flushing and conventional
flushing scenarios were simulated using the newly developed model to obtain concentration
distributions of surfactant and dissolved NAPL over time, as well as residual NAPL
saturation over time; the numerical results were compared. To reflect the aquifer and
pollution distribution characteristics of the study site, the thickness of the upper layer
(layer 1) was assumed to be 1 m and that of the lower layer (layer 2) to be 2 m, while
the residual NAPL saturation of the upper and lower layers was set to 0.0062 and 0.0131,
respectively, as shown in Figure 8. In addition, to simulate conventional and enhanced
flushing under the same conditions encountered in the field, a high rate of surfactant
injection (i.e., 0.47 m/day for 5 pore volumes) was assumed for an injection well at the
left boundary for conventional flushing, whereas a low rate of surfactant injection (i.e.,
0.16 m/day for 5 pore volumes) was assumed for an injection well at the left boundary in the
enhanced flushing scenario. The input parameters associated with the aquifer properties
and field characteristics of the contaminated site used for simulating the enhanced and
conventional flushing scenarios are listed in Table 3. The surfactant-enhanced dissolution
fitting parameters controlling non-equilibrium interphase mass transfer are provided in
Table 4.

Table 3. Input parameters used for transport simulation.

Parameter
Values

References
Layer 1 Layer 2

Intrinsic permeability, k (cm2) 1.367 × 10−8 3.071 × 10−9 [31]
Water density, ρ1 (g/cm3) 1.0 1.0 [32]
NAPL density, ρ2 (g/cm3) 0.84 0.84 [32,33]

Dynamic viscosity of water, µ1
(kg s−1 m−1) 1.0 × 10−3 1.0 × 10−3 [32]

Dynamic viscosity of NAPL, µ2
(kg s−1 m−1) 2.2 × 10−3 2.2 × 10−3 [32,33]

Gravitational content, g (m/s2) 9.8 9.8 [34]
Bulk density, ρb (g/cm3) 1.62 1.73 [31]

Porosity, φ (-) 0.390 0.297 [31]
Mean particle diameter, dp (mm) 1.5 1.4 [34,35]
Residual NAPL saturation, S2r 0.0062 0.0131 [31]

Distribution coefficient of
dissolved diesel, Kd,o (L/kg) 1.12 1.15 [36]

Distribution coefficient of
surfactant, Kd,s (L/kg) 0.41 0.43 [31]

Longitudinal dispersivity, αL (m) 0.1 0.1 [31]
Transverse dispersivity, αT (m) 0.01 0.01 [31]

Molecular diffusion coefficient,
am (m2/s) 2.0 × 10−10 2.0 × 10−10

[37,38];
Computed using
formula from [39]

Table 4. Solubilization rate constants used for numerical simulation.

Parameter (Units) Values References

β0 (-) 190 [25]
β1 (-) 1.04 [25]
β2 (-) 1.1 [25]

ρw
n (ppm) 0.2 [40]

CMC (ppm) 15.7 [41]
γ (-) 0.891 [42–46]
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Figure 8. Grid configuration, (a) multiphase flow boundary and initial conditions for conventional
flushing and (b) enhanced flushing, and (c) multispecies transport boundary and initial conditions.
q1,C and q2,C represent the prescribed flux of water and NAPL phase on the boundary, respectively,
in Equation (S4) in Supplementary Materials. Co,D and Cs,D are the specified concentrations of the
dissolved contaminant and surfactant, respectively, in Equation (S22). fo,C and fs,C are the prescribed
flux normal to Cauchy boundary for the dissolved contaminant and surfactant, respectively, in
Equation (S22). fo,N and fs,N are the specified gradient concentration normal to Neumann boundary
of the dissolved contaminant and surfactant, respectively, in Equation (S22).
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To simulate the effect of air injection during enhanced flushing on remediation effi-
ciency, we assumed that the hydraulic conductivity of layer 2 in the enhanced flushing
scenario was increased 5-fold relative to that of layer 2 in the conventional flushing scenario
since delivery of surfactant into layer 2 at a lower hydraulic conductivity would be facili-
tated by flooding with foam formed from surfactant and air. This foam flooding would
reduce interfacial tension as the surfactant in layer 2 would decrease the capillary pressure,
in turn leading to increased hydraulic conductivity in layer 2 (consistent with previous
research). Moreover, it has been reported that in the study area, the average hydrological
conductivity was increased about 4–5-fold relative to the level prior to enhanced flushing,
based on slug tests carried out in three monitoring wells after the enhanced flushing op-
eration [31]. Further evidence of this hydraulic conductivity increase is provided by the
results of a field hydraulic test, in which the zone of influence of air injection increased
about 5-fold after the enhanced flushing operation [31]. Accordingly, all input parameters
in Table 3 used the same values in both the conventional and enhanced flushing scenarios,
except the hydraulic conductivity of layer 2.

5. Simulation Results

In this section, the NAPL saturation and the concentrations of the dissolved contami-
nant and surfactant are calculated. For this simulation, initial and boundary conditions for
flow simulation of conventional flushing are presented in Figure 8a, for flow simulation
of enhanced flushing in Figure 8b, and for solution transport of dissolved contaminant
and surfactant in Figure 8c. Here, the main dominant flow of surfactant and dissolved
NAPL species would be directed from the injection well to the pumping well through
two horizontal layers, so the lateral migration of the chemical species for the x-z cross
section was estimated to be relatively small compared to the migration along the direc-
tion aligned with the injection and pumping wells. In addition, since the purpose of this
modeling was to compare the relative difference in remedial efficiency between the conven-
tional flushing approach and the proposed improved flushing approach, we inferred that
two-dimensional simulation did not cause significant errors in investigating the difference
between the two flushing approaches compared to three-dimensional simulation. Accord-
ingly, we employed two-dimensional simulation scenarios in this study without great loss
of confidence.

Surfactant concentration profiles with various pore volumes for conventional and
enhanced flushing are shown in Figures 9 and 10, respectively. In the conventional flushing
scenarios, the hydraulic conductivity of layer 1 was 3-fold higher than that of layer 2
(Table 3), indicating that the surfactant injected into layer 1 moved more rapidly than that
injected into layer 2. The surfactant was completely distributed through layers 1 and 2
at approximately 2 pore volumes (Figure 9). In contrast, the hydraulic conductivity of
layer 1 was lower than that of layer 2 due to air injection in layer 2 in the enhanced flushing
scenarios, resulting in rapid movement of the surfactant in layer 2 (Figure 10).

The distributions of residual NAPL saturation following surfactant injection during
both flushing operations are presented in Figures 11 and 12, respectively. With conventional
flushing, surfactant injected into layer 1 moved more rapidly than that injected into layer 2.
This result indicates that the surfactant facilitated dissolution of the residual NAPL. There-
fore, residual NAPL in layer 1 was remediated more rapidly than that in layer 2 (Figure 11).
However, with enhanced flushing, the residual NAPL in layer 2 was remediated more
rapidly than that in layer 1 because the surfactant in layer 2 moved more rapidly than its
counterpart in layer 1 (Figure 12).
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Figure 9. Concentration distributions of surfactant according to the time elapsed in conventional
flushing scenarios: (a) 0.0 pore volume (b) 0.5 pore volume, (c) 1.0 pore volume, (d) 2.0 pore volume,
(e) 3.0 pore volume and (f) 5.0 pore volume.

The dissolved contaminant concentrations in groundwater (i.e., the aqueous phase)
following the two surfactant injection processes are shown in Figures 13 and 14. A higher
dissolved contaminant concentration was observed in layer 1 in conventional flushing
scenario before the injection rate of three pore volumes was reached (Figure 13). Subse-
quently, the concentrations of dissolved contaminants increased gradually and were greater
in layer 2 than in layer 1. Presumably, this difference arose because the residual NAPL
in layer 1 was entirely remediated, whereas a large quantity of residual NAPL remained
in layer 2 beyond 3 pore volumes (Figure 11). The dissolved contaminant concentrations
of the groundwater in layers 1 and 2 were fairly high for all pore volumes tested in the
enhanced flushing scenario (Figure 14). This similarity is presumably due to the presence
of residual NAPL in both layers (Figure 12).
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Figure 15 shows the total mass of residual NAPL in soil according to pore volume in
the conventional and enhanced flushing scenarios. The removal efficiency of residual NAPL
was approximately 12% greater with enhanced flushing than with conventional flushing.
The difference is because the hydraulic conductivity in layer 2 with greater residual NAPL
was enhanced 5-fold, as determined by field hydraulic testing. Therefore, the residual
NAPL in layer 2, which had lower permeability, was remediated more efficiently.

The total mass of NAPL dissolved in the aqueous phase within the pores is shown in
Figure 16. In conventional flushing, the total mass of NAPL dissolved in the aqueous phase
rapidly increased up to 2 pore volumes and slowly increased thereafter. As the hydraulic
conductivity was higher in layer 1 than layer 2, resulting in more rapid movement of
surfactant and dissolution of residual NAPL in layer 1, the level of residual NAPL in
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layer 1 decreased rapidly up to 2 pore volumes, as shown in Figure 11. The contaminant
concentration in the aqueous phase of layer 1 increased rapidly (Figure 13). Moreover, most
residual NAPL in layer 2 was removed following the nearly complete removal of residual
NAPL from layer 1 at 2 pore volumes. Because the surfactant moved slowly in layer 2,
the residual NAPL in layer 2 was remediated slowly; the contaminant concentration in
the aqueous phase of layer 2 also increased slowly. In enhanced flushing, the total mass
of NAPL in the aqueous phase decreased after reaching a maximum at 3–4 pore volumes
(Figure 14). The hydraulic conductivity of layer 2, with a residual NAPL content of 68%,
was enhanced 5-fold, which accelerated surfactant transport in layer 2 and facilitated
the dissolution of residual NAPL in that layer through enhanced flushing. As shown in
Figure 14, the contaminant concentration in the aqueous phase of layer 2 was very high
at 3 pore volumes. Consequently, the total NAPL mass in the aqueous phase reached
its maximum value at 3–4 pore volumes and then decreased during enhanced flushing
(Figure 16).

Figure 11. Saturation distributions [dimensionless] of residual NAPL according to the time elapsed
in conventional flushing scenarios: (a) 0.0 pore volume, (b) 0.5 pore volume, (c) 1.0 pore volume,
(d) 2.0 pore volume, (e) 3.0 pore volume and (f) 5.0 pore volume.



Water 2022, 14, 316 18 of 27

Figure 12. Saturation distributions [dimensionless] of residual NAPL according to the time elapsed in
enhanced flushing scenarios: (a) 0.0 pore volume, (b) 0.5 pore volume, (c) 1.0 pore volume, (d) 2.0 pore
volume, (e) 3.0 pore volume and (f) 5.0 pore volume.
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Figure 14. Dissolved contaminant concentration in groundwater according to the time elapsed in
enhanced flushing scenarios: (a) 0.0 pore volume, (b) 0.5 pore volume, (c) 1.0 pore volume, (d) 2.0 pore
volume, (e) 3.0 pore volume and (f) 5.0 pore volume.

Figure 15. Total mass of residual NAPL in the entire area according to the pore volume of surfactant.

Figure 16. Total mass of NAPL dissolved in water in the entire area according to the pore volume
of surfactant.
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6. Field Applications of the Enhanced Flushing and Numerical Modeling

To clean up a contaminated military site in Korea to meet the Korean regulatory
standard, a conventional flushing operation was performed until 4.4 pore volumes were
injected at a high-flux surfactant injection rate of 0.47 L/min. Then, enhanced flushing
via low-flux surfactant injection and high-pressure air injection was applied from 4.4 to
7.3 pore volumes. To compare TPH removal rates between the enhanced and conventional
flushing operations at the full field scale, variations in TPH removal rates were visualized
as a function of the pore volume of surfactant injected, as shown in Figure 17, when the
flushing methods were applied successively. At 4.4 pore volumes, i.e., immediately after
the conventional flushing operation, the TPH removal rates were 55.8%, 39.6% and 38.1%
at subsurface depths of 6.0–7.0, 7.0–8.0 and 8.0–9.0 m, respectively, as shown in Figure 17.
However, after 4.4 pore volumes, when enhanced flushing started, significant reductions
in the TPH concentration occurred at all depths in the heterogeneous aquifer relative to
conventional flushing. The TPH removal rates were 52.8%, 57.4% and 61.8% for subsurface
depths of 6.0–7.0, 7.0–8.0 and 8.0–9.0 m, respectively.

Figure 17. TPH removal rates according to the pore volume of the injected surfactant and flushing.

In particular, a significantly enhanced removal rate was observed in layer 2 at a depth
of 7–9 m, as shown in Figure 17. In conventional flushing, the lowest removal rate occurred
at that depth, as surfactant solution preferentially flowed through the high-permeability
layer (layer 1) rather than the low-permeability layer (layer 2).

To investigate the improved removal efficiency of enhanced flushing relative to con-
ventional flushing, we simulated successive soil flushing operations, i.e., an initial period
of conventional flushing until 4.4 pore volumes followed by enhanced flushing from 4.4
to 7.3 pore volumes, and compared the simulation results against field data, as shown in
Figure 18. In this simulation, the hydraulic conductivity of layer 2 during the enhanced
flushing period was set to a value 5 times larger than that used with conventional flushing,
to account for the interaction between air and surfactant. The effluent to initial TPH concen-
tration ratio (Ce/Co) was determined through 7.3 pore volumes. As shown in Figure 18a,
the overall simulation results showed good concordance with the field data, except at the
initial time points. Initially, the simulation results showed slight underestimation com-
pared to the field data, suggesting that the numerical simulation slightly overestimated
the removal of contaminants compared to real field conditions. We had guessed that this
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discrepancy was produced from simply using the isotropy of hydraulic conductivity in
the numerical simulation and had tried to reduce this discrepancy by considering the
anisotropy. The numerical simulation was performed taking into account anisotropic cases
where the vertical hydraulic conductivity of Kzs in both layers is 10 times smaller than the
horizontal hydraulic conductivity of Kxs, respectively. However, due to top and bottom
no-flux boundary conditions, we found out that there were negligible differences in vertical
velocity distributions between isotropic and anisotropic cases, and in turn contaminant
removal between isotropic and anisotropic cases was almost same. In addition, the top
boundary condition was changed from the no-flux boundary condition to the recharge
boundary condition, so that the vertical velocity distribution was changed according to the
anisotropic situation. Despite the change in the top boundary conditions, the simulated
contaminant removal between the isotropic and anisotropic cases in this study showed
little difference. Therefore, the reason for the discrepancy between the simulation results
and the observed values in this study could not be explained by the anisotropic effect alone.

Accordingly, the parameter of the mean particle size dp associated with dissolution
under field conditions has been calibrated to correct a slight overestimation of numerical
contaminant removal compared to actual field observations, as shown in Figure 18a. The
landfill layer in this area consists of 3.6% granules, 94.1% sand and 2.3% silt/clay, while
the weathering layer consists of 1.3% granules, 89.7% sand and 8.9% silt/clay (Table 2).
According to Krumbein [47], granules, coarse sand and silt/clay have particle sizes of
1–5 mm, 1–2 mm and 0.002–0.1 mm, respectively. In this study, dp was calculated by
multiplying each of the mean particle sizes of the soils by the percentages of each soil
composition and then adding them. The dp range was estimated at 1.1–1.9 mm and
1.0–1.8 mm in landfill and weathered layers, respectively.

In order to investigate effect of the mean particle size on the dissolution, the rela-
tionship between mass exchange rate Ew

n and mean particle size dp can be written from
Equations (22) and (23) as follows:

Ew
n ∝

(
1
dp

)2−β1

(26)

where β1 = 1.04 [25,27]. From Equation (26), we found out that mass exchange rate is
inversely proportional to mean particle size. Therefore, in order to reduce the discrepancy
between the simulated overestimated mass removal and the observed values, as shown in
Figure 18a, we performed numerical calibration by gradually increasing the mean particle
sizes of the landfill layer and of the weathered layer from 1.5 to 1.9 mm and from 1.4 to
1.8 mm, respectively. Finally, the numerical solutions matched best with the observations
when the dps of the landfill layer and of the weathered layer were 1.875 mm and 1.75 mm,
respectively (Figure 18b). In particular, at least before 4.4 PV, the numerical solution
exactly matched with the observed values. Even after 4.4 PV, the numerical simulation
results of enhanced flushing were in overall good agreement with the observed values.
Compared to previous smaller mean particle sizes, calibrated simulation result obtained
using the larger mean particle sizes was better matched with observed values, as shown
in Figure 18b. Although exact match between enhanced flushing and field observations
cannot be obtained after 4.4 PV, we figured out from numerical simulation that contaminant
removal rate after enhanced flushing operation was accelerated compared to conventional
flushing operation before 4.4 PV, which was consistent with field observation. Therefore, in
Figure 18b, slope of line in case of enhanced flushing is better matched with that of field
observation trendline than slope of line in case of conventional flushing. Lastly, the small
discrepancies between enhanced flushing and field observation may be still attributed
to various causes such as failures to consider various wettability of geological material
(contact angle), explicit surfactant foam transport, solute diffusion through immobile water
films sandwiched between NAPL blobs and soil grains, and physical bypassing of mobile
phases around contaminated regions.
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Figure 18. Comparisons of Ce/Co values obtained in the field and obtained by numerical simulations
of successive soil flushing operation (a) using smaller mean particle diameters before calibration and
(b) larger mean particle diameters after calibration.

In conclusion, the interplay between air injection and surfactant flushing during
enhanced flushing gives rise to various complex chemical and physical processes that
affect remediation efficiency, including surfactant foam transport, diversion of surfactant
to the low-permeability layer by foam, interfacial tension reduction due to surfactant in
the low-permeability layer, an increase in relative permeability, and surfactant-enhanced
drainage following a reduction of capillary action and interfacial tension. To simulate
all of these processes accurately, a complex, comprehensive and sophisticated numerical
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model would be needed, including many parameters that are not easy to measure and thus
generally not suitable for field applications. However, considering only one parameter that
is related to all of these processes, i.e., hydraulic conductivity, allows for the application
of a simple numerical simulation to field conditions. For broader practical application of
numerical modeling, further investigation of the empirical and experimental relationships
of enhanced hydraulic conductivity with various processes that occur during enhanced
flushing is needed.

7. Conclusions

Numerical modeling was performed using a newly developed model to predict the
efficiency of contaminant removal and to elucidate the characteristics of the enhanced
flushing system through comparison with other flushing methods. An enhanced flushing
operation was conducted at the field scale to overcome the difficult treatment conditions
associated with contamination in a heterogeneous geological setting.

To investigate the effects of high-pressure air injection during enhanced flushing on
remediation efficiency in the field, enhanced and conventional flushing scenarios were
simulated using the developed model to obtain concentration distributions of surfactant
and dissolved NAPL over time, as well as residual NAPL saturation over time; the nu-
merical results were compared to the field data. In the numerical experiment, the removal
efficiency of residual NAPL was approximately 12% greater with enhanced flushing than
with conventional flushing at 5 pore volumes because the hydraulic conductivity of layer 2,
which had a residual NAPL content of 68%, was enhanced 5-fold, thus accelerating sur-
factant transport in layer 2 and facilitating the dissolution of residual NAPL through
enhanced flushing.

At a contaminated military site in Korea, where successive soil flushing operations
were performed to investigate the improved removal efficiency of enhanced flushing
relative to conventional flushing, we simulated successive soil flushing operations using
our newly developed model and compared the simulation results with field data. During
the early stage of the conventional flushing operation, TPH removal rates at 4.4 pore
volumes were 55.8%, 39.6% and 38.1% at subsurface depths of 6.0–7.0, 7.0–8.0 and 8.0–9.0 m,
respectively. However, with enhanced flushing from 4.4 to 7.3 pore volumes, the TPH
removal rates were 52.8%, 57.4% and 61.8% at subsurface depths of 6.0–7.0, 7.0–8.0 and
8.0–9.0 m, respectively. A significant reduction in contaminant concentration was observed
regardless of depth within the heterogeneous aquifer. This enhanced removal could
be simulated using the model developed in this study, as shown in Figure 18a,b. The
simulations slightly overestimated contaminant removal compared to the field-scale test
in Figure 18a. By performing the numerical calibration of the mean particle size and
by using the larger mean particle sizes, we obtained the calibrated solutions results that
accurately matched the observations in Figure 18b. This result indicated that successful
simulation results can be obtained using only one parameter, i.e., enhanced hydraulic
conductivity, which was identified based on the effects of various chemical and physical
processes involved in the interplay between air injection and surfactant flushing, seen
during enhanced flushing.

In conclusion, our field-scale test showed that low-flux injection of a surfactant, com-
bined with high-pressure air sparging, is an effective novel method for improving the
solubility and mobility of contaminants through enhancement of hydraulic conductivity.
Moreover, we found that a simple numerical model considering only enhanced hydraulic
conductivity rather than all of the chemical and physical processes involved in the inter-
play of air injection with surfactant flushing, facilitating assessment of the remediation
performance of enhanced flushing technology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14030316/s1. Supplementary Materials S1: Equation Governing
Multiphase Flow, Supplementary Materials S2: Transport Equations for Dissolved NAPL Species and
Surfactant, Supplementary Materials S3: Numerical Formulations of Water-NAPL Phase Flow and
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Multispecies Transport, Figure S1: Flow chart for proposed numerical method. tn+1 and tn are new
and old time levels, respectively, ∆t is time step, Pt is the total pressure, S1 and S2 are the water phase
and NAPL phase saturations, respectively, Vt is the total velocity, V1 is the Darcy velocity of water, Co
and Cs are the concentrations of dissolved contaminant and surfactant, respectively, Vd,o and Vd,s are
the particle tracking velocities for dissolved contaminant and surfactant, respectively, superscripts
n + 1 and n indicate the new and old time levels, respectively, superscript m is the nonlinear iteration
level, and superscript * indicates the results of particle tracking.
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