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Abstract: Mathematical model-based accurate evaluation of the remediation process at organic pollution
sites serves as an efficient approach to the management and remediation of contaminant source zones.
Numerical and upscaled analytical solution models are effective mathematical methods for reproducing the
Dense Nonaqueous Phase Liquid (DNAPL) remediation process. However, in the current design of pollu-
tant removal schemes, effective mass transfer models for characterizing the elution behaviors of contami-
nants remain lacking. In this study, two mathematical methods integrated with improved mass transfer
models were employed to simulate the multi-stage contaminant elution behaviors under two distinct scenar-
i0s: A mixed-source region subjected to continuous water flushing and a residual DNAPL source treated
with shorter-duration pulse flushing of the ethanol solution. Both the improved numerical model and
upscaled analytical solution model demonstrated enhanced accuracy, which was attributed to the incorpora-
tion of solubilization mechanisms into mass transfer processes and the adoption of a multi-source region
division method. The Mean Absolute Errors (MAE) of the numerical simulation for the two scenarios were
20.68 mg/L and 6.93 mg/L, respectively, whereas those of the upscaled model were 33.29 mg/L. and 8.60
mg/L, respectively. Comparing the two improved models, the numerical model exhibited higher accuracy,
while the upscaled model was characterized by faster computation speed and fewer input parameters.

Keywords: Mass transfer rate coefficient; Numerical model; Analytical solution model; Multi-stage disso-
lution behaviors
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utilization over extended periods (Huo et al,
2020). It remains a major challenge to effectively
remove these organic pollutants from the under-
ground environment in the environmental engi-
neering field (Feng et al., 2025; Oba et al., 2021;

Introduction

The improper production and use of organic
solvents and hydrocarbon fuels, coupled with their

leakage into the underground environment, have
gradually developed into a persistent pollution
source that threatens the safety of groundwater
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Zhao et al., 2024). Many studies have been
conducted on the dissolution and removal of Dense
Nonaqueous Phase Liquid (DNAPL) to under-
stand the mechanisms of DNAPL remediation over
the past several decades (Patil et al., 2023, Tiwari
and Tripathy, 2023). Mass transfer serves as a key
factor in controlling the DNAPL dissolution
process. Due to the heterogeneity of soil media and
DNAPL distributions, as well as the complexities
in most field applications, a mass transfer rate
expression is necessary for describing the simula-
tion of DNAPL dissolution process (Agaoglu et al.,
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2012; Grant and Gerhard, 2007).

Factors affecting the mass transfer rate include
pore velocities of flushing solutions, the DNAPL
dissolution capacity in flushing solutions, pore
characteristics, and the interfacial area between
two phases in pores, according to a series of pore-
scale mass transfer experiments (Corapcioglu et
al., 2009; Hu et al., 2021; Ramezanzadeh et al.,
2020; Sarikurt et al., 2017; Wang et al., 2023a;
Yang et al., 2022). Several mass transfer models
have been established based on previous studies.
Although several experimental investigations have
been conducted to characterize the effects of
DNAPL solubility on associated mass transfer
processes, the quantitative relationships between
them have not yet been fully clarified (Cho et al.,
2005; Ramezanzadeh et al., 2020; Yuan et al.,
2025).

In some studies, it has been shown that DNAPL
solubilization inhibits DNAPL mass transfer
(Wang et al., 2023a, b; Yaksi et al., 2020). There
was also the investigation indicating that solubi-
lization could enhance DNAPL mass transfer
(Yang et al., 2022). In addition, several new mass
transfer models were developed to characterize the
mass transfer process in complex DNAPL source
zone configurations. These models incorporated
macroscopic DNAPL distribution characteristics,
including the GTP (the ganglia-to-pool ratio), as
well as the perimeter and area of the DNAPL
source region (Luciano et al., 2018; Saba and Illan-
gasekare, 2000).

DNAPL remediation simulations can predict the
multi-stage behavior of effluent concentrations
when these macroscopic DNAPL source parame-
ters are considered. As the mass transfer rate in a
DNAPL pool region is significantly lower than that
in the ganglia region, it is essential to evaluate
mass transfer rates separately for these distinct
DNAPL configurations (Christ et al., 2010; Guo et
al., 2020; Stewart et al., 2022).

Due to the high uncertainty and complexity in
mathematical descriptions of DNAPL multiphase
flow remediation processes, numerical simulation
remains challenging. Previous mesoscale sandbox
and sand-column experiments have explored many
approaches to simulate DNAPL dissolution
processes, yet only a few simulations, established
based on these experimental data, have incorpo-
rated the complex mass transfer processes regu-
lated by diverse influencing factors (Guo et al.,
2020; Marble et al., 2008). Mass transfer models
considering multiple factors, as well as solubiliza-
tion mechanisms, have not yet been applied to
existing DNAPL remediation simulations under co-
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solvent or surfactant flushing scenarios. Most
simulations can only reproduce the behavior of a
simple eluent concentration curve under the water
flushing scenario (Kokkinaki et al., 2013; Zhang
and Brusseau, 2004). In solubilization flushing
scenarios, the mass transfer rate coefficient is often
approximated as a constant to assess the average
DNAPL dissolution rate (Demiray et al., 2021;
Karaoglu et al., 2019). Agaoglu et al. (2012)
argued that assuming a constant mass transfer
coefficient for the entire flushing experiment may
not be appropriate. In co-solvent or surfactant
flushing scenarios, the average mass transfer rate
coefficient constants fitted by numerical models
are often much lower than the values calculated by
mass transfer models derived from experimental
observations (Aydin-Sarikurt et al., 2016;
Karaoglu et al., 2019). Due to the complexity of
DNAPL mass transfer, it is difficult for existing
models to capture the DNAPL flushing process
with complex effluent concentration behaviors,
especially for enhanced DNAPL dissolution
processes (Kaye et al., 2008).

At the hectometer scale, numerical simulations
face significant challenges in overcoming the limi-
tations associated with precise characterization of
the contaminant source zone and high computa-
tional cost (Song et al., 2022). The upscaled
analytical solution is a good alternative method.
This model has the following basic assumptions
when it is used to calculate contaminant fluxes at a
coarser scale: (1) the unstable and non-uniform
three-dimensional flow field is approximated as a
stable and uniform one-dimensional flow field; (2)
the model neglects the influences of the hydrody-
namic dispersion and molecular diffusion on the
concentration field; (3) the model does not account
for the initial dissolution process of contaminants;
(4) the contaminant dissolution process is consid-
ered as the pseudo steady state; (5) the upscaled
mass transfer coefficient is used to describe the
mass transfer behaviors of contaminants. The
source zone is divided into two domains of ganglia-
and pool-dominated regions to accurately predict
two-stage reductions in the mass discharge as a
function of mass removal (Christ et al., 2010).

In this study, we extend the multi-source zone
mixed numerical model and the upscaled analyti-
cal solution model to simulate DNAPL dissolution
behaviors under the following two scenarios:
(1) water flushing in a complex DNAPL source
configuration, and (2) co-solvent flushing with a
residual DNAPL structure. The two extended
models are proposed to effectively improve predic-
tion accuracies and predict DNAPL dissolution
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behaviors under solubilization conditions, which
provide both theoretical insights and practical
guidance for the remediation and risk management
of organic contaminant sites.

1 Experiments and models

This study aimed to evaluate DNAPL dissolution
processes using an improved numerical model and
an improved upscaled analytical solution model,
both of which were calibrated with sandbox exper-
imental data. Two flow cell experiments were
simulated: (1) a mixed-source region configura-
tion subjected to continuous water flushing (Exper-
iment A), and (2) a residual DNAPL source struc-
ture treated with shorter-duration pulse flushing of
ethanol solution (Experiment B).

1.1 Experiment A

Difilippo et al. (2010, 2011) conducted a series of
Trichloroethene (TCE) flushing experiments in
flow cells to investigate the impacts of organic-
liquid distribution and porous media heterogeneity
on mass removal behaviors. The Mixed-Source
experiment was selected as the focus of this study,
in which the flow cell consisted of a homogeneous
pack of 40/50 mesh sand with a 2 c¢cm thick capil-
lary barrier of 70/100 mesh sand along the bottom
boundary. Its porosity was 0.4389. The sand media
with diameters of 359 um (40/50 mesh) and 172
um (70/100 mesh) had representative hydraulic
conductivities of 4.0 cm/min and 0.1 cm/min,
respectively. The flow cell was 40 cm long, 20 cm
high, and 2.6 cm wide, with multiple evenly
spaced injection/extraction ports on each end.
Three ports were evenly spaced at the top of the
cell for injection of organic liquids. A total of 12
mL TCE was injected into the flow cell at a rate of
1 mL/min from the top central inlet and allowed to
naturally distribute within the porous media for a
period of 48 h to obtain a stable initial TCE distri-
bution prior to the initiation of water flushing.
Then, the de-aired water was injected at a constant
rate of 3.3 mL/min.

1.2 Experiment B

Wang et al. (2019) employed a transmission light
monitoring system to investigate the transport and
elution behaviors of tetrachloroethylene (PCE) in a
sandbox with dimensions of 20 cmx 32 cm X% 1.65
cm. Multiple injection/extraction ports were evenly
distributed on each end of the sandbox, resem-
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bling the flow cell from Difilippo et al. (2010,
2011). The sandbox was mainly packed with 40/50
mesh sand. The 70/80 mesh sand was packed along
the bottom and top boundaries with a thickness of
1 cm. The porosity of the sandbox was 0.31. A
total of 4.5 mL PCE was injected through the
injection port at the top before flushing with 50%
ethanol solution. Simultaneously, water was
injected at a Darcy velocity of 1 m/d from the left
side of the sandbox. When the PCE distribution
and elution concentration reached stability after
water flushing for 24 h, the pulse flushing of the
ethanol solution was initiated. First, 50% ethanol
solution of 3 Pore Volume (PV) was injected at a
Darcy velocity of 1 m/d, followed by water flush-
ing at the same Darcy velocity for 24 h. The above
steps were repeated twice to complete the pulse
flushing process. Finally, 50% ethanol solution of
9 PV was injected.

1.3 Description and improvement of the
numerical model

UTCHEM (Delshad et al., 1996; Liang and Falta,
2008), a three-dimensional, multiphase, multicom-
ponent, finite-difference numerical model was used
to simulate the DNAPL remediation process in this
work. Because the experiments involved complex
mass transfer processes under cosolvent solubiliza-
tion, some modifications including the improve-
ment of the Hand's model (Appendix A) and the
application of a new mass transfer model were
made based on UTCHEM-9.0.

The DNAPL dissolution rate (R) was assumed to
be represented by a linear driving force model
(Powers et al., 1992):

R=K(C"-C,) M

Where: K is the lumped mass transfer coeffi-
cient, C* is the equilibrium concentration of
DNAPL in water or microemulsion phase, and C,
represents the effluent contaminant concentration
in the aqueous phase or the microemulsion phase.
Previous studies demonstrated that K depended on
several factors, including the groundwater velocity,
aqueous-phase composition, DNAPL saturation,
and porous media properties (Hu et al., 2021;
Powers et al., 1994; Wang et al., 2023a). Yang et
al. (2022) obtained an empirical model for non-
equilibrium mass transfer considering multiple
factors based on residual PCE dissolution observa-
tions in a micropore model. The dissolution
process of residual PCE was divided into three
stages, namely, a strong convection stage (Stage I),
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a weak convection stage (Stage II), and a diffusion
stage with a limited distance (Stage III). In Stage II
and Stage III, the impacts of mass transfer on
elution concentrations are negligible. Thus, this
study focused exclusively on Stage I. Experimen-
tal data from Yang et al. (2022) were re-fitted and
the following model was obtained:

Sh =

eq 1.1453
S (0.8664+2.957|SO)R 1.9602 1+001825< )
@22 ¢ WS OL
2)

Where: Re and S, are the Reynolds number and
DNAPL saturation, respectively; S, represents the
distribution characteristic of residual DNAPL in
the system; a is a fitting parameter; WSOL with a
unit of volume fraction represents the solubility of
DNAPL in the water phase.

Equation 2 was derived from the dissolution
data of residual DNAPL, which is not suitable for
characterizing the non-equilibrium mass transfer
process in DNAPL pool regions. Christ et al.
(2006) assumed that the mass transfer expression
was a function of the average Darcy velocity and
the mass reduction, and emphasized that, regard-
less of the model complexity, all upscaled mass
transfer correlations should employ the same func-

tion form:
M B
) o
Where: k and f are fitting parameters. M repre-
sents the DNAPL mass at time ¢, and M, denotes
the initial DNAPL mass (at ¢t = 0). &, is a function
of system parameters such as the Darcy velocity
and geometric dimensions of a DNAPL pool.
Luciano et al. (2018) employed the geometric
dimensions of a pollution source region as parame-
ters to evaluate mass transfer processes. Stewart et
al. (2022) divided a DNAPL source zone into sepa-
rate mass regions and evaluated the initial geomet-
ric dimensions of each mass region as mass trans-
fer model parameters similarly. They also assumed
that the vertical dispersion was the sole mecha-
nism in the analytical expressions for the total
mass dissolution rates of DNAPL pools on a bulk
scale. However, during the flushing simulation,
DNAPL can migrate to other regions, increasing
the geometric ranges of DNAPL pools (Fig. 1). It
is inappropriate to evaluate the mass transfer
process of DNAPL pools by their initial geometric
dimensions, given the large-ranging migration
behaviors of DNAPL pools.
In this work, the ratio M(¢)/M, is equivalent to
that of DNAPL saturation (S,) to its initial satura-
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Fig. 1 Comparison of DNAPL distributions at differ-
ent times (PV) in the mixed-source experiment

tion (S,0) in pool-dominated regions. The mass
reduction in a DNAPL pool means that the Darcy
velocity increases. To represent k,, the mass trans-
fer coefficient model per unit normalized interfa-
cial area presented by Powers et al. (1994) is
employed. Therefore, the mass transfer rate coeffi-
cient in a pool region is expressed as:

S B
T 36.8Re°'654( S—z) (S20>WSOL)
2,0

K=
S

B
WSOL) (S,0 <WSOL)

“4)

7-36.8Re"* (

Where: 7 is a fitting parameter.

1.4 Description and improvement of the
upscaled analytical solution model

The contaminant flux in a complex DNAPL source
zone could also be predicted using the upscaled
model from Christ et al. (2010) and Song et al.
(2022), which adopts a steady-state solution (Equa-
tion 5) of the one-dimensional advection-disper-
sion equation, coupled with an upscaled mass
transfer coefficient that is a function of the initial
source zone GTP (the ganglia-to-pool ratio). GTP
can be re-expressed in terms of the fraction of
DNAPL mass distributed in ganglia (GF) or pools

(PF).

C(L)=C,(L)+C,(L) (5)
C,(L)=C 1_<1_c«q) (6)
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(1-GF):M >/’Z

f C, ((1—GFU>-M0
o ™

C,(L)y=C|1- (1

Where: C(L) is the average contaminant flux at
a distance L down-gradient from the source zone;
C,(L) and C,(L) represent the contaminant fluxes
from the ganglia region and DNAPL pool region,
respectively; C, is the initial contaminant flux at
that location; f, and f, represent the proportions
derived from the fluxes of the DNAPL source
characterized as ganglia and pools, respectively. S,
and p, are fitting parameters; GF, denotes the
initial fraction of DNAPL mass located in ganglia.
The above equations are used to simulate the
DNAPL flux under the scenario of water flushing.

To enhance the predictive accuracy of the
upscaled model, numerical simulation results under
various initial DNAPL distributions were used to
revise its partial parameters, i.e., GF, f,, and f,.
Furthermore, a new upscaled mass transfer model,
incorporating the DNAPL solubilization mecha-
nism, was coupled with the upscaled analytical
solution model. And the improved model of the
DNAPL flux under solubilization conditions was
described in Section 2.2.

1.5 Sensitivity analysis

To evaluate the influence of input parameters on
the effluent concentration predicted by mathemati-
cal models, it is necessary to calculate sensitivity
coefficients of distinct parameters (Karaoglu et al.,
2019):

0C,
ap;

Where: SC (sensitivity coefficients) and C,
(effluent concentration) are functions of time (7)
and all parameters (p;). In the sensitivity analysis
of the numerical model, four parameters, i.e., GTP,
the mass transfer rate of residual DNAPL, the mass
transfer rate of DNAPL pool and the DNAPL solu-
bility in ethanol solutions, were selected to calcu-
late sensitivity coefficients. In the upscaled analyti-
cal solution model, GTP, f,, f., 1., y (a power expo-
nent fitting parameter of a ratio for the DNAPL
solubility in co-solvent solution (C*) to that in
water (WSOL), see Section 2), and the DNAPL
solubility in ethanol solutions were selected to
calculate sensitivity coefficients.

The sensitivity coefficient depends on the base
case simulation. In this work, there were four base
case simulations, namely, the numerical simula-
tion of Experiment A, the numerical simulation of
Experiment B, the upscaled simulation of Experi-
ment A, and the upscaled simulation of Experi-

SC = (r,pl,pz---mg )
2
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ment B. In each sensitivity simulation, the input
parameter was usually doubled from the base case
value. However, for parameters with upper limits,
doubling their values generally yielded abnormal
simulation results, such as f, with an upper limit of
1. Sensitivity analysis was performed using an
intermediate value between the base model param-
eter value and its upper limit.

2 Results

2.1 Numerical model prediction

The validity of the mass transfer model consider-
ing the solubilization mechanism was evaluated by
characterizing the residual DNAPL dissolution
process under a complex source configuration with
single water flushing (Experiment A, Difilippo et
al., 2010) and under a residual source structure
with pulse flushing of the ethanol solution (Experi-
ment B, Wang et al., 2019).

The rectangular flow cell was uniformly
discretized into two-dimensional grids, with 30 x
22 x 1 for Experiment A and 20 x 32 x 1 for
Experiment B in the X, Z, Y directions, respec-
tively (Fig. 2). The flow cell was assumed to be
fully saturated with water. The top and bottom
boundaries were set as zero flux boundaries. Verti-
cal pseudo-wells were installed on the left and
right boundaries. For the numerical simulation of
Experiment A, the right boundary condition was
set to an injection well with a constant flow rate
(4.752¢” m’/d), while the left boundary was a
pumping well with a constant bottomhole pressure
(101.55 kPa). The heterogeneity of the media was
ignored. The elution behaviors of Experiment A
were simulated under different mass transfer
models, such as the multi-source zone mixing
model (Equations 2 and 4), single-source zone
model (Equation 2), a mass transfer rate constant
(K =15 d™"), and the Imhoff model (Imhoff et al.,
1995, Equation 9) (Figs. 3—4). For the numerical
simulation of Experiment B, the right boundary
condition was set to an extraction well with a
constant bottomhole pressure (101.55 kPa), while
the left boundary was an injection well with a
constant flow rate (4.752¢” m’/d). Various mass
transfer models, such as the single-source zone
model (Equation 2), the Imhoff model, and the
constant mass transfer rate coefficient (K = 6.5
d"), were utilized to estimate the dissolution
process of PCE (Figs. 3—4). The details of the
model parameters are listed in Table 1 and Table 2.

/ S\
SHh =1Re"” ((p") S )
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Fig. 2 The initial DNAPL distribution before flushing

Notes: a-mesh generation for Experiment A; b-mesh generation for

Experiment B

It should be noted that during the first flushing
of ethanol solution and water in Experiment B,
there was slight migration of PCE in the region
marked by the yellow curve in Fig. 2. Despite the
relatively low DNAPL saturation within the
marked zone (maximum saturation of 0.15),
DNAPL migration behavior was observed in the
simulation. This may be attributed to the model's
inadequate consideration of the heterogeneity of
media. The DNAPL migration proportion (MP, the
ratio of DNAPL migration volume to the DNAPL
volume in the yellow curve in Fig. 2) exhibited a
high value in the early stage of the simulation,
followed by rapid decline and subsequent fluctua-
tion (Fig. 5). Although the average contribution
ratio of DNAPL in the marked region to effluent
concentrations was 18.5%, the average DNAPL
migration proportion in that zone was only
2.6 %o. Therefore, DNAPL migration in this
region can be ignored in predictions of the efflu-
ent concentration and PCE mass removal.
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Table 1 List of key parameters used in numerical simulations

Value
Parameter Classification Mixed-source experi- Pulse flushing experi-
ment (Experiment A) ment (Experiment B)
Permeability/(cm/min) 70/100 (or 70/80) mesh 0.10° 0.13°
40/50 mesh 4.00° 12.21"/4.00°
Residual saturation Low capillary number
DNAPL phase (S,,) 0.20° 0.12
Aqueous phase (S,,) 0.10° 0.10°
Microemulsion phase (S,;) - 0.10°
High capillary number
DNAPL phase (S,,) 0.00 0.00
Aqueous phase (S,,) 0.00 0.00
Microemulsion phase (S,5) - 0.00
Endpoint relative permeability Low capillary number
DNAPL phase (k%) 0.37° 0.37°
Aqueous phase (k2,) 1.00° 1.00°
Microemulsion phase (k%) - 1.00°
High capillary number’
DNAPL phase (k%) 1.00 1.00
Aqueous phase (k%)) 1.00 1.00
Microemulsion phase (k%) - 1.00
Relative permeability exponent Low capillary number
DNAPL phase 5.00" 5.00/3.50"
Aqueous phase 2.85¢ 2.85°¢
Microemulsion phase - 2.85¢
High capillary number’
DNAPL phase 1.00 1.00
Aqueous phase 1.00 1.00
Microemulsion phase - 1.00
Capillary pressure endpoint/kPa 2.90° 2.90"
Capillary pressure exponent -0.50" -0.50"
Density/(g/mL) DNAPL (TCE/PCE) 1.460' 1.622
Water 0.998' 0.998'
Ethanol - 0.787'
Interfacial tension of water-oil/(dyn/cm) 35.62¢ 45.00'
Interfacial tension between ethanol o = e +1611C31 £

solution and PCE phase/(dyn/cm)
viscosity of ethanol + water + PCE
mixture/(Pa-s)

Longitudinal dispersion/m

Transverse dispersion/m

— 1
111 = Crypay 0" $132Ca+Ca) 4 Oy 0 OIHCUCI) 4 Cypp15 g1 5823C1=1.5125Co)

0.015*
0.008°

0.015*
0.008*

“ DiFilippo et al., (2010); ” Schroth et al., (1996); © Grant, (2005); “ Guo et al., (2018); ¢ Liao et al., (2016); ' NIST Chemistry
WebBook; ¢ Aydin-Sarikurt et al., (2016); " Correction parameters for medium permeability and relative permeability within
PCE migration zone (i.e., the region marked by yellow curve in Fig. 2) in pulse flushing experiment; ' Demiray et al., (2021);
/ Agaoglu et al., (2012); * Interfacial tension is a function of ethanol content. the experimental data come from Hayden et al.,
(1999) and Lunn and Kueper, (1997); ' The viscosity of ethanol + water + PCE mixture is calculated in terms of the viscosity
of the pure phases. The viscosity data of PCE-C,H;OH, H,0-C,H;OH, and H,0-C,H;OH-PCE systems come from Agarwal
and Singh, (2004), Khattab et al., (2012), and Hayden et al., (1999), respectively.
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Table 2 Calibrated parameters for different mass transfer models

Parameter
Experiment Mass transfer model
a S, Ky B
Mixed-Source experiment Multi-Source zones mixing model (Equations 2 and 4) 70,000  0.00 - 6.51 0.10
Single-Source zone model (Equation 2) 70,000 0.00 - -
Imhoff model (Equation 9) - 1.50 1.00
K - 15.00 -
Pulse flushing Single-Source zone model (Equation 2) 630,000 0.49 - -
Imhoff model (Equation 9) - - - 2.00 1.19
K - 6.50 -

0 5 10 15 20 25
PV

DNAPL migration proportion

Contribution ratio of DNAPL in marked

region to efflent concentrations

Fig. S DNAPL Nigration Proportion (MP) and aver-
age contribution ratio of DNAPL to effluent concen-
trations in the marked zone (ACR)

2.2 Upscaled model prediction

There are six parameters for contaminant flux
calculations in the upscaled model (Equation 5):
Co, fi» fo» Bi, B2, and GF. Christ et al. (2010) and
Song et al. (2022) represented B, as a function of
GTP (B, = 1.07GTP ). The mass depletion from
pool-dominated regions was assumed essentially
constant until near complete mass removal (8, =
0.50). The evolution of the Ganglia Fraction (GF)
was a function of mass removal (Equation 10):

M 7.8
1- =

M
GF, |1- M, (1——) <GF,

GF, M,

GF=

M
0 (1——) >GF,

M,
(10)

The area ratio of DNAPL pool projected onto
the lower gradient control plane was used to char-
acterize the initial fraction of the contaminant flux
eluting from DNAPL pool regions (f,), and

Lt =1
http://gwse.iheg.org.cn

2.2.1 Prediction of Experiment A

The simulated elution curve under the mixed-
source configuration by the upscaled analytical
solution model from Song et al. (2022) was shown
in Fig. 3. Although the model could predict multi-
stage behaviors of DNAPL dissolution under
complex source configurations, its predictive
performance remained limited. Particularly in the
stage subsequent to complete dissolution of the
initial DNAPL ganglia zone ((1 —%> >GFy),
the predicted result showed a linear gecrease in
DNAPL elution concentration. Moreover, the
upscaled analytical solution model predicted that
the second stage of the elution curve would be
initiated earlier.

M
In fact, when (1 - ﬁ) > GF,y, there remains a

certain proportion of un(éiissolved DNAPL ganglia
in the contaminated source zone. In this work, the
numerical model (multi-source zone mixing
model), calibrated with experimental data, was
used to calculate the elution behaviors under
different initial DNAPL distributions (GTP, Fig.
6). When the elution curve entered the second
stage, the removal ratio of DNAPL (1-M/M,) in
the contaminated region was significantly higher
than the initial proportion of DNAPL ganglia
(GF,). The difference (w) between 1-M/M, and
GF, is linearly correlated with GF,, (Fig. 7) Thus,
in this work, the evolution function of the Ganglia
Fraction (GF) was represented as:

M 7.8
(GFy+w) |1-

GF = (11)

0 (1—%) > (GFy+w)
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Fig. 6 Under different initial DNAPL distributions (GTP), the prediction of elution concentration (C,), from the
upscaled analytical solution model and the numerical model (multi-source zone mixing model), varying with

DNAPL depletion ratio (1-M/M,)

w =-0.3045GF, +0.3059 (12)

Where: w is a correction coefficient, represent-
ing the difference between the mass depletion of
DNAPL, when the DNAPL ganglia in source
regions are completely dissolved, and GF). It was
assumed that the contribution ratio (f,) of the
DNAPL pool to the elution concentration remained
constant in the studies of Christ et al. (2010) and
Song et al. (2022). After the dissolution domi-
nated by DNAPL pool became the sole contribu-
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tor to effluent concentration, the decay pattern of
effluent concentration (Equation 7) was different
from that of DNAPL ganglia dominated stage
(Equation 6). Additional parameter calibration (1)
for f, was required. Using the upscaled analytical
solution model to fit the elution curves predicted
by the numerical model under different GTPs, the
proportion of the flux from the DNAPL pools (f;)
is expressed as:

H=U=f)n (13)

http://gwse.iheg.org.cn
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y=-0.3045x+0.3059

0.5 0.7 0.9
GF,

Fig. 7 The relationship between the removal ratio of
DNAPL in the contaminated region, i.e., (1-M/M,),
and the initial proportion of DNAPL ganglia (GF,)
when the elution curve enters the second stage

n=1+(-21.348GF;, +42.334GF,— 14.589)

( M (740.83GF3-990.59GFy+345.31)
1 B 7)

" (14)

Under different initial DNAPL distributions
(Fig. 6, GTP), the fitting parameter (f,) of the
upscaled model (Equations 5, 11, and 13) was a
function of GTP (Fig. 8). It was lower than the
area ratio of DNAPL ganglia projected onto the
lower gradient control plane (f, =0.900 from Song
et al., 2022; Fig. 8). By adjusting f,, the new
upscaled model (Equations 5, 11, and 13) could
effectively capture the multi-stage dissolution
behaviors of DNAPL under complex source struc-
tures (Figs. 3—4). The detailed parameters were
listed in Appendix A Table S2. The contribution
ratios of DNAPL ganglia and pool to the elution
flux were derived from corresponding dissolution
rates, respectively (Equations 6 and 7).

£,=0.9991-0.3778¢035% G
1.0 am-w-—--- -
= x
0.9r K
/
[ ]
0.8 - . .
0 5 10 15 20
GTP

Fig. 8 The relationship between the proportion of the
flux from DNAPL ganglia (f,) and the initial DNAPL
distribution (GTP)

2.2.2 Prediction of Experiment B

As shown in Figs. 3 and 4, the upscaled analytical
solution model from Song et al. (2022) was unable
to simulate the elution curve behaviors during
ethanol solution flushing. This could be explained
by the derivation process of the upscaled model

http://gwse.iheg.org.cn

(Equation 5, Song et al., 2022; Christ et al., 2010).
The upscaled mass transfer coefficient (x,) was a
simple power function of the relative groundwater
velocity and relative DNAPL mass (Equation 15),
without considering the influence of DNAPL solu-
bilization on the mass transfer process.

(B2 s

Where: g is the average one-dimensional
hydraulic flux; K is the average hydraulic conduc-
tivity; «, is the fitting parameter.

According to the new mass transfer empirical
formula (Equation 2), the upscaled mass transfer
coefficient could also be expressed as a function of
the relative solubility of DNAPL (the solubility
ratio of DNAPL in co-solvent solutions (C¢) to
that in water (WSOL)). In this work, it is simpli-
fied as:

(D) () a0

Where: vy is a fitting parameter. When the
contaminated region is flushed by water, the
upscaled mass transfer coefficient (Equation 16,

eq

-1 . .
WSOL ) reduces into Equation 15. Then,

following the derivation approach of Song et al.
(2022) and Christ et al. (2010), the flux (C(L)) at
the downstream boundary (x = L) of the contami-
nated source zone is obtained by:

o a7

C, ) (MMU)B(Wi‘y:)L)y

CL)y=C"|1- (1—

Similarly, by partitioning the contaminated
source zone into ganglia- and pool-dominated
regions, C(L) can be expressed as the sum of the
weighted fluxes from the ganglia-dominated
DNAPL region and the one from pool-dominated
DNAPL region:

GF-M \P1 /_C \”
ffo (GFO»MU) (WS()L)
8
Ce

C(L)y=C“|2- (1

(I-GF)M \*” ; ¢\
.f;)é() ((I—GFU)»MQ> (WSOL)
1 - E
(18)

The GTP in Experiment B was 2.4. Hence, f,
was 0.898, according to the relationship between f,
and GTP (Fig. 8). It was evident that the new

upscaled analytical solution model could accu-
rately predict the DNAPL elution behaviors under
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the pulse flushing of ethanol solution when
upscaled mass transfer model could characterize
variations in DNAPL solubilization capacity (Fig.
3 and 4).

3 Discussion

3.1 The
models

improvement for the two

In numerical simulations, mass transfer processes
for ganglia- and pool-dominated DNAPL source
zones were evaluated, respectively. Furthermore,
the impact of variations in DNAPL solubility on
the mass transfer process was incorporated into the
mass transfer model. It was a well-established
consensus that the non-singular dissolution behav-
ior of DNAPL was caused by the complex source
zone structure (Guo et al., 2020; Stewart et al.,
2022). In addition, abrupt changes in the DNAPL
solubility under the pulse flushing of cosolvents or
surfactants could also result in the complex disso-
lution behaviors. Apart from the improved mass
transfer model in this work, other models were
unable to adequately characterize the mass trans-
fer behaviors of distinct DNAPL source regions
and also failed to describe such behaviors under
the condition of abrupt changes in DNAPL solubil-
ity. In the simulation of Experiment A, other mass
transfer models overestimated the dissolution rate
of the DNAPL pool-dominated zone. In the simu-
lation of Experiment B, they failed to accurately
evaluate the DNAPL dissolution rates during both
the ethanol solution flushing stage and water flush-
ing stage.

The upscaled model in this study was an
improvement based on the model from Song et al.
(2022). In the simulations of Experiments A and B,
the prediction accuracies of the new upscaled
model were improved by approximately 48% and
84%, respectively. In the research on the upscaled
model presented in this paper, it was proposed that
a certain proportion of residual DNAPL still
remained in the contamination source zone when

M
the DNAPL mass removal ratio (1 — ﬁ) exceeded
0

the initial DNAPL ganglion mass fraction (GFy).
Therefore, the calculation of the ganglia fraction of
the upscaled model from Song et al. (2022) has
been revised. Additionally, this work argued that it
was inappropriate to approximate the contribution
ratio (fy) of DNAPL ganglia to the contaminant
flux using the area ratio of the initial DNAPL
ganglia projected onto the lower gradient control
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plane. Furthermore, if the upscaled model failed to
account for the impact of DNAPL solubility on
mass transfer behaviors, it could not accurately
reproduce the effluent concentration dynamics
during ethanol pulse flushing and thus could not
provide reliable guidance for the enhanced remedi-
ation of DNAPL-contaminated sites.

3.2 Sensitivity analysis

To gain insights into the impact of the key input
parameters, sensitivity coefficients were calcu-
lated. The sensitivity simulation results of input
parameters are presented in Fig. 9. In different base
case simulations, the sensitivity coefficient of the
same parameter may show diverse behaviors due
to the significant differences in elution curve
behaviors. For example, the sensitivity coeffi-
cients of GTP showed different time-dependent
characteristics in the upscaled simulations of
Experiment A and B (Figs. 9c and 9d). Further-
more, the overlapping influences of residual
DNAPL and DNAPL pool on the effluent concen-
tration also changed due to variation in the input
parameter.

In numerical simulations, sensitivity coeffi-
cients of four parameters, i.e., GTP, the mass trans-
fer rate in residual DNAPL regions, the one in
DNAPL pool regions, and DNAPL solubility in
ethanol solutions, exhibited varying amplitude
fluctuations at critical transition regions, specifi-
cally, the shift from ganglia-dominated to pool-
dominated DNAPL dissolution, as well as the
switch from water flushing to ethanol solution
pulse flushing (Figs. 9a and 9b). Changes in input
parameters resulted in divergent dissolution rates
across different DNAPL source zones, thereby
causing asynchrony between the simulated plume
effluent concentrations and the base model results.
In addition, the fluctuation amplitudes of sensitivi-
ties for different parameters varied at critical tran-
sition regions. In contrast, they remained rela-
tively stable during other periods. During the
dissolution stage dominated by the DNAPL pool,
the sensitivity coefficient of the mass transfer rate
in DNAPL pool region exhibited stable positive
sensitivity within 30-70 PV and stable negative
sensitivity within 90-140 PV. In fact, except for
fluctuations at critical transition regions, the sensi-
tivity coefficient of the mass transfer rate in
DNAPL pool region remained relatively stable in
other stages. Only at 90 PV, the DNAPL pool was
completely dissolved, resulting in a conversion of
the sensitivity coefficient to the relatively stable

http://gwse.iheg.org.cn
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Fig. 9 Sensitivity Coefficients (SC) of key parameters for the numerical model predicting the effluent concentra-

tion under

Notes: (a) the mixed-source configuration and (b) the pulse flushing of ethanol solutions, for the upscaled analytical solution model predicting the

effluent concentration under (c) the mixed-source configuration and (d) the pulse flushing of ethanol solutions

and negative value.

The sensitivity coefficient behaviors of input
parameters in upscaled simulation were similar to
that in numerical simulations at critical transition
regions (Fig.9c and 9d). However, at critical transi-
tion regions, the fluctuation patterns of sensitivity
coefficients of some input parameters in upscaled
simulations, were more chaotic than that in numer-
ical simulations. The above phenomena could be
explained by the structural differences between the
numerical model and upscaled model. In numeri-
cal simulations, the mass transfer parameters in the
residual DNAPL region and the DNAPL pool
region were independent and did not affect each
other's DNAPL mass fluxes. However, in upscaled
simulations, the DNAPL mass fluxes of the both
source regions were functions of M/M,. Variations
in mass transfer parameters in each source region
would mutually affect the mass fluxes of the
respective source regions.

In the numerical simulation, effluent concentra-
tions for Experiment A were most sensitive to the
mass transfer rate in DNAPL pool region, followed
by GTP. For Experiment B, the highest sensitivity
was the DNAPL solubility in ethanol solutions. In
the upscaled simulation, for Experiment A, f, had
the greatest impact on predicting effluent concen-

http://gwse.iheg.org.cn

trations, followed by GTP and f$,. In the upscaled
simulation of Experiment B, f; also had the great-
est impact.

3.3 Comparison between the two im-
proved models

3.3.1 Comparison in model prediction accuracy

The numerical model exhibited superior predictive
performance compared to the upscaled model. In
the simulation of Experiment A, the numerical
model predicted the effluent concentration varia-
tion at a time interval of 4.00 Pore Volumes (PV),
with a Root Mean Square Error (RMSE) of 36.95
mg/L and a Mean Absolute Error (MAE) of 20.68
mg/L, respectively. The upscaled model predicted
the effluent concentration variation at a time inter-
val of 2.72 PV, yielding an RMSE of 85.75 mg/L
and an MAE of 33.29 mg/L, respectively. In the
simulation of Experiment B, the numerical model
and upscaled model predicted the effluent concen-
tration during the water flushing stage at a time
interval of 0.50 PV. Consistent with Experiment A,
the numerical model exhibited relatively lower
prediction errors (Table 3).

The numerical model was derived from rigor-
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Table 3 Root Mean Square Errors (RMSE) and Mean Absolute Errors (MAE) of effluent concentration predic-

tions by different models

Numerical model

Upscaled analytical solution model

Experiment A Experiment B

Experiment A Experiment B

RMSE/(mg/L) 36.95 7.92 85.75 10.01
MAE/(mg/L) 20.68 6.93 33.29 8.60
ous mathematical and physical equations, requir- 1,000

ing a large number of input parameters (Tables 1
and 2). In this study, the medium was assumed to
be homogeneous, which may have introduced
some prediction errors. The upscaled model not
only failed to account for the medium heterogene-
ity, but also simplified the three-dimensional (3D)
mathematical and physical equations into a steady-
state solution (Equation 5) of the one-dimensional
advection-dispersion equation, resulting in rela-
tively high prediction errors. In practical applica-
tions, the upscaled model offers broader utility. It
requires fewer parameters and can -effectively
predict changes in subsurface contaminant fluxes.
Thus, reliable data can be provided for designers of
contaminated site remediation projects. Due to the
complex structure and the large amount of input
data required for the numerical model, it has
greater limitations in practical field applications,
such as high computational cost and the need for
precise characterizations of contaminant sources.
Nonetheless, the numerical model plays an irre-
placeable role in theoretical research.

3.3.2 Comparison in combined contaminant fluxes
from different sources

The contaminant source zone configuration domi-
nated by DNAPL ganglia governs the elution
behavior of the first stage with high contaminant
fluxes, whereas that dominated by DNAPL pools
determines the elution behavior of the second stage
with low contaminant fluxes. The higher the GTP,
the later the initiation time and lower contaminant
flux of the second stage dissolution process (Fig.
6). It was well established that, for DNAPL reme-
diation simulation with mixed source configura-
tion (Experiment A), the average eluent concentra-
tion was the combined contaminant flux from pool-
and ganglia-source regions (Fig. 10). In the initial
stage, the DNAPL ganglia-dominated source zone
contributed a large proportion of the contaminant
flux. As flushing proceeded, the number of
DNAPL ganglia decreased rapidly, and the contri-
bution ratio to the contaminant flux gradually
declined. When the contaminant flux from DNAPL
ganglia decreased to the same order of magnitude
as that from DNAPL pools, the combined contami-

394

100 ¢

C/(mg-L™)

10 50 100 150
PV

Multi-source zones mixing model

Upscaled model in this work

Pool flux from upscaled model

Ganglia flux from upscaled model

Pool flux from numerical model

Ganglia flux from numerical model

Vieg/ml

Removel mass of pool from upscaled model
Removel mass of ganglia from upscaled model
= = = Removel mass of pool from numerical model

= = = Removel mass of ganglia from numerical model
— = = Total removel mass from numerical model

Total removel mass from upscaled model

Fig. 10 Contaminant fluxes (C,, a) and removal mass
(Vice, b) from the pool- and ganglia-dominated
DNAPL source regions predicted by the upscaled
analytical solution model and the numerical model in
Experiment A

nant flux declined gradually and steadily. The
contaminant flux from DNAPL pools fluctuated
within the range of 10-30 mg/L for a long time,
due to the low dissolution rate of DNAPL pools.
Numerical model prediction showed that the disso-
lution of the ganglia-dominated contaminant
source zone persisted throughout the flushing
process. Moreover, the contribution of the contam-
inant flux from the ganglia-dominated source zone
to the combined flux in the second stage of the
elution curve could not be ignored. This contribu-
tion was approximately evaluated by the mass ratio
of DNAPL dissolved in different contaminant
source regions. However, in the prediction from
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the upscaled analytical solution model, that contri-
bution occurred only in the first stage of the elution
curve.

For the flushing process of ethanol solution, the
contaminant concentration of the eluent was also
the sum of the contaminant concentrations from
pool- and ganglia-source regions (Fig. 11).
However, in numerical simulations, it was assumed
that the entire pollution source region was domi-
nated by ganglia. Due to the high GTP of the initial
DNAPL distribution (GTP=2.4) and the short
flushing time (< 80 PV), in upscaled simulations,
the ganglia-dominated contaminant source region
was not completely dissolved before the flushing
was completed. There were four stages for water
flushing and 3 stages for ethanol solution flushing
in total, respectively. In the first two ethanol solu-
tion flushing stages, the primary contaminant
concentration of the eluent originated from the
dissolution of the ganglia-dominated source
region. When the ethanol solution flushing
proceeded to the third stage, the contribution of the
dissolution of the pool-dominated source region
was not negligible. However, the contribution of
the dissolution from the ganglia-dominated source

10,000

(2)

1,000 ¢

100

C,/(mg-L™)

10L

1 . . .
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Sing-source zone model
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Fig. 11 Contaminant fluxes (C,, a) and removal mass
(Vecgs b) from the pool- and ganglia-dominated
DNAPL source regions predicted by the upscaled
analytical solution model and the numerical model in
Experiment B

http://gwse.iheg.org.cn

region to the contaminant concentration gradually
decreased when water flushing proceeded to the
third and fourth stages.

The improved numerical model and upscaled
model proposed in this study could predict the
dissolution process of DNAPL under solubiliza-
tion conditions. As shown in Fig. 3, when neither
model accounted for variations in DNAPL solubil-
ity, the simulations failed to accurately predict the
PCE concentration behaviors during water flush-
ing following each ethanol pulse flushing. Notably,
the upscaled model without considering variations
in DNAPL solubility could not capture the sharp
increase in DNAPL concentration in the effluent
during ethanol pulse flushing. Aydin-Sarikurt et al.
(2016) emphasized that published correlations did
not accurately estimate the interphase mass trans-
fer rate in the presence of cosolvents. These corre-
lations did not incorporate fluid properties such as
the density, viscosity, and diffusion coefficient.
DNAPL solubility, also a fluid property, affected
the mass transfer behavior of DNAPL.

4 Conclusion

In complex large-scale multiphase flow dissolu-
tion system, combining the macroscopic DNAPL
source-zone configuration with DNAPL mass
transfer formulations that consider multiple influ-
encing factors is essential for accurately describ-
ing the DNAPL dissolution processes. In this
work, it was demonstrated that both the improved
multi-source region numerical model and upscaled
analytical solution model could successfully simu-
late the multi-stage DNAPL dissolution behaviors
under complex source region configurations and
solubilization conditions. The simulation results
showed that the accuracy of numerical predictions
was significantly higher than that of upscaled
simulations. Thus, the numerical model plays a
vital role in theoretical studies, with the capability
to accurately characterize contaminant sources and
mass transfer mechanisms. In practical applica-
tions, upscaled simulations have wider potential in
contaminated site remediation projects, due to their
simple model structure, fewer input parameters,
and lower computational cost. Overall, this study
provides theoretical insights for developing a more
robust modeling approach for the DNAPL dissolu-
tion process in large and complex systems.
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