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ARTICLE INFO ABSTRACT

Keywords: Polymer solutions aid DNAPL (Dense Non Aqueous Phase Liquid)-contaminated soil remediation but are

DNAPL' . impacted by gravity and viscous forces. This study assesses the interplay between buoyancy and viscous forces in

iem‘;dlauon influencing the distribution of DNAPL and the invading phase, by introducing a densified brine (NaI) biopolymer
anthan

(xanthan) solution as remediation fluid. A matrix of experiments was conducted, encompassing rheological
measurements, multiphase flow tests in 1D-columns and 2D-tanks. Numerical modeling was used to assess
polymer and DNAPL propagation under different conditions. Nal addition maintains xanthan’s shear-thinning
yet lowers mid-range shear viscosity 2.6 times. Confined column tests show similar 89 % performance for
viscous polymer solutions regardless of density. Unconfined tests mimicking real sites reveal non-densified
viscous polymer solution yield mere 0.09 recovery due to density-driven flow. Densified polymer attains
radial invasion, boosting recovery to 0.46 with 1.21 aspect ratio. Numerical simulations aligned with experi-
ments, suggesting a near-zero gravity number is necessary to prevent density-driven flow problems. The
multiphase flow experiments in confined multilayer system are performed and using the numerical modeling the

Sodium jodide

Rheology

Density-driven flow
Two-phase flow modelling

effects of the permeability contrast and dimensions of the layers on the shape of front are analyzed.

1. Introduction

Spills of heavy chlorinated solvents (DNAPL) through the soils is one
of the main environmental issues in many industrial sites (Alamooti
et al., 2022; Colombano et al., 2020; Maire et al., 2019; Santos et al.,
2018). DNAPLs can penetrate through the soil and form polluted pools
under the groundwater level due to gravity forces (Taghavy et al., 2010;
Yang et al., 2020). Several advanced technologies including surfactant
injection (Lee et al., 2005; Pennell and Abriola, 2017; Walker et al.,
2022), foam injection (Fitzhenry et al., 2022; Longpré-Girard et al.,
2020; Maire et al., 2019) and polymer injection have been developed for
the remediation of DNAPL polluted soils (Alamooti et al., 2022, 2023,
2024, ; Martel et al., 1998; Omirbekov et al., 2023). However, the effi-
ciency of these methods for DNAPL remediation can be limited as the
density-driven flow affects the recovery of DNAPL. During the remedi-
ation of soils contaminated with DNAPL, density-driven flow has been
observed. This occurs when a less dense fluid displaces a denser fluid,

known as overridden flow, or when a denser fluid displaces a less dense
fluid, known as underridden flow. Several studies have investigated
density underridden flow in 2D systems for DNAPL remediation pur-
poses, including miscible cosolvent displacement by water injection
(Jawitz et al., 1998; Taylor et al., 2001), and water displacement during
brine surfactant injection (Zhong et al., 2008). Zhong et al. (2008)
proposed that the addition of the polymer to the densified brine sur-
factant can control the underriden flow by providing enough viscous
forces to overcome gravity; however, the relative density difference has
been limited to 1.008. Taylor et al. (2004) in a set of two dimensional
experiments observed that a minor density difference (0.008 g/mL)
between the injecting ethanol-surfactant mixture and water present near
the perchloroethylene (PCE)-contaminated zone can result in density
overridden flow. Grubb and Sitar (1999) reported the downward
migration of trichloroethylene (TCE) along the water-ethanol interface
during ethanol injection in two-dimensional uniform and layered sand
packs. They also observed the ethanol gravity override with an

* Corresponding author at: BRGM (French Geological Survey), Orléans 45060, France.

E-mail address: a.alamooti@brgm.fr (A. Alamooti).

https://doi.org/10.1016/j.advwatres.2024.104643

Received 25 August 2023; Received in revised form 9 January 2024; Accepted 27 January 2024

Available online 3 February 2024

0309-1708/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:a.alamooti@brgm.fr
www.sciencedirect.com/science/journal/03091708
https://www.elsevier.com/locate/advwatres
https://doi.org/10.1016/j.advwatres.2024.104643
https://doi.org/10.1016/j.advwatres.2024.104643
https://doi.org/10.1016/j.advwatres.2024.104643
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2024.104643&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

A. Alamooti et al.

increasing inclination angle of the ethanol front along with invasion
progress. The density difference between ethanol and water is 0.211
g/mL, and the density difference between TCE and water is 0.46 g/mL.

Density modification displacement is an approach to control the
downward migration of DNAPL by reducing its density through suffi-
cient partitioning of alcohol within DNAPL and turning it to LNAPL
(Damrongsiri et al., 2013; Kibbey et al., 2002; Lunn and Kueper, 1999;
Ramsburg and Pennell, 2002). The density modification by alcohol
partitioning can be reversible depending on the equilibrium of alcohol,
water and DNAPL (or newly formed LNAPL). Besides, colloidal biliquid
aphron (CBLA), consisting of two surfactants, water, and an oil phase,
has been employed to control the downward migration of DNAPL to
non-polluted zones by lowering its density (Yang et al., 2020; Yan et al.,
2011). CBLA has a foam structure with micron-sized (5-20 um) droplets
consisting of an outer thin aqueous phase and an internal light organic
phase. In this approach, the internal light non-aqueous phase is mixed
with DNAPL using a demulsifying agent, which transforms it into Light
Non-Aqueous Phase Liquids LNAPL. Although it can influence the
downward migration of DNAPL, its efficiency relies on the performance
of the demulsifier. Also, propagation of the light colloidal biliquid
aphron that can flow over the DNAPL is challenging due to the influence
of buoyancy forces.

To mobilize a DNAPL droplet trapped in pore spaces, the summation
of the buoyancy and viscous forces should be more than capillary force
(Alamooti et al., 2020; Mansouri-Boroujeni et al., 2023; Pennell et al.,
1996). The gravity number is defined as the ratio of the buoyancy and
viscous forces showing the balance between them and consequently the
direction of flow. It can be considered as (Shook et al., 1998):

_ Apgk
=

Ng (€8]

where Ap is the density difference (kg/m®%), g is the gravitational ac-
celeration (m/s%), k is the intrinsic permeability (m?), v is the velocity
magnitude of the invading phase (m/s), p is the viscosity of the invading
phase (Pa s). Large negative Ng values correspond to dominant buoy-
ancy forces leading to a vertical migration of the DNAPL if the residence
time of the injected phase is large as well (Jin et al., 2007).

Miller et al. (2000) in an experimental study used a brine (sodium
iodide dissolved in water) solution with a density of 1.79 g/mL to
displace the DNAPL (TCE with a density of 1.464 g/mL) pools in a
two-dimensional heterogeneous system. They showed that using the
densified brine solution around 55 % of initial DNAPL was recovered as
a direct result of buoyancy forces, however the residual DNAPL was
distributed in the entire medium. Jin et al. (2007) in a numerical study
examined the downward migration of DNAPL during surfactant flood-
ing. In their numerical approach they considered negligible adsorption
of chemical species and dispersion in the transport; focusing mainly on
“body forces’ i.e. viscous, buoyancy, and capillary forces. The simulation
outcomes indicated that there is a high risk of DNAPL’s downward
migration during surfactant flooding if the viscous forces are not
dominant. This highlights the crucial role played by viscous forces,
which can be supplied by the polymer solution.

The performance of the injection of the polymer solutions for re-
covery of pollutants in contaminated soils have been widely investigated
(Alamooti et al., 2022; Bouzid and Fatin-Rouge, 2022; Giese and
Powers, 2002; Martel et al., 1998, 2004; Omirbekov et al., 2023; Robert
et al., 2006; Wu et al., 2000).

Robert et al. (2006) evaluated density-driven plume sinking during
the injection of a xanthan-surfactant mixture for displacement of TCE in
a heterogeneous 2D sandbox. Their results indicated that to prevent
downward migration of surfactant polymer mixture containing the
dissolved DNAPL, it is important to avoid excessive increase in the
density of the mixture during DNAPL dissolution. They stated that the
density plume sinking can be prevented by a strong hydraulic gradient
that can be provided by a polymer.
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Recent studies have shown that the injection of a densified polymer
suspension can improve up to four times the recovery of a multicom-
ponent DNAPL compared to a non-densified polymer solution (Alamooti
et al., 2022; Omirbekov et al., 2023). Alamooti et al. (2022) conducted
numerical and experimental investigations, revealing that densifying
the polymer (carboxymethyl cellulose) with barite particles to match the
DNAPL density (same DNAPL as in this study) can counteract buoyancy
forces and improve DNAPL recovery. The lateral displacement of DNAPL
decreased as the density of the barite-polymer suspension decreased.
The study showed that the presence of barite particles in the polymer
suspension can reduce soil permeability by up to 70 % due to barite
particle deposition. While the presence of barite particles in the polymer
suspension can reduce the back-diffusion of residual DNAPL to the
groundwater zone, it can result in higher injection pressures and hinder
the ability of subsequent remediation reagents to fully react with
DNAPL.

In addition to studies about density-driven flow in the context of soil
remediation, substantial research has investigated this phenomenon
within porous media, commonly known as gravity currents (Anderson
et al., 2003; Di Federico et al., 2014; Huppert et al., 2013; Longo et al.,
2015). These currents play a crucial role in various environmental sce-
narios, such as seawater intrusion in coastal aquifers, where they man-
ifest at the interface of fresh water and brine (Koohbor et al., 2019). This
process is also observed in applications like CO5 sequestration, where
the interaction between COs-rich brine and COs-free brine induces
natural convection. This, in turn, leads to the descent of dense CO,-rich
brine fingers under gravity, facilitating the transport of aqueous CO2
into deep saline aquifers (Du et al., 2023). The propagation of density
driven flow in natural porous formations is strongly affected by het-
erogeneity. In a theoretical study, density-driven fluid drainage from an
edge of a heterogeneous system, exemplified by a V-shaped Hele-Shaw
cell where permeability varies transverse to the flow direction, reveals
that profile shapes and the remaining mass in the medium are influenced
by variations in both vertical porosity and permeability (Zheng et al.,
2013). Ciriello et al. (2013) developed an analytical formulation to
describe the propagation of plane viscous gravity currents in porous
media, considering varying permeability conditions transverse or par-
allel to the propagation direction. Their study reveals that spatial vari-
ations in permeability not only influence the rate of spreading but also
affect the current profile, steepness, and average height.

Huppert et al. (2013) investigated the gravitational flow of a dense
fluid in a two-layered porous medium, considering experimental and
theoretical analyses. When the upper layer is more permeable than the
lower one, gravity and flow focusing initially counteract. At low input
flux, flow confines to the lower layer; however, beyond a critical flux,
the fluid preferentially spreads horizontally in the upper layer before
draining back down. Above this critical flux, increased resistance in the
higher permeability upper layer dominates, causing the denser current
to override the less dense fluid in the lower layer, leading to a gravita-
tionally unstable state susceptible to Rayleigh-Taylor instability.

Di Federico et al. (2014) formulated a closed-form solution for radial
gravity currents involving power-law fluids in porous media with
deterministic vertical permeability variation. Their results highlight the
substantial impact of the rheological properties of the intruding fluid
and permeability variations on the radius and profile of gravity-driven
currents within porous media.

In this work, we analyze the efficiency of the injection of a densified
polymer brine solution to remediate the DNAPL-contaminated soil. This
solution contains xanthan gum as the polymer and sodium iodide salt as
a soluble densifier. We conducted several experiments, including rheo-
logical measurements, 1D column tests, unconfined single layer and
confined two-layer 2D sandbox experiments aimed at investigating the
impact of saline densification on DNAPL recovery efficiency. Addition-
ally, we employed numerical simulations to assess the propagation of
the polymer solution and DNAPL under various gravity numbers.

The main objectives of this study are (i) to assess the individual and
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combined effects of increasing viscosity and densification of remedia-
tion fluid on the displacement of DNAPL, (ii) to compare the efficiency
of these technologies in both confined 1D and unconfined 2D media, (iii)
to analyze the competition between buoyancy and viscous forces on the
distribution of DNAPL and the invading phase and (IV) to evaluate the
efficiency of densified polymer solution on displacement of DNAPL from

i

Sand saturated with water, grain
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two-layer system. This study aims to make a valuable contribution to the
remediation of DNAPL contamination in groundwater environments.

size: 0.6-0.8 mm

REER Sand saturated with DNAPL at residual water saturation; grain size: 0.6-0.8 mm
Solution Pressure gauge Sampling tubes
(a)
Recovered DNAPL
DNAPL - g E level
AL w1
Solution

(b)

Sand saturated with DNAPL at residual water saturation, grain size: 0.4-0.6 mm
Sand saturated with DNAPL at residual water saturation; grain size: 0.2-0.3 mm

Polymer

Sampling tubes

Camera

(©)

Fig. 1. Schematic of polymer-DNAPL displacement experimental setup. (a) 1D column setup, (b) unconfined 2D tank, and (c) confined multilayer 2D tank.
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2. Materials and methods (experimental and numerical)
2.1. Experimental materials

The soil used in this study was made up of marble sand packs that
were sieved and washed with deionized water, and then dried at a
temperature of 105 °C. Three particle-size fractions of marble sand (0.2
to 0.3 mm, 0.4 to 0.6 mm, and 0.6-0.8 mm equivalent to absolute per-
meabilities of 0.34 + 0.05, 1.05 + 0.1, and 1.8 + 0.1 0.10 ' m?
respectively) have been used as the solid phase in 1D column and 2D
tank studies.

Xanthan gum, a biopolymer with the chemical formula C35H49029
(purity >99 %), and sodium iodide salt (Nal) (purity >99 %) were
provided in powder by Sigma-Aldrich, and solutions were prepared
using deionized water. The DNAPL used in the study consisted primarily
of hexachlorobutadiene-HCBD (58 %), hexachloroethane-HCA (14 %),
and penta-chlorobenzene (3.5 %), as well as carbon tetrachloride (4 %).
There are some other components in DNAPL mixture that are not
quantifiable. The density and viscosity of the multicomponent DNAPL
have been 1.66 g/mL and 4.47 mPa s, respectively (Alamooti et al.,
2022; Colombano et al., 2020; Rodrigues et al., 2017). A rotational
rheometer Haake Mars 60 equipped with the cone-plate geometry was
used to assess the rheological behavior of the polymer solutions.
Acknowledging the potential impact of wall slip on polymer rheology
(Di Federico et al., 2017), we varied the gap between rotating and fixed
plates, yet observed no significant changes in rheological behavior at
different gap distances. The drop shape analyzer apparatus (DSA-100,
KRUSS) was employed to measure the interfacial tension (IFT) between
the polymer solutions and DNAPL. The IFT was determined using the
pendant drop method at ambient temperature (22 + 1 °C).

2.2. Column and 2D tank experiments

Column experiments were conducted to investigate the displacement
of DNAPL by various solutions in a one-dimensional (1D) system. The
experimental procedure, as described previously by Alamooti et al.
(2022), involved using glass columns that were 4 cm in diameter and 30
cm in length. The columns were flushed with CO; gas, and then verti-
cally saturated with deionized water at a flow rate of 0.1 mL/min for 2
PV. Next, DNAPL was injected vertically upward into the column at a
flow rate of 1 mL/min until no water production was observed. Finally,
the solutions were individually horizontally injected into the columns at
a flow rate of 1 mL/min using a Reglo ICC digital peristaltic pumps
(Ismatec®). The pressure at the inlet and outlet were monitored. A
schematic of the multiphase flow in the 1D column experiments can be
seen in Fig. la.

The unconfined 2D experiments were conducted to assess the effi-
ciency of DNAPL displacement using different solutions in a system close
to the real polluted site. The experiments were carried out in a 2D
sandbox measuring 50 cm in length, 30 cm in height, and 2 cm in
thickness. Initially, sand packs were compacted under water, and then
DNAPL was injected into the water-saturated porous media until it
reached a height of 20 cm. Next, different solutions were individually
injected into the DNAPL-contaminated zone using a port located in the
bottom central part of the sandbox at a flow rate of 2 mL/min. The level
of DNAPL in the system was maintained constant during the injection of
remediation fluids using peristaltic pumps connected to cavities on two
sides of the sandbox. The injection of the solutions were continued until
no more DNAPL was recovered or the solution fronts reached the lateral
boundaries of the system. The mass of the recovered DNAPL was
measured using a mass scale (Sartorius Cubis MSE8201S-000-D0), and
real-time data (pressure and mass balance) acquisition was performed.
To further analyze the propagation of the fluids, 2D images of the tank
were regularly captured using a Nikon D810 camera equipped with a
NIKKOR 105 lens. A schematic of the multiphase experiments in the
unconfined 2D sandbox can be seen in Fig. 1b. This unconfined setup,
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designed to mimic the fluid configuration of a real polluted site
(featuring DNAPL-saturated soil at the bottom and water on top) and
lacking confinement on the upper boundary, facilitates a clear visuali-
zation of how polymer solutions perform in displacing DNAPL within a
polluted zone, notably without the presence of a blocking layer on top.

A confined 2D tank was used to evaluate the efficiency of injecting
polymer solutions into a multilayer heterogeneous system. The tank’s
dimensions were 15 cm x 10 cm x 2 cm, with glass fronts for imaging.
Two distinct layers, each 5 cm in height, were established within the
tank, and sand was compacted inside, while water was continuously
injected from the bottom. Upon complete saturation of the two layers
with water, DNAPL was uniformly injected from three ports located at
the bottom, through the layers, at a rate of 3 x 0.5 mL/min. Polymer
solutions (un/densified) were injected from two ports on the left side of
the tank at a rate of 2 x 0.5 mL/min. The injection of polymer led to the
natural production of DNAPL in the effluent, similar to the column tests.
The schematic of confined multilayer 2D tank is shown in Fig. 1c. This
system facilitates monitoring the displacement of DNAPL, influenced by
both permeability contrast and density differences, within a well-
controlled multilayer porous media. It achieves this by preventing the
vertical migration of the polymer solution (which is a scenario
commonly observed in an unconfined 2D system).

2.3. Xanthan-Nal solutions

The concentration of xanthan in the polymer solution was chosen at
0.8 g/L to provide a stable front during displacement of DNAPL for the
injection rate of 1 mL/min in the column (Lenormand et al., 1988). A
dense brine solution was prepared by mixing sodium iodide with water
to achieve a density close to that of DNAPL at 1.7 g/mL. The
xanthan-Nal mixture was used to achieve the appropriate viscosity for a
stable front, favorable mobility ratio, and to counteract buoyancy forces
during DNAPL displacement. To prepare the mixture, the xanthan so-
lution with a concentration of 0.8 g/L was initially prepared. Next, so-
dium iodide powder was added to the solution to reach a density of 1.7
g/mL, which is equivalent to a concentration of 960.11 g/L (considering
the solubility of sodium iodide in water is around 1842 g/L at 25 °C).
Consequently, the resulting mixture had a lower concentration of xan-
than of 0.59 g/L. The descriptive parameters for each experiment is
shown in Table 1.

2.4. Numerical modeling

2.4.1. Two-phase flow in porous media

The soil is considered as a uniform and isotropic porous medium
containing water and DNAPL as incompressible and immiscible phases.
The continuity equation for each phase can be considered as follows
(Bear, 2013):

%(@p,&) + V-(pu;) =0 with i =w, nw 2)
where the subscripts "w" and "nw" refer to the wetting and non-wetting
phases, respectively. The porosity is represented by the symbol & (-),
time by t (s), while the density, saturation, and the Darcy velocity of the
i-phase are denoted by pi(kg/m3), Si () and u; (m/s) respectively. The
generalized Darcy’s law for the flow of two phases in isotropic porous
media is given by:

kg

= Vpi —p, 3
”I(p p:g) 3)

u;

where k (m?) represents the scalar absolute permeability of the isotropic
porous medium, and k;; (-) denotes the relative permeability for phase i.
The viscosity and pressure of the phase i are represented by p; (Pa s), p;
(Pa) respectively, and the gravity vector is represented by g (m/s?). As
the volume of the void space in a rigid porous medium is considered
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Table 1
Parameters used in all experiments.
Dimensions Number of layers  Displacing phase  Displaced phase K Injection rate  Grain size (mm)  Permeability
D: diameter ’ (T) (mL/min) (1071 m?)
L: Length Displacing - Displaced
W: Width
H: Height
1D column (D 4 cm x L 30 cm) 1 Xanthan Water 0 1 0.6-0.8 1.8
1D column (D 4 cm x L 30 cm) 1 Xanthan-Nal water 700 1 0.6-0.8 1.8
1D column (D 4 cm x L 30 cm) 1 Xanthan DNAPL —660 1 0.6-0.8 1.8
1D column (D 4 cm x L 30 cm) 1 Xanthan-Nal DNAPL 34 1 0.6-0.8 1.8
1D column (D 4 cm x L 30 c¢cm) 1 Nal DNAPL 34 1 0.6-0.8 1.8
2D tank (L 50 cm x H 30 cm x 2 cm) 1 Xanthan DNAPL —660 2 0.6-0.8 1.8
2D tank (L 50 cm x H 30 ¢cm x 2 c¢cm) 1 Xanthan-Nal DNAPL 34 2 0.6-0.8 1.8
2D tank (L 50 cm x H 30 cm x 2 cm) 1 Nal DNAPL 34 2 0.6-0.8 1.8
2D tank (L 15 c¢cm x H 10 cm x 2 cm) 2 Xanthan DNAPL —-700 2x 0.5 0.4-0.6 1.03
0.2-0.3 0.34
2D tank (L 15 cm x H 10 cm x 2 cm) 2 Xanthan-Nal DNAPL 34 2x 0.5 0.4-0.6 1.03
0.2-0.3 0.34
constant, it is exclusively occupied by aqueous and non-aqueous phases; Dy
therefore, the sum of the saturations of wetting and non-wetting phases Dy = = an

always equals one. To present the capillary pressure, which reflects the
difference in the pressure between the aqueous and non-aqueous phases,
as well as the relative permeability curves in the model, Brooks and
Corey functions are used (Brooks and Corey, 1964):

Pe = PuSy, )
ke = kLSS ()
Ky = Ko S, (6)

where the index of the pore size distribution is represented by A (-) and
D denotes the threshold pressure (Pa). The maximum relative perme-
ability values, or end points, for the wetting and non-wetting phases are
indicated by k™ and k7%, respectively. ¢, and &, indicate the satu-
ration exponents for the wetting and non-wetting phases, respectively.
The effective saturations of wetting and non-wetting phases are denoted

by Swe (-) and Sy (-) and can be expressed as:

Sy — S
Spe = _w  mwr 7
L= Suwr = Sir @
Snw B Snwr
Snwe - m (8)

where the wetting irreducible and non-wetting residual saturations are
represented by S, (-) and Spyr (-), respectively.

2.4.2. Solute transport model

In porous media, the transport of solute is described by the classical
differential advection-dispersion equation (O’Carroll et al., 2013; Tsa-
kiroglou et al., 2018):

d Sw i .

% —V-(@S.,D-V¢;) +u,-Vei =R +m 9
—_——— N

— Dispersion Advection

Accumulation

where the concentration of the i-component (kg/m3) is represented by c;,
D denotes the dispersion tensor, the reaction term for the i-component is
indicated by R; and m signifies the source term. The adsorption of xan-
than as an anionic polymer and Nal as an inherent tracer on the sand
surface is neglected. The principal and cross terms of dispersion tensor
for an isotropic porous medium can be represented as (Auset and Keller,
2004; Bear, 2013):

wa Uw)'

D= (o<T|Uw| +Deﬂ.)1 + (oxp — oxp) Ul

(10)

where the identity matrix is denoted as I, the effective diffusion coeffi-
cient in porous media is represented as Dy (m%/s). The molecular
diffusion coefficient is indicated as "Do(mz/s), and 7 refers to the tor-
tuosity. Furthermore, «; and 7 are used to represent the longitudinal
and transverse dispersivities, respectively.

Through the following formula, it is possible to derive the molecular
diffusion coefficient of xanthan, a polysaccharide (Kono, 2014):

Dy = 8.2 x 107 Mw™ 0% 12)
where the coefficient 8.2 x 10~% is in (m? s ! g%*° mol~%*°) and Mw (g
mol 1) is the molecular weight of xanthan. Diffusion coefficients of
sodium and iodide ions at 25 °C are 1.33 x 10~° and 2 x 10~° mz/s,
respectively (Yuan-Hui and Gregory, 1974).

By coupling the Eqgs. (2), (3) and (9), the displacement of DNAPL and
solute transport through two-dimensional domains was simulated. A
total of 10,598 triangular meshes were used to discretize the simulation
domain. The parameters used for simulating two-phase flow in 2D tank
including the relative permeability, capillary pressure and dispersivities
have been shown in Table 2 for three solutions. The maximum element
growth rate used was 1.1, while the maximum and minimum sizes of the
elements were 0.48 cm and 0.00094 cm, respectively. To enhance the
convergence of the numerical model, the mesh was refined in the vi-
cinity of the injection port, with a maximum element size of 0.11 cm.
The finite element solver used was MUMPS (multifrontal massively
parallel sparse direct solver) within COMSOL Multiphysics. For the time-
stepping approach, a backward differentiation formula (BDF) was
employed, along with the free time-stepping option, enabling flexible
time steps to meet the specified tolerance. The tolerance factor used was
0.1. The boundary conditions for 2D tank, the constant injection rate of 2
mL/min and injection concentration of each component for the injection
port and constant pressure for the lateral and upper boundaries were
considered (Fig. 2).

2.5. Image analysis

Image analysis was used to track changes in the two-phase flow in-
side the porous medium over time and estimate DNAPL saturation. To
capture high-quality images, a Nikon® D810 was used in a dark room,
illuminated by two 300 W (Broncolor®) floodlights. To reduce re-
flections and optimize contrast, black and white reflectors were placed
at precise locations in the laboratory. A grayscale calibration card was
positioned on the front surface of the 2D tank to regulate the light
density during image analysis. Using the 8-grayscale levels the lighting
variances were modified. To minimize the impact of wall shading on the
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Table 2
Relative permeability and capillary pressure parameters used in modeling and mean average error of experimental and numerical data for 2D tank.
System Solution kny ™ K ™ € Enw A P(Pa) Syr Snwr o, ot MAE (Mean Absolute Error)
(=) (=) (=) (=) (=) (=) (cm) (cm)
Mixture 0.5 0.7 2.5 3 0.12 0.3 0.102
Unconfined Nal 0.5 0.7 2.5 3 0.12 0.32 0.103
Xanthan 0.8 0.55 2.3 3 2 500 0.12 0.48 0.1 0.001 0.084
Confined multilayer Mixture 0.7 0.6 2.3 3.2 0.08 0.22 0.018

Q

@ Snill:::: : f _s,. @ Boundaries 1-3: P= Pg+(0.2-z (m))x16600 Pa
C=0
© ; @ Boundaries 4-5: No-flow boundary
Fixed injection rate: C=0 z )
2 mL/min

Ci=Co (Ci: Concentration of the components, polymer, and salt)

(@

No-flow boundary

Fixed injection rate:

-- <4— Constant pressure: 1 Atm
N ol ) i

i

No-flow boundary X

(b)

Fig. 2. Schematic of boundary and initial conditions for numerical simulations in 2D tank. (a) unconfined single layer 2D tank, (b) confined two-layer 2D tank.

2x0.5 mL/min

C=Co

phases’ saturation calculation, the size of the area of interest (AOI) was obtained from the optical density measurements. The calculated satu-
chosen to be almost the same as the lateral surface of the tank glass ration was then compared to those obtained through mass balance
(Alamooti et al., 2022; Colombano et al., 2021; Philippe et al., 2020). calibration.

The optical density of reflected light Oy, is considered as (Flores et al.,

2011) 3. Results and discussion
Oa = —log(p,) as 3.1. Rheological behavior in bulk and porous media
I
P = T (14 Fig. 3 displays the rheological behaviour of xanthan solution with

and without Nal, along with the fitted Carreau fluid model (Carreau,

where optical density of reflected light is denoted as O4(-), and the ratio 1972) expressed as:

of reflected luminous intensity I(-) to the initial luminous intensity Ip(-) oL

is represented as p(-). W=ty + (o — ) (14 (17)°) 7 (15)
Next, optical densities were measured at four points: points where

the porous medium was fully saturated with water and DNAPL, as well

as points with known residual saturations of DNAPL and water. A linear

calibration curve was used to correlate the optical densities with DNAPL

saturation (Alamooti et al., 2022; Colombano et al., 2020). The average

DNAPL saturation for the entire area of interest (AOI) was determined

by summing the individual saturations for each pixel, which were

where, pandyins represent the viscosities (Pa s) at zero and infinite shear
rate respectively, y denotes the relaxation time (s), and [ (-) indicates the
power index. The parameters of Carreau model for xanthan solutions in
the presence and absence of Nal are shown in Table 3. As it can be seen
the results from Carreau model is properly fit with experimental results.

The experimental results show that xanthan exhibit a shear thinning
behavior which is preserved in the presence of Nal while the viscosity of



A. Alamooti et al.

Advances in Water Resources 185 (2024) 104643

10
Tl I
‘"~$-T‘\T
~
NN
i RN
—_ Sa J_\T
@ ~
< > INE
< o Mixture of Nal and Xanthan > L VT
Zo1 ixture of Nal and Xanthan ST\
4 F ~ J_\"'
2 [ = === Carreau model for mixture of Nal and }\ J_\T\T
S Xanthan = f \l N
001 k Xanthan solution T" i - §~ 'i‘\-
Carreau model for Xanthan solution
0‘001 1 1 1119 1 1 111119 1 1 11111 1 1 111111 1 1 1111
0.001 0.01 0.1 1 10 100
Shear rate (1/s)

Fig. 3. Rheological behavior of xanthan solution at a concentration of 800 mg/L and mixture of xanthan and Nal with xanthan concentration of 590 mg/L and Nal
concentration of 960.11 g/L as well as Carreau models fitted on experimental data. Experiments have been triplicated and error bars are calculated by determining

the mean (average) of the data points and the standard deviation.

Table 3

Parameters of Carreau model for pure xanthan and mixture of xanthan and Nal.
Solution Hins (P2 5) po (Pa s) % (s) 1(-) R?
Xanthan solution 0.0087 4.310 36.755  0.1237 0.988
Mixture of xanthan and Nal 0.0072 3.214 67.330 0.0515 0.988

the solution is reduced (Najjari et al., 2016). This can be justified by the
lower concentration of xanthan in the mixture due to the increase in
volume of solution by dissolution of Nal. Also, xanthan as a long-chain
polysaccharide contains negatively charged chemical groups, such as
acetyl and pyruvate groups. The electrostatic repulsion between these
negative charges cause the xanthan molecules to extend and form a
coiled shape due to electrostatic repulsion (Carrington et al., 1996).
However, when salt ions are present, they reduce the electrostatic
repulsion and cause the xanthan molecule to collapse into a more
compact and rod-like shape. As a result, the negatively charged groups
are positioned closer to the molecule’s backbone, which leads to a
decrease in its hydrodynamic volume (Higiro et al., 2007; Rochefort and
Middleman, 2000). The lower the hydrodynamic volume the easier
xanthan molecules can move in the solution; resulting in a reduction in
viscosity. As a result the viscosity of mixture of Nal and xanthan is lower
than the one for pure xanthan solution. This difference is most pro-
nounced in the intermediate range of shear rates, where an average
reduction in viscosity by a factor of 2.6 is observed. However, at very
high or low shear rates, the viscosity decrease is approximately by a
factor of 1.5.

Single—phase flow 1D column experiments were performed to assess
the rheological behavior of xanthan solutions with and without Nal in
porous media. The shear rate in porous media can be expressed as
(Darby et al., 2017):

P
Yy = ﬁau

The shift factor, a (-), is associated with the properties of the porous
medium and the rheological properties of the fluid at bulk (Chauveteau
and Zaitoun, 1981).

The apparent shear rate is obtained using the apparent viscosity
derived from the column experiment, after rearranging the Carreau fluid
model based on its determined parameters. Then the apparent shear rate
is plotted against the Darcy velocity —&. The slope of the fitted linear

NG

curve passing through the origin was then found and considered as the

(16)

shift parameter (Zamani et al., 2015). The viscosity data obtained from
the porous media experiments compared with those at bulk are shown in
Fig. 4.

The shift parameter is 0.6 and 0.45 for xanthan solution and the
mixture of xanthan and Nal, showing that the apparent viscosity in our
porous medium is globally higher than that in bulk fluid. The flow of
polymers in porous media can be understood by looking at the pore and
throat structure as a sequence of expanding and contracting channels.
The polymer molecules deform as they pass through the contractions,
causing an increase in resistance to flow (Holmberg et al., 2002). When
Nal is present in the polymer solution can lead to a decrease in elec-
trostatic repulsion, causing the xanthan molecule to condense into a
compact, rod-like structure. As a result, polymer molecules align along
the flow direction. This leads to a smaller shift factor compared to that of
a pure xanthan solution. The influence of the depleted layer near the
pore wall is relatively insignificant due to the high permeability of the
porous media (Chauveteau and Zaitoun, 1981).

3.2. Two-phase flow columns experiments

Two-phase flow column experiments were conducted to assess the
efficiency of injecting various solutions for displacing DNAPL in a closed
horizontal system. The termination criterion for the experiments was
reached when no further DNAPL was observed in the effluents. The 1D
column results shown in Fig. 5a indicate that the recovery efficiency

volume of DNAPL recovered
initial volume of DNAPL in sand

) as a function of PV for xanthan solutions,

with or without Nal, are nearly identical, whereas the recovery effi-
ciency is slightly higher for pure xanthan solution due to its higher
viscosity compared to the mixture of xanthan and Nal. The recovery
efficiency for pure Nal solution is lower, at around 0.74, as its viscosity is
significantly lower than that of the polymer solutions. During the in-
jection of various solutions, the capillary number was calculated using
the following equation to evaluate their effectiveness in displacing
DNAPL (Chatzis and Morrow, 1984):

a7)

where ¢ (N/m) is the interfacial tension (IFT) between the DNAPL and
the different solutions. The IFT between DNAPL and a mixture of xan-
than and Nal, pure Nal solution and xanthan solution were measured as
10.87 £+ 0.05, 10.14 + 0.05, and 21.5 + 0.05 mN/m, respectively. The
capillary number plots (Fig. 5b) show that the capillary number at the
end of the experiment as a function of PV is almost identical for injection
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Fig. 5. Performance of injection of different solutions. (a) Recovery efficiency, (b) Capillary number versus injected PV.
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of xanthan and the mixture of xanthan and Nal. Moreover, it is higher
compared to the pure Nal solution, which is in line with the recovery
efficiency results. The oscillations in capillary number plot of pure Nal
solution is attributed to the pressure fluctuations caused by peristaltic
pump which is directly detected by pressure sensors as there is no
polymer inside the solution to dampen it.

3.3. Two-dimensional flow (unconfined 2D tank)

The role of gravity cannot be accurately observed in a horizontal 1D
column system, as the thickness of the polluted zone (diameter of the
column) is too small, and the system is closed, prohibiting vertical
movement. The 2D experiments were performed to evaluate the effi-
ciency of the injection of the three aforementioned solutions on the
displacement of DNAPL layer in an unconfined system were the gravity
can significantly influence the propagation of the invaded fluid. The
solutions containing a colorant were individually injected into the tank
saturated with DNAPL in presence of residual water following the steps
mentioned in Section 2.1. Fig. 6 shows the propagation of different so-
lutions at the end of the experiments. The interface between the
invading solution and DNAPL is depicted by the white dashed lines. In
the case of a mixture of xanthan and Nal (Fig. 6a), two white lines are
present, representing the interface for the fully and partially displaced
zones.

When Nal is present in the polymer solution, a lateral displacement
can be observed (Fig. 6a); however, in the absence of xanthan in Nal
solution the displacement is less effective and there are areas where the
black color of the DNAPL remains more prominent (Fig. 6b). Injection of
pure xanthan results in a main vertical movement (Fig. 6¢). The evolu-
tion of the front propagation of the injected fluid through the contam-
inated zone is shown in Fig. 7.

The observations in Fig. 7 indicate that in cases where Nal is present
in the solution, the solution propagations exhibit similar radial/lateral
patterns through the contaminated zone. In contrast, when using pure
xanthan, the lateral propagation becomes limited over time, and the
movement is predominantly vertical. For the case of injection of the
mixture, a fully displaced zone and a transition zone can be observed
(Fig. 6a). The recovery efficiency curves for injection of each solution
are shown in Fig. 8, which exhibit values around 0.46, 0.24, and 0.09 at
the end of the displacement for the mixture of xanthan and Nal, pure
Nal, and xanthan solutions, respectively. The propagation of the
invading solution in the contaminated zone can be described through
aspect ratio values (see Fig. 6) which is defined as the ratio of the lateral
radius Ry to vertical radius Ry (Davarzani et al., 2021). When both
transition and fully displaced zones are present in the system, for the
determination of the aspect ratio, Ry and Ry correspond to the radii of
the fully displaced zone. The aspect ratios are around 1.21, 1 and 0.38
for the mixture of xanthan and Nal, pure Nal, and xanthan solutions,
respectively. The low recovery efficiency even when the aspect ratio
favors the displacement of DNAPL is attributed to the unconfined nature
of the system which is close to the real polluted site (Alamooti et al.,
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2022).

Numerical modeling was performed to have a better understanding
of the underlying physics behind the experiments. Using the data ob-
tained from 1D column experiments (directly and indirectly through
inverse modeling), the displacement of DNAPL through the 2D tank was
simulated. Fig. 9 shows the comparison between the numerical and
experimental results after image analysis. The recovery efficiency curves
obtained from the experiments and modeling are shown in Fig. 10. These
results demonstrate that the numerical modeling can properly predict
the experimental consequences, where the mean absolute error between
the numerical and experimental results is around 0.1. Also, the dynamic
of propagation of the invading phases for different solution during the
experiments has been appropriately captured by simulation results
which are shown in Fig. 10.

3.4. Gravity number analysis

The displacement of DNAPL through the 2D system is influenced by
gravity, viscous and capillary forces. The gravity number given by Eq.
(1) can show how effectively gravity and viscous forces are playing a
role on the propagation of the injected fluids in the contaminated zone.
Using the developed numerical model that has properly captured
experimental consequences, an analysis was performed to evaluate the
changes in aspect ratio of the invading fluid versus the changes in
gravity number (Cochennec et al., 2022). To investigate this, a range of
injection velocities and different densities of the invading phase were
considered. The corresponding viscosity was determined by establishing
a relationship between the apparent viscosity of the invading phase and
the pressure gradient obtained from column experiments. Fig. 11 dis-
plays the results, showing that for gravity numbers less than -0.25, a
very slight increase in aspect ratio is observed, indicating a preference
for vertical migration of the invading phase when the density of the
invading phase is lower than that of the DNAPL. Then, a sharp increase
in aspect ratio for the gravity numbers between -0.25 and 0.25 can be
observed, demonstrating a favorable displacement where a radial
displacement can be observed. For higher gravity numbers, the slope of
increase in aspect ratio decreases as the denser invading phase reaches
the lateral boundaries and its lateral movement stops (Cochennec et al.,
2022). The results showing that an increase in the gravity number due to
densification of the polymer solution can hinder vertical movement of
the invading fluid, but may result in an underriden flow where the
invading fluid flows below the contaminated zone.

3.5. DNAPL displacement in confined two-layer system by densified
polymer solution

Multiphase flow experiments were conducted in a two-layer 2D
system, following the procedures outlined in Section 2.2. Xanthan so-
lutions, both with and without Nal, were injected individually through
contaminated layers to displace DNAPL. In Fig. 12, the propagation of
polymer solutions in DNAPL-saturated layers is illustrated at different

——— - | - — — TE—
¥ = e R
o . - - Y ‘!_.’,. - 21,y
| st i LN E— !

15 cm

Fig. 6. Comparison of the propagation of three solutions at the end of injection through the contaminated zone, DNAPL appears black and displaced zone is bright.

(a) Mixture of xanthan and Nal, (b) pure Nal brine, and (c) xanthan solution.
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extracted from the image analysis of experiments and the second row images are from the simulation. (a) Mixture of Nal and xanthan (b) pure Nal, (c) and

pure xanthan.

injected PVs. The experimental results indicate similar DNAPL
displacement for both non-densified and densified polymer solutions.
This similarity can be attributed to the role of the closed upper bound-
ary, which hinders the vertical movement of the non-densified polymer
solution. Additionally, irrespective of the density of invading polymer
solutions, a density-overridden flow is observed.

In the case of xanthan-Nal, this overridden flow can be explained by
the mixing of the invading densified solution and residual water in the
system, resulting in a reduction in the density of the flowing aqueous
phase. Consequently, a preference for flowing on the top of the layers is
observed. The permeability contrast influences the flow as DNAPL is
initially drained from the higher permeable layer. The results for the
distribution of xanthan-Nal and DNAPL by numerical simulation are also

11

depicted in the third line of Fig. 12, capturing the experimental conse-
quences, including the density-overridden flow.

Fig. 13 illustrates the recovery curves obtained from 2D experiments
for both polymer solutions, indicating a higher recovery efficiency for
pure xanthan solution. This finding is consistent with 1D column results
and is attributed to its slightly higher viscosity. Additionally, the re-
covery efficiency curve obtained from simulation for the xanthan-Nal
case is demonstrated in Fig. 13, showing good consistency with the
experimental results.

To assess the impact of permeability contrast on the displacement of
DNAPL, we conducted numerical simulations by varying the perme-
ability ratios of two layers. These simulations were compared with
experimental results, where the DNAPL in the bottom layer reached half
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of the horizontal axis. The front shape from simulation results were
specifically extracted from the middle of the transition zone and
compared to the experimental data. Fig. 14 illustrates the propagation of
fronts for various permeability ratios (Kypper/Kiower) in @ 2D system with
a vertical axis of relative height (y/H) and a horizontal axis of relative
length (x/L). The results indicate that increasing the values of Kypper/
Kiower leads to a rapid breakthrough, where both permeability contrast
and density-driven flow synergistically contribute to the flow in the
upper layer. Simultaneously, a significant amount of DNAPL can remain
untouched in the lower layer. Conversely, lower values of Kypper/Kiower
demonstrate an opposing influence of density difference and perme-
ability contrast on the flow. Even at a Kypper/Kiower ratio equal to 1/10,
the front in the bottom layer remains considerably distant from the re-
covery point. Notably, when there is no permeability contrast between
the layers, a slightly inclined front is observed.

Another crucial factor influencing the front shape in a multilayer
system is the ratio of the length to height of the tank (L/H). In this
context, the length of the system was varied in numerical simulations to
cover the range of L/H from 0.5 to 20. Similar to the previous case, these
simulations were then compared with experimental results where the
DNAPL in the bottom layer reached half of the horizontal axis.

The results depicted in Fig. 15 reveal that as the length of the system
increases to achieve higher L/H ratios, the influence of density differ-
ence on the flow diminishes. A steep front, without a noticeable pref-
erence for flow on the top, becomes apparent. Conversely, for lower L/H
values, density-driven flow can lead to a rapid breakthrough, with a
front inclined toward the recovery point and propagation occurring in
the upper parts of the system.

3.6. Sensitivity analysis

The injection of Nal-xanthan mixture into the unconfined two-
dimensional aquifer sandbox was selected as the experimental setup to
explore the impact of various numerical modeling parameters on the
shape of the fully displaced zone’s front at the 115th min. The optimal
front shape for each parameter was compared with simulations
employing higher or lower values of that specific parameter, while
keeping other numerical modeling parameters constant at the fitted
values detailed in Table 2. The results, depicted in Fig. 16, highlight that
among the relative permeability terms, the saturation exponents exert a
more pronounced influence on the front shape than the maximum
relative permeability values. Regarding capillary pressure terms, a lower
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threshold pressure and a higher pore size distribution lead to a more
invaded front compared to the experimental results. Similarly, excluding
the transport equation in numerical simulations results in a larger
(expanded) front.

4. Conclusions

A set of experiments including rheological measurement in the bulk
fluid and in porous media, as well as two-phase flow in 1D columns and
2D tanks was performed to evaluate the efficiency of the injection of
densified Nal solutions with and without xanthan and a pure xanthan
solution on the displacement of DNAPL. A numerical simulation
consistent with the experimental consequences was also performed to
analyze the role of gravity and viscous forces on the propagation of the
polymer solution (with different degrees of densification) in 2D systems.

Rheological measurements showed that the addition of Nal as a
densifier did not affect the shear-thinning behavior of xanthan, but the
presence of ions reduced the viscosity by a factor of 2.6 for intermediate
range of shear rate. The shift factor for apparent viscosity was less than
unity, indicating a deformation of polymer molecules and an increased
flow resistance due to contractions and expansions in porous media.
Confined column experiments revealed similar recovery efficiencies of
around 0.89 for xanthan solutions regardless of density, while the pure
brine solution had a lower recovery efficiency of around 0.74, consistent
with capillary number analysis.

In open 2D tank experiments, gravity and viscous forces coopera-
tively influenced DNAPL displacement efficiency. Pure xanthan solution
injection showed vertical displacement with an aspect ratio of 0.38 and
recovery efficiency of 0.09, while densified polymer solution invaded
the contaminated zone radially with an aspect ratio of 1.21 with a re-
covery efficiency of 0.46. Pure brine solution reached most of the
contaminated zone, but the black color of the DNAPL remained more
prominent in displaced zone resulted in recovery efficiency of 0.24.
Numerical simulations indicated that a gravity number close to zero is
needed to achieve an aspect ratio around unity and avoid density-driven
flow issues.

Injection of both densified and non-densified polymer solutions
resulted in a preferential flow on top of multilayer system. In the case of
xanthan-Nal, this overridden flow can be explained by the mixing of the
invading densified solution and residual water in the system, resulting in
a reduction in the density of the flowing aqueous phase. The numerical
simulation results indicate that increasing the values of Kypper/Kiower
leads to a rapid breakthrough, where both permeability contrast and
density-driven flow synergistically contribute to the flow in the upper
layer.
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