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HIGHLIGHTS

e Polymer densification can improve
DNAPL displacement efficiency up to 4
times more.

o Clogging of barite particles in polymer
suspension can cause permeability
reduction up to 70%.

o Presence of the barite particle results in
higher viscosity of the polymer
suspension.

e Two-phase model can properly predict
the experimental consequences.

e To mimic the polluted site, using an
open-system for displacement efficiency
analysis is vital.
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ABSTRACT

Nowadays the remediation of DNAPL contaminated zones near groundwater has gained great prominence in
environmental fields due to the high importance of water resources. In this work, we suggest injecting a densified
polymer suspension by adding barite particles to displace DNAPL. To evaluate the efficiency of the densification
of polymer suspensions on the displacement of DNAPL, various densities of barite-polymer suspension; lower,
equal, and higher than the density of DNAPL were prepared and their rheological behavior was analyzed. Then
flow experiments were performed using a decimetric-scale 2D tank. The displacement procedure was monitored
with an imaging technique and the production and injection process data were recorded by mass balance
interpretation. It was shown that the densification of the polymer suspension could improve the displacement
efficiency of DNAPL up to four times. The clogging behavior of barite-polymer suspension was assessed in a 1D
column. Generalized Darcy’s law and the continuity equation were used to numerically simulate the experi-
mental two-phase flow. To take into account the clogging behavior of the suspension, the transport equation of
diluted species was implemented into the model. The simulation results show that the model can properly
predicts the experimental consequences.
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1. Introduction

Dense non-aqueous phase liquids (DNAPLs) such as chlorinated
organic compounds have been used for several years for various pur-
poses, including but not limited to the cleaning of fabrics and metal
degreasing. The vast consumption of these solvents during the last de-
cades, as well as their inappropriate disposal have caused a plethora of
environmental issues. Due to the density of these solvents, they can
penetrate through the soil and the groundwater and, consequently,
shape discontinuous trapped dense non-aqueous phase liquid (DNAPL)
zones (Langwaldt and Puhakka, 2000; Zhang and Smith, 2002). The
dissolution of some components of these organic compounds can result
in serious groundwater pollution (Roy et al., 2004). Nowadays there are
numerous contaminated sites around the world contending with the
problems related to the contamination of the groundwater. Displace-
ment and removal of these DNAPLs from their source zones are very
challenging and costly (McCarty, 2010). In other words, their high
density and interfacial tension as well as their low solubility make the
performance of most extraction technologies inefficient (e.g.
pump-and-treat-method). The trend in global soil remediation technol-
ogies shows that the approach has switched from the pump-and-treat
method to more advanced methods, including thermal and chemical
enhancement (Colombano et al., 2021, 2020; Stroo et al., 2012).

Among the advanced remediation technologies, invading agents
including surfactant, foam and polymer are widely used to displace the
residing contaminant (DNAPL as pure phase) from the soil. In the case of
the surfactant solution injection, using a high concentration of surfac-
tant (i.e. higher than the critical micelle concentration) can cause the
dissolution of the contaminant in the aqueous phase (Johnson et al.,
1999). In the event of foam, the foam’s stability is one of the challenging
issues in design and performance of foam injection (Ardakani et al.,
2020; Kilbane et al., 1997; Wang and Mulligan, 2004).

Polymers have been widely used in the petroleum industry as one of
the most effective enhanced oil recovery (EOR) technologies for
different reservoir types (Alamooti and Malekabadi, 2018; Littmann,
1988; Liu, 2008; Sandiford, 1964). Although the process of DNAPL
remediation of contaminated soils is similar to the EOR methods, there
are some main differences. Firstly, the porous media in soils are several
orders of magnitudes more permeable than reservoir rocks. In addition,
the density of DNAPL is higher than the density of water and the location
of these contaminants is close to groundwater and due to the high
standards of remediation processes, the amount of residual DNAPLs
should not exceed several ppm (Kilbane et al., 1997).

To mobilize the trapped ganglia of DNAPL in pore spaces, several
forces including the capillary, viscous, gravity, and buoyancy forces are
working simultaneously (Dejam et al., 2014; Mashayekhizadeh et al.,
2011; Alamooti et al., 2020). The high surface tension of the DNAPLs
makes the mobilization process more difficult but in the case of high
permeable porous media, the capillary forces are not dominant. To
mobilize ganglia of a non-aqueous phase liquid (here DNAPL) the
summation of the viscous and gravity forces should be higher than the
capillary forces present in polluted soil (Duffield et al., 2003; Jeong,
2005; Li et al., 2007; Pennell et al., 1996). In general, polymers are used
to increase the viscous forces to improve the displacement of DNAPL by
reducing the instabilities in the invading phase in porous media. Martel
et al. (2004) used a polymer solution before and after a micellar solution
(composed of a surfactant (12% Hostapur SAS from Clariant), an alcohol
(12% n-butanol) and two solvents (19% p-limonene; 5% toluene)) to
enhance the displacement efficiency of DNAPL. They injected polymer
as a preflush slug to limit the mobility of the washing solution and avoid
the adsorption of surfactant on the solids, and they injected it as post-
flush slug to push out the washing solution of porous media. They found
that on the one hand using reduced velocity improved the dissolution of
the micellar solution by increasing the contact time and on the other
hand, it caused less mobilization of DNAPL due to a decrease in capillary
number. They also showed that polymer solution (xanthan gum) can

positively improve the front stability. Martel et al. (1998) used the
xanthan polymer solution for mobility control during the soil remedia-
tion of NAPL in a multilayer system, and they found that the injection of
a polymer solution after the surfactant increases the mobility of the
surfactant in low permeable zones and decreases it in high permeable
zones. Silva et al. (2013) used modeling to simulate the flow of the
polymer-improved aquifer remediation. They showed that by using a
biopolymer the sweep efficiency was improved more than 70%. Smith
et al. (2008) illustrated that the polymer-improved remediation tech-
nique (xanthan gum and potassium permanganate) can be used as a
robust technology for the displacement of contaminants including PCE.

Miller et al. (2000) introduced a density-motivated mobilization
approach for the remediation of DNAPL contaminated soils. They
elucidated the idea of modifying the balances between the capillary and
buoyancy forces. By means of bench-scale columns and a
two-dimensional tank, they performed several displacement experi-
ments where they showed that the efficiency of densified brine solution
(using Nal) on displacement of DNAPL can reach up to 70%. They also
proved that the densified brine solution can be used as a barrier below
the DNAPL pool to prevent the downward movement of the DNPAL
when a surfactant solution was used as displacement agent.

From the rheological point of view, polymer solutions are considered
as non-Newtonian fluids i.e. their viscosity is a function of shear rate. For
the study of fluid flow in porous media, to link the shear rate at bulk
scale and fluid velocity in porous media (Darcy velocity) the physical
parameters of porous media including permeability, porosity, and tor-
tuosity should be considered (Darby et al., 2017; Omirbekov et al.,
2020). For the case of biopolymers such as xanthan and carboxymethyl
cellulose (CMC), a shear thinning behavior is observed (Benchabane and
Bekkour, 2008; Zhong et al., 2013).

In the case of chlorinated solvents, as they are much denser than
water and mainly isolated near the groundwater resources, if a lighter
fluid is injected to remediate the contaminated soil, buoyancy forces
work against the displacement. Although polymer solutions can provide
higher viscous forces, they are lighter than DNAPL and the gravity forces
can influence the displacement efficiency of DNAPLs.

Despite numerous studies carried out to evaluate the performance of
polymer solutions injection on the displacement of the DNAPLs, the
question of how to handle the gravity forces in an open system (without
no flow boundaries) of the contaminated soil using a polymer solution is
not well addressed in the literature. Furthermore, although the perfor-
mance of the viscous (e.g. polymer) and dense solutions on the
displacement of DNAPL have been individually investigated, the liter-
ature is bereft of a study in which a single densified high viscosity
mixture has been used to overcome the gravity and capillary forces at
the same time. Although using only a polymer solution with higher in-
jection rates can improve the viscous forces, but it can result in viscous
fingering and soil push up. Therefore, the novelty of this work is the
introduction of a new remediation technology in which a densified
polymer suspension has been injected to overcome both the gravity and
capillary forces. The injection of dense polymers will therefore allow
forcing the polymer to remain at the bottom of the aquifer to better
displace the DNAPL. To achieve this goal, we analyzed the performance
of a densified polymer suspension on the displacement of DNAPL from
contaminated soils where gravity forces are working against the
sweeping process. Barite (BaSO4) particles were added to the CMC
biopolymer to increase the density (Bern et al., 1996; Hanson et al.,
1990) of the polymer suspension and to evaluate the permeability
reduction in the displaced zone. Barite has very low solubility in water
and is essentially considered nontoxic (Schulz et al., 2018). Also, it is
normally ingested by patients who are going to do some X-ray tests on
their digestive system (Merian et al., 2004). The main achievement of
this study is to introduce densified polymer suspension for the
improvement of the displacement efficiency of DNAPL. In addition, it
gives insight on not only the application of densified polymer suspension
on the displacement of DNAPL but also the role of boundaries on its



performance. In this work, the experimental results on rheological
behavior of the densified polymer suspension are provided and then the
performance of the densification of the polymer suspension on
displacement efficiency of DNAPL is discussed. The role of clogging of
suspended particles on the transport of polymer suspension is analyzed.
To have better understanding of the displacement process of DNAPL, the
two-phase flow was simulated by means of the continuity and Darcy
equations (Bear, 2013). The general advection-dispersion-reaction
equation was used for the transport of barite and polymer in porous
media (O’ Carroll et al., 2013).

2. Material and methods (experimental and numerical)

In this section, first the 1D column and 2D tank experimental setups
and procedures are explained. Then the method of image interpretation
is presented. Finally, the governing equations are given and the nu-
merical simulation method is described. The properties of experimental
materials including the contaminant (DNAPL), barite-polymer suspen-
sion, soil physics as well as the suspension preparation are discussed in
supplementary material part A.1.

2.1. 1D column experiments

To measure the permeability and the porosity of sandpacks with the
grain size between 0.6 and 0.8 mm and further analyze the clogging
process of barite-polymer suspension, one-dimensional calibrated glass
columns were used. The radius and length of the one-dimensional col-
umn were 4 cm and 30 cm, respectively.

These experiments were carried out to study the deposition process
of barite particles during the barite-polymer suspension injection
through the porous media. In this regard, a one-dimensional column was
filled with the same sand as the 2D tank (size between 0.6 and 0.8 mm)
and fully saturated with water. The permeability and the porosity of the
packed columns were first determined. Next, the barite-polymer sus-
pensions were individually injected at a fixed injection rate of 1 mL/min
into the fully water saturated column and the density of the effluents
(each 4 mL) was monitored. The experiments were continued to reach
the steady state condition by monitoring the pressure gradient. In the
end, the columns were flushed at the same injection rate for 24 h with
water to displace the floating barite particles inside, and then the
reduced permeability and porosity were determined. The schematic of
the experimental setup used for barite-polymer suspension injection in
1D columns is shown in Fig. 1.

2.2. 2D tank experiments

For the DNAPL displacement experiments, a two-dimensional tank
with the size of 50 cm lengthx 30 cm heightx 2 cm width was used
(Fig. 2). The front and back of the tank were made of glass to allow the
imaging. The tank is filled up to 28 cm with sand of the grain size be-
tween 0.6 and 0.8 mm. To inject the suspension uniformly into the
porous media a central zone near the injection point (central bottom

Stirrer

zone of the tank) is constituted of sandpacks with different permeabil-
ities to represent the injecting well. To fill the 2D tank with sand while
injecting water, the central part near the injection point of barite-
polymer suspension was separated using two barrier plates
(2 cm x 30 cm). Then the sand of the grain size between 0.6 and 0.8 mm
was packed on two lateral sides of tank. Then the coarser sand was
packed in central part while the barrier plates were pulled out gradually.
When the level of the sandpacks reached a 6 cm height in the entire 2D
tank, the coarser sand was covered by 3 cm height of fine sand in the
central part. While the sand of the grain size between 0.6 and 0.8 mm
was packed everywhere in the 2D tank, the two barrier plates were
completely pulled out of the 2D tank. This configuration is close to the
field where the polymer is injected using a vertical well into the
contaminated zone. Two lateral counter channels (cavities) with the size
of 2 cm x 2 cm x 30 cm located at the two sides of the tank were used to
regulate the fluid levels during the experiment. The schematic of the
tank and the different permeability zones inside are depicted in Fig. 2.
These experiments were performed to investigate the efficiency of
the injection of a barite-polymer suspension on the displacement of
DNAPL inside porous media. To keep the water level constant during the
experiment, demineralized water was recirculated in the tank using two
Watson Marlow peristaltic pumps. After the completion of the packing of
the sand within the water phase, DNAPL was injected from the three
ports (d= 0.16 cm) located at the bottom of the tank at the injection rate
of 2 mL/min, to reach the height of 20 cm. Then, the barite-polymer
suspension was injected from the bottom center of the tank at the con-
stant injection rate of 1.7 mL/min equivalent to an injection velocity of
1 m/day using a peristaltic pump. Using another peristaltic pump,
produced DNAPL was pumped out from the cavities and the level of
DNAPL inside the cavities was kept constant during the experiments. By
means of a mass scale (Sartorius Cubis MSE8201S-000-D0) the mass of
recovered DNAPL was measured and a real-time data acquisition was
performed. 2D-images of the tank were recorded regularly during the
experiments for further analysis of the evolution of the system, using a
digital camera (Nikon® D810 with NIKKOR LENS 105). The schematic
of barite-polymer suspension/DNAPL displacement is shown in Fig. 3.

2.3. Suspensions preparation

As the barite particles are almost insoluble in water (Ropp, 2012),
the polymer is used, not only to provide a high viscosity but also to cause
a stable suspension. In this regard, the role of different polymers on the
stability of barite suspension at the same density as the DNAPL
(p = 1.66 g/mL) has been examined.

For this purpose, the efficiency of three different biopolymers
including xanthan gum, guar gum, and CMC on the stability of the barite
suspension was evaluated. The density of the barite-polymer suspen-
sions was kept at the density of the DNAPL (1.66 g/mL) and the con-
centration of the polymers was set at 4 g/L. The concentration of
polymer was selected in a way to provide sufficient viscous forces to
displace the DNAPL in soil but not too high to avoid very high injection
pressures. Demineralized and degassed water was used to prepare all the
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Fig. 3. Schematic of barite-polymer solution-DNAPL displacement experimental setup (2D tank.

suspensions. For the case of polymer solution (without barite particles),
polymer powder was added gradually to water, and it was mixed
properly using an overhead stirrer (IKA RW14) with 500 RPM for 2 h.
For the barite-polymer suspensions, firstly barite particles were added to
water while stirring at 200 RPM for 15 min. Then the polymer powder
was added very slowly, and the suspension was stirred for 2 h at 500
RPM. Using a graduated cylinder, the decantation process of the barite-
polymer suspensions was monitored for 48 h. The results evidenced the
sedimentation of a given percentage of the barite particles in the sus-
pension and therefore separation of water from the suspension. When
CMC was used as the polymer, 98% of the mixture was kept in the
suspension while for xanthan gum and guar gum, this value was 48%
and 64% respectively. Therefore, for our study, barite and CMC polymer
suspension was chosen to displace the DNAPL inside the soil. For the
densities of barite-CMC suspensions of 1.3, 1.66, and 1.9 g/mL, the
volume fractions of barite particles inside the suspension were around

8%, 18% and 24%, respectively.

2.4. Image interpretation

An image analysis tool is used to describe the displacement process
during the 2D tank experiments and to evaluate DNAPL saturation. All
the experiments were carried out in a darkroom and the lighting was
provided by two light spots (2 x300 W, Broncolor®). Black and white
reflectors were set near the 2D tank to prevent reflections during the
photography. A grayscale calibration card was installed on the 2D tank
front surface to help regulate the light density for different experiments
during image analysis. The lighting differences were adjusted with the 8-
grayscale levels. For image interpretation, the area of interest (AOI) was
considered almost the same size as the tank glass lateral surface to have a
maximum zone of analysis and also to avoid the role of wall shade on the
process of the calculation of phases’ saturation (Colombano et al., 2021;



Davarzani et al., 2021; Philippe et al., 2020). Next, the size of the pixel
area was selected in a way to exclude microscale effect, shadows, and
non-uniform lighting effects. To find the relationship between the op-
tical density and DNAPL saturation a calibration curve was used. The
optical density of reflected light, O4, can be expressed as (Flores et al.,
2011; Schincariol et al., 1993).

04 = —log (p,) (€3]

I,

where Oy is the optical density of reflected light, p, is the ratio of re-
flected luminous intensity, I, and the initial luminous intensity, I,.

In the next step, the exact optical densities for fully DNAPL-saturated
and dry tank (saturations of 1 and O respectively), as well as those
corresponding to the residual saturations of the wetting and non-wetting
phases were determined. With these points, a linear calibration curve
has been considered for optical densities and DNAPL saturation
(Colombano et al., 2021). To calculate the total DNAPL saturation, the
saturation of DNAPL in each pixel was calculated using the average
optical density and then for the entire AOI (area of interest) the sum-
mation of all saturation was calculated. Indeed, the sum is needed to
calibrate the image interpretation vs mass balance data.

2.5. Governing equations

2.5.1. Two-phase non-Newtonian flow in porous media

Natural soil in the contaminated zone below the groundwater level is
represented as a non-deformable, uniform and isotropic porous medium
containing two incompressible, immiscible phases (aqueous and
DNAPL). The continuity equation for each phase can be written as fol-
lows (Bear, 2013):

%(Q)pis,-) +V-(pu;) =0 with i=w, nw 3)
where the subscripts w and nw denote wetting and non-wetting phases,
respectively. @ is the porosity, p;(kg/m®), S; and u; (m/s) are respectively
the fluid density, saturation, and Darcy velocity vector for phase i, and t
is the time (s). For the momentum equation in porous media the
generalized Darcy law is considered:

k kri

u = (Vpi—pg) C)

i

where k (m?) is the absolute permeability of the isotropic porous me-
dium considered here, k;, p;, and ,; are respectively the relative
permeability, viscosity (Pa.s) and the pressure (Pa) of phase i, and g is
the gravity vector. To solve the system of equations for two-phase flow,
two other algebraic equations are necessary and are given by:

Syt S =1 (5)

Pc = Pnw — Pw (6)

where S,, and Sp,, are wetting and non-wetting phase saturations. p, is
the capillary pressure (Pa) with p,, and pp,,, the wetting and non-wetting
phase pressures (Pa), respectively. For the relative permeability and
capillary pressure curves we used Brooks and Corey functions (Brooks
and Corey, 1964):

Pe = DPuSue ™ %)

)
kpy = S, ®
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@

where py, is the threshold pressure (Pa) and 4 is the index of the pore
size distribution. S,,. and S, are the effective saturations of wetting and
non-wetting phases and are defined as follows:
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where, S,,; and S, are the wetting irreducible and non-wetting residual
saturations respectively. As CMC polymer is soluble in water, it is
considered as an aqueous phase and is treated as a species transported by
water. Due to the non-Newtonian behavior of the barite-polymer sus-
pension, several rheological studies were carried out on the barite-
polymer suspension with different Barite concentrations (discussed in
results and discussion part). Among various possible models to describe
the non-Newtonian behavior of the barite-polymer suspension, the
power-law model was found to be the most suitable (Benchabane and
Bekkour, 2008):

p=rxi! 12)

where « is the flow consistency index (Pa.s"), 7 is the shear rate (sH) and
n is the flow behavior index. The values of n less than 1 correspond to a
shear-thinning behavior while the values of n more than unity are for
shear thickening fluids. The concept of shear rate in porous media, i.e. at
the Darcy scale using the Darcy velocity can be expressed as (Darby
et al., 2017)

. dau/
’}/ =
Ry
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where a is the empirical shifting parameter depending on the tortuosity
of porous media as well as the bulk rheology of the fluid (Chauveteau
and Zaitoun, 1981), and Req (m) is the average pore throat radius which,
using a simple bundle of capillary tubes model, can be estimated as:

Reg =\ [— a4
! ¢
By introducing Eqs. (12)-(14) into Eq. (4) the apparent viscosity
term for the aqueous phase can be rewritten as:

n

2k ’
W, = aK < —4 Ky (pr — pwg>> (15)
D

2.5.2. Polymer and barite particle transport model

As the barite-polymer has been used to displace DNAPL in porous
media, the modeling of the transport of suspended barite particles and
polymer in water is considered. A suspension of barite-polymer was
injected at a fixed flow rate into a porous medium. Considering the
deposition of the suspended barite particles onto the sand grain surfaces,
the advection of the barite-polymer in porous media and the hydrody-
namic dispersion of the barite particles, the general advection-
dispersion-reaction equation for the transport of barite and polymer in
porous media can be written as (O’Carroll et al., 2013; Tsakiroglou et al.,
2018):

o(DSci .
%—V-(@SWD-VQ)Jruw-VC, =R +m (16)
—————— N
M Dispersion Advection

Accumulation

where c; is the concentration of the i-component (barite or polymer) (kg/



m?), D is the dispersion tensor, R; is the reaction term for the i-compo-
nent and m is the source term. Hydrodynamic dispersion determines the
behavior of components transport in porous media.

The longitudinal and transverse dispersion coefficients are consid-
ered and can be expressed as (Auset and Keller, 2004):

D; = Do+ u a17)
DT = DO + xru (18)

where D and Dy are the longitudinal and transverse dispersion co-
efficients respectively, Dy is the effective diffusion coefficient (m?/s) in
porous media, «; and «r are the longitudinal and transvers dis-
persivities, respectively. Since the barite particles have very low solu-
bility in water, physical clogging happens in porous media as a result of
suspended particles retention (De Vries, 1972; Vigneswaran and Suazo,
1987). The same transport properties (dispersion tensor, effective
diffusion coefficient) are considered for polymer and barite species.
Several theoretical and empirical models have been developed to
describe the physical clogging process in porous media (Bedrikovetsky
etal., 2012; Boek et al., 2012; Yuan and Shapiro, 2011). While empirical
models focus on the infiltration rate and particle concentrations in
suspension and deposition (Pérez Paricio, 2001), theoretical models
debate over the dynamics of the attachment and detachment process.
The process of clogging is under the influence of the interaction of
several forces including gravity, inertia, electrostatic, and viscous forces
(Zamani and Maini, 2009).

Here, we use the transition-deposition model in porous media to
simulate the physical clogging in soil (Zheng et al., 2014). The clogging
process was coupled with density variations inside the displaced zone
and permeability/porosity reduction. According to Eq. (16), the
formulation of barite particle transport in porous media can be described
as (Zheng et al., 2014):

w +u,-Ve, — V- (Q)SWD~VC;,) =0 (19)
where ¢, is the barite particle concentration in the bulk of suspension
(kg/m®), ¢, is the concentration of barite particles deposited on the sand
grain surfaces per unit pore volume (kg/m®). To simulate the process of
the clogging caused by barite deposition on the surfaces of the sand
grains, the continuity equation was coupled with the transport-
deposition equation for barite particles. According to the process of
attachment and detachment of particles in porous media, the mecha-
nism of deposition of the suspended barite particles can be described as
(Herzig et al., 1970):

a s
a—j = 0c, — e, (20)

where 0 is the particle attachment coefficient (s') and g is the par-
ticle detachment coefficient (s'1). During the injection of barite-polymer
suspension the particles of barite can easily be captured by sand grain
surfaces, leading to the reduction of pore space (porosity):

G=gy—= @D
Py

where @ is the initial porosity, p, is the solid barite density (kg/ m?). To
correlate the permeability-porosity changes in the displaced zone, the
Carman-Kozeny relationship was used (Hommel et al., 2018; Voronov
et al., 2010):

@ (1-— @())2

0 1-@? @

(22)

where ky is the initial absolute permeability, and CF is a correction factor
to incorporate the changes in sphericity and diameters of sand particles
after deposition of barite particles. The degree of clogging is evaluated

using the absolute permeability reduction term as % (Zheng et al.,

2014).

To simulate the system of the partial differential Eqs. (3), (16), and
(19) coupled with algebraic Eqs. (5) and (6) in a two-dimensional
domain. MUMPS (multifrontal massively parallel sparse direct solver)
solver in COMSOL Multiphysics as a finite element solver with a BDF
(backward differentiation formula) time stepping was used. The relative
tolerance was preset at 0.005 and the absolute scaled tolerance with a
factor of 0.1 was considered. The triangular meshing tool of COMSOL
with maximum element size of 0.77 cm and minimum element size of
0.0029 cm and a maximum element growth rate of 1.2 was used.

3. Results

Firstly, the rheological behavior of polymer mixture with and
without the barite particles was evaluated. Then, the experimental re-
sults of the barite particles clogging in the sand is discussed and finally,
the results on the efficiency of the barite-polymer suspension on the
displacement of the DNAPL is analyzed.

3.1. Rheological behavior of the densified polymer suspension

For the evaluation of the rheological behavior of the barite-CMC
suspension the rotational rheometer, Haake Mars 60 was used. To
characterize the rheological behavior of the barite-CMC suspension with
different densities the variation of the viscosity versus the shear rate in
the range of 0.1-100 1/s was analyzed. Fig. 4 shows the viscosity of
barite-CMC suspensions for different densities as a function of the shear
rate in a log-log scale. It can be seen that the viscosity increases with the
density of the mixture. For all polymer mixtures with or without barite
particles in the shear rate range used in this study, a shear-thinning
behavior can be observed which corresponds to less resistance against
the flow at higher shear rates. For the case of CMC solution without
barite particles (p =1 g/mL), at low shear rate an initial shear thick-
ening behavior can be noted. This increase in viscosity at low shear rate
is still controversial. Liu et al. (2007) have attributed this mechanism to
“flow induced formation of macromolecular associations”. Benchabane
and Bekkour (2008) observed this behavior for high concentrations of
CMC polymer solution at low shear rate. They reported that one of the
most probable reasons for this behavior can be the increase in inter-
molecular interactions due to the increase in shear rate. In other words,
this shear thickening behavior is ascribed to stiffer inner structure due to
the formation of entanglements of polymer coils as the shear rate
increases.

A power-law model as described earlier (Eq. (12)) was fitted to the
rheological behavior of the barite-CMC suspension. The parameters of
the power-law model, the mean relative error (MRE) and R-squared are
given in Table A-1 (in supplementary material). In the case of polymer
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Fig. 4. Rheological behavior of barite-CMC mixtures with different densities.



solution without barite particles a lower R-squared value (corresponding logical behavior of the barite-CMC mixtures has been considered (Car-
to a worse fit) is due to the shear thickening behavior at very low shear reau, 1972). The Carreau model can be expressed as:
rates.

In addition to power-law model the Carreau fluid model for rheo- H= i + (Ho *ﬂmf) (1 + ()(7)2)
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Fig. 5. Comparison of the propagation of the barite-CMC solutions with different densities, the left images are the raw images, and the right images are those
interpreted by image analysis. (a) pure polymer injection with density of 1 g/mL, barite-CMC injection with density of (b) 1.3 g/mL, (¢) 1.66 g/mL, and (d) 1.9 g/mL.



where, y,andy;,, are the viscosities (Pa.s) at zero and infinite shear rate,
 is the relaxation time (s), and 1 is the power index. The parameters of
the Carreau model, and R-squared are given in Table A-2 (in supple-
mentary material). Similar to power-law model for the case of CMC
solution without barite particles a lower R-squared value can be seen
due to the shear thickening behavior at very low shear rates.

3.2. Experiments on clogging of barite particles in sandpacks

Barite-polymer as a suspension was selected to be injected through
the DNAPL saturated zone. The particles suspended in the mixture due
to the interaction of several forces can be deposited on the surface of the
sand grains. The mass balance analysis of the columns at the end of
water postflush after injection of barite-CMC suspensions shows that the
mass of retained barite particles for densities of 1.3, 1.66, and 1.9 g/mL
were 30.2, 35.5 and 37.3 g, respectively. These quantities of retained
barite-particles are quite considerable in comparison to the mass of
polymer dissolved in each pore volume of injected suspension (0.5 g). In
this regard, the permeability and porosity reductions are mainly
attributed to the role of barite particles deposition in sandpacks. In this
section, the process of the barite particles clogging in sand for suspen-
sions with different densities is characterized and discussed.

The reduced permeabilities for densities 1.3, 1.66, and 1.9 g/mL are
equal to 65, 42, 39.5 Darcy respectively while the initial permeability
has been equal to 145 Darcy. Also, The reduced porosities for densities
1.3,1.66,and 1.9 g/mL are equal to 37.3, 37, 36.9 respectively while the
initial porosity has been equal to 39. The degree of clogging for the
barite-CMC solution with density of 1.3 g/mL is 0.55 while this value is
around 0.71 and 0.73 for densities of 1.66 mL and 1.9 g/mL, respec-
tively. It shows that the capability of the sand grains to retain the barite
particles increases by an increase in the concentration of the barite
particles in the suspension up to a maximum value. Above this value,
there is a weak dependence of deposition of barite particles on the sand
grain surfaces on the concentration of the barite in suspension. In
addition, the reduction in porosities for various densities of the barite-
CMC suspension is in the same trend as the permeability reductions.

3.3. Experimental results of DNAPL displacement using barite-CMC
suspension

To compare the efficiency of the injection of polymer mixtures with
and without barite on the displacement of the DNAPL, three different
densities (1.3 g/mL, 1.66 g/mL, and 1.9 g/mL) of barite-CMC suspen-
sion were analyzed. In this regard, several polymer mixtures with
different densities were injected into the 2D tank saturated with DNAPL
in presence of residual water saturation. During the injection of the
invading phase, the level of DNAPL in lateral counter channels (Fig. 1)
was kept constant to recover the same amount of DNAPL as the one
displaced in the porous medium. Fig. 5 shows the distribution of the
polymer and DNAPL (raw and analyzed images) at the end of the
experiment, where either there is no more DNAPL production or the
invading phase (barite-CMC suspension) has closely approached to the
lateral boundaries. For the case of pure polymer injection in the absence
of barite particles, the invading phase has a vertical displacement. By
increasing the density of polymer mixture using the barite particles, a
more lateral displacement of DNAPL is observed, as the buoyancy forces
are decreased. In addition, the clogging of barite particles in the pores of
the tank has led to density variations in the invading phase. This density
variation can be visually seen in the images, where near the front, a zone
with a density close to the density of water exists, and behind the front,
the density increases up to the density of the invading phase. The results
obtained from mass balance data show that the final displacement ef-

volume of DNAPL produced
initial volume of DNAPL in sand

ficiency ( ) for the case of only CMC solution

without particles is around 0.095 while for barite-CMC suspensions with
densities of 1.3, 1.66, and 1.9 g/mL, the displacement efficiency is

around 0.3, 0.45, and 0.44 respectively.

3.4. Effect of the boundaries on the DNAPL displacement efficiency
(closed or open system)

This section is devoted to a comparison between closed and open
systems using both experimental and numerical approaches. Concerning
the experiments carried out in the 2D tank and analyzed in previous
sections, although the displacement efficiency is significantly improved
(~4 times more) by increasing the density of the polymer mixture, the
displacement efficiency of this technique is still less than that of most
other conventional methods (Colombano et al., 2021; Philippe et al.,
2020). To have a better understanding, we designed a new experiment in
which the top boundaries are closed to avoid vertical displacement and
to force the invading fluid to be displaced in the horizontal direction.
The barite-CMC suspension with a density of 1.66 g/mL at an injection
flow rate equal to 2.8 mL/min was injected into a similar configuration
used in the previous experiments in the 2D sandpack with minor dif-
ferences. More precisely, to have a closed zone of interest with a
thickness of 5 cm (instead of 20 cm in previous cases), very fine sand
(less than 0.1 mm) was used to block the displacing zone shown in Fig. 6.
Figure A-1 (in supplementary material) shows the propagation of the
barite-CMC suspension during the displacement in the closed system.

The results showed that the displacement efficiency in the closed
system was around 0.88 at the end of the experiment. Some points are of
importance to account for this difference: firstly, for the open 2D system,
the displacement has been stopped (end of experiment) before reaching
the lateral counter channels while in the closed 1D experiment the
displacement has been continued to see the invading fluid in the lateral
counter channels. Therefore, some parts of the region of interest in the
open 2D system are still saturated with DNAPL. Also in comparison to
the 1D system, there is a noticeable transition zone in front of fully
displaced zone in the 2D system that has a lower DNAPL saturation.
Another point that should be noted is that the comparison of the simu-
lation results for both displacements shows that the residual DNAPL
saturation in the fully displaced zone for the open 2D system is around
0.34 while in the closed system is around 0.11.

4. Discussion

4.1. Characterization of the clogging of barite particles by finding
attachment/detachment parameters

The set of experiments which are explained in Section 3.2 have been
carried out to find the dispersivity of barite particles and parameters
related to attachment and detachment of barite particles. As it is
mentioned in material and methods section, the barite-CMC suspensions
were injected at fixed injection rate corresponding to 1 m/day to a fully
water saturated column of sand. The effluents of the column were
monitored during injection until steady state conditions were reached.
The effective diffusion coefficient for the CMC polymer is considered 10
11 (m?/s) which is quite low (Kono, 2014), and the same value is taken
into account for barite particles. To find the unknown values including
the dispersivity () of barite particles and polymer as well as the
attachment and detachment coefficients (0, ), using an inverse
modeling (minimization of the mean squared error), the outlet densities
and reduced porosities and permeabilities of the sandpacks from the
simulation results were matched with those obtained from the
experiment.

It is assumed that the deposited barite particles were retained in their
position during water flushing as the hydrodynamic forces of the water
were not enough to detach them. In addition, it is considered that the
deposition of the barite particles was homogenous along the one-
dimensional column and that a maximum concentration of deposited
barite particles was reached so that no further deposition on the grain
surfaces was possible. To perform the 1D simulations, the appropriate
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Fig. 6. schematic of configuration and displacement of DNAPL by barite-polymer suspension with the density of 1.66 g/mL in a closed system.

boundary and initial conditions corresponding to the experiments were
applied to the domain: constant injection velocity of 1 m/day at the
inlet, atmospheric constant pressure at the outlet, and initially fully
water saturation inside the sand column. For solute transport the con-
centration of barite at the inlet is considered in agreement with the
densities of barite-CMC suspension while the initial concentration in the
column is equal to zero. To match the porosity values, the concentration
of barite particles deposited on the sand grain surfaces per unit pore
volume (c;) from simulation was matched with those calculated from
reduced porosities at the end of water postflush after barite-CMC in-
jection (Eq. (21)). Then for the reduced permeability values using
Carman-Kozeny equation, the correction factors for correlation of
porosity and permeability were adjusted. Fig. 7 demonstrates the den-
sity curves obtained from the simulations and experiments for different
densities of barite-CMC suspensions after breakthrough time. The mean
relative error and root mean square error of fitting for all cases are given
in Table A-3 (in supplementary material). As it can be seen, the results
show that the transition period (between the breakthrough time and the
time of the final plateau) for the lighter barite-CMC suspension is longer
than for the two other suspensions. This is because the viscosity of
denser fluid is higher therefore, a sharper breakthrough curve is
observed. The parameters related to the model including the attachment
and detachment coefficients and the dispersivities are listed in Table A-3
(in supplementary material).
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Fig. 7. Comparison between the outlet densities obtained from simulation and
experiments after breakthrough time.

4.2. Numerical simulation results of DNAPL displacement using barite-
CMC suspension

To simulate the process of DNAPL displacement using the barite-
CMC suspensions, the clogging process of barite particles was incorpo-
rated into the model to include the density variation and permeability/
porosity reduction. In this regard, an area on the right-hand side of the
two-dimensional system, as shown in Fig. 8, was considered as the
representative zone. It is assumed that the flow in high permeable zone
near the injection point has been equally distributed in two lateral parts
and there is no vertical flow. The schematic of the boundary conditions
and geometry of the model is shown in Fig. 8. For the boundaries 3 and 4
as the level of DNAPL has been kept constant during the experiment the
constant pressure condition is considered. In these boundaries z (m) is
the vertical axis and Py is the pressure caused by water height on the top
of DNAPL zone. Boundary 3 is a symmetrical boundary condition is
considered and for boundaries 2 and 6 no flow condition and for
boundary 1 constant injection velocity (1 m/day) are assumed and the
constant pressure boundary conditions for boundaries 4 and 5 are
considered.

Fig. 9 shows the comparison between the experimental and numer-
ical results. As can be seen, the shape of the invasion fronts of the barite-
CMC suspension for various densities obtained by numerical simulation
is in agreement with the ones obtained experimentally. As it was
mentioned earlier, the large transient zone near the front of the invading
phase is attributed to the role of barite-particles clogging and conse-
quently density variation. The higher degree of clogging can also pro-
hibit the backward diffusion of residual DNAPL, which is in favor of the
soil remediation purpose.

In Fig. 10, the displacement efficiencies resulting from experiments
for various densities of invading phases are compared with those ob-

tained from numerical simulations. The average absolute relative errors
1 Displacement efficiencyg,, —Displacement efficiencysg,
(Nmber of points Displacement efficiencyr,, )

experimental and simulation results are around 0.1, 0.045, 0.083, and
0.158 for densities 1, 1.3, 1.6, and 1.9 g/mL, respectively. The higher
error in denser suspensions can be attributed to dependency of satura-
tion functions (capillary pressure and relative permeabilities) on the
concentration of barite particles which are clogging in sand. Also, the
other reason can be because of the flow above the low permeable layer
observed experimentally while we have considered it as an impermeable
zone in our model. It is considered that the injected polymer has been
completely invaded laterally on two sides of the high permeable zone

between the
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DNAPL saturation for experimental results
Fig. 9. Comparison between the numerical and experimental results for the end of displacement of DNAPL by barite-CMC suspension, the first row images are from

the simulation and the second row images are extracted from the image analysis of experiments. (a) pure polymer injection with density of 1 g/mL after 94 min,
barite-CMC injection with density of (b) 1.3 g/mL after 234 min, (c) 1.66 g/mL after 240 min, and (d) 1.9 g/mL after 220 min.

and no vertical displacement takes place from low permeable zone. 4.3. Analysis of the transition zone in displaced zone

During the injection of the barite-CMC suspension into the DNAPL
saturated zone, due to the deposition of the barite particles onto the sand
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Fig. 10. Comparison between the experimental displacement efficiencies for
various densities of invading phases (obtained using mass balance) and those
obtained from simulation results.

grain surfaces, and also the mixing with the residual water saturation
inside the DNAPL saturated zone, a zone inside the displaced zone near
the front has been formed with densities less than the density of invading
barite-CMC suspension. Then due to the buoyancy forces, the lighter
region has formed a transition zone in front of the fully displaced zone.
This transition zone has grown to reach the water zone above the DNAPL
saturated zone. To elucidate the diffusive behavior of the segregated
fluid from the invading barite-CMC suspension, the evolution of the
transition zone, as well as the fully displaced zone (Figure A-2), were
analyzed.

The ratio of the transition zone (A to the area of the fully displaced
zone (Aq) versus the ratio of the area of the total displaced zone (tran-
sition and fully displaced zones, (A; + Aq)) to the surface area of the
region of interest (A,) is plotted in Figure A-3. At the beginning of the
injection, A¢/Aq is at maximum, and then it decreases. In other words, as
the front of transition zones reaches the layer of water above the region
of interest the transition zone propagation is deaccelerated. Further-
more, the higher the density of barite-CMC suspension (i.e. higher
density difference between the invading fluid and water), the higher is
the ratio of A/A4. For example, when half of the region of interest is
covered by the invading fluid ((A¢ +Aq)/A; = 0.5), A¢/Aq is around 1.38,
0.91, and 0.61 for densities of 1.9, 1.66, and 1.3 g/mL, respectively.

As it was shown in Figure A-2 (in supplementary material), since the
beginning of the injection of barite-CMC suspension into the tank, a
transition zone was formed in the front of fully displaced zone and it was
moving vertically as a sign for a density driven flow. Several factors can
influence the transition zone in porous media. In the case of barite-CMC,
the deposition and dispersion of barite particles can impact the transi-
tion zone.

4.4. Difference between closed and open systems

There are several studies in which the role of various parameters
including boundaries on residual oil saturation, relative permeability
and capillary pressure has been investigated (Ataie-Ashtiani et al., 2002;
Hollenbeck and Jensen, 1998; Xu et al., 2016; Alamooti et al., 2018).
Hollenbeck and Jensen (1998) did several experiments in a vertical
column which was homogenously packed with sand. Various initial
capillary pressure heads (from 11.5 to 83.5 cm) have been used. Their
results showed that the higher the capillary pressure head, the higher the
capillary pressure-saturation curve would lie. Ataie-Ashtiani et al.
(2002) by means of numerical experiments investigated the combined
effects of boundary conditions and heterogeneity on capillary pressure
and relative permeability. They found that these saturation functions are
strongly influenced by heterogeneities and boundary conditions. Xu
et al. (2016) did several imbibition experiments at core scale to evaluate
the role of displacement pressure gradient on relative permeability

curves. They found that at higher displacement pressure gradients the
residual oil saturation decreases, the water relative permeability lies
higher and oil relative permeability moves to the right. In this regard to
match the same production history, residual oil saturation and satura-
tion profile in the closed system, the parameters of capillary pressure
and relative permeability curves were redetermined. As a result, the
capillary pressure curve lies higher in the case of a closed system in
comparison to the open one. For the relative permeabilities when the
system is closed the oil and water relative permeability curves have
moved to the right.

This ignorance of the difference between the residual saturations in
closed and open systems can lead to an overestimation of displacement
efficiency in real field. Thus, it is highly recommended to consider the
role of the upper boundary while designing soil remediation methods at
the field scale. A way to avoid this problem in real sites could be using a
blocking agent to block the upper part of the DANPL contaminated zone
to increase the efficiency of the displacement.

5. Conclusions

In this study, using two-dimensional tank experiments and corre-
sponding numerical modeling of the displacement process in porous
media, the efficiency of the injection of densified polymer suspensions
on the displacement of DNAPL was investigated. It was shown that
adding barite particles to densify the polymer solution could improve
the displacement efficiency of DNAPL more than 4 times. Using one-
dimensional column experiments, it was demonstrated that the barite-
CMC suspensions can cause a permeability reduction equal to 55%,
70%, and 72% for different suspensions with densities of 1.3, 1.66, and
1.9 g/mlL, respectively. Moreover, the presence of barite particles can
result in a higher viscosity of the polymer suspension while keeping a
similar rheological behavior. It was shown that for a confined system
which is not a good representative of real polluted site, a higher unre-
alistic displacement efficiency can be obtained. The DNAPL displace-
ment by barite-CMC solution was numerically simulated using
generalized Darcy’s law and the continuity equation. In addition, the
clogging of the porous medium by the suspended barite particles was
modeled using the transport equation of diluted species. A very good
qualitative agreement between the experimental saturation fields and
the simulated ones was observed.
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Environmental Implication

Chlorinated DNAPL spills are frequent and due to their high toxicity
they can negatively influence the soil and groundwater quality by
penetrating through the soil and forming insoluble lenses. This study
discusses a novel in situ remediation technique by introducing the
densified polymer suspension for displacement of DNAPL from the
contaminated zone. The experiments have been done on an unconfined
system instead of an idealistic one to represent the real polluted site.
This environmentally friendly method can effectively improve the re-
covery of DNAPL by overcoming the buoyancy forces caused by high
density of the chlorinated compounds.
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