
HAL Id: hal-03493152
https://hal.science/hal-03493152

Submitted on 2 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Comparison of thermal and chemical enhanced recovery
of DNAPL in saturated porous media: 2D tank pumping

experiments and two-phase flow modelling
Stefan Colombano, Hossein Davarzani, E.D. van Hullebusch, D. Huguenot,

Dominique Guyonnet, Jacques Deparis, Fabien Lion, Ioannis Ignatiadis

To cite this version:
Stefan Colombano, Hossein Davarzani, E.D. van Hullebusch, D. Huguenot, Dominique Guyonnet, et
al.. Comparison of thermal and chemical enhanced recovery of DNAPL in saturated porous media:
2D tank pumping experiments and two-phase flow modelling. Science of the Total Environment, 2021,
760, pp.143958 -. �10.1016/j.scitotenv.2020.143958�. �hal-03493152�

https://hal.science/hal-03493152
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 

Comparison of thermal and chemical enhanced recovery of DNAPL in saturated 1 

porous media: 2D tank pumping experiments and two-phase flow modelling 2 

S. Colombano
1*

, H. Davarzani
1
, E.D van Hullebusch

2
, D. Huguenot

3
, D. Guyonnet

1
, J. Deparis

1
,  3 

F.
 
Lion

1
,
 
I. Ignatiadis

1
 4 

 5 

1
 BRGM (French Geological Survey), France  6 

2
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Abstract 1 

Pumping experiments were performed in a 2D tank in order to estimate the recovery yield of pure 2 

heavy chlorinated organic compounds (DNAPL; dense non-aqueous phase liquids) by varying 3 

different parameters: permeability of the saturated zone, pumping flow rates, addition of surfactant 4 

and heating. Surfactant was added to decrease capillary forces involved in the entrapment of DNAPL 5 

in porous media while temperature was increased to reduce DNAPL viscosity (and hence increase its 6 

mobility). Chemical enhancement was performed with the addition of Sodium Dodecyl Benzene 7 

Sulfonate (SDBS) (at its Critical Micelle Concentration, to avoid DNAPL dissolution) and thermal 8 

enhancement was performed at 50 °C (to avoid DNAPL volatilization). The experiments were 9 

monitored with photography allowing, on the basis of image interpretation, to convert optical densities 10 

(OD) into water saturations (Sw). Image interpretations were compared with modelling results. The 11 

two-phase flow modelling was performed with the pressure-pressure formulation using capillary 12 

pressure and relative permeability functions based on the van Genuchten – Mualem equations. 13 

Measured volumes of DNAPL recovered as well as the displacement of the DNAPL-water interface 14 

(radius and height of the cone of depression) are consistent with the modelling results. Furthermore, 15 

chemical enhancement results in a significant increase in the recovery rates of DNAPL. The observed 16 

improvement in the recovery of DNAPL with chemical enhancement is due to the fact that: (i) the 17 

residual saturation inside the cone of depression is lower and (ii) the cone of depression radius and 18 

height increase. Thermal enhancement had no beneficial effect on DNAPL recovery rate or yield. This 19 

study shows that it is possible to accurately determine water and DNAPL saturations by image 20 

interpretation during pumping tests in a 2D tank in the laboratory. For field-scale applications, the 21 

two-phase flow model allows to determine remediation yields as well as the volumes of the cone of 22 

depression according to the different operating conditions. 23 

 24 

  25 
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1. Introduction  32 

Chlorinated Organic Compounds (COCs) have been produced in large quantities since the middle 33 

of the 20th century mostly as solvents, pesticides, electrical insulators [Cohen and Mercer (1993); 34 

Kueper et al. (2003)]. COCs are recognized as among the most health-threatening chemicals detected 35 

in groundwater [Mackay et al. (1985)]. These particularly toxic pollutants may permanently 36 

contaminate soil, indoor air, and groundwater [ADEME and Ernst & Young (2014); NIEHS (2015); 37 

IARC (2018)]. COCs are often very hydrophobic and are denser than water. In the event of pollution, 38 

COCs infiltrate into the vadose and saturated zones down to the substratum to form DNAPL (Dense 39 

Non-Aqueous Phase Liquid) pools [Schwille (1988); Cohen and Mercer (1993)]. The light COCs 40 

dissolve and volatilize and thus generate large contaminant plumes leading to severe groundwater 41 

contamination [Stupp and Paus (1999); Sale (2001); Stroo et al. (2003); Falta et al. (2005a); Falta et al. 42 

(2005b); McDade et al. (2005); Newell and Adamson (2005); McGuire et al. (2006); Huang et al. 43 

(2015)]. The recovery of DNAPL free-phase (mobile) product is therefore a priority in order to avoid 44 

its migration and its dissolution. This recovery is mainly performed using the pump and treat method. 45 

These methods are time-consuming (e.g., commonly more than 30 years) and are not very efficient 46 

[Mackay and Cherry (1989); Travis and Doty (1990); Berglund and Cvetkovic (1995); Pankow and 47 

Cherry (1996); Falta et al. (2005b); McDade et al. (2005); McGuire et al. (2006); Harkness and 48 

Konzuk (2014)]. Typical recovery yields following pumping do not exceed 60% [ITRC (2002); Stroo 49 

et al. (2012)].  50 

The DNAPL studied herein was sampled from the Tavaux site; a large chloralkali chemical plant 51 

located in the center-east of France. This DNAPL is a mixture of heavy chlorinated organic 52 

compounds (weight percent; wt%): hexachlorobutadiene-HCBD (58%), hexachloroethane-HCA 53 

(14%), perchloroethylene-PCE (8%), and pentachlorobenzene-PCB (3.5%), carbon tetrachloride-CT 54 

(4%), trichloroethylene-TCE (2%), hexachlorobenzene-HCBE (1%) [Cazaux et al. (2014)]. 55 

Surfactant addition aims to decrease the interfacial tension (IFT) between the organic phase and 56 

water and to increase NAPL solubility in water through micelle generation (once surfactant 57 

concentrations exceed the Critical Micelle Concentration; CMC) [Rosen (1989); Pennell et al. (2014)]. 58 

Several surfactants (i.e., Triton X-100, Tween 80, Aerosol MA-80 and SDBS) are able to solubilize 59 
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and reduce the IFT for the TCE-water and PCE-water systems [Taylor et al. (2001); Zhong et al. 60 

(2003); Zhao et al. (2006); Suchomel et al. (2007); Harendra and Vipulanandan (2011); Atteia et al. 61 

(2013); Pennell et al. (2014)]. For TCE, the addition of Aerosol-MA-80 can reduce the IFT from 35.2 62 

to 0.2 mN.m-1 [Dwarakanath et al. (1999)], while adding Tween 80 decreases IFT from 35.2 to 10.4 63 

mN.m-1 [Suchomel et al. (2007)]. For PCE, the addition of different surfactants is also effective in 64 

reducing the IFT: Aerosol [Dwarakanath et al. (1999); Sabatini et al. (2000); Childs et al. (2004)], 65 

Triton X-100 and Tween 80 [Taylor et al. (2001); Harendra and Vipulanandan (2011)]. Pennell et al. 66 

(2014) listed 16 representative examples of surfactant flushing field demonstrations with chlorinated 67 

compounds (mainly PCE and TCE) and showed remediation yields varying between 68 and 98%. The 68 

DNAPL investigated in the present study does not contain more than 15% (wt%) of these compounds. 69 

No research work has yet been done on the IFT of the main compounds encountered in the Tavaux 70 

DNAPL (i.e., HCBD and HCA). Colombano et al. (2020) have shown that the addition of SDBS at its 71 

CMC, decreased interfacial tensions of the Tavaux DNAPL by a factor of 12. In this work, SDBS was 72 

introduced at its CMC, in order to avoid DNAPL dissolution, which generates costly water treatment 73 

technologies [Sabatini et al. (1998); Ahn et al. (2008); Atteia et al. (2013); Maire et al. (2018)]. 74 

As the effect of temperature on NAPL behaviour in porous media is influenced by several 75 

parameters (relative permeability, interfacial tension, viscosity, density, and wettability, …), the effect 76 

of thermal enhancement on NAPL behaviour is difficult to predict [Esmaeili et al. (2019); Philippe 77 

et al. (2020)]. Davis (1997) showed that the viscosity of a chlorinated solvent is generally reduced by 78 

1% per degree Celsius incremental increase [Davis (1997)]. Significant reductions in PCE viscosities 79 

with increasing temperatures have been reported [Sleep and Ma (1997)]. Various studies have shown 80 

that increasing temperatures tends to: decrease volumes of trapped non-wetting phase [Poston et al. 81 

(1970); Sinnokrot et al. (1971); Hopmans and Dane (1986); Grant and Salehzadeh (1996); Adamson 82 

and Gast (1997)], decrease entrapped air volumes [Hopmans and Dane (1986)], decrease residual PCE 83 

and increase irreducible water value [She and Sleep (1998)]. 84 

We used optical density to calibrate water saturation variations in a 2D tank. Two types of optical 85 

imaging methods are described in the literature: the Light Reflection Methods (LRM) and Light 86 

Transmission Methods (LTM) [Alazaiza et al. (2016)]. O'Carroll et al. (2004) used LRM to estimate 87 
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the saturation of PCE and reported a linear relationship between the colour variations and PCE 88 

saturation (with a correlation R2 value of 0.91) [O’Carroll et al. (2004)]. Luciano et al. (2010) also 89 

obtained satisfactory results: the difference between weight scale and image interpretation with LRM 90 

was 6% [Luciano et al. (2010)]. Colombano et al. (2020) performed optical calibration experiments 91 

with Tavaux DNAPL using the LRM method. They showed that the Optical density (OD) varied 92 

linearly as a function of water saturation (Sw), even in the presence of surfactants and with thermal 93 

enhancement [Colombano et al. (2020)]. 94 

In order to better understand the governing phenomena, the DNAPL pumping process was 95 

simulated with and without thermal and chemical enhancement. There are several formulations for 96 

modelling two-phase flow in porous media: the phase pressure-saturation formulation, the pressure-97 

pressure formulation, the flooding formulation, the fractional flow formulation, and the two-phase 98 

mixed formulation [Antontsev (1972); Chavent and Jaffre (1986); Wang and Beckermann (1993); 99 

Chen and Ewing (1997); Bastian (1999); Chen et al. (2006); Bjørnarå and Aker (2008); Ataie-Ashtiani 100 

and Raeesi-Ardekani (2010)]. These equations are used to predict water and DNAPL saturations as 101 

well as the DNAPL-water interface displacement. To the best of the authors’ knowledge, this is the 102 

first study that compares and models, simultaneously, the thermal and chemical enhanced recovery of 103 

a complex DNAPL collected from a real polluted site in a non-consolidated porous medium.  104 

Here, the main goal is to determine how chemical enhancement and thermal enhancement affect 105 

DNAPL recovery yields during pumping experiments. This work focuses on the mobilization of the 106 

free product while avoiding solubilization and volatilization of COCs (in the aqueous and gas phases, 107 

respectively). Therefore, we added SDBS at its CMC (to avoid DNAPL dissolution), while heating 108 

was limited to 50 °C (to avoid DNAPL volatilization). While enhancement was studied by 109 

[Colombano et al., 2020] in instrumented 1D cells, this paper addresses DNAPL pumping experiments 110 

performed in a 2D tank to validate the two-phase flow model and to compare the modelled water 111 

saturations with the data obtained from the imaging data processing. The experiments were performed 112 

with a DNAPL mixture collected in the field and a porous media made of glass beads (GB). The use of 113 

glass beads helped avoid potential artefact effects associated with porous medium heterogeneity. 114 
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Several operational conditions were changed during these experiments: permeability of the saturated 115 

zone, pumping flow rates, the addition of surfactant and heating. 116 

 117 

2. Materials and methods 118 

The DNAPL pumping experiments in the 2D tank were performed with two types of glass beads, at 119 

different flow rates, without enhancement at 20 °C, with chemical enhancement (with SDBS-sodium 120 

dodecyl benzene sulfonate) at its CMC (to avoid DNAPL dissolution) and/or thermal enhancement at 121 

50 °C (to avoid DNAPL volatilization). SDBS was supplied by Sigma Aldrich (laboratory grade). The 122 

DNAPL used for the experiments was sampled at the Tavaux site and stored at 4 °C until use. DNAPL 123 

was filtered to eliminate the potential dust just before its use (EMD Millipore, 0.45 µm). The water 124 

used for all experiments was local tap water degassed using VWR Ultrasonic Cleaner (USC500D: 60 125 

°C,  126 

45 Hz, 60 min). The physical parameters of the DNAPL and water, with and without enhancement, are 127 

presented in Table 1. 128 

 129 

Table 1: Physical parameters of the DNAPL and water with and without enhancement [Colombano 130 

et al. (2020)]. 131 

Parameters Density (kg.L-1) 
Dynamic viscosity 

(mPa.s) 

DNAPL/water 
interfacial tension 

(mN.m-1) 

DNAPL/water/glass 
contact angle (°) 

DNAPL, 20 °C, 
without SDBS 

1.661±0.005 4.473±0.150 10.96±0.05 119.33±4.16 

DNAPL, 20 °C, 
with SDBS 

1.661±0.005 4.473±0.150 1.05±0.11 92.33±2.52 

DNAPL, 50 °C, 
without SDBS 

1.634±0.002 2.832±0.06 11.90±0.10 107.67±2.52 

Water, 20 °C 0.998±0.002 1.002±0.003 - - 

Water, 50 °C 0.988±0.002 0.546±0.002 - - 

 132 
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2.1 DNAPL pumping experiments in the 2D tank 133 

The dimensions of the 2D tank, made of polyvinylidene difluoride (PVDF), were: length = 50 cm, 134 

height = 30 cm and width = 7 cm. The front portion of the 2D tank was made of glass to allow 135 

photography of the two-phase flow process. The main tank is composed of a central reservoir for the 136 

porous medium and two counter-channels (cavities) on both sides for static level regulation (Figure 1 137 

and Figure 2). Counter-channels are connected with the central reservoir through a metallic grid that 138 

lets fluids pass through but constrains the glass beads inside the central reservoir. The 2D tank is 139 

thermo-regulated using internal double-wall ducts inside and between the two glasses. A “LAUDA” 140 

water bath (model ECO RE 420) was used for circulating water inside this double-wall duct. It was 141 

filled with a thermo-regulated water bath via a closed system which makes the water circulate from the 142 

water bath to the internal tank, from the internal tank to the double-glazing, and finally back to the 143 

water bath. 144 

 145 

 146 

Figure 1: Schematic of the experimental 2D tank, its main features, and dimensions. 147 

  148 
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 149 

Figure 2: Principle of the injection and pumping device for water and DNAPL: a) schematic of the 150 

experimental 2D tanks and b) detailed experimental protocol step with: 1) water injection, 2) air-water 151 

interface regulation, 3) DNAPL injection, 4) DNAPL-water interface regulation, 5) DNAPL pumping. 152 

 153 

The 2D tank was filled with GB (30.0 cm of height). Two sizes of GB, supplied by Next Advance, 154 

were used: 0.10 ± 0.02 mm (k = 6.73×10-12 m2) and 0.5 ± 0.1 mm GB (k = 1.30×10-10 m2). The 2D 155 

tank was connected to peristaltic pumps to inject and pump water as well as DNAPL. The liquids were 156 

pumped from or injected into graduated cylinders to measure the liquid volumes. The mass of DNAPL 157 

was also monitored using a weight scale (Sartorius Cubis MSE8201S-000-D0) with an automatic data 158 

acquisition. Two types of peristaltic pumps were used: Watson Marlow 205 and Watson Marlow 159 

530U. The five bottom lines were used to initially saturate the porous medium (at a flow rate of  160 

0.05 mL.min-1) with water from the bottom (step 1: pipes and arrows at the bottom in blue in Figure 2) 161 

until reaching a height of 30.00 cm. Four pumping and injection pipes, inserted inside each counter-162 

channel, were used to regulate the level of the air-water interface at a height of 30.00 cm (step 2: pipes 163 
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and arrow in blue in the counter-channels in Figure 2). Then we injected the DNAPL (from the 164 

bottom) to a height of 15.00 cm (to reach the irreducible saturation, Srw) at a flow rate of 0.01 mL.min-
165 

1 (step 3: pipes and arrows at the bottom in brown in Figure 2). Srw were 0.24 and 0.30 for 0.5 and 0.1 166 

mm GB, respectively. Four additional pumping and injection pipes, inserted inside each counter-167 

channel, were used to regulate the level of the DNAPL-water interface at a height of 15.00 cm (step 4: 168 

pipes and arrows in brown in the counter-channels in Figure 2). Then, the central bottom line was used 169 

to pump out the DNAPL (step 5: pipe and arrows in brown in Figure 2). The experiments were carried 170 

out at different DNAPL pumping flow rates (50, 150, 220 mL.min-1). The pumping and injection flow 171 

rates of DNAPL and water used to regulate these two levels were adapted to the pumping flow rates of 172 

DNAPL from the central bottom line. Photographs were taken during the pumping experiments to 173 

quantify the evolution of DNAPL saturation in the 2D tank as a function of time.  174 

 175 

2.2 Image interpretation 176 

The purpose of image analysis was to capture changes in the two-phase flow over time inside the 177 

porous medium and to estimate DNAPL saturation. The digital camera used in this study was a 178 

Nikon® D810 with NIKKOR LENS 105 (Nikon®). The experiments were performed in a dark room 179 

and the light source was provided by two 300 W floodlights (Broncolor®). To avoid any reflections 180 

and to optimize the contrast that is required for the interpretation, black and white reflectors were set 181 

up at precise locations in the laboratory. A greyscale was placed beside the 2D tank to calibrate the 182 

differences, albeit small, between the lighting used for the various experiments. The image 183 

interpretation process was performed as follows (Figure 3). 184 

 185 
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 186 

Figure 3: Image interpretation procedures: 1) Acquisition of the raw Nikon photographs, 2) Light 187 

intensities rectification using the target, 3) Conversion of the image into B&W 8-bit format to obtain 188 

256 shades of grey, 4) Scaling and orthogonalization of the images, 5) Estimation of total residual 189 

saturations (whole Area Of Interest-AOI), 6) Automatic detection of the DNAPL-water interface by 190 

contrast optical intensity, 7) Estimation of the shape of the cone of depression, 8) Measurement of the 191 

height and radius of the cone of depression (using the equation of the cone of depression obtained 192 

from point 6), 9) Estimation of the residual saturations inside the cone of depression, and 10) 193 

Estimation of fingering effects (from the interface detected in point 5). In steps 6 to 8: a) point of 194 

inflexion of the cone of depression, b) radius of the cone of depression, c) height of the cone of 195 

depression, and d) lower point of the cone of depression. 196 

 197 

These image processing steps, based on the greyscale, imply that the converted images have the 198 

same characteristics in terms of dimensions (number of pixels) and luminosity. First of all, the 199 

photographs (126 pixels.cm-1, i.e. 0.006 mm².pixel-1) are converted into Black & White (B&W) 8-bit 200 

format to obtain 256 shades of grey according to the procedure described. Then, we checked whether 201 

the images had the same light intensities and contrasts at each location in the photograph, using the 202 

greyscale. The area of interest (AOI, length = 47.00 cm, height = 27.50 cm) for image interpretation 203 

was slightly smaller than the 2D tank glass surface to exclude the wall shade effect on the water 204 

saturation calculation.  205 
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The optical density of reflected light, D�, can be defined as (Eq. 1 and Eq. 2) [Stimson (1974); 206 

Schincariol et al. (1993); Flores et al. (2011)]: 207 

�� = −log (�
) Eq. 1 

�
 =  ��I� Eq. 2 

where: �� = OD (-) is the optical density of reflected light, �
 (-) is the ratio of reflected/initial 208 

luminous intensity, �� (-) is the reflected luminous intensity and I� (-) is the initial luminous intensity. 209 

The relationship between the optical density and the DNAPL saturation was determined as follows 210 

[Colombano et al. (2020)]. Drainage and imbibition experiments were performed in a small 2D cell 211 

(length = 5.00 cm, height = 5.00 cm, and width = 2.00 cm) using the same couples of fluids and the 212 

same GB. The average optical density in the small 2D cell was determined for Sw=100%, Sw=0%, Srn 213 

and Srw. A linear relationship was found between the optical density and DNAPL saturation: 214 

�� = -1.4477Sw + 1.7599. 215 

Total DNAPL Saturation (Sn) was then determined in the AOI of the 2D tank, using two methods 216 

based on optical densities: a “counting box” and a “layers” method [O’Carroll et al. (2004); Luciano 217 

et al. (2010); Alazaiza et al. (2016)]. 218 

The counting box method consists in determining the average optical density in a square of pixels 219 

(here 50×50 pixels) and then to consider the sum of these average optical densities calculated for the 220 

whole AOI. The square size was selected to ensure the best compromise between measurement 221 

accuracy and calculation time. By adding these averages, we determined the volume of DNAPL using 222 

Eq. 4:  223 

������ =  ������ A�����w∅ Eq. 3 

where ������(m3) is the volume of DNAPL for a given saturation, ������ (-) is the DNAPL 224 

saturation calculated using Fiji software, A����� (m2) is the saturation calculation area, w (m) is the 225 

2D tank internal width, and Ø (-) is the porosity. 226 

The layers method consists in determining which areas in the AOI have optical densities within a 227 

determined interval. This interval is called a “layer”. By adding the DNAPL saturation values that 228 

come from different layers, we determined the volume of DNAPL using Eq. 3. Preliminary results 229 
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showed that the layers method provided more accurate estimates of pumped DNAPL volume 230 

variations than the counting box method. This is related to the fact that during pumping, the squares 231 

along the DNAPL-water interface correspond in part to Srn and to Srw. Therefore, we used only the 232 

layers method to calculate DNAPL saturation. 233 

The interface was detected based on the difference in shades of grey between Srw and Srn 234 

(irreducible and residual saturation, respectively). The interface was manually fixed by iteration using 235 

expert judgment to best fit the cone of depression visible on the photograph. This operation used Fiji 236 

(an open-source platform for biological-image analysis). The interface obtained is made up of a 237 

multitude of points whose coordinates were extracted in Excel. The shape of the cone of depression 238 

can be estimated using the Hill’s slope from a Four-Parameter Logistic Regression (Eq. 4). 239 

y = d a − d
1 + (xc+, Eq. 4 

where a (-) and d (-) are, respectively, the minimum and maximum values that can be obtained, c (-) is 240 

the point of inflection, and b (-) is the Hill’s slope of the curve. 241 

The height and radius of the cone of depression in each photograph were automatically calculated 242 

from Eq. 4 (using an Excel macro to fit the equation to the cone of depression). The areas of the cone 243 

of depression were also determined in each photograph. Next, averaged Sn was calculated over the 244 

cones of depression surfaces. This approach was selected because it was sometimes difficult to 245 

maintain the pressure heads on the edges of the 2D tank. The variation of the DNAPL-water interface 246 

led to a displacement of the DNAPL-water interface (upwards or downwards) and therefore to a 247 

change of the global Sn (Sn in the AOI). 248 

Next, fingerings were estimated to characterize more precisely the DNAPL-water interface 249 

displacements. To achieve this, the shape of the cone of depression was estimated based on Eq. 4; and 250 

was compared to the actual interface between the DNAPL and water. The estimated interface and the 251 

actual interface were then flattened using Fiji (transposing the fitting curve into a horizontal axis, y). 252 

This flattening is necessary for the statistical study of the fluctuation height interface. Statistical 253 

comparison using XLSTAT then showed the differences between the estimated and measured 254 

DNAPL-water interface (standard deviation, percentile, etc.).  255 
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The tasks were automated using several scripts programmed in VBA for Excel and with ImageJ 256 

Macro [Schindelin et al. (2012); Rueden et al. (2017)]. Other specific plugins used were: Find eyelets 257 

[Tseng (2011)], Find the blank on the greyscale [Herbert et al. (2014)], Orthogonalization [Schlüter 258 

(2008)]. 259 

 260 

3. Theory 261 

3.1 Governing Equations 262 

The local-scale governing equations for multiphase flow in porous media can be derived by 263 

considering the averaging over the pore scale. By assuming that fluids and porous media are 264 

incompressible, flow is laminar, DNAPL is non-soluble, and disregarding any reactions, mass balance 265 

equations for wetting (subscript "w") and non-wetting (subscript "n") phases can be written as (Eq. 5 266 

and Eq. 6) [Bear (1972)]: 267 

Ø ∂(ρ/S/)∂t − 2. 4ρ/ 567 k�,/ μ/ (2P/ − ρ/<2z)> = 0 Eq. 5 

Ø ∂(ρ@S@)∂t − 2. 4ρ@ 567 k�,@ μ@ (2P@ − ρ@<2z)> = 0 Eq. 6 

where Ø (-) is the porosity, S (-) is the saturation of the fluid, kij (m2) is the tensor of intrinsic 268 

permeability, kr (-) is the relative permeability, μ (Pa.s) is the dynamic viscosity, P (Pa) is the pressure, 269 

g (m.s-2) is the gravitational acceleration, z (-) is the direction of gravity. 270 

Phase pressures are linked through the capillary pressure as follows (Eq. 7): 271 

PA(S/) = P@ − P/ Eq. 7 

where Pc (Pa) is the capillary pressure. 272 

The sum of the phase saturations is equal to one (Eq. 8): 273 

S/ + S@ = 1 Eq. 8 

We used pressure-pressure formulations to solve the above-mentioned equations [Chen et al. 274 

(2006); Ataie-Ashtiani and Raeesi-Ardekani (2010); Davarzani et al. (2014)]. 275 

The capillary pressure function and relative permeability function used were based on the van 276 

Genuchten-Mualem (VGM) equations (Eq. 9 to Eq. 13) [Mualem (1976); van Genuchten (1980)]. 277 
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SB/ = 1C1 + (αhA)@FG Eq. 9 

m = 1 − 1n Eq. 10 

SB/ = S/ − S�/1 − S�/ − S�@ Eq. 11 

k�/ = SB/�.J K1 − L1 − SB/
MG NGO

P
 Eq. 12 

k�@ = (1 − SB/)�.J L1 − SB/
MG NPG

 Eq. 13 

where Sew (-) is the effective saturation of water saturation, hc (m) is the capillary pressure head, α (m-
278 

1) is the fitting parameter inversely proportional to the non-wetting fluid entry pressure value, n (-) is 279 

the width of pore-size distribution and Sr (-) is the residual saturation. 280 

Releasing a source of DNAPL pure product (mass flow in dissolved phase) depends not only on 281 

groundwater characteristics and the primary physical and chemical characteristics of DNAPL but also 282 

on the characteristics of each source: i) magnitudes (particularly in the DNAPL/water interface);  283 

ii) ganglia-to-pool mass (GTP) ratio; iii) how the pores are connected (permeability); iv) 284 

morphometric properties of the sources; and v) residual saturations [Miller et al. (1990); Imhoff et al. 285 

(1993); Nambi and Powers (2003); Falta et al. (2005b); Falta et al. (2005a); Grant and Gerhard 286 

(2007a); Grant and Gerhard (2007b); Carey and McBean (2010a); Carey and McBean (2010b); 287 

Alexandra et al. (2012); Luciano et al. (2012); Luciano et al. (2018)]. 288 

In our study, the DNAPL bulk is composed mainly of very heavy and very poorly soluble COCs 289 

(HCBD, HCA, PCB: 75% (w/w)) but also of more conventional COCs (TCE, PCE). The sum of the 290 

COCs quantified and solubilized from DNAPL was: 44.0±5.2 mg.L-1 (at 20°C), 47.5±2.5 mg.L-1 (with 291 

SDBS at the CMC), 58.00±2.89 mg.L-1 (at 50°C) [Colombano et al. (2020)]. The solubility of these 292 

heavy COCs is much lower than conventional COCs (for example the solubilities of TCE and PCE are 293 

1100 and 160 mg.L-1, respectively) [Rodrigues et al. (2017)]. Co-solubility explains the low solubility 294 

of the DNAPL bulk [Fredenslund et al. (1975); Banerjee (1984); Feenstra et al. (1991); Mackay et al. 295 

(1991)]. The DNAPL dissolved phase represents less than 0.1% (w/w) of the total mass of DNAPL in 296 
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the 2D tank. Moreover, during the experiments, almost 100% of the liquid recovered was DNAPL (the 297 

bottom of the cone of depression did not reach point 6 - see Figure 4). Thus, the dissolution of 298 

DNAPL was not considered in the model.  299 

 300 

3.2 Construction of the model, initial values, and boundary conditions 301 

The system of partial differential equations in a two-dimensional domain was solved using the 302 

COMSOL Multiphysics® software, a commercial finite element software package.  303 

The dimensions were chosen to be the same as the experimental setup ones. Two subdomains were 304 

built: an upper subdomain (subdomain 1), which is only concerned with single water phase flow, 305 

neglecting the capillary effect at its interface, and a lower subdomain (subdomain 2), which is 306 

concerned with the two-phase flow of water and DNAPL. According to the experimental procedures, 307 

the initial conditions were the hydrostatic pressures with Pw=ρwg(0.3-y) and Pn=P0+ρng(0.15-y), where 308 

P0 is the pressure needed to obtain a known initial saturation (here Srw) and y is the height. Values 309 

were 2300 Pa and 1700 Pa for 0.1 mm GB and 0.5 mm GB, respectively. Figure 4 shows the boundary 310 

conditions for imbibition in the 2D tank experiments. 311 

 312 

a) b) 

  
2, 6, 7: no flow 
4: not applicable 
1, 3, 5, 8 and 9: Pw=ρwg(0.3-y) 

2, 4, 7: no flow 
1 and 8: Pn=P0+ρng(0.15-y)  
6: pumping flow rate of the DNAPL 
 

Figure 4: Boundary conditions for primary variables a) QR and b) QS. 313 

 314 

The pumping experiments were performed at irreducible saturation (Srw). At this saturation, the 315 

DNAPL phase is mobile because of the continuum, while the water phase is immobile (discontinued 316 
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phase). At Srw, the relative permeabilities of the wetting and non-wetting phases are (Eq. 12 and Eq. 13): 317 

for 0.5 mm GB: krn=0.54 and krw=0.02, and for 0.1 mm GB: krn=0.43 and krw=0.02. Thus, we have set 318 

the boundary condition in point 6 (bottom) as follows: pumping flow rate for DNAPL and no flow for 319 

the water phase. Monitoring the quantities of DNAPL recovered shows that this hypothesis is correct 320 

as long as the bottom of the cone of depression does not reach point 6. The experiments were 321 

interupted when the steady-state was reached (for the case where the bottom of the cone of depression 322 

did not reach point 6) or before the bottom of the cone of depression reached this point. In other 323 

configurations, it was necessary to introduce a water flux.  324 

The capillary pressure-water saturation relationship under different conditions (thermal and 325 

chemical enhancement) and for the GB 0.1 mm and 0.5 mm were measured using an instrumented 326 

small 1D cell (see [Colombano et al. (2020)] for a detailed description of the experimental 327 

procedures). The experimental data were fitted to the VGM function to obtain the necessary input 328 

parameters for the two-phase flow model. The VGM parameters and residual saturations are listed in 329 

Table 2 (partially from [Colombano et al. (2020)]). 330 

 331 

Table 2: VGM parameters and irreducible and residual saturations for 0.5 and 0.1 mm GB with and 332 

without enhancements (partially from [Colombano et al. (2020)]). 333 

Parame
-ters 

0.5 mm GB - Imbibition 0.1 mm GB - Imbibition 

Without 
enhancement 

Chemical 
enhancement 

Thermal 
enhancement 

Without 
enhancement 

Chemical 
enhancement 

Thermal 
enhancement 

α (m-1) 38.36 39.69 38.31 23.29 22.08 26.97 

n (-) 5.15 4.37 4.84 16.98 4.98 4.16 

SSE 0.0025 0.0018 0.0047 0.0214 0.00587 0.00393 

Srn (-) 0.109 0.079 0.101 0.127 0.068 0.123 

Srw (-) 0.248 0.243 0.225 0.309 0.315 0.305 

 334 

The remediation enhancement yields obtained in the 1D cell experiments [Colombano et al. (2020)] 335 

with SDBS (at its CMC) were 27.6% (i.e. Srn = 0.079) for 0.5 mm GB and 46.3% (i.e. Srn = 0.068) for 336 

0.1 mm GB. The remediation enhancement yields for 0.1 mm GB were higher than those observed 337 

with the 0.5 mm GB. This difference is due to the capillary forces, which were higher for 0.1 mm GB 338 

(the effect of the surfactants, whose purpose is to reduce the IFT, is improved). No significant 339 
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improvement in the remediation yield was observed at 50 °C (Srn values were very close with and 340 

without thermal enhancement). Variations in the values of dynamic viscosity and density of DNAPL 341 

and water as a function of temperature were also incorporated into the model [Colombano et al. 342 

(2020)]. The modelling results were compared to the 2D tank experiments with and without 343 

chemical/thermal enhancements. A sensitivity analysis of the model is presented in Figure 1A 344 

(Appendix). 345 

 346 

4. Results and discussion 347 

4.1 Experiments in the 2D tank without enhancement 348 

Several imbibition experiments were performed with the 2D tank: 3 experiments with 0.5 mm GB 349 

and 3 experiments with 0.1 mm GB, for three different pumping flow rates (50, 150, and 220 mL.min-1).  350 

 351 

a) Comparison of the recovered DNAPL volumes estimated by weight scale and by image 352 

interpretation 353 

The recovered DNAPL volumes were measured by weight scale and volume measurements. These 354 

masses converted into volumes (by considering the DNAPL density) were compared with the 355 

recovered DNAPL volumes estimated by optical density monitoring (Figure 5). 356 

 357 

Figure 5: Comparison of the volumes of recovered DNAPL estimated using weight scale and with 358 

image interpretation in the 2D tank with 0.5 and 0.1 mm GB (without enhancement) for 150 mL.min-1. 359 
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 360 

The slopes of VDNAPL recovered weight scale =f(VDNAPL recovered image) were 1.09 and 0.87 respectively for 0.5 361 

and 0.1 mm GB (R2 of 0.96 and 0.95). These data show that the image interpretation allows a good 362 

overall estimation of the DNAPL saturations and the DNAPL volumes recovered. 363 

 364 

b) Comparison of the recovered DNAPL volumes estimated by image interpretation and 365 

modelling 366 

We compared modelling results with results from optical density monitoring, in terms of DNAPL 367 

volumes recovered and of DNAPL-water interface displacement (radius and height). Figure 6 shows 368 

the evolution of measured and modelled volumes of DNAPL recovered after pumping, for different 369 

pumping flow rates. 370 

 371 

 372 

Figure 6: Evolution of measured (by image interpretation) and modelled volumes of DNAPL 373 

recovered for different flow rates with 0.5 and 0.1 mm GB (without enhancement). 374 

 375 

Model results are consistent with experimental data. A more detailed description of the 376 

experiment/model comparison is presented below (see Figure 7 to Figure 9). The higher the flow rates, 377 

the more important was the recovered volume of DNAPL (VDNAPL). For the same flow rates, VDNAPL 378 

recovered were higher for 0.1 mm GB than for 0.5 mm GB. For low flow rates (50 mL.min-1), the 379 

difference of VDNAPL recovered between 0.1 and 0.5 mm GB increased over time. At the end of 380 
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pumping (t=30 min), VDNAPL recovered were 51 mL and 149 mL for 0.5 and 0.1 mm GB, respectively. 381 

For higher flow rates (220 mL.min-1), this difference of VDNAPL recovered between 0.1 and 0.5 mm GB 382 

was lower (10 to 15%) and remained stable over time. For the flow rate of 150 mL.min-1, this 383 

difference decreased at the end of the pumping (25% and 11% at t = 15 min and at t=30 min, 384 

respectively). The flow rate of DNAPL recovered decreased with time during the experiment (except 385 

for 50 mL.min-1). The ratios of VDNAPL recovered/flow rate for 50, 150, and 220 mL.min-1 were on 386 

average 0.034, 0.047, 0.037 (for  387 

0.5 mmm GB) and 0.081, 0.053, 0.040 (for 0.1 mmm GB), respectively. Given the experimental 388 

conditions (the static DNAPL-water interface in the counter-channels of the 2D tank and the static air-389 

water interface over the entire length of the 2D tank), these ratios were more important for  390 

50 mL.min-1 (for 0.1 mm GB) and for 150 mL.min-1 (for 0.5 mm GB). These ratios decreased sharply 391 

during the experiment except for 50 mL.min-1. These results confirm that from an application point of 392 

view, in such a high permeable porous media, it is beneficial to pump at lower flow rates in order to 393 

recover more DNAPL. 394 

The measured and modelled surface DNAPL saturation during experiments as well as the measured 395 

and modelled DNAPL-water interface displacements (height, radius, and volume of the cone of 396 

depression – see Figure 3) were compared at different steps during the pumping experiments, for 397 

different pumping flow rates and GB sizes (Figure 7 and Figure 8). 398 

 399 

 50 mL.min-1, t=21 min 150 mL.min-1, t=16 min 220 mL.min-1, t=5 min  
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Figure 7: Comparison of measured (with image interpretation) and modelled cone of depression (0.5 400 

mm GB) at the end of the pumping (steady-state condition). 401 



20 

 

 402 

 403 

a) b) 

 

  
c) d) 

  
: DNAPL-water interface (determined with image interpretation) 

Figure 8: Comparison of measured and modelled DNAPL-water interface in the 2D tank at different 404 

times (without enhancement): a) 0.5 mm GB, 50 mL.min-1, t=21 min; b) 0.5 mm GB, 150 mL.min-1, 405 

t=16 min; c) 0.1 mm GB, 50 mL.min-1, t=20 min; d) 0.1 mm GB, 220 mL.min-1, t=5 min. 406 

 407 

For 0.5 mm GB, at same flow rate, the depression surface area was lower than for 0.1 mm GB. This 408 

is due to the higher permeability, which generates a steeper DNAPL-water interface for 0.5 mm GB. 409 

Figure 7 and Figure 8 show how the modelled DNAPL-water interface displacement can be 410 

superimposed correctly with the experimental data obtained from image interpretation. As expected, 411 

the capillary fringe height modelled was greater for the 0.1 mm GB than for the 0.5 mm GB. Figure 412 

2A (Appendix) shows how Sw changed as a function of time along the horizontal and vertical profiles 413 

located at the center of the tank. For the same flow rates, the cone of depression was higher for the  414 

0.1 mm GB than for the 0.5 mm GB. In addition, the experimental results showed that the interface is 415 

much more tortuous for the 0.1 mm GB than for the 0.5 mm GB. This is due to the fact that the 416 

capillary effects are more important for 0.1 mm GB than 0.5 mm GB porous media (capillary 417 

fingering). Figure 9 shows the measured and modelled volumes of DNAPL recovered during 418 

experiments as well as the measured and modelled height and radius of the cone of depression (COD). 419 

  420 
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 421 

a) b) 

   

c) d) 

  

Figure 9: Comparison of experimental and modelled results in the 2D tank with 0.5 and 0.1 mm GB 422 

(without enhancement) for 150 mL.min-1: a) volumes of recovered DNAPL estimated with image 423 

interpretation vs modelled volumes of DNAPL recovered, b) volumes of DNAPL recovered estimated 424 

with image interpretation vs modelled volumes of DNAPL estimated using the cone of depression 425 

zone, c) radius of the cone of depression estimated with image interpretation versus calculated with the 426 

model, and d) height of the cone of depression estimated with image interpretation versus calculated 427 

with the model. 428 

 429 

One can see that the experimental and modelled volumes of DNAPL recovered were very similar 430 

(Figure 9a). The volumes of DNAPL were estimated with image interpretation over the AOI (see  431 
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Figure 3, point 5). The VDNAPL measured/VDNAPL modelled ratios vary between 0.75 and 1.3 for 0.5 mm GB 432 

and between 0.69 and 1.65 for 0.1 mm GB. The linear regression curve gradients are very close to 1: 433 

0.99 for 0.5 mm GB and 0.90 for 0.1 mm GB. The coefficients of determination were closer to 1 for 434 

the  435 

0.5 mm GB (R2=0.97) than for 0.1 mm GB (R2=0.95), indicating as expected more data dispersion for 436 

the 0.1 mm GB than for 0.5 mm GB. 437 

Figure 9b compares VDNAPL recovered estimated with image interpretation in the COD (see Figure 3, 438 

point 9) and modelled VDNAPL recovered in the COD (the volume of DNAPL related to lateral inflows are 439 

deduced from the total volume calculation). The slopes were close to 1 (0.93 for the 0.5 mm GB and 440 

1.10 for the 0.1 mm GB). The R2 coefficients are also close to 1 (respectively 0.98 and 0.96 for the 0.5 441 

and 0.1 mm GB). Therefore, we conclude that the model can adequately reproduce the pumping 442 

process in 2D tank. The DNAPL recovered in the COD was about 209.46 and 166.17 mL for 0.5 and 443 

0.1 mm GB, respectively. The average Srn was about 0.11 for 0.5 mm GB and 0.13 for 0.1 mm GB, 444 

which corresponds to the values reported in the literature concerning chlorinated compounds. The Srn 445 

for PCE is 0.15 to 0.2 for fine to medium sand and 0.08 for loamy sand and the Srn for TCE vary 446 

between 0.002 and 0.2 for fine to medium sand [Lin et al. (1982); Cary et al. (1989); Poulsen and 447 

Kueper (1992); Cohen and Mercer (1993); ITRC (2015)]. These results are also consistent with the Srn 448 

obtained during drainage-imbibition experiments in a 1D cells setup [Colombano et al. (2020)]. 449 

By comparing the radii and cone of depression heights, we can better assess how the model fits the 450 

experimental results (Figure 9b and c). The proposed model satisfactorily reproduces the shape of the 451 

cone of depression. The modelled and measured radii, the linear regression curve gradients were 1.08 452 

(R2= 0.94) and 1.01 (R2=0.81) respectively for the 0.5 mm and 0.1 mm GB. For the cone of depression 453 

heights, linear regressions confirm the goodness of fit: the curves were respectively 1.05 (R2=0.92) 454 

and 0.98 (R2=0.89). The modelling of the experimental data was less accurate for the 0.1 mm GB than 455 

for the 0.5 mm GB. This can be explained by the fact that the fingerings and preferential pathways 456 

were more important for the 0.1 mm GB, which affects the experimental repeatability. 457 

 458 
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4.2 Experiments in the 2D tank with chemical enhancement 459 

Figure 10 shows measured and modelled volumes of DNAPL as a function of time (without 460 

enhancement as a reference case and with chemical enhancement). 461 

 462 

a) 

 

b) 

 

Figure 10: Evolution of measured (by image interpretation) and modelled volumes of DNAPL 463 

recovered for different flow rates with a) 0.5 mm GB and b) 0.1 mm GB (with chemical 464 

enhancement). 465 

 466 

As previously stated, experimental and modelling results are consistent (see Figure 3A (Appendix) 467 

for additional comparisons of experimental and modelling results). The chemical enhancement 468 

increases the DNAPL recovered with the same flow rates when compared to the test performed 469 

without enhancement. Figure 11 shows modelled VDNAPL, chemical/VDNAPL, reference as a function of time, 470 

from which recovery yields can be estimated.  471 

 472 
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 473 

Figure 11: Modelled VDNAPL, chemical/VDNAPL, reference recovered ratios as a function of time with 0.5 and  474 

0.1 mm GB. 475 

 476 

For the 0.1 mm GB, the VDNAPL, chemical/VDNAPL, reference ratios were relatively stable over time and 477 

were higher for lower flow rates (except for the very beginning of the experiment). Also, these ratios 478 

were on average (between 5 min and 30 min) 1.37, 1.22, and 1.18 respectively for 50, 150, and 220 479 

mL.min-1. For the 0.5 mm GB, the ratios were much higher at the beginning of the experiment: ratios 480 

observed at t=2 min were 2.90, 1.60, and 1.40 for 50, 150, and 220 mL.min-1, respectively. For the rest 481 

of the experiment, the ratios were lower. For example, values observed between times 5 min and 30 482 

min, were on average 1.82, 1.21, and 1.14, for 50, 150, and 220 mL.min-1, respectively. Results show 483 

that the use of chemical enhancement was proportionally more advantageous for lower flow rates than 484 

for higher flow rates. Figure 4A (Appendix) shows how Sw changed over time along the horizontal and 485 

vertical profiles at the center of the 2D tank. The addition of surfactant makes it possible to increase 486 

the cone of depression volumes and to decrease the residual saturation inside the cone of depression. 487 

The average Srn in the COD was about 0.09 for 0.5 mm GB and 0.08 for 0.1 mm GB. These Srn 488 

correspond to the results obtained during drainage-imbibition tests and are significantly smaller than 489 

Srn without enhancement. 490 

 491 
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4.3 Experiments in the 2D tank with thermal enhancement 492 

Figure 12 shows measured and modelled volumes of DNAPL as a function of time (without 493 

enhancement as a reference and with thermal enhancement). 494 

 495 

a) 

 

b) 

 

Figure 12: Evolution of measured (by image interpretation) and modelled volumes of DNAPL 496 

recovered for different flow rates with a) 0.5 mm GB and b) 0.1 mm GB (with thermal enhancement). 497 

 498 

Results show that thermal enhancement did not have any beneficial effect on final recovery yield. 499 

The VDNAPL recovered with thermal enhancement represented on average 40, 60 and 76% of the VDNAPL 500 

recovered without enhancement for 0.5 mm GB (for 50, 150, and 220 mL.min-1, respectively). For the  501 

0.1 mm GB, these recovery yields were between 77, 91, and 93%. This was related to the reductions in 502 

fluid viscosity (μw/μn) and density (ρw/ρn) ratios, while the temperature increase was not sufficient to 503 

improve recovery rates and yields. Figure 5A (Appendix) compares the experimental results with the 504 

models and Figure 6A (Appendix) shows how Sw changed over time along the horizontal profile and 505 
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along a vertical profile at the center of the 2D tank. The decrease of DNAPL recovery volume with 506 

thermal enhancement is due to the fact that: i. the residual saturation in the cone of depression is 507 

identical to that of the reference (Srn=0.10 and 0.14 for 0.5 and 0.1 mm GB, respectively) and, ii. the 508 

volume of this cone is smaller.  509 

 510 

4.4 Comparison of fingering effects at the DNAPL-water interface without enhancement and with 511 

chemical and thermal enhancements 512 

Figure 13 shows the flattened DNAPL-water interface for 0.5 and 0.1 mm GB at different flow 513 

rates (without enhancement). 514 

 515 

0.5 mm GB, 50 mL.min-1, t=42 min 

 
0.5 mm GB, 150 mL.min-1, t=25 min 

 
0.5 mm GB, 220 mL.min-1, t=7 min 

 
0.1 mm GB, 50 mL.min-1, t=28 min 

 
0.1 mm GB, 150 mL.min-1, t=18 min 

 
0.1 mm GB, 220 mL.min-1, t=30 min 

 
Figure 13: DNAPL-water interface flattened (without enhancement). 516 

 517 

As stated above, the DNAPL-water interfaces were more tortuous for the 0.1 mm GB than for the 518 

0.5 mm GB and the higher the flow rate, the more important was the fingering. Figure 14 shows the 519 

statistical representation of the fingerings of the DNAPL-water interfaces. 520 

  521 



27 

 

 522 

a) b) c) 

   

 
Figure 14: Statistical representation of fingerings of the DNAPL-water interface for 50 and 220 523 

mL.min-1 with 0.5 and 0.1 mm GB (a) without enhancement, b) with chemical enhancement, and c) 524 

with thermal enhancement). 525 

 526 

Regarding the experiments without enhancement, the DNAPL-water interface shapes were less 527 

irregular for the 0.5 mm GB than for the 0.1 mm GB. It highlights that fingering was more important 528 

for 0.1 mm GB than for 0.5 mm GB. The higher the pumping flow rate, the more fingering was 529 

observed. Regarding fingering without enhancement, the average value for 0.5 mm GB varied from 530 

0.06 to 0.22 cm for flow rates from 50 to 220 mL.min-1 (with respective standard deviations of 0.05 to 531 

0.21). The values were higher for the 0.1 mm GB: for flow rates of 50 to 220 mL.min-1, the average 532 

values were respectively from 0.62 to 1.61 cm (with respective standard deviations of 0.42 and 1.14). 533 

Concerning the experiments with chemical enhancement, we observed that fingering was less 534 

important than for the experiments without enhancement. We noticed that, in this case, the fingering 535 

was also more important for the 0.1 mm GB than for the 0.5 mm GB: the average interface height 536 

fluctuations were respectively 0.54 and 0.07 cm (with average standard deviations of 0.44 and 0.07). 537 

Increasing the flow rate was found to have limited influence on fingering. Since the μw/μn ratios were 538 

lower, it explains why the fingerings were globally lower with thermal enhancement than without 539 

enhancement. The differences in fingering between the 0.5 and 0.1 mm GB were lower than for the 540 

reference case (without enhancement). The average interface heights were respectively 0.08 and 0.49 cm 541 
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for the 0.5 and 0.1 mm GB (with standard deviations of 0.07 and 0.40). The flow rate had little 542 

influence on fingerings; the differences in interface height between 50 and 220 mL.min-1 were 10 and 543 

9% (respectively, for 0.5 and 0.1 mm GB). 544 

Lenormand et al. (1988) have shown three multiphase domain displacements [Lenormand et al. 545 

(1988)]: i. Stable displacement where the main force is due to the viscosity of the injected fluid 546 

(capillary effects and pressure drop in the displaced fluid are negligible); ii. Viscous fingering where 547 

the main force is due to the viscosity of the displaced fluid (capillary effects and pressure drop in the 548 

displacing fluid are negligible); iii. Capillary fingering where at low Nca, the viscous forces are 549 

negligible in both fluids and the main force is due to capillarity. Figure 15 shows our experimental 550 

results on the phase-diagram of multiphase domain displacement (capillary number as a function of 551 

the mobility ratios). The capillary number (Nca) accounts for the ratio between viscous and capillary 552 

forces (Eq. 14) [Pennell et al. (1996)]. Shear forces, which depend on the viscosity contrast between 553 

wetting and non-wetting liquids, cannot be neglected for viscous liquids [Ng et al. (1978)]. In this 554 

case, the following mobility ratio can be used (mr) (Eq. 15) [Dullien (1992)]:  555 

NAU = VRμ/σcosθ Eq. 14 

where VR (m.s-1) is the Darcy velocity of the wetting phase (upward direction is considered positive), µw 556 

(Pa.s) is the dynamic viscosity of the wetting phase, Z (mN.m-1) is the interfacial tension, θ (°) is the 557 

DNAPL/water/glass contact angle. 558 

m� = k�,@μ/k�,/μ@ Eq. 15 

where m� (-) is the mobility ratio, k�,/ (-) is the relative permeability for the displaced phase, k�,@ (-) 559 

is the relative permeability for the displacing phase, μ/ (Pa.s) is the fluid dynamic viscosity for the 560 

displaced phase, and μ@ (Pa.s) is the fluid dynamic viscosity for the displacing phase. 561 

 562 
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 563 

Figure 15: Representation of experimental results on the phase-diagram of multiphase domain 564 

displacement (adapted from [Lenormand et al. (1988)]). 565 

 566 

Figure 15 highlights that fingerings were more important for 0.1 mm GB than for 0.5 mm GB. This 567 

was expected since the capillary effects are more important for 0.1 mm GB. Figure 15 shows also that 568 

the values for the 0.1 mm GB are always closer to the capillary fingering zone than the values for the 569 

0.5 mm GB (Nca are smaller). If we compare pumping without enhancement to pumping with 570 

enhancement, we note that for 0.5 and 0.1 mm GB, the values are much closer to the capillary 571 

fingering area. The thermal and chemical enhancement makes it possible to get closer to the stable 572 

displacement zone (by reducing the interfacial tensions and dynamic viscosities). These results agree 573 

with the experimental results relating to the measurements of DNAPL-water interface fluctuation 574 

heights. 575 

 576 

5. Conclusions 577 

The objectives of DNAPL pumping experiments in the 2D tank were: i. To verify that the proposed 578 

two-phase flow model was able to satisfactorily reproduce data measured during the experiments; ii. 579 

To compare the modelled water saturations to those derived from optical density measured over time 580 

during pumping tests performed at different flow rates; iii. To determine how chemical enhancement 581 

(addition of SDBS at its CMC to avoid DNAPL dissolution) and thermal enhancement (at 50°C to 582 

avoid DNAPL volatilization) affect DNAPL recovery yields and rates. The experiments were 583 

conducted with 0.5 and 0.1 mm GB. 584 
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Comparing experimental and modelled recovered DNAPL volumes shows that the model fits well 585 

with the experiments and the image interpretation. Moreover, comparing experimental and modelled 586 

values of radius and height of the cone of depression illustrates the validity of the model. The 587 

numerical model was also able to successfully reproduce experimental results in the case of chemical 588 

enhancement and thermal enhancement. The results showed that chemical enhancement has a 589 

beneficial effect on recovered DNAPL volumes. The use of chemical enhancement was proportionally 590 

more advantageous for lower flow rates than for higher flow rates. For the 0.1 mm GB the VDNAPL, 591 

chemical/VDNAPL, reference ratios were relatively stable over time and were higher for lower flow rates than 592 

for higher flow rates. The ratios were on average 1.37 and 1.18 for 50 and 220 mL.min-1, resp. For the 593 

0.5 mm GB, the ratios were much higher at the start of the experiment (the ratios were at 2 min, 2.90, 594 

and 1.40 for 50 and  595 

220 mL.min-1, resp.). The cone of depression radius and height increased with the addition of 596 

surfactant. Thermal enhancement (at 50°C) was not found to have any beneficial effect on DNAPL 597 

recovery rate or yield. Heating the porous media had a negative effect on the cone of depression radius 598 

and height. 599 

 600 
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 613 

 614 

Appendix A 615 

 616 

Figure 1A shows the results of a model parametric analysis.  617 

 618 

 619 

Figure 1A: Results of model parametric analysis (without enhancement). 620 

 621 

A model parametric analysis (Figure 1A) was performed based on a reference experiment scenario 622 

(reference experiment: 0.1 mm GB, without enhancement, 150 mL.min-1). Variations in the following 623 

parameters were considered: intrinsic permeability (k×0.1 and k×10), number of meshes (×10), 624 

porosity (θ×0.3).  625 

Using a finer mesh (×10) did not influence the final result (+0.8%), which means that the number 626 

of meshes used in the model was sufficient. 627 

The permeability variations (k×0.1 and k×10) reach respective differences for the volume of the 628 

DNAPL recovered at 30 min of +19% and -20% relative to the base scenario. The increase in these 629 

volumes with lower permeability (without changing curves Pc=f(Sw)) matches the differences observed 630 

between the 0.5 and 0.1 mm GB.  631 

Decreasing the porosity (θ×0.3) increased the recovered volume of the DNAPL by 27% at 30 min. 632 

 633 
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 634 

 635 

 636 

Figure 2A shows the evolution of the modelled Sw along horizontal and vertical profiles at the center 637 

of the 2D tank without enhancement for different flow rates.  638 

 639 

a) b) 

  

c) d) 

  

Figure 2A: Evolution of the modelled Sw along horizontal and vertical profiles at the center of the 2D 640 

tank without enhancement for 50, 150, and 220 mL.min-1 (horizontal profiles for a) 0.5 mm GB and b) 641 

0.1 mm GB; vertical profiles for c) 0.5 mm GB and d) 0.1 mm GB). 642 

 643 

The horizontal water saturation profile shows the cone of depression radii and capillary fringes 644 

(distance entre Srn et Srw). We see that the transition zones between Srn and Srw are sharper for the  645 

0.5 mm GB than for the 0.1 mm GB. This can be explained by the fact that the capillary effect is more 646 

important for 0.1 mm GB than for 0.5 mm GB [Colombano et al. (2020)]. For example, this transition 647 

zone was 0.08 and 0.14 m at a flow rate of 150 mL.min- 1 at t=15 min after the start of pumping, for 648 
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the 0.5 mm and 0.1 mm GB, respectively. Moreover, the radius of the cone of depression was higher 649 

for the 0.1 mm GB than for the 0.5 mm GB. For example, it can be estimated (by measuring the length 650 

of the curve’s top plateau as a first approach) at 0.05 and 0.14 m for the 0.5 and 0.01 mm GB 651 

respectively (for a flow rate of 150 mL.min-1 at t=15 min after the start of pumping). From the vertical 652 

saturation profile, we can also estimate the height of the cone of depression. For a flow rate of 150 653 

mL.min-1, the height at 5 min was 0.05 and 0.07 m for the 0.5 mm and 0.1 mm GB, respectively. The 654 

graphs show a sharper capillary fringe for the 0.5 mm GB than the 0.1 mm GB. The DNAPL-water 655 

transition zone was smaller when the flow rates were higher. 656 

  657 

  658 
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 659 

Figure 3A compares the experimental results with the model ones, for the chemical enhancement 660 

case.  661 

 662 

a) b) 

  

c) d) 

  

Figure 3A: Comparison of experimental and modelled results in the 2D tank with 0.5 and 0.1 mm GB 663 

(with chemical enhancement) for 150 mL.min-1: a) volumes of recovered DNAPL estimated with 664 

image interpretation vs modelled volumes of DNAPL recovered, b) volumes of DNAPL recovered 665 

estimated with image interpretation vs modelled volumes of DNAPL estimated using the cone of 666 

depression zone, c) radius of the cone of depression estimated with image interpretation versus 667 

calculated with the model, and d) height of the cone of depression estimated with image interpretation 668 

versus calculated with the model. 669 
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 670 

The modelled VDNAPL recovered matched the measured VDNAPL recovered during the experiment. The 671 

slopes of VDNAPL recovered modelled=f(VDNAPL recovered measured) were close to 1 (1.05 and 0.88 respectively for 672 

0.5 and 0.1 mm GB with R2 of 0.96 and 0.94). The standard deviation was, as expected, lower for the 673 

0.1 mm GB. The comparison of the estimated DNAPL volumes recovered experimentally (with image 674 

interpretation) with those calculated from modelling in the COD, shows that the modelling matched 675 

the image interpretations: the linear regression curve gradients were respectively 0.97 and 1.10 for the 676 

0.5 and 0.1 mm GB. The R2 values were acceptable (i.e., 0.95 and 0.96 for the 0.5 and 0.1 mm GB, 677 

resp.). As for the comparison of the measured and modelled radius and height of the cone of 678 

depression with 0.5 mm GB and 0.1 mm GB (Figure 3Ac and d), one can see that the linear regression 679 

radiusmodelled=f(radiusmeasured) were 0.87 and 1.14, for 0.5 and 0.1 mm GB, resp. (with R² of 0.93 and 680 

0.86). Moreover, the linear regression heightmodelled=f(heightmeasured) were respectively 1.07 and 0.94 681 

(with R²=0.87 and 0.81). These regression coefficients highlight the satisfactory match between 682 

measured and modelled values. Compared to experiments without enhancement, the addition of 683 

surfactant makes it possible to increase the cone of depression volumes and to decrease the residual 684 

saturation inside the cone of depression. 685 

 686 

 687 

  688 
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 689 

Figure 4A shows how modelled Sw changed over time along the horizontal and vertical profiles at the 690 

center of the 2D tank with chemical enhancement for 150 mL.min-1. 691 

 692 

a) b) 

  

c) d) 

  

Figure 4A: Evolution of the modelled Sw along horizontal and vertical profiles at the center of the 2D 693 

tank with chemical enhancement for 150 mL.min-1 (horizontal profiles for a) 0.5 mm GB and b) 0.1 694 

mm GB, vertical profiles for c) 0.5 mm GB and d) 0.1 mm GB). 695 

 696 

The horizontal water saturation profile demonstrates the effectiveness of the chemical 697 

enhancement. For example, regarding 0.5 mm GB at 0.25 m, Sw was 0.72 at t=10 min with chemical 698 

enhancement but only 0.55 without enhancement. Regarding 0.1 mm GB, Sw was 0.83 at 0.25 m at t=5 699 

min with chemical enhancement but only 0.75 without enhancement. The vertical water saturation 700 

profiles show that chemical enhancement increases the displacement of the two-phase front by more 701 

than 10% for the 0.5 mm GB and by 15% for the 0.1 mm GB (for Sw=0.6 for t=15 min). 702 
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 703 

Figure 5A compares the experimental results with the model ones in the 2D tank with 0.5 and 0.1 704 

mm GB (with thermal enhancement) for 150 mL.min-1. 705 

 706 

a) b) 

  

c) d) 

  

Figure 5A: Comparison of experimental and modelled results in the 2D tank with 0.5 and 0.1 mm GB 707 

(with thermal enhancement) for 150 mL.min-1: a) volumes of recovered DNAPL estimated with image 708 

interpretation vs modelled volumes of DNAPL recovered, b) volumes of DNAPL recovered estimated 709 

with image interpretation vs modelled volumes of DNAPL estimated using the cone of depression 710 

zone, c) radius of the cone of depression estimated with image interpretation versus calculated with the 711 

model, and d) height of the cone of depression estimated with image interpretation versus calculated 712 

with the model. 713 
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 714 

The slopes of VDNAPL recovered modelled=f(VDNAPL recovered measured) were, as for the previous experiments 715 

(without enhancement and with chemical enhancement), close to 1 (0.91 and 0.90 respectively for 0.5 716 

and 0.1 mm GB with R2 of 0.97 and 0.94). Again, as expected, the standard deviation was lower for 717 

the 0.1 mm GB. Figure 5Ab compares estimated DNAPL volumes recovered experimentally (with 718 

image interpretation) and by modelling (in the COD). The pumping experiments interpreted by image 719 

analysis were well reproduced by the model. The linear regression curve gradients were respectively 720 

1.11 and 1.14 for the 0.5 and 0.1 mm GB (with R² of 0.98 and 0.96). The comparison of experimental 721 

and modelled radius and height of the cone of depression with 0.5 mm GB and 0.1 mm GB show 722 

slopes of radiusmodelled=f(radiusmeasured) close to 1: 0.97 and 1.07 for the 0.5 and 0.1 mm GB, resp. (with 723 

R² of 0.92 and 0.84). Moreover, the slopes of heightmodelled=f(heightmeasured) were respectively 1.05 and 724 

0.98 (with R²=0.95 and 0.94). The decrease in the recovery of DNAPL with thermal enhancement is 725 

due to the fact that: i. the residual saturation in the cone of depression is identical to that of the 726 

reference and, ii. the volume of this cone is smaller.  727 

  728 
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 729 

Figure 6A shows how modelled Sw changed over time along the horizontal profile and along a vertical 730 

profile at the center of the 2D tank with thermal enhancement for 150 mL.min-1. 731 

 732 

a) b) 

  
c) d) 

  
Figure 6A: Evolution of the modelled Sw along horizontal and vertical profiles at the center of the 2D 733 

tank with thermal enhancement for 150 mL.min-1 (horizontal profiles for a) 0.5 mm GB and b) 0.1 mm 734 

GB, vertical profiles for c) 0.5 mm GB and d) 0.1 mm GB). 735 

 736 

The horizontal water saturation profile demonstrates that thermal enhancement was not effective. 737 

For example, for 0.5 mm GB at 0.25 m, Sw was 0.33 at t=10 min with thermal enhancement but 0.56 738 

without enhancement. For the 0.1 mm GB, Sw at 0.17 m were 0.67 and 0.56 for experiments without 739 

and with thermal enhancement, resp., and at t=10 min. The vertical water saturation profile shows that 740 

thermal enhancement had a negative effect on the displacement of the migration front. We see that it 741 

reduced the displacement of the migration front by about 50% for the 0.5 mm GB and 20% for the  742 

0.1 mm GB (for Sw=0.5 at t=15 min).  743 

  744 
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