Stefan Colombano 
email: s.colombano@brgm.fr.
  
Hossein Davarzani 
  
E D Van Hullebusch 
  
D Huguenot 
  
Dominique Guyonnet 
  
Jacques Deparis 
  
Fabien Lion 
  
Ioannis Ignatiadis 
  
Comparison of thermal and chemical enhanced recovery of DNAPL in saturated porous media: 2D tank pumping experiments and two-phase flow modelling

Keywords: Dense Non-Aqueous Phase Liquids, chemical enhancement, thermal enhancement, free product recovery, two-phase flow modelling, optical density

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Chlorinated Organic Compounds (COCs) have been produced in large quantities since the middle of the 20 th century mostly as solvents, pesticides, electrical insulators [START_REF] Cohen | DNAPL Site Evaluation[END_REF]; [START_REF] Kueper | An illustrated handbook of DNAPL transport and fate in the subsurface, number 1844320669[END_REF]]. COCs are recognized as among the most health-threatening chemicals detected in groundwater [START_REF] Mackay | Transport of organic contaminants in groundwater[END_REF]]. These particularly toxic pollutants may permanently contaminate soil, indoor air, and groundwater [START_REF] Ademe | Taux d'utilisation et coûts des différentes techniques et filières de traitement des sols et des eaux souterraines polluées en France -Synthèse des données 2012[END_REF]; NIEHS (2015); IARC (2018)]. COCs are often very hydrophobic and are denser than water. In the event of pollution, COCs infiltrate into the vadose and saturated zones down to the substratum to form DNAPL (Dense Non-Aqueous Phase Liquid) pools [Schwille (1988); [START_REF] Cohen | DNAPL Site Evaluation[END_REF]]. The light COCs dissolve and volatilize and thus generate large contaminant plumes leading to severe groundwater contamination [START_REF] Stupp | Migrationsverhalten organischer Grundwasser-Inhaltsstoffe und daraus resultierende Ansätze zur Beurteilung von Monitored Natural Attenuation (MNA)[END_REF]; Sale (2001); [START_REF] Stroo | Peer Reviewed: Remediating Chlorinated Solvent Source Zones, A workshop lists the challenges and research needs[END_REF]; Falta et al. (2005a); Falta et al. (2005b); [START_REF] Mcdade | Analysis of DNAPL sourcedepletion costs at 36 field sites[END_REF]; [START_REF] Newell | Planning-level source decay models to evaluate impact of source depletion on remediation timeframe[END_REF]; [START_REF] Mcguire | Performance of DNAPL Source Depletion Technologies at 59 Chlorinated Solvent-Impacted Sites[END_REF]; [START_REF] Huang | Modeling NAPL dissolution from pendular rings in idealized porous media[END_REF]]. The recovery of DNAPL free-phase (mobile) product is therefore a priority in order to avoid its migration and its dissolution. This recovery is mainly performed using the pump and treat method.

These methods are time-consuming (e.g., commonly more than 30 years) and are not very efficient [START_REF] Mackay | Groundwater contamination: pumpand-treat remediation[END_REF]; [START_REF] Travis | Can contaminated aquifers at Superfund sites be remediated?[END_REF]; [START_REF] Berglund | Pump-and-Treat Remediation of Heterogeneous Aquifers: Effects of Rate-Limited Mass Transfer[END_REF]; [START_REF] Pankow | Dense Chlorinated Solvents and Other DNAPLs in Groundwater: History, Behavior, and Remediation, number[END_REF]; Falta et al. (2005b); [START_REF] Mcdade | Analysis of DNAPL sourcedepletion costs at 36 field sites[END_REF]; [START_REF] Mcguire | Performance of DNAPL Source Depletion Technologies at 59 Chlorinated Solvent-Impacted Sites[END_REF]; [START_REF] Harkness | Cost analyses for remedial options[END_REF]]. Typical recovery yields following pumping do not exceed 60% [ITRC (2002); [START_REF] Stroo | Chlorinated ethene source remediation: lessons learned[END_REF]].

The DNAPL studied herein was sampled from the Tavaux site; a large chloralkali chemical plant located in the center-east of France. This DNAPL is a mixture of heavy chlorinated organic compounds (weight percent; wt%): hexachlorobutadiene-HCBD (58%), hexachloroethane-HCA (14%), perchloroethylene-PCE (8%), and pentachlorobenzene-PCB (3.5%), carbon tetrachloride-CT (4%), trichloroethylene-TCE (2%), hexachlorobenzene-HCBE (1%) [START_REF] Cazaux | Optimized physical recovery of DNAPL using upwelling technique and geostatistical analysis at large field scale[END_REF]].

Surfactant addition aims to decrease the interfacial tension (IFT) between the organic phase and water and to increase NAPL solubility in water through micelle generation (once surfactant concentrations exceed the Critical Micelle Concentration; CMC) [Rosen (1989); [START_REF] Pennell | Surfactant and cosolvent flushing, Chapter 11 in Chlorinated Solvent Source Zone Remediation[END_REF]].

Several surfactants (i.e., Triton X-100, Tween 80, Aerosol MA-80 and SDBS) are able to solubilize and reduce the IFT for the TCE-water and PCE-water systems [START_REF] Taylor | Surfactant enhanced recovery of tetrachloroethylene from a porous medium containing low permeability lenses: 1. Experimental studies[END_REF]; [START_REF] Zhong | The effects of surfactant formulation on nonequilibrium NAPL solubilization[END_REF]; [START_REF] Zhao | Solubilization of DNAPLs by mixed surfactant: Reduction in partitioning losses of nonionic surfactant[END_REF]; [START_REF] Suchomel | Evaluation of trichloroethene recovery processes in heterogeneous aquifer cells flushed with biodegradable surfactants[END_REF]; [START_REF] Harendra | Solubilization and degradation of perchloroethylene (PCE) in cationic and nonionic surfactant solutions[END_REF]; [START_REF] Atteia | Soil flushing: a review of the origin of efficiency variability[END_REF]; [START_REF] Pennell | Surfactant and cosolvent flushing, Chapter 11 in Chlorinated Solvent Source Zone Remediation[END_REF]]. For TCE, the addition of Aerosol-MA-80 can reduce the IFT from 35.2 to 0.2 mN.m -1 [START_REF] Dwarakanath | Anionic surfactant remediation of soil columns contaminated by nonaqueous phase liquids[END_REF]], while adding Tween 80 decreases IFT from 35.2 to 10.4 mN.m -1 [START_REF] Suchomel | Evaluation of trichloroethene recovery processes in heterogeneous aquifer cells flushed with biodegradable surfactants[END_REF]]. For PCE, the addition of different surfactants is also effective in reducing the IFT: Aerosol [START_REF] Dwarakanath | Anionic surfactant remediation of soil columns contaminated by nonaqueous phase liquids[END_REF]; [START_REF] Sabatini | Integrated design of surfactant enhanced DNAPL remediation: Efficient supersolubilization and gradient systems[END_REF]; [START_REF] Childs | Improving the extraction of tetrachloroethylene from soil columns using surfactant gradient systems[END_REF]],

Triton X-100 and Tween 80 [START_REF] Taylor | Surfactant enhanced recovery of tetrachloroethylene from a porous medium containing low permeability lenses: 1. Experimental studies[END_REF]; [START_REF] Harendra | Solubilization and degradation of perchloroethylene (PCE) in cationic and nonionic surfactant solutions[END_REF]]. [START_REF] Pennell | Surfactant and cosolvent flushing, Chapter 11 in Chlorinated Solvent Source Zone Remediation[END_REF] listed 16 representative examples of surfactant flushing field demonstrations with chlorinated compounds (mainly PCE and TCE) and showed remediation yields varying between 68 and 98%. The DNAPL investigated in the present study does not contain more than 15% (wt%) of these compounds.

No research work has yet been done on the IFT of the main compounds encountered in the Tavaux DNAPL (i.e., HCBD and HCA). [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF] have shown that the addition of SDBS at its CMC, decreased interfacial tensions of the Tavaux DNAPL by a factor of 12. In this work, SDBS was introduced at its CMC, in order to avoid DNAPL dissolution, which generates costly water treatment technologies [START_REF] Sabatini | Membrane processes and surfactant-enhanced subsurface remediation: results of a field demonstration[END_REF]; [START_REF] Ahn | Soil washing using various nonionic surfactants and their recovery by selective adsorption with activated carbon[END_REF]; [START_REF] Atteia | Soil flushing: a review of the origin of efficiency variability[END_REF]; [START_REF] Maire | Assessment of flushing methods for the removal of heavy chlorinated compounds DNAPL in an alluvial aquifer[END_REF]].

As the effect of temperature on NAPL behaviour in porous media is influenced by several parameters (relative permeability, interfacial tension, viscosity, density, and wettability, …), the effect of thermal enhancement on NAPL behaviour is difficult to predict [START_REF] Esmaeili | Review of the effect of temperature on oil-water relative permeability in porous rocks of oil reservoirs[END_REF]; [START_REF] Philippe | Experimental study of the temperature effect on two-phase flow properties in highly permeable porous media: Application to the remediation of dense non-aqueous phase liquids (DNAPLs) in polluted soil[END_REF]]. Davis (1997) showed that the viscosity of a chlorinated solvent is generally reduced by 1% per degree Celsius incremental increase [Davis (1997)]. Significant reductions in PCE viscosities with increasing temperatures have been reported [START_REF] Sleep | Thermal variation of organic fluid properties and impact on thermal remediation feasibility[END_REF]]. Various studies have shown that increasing temperatures tends to: decrease volumes of trapped non-wetting phase [START_REF] Poston | The Effect of Temperature on Irreducible Water Saturation and Relative Permeability of Unconsolidated Sands[END_REF]; [START_REF] Sinnokrot | Effect of Temperature Level upon Capillary Pressure Curves[END_REF]; [START_REF] Hopmans | Temperature dependence of soil water retention curves[END_REF]; [START_REF] Grant | Calculation of Temperature Effects on Wetting Coefficients of Porous Solids and Their Capillary Pressure Functions[END_REF]; [START_REF] Adamson | Physical Chemistry of Surfaces[END_REF]], decrease entrapped air volumes [START_REF] Hopmans | Temperature dependence of soil water retention curves[END_REF]], decrease residual PCE and increase irreducible water value [START_REF] She | The effect of temperature on capillary pressuresaturation relationships for air-water and perchloroethylene-water systems[END_REF]].

We used optical density to calibrate water saturation variations in a 2D tank. Two types of optical imaging methods are described in the literature: the Light Reflection Methods (LRM) and Light Transmission Methods (LTM) [START_REF] Alazaiza | A review of light reflection and transmission methods in monitoring non-aqueous phase liquid migration in porous media[END_REF]]. [START_REF] O'carroll | Infiltration of PCE in a system containing spatial wettability variations[END_REF] used LRM to estimate the saturation of PCE and reported a linear relationship between the colour variations and PCE saturation (with a correlation R 2 value of 0.91) [START_REF] O'carroll | Infiltration of PCE in a system containing spatial wettability variations[END_REF]]. [START_REF] Luciano | Laboratory investigation of DNAPL migration in porous media[END_REF] also obtained satisfactory results: the difference between weight scale and image interpretation with LRM was 6% [START_REF] Luciano | Laboratory investigation of DNAPL migration in porous media[END_REF]]. [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF] performed optical calibration experiments with Tavaux DNAPL using the LRM method. They showed that the Optical density (OD) varied linearly as a function of water saturation (Sw), even in the presence of surfactants and with thermal enhancement [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]].

In order to better understand the governing phenomena, the DNAPL pumping process was simulated with and without thermal and chemical enhancement. There are several formulations for modelling two-phase flow in porous media: the phase pressure-saturation formulation, the pressurepressure formulation, the flooding formulation, the fractional flow formulation, and the two-phase mixed formulation [START_REF] Antontsev | On the solvability of boundary value problems for degenerate two-phase porous flow equations[END_REF]; [START_REF] Chavent | Mathematical Models and Finite Elements for Reservoir Simulation -Single Phase[END_REF]; [START_REF] Wang | A two-phase mixture model of liquid-gas flow and heat transfer in capillary porous media-I. Formulation[END_REF]; [START_REF] Chen | Fully Discrete Finite Element Analysis of Multiphase Flow in Groundwater Hydrology[END_REF]; Bastian (1999); [START_REF] Chen | Computational methods for multiphase flows in porous media[END_REF]; [START_REF] Bjørnarå | Comparing Equations for Two-Phase Fluid Flow in Porous Media[END_REF]; Ataie-Ashtiani and Raeesi-Ardekani ( 2010)]. These equations are used to predict water and DNAPL saturations as well as the DNAPL-water interface displacement. To the best of the authors' knowledge, this is the first study that compares and models, simultaneously, the thermal and chemical enhanced recovery of a complex DNAPL collected from a real polluted site in a non-consolidated porous medium.

Here, the main goal is to determine how chemical enhancement and thermal enhancement affect DNAPL recovery yields during pumping experiments. This work focuses on the mobilization of the free product while avoiding solubilization and volatilization of COCs (in the aqueous and gas phases, respectively). Therefore, we added SDBS at its CMC (to avoid DNAPL dissolution), while heating was limited to 50 °C (to avoid DNAPL volatilization). While enhancement was studied by [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF] in instrumented 1D cells, this paper addresses DNAPL pumping experiments performed in a 2D tank to validate the two-phase flow model and to compare the modelled water saturations with the data obtained from the imaging data processing. The experiments were performed with a DNAPL mixture collected in the field and a porous media made of glass beads (GB). The use of glass beads helped avoid potential artefact effects associated with porous medium heterogeneity.

Several operational conditions were changed during these experiments: permeability of the saturated zone, pumping flow rates, the addition of surfactant and heating.

Materials and methods

The DNAPL pumping experiments in the 2D tank were performed with two types of glass beads, at different flow rates, without enhancement at 20 °C, with chemical enhancement (with SDBS-sodium dodecyl benzene sulfonate) at its CMC (to avoid DNAPL dissolution) and/or thermal enhancement at 50 °C (to avoid DNAPL volatilization). SDBS was supplied by Sigma Aldrich (laboratory grade). The DNAPL used for the experiments was sampled at the Tavaux site and stored at 4 °C until use. DNAPL was filtered to eliminate the potential dust just before its use (EMD Millipore, 0.45 µm). The water used for all experiments was local tap water degassed using VWR Ultrasonic Cleaner (USC500D: 60 °C, 45 Hz, 60 min). The physical parameters of the DNAPL and water, with and without enhancement, are presented in Table 1. 

DNAPL pumping experiments in the 2D tank

The dimensions of the 2D tank, made of polyvinylidene difluoride (PVDF), were: length = 50 cm, height = 30 cm and width = 7 cm. The front portion of the 2D tank was made of glass to allow photography of the two-phase flow process. The main tank is composed of a central reservoir for the porous medium and two counter-channels (cavities) on both sides for static level regulation (Figure 1 and Figure 2). Counter-channels are connected with the central reservoir through a metallic grid that lets fluids pass through but constrains the glass beads inside the central reservoir. The 2D tank is thermo-regulated using internal double-wall ducts inside and between the two glasses. A "LAUDA"

water bath (model ECO RE 420) was used for circulating water inside this double-wall duct. It was filled with a thermo-regulated water bath via a closed system which makes the water circulate from the water bath to the internal tank, from the internal tank to the double-glazing, and finally back to the water bath. The 2D tank was filled with GB (30.0 cm of height). Two sizes of GB, supplied by Next Advance, were used: 0.10 ± 0.02 mm (k = 6.73×10 -12 m 2 ) and 0.5 ± 0.1 mm GB (k = 1.30×10 -10 m 2 ). The 2D tank was connected to peristaltic pumps to inject and pump water as well as DNAPL. The liquids were pumped from or injected into graduated cylinders to measure the liquid volumes. The mass of DNAPL was also monitored using a weight scale (Sartorius Cubis MSE8201S-000-D0) with an automatic data acquisition. Two types of peristaltic pumps were used: Watson Marlow 205 and Watson Marlow 530U. The five bottom lines were used to initially saturate the porous medium (at a flow rate of 0.05 mL.min -1 ) with water from the bottom (step 1: pipes and arrows at the bottom in blue in Figure 2)

until reaching a height of 30.00 cm. Four pumping and injection pipes, inserted inside each counterchannel, were used to regulate the level of the air-water interface at a height of 30.00 cm (step 2: pipes and arrow in blue in the counter-channels in Figure 2). Then we injected the DNAPL (from the bottom) to a height of 15.00 cm (to reach the irreducible saturation, Srw) at a flow rate of 0.01 mL.min - 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 mm GB, respectively. Four additional pumping and injection pipes, inserted inside each counterchannel, were used to regulate the level of the DNAPL-water interface at a height of 15.00 cm (step 4:

pipes and arrows in brown in the counter-channels in Figure 2). Then, the central bottom line was used to pump out the DNAPL (step 5: pipe and arrows in brown in Figure 2). The experiments were carried out at different DNAPL pumping flow rates (50, 150, 220 mL.min -1 ). The pumping and injection flow rates of DNAPL and water used to regulate these two levels were adapted to the pumping flow rates of DNAPL from the central bottom line. Photographs were taken during the pumping experiments to quantify the evolution of DNAPL saturation in the 2D tank as a function of time.

Image interpretation

The purpose of image analysis was to capture changes in the two-phase flow over time inside the porous medium and to estimate DNAPL saturation. The digital camera used in this study was a Nikon® D810 with NIKKOR LENS 105 (Nikon®). The experiments were performed in a dark room and the light source was provided by two 300 W floodlights (Broncolor®). To avoid any reflections and to optimize the contrast that is required for the interpretation, black and white reflectors were set up at precise locations in the laboratory. A greyscale was placed beside the 2D tank to calibrate the differences, albeit small, between the lighting used for the various experiments. The image interpretation process was performed as follows (Figure 3). These image processing steps, based on the greyscale, imply that the converted images have the same characteristics in terms of dimensions (number of pixels) and luminosity. First of all, the photographs (126 pixels.cm -1 , i.e. 0.006 mm².pixel -1 ) are converted into Black & White (B&W) 8-bit format to obtain 256 shades of grey according to the procedure described. Then, we checked whether the images had the same light intensities and contrasts at each location in the photograph, using the greyscale. The area of interest (AOI, length = 47.00 cm, height = 27.50 cm) for image interpretation was slightly smaller than the 2D tank glass surface to exclude the wall shade effect on the water saturation calculation.

The optical density of reflected light, D , can be defined as (Eq. 1 and Eq. 2) [Stimson (1974); [START_REF] Schincariol | On the application of image analysis to determine concentration distributions in laboratory experiments[END_REF]; [START_REF] Flores | A simplified image analysis method to study LNAPL migration in porous media, soils and foundations[END_REF]]: = -log ( ) Eq. 1

= I Eq. 2
where: = OD (-) is the optical density of reflected light, (-) is the ratio of reflected/initial luminous intensity, (-) is the reflected luminous intensity and I (-) is the initial luminous intensity.

The relationship between the optical density and the DNAPL saturation was determined as follows [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]]. Drainage and imbibition experiments were performed in a small 2D cell (length = 5.00 cm, height = 5.00 cm, and width = 2.00 cm) using the same couples of fluids and the same GB. The average optical density in the small 2D cell was determined for Sw=100%, Sw=0%, Srn and Srw. A linear relationship was found between the optical density and DNAPL saturation:

= -1.4477Sw + 1.7599.
Total DNAPL Saturation (Sn) was then determined in the AOI of the 2D tank, using two methods based on optical densities: a "counting box" and a "layers" method [O'Carroll et al. ( 2004 The counting box method consists in determining the average optical density in a square of pixels (here 50×50 pixels) and then to consider the sum of these average optical densities calculated for the whole AOI. The square size was selected to ensure the best compromise between measurement accuracy and calculation time. By adding these averages, we determined the volume of DNAPL using Eq. 4: = A w∅ Eq. 3 where (m 3 ) is the volume of DNAPL for a given saturation, (-) is the DNAPL saturation calculated using Fiji software, A (m 2 ) is the saturation calculation area, w (m) is the 2D tank internal width, and Ø (-) is the porosity.

The layers method consists in determining which areas in the AOI have optical densities within a determined interval. This interval is called a "layer". By adding the DNAPL saturation values that come from different layers, we determined the volume of DNAPL using Eq. 3. Preliminary results

showed that the layers method provided more accurate estimates of pumped DNAPL volume variations than the counting box method. This is related to the fact that during pumping, the squares along the DNAPL-water interface correspond in part to Srn and to Srw. Therefore, we used only the layers method to calculate DNAPL saturation.

The interface was detected based on the difference in shades of grey between Srw and Srn (irreducible and residual saturation, respectively). The interface was manually fixed by iteration using expert judgment to best fit the cone of depression visible on the photograph. This operation used Fiji (an open-source platform for biological-image analysis). The interface obtained is made up of a multitude of points whose coordinates were extracted in Excel. The shape of the cone of depression can be estimated using the Hill's slope from a Four-Parameter Logistic Regression (Eq. 4).

y = d a -d 1 + ( x c + , Eq. 4
where a (-) and d (-) are, respectively, the minimum and maximum values that can be obtained, c (-) is the point of inflection, and b (-) is the Hill's slope of the curve.

The height and radius of the cone of depression in each photograph were automatically calculated from Eq. 4 (using an Excel macro to fit the equation to the cone of depression). The areas of the cone of depression were also determined in each photograph. Next, averaged Sn was calculated over the cones of depression surfaces. This approach was selected because it was sometimes difficult to maintain the pressure heads on the edges of the 2D tank. The variation of the DNAPL-water interface led to a displacement of the DNAPL-water interface (upwards or downwards) and therefore to a change of the global Sn (Sn in the AOI).

Next, fingerings were estimated to characterize more precisely the DNAPL-water interface displacements. To achieve this, the shape of the cone of depression was estimated based on Eq. 4; and was compared to the actual interface between the DNAPL and water. The estimated interface and the actual interface were then flattened using Fiji (transposing the fitting curve into a horizontal axis, y).

This flattening is necessary for the statistical study of the fluctuation height interface. Statistical comparison using XLSTAT then showed the differences between the estimated and measured DNAPL-water interface (standard deviation, percentile, etc.).

The tasks were automated using several scripts programmed in VBA for Excel and with ImageJ Macro [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]; [START_REF] Rueden | Imagej2: Imagej for the next generation of scientific image data[END_REF]]. Other specific plugins used were: Find eyelets [Tseng (2011)], Find the blank on the greyscale [START_REF] Herbert | Findfoci: A focus detection algorithm with automated parameter training that closely matches human assignments, reduces human inconsistencies and increases speed of analysis[END_REF]], Orthogonalization [Schlüter (2008)].

Theory

Governing Equations

The local-scale governing equations for multiphase flow in porous media can be derived by considering the averaging over the pore scale. By assuming that fluids and porous media are incompressible, flow is laminar, DNAPL is non-soluble, and disregarding any reactions, mass balance equations for wetting (subscript "w") and non-wetting (subscript "n") phases can be written as (Eq. 5

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

Ø ∂(ρ / S / ) ∂t -2. 4ρ / 5 67 k ,/ μ / (2P / -ρ / <2z)> = 0
Eq. 5 Ø ∂(ρ @ S @ ) ∂t -2. 4ρ @ 5 67 k ,@ μ @ (2P @ -ρ @ <2z)> = 0 Eq. 6

where Ø (-) is the porosity, S (-) is the saturation of the fluid, kij (m 2 ) is the tensor of intrinsic permeability, kr (-) is the relative permeability, μ (Pa.s) is the dynamic viscosity, P (Pa) is the pressure, g (m.s -2 ) is the gravitational acceleration, z (-) is the direction of gravity.

Phase pressures are linked through the capillary pressure as follows (Eq. 7): P A (S / ) = P @ -P / Eq. 7

where Pc (Pa) is the capillary pressure.

The sum of the phase saturations is equal to one (Eq. 8): S / + S @ = 1 Eq. 8

We used pressure-pressure formulations to solve the above-mentioned equations [START_REF] Chen | Computational methods for multiphase flows in porous media[END_REF]; Ataie-Ashtiani and Raeesi-Ardekani (2010); [START_REF] Davarzani | Study of the effect of wind speed on evaporation from soil through integrated modeling of the atmospheric boundary layer and shallow subsurface[END_REF]].

The capillary pressure function and relative permeability function used were based on the van Genuchten-Mualem (VGM) equations (Eq. 9 to Eq. 13) [Mualem (1976);van Genuchten (1980)].

S B/ = 1 C1 + (αh A ) @ F G
Eq. 9 m = 1 -1 n Eq. 10

S B/ = S / -S / 1 -S / -S @
Eq. 11

k / = S B/ .J K1 -L1 -S B/ M G N G O P Eq. 12 k @ = (1 -S B/ ) .J L1 -S B/ M G N PG Eq. 13
where Sew (-) is the effective saturation of water saturation, hc (m) is the capillary pressure head, α (m - 1 ) is the fitting parameter inversely proportional to the non-wetting fluid entry pressure value, n (-) is the width of pore-size distribution and Sr (-) is the residual saturation.

Releasing a source of DNAPL pure product (mass flow in dissolved phase) depends not only on groundwater characteristics and the primary physical and chemical characteristics of DNAPL but also on the characteristics of each source: i) magnitudes (particularly in the DNAPL/water interface);

ii) ganglia-to-pool mass (GTP) ratio; iii) how the pores are connected (permeability); iv) morphometric properties of the sources; and v) residual saturations [START_REF] Miller | Dissolution of Trapped Nonaqueous Phase Liquids: Mass Transfer Characteristics[END_REF]; Imhoff et al.

( In our study, the DNAPL bulk is composed mainly of very heavy and very poorly soluble COCs (HCBD, HCA, PCB: 75% (w/w)) but also of more conventional COCs (TCE, PCE). The sum of the 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 SDBS at the CMC), 58.00±2.89 mg.L -1 (at 50°C) [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]]. The solubility of these heavy COCs is much lower than conventional COCs (for example the solubilities of TCE and PCE are 1100 and 160 mg.L -1 , respectively) [START_REF] Rodrigues | Influence of temperature and surfactants on the solubilization of hexachlorobutadiene and hexachloroethane[END_REF]]. Co-solubility explains the low solubility of the DNAPL bulk [START_REF] Fredenslund | Group-contribution estimation of activity coefficients in nonideal liquid mixtures[END_REF]; Banerjee (1984); [START_REF] Feenstra | A method for assessing residual napl based on organic chemical concentrations in soil samples[END_REF]; [START_REF] Mackay | Dissolution of non-aqueous phase liquids in groundwater[END_REF]]. The DNAPL dissolved phase represents less than 0.1% (w/w) of the total mass of DNAPL in the 2D tank. Moreover, during the experiments, almost 100% of the liquid recovered was DNAPL (the bottom of the cone of depression did not reach point 6 -see Figure 4). Thus, the dissolution of DNAPL was not considered in the model.

Construction of the model, initial values, and boundary conditions

The system of partial differential equations in a two-dimensional domain was solved using the COMSOL Multiphysics® software, a commercial finite element software package.

The dimensions were chosen to be the same as the experimental setup ones. Two subdomains were built: an upper subdomain (subdomain 1), which is only concerned with single water phase flow, neglecting the capillary effect at its interface, and a lower subdomain (subdomain 2), which is concerned with the two-phase flow of water and DNAPL. According to the experimental procedures, the initial conditions were the hydrostatic pressures with Pw=ρwg(0.3-y) and Pn=P0+ρng(0.15-y), where The pumping experiments were performed at irreducible saturation (Srw). At this saturation, the DNAPL phase is mobile because of the continuum, while the water phase is immobile (discontinued phase). At Srw, the relative permeabilities of the wetting and non-wetting phases are (Eq. 12 and Eq. 13):

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 the boundary condition in point 6 (bottom) as follows: pumping flow rate for DNAPL and no flow for the water phase. Monitoring the quantities of DNAPL recovered shows that this hypothesis is correct as long as the bottom of the cone of depression does not reach point 6. The experiments were interupted when the steady-state was reached (for the case where the bottom of the cone of depression did not reach point 6) or before the bottom of the cone of depression reached this point. In other configurations, it was necessary to introduce a water flux.

The capillary pressure-water saturation relationship under different conditions (thermal and chemical enhancement) and for the GB 0.1 mm and 0.5 mm were measured using an instrumented small 1D cell (see [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]] for a detailed description of the experimental procedures). The experimental data were fitted to the VGM function to obtain the necessary input parameters for the two-phase flow model. The VGM parameters and residual saturations are listed in 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 0.1 mm GB. The remediation enhancement yields for 0.1 mm GB were higher than those observed with the 0.5 mm GB. This difference is due to the capillary forces, which were higher for 0.1 mm GB (the effect of the surfactants, whose purpose is to reduce the IFT, is improved). No significant improvement in the remediation yield was observed at 50 °C (Srn values were very close with and without thermal enhancement). Variations in the values of dynamic viscosity and density of DNAPL and water as a function of temperature were also incorporated into the model [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]]. The modelling results were compared to the 2D tank experiments with and without chemical/thermal enhancements. A sensitivity analysis of the model is presented in Figure 1A (Appendix).

Results and discussion

Experiments in the 2D tank without enhancement

Several imbibition experiments were performed with the 2D tank: 3 experiments with 0. Model results are consistent with experimental data. A more detailed description of the experiment/model comparison is presented below (see Figure 7 to Figure 9). The higher the flow rates, the more important was the recovered volume of DNAPL (VDNAPL). For the same flow rates, VDNAPL recovered were higher for 0.1 mm GB than for 0.5 mm GB. For low flow rates (50 mL.min -1 ), the difference of VDNAPL recovered between 0.1 and 0.5 mm GB increased over time. At the end of pumping (t=30 min), VDNAPL recovered were 51 mL and 149 mL for 0.5 and 0.1 mm GB, respectively.

For higher flow rates (220 mL.min -1 ), this difference of VDNAPL recovered between 0.1 and 0.5 mm GB was lower (10 to 15%) and remained stable over time. For the flow rate of 150 mL.min -1 , this difference decreased at the end of the pumping (25% and 11% at t = 15 min and at t=30 min, respectively). The flow rate of DNAPL recovered decreased with time during the experiment (except for 50 mL.min -1 ). The ratios of VDNAPL recovered/flow rate for 50, 150, and 220 mL.min -1 were on average 0.034, 0.047, 0.037 (for 0.5 mmm GB) and 0.081, 0.053, 0.040 (for 0.1 mmm GB), respectively. Given the experimental conditions (the static DNAPL-water interface in the counter-channels of the 2D tank and the static airwater interface over the entire length of the 2D tank), these ratios were more important for 50 mL.min -1 (for 0.1 mm GB) and for 150 mL.min -1 (for 0.5 mm GB). These ratios decreased sharply during the experiment except for 50 mL.min -1 . These results confirm that from an application point of view, in such a high permeable porous media, it is beneficial to pump at lower flow rates in order to recover more DNAPL.

The measured and modelled surface DNAPL saturation during experiments as well as the measured and modelled DNAPL-water interface displacements (height, radius, and volume of the cone of depression -see Figure 3) were compared at different steps during the pumping experiments, for different pumping flow rates and GB sizes (Figure 7 and Figure 8). For 0.5 mm GB, at same flow rate, the depression surface area was lower than for 0.1 mm GB. This is due to the higher permeability, which generates a steeper DNAPL-water interface for 0.5 mm GB.

Figure 7 and Figure 8 show how the modelled DNAPL-water interface displacement can be superimposed correctly with the experimental data obtained from image interpretation. As expected, the capillary fringe height modelled was greater for the 0.1 mm GB than for the 0.5 mm GB. Figure 2A (Appendix) shows how Sw changed as a function of time along the horizontal and vertical profiles located at the center of the tank. For the same flow rates, the cone of depression was higher for the 0.1 mm GB than for the 0.5 mm GB. In addition, the experimental results showed that the interface is much more tortuous for the 0.1 mm GB than for the 0.5 mm GB. This is due to the fact that the capillary effects are more important for 0.1 mm GB than 0.5 mm GB porous media (capillary fingering). Figure 9 One can see that the experimental and modelled volumes of DNAPL recovered were very similar (Figure 9a). The volumes of DNAPL were estimated with image interpretation over the AOI (see Figure 3, point 5). The VDNAPL measured/VDNAPL modelled ratios vary between 0.75 and 1.3 for 0.5 mm GB and between 0.69 and 1.65 for 0.1 mm GB. The linear regression curve gradients are very close to 1: 0.99 for 0.5 mm GB and 0.90 for 0.1 mm GB. The coefficients of determination were closer to 1 for the 0.5 mm GB (R 2 =0.97) than for 0.1 mm GB (R 2 =0.95), indicating as expected more data dispersion for the 0.1 mm GB than for 0.5 mm GB.

Figure 9b compares VDNAPL recovered estimated with image interpretation in the COD (see Figure 3, point 9) and modelled VDNAPL recovered in the COD (the volume of DNAPL related to lateral inflows are deduced from the total volume calculation). The slopes were close to 1 (0.93 for the 0.5 mm GB and 1.10 for the 0.1 mm GB). The R 2 coefficients are also close to 1 (respectively 0.98 and 0.96 for the 0.5 and 0.1 mm GB). Therefore, we conclude that the model can adequately reproduce the pumping process in 2D tank. The DNAPL recovered in the COD was about 209.46 and 166.17 mL for 0.5 and 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, which corresponds to the values reported in the literature concerning chlorinated compounds. The Srn 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 between 0.002 and 0.2 for fine to medium sand [START_REF] Lin | Water resources program report[END_REF]; [START_REF] Cary | Trichloroethylene residuals in the capillary fringe as affected by air-entry pressure[END_REF]; [START_REF] Poulsen | A field experiment to study the behavior of tetrachloroethylene in unsaturated porous media[END_REF]; [START_REF] Cohen | DNAPL Site Evaluation[END_REF]; ITRC (2015)]. These results are also consistent with the Srn obtained during drainage-imbibition experiments in a 1D cells setup [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]].

By comparing the radii and cone of depression heights, we can better assess how the model fits the experimental results (Figure 9b andc). The proposed model satisfactorily reproduces the shape of the cone of depression. The modelled and measured radii, the linear regression curve gradients were 1.08 (R 2 = 0.94) and 1.01 (R 2 =0.81) respectively for the 0.5 mm and 0.1 mm GB. For the cone of depression heights, linear regressions confirm the goodness of fit: the curves were respectively 1.05 (R 2 =0.92) and 0.98 (R 2 =0.89). The modelling of the experimental data was less accurate for the 0.1 mm GB than for the 0.5 mm GB. This can be explained by the fact that the fingerings and preferential pathways were more important for the 0.1 mm GB, which affects the experimental repeatability. As previously stated, experimental and modelling results are consistent (see Figure 3A (Appendix)

Experiments in the 2D tank with chemical enhancement

for additional comparisons of experimental and modelling results). The chemical enhancement increases the DNAPL recovered with the same flow rates when compared to the test performed without enhancement. Figure 11 shows modelled VDNAPL, chemical/VDNAPL, reference as a function of time, from which recovery yields can be estimated. For the 0.1 mm GB, the VDNAPL, chemical/VDNAPL, reference ratios were relatively stable over time and were higher for lower flow rates (except for the very beginning of the experiment). Also, these ratios were on average (between 5 min and 30 min) 1.37, 1.22, and 1.18 respectively for 50, 150, and 220 mL.min -1 . For the 0.5 mm GB, the ratios were much higher at the beginning of the experiment: ratios 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 of the experiment, the ratios were lower. For example, values observed between times 5 min and 30 min, were on average 1.82, 1.21, and 1.14, for 50, 150, and 220 mL.min -1 , respectively. Results show that the use of chemical enhancement was proportionally more advantageous for lower flow rates than for higher flow rates. Figure 4A (Appendix) shows how Sw changed over time along the horizontal and vertical profiles at the center of the 2D tank. The addition of surfactant makes it possible to increase the cone of depression volumes and to decrease the residual saturation inside the cone of depression.

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 correspond to the results obtained during drainage-imbibition tests and are significantly smaller than Srn without enhancement. Results show that thermal enhancement did not have any beneficial effect on final recovery yield.

Experiments in the 2D tank with thermal enhancement

The VDNAPL recovered with thermal enhancement represented on average 40, 60 and 76% of the VDNAPL recovered without enhancement for 0.5 mm GB (for 50, 150, and 220 mL.min -1 , respectively). For the 0.1 mm GB, these recovery yields were between 77, 91, and 93%. This was related to the reductions in fluid viscosity (μw/μn) and density (ρw/ρn) ratios, while the temperature increase was not sufficient to improve recovery rates and yields. Figure 5A (Appendix) compares the experimental results with the models and Figure 6A (Appendix) shows how Sw changed over time along the horizontal profile and along a vertical profile at the center of the 2D tank. The decrease of DNAPL recovery volume with thermal enhancement is due to the fact that: i. the residual saturation in the cone of depression is identical to that of the reference (Srn=0.10 and 0.14 for 0.5 and 0.1 mm GB, respectively) and, ii. the volume of this cone is smaller.

4.4

Comparison of fingering effects at the DNAPL-water interface without enhancement and with chemical and thermal enhancements As stated above, the DNAPL-water interfaces were more tortuous for the 0.1 mm GB than for the 0.5 mm GB and the higher the flow rate, the more important was the fingering. Figure 14 Regarding the experiments without enhancement, the DNAPL-water interface shapes were less irregular for the 0.5 mm GB than for the 0.1 mm GB. It highlights that fingering was more important for 0.1 mm GB than for 0.5 mm GB. The higher the pumping flow rate, the more fingering was observed. Regarding fingering without enhancement, the average value for 0.5 mm GB varied from 0.06 to 0.22 cm for flow rates from 50 to 220 mL.min -1 (with respective standard deviations of 0.05 to 0.21). The values were higher for the 0.1 mm GB: for flow rates of 50 to 220 mL.min -1 , the average values were respectively from 0.62 to 1.61 cm (with respective standard deviations of 0.42 and 1.14).

Concerning the experiments with chemical enhancement, we observed that fingering was less important than for the experiments without enhancement. We noticed that, in this case, the fingering was also more important for the 0.1 mm GB than for the 0.5 mm GB: the average interface height fluctuations were respectively 0.54 and 0.07 cm (with average standard deviations of 0.44 and 0.07).

Increasing the flow rate was found to have limited influence on fingering. Since the μw/μn ratios were lower, it explains why the fingerings were globally lower with thermal enhancement than without enhancement. The differences in fingering between the 0.5 and 0.1 mm GB were lower than for the reference case (without enhancement). The average interface heights were respectively 0.08 and 0.49 cm for the 0.5 and 0.1 mm GB (with standard deviations of 0.07 and 0.40). The flow rate had little influence on fingerings; the differences in interface height between 50 and 220 mL.min -1 were 10 and 9% (respectively, for 0.5 and 0.1 mm GB). [START_REF] Lenormand | Numerical models and experiments on immiscible displacements in porous media[END_REF] have shown three multiphase domain displacements [START_REF] Lenormand | Numerical models and experiments on immiscible displacements in porous media[END_REF] the mobility ratios). The capillary number (Nca) accounts for the ratio between viscous and capillary forces (Eq. 14) [START_REF] Pennell | Influence of viscous and buoyancy forces on the mobilization of residual tetrachloroethylene during surfactant flushing[END_REF]]. Shear forces, which depend on the viscosity contrast between wetting and non-wetting liquids, cannot be neglected for viscous liquids [START_REF] Ng | Visualization of blob mechanics in flow through porous media[END_REF]]. In this case, the following mobility ratio can be used (mr) (Eq. 15) [START_REF] Dullien | Porous Media: Fluid Transport and Pore Structure, number[END_REF]]:

N AU = V R μ / σcosθ
Eq. 14 where V R (m.s -1 ) is the Darcy velocity of the wetting phase (upward direction is considered positive), µw (Pa.s) is the dynamic viscosity of the wetting phase, Z (mN.m -1 ) is the interfacial tension, θ (°) is the DNAPL/water/glass contact angle. m = k ,@ μ / k ,/ μ @ Eq. 15

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

is the relative permeability for the displacing phase, μ / (Pa.s) is the fluid dynamic viscosity for the displaced phase, and μ @ (Pa.s) is the fluid dynamic viscosity for the displacing phase. Figure 15 highlights that fingerings were more important for 0.1 mm GB than for 0.5 mm GB. This was expected since the capillary effects are more important for 0.1 mm GB. Figure 15 shows also that the values for the 0.1 mm GB are always closer to the capillary fingering zone than the values for the 0.5 mm GB (Nca are smaller). If we compare pumping without enhancement to pumping with enhancement, we note that for 0.5 and 0.1 mm GB, the values are much closer to the capillary fingering area. The thermal and chemical enhancement makes it possible to get closer to the stable displacement zone (by reducing the interfacial tensions and dynamic viscosities). These results agree with the experimental results relating to the measurements of DNAPL-water interface fluctuation heights.

Conclusions

The objectives of DNAPL pumping experiments in the 2D tank were: i. To verify that the proposed two-phase flow model was able to satisfactorily reproduce data measured during the experiments; ii.

To compare the modelled water saturations to those derived from optical density measured over time during pumping tests performed at different flow rates; iii. To determine how chemical enhancement (addition of SDBS at its CMC to avoid DNAPL dissolution) and thermal enhancement (at 50°C to avoid DNAPL volatilization) affect DNAPL recovery yields and rates. The experiments were conducted with 0.5 and 0.1 mm GB. The horizontal water saturation profile shows the cone of depression radii and capillary fringes (distance entre Srn et Srw). We see that the transition zones between Srn and Srw are sharper for the 0.5 mm GB than for the 0.1 mm GB. This can be explained by the fact that the capillary effect is more important for 0.1 mm GB than for 0.5 mm GB [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]]. For example, this transition 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 the 0.5 mm and 0.1 mm GB, respectively. Moreover, the radius of the cone of depression was higher for the 0.1 mm GB than for the 0.5 mm GB. For example, it can be estimated (by measuring the length 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 respectively (for a flow rate of 150 mL.min -1 at t=15 min after the start of pumping). From the vertical saturation profile, we can also estimate the height of the cone of depression. For a flow rate of 150 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 graphs show a sharper capillary fringe for the 0.5 mm GB than the 0.1 mm GB. The DNAPL-water transition zone was smaller when the flow rates were higher. The horizontal water saturation profile demonstrates that thermal enhancement was not effective.

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 without enhancement. For the 0.1 mm GB, Sw at 0.17 m were 0.67 and 0.56 for experiments without and with thermal enhancement, resp., and at t=10 min. The vertical water saturation profile shows that thermal enhancement had a negative effect on the displacement of the migration front. We see that it reduced the displacement of the migration front by about 50% for the 0.5 mm GB and 20% for the 0.1 mm GB (for Sw=0.5 at t=15 min).

Figure 1 :

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

Figure 2 :

 2 Figure 2: Principle of the injection and pumping device for water and DNAPL: a) schematic of the experimental 2D tanks and b) detailed experimental protocol step with: 1) water injection, 2) air-water interface regulation, 3) DNAPL injection, 4) DNAPL-water interface regulation, 5) DNAPL pumping.

Figure 3 :

 3 Figure 3: Image interpretation procedures: 1) Acquisition of the raw Nikon photographs, 2) Light intensities rectification using the target, 3) Conversion of the image into B&W 8-bit format to obtain 256 shades of grey, 4) Scaling and orthogonalization of the images, 5) Estimation of total residual saturations (whole Area Of Interest-AOI), 6) Automatic detection of the DNAPL-water interface by contrast optical intensity, 7) Estimation of the shape of the cone of depression, 8) Measurement of the height and radius of the cone of depression (using the equation of the cone of depression obtained from point 6), 9) Estimation of the residual saturations inside the cone of depression, and 10) Estimation of fingering effects (from the interface detected in point 5). In steps 6 to 8: a) point of inflexion of the cone of depression, b) radius of the cone of depression, c) height of the cone of depression, and d) lower point of the cone of depression.

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

  );[START_REF] Nambi | Mass transfer correlations for nonaqueous phase liquid dissolution from regions with high initial saturations[END_REF];Falta et al. (2005b);Falta et al. (2005a);Grant and Gerhard (2007a);Grant and Gerhard (2007b);Carey and McBean (2010a);[START_REF] Carey | [END_REF];[START_REF] Alexandra | Hydraulic Displacement of Dense Nonaqueous Phase Liquids for Source Zone Stabilization[END_REF];[START_REF] Luciano | On Morphometric Properties of DNAPL Sources: Relating Architecture to Mass Reduction[END_REF];[START_REF] Luciano | An empirical model for the evaluation of the dissolution rate from a DNAPL-contaminated area[END_REF]].

Figure 4 :

 4 Figure 4: Boundary conditions for primary variables a) Q R and b) Q S .

  5 mm GB and 3 experiments with 0.1 mm GB, for three different pumping flow rates (50, 150, and 220 mL.min -1 ). a) Comparison of the recovered DNAPL volumes estimated by weight scale and by image interpretation The recovered DNAPL volumes were measured by weight scale and volume measurements. These masses converted into volumes (by considering the DNAPL density) were compared with the recovered DNAPL volumes estimated by optical density monitoring (Figure 5).

Figure 5 :

 5 Figure 5: Comparison of the volumes of recovered DNAPL estimated using weight scale and with image interpretation in the 2D tank with 0.5 and 0.1 mm GB (without enhancement) for 150 mL.min -1 .

  Figure 6 shows the evolution of measured and modelled volumes of DNAPL recovered after pumping, for different pumping flow rates.

Figure 6 :

 6 Figure 6: Evolution of measured (by image interpretation) and modelled volumes of DNAPL recovered for different flow rates with 0.5 and 0.1 mm GB (without enhancement).

Figure 8 :

 8 Figure 7: Comparison of measured (with image interpretation) and modelled cone of depression (0.5 mm GB) at the end of the pumping (steady-state condition).

Figure 9 :

 9 Figure 9: Comparison of experimental and modelled results in the 2D tank with 0.5 and 0.1 mm GB (without enhancement) for 150 mL.min -1 : a) volumes of recovered DNAPL estimated with image interpretation vs modelled volumes of DNAPL recovered, b) volumes of DNAPL recovered estimated with image interpretation vs modelled volumes of DNAPL estimated using the cone of depression zone, c) radius of the cone of depression estimated with image interpretation versus calculated with the model, and d) height of the cone of depression estimated with image interpretation versus calculated with the model.

Figure 10 Figure 10 :

 1010 Figure 10 shows measured and modelled volumes of DNAPL as a function of time (without enhancement as a reference case and with chemical enhancement).

Figure 11 :

 11 Figure 11: Modelled VDNAPL, chemical/VDNAPL, reference recovered ratios as a function of time with 0.5 and 0.1 mm GB.

Figure 12 Figure 12 :

 1212 Figure12shows measured and modelled volumes of DNAPL as a function of time (without enhancement as a reference and with thermal enhancement).

Figure 13

 13 Figure13shows the flattened DNAPL-water interface for 0.5 and 0.1 mm GB at different flow rates (without enhancement).

Figure 14 :

 14 Figure 14: Statistical representation of fingerings of the DNAPL-water interface for 50 and 220 mL.min -1 with 0.5 and 0.1 mm GB (a) without enhancement, b) with chemical enhancement, and c) with thermal enhancement).

  ]: i. Stable displacement where the main force is due to the viscosity of the injected fluid (capillary effects and pressure drop in the displaced fluid are negligible); ii. Viscous fingering where the main force is due to the viscosity of the displaced fluid (capillary effects and pressure drop in the displacing fluid are negligible); iii. Capillary fingering where at low Nca, the viscous forces are negligible in both fluids and the main force is due to capillarity. Figure 15 shows our experimental results on the phase-diagram of multiphase domain displacement (capillary number as a function of

Figure 15 :

 15 Figure 15: Representation of experimental results on the phase-diagram of multiphase domain displacement (adapted from [Lenormand et al. (1988)]).

Figure

  Figure 2A shows the evolution of the modelled Sw along horizontal and vertical profiles at the center of the 2D tank without enhancement for different flow rates.

Figure

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

Figure

  Figure 4A shows how modelled Sw changed over time along the horizontal and vertical profiles at the center of the 2D tank with chemical enhancement for 150 mL.min -1 .

Figure

  Figure 5A compares the experimental results with the model ones in the 2D tank with 0.5 and 0.1 mm GB (with thermal enhancement) for 150 mL.min -1 .

Figure

  Figure6Ashows how modelled Sw changed over time along the horizontal profile and along a vertical profile at the center of the 2D tank with thermal enhancement for 150 mL.min -1 .

  

  

Table 1 :

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

			et al. (2020)].		
	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	-	-

Table 2

 2 

	Parame -ters	0.5 mm GB -Imbibition Without Chemical Thermal enhancement enhancement enhancement	0.1 mm GB -Imbibition Without Chemical Thermal enhancement enhancement 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
	The remediation enhancement yields obtained in the 1D cell experiments [Colombano et al. (2020)]

(partially from

[START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]

]).

Table

2

: VGM parameters and irreducible and residual saturations for 0.5 and 0.1 mm GB with and without enhancements (partially from

[START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1D cell drainage-imbibition experiments[END_REF]

).
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Comparing experimental and modelled recovered DNAPL volumes shows that the model fits well with the experiments and the image interpretation. Moreover, comparing experimental and modelled values of radius and height of the cone of depression illustrates the validity of the model. The numerical model was also able to successfully reproduce experimental results in the case of chemical enhancement and thermal enhancement. The results showed that chemical enhancement has a beneficial effect on recovered DNAPL volumes. The use of chemical enhancement was proportionally more advantageous for lower flow rates than for higher flow rates. For the 0.1 mm GB the VDNAPL, chemical/VDNAPL, reference ratios were relatively stable over time and were higher for lower flow rates than for higher flow rates. The ratios were on average 1.37 and 1.18 for 50 and 220 mL.min -1 , resp. For the 0.5 mm GB, the ratios were much higher at the start of the experiment (the ratios were at 2 min, 2.90, and 1.40 for 50 and 220 mL.min -1 , resp.). The cone of depression radius and height increased with the addition of surfactant. Thermal enhancement (at 50°C) was not found to have any beneficial effect on DNAPL recovery rate or yield. Heating the porous media had a negative effect on the cone of depression radius and height.

Appendix A

Figure 1A shows the results of a model parametric analysis. A model parametric analysis (Figure 1A) was performed based on a reference experiment scenario (reference experiment: 0.1 mm GB, without enhancement, 150 mL.min -1 ). Variations in the following parameters were considered: intrinsic permeability (k×0.1 and k×10), number of meshes (×10), porosity (θ×0.3).

Using a finer mesh (×10) did not influence the final result (+0.8%), which means that the number of meshes used in the model was sufficient.

The permeability variations (k×0.1 and k×10) reach respective differences for the volume of the DNAPL recovered at 30 min of +19% and -20% relative to the base scenario. The increase in these volumes with lower permeability (without changing curves Pc=f(Sw)) matches the differences observed between the 0.5 and 0.1 mm GB.

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

The slopes of VDNAPL recovered modelled=f(VDNAPL recovered measured) were, as for the previous experiments (without enhancement and with chemical enhancement), close to 1 (0.91 and 0.90 respectively for 0.5 and 0.1 mm GB with R 2 of 0.97 and 0.94). Again, as expected, the standard deviation was lower for the 0.1 mm GB. Figure 5Ab compares estimated DNAPL volumes recovered experimentally (with image interpretation) and by modelling (in the COD). The pumping experiments interpreted by image analysis were well reproduced by the model. The linear regression curve gradients were respectively 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 and modelled radius and height of the cone of depression with 0.5 mm GB and 0.1 mm GB show slopes of radiusmodelled=f(radiusmeasured) close to 1: 0.97 and 1.07 for the 0.5 and 0.1 mm GB, resp. (with R² of 0.92 and 0.84). Moreover, the slopes of heightmodelled=f(heightmeasured) were respectively 1.05 and 0.98 (with R²=0.95 and 0.94). The decrease in the recovery of DNAPL with thermal enhancement is due to the fact that: i. the residual saturation in the cone of depression is identical to that of the reference and, ii. the volume of this cone is smaller.