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Foam propagation and stability in highly permeable porous media, encountered in soil pollution applications, are still challenging. Here, we investigated the application of foam for blocking the aquifer to divert the flow from a contaminated zone and, therefore, ease the remediation treatments. The main aim was to better understand the critical parameters when the foam is injected into a highly permeable aquifer with high groundwater flow velocity (up to 10 m/day). A decimetric-scale 2D tank experimental setup filled with 1 mm glass beads was used. The front part of the 2D tank was made of transparent glass to photograph the foam flow using the light-reflected method. The water flow was generated horizontally through injection and pumping points on the sides of the tank. The pre-generated foam was injected at the bottom center of the tank. Water streamlines (using dye tracing) and water saturation were investigated using image interpretation. Results show that 100% of the water flow was diverted during the injection of the foam. Foam stability in porous media depends significantly on the horizontal water flow rate. Recirculating water containing the surfactant increases foam stability. The main mechanism of destruction was identified as the dilution of the surfactant in water. However, the head-loss measurements showed that despite foam destruction, the relative permeability of the water phase in the media remained quite low. Injection of foam increases the radius of gas propagation, thanks to foam's high viscosity, compared to a pure gas injection case. These results are new highlights on the efficiency of foam as a blocking agent, showing that it can also serve as a means for gas transport more efficiently in porous media, especially for soil remediation applications.

Introduction

Foams have multiple applications in soil remediation. In recent research, three different foam uses were studied: vectorization, desorption and mobilization, and blocking foams. For each foam technology, new formulations must be considered (surfactant and its concentration, additives, gas) to adjust the properties of the foam to its application. Vectorization foam is used to transport a specific additive for an in situ chemical remediation. Foams can transport nanoparticles [START_REF] Sheng | Enhanced Oil Recovery Field Case Studies[END_REF], calcium polysulfide [START_REF] Zhong | Enhanced remedial amendment delivery to subsurface using shear thinning fluid and aqueous foam[END_REF], bacteria for aerobic biodegradation [START_REF] Choi | Enhancement of aerobic biodegradation in an oxygen-limiting environment using a saponin-based microbubble suspension[END_REF], or hydrogen [START_REF] Maire | Targeted delivery of hydrogen for the bioremediation of aquifers contaminated by dissolved chlorinated compounds[END_REF]. Desorption and mobilization foams use the surfactant properties of the foam to desorb pollutants and push them to a recovery well. Recent laboratory studies have been carried out to assess how foam behaves in porous media for shallow contaminated soil remediation [START_REF] Couto | Remediation of sandy soils using surfactant solutions and foams[END_REF][START_REF] Dicksen | Mobility of Foam in Heterogeneous Media: Flow Parallel and Perpendicular to Stratification[END_REF][START_REF] Mulligan | Remediation with surfactant foam of PCP-contaminated soil[END_REF]. Several studies have focused on the remediation of soils contaminated by DNAPL, such as trichloroethylene (TCE) [START_REF] Jeong | A micromodel analysis of factors influencing napl removal by surfactant foam flooding[END_REF][START_REF] Jeong | Micromodel study of surfactant foam remediation of residual trichloroethylene[END_REF][START_REF] Rothmel | Surfactant foam/bioaugmentation technology for in situ treatment of TCE-DNAPLs[END_REF].

Foam as blocking or diverting agents acts to reduce fluid flow in a high permeability zone of heterogeneous porous media. This blocking effect is possible thanks to the high viscosity of the foam and its gas fraction, reducing the mobility of water in the injected area. Foams formed in the different layers of soil are not identical; in general, stronger foam is generated in the layers of higher permeability, partially blocking these layers. This helps to homogenize flows between different layers. This is one of the main advantages of foam as a non-Newtonian fluid.

A few authors have studied foam in the laboratory with the objective of a blocking application [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF][START_REF] Bertin | Foam placement for soil remediation[END_REF][START_REF] Kovscek | Foam mobility in heterogeneous porous media[END_REF]Portois et al., 2018a;Portois et al., 2018b]. Blocking more permeable areas also redirects recovery fluids to less permeable areas [START_REF] Wever | Polymers for enhanced oil recovery: A paradigm for structure-property relationship in aqueous solution[END_REF]. The reason is related to bubble stability and the capillary pressure [START_REF] Khatib | Effects of Capillary Pressure on Coalescence and Phase Mobilities in Foams Flowing Through Porous Media[END_REF]. Layers with high permeabilities have larger pores and therefore lower capillary pressure. Low capillary pressure means that the foam bubbles will not break as easily in these layers. In addition, small bubbles in more permeable layers will reduce gas mobility and divert the flow of water in these layers [START_REF] Rossen | Simplified Mechanistic Simulation of Foam Processes in Porous Media[END_REF]. The foam generated for blocking applications must be very stable to withstand flow over potentially long periods. The main phenomenon for foam coalescence in porous media is related to the capillary pressure introduced generally as a critical value [Kovscek et al., 2007]. The capillary pressure in porous media is a function of water saturation and surfactant concentration. Surfactant concentration, as well as foam quality, also significantly influence foam stability in porous media [START_REF] Wang | An evaluation of surfactant foam technology in remediation of contaminated soil[END_REF].

More recently, [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF] investigated the properties of foam generated using an alpha-olefin sulfonate surfactant and nitrogen for flow-blocking purposes in a very high permeable porous medium (> 10 -10 m 2 ). A packed column was used to study the impact of different parameters such as the foam generation method and the pre-generated foam permeability on the foam blocking properties. Foam flow in highly porous media behaves with two regimes: a weak foam flow followed by a strong foam flow. These two distinct flow regimes were more significant when the foam was generated by the co-injection technique (surfactant and gas). They found that a pre-generated foam is a good option for blocking the highly permeable zone. This pre-generated foam showed non-Newtonian, shear-thinning behavior [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF]Omirbekov et al., 2020a;Omirbekov et al., 2020b].

The final goal of this study was not to redirect the groundwater flows in areas of low permeability but rather to block an entire area upstream of the area to be remedied. The final goal was to divert or slow down underground flows and to isolate the saturated zone which is under chemical treatment (Fig. 1). The increase in the residence time inside this zone should facilitate the implementation of in situ remediation techniques in the saturated zone (chemical vectorization and treatments). At the end of the remediation processes, the foam will have to be destroyed naturally to allow underground flows naturally. Finally, the pilot site on which these technologies will potentially be applied has very high permeability (from 10 -10 to 10 -8 m²). Thus, one of the main novelties of the present work is to study the blocking effect of foam in highly permeable porous media.

At the microscopic scale, foam has been studied in micro-models to examine the generation and destruction of gas bubbles through their direct visualization and thus establish a predictive model of bubble size distribution in the foam [START_REF] Géraud | Lamella division in a foam flowing through a two-dimensional porous medium: A model fragmentation process[END_REF]. On a macroscopic scale, foam flow has been studied in homogeneous and heterogeneous media. Foam propagation in 2D tanks has been studied recently by some authors [START_REF] Bertin | Foam placement for soil remediation[END_REF][START_REF] Bouzid | Enhanced remedial reagents delivery in unsaturated anisotropic soils using surfactant foam[END_REF][START_REF] Forey | Use of saponin foam reinforced with colloidal particles as an application to soil remediation: Experiments in a 2d tank[END_REF][START_REF] Longpré-Girard | 2d sandbox experiments of surfactant foams for mobility control and enhanced lnapl recovery in layered soils[END_REF] using different configurations to focus on the effect of heterogeneity and/or the presence of pollutant. They showed the importance of several physical parameters like permeability contrast, presence of pollutant, and surfactant formulation on the foam propagation and stability. To our knowledge, there is a lack of information in the literature concerning the study of foam flow and stability under water flow conditions in a decimetric-scale 2D setup.

The setup presented here combines dye tracing, mass balance calculation, and a photographic analysis technique to assess foam flow and saturation values in the porous medium.

Fig. 1. Schematic illustration of the foam injection process for groundwater flow diverting

The objective of the present research work was to study foam injection in the presence of a flow of water to assess its potential as a blocking fluid for diverting flow from a polluted area.

Although the real situation occurs in a 3D geometry, to simplify the problem and to visualize better the foam flow using an imaging technique, all experiments were carried out in a 2D tank.

The propagation and the stability of the foam were studied in a reference case with a water flow of different velocities, as well as 10 m/day, according to the groundwater flow rate in a real polluted site. Additional experiments were carried out to study the influence of the nature of the water flow and its velocity on the propagation and stability of the foam.

Materials and fluids

Porous media

In all 2D tank experiments, 1 mm glass beads were used for the study. These glass beads, supplied by Dutscher ® , were the same as those used in [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF]Omirbekov et al., 2020b]. The porous media obtained using these glass beads have an average permeability of 8.4 × 10 -10 m² and an average porosity of 0.37. The transparency properties of glass beads allow good visualization of flows and saturation levels by image analysis.

Surfactant solution and gas

Building upon the results in [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF]Omirbekov et al., 2020b], a solution of alpha-olefin sulfonate surfactant (AOS) concentrated at 4×CMC was used for the experiments.

The surfactant solutions were always prepared the same day or the day before starting the experiments to avoid possible aging effects. In addition, further surface tension measurements were made on the stock solution to ensure that the CMC value (1.8 g/L) had not changed over time. The results show that the CMC was not changed for more than a year after opening the product. The gas used to generate the foam was N2 supplied by Air Liquide © (purity> 99.99%).

Carbon dioxide, supplied by the same provider (purity> 99.7%), was also used to prepare the foam pre-generator.

Experimental setup and procedure

Foam pre-generation

The pre-generator consists of a porous medium made of calibrated glass beads of 0.1 mm diameter contained in a PVC column of 10 cm effective length as presented in [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF]. The porous medium porosity of the pre-generator column was 0.38 with a permeability of 1.1 × 10 -11 m².

2D tank setup

Two tanks of small (S) and medium (M) sizes were used in this study. The geometric characteristics of the porous media contained in these tanks are presented in Table 1. 2D tanks are composed of a central volume to contain the porous medium. On the two sides of this volume are two cavities separated from the central volume by two 250 µm metal grids allowing fluids to flow but fine enough to contain the porous medium. The cavities insure an almost vertical homogeneous pressure inside the 2D tank. The dimensions of 2D tank and the length of the cavities are specified in Table 1. The assumption was made that the flows in the tanks were two-dimensional. To support this hypothesis, the ratios between the effective height of the saturated porous medium and its width are also presented in Table 1. The tanks have a central injection point on their lower part through which the foam is injected. The M tank also has side connection points for connecting pipes and generating lateral water flows. The experimental setup is presented in Fig. 2. It consists of a primary circuit (foam injection), a secondary circuit (lateral flow of water), and a tertiary circuit (pumping of excess water). In the primary circuit, the nitrogen and the surfactant solution are co-injected into the foam pre-generator column, the gas using a Brooks ® Delta Smart II mass flowmeter (precision: ± 0.34 mL.min -1 ), and the liquid by an Ismatec ® Reglo ICC peristaltic pump (precision: ± 0.063 mL.min -1 ). The co-injection system used a Swagelok ® Tee connector. The fluids left the pre-generator in the form of foam. This foam flowed to a 4-way valve which directed it either to a beaker while awaiting stabilization, or to the tank to begin injection. The circuit pipes were made of PVC and had an inside diameter of 0.635 cm.

The secondary circuit consisted of four pipes and an Ismatec ® Reglo ICC peristaltic pump with four independent channels. This circuit allows deionized water to be injected into the inlet (or left) cavity of the tank. This injection was carried out by two pipes, the ends of which were located at the top and bottom of the cavity (S tank) or at two lateral connection points (M tank)

to create as homogeneous a flow as possible. Likewise, two pipes pumped water from the outlet (or right) cavity, symmetrically to the water injection pipes. To maintain a constant lateral flow, the pumping rate in all four pipes was the same. The tertiary circuit was made up of two pipes and an Ismatec ® Reglo ICC peristaltic pump. The two ends of the pipes were placed at the water/air interface in the two cavities, directly in the cavity (S tank) or attached to a connection point (M tank). This circuit was used to pump excess water from the cavities. When foam was injected into the tank, it occupied a volume replacing water that should be pumped by the tertiary circuit to a beaker placed on a Sartorius ® MSE8201S balance (precision: ± 0.1 g). From

the measured mass, one can deduce the volume occupied by the foam during the injection.

Fig. 2. Experimental 2D tank setup for foam injection and stability study. 2D tank was filled with 1 mm glass beads. The water flows horizontally and pre-generated foam is injected from a bottom center hole (small tank dimensions: =43.5 cm, H=25 cm, h=20 cm and =2 cm; medium tank dimensions: =51 cm, H=35 cm, h=30 cm and =1.8 cm).

Photos were taken using a Nikon ® D850 camera with a 105 mm focal length lens installed on a tripod. The camera was placed in the central axis of the tank, as close as possible but at sufficient distance to capture the entire tank. A Broncolor ® Litos projector was placed above the tank, slightly in front of the device, and off-center. The placement above the tank avoids the reflection of the projector on the 2D tank glass. The slight offset ensured that images were not obstructed by the projector foot. A Scuadra XpoGrey ® element representing standard gray levels was attached to the tank to allow the photographs to be calibrated. During the first photography tests, these standards served to verify that white was not overexposed (brightness value = 255) or underexposed black (brightness value = 0). The photos were taken in a darkroom to overcome variations in exterior light.

Experimental procedures

The 2D tanks were slowly filled up to height H with glass beads to obtain a homogeneous stack. Deionized water was then injected through the injection point at the bottom of the tank at a rate of 2.0 mL/min. The homogeneity of the glass beads and the low injection speed keep water flow stable. Due to very low capillary effects, no air bubbles trapped in the medium were observed. The tank was saturated with water up to an effective saturated height h listed in Table 1 and shown in Fig. 2. The unsaturated zone helps to prevent the lateral flow of water at the surface. All experiments are referenced in Table 2 with the size of the associated tank and the type of lateral flow.

The type of lateral flow was changed in some experiments. The lateral flow is of type "open"

when the deionized water is injected continuously. The experimental setup has been modified so that the pipes of the secondary flow operate in a closed circuit. This means that the fluid pumped into the outlet cavity is directly reinjected into the inlet cavity (instead of deionized water). A flow of this "closed" type allows water to be reused in the tank with a surfactant that has been diluted beforehand and carried away by the lateral flow. Finally, some experiments were simply carried out without activating the secondary circuit. In this case, there is no lateral flow in the tank ("without flow" case). This corresponds to the ideal case where there is no groundwater flow and foam should be in its maximum stability value. It can help to better understand the effect of the lateral flow on foam flow behavior which is one of the main objectives of this work. The pre-generator column was first filled with the porous medium (0.1 mm glass beads).

Then CO2 was injected into the column followed by deionized water, and finally the AOS surfactant solution at a concentration of 4×CMC. Since a pre-generator column is used for several experiments, it is initially filled with destroyed foam (gas and surfactant solution) as the experiment is initialized.

Following the same procedures as described in [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF], gas and surfactant solution are co-injected into the pre-generator directing the foam to the effluent beaker using the 4-way valve. This achieves a steady-state foam flow in the pre-generator column guaranteeing that the foam quality is 85% and the total flow rate is 4 mL/min. The objective of this preliminary step is to generate a strong foam repeatable for each experiment inside the pregenerator. The steady-state was achieved when the pressure signal before the pre-generator became stable. At the same time, the second circuit was activated to generate a lateral flow with a flow velocity of 10 m/day. The tertiary circuit was also activated to pump out any water excess before the start of the experiment. To confirm the homogeneity of the lateral flow, a tracing test was carried out with a solution of bromcresol green (BCG) at 1 g.L -1 . The dye is injected into the inlet left cavity and its flow is photographed. Finally, when all the flows are stable and the foam is ready to be injected, a first (zero) photo is taken. The foam was injected into the 2D tank by changing the 4-way valve. At the end of the injection period, the 4-way valve was turned to direct the foam to the effluent beaker. The primary circuit (injection) was stopped but the secondary and tertiary circuits were left active to study the stability of the foam over time.

A new tracing is done at the end of the experiment to visualize the impact of the foam on the lateral flow. The duration of the injection was not the same for all the experiments. Some injections had to be stopped earlier because of some experimental constraints.

Image Analysis

To use the data acquired by photography, the images must be processed and interpreted. The final objective of this approach is to define a relationship between light intensity and liquid saturation. To achieve this, we used the light reflection methods (LRM) (see [START_REF] Alazaiza | A review of light reflection and transmission methods in monitoring non-aqueous phase liquid migration in porous media[END_REF]).

Image treatments

First, a global area of interest (AOI) was defined to obtain the mean grey value necessary to associate with the water saturation. This area is smaller than the 2D tank glass surface to remove the shadows that appear near the edges. Before any treatment step, it is important to choose the appropriate analyzing wavelength. The authors recommend working in monochrome [START_REF] Flores | A simplified image analysis method to study lnapl migration in porous media[END_REF]; however, the technical limitations in the laboratory made it necessary to use white light during the experiments. As the foam is white, its intensity is approximately equal in all monochrome spectra. Consequently, the choice was made to work on shades of gray. The photographs are therefore converted into a 8-bit format to obtain 255 shades of grey. The gray level was calculated using = ( + + ) 3 ⁄ where I is the light intensity (-), between 0 and 255. There are many other methods described in the literature for converting RGB color images to grayscale [START_REF] Câdík | Perceptual evaluation of color-to-grayscale image conversions[END_REF]. The most appropriate technique should be chosen according to the set objective (aesthetics, contrast, highlighting a particular color, etc.).

Many pixels may have under or over brightening. To correct this effect, it is essential to create small meshes where the intensity of the pixels will be averaged. The first step is to determine the optimal size of this mesh. For simplicity, these meshes will be square. The optimal size should be chosen as small as possible to get the most accurate information possible, but large enough to avoid pixel order variations. The primary analysis showed that the microscopic variations in intensity stabilize at an area of 8,836 px², or a small mesh of 94 pixels per side.

In the photographs, the lighting may also not be perfectly uniform in the horizontal and vertical directions. To correct this lack of uniformity, the global mean intensity over AOI is calculated on an image before injecting foam (reference image) where the 2D tank is fully saturated with water = 1 ( = 0). Each analysis of a series (for one experiment) of photos will be based on its reference image. The matrix is defined for each mesh such that = -!" with !" the mean intensity over each small mesh. This uniformization gives a unified gray corresponding to = 1. However, the difference between the global average value over AOI and the original average value of each small mesh !" is kept for the rest of the analysis.

Finally, the intensity is linearly corrected using the standard black and white of the image

= 255 % & -! ' "(&) -! ' * ( 1 ) 
where is the corrected intensity of each small mesh. The coefficient 255 changes the value of the intensity to a scale of 0 to 255 as initially to obtain more meaningful values. Technically, this coefficient is unnecessary for image analysis. "(&) and ! ' are the standard white and black intensities of the analyzed image, and & the uniform intensity of each mesh is calculated as below using the variations in the intensity of the image zero .

+ = "(&) -! ' ,"(&) -, ! ' ( 3 ) 
where ,"(&) and , ! ' are the standard black and white intensities of the image zero.

Calibration of the intensity-saturation relationship

The optical density was used to estimate water saturation from grayscale images of a 2D

tank [START_REF] Flores | A simplified image analysis method to study lnapl migration in porous media[END_REF][START_REF] Kechavarzi | Multispectral image analysis method to determine dynamic fluid saturation distribution in two-dimensional threefluid phase flow laboratory experiments[END_REF]. It has been shown that the optical density can be related to water saturation using a linear function [START_REF] Colombano | Thermal and chemical enhanced recovery of heavy chlorinated organic compounds in saturated porous media: 1d cell drainage-imbibition experiments[END_REF][START_REF] Luciano | Laboratory investigation of DNAPL migration in porous media[END_REF][START_REF] O'carroll | Infiltration of PCE in a system containing spatial wettability variations[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 nonaqueous phase liquids (DNAPLs) in polluted soil[END_REF]. In the case of light reflection methods, the transmitted and received energy flux can be associated with the measured reflected light intensity , and the light intensity reflected by a perfect white surface & [START_REF] Flores | A simplified image analysis method to study lnapl migration in porous media[END_REF][START_REF] Kechavarzi | Multispectral image analysis method to determine dynamic fluid saturation distribution in two-dimensional threefluid phase flow laboratory experiments[END_REF][START_REF] Schincariol | On the application of image analysis to determine concentration distributions in laboratory experiments[END_REF]. Therefore, the optical density (OD) can be calculated as

-. = -log 2 % & * ( 4 ) 
Then the water saturation can be calculated according to a linear relationship = 3-. + 4

( 5 )

The coefficients α and β are then calculated from two calibration images where the saturations are known. For high precision and simplicity, the photos used were at = 0.15 (value of liquid saturation in the foam just after injection) and = 1. To visualize the results of this analysis, the meshes were colored according to their gray intensity. This visualization imposes a discretization of intensities and saturations. For this study, the saturation slices [0; 0.1], [0.1; 0.3], [0.3; 0.5], [0.5; 0.7], [0.7; 0.9], [0.9; 1] were used and associated with a color scale from white to blue.

Method validation

To validate this method, the volume of gas in the tank calculated from the image analysis was compared to that calculated from the mass measurements of the excess water. For this comparison, an experiment without lateral flow was used to eliminate errors due to a difference between the injection and pumping rates generating the lateral injection. During injection, the gas occupied a volume equal to the volume of water leaving the tank from which the volume of injected surfactant solution is subtracted. From imaging, the volume of gas in the tank was deduced from the saturation values calculated from the light intensity considering the 2D tank volume and porous medium porosity. The calibration performed on this experiment gave the values 3 = -2.90, 4 = 6.40 and = 70. 

Results and Discussions

Foam flow and its blocking effect

This section discusses the results obtained for the reference case (lateral flow of 10 m/day),

i.e., the propagation of the foam front, the ability to block the lateral flow, and the stability of the foam in the porous medium after stopping the injection.

Fig. 4 shows the results of the tracings carried out before and after injection into the S tank (experiment #1). Before injection, the tracer flows quite uniformly across the 2D tank. The broadening of the shape is due to the diffusion of the tracer in the porous medium. After the foam injection is complete, the tracer flows around the strong foam. The lateral flow of water is therefore completely diverted by the strong foam. In this case, the foam injection was extended so that it reached the unsaturated zone of the tank. The photos show that the water level rises upstream to allow water to flow over the foam. 

Stability

After the end of the foam injection, its temporal stability was investigated. During this phase of the experiment, a lateral water flow was maintained in the tank. Fig. 6 shows the changes of gas volume over time in the tank, obtained by imaging. After a short delay, the gas volume decreased and reached a limit value corresponding to the remaining gas volume in the tank once all the strong foam is destroyed. It is interesting to note that the gas volume decreased little during the destruction of the strong foam (from 1150 mL to 955 mL).

83% of the gas supplied by the flow of foam, therefore, remains trapped in the porous medium, either at the initial location of the foam or above it by buoyancy. The photo of the tank after foam destruction shows a gas saturation distribution that is much more homogeneous than at the end of the injection. The tracing tests carried out at the end of the destruction of the foam show that the flow is slowed down in the foam injection zone but that it passes through this zone again (see Fig. 7). The delay before the start of the destruction of the foam seems to be related to the surfactant concentration. Indeed, during the first moments of the stability phase, the surfactant solution is sufficiently concentrated to guarantee the stability of the foam. With the phenomenon of advection-diffusion at the interface, the concentration of surfactant in the solution decreases below the CMC, which promotes foam coalescence.

By taking photos, it is also possible to measure the height of the water in the inlet and outlet cavities. The height differences correspond to the pressure drop required to generate the lateral flow in the porous medium due to foam propagation in the pore space. This pressure drop corresponds to a reduction in the average mobility of water in the tank. This reduction can be presented as a resistance factor 9: "!) , !) (-) as below:

9: "!) , !) ( ) = ∆ℎ( ) ∆ℎ & &) (6)
where ∆ℎ & &) (m) is the difference in water height due to the lateral flow before the foam injection and ∆ℎ(m) is the difference in water height due to the lateral flow at time t.

The temporal evolution of resistance factor 9: "!) , !) is presented in Fig. 8 for experiment #6. During the foam injection phase, RF increases as gas was invading the tank. Water mobility is logically reduced because of the space occupied by the strong foam, which diverted the lateral flow. After stopping foam injection, RF continued to increase slowly compared to the foam injection stage. Consequently, water mobility continued to decrease despite the destruction of the strong foam because a large part of the gas supplied by the foam remained present in the tank. In addition, the gas that escaped from the strong foam, after foam coalescence, rose toward the surface and became trapped in pores. Thus, the gas saturation and its distribution increased in this zone above the strong foam and remained high in the zone previously occupied by the strong foam. Thus, the average mobility in the tank decreased during the coalescence of the strong foam. Strong foam strictly diverts water flow during the injection phase but is gradually destroyed after the injection is stopped. After this destruction, the mobility of water greatly decreases due to the homogenization and distribution of gas saturation in the 2D tank. The lateral flow generates more pressure difference to flow into the tank after the foam is destroyed. Thus, the foam retains its blocking properties even after its destruction. The main interest of the foam for blocking an area could therefore be a means of transporting gas in a porous medium in a homogeneous manner thanks to its high viscosity. Once the zone is occupied by the foam, it can be destroyed to be replaced by the trapped gas, which will maintain a low relative permeability and can be trapped in pores for a longer time.

Influence of lateral flow type

To study how the type of lateral flow influenced foam propagation and stability, the injections were stopped at a time corresponding to the same water mass measured at the outlet of the tank to have the same gas saturation in the tank. After the foam injection was stopped, the lateral water flow was continued at the same velocity as during the injection. Fig. 9 shows the photos taken during the stability phase. Time zero corresponds to the end of the foam injection. Three different weak foam patterns were observed during the three types of flow at the end of foam injection (t=0). These patterns were systematically observed for each of the 

Influence of lateral flow velocity

Experiments were carried out in the M-tank to assess the influence of the lateral flow velocity. Four experiments (numbers 4, 5, 6, and 7) were carried out with lateral flow velocities of 5, 7.5, and 10 m/day and one experiment without any lateral flow. The results are presented below. To quantify the foam volume, the radius of influence (ROI) of the foam is defined as the geometric mean of the lateral radius 9 ( and the vertical radius 9 E as 9-= F9 ( 9 E . To complete the analysis of the shape of the foam, the aspect ratio AR is defined as G9 = 9 ( 9 E ⁄ .

Only the shape of the strong foam zone will be discussed. Strong foam can be visually distinguished from weak foam and gas bubbles by the regularity of its shape as well as its color very close to white, indicating a high gas saturation. The areas of the tank where weak foam or gas bubbles flow have irregular shapes are difficult to qualify geometrically (Fig. 10). However, because of the coalescence phenomena, part of the volume of injected gas escapes and is not included in the strong foam mass. Thus, the ROI follows a power law with an exponent less than 0.5 (0.44 -0.47), depending on the coalescence rate. The coalescence rate should be higher for higher lateral flow velocity; therefore, the exponent for the ROI factor is slightly lower. However, the precision of experiments does not allow us to see a significant difference between low lateral flow velocities (0 and 5 m/day) and high ones (7.5 and 10 m/day).

The aspect ratios are plotted in Fig. 12 for different water lateral flow velocities. The aspect ratios are just above 1 at the beginning of the injection and decrease with time to reach the direction at the beginning of the injection can be attributed to bottom wall effects. This means that the elongation of the half-ellipse is more horizontal at the beginning of the injection and tends to a half-circular form at the end. These results show that gravity has no significant impact on strong foam propagation. This confirms the results obtained in [START_REF] Aranda | Experimental study of foam flow in highly permeable porous media for soil remediation[END_REF], which

show that in the case of the flow of a strong foam in a porous medium, the viscous forces are dominant over the gravitational forces. The lateral flow rate tends very slightly to increase the aspect ratio. However, because the random pathway of foam (preferential paths) in the 2D tank, it is difficult to obtain more precise results. To study the influence of the lateral flow speed on the stability of the foam, the injections were stopped at the same mass measured at the outlet of the tank. After the foam injection was stopped, the lateral flow was continued at the same velocity as during the injection. Fig. 13 shows photos of the tanks, according to the time elapsed since the stopping of their respective foam injections. The lateral flow velocity has a significant impact on the stability of the strong The results of these analyzes are presented in Fig. 14. Since the initial gas volumes vary slightly, the volumes are presented in the form of relative gas volume equal to the ratio between the gas volume at time t and the gas volume measured at the end of the injection (t=0). The measurement error due to the difficulty to delimit the boundary between the strong foam zone and the exterior leads to values greater than 1 in the limit of 5%. For the 10 m/day experiment, the volume of gas remaining in the final state tank is quite high compared to the other experiments. However, the relevance of this graph lies in the destruction phase and not only on the value of the volume of gas in the final state. First of all, in the absence of lateral flow, the foam zone is stable during the time of the experiment. In presence of lateral flow, the foam zone remains stable for a time that depends on the velocity. These times are around 30, 12, and 5 hours for 5, 7.5, and 10 m/day lateral water velocity, respectively. This delay is attributed to the time necessary to reduce the surfactant concentration below the CMC by an advection-diffusion phenomenon. The velocity of the flow primarily affects the time before decreasing the volume of gas. There is no significant difference in destruction speed between experiments after this time limit is reached.

Since the advection and dispersion of surfactant are proportional to the velocity of the flow, the latter accelerates the loss of surfactant, and coalescence is initiated more quickly. When the surfactant concentration decreases, the strong foam coalesces starting with the areas with low surfactant concentration, i.e., the foam/water interface and in particular the sidewall on the upstream side of the lateral flow.

Conclusions

We studied the behavior of the foam flowing in a highly permeable porous medium in the presence of a lateral flow of water using 2D tank setups. The influence of this flow and its velocity on the propagation and stability of the foam have been studied in detail.

A flow of strong foam, in the form of a semi-circular semi-ellipse, and a weak foam around it followed by the free gas flow occurred during the foam injection. The quasi-circular shape of the strong foam shows its viscosity and the domination of viscous effects over gravity effects.

The weak foam, on the other hand, flows toward the top of the tank, indicating a lower viscosity.

Lateral flow creates an asymmetry in the weak foam pattern by inhibiting coalescence on the upstream side of the strong foam.

Tracing tests showed that all of the lateral flow was diverted by the strong foam during its injection thanks to its high viscosity. Stability tests have shown that all of the strong foam is destroyed within a few tens of hours. A low lateral flow rate helps to delay the onset of foam coalescence. We found that the coalescence is mainly controlled by the phenomenon of advection-diffusion of the surfactant in the 2D tank. It is expected that, when the surfactant concentration decreases below the critical micelle concentration (CMC), the strong foam begins to coalesce. Foam destruction decreases its viscosity and generates trapped and free-gas that escapes from the strong foam zone upwards towards the top of the tank. This increases gas saturation and its distribution in the area above the strong foam reducing water's mobility in the porous medium.

The foam, therefore, has a double blocking effect: the first is a strict and direct blocking effect caused by the viscosity of the strong foam, and the second is a relative and indirect blocking effect caused by the homogenous distribution of the gas phase in the porous medium.

The gas remains trapped in the porous medium and slows the flows if these are generated by a constant pressure head as is the case with unconfined aquifers.

These results shed new light on the efficiency of foam as a blocking agent, showing that it can also serve as a means of transporting gas more efficiently in porous media, especially for soil remediation applications.
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Fig. 3

 3 Fig. 3 presents the temporal evolution of the volume of gas in the tank, calculated by measuring the mass and estimated by imaging. Error bars represent 5% of the value calculated by imaging. The values calculated by the two techniques are similar within only 5% of error. It is therefore concluded that the imaging analysis technique allows estimation of the saturation in the tank within ± 5%.

Fig. 3 .

 3 Fig. 3. Gas volume in the tank as a function of time, calculated by mass measurement and estimated by imaging. Error bars represent 5% of the value calculated by imaging.

  attributed to low mobility of strong foam due to its high viscosity and low relative permeability. Therefore, water flows around the foam zone as seen in Fig.4. These results demonstrate that the foam can divert the flow of water, acting as a blocking fluid.

Fig. 4 .

 4 Fig. 4. Traces before and after injection of foam. The tracer is identified by the hatched area. 2D tank S (# 1). Top: Before injection (15 minutes between each photo). Bottom: After injection (5 minutes between each photo).

Fig. 5 .

 5 Fig. 5. Time evolution of the foam zone submitted to a lateral water flow (V = 10 m/day). 2D tank M (Experiment #6).

Fig. 6 .

 6 Fig. 6. How gas volume changes in the tank after the end of the injection. Tank M (Experiment #6).

Fig. 7 .

 7 Fig. 7. Tracing after foam destruction. The tracer is identified by the hatched area (15 minutes between each photograph). Tank S (Experiment # 1).

Fig. 8 .

 8 Fig. 8. Mobility reduction over time (Experiment #6).

Fig. 9 .

 9 Fig. 9. Influence of the type of flow (open flow: free surfactant water flow, closed flow: recirculating outlet flow, and without lateral flow) on the foam patterns during the stability phase. Time after the end of the injection.With an open flow, the strong foam is quickly destroyed. In contrast, the destruction of the foam is much more limited in the case of a closed flow. For an experiment without flow, only

Fig. 10 .

 10 Fig. 10. Example of the form of foam propagation. The strong foam is visually identifiable by itswhite color and regular shape.

  the radius of influence are presented in Fig.11for different water lateral flow velocities. The dynamics of the radius of influence follow an evolution close to a power-law function. In the theoretical case where no coalescence phenomenon would occur, the radius of influence would evolve according to a relation of the type 9-= H√ , by geometric definition (for a constant the foam injection rate). The maximum theoretical value for H when the whole foam volume would be converted into strong foam can be calculated byH = J KL MNwith O injection flow rate and P porous medium porosity.

Fig. 11 .

 11 Fig. 11. Influence of the lateral flow velocity on the temporal evolution of the radius of influence.

  one at the end of the injection. The elongation observed in the horizontal

Fig. 12 .

 12 Fig. 12. Influence of lateral flow velocity on aspect ratio over time.

Fig. 13 .

 13 Fig. 13. How foam patterns change during the stability phase for different flow velocities (Time step 20 hours).

Fig. 14 .

 14 Fig. 14. Influence of lateral flow velocity on relative gas volume over time after the end of the injection.

Table 1 .

 1 Characteristics of the porous medium contained in the different tanks.

					Tank		Cavity
		Effective	Total	Saturated height	width		length
	2D tank	length [cm]	height [cm]	ℎ [cm]	[cm]	ℎ	[cm]
	Small (S)	43.5	25	20	2.2	0.11	2.0
	Medium (M)	51.0	35	30	4.0	0.13	1.8

Table 2 .

 2 Summary of the experiments carried out in the 2D tank.

	Experiment number 2D tank	Lateral	water	Lateral	flow
			flow type		velocity
	1	S	Open		10 m/day
	2	S	Without flow	-
	3	S	Closed		10 m/day
	4	M	Open		5 m/day
	5	M	Open		7.5 m/day
	6	M	Open		10 m/day
	7	M	Without flow	-

& = !" + + ( 2 )where +(-) presents the correction for the possible variation between photographs