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Abstract

:

This paper shows a comparison between experiments carried out in a laboratory-scale sandbox where the migration of a dense nonaqueous phase liquid (DNAPL), hydrofluoroether (HFE-7100), in a saturated porous medium was investigated, and validation was performed using high-resolution shock-capturing numerical simulations to resolve the nonlinear governing coupled partial differential equations of a three-phase immiscible fluid flow. The contaminant was released using a colored fluid as a tracer for a fixed time and pressures different from the atmospheric one into the saturated zone, first by using a column laboratory experiment, and then a sandbox-scale example with a hydraulic gradient. A digital image analysis procedure was used to determine the saturation distribution of the contaminant during its migration. These results are compared with the values determined for a DNAPL migration in a similar porous media through a numerical simulation. They show good agreement with the experimental results and also show that CactusHydro can follow the migration of a plume evolution very precisely and can also be used to evaluate the effects and environmental impacts deriving from leaks of DNAPL in saturated zones.
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1. Introduction


Groundwater contamination due to the release of a dense non-aqueous phase liquid (DNAPL) characterized by a density higher than water that does not dissolve in or easily mix with water, such as oil, gasoline, and petroleum products, represents a significant environmental pollution problem due to the extensive use of these liquids in industrial or commercial processes. For these reasons, it is important to understand the migration fate of these contaminants in controlled laboratory conditions, such as porous medium in sandboxes with fixed boundary conditions and a type of dense contaminant.



When introduced into the environment, a DNAPL migrates downward, due to the gravitational effects, as a different liquid, first in the unsaturated zone, then in the saturated one. Besides this vertical movement, there is a lateral spreading due to capillary effects and hydraulic gradient. The distribution of the contaminant may vary depending on the medium characteristics, and entrapped DNAPL dissolves slowly into the groundwater flow and acts as a long-term source of contamination. Some examples have been proposed to investigate the migration of a DNAPL (e.g., [1,2,3,4,5,6,7]).



Two main measurement approaches for measuring contaminant dispersion in sandboxes aquifer are reported in the literature. One of them uses in-situ probes to measure the tracer concentration. The second one is based on an image analysis that allows for obtaining time lapse images of the tracer. Since this procedure is not invasive, it does not influence the fate of the flow and the concentration field [8,9]. In the hydraulic laboratory of the University of Parma, we set up an aquifer model sandbox (and a column) and a next-generation imaging system to investigate DNAPL migration using digital photography (a color camera with high resolution) to determine the concentration of the DNAPL in terms of reading and spatial details. In a previous work [5], a hydrofluoroether (HFE-7100), a colorless DNAPL, was used. Since the HFE-7100 is not miscible with water and the saturation concentration of fluorescein sodium salt is too low to be observed through imaging analysis, instead of colouring the HFE-7100, as was performed in a previous work [5], the experiments were carried out considering water with fluorescein sodium salt as the background fluid and HFE-7100 as the tracer. The contaminant can then be detected in the image analysis where the water is not colored.



The determination of the spilled DNAPL migration/spill in a porous medium (in particular, in a column/sandbox laboratory-scale model) can be described using numerical simulations of the governing equations of immiscible phase fluid flow in a porous medium. For example [10,11], laboratory studies applied imaging techniques [4], NAPL mass dissolution [4,5,12], and the relevance of heterogeneities [13,14]. In Citarella et al. [6], the main assumptions of the model are that the flow and transport phenomena are uncoupled and that the flow can be studied in a vertical plane; the porous medium was considered homogeneous and isotropic. The groundwater flow was reproduced using MODFLOW 2000 [15], and the transport process was reproduced by using MT3DMS with the total variation diminishing (TVD) method as the advection solver package [16].



The difference between the numerical approach used in [4] and this paper is that we used a numerical code, CactusHydro, recently introduced in [17,18], based on the high-resolution shock-capturing (HRSC) flux conservative method [19,20,21] that follows sharp discontinuities accurately and temporal dynamics of three-phase immiscible fluid flow in a porous medium; this shows the absence of spurious oscillations in the solution and converges to the ‘weak’ solution as the grid is refined. The time evolution was performed using a forward-in-time explicit (forward) method (instead of the most commonly used implicit ‘backward’ in time evolution method). CactusHydro is based on the Cactus computational toolkit [22,23,24], an open-source software framework for developing parallel high-performance computing (HPC) simulation codes, and the data are evolved on a cartesian mesh using Carpet [25,26]. The migration of the spilled DNAPL contaminant was considered immiscible. The effect of volatilization, biodegradation, or dissolution was not considered. The vertical and horizontal movement of the contaminant are coupled and are numerically resolved as a unique zone (and not separating the vertical movement from the horizontal one since the flow equations include both zones).



The purpose of this work is to validate the numerical simulations of a DNAPL leak in a saturated porous medium through the comparison between numerical and experimental results. In more detail, the HRSC flux conservative method and the CactusHydro code [16,17] were utilized to simulate the DNAPL leaking with a pressure different from the atmospheric one for a fixed time, and a sandbox experiment (after being calibrated, the system used a column experiment) was carried out to verify the effectiveness of the numerical simulations. At this stage, a comparison was made in order to verify the ability of this numerical approach to make reliable predictions about the DNAPL migration velocity, considering the whole DNAPL plume as a reference.




2. Materials and Methods


2.1. Governing Equations


The governing equations that describe three-phase fluid flow in a porous medium composed of nonaqueous (  n  ), water (  w  ), air (  a  ), and a variably saturated zone were introduced in [16,17] and are given by:


        ∂   ∂ t       ρ   n   ϕ   S   n     =   ∂   ∂   x   i         ρ   n       k   r n       μ   n       k   i j       ∂   p   a     ∂   x   j     +   ρ   n   g   ∂ z   ∂   x   j         −   ∂   ∂   x   i         ρ   n       k   r n       μ   n       k   i j       ∂   p   c a n     ∂   x   j         +   q   n   ,      



(1)






        ∂   ∂ t       ρ   w   ϕ   S   w     =   ∂   ∂   x   i         ρ   w       k   r w       μ   w       k   i j       ∂   p   a     ∂   x   j     +   ρ   w   g   ∂ z   ∂   x   j         −   ∂   ∂   x   i         ρ   w       k   r w       μ   w       k   i j       ∂   p   c a w     ∂   x   j         +   q   w   ,      



(2)






        ∂   ∂ t       ρ   a   ϕ   S   a     =   ∂   ∂   x   i         ρ   a       k   r a       μ   a       k   i j       ∂   p   a     ∂   x   j     +   ρ   a   g   ∂ z   ∂   x   j         +   q   a   ,      



(3)




where     x   i   =   x , y , z     are the spatial cartesian coordinates;   t   is the time coordinate;     ρ   α           M     L   3        ,    μ   α           M   L T     ,   p   α           M     T   2   L     ,   k   r α    ,     k   i j           L   2     , g         L     T   2        ,   z       L    ,     q   α           M   L      , and   ϕ   are the density for each phase,   α =   w , n , a   ,   the dynamics viscosity of phase   α  , the pressure of phase   α  , the dimensionless relative permeability of phase   α  , the absolute permeability tensor, the gravity acceleration, the depth, the mass source/sink, and the porosity, respectively. A fourth equation accounts for     S   α    , the dimensionless volumetric saturation of phase   α  , and satisfy the relation:


        S   w   +   S   n   +   S   a   = 1 .      



(4)







The system (1)–(4) is written in terms of the pressure     p   a     (that is, the air pressure when     S   a     is different from zero), and the saturations     S   w   ,   S   n   ,   S   a    . It is also written in terms of the capillary pressure for the air–water phase,     p   c a w   =     p   a   −   p   w     ,   and the capillary pressure for the air–nonaqueous phase,     p   c a n   =     p   a   −   p   n      , where it is used,     p   w   =   p   a   −   p   c a w    , and     p   n   =   p   a   −   p   c a n   .   The nonaqueous–water capillary pressure is given by     p   c n w   =     p   n   −   p   w     =     p   c a w   −   p   c a n       (in contrast to Refs. [27,28], where the air gradient pressure is assumed to be negligible). Both the relative permeabilities     k   r w   ,   k   r n     and     k   r a   ,   and the capillary pressures are functions of the saturations,     k   r α   =   k   r α       S   a   ,   S   n   ,   S   w     ,   p   c a n   =   p   c a n       S   a   ,   S   n   ,   S   w       and     p   c a w   =   p   c a w       S   a   ,   S   n   ,   S   w      .



For three-phases, they have been extended from the two-phase expressions [29] and can be found in [17,18]:     k   r w   =   S   e w   1 / 2       1 −     1 −   S   e w   1 / m       m       2    ,     k   r a   =     1 −   S   e t       1 / 2     (  1 −   S   e t   1 / m    )   2 m   ,   and     k   r n   =       S   e t   −   S   e w       1 / 2           1 −   S   e w   1 / m       m   −     1 −   S   e t   1 / m       m       2   ,   where the total effective liquid saturation,     S   e t   ,   is defined in terms of the irreducible wetting phase saturation     S   w i r   ,   i.e.,     S   e t   =     S   w   +   S   n   −   S   w i r     1 −   S   w i r      . For the capillary pressure, instead, the van Genuchten model [30] is used where the effective saturation,     S   e    , is given by:     S   e   =     1 +     α   p   c       n         1 −   1   n        , and   α   and   n   are model parameters.     p   c     is the capillary pressure head:     p   c   = −   p   c 0       1 −   S   e   1 / m       1 − m   ,   where   m = 1 −   1   n   ,   and     p   c 0   =   α   − 1     is the capillary pressure at     S   e   = 0 .   Since     p   c a w   =   p   c a n   +   p   c n w    , the capillary pressures are given by     p   c a n   = −   p   c a n 0       1 −   S   e t   1 / m       1 − m     and     p   c a w   = −   p   c a n 0       1 −   S   e t   1 / m       1 − m   −   p   c n w 0       1 −   S   e w   1 / m       1 − m    .



The strong nonlinearities in the partial differential equations PDEs system (1)–(4) are represented by the relationship between the permeability–saturation, which is responsible for creating sharp discontinuities (shocks), and the capillary pressure–saturation of each phase. Therefore, the dominant part of the multiphase PDEs flow that has to do with the water and nonaqueous phase is dominated by the hyperbolic part (the one proportional to gravity and the gradient of the pressure) rather than the one proportional to capillary pressures (elliptic part of the PDEs (1)–(4)). To numerically resolve the partial differential equations PDEs (1)–(4), we used the HRSC methods [19,20,21] introduced in [17,18], which treat the hyperbolic part of the PDEs and eliminate the oscillations/shocks and converge to the ‘weak’ solution of the system.




2.2. Experimental Equipment


2.2.1. Tracer


The lab experiment’s objective was to evaluate the fate of a DNAPL in porous media. As in a previous work [5], hydrofluoroether, HFE-7100 (Sigma-Aldrich, Saint Louis, MO, USA. Product number: SHH0002, Formula: C5H3OF9), a non-toxic, non-flammable, colorless DNAPL, was used because of its similar properties to TCE. Considering that HFE-7100 is not miscible with water and the saturation concentration of fluorescein sodium salt is too low to be observed through an imaging analysis, instead of coloring the HFE-7100, as was performed in a previous work [5], the experiments were carried out considering water with fluorescein sodium salt as a background fluid and HFE-7100 as a tracer. Therefore, the HFE-7100 can be detected in the image analysis where the water is not colored.




2.2.2. Experimental Setup for DNAPL Migration in a Column


The preliminary tests were performed in a column in a steady state (see Figure 1). The column, with an internal diameter of 50 mm and a length of 50 cm, was filled with glass beads of 1 mm diameter as the porous media and saturated with water and fluorescein. Then, 50 mL of HFE-7100 was injected for 3 s at the top of the column, and the DNAPL movement was observed through photographic equipment every 0.5 s for 400 s.




2.2.3. Experimental Setup for DNAPL Migration in a Sandbox


The experiments were performed in a sandbox built with transparent plates; see Citarella et al., 2015 [6] for the details of the setup. The external dimensions of the sandbox were 1.20 m × 0.73 m × 0.14 m. Along the longest axis, the sandbox was made up of three parts (Figure 2): two tanks (upstream and downstream), which allow the regulation of the water level and, consequently, of the flux, and a central chamber (length L = 0.954 m, height H = 0.70 m and thickness TH = 0.10 m), which contains the porous medium. Two weirs controlled the water level in the upstream and downstream tanks to maintain the same boundary conditions without oscillations during the experiments. The porous medium consisted of glass beads with a diameter between 0.75 and 1 mm and a density of   1480   kg /   m   3    . The material was packed in order to avoid non-uniformity of the media. The porosity of the medium was estimated at 37% [31], and the bulk hydraulic conductivity   K   was estimated to be   K = 6 ×   10   − 3     m / s   [6].



The experimental device was placed in a darkroom to avoid external light contamination. Considering that the experimental apparatus was developed for using fluorescein sodium salt as a tracer, the darkroom was lighted by means of 8 monochromatic blue LED lights [6]. Then, 4.89 mL/s for 45 s of HFE-7100 was injected at the red dot (see Figure 2) and the DNAPL movement was observed through photographic equipment every 5 s for approximately 215 s. The spill rate was selected so as to simulate the transport resulting from instantaneous contaminant injection in the subsurface, at the laboratory scale.




2.2.4. Data Acquisition


The evolution of the DNAPL spread was evaluated through image analysis. The digital images were acquired with a Canon EOS 40D camera with a 16–35 mm zoom lens, placed inside the darkroom on a fixed tripod at a distance of 1.6 m from the sandbox. The camera was fully controlled by a computer, and the images were shot with a spatial resolution of 3888 × 2592 pixels in RAW format with 14-bit color depth for each channel. Ad hoc software developed in the Labview® environment, version 11.0.0.4029 (National Instruments, 2011) stored the injection and background rate and controlled the injection timing and the camera.






3. Results


This section shows the DNAPL migration three-dimensional HRSC numerical simulations results performed in both a column experiment and then a sandbox laboratory experiment. For the case of the column experiment, the DNAPL was released into a saturated zone for a fixed time equal to 3 s. For the case of the sandbox experiment, instead, the DNAPL was released into the saturated zone for a fixed time of 45 s. We compared these numerical results with the experimental ones coming from the DNAPL leakage from a column and the experimental results of the NAPL leakage in a sandbox experiment explained in Section 2.2.



From the numerical point of view, it is considered a three-phase immiscible fluid model composed of water, air, and nonaqueous phase liquid (DNAPL) defined in Section 2.1 [17,18] and includes, as an initial condition, a DNAPL contaminant that is released for a fixed time with a pressure higher than the atmospheric one. The temporal evolution of the migration of the immiscible contaminant was investigated following the saturation contour profiles of each phase along the saturated zone and at different times.



3.1. Numerical Setup of a DNAPL Migration


3.1.1. Numerical Setup of a DNAPL Migration in a Column


We first consider a DNAPL leak, HFE-7100, of density     ρ   h f e − 7100   = 1500   k g /   m   3     [4], released for three seconds (at a spill rate of   0.0167   k g / s  ) inside a saturated column zone, such as the one in Figure 1. The contaminant is released for 3 s with a pressure of   4118.0   P a  . The saturated zone grid geometry is assumed to be a parallelepiped (see Figure 3) of   0.060   m   long from   x =   − 0.030 , + 0.030     m   (left-hand side),   0.060   m   wide from   y =   − 0.030 , + 0.030     m   (right-hand side), and   0.360   m   depth,   z =   + 0.0 , − 0.360   m  , with a spatial resolution of   d x = d y = d z = 0.01   m  , and a time step size   d t = 0.001   s .   The DNAPL is released into the saturated zone on top of a parallelepiped grid placed at   z =   − 0.040 , − 0.035     m  ,   x =   − 0.005 , + 0.005     m ,   and   y =   − 0.005 , + 0.005     m  , at   t = 0   s  , as shown in Figure 3. Initially, the saturation of the contaminant inside this box is one. The experimental porous medium is a saturated zone and is composed of spherical glass beads equivalent to sand and porosity equal to 0.37 in the numerical model. All the boundary conditions are no-flow except for the infiltration zone on top of the parallelepiped and an impermeable zone at the bottom. The legend at the right-hand side of Figure 3 indicates the saturation contour of the DNAPL,       σ   n   = S   n   ϕ   in color bars. The left-hand side of Figure 3 shows the   z − x   plane, while the right-hand side shows the   z − y   plane.



Table 1 gives the material properties and parameter details used in the numerical simulations performed with CactusHydro [17,18] together with the initial conditions shown in Figure 3. It shows the density of DNAPL HFE-7100, which is   1500   k g /   m   3    . The porosity of the porous medium is fixed to be 0.37, which represents a sand geological structure [31]. The value of the hydraulic conductivity was measured to be   K = 6.0 ×   10   − 3     m / s  . From this value, we calculated the absolute permeability,   k =   K   μ   w       ρ   w   g    , where we used the density and the dynamics viscosity values of the water, while   g = 9.8   m /   s   2    , and gives   k = 6.122 ×   10   − 10       m   2     (this is the value that has been used in the numerical model; see Table 1). We set this value for the entire grid with     k   x   =   k   y   =   k   z   .   The relative permeabilities and capillary pressure were obtained using the equations in Section 2.1. The van Genuchten   α   parameter is given by   α =         p   c       ρ   w   g       − 1    , where     p   c     is the capillary pressure head equal to   676.55   P a  .



Using the values of the surface tension and the interfacial tension of the different phases and, in particular, for the DNAPL HFE-7100 in Table 1 (see Ref. [4]), one can calculate the coefficients     β   a n   =     σ   a w       σ   a n     =   71.75   13.60   = 5.28   and     β   n w   =     σ   a w       σ   n w     =   71.75   35.59   = 2.02  , the capillary pressure nonaqueous-water,     p   c n w       S   w     =     p   c a w       β   n w     = 334.93   P a ,   and the capillary pressure air-nonaqueous,     p   c a n   =   p   c a w   −   p   c n w   = 341.62   P a  .



The value of the dynamic viscosity for the DNAPL HFE-7100 was set to be   1.35 ×   10   − 3     k g /   m s     [32]. The irreducible wetting phase saturation     S   w i r   = 0.045   (in Table 1) was taken from Refs. [33,34] corresponding to a porous medium ‘Sand’.




3.1.2. Numerical Setup of a DNAPL Migration in a Sandbox


We now consider the same contaminant as before, the DNAPL leak, HFE-7100, whose density is     ρ   h f e − 7100   = 1500   k g /   m   3    , released for forty-five seconds (at a spill rate of   4.89 ×   10   − 3     kg / s  ) inside a saturated sandbox laboratory experiment (similar to Figure 2). The contaminant is released with a pressure of   3118.0   P a   and a saturation of one. The direction of the release is in the direction of the   x −  axis (left and right). The saturated zone grid geometry is assumed to be a parallelepiped of   1.16   m   long from   x =   − 0.88 , + 0.28     m   (see Figure 4), 0.10 m wide from   y =   − 0.05 , + 0.05     m  , and   0.80   m   depth,   z =   + 0.15 , − 0.65     m  , with a spatial resolution of   d x = d y = d z = 0.01   m  , and a time step   d t = 0.001   s .   The DNAPL is released in the saturated zone on top of a parallelepiped grid placed at   z =   − 0.180 , − 0.170     m  ,   x =   − 0.025 , + 0.025     m ,   and   y =   − 0.100 , + 0.100     m  , at   t = 0   s  , as shown in Figure 2. The porous medium is only a saturated zone and is composed of spherical glass beads equivalent to sand [31]. All the boundary conditions are no-flow except for the infiltration zone on top of the parallelepiped and an impermeable zone at the bottom. The legend at the right-hand side of Figure 4 indicates the saturation contour values of DNAPL,       σ   n   = S   n   ϕ ,   in color bars. A hydraulic gradient of 0.02083 originates a flow from the right to the left (Figure 4).



Table 1 gives the material properties and parameter details used in the numerical simulations performed with CactusHydro code [17,18], and the initial conditions are shown in Figure 4. Most parameters are similar to the column case, since we used this case to calibrate the sandbox model, except for the hydraulic conductivity, which changed slightly to be   K = 6.92 ×   10   − 3     m / s  . From here, we obtain the absolute permeability,   k =   K   μ   w       ρ   w   g    , that is   k = 7.061 ×   10   − 10       m   2    , over the whole grid, with     k   x   =   k   y   =   k   z   .  





3.2. Comparison of DNAPL Migration between Experiment and Numerical Simulations in a Column


After being released for three seconds, using an injector placed in the saturated zone, the DNAPL migrates downward to the saturated zone under the influence of gravity (see Figure 5), which shows a comparison between the experimental results inside the column (left-hand side of each of the four panels) and the numerical results of the saturation       σ   n       contours of the DNAPL migration in the   z − x   plane (the right-hand side of each panel) for different times. The       σ   n   = S   n   ϕ ,   is the product of the saturation of the DNAPL multiplied by the porosity of the porous medium, and the color bar indicates its value. The column is represented using a grid dimension of   0.060 m × 0.060 × 0.360   m   at different times: 12 s, 24 s, 50 s, 90 s. The left-hand side of each panel time shows the experimental result, while the saturation contours of the DNAPL migration in the     z − x     plane are placed on the right-hand side of each panel. Although we have numerical outputs for any particular time, we have chosen two equispaced time frame (12 s and 24 s), plus one when the contaminant reaches the medium part of the column (50 s), and the last one corresponding to the contaminant reaching the bottom part of the column (90 s).



The first panel shows the time at 12 s, the second at 24 s, the third at 50 s, and the fourth at 90 s, respectively. The contaminant is released for three seconds with a pressure of   4118.0   P a  . Then, it moves downward (no hydraulic gradient is present), but lateral spreading also occurs due to the effect of the viscosity/capillary pressures (see Table 1 for details). Notice how the contaminant fills the entire column at each time.



The initial time in which the contaminant arrives at the bottom is at approximately 90 s (fourth panel). The final time it completely arrives at the bottom is after around 220 s. For each time, the transient saturation contours are viewed in the   z − x   (see Figure 5). The agreement between the experimental and the numerical simulation results is very good. In Table 2, we show the values used in Figure 5.




3.3. Comparison of DNAPL Migration between Experiment and Numerical Simulations in a Sandbox


After being released for forty-five seconds, using an injector placed in the saturated zone (see Figure 4) that released the DNAPL hde7100 at a pressure of   3118.0   P a  , it migrates downward into the saturated zone under the influence of gravity. In Figure 6, a comparison between the experimental results of the sandbox (the left-hand side of each of the four panels) and the numerical results of the saturation       σ   n       contours of the DNAPL migration in the   z − x   plane (the right-hand side of each panel) for four different times are shown. Although we have numerical outputs for any particular time, we have chosen two equispaced time frames (5 s and 25 s), plus one when the contaminant reaches the medium part of the column (50 s), and the last one corresponding to the contaminant reaching the bottom part of the column (75 s).



The first panel shows the time at 5 s, the second at 25 s, the third at 50 s, and the fourth at 75 s, respectively. The injection of the DNAPL into the saturated zone is performed in both   x   directions (see the first pane, the right-hand side). There is a hydraulic gradient and an underline motion with   Q = 9.4   m L / s   in the left direction. A green rectangle has been highlighted for comparison with the real experimental image.



After 75 s, the contaminant arrives at the bottom of the green rectangle (last panel, the right-hand side), similar to the experimental counterpart on the left-hand side. The comparison between both the numerical and experimental results is very good, even though the numerical model simulates a slightly faster migration than what was observed in the sandbox (Table 3). At the same time, the difference between the observed and the simulated transport velocity progressively decreases during the migration of the contaminant in the subsurface. In Table 3, we show the values used in Figure 6.





4. Conclusions


This paper investigates the migration of a DNAPL HFE-7100 through a column and a sandbox laboratory scale porous media and compares their results with three-dimensional numerical simulations using a CactusHydro [17,18] conservative HRSC method that precisely follows the advective part of the fluid flow and resolves the hyperbolic part of the nonlinear governing coupled PDFs of a three-phase immiscible fluid flow. The contaminant is released using a colored fluid as a tracer injected into a saturated zone, first using a column laboratory experiment, then using a sandbox-scale system with a hydraulic gradient and a fixed time.



We investigated the temporal evolution of the migration of the immiscible DNAPL in a porous medium following the saturation contour profiles of the three-phases fluids flow (air is zero in the saturated zone) numerical simulations. The comparison with the experimental results shows very good agreement, even though the numerical model simulates a slightly faster migration than that observed in the sandbox. At the same time, the difference between the observed and the simulated transport velocity progressively decreases during the migration of the contaminant in the subsurface.



The next step required having quantitative DNAPL saturation data from the experimental images and comparing them with the numerical data for these homogeneous conditions. This means quantifying the images in terms of DNAPL saturations. Future developments could include the application of experimental tests carried out in a sandbox filled with heterogeneous porous media; they can lead to a detailed analysis of the fluid flow phenomena and their relationship with the capillary pressures.



In a wider context, the experimental validation of this numerical approach further confirms the possibility of applying it to (i) reconstruct reliable environmental scenarios caused by DNAPL releases in the subsurface (with emphasis on porous media) and (ii) design (also through numerical simulations) the best hydraulic barrier system to be constructed to optimize the free-product DNAPL extraction in potential emergency scenarios.



The limitation of the work is that, at this stage, the experimental validation was made at the laboratory scale in homogeneous porous media. Therefore, further validations will be carried out by (i) quantifying the images in terms of DNAPL saturations in homogeneous and heterogeneous conditions at the laboratory scale and (ii) at a site scale by analyzing (and simulating) the effect of real DNAPLs releases in the subsurface.
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Figure 1. Experimental equipment for the column filled with glass beads of 1 mm diameter as the porous media and saturated with water and fluorescein. 
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Figure 2. Sketch of the experimental device. Constant head boundaries upstream and downstream; the porous media was laterally confined by iron plates, and at the top, it is involved in the capillary fringe. The red dot is the source location. Dimensions are in mm. The blue arrow indicates the flow direction. 
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Figure 3. The grid geometry used in the numerical simulation of an immiscible DNAPL inside a saturated column and a grid dimension of 0.060 m × 0.060 × 0.360 m, at the initial time t = 0 s. The red box is the immiscible DNAPL at the top of the parallelepiped in the   z − x   plane (left-hand side) and the   z − y   plane (right-hand side), respectively. 
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Figure 4. The grid geometry used in the numerical simulation of an immiscible DNAPL inside a saturated sandbox and a grid dimension of 1.16 m × 0.10 × 0.80 m, at the initial time t = 0 s. The blue box is the immiscible DNAPL at the top of the parallelepiped in the   z − x   plane. 
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Figure 5. Comparison between the experimental results on the DNAPL migration in a column and three-dimensional numerical results on the saturation contours       σ   n   =   S   n   ϕ     of the DNAPL in a column using a grid dimension of   0.060   m × 0.060 × 0.360   m ,   at different times: 12 s, 24 s, 50 s, 90 s. The left-hand side of each panel time shows the experimental result, while the saturation contours of the DNAPL migration in the     z − x     plane are placed on the right-hand side of each panel. 
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Figure 6. Comparison between the experimental results on the DNAPL migration in a sandbox and three-dimensional numerical results on the saturation contours       σ   n   =   S   n   ϕ     of the DNAPL in a sandbox using a grid dimension of   0.060   m × 0.060 × 0.360   m   at different times: 5 s, 25 s, 50 s, 75 s, respectively. The left-hand side of each panel time shows the experimental result in the sandbox, while the saturation contours of the DNAPL migration in the     z − x     plane are placed on the right-hand side of each panel. 






Figure 6. Comparison between the experimental results on the DNAPL migration in a sandbox and three-dimensional numerical results on the saturation contours       σ   n   =   S   n   ϕ     of the DNAPL in a sandbox using a grid dimension of   0.060   m × 0.060 × 0.360   m   at different times: 5 s, 25 s, 50 s, 75 s, respectively. The left-hand side of each panel time shows the experimental result in the sandbox, while the saturation contours of the DNAPL migration in the     z − x     plane are placed on the right-hand side of each panel.



[image: Water 15 01471 g006]







[image: Table] 





Table 1. List of parameters used for the three-dimensional numerical simulations of a DNAPL leak in a column.
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	Parameter
	Symbol
	Value





	Absolute permeability,     m   2    
	   k   
	   6.122 ×   10   − 10       



	Rock compressibility,   P   a   − 1    
	     c   R     
	   4.35 ×   10   − 7     



	Porosity
	     ϕ   0     
	   0.37   



	Water viscosity,   k g /   m s    
	     μ   w     
	     10   − 3       



	Water density,   k g /   m   3    
	     ρ   w     
	     10   3       



	DNAPL HFE-7100 dynamic viscosity,   k g /   m s    
	     μ   n     
	     1.35 × 10   − 3     



	DNAPL HFE-7100 density,  k g /   m   3    
	     ρ   n     
	   1500   



	Air viscosity,   k g /   m s    
	     μ   a     
	   1.8 ×   10   − 5     



	Air density,   k g /   m   3    
	     ρ   a     
	   1.225   



	Van Genuchten parameter
	     n , m     
	     2.68,0.627     



	Irreducible wetting phase saturation
	     S   w i r     
	   0.045   



	Surface tension DNAPL,   N / m  
	     σ   n a     
	   13.60 ×   10   − 3     



	Interfacial tension DNAPL,   N / m  
	     σ   n w     
	   35.59 ×   10   − 3     



	Surface tension water,   N / m  
	     σ   a w     
	   71.75 ×   10   − 3     



	Capillary pressure air-water at zero saturation,   P a  
	     p   c a w 0     
	   676.55   



	Capillary pressure DNAPL-water at zero saturation,   P a  
	     p   c n w 0     
	   334.93   



	Capillary pressure air-nonaqueous at zero saturation,   P a  
	     p   c a n 0     
	   341.62   



	Resolution,   m  
	   Δ x = Δ y = Δ z   
	   0.01   
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Table 2. Values of the position of the contaminant migration in the column experiment, and in the numerical model output, for different times.
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	Time (s)
	Position of the Contaminant in the Experimental Column (m)
	Position of the Contaminant in the Numerical Model (m)





	12
	   − 0.125   
	   − 0.135   



	24
	   − 0.170   
	   − 0.175   



	50
	   − 0.240   
	   − 0.245   



	90
	   − 0.320   
	   − 0.350   
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Table 3. Values of the position of the contaminant migration in the sandbox experiment, and in the numerical model output, for different times.
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	Time (s)
	Position of the Contaminant in the Experimental Sandbox (m)
	Position of the Contaminant in the Numerical Model (m)





	5
	   − 0.200   
	   − 0.225   



	25
	   − 0.280   
	   − 0.335   



	50
	   − 0.380   
	   − 0.435   



	75
	   − 0.435   
	   − 0.480   
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