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3) Paragraphs should be justified on both sides, with the first line indented 5 spaces 
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2) Authors bold and centered 

3) Institute bold and centered 

4) Section headings bold, in capitals and left aligned

5) Single line spacing between formal sections

6) Figure captions centered below figure

7) Table captions centered above table, see enclosed sample abstract for table formatting

8) Equations italicized, centered, and numbered

9) Use reference style in included sample abstract

DNAPL FLOW THROUGH FRACTURED POROUS MEDIA

David A. Reynolds and Bernard H. Kueper

(Queen’s University, Kingston, Ontario, Canada)

INTRODUCTION

The presence of DNAPL in the subsurface is recognized as a significant source of long-term groundwater contamination at many sites throughout North America and Europe (Cherry et al., 1996; Freeze and McWhorter, 1997).  DNAPLs of environmental concern include PCB oils, chlorinated solvents, coal tar, and creosote.  A release of DNAPL to the subsurface will distribute itself as both disconnected blobs and ganglia of liquid referred to as residual, and in continuous distributions referred to as pools.  The relative proportions of residual and pooled DNAPL depends upon a number of factors including DNAPL density, interfacial tension, capillary properties, release rate, and hydraulic gradient.  At many sites in North America, the volume of DNAPL released to the subsurface is sufficient to penetrate bedrock and fractured clay aquitards located beneath the watertable.

Kueper and McWhorter (1991) developed a conceptual model for DNAPL flow through fractured environments, pointing out that once entering a fracture network DNAPL will migrate preferentially through the largest aperture fractures, and has the potential to migrate to large depths.  Lateral flow will also occur provided that the entry pressure of intersecting horizontal fractures is overcome, the vertical migration pathways are incapable of accepting the incoming flux of DNAPL, or vertical pathways are non-existent.  DNAPL, due to the fact that it is more dense than water, will also enter dead-end vertical fractures outside the connected wetting phase flow pathways.  Parker et al. (1994) pointed out that, due to the porous nature of the matrix surrounding fractures, the DNAPL trapped in these dead-end vertical fractures will dissolve into the aqueous phase and diffuse into the matrix, which may result in the eventual loss of the non-wetting phase from the fracture.

The objective of this study is to advance the above work by considering fully the effects of gravity, capillary pressure, relative permeability, viscosity, and matrix diffusion on the rate of DNAPL migration through fractured porous media.  This work is focused on a single fracture.  Understanding at this scale is a prerequisite to understanding and analysis at the network and field scales.

THEORY AND SIMULATION DOMAIN

The model used in this work (QUMPFS) is a fully three-dimensional, multiphase compositional simulator, which allows for explicit simulation of matrix-fracture interactions, non-equilibrium phase partitioning, and hysteresis in the relative permeability and capillary pressure-saturations relationships.  

The partial differential equations governing isothermal multiphase flow with multicomponent transport in porous media on which the model is based are:
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where np is the number of phases, ( is the phase of interest, nc is the number of components, i is the component of interest, ct( is the molar density of phase (, S( is the fraction of void space occupied by phase (, ( is the porosity of the medium, v( is the flux of phase (, xi( is the mole fraction of component i in phase (, Di( is the dispersion tensor for component i in phase (, qi( is a source or sink of component i in phase (, and Ii( represents the inter-phase mass transfer of component i to or from phase (.  The governing equations are discretized through the finite volume method using a lumped mass time derivative.

The physical system used in this study consists of a single fracture imbedded in a porous matrix.  The fracture is 3m long, and is inclined from 90 to 70 degrees below horizontal in various simulations with unit depth into the third dimension.  Figure 1 illustrates the domain of interest.
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FIGURE 1. Simulation Domain

Flow boundary conditions on the domain consist of no-flow along all vertical edges, and constant wetting phase pressure along the top and bottom of the domain, such that the pressure distribution is hydrostatic.  Non-wetting phase was introduced into the top of the fracture under a constant capillary pressure of 4295 Pa, equal to 0.3 m of pooled TCE situated at the water table, which is located at the top of the domain.  This value was chosen to allow entry into all fracture apertures simulated in this study.  All simulations terminated when non-wetting phase appeared in the lowest cell in the fracture.  Transport boundary conditions were set such that aqueous phase contaminant was unable to leave the domain.  Table 1 summarizes the physical and chemical parameters used in the simulations, with the bolded values representing the base-case simulation.

TABLE 1. Physiochemical parameters used in the simulations

Parameter
Value
Parameter
Value

Pore Size Distribution Index
2.0
Matrix Permeability
1.0 x 10-17 m2

Residual Wetting Phase Saturation
0.1
Longitudinal Dispersivity
0.01 m

Wetting Phase Viscosity
1.0 x 10-3 Pa s
Transverse Dispersivity
0.001 m

Non-wetting Phase Viscosity
5.7 x 10-4 Pa s
Aperture
1.0 x 10-5 m

Diffusion Coefficient
2.0 x 10-9 m2/s
Solubility
1300 g/L

Wetting Phase Density
1000 kg/m3
Matrix Porosity
0.1

Non-wetting Phase Density
1460 kg/m3
Distribution Coefficient
1.26 x 10-4 L/kg

Interfacial Tension
2.0 x 10-2 N/m
Fracture Inclination
90 (

RESULTS AND DISCUSSION

To provide a framework for the discussion of the results, the base-case was initially run using a variety of fracture apertures both with and without allowing for DNAPL dissolution and matrix diffusion.  The non-dissolution/diffusion case represents the fastest possible migration through the fracture.  Table 2 summarizes the breakthrough times.  For apertures ranging from 10 to 75 microns, the time to traverse the entire fracture ranges from 11.3 days to 24.5 minutes for the non-dissolution case, and from 13.7 days to 25 minutes for the dissolution case.  It is clear that matrix diffusion slows the rate of migration through the fracture, but not by a significant amount.

TABLE 2. Breakthrough times for base-case simulations

Aperture ((m)
Breakthrough Time

(Ross and Lu, 1999)
Breakthrough Time (No Dissolution)
Breakthrough Time

 (With Dissolution)

10
12.6 hours
11.3 days
13.7 days

20
3.2 hours
6.7 hours
8.4 hours

30
1.4 hours
2.8 hours
3.5 hours

50
30.3 minutes
56.6 minutes
63.6 minutes

75
13.5 minutes
24.5 minutes
25.6 minutes

The values attributed to Ross and Lu (1999) in Table 2 are calculated based on their dimensionless Nitao number analytical approach.  Comparison between their approach and this work is difficult due to the assumptions inherent in their analytical solution procedure.  This is most evident when comparing the predicted rates of advance of the non-wetting phase through the fracture.  Ross and Lu (1999) use a formulation that requires two simplifications of the physics involved with two phase flow; neglecting over-pressurization of the system by a capillary pressure at the fracture entrance greater than the displacement pressure, and the concept of relative permeability.  These two effects are offsetting, however, and their relative importance cannot be assessed without the use of a numerical model.

Figure 2 shows the complete results for the sensitivity study, plotted as the ratio of breakthrough time for the simulation with the altered parameter to the base-case simulation (with dissolution).  The effects of all of the parameters are small to moderate when compared to the effect of fracture aperture, with less sensitivity for larger aperture fractures.  The two most important parameters controlling the advance of the non-wetting phase found with this study, independent of fracture aperture, are the solubility of the DNAPL and the angle of the fracture.  The effect of increasing the solubility of the DNAPL directly increases the mass lost from the fracture due to matrix diffusion.

The factor exhibiting the most pronounced effect on the migration of the DNAPL (independent of fracture aperture) is the angle of inclination of the fracture.  A decrease of 20( causes an approximate doubling in the breakthrough time (for the 10 (m fracture).  Reducing the incline of the fracture is the only change made to the system that significantly alters the quantity of non-wetting phase entering the domain.  The gravitational force on the flowing DNAPL is proportional to the sine of the angle of inclination, thus a shallow dipping fracture experiences a significant reduction in the volume of non-wetting phase flow.

A notable feature of the behaviour summarized in Figure 2 is the smaller difference that varying the parameters makes on fractures larger than 30 (m.  This phenomenon is due to a combination of the increased capillary driving force and the larger volumes of DNAPL per square metre of fracture.  The reduced time required for the DNAPL to traverse the larger fractures under the greater capillary gradient and higher DNAPL relative permeability reduces the time available for diffusive losses to the matrix.  In addition, the diffusive losses become a much smaller percentage of the mass available with an increase in fracture aperture.  In recognizing that these two parameters are additive, it is doubtful that breakthrough times in larger aperture fractures will be significantly reduced in any realistic setting with any low solubility organic compound.
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FIGURE 2. Summary of results

The balancing of the mass lost through matrix diffusion and the mass entering the fracture is the overall controlling factor on the rate of DNAPL penetration through the system.  In certain cases, however, where the diffusive flux into the matrix exceeds the non-wetting phase advective flux into the top of the fracture, downward migration will still occur due to gravity forces, but with the system experiencing capillary hysteresis (reduction in DNAPL saturations while still maintaining downward flow).
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