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Abstract

This study develops a modeling approach for simulating and evaluating entrapped light nonaqueous-phase liquid (light NAPL—
LNAPL) dissolution and transport of the solute in a fractured permeable aquifer (FPA). The term FPA refers to an aquifer made of
porous blocks of high permeability that embed fractures. The fracture network is part of the domain characterized by high
permeability and negligible storage. Previous studies show that sandstone aquifers often represent FPAs. The basic model
developed in this study is a two-dimensional (2-D) model of permeable blocks that embed oblique equidistant fractures with
constant aperture and orientation. According to this model, two major parameters govern NAPL dissolution and transport of the
solute. These parameters are: 1) the dimensionless interphase mass transfer coefficient, Ky, and 2) the mobility number, Ny.
These parameters represent measures of heterogeneity affecting flow, NAPL dissolution, and transport of the solute in the domain.
The parameter Ky, refers to the rate at which organic mass is transferred from the NAPL into the water phase. The parameter Ny
represents the ratio of flow through the porous blocks to flow through the fracture network in regions free of entrapped NAPL. It
also provides a measure of groundwater flow bypassing regions contaminated by entrapped NAPL. In regions contaminated by
entrapped NAPL our simulations have often indicated very low permeability of the porous blocks, enabling a significant increase
of the fracture flow at the expense of the permeable block flow. Two types of constitutive relationships also affect the rate of FPA
cleanup: 1) the relationship between the saturation of the entrapped NAPL and the permeability of the porous blocks, and 2) the
relationships representing effects of the entrapped NAPL saturation and the permeable block flow velocity on rates of interphase
mass transfer. This study provides basic tools for evaluating the characteristics of pump-and-treat cleanup of FPAs by referring to
sets of parameters and constitutive relationships typical of FPAs. The numerical simulations carried out in this study show that at
high initial saturation of the entrapped NAPL, during initial stages of the FPA cleanup the contaminant concentration increases, but
later it decreases. This phenomenon originates from significant groundwater bypassing the NAPL entrapped in the permeable
blocks via the fracture network.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

This study originates from field observations and

laboratory measurements (Rubin and Braester, 2000)
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Nomenclature

B distance between adjacent fracture intersections (L)

C normalized solute concentration in the fracture flow

Cauv normalized flux average solute concentration in the cross-section
Gy normalized solute concentration in the permeable block flow
Cov equilibrium volumetric concentration of solute

C* solute concentration in the fracture flow (ML~ °)

C% flux average solute concentration in the cross-section (ML~ ?)
C¥ solute concentration in the permeable block flow (ML~ %)
C¥ equilibrium concentration of solute (ML ?)

d grain diameter (L)

D free liquid diffusivity (L*/T)

i number of the vertical grid point

Imax total number of vertical grid points

ibl number of the permeable block

ifr number of the fracture segment

J hydraulic gradient

Jo hydraulic gradient in regions free of entrapped NAPL

J number of the longitudinal grid point

Ja number of the grid point for the calculation of C,,

Je number of the downstream-end longitudinal grid point

Ky hydraulic conductivity of permeable blocks (LT~ ')

Kz value of K, at the fracture segment (LT~ ')

Ko value of K, in regions free of entrapped NAPL (LT )

Ky dimensionless interphase mass transfer coefficient

Ky initial value of K¢

K, average cross-sectional hydraulic conductivity (LT~ ")

Ko value of K, in regions free of entrapped NAPL (LT ")

ke lumped mass transfer coefficient (T~ ")

ke relative NAPL permeability

ke cross-sectional relative water permeability

krw relative water permeability

kewB value of k., at the fracture segment

ke, number of the fracture segment nodal point for calculating C,,
m number of the time step

Mg mobility of the fracture segment (LT ")

Nym mobility number

Nnmo value of Ny in regions free of entrapped NAPL

n power coefficient used for permeability calculations

ne number of contaminated sections

np, coefficient for calculating permeability

Op rate of permeable block flow (L*T™ ')

Ovo value of Oy, in regions free of entrapped NAPL LT

Or rate of fracture segment flow (L*T )

O value of Oy in regions free of entrapped NAPL (L*T ™)

Or ratio of Q,, to O in a vertical cross-section

O, total flow rate flowing through the subdomain cross-section (L*T ")
qv specific discharge of the permeable block flow (LT ")

value of gy, entering the fracture segment (LT ')
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