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Foreword

This publication contains extended abstracts of papers presented at the International Symposium
“Dynamics of Fluids in Fractured Rocks: Concepts and Recent Advances” held at Ernest
Orlando Lawrence Berkeley National Laboratory on February 10-12, 1999.

This Symposium is organized in Honor of the 80" Birthday of Paul A. Witherspoon, who
initiated some of the early investigations on flow and transport in fractured rocks at the
University of California, Berkeley, and at Lawrence Berkeley National Laboratory. He is a key
figure in the development of basic concepts, modeling, and field measurements of fluid flow and
contaminant transport in fractured rock systems.

The technical problems of assessing fluid flow, radionuclide transport, site characterization,
modeling, and performance assessment in fractured rocks remain the most challenging aspects of
subsurface flow and transport investigations. An understanding of these important aspects of
hydrogeology is needed to assess disposal of nuclear wastes, development of geothermal
resources, production of oil and gas resources, and remediation of contaminated sites.

These Proceedings of more than 100 papers* from 12 countries discuss recent scientific and
practical developments and the status of our understanding of fluid flow and radionuclide
transport in fractured rocks. The main topics of the papers are:

o Theoretical studies of fluid flow in fractured rocks

e Multi-phase flow and reactive chemical transport in fractured rocks
Fracture/matrix interactions

Hydrogeological and transport testing

Fracture flow models

Vadose zone studies

Isotopic studies of flow in fractured systems

Fractures in geothermal systems

+ Remediation and colloid transport in fractured systems

¢ Nuclear waste disposal in fractured rocks

We expect that the Symposium Proceedings will provide valuable information for different
aspects of investigation of fractured rocks, and will be used by many governmental agencies,
universities, research organizations, and private companies in solving a variety of fundamental
scientific and practical problems in the earth sciences.

We appreciate the support for the Symposium provided by the U.S. Department of
Energy (Oakland Operations Office, Office of Environmental Management, Office of
Science and Technology, Subsurface Contaminants Focus Area, Office of Civilian
Radioactive Waste Management), Lawrence Berkeley National Laboratory, Idaho
National Engineering and Environmental Laboratory, U.S. Nuclear Regulatory

* Some articles within this collection were prepared using U.S. government funding. As such, the government
retains a nonexclusive, royalty free, worldwide license to use those articles for internal government purposes.
Questions regarding individual articles should be directed to the respective author(s).
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Commission, U.S. Geological Survey, and American Institute of Hydrology. We also thank Julie
McCullough and Nina Lucido for production of these Proceedings, Maria Fink for design of the
cover, and Roy Kaltschmidt for the photograph of Paul Witherspoon.

Sally Benson
Boris Faybishenko
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Investigations at Berkeley on Fracture Flow —
From the Parallel Plate Model to Chaotic Systems

Paul A. Witherspoon

Earth Sciences Division, Lawrence Berkeley National Laboratory, and
Department of Material Sciences and Mineral Engineering
University of California, Berkeley

This is a review of the research effort that has been
carried out over the past 35 years at the University of
California and at the Lawrence Berkeley National Labo-
ratory on the behavior of fractured rocks when subjected
to perturbations of various kinds. In a review of this
kind, where the range of investigations that has been
carried out is quite large, only the highlights of the results
of this work can be presented. This research effort has
been focussed primarily on the flow of fluids through
fractured rocks, but other aspects that involve the effects
of thermal and mechanical perturbations have also been
investigated. Initially, the work involved the analysis of
steady state flow in orthogonal networks of rigid frac-
tures. The development of a finite element code led to
modeling investigations of two-dimensional networks of
rigid fractures of arbitrary geometry. The analysis of
pumping tests where fractures are intersected by the
withdrawal well was developed using type curves, and in
a related problem, a method was developed for extracting
heat from hot dry rock using vertical fractures that are intercepted by inclined boreholes. The
realization that fractures can deform as the stress acting across the fracture changes led to the
development of a code to handle coupled stress and flow analysis in fractured rocks, and this
code was used in the analysis of relevant engineering problems. To develop a better understand-
ing of coupled stress-flow behavior, laboratory investigations on fractured rocks were carried out
using granite cores with diameters ranging from 15 cm to 95 cm. A method was developed for
the analysis of transient flow in tight fractures (1 um to 10 um). The mechanical and hydraulic
properties of fractured rocks were examined with regard to the role they play in induced seismic-

ity.

The initiation of the Stripa project in 1977, in an abandoned iron-ore mine in central Sweden,
opened up a major program of investigations from the standpoint of radioactive waste isolation
in fractured rocks. The fracture hydrology at the Stripa site was investigated by: mapping



discontinuities exposed on walls of underground excavations and surface outcrops; measure-
ments on core samples; optical surveys of the walls of boreholes; and the analysis of results of
hydraulic tests conducted in boreholes and tunnels. An innovative method of conducting a large-
scale permeability measurement was carried outina S m x 5 m x 33 m long drift. A
thermomechanical program of investigations was implemented using: (a) two full-scale heater
tests in which the near-field response of the rock mass was studied under simulated short-term
and long-term conditions; and (b) an intermediate term time-scaled experiment covering the
major part of the heatup period of the thermal pulse and interaction between adjacent heaters. In
conjunction with the work at Stripa, several investigations were carried out on the hydromechan-
ics of flow in a single fracture. The validity of the cubic law for laminar flow through open
fractures of parallel planar plates was found to hold using rough fractures where the surfaces are
in contact and the aperture is being decreased under stress.

Another approach to flow in fractures was introduced by the development of a model that can
generate the porous media equivalent for networks of discontinuous fractures. This approach
was also used in generating a conceptual model of the principal fracture zones at the Site Charac-
terization and Validation Site of the International Stripa Project that was carried out from 1986 to
1992. An extension of this model was used in investigations of mechanical transport in fracture
networks. An analytical model for fracture-dominated reservoirs was developed to analyze well
test data where flow in the inner region around the withdrawal well is assumed to be linear and in
the outer region, the flow is assumed to be radial. An analysis of fracture roughness and its
effect on flow in a single fracture lead to another series of investigations. Transparent replicas of
fracture surfaces were used in laboratory investigations where two-phase gas-liquid flows could
be observed. Hydromechanical studies were made of the relationship in single fractures between
normal stiffness, contact area, and the geometric distribution of asperities. The three-dimen-
sional boundary element method was used in a stiffness-permeability analysis of a rough sur-
faced fracture. Investigations of seismic wave propagation in fractured rocks have led to meth-
ods of fracture detection that utilize the distinctive seismic signatures of such discontinuities.

The Yucca Mountain Site Characterization Project, which was started by DOE in 1983 for the
purpose of locating an underground repository for commercial radioactive waste, is another
major project that involves flow in fractured rocks. This project is located in southwestern
Nevada, where there is a thick sequence of volcanic tuffs (~1000 m). The potential horizon for
the repository is in the Topopah Spring Tuff (TSt), which is in the vadose zone some 325 m
below the surface. A major effort has been the development of the Unsaturated Zone Site-Scale
Flow Model. This model is being used in studies of: infiltration, matrix properties, fracture
properties, pneumatic data, in-situ measurements, percolation flux, flow into drifts, fracture/
matrix components, and flow patterns below the repository. To investigate the effects on frac-
tured tuff of a thermal perturbation, a single heater test has been carried out underground in the
TSt, and a drift scale heater test, of much larger dimensions, is currently under way.

One of the most recent developments in fracture hydrology has evolved from the results of
lithological studies and infiltration tests in the basalt flows at the Box Canyon Site near the Idaho
National Engineering and Environmental Laboratory in Idaho. The heterogeneous nature of the



fracture networks that result from the uneven cooling conditions that prevail within the basalt, as
it solidifies from the liquid state, produces a chaotic system of flow channels. The result is a
hierarchy of flow systems where the conditions that control the flow at one scale are not appli-
cable to flow conditions at another scale. A detailed investigation of this chaotic flow behavior
in fractured rock is currently under way.
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A new free boundary problem for unsteady flows
in porous and fissurized-porous rocks
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In the first part of the lecture, the model of flooding followed by a natural outflow through
the endwall of the stratum will be considered. Horizontal porous stratum under the usual
conditions of gently sloping fluid height profile A(z,t) is assumed so that the governing

equation is the classical Boussinesq equation
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Here p is the fluid density, g the viscosity of the fluid, k£ the permeability of the stratum, m
its porosity, = the space coordinate, and ¢ the time.

The explicit dipole solution is a generic intermediate asymptotic solution for this problem,
and it gives>a natural upper boundary for the outflow.

In the second part of the lecture the model of forced drainage performed to increase
outflow will be considered. Forced drainage leads to a new kind of free boundéry problem

for the classical Boussinesq equation where the flux ¢(¢) and height A = 0 is prescribed on



the new free boundary = = z¢(¢), the end of the drainage tube. The qualitative behavior of
the problem is described using self-similar solutions.

The following problems of control related to the problem under consideration seem to be
of special interest. Control is performed via the outflow function ¢(¢): the fluid discharge at

the moving boundary zo(¢). Examples of possible control problems may be:

1. What conditions should be imposed on the control function ¢(¢) such that zero fluid

level is supported at boundary z = 07
2. What are the conditions on ¢(t) for no return of the drainage boundary?

3. What are the conditions for the ground water dome to be trapped between some fixed

boundaries?

In the third part of the lecture, the modifications introduced in the above models by
capillary retention of a part of the fluid will be considered. Finally, the possible modifications

in the above models due to influence of natural fissurization of the stratum will be discussed.



ON DYNAMIC PERMEABILITY
Garrison Sposito
Civil and Environmental Engineering
631 Davis Hall #1710
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e-mail: gsposito@nature.berkeley.edu
A cornerstone of nonequilibrium statistical mechanics is provided in the fluctuation-

dissipation theorem (1), which is a very general relationship between the linear response of a
physical system to an external perturbation and the thermal fluctuations in the system that occur
spontaneously while it is in a state of equilibrium. In the case of fluid movement through a
porous medium, which is a dissipative response to an applied gradient of chemical potential [the

“driving force” for any mass transfer (2)], the fluctuation-dissipation theorem takes the form (3):
q(x,t) =~(pk,T) " [ jv,(x) <j(x,0) j(x',t) > -V'u dx"dt’ (]

where q(x,t) is specific discharge, p is the fluid mass density, [L(x,t) is its chemical potential, and
J(x,t) is its fluctuating mass-flux density vector at a point x in the porous medium (i.e., j(X,t) is
the volume-averaged total linear momentum of all the fluid molecules in an element of porous
medium with centroid ét x). The integral prefactor in [1] also contains the Boltzmann constant
kg and the absolute temperature T. The space integral is over a volume element V’(x) with
centroid at the point x, in the usual continuum-hypothesis sense (4).

The dyadic enclosed by angular brackets in {1] is termed a “current-current space-time

correlation function” (S, 6). It describes the average relaxation of the fluid in response to

spontaneous local fluctuations in the velocities of its constituent molecules that are caused by



their random thermal motions. At some initial time t” = t = 0, these fluctuations simply reflect
the average kinetic energy of the fluid molecules, and the space integral of the first scalar
invariant of the current-current correlation function is proportional to the average thermal energy

of the molecules (7):

J, [, (3(x0)-3(x",0)) d’x d°x = 3Mk, T [2]
where M is the total mass of fluid enclosed within the volume of integration. At times t’ <t, the
current-current correlation function will decay in a roughly exponential manner while the
equilibrium velocity fluctuations die out in the fluid (7). Equation [1] connects these decaying
fluctuations with the dissipative fluid movement induced by an applied gradient in chemical
potential. Hu and Cushman (8) have rediscovered this general result in a recent study of a
nonlocal (x # x’), retarded (t # t’) form of the Darcy law for water movement in porous media.

Clarity in exposition is served if the porous medium is now assumed isotropic and
homogeneous, and if advantage is taken of the time-stationarity of equilibrium correlation

functions (6), such that [1] becomes:
Qu(O) ==V D[ [ [, (in(x.0)jn(x" 7)) Vott(x',t=1) d°x &°x” drt [3]
where
1
Qm(t)svj q.(x.t)d’x (m=1, 2, 3) [4]

is the mth coordinate of the volume-averaged specific discharge vector. A further simplification

is made by defining the normalized correlation function,

(jm(x,O)jm(x’,‘c»

Mk, T

C.(x—x",7)=

(51

-such that [3] takes the form:
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Qu(t)=-0[ [ [ Co(x—x"7)Vin(x',t+7)d*xd’x" dv [6]
where 8 = M/pV is the (uniform) volumetric fluid content of the porous medium. Equation {6] is
a generalized Darcy law relating specific discharge to the applied gradient of chemical potential.

Under a time-periodic, uniform applied pressure gradient with.frcquency ,
ViL=Re {p-‘vp exp(icot)} (7]
and [6] reduces to the expression:

Q..(t)=—(6/p)Re { [T, [, Calx—x"7)d’x’ d’ dt} V., Pcos(@t)  [8]

where VP is a uniform, constant pressure gradient. Comparison of [8] with the Darcy law (9)

| shows that the dynamic permeability is now defined by:
K,,.(6,0)=6VRe { q“f‘o [[e™ c.(a) dr} (@>0) [9]
where v is kinematic viscosity and
Cn.(q.7)= J'v' J.V exp[iq-(x - x')] C(x—x’,7) d°x" d’x [10]
is a Fourier transform. Equation [9] shows that the dynamic permeability is determined by the
long-wavelength limit of the Laplace transform of Ciy(q,7). The static permeability is the zero-

frequency limit of the right side of [9], in which case the time integral is simply the decay time

constant Tqm for Crn(q,7) (7). In the case of water in an unsaturated soil, this time constant varies
from 1 ps to 1 ps, depending on the value of the water content 6 (7).

Calculation of kmm (8,) for finite fréquencies (o > 0) requires a physical model of the
correlation function, Ciy(q,7). Some models for pure fluids are discussed by Boon and Yip (6).

Sposito (7) has developed a model for fluids in porous media, based on the coupling of

11



fluctuations in the volumetric content of the fluid with fluctuations in its mass-flux density

vector, leading to the permeability equation:

i 0’
lim an - (@ > 0) [11)

k. .(0,0)=0v —
(©0) in[mZ-mg(q)] +(m/1:qm)

where
SHO M eg(a—“’)qz [12]
0 a0
with y being the pressure head and g the gravitational acceleration, and T4y is a time constant
characterizing the decay of C(q,7). The frequency in [12] describes fluid content fluctuations

and depends on the relation between the pressure head and fluid content. It can be investigated

by incoherent neutron scattering measurements (9). When ® = ®4(q), kum (6,®) has a resonance

whose sharpness (full width at half-maximum) is inversely proportional to the magnitude of Tqm.
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Robert W. Zimmerman' and In-Wook Yeo®
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Introduction

Single-phase flow through a rough-walled rock fracture is the most basic problem in
fractured-rock hydrology, and is the starting point for studies of more complex issues, such as
two-phase flow, flow through fracture networks, hydromechanical coupling effects, etc.
Nevertheless, this problem is not yet thoroughly understood, in that there is no agreement as to the
conditions under which the Navier-Stokes equations can be replaced by simpler and more tractable
governing equations such as the Stokes or lubrication equations. In this paper we will review the
equations that govern single-phase fluid flow through a rough-walled rock fracture, and investigate
the conditions under which the various levels of simplification are possible. Important practical
implications of these mathematical considerations include the facts that (1) applicability of the
Stokes equations implies a linear relationship between pressure drop and flowrate, i.e, Darcy’s
law, and (2) presently, whereas the lubrication equation can be solved numerically for realistic
fracture profiles, the Navier-Stokes and Stokes equations cannot.

From the Navier-Stokes Equations to the Stokes Equations _
Fundamentally, flow through a rock fracture is governed by the Navier-Stokes (N-S)
equations, a set of three coupled nonlinear PDEs which, in steady-state, can be written as

p(u-Vyu=-VP+ uVu, (1)

where p is the density, u is the velocity vector, y is the viscosity, and P is a reduced pressure
defined by P = p+ pgz. The first term in (1) is the advective acceleration, the second term is the
pressure gradient, and the third term represents viscous forces. To simplify the discussion, we
will usually consider a fracture whose aperture varies in only one direction, the x-direction, which
we take to be the direction of flow; the direction perpendicular to the fracture plane is z (Fig. 1a).
The N-S equations must be supplemented by the equation for conservation of mass, V-u=0.

The starting point for all discussion of this problem is the special case of a fracture bounded
by smooth, parallel walls separated by a distance #; this is in fact the only case that can be solved
exactly. The velocity vector is given by (Zimmerman and Bodvarsson, 1996)

u, =—(1/2u)(dP/dx)[z* —(h/2)?), u,=0. )
This velocity profile can be integrated from z = -h/2 to z = h/2 to find the flowrate in the form
0 =w|u(z)dz =~(1/12p)(dP/ dx)wh?, 3)

where w is the length within the fracture, perpendicular to the flow direction. This result is usually
written in terms of a transmissivity, T, defined by Q =—(T/u)(dP/dx), in which case (3) gives
the “cubic law” (Witherspoon et al., 1980):

T =wh3/12. 4)

Unfortunately, the full N-S equations are too difficult to solve, either analytically or
numerically, for real, rough-walled fractures. This is also true for idealised cases such as a
fracture bounded by sinusoidal or sawtooth-shaped walls. Therefore, resort is usually made to
various approximations that reduce the N-S equations to a more tractable form. The first level of
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simplification is to discard the acceleration terms in the Navier-Stokes equations, which yields the
steady-state Stokes equations, which are a coupled set of three linear PDEs:

VP = uVZu. (5)

This linearization is possible if the advective acceleration terms are small compared to the viscous
terms. However, it is not easy to accurately estimate the size of the various terms without actually
finding the detailed solution to the problem, so it is difficult to arrive at sufficient a priori
conditions for the N-S equations to be replaced by the Stokes equations.

The simplest order-of-magnitude analysis is as follows. First, note that for the case of flow
between two smooth, parallel plates, the velocity vector lies in the x-direction, whereas the velocity
gradient lies in the z-direction, and so the advective acceleration terms, p(u-V)u, vanish
identically. In the general case of variable aperture, there will be a non-zero z-component of the
velocity, and both velocity components will vary in the x-direction, as well as in the z-direction. In
component form, the Navier-Stokes equations (for 2-D, steady-state flow) can be written as

ou,  Ouy oP %u,  0%u,
”(“‘E*“‘"éz_)?g*”( e +79zu7)’ ©
2 2
p(ux auz Tu {;ulz)_ aaf +ﬂ(aaxuzz +§(}Z_’;z) (7)

It seems reasonable to assume that the momentum-balance in the x-direction, i.e., along the
direction of flow, is in some sense the more important of these two equations. If we let U, and
U, be characteristic velocities in the x- and z-directions, A be the characteristic length scale in the x-
direction, and (k) be the mean aperture, then we can estimate the size of the terms as follows

A, U2 O, U,U,
a2ux ﬂUx azux :UUx
"‘“g[“ o2 ]~ 2 '"“g[ P2 ]z > ®

Both inertial terms in (8) are zero for the parallel-plate case, so it is difficult to judge which of
the two terms will be largest; both must therefore be considered. The relative magnitudes of the
viscous terms in (9) depend on the ratio of aperture to wavelength, (k)/A. But small wavelengths
always correspond to small values of roughness (Brown and Scholz, 1985), and small-scale
roughness at a high spatial frequency is known to be irrelevant for laminar flow. So, it seems that
we need only consider A > A, in which case the second term in (9) is the dominant one. Therefore,
for the inertial terms to be negligible, we must have

pU:  uU, pUU, __ uU,
—=<<—5, and << , (10)
Ay (r) (ny*
which is equivalent to the two conditions
pUx(h) (h) <<1, and Ml<<1. (11)
oA I

An obvious choice for U, is the mean velocity in the x-direction. Although the mean value of
u, must be zero, proper choice of a “characteristic velocity” in the z-direction is not as clear. If we
consider the simple case of a sawtooth-type fracture profile (Fig. 1b), it seems that we can say

U _ Fovax = Fiin _ () 1

in which case we see that both conditions in (11) reduce to
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pU;(h) (:) (/1) «l, (13)

where Re is the Reynolds number.

This is as far as one can go with order-of-magnitude analysis. We now compare condition
(13) with the criterion that can be found using the second-order perturbation solution derived by
Hasegawa and Izuchi (1983) for flow through a semi-sinusoidal channel (Fig. 1c):

-1
W) 32a-8284 (13
= 1- 1 Re? |e2
' 12 [ 5(1+62%/2) ( *-8085 € )8 ) (14)

where £ =(h)/A. The term in front of the brackets reduces to the cubic law when the channel is
smooth. The term that varies with Reynolds number depends on both the normalized magnitude of
the roughness, 6, and the smoothness parameter, £. The é-dependent term varies from 0 to 0.662,

and so is on the order of 1. If we arbitrarily say that the inertial effects are non-negligible if they
account for 10% of the total transmissivity, then the condition for neglecting inertia is

13
8085

This result is in rough agreement with the experimental findings of Iwai (1976) for flow through a
tension fracture in granite. If we assume a value of € on the order of 0.2, which seems reasonable,
then (15) predicts that inertial effects will decrease the transmissivity by about 10% when the
Reynolds number is about 40, in good agreement with the results in Fig. 4.36 of Iwai (1976).

—= _Re2€2<0.1, or, €ERe < 8. (15)

From the Stokes Equations to the Lubrication Equation

Although they are linear, the Stokes equations are still very difficult to solve, and do not yet
seem to have been solved for any realistic fracture geometry, either analytically or numerically.
The next level of simplification often used in an attempt to arrive at a tractable governing equation
is to replace the Stokes equations with the Reynolds lubrication equation (Brown, 1987). We start
with the two Stokes equations for our “one-dimensional” fracture, which from (6) and (7) are

oP %, J%u, JdP %, Ju,

All terms in (16b), which represents the momentum balance in the direction perpendicular to the
fracture plane, are very small, so we neglect this equation. Using the estimates of the magnitudes
of the two viscous terms in (16a) that were given in (9), we see that J“u, /ox*will be smaller than
d*u, / 3z*, by a factor of about ten, if

e2=(m?/22<0.1, or e€=(h)/A<03. (17)

It is noteworthy that this condition does not depend on the variance of the fracture aperture; indeed,
large aperture variations are acceptable, as long as they occur gradually.
If condition (17) is satisfied, the governing equations reduce to (in the more general case of a
fracture whose aperture varies in both the x and y directions)
P Pu, oP _ %,

a M T TH
These equations lead to an in-plane velocity vector that is parabolic in z, but which is directed
parallel to the local pressure gradient. If this parabolic velocity profile is substituted into the

conservation of mass equation, and integrated in the z-direction, we arrive at the Reynolds
lubrication equation (Zimmerman and Bodvarsson, 1996):

3 (3P, 2(,3P)_
e

(18)
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which can be interpreted as a local version of the cubic law. The Reynolds equation can be solved
by finite-difference or finite-element techniques for actual fracture aperture distributions. These
solutions allow the estimation of transmissivity in terms of the statistics of the aperture distribution.

However, it is not clear that replacement of the Stokes equations by the lubrication equation is
justifiable for real fractures, since there is often substantial roughness at wavelengths smaller than
that required by (16). Furthermore, several researchers have recently compared Stokes and
Reynolds simulations on simulated fracture aperture distributions (i.e., Mourzenko et al., 1995;
Brown et al., 1995), and concluded that the Reynolds approximation does not apply. Yeo (1998)
measured apertures and transmissivities of a sandstone fracture, and found that the Reynolds
equation overestimated the flow by a factor of 40-100%, despite the fact that the fracture was not
particularly rough. One would assume that a Stokes simulation using the measured aperture
profiles would yield the correct transmissivity, but this has yet to be verified.

Conclusions

The conditions under which the Navier-Stokes equations can be replaced by the Stokes
equations seem to be fairly well-understood, and are consistent with experimental data. However,
it is not clear that the Stokes equations can be replaced by the lubrication equation. Resolution of
this issue will require Stokes simulations using real aperture profile data.

z
\ h
(a) Q —> [ hypiy, T
/
(b)

- }‘ >
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g. 1. See text
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On Non-Newtonian Flow in\Spatially Variable Fractures
Vittorio Di Federico

D.IS.T.AR.T. - Idraulica, Universita di Bologna, Viale Risorgimento 2, Bologna 40136, ITALY e-
mail: vittorio.difederico@mail.ing.unibo.it

Non-Newtonian fluid flow in porous and fractured media is of interest to hydrologists,
geophysicists, and mining engineers. A large body of literature exists on non-Newtonian fluid
flow in ordinary porous media (Savins, 1969, Barenblatt ef al., 1990). Several studies are
specifically concerned with evaluation of an equivalent permeability, adopting different
constitutive equations and porous medium models (Kutilek, 1972). In contrast to this, non-
Newtonian fluid flow in fractured media has received little attention in the past, though it can be
relevant, for example, in enhanced oil recovery operations, where often a power-law fluid of
pseudo-plastic behaviour (water thickened with polymer additive) is used to minimize instability
effects (James, 1984). Modeling these phenomena requires an understanding of non-Newtonian
flow at the single fracture scale.

Laboratory and field investigations (Bear et al., 1993) evidenced a strong degree of variability
in fracture aperture; the main goal of this study is to provide an estimation of the effects of this
variability on the flow of a non-Newtonian fluid; much of the material that follows has been
reported earlier by Di Federico (1997, 1998).

To model aperture variability in a single fracture, we follow two approaches: in the first one,
the aperture is taken to vary as a two-dimensional, spatially homogeneous and correlated random
field with a lognormal aperture density distribution of assigned mean <b> and variance G
(Moreno at al., 1998; Silliman, 1989; Gelhar, 1993); in the second one, an idealized sinusoidal
aperture variation (Zimmerman et al., 1991) of assigned mean aperture <b>, amplitude of wall
oscillations relative to mean aperture 3, and wavelength of aperture oscillations A is examined.

To describe the fluid theology, the power-law model (Bird et al., 1960) of consistency index
m and flow behaviour index # is used (n < 1 represents pseudoplastic fluids, » > 1 represents
dilatant fluids).

An equivalent aperture for non-Newtonian fluid flow is then defined as the parallel plate
aperture which would permit a given volumetric flux under an assigned pressure gradient, thereby
generalizing the concept of hydraulic aperture used for Newtonian flow (Tsang, 1992). To derive
an equivalent aperture for flow in a fracture with an isotropic aperture variation, we first consider
one-dimensional flow in two limiting cases (Figure 1): in the first, flow is transverse to aperture
variation; in the second, flow is parallel to aperture variation. In both cases, we derive analytical
expressions for the fracture equivalent aperture by discretizing the fracture into  elements
of equal aperture and assuming that the resistances due to each aperture element
are, respectively, in parallel and in series. In doing so, we assume that the shear between
neighbouring channels and the drag against the connecting walls may be neglected. Further, in the
random field case, the ergodicity assumption is invoked, i.e., the fracture dimensions are
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/ \ Case 2

Case 1
Figure 1

assumed to be much larger than the integral scale of the aperture autocovariance function; in the
deterministic profile case, the sinusoidal profile is assumed to be hydraulically “smooth” enough
for a lubrication-type approximation to hold.

For flow parallel to the aperture variation (“series” arrangement), the equivalent aperture is
smaller than the mean, and their ratio decreases with increasing log-aperture variability, more so
for a dilatant fluid (n» > 1) than for a pseudoplastic one (n < 1); this is so because the volumetric
rate is controlled mainly by the small apertures along the channel.

Flow in an isotropic aperture field is then addressed: while it is readily recognized that the
actual flow field is highly complex, it can be argued that the equivalent apertures for “parallel”
and “series” arrangements constitute respectively the upper and lower limits for the equivalent
aperture in the two-dimensional case. The fracture is then envisaged as a random mixture of
elements in which the fluid flows either transversal or parallel to aperture variation: an estimate
of the equivalent aperture is derived as the geometric mean of the equivalent apertures for the two
end cases.
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Results for stochastic (Figure 2a) and deterministic (Figure 2b) aperture variation are in
agreement for n > 0.50: in this case, the equivalent aperture is less than the mean, and their ratio
decreases as aperture variability (6% or 8) increases, in agreement with results for a Newtonian
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fluid obtained by several authors and reported by Zimmerman et al. (1991). This becomes more
evident for a dilatant fluid (» > 1) than for a pseudoplastic one (n < 1). For very shear-thinning
fluids with n < 0.50, results for stochastic and deterministic aperture variation differ. For a
deterministic aperture variation, the equivalent aperture is less than the mean, and decreases as
aperture variability increases, in agreement with the previous trend. For a stochastic aperture
variation, the equivalent aperture is greater than the mean, and their ratio increases as aperture
variability increases (for n = 0.50 it remains equal to one irrespective of aperture variability): in
this case, the tendency of channels in parallel to increase permeability prevails upon the tendency
of channels in series to reduce it.

For Newtonian flow (n = 1), all our expressions reduce to those derived by Silliman (1989)
and Zimmerman et al. (1991), respectively for stochastic and deterministic aperture variation.

Our result, despite model simplifications, provide insight into non-Newtonian effects on
flow in a variable aperture fracture; a more complete description of the real behavior should
involve a comparison with experimental data.
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Fractures are geological features that connect together to transport fluids through rock
over long distances. The rate of movement, the volume of flow and the ability to
transport mass through this system of interconnected fractures governs such diverse
activities as petroleum reservoir development, safe disposal of nuclear waste, delineation
of water supply or establishment of well head protection plans, recovery from geothermal
reservoir, the efficiency of solution mining, the construction of underground openings and
the remediation of contaminated rock.

It is common for engineers and hydrologists to rely upon hydrological testing of various
types in order to carry out the previously mentioned activities. However, well tests are
often expensive or logistically infeasible. For example, the number and the spatial reach
of wells drilled from an offshore oil platform is very much restricted with respect to the
reservoir. This may lead to the situation where direct hydrological test results are very
sparse for the volume of rock under consideration, which is a problem, since hydrological
heterogeneity is often quite high, so that a few tests may not provide an accurate
description of the hydrologic properties of the remainder. There have been two generic
approaches devised to extrapolate tests results to untested volumes of rock: statistical
(geostatistics, stochastic inversion, fractals, etc.) and geological.

The statistical techniques utilize very little geology, except to delineate large-scale
statistically homogeneous regions. The interpolation or extrapolation is carried out within
each of these large-scale domains independent of the geology inside. The interpolation is
a function of the spatial statistical model that the measurements appear to conform to, or
an inversion that matches known well test results, but is constrained elsewhere to
statistical parameters only. Such purely statistical simulation of hydrological properties
such as permeability for numerical models has not proven successful for many fractured
rock engineering projects, since the interpolation/inversion methods treat the rock as a
stochastic continuum. Fracture-dominated flow in rock masses often significantly departs
from this continuum assumption.

Geological techniques make the bold presumption that geology has something to do with
hydrology, and that by understanding the geological characteristics that are associated
with hydrological variability, it is possible or useful to assign values of permeability or
some such property at unmeasured regions based upon the geological characteristics.
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They have found increasing importance since they can be used to geologically condition
discrete fracture models, such as are becoming increasingly useful in the fields of
petroleum reservoir engineering and nuclear waste management. Such models are much
more accurate than statistical models when the conductive fracture network does not
respond as a continuum at the scale of interest, which turns out to be most scales of
interest.

The geological approach is very appealing, since it is much more flexible in handling
hydrological variability due to variability in underlying geology than any statistical model.
However, the attempt to relate flow in fractured rock masses to underlying geology has
proven less successful than might be expected. This paper illustrates several projects
undertaken by the author and his colleagues using several different approaches in different
geological settings. Among the parameters considered were host rock type; fracture
aperture, planarity, roughness; filling types and thicknesses; alteration type, thickness
and degree; weathering degree; proximity to large structural features such as faults; depth;
mechanical layering contrasts; and grain size. Hydrological parameters include those
pertaining to individual fractures, such as whether it is dry, moist, dripping or flowing, or
its measured transmissivity; and to well tests of various types.

The techniques described include the application of several different types of neural nets,
in particular, Kohonen self-organizing nets, Back-propagation (BP) nets of different
architectures, probabilistic neural nets (PNN) and Generalized Regression neural nets
(GRNN); conventional contingency table analysis; and linear discriminant analysis.

These studies show that certain geological features are characteristic of fractures that play
arole in fluid movement on a regional basis, as opposed to fractures that play only a
minor role. While some characteristics are site-specific, certain factors like size, planarity
and orientation often are significant. Some parameters like aperture, are very complex;
while open fractures are often more prone to be part of the regional flow system, closed
fractures or fractures with very small geometrical aperture are as likely to be part of the
flow system as not. In other words, being open is a positive factor, but being closed is
not a negative factor; it is just a neutral factor. Making the connection between
conductive fractures and well test results can be even more problematic.

This paper will briefly compare and contrast the various methods that can be used to
relate geological parameters to hydrological parameters. Next, results from several case
studies will be presented, illustrating the success or lack thereof in relating the geological
parameters to the hydrological ones, along with observations as to why the linkage was
successful or not. Finally, the paper will conclude with recommendations for future lines
of research into improving the predictability of hydrological variability from the
underlying mappable geology.
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Introduction

Fractured rock formations encompass an enormous variety of hydrogeologic properties.
For the recovery of resources such as oil, gas, and geothermal energy from fractured reservoirs we
are primarily interested in systems with well-connected fracture networks of high permeability, and
with good matrix permeability and porosity. For purposes of underground waste disposal, we
generally prefer media with the opposite characteristics, i.e., sparse and poorly connected
fractures, and low matrix permeability. Multiphase flow processes of interest in fractured media
include two-phase flows of water and gas, water and NAPL (non-aqueous phase liquid), and
water and steam, and three-phase flow of oil, water, and gas. Water seepage through the vadose
zone is a special kind of multiphase flow process which is an essential component of the
hydrologic cycle, and which may often be described in approximate fashion by considering the gas
phase as a passive bystander. Multiphase flows may be further complicated by strongly coupled
heat transfer effects, as e.g. in geothermal production and injection operations, in thermally
enhanced recovery of oil and of volatile organic contaminants, and in the geologic disposal of heat-
generating high-level nuclear wastes.

Depending on the nature of the fractured flow system under study, and the engineering or
geoscientific interest and purpose in dealing with the system, different approaches will be
employed for characterization and modeling. In this article we limit ourselves to methods that are
based on the sound principles and well-established continuum field theories of classical theoretical
physics, in which conservation of the active system components (water, air, chemical constituents,
heat) is expressed by means of integral or partial differential equations (PDEs) for space-and-time
varying fields of phase saturations, pressures, temperatures, solute concentrations, etc. Mass and
heat fluxes are expressed through phenomenological relationships between intensive variables that
drive flow, such as multiphase extensions of Darcy’s law for phase fluxes, Fick’s law for mass
diffusion, Scheidegger’s hydrodynamic dispersion, and Fourier’s law for heat conduction.
Alternative approaches such as lattice gas automata and chaos theory have shown promise for
describing multiphase flows in fractures, but are outside the scope of this article.

Volume-Averaged Continuum Approaches

The study of fractured multiphase flow systems began in the context of oil and gas
recovery. The groundbreaking concept on which most later work was based is the “double-
porosity” method (DPM), formulated by Barenblatt et al. in 1960, and introduced into the U.S.
petroleum literature by Warren and Root (1963). The basic idea is to associate with each “point” in
a fractured reservoir domain not just one but two sets of hydrogeologic parameters and
thermodynamic state variables. The fractures are viewed as a porous continuum which carries the
global flow in the reservoir, and is characterized by customary porous medium-type parameters
(absolute and relative permeability, porosity, and compressibility). The matrix blocks provide
storage and exchange fluid with the fractures locally. This “interporosity flow” is assumed to be
“quasi-steady,” occuring at rates that are proportional to the difference in fluid pressures. A
schematic illustration of the double-porosity method is given in Fig. 1. The early double-porosity
work emphasized single phase flow and closed-form analytical solutions, while later developments
used numerical simulation to study processes such as waterflooding of fractured petroleum
reservoirs, where water injected into the fracture system is imbibed into matrix blocks by capillary
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force, expelling oil (Kazemi et al., 1976, 1989; Thomas et al., 1983). Extensions of the double-
porosity concept include the “dual permeability model” (abbreviated “DKM”), where global flow
may occur in both fracture and matrix continua, and the method of “multiple interacting continua”
(MINC; Pruess and Narasimhan, 1985), which partitions matrix blocks into several continua based
on the distance of matrix material from the fractures. The MINC approach can resolve gradients
driving interporosity flow under conditions where the perturbations in the fracture system invade
the matrix blocks only slowly.
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Figure 1. Schematic of the double-porosity concept (DPM;
after Warren and Root, 1963). Global flow occurs
exclusively through a network of interconnected fractures,
which may interact with embedded matrix blocks of low
permeability locally.
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Absolute and Relative Permeability

Modeling of multiphase flow behavior with DPM, DKM, or MINC approaches requires
specification of absolute and relative permeabilities for the fracture continuum. From the mid-60s
to the mid-80s the prevailing view in the petroleum literature was that, for fractures, relative
permeabilities of wetting and non-wetting phases should sum to 1 regardless of saturation, kpy, +
km = 1. Often the even more sweeping assumption was made that relative permeabilities should be
equal to the respective phase saturations, kry = Sy, km = Sp. These notions about fracture relative
permeabilities can be traced back to laboratory experiments by Romm (1966), who used artificial
assemblies of parallel plate fractures lined with different materials. Experimental and theoretical
work during the last ten years has cast considerable doubt that simplistic notions of “fracture

relative permeabilities” are applicable to realistic, rough-walled natural fractures, although the issue
remains far from settled at the present time.

Considerable efforts have been made to determine permeability characteristics of individual
fractures and of fracture networks in two and three dimensions, for both single-phase and
multiphase conditions. The single-phase work has clarified the interplay between geometric
characteristics of the fracture network (spacing, length, orientation) and permeability, and the
approach to porous medium-like behavior for well-connected networks. The multiphase studies
have considered the relative permeability of individual fractures, or fracture networks, to two
phases flowing simultaneously. It was found that interference between phases is strong, causing
the sum of wetting and non-wetting phase relative permeabilities to be small at intermediate
saturations (Pruess and Tsang, 1990). This was confirmed in laboratory experiments (Persoff and
Pruess, 1995), and is consistent with insights gained from percolation theory for the connectivity
of two-dimensional lattices.

The practical implications of these findings are less clear. For field-scale flow processes it
is conceivable that wetting phase may flow in the "small" fractures, and non-wetting phase in the
"large" fractures, with minimal phase interference. In other words, the problem of two-phase flow

in individual fractures may not be relevant to multiphase flow behavior in a field-scale fracture
network.

High-Resolution Finite Differences

In thick unsaturated zones in fractured rocks of (semi-)arid regions, water seepage may
proceed through highly localized preferential pathways. Then much of the fracture volume does not
participate in flow, and large-scale volume averages may be completely meaningless. Continuum

26



concepts may still be applicable for these systems, however, if applied on the actual scale where
the flow processes occur. A key concept that has provided much useful insight into multiphase
flow behavior is the view of fractures as “two-dimensional heterogeneous porous media.”
Fractures are discretized into subregions of order 0.1 m, and the customary continuum concepts of
absolute and relative permeability, and capillary pressure are applied (Pruess, 1998). Justification
for this is provided by laboratory experiments which have shown that, for “slow” flows in “small”
fractures, continuum concepts are indeed applicable on a scale of order 0.1 m (Persoff and Pruess,
1995). An areally extensive fracture is modeled as consisting of spatially-correlated subregions
with different permeability and capillary pressure characteristics (Fig. 2).
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Figure 2. Stochastic permeability field (left) and seepage pattern (right) at the time of breakthrough at a
depth of -19.5 m for water injection at a constant rate of 103 kg/s over the entire top of the fracture.

Simulation studies of water seepage in synthetic fractures with highly-resolved
heterogeneity have produced useful insights into hydrogeologic mechanisms in thick unsaturated
zones in fractured rock. Fracture flow was found to proceed not in smooth sheets, but in dendritic
patterns along localized preferential paths, giving rise to such features as ponding and bypassing.
As long as fluxes are small compared to saturated hydraulic conductivity, unsaturated seepage may
be dominated by flow funneling into localized pathways, due to sub-horizontal barriers that may be
formed by asperity contacts or fracture terminations. Flow funneling effects and localized seepage
flux will increase with increasing length of sub-horizontal barriers, while average vertical fracture
permeability, as could be measured by monitoring the propagation of gas pressure disturbances,
would decrease. Thus we have the remarkable situation that unsaturated seepage can actually
proceed faster in media with lower average permeability (Pruess, 1998). This seemingly
paradoxical result emphasizes aspects that are unique to unsaturated flow in fractured media, and
suggests that “average permeability” may not be a meaningful parameter for this process.

Water Injection into Vapor-Dominated Geothermal Reservoirs

Extensive steam production from the fractured vapor-dominated geothermal reservoirs at
Larderello, Italy, and The Geysers, California, has caused a decline of reservoir pressures and well
flow rates, and has led to an underutilization of installed electric generating capacity. Injection of
water is the primary means by which dwindling fluid reserves can be replenished, and field life and
energy recovery be enhanced. When cold water is injected into hot fractures, heat transfer from the
rocks to the fluid occurs slowly (conductively), giving rise to very broad zones with gradual
changes in fluid temperatures and saturations. In sub-vertical fractures injection plumes evolve
through a complex interplay of heat transfer, boiling and condensation phenomena, gravity effects,
and two-phase flow. Because vapor has much lower density than liquid water it has larger
kinematic viscosity and acts as the more viscous fluid. Very considerable vapor pressure gradients
may be generated during vaporization, which may be comparable in magnitude to gravitational
body force on the liquid, providing a mechanism for lateral flow of liquid, with associated potential
for early breakthrough at neighboring production wells.
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Nuclear Waste Disposal

Mathematical models have been extensivley used in the investigations of Yucca Mountain
as a potential site for a high-level nuclear waste repository. Numerical simulations of flow and
transport at Yucca Mountain have generally emphasized large-scale spatial averages, and have
employed fracture continuum approaches, such as DPM, DKM, MINC, and single effective
continuum models (ECM). High-resolution models with explicit discretization of fractures have
also been used to study basic mechanisms of fluid and heat flow in this unusual hydrogeologic
environment. Large-scale volume-averaged models have been very successful at describing the
propagation of barometric or artificial (man made) pressure pulses, and for describing temperature
evolution during heater tests. Gratifying as this success is it is not unexpected, because gas flow
and heat conduction, being described by parabolic partial differential equations, are subject to
strong internal averaging mechanisms. Water seepage in fracture networks at rates far below
saturated hydraulic conductivity, however, is described by a hyperbolic PDE. In this case internal
averaging mechanisms are essentially absent, and volume averages are not enforced through
physical processes in the flow system, but are formal constructs of the analyst. Predictions of

water seepage from volume-averaged continuum models must therefore be interpreted with a great
deal of caution.

Recent observations of environmental tracers in the Exploratory Studies Facility at Yucca
Mountain have provided direct evidence that water can flow through unsaturated fractured rocks
over vertical distances of several hundred meters at velocities of order 10 m/yr or more. As
remarked by Cook (1991), it is difficult to understand “how fractures could remain sufficiently
saturated to act as fast paths in the face of high matrix suction [of order P, = - 3 bar].” Matrix
imbibition indeed would be a very strong process if water were flowing down fractures in the form
of area-filling sheets. However, recent mathematical modeling has demonstrated and quantified
several mechanisms that could drastically diminish water imbibition into the rock matrix, including
(1) funneling of flow into localized preferential pathways, which reduces the wetted area where
imbition occurs, (2) episodic nature of infiltration, which reduces the time available for removing
water from the fractures, and (3) mineral coatings on fracture walls, which reduce imbibition
fluxes.

Emplacement of heat-generating high-level nuclear wastes in thick unsaturated zones of
fractured tuff at Yucca Mountain would give rise to complex multi-phase fluid flow and heat
transfer processes. Numerical simulations for idealized systems have predicted that over time the
rock in the vicinity of the heat sources will dry out. This observation has led some workers to
propose a repository concept called “extended dry,” in which high thermal loading would be used
to effectively protect waste packages from being contacted by liquid water. However, critics have
pointed out that liquid water can migrate considerable distances through fractured rock that is at
above-boiling temperatures and be only partially vaporized (Pruess, 1997). An added concern is
that large repository heat loads would increase rates of vaporization and condensate formation,
promoting non-equilibrium matrix-fracture flow effects that could conceivably even enhance
localized and intermittent water flow near the waste packages (Pruess and Tsang, 1994).

Concluding Remarks

Fractured flow systems exhibit a tremendous diversity of fracture and rock matrix
properties, and flow and transport processes. Different approaches have been developed for flow
modeling on a range of space and time scales. Early work on fractured flow systems emphasized
applications to oil and gas reservoirs and large-scale volume averaged approaches. More recently
there is increasing interest in applications related to waste disposal, and to environmental protection
and remediation, which typically involve higher spatial resolution of small-scale processes. Much
useful insight into multiphase flow behavior and mechanisms in fractured formations has been
gained through the study of idealized systems. Examples include oil recovery from fractured
reservoirs through water- and steam-flooding, injection of cold water into fractured geothermal
reservoirs, and water seepage in unsaturated rock fractures. Applications to site-specific predictive

28



modeling have been more difficult to achieve, as they raise difficult issues of characterization and
model calibration, and applicability of conceptualizations for processes operating on different space
and time scales. A general problem with modeling of flow in fractured media arises from the
geometric complexity of individual fractures and fracture networks. Fracture geometry on different
scales is a very natural starting point for flow and transport modeling, but geometric features that
are crucial for flow behavior, such as fracture connectivity, are very difficult to determine in the
field.
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Two-Phase Flow in a Variable Aperture Fracture: Laboratory
Validation of a Two Dimensional Numerical Model
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Introduction

Over the past few decades, dense non-aqueous phase liquids (DNAPLs) have been
identified as an important class of groundwater contaminants due their low aqueous
solubilities and even lower drinking water standards; together these properties enable a
relatively small volume of a DNAPL to contaminate a large volume of groundwater. In
addition, the relatively high densities and often low viscosities of DNAPLs allow them to
migrate over considerable distances, both vertically and laterally in the subsurface.

Many sites at which DNAPLSs are released into the subsurface are located above fractured
geologic deposits (e.g., Smithville Waste Storage Facility, Smithville, Ontario; Bear Creek
Burial Grounds, Bear Creek, Tennessee). It is critical to understand the behavior of
DNAPLs in these environments because fractured rock aquifers are a common source of
drinking water, and fractures can act as significant contaminant pathways in fractured
aquitards. The remediation of fractured-porous media systems contaminated by DNAPL
compounds is exceptionally difficult because complex fracture networks make it nearly
impossible to predict the DNAPL distribution. Furthermore, existing remediation
technologies are relatively ineffective in highly heterogeneous media, such as fractured
rock [Mackay and Cherry, 1989].

The purpose of this paper is to present some of our current findings dealing with the
comparison between results from a numerical model which simulates two phase flow in a
variable aperture fracture, and observations from laboratory experiments. A transparent
polymer resin was used to fabricate a cast of a natural rough-walled limestone fracture.
The transparent nature of the synthetic fracture plane allowed for the measurement of
aperture distribution using a co-ordinate measurement machine (Mitutoyo), and for the
visualization of DNAPL flow and distribution. The aperture distribution of the
laboratory fracture was used in the numerical model, thus permitting a meaningful
comparison between the numerical simulations and the experimental observations.

Numerical Model

The model, which simulates two dimensional, two phase, transient flow in a single
variable aperture fracture, is referred to as FRAC22. The model was based upon mass
conservation in a parallel plate fracture, and uses a finite volume discretization technique
[Murphy and Thomson, 1993]. Simulation results from FRAC22 demonstrate several
dynamic processes for two phase flow in a variable aperture fracture, including [Murphy
and Thomson, 1993]:
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1. the hindrance of non-wetting fluids from entering larger aperture regions due to
intervening smaller aperture regions;

2. the pinching off of a non-wetting fluid due to a decrease in capillary pressure upon
encountering a larger aperture region;

3. thedensity driven migration of a denser fluid opposite to the flow direction of a
lighter fluid; and

4. the migration of isolated globules due to pressure gradients in the surrounding fluid.

Laboratory Experiments

The process by which the synthetic
fracture plane was constructed is Silicone Mold—\
illustrated in Figure 1. The method, i

adapted from Gentier ef al. [1989], )
involves first using silicone to cast a
negative of both fracture walls. The

Limestone Fracture

silicone negatives are employed to Transparent Polymer Resin

form a positive of each fracture wall

using a transparent polymer resin. /'v ogl . |
The transparent fracture walls are Rositiveof A~ ‘

then mated to create a synthetic Positive of B Silicone Mold
fracture plane. i

Figure 1: Construction of a Synthetic Fracture Plane

The synthetic fracture plane constructed for these experiments is approximately 24.5 cm
long by 14.7 cm wide. It has a mass balance aperture of approximately 900 pm, a cubic
law aperture of approximately 140 pm, and a frictional loss aperture of approximately 65
um, as defined by Tsang [1992].

The aperture distribution was obtained using a co-ordinate measurement machine; the
stylus measured the x, y and z co-ordinates every 2 mm on both limestone fracture faces.
The co-ordinate mappings were then mated to obtain the aperture distribution.

The experimental methodology involved emplacing a DNAPL in the fracture plane under
a fixed capillary pressure and observing the resulting DNAPL flow and distribution.
Once a steady-state flow field was reached, the DNAPL source was removed and a water
flush was conducted in an attempt to mobilize the entrapped DNAPL.

Figures 2 through 5 illustrate the results of a DNAPL emplacement experiment conducted
in this synthetic fracture plane; the lighter color represents the DNAPL and the darker
color represents the water. In this particular experiment, the DNAPL was emplaced
under a capillary pressure of 1 cm of w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>