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Abstract.

The slow displacement of a wetting fluid by a nonwetting fluid in models of a

single fracture was studied experimentally and by computer simulations on identical
geometries. The fracture was modeled by the gap between a rough plate and a smooth
transparent plate, both oriented horizontally. Two different rough plates were used, a
textured glass plate and a polymethyl methacrylate plate with a computer-generated
pattern. A nonwetting fluid (air) was injected slowly through an inlet into the model and
displaced a wetting fluid (water) initially filling the model. The aperture fields of the
artifical fractures were measured using a light absorption technique. The experiments were
simulated using modified invasion percolation models, making use of the measured
aperture fields. The simulation models captured invasion bursts and fragmentation and
redistribution of the invading air. Experiments and simulations were compared step by
step, and good qualitative and quantitative agreement was found.

1. Imntroduction

Fluid flow in fractured subsurface environments is of central
interest to many geologic engineering applications, including
groundwater protection, nuclear waste isolation and enhanced
oil recovery. In rocks containing open fractures, fluids tend to
flow in the fractures rather than in the rock matrices, since the
matrices generally are much less permeable than the fractures.
On the microscopic scale, single-phase flow through a single
fracture has been studied experimentally by means of tracer
injection and flow rate measurements. Theoretical calculations
of flow in a single fracture usually involve a square lattice of
sites in which random, spatially correlated apertures are as-
signed to the sites. In this approach, each site represents a
region of the fracture with approximately constant aperture.
By computing the fluid pressure at each node of the mesh, the
steady state flow rates between all the nodes may be obtained.

If more than one fluid phase is able to flow, additional
complexity is introduced due to the interactions between the
fluid phases. Approximating a fracture by two parallel, smooth
plates, several researchers [e.g., Fourar et al., 1993; Pan et al.,
1998] studied the phase distributions in flow experiments. Ni-
choll and Glass [1994] measured relative permeabilities in
steady state, two-phase flow through a transparent artificial
fracture made of two textured glass plates. Wan et al. [1996]
used etched glass micromodels to observe flow patterns and
displacement processes in a fractured porous medium.

Experimental data involving two-phase flow in natural frac-
tures are scarce owing to the considerable experimental diffi-
culties involved. Merill [1975] and Reitsma and Kueper [1994]
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studied two-phase flow through a natural rock fracture indi-
rectly by pressure measurements in and across the fracture.
Nicholl et al. [1994] opened an initially dry natural fracture
after flooding with a wetting fluid to study the displacement
pattern. Pyrak-Nolte et al. [1992] and Persoff and Preuss [1995]
used transparent replicas of a natural rock fracture to directly
observe two-phase flow patterns.

A number of models have been proposed to simulate slow
two-phase flow through a single fracture [Wanfang et al., 1997].
These models are related to the general percolation problem
and divide the void space of the fracture into regions that are
occupied by one or the other of the two phases. Pruess and
Tsang [1990] and Pyrak-Nolte et al. [1990] used a square lattice
of sites to represent a single fracture and to calculate steady
state relative permeabilities. Each site with an aperture b less
than a cutoff aperture was occupied by the wetting fluid, and
the remaining sites were occupied with the nonwetting fluid.
Pyrak-Nolte et al. [1992] studied the invasion of a wetting fluid
in a fracture filled with a nonwetting fluid and modeled the
process using a percolation process in which the accessibility of
different regions in the fracture was taken into account. Men-
doza and Sudicky [1991] reported simulations using a similar
fracture model. A displacement pattern was simulated using
invasion percolation with trapping [Wilkinson and Willemsen,
1983] and the relative permeability of the model was computed
as a function of saturation with the nonwetting fluid. Glass
[1993] developed a modified invasion percolation model to
simulate the imbibition of wetting fluids into fractures, under
the influence of gravity. At each stage in the simulation, the
local curvature of the fluid-fluid interface was used to define
the invasion thresholds of sites on a square lattice. Paterson et
al. [1996], Du et al. [1996], and Wagner et al. [1999] studied
displacement patterns obtained from standard invasion perco-
lation models on correlated substrates. These substrates had
fractal properties and represented sections of strongly hetero-
geneous rocks, such as fractured rocks.

At present, it is not clear as to what degree percolation
models capture real-world displacement processes in single
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Figure 1. Schematical drawing of the two artifical fracture
models A and B used in the experiments. Labeled are as
follows: a, plane top plate; b, rough bottom plate; c, air inlet;
and d, clamps.

fractures. In this paper we present, for the first time, a detailed
comparison of experiments and simulations of slow, two-phase
flow in fractures. We used artificial fracture models con-
structed from a rough horizontal bottom plate covered by a
plane transparent top plate and filled with a wetting fluid
(water). The aperture field of the first model was prepared with
discrete values, to facilitate direct comparison of the displace-
ment patterns with the simulation. The second model had a
continuous aperture field that appeared to be a closer approx-
imation to natural fracture geometries. In both models, water
was slowly displaced by a nonwetting fluid (air), and the de-
velopment of the fluid occupancy patterns was recorded.

The displacement processes were simulated using the void
space geometries measured from the models. The simulations
were based on the invasion percolation (IP) model [Lenor-
mand and Bories, 1980; Wilkinson and Willemsen, 1983]. In the
IP model, random numbers (“invasion thresholds”) are as-
signed to each site on a lattice representing a random medium.
Initially, all but one of the sites are occupied by the wetting
fluid (“defender fluid”), and one site is occupied by the non-
wetting fluid (“invader fluid”). The algorithm then consists of
repeating two steps:

1. Identify the defender fluid site adjacent to the invaded
region that has the lowest invasion threshold.

2. Invade the identified site by filling it with invader fluid.

The IP model has proven to be very successful in describing
the displacement of wetting fluids by a nonwetting fluids in
porous media, in the case of vanishing viscous forces [Lenor-
mand and Zarcone, 1985]. The success of the IP algorithm is
due to the correspondence between the invasion thresholds
assigned to the sites and the random capillary pressures P, that
the nonwetting fluid must overcome to invade a pore. For a
circular pore of radius r, P, is given by

20 cos 0
Po=—"7—, 1
where o is the interfacial tension and 6 is the angle of contact
with respect to the matrix material.

Capillary forces may also be expected to play a dominant
role in two-phase flow through narrow fractures. The pressure
that the nonwetting fluid must overcome to invade a region
with aperture b is given by [Kueper and McWhorter, 1991]

20 cos O
pPo="F—. @
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In contrast to the fluid-fluid interface in a porous medium, the
fluid interface in a fracture is not divided into numerous me-
niscii separated by a solid matrix but is continuous.

2. Experiments

The experiments were conducted using artificial fracture
models in which (nonwetting) air displaced (wetting) water.
This combination of fluids was characterized by the interfacial
tension o = 0.072 N m ™, and a viscosity ratio of M = 2 X
1072, The air injection rate was kept low (1 mL min~') to
minimize viscous forces. The fluid-fluid interface propagated
with an average velocity of approximately 5 X 107> m 57,
corresponding to a low capillary number of Ca = 1 X 1078,

Figure 1 shows the experimental setup. The models con-
sisted of two plates of equal dimensions that were clamped
together. The bottom plate was rough, whereas the top plate
was smooth. A central hole drilled in the top plate provided an
inlet for the air. Gravitational effects were minimized by ori-
enting the model horizontally, and displaced water was col-
lected at the boundary of the model.

Two different rough bottom plates were used with smooth
planar top plates. The corresponding laboratory models (and
computer models) are referred to as model A and model B.
Both models had a mean aperture of approximately 0.15 mm.
The bottom plate of model A was a 25-mm-thick polymethyl
methacrylate (PMMA) plate in which a lattice of 40 X 40
square regions of different depths was milled. A Dekel milling
machine with an accuracy of 1 um was used. The mill was
controlled by computer using a computer-generated model for
the desired surface geometry. The size of each site was 5 X §
mm, and the milling depth ranged from 0.0 mm to 0.30 mm in
steps of 0.01 mm. The surface of the bottom plate was self-
affine and was constructed to have a Hurst exponent of H =
0.8. The Hurst exponent is a measure for the roughness of a
self-affine surface and varies from 0 to 1, with H = 1 charac-
terizing a smooth surface.

In model B a textured 30 X 30 cm glass plate was used as the
bottom plate. The aperture variations in this model were con-
tinuous. The aperture field was measured employing a light
absorption technique [Nicholl and Glass, 1994]. The model was
filled with water containing 0.1 wt% Nigrosine dye and placed
on a light box. In the resulting pattern of gray shades, dark
patches indicated regions with large apertures, because the
intensity of the transmitted light decreases with the distance
traveled through the absorbing layer. Using a high-resolution
(2000 X 2000 pixels), cooled charge-coupled device (CCD)
camera with 12-bit intensity resolution, a digital image of the
model was analyzed and found to yield a consistent map of the
relative order of the apertures. Transmission errors due to
refraction effects at the fluid-solid interface were ignored,
since the local slope of the model bottom plate was low every-
where. The apertures ranged from 0 to 0.35 mm and were
approximately lognormally distributed.

In both models, top plates of the same material as the
bottom plates were used to create uniform wetting conditions.
The water used in the experiment was de-aerated to avoid the
formation of air bubbles. The models were filled by pouring
water onto the bottom plate until the plate was completely
covered. At this stage the top plate was brought in place. Air
was injected through the air inlet at a constant rate and pen-
etrated into the fracture model. Images of the displacement
pattern were recorded every 2 min using a Nikon 35-mm cam-
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era. In some experiments, a sensitive pressure sensor and a PC
were used to record the air pressure at the inlet at 1-s intervals.
An experiment lasted until the air reached one of the edges of
the model (breakthrough); this usually occurred after 30 min
to 1 hour.

Figure 2 shows several stages in the growth of a displace-
ment pattern from an experiment using model A. The lattice
sites with constant apertures can be recognized as square re-
gions with the same gray level. The essentially discrete gray
levels in the figure correspond to the discrete apertures in the
underlying numerical model. Figure 2 shows that the growth of
the air cluster was correlated with the aperture field. The width
of the “arms” stretching out from the central “body” of air
(Figure 2a) was equal to the lattice constant of the model. Air
generally invaded the regions with the largest aperture, as
expected. At later stages (Figure 2b and 2c), more narrow
regions were invaded as well, and the arms often widened out
to two or three lattice constants. In Figure 2c, trapped islands
of water may be observed.

Model A included 1600 sites and only 30 different aperture
sizes. At some stages, several water-filled sites adjacent to the
growing cluster of air had apertures of the same size. As a
result of those degeneracies, the cluster of air did not grow in
a completely reproducible manner in different experiments. At
the degenerated stages, the outcome of the experiment was
determined by impurities in the model or by inaccuracies of the
model geometry that were due to slight deformation of the
bottom plate.

Figure 3 shows a plot of the pressure at the air inlet (the
capillary pressure P_), plotted as a function of time. The pres-
sure curve is correlated to the sequence of regions invaded by
the cluster of air. During the first 6 min, the air pressure
increased almost linearly, and only a small region near the
injection point was invaded (Figure 2a). The pressure de-
creased rapidly as a large number of sites were invaded almost
instantaneously (Figure 2b). Similarly, the other rapid pressure
reductions may be identified with invasion bursts. This is con-
firmed by the plot of the number of invaded model sites,
plotted as a function of time on the same graph. During these
burst-like events viscous forces must become more important
relative to the capillary forces. However, they do not play an
important role in the pattern formation process because only
wide aperture regions are invaded, and the patterns are con-
trolled by the distribution of small-aperture regions. The pres-
sure variations were reproducible and of the expected order of
magnitude (=1000 Pa), predicted by equation (2) with ¢ =
0.072N/m, 6 = 0, and a mean aperture of b = 0.15 mm.

Figure 4 shows a time series from a displacement experiment
carried out using model B. The aperture field in the model was
anisotropic, with “valleys” of high aperture and “ridges” of low
aperture in the east-west direction. As in model A, the devel-
oping displacement pattern was correlated with the aperture
variations in the model, and the displacement process was
episodic. In Figures 4b and 4c the results of “snap-off” events
may be seen in which bubbles of air became isolated from the
large air cluster connected to the inlet.

The air bubbles in model B were separated from each other
by regions with relatively low apertures (the ridges) acting as
barriers. The bubbles had a considerable “storage capacity,”
reflected by advances and retractions of the fluid-fluid inter-
faces [Mdlgy et al., 1992]. Fresh air could be transported over
the ridges via a sequence of small bubbles. When the pressure
in the cluster connected to the air inlet had increased suffi-
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ciently, the cluster could connect to a neighboring bubble. The
neighboring bubble was inflated and its interface pushed out-
ward until contact was established with the next neighbor bub-
ble. When air was transported through the connected chain of
bubbles to a water-invaded region with a large aperture, the
region was invaded, and the air chain fragmented (this frag-
mentation is called a snap-off). The timescale on which snap-
offs and invasion bursts occurred was of the order of 1 s.
Invasion bursts were separated by several minutes. In all ex-
periments using model B, similar or identical displacement
patterns were obtained. For technical reasons, no reproducible
pressure measurements could be obtained with model B.

The displacement patterns observed in the two models differ
in two respects: First, trapping of water occurred in model A
but not in B; second, snap-off of invading air occurred in model
B but not in A. Trapping may have been prevented in model B
due to the pronounced “valleys” in the model. The air
“pushed” the water along the valleys rather than encircled
water-filled regions.

The absence of snap-offs in model A may be related both to
the isotropy of the model and to the discrete aperture varia-
tions. In model A, the air occupied only sites with large aper-
tures, whereas in model B the invading fluid was forced to pass
over low-aperture ridges in order to pass from valley to valley.
The pressure fluctuations accompanying the invasion of nar-
row sections could lead to snap-offs. Moreover, in model A the
fluid-fluid interface was always located in regions with locally
constant aperture (see Figure 1a). In model B the continuous
aperture variations led to nonvanishing gradients in the capil-
lary pressure and thus redistribution of the air.

3. Simulations

The displacement processes observed in model A were sim-
ulated using a variant of the standard IP model without trap-
ping [Lenormand and Bories, 1980; Wilkinson and Willemsen,
1983]. The IP model is conceptually very simple, focusing on
capillary forces only. It does not account for other, potentially
important factors such as film flow of the wetting fluid along
the fracture surface [Tokunaga and Wan, 1997]. In the present
implementation, a square lattice of 40 X 40 sites was used,
corresponding to the square regions of known (discrete) aper-
tures forming the void space in the experimental model. The
invasion threshold p, of the ith site was given by the inverse of
the aperture b; in the ith region.

The simulation began by invading a site in the center of the
lattice representing the air inlet. The cluster of invaded sites
expanded as the IP algorithm outlined in section 1 was exe-
cuted. Two different strategies may be used to account for the
degenerate configurations mentioned in section 2: either si-
multaneous invasion of all sites with lowest threshold, or ran-
dom selection of one of those sites. In this work, the simulta-
neous invasion strategy was used.

The snap-off events and redistribution of air observed in
model B cannot be reproduced using the standard IP model. A
modified IP model that included migration of invader fluid and
fragmentation of the IP cluster was developed. As in standard
IP, the simulation proceeded in steps and began by invading
the injection site. After each invasion step, one or more mi-
gration steps in which the invader fluid was redistributed could
take place. The migration mechanism modeled the transport of
air through air bubbles observed in fracture model B. During
migration, invader fluid from a site at the perimeter of a cluster
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(c) 34 min.

Figure 2. (left) Displacement patterns observed during an experiment using model A. Air (white) displaced
wetting water (gray). The gray shades indicate the aperture of the model, with the darkest shades representing
the largest apertures. The injection tube leading to the center of the model is visible. (right) Simulated
displacement patterns using a modified IP model with simultaneous invasion on a lattice of 40 X 40 sites. The
nonwetting fluid (white) displaces the wetting fluid (gray). The gray shades represent the invasion thresholds
used, with the darkest shades representing the lowest thresholds.
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Figure 3. Plot of the air pressure at the inlet P, as a function
of time, measured in the experiment shown in Figure 2. On the
same graph is shown a plot of the number of invaded model
sites (right-hand scale; dotted line) as a function of time.

was withdrawn while an adjacent site was invaded (see Figure
5). A migration step was possible only if the aperture of the
adjacent site was larger than that of the cluster site from which
the air was withdrawn. Transfer of “fluid” always took place
between the combination of sites that had the largest differ-
ence in aperture. All possible migration steps were carried out
before a new invasion took place.

Migration steps could lead to fragmentation of a cluster. A
cluster fragment could migrate on its own and coalesce with
other fragments. Invasion was restricted to the cluster of sites
that was connected to the injection site. Here a cluster of sites
is defined as a set of sites with the same label (representing
either wetting fluid or nonwetting fluid) in which every site is
connected to all of the other sites by a path that consists of
steps between nearest neighbor sites with the same label. A
trapping rule was used during invasion steps and during mi-
gration steps to conserve the volume of entrapped water. This
rule required that water-filled sites that were not connected to
the lattice boundary by a path of nearest neighbor water-filled
sites could not be invaded. Instead, the volume of disconnected
“islands” of water was conserved.

In the simulations, the area covered by a migrating cluster
(the number of sites belonging to the cluster) remained con-
stant, whereas the volume occupied by the cluster (the sum of
the apertures of the sites covered by the cluster, multiplied by
the area of each site) varied. The migration steps modeled the
cluster’s tendency to maximize its volume and to minimize its
internal pressure. In contrast, in the experiments the area of
the projection of a migrating bubble onto a horizontal plane
varied. The volume and pressure changes experienced by a
migrating bubble can be assumed to be small, since the capil-
lary pressure variations experienced by the bubble were small
compared with atmospheric pressure. By construction, the sim-
ulation model thus exaggerates the volume changes of the
bubble and ignores the change in projected area of the bubble.

The simulation of the displacement process in the fracture
model B was carried out using a square lattice of 230 X 230
sites. The invasion thresholds assigned to the sites were ob-
tained by coarse-graining the aperture field measured in model
B. The threshold of the ith site was equal to the inverse of the
mean aperture of the region represented by the site.
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4. Comparison of Experiments and Simulation

To compare the experiments with the simulations, the ex-
perimental displacement patterns were divided into sections
corresponding to the lattice sites used in the simulations, and
a site-by-site comparison scheme was applied. The overlap S
between an experimental pattern and a simulated pattern, with
Ng and Ng air-filled sections, respectively, was defined as

S = Ny/N, 3)
where N, is the number of air-filled sections in the experimen-
tal pattern and the simulated pattern that overlapped each
other, and N = min (Ng, Ng). Since pictures were taken at
equal intervals during an experiment and invasion occurred in
bursts, and since the simultaneous invasion scheme was used in
the simulations, an exact match of Ng and Ng was not always
obtainable. Those stages in the experiments and simulations
that had the least difference [Ny — Ng| were compared. To
find Ny and N, photographs of the experimental patterns were
digitized and the air-filled regions were identified. A 40 X 40
square grid was placed on the photographs from experiments
on model A, and the sections that were more than 50% in-
vaded by air were marked manually. The photographs from the
experiments on model B were divided into a square grid of the
same size as the one used in the simulations, and image-
processing software was used to identify the sections that were
invaded by air.

Figure 6 illustrates the overlap between the displacement
patterns observed in model A and that obtained from the
standard IP model with simultaneous invasion. Similarly, Fig-
ure 7 illustrates the overlap between the patterns observed in
model B and that obtained from the modified IP model with
fluid redistribution. A plot of the overlap S as a function of the
size of the smaller of the two clusters N for four different
experiments using model A and the standard IP model with
simultaneous invasion is shown in Figure 8. The general agree-
ment is good, with more than 70% overlap during most of the
displacement. The poor overlap around N = 100 is due to the
delayed invasion of a large region to the east of the injection
site in the simulation.

Perfect overlap between the experiment and simulations
should not be expected, since the experimental displacement
pattern is affected by fluctuations in the wetting characteristics
and inaccuracies of the experimental fracture model, as men-
tioned in section 2. In fact, at some stages the experimental
cluster of air invaded water-filled regions at its perimeter that
had, nominally, a slightly lower aperture than other perimeter
regions, which were invaded subsequently. Fluctuations in the
wetting characteristics can occur as a consequence of contam-
ination of the surfaces and/or variations in the microscopic
roughness of the surfaces.

Even in the absence of a trapping rule conserving the vol-
ume of water “islands,” the shape and the location of water-
filled regions that were trapped by the air cluster was well
reproduced. The apertures of these regions were small, and the
regions were not invaded at any stage. In general, IP clusters
grown on a self-affine substrate in the absence of a trapping
rule are quite different from clusters grown in the presence of
a trapping rule [Wagner et al., 1997].

A similar plot for the experiment and simulation with model
B is shown in Figure 9. The agreement between experiment
and simulation is surprisingly good, with S better than 80%
during most of the displacement. The good agreement may be
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Figure 4. (left) Displacement patterns observed during an experiment using model B. Air (white) displaced
wetting water (gray). The gray shades indicate the aperture of the model, with the darkest shades representing
the largest apertures. The injection tube leading to the center of the model is visible. (right) Simulated
displacement patterns using a modified IP model with fluid redistribution on a lattice of 230 X 230 sites. The
nonwetting fluid (white) displaces the wetting fluid (gray). The gray shades represent the invasion thresholds
used, with the darkest shades representing the lowest thresholds.
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Figure 5. Illustration of the modified IP model used to sim-
ulate displacement in fracture model B. Shaded sites indicate
water-filled regions, with dark shades indicating large aper-
tures. “Air” was injected at the lower left corner and filled a
region (white). In a migration step the perimeter site (crosses)
with the smallest aperture (A) is filled with “water,” and the
adjacent water-filled site with the largest aperture (B) is filled
with air. The step is possible only if the aperture at B is larger
than the aperture at A.

related to the fact that the aperture field was continuous and
thus no aperture degeneracies were present, as in model A.
The modified IP model reproduces the disconnection of bub-
bles and positions the bubbles correctly, as is shown in Figure
7. The trapping rule used in the simulations of the displace-
ments in fracture model B was seldom invoked, in agreement
with the experimental observations (see section 2).

5. Summary

The aperture field in fracture model A was constructed with
self-affine fractal scaling properties leading to long-ranged spa-
tial correlations, in agreement with various recent studies of
rock fracture geometries [e.g., Power and Tullis, 1991; Schmitt-
buhl et al., 1993, 1995; Odling, 1994; Brown, 1995]. However,
the model was limited in size (range of length scales) owing to

Experiment
+ Simulation

Figure 6. Comparison between the experimental pattern
shown in Figure 2c and a simulated pattern obtained from the
standard IP model with simultaneous invasion.
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Experiment
« Simulation

Figure 7. Comparison between the pattern of air-filled re-
gions shown in Figure 4b and the simulated pattern obtained
from the modified IP model with fluid redistribution.

technical constraints, and the effect of the discrete aperture
variations is difficult to assess.

In model B the aperture variations were continuous as in a
natural fracture. The aperture field in model B was found to
have self-affine properties on length scales less than the typical
width of the valleys (~20 mm). On these short scales the
aperture field was characterized by a Hurst exponent H =
0.82 = 0.08. Above this length scale the aperture profile was
dominated by the irregular valleys and ridges.

The standard IP algorithm with simultaneous invasion could
not reproduce the displacement patterns observed in model B,
since it does not include fragmentation mechanisms. On the
other hand, the modified IP model with fluid redistribution had
a poor ability to reproduce the experimental observations
made using model A. The modified IP model predicted snap-
offs to occur in model A, in contrast to the experimental
observations. Similarly, in simulations of displacement in
model B, snap-off was predicted to occur more often than was
observed in the experiment. This weakness of the simulation
model may possibly be corrected by taking into account the
extra surface energy required to fragment a bubble of air. Low
or high “cost factors” imposed on migration steps leading to
fragmentation might favor or inhibit cluster formation, respec-
tively. In fact, snap-off in model A was observed when the
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Figure 8. Plot of the overlap S between four different dis-
placement experiments using model A and a simulation using
the standard IP model with simultaneous invasion, as a func-
tion of the number of invaded sites, N.
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Figure 9. Plot of the overlap S between an experiment using
model B and a simulation using the modified IP model with
fluid redistribution, as a function of the number of invaded

sites, N.

interfacial tension o was decreased by adding soap to the
water.

In conclusion, the slow displacement of water by air was
studied experimentally using two different fracture models.
The displacement processes were simulated using modified
invasion percolation models, and the quality of the simulations
was assessed by comparing the overlap between the experi-
mental and the simulated displacement patterns.

The work reduces the gap between experimental studies of
two-phase flow in fractures and numerical modeling of flow in
fractures. Invasion percolation was found to describe slow,
immiscible displacement processes in narrow fracture models
quite well and led to accurate predictions of phase distribution
in the models. However, the development of a single model
that can simulate the displacement of a wetting by a nonwet-
ting fluid in both types of fracture apertures remains a chal-
lenge for the future.
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