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ABSTRACT

Gravity-driven wetting-front instability is known
to occur in both porous media and Hele-Shaw
cells. A systematic investigative procedure for
studying gravity-driven fingering in unsaturated,
rough-walled fractures is described, As a first
step toward understanding this system,
experiments were performed in an analogue
fracture consisting of two roughened glass plates
held in close contact. Results from preliminary
experiments in both initially dry and wet
analogue fractures are presented, including
measurements taken from individual fingers within
a fully unstable flow field. For initially dry
fractures, increasing the volume of fluid
contained in the front leads to increases in both
finger width and velocity. Finger velocity also
was observed to increase with gravitatrional
gradient. Once a finger structure develops in an
initially dry fracture, the structure persists in
subsequent infiltration events. In uniformly wet
fractures, fingers are found to be more numerous
and thinner and to have higher velocity than
fingers formed in initially dry fractures,

INTRODUCTION

Proposed geologlc isolation of high-level
radicactive wastes in unsaturated fractured rock
has brought to the forefront one of the most
difficult technical problems in hydrogeology -
unsaturated fracture flow. Development and
validation of field-scale models capable of
predicting flow and radionuclide transport
through an unsaturated, fractured rock unit must
be based on a thorough understanding of local
behavior.!:2? Prior to Winograd's® seminal paper
expounding the potential of thick unsaturated
zones in arid regions to act as a natural barrier
to flow, very little theoretical or experimental
research in unsaturated fractured rock had been
conducted, From a theoretical viewpoint, coupling
between the highly non-linear unsaturated flow
equations and a variable matrix, dissected by a
network of "planar" fractures with variable
aperture fields, creates a very difficult
problem. Likewise, the technical demands

associated with performing controlled laboratory
experiments on unsaturated fractures within an
unsaturated matrix has limited experimental work.

The conceptual models currently used for the
performance-assessment exercises do not
incorporate many small-scale processes which
govern flow within unsaturated fractures.'
Current models assume uniform wetted structure
within fractures, however, under most conditions,
fractures will not develop a uniform wetted
structure. Wetted-region structure in a
horizontal fracture is most likely to be fractal
even for a random fracture-aperture field.® In
non-horizontal fractures, the influence of
gravity can cause infiltration flow instability
and the formation of gravity-driven fingers
despite the high potential gradients into the
surrounding dry matrix (see Figure 1).

Instability 1s defined as the unconstrained
growth of the inevitably occurring small
perturbations characteristic of all dynamic
systems. Gravity-driven wetting-front instability
is manifested as the break-up of a smooth wetting
front into discrete fingers oriented in the
direction of the gravitational gradient (V,). It
has been shown that under certain conditions,
wetting fronts exhibit gravity-driven instability
in both unsaturated sands®:-7:8.9.19 and Hele-Shaw
cells, which are physical analogues for saturated
flow through porous media.l}.12.13,14,13 1¢ §g
highly probable then, that gravity-driven
instability also will develop in an unsaturated
rough-walled fracture.

The linear stability analysis of Saffman and
Taylor!! assumed a constant velocity, downward
displacement of one fluid (sub,) by another
{(sub,) in a vertically oriented homogeneous,
isotropic Hele-Shaw cell or porous medium. Their
results suggested that system stability was a
function of fluid viscosity difference (p,-p;),
fluid density difference (p,—p;), and the
interfacial velocity (U). Steady planar
displacement was found to be unstable at all
wavelengths when the following inequality is
satisfied:



Fig. 1: Gravity-fingering and fracture/matrix interaction: Gravity-driven fingering associated
with non-horizontal fractures can significantly limit the transfer of fluids and solutes
between the fractures and matrix because of the reduction in wetted area within the fracture.
This series of photographs shows the formation of a finger in a2 "half plane" fracture. A
vertical fracture was simulated by securing a roughened glass plate to the face of a smooth
slab of densely-welded tuff. Note that the generated flow field wets much less than 25% of the

fracture plane (taken from Glass and Tidwell?).

kg(Pl_Pz) - 9U(1‘|,“'.Uz) >0, (1)

§ = pore volume
g - gravitational acceleration, and
k = intrinsic permeability.

where:

Equation 1 may be simplified for air/water
systems in porous media by neglecting the density
and viscosity of air with respect to those of
water. The resultant inequality (Equation 2)
simply states that a downward moving infiltration
front will be unstable when the flux (q) through
the system is less than the maximum
gravitationally driven flux (q,,.):; for vertical
flow, g,,x is equal to the saturated hydraulic
conductivity (Kg).

q < 9pax (2)

Chouke et al.,'? and later Parlange and Hilll®
extended Saffman and Taylor’s results by
incorporating the effects of capillary forces
along the Interface. Both approaches showed that
interfacial capillary forces stabilize the front
for all wavelengths below a minimum unstable
wavelength. The heuristic approach taken by

Chouke et al.,'? found this wavelength to be
solely a function of fluid surface tension, while
the more rigorous approach of Parlange and H{l1l!®
also incorporated the effects of media
properties. Natural and experimental systems
smaller than this wavelength will not experience
instabilicy,

For instability to occur in an unsaturated rough-
walled fracture, the horizontal length scale of
the fracture also must exceed some minimum length
(L); Equation 3 provides a first-order estimation
for L in a rough-walled fracture:

20 _cosf
L - ' (N
pg sina &

where;

= fluid surface tension
inclination from vertical

= mean fracture aperture, and
= contact angle.

we R a

The implications of wetting-front instabilicty
with regard to modeling unsaturated fracture flow
are extensive. Inter-block connectivity, and



to the back side of the test-plane table. Data is
acquired by a charge-coupled-device (CCD) video
camera attached to the superstructure of the RTS
and focused on the fracture plane. The RTS was
designed such that the rigidly connected light
box, test-plane table, and camera could be
rotated on the support base through more than 180
degrees., This feature allows variation of ¥V, and
rapid inversion of the test cell.

The test cell consists of two rectangular
aluminum frames with 1.9 cm thick plate-glass
windows. The test cell used in these experiments
measures 70x39.5 cm and holds a fracture
measuring 61x30.5 cm. Test fracture plates are
mounted to the inside of the plate glass window,
with a rubber gasket forming a pressure contalner
between the two surfaces, Pressurization of this
container on each side of the fracture removes
long wavelength disturbances In the aperture
field by forcing the fracture plates to be in
close contact while the fracture boundaries
remaln open to atmospheric pressure. In the
experiments described, a constant confining
pressure of 20 psi was applied to each side of
the analogue fracture.

All experiments were imaged and recorded at pre-
determined Iintervals., In order to prevent image
degradation, all recording and processing was
done exclusively Iin the digital domain. The PC-
based data-acqulsition system utilized a DATA
TRANSLATION 2862 frame grabber and the assoclated
software. Data were acquired at 512x512 pixels,
256 grey-levels/pixel resolution using a COHU
CCD. Pure de-ionized water (DI) provided
insufficient contrast for the imaging system.
Experimental fluid consisted of 1 g FD&C Blue #l
and 1 g FD&C Red #3 added to 1 liter of DI,
producing a deep blue-purple color. Wetting
properties of the experimental fluid were
evaluated using caplillary tubes, and found to be
consistent with that of DI.

FULL FIELD INSTABILITY: INITIALLY DRY FRACTURE

By analogy to porous medla and Hele-Shaw cell
studies, It is expected that uniform application
of fluid to an inclined, initially dry fracture
at less than the maximum gravitationally driven
flux (q,,,) will result in an unstable wetting
front. 1n preliminary trials, this boundary
condition was implemented by using a porous plate
and positive-displacement pump to provide a
distributed source along the upper boundary of a
vertical fracture. Under these conditions fingers
initiated at the fracture/plate boundary,
indicating a highly unstable system. Development
of Individual fingers appeared to be associated
with local heterogenelties at the fracture/plate
boundary. These local features acted as point
connections between the porous plate and the
fracture, providing preferential flow paths into
the fracture. The abrupt onset of fingering,
however, prohibited investigation of the
transition from stable to unstable flow.

A second situation expected to be unstable is the
redistribution of flow following the cessation of
stable infiltration at q,,,. To explore this
situation, a stable infilcracion front was
produced by simultaneously injecting the contents
of 16 evenly spaced syringes along the upper
boundary of the fracture. A reservolr enclosing
the fracture boundary allowed ponding of excess
fluid when input rate exceeded the imbibition
capacity of the fracture. This procedure yields
initial/boundary conditions analogous to the
surface ponding assoclated with a sudden
precipitation event in an arld region.

Application of a finite slug allows visualization
of the stable infiltration front and subsequent
transition to instability. Distributing the slug
through multiple point sources induces a long
wave length perturbation in the advancing front
(Figure 2a). Differentlal application of fluid
allows variation in the magnitude and spatial
distribution of finite perturbations to the
front.

A serles of slug imbibition/redistribution
experlments were conducted in an initially dry
fracture (see Table 2). Parameters varied during
this series of full-field experiments were
limited to V, and volumetric input. Gravitational
gradient was varied by positioning the RTS such
that the fracture was inclined from vertical at

TABLE 2

Exp Vg Vol. No.of v§ wE
# (cm3) fingers {cm/min) {cm)
Initially dry fracture

13 1.00 6.2 4 100.4 5.4
9 1.00 7.1 3 112.4 5.1
16 1.00 14.1 2 184.3 10.1
8 0.75 6.5 2 77.0 5.5
4 0.75 7.0 3 78.3 3.9
10 0.75 12.8 2 122.0 7.9
11 0.75 19.3 2 * 11.9
12 0.75 23.0 0 na na
7 0.50 6.1 3 47.2 3.4
2 0.50 6.8 2 43.5 4.5
6 0.25 6.2 1 5.2 4.5
Initcially wet fracture: persistence

16-1 1.00 3.6 7

13-1 1.00 5.2 3

9-1 1.00 6.8 3

11-2 0.75 6.5 6

10-1 0.75 13.0 5

11-1 0.75 19.3 2

12-2 0.50 3.8 6

12-1 0,50 4.0 6

3-1  0.50 6.8 2

Initially wet fracture: uniform field

14 1.00 3.4 6

15 1.00 7.5 7

* . no measurement possible



Fig. 2: Sequence illustrating the development of an unstable wetting front in an initially dry
fracture {(Experiment B8): a) Advancement of stable front, b) Onset of instability,
c) Development of fingers, d) Fluid depletion of central finger.

angles of 0, 41.5, 60, and 75.5 degrees;
corresponding to V, of 1.0, 0.75, 0.50, and 0,25,
Volumetric input to the fracture was varied over
a range between 6 and 25 em3. Fluid was applied
with the intent of minimizing perturbations but
without attempting to form a completely flat
front.

Qualitative Observations

In all of the experiments conducted, fluid
application produced a stable wetting front along
the full width of the fracture during the initial
imbibition phase. The front begins from 16
separate points that rapidly coalesce into a
single front as imbibition proceeds. The
resulting front is stable, but not flat (Figure
2a). The macroscopic features observed are caused
by irregularities in the injection process, while
smaller features result from local
heterogeneities within the fracture. At any given
fracture inclination, increasing the volumetric
input appears to flatten the front. The dynamic
effects of sustalned flow at q,,, overwhelms any
irregularities in the system. This Is an
indication of stability, as the perturbations
from uneven injection and local heterogeneity are
damped out by the system dynamics.

The behavior of the wetting front changes
entirely when the input slug is exhausted and
imbibition ceases. The pressure gradient quickly
reverses to oppose fluld advancement within the
fracture. The resultant decreased flux is no
longer sufficlent to support a stable wetting
front {(q<q.,,) and the onset of instability is
observed (Figure 2b). The finite perturbations
induced during the injection process continue to
grow, forming distinet fingers. The wavelength
assoclated with this growth is the same as, or
slightly smaller than, that associated with the

stable, perturbed front.

The total potential gradient along the wetting
front (V,) is the resultant of two sets of
forces; gravitational forces acting on the fluid
body as a whole and capillary forces acting along
the wetting and drying fronts, The water-entry
pressure-head (¥,) acts as a driving force,
pulling the wetting front forward, while air-
entry pressure-head (¢,) along the drying front
acts to restrain movement. If Lg; is taken to be
the saturated length of the fluid column measured
parallel to V,, then the gradient due to
capillary forces (V_) may be approximated by :

Y -¥u

Ve -~ (4)
Ls

Vo =V, +V, ()

Due to the wetting properties of water in our
glass fracture, the capillary gradient will be
positive once the redistribution phase begins,
thereby opposing the gravitational force. At the
cessation of imbibition, the horizontal upper
boundary of the fracture creates a relatively
flat drying front (Figure 2b). Hence, the force
opposing flow (V_ ) is smallest at those points
along the wetting front located furthest down-
gradient, inducing flow to these locations. The
situation is reversed during stable imbibition
where ¥,~ 0 and V. reinforces flow. Therefore,
the downward gradient s weakest at those points
furthest from the imbibition boundary and
perturbations are expected to decrease In
magnitude.

After the onset of instability, individual
fingers rapidly develop (Figure 2¢). Fingers



a b
Fig. 3: Effects of gradient on unstable front development: a) Experiment 6, Image # 85, V, -
0.25, elapsed time = 1518 sec, b) Experiment 2, Image # 13, V, = 0,50, elapsed time = 10&5
sec, ¢) Experiment 8, Image # 19, V, = 0.75, elapsed time = 31 sec, d) Experiment 13, Image #
18, Vv, = 1.00, elapsed time = 23 sec.

consist of a coherent slug of fluid moving
downward as a unit. Drainage behind the saturated
tip of the finger leaves a partially saturated
zone, wetted to field capacity of the fracture.
Due to variation in the aperture field,
saturation within the drained region exhibits a
high degree of spatial variation. Fully
saturated, but disconnected regions are seen as
dark areas Iin Figure Zc¢. Because the tip is not
replenished by flow through the drained region,
it decreases in size with distance traveled. As
Lg decreases within a finger, V: increases in
magnitude and the finger slows to a halt,
becoming “frozen" in the fracture,

The largest and fastest fingers consume the bulk
of the avalilable fluid. As a result, less robust
fingers become disconnected from the fluid
source, and hence are retarded (Figure 2d). At
the onset of Instability the front shown in
Figure 2b exhibits three growing fingers that
have developed from spatial perturbations in the
stable front. The center finger has the smallest
Lg of the three fingers; the gradient field
induces preferential flow into the outer fingers,
eventually starving the center finger (Figure
2d). Widely separated fingers are more likely to
fully develop than ones located close together,
as there is less competition for available fluid,

Limits on volumetric Iinput

As previously stated, volumetric input was varied
in these experiments over a range of 6 to 25 ems.
The analogue fracture was not of sufficient
length for fingers to fully develop at a VY, of
0.75 if the wetting front contained much more
than 20 cm? of fluid which is about half the
total aperture volume of the analogue fracture
{41.5 cm3). Current experiments are exploring
input limits at the remaining V, (0.25, 0.5,1.0),

In the other limit, if one injects a sufficiently
small quantity of fluid into an initially dry
fracture, simple theory suggests that it will
remain stationary. For the fluid to move
downward, gravitational and capillary forces must
be sufficient to overcome the air-entry pressure-
head required for dralnage at the top boundary of
the fracture. Movement Is expected to initiate
when:

'bn 'ww

v!

Lg > (6)

Experiment 6 (Table 2, Figure 3a) appeared to be
on the boundary between movement and remaining
stationary. For several minutes after the
cessation of imbibition the front appeared to be
frozen. However, close examination revealed that
the front was moving virtually pore by pore in
the vicinity of maximum Ly, analogous to the
process of invasion percolation.!® Approximately
24 minutes after injection a distinct tendril
formed from the front, sharply Increasing local
gradient, The rate of pore filling was seen to
increase very rapidly and the finger seen in
Figure 3a developed.

Quantitative Analysis: width and veloclity

Digital images were used to quantify the behavior
of Individual fingers after the onset of
instability. Measurements were made of finger tip
velocity (vg) and finger width (wg). Tip velocity
was defined as the rate of change in position of
the saturated tip in the direction of maximum
gravitational gradient. Finger width was defined
as the average width of the wetted domain,
measured normal to the gravitational gradient
over a region free from boundary effects,
Preliminary data are summarized in Table 2;



Fig. 4: Effects of volumetric input on unstable front development (v, = 0.75):
8, Image # 19, input vol., = 6.5 cm?, elapsed time = 31 sec, b) Experiment 10, Image # 18,

input vol. = 12.8 cm®, elapsed time = 23 sec, c) Experiment 11, lmage # 18, input vol. = 19.3
cm?, elapsed time = 23 sec, d) Experiment 12, Image # 18, input vol. = 23,0 cm’, elapsed time
= 23 sec.

finger velocity and width are given as average
values of the individual fingers measured in a
given experiment. Fingers were defined as
distinct structural features that showed
significant movement toward the bottom boundary
of the fracture. At high input volumes
(Experiments 11 and 12), fingers did not fully
develop prior to contacting the bottom boundary
of the analogue fracture, thereby limiting
measurements, Digital images, {llustrating the
effects of Vv, and volumetric input on the
behavior of individual fingers, are shown as
Figures 3 and 4, respectively.

The images showm in figures 3 and 4 suggest that
vf increases with both V¥, and velumetric input.
Raw velocity data collected from individual
fingers (Figure 5) support this conjecture.
Scatter within the data makes any more definite
conclusions untenable at this time; it is
anticipated that additional experiments will
clarify the relationship between V,, volumetric
input, and velocity.

Velocity will be a function of the potential
gradient acting on fluid within the saturated
tip. The product of volumetric input and V
provides a first order measure of the totai
driving force in a particular slug experiment.
Scaled data are shown in Figure 6; average
velocities from Table 2 are displayed as open
circles. The data appear to indicate that there
is a functional relationship between scaled
volumetric input and average finger velocity.

Raw data for individual finger width are showm in
Figure 7. These data indicate that finger width
increases with volumetric input, as suggested by
Figure 4. The relationship between width and V,
is somewhat more nebulous, as there appears to be
no consistent trend in the data measured at low

a) Experiment

volumetric input. This impression is reinforced
by the images in Figure 3.

Assuming that volumetric input times V, provides
a measure of forces acting on the fluid within an
individual finger, one would expect finger width
to display a functicnal relationship with scaled
volumetric input, as does velocity. This
relationship is shown as Figure 8; average values
again are displayed as open circles. The data
suggest that a minimum finger width exists. This
result is expected from analogy to Hele-Shaw
theory, which predicts a minimum width based on
fluid properties, front velocity, and fracture
hydraulic properties.

FULL FIELD INSTABILITY: INITIALLY WET FRACTURE

Several experiments investigating gravity-driven
wetting front instability in a partially
saturated fracture were conducted (see Table 2).
These experiments explore two areas: spatial
persistence of finger development and effects of
a uniform moisture field at field capacity on
stability. Fluid was applied to the fracture as a
finite slug, distributed from multiple point
sources.

Spatial persistence was tested in the full field
experiments by applying fluid to a fracture
previously wetted by an unstable front and
allowed to drain (Figure 9a). Observed behavior
appeared to be dependent on the relative volume
of the two infiltration events. When volumes were
approximately equal, the second wetting front
very closely followed the wetted structure of the
first event (Figure 9b-d). This persistence is
similar to that found in sands by Glass et al, l®
However, unlike observations Iin sand, the second
front was observed to break-up into longer,
narrower, more numercus fingers within the pre-
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Fig. 9: Sequence I1llustrating persistence in a prewetted fracture (Experiment 3-1): . a)
Initial wetted structure left by Experiment 2, b) Stable wetting front, note air entrapment,
c) and d) Unstable advancement, note development of sub-fingers in the left structure.

Inirial uniform wetted structure,
¢) Onset of instabllity, note as
consolidation/splitting effects.

wetted structure (Figure 9c). This behavior was
accentuated when the second wetting front
contained less volume than the first. Again,
fingers remained preferentially within the pre-
wetted zone. When the second event contalned a
larger volume than the first there was no change
in the number of fingers observed. These fingers
preferentially followed the original structure,
appearing to overwhelm and widen the individual
fingers.

In all cases, the secondary front was observed to
be less coherent than the initial wetting front.
The structure of the saturated zone was more
complicated, containing more entrapped air and
extending over a larger domain Iin the direction

: c d
Fig. 10: Sequence illustrating behavior in a uniform wetted structure (Experiment 14): a)

b) Stable front fmbibition, note complicatien of the front,
pect ratio of individual fingers, d) Finger advancement, note

of gravitational gradlent. Preliminary
observations lmply that initial wetted structure
will have significant effects on the dynamics of
subsequent infiltration events,

To explore the influence of a uniform moisture
field, the fracture was filled to saturation,
then allowed to drain. With the exception of a
capillary fringe along the bottom boundary, this
drainage to field capacity produced a relatively
homogenecus moisture field (Figure 10a). The
stable imbibition front formed after injection of
a finite slug (Figure 10b) is found to be much
more complicated than those observed in Initially
dry fractures, Fingers in the unstable front
(Figures 10c,d) appear to be more numerous and to



have a higher aspect ratio (length/width) than
those observed in initially dry fractures.
Individual fingers were observed to wander
significantly through the locally heterogeneous
hydraulic conductivity field created by the pre-
wetted moisture structure, occasionally making
abrupt directional changes. Fingers also were
noted to split and re-combine more frequently
than observed in initially dry fractures; this
effect may be an artifact of the small spatial
separation between adjacent fingers.

When a prewetted region is contacted by an
infilcrating front/finger, the down-gradient edge
of the prewetted region imﬁediately becomes the
leading edge of the front/finger. This results in
a localized step-function increase in Lg and
hence V. This instantaneous perturbation has a
wavelength equivalent to the width of the
prewvetted region. If these regions are contacted
frequently during advancement, finger width will
tend towards the predominate width of prewetted
regions within the fracture. This behavior
differs significantly from that reported for
uniformly wetted, partially saturated sands.®:2°
Under identical flux conditions, fingers were
observed to be wider in partially saturated sands
than in initially dry sands. Glass et al.%°
hypothesized that increased width resulted from
an increase in the V /¥, ratio due to air
entrapment Iin large pores. This contrasts with
the apparent channelization observed in partially
saturated fractures.

CONCLUSIONS AND FUTURE DIRECTIONS

We have Introduced a systematic approach to
investigate the dynamics of wetting front
advancement through an unsaturated analog
fracture. Preliminary results demonstrate that
gravity-driven wetting-front instabilicty occurs
in unsaturated rough-walled fractures. The
velocity and width of individual fingers depends
on inclination of the fracture and volume of
fluld within the front/finger. Spatial
distribution and relative magnitude of individual
fingers appear to be correlated to the
distribution and magnitude of finite-amplitude
perturbations to the wetting front at the onset
of instability.

Observed behavior indicates that wetting-front
instability is a persistent and perhaps
ubiquitous phenomena that should be considered in
modeling unsaturated fracture flow. Validation
experiments run over relatively short time spans
are lilkely to encounter wetting-front
instability. As such, modeling efforts asscciated
with these studies must account for the effects
of Iinstabilicy on inter-block connectivity,
wetting-front veloclity, effective wetted domain,
and transport properties.

Gravity-driven wetting-front instability has
numerous implications with regard to modeling of
unsaturated fracture flow; consider one simple

scenario. A low-permeability rock unit containing
extensive, non-horizontal, unsaturated fractures
outcrops at the surface. On cessation of
imbibition into the fractures after an intense
rainfall event, the advancing front within the
fractures becomes unstable. Fingers transport
water and solutes downward until the advancing
saturated tips are depleted of water left behind
on the fracture walls. A subsequent rainstorm
occurs in a timeframe short with respect to
matrix imbibition so that water now moves through
the prewetted fracture directly to the stalled
fingertips from the previous event and the
fingers resume growth, now with the entire volume
of water supplied from the second precipitation
event, Such a combination of rainstorms promotes
rapld recharge and transport of solutes through a
fractured formation.

The preliminary experiments presented here are
part of an ongolng research program. The limited
data set (Table 2) is in the process of being
completed. In inicially dry fractures, at each V,
the range of potential flow volumes is being
explored. Experiments are being performed to
discover the value of Lg corresponding to
"freezing" of the front and the maximum volume
allowing finger development as a function of
fracture length, and to delineate intermediate
behavior, Similar experiments are being performed
in pre-wetted fractures. We are also in the
process of further analyzing the data already
collected.

Current work in progress alsc includes
investigation of the behavior of single fingers,
Initiating a finger from a single point source
allows systematic varlation of flux into the
finger. It is expected that relationships
describing finger width and velocity as functions
of q, V,, and system parameters can be developed.
Concentrating on a single finger allews increased
spatlal resolution and hence, detailed
characterization of the wetted structure,
including calculation of the fractal dimension
for the interface. Aperture-scale models capable
of predicting finger structure in the quasistatic
limit are undergoing concurrent development.2!

Preparations are underway to investigate the
effect of aperture structure on gravity-driven
wetting-front stability. Three experimental
approaches are being developed concurrently. The
aperture structure of the simple fracture
described in this paper will be varied by using
plates with different topographies in combination
with flat fracture plates. Addition of length
scales will be accomplished by sandblasting the
plates. This addition of micro-roughness is
expected to Iinduce significant film flow. Plans
also include direct manufacture of glass plates
with a predetermined aperture fleld. Graphite
blocks, precision machined on a numerically
controlled milling machine will be used to cast
the fracture aperture. The aperture distribution
can be controlled completely within the tolerance



limits of the milling process. Finally, plans are
underway to perform experiments in both natural
fractures and Iin epoxy casts of fracture
surfaces,
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