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ABSTRACT

Pore scaie invasion percolation theory is
modified for imbibirion eof wercting fluids into
fractures. The effects of gravity, local
aperture field geomecry, and local in-plane
air/vacer interfactal curvature are included in
the calculation of aperture filling potential
which controls wetted structure growth wichin the
fracture. The inclusion eof gravity yleids
fingers oriented in the direction of the
gravicationai gradient. These fingers widen and
tend to meander and branch more as the
gravitational gradient decreases. In-plane
interfaciai curvature also greatly affects the
werted structure in both herizental and nen-
horizontal fractures causing the formation of
macroscopic wecrting fronts., The modified
percolacion model is used to simulate imbibicien
into an analogue rough-walled fracture where both
fingering and horizontal imbibition experiments
vere previously conducted. Comparison of
nunerical and experimental results showed
reasonably good agreement, This process

oriented physical and numerical modeling is a
necessary step toward Including gravity-driven
fingering in models of flow and transport through
unsaturated, fractured rock.

INTRODUCTION

Gravity-driven fingering in rough-walled,
unsaturated fractures has been demonstrated and
studied experimenctally by Nicholl ecr al, !-%-3
They explored the effects of boundary
conditions, initial conditions and angle with
respect te vertical in an analogue rough-walled
fracture. [In order to bound the occurrence and
behavior of the phenomenon, we must understaod
the additional influence of aperture field
{distribution, spatial structure and
heterogencity), contact angle, and matrix
imbihition. For more general applicatien, the
effects of surface rension and density also must

be considered. While systemacic experimentation
evaluating the aforementioned system parameters
is necessary, numerical modeling is required to
treat the myriad of parameter combinations
expected In nature, Process oriented numerical
modeling is also the first step toward including
the fingering phenomenon in models of flow wichin
large-scale, unsacuraced, fractured rock systems.
These phenomena may have significant impact on
unsacurated groundwater flow at the proposed
Yucca Mountain radicactive waste repository.

Here we introduce a conceptual model to simulate
wetted structure including finger formation
during imbibition into rough walled fraccures at
arbitrary angle in the gravity field. The model
is a modified form of invasion perceclation and
thus applies i{n the quasi-static limic, i.e., for
low flow conditions where fingers will be at a
minimua size. In addition to gravicy, the first
order effects of local aperture geometry and
curvature of the air/water interface in the plane
of the fracture are also incorporated. This
effect is required to produce macroscopic
atr/warer interfaces {(compact clusters) and
macroscopic fingers as observed in experiments
vhere a wetting fluid invades a fracture.

Dynamic effects at higher flow rates as described
by Wicholl et al.}-2:3 are not addressed. Hatrix
effects currently are net included; the model
simulates imbibition In fractures wichin
impermeable media or under time scales or
saturations where matrix effects are neglipible.

He compare model prediction wvith experimental
results for the transparent analogue rough-walled
fracture used by Nicholl et al.'+?:? Horizental
imbibivien, capillary rise (vertical), and
downward fnfilctratien as a function of angle
relative to vertical were explored, In the
downward infiltration situwation, gravity driven
fingers are predicted by the medel and form in
the experiment.



CONCEPTUAL MODEL DEVELOPHENT

Figure 1 shows a two image sequence of a
down=ard growing finger in an initially dry,
cransparcent analogue fracture (from the
experiments of Nicholl et al.?). Analysis of
irages such as these shows thac in Lnitially dry
fractures, finger tips are essentially shorc,
locally saturated, water columns that parclally
drain along their trailing edge as they
propagate downward. The length of the saturated
zone, L, ., of all finger tips is found to be
greater than the difference between alr entry
value and the water antry value of the
nysteretic pressure potential/saturation
relation. As flow rate to the finger increases,
finger velocity, width and L, inerease; in the
"high flew" limit a stable one-dimensional flow
field is forced.! Thus, while gravicy driven
fingering is a highly dynamic process, thesc
observations show that increasing viscous forces
by incrveasing the system flow rate stabillzes the
flow field. It should be noted that the converse
{s true for viscous-driven fingeving.

At the "low flow" limit where fingering will
dominate the flow field, the dynamics are
primarily confined to the front and back of the
spanned aperture cluster constituting the finger
tip. At these locations, localized flow occurs
in jurps as the meniscus spanning an individual
aperture becomes unstable and moves rapidly to
fill an adjoining slte or cmpty the aperture.
Since finger growth is contrelled primarily by
this jurp mechanism, an aperture scale model that
tncorporates only this mechanism may be
appropriate. Under these condltlons, capillariey
and gravity «will combine to dictate growth only
by determining which aperture is filled next,

i e, has the lowest filllng potential. For this
situation, a form of invasion percolation

should apply.

Invasion percolation:

lnvasion percolation, intrveduced by Wilkinson and
Willemsen® for application to flew in porous
networks, models an lmbibltlon process where the
pressure poténtial within each fluid does not
vary in space. This is a reasonable assumption
in the limlt of Llnfinttesimal flow rate where
viscous forces are negligihle and the system Lis
dominated by capillary (surface tension) and hody
(gravicy} forces. Invasion percelation is
cssentiallvy a simplificd form of the pore-scale
rodels developed in the petroleum engincering
fleld.* *

Tnvasion percolation is implemented numerically
as follews. First., a pore network of given
connectivity is penerated wilh each pore given a
probability of {illing from a uniform probabilivy
distvibution, Certain pores are then filled as
the bhoundary wetting scevface, olten cither an

Figure 1:
downward growth of a finger generated from a low
flow rate, single point source at the top of a
transparent analogue fracture.

Sequence of images showing the

vdge of a rectangular network or a disk at the
center, All pores connected to the wetted pore
surface are available for filling and the one
with the hlghest assigned probability of £illing
is found and filled. This modifies the list of
peres available for Filling and the modified lisc
is next sorted to find once again the pore with
the highest assigned probability of filling and
so on. Pores that become entrapped ray or may
not be removed firom the pores available to be
filled depending on the situation of interest.
If the non-wetting fluid is Incompressible or
nearly so, then removal is appropriate.
Conversely, if the non-wetting fluld is
infinitely compressible or will dissolve in the
wetting phase then entrapped porcs should not be
removed, The process is stopped when no pores
are found that are above a specified cutoff in
assigned probabllicy of filling.

Invasion percolation has been shown to conform
roasonably well to the lnvasion of a porous
medium by a non-wetting fluid. Under these
conditlons the fluld-fluid (nterface exhibles
structure on all scales down to the pore scale
and has becn shown te be fractal.’” For wetting
fluids invading porous networks or fractures as
we have in our problem, interfaces are much
smoother and saturatlon fronts
characteristically form. Invasion percolation
modified to include gravity and what was termed
multiple-neck, pore filling "facilitation", was
applied in the quasi-static limit te gravicy-
driven fingering in porous media by Glass and
Yarrington.® Facillration takes iuto account the
first order effcets of pore geometry beyond. the
usual assumption of circular or spherical pores.
This effcen causes the formation of macroscapic
fingers instead of the pore scale fingers
predicted from invasion percolation with gravity



alone.  Here we extend this earlicr work Lo
tractures at arbitrary flow inclination by
including gravicy, local aperture dilation or
convergence, and interfacial curvature in the
plane of the fracture.

Modified Invasion Percolation:

The fracture aperture ficld is conceptuallzed as
a planar checkerboard of individual clements.
The center of cach element has a known local
aperture. To lnclude gravity in proper
ragnitude relative to capillary forces, we cast
the probability of filling In terms of a total
aperture filling potential. This approach was
first applied by Wilkinson® to study the effect
of buoyant forces on the mixing region between
two vertically stratificd immiscible flulds ln a
porous medium. The toral apecrture fllling
potential, ¢, , 1s calculated as the sum of the
pressure and gravity potentials. Pressure
potential. ¢, , is a functlon of the two princlpal
radii of interfacial curvature r, and r,, the
surface tension a. the fluid density p, and the
gravicational acceleration g, glven by the
Laplace-Young relation

-

P - =
I

£l/ry o+ 1/ry) (1)

Gravity potential, v, ., is simply glven by

v, = -z cosé (2)

<here z is the spatial coordinate deflned Lln the
plane of the fracture to be positive inte the
aperture network from the invaslon edge and 6§ is
the angle between vertical and the plane of the
network.

To apply equation (1) to a fracture we take one
principal radius of curvature, r,, to be normal
to the plane of the fracture {given by half the
local aperture} and the other, r,, to be in the
plane of the fracture (see flgurc 2). To account
for wettabillty effects, we modify r, by the
contact angle between the fracture surface, air
and water given by a. In addition, we can take
inte account the local widening and narrowing of
the local aperture as we move from point to polnt
within che fracture. The dilation or convergenece
angle of the two fracturc surfaces, A, ls
calculated to first order by fltting a stralpght
line between known aperture points. Neote that
for widening aperture, g will be positive but for
narrowing it will be ncgative, The cffect of
incorporiating the leeal aperture geometry yields
a local directional dependency of the aperture
tilling potential,

For a wctting fluid, in-plane curvature does not
intersect the solid fracture surface and so only
the peometry of the interface in the plane of the
fraciure necd be knewn to calculate the local r, .

{In-plane curvature is i{llustrated {n irages of
the fracture wetted structure shown in figures 6
through 9 for simulations and figure 11 for
horizental {mbibition in a physical experiment.)
While in principle r, may be calculated
rigorously, the computational penalty is extreme.
Here we approximate r, to first order by
considering only the final conflpguration of the
Interface when the aperture location (node) {s
achieved, i.e., the aperturc is spanned. This
yieclds three conditions that can be easily
evaluated by the number of adjacent aperturc
nodes filled with water (see figure 2b, ¢, and
d). The first condlition is a locatlon that has
only one adjacent filled aperturc node; r, will
be negative and equal te d, the distance between
aperturcs. For two and three adjacent filled
aperture nodes, the local interface will be
nearly flat when the location is achieved and
thus r, wili add a negligible influence (i.e., t,
is large). This simple implementation of in-
planc curvature is cxpected to form compact
clusters of spanned apertures and macroscopic
fronts.

Incorporating the a, fi, and the in-plane
curvature inte the total filling potential for a

glven aperture. ¢, , we have our working equatlion

-

Ve = (cos(a+@)/r, - y/d) - z cosé {3

L )

where v is a switch which is dependent on the
nurber of adjacent filled apertures: equal to 1
for one adjacent filled aperture and zero for twe
and three.

This modificd lnvasion percolatlon model lLs
implemented numerically as follows: Flrst, an
aperture network with orthegonal, four-fold
connectivity (checkerboard) is measured from a
fracture or gencrated using a variety of models
assuming a random or spatially correlated
aperture field., HNext, aperture filling
poetentials arc calculated as given by equation
(3). The apervtures aleng the top of the aperture
network are filled inltlally as cthe boundary
wetting surface. All apervtures connected to the
wetted pore surface are avallable for filling and
the one with the mogt negative filling potentlal
ls found and fllled, This modifies the list of
aperturces available for filling and the in-plane
curvature of the lnterface within the fracture.
The filling potential of apertures available for
filling are modlfied to account for the in-plane
curvature and the list {s next sorted to find
once again the aperture with the most nogative
assigned filling potential and so on.

Currently. numerical experiments implement only
the weiting-phase invasion component of the
process.  lnclusion of the drainage of.apertures
during a siwulation, however, is a



Figure 2: Geometric arguments and definition of
parameters. Drawings denote a) looking into the
edge of a fracture with a, #, and r,, b) looking
down on the fracture planc, simplified in-plane
curvature effect with ono adjacent filled
aperture, c} two adjacent filled apertures, and
d) three adjacent filled apertures.

straightforward extension and should allow us to
simulate both the penetration of the fracture by
a finger tip and the drainage behind the finger
Lip.

MODEL BEIAVIOR AND COMPARISON TO EXPERIMENT

To evaluate model behavior we non-dimensionallze
equation (3) so that the varlous effects can be
weighed against one another. Choosing the
characteristlc length of the problem to be half
the mean aperture, r,, we have

¥." = - C {cos{atf)/r," - y/d") - z" cosé (&)

where ¥.°, z*, r,° and d° are all given by their
original values divided by r, and ¢ is the
capillary-gravity ratio given by

(=
¢ -

(5)
b g X,t

C 1s simply a force ratio between surface tension
and gravity. We see from equation (4) that given
a particufiar fluid-fluid-surface combination the
importance of gravity is inversecly reiated to
2.

The interplay between the two capifilary terms
within the parenthesis is complicated and depends
on the details of the local aperture field. The
first capillary term is influenced by variabilicy
in r;" and 8, both of which will cause
irregularity in the air/water interface. The
contact angle, @, which we assume here to be a
constant for the fracture, affects this term as a
noniinear scaling factor in its combination with

8.

The second capillary term is a constant for a
regular aperture network {(or data grid), however
whether v is non-zero depends en the local
interfacial curvature such that it provides a
smoothing force. Choice of aperture network
resolution defines d° so that as network spatial
resolution decreases, the Importance of in-planc
interfacial curvature decreases. Unless r;"
smooths appropriately as resolution decreases,
the choice of resolution scale will be critical
in simulating wetted structure within the
fracture plane.

As a first step in analyzing model behavior, we
focus in the remainder of the paper on the
effects of the in-plane curvature term, the
gravity term and the aperture field determined j.
These are the new and critical modifications teo
invaslon percolation that allow us to model the
wetted strucrure eveiution during imbibition in
fractures. We assess thelr effects within an
aperture field measured from the analogue rough-
walled fracture used by Nicholl er. af.?-%-* in
their experiments on gravity driven fingers. and



Figure 3: Grey scale image of profilometer
apercure field. Fleld is 256 x 256 points over
an area of 2.56 ecm x 2.56 cm (see grey scale bar
in figure 5).

compare our simulations with their experimental
observations.

Aporture fiold:

The analogue rough-walled fracture considered
here was formed with commercially available
"obscure" glass which had one rough surface.
rough surfaces of two pieces of the glass were
held at close contact in a transparent test cell
with pressurized air. The mean aperture was
measured volumetrically to be .2146 mm. The
spatial resolution for data collection was chosen
to be well below the correlation length of the
fracture aperture fleld and to be approximately
that of r, for the fracture (.l1073mm). This sets
the value of r,” in equation (4} to

approximately one.

Tho

The aperture field was measured both with a laser
profilometer and with light absorption
techniques, Laser profilometor measurements were
made of the manufactured glass surface at a grid
of 256 x 256 points separated by .l mm on one
side (a 2.56 x 2.56 cm® area). The spatial
resolution of the measurement was .007 mm, the
diameter of the beam. An aperture field was
numerically simulated by superimposing the
topography of the glass surface over the same
topography reversed and rotated 180 degrees., The
distance between the twe surfaces was adjusted to
yield a mean separation equal to the measured
mean aperture noted above. Filgure 3 shows a grey
scale image of the simuiated aperture field.
Geostatistical analysis showed the fleld to be
isotropic with a correlation length of .7 mm.

The histogram of che apertures is plotted in
figure &4

Fractional Population (£-3)

(4]
)

(=]
L
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1 ) 3 N )
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Figure 4: Histograms of aperture flelds,

Because the profilometer data encempassed too
small an area of fracture (2.56 cm x 2,56 cm) for
our numerical experiments, a light absorption
technique was used to obtaln the aperture fleld
on a large 10 cm x 20 c¢m section of che intact
transparent analogue fracture. The fracture was
filled first with a clear 135% sucrose solution
which approximately matched the index of
refraction for the glass plates. Tho clear
sucrose solution was then replaced with an
identicai solution containing dye. Digltal
images (1024 x 2048 pixels) were taken at a
resolution of .1 mm and processed using simple
exponential light absorption theory to yield the
aperture field, Analysis of this aperture field
showed approximately tho same corrolation length
as the simulated aperture fleld from the laser
profilometer data, however, the distribution
about the mean aperture was substantially
narrower {see figure 4).

The discrepancy ln the abseiute value of the
fracture aperture derived by the two techniques
as dopicted in the differont aperture
distributions is most likely due to differences
in measurement scale. The sampling resolution of
the two metheds are over two orders of magnitude
different, .01 mm? for the light transmission and
.000049 mm?® for the laser profilometer. Thus,
while the light transmission technique captured
the details of the aperture structure and
connectivity extremely well, it yiolds aperture
values that are smoothed about the mean. To
account for this discrepancy while maintaining
the mean aperture and structure of the field, the
distribution was stretched to approximate the
range that was simulated from the profilometer
data (see figures 4 and 5). Standard and
modified invasion percolation simulations
conducted on this fracture aperture field and
that of the prefilometer were very comparable.
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Numerical experiments:

A matrix of numerical experiments with g either
included or set to zere and in-plane curvature
either included or not (7 sct to zero), were
carried out for gravitational gradients {cos(§)}
of 1, .75, .5, .25, 0 and -1. The first four
correspond to downward imbibition at angles with
respect to vertical of 0, 4l1.4, 60 and 75.5
degrees respectively. The fifth and sixth
correspond to horizontal and capillary rise
{vertical upward) imbibition, respoctively. For
all simulations the contact angle was held at 35
degrees, the approximate value dotermined from
visual inspection of a drop of fluid placed on
the glass plate. The surface tension and density
were also held constant at their standard
temperature and pressure values, The top center
512 x 1024 pixel portion (5.12 cm x 10.24 cm) of
the 1024 x 2048 pixel fracture aperture field was
used for simulation. Air was treated as
incompressable by implementing a trapping
algorithm. Constant pressure boundary conditions
were imposed for the air phase on the bottom and
each side of the aperture field., To begin the
simulation, the top row of apertures was filled
with water and the poercolation process started.
Simulation was stopped when either the end of the
aperture field was reached or. zero potential
within the network was reached (for capillary
rise experiments).

Results:

The wetted structure when water first reaches the
other side of the aperture field (breakthrough)
for each of the simulations is shown in figures &
through 9. Each figure consists of simulations
run at angles with respect to vertical of 0,
41.4, 60, 75.5, 0 (horizontal) and 180
{vertical). Filgure & describes the baseline case
of standard invasion percolation and subsequent
figures display the offects of the modifications
to invasion percolation introduced here. Black
regions denote locations where water spans the
aperture, pray regions where alr has become
entrapped and white where the air phase is
present and connected to a boundary where it can
tscape.

Gravity: Gravity acting downward causes the
formation of fingers in all cases. As the angle
with respect to vertical increases from O
{vertical downward) tec 90 degrees (horizontai},
fingers widen and become more conmplicated, l.e.,
more meander ing and branching. This can also be
seen in equation (4); as gravity becomes less
important with respect to aperture fleld
varinbiiity, complication of the front will
{ncrease, Uniform propagation directlon of the
fingers (downward) decreases as the angle
Ilncreases so that in the horizontal case, fingers
have no preferred direction and often curl back
on themselves. This behavior is referred to as

capillary fingering and is completely determined
by the aperture field, When it is isotropic as
we have in our fracture aperture field, capillary
fingers will span the network from side te side
before spanning the network from top to bottom,
Finger width measured normal to the network side
for angles below 90 degrees is plotted as a
function of gravitational gradient in figure 10.
Capillary rise is shown in the f part of figures
6 through 9. Gravity significantly depresses
capillary fingering during capillary rise.

In-plano curvature:; The effect of in-plane
curvature is dramatic. When it i{s not included
{figs 6 and 7) the wetted aperture field follows
the network of small apertures and entraps air in
the large apertures. The complication of the
wetted structure is similar to the complication
of the fracture aperture field. Applicatioen of
invasion percolation te a random network yields
complication down to the grid scale.* Since we
have a spatially correlated field, the
complication only extends down to or slightly
above the correlation length. When in-plane
curvature is included (figs 8 and 9),

macroscopic fronts well above the correlation
length form and entrapped air decreases
dramatically. In-plane curvature also decreases
the capillary rise in the fracture. Using the
moan aperture {.02146 cm), rise between two
parallel plates at a contact angle of 35 degrees
should be 5.7 cm, This is roughly the rise when
in-plane curvature is not included, Rise in the
fracture when in-plane curvature is included,
however, is 3.2 cm, a depression of almost 50%.
This can be understood with reference to equation
(4) since in-plane curvature acts to incroase the
filling potential (make less negative),.

p: The affect of convergence and dilation of the
local aperture field is seen to be small in terms
of the general bohavior of the model. The

wetted structures with (figures 7 and 9) and
without {figures 6 and 8) B8 look similar,
however, the exact structure is different. This
difference is due te the fact that p slightly
modifies the aperture hierarchy within the field.
For other aperture fields er larger contact
angles this may not be the case and g may
significantly influence gross wetted structure.

Comparison to experiment:

Figure lla shows the wetted structure at
breakthreugh for a horizontal imbibition test
during the experiments of Micholl et al.!-2.2

The scale of the experiment is double that of the
numerical simulatien Ln both length and width.
The compact structure of the wetting front is
comparable to that in the simulations which
inciuded in-plane curvature (figures & and 9},
howevor the simulated structure ls a bilt
"blockler™.
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Figure 7: In-plane curvature not {ncluded, g calculated: Wetted structure is shown at
breakthrough. See figure 6 caprion for further deta{ls.
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Figure 8: In-plane curvature included. B set to zero: Wetted structure is shewn at
breakthrough. See figure & caption for further details.

¢

Figure 9: In-plane curvature included, 8 set to zere: Wetted structure {s shewn at
breakthrough. See figure 6 captioen for furcther details,
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Figure f{}:
erecakthrough for a horizontal imbibicion test and b) O degrees {vertical downward), b) 60

degrees, and c¢) 73.53 degrees with resepect to vertlcal downward,
wider and lenger than the numerical simulations.

Werted structure for imbibltion tests in analogue rough-walled fracture,

Capillary rise helght in the fracture was
measured in over 100 experiments, ylelding a
value of 2.23 +-0.26 cm. Caplllary rise in our
vertical lmbibition simulations with in-plane
curvature included was greater by almost fifty
percent. Several possible explanations exist for
this discrepancy. As mentioned by Nicholi et
al.? they measured the capillary rise at the
bottom edge of their fracture and the
measurement may not be free of edge effect, It
is also possible that the contact angle for the
fracture is grcater than we estimated by eye.
Planned studies using digital imaging to
determine the dynamic contact angle will yield a
better estimate of a.

OQutlines of fingers recorded digitally during
experiments that generated single fingers from a
point source located at the teop of the fracture
are shown in figure 1lb, ¢, and d. Note chat the
wideh and length scales of these images are
double that of the numerical experiments. Flow
rates for all the fingers were approximately .025
ml/min, the lowest stable flow rate that could be
maintained by the pump. Angle with respect to
vertical is noted in the caption and the average
finger width +- std for the fingers is plotred in
figure 10 along wicth the simulated finger widths,
Both the qualitative and quantitative aspects of
the finger structure are reasonabiy well
simulated by the modified invasion percolation
model when {n-plane curvature is included.

Again, simulatlons do tend te be more blocky than
the experimental wetted structures due to the
rectangular nature of the grid.

a) at

Spatial scale (s two times



CONCLUSIONS

The modified fnvasion percolation medel
introduced here simulates wetted structure
within fractures at arbitrery angle with respect
to vertical. Comparison to experimental data
shows good agreement. The inclusion of gravity
ylelds fingers orlented in the direction of the
gravitational gradient. These fingers widen and
tend to meander and branch more as the
gravitational gradient decreases. Datalls of the
convergence and divergence of the local aperture
Eleld have only a second order effect on wetted
structure in the aperture field we studiad., In-
plane interfacial curvature, however, greatly
affects the wetted structure in both hoerizontal
and non-horlzental fractures, Thils plece of
physlcs, which is lacking in standard percelation
modeling approaches, causes the formatlon of
macroscoplc fronts analogous to real wotting
fronts observed in wetting fluld invasion In
fractures. Fronts are thus not simply a dynamic
effect.

Non-dimensionalization of the total filling
potential equaclon suggests model and physlical
systems to behave as follows. Aperture
variabilicy (including g), gravity, and Ln-plane
incerfaclal curvatura all compete to determine
fllied aperture structure. Cholces of values of
the paramcters describing each can be made such
that one dominates over the others. Where
gravity dominates, fingers move through the
nectwork, Where Iin-plene Interfaclal curvature
dominates, water moves across the network from
the supply surface with one macroscoplc front.
Uhere aperture variability domlnates, the
structure conforms to standard invasion
percoiation. A serles of physlical experiments
and numerical sensltivity studies are required to
document and characterize thils expected behavior,
This process orlented physicel and numerical
nmodeling 1ls a necessary step toward including
gravity-driven fingering in models of large-
scale, unsaturated, fractured flow systems,
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