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Distribution of avalanches in interfacial motion in a porous medium
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We report measurements of the dynamics of an air/water interface moving through a model porous medium
made of glass beads packed in a horizontal Hele-Shaw cell. At low flow rates, the interface does not move
uniformly. Instead, some small regions move while others stay pinned, at least for a short time. The burst of
motion when a pinned region breaks free is called an avalanche. In several theoretical models, such avalanches
were found to follow a power-law distribution. In contrast, we find that even for very slow ftapillary
numberuU/y~2Xx 10" 7) the number of avalanches of sigalecays roughly exponentially with
[S1063-651%98)06609-4

PACS numbd(s): 64.60.Lx, 47.55.Mh

[. INTRODUCTION models is that the interface moves in bursts, or avalanches,
that have a power-law distribution in size. For reviews, see

When an interface is driven through a disordered mediumRefs.[18,19.
both the static shape and the dynamics of the motion can In this paper we present measurements of the avalanches
show considerable complexity. Common examples of thi®bserved as water displaces air in a porous medium com-
include the motion of domain walls in disordered magneticposed of glass beads packed in a thin, horizontal Hele-Shaw
systemg 1], flux lines in superconductofg], and imbibition ~ cell. Instead of a power-law distribution, we find a roughly
in a random porous mediuf3—9]. exponential distribution of avalanche sizes.

For the case of imbibition to be considered here, a viscous
wetting fluid (waten displaces a nonviscous nonwetting fluid
(air) in a random porous medium made from glass beads.
The viscosity ratio ensures that the interface is nominally The experiments were performed in a thin rectangular
stable, but the randomness in the porous medium can stiflexiglas cell 12%41x0.16 cn?. The porous medium was
lead to a wrinkling of the interface. made of glass beads 1¥@0 um in diameter, so that the

One common approach to describe the behavior is to corthickness of the cell corresponds to approximately nine
sider the interface velocity as a function of the applied presbeads. Prior to use, the beads were washed, rinsed thor-
sure. The velocity is sometimes assumed to follow a scalingughly, dried, and sieved to remove any clumps. The cell
law of the formv ~ (p/p.—1)?, wherep, is the critical pres- was then tilted upright and placed on a shaker table. The
sure, below which the interface remains pinned. If the presbeads were poured very slowly into the cell while it was
sure is slightly above,., then some portions of the interface being agitated. The net result was a fairly uniform packing of
can advance, while others will tend to remain pinned. Sincehe beads; at least no large-scale packing anomalies were
the pressure at a site can depend both on the externally apbserved. We also performed some experiments with larger
plied pressure and on the local configuration or curvature(360 um) beads, but it was more difficult to ensure uniform
sites that were previously pinned may subsequently breakacking, so those results are not included here.
free and move ahead in a sudden burst of motion, or ava- Water was injected from a series of small holes in a tube
lanche. aligned along one of the narrow ends of the cell. This ap-

One of the important advances in recent years is the exproximately mimicked the ideal case of uniform injection
ploration of the relation between the statistical properties ofilong a line. The water was pumped by a syringe pump at a
the interface near the pinning threshold and the properties afominally constant rate.
directed percolation cluste$,10]. In addition, there has Images were recorded with a charge coupled device cam-
been considerable progress in grouping apparently dissimilara on video tape. Only the central 17 cm of the system was
models and experiments into just a small number of univerrecorded to avoid edge effects. The video tape was later digi-
sality classe$11-14. These connections lead to many pre-tized with a Data Translation DT2862 image processor with
dictions for both the spatial and temporal scaling behavior of spatial resolution of 522480 pixels and an intensity range
the interface. of 0—255. The overall scale was approximately 2/

Experimental measurements of these scaling propertigsixel, or about 1.5 beads/pixel.
can be quite difficult, though considerable progress has been A typical image is shown in Fig. 1. The water is the dark
made[3,8,9,15-17. For example, in a finite system, there is region and is moving upward. The average speed of the in-
no single globap. . Instead, the minimum pressure requiredterface is 13.7um/s, which corresponds to approximately
for the interface to move can vary from location to location0.08 beads/s.
during the course of the experiment. Thus there is no unique The motion of the interface is illustrated in Fig. 2, where
functional relationship between and p. the interface position is shown at 100-s intervals. All dis-

However, one feature that is common to nearly all of thetances are in units of the bead diameter. Overall, the interface

II. EXPERIMENTS
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FIG. 1. Typical interface. The water is the dark region and is moving upward at an average speetB3of um/s. The scale bar shows
1-cm intervals.

is fairly smooth and does not exhibit any significant over-so the measurements below will focus on the the total ava-
hangs. The large-scale curvature evident in Fig. 2 changdanche area.

slowly only over a long time scale. The normalized distribution of avalanche sizdés) is
shown on both semilog and log-log scales in Fig. 4 dor
ll. AVALANCHES =12 andAt=6 (top), 4 (middle), and 2 (bottom) s. The

, distributionN(s) is not well described by a power law. After

In order to characterize the avalanches, we computed thg, initial rapid decreaséy(s) decays approximately expo-
absolute value of the difference between image intensities gl nia|ly over a reasonably wide range of avalanche sizes. At
two images taken a fixed timkt apart. A typical difference e |argest sizes, however, the decay is slower than exponen-
image forAt=4s is shown in Fig. 3. Regions in the image i \We can include that initial rapid decrease by modeling
whe(e the water has moved show up as bright; regions wher,q(s) by a power law with an exponential cutoff of the form
nothing ha.ppen.ed are dark. . ) N(s)~s Pe %L, ForAt=4s andc=12, the length scalke

The activity is not spread uniformly along the interface, ig approximately 55 bead diameters and the power-law ex-

but is concentrated in small “bursts” or avalanches. Note,,onentb is approximately 0.3, but these values vary with
however, that none of the avalanches seems particularly i, At andc

large, nor are there many large dark regions where nothing
happens. Instead, the activity seems to be spread fairly uni-
formly across the interface. Dependence on analysis parameters

In order to quantify the sizes of the avalanches, we per-

: . ' : : The exact numerical values obtained folandb depend
form the following steps. First, we define an intensity thresh- ; : :
old ¢ for difference images such that only pixels with an on the values used for bothandAt. As is evident from Fig.

intensity difference=c are considered as “active” sites. 4, the characteristic length increases as the time difference

Next, we group sets of connected nearest-neighbor activét between images is increased. This general behavior is

sites into distinct avalanches and record the horizontal anaathe_r etasly Otooéjrgder(;lst?nd. Tthte klnterfka)\cet \1e2Ioo]:t}stﬁp-_ ¢
vertical sizes and the total area of each avalanche. Finallyp'OXIMately ©. eads’ss, so It takes abou s forthe inter-
ace to advance a distance of one bead. If the interface ad-

we repeat this for all the difference images obtained. In prac- . .
tice, the vertical size of the avalanches shows little variationyanCGd completely“umformly, ,t,hen in the span of 12 S there

would be a single “avalanche” one bead high spanning the
500 , , , , , , , , , entire image. Such an avalanche would have a total area of
1570(in units of the bead diameter squayeBor the shorter
time intervalsAt considered here, the pump supplies only
enough water for a maximum avalanche sizé&ofl2 of that
area. Further, since the interface moves in a number of places
at once, rather than in just a single avalanche, the character-
istic length scald. is only a fraction of the maximum pos-
sible avalanche size.

In an attempt to minimize this effect, we have examined
the behavior af\t gets larger, but we still did not see evi-
dence of emergent power-law behavior. Instead, the small
avalanches observed at lowAt appear to simply merge
. s s s s . . . . horizontally together until each avalanche is a single mostly
© 100 200 300 400 500 600 700 800 900 1000 horizontal cluster spanning the system.

x (bead diameters) .
In particular, we noted that most avalanches were only a

FIG. 2. Interface positions taken at 100-s intervals. All distancefew beads in height. We also never noted any regions of the
are in units of the bead diameter. The water enters at the bottom ariiterface that stayed pinned for a long time. These features
is moving upward. are illustrated in Fig. 5, where we show the difference im-

y (bead diameters)
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FIG. 3. Image showing the absolute value of the difference between two imagasitakagpart. Bright regions show where the interface
has moved. The contrast in the image has been significantly enhanced to bring out details. The scale bar indicates 1 cm.

ages forAt values ranging from 2 ¢bottom to 12 s(top).  ing of interfacial shapes and dynamics has been widely re-
Note that the vertical extent of the avalanches changes onlyorted in other porous media experimeri3-9], even

slightly; the avalanches spread out mostly in the directiorthough they were also typically performed at finite velocities.
parallel to the interface. Further, experiments at velocities significantly slower than

There is also a potential problem that can arise as largehat used here would take a prohibitively long tifteough
values ofAt are considered, namely, the merging of distinctsee Ref[8] for extremely slow velocities We did, however,
avalancheg20]. This is particularly evident in Fig. 5. To try running with a velocity of 4 and observed no qualitative
check whether such merging significantly affected our meaehanges in the distribution of avalanches.
surements oN(s), we performed simulations of a version of ~ An additional potential problem with even slower veloci-
the paper-wetting model of Buldyrest al. [6]. ties is the use of a mechanical syringe pump, which itself can

In this model, a fractiorp of the sites of a rectangular be subject to stick/slip motion. This motion might mask the
array is filled with “pinning” sites; the remaining sites are motion of the interface. To test for such problems, we ran the
empty. Initially, all the sites in the bottom row are filled, so experiment with a pressure reservoir instead of a syringe
the initial interface is just a horizontal line. The simulation pump. That is, we had the syringe pump fill a reservoir at a
then proceeds in two stages at each time step. First, all emptonstant flow rate and had the reservoir connected to the
sites adjacent to a filled site are filled. Second, all overhangs
are eroded.

The results forN(s) are shown on semilog and log-log
scales in Fig. 6 foAt=1, 2, 4, and 6 simulation time steps.
As At is increased, we observe that many smaller avalanche
appear to combine, but we still find power-law behavior at
larges. Thus, while merging of individual small avalanches
will affect the smalls regime, it does not change the overall Z
scaling from power law to exponentig1].

The characteristic length of the experimental results
also increases as the cutaffis decreased since a smaller
change in intensity is now counted as an active site. This will
pick up regions in the image where the water has not yet
fully invaded a sitg(i.e., it is not filled in the third dimension
yet). This effect is evident in Fig. 7, which shows the distri-
bution of avalanche sizes fart =4 s with intensity cutoff€

0.0001

0 100 200 300 400 500 600 700 800
s (bead diameterz)

ranging from 8(top) to 18 (bottom). (o)
From visual inspection of the images=12 seems to o1 b
strike the best balance between rejecting noise in the imag:
and preserving as much structure as possible, but none of th 00t |
qualitative results are particularly sensitive to the precise cut-
off value used. Y
The dependence of the fitted length sdalen the analy- 2
sis parameters is summarized in Figa)&or At=2, 4, and 6 0.0001 |
s and intensity cutoffs ranging from p) to 18 (bottom).
Similarly, the fitted power-law exponeri also varies 16-05 |
somewhat with the analysis parameters, though it always re
mains small. This is shown in Fig(l® for the same condi- 16-06 |
tions. 10 2‘0 3I0 I 5‘0 — ‘1(I)O 2(‘)0 I . 5(.)0 I800

s (bead diameterz)

IV. DISCUSSION
FIG. 4. Distribution of avalanche sizes ¢a semilog and(b)

Ideally, we might only expect to observe power-law ava-log-log scales for=12 andAt=6 (top), 4 (middle), and 2(bot-
lanche behavior in the limit— 0. However, power-law scal- tom) s. The solid line is a fit tdN(s)~s™ e~ 5" for At=4s.
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FIG. 5. Difference images faifrom bottom to top At=2, 4, 8, and 12 s. The scale bar indicates 1 cm.

experimental apparatus via a siphon. Again, we observed nihis tends to dampen the further spreading of the avalanche.
gualitative changes in the results. However, they were able to identify groups of jumps that
The exponential behavior we observe is probably mostvould become a single “composite” burst in a sufficiently
similar to that reported by Furuberg, Maloy, and Feldds] large system. They were also able to show that these com-
in experiments on slow drainage, which is the opposite of thgosite bursts followed a power-law distribution.
process of imbibition considered here. In that work, they It remains to be seen whether a similar analysis is possible
measured an exponential distribution of pressure jumps, infor our data. However, if this is indeed an important effect in
stead of a power-law distribution. The authors hypothesizethese experiments, then it does seem unlikely that simply
that the incompressibility of water causes the capillary presgoing to slower velocities will change the distribution to a
sure at the interface to decrease abruptly during a burst argbwer law.
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FIG. 6. Avalanche distribution for paper-wetting simulations on  FIG. 7. Distribution of avalanche sizes shown @ semilog
(a) semilog andb) log-log scales foffrom top to bottom At=6, 4, and (b) log-log scales forAt=4 s and intensity cutoffg ranging
2, and 1 time steps. from 8 (top) to 18 (bottom).
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FIG. 8. Dependence d@f) characteristic length and(b) power-law exponerib on At for intensity cutoffsc ranging from 8(top) to 18
(bottom.
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