Pattern formation during capillary rising of a fluid front into
a granular media
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Abstract. We report results concerning the pattern formation during the capillary rising of a fluid front into a dense dry
granular media. The system consists in a modified Hele-Shaw cell filled with grains of different gradings and confined in a
narrow gap between the glass plates. This assembly is vertically installed over a water reservoir to allow an ascending front
of liquid to percolate into the granular media. We acquire digital images of the liquid/air front which are treated by means
of imaging analysis techniques. Thus, we are able to assess the temporal evolution of the air/liquid boundary profiles. We
measure the roughness of the profiles, using a detrended fluctuation analysis technique, to obtain their fractal dimension. We
compare our results with similar experiments reported in literature considering fluid displacement into heterogeneous media
and directed percolation theory. However, the range of values for the Hurst exponent obtained from our experiments are odd

to the measured/predicted values in experiments or theory.
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INTRODUCTION

Pattern formation is a key concept to understand how na-
ture works, and the quest to access the basic knowledge
of the underlying mechanisms of a wide range of phe-
nomena has attracting the interest of researchers from
different fields as biology, physics, engineering, compu-
tation etc. [1, 2, 3, 4]. In particular, the displacement of
a fluid front into a heterogeneous media is an example
of phenomena where the combination of theory, experi-
ment and numerical modeling is able to successfully de-
scribe, qualitatively and quantitatively, the phenomena
observed [5, 6, 7]. The fluid flow in heterogeneous me-
dia is an ubiquitous process and plays a central role on
several natural phenomena and industrial processes as
oil extraction, percolation, infiltration, chromatography
etc. [8, 9]. An interesting feature is that the characteristic
length and time scales related to phenomena can spans
several orders of magnitude. The fluid flow on granular
media is one of the most studied problems in this field
last years, and a comprehensive theoretical description
is arising [10, 11, 12]. However, an unified description
for the large plethora of patterns observed still is lacking
[13, 14, 15, 16].

Here, we report an experimental study of the air/liquid
interface formed during the capillary rising of water into
a granular, or porous, media. We present results for the
fractal dimension of the interface and compare them to

results obtained with previous experiments to study the
air/liquid interface in heterogeneous media, and also with
the predicted values of the Deppining by Directed Per-
colation model (DPD) [6, 4]. The assembly considered
here is a modified version of a previous experimental
setup where a fluid front percolates on the gap between
two corrugated glass plates [17] — Figure 1. Basically, the
setup used here consists of a Hele-Shaw cell filled with
commercial sand of different gradings, placed over an
water reservoir. We report some results for the Hurst ex-
ponent that are odd to literature. The paper is organized
as follows: in the next section we present the Experimen-
tal Setup and Methodology. Section brings the results
and the discussion and we finish with our conclusions
and perspectives.

METHODOLOGY

The assembly considered is a modified Hele-Shaw cell
made of two glass plates, with dimensions (400 x 300 x
4)mm, put apart by 4.0mm spacers placed at the four cor-
ners in the gap between the plates. Before to fill the cell
with sand, the lateral borders were blocked with special
bond tape, which also help to held the plates together.
The narrow gap at bottom of the assembly was filled
with a very fine polystyrene foam to avoid sand eva-
sion to water. The sand used was a commercial washed



FIGURE 1. Fluid displacement in heterogeneous media. Ex-
amples of fluid displacement: (A) air displacing a moisture of
glass, aluminum oxide and water; (B) and (C) water invading a
narrow gap between corrugated plates at two different gradings
- 80 ppi and 350ppi respectively; (D) India ink displacing air in
a 500 ppi corrugated channel, towards the direction of gravity
(downward).

sand, used in civil construction, with different gradings.
Rough estimation of the grain sizes and geometries in-
dicate that they are polyhedrons with average radii from
few to thousand micrometers, high polydispersed, but a
complete characterization of the granular media used is
not available at this time (particle size distribution func-
tion). To fill up the cell, the sand was gently poured atop
the cell, with help of a sheet of paper, and filled the gap
slowly. The top side of the cell is left open and the sand
was poured until it filled completely the gap. During the
process, sometimes we tapped the system to compact and
homogenize the media, but some degree of segregation is
unavoidable. The granular media formed in the gap be-
tween the plates is very heterogeneous, and can be char-
acterized as a highly connected porous media with strong
capillary pressure.

The assembly was then fixed at the four corners with
clamps. Then, we leveled the assembly to be aligned with
gravity, and placed it over a plastic container partially
filled with water. A video camcorder with 6.2 Megapixels
was placed at 1.5m in front of the assembly and turned
on just before the level of the water in the reservoir
reached the bottom of the plates. The level of water was
raised slowly and kept fixed when a flat interface was
formed with the glass bottom. As a complete record of
an experiment typically takes around 60 minutes, we
disregard evaporation effects and consider the water-
glass interface angle as constant - the volume of water
of the reservoir (40L) is much bigger than the volume of
water which percolates into the gap.

FIGURE 2.
top panels shows the image captured from the digital camera,

Image treatment of the air/liquid interface. The

which was treated with Image]”™ in order to obtain a single

valued function, shown in the middle panel. The bottom image
combines the single value function and the original image to
compare the efficient of the procedure.

As soon the water touch the granular media, a lig-
uid/air interfaced is formed. As result, there is a high
contrast between dry and wet sand, making possible to
identify the interface after some image treatment. The
images were transfered to a PC using a 1394 connex-
ion, and treated with ImageJ”™ software. Applying a se-
quence of numerical operations, as detailed in Figure 2,
we extract a single valued function corresponding to the
profile of the liquid/air interface, h(x.t), where x indi-
cates the horizontal position.

We have performed several runs considering exactly
the same procedure described above, and took snapshots
of the cell along all the experiment, at predetermined
times distributed following a multiplicative scale. We
analyzed each snapshot measuring its Hurst exponent
H, using detrended fluctuation analysis (DFA) [18, 19],
and taking the average of several snapshots to obtain
H (t). We consider the roughness as the fluctuation of the
heights in the function A(x,t) obtained after the image

analysis,
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where h; corresponds to the height of the interface at
the column ¢ with pixel resolution. Considering now the
roughness at local scale &,
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where o/(€) and B(€) are the angular and linear coeffi-
cients which adjust the best linear fit at the local scale €
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FIGURE 3. Hurst exponent calculation. The local width
w(e) is plotted in function of the local scale €. The continuous
line indicates a power law fit giving the exponent H = 0.917(1).
The top right corner show the profile considered. The lower in-
set show the DPD model: the first successive steps of the model
are shown at left, with the initial randomness of the material
represented by O or 1 in each site, indicating that the water can
flow or not by this site. After the first step, a site is filled and
eventually wets all open neighbors. When a block site is placed
under a wet site it became wet; this procedure avoid hangovers
in the interface.

considered, it is possible to easily obtain the Hurst expo-
nent from the relation,

w(e) ~ el 3)

as exemplified in Figure 3. Hence, applying this tech-
nique we are able to estimate the average Hurst exponent
of the interface in function of time, as shown in Figure 4.

DISCUSSION

We shown in Figure 4 the summary of our results for
the time evolution of the Hurst exponent of the air/liquid
interface formed during the displacement of the fluids
into a granular media, and compare with results ob-
tained from the corrugated Hele-Shaw setup [17]. By di-
rect comparison of the temporal evolution of the profile
(interface velocity) we estimate that the granular media
formed in the gap between the plates has a capillary force
comparable to the experiments of corrugated plates ob-
tained with 150 ppi aluminum oxide [17]. We arrived in
this conclusion by direct comparison of the time scales
on both experiments and looking for the closest match
between the estimated interface velocities.

It is clear that the results from corrugated plates fluc-
tuates much more than those from granular media. This
can be understood considering the connectivity and di-
mensionality features in each case: the granular media is

highly connected, and considerably wider than the cor-
rugated gap. Thus, we can expect more 3D effects in the
granular case, while the corrugated media is closer to 2D
case. Besides, the capillary pressure on the corrugated
case is highly dependent on the confining force of the
walls, and it is practically impossible to repeat the exact
experimental conditions. The granular case is much more
reproducible than the corrugated case, since the gap be-
tween plates is keep constant, and the sand filling proce-
dure leads to quite similar initial conditions in each run.
Second, the high connectivity of the granular media al-
lows the development of interfaces which are almost al-
ways single valued, in opposition to the corrugated case
where, depending on the pressure on the plates, several
hangovers and clustering patterns are observed spanning
all the plate. These hangovers difficult the proper analy-
sis of these interfaces, and leads to the large fluctuations
in the measured Hurst exponents- Figure 1.b,c.

Another interesting observation is the odd values mea-
sured for the Hurst exponent in comparison to the ob-
served in literature . While in the literature results span
between 0.3 < H < 0.8, in our experiments we con-
sistently measured values of H > 0.8. We believe that,
again, the high connectivity plays a central role, leading
to smooth surfaces due to the 3D feature of the capil-
lary media formed in the granular case. From the theo-
retic side, we believe that our system is well described
by the DPD model, which is illustrated in Figure 3. The
model prediction is H ~ 0.633, obtained from the ratio
of the perpendicular and parallel correlation coefficients,
H ~ ‘% , from the Directed Percolation universality class.

It is clear that our results can not fit with the model pre-
dictions. Maybe the difference between the morpholo-
gies of the grains and that of the pores (“voids”) in the
experimental case could explain this disagreement. The
granular media is formed by grains, which play the role
of the blocked sites, and pores, or “voids”, between the
grains, which can be described as the open sites of the
model. Thus, we can expect a larger asymmetry in the
experimental case than in the DPD model, since all sites
have the same morphology. This extra asymmetry maybe
can be reflected in the correlation length exponents.

CONCLUSIONS AND PERSPECTIVES

We report results for the temporal evolution of the Hurst
exponent measured for the air/liquid interface formed
during the capillary rising of water into a narrow granular
media confined between two parallel glass plates. We
compare the results with the predicted values of the
DPD model, which is a quite fair description of the
experimental setup studied here, and with experimental
results from the air/liquid interface of the capillary rising
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FIGURE 4. Time evolution of the Hurst exponent for the
air/liquid interface in the displacement of air by water into
granular media (filled symbols) or in the gap of two corrugated
plates (open symbols). Three runs of each experiment is shown
to facilitate the comparison. The value of H predicted from
DPD model is indicated with a dashed arrow, and the range
of experimental results is marked with a gray rectangle.

in a corrugated gap in modified Hele-Shaw cell. Our
results leads to H > 0.8 which are odd both to theoretical
and experimental results. The higher connected network
in the granular media when compared to the corrugated
case, and the different morphologies of pores and grains
can be the source of the disagreement on the results.

We expect to perform experiments with different gap
widths in order to verify the importance of the 3D geom-
etry on the values of the Hurst exponent. We also intend
perform a complete characterization of the granular ma-
terial in order to better model the geometry of the assem-
bly of grains, pores and channels.

ACKNOWLEDGMENTS

APFA and GHBM thanks FAPEMIG and CNPq for fi-
nancial support. APFA and GC thanks CEFET and Uni-
versité Joseph Fourier for make possible a 3 month in-
vited professor grant.

REFERENCES

1. P Bak, How Nature Works: The Science of Self-organized
Criticality, Copernicus Press, New York, 1996.

2. T. Vicsek, Fractal Growth Phenomena, World Science,
Singapore, 1992.

3. H. Stanley, and N. Ostrowsky, On Growth and Form:
Fractal and Non-Fractal Patterns in Physics, NATO
Advanced Study Institutes series. Series E, Applied
sciences, Springer, 1985.

11.

12.

13.

14.

15.

16.

17.

18.

19.

A. L. Barabasi, and H. E. Stanley, Fractal Concepts in
Surface Growth, Cambridge University Press, 1995, 1
edn.

S.H.F.C.H.E. S. T. V. S. V. Buldyrev, A. L. Barabdsi,
Physical Review A 45, R8313 (1992).
S.V.B.H.A.M.H.E.S.L. A.N. Amaral, A.-L. Barabasi,
Physical Review E 52, 4087 (1995).
S.V.B.S.T.H.S.H.R.S. L. H. E. S. L. A. N. Amaral,
A.-L. Barabasi, Physical Review E 51 (1995).

Y. Shikhmurzaev, Capillary Flows With Forming
Interfaces, Chapman & Hall/CRC, 2008, ISBN
9781584887485.

M. Sahimi, Review Modern Physics 65, 1393 (1993).

. G. MiDi, The European Physical Journal E: Soft Matter

and Biological Physics 14, 341-365 (2004), ISSN
1292-8941.

M. Nakagawa, and S. Luding, Powders and Grains 2009:
Proceedings of the 6th International Conference on
Micromechanics of Granular Media, AIP Conference
Proceedings, American Institute of Physics, 2009.

C. Chevalier, A. Lindner, and E. Clément, ‘“Pattern
formation by injection of air in a non-Brownian
suspension,” in Powders and Grains 2005, Balkema,
2005.

P. B. Umbanhowar, F. Melo, and H. L. Swinney, Nature
382, 793-796 (1996).

S. E. Pinto, M. S. Couto, A. P. F. Atman, S. G. Alves,
A. T. Bernardes, H. F. V. de Resende, and E. C. Souza,
Physical Review Letters 99 (2007).

C. Chevalier, A. Lindner, and E. Clément, Physical
Review Letters 99 (2007).

F. Melo, P. B. Umbanhowar, and H. L. Swinney, Physical
Review Letters 75, 3838+ (1995).

A. Atman, Crescimento de interfaces em

meio poroso (1998), also available at
http://wwwl3.fisica.ufmg.br/ posgrad/
(in Portuguese).

Physical review. E, Statistical physics, plasmas, fluids,
and related interdisciplinary topics 49, 1685-1689
(1994), ISSN 1063-651X.

J. G. Moreira, J. K. L. da Silva, and S. O. Kamphorst,
Journal of Physics A: Mathematical and General 27,
8079 (1994).



