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Abstract. The study of fluid flow process through porous media has attracted
much attention in geographical information systems due to its importance in
petroleum and environmental applications, such as: groundwater assessment,
soil hydrology and pollution analysis and oil exploration and recovery. In this
work we propose an interactive tool, named VisFluid, that uses a simulation
engine based on dynamic percolation method to model the fluid flow in porous
media, and a visualization engine based on direct volume rendering techniques
to provide images and animations of the tri-dimensional data generated. Our
main goal here is to develop a complete tool for the study of fluid flow in ge-
ographical information systems that integrates the percolation simulation with
the visualization, avoiding data conversion and 1/0O requirements. We apply our
tool to the oil exploration and recovery application, obtaining satisfactory re-
sults.

1. Introduction

Recently, a great deal of interest has been focused on the investigation of fluid penetration
phenomena into porous media. The understanding of fluid flow process through porous
media has attracted much attention in geographical information systems due to its impor-
tance in petroleum and environmental applications [27], such as: (i) providing an accurate
and reliable groundwater resource information, in order to assess the quantity and quality
of groundwater potential zones; (ii) examining the soil hydrology and pollution, in order
to analyze the nitrate and pesticide loadings in the soil and the expansion of irrigation
activities; and (iii) exploring and recovering of oil, in order to potentially improve the
correct determination of the well position and the insertion of water.

One of the most popular models of fluid flow in porous media is the percolation
theory. Percolation theory is successfully applied to model the connectivity phenomena,
based on the capillary behavior of porous materials. A porous medium can be considered
as a system of directly connected capillary tubes. To study the clustering behavior of
particles in these systems, the mathematical percolation theory developed in statistical
physics [30] was applied by several works [4, 9, 18].

The flow of fluid is a truly 3D phenomenon and for a better understanding of its
simulation, percolation results must be visualized as images or animations. Hence, the

327



VIl Simpésio Brasileiro de Geoinformatica, Campos do Jordéo, Brasil, 20-23 novembro 2005, INPE, p. 327-339.

investigation of percolation simulation results depends on the use of advanced scientific
visualization techniques. Scientific visualization has been widely recognized as useful
for analyzing and interpreting large-scale volumetric datasets. Due to the vast amounts of
data generated, researchers often prefer to view the results in their image representation,
than analyzing them in their raw format, or as long lists of numbers. Although a lot of
powerful and sophisticated visualization tools have been developed, most of traditional
tools and techniques for volume visualization in geographical information systems give
only results based on isosurface visualization of 3D datasets [2, 11, 12, 19].

In this work we propose an interactive and helpful tool, named VisFluid, that uses
a simulation engine based on dynamic percolation to model the fluid flow in porous me-
dia, and a visualization engine based on direct volume rendering techniques to provide
images and animations of the tri-dimensional data generated. The use of direct volume
rendering technique allows the visualization of datasets, not only of their surface infor-
mation, but also of their internal structures and details. In the particular case of dynamic
percolation, the simulation allows the user to follow the evolution of clusters formation
and the interactions between them. As these interactions occur inside the volumetric data,
their visualization is only possible with the application of volume rendering, that adds
more realism by showing details from the interior of the data. Traditional visualization
softwares for geology, like gOcad [3], for example, cannot provide this kind of informa-
tion, since gOcad is based only on isosurface visualization of 3D datasets. Figure 1 shows
an example of gOcad visualization of percolation data generated in [6].

Figure 1. Volume visualization of percolation clusters with gOcad.

Our main goal here is to develop a complete tool for the study of fluid flow in
geographical information systems that generates both simulation results of dynamic per-
colation on porous media, and the volumetric images of such results. By its more complex
nature, volume rendering techniques require higher computing power, so we also include
in the VisFluid tool the possibility of visualizing only surface data information using
OpenGL [29], that is the industry’s foundation for high-performance graphics . This gives
the user the possibility of choosing between the delivery of poorer but faster images, or a
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volumetric and richer in details, but slower viewing of the percolation volume data.

We apply our tool in a dynamic percolation simulation for oil exploration and
recovery application, and obtained satisfactory results. Our tool generated images of
the interior of the percolation data, bringing valuable contributions for the interpretation
and cluster formation process. These contributions can potentially improve the correct
determination of the position to insert water in the oil field.

The remainder of this paper is organized as follows. In the next section we relate
our work to other geovisualization tools. In Section 3., we briefly describe the perco-
lation model and simulation. In Section 4., it is presented some background on volume
rendering. In Section 5., we describe our tool designed to visualize dynamic percolation
fluid flow data generated by simulation. In Section 6., we present the results of our ex-
periments. Finally, in Section 7., we present our conclusions and proposals for future
work.

2. Related Work

Geovisualization has become an important research area because it provides a better ex-
ploration, analysis, synthesis, and presentation of georeferenced information in order to
facilitate the decision making process. Visualization of large scientific data for earth sci-
ences [16], oceanography [5, 23, 26], meteorology [32], climate modeling [22], and for
environmental decision making [7, 25] has been around for more than a decade. However,
the area of fluid flow in groundwater assessment, soil hydrology and oil exploration and
recovery has received little attention by the scientists.

There are several works in the area of mathematical models for fluid flow in porous
media. They studied the effect of pore structure on relative permeability and capillary
pressure [18]; drainage and imbibition [17, 21]; hydraulic conductivity on partially sat-
urated fractured porous [24]; and electrical conductivity of three dimensional pore net-
works [10]. Nevertheless, all these works deal only with the mathematical models, not
with the visualization of the results.

In terms of visual images of porous media, the work by George and Kovscek [13]
investigates pore-scale flow phenomena in micromodels, varying pressure and tempera-
ture, and in [28], Sagar and Castanier present results of a pore-level visualization study of
foam stability in the presence of oil. Their visual investigation, however, lies on high res-
olution microscopes images, not on three-dimensional images of simulation results. The
work by Tomovet al [31] follows an opposite way, and uses the graphics hardware for
non-graphics numerical simulations like percolation model. Their focus was on the paral-
lel use of programmable GPUs, not on the generation of 3D images. The work by Adler
and Lev [1] is the most closely work related to ours. They implemented a percolation
model called Bootstrap Percolation and provides visualizations using the AViz software,
originally designed for atomistic simulations. The images obtained by Adler and Lev,
however, could only show the compact nature of the clusters. They do not provide vol-
ume rendering on the porous media system.

3. Percolation Theory

Percolation theory deals with fluid flow (or any other similar process) in random media.
It studies the connectivity and transport in geometrically complex systems [30]. Given
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a square lattice, which represents the region of interest, each site has a random number
t, that ranges betweeh and 1, associated with it. A site is considered is considered
occupied if its value is below a given threshgldor empty otherwise. Occupied and
empty sites may stand for different physical properties. Two occupied sites belong to the
same cluster if they are connected by a path of nearest neighbor occupied sites, and a
fluid can flow between them. At low values, the occupied sites are either isolated or
form small clusters of nearest neighbor sites, see Figure 2a. At javgéues, on the

other hand, many sites of the lattice will be occupied, and the occupied sites will form

a large cluster that extends throughout the entire lattice, see Figure 2c. In the extreme
case, where = 1, all sites are connected to some maximum number of neighboring
sites. A large cluster, that connects the system from one side to the other, is called a
spanning cluster, as it spans the entire lattice.pAscreases, the probability that there

is a spanning cluster also increases. There must be a particular intermediate y@alue of
for which a spanning cluster will be first formed. Such value of occupancy probability is
known as the percolation threshold.), and plays a fundamental role in the percolation
theory. The percolation threshold strongly depends on the type and dimension of the grid
used, see Figure 3 [14].

p=020 p=040 p =060
a b c

Figure 2. Site percolation scheme.
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Figure 3. Percolation thresholds.

There are two types of percolation: bond percolation and site percolation. Bond
percolation considers the lattice edges as the relevant entities, while site percolation con-
siders the lattice vertices as the basic elements. In the standard percolation models, sites or
bonds are static. To correlate physical properties as functions of the probability of perco-
lation p, quit often, uncorrelated samples are used for each valpgaofd averages have
to be made over many samples. Some methods and algorithms have been developed to
achieve better representation, which expanded the application of percolation theory. Most
part of these methods are concerned to the variations of the static percolating. Between
them we can find spreading percolation [20], invasion percolation [33], stirred percola-
tion [15].
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3.1. Dynamic Percolation

Freitas [6] proposed the model called dynamic percolation where the percolation process
is considered time-dependent. The probabilitgf having one site occupied increases
linearly with time. In this way, it is possible to investigate the evolution of physical
properties and how the size of the clusters and the number of clusters evolve in time. In
standard percolation, clusters of connected sites are static, as sites are occupied with a
fixed probability. Hence, dynamic percolation generates more scenarios, than standard
percolation.

The dynamic percolation method useg-dimensional lattice as input. This lattice
contains the physical properties data from the porous media being studied. The method
can be applied to site percolation, bond percolation or site and bond percolation. The sites
(or bonds) are sorted by their values, and for each step oftjriie non-occupied site
with the smallest value is set as occupied. When a site is occupied, if any of its neighbors
Is also occupied, they are clustered together. Each new cluster receives the label of the
larger cluster from which it was formed.

4. Volume Visualization
There are two main approaches for the visualization of volumetric dataset:

e isosurfacing - extracts a surface through the volume;
¢ volume rendering - shows the interior of the volume, enabling the identification of
its inner regions.

The first approach is calladdirect volume renderinglndirect volume rendering
converts the 3D data into surface elements which are then rendered to form an image. The
other approach is calladirect volume renderingnd the information from the entire data
set is incorporated into the resulting image.

In volume rendering, the data is represented by a grid of voxels, where each voxel
has associated one or more values quantifying some measured or calculated property of
the original object, such as transparency, luminosity, density, or flow velocity. Volume
rendering techniques sum the contributions of each voxel to compute the final color of a
pixel. The faces are considered to be semi-transparent, allowing the ray of light to pass
from voxel to voxel, instead of stopping at its surface, preserving this way the integrity
of the original data throughout the visualization process. In surface rendering, some in-
teresting features of volumetric data could be lost, embedded in the middle, hidden by
outer opaque surfaces. Since the entire data set is preserved in volume rendering, internal
structures and details may be viewed.

There has been a lot of works on volume rendering techniques over the past few
years, leading to several competing algorithms. The two most common approaches are:
(1) ray-casting and (2) cell projection. Ray-casting algorithms are usually called image-
space methods, in which rays are cast from the viewpoint through every pixel of the
image, computation of the contribution for the pixel color and opacity is made as the ray
intersects faces of the data. The ray stops when it reaches full opacity or when it leaves
the volume. Cell projection algorithms, on the other hand, generate the image from the
object space to the image space and are called object-space algorithms. The projection
requires that the cells are first sorted in visibility ordering and then their projection on the
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screen is performed by a scan conversion process, which results in information equivalent
to the intersections obtained by the ray-cast. The same way, these intersections are used
to compose the color and opacity for each pixel in the final image. The great advantage
of projective methods is that they provide exact results without having to treat degenerate
cases which occur in the ray-cast. We use in VisFluid tool the ZSweep volume rendering
algorithm [8], because it is a fast and memory efficient algorithm, and the most recently
all-software cell projection rendering algorithm. Furthermore, ZSweep handles volumet-
ric and irregular grids data, which are more appropriate to represent seismic data or data
generated by fluid dynamic percolation simulation.

4.1. ZSweep Volume Rendering Algorithm

The ZSweep algorithm by Fariag.al. [8] is a direct volume rendering algorithm based

on the sweeping paradigm. ZSweep was designed to combine accuracy and simplicity
with speed and memory efficiency, built over the success of prior sweep approaches. The
main idea of ZSweep algorithm is the sweeping of the data with a plane parallel to the
viewing plane, in order of increasing The vertices are sorted by thecoordinate,

using a heap data structure, and while the plane is swept, ZSweep projects the faces that
are incident to the vertices intersected by the plane. During face projection, ZSweep
computes the intersection of the ray emanating from each pixel, and store their z-value,
and other auxiliary information, in sorted order in a list of intersections for the given
pixel, called pixel list. To achieve memory efficiency, ZSweep uses a mechanism called
early composition. The composition of the intersections in a pixel list is performed as
the target-Zis reached. Thearget-Zrepresents the maximumcoordinate among the
vertices adjacent to the first vertex encountered by the sweeping plane.

5. The VisFluid Tool

The VisFluid tool was developed in C++ on top of Linux and IRIX operating systems. The
front-end interface was developed using QT API, with widgets and others tools. VisFluid
is composed by two modules: the percolation engine and the visualization engine. The
percolation module is responsible for the simulation of the fluid dynamic percolation.
The visualization module provides three-dimensional images of the data generated by the
simulation, using two different visualization techniques: surface rendering and volume
rendering. Surface rendering is implemented based on OpenGL and provides poor, but
faster images. Volume rendering is implemented based on the ZSweep algorithm and
provides volumetric and more complete images, but at a slower speed.

Our idea in VisFluid is to integrate these two modules in order to avoid interme-
diate files and data conversion. Usually these two processes, percolation simulation and
volumetric visualization, are done by different tools requiring the conversion of the data
into the dataset format suitable for the rendering algorithm.

5.1. Percolation Simulation

The percolation simulation module uses the dynamic percolation model explained in sec-
tion 3.1.. We choose this model because it is simple, and allows the study of the evolution
of clusters distribution as a function of time. Another important feature of dynamic per-
colation is that it has a low computational cost. As dynamic percolation vaneigh
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t, it produces much more scenarios than standard methods, but without requiring more
computational power.

We have implemented the method proposed by by Freitas [6] with two improve-
ments. The first improvement was on the lattice sorting, we introduced a heap structure
in order to improve sort performance. The heap also reduces the number of visits in the
lattice sites, when different sites have the same permeability value. Another feature we
introduced in the simulation was the format of the output data. As the final goal is to
visualize the clusters, we have changed the structure of the output data, in order to con-
form with visualization tools input. In this way, we avoid data conversion between the
simulation and visualization module.

5.2. Visualization

The visualization module divided in two modules: surface visualization and volumetric
visualization modules. The surface visualization module uses OpenGL directives from the
three-dimensional data generated by the simulation to create surface images of the data.
These images are useful when the user does not need details of the interior of the data
and wants the images results in critical time. The surface rendering module provides an
animation of all; instants of percolation, where the user can observe the cluster formation
evolution.

To better analyze the results of the percolation simulation, however, VisFluid also
provides volumetric visualization of the data at a slower rate. This volumetric visualiza-
tion is accomplished by the a modified version of the ZSweep rendering algorithm. The
idea is to have the user deciding whether to observe just the evolution process or the inner
properties and correlation of the clusters.

The integration between the simulation module and the volume rendering mod-
ule is done by the irregular grid data file, the grid unifies the simulation output and the
volumetric visualization input, avoiding any kind of data conversion. As the dynamic per-
colation studies a time-dependent problem, it increases the amount of data to be rendered.
Therefore, the integration between the simulation and the volume rendering module is
crucial for the visualization performance.

6. Experimental Results

ZSweepVR was tested on a database from a mature field. This database was generated
by the IMEX flow simulator at CMG through geostatistic studies including data interpo-
lation from wells profile and geophysical parameters interpretation, such as permeability,
porosity, and water and oil saturation. The database isxa 3@ x 27 grid, where each

cell corresponds to an region of 25m25m x 0.5m. It was used as the input to the
simulation sever and we analyze the images generated by the two different modules of
the visualization server: surface rendering and volume rendering. The main goal of our
experiments was to investigate how the properties are distributed over the field and how
these properties contribute for oil exploration and recovery.

Figure 4 shows the interface of VisFluid. As the results of dynamic percolation
are time-dependent, the interface allows the user to play different instants of percolation
results. The widgets implement forward and backward operations, with the option of
choosing the percolation instant of time.
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Figure 4. VisFluid interface.

In Figure 5 we show the results generated by the surface visualization module that
comprises images from different moments of the percolation. With these images we can
observe cluster formation and we can also observe local and individual information about
this evolution process. Since reservoirs are complex structures, containing geological het-
erogeneity ranging from centimeters to kilometers, this kind of visualization allows the
proper analysis of the the percolation evolution, improving the security decisions regard-
ing oil recovery.

The images in Figure 6, were generated from the last image of Figure 5, using
the OpenGL transparency. Using transparency, the user can visualize the correlation be-
tween clusters in the evolution process. Regions with less percolation sites are made more
transparent, highlighting the spanning clusters.

The volumetric visualization module of VisFluid generates much more detailed
images than the ones created by the surface visualization module. Figure 7 shows the
images corresponding to the same percolation moments shown in Figure 5, but from a
different point of view. As the time advances, frontal clusters occludes the ones in the
back. Playing with the transparency in the volumetric visualization module, the back
clusters are still visible. Furthermore, as the percolation evolutes, it is possible to better
visualize the sites which connect the clusters.

7. Conclusions

In this paper we presented the VisFluid tool for studying fluid flow in porous media. Our
tool can be used in different areas of geographic information systems, such as: ground-
water assessment, soil hydrology and pollution analysis and oil exploration and recovery.
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Figure 5. Images of cluster formation generated by the surface visualization mod-
ule.

The main idea of VisFluid is to provide a simulation environment that uses percolation
theory in order to model the fluid transport and to provide a visual interpretation of the
data generated by the simulation.
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Figure 6. Using transparency to highlight the spanning clusters.

The VisFluid tool is composed by two modules: the percolation engine and the
visualization engine. The visualization module provides three-dimensional images of the
data generated by the simulation, using two different visualization techniques: surface
rendering and volume rendering. The two modules are integrated, avoiding any kind of
data conversion and I/O requirements between the modules, in order to improve perfor-
mance.

We apply our tool in a oil exploration and recovery application, and obtained
satisfactory results. Our tool generated dynamic percolation simulation results and images
of the percolation data, bringing valuable contributions for the interpretation and cluster
formation process. These contributions can potentially improve the correct determination
of the position to insert water in the oil field.
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Figure 7. Images of cluster formation generated by the volumetric visualization
module.
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