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ABSTRACT

A new state-of-the-art method, known as numerical
pseudocores, bridges the gap between cores, borehole
images, and numerical flow simulations to help solve
the problem of carbonate reservoir heterogeneity.

Numerical pseudocores are 3D computer models of
rocks and pores generated from borehole images and
digital rock samples using multipoint statistics (MPS).
Digital rock samples, created from computed-
tomographic scans (CTscans), are used as training
images. They are the quantitative templates used to
guide MPS modeling of 3D textures in pseudocores.
Borehole images surround numerical pseudocores with
cylindrical envelopes that condition the models.
Integer values are assigned to each petrophysical
facies, for example, dense rock matrix is 0, vugs are 1,
and electrically conductive patches are 2. Each
numerical  pseudocore absolutely honors the
heterogeneities observed in digital rock samples and
borehole images.

For each petrophysical facies, capillary pressure and
relative permeability curves are provided by either
conceptual models, special core analyses from plugs,
or pore-network models from micron-scale CTscan
images. Effective or bulk properties, such as porosity,
permeability, residual oil saturations, relative
permeabilities, and recovery factors can be deduced by
running multiphase flow simulations through
numerical pseudocores. Effective properties capture
multi-scale heterogeneities in carbonates and provide
essential constraints on interwell- or field-scale flow
simulations.

INTRODUCTION

Carbonate reservoirs have heterogeneous pore-size
distributions and permeabilities that range in scale
over at least 6 orders of magnitude. Reservoir
engineers have struggled for decades to quantify
residual oil saturations, wettabilities, effective
permeabilities, relative permeabilities, and recovery
factors in such reservoirs.

Borehole images produce oriented electrical and
acoustic maps of the rocks and fluids encountered by a
well. Such logs provide the physical location of
features such as bed boundaries, vugs, and porous vs.
nonporous patches within the rocks. Patches outline
3D volumes that have complex shapes, known as
petrophysical facies. Interpretation of these shapes is a
key component in the analysis of centimeter- to meter-
scale heterogeneities and their effect on fluid flow.

Digital rock samples are commonly constructed from
various types of CTscans (conventional, microCT, and
synchrotron-computed microtomography). CTscans are
2D cross sections generated by an X-ray source that
rotates around the sample. Density is computed from X-
ray attenuation coefficients. Scans of serial cross

sections are used to construct 3D images of the samples.

Because the density contrast is high between rocks and
fluid-filled pores, CT images can be used to visualize
the rock-pore system. Resolutions are on the millimeter
to micron scale, depending on the device being used.
Small sample size, unrepresentative of heterogeneous
textures in carbonates, has been a major problem with
previous digital rock models.

Multipoint statistics (MPS) creates simulations of
spatial geological and reservoir property fields for
subsurface reservoir modeling. These methods are
conditional simulations that use known results
measured in wellbores as fixed or “hard” data, which
are absolutely honored during the simulations. MPS
uses 1D, 2D, or 3D training images as quantitative
templates to model subsurface property fields. MPS
modeling captures geological structures from training
images and anchors them to data locations. These
structures can be a priori geological interpretations or
conceptual models.

We use the pattern-recognition and modeling
capabilities of MPS to create numerical pseudocores,
which combine textures observed in borehole images
with 3D pore distributions observed in digital rock
samples. Numerical pseudocores are populated with
porosity, permeability, capillary pressure, and relative
permeability values for each discrete petrophysical
facies. Multiphase flow simulations compute bulk, or
system-scale properties such as residual oil saturations,
capillary  pressures, relative permeabilities, and
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recovery factors to capture heterogeneous fabrics
observed in carbonate reservoirs.

MULTIPOINT STATISTICS

Multipoint (or multiple-point) statistical methods (MPS)
are a new family of spatial statistical interpolation
algorithms proposed in the 1990s that are used to
generate conditional simulations of discrete variable
fields, such as geological facies, through training
images (Guardiano and Srivastava, 1993). MPS s
gaining popularity in reservoir modeling because of its
ability to generate realistic models that can be
constrained by different types of data. Unlike the
conventional 2-point or variogram-based geostatistical
approaches, MPS uses a training image to quantify
complex depositional patterns believed to exist in
studied reservoirs. These training patterns are then
reproduced in the final MPS models with conditioning
to local data collected from the reservoirs. Therefore,
MPS allows modelers to use their prior geological
interpretations as conceptual models (training images)
in the reservoir modeling process and to evaluate the
uncertainty associated with the prior interpretations by
using different training images.

In addition to categorical variables, MPS can also be
used to deal with continuously variable training images,
such as spatial distribution of porosity. Two families of
MPS algorithms are created to handle these different
types of training images: Snesim for categorical
variables, and Filtersim for continuous variables.
Strebelle (2002) proposed an efficient Snesim algorithm
that introduced the concept of a search tree to store all
replicates of patterns found within a template over the
training image. This makes Snesim code several orders
of magnitude faster than the original algorithm
proposed by Guardiano and Srivastava (1993).
Filtersim, developed by Zhang (2006), applies a set of
local filters to the training image, which can be either
categorical or continuous, to group local patterns into
pattern classes. Pattern simulation then proceeds on the
basis of that classification.

Snesim and Filtersim algorithms honor absolute, or
“hard” constraints from data acquired in wells or
outcrops, and other interpreted trend maps of the
reservoir under study. Training images are the main
driver of any MPS approach. An issue raised implicitly
by current MPS algorithms is how to generate training
images. Training images are supposed to model or
reproduce real geological features and should as much
as possible be derived from existing geologically
meaningful images. This requires research on statistical
and image-processing methods that will allow use of
images from any source: hand-drawn sketches, aerial

photographs, satellite images, seismic volumes,
geological object-based models, physical-scale models,
or geological process-based models.

Categorically variable training images are easier to
generate than continuously variable training images.
An object-based approach is commonly used to
generate training images with categorical variables. A
region-based approach, combined with the addition of
desired constraints, can be wused to generate
continuously variable training images (Zhang et al.,
2006).

In this study, borehole images and digital core samples
are directly taken as training images. These are
discrete-variable training images, with the attribute
being the rock (white) or pore (black) at each voxel of
the image. The training image can have any shape of
boundaries or contain any number of irregular holes.

FULLBORE IMAGES

Electrical and acoustic borehole-imaging tools are
widely used to log subsurface boreholes to locate and
map the boundaries between rock layers and to
visualize and orient fractures and faults. Electrical
borehole images can be acquired in water-based
(conductive) mud, oil-based (honconductive) mud, and
in wireline or LWD (logging-while-drilling) modes.

Because most electrical borehole-imaging tools are pad-
type devices with fixed arrays of electrodes, they
commonly have gaps of missing information between
the pads. Areal coverage of the borehole face is a
function of the width of the electrode arrays, number of
pads, and borehole diameter. In general, 40 to 80% of
the borehole face is imaged in typical boreholes. Non-
imaged parts of the borehole appear as blank strips
between the pads. Gap width has generally decreased as
new generations of tools and new tool combinations
have been introduced.

Besides gaps between the pads, electrical and acoustic
logs may have intervals with poor data quality because
of borehole irregularities, washouts, thick mud cake,
decentralized tools, or contamination by crushed rock
materials.

Fullbore images (Hurley and Zhang, 2009) are used to
fill the gaps or repair images with realistic statistical
models. The method uses an MPS algorithm, such as
Filtersim (Zhang, 2006) to generate fullbore images
from borehole-image logs. Discrete, depth-defined
intervals of borehole-image logs are used as training
images. These training images are oriented, 2D scalar
arrays of continuously variable numerical values, with
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Fig. 1 Training image is a 3-ft (1-m) interval of a
single-pass electrical borehole image (top) in a vuggy
carbonate formation. Fullbore image (bottom) shows
an MPS realization that uses the entire image on the
top as a training image. The realization is conditioned
so that it perfectly matches the original, measured data.
Orientations are shown along the tops of the images.
Abbreviations: N = north; E = east; S = south; and W
= west. No vertical exaggeration. Bit size is 8.5 in (21.5
cm).

gaps between the pads or areas that need repair. The
pads represent measured values and the gaps are non-
imaged parts of the borehole.

Using Filtersim, we determine filter scores for each
training image using a suitable pixel-based template.
These scores quantify the patterns and their

probabilities, as observed in the measured data. We use
filter scores to group and then simulate patterns in the
gaps between the pads, where no measured data exist.
Each realization is a fullbore image (Figure 1).

The approach for a single realization is to randomly
occupy pixel locations and draw from the set of filter
scores to choose a suitable pattern for the random site.
Measured data are perfectly honored because these are
conditional simulations. Patterns adjacent to the edges
of pads match the patterns observed on the actual pads.
The frequency distribution of modeled pixel colors, a
continuous variable, perfectly matches the frequency
distribution of measured colors. Multiple realizations of
fullbore images honor the measured data in each
realization, although subtle variations appear in the
modeled areas. Wider gaps between pads result in more
variations between realizations.

Finally, we scroll progressively through the entire
logged interval, generating fullbore images from
successive, adjacent, incomplete borehole images
(training images).

PETROPHYSICAL FACIES

Vugs, which are large, irregular pores, visible to the
naked eye, are common in carbonate rocks. Dehghani et
al. (1999) suggested that zones of enhanced porosity
and permeability exist in the vicinity of vugs. They
used thin sections, SEM images, and minipermeability
measurements to confirm this concept. Bourke (1993)
showed that textures seen in borehole images closely
resemble contoured minipermeameter maps of cores.
Schindler (2005) and Tanprasat (2005) used image
analysis of fluorescent-inked core photos to show that
swarms of small vugs preferentially exist in the vicinity
of large wvugs. Rathod (2003) used gridded
minipermeability readings on core slabs to show that
areas of enhanced permeability occur in the vicinity of
vugs.

Small vugs are below the resolution of the borehole-
imaging tool, so they appear as dark regions, rather than
as discrete vugs in the image logs. If this is the general
case for vuggy carbonates, electrical and acoustic
borehole images should have high-conductivity or low-
amplitude (dark) zones in the vicinity of vugs. In fact,
this feature is commonly observed (for example, see
Figure 2). Delhomme (1992) demonstrated the
importance of mapping electrically resistive and
nonresistive patches in borehole images. However, his

approach was limited because of gaps between the pads.

He was unable to draw closed contours around regions
of high or low resistivity because of uncertainty about
the shapes. Fullbore images allow us to draw closed
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Fig. 2 Fullbore image of a 3-ft (1-m) interval in a vuggy
carbonate formation (same as Figure 1) shows
contours (green lines) that outline the less-resistive
areas in the electrical image. Orientations are shown
along the tops of the image. Abbreviations: N = north;
E = east; S = south; and W = west. No vertical
exaggeration. Bit size is 8.5 in (21.5 cm).

contours around resistive and/or nonresistive regions in
borehole images. Such regions provide important
measures of heterogeneity, especially in carbonate
reservoirs, and are generally much larger than the core
plugs or digital models we generate from CTscans of
rocks. Because of this, borehole images are critical if
we wish to identify and capture centimeter- to meter-
scale heterogeneities in our flow models.

Regions with characteristic signatures on borehole-
image logs, such as wvugs, resistive patches, and
conductive patches are herein termed petrophysical
facies. Other authors, such as Ye et al. (1998) and
Mathis et al. (2003) called similar textural regions
electrofacies. Textures represented by different colors
(as in Figure 2) can be used to define petrophysical
facies, which have complex 3D shapes. Conductive
patches, which correspond to zones of enhanced
porosity and permeability, provide regions of flow
continuity between vugs. As such, they help answer the
question: “Are the vugs connected?”

DIGITAL MODELS OF ROCKS AND PORES

Published digital rock models are built using techniques
that include: reconstructions from 2D thin sections or
SEM (scanning-electron microscope) images, electro-
facies interpreted from well logs, computer-generated

sphere packs, and various types of CTscans
(conventional, microCT, and synchrotron-computed
microtomography).

Oren and Bakke (2002), Dvorkin et al. (2003), and
Okabe and Blunt (2005), among others, presented
approaches to construct 3D pore networks from 2D thin
sections. Tomutsa and Radmilovic (2007) used ion-
beam thinning to create multiple 2D SEM serial
sections, and built 3D models of submicron-scale pores.

Mathis et al. (2003) generated “synthetic cores” from a
limited number of described cores, conventional
openhole logs, and borehole-image logs, then
constructed virtual electrofacies cores in non-cored
wells. Creusen et al. (2007) described mini-models, or
reservoir models that are less than 1.0 m? in size that
provide pseudo-properties for volume cells in reservoir-
scale models. Abu-Shiekah et al. (2007) performed
fine-scale numerical simulations of discrete rock types
in a bioturbated carbonate core.

Behseresht et al. (2007), among others, described
digital rock models that are computer-generated dense
random periodic packings of spheres.

The most common way to generate pore networks is
from various types of CTscans. Vinegar (1986),
Wellington and Vinegar (1987), and Withjack et al.
(2003) summarized the technology and discussed
applications of X-ray computed tomography. Zhang et
al. (2005), for example, generated conventional CTscan
images of a vuggy limestone and performed flow
simulations.

WORKFLOW FOR NUMERICAL PSEUDOCORE
GENERATION

Our technique focuses on using the MPS algorithm
Snesim to generate numerical pseudocores from digital
rock samples and borehole-image logs. Our method
includes a number of steps, discussed in the following
sections:

e  Select training images.

e  Generate fullbore images.

Warp fullbore images into scaled cylindrical
shapes.

Scale training images to fullbore images.

Generate realizations of numerical pseudocores.
Resample numerical pseudocores to radial grid.
Perform flow simulations.

Select training images. Use digital rock samples with
large volume, for example 4-inch diameter and 1 or 3
feet-length, as training images. These images can be
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Fig. 3 Transluscent, 3D view of CTscan of slabbed
vuggy carbonate core sample. Vugs are red to gray in
color, and dense rock matrix is blue. Height of the
sample is 6 in (15 cm), and maximum diameter is 4 in
(10 cm).

generated by CTscans with millimeter resolution and
are considered to represent the heterogeneity
distribution in the formation interval of the borehole
under study. Training images are 3D arrays of discrete
numerical values. In a 2-facies model, for example, the
rock has a numerical value of 0, and the pores have a
numerical value of 1. In a 3-facies model, the rock has a
numerical value of 0, the pores have a humerical value
of 1, and the conductive patches have a numerical value
of 2. There is no limit on the number of facies. Outlines
of individual facies bodies (volumes) can have any
shape or size. However, one assumption should be
justified before applying MPS: the training image used
should contain representative patterns of the studied
reservoir. In this study, the selected digital rock and its
size are considered to be representative of the vug
associations within a certain formation interval. To deal
with distinct features that correspond to different
formations or formation intervals, the proposed process
can be repeated for different digital samples.

Figure 3 shows our chosen training image, a CTscan of
a vuggy carbonate (Gowelly, 2003).

Generate fullbore images. Fullbore images (Hurley and
Zhang, 2009) are already generated by certain logging
tools, such as acoustic devices and LWD tools. In other
cases, we must model fullbore images. This is
especially true for resistivity logs, which commonly
have gaps between the pads.

Our approach is to select a depth-defined interval of a
borehole-image log. For example, this interval could be

1, 3, or 10 ft (0.3, 1, or 3 m) of measured depth. The
user may want to choose a thick or thin interval,
depending on the observed amount of layering,
fracturing, and other heterogeneous patterns.

Figure 1 shows a fullbore image of vuggy porosity with
contours (green lines, Figure 2) that outline dark-
colored areas in the electrical image. These contours
enclose conductive patches, similar to those cited by
Delhomme (1992).

Numerical pseudocores can be conditioned to original,
incomplete borehole images. However, the availability
of fullbore images leads to a better-constrained model.

Warp fullbore images into scaled cylindrical shapes.
For routine interpretations, it is difficult to examine
borehole images in 3D. Therefore, the borehole is
commonly split along true north, and the cylinder is
unrolled until the view becomes 2D. In highly deviated
and horizontal wells, the borehole image is commonly
split along the top of the hole. Planar features that
intersect the cylindrical borehole appear as sine waves
in the 2D view.

Fig. 4 Borehole images warped to cylindrical shape,
matching the borehole diameter at this depth. Vugs are
red, and dense rock matrix is blue. CTscan training
image (same as Figure 3) is scaled and positioned at its
correct depth in the center of the borehole images. Vugs
are red and dense rock matrix is blue. Length of
interval is 3 ft (1 m), and borehole diameter is 8.5 in
(22 cm).
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To generate 3D numerical pseudocores, we need to
warp the 2D fullbore images back to their original 3D
shape. To do this, we must know the borehole diameter.
We can easily determine this from caliper logs run with
the original borehole image. The image scale should be
1:1, that is, there should be no vertical exaggeration.

Figure 4 shows the borehole images warped to a 3D
cylindrical shape. This figure does not show fullbore
images to better convey the relative scales of the
training image (CTscan, in the center of the cylinder)
and the log image.

Scale training images to fullbore images. Typically, the
voxel resolution of the digital rock or core training
image is finer than the fullbore-image resolution. To
ensure that the resulting pseudocore model has features
at a scale consistent with the fullbore image, the
training image is coarsely sampled according to the
ratio of the resolutions of the digital core to the fullbore
image, which is typically millimeter-scale resolution.

Figure 4 shows the rescaled training image, placed at its
proper position with respect to the cylindrical borehole
images.

Generate realizations of numerical pseudocores. We
generate realizations of numerical pseudocores for two
or more petrophysical facies using the Snesim
algorithm of multipoint statistics. We condition the
realizations to match the facies sizes and shapes
observed in training images and fullbore images. Note
that petrophysical facies can be defined from
conductive patches seen in borehole images, even in
sandstones or carbonates without vugs.

More than two petrophysical facies can be modeled in
cases where conductive patches have been mapped in
the borehole images and digital rocks. If the conductive
patches have not been identified in the digital rocks
(training images), they can be simulated by dilation of
the porous facies by a fixed humber of voxels. In this
way, large-scale heterogeneity can be captured in the
numerical pseudocore.

The size and height of the numerical pseudocore is
limited only by the amount of computer memory that is
available. In this case study, the pseudocore model
consists of 30 million voxels with millimeter-scale
resolution.

The simulation (one realization) of the numerical
pseudocore (Figure 5) used fullbore images and a
training image (Figure 4). Figure 6 shows slices
through the numerical pseudocore to illustrate the true

Fig. 5 Numerical pseudocore generated from training
image in Figure 3 and fullbore images that correspond

to Figure 1. Vugs are red, and dense rock matrix is blue.

Length of interval is 3 ft (1 m), and borehole diameter
is8.51in (22 cm).

Fig. 6 Numerical pseudocore generated from training
imagein Figure 3 and fullbore images that correspond
to Figure 1. Vugs are clear, and dense rock matrix is
gray. Length of interval is 1 ft (0.3 m), and borehole
diameter is 8.5 in (22 cm). The arbitrary suspended
slice (top) shows that this is truly a 3D model, with
throughgoing pores in every slice.
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Fig. 7 Numerical pseudocore generated from training
image in Figure 3 and fullbore images that correspond
to Figure 1. Vugs are green, conductive patches are red,
and dense rock matrix is blue. Conductive patches are
similar to the contours shown in Figure 2. Length of
interval is 3 ft (1 m), and borehole diameter is 8.5 in
(22 cm).

Fig. 8 Numerical pseudocore (same as Figure 7 but
with dense rock matrix removed). Vugs are green,
conductive patches are red, and the dense rock matrix
is transparent. Length of interval is 3 ft (1 m), and
borehole diameter is 8.5 in (22 cm).

3D nature of the model. Pores are present in any
arbitrary slice taken through the model.

Figure 7 shows the numerical pseudocore with three
facies: pores, conductive patches, and dense rock
matrix. Conductive patches (red) are scaled to match
contours around conductive patches shown in Figure 2.
The conductive patches provide 3D connectivity
between wvugs, and they allow us to capture the
heterogeneity that is inherent in most carbonate rocks.

Figure 8 shows the numerical pseudocore of Figure 7,
with invisible transparent dense rock matrix. Note the
3D interconnected nature of the vugs and conductive
patches.

Resample numerical pseudocores to radial grid. To
conduct flow investigations of the numerical
pseudocore, we regrid the model using the previous
steps into a radial grid with cylindrical coordinates
(Figure 9). Conversion to a radial grid is not required
by our workflow. In fact, Cartesian flow simulations
can be run. However, our goal is to simulate flow in the
wellbore area, so we choose to resample the volume to
a radial grid. Because running a numerical simulation is
CPU-intensive, we conduct multiphase flow on only 1/3
of our pseudocore model (middle part) to investigate
how geological heterogeneity associated with vug
distribution influences fluid flow. In this example,
resampling the numerical pseudocore model into a
radial grid leads to a reduction of the size of the original
static model from 10 million voxels (nx=259, ny=231,
nz=510) in the Cartesian grid to 250,000 voxels (nr=20,
n6=72, nz=170) in the radial grid.

At each Cartesian voxel, we assign a constant porosity
and permeability according to its rock type (dense rock
matrix, vug, or conductive patch). For each cell of the
radial grid, because it consists of many Cartesian voxels,
we generate average porosities and permeabilities. The
average porosity is obtained by arithmetically averaging
all porosity values of the Cartesian voxels within the
cell; the average permeability is obtained by performing
geometric averages of all permeability values.

Each Cartesian voxel in the numerical pseudocore
belongs to a specific petrophysical facies (for example,
dense rock matrix, vug, or conductive patch). We
construct a look-up table of capillary pressure and
relative permeability curves for each petrophysical
facies (Figure 10). The source of the capillary pressure
and relative permeability data can vary. Such curves
can be provided by SCAL (Special Core AnaLysis) and
MICP (Mercury-Injection Capillary Pressure) tests in
the studied reservoir rocks. Alternatively, we can obtain
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Fig. 9 Numerical pseudocores can be resampled or
regridded to radial radial grids. Radial grids can be
layered, based upon layers observed in borehole
images or other well logs.
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petrophysicalt facies.

values from similar reservoir rocks, for example, from a
rock catalog. Capillary pressure and relative
permeability curves can be generated from pore-
network models, for example, Oren and Bakke (2002).
Finally, we can construct conceptual curves, built to
show water-wet, oil-wet, or mixed-wet conditions.

When we resample Cartesian voxels to the radial grid,
we determine the dominant petrophysical facies in each
radial grid cell. One way to do this is to compare the
geometric-mean permeability of each radial grid cell to
the frequency histogram of permeabilities for all cells.
The permeability of the dominant petrophysical facies
will closely match the permeability of one of the three
original petrophysical facies. We use the capillary

pressure and relative permeability from the dominant
petrophysical facies to populate each radial grid cell.

Perform flow simulations. Numerical simulations
provide the key step to quantify the impact of carbonate
rock heterogeneity on fluid flow (primary production,
water flooding, or gas flooding). Such simulations are
carried out on the constructed numerical pseudocores to
estimate important parameters such as water cut, oil
recovery factor, and recovery efficiency. Porosities,
permeabilities, capillary pressures, and relative
permeabilities for each radial grid cell are provided by
the regridding process described in the previous step.

Our approach is to put a micro-injector at each radial
cell location on the outside perimeter of the model and
a micro-producer at each radial cell location on the
inside perimeter of the model. Note that an inner part
(4-in diameter) of the original numerical pseudocore
has been drilled out to allow the arrangement of micro-
producers (Figure 7 and 8). Flow can be modeled from
the micro-injectors to the micro-producers. It is also
possible to use analytical functions around the outside
of the models to simulate the presence of an aquifer.
Results of the flow simulations can be used to
determine bulk, or system-scale values, such as residual
oil saturation and relative permeability, which represent
effective properties at the pseudocore scale.

Figure 11 illustrates the workflow of the pseudocore
dynamics as well as scale differences between
pseudocore models, conventional core plugs used in
laboratory experiments, and microCTscan digital
images. We emphasize that our pseudocore model is
not built to resolve micron-scale features, which would
require trillions of voxels; rather, it is generated at
millimeter scale. The finer-scale features and their
influences on flow in the pseudocores are carried out by
assigning the corresponding properties (porosity,
permeability, relative permeability, and capillary
pressure, which may be obtained using pore-scale
modeling) to each petrophysical facies at each voxel of
the pseudocore model.

Wettability is controlled by inputting different capillary
pressure and relative permeability curves. Figure 12
shows the oil saturation profile of a water-flooded
numerical pseudocore under oil-wet and water-wet
conditions. The visualization shows that the flow
behavior and fluid distribution are fundamentally
different: under oil-wet conditions, water flooding is a
drainage process where water preferentially invades the
conductive patches and vugs with smaller hydraulic
resistances. Under water-wet conditions, water imbibes
into the medium through the small pores in the matrix
and tends to bypass the vugs.
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Bulk, or system-scale, parameters such as residual oil
saturation and relative permeability can be computed
from the results of various time steps in the simulation
by the reported flow rates. Figure 13 shows oil and
water flow rates vs. time. Such output can be used to
calculate effective relative permeability curves by

RT 1 [matrix)

applying Darcy’s law for radial flow. Oil saturations are
known at each time step, and this is used to compute
residual oil saturations and recovery factors. These
values can be used directly in interwell- or field-scale
simulations, assuming the volume of rock modeled is
representative of a given reservoir rock type.
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Fig. 11 Pseudocore workflow and scale differences. Core plugs 1 and 2 (left-hand side) are strategically located in
petrophysical facies of dense rock matrix (blue) and conductive patches (red), respectively. Numerical pseudocore
can be populated with dynamic properties (capillary pressure, P.; relative permeability, k,) from SCAL work done
on the core plugs (graphs on right-hand side). Another approach is to generate digital rock models from
microCTscans (RT1 and RT2), pore network models (PN1 and PN2), and P and k, plots using invasion-percolation
flow modeling. Once the pseudocore has correctly distributed dynamic properties in 3D, Darcy flow modeling can
be used to compute effective properties for the heterogeneous system.
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Fig. 13 (a) Water and oil production rates from the
model shown in Figure 12(a). (b) Effective relative
permeability curves (red = k.,; blue = k,,) computed
from modeled flow rates. The x axis is Sy,.
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Fig. 12 Flow simulation results through numerical
pseudocore for oil-wet (a) and water-wet (b) conditions.
A line of micro-injectors of water surrounds the outer
diameter, and a line of micro-producers surrounds the
inner diameter of the pseudocore. Colors represent oil
saturation (So). Heterogeneous breakthroughs are
clearly shown in these flow models. The pseudocore is
1-ft (0.3-m) high, the outer diameter is 8.5 in (22 cm);
the inner diameter is 4 in (10 cm).
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CONCLUSIONS

Heterogeneity in carbonates and its impact on flow
behavior have long been recognized. However, previous
attempts to model such flow have commonly failed,
mainly because other studies used core plugs or whole
cores, and the sampled volumes are too small. This study
captures flow heterogeneity in carbonates by focusing on
textures recognized by borehole images, combined with
digital rock samples generated by CTscan. We use these
data to create 3D computer models of rocks and pores,
known as numerical pseudocores, using new applications
of multipoint statistics (MPS).

Numerical pseudocores are created using discrete-variable
algorithms within MPS. Integer values are assigned to
each petrophysical facies, for example, dense rock matrix
is 0, vugs are 1, and conductive patches are 2. Digital rock
samples are used as training images, that is, they are the

pseudocores with cylindrical envelopes that condition the
models. Each numerical pseudocore captures the
heterogeneity of the digital rock samples and the fullbore
images.

Numerical pseudocores address the question of small
sample size for most digital rock models, especially those
based on microCTscans. In fact, our technique adds value
to such studies and provides a means to incorporate their
results into larger-scale flow simulations.

Numerical pseudocores can be gridded into fluid-flow
simulation models. For each petrophysical facies,
capillary pressure and relative permeability curves are
provided by conceptual models, special core analyses, or
pore-network models. Bulk, or system-scale, properties
such as effective residual oil saturations and relative
permeabilities can be computed from flow-model results.
These properties can be used to constrain interwell- or

quantitative templates used to guide the modeling of 3D
textures in the pseudocore. Fullbore images, which are
3602 views of the borehole wall generated by
continuously  variable MPS, surround numerical

field-scale flow simulations.
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