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Abstract

Recently developed high resolution computed microtomography (CMT) using
synchrotron X-ray sources is analogous to conventional medical CT scanning and
provides the ability to obtain three-dimensional images of specimens with a spatial
resolution on the order of micrometers. Application of this technique to the study of core
samples has previously been shown to provide excellent two- and three- dimensional high
resolution descriptions of pore structure and mineral distributions of core material.
Recently, computed microtomographic endpoint saturation images of a fluid filled
sandstone core sample were obtained using a microtomographic apparatus and a high
energy X-ray beam produced by a superconducting wiggler at the National Synchrotron
Light Source at Brookhaven National Laboratory. Images of a 6 mm subsection of the
one inch diameter core sample were obtained prior and subsequent to flooding to residual
oil. Both oil and brine phases were observable within the imaged rock matrix. The rock
matrix image data was used as input to a fluid transport simulator and the results
compared with the end point saturation images and data. These high resolution images of
the fluid filled pore space have not been previously available to researchers and will
provide valuable insight to fluid flow, and provide data as input into and validation of
high resolution porous media flow simulators, such as percolation-network and Lattice
Boltzmann models.

Introduction

Computed X-ray tomography is often utilized to characterize structure and fluid
distributions within reservoir core material systems. Generally, medical computed
tomography (CT) scanners have been employed because of their availability and relative
ease of use. Of interest lately has been the acquisition of three-dimensional, high
resolution description of rock structure and pore level characterization for the modeling of
multiphase transport processes. Medical CT scanners are generally limited to no better
than 0.25 by 0.25 by 1.5 mm3 in volume resolution and therefore cannot provide
information sufficient to define the three-dimensional pore structure of reservoir rock.

Recently developed computed microtomography (CMT) is analogous to medical X-ray
absorption CT scanning and produces images with much higher spatial resolution!.
Synchrotron X rays, generated in a storage ring for relativistic electrons, are often
employed for microtomography. With synchrotron X-ray CMT, three-dimensional maps
of linear X-ray attenuation coefficients inside small samples can be obtained with about
1% accuracy and resolution approaching 1 pm.

Synchrotron X rays have been used to generate microtomograms of biological samples,

thermal spray coatings, coal and heterogeneous catalysts.2® Recently, there has been
interest in using synchrotron X-ray CMT for characterization of porous media for

geological applications.”-8 Advantages include very high spatial resolution (reported 5
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micrometers), narrow energy band (fewer artifacts) and tunability (increased sensitivity
and mineralogical information).

Application of this technique to the study of core samples has previously been shown to
provide excellent two- and three- dimensional high resolution descriptions of pore
structure and mineral distributions of core material®. Microtomographic images of real
rock can serve as boundary conditions for rigorous fluid flow modeling®14. With
microtomographic data, opportunities therefore exist to significantly impact the
description and understanding of fluid transport properties within core material systems.

Recently, computed microtomographic endpoint saturation images of a fluid filled
sandstone core sample were obtained using a microtomographic apparatus and a high
energy X-ray beam produced by a superconducting wiggler at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory (BNL). The rock matrix image
data was used as input to a high-resolution, multiphase fluid flow simulator and the
results compared with the end point saturation images and data. This paper presents an
integration of novel experimental and computational techniques that together provide a
tool to expand understanding of, and ability to model, reservoir flow processes. In the
first section we will discuss the CMT measurement process. We will follow that with a
description of the coreflood experimental setup and results and a description of two
numerical simulation methods. After that we will compare the experimental and
simulation results and summarize our findings.

Computed Microtomography
Theory and Measurement Process

As with medical X-ray CT scanning, CMT data collection for a tomographic slice through
a sample is performed by measuring the relative number of transmitted X rays for a large
number of X-ray paths with different radial and azimuthal coordinates. The sampling can
be performed either by using a single pencil beam and detector (called first generation
scanning), or by using a wide X-ray beam and an array of detectors with high spatial
resolution capability. Use of detector arrays allows considerably faster CMT, but at some
loss of spatial resolution. First generation scanning was employed for the work
discussed here. Subsequent development and application of a high resolution detector
array has been accomplished and is expected to be the preferred method of obtaining data
in future experiments!3,

After CT data collection, the line integrals of the linear attenuation coefficients are
obtained by taking the logarithm of the reciprocal of the relative number of transmitted
photons. This is input to a reconstruction algonthm“‘ which produces a reconstructed
image consisting of a matrix of linear attenuation coefficients in a thin slice through the
sample. A linear attenuation coefficient reflects the probability per unit length for an X ray
to interact as it passes through a material, and is a function of the atomic number and the
bulk density of that material and the X-ray energy.

Experimental Process

A high permeability sample from the oil leg of a sandstone reservoir (porosity was 26.4%
and gas permeability was 15.3 darcies), one inch (2.54 c¢m) in diameter and one and one
fourth inches (3.18 cm) in length, was uniformly wrapped with Teflon® tape. Plastic
endpieces, containing distribution grooves were tapped to fit 1/8 inch (0.64 cm) pipe
fittings and were placed on both ends of the plug. A plastic flow cell was created by



Conference Paper Number 9628
3  SCA-96

molding Bio-plastic® (a liquid casting plastic) in place, around the plug and endpieces.
This was allowed to cure for 48 hours. Silicone rubber was used externally to insure no
leakage around all connections. The sample (pore volume of 3.49 cc) was flushed with
iso-octane, iso-propyl alcohol, methanol and air dried overnight. Prior CT scanning
(using a medical CT scanner with resolution of 0.25 mm x 0.25 mm x 3 mm) revealed this
sample to be relatively uniform. The effective gas permeability of the core plug plus the
holder was measured to be 8.14 darcies.

A computed microtomographic apparatus designed and constructed at the National
Synchrotron Light Source (NSLS) of Brookhaven National Laboratories (BNL) was
utilized for these experiments. This microtomographic apparatus is shown schematically
in Figure 1 and is discussed in previous references. An assembly of stepping motor
driven translators and rotators were used to move the object through the radiation beam
during sampling of the X-ray attenuation. A vertical translator was used to select the slice
to be imaged. A horizontal translator was used to move the object through the beam while
the attenuation was sampled. The flow cell assembly was mounted in the apparatus, as
shown in Figure 2.

The CMT apparatus was operated within the shielded hutch at the X17b experimental
station. Here, a narrowly colimated high energy X-ray beam produced by a
superconducting wiggler was used to image a 6 mm diameter subsection of the flow cell.
Ninety five spatially sequential images were obtained of the dry core within the flow cell.
Stepping motors were controlled by a computer with programs automatically placing the
moving stages at the correct start position at the conclusion of each slice scan. Spatial
resolution of the resulting images was 30 micrometers. Imaging time was approximately
30 minutes per slice.

After the dry rock images were obtained, the flow cell was flushed with CO, for twenty
minutes to minimize trapped gas during the saturation step. The core plug was then
flooded with hexadecane doped with iodohexadecane (40% by weight). The oil was then
displaced by water and scanned again. Flow was accomplished by gravity feed, from the
bottom of the cell, with a constant head of four inches of water. The effluent was
measured by weight. The steady state flow rate of water after breakthrough was found to

be 0.14 cc/min. The capillary number was calculated to be 4 x 107 for this displacement.
Seventy two spatially sequential slices (resolution of 30 micrometers) were obtained of
the same 6 mm internal subsection of the flow cell following displacement. After
reconstruction the microtomographic images were transferred to a Sun 6/70 workstation
for visualization and processing.

Experimental Results

Several microtomographic images which were obtained of the dry sandstone are shown in
Figure 3. A three-dimensional volume of the sandstone sample was obtained by stacking
together the spatially sequential microtomographic slices. An image, showing the
resulting volume data set, with a section removed to reveal the interior, is also shown in
Figure 3. The images clearly show pores and structural features not visible with the
resolution of conventional medical CT scanners. The average porosity calculated from
these microtomographic images was 24.5%.

Several microtomographic images obtained at remaining oil saturation are shown in
Figure 4. A three dimensional volume was created by stacking together sequential slices
and is shown in Figure 4. Both oil (white) and brine (black) phases were observable
within the imaged rock matrix (gray). Although, measures were taken to clean the core,
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the aqueous phase appears in the images to behave as a non-wetting phase. Further
investigation revealed that the presence of waxy coatings were known to occur in core
samples from this area which could result in producing an oil wet core sample. The
average water saturation was calculated to be 25.1%. A plot showing the porosity and
saturation profiles is provided in Figure 5. A three dimensional view of the water
distribution is provided in Figure 6. Here oil and rock have been rendered transparent,
allowing three dimensional visualization of the water saturation. This method for

obtaining saturation distributions has clear advantages over earlier woods metal'” and
other destructive techniques.

Simulation

Lattice Boltzmann Simulation

The lattice-Boltzmann method is a computational fluid dynamics scheme which handles
arbitrarily complex boundaries. Thus, it is a particularly attractive method for single and
multiphase flow problems in porous media at the pore network level. A detailed
description of the method is beyond the scope of this paper. Interested readers are

referred elsewhere18-23,

Simulations of the experiment described in the previous section were run using a LB
model developed at Los Alamos National Laboratory (LANL) for multiphase flow. The
code is based on the model of Chen et al.24. Fluid interface behavior is implemented via
the formulation of Gunstensen et al.2> with modifications as described by Grunau et
al.21, Validation of this model during development and in applications have shown that
hydrodynamic behavior is accurately represented. Estimation of constitutive relationships
for multiphase flow in porous media (for example, relative permeability) using CMT data
and the LANL lattice Boltzmann simulator has been demonstrated!4.

During and after the simulations, the LB code is able to provide macroscopic and
microscopic information. Fundamenta! information includes: exact fluid distributions,
average fluid saturations, local and averaged velocities, local and averaged pressures and
fluid momenta. Bulk constitutive quantities such as permeability and relative permeability
are calculated using the information listed above.

The dry rock CMT data were input directly into the LB simulator to provide a binary
representation of the three-dimensional pore space geometry. The geometry was padded
with four additional planes of pore space at the injection end and an additional plane at the
outlet end to accommodate simulation boundary conditions. It was desired not to inject
non-wetting phase indiscriminately into all pores at the inlet boundary. The four planes
serve as space for redistribution of fluid prior to entry into the pore space. The pore space
in the simulator was populated with a wetting fluid. Constant pressure boundary
conditions were applied and the simulated flow was allowed to proceed to a steady state
single phase flow condition. We computed a permeability of 30 darcies for the subset
volume from steady state flow data and Darcy’s law. A non-wetting phase was then
introduced at the entry plane, while maintaining the same pressure differential. The
displacement was allowed to continue until non-wetting phase breakthrough. The
capillary number for the simulation at the breakthrough condition was determined to be
approximately 5x10-3.
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Network Modeling Simulation

An alternative to flexible computational fluid dynamics codes to study fluid displacements
with complex boundary conditions is a rule-based network model to investigate specific
processes of interest. Although the ability to model a wide variety of physical phenomena
is lost, network models have potential to be applied to much larger data sets. A network
model capable of simulating capillary dominated displacements was described recently in
the literature!3. This network model consists of the application of a few basic rules
governing stable interfacial configurations and tests for the existence of mechanistic
pathways for pore filling/emptying events within a framework capable of large accounting
tasks. The primary drainage portion of the described network modell3 was used to
simulate the introduction of non-wetting phase at the inlet face of the CMT geometry
subvolume. This sample showed enormous sensitivity to the uptake of fluid with small

changes in pore entry size."” The fluid saturation distribution at a pore entry radius of 75
micrometers was selected for comparison with fluid distributions from the low capillary
number experimental displacement and LB simulation.

Comparison

The experimental, lattice Boltzmann, and network model 3-D fluid distributions were
examined for commonality. A number of corresponding cross sectional slices are
included in Figure 7. Certainly some discrepancies are evident in fluid placement, but on
the whole, agreement is exceptional. The lattice Boltzmann distributions at water
breakthrough are highly correlated to the physical experimental slices. The nonwetting
phase distribution in network model result, in general, appears to be a subset of the
others, indicating that the operating capillary pressure controlling the displacement front
was possibly only slightly higher than that for a pore entry radius of 75 pm. This kind of
comparison between predicted static equilibrium fluid distributions and those obtained
from either displacement simulation or direct experimental observation has ramifications
for the measurement and modeling of dynamic capillary pressure.

Summary and Conclusions

Computed microtomography can provide excellent high resolution two- and three-
dimensional pore level images of both dry and saturated core samples. The presence of
both oil and water can clearly be identified within the pore space of a rock sample. Pore
networks derived from CMT data can serve as valuable representations of reservoir rocks
for transport property modeling purposes. Simulation and experimental results have been
shown to correlate well. These high resolution images of the fluid filled pore space have
not been previously available to researchers and will provide needed data for the
development and testing of improved multiphase flow relations and physically correct

upscaling methods. Recent improvements in CMT technc:nlc»gy15 will provide rapid and
enhanced visualization of fluids within reservoir core material and allow the capture of the
dynamics of fluid transport processes, and the investigation of the effects of such
parameters as rock texture, wetting, a third phase and initial saturation conditions on
transport.
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Figure 1: Schematic illustrating microtemographic apparatus. First generation scanning is
accomplished by rotating and translating the sample through the X-ray beam. NSLS X-
ray ring is not to scale.



Figure 2: Experimental setup showing flow cell mounted in the CMT apparatus (center).
X-rays enter the sample from the right of the picture and are detected by the detector at the
left. Rotators and translators, which allow scanning of the sample can be seen at the
center bottom of the picture.

Figure 3: Microtomographic irnages of dry
sandstone. Slice images and volume data
set are shown. Resolution was 30 micro-
meters in all dimensions.



Figure 4: Microtomographic images of
sandstone containing oil remaining after
flooding with water under capilary controlled
conditions. Slice images and volume data set
are shown. Resolution was 30 micrometars in
all dimensions.

40 adpotededdeeded :E!é!f:! :::ﬁ::'—frm;::t:s_ 40
35 L f&“ ; ] 1.35
30 £ ﬂ ii’\ " 130 5
> fh ‘\i\ / \ f : g
Z 25 L..LX A T VO W . des £
5 s N AV AN " ot V3 -
&20 ] A ‘-._, 100 &
L Ve
15 .k Vo n 195
Y "‘
¥ 3
(R PRTE PINPIPE FINPES FIFPER FIEES PSS ST PR i v
20 30 4¢ &0 60 70 80 @ 100
) slice number =
sewmseses OFOSILY waler

Figure 5: Porosity and saturation profiles from microtomography data of dry and
saturated core sample. The average porosity of this 6 mm subsection (24.5%) compares
t0 a measured plug porosity of 26.4%. Average water saturation as measured in the slices
was calculated to be 25.1%.



Figure 6. Three dimensional rendering of the water distribution in the core
subvolume. The rock and oil-filled pore space have been made transparent.
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Figure 7: Selected slices showing {a) the experimental results; (b) lattice Boltzmann simulation;
and (c} pore network simulation. The images have been cropped to show the center 128 by
128 pixels. Each column reflects the same slice location. Water is shown in black, oil is white
and rock is gray. Note the good qualitative agreement between the experimental and simulated
results.





