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ARTICLE INFO ABSTRACT

Keywords: Computational fluid dynamics (CFD) is an essential tool with growing applications in many fields. In petro-
Wormhole physics, it is common to use computed tomography in those simulations, but in medicine, magnetic resonance
MRI imaging (MRI) is also being used as a basis for structural information. Wormholes are high-permeability
CFD

structures created by the acidification of carbonate reservoirs and can impact reservoir production. CFD
combined with MRI can benefit the study of wormholes in petrophysics, but combining both techniques is
still a challenge. The objective of this study is to develop a pipeline for performing CFD in wormholes with
MRI data. Using three samples of carbonate rocks acidified with 1.5% hydrochloric acid at 0.1, 1, and 10
ml/min, we acquired 300 pm resolution T2-weighted images and experimental measurements of pressure data
within flow rates of 5 to 50 ml/min. We applied cropping, bias field correction, non-local means denoising, and
segmentation in the image processing step. For the 3D reconstruction, we used marching cubes to generate the
surface mesh, the Taubin filter for surface smoothing, and boundary modeling with Blender. Finally, for the
CFD, we generated volumetric meshes with cfMesh and used the OpenFOAM simpleFoam solver to simulate
an incompressible, stationary, and laminar flow. We analyzed the effect of surface smoothing, estimating
edge displacements, and measured the simulation pressure at the same flow rates as the experiments. Surface
smoothing had a negligible impact on the overall edge position. For most flow rates, the simulation and
experimental pressure measurements matched. A possible reason for the discrepancies is that we did not
consider the surrounding porous media in the simulations. In summary, our work had satisfactory results,
demonstrating CFD’s feasibility in studying wormholes using MRI.

1. Introduction Commonly, studies of CFD in porous media use computed tomogra-

phy (CT) data as a basis for structural information (Appoloni et al.,

Computational fluid dynamics (CFD) has many applications in in-
dustry (Johnson et al., 2005; Johnson, 1996; Liou and Povinelli, 2013;
Runchal, 2013) and in the field of medicine (Chung and Cebral, 2015;
Kim et al.,, 2010; Miller et al., 2021; Primeaux et al., 2021). Some
applications of CFD in medicine use magnetic resonance imaging (MRI),
which could also benefit petrophysics for understanding flows in rocks.

The acidification of carbonate oil reservoirs creates structures with
dissolution patterns that can increase oil production due to their high
permeability. The structures produced by the acidification of oil car-
bonate reservoirs are called wormholes, and the dissolution patterns
depend on the acidification procedure (Dong et al., 2018; dos Santos
Lucas et al., 2023). The injection flow rate is an essential factor in
acidification, and a better understanding of flows inside wormholes
could bring light to desirable wormhole features. Creating different
wormhole patterns in laboratory samples with sizes that fit computed
tomography or pre-clinical MRI scanners is possible.
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2007; Palma et al., 2019; Mostaghimi et al., 2012; Neumann et al.,
2021). However, there is a great motivation to use MRI for porous
media imaging. MRI is a powerful imaging method that uses the signal
from the Hydrogen nuclei from the confined liquid (water in this case).
That is particularly interesting for porous media and wormhole imaging
because it is possible to reconstruct the volume that is reachable by
the water (the effective porosity). Also, in comparison to CT, MRI
provides more contrast options (Symms et al., 2004) and the possibility
of carrying out dynamic studies.

Many current CFD simulations that involve wormholes study the
dissolution process (Soulaine and Tchelepi, 2016). However, the simu-
lation of dissolution networks lies outside the scope of this study. Unlike
simulations in the literature on carbonate dissolution, we are interested
in better understanding the flow in wormholes in a controlled envi-
ronment after acidification. Therefore, MRI can be a valuable tool in
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Fig. 1. Maximum intensity projection (MIP) of mirrored free induction steady preces-
sion (PSIF) from acidified carbonates. Samples A, B, and C were acidified with 0.1, 1,
and 10 ml/min, respectively, to create distinct wormhole patterns. The wormholes are
bright and continuous structures extending from the top of samples to the bottom.

this scenario. Performing simulations with structural data as the ones
already established with CT is a first step to exploring the possibilities
with MRL. However, its pipeline lies in the development of the image
protocol and the image processing algorithms, which are the main
bottlenecks for a representative simulation.

The objective of this study is to propose a pipeline to perform
CFD simulations in wormholes using MRI data as a basis for struc-
tural information. As a specific objective, we aim at developing a
robust methodology and investigating the validity of the simulations
by comparing the results with pressure experiments.

2. Methodology
2.1. Experimental setup

The Petrobras Research Facility Centro de Pesquisas Leopoldo Ame-
rico Miguel de Mello (CENPES) provided three cylindrical samples of
carbonate rocks acidified with 1.5% hydrochloric acid at different flow
rates. Each sample was a by-product of the same piece of Indiana
Limestone rock with a length of about 7.0 cm and a diameter of 3.8 cm.
The carbonates received acid injections at 0.1, 1, and 10 ml/min to
create different patterns of wormholes, which we named A, B, and
C, respectively. For additional petrophysical information, CENPES also
provided the porosity and permeability for each sample, as seen in
Table 1.
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Table 1
Geometrical and petrophysical information from acidified Indiana Limestone rock
samples.

A B C
Length (cm) 7.110 7.496 6.836
Diameter (cm) 3.795 3.800 3.807
Porosity (%) 17.10 17.00 16.96
Ky, (mD) (%) 545 465 465

Magnetic resonance images were acquired to visualize each worm-
hole structure. Samples were initially submerged in de-ionized water
until complete saturation at a relative pressure of —650 mmHg for one
hour. We used a thermal retractable material and a Teflon cover to seal
the samples and prevent evaporation or mechanical flow loss during
imaging acquisition. We then acquired 7,-weighted images so the
contrast for wormholes had higher grayscale values. In that condition,
T, from the confined water in the porous media is proportional to the
pore size (Barrie, 2000) and consequently has lower grayscale values,
promoting a better wormhole visualization. To obtain T,-weighted
images, we applied a 3D gradient echo sequence called mirrored free in-
duction steady precession (PSIF) (Gyngell, 1988) with 300 pm isotropic
resolution and a protocol that took five hours with TE = 4.5 ms, TR =
10.5 ms, excitation angle of 40 degrees, and 64 averages. Fig. 1 shows
the resulting maximum intensity projection (MIP). The MRI equipment
consisted of a 2T horizontal superconductor magnet from Oxford In-
struments (model 85310 HR), a Bruker Avance III spectrometer (Bruker
BioSpin, Inc., Billerica, MA, USA), and a homemade solenoid coil.

After image acquisition, we performed pressure measurements using
an in-house built flow control system coupled with a High-Performance
Liquid Chromatography (HPLC) pump (PU-4087, JASCO Corporation,
Tokyo, Japan) that generated stable flow rates with 1% precision within
5-50 ml/min. The saturation process was repeated using cylindrical
extensions of thermal retractile material connected to the flow control
system. The pressure was measured as the water column height differ-
ence between the sample inlet and outlet, and the conversion assumed
10 m = 1 bar for de-ionized water.

3. Simulation pipeline

We applied many algorithms, divided into subsequent blocks, to
maximize the fidelity of the geometric model based on MRIs. Fig. 2
shows the pipeline for image processing, 3D reconstruction, and CFD.

In the standardization step, we applied image cropping and bias
field correction (Tustison et al., 2010). Image cropping removed the
water trapped between the rocks and the Teflon cap. As the image size
decreases, another benefit of image cropping is reducing computational
processing time. The bias field correction from the Advanced Normal-
ization Tools (ANTs) library reduced low-frequency variations in image
intensity due to magnetic field inhomogeneities.

We applied a Non-local Means (NLM) algorithm modified to Rician
noise in the image denoising step (Wiest-Daesslé et al., 2008). For
magnitude images, the Rician noise distribution is a consequence of
the modulus operation of real and imaginary parts with Gaussian
noise. The filter was modified by cloning the scikit-image NLM de-
noising directory, substituting voxel restoration equations, and using
the pseudo-residual technique to estimate noise variance (Gasser et al.,
1986). We chose an h parameter value close to Coupé et al. (2012)
optimization with 2 = 1.150, where ¢ is the noise variance, and we
found a patch size of 5 and a patch distance of 6 to be a good trade-off
between denoising and feature preservation.

Segmentations generally use statistical or threshold-based methods.
Because most threshold methods are user dependent, we decided to use
the Atropos k-means algorithm (Avants et al., 2011) from the ANTs li-
brary. We found that using three classes is the best option for wormhole
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Fig. 2. Pipeline to create CFD simulations exemplified with velocity field and post-
processing pressure measurements for a given flow rate. Image processing, 3D
reconstruction, and CFD are the pipeline blocks.

segmentation. After extracting a binary image from the segmentation,
we applied the marching cubes algorithm (Lorensen and Cline, 1987).
The marching cubes were responsible for the 3D reconstruction, but the
resulting surface still had sharp edges. The Taubin filter (Taubin, 1995)
was then applied to smooth the surface while preserving the wormhole
channel gauge. To test this assumption, we compared the displacement
of edges between pre-and post-smoothing data using MeshLab software.
We used marching cubes and the Taubin filter from The Visualization
Toolkit (VTK) Python library. We applied the Blender software in
the final step of the 3D reconstruction for boundary modeling and
artifact removal. We created cylindrical extensions on the wormhole
boundaries to emulate the experimental setup coupled with the HPLC
pump. The extension had 3.8 cm in diameter and lengths of 5 cm and
23 cm, respectively, for the inlet and outlet to ensure flow stability.
The previous steps can be employed to create a surface mesh used in
many CFD or mesh-generation software to obtain a volumetric mesh.
We chose to work with the OpenFOAM (Weller et al., 1998) variant
from OpenCFD Ltd. due to incorporating the mesh generation library
called cfMesh in version v1712. CfMesh simplifies the volumetric mesh
creation for the OpenFOAM environment. We used three cell sizes for
each sample for a mesh independence analysis as described in Celik
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Fig. 3. Surface edges displacement from pre- and post-smoothing surfaces of
wormholes samples.

et al. (2008). In addition to the maximum cell size parameter, we used
fixed values of 0.1 cm for the boundary cell size and refinement thick-
ness with six additional refinement levels exclusively for the wormhole
wall. We repeated the Blender modeling step with the necessary surface
adjustment in the case of skew faces indicated in the mesh quality test.
We adjusted the surfaces as many times as necessary to ensure that the
mesh did not affect the continuity or convergence of the simulations.

In terms of fluid dynamics modeling, the simpleFoam solver was
used to simulate an incompressible, stationary, and laminar flow. The
simulation boundary conditions were based on experimental HPLC
pump flow rates, ranging from 5 to 50 ml/min. These flow rates were
applied with a parabolic velocity profile on the inlet boundary, follow-
ing the Hagen—Poiseuille derivation. The pressure difference between
the inlet and outlet was measured using OpenFOAM post-processing
tools to compare simulated and experimental pressures. The mesh
independence analysis calculated discretization error bars in simulated
pressures. We used the software Paraview (Ahrens et al., 2005) vol-
umetric rendering with the algorithm ZSWEEP for visualization and
analysis of the velocity fields. Finally, we used Paraview and MeshLab
to export velocity fields and calculate outlet cross-section areas to
investigate the observed flow rates and velocity fields.

4. Results

The surface smoothing step during the 3D reconstruction can impact
the position of edges and the overall shape of our wormhole samples.
Then, we analyzed the displacement between surface mesh edges be-
fore and after smoothing, as shown in Fig. 3. Most of the measured
displacements were within one-third of the voxel resolution range, with
interquartile ranges of 0.033, 0.042, and 0.033 mm, and medians of
0.0046, 0.0052, and 0.0024 mm for samples A, B, and C, respectively.

The smooth surface models were attached to the flow extensions,
and Fig. 4 shows the final model. The extensions positioning considered
the orientation of the wormhole inside the sample. For each sample,
volumetric meshes in three cell sizes used the same surface, as shown in
Table 2. For every refinement, the total number of cells increased from
A to B and B to C. Refinement factors satisfy the mesh independence
analysis conditions (Celik et al., 2008).

Fig. 5 shows the simulation pressure results with flow rates ranging
from 5 to 50 ml/min. With the cfMesh parameters described in the last
section, we could perform the simulations in three mesh resolutions for
the mesh independence analysis, resulting in discretization error esti-
mates represented as the dark gray area. The light gray area represents
the experimental uncertainty. From samples A to C, the pressure decays
approximately one order of magnitude in the same flow rate range.
Sample A revealed a difference between simulation and experimental
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Table 2
Maximum cell size parameters used to generate volumetric meshes with the respective
number of cells and refinement factors.

A B C
a1 1 1 0.75
Max cell size (cm) 2 05 0.5 0.52
c3 0.34 0.28 0.32
N1 788180 826 402 1484263
Number of cells N2 2001856 2680970 3301038
N3 4513921 7484287 9666 472
Refinement factor r21 1.36 1.48 131
32 1.31 141 1.43

Fig. 4. Final surface model of the samples with inlet and outlet extensions. The zoomed
regions show details of the structure of the wormhole.

pressures with flow rates starting at 30 ml/min. The right side of the
pressure plots shows the magnitude of the velocity field in 50 ml/min
flow rate for each sample. We observed higher magnitude values for
sample A, followed by samples B and C.

We investigated the behavior of the observed velocity field and
measured the pressure for a given flow rate analyzing the velocity
magnitude at the main flow direction and the outlet cross-section from
our samples. Fig. 6 shows the normalized velocity distribution for each
sample with inserts of the respective outlet cross-section at a flow rate
of 50 ml/min. Arrows indicate regions with distinct patterns of velocity
distributions between the samples. Sample A has a wider distribution
and reaches the highest velocities but with an outlet cross-section of
0.8 mm?2. Sample B’s distribution reaches smaller velocities than sample
A but has an outlet cross-section of 6.3 mm?. Finally, sample C is the
thinnest distribution and reaches the smaller velocities but has a total
outlet cross-section of 15.2 mm?.
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Fig. 5. Pressure versus flow rate for experimental and simulation measurements.
Velocity magnitude field at 50 ml/min on the right side of the subfigures. (A) Sample
A acidified with the injection of 0.1 ml/min. (B) Sample B acidified with the injection
of 1 ml/min. (C) Sample C acidified with the injection of 10 ml/min.
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Fig. 6. Normalized distribution of velocity magnitude on main flow direction from
samples A, B, and C at 50 ml/min flow rate. Arrows highlight different velocities
patterns between distributions in their respective line colors. The inserts show outlet
cross-sections for each sample.

5. Discussion

In this study, we have shown a pipeline to perform CFD simulations
using MRI data. MRI for wormhole imaging has the advantage of a
contrast determined by the confined fluid. Our choices of cropping,
bias field correction, NLM denoising, and Atropos segmentation were
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to maximize fidelity for MRI data. The need for cropping, bias field
correction, and denoising depends on the quality or type of the data.
On the other hand, segmentation is crucial, and one must favor a
user-independent algorithm.

For complex structures such as wormholes, surface smoothing facili-
tates the meshing process but causes displacements that can potentially
affect the original structure of the object. Evaluation of the displace-
ment before and after smoothing revealed a negligible impact on
the overall edge position compared to a voxel resolution of 300 pm.
The center of the violin plot distributions was close to zero, and the
interquartile ranges and most of the displacements within a third of
the voxel resolution indicate that we achieved a smooth surface and
preserved the wormhole channel gauge. It is important to emphasize
that other artifacts from image acquisition or poor water saturation
can have a more significant impact than the observed displacement
because these artifacts impact the voxel’s intensity and, consequently,
the segmentation. The Taubin filter was designed to smooth without
shrinkage; however, other algorithms could be applied if the edge
displacement is analyzed carefully.

The importance of using extensions on the final surface model is
two-fold. First, the extension length guarantees a well-conditioned flow
for measurements at the boundaries, especially for the outlet. Also,
when considering the wormhole alignment inside the samples, the
extensions emulate the experimental measurements environment.

Generating three different volume mesh refinements makes apply-
ing the mesh independence analysis possible. The benefit of using
the mesh independence analysis is to estimate the error from our
simulations. Comparing experimental and simulation pressure values
over multiple scales made it essential to use such error estimates in
our study.

Higher flow rates in sample A have different pressures between
simulation and experiments. This difference could be due to the influ-
ence of adjacent porous media on pressure measurements, which were
not considered in our simulation model. However, most experimental
pressure measurements are consistent with CFD results and validate the
established pipeline. An exciting aspect of the velocity field data was
its inverse relation to the outlet cross-section area from the samples.
These velocity and area values can explain why sample C has the
lowest pressure values to achieve a specific flow rate. One potential
application of our results would be a flow analysis of wormhole patterns
in more complex simulations, such as transient or multiphase flow.

Our results were focused on the flow in wormholes after acidi-
fication and aimed at using MRI as a tool for structure analysis at
the core scale. MRI has multiple contrast options, and we choose to
work with one specific for improving the structural contrast for the
wormhole. Simulations of carbonate dissolution are a fundamental
problem in the literature, with CT and simulated samples being the
best way to address calculations. However, in addition to using MRI
for the structural information of simulations, in the future, techniques
such as 4D phase contrast MRI could have an essential role in further
validating dynamics at the core scale. Therefore, our pipeline can help
the simulation dynamics in wormholes and bridge the gap between
dissolution simulations and experiments.

6. Conclusions

A pipeline to perform CFD simulations in wormholes from MRI data
was shown. We acquired the data, applied image processing, and 3D
reconstruction algorithms for creating volumetric mesh and perform-
ing simulations using OpenFOAM. Our samples were three cylindrical
carbonate rocks acidified with 1.5% hydrochloric acid at 0.1, 1, and
10 ml/min. Surface smoothing from 3D reconstruction algorithms did
not affect the geometry of samples. Flow extensions and mesh inde-
pendence analysis plays an important role, respectively, for fidelity
of the model and error estimation. The simulation and experimental
pressure measurements were similar for most samples, with flow rates
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within 5 to 50 ml/min. However, sample A higher-end flow rates were
an exception, and the reason could be that we did not consider the
surrounding porous media in the simulations. Despite limitations due
to not modeling the adjacent porous media, our work had satisfactory
results demonstrating the feasibility of CFD on wormholes using MRI.
These results provide a significant first step toward studying flow rates
inside wormholes, being the foundations for more complex simulations
and establishing MRI as an essential technique for porous media CFD.
Future studies should consider transient and multiphase simulations.
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