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Abstract. Carbonates rocks contain more than 50% of the world’s oil prove reserves. Hence, to consider proper
strategies in oil recovery methods, the understanding of how fluid flows in such porous media has fundamental
importance. Advances in X-ray microCT enable us to retrieve not only most of the details of the internal struc-
ture of rocks, but also simulated petrophysical properties. However, one single microCT image can be unable to
sufficiently describe the wide range of pore sizes of carbonate rocks, specially the sub-resolution porosity (mi-
croporosity). To address this problem, we propose a study to assess the influence of the sub-resolution porosity
on the fluid-flow and in the intrinsic permeability values, obtained from carbonate core-plug subsamples microCT
images. Brinkman equation is used to model the fluid flow in the entire domain, covering the pores governed by
the Stokes equation and the regions of the microporosity governed by Darcy flow (solved using the Finite Volume
Method). Simulation results show that when connectivities among the voids are present and microporosity is con-
sidered, the value of permeability increases, but remains between the limits, i.e. when consider only the voids and
the microporosity as voids. Furthermore, when the pore connectivity place through a microporosity’s region, it has
an important role to estimate permeabilities.

Keywords: microporosity, 3D image processing, pore-scale simulation, Brazilian outcrop.

1 Introduction

The study of petrophysical properties in porous media is of significance in energy, environmental science and
technology. Since carbonates rocks contain more than 50% of the world’s oil prove reserves, understanding how
the fluid flow through this type of rock is very important to many applications such as geological sequestration of
carbon dioxide, enhanced oil recovery and waterflooding (Islam et al. [[1]). One of the most important petrophysical
property is the permeability because it is direct related with the hydrocarbon recovery rate (Lucia [2]]).

Recent advances in imaging techniques and greater computational resources allow to directly simulate fluid
flow into segmented microCT images of rocks and from velocity results to estimate the permeability. This method,
which provide insights about properties frequently obtained from expensive and time demanding experiments, is
known as digital rock physics and have been gaining room in industry recently. However, it has limitations, e. g.,
the sub-porosity regions cannot be captured at a resolution lower than the resolution of the X-Ray Microtomogra-
phy. To circumvent this problem, many authors have treated such regions as a combination of void and solid where
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its distribution depends on the grayscale of this regions (Abu-Al-Saud et al. [3]], Soulaine et al. [4])).

In this work, we present a study of the effect of the sub-resolution porosity, categorized here as microporosity,
on the fluid flow and consequently, on the permeability estimates. Microporosity can play a significant role in
petrophysical properties prediction by connecting clusters of pores and build a continuous path along the sample.

Three-dimensional images of carbonate rocks subsamples that was subjected to the karstification process,
were used to simulate the single-phase fluid flow and to evaluate the petrophysical properties. Denoising and edge
enhancing filters are applied in the original microCT images, that later are segmented in three regions: voids, solids
and microporosity. Then, Brinkman equation is used to model the fluid flow in the entire domain, covering regions
of pores (voids) governed by the Stokes equation and regions of the unresolved pores (microporosity) governed by
Darcy flow. These equations are solved using the finite volume method implemented in OpenFOAM®

Besides this introductory section, the present work is subdivided in more three sections. First, we have the
section Materials and Methods that includes subsections image acquisition and processing, mathematical model
and numerical implementation and simulation setup. Then, the discussion and results are presented to illustrate the
effect of microporosity on permeability results. Lastly, we draw the main conclusions.

2 Materials and Methods

This section describes all the steps used in this work to obtain the permeability results from microCT im-
ages. First, the microCT grayscale image is pre-processed and segmented aiming to determine the three phases of
interest: void space, microporosity region and solid phase. Then, the mathematical model and the setup for flow
simulations is defined.

2.1 Image Acquisition and Processing

We study three different carbonate core-plug subsamples of the Jandaira Formation, that was subjected the
karstification process, gathered from Brazilian state of Rio Grande do Norte. They are imaged using Versa XRM-
500 (Zeiss/XRadia) X-Ray Microtomography that provides the three-dimensional (3D) 16-bit grayscale color im-
ages. Then, rectangular subvolumes are extracted from such images, whose sizes and voxel size can be seen in
Table[T] Figure[I]shows a 3D view in grayscale of the rectangular subvolumes from the samples.

Table 1. MicroCT image information of voxel and subvolume sizes

MicroCT image Sample 1 Sample 2 Sample 3
Voxel size (um) 3.31 8.68 4.62
Subvolume size (voxel3) 600x500x800 400x400x570 400x500x800

(a) Sample 1 (b) Sample 2 (c) Sample 3

Figure 1. 3D view of the microCT images in grayscale from the samples (a), (b) and (c). The subvolume sizes are
shown in Table 1
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These images are pre-processed via the commercial software Avizo ® 8.1 (ThermoFisher Scientific) applying
a Non-Local Means filter (Buades et al. [3]]) to denoise and an Unsharp Mask (Sheppard et al. [6]) to emphasize
texture and details. Then, they are segmented in three phases, void space, rock matrix and microporosity region,
using the Watershed segmentation. The Watershed algorithm simulates the progressive immersion of a landscape
starting from seed markers of each region. The regions expand according to a priority map (determined by a
gradient image) until reaches a watershed line.

2.2 Mathematical model

To simulate the single-phase fluid flow through rock samples, we use the Brinkman formulation (Brinkman
[Z]). Assuming incompressible flow, the continuity and Brinkman equations are stated as:

V-ou=0, (1)

K Au — K

Emicro kmicro

—Vp+ u=0, )

where p is the pressure, 4 is the fluid viscosity, u = (ug, uy, u;) is the velocity, €micr0 is the microporosity and
kmicro 18 the drag force coefficient, which represents the permeability of the microporous regions, denoted here as
micropermeability. This micropermeability is determined using the Kozeny-Carman equation (Kozeny [8], Carman

[9D):

d2 3
el Emicro , (3)
180 (1 - €micro)2

kmicro =

where d is the characteristic length-scale of the grain-size. As kmicro = f(Emicro), therefore ko varies in
range kpicro = 0 mD (impermeable, i.e. solid only) and k,,;cro = co mD (fully permeable, porous region only).
Once that the values of pressure and velocity are obtained, the permeability component in z-direction is written as:

L, 1
k., = M <Ap> (V/Vuzdv> 3 €]

where Ap is the pressure drop, L. is the sample length in the z-direction, and V' is the sample volume.

2.3 Numerical Implementation and Simulation Setup

The Mathematical model composed by eq. (1)) and eq. (2) is solved modifying the steady-state solver Simple-
FOAM, which is employed to simulate the single phase flow in the porous space, to take into account the Darcy
part and the microporosity. The before mentioned solver is available in OpenFOAM, a parallel open-source pack-
age for the development of numerical solvers for continuum mechanics problems that employs the finite volume
method.

The domain is generated based on the X-ray microtomography segmented images, using the blockMesh and
the snappyHexMesh utilities provided by OpenFOAM, considering one cell of the simulation grid as one voxel of
the microCT image. After that, the grid is mapped by the microporosity field, €,,,.r0, Whose values are linearly
interpolated between 1072 to 1 depending on the grayscale value of the microporosity region. If €,,;cr0 = 1, the
voxel contains void only, and the flow is governed by the Stokes equation. Values between 0.001 < €,icr0 < 1,
denote microporous regions whose length is below the voxel size. In these sub-resolution microporous regions, the
flow is modeled using Darcy’s law.

The simulations was performed on a Workstation with 2 processors Intel(R) Xeon(R) Silver 4114 CPU @
2.20GHz and 256 GB memory RAM. Convergence is considered achieved when residuals go below 106, The
relaxation factors ay, € a, are set to 0.9. The fluid flow parameters used for the simulations are listed in Table [2}
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Table 2. Fluid flow parameters

Pressure (Pa)  Kinematic Viscosity (m?/s)  Density (kg/m?)
1 10-¢ 1000

3 Discussion and Results

This section presents the simulation results for the three different scenarios regarding to microporosity region:
(1) it is assumed as a rock matrix (MProck), (2) it is considered as a map of values normalised from its grayscale
values (MPinterpolated) (Fig. , and (3) it is considered as a void space (MPvoid).

Figures[3]to[5] show the velocity fields for the three subsamples taking into account the three scenarios. From
these results, the permeability can be obtained using eq. (@), whose values can be seen in Tables 3] @] and [5] The
porosity of the medium presented in the same tables can be calculated using:

1
= 15 microd .
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Figure 2. Grid with microporosity values of a) Sample 1, b) Sample 2 and c) Sample 3. Colors indicate the porosity
(epsilon — ¢€) value after the linear interpolation
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Figure 3. Plot of the velocity (U) field for the Sample 1 considering: (a) MPinterpolated and (b) MPvoid
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Figure 4. Plot of the velocity (U) field for the Sample 2 considering: (a) MProck and (b) MPinterpolated (c)
MPvoid
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Figure 5. Plot of the velocity (U) field for the Sample 3 considering: (a) MProck and (b) MPinterpolated (c)
MPvoid

Table 3. Values of porosity (¢) and permeability (k) considering MProck calculated for the different carbonate
subsamples

Sample  Porosity - € (%) Permeability - k., (mD)

Sample 1 6.76 0
Sample 2 20.6 2073.87
Sample 3 31.58 11703.33
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Table 4. Values of porosity (¢) and permeability (k) considering MPinterpolated calculated for the different car-
bonate subsamples

Sample  Porosity - € (%) Microporosity (%) Permeability - k. (mD)

Sample 1 21.1 14.34 395.19
Sample 2 32 114 5632.62
Sample 3 45.16 13.58 11703.33

Table 5. Values of porosity € and permeability (k) considering MPvoid calculated for the different carbonate
subsamples

Sample  Porosity - € (%) Permeability - k. (mD)

Sample 1 39 760.7
Sample 2 36.09 8500
Sample 3 60.68 92061.62

From the results in the Table [3] [] and [5] we can observe that the permeability is higher in the third rock
sample and it has the higher porosity and velocity values, showing that this sample has pores larger and more
connected compared to the other samples. The sample 1 has the larger percentual of microporosity and percolation
does not occur considering only the macropores, showing that the fluid flow only happens with the contribution
of microporosity region. In addition, the Sample 1 has the microporosity region with pores of smaller size than
the others subsamples, resulting in a reduction of the fluid flow, and consequently in a permeability with order of
magnitude 10 to 100 times smaller compared to the others.

As expected, when microporosity region is considered as pores (MPvoid), the permeability increase for all
samples. Whereas when the microporosity is assumed MProck (Table [3), the three subsamples underestimates the
permeability by more than 60%, showing that is important to consider the microporosity regions because they can
act as bridges across macropores, as seen in Fig.[6] and if they are not considered the results of permeabilities can
be underestimated. In future work, we intend to compare the results obtained with experimental data to validate
them.

(a) Macropores only (b) Microporosity connecting
macropores

Figure 6. Subsample 50x50x50 of sample 2 showing the microporous (in blue) that serve as a bridge to the
macroporous (in yellow)

4 Conclusions

In this work we study the influence of the sub-resolution porosity (microporosity) on the fluid flow into mi-
croCT images of three different carbonate core-plug subsamples of the Jandaira Formation, that was subjected to
the karstification process. The Brinkman formulation is employed to numerically simulate this fluid flow, and from
velocity fields, permeability estimates can be obtained using the Darcy’s Law. The results show the importance
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to consider the microporosity regions because since they can act as bridges across macropores, and if they are not
considered the results of permeabilities can be underestimates by more than 60% in relation to the results consid-
ering the case MPinterpolated. Moreover, for Sample 1 fluid flow does not occur if microporosity is disregarded,
showing that the fluid flows only through the microporosity region for this sample.
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