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Introduction

Digital rock physics is an essential tool for analyzing
rock mechanical properties at various scales, helping
reservoir engineers understand the connection between
rock structures and reservoir performance [ 1-4][5-8].
This technology, through image processing and data
analysis, improves decisions related to reservoir
characteristics such as permeability and porosity,
thereby enhancing efficiency and productivity in the
oil and gas industry [ 1-3]. The method includes direct
numerical simulation and pore network modeling [4,
13-16], with the latter focusing on analyzing internal
rock structures to study permeability and porosity
[4, 13, 14] [4, 17-19]. The concept of representative
elementary volume (REV) is critical in reservoir
science, defining the minimum volume necessary to
study rock properties accurately (Figure 1). Using
digital rock physics, the REV for rock samples can
be determined, which is crucial for refining reservoir
models and aiding decision-making in reservoir
engineering [22]. This research identifies the REV
for different rock samples by analyzing the pore
structure of Bentheimer sandstone using X-ray micro
computed tomography and PerGeos software. Several
studies on REV have been conducted. In 2010, Al-
Raoush et al. found that particle size distribution, local
porosity ratio, and coordination number could not be
generalized from REV porosity data [26]. In 2011,
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Robinson et al. estimated REV for porosity, saturation,
and the air-water interfacial area, noting that REV was
small and measurable in homogeneous environments
but not in heterogeneous ones [27]. Mostaghimi et al.
in 2013 used flow equations to calculate permeability
and estimate REV based on porosity and permeability
[1]. In 2017, Branz and colleagues used gray spectral
analysis from tomographies of gypsum rock to obtain
the representative volume element (RVE), highlighting
the importance of imaging resolution [28]. Wu and
colleagues in 2018 used regular tetrahedron models
(RTM) and light transmission microtomography
(LTM) to estimate REV, finding RTM models more
accurate for three-dimensional tortuosity descriptions
[29]. In 2023, Sadeghi Nejad and colleagues used
Minkowski morphological operators to calculate REV,
showing consistency between REV for porosity, mean
integrals, total curvature, and permeability in larger
image sizes [30].

Materials and Methods

To determine the representative elementary volume
(REV) of a sample, the process began with denoising
and segmentation techniques to prepare for sub-
sample extraction (Fig. 1). Ten systematically selected
sub-samples were then taken, with static and dynamic
properties computed for each and plotted against their
sizes (Fig. 2).



Petroleum Research, 2024(June-July), Vol. 34, No. 135

(=]
=
a

(=)
=
N

o

total porosity
S
N

o

200 400 600 800 1000 1200
Image size

Fig. 1 Total porosity REV

- 0/6
S 0/4 \
Qo
20/2
38
£ o
0 500 1000 1500

Image size

Fig. 2 Effective porosity REV.

Image Processing

High-resolution images of Bentheimer sandstone
were used, each voxel representing 2.25 micrometers,
derived from a 6-mm diameter cylindrical sample.
Cubic regions of 1000* voxels were extracted and
denoised. A segmentation algorithm was then applied
to distinguish grains from pores, converting the filtered
cubes into black and white voxels [22, 31].

Sub-sample Extraction

Ten sub-samples of varying sizes (ranging from 1003
to 1000° voxels) were non-randomly selected to study
static and dynamic rock properties. This selection
aimed to explore the relationship between porosity and
reservoir dynamics, and to calculate the REV for these
rock samples.

Static Property Calculation

A Python code was used to compute total porosity from
the digital images by counting zero-valued voxels and
dividing by the total voxel count. For more precise
calculations, PerGeos software was employed, using an
iterative algorithm to connect neighboring voxels and
exclude isolated pores, thereby determining both total
and effective porosity. Tortuosity was also calculated
using a twist analysis module in the software.

Dynamic Property Calculation using Pore Network
Modeling

To study multiphase flows efficiently, pore network
modeling was used instead of costly direct numerical
simulations. This approach simplifies the pore structure
into pore bodies and throats, with the properties of each
component (such as hydraulic radius, length, volume,
and shape coefficient) calculated separately. PerGeos
software facilitated the modeling, allowing accurate

computation of dynamic properties like absolute and
relative permeabilities.

Results and Discussion
Static Properties

After calculating the effective and total porosity values
for samples of various sizes, a graph was plotted to
determine the appropriate representative elementary
volume (REV) for these samples. Fig. 1 and 2 show
that porosity values stabilize beyond a sample size of
200°. Therefore, a size of 200° is recommended as a
suitable REV for porosity estimation in these samples,
serving as an optimal estimate for determining
reservoir properties.

The tortuosity parameter was obtained using the
pore network model, with results analyzed for each
sample size. This analysis indicated that the optimal
representative elementary volume (REV) for these
samples is 300° (Fig. 3). This REV is used as an
optimal estimate for determining tortuosity parameter
properties. It’s crucial to choose the correct REV,
as incorrect calculations can limit analyses to sub-
sampled specimens, leading to reduced accuracy and
significant errors in future research and modeling.
Therefore, careful attention must be given to selecting
the REV, ensuring that measurements and conditions
are precise to guarantee the validity and reliability of
analysis results.
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Fig. 3 Tortuosity REV.

Dynamic Properties

In this research section, pore network modeling was
utilized for single-phase and two-phase simulations.
For the single-phase analysis, the absolute permeability
parameter was calculated. In the two-phase analysis, a
quasi-static method was used to determine the relative
permeability of water and oil, maximum relative water
permeability, and residual oil saturation. The results for
these parameters were then plotted against sample sizes.

Absolute and Relative Permeability

Through pore network modeling, essential parameters
such as absolute permeability and relative permeability
of water and oil at different water saturations were
calculated for each sample. The data indicated that
with a representative elementary volume (REV)
of 5003 accurate permeability estimates could be
achieved (Fig. 4).
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Fig. 4 Effective Permeability REV.

Additionally, it was noted that as the sample volume
increased, permeability values significantly decreased.
This phenomenon occurs because, with an increase
in sample volume, a more accurate representation
of the microstructure properties within the sample is
achieved. As a result, microstructural variations in the
samples have a more pronounced effect on the average
permeability, leading to reduced fluctuations and
increased accuracy in permeability calculations.

Relative Permeability to Water and Oil

Graphs of relative permeability to water and oil at
various water saturations were created for each sample
size, and intersection points of these curves were
recorded. An intersection point graph was plotted
against sample sizes (Fig. 5). These intersection points
are crucial for simulations and modeling as they indicate
how changes in water saturation affect reservoir
permeability. The data suggests that when sample
sizes are large enough for consistent intersection point
behavior, a representative elementary volume (REV)
of 5007 is optimal.
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Fig. 5 Intersection (Krw-Kro) REV.

Residual Oil Saturation

The remaining oil saturation was calculated for each
sample size and plotted (Fig. 6). It was observed
that as the sample size increased, the remaining oil
saturation decreased, stabilizing at a sample size
of 500°. Accurate determination of this parameter's
REV is crucial to avoid overestimating remaining oil
saturation and ensuring accurate flow modeling.

Maximum Relative Permeability of Water

The maximum relative permeability of water,
important for predicting oil production and optimizing
reservoir management, was calculated for each sample
size. According to Fig. 7, a sample size of 600° is a
good REV for this parameter.
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Fig. 7 Maximum Relative Permeability of water REV.

Comparison of the Representative Elementary
Volume in Different Parameters

The REV for different parameters can vary based on
rock characteristics such as homogeneity, structural
properties, and formation type. In this study, using
a homogeneous Bentheimer sandstone sample, the
REVs for various parameters are similar, generally
around 600°. However, these values may differ for
other samples. Thus, a representative elementary
volume of 600° can be considered optimal for this
sample.

Conclusions

This study utilized digital rock physics to determine the
representative elementary volume (REV) of a sandstone
rock sample. The sample preparation involved noise
removal and segmentation algorithms, followed by
extracting 10 sub-samples. For each sub-sample, static
parameters such as effective porosity, total porosity,
and tortuosity, along with dynamic parameters like
absolute permeability, relative permeability, and
residual oil saturation, were calculated. The analysis
indicated an approximate REV of 600° for the sample.
Defining the REV is crucial in methods related to pore
network modeling, especially in digital rock physics, to
ensure reliable results. The REV may differ for static,
single-phase flow, and multiphase flow parameters,
highlighting the need for an appropriately scaled
REV tailored to specific analyses. Overall, analyzing
the REV for different digital rock samples is vital in
digital rock physics, laying the foundation for accurate
and dependable outcomes in various analyses.

Nomenclatures

REV: Representative Elementary Volume
Krw: Relative Permeability of Water
Kro: Relative Permeability of Oil
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