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Abstract: Micro-computed tomography (micro-CT) is increasingly utilized to image the pore network
and to derive petrophysical properties in combination with modelling software. The effect of micro-
CT image resolution and size on the accuracy of the derived petrophysical properties is addressed in
this study using a relatively homogenous sandstone and a heterogenous, highly porous bioclastic
limestone. Standard laboratory procedures including NMR (nuclear magnetic resonance) analysis,
micro-CT analysis at different image resolutions and sizes and pore-scale flow simulations were used
to determine and compare petrophysical properties. NMR-derived pore-size distribution (PSD) was
comparable to the micro-CT-derived PSD at a resolution of 7 um for both the rock types. Porosity
was higher using the water saturation method as compared to the NMR method in both rocks. The
resolution did not show a significant effect on the porosity of the homogeneous sandstone, but
porosity in the heterogeneous limestone varies depending on the location of the sub-sample. The
transport regime in the sandstone was derived by simulations and changed with the resolution of the
micro-CT image. The transport regime in the sandstone was advection-dominated at higher image
resolution and diffusion-dominated when using a lower image resolution. In contrast, advection
was the dominant transport regime for the limestone based on simulations using higher and lower
image resolutions. Simulation-derived permeability for a 400 Voxel® image at 7 um resolution in the
Berea sandstone matched laboratory results, although local heterogeneity within the rock plays an
integral role in the permeability estimation within the sub-sampled images. The simulation-derived
permeability was highly variable in the Mount Gambier limestone depending on the image size and
resolution with the closest value to a laboratory result simulated with an image resolution of 2.5 um
and a size of 300 Voxel®. Overall, the study demonstrates the need to decide on micro-CT parameters
depending on the type of petrophysical property of interest and the degree of heterogeneity within
the rock types.

Keywords: petrophysical properties; NMR; micro-CT; pore-scale simulations; heterogeneity

1. Introduction

Fluid flow and multiphase flow in porous media play an important role in many
natural and engineered subsurface processes including contaminant transport, hydrocar-
bon production and CO; injection and migration. A thorough characterization of rock
properties and their variability is required to predict fluid flow in geological formations.
Core plugs are commonly used to determine petrophysical properties of representative
rock types and the respective results support the development of geological and fluid flow
simulation models.

A range of methods have been developed to determine rock properties. One such
laboratory method is nuclear magnetic resonance (NMR) which is a non-destructive method
and uses an external magnetic field to create a dipole moment within the sample. The
amplitude of the dipole moment is directly proportional to the number of hydrogen atoms
present within the sample and thus can be used to measure the volume of the pores
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filled with the fluid [1]. This is effectively the water-saturated pore network equivalent
to the connected porosity in case of water saturation. In addition, the NMR spin-lattice
relaxation decay can also be used as a tool for the quantification of pore geometry [2,3].
This non-destructive analysis is increasingly seen as superior compared to traditional
methods such as mercury intrusion capillary pressure (MICP), mainly for two reasons:
firstly, MICP only estimates the size of the pore throats in the pore network and, secondly,
MICP is destructive for the sample; therefore, it cannot be used for further analysis. Several
studies have compared the results from an NMR experiment to MICP and show good
agreement [4-6]. NMR-derived porosity also included microporosity with pores with a
diameter less than 3.6 nm, which was beyond what could be achieved from MICP [6].

Numerical simulations complement laboratory analysis as they predict the fluid flow
behavior over much larger temporal and spatial scales than observed in the laboratory.
Pore-scale modelling is based on a realistic representation of the pore network derived from
high-resolution 3D imaging. It avoids assumptions required in continuum scale models
including properties such as the effective mineral surface area and a homogenous fluid
flow field. Rock types of any geometry and size in the range of mm3 to cm? are placed in a
micro-CT scanner to extract high-resolution images to determine the structural properties
of the sample [7,8]. Micro-CT is the one technology which is non-destructive and can
produce reliable information of porous media in 3D. This information is of importance for
subsurface flow and transport phenomenon. Processes taking place at the pore scale where
individual grains and pores and their interfaces can be resolved is critical to understanding
several physical and chemical processes. High-resolution image analysis in combination
with MICP has been effectively used to quantitatively estimate the porosity and variations
in the grain size [9]. The 3D images can be further used for flow, transport and reactive
transport simulations either using direct pore-scale simulations [10-28] or using pore-
network modelling which is efficient for very large models and approximates the pore
structure [29-34].

Numerical simulations at the pore scale pose several challenges that must be addressed
to correctly quantify the complex processes taking place at the micrometer scale. One of
the first challenges is the correct representation of a porous media. Due to the nature
of acquiring high-resolution images from a rock type, the images measure only a few
millimeters in size because of two reasons: Firstly, the pores and grains need to be imaged at
an optimum resolution and, secondly, it becomes impractical to work on very large datasets.
Therefore, this analysis is conducted on sub-samples much smaller than a common core
plug, which is an important and possibly limiting pre-requisite for pore-scale simulations.
Another challenge is the limited field of view of benchtop micro-CT systems.

The concept of the representative elementary volume (REV) was developed to account
for small-scale heterogeneity in petrophysical properties. The REV is defined as the sample
size beyond which variations in the property of interest are insignificant [35]. REV has been
the focus of many studies in the past [15,36—44]. Due to technical limitations, there is a trade-
off between the image resolution and the size of the sample that can be scanned. There
have been several studies which demonstrated how differences in the image resolution
affects their estimated porosity and permeability of the sample [7,39,45-47].

A direct comparison of properties determined from digital images to properties de-
termined using laboratory techniques would be an ideal approach to better understand
the limitations of the digitally obtained data from smaller sub-samples. Research has also
shown results of pore characterization consistent to MIP measurement on sandstone sam-
ples by calibrating the NMR data with micro-CT obtained equivalent diameter data [48].

The focus of this paper is to determine and compare petrophysical properties using
different techniques including micro-CT imaging for a homogeneous and a heterogeneous
natural rock type. This is achieved by using a combination of laboratory analysis, digital
image analysis and numerical modelling. The porosity, permeability, and the pore size
distribution (PSD) of the samples were determined using laboratory techniques. The re-
spective results were then compared to the results derived from the sub-samples of digital
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images acquired at different resolutions and image size using the micro-CT scanner and us-
ing the images for numerical modelling. This led to a better understanding of the variation
in results for the same rock type but using different methods.

In this paper, firstly, the methods used for determining the porosity, permeability and
pore-size distribution using standard laboratory techniques, NMR and micro-CT imaging
are described. The results obtained from these analyses are compared and discussed in the
following sections.

2. Materials and Methods
2.1. Rock Types

The following two rock types were analyzed: 1. Berea sandstone (Figure 1a) from
Ohio, USA, which is a quartz sandstone with a permeability of 133 £ 39.2 mDarcy [49] and
a porosity of 20.0%. Permeability for the Berea sandstone was measured using our in-house
multiphase core flood system by DCI test system corporation by recording AP values at
different flow rates injection Milli Q water through the core. A core measuring 30 cm in
length and 3.81 cm in diameter cut from the same batch of the sandstone was used for the
measurement. Berea sandstone is a well characterized [50] siliciclastic rock and it is widely
used in experiments supporting the petroleum industry. The bulk mineral composition
includes quartz, alkali feldspar, plagioclase, and some clay minerals such as kaolinite and
smectite/illite and a subvertical bedding is seen on the rock. 2. Mt. Gambier limestone
(Figure 1c) from South Australia, Australia, a bioclastic limestone with a permeability of
approximately 6.67 Darcy [51] and a porosity of 48.6%. A AP of zero was recorded in our
multiphase core flooding machine for the Mt Gambier limestone therefore permeability
could not be determined. Instead, a laboratory measured value calculated by Andrew and
colleagues [51] was used for the comparison in this paper. The Mt. Gambier limestone is of
Oligocene age and has a very irregular pore space with very high porosity and permeability
(Figure 1d). It consists of 100% calcite [51]. Porosity (Appendix A) and permeability were
analyzed according to standard procedures.
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Figure 1. (a) Berea sandstone sample image, (b) Berea sandstone micro-CT image, (c) Mt. Gambier
limestone sample image and (d) Mt. Gambier limestone micro-CT image.
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2.2. NMR Porosity and Pore-Size Distribution

NMR is used to detect fluids within a rock core. An NMR experiment is conducted
with the sample placed in a magnetic field and excited with short pulses of radio frequency
(RF). The response signal or echo is recorded which is generated by the nuclei present
within the fluid after each RF pulse. The response signal is logged and recorded as a train
of echoes which determines the type of fluid and the environment it is set in. This fluid
decay relaxation time is called T5. For a single pore, the magnetization decay can be written
as a function of the relaxation time T, [52]:

M(t) = My exp(}zt) @

The total relaxation T is defined as [53]

1 S
Tz —va ()

Here, w is the surface relaxivity, S is the surface area and Vp is the volume of the pore.
Surface relaxivity w is dependent on the lithology of the sample. The surface relaxivity is
the constant of proportionality between the surface to volume ratio of the pore and the
surface relaxation time measured from NMR. Equation (2) relates the total relaxation time
to the interaction of the fluid with the pore walls and their distance from the pore wall.

Berea sandstone and the Mt. Gambier limestone cores with a diameter of 38.7 mm
and a length of 50 mm were saturated for 24 h in a 0.1 M brine solution. NMR relaxation
measurements were performed using a benchtop spectrometer MARAN from Resonance
Instruments at the National Geosequestration Laboratory (CSIRO) located in Perth, Western
Australia. The experiments were conducted at a temperature of 25 °C. The instrument
was set to operate at a frequency of 1.8MHz. The Carr-Purcell-Meiboom-Gill [54,55] was
used to calculate the relaxation time T. Both the cores were wrapped in paraffin plastic to
minimize the loss of water content during the measurement.

Before the samples were run, the NMR instrument was calibrated with 15 mL of the
0.1 M brine. Separate calibrations had to be performed for the two rock types as both have
different mineralogy and petrophysical properties. The raw signal obtained by the bulk
fluid is analyzed and the magnitude of the initial signal is related to the volume of the
fluid with the knowledge that it corresponds to the total amount of fluid in the rock type
(Appendix B). The bulk fluid was scanned 8 times at a frequency of 1.8 MHz and 8000 data
points were acquired measuring the T, relaxation time distribution from the fluid. The
relaxation amplitude from the bulk fluid was multiplied by a factor of 8, as the number of
scans for the Berea sandstone was 64 and the number of scans for the bulk fluid sample
was 8. A similar approach was used for the Mt Gambier limestone. The bulk fluid was
scanned 8 times at 1.8 MHz measuring the T, relaxation. Due to larger pore sizes and a
higher porosity, the Mt. Gambier limestone also holds a lot more saturation fluid within its
pores, thus the need for recalibration. The signal from the bulk fluid was multiplied by a
factor of 2 as the number of scans for the Mt. Gambier limestone was 16.

Pore-Size Distribution from NMR Data

For converting the relaxation time data to pore size distribution, several models have
been proposed [56]. Either the pore space is assumed to be an interconnected cylinder
(surface to volume ratio is equivalent to %), or the pores are assumed to be spherical
(surface to volume ratio is %) ; here, r is the radius of the pore.

Equation (2) defines the relationship between the relaxation times T, measured by
NMR and the volume and surface area of the pores, which can be re-written as

o

r= Esz 3)
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Here, r is the radius of the pore, T, the relaxation time measured from the NMR
experiment and & = 4 when an interconnected cylindrical model and « = 6 for a spherical
model. The value used for surface relaxivity for Berea sandstone was w =21 pm/s [57],
for Mt. Gambier limestone, w = 11 um/s. This value is not specific to the Mt. Gambier
limestone but derived from a carbonate rock type [57].

2.3. Porosity and Pore-Size Distribution from Micro-CT Imaging

Micro-CT imaging is also used to interpret the PSD and porosity of the two rock types.
Two smaller subsamples in the shape of cubes measuring approximately 0.5 cm® and 1 cm3
in all sides was cut out from Berea sandstone and the Mt. Gambier limestone cores for
scanning in the micro-CT with different settings and resolutions. The resolution of a scan
defines the smallest feature that can be resolved in the digital image and is dependent on
several factors including the size of the samples, distance from the detector, power of the
X-ray source and the material type of the samples. Our inhouse micro-CT at the University
of Melbourne, a GE Nanotom M, was used for scanning of the rocks. A summary of the
sample sizes and the parameters used for obtaining the images is presented in Table 1.

Table 1. Micro-CT sample sizes and parameters used.

Sample Edge Length Resolution Voltage Current
(cm) (um) kV) (1A)
Berea sandstone 0.5 2.5 50 200
Mt. Gambier limestone 0.5 25 60 180
Berea sandstone 1.0 7.0 60 440
Mt. Gambier limestone 1.0 7.0 90 200

The X-ray beam energy was optimized for obtaining a high contrast between the
different phases found in the porous media, in this case, minerals and air. A diamond
target was used for all the scans. Images are acquired as a series of 2D radiographs obtained
from the scan which are maps of X-ray attenuation of materials in the sample and are
reconstructed to form 3D volumes (Figure 2a). After the reconstruction, the data is imported
into the image processing software Avizo for further processing. Several artefacts can result
from the whole process of acquisition to reconstruction such as beam hardening effect and
ring artefacts. Numerical algorithms are used to correct for such artefacts. No filters were
used for the reconstruction of the 3D volume.

The first step after image acquisition is the binary segmentation of the greyscale
image (Figure 2b) where 0 represents the pore space and 1 represents the minerals. After
segmentation, porosity (Equation (4)) is the ratio of the pore voxels to the total numbers of
voxels, and it can be estimated as:

Mpore

g=_—rr )

Mpore + Niyineral

where, @ is the porosity, 1,0 is the number of voxels assigned to the pore space, and
Myineral 15 the number of voxels assigned to the mineral phases. Four sub-sections in the
shape of cubes were extracted from different volumes from both the rock type at the
resolutions of 2.5 um measuring 200 Voxel® (0.125 mm?), 300 voxel® (0.42 mm?), 400 voxel®
(1 mm?3) and 500 voxel® (1.95 mm?3) and at 7 um measuring 200 Voxel® (2.74 mm?3), 300 voxel®
(9.261 mm?), 400 voxel® (21.9 mm?3) and 500 voxel® (42.8 mm?), their PSDs and porosity
were computed.

For determining the PSD of the sub sections, pore network models (PNM) are used for
the topological equivalent representation of a porous media. A PNM was generated for all
the subsections, which allows a complex porous rock to be represented using simpler shapes
in the form of balls and sticks representing pores and pore connections without losing
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out on the original topological properties of the rock. This is carried out by computing
watershed lines on the binarized image. This method is a high-level combination of the
watershed, distance transform, and numerical reconstruction algorithm [58-61]. The first
step is constructing a chamfer distance map, which represents the minimal distance of a
voxel from the pore boundary. The higher intensity represents bigger pores, and the low
intensity represents smaller pore. This distance map is used as a priority map input for the
watershed process. The most inner areas of the pores, which are the maxima areas in the
distance maps are used as markers in the watershed process. Avizo’s separation module
is used for this analysis. The output from this module is a separated pore image with a
unique label assigned to each pore (Figure 2c). This separated image is taken as an input for
constructing the PNM. Two main parameters that are input are: (1) the type of connectivity
for processing adjacent voxels, which defines the minimum number of voxels with at least
one common edge that are considered connected (¢connectivity = 18); (2) the marker extent,
which defines a contrast factor to reduce the number of seeds for the watershed algorithm
(Binarker = 8). Both these parameters are chosen based on visual feedback from the division
of pores into separate entities to be used for the construction of the PNM.

3.5mm

3.5mm

Figure 2. (a) The greyscale raw image of the Berea sandstone measuring 500 voxel® at a resolution of
7 um, (b) The labelled image of the segmented porosity in sample, (¢) Separate objects corresponding
to different pores in the labelled image according to the intensity of the greyscale image, (d) The
pore-network of the Berea sandstone superimposed on the separate object image of the scan.

Avizo’s pore network module is used for the construction of the PNM (Figure 2d),
which used the separated image obtained from the previous step. When using the water-
shed method for constructing pore-network models, the watershed fills the pores starting
from the higher intensity regions and enlarges it towards the boundary of the pores. The
throats of the network are defined by the locations where the fluid from two different pores
converge. Subsequently, the volume of the pores and the surface area of the throats are
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calculated. The ideal pore is a sphere with an equivalent volume of the irregular shaped
real pore, and the ideal throat is a cylinder with an equivalent surface area as the irregular
shaped real throat. The output from this analysis was categorized into known bin ranges
and frequency of the pore and throat size distributions were quantified [61]. Pores can be
irregular in shape, so the total volume of all the voxels in a pore cluster results in estimating
the total volume of the irregular shaped pore clusters. The model considers the volume
of the pore clusters of voxels being a perfect sphere, and the equivalent radius (Req) is

calculated as
3 NVeq
Reg =1/ z—
eq 2 (5)

where Ny, is the equivalent pore volume size of the sphere. The idealized pores are
centered according to the actual position of the real pores. The output from the pore-
network model consists of the number of pore and throats in the rock and their equivalent
radius [61].

2.4. Pore-Scale Flow Simulations

At low Reynold’s number (Re = puL /), the steady state Stokes lubrication equation
defines a laminar flow for an incompressible single-phase fluid in a porous media [62].

#V%=Vﬂ 6)

r pores

Here, y is the viscosity (u =8.9 x 107* Pas), u is the fluid velocity (m s~!) and
Vp is the pressure gradient (Pa) and L is a characteristic length scale of the flow. For
determination of the viscosity, a U-tube capillary viscometer is used, and the time required
for the level of liquid to drop from one mark to the other is measured using a stopwatch.
An average of three readings is used. Viscosity is calculated as u = p * k * t, where the
density of water p = 1 mg mm~3; constant of the viscometer k = 0.03 mm? s~2; and the

flow time t. The law of mass conservation for an incompressible fluid is defined as:
V=0, @)

The model domain consists of the water saturated pore space (Fpms), occupied
entirely by a single liquid phase, and faces of the model where boundary conditions are

assigned (y fronts Ybacks Yupperr Yiowers Vieft, 'Yn’ght)/ the permeability is calculated in the
left-right direction (Appendix C). Equations (6) and (7) are discretized in the pore space of
the domain using a finite element method which gives the velocity vector on each elemental
node of the finite element mesh which is derived from the pore space.

The domain boundary consists of an inlet, an outlet, and no flow boundaries. An inlet
boundary condition is set on the left boundary and an outlet boundary is set on the right
boundary (Equations (8) and (9)). A pressure difference AP = 100 Pa is applied between
the left and the right boundary with atmospheric pressure on the right boundary. The
remaining faces of the model are assigned as no slip boundaries.

u‘ =0 u

'Yfrunt Yupper = 0 u’“ﬂower = 0 u"‘fback = 0 (8)

Plviess = (100 + patm) P

The pore-scale flow simulations were used to further characterize the two rock types
by analyzing their velocity distribution, Pé number (advection/diffusion rate) distribution
and permeability with changing image size and resolutions. A total of 16 flow simulations
were run on the two rocks with scanning resolutions of 2.5 pm and 7 pm and varying
image sizes of 200, 300, 400 and 500 voxel3. Each imaging 3D dataset was converted into a

Yright = Patm (9)
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finite element mesh comprising of tetrahedral elements for defining the pore space. The
mesh properties are listed in Table 2.

Table 2. Mesh parameters used for the pore scale flow simulations (V stands for Voxel).

Rock Type Resolution Image Size No of Elements Volume (m?) Surface Area (m?)
200V 738,454 2.7235 x 10~ 11 2.6271 x 107°
a5 300V 239,062 8.8521 x 10~ 11 7.4899 x 1076
400V 1,041,072 2.0212 x 10710 1.779 x 107>
Berea sandstone 500 V 2,120,288 4.1872 x 10710 3.4973 x 107°
200V 749,039 3.6573 x 10710 22838 x 107°
70 300 V 463,106 1.2512 x 10~? 7.7618 x 10~
400 V 500,679 2.983 x 1077 1.84 x 1074
500 V 1,871,878 8.0291 x 10~ 5.1268 x 104
200V 975,063 6.8361 x 10711 3.4569 x 107°
”s 300V 1,829,047 1.5159 x 10~10 8.1782 x 107°
400V 1,977,289 49799 x 10710 2.6572 x 107°
500 V 2,214,421 1.0578 x 10~ 4.7336 x 107°
Mt Gambier limestone 200 V 300,569 1.2478 x 10~° 3.055 x 1075
- 300 V 433,198 4.9999 x 10~° 1.2159 x 10~*
400V 586,727 9.3742 x 1077 2.5005 x 1074
500 V 637,333 1.9761 x 108 5.0654 x 1074

For all the simulations, a static solver was used which solved for the dependent
variable’s velocity (1) and pressure (p). The direct linear system solver uses MUMPS
(multifrontal massively parallel sparse direct solver). The accuracy of the solution is
checked using the automatic check error estimate, in which the main solver is responsible
for error management. The solver continues iterating until the step size is smaller than
about 2.2 x 10714,

3. Results

The results are divided into three sections, firstly the NMR results are presented, then
the results from the micro-CT are presented and lastly the pore-scale flow simulation results
are given.

3.1. Porosity Measurement from NMR

The calibration signal from 15 mL brine (Appendix B) is associated with the frequency
obtained from the Berea sandstone and the equivalent volume was interpolated. Figure 3a
shows the raw NMR signal from the Berea sandstone as a series of spin-echo amplitudes.
The highest signal in Figure 3a corresponds to the total amount of fluid in the sample
equal to 9.5 mL. The core has a bulk volume of 57.004 mL, so the total porosity of the Berea
sandstone sample based on the NMR analysis is calculated as 16.6%. Figure 3b plots the
mathematical inversion using a best curve to convert the spin-echo decay to a distribution
of T,. The right axis of Figure 3b plots the porosity distribution from each measurement
point within the sample.

Similar to the sandstone, the calibration signal from 15 mL brine is associated with
the war signal from the limestone and the total water content in the sample was calculated
as 25.8 mL. Figure 4a plots the raw signal from the limestone and the equivalent volume.
Given the bulk volume of the sample was equivalent to 57.004 mL, the porosity of the
Mt. Gambier limestone sample was 45.2%. Figure 4b plots the inverted data using a best
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curve from the spin-echo decay to a distribution of T,. The right axis of Figure 4b plots the
porosity distribution from each measurement point within the limestone sample.

a) b)
60,000 11 1,400
10 - o4
50,000 79.59mL 1,200 -
2 &
L 8 € 1,000 L 03 T
- 40,000 T 03 5
= + 7 E '{:1 g
£ 632 g 800 r 0253
£ 30,000 g ° o,
s FS5E £ 600 i g
o 92 =] &
2 20,000 DR gCEER:
| 35 £ 400 e
ST A F 01 &
10,000 r2
o 200 L 0.05
0 = : 0 0 , . 0
0.0 5.0x105 1.0x108 1.5x106 2.0x106 1.0 102 104 108 108
Time (us) Time (ps)

Figure 3. (a) Raw NMR signal and equivalent total volume and (b) Mathematically inverted data showing the T, and
porosity distribution for the Berea sandstone.
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Figure 4. (a) Raw NMR signal and equivalent total volume and (b) Mathematically inverted data showing the T, and
porosity distribution for the Mt. Gambier limestone.

3.2. Interpretation of Pore-Size Distribution from NMR Data

To calculate the pore-size distribution for the two rock types from the experimental
NMR data, the pores were assumed to be a network of interconnected cylinders and a
surface to volume ratio of 2 is used in the model where r is the radius of the pore. Equation
(3) is used to interpret the resulting bins into pore sizes of the rock types. Figure 5 plots the
distribution of the pores in the rock type as inferred from the amplitude distribution.

For the Berea sandstone (Figure 5a), two major peaks were observed in the PSD. The
first peak corresponds to a low number of pores in the micro-to meso-porosity range
between 0.01 and 0.5 pm and the second, much larger peak shows pores with a radius
between 5 and 21 um. The resulting distribution shows an average pore size of 7 um and a
maximum pore size of 21 um.

For the Mt. Gambier limestone (Figure 5b), three peaks in the PSD were observed:
The largest peak corresponds to most pores in the sample with a pore radius in the range
of 10-75 um. The sample also contains small amounts of pores with a radius range of
0.5-5 pm and 0.01-0.05 um. An average pore size of 19 pm and a maximum pore size of
75 um were derived.
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a) Berea sandstone b) Mt. Gambier limestone
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£ 60 £ 60
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Figure 5. Pore-size distribution based on the NMR signal of (a) Berea sandstone and (b) Mt. Gambier limestone.

Figure 6 shows a comparison between the spectrum of the PSD using the intercon-
nected tube and the spherical models for the two rock types. For both the rock types,
the spherical model assumption shifts the spectrum to the right-hand side of the graphs,
thus increasing the calculated average pore radius and the maximum pore radius in the
distribution when compared to the interconnected cylindrical model assumption.

a) b)

100 —e—Spherical model 400 —e—Spherical model
i i Cylindrical model
>80 Cylindrical model > 80
= =
[ v
3 3
oy o
260 £ 60
el o
2 2
© 40 © 40
E E
s 2
=20 20
— -
0 — / : : ) 0 — 0 ./ T
104 102 100 102 104 104 102 100 102
Radius (um)

Radius (um)

Figure 6. The PSD with the assumption of two different models (cylindrical and spherical) for (a) Berea sandstone and
(b) Mt. Gambier limestone.

The surface relaxivity of a rock type depends on its lithology and plays an integral
role in the determination of the pore-structure geometry as interpreted from an NMR
experiment. The surface relaxivity represents the strength of the relaxation on the surfaces
of the pores and depends on the properties specific to the surface of the solid and the fluid in
the pores. As Berea sandstone has long been the sample of choice for various experiments,
the surface relaxivity value is reported as w = 9.8 um/s [63], w =11 um/s [64], w =21 um/s
and w =26 um/s [57]. The method used, to obtain the adsorption-desorption isotherm was
nitrogen adsorption and the method used to calculate the specific surface area therefrom
is the BET-method. Figure 7 presents the PSD using different values of surface relaxivity
found in the literature for the Berea sandstone. A similar comparison could not be achieved
for the Mt Gambier Limestone, as it is not studied as well as the Berea sandstone in the
literature. It is observed that the pore-size distribution shifts towards larger pore sizes with
an increasing value of w, thus increasing the average and the maximum pore-size derived
from the analysis.
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Figure 7. The PSD for the Berea sandstone with the values of surface relaxivity taken from different

literature sources.

3.3. Pore-Size Distribution and Porosity from Micro-CT Images

The porosity values as measured from the micro-CT at the two resolutions and com-
pared to the measured values form other techniques is presented in Table 3. For both
the rock types, porosity values measured with water saturation method were higher as
compared to NMR. For the Berea sandstone, the resolution did not have a great effect on
the porosity measured from the digital images at both the lower and higher resolutions
with values within 10% of the water saturation porosity. However, for the heterogeneous
limestone rock type, even though the porosity remains relatively unchanged with res-
olution and within 10% of the water saturation porosity, there is potential for outliers
and misrepresentation of the rock type porosity depending on the place from where the
subsection is selected.

Table 3. Porosity values measured from various techniques.

Analysis Berea Sandstone Mt. Gambier Limestone
NMR 16.6% 45.20%
Water Sa.turatlon 20.0% 48.6%
Experiment
200 300 400 500 200 300 400 500

Voxel® Voxel® Voxel® Voxel® Voxel® Voxel® Voxel® Voxel®
Mi cT 2.5 um 20.83% 21.09% 20.38% 21.3% 53.7% 36.2% 47 .8% 52.3%
1cro- 7.0 um 18.56% 18.92% 19.13% 18.08% 49.5% 56.5% 46.29% 48.62%

The pore-size distribution (PSD) from the micro-CT scans of the Berea sandstone at
two different resolutions is compared to the results of the NMR experiment in Figure 8. The
micro-CT can only resolve the pore sizes greater than the resolution of the scan; therefore,
the image-based PSD does not capture the pores below the image resolution. At 2.5 pm,
the average pore radius of 4 um and a maximum pore radius of 9 um is measured and at
7 um, an average pore radius of 6 um and a maximum pore radius of 18 um is calculated.

Figure 9 presents the PSD from the NMR experiment compared to the image-based
PSD for the Mt. Gambier limestone. Again, micro-pores are not accounted for in the
PSD plot extracted from the image-based analysis from both the resolutions. At 2.5 um,
the average pore radius of 3.7 pm and a maximum pore radius of 45 um were measured.
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Figure 8. Comparison between the pore-size distribution extracted from the micro-CT analysis and the NMR experiment of

the Berea sandstone at a resolution of (a) 2.5 pum and (b) 7 um.
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Figure 9. Comparison of the pore-size distribution calculated from the NMR experiment and from micro-CT imaging of the

Mt. Gambier limestone at a resolution of (a) 2.5 um and (b) 7 um.

3.4. Characterisation Using Flow Simulations

For all the 16 pore-scale domains (see Section 2.3), flow is simulated in the X-direction
(Appendix C). A pressure difference of 100 Pa is imposed across the domains with atmo-
spheric pressure at the outlet boundary, the velocity and pressure fields are computed.
The pressure and velocity maps for the Berea sandstone and the Mt. Gambier limestone
showing the distribution of the pressure between the inlet (left) and the outlet (right)
boundaries can be seen in Appendix C.

It should be noted that the velocity flow field plot here is simulated on the connected
pore space of the porous media. The velocity field distribution, Péclet number distribution,
and the permeability variations are analysed for changing resolution and image sizes.

3.4.1. Velocity Field Distribution

In order to determine the effects of variable imaging resolution and images sizes on
the fluid velocity field, the fluid velocity is mapped for areal proportions of a range of
bin sizes representing the velocity on 10 slices along the flow direction (X-direction). To
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achieve this, 10 equally distanced slices are extracted from the 3D domain with elemental
information containing fluid velocity, area, and cell ID. Next, for each slice, the distribution
of the fluid velocity is calculated on the entire slice by using a set bin range and calculating
the histograms. A function g(7) is used which only sums the area of the cells (4;) where
the velocity (u;) satisfies the bin range (k)

N 0 u; é k . 1 )
w={ 1t = (10)
Once A; is calculated, a porosity for each bin range is calculated as the ratio of the
calculated area to the total area of the slice. This step is repeated for all the slices and an
average across all the 10 slices @], is calculated for each simulation for each bin range.

A
k p—
Atotal

@ ‘

(11)
k
This analysis was repeated for all the image resolutions and image sizes for both the
Berea sandstone and the Mt. Gambier limestone. The distribution of the fluid velocity is
presented in Figure 10a for the Berea sandstone and in Figure 10b for the Mt. Gambier
limestone. The dotted lines representing distribution at the higher resolution of 2.5 um and
the solid line representing distribution at the lower image resolution 7 pm. It is observed
that for all the image sizes, the higher resolution has a higher velocity range and areal
proportion as compared to their corresponding image sizes at the lower resolution. There
is also a bimodal distribution with some proportion of the area with zero velocity. At 7 um,
19.29% of the area has zero velocity for the 500 voxel® image which reduces to 0.02% for
the 200 Voxel® image. The zero-velocity areal proportion remains relatively small (1% to
5%) for all image sizes with a higher image resolution.
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Figure 10. The velocity distribution at a range of image resolutions and image sizes for the (a) Berea sandstone and (b) Mt.

Gambier limestone.

For the Mt. Gambier Limestone, the velocity range and the areal proportion is lower
for all the image sizes at the higher image resolution as compared to the lower resolution
in Figure 12b. This is the opposite to what was observed for the sandstone rock type. The
highest velocity range is also an order of magnitude higher (1073~10~2 m/s for most of the
images) compared to the sandstone. At7 pum, the area of the pore network with zero velocity
decreases from 15% in the 500 voxel® image to 2% in the 200 voxel®. The zero velocity areas
in the higher resolution images remain insignificant for all the image sizes.

3.4.2. Péclet Number (P€é) Distribution
The Pé number calculates the ratio of the advective and the diffusive transport in
a system (Pe = Advection rate/Dif fusion rate = uL/DDl-ff) In this study, the average
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pore size is the characteristic length L. For the Berea sandstone, L = 7 um and for the
Mt. Gambier limestone L = 19 um. The value of the diffusion coefficient is taken as
Dpiff =1x 1077 m?s~1.

The Pé number for the Berea sandstone at 2.5 pm and 7 pm is given in Figure 11a. At
7 um, a much larger area (67-80%) is dominated by diffusion at the different image sizes.
In contrast, a comparatively small area (19-35%) is diffusion dominated at 2.5 um images.
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Figure 11. The Péclet number distribution at a range of resolutions and image sizes for (a) Berea sandstone and (b) Mt. Gam-

bier limestone.

Figure 11b presents the areal proportion of the Pé number for the Mt. Gambier lime-
stone and at both the resolution of 7 um and 2.5 um. More than 80% of the area is advection
dominated regardless of the image size.

3.4.3. Permeability Analysis
The single-phase permeability can be calculated using Darcy’s Law [65]:

~ Qul
K=1pa (12)

Here, K is the absolute permeability (m?), Q is the flow rate (m? s™1), u is the fluid
viscosity (Pa s), AP is the pressure difference (Pa) between the inlet and the outlet of the
domain, A is the cross-sectional area (m2) of the domain and 1 is the length of the domain.

The porosity and the permeability for all the 16 digital images is calculated and
reported in Figure 12a,b. For the Berea sandstone, the lowest permeability is 167 milli-
darcy for the 400 voxel® image at 7 um with a porosity of 19.13%. The highest calculated
permeability is 1.45 Darcy for the 200 voxel® image at 2.5 um with a porosity of 20.83%.
Permeability values calculated from images with the 2.5 pm resolution are higher than the
values derived from the 7 um resolution.

For the Mt. Gambier limestone, the lowest calculated permeability is 10.12 Darcy at an
image size of 300 voxel® and a resolution of 2.5 um. The highest calculated permeability is
157.3 Darcy at an image size of 300 voxel® and an image resolution of 7 um. The calculated
permeability of the limestone is higher for all the images at the lower image resolution
(7 pm) which is opposite to what was observed for the Berea sandstone rock type.
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Figure 12. The Porosity vs. Permeability graphs for (a) Berea sandstone and (b) Mt. Gambier limestone. The variations in
the x and y ranges for both the rocks should be noted.

4. Discussion

The combination of non-destructive NMR, micro-CT imaging, pore network and fluid
flow modelling allows us in principle to derive important petrophysical properties of
porous rocks. The volume of investigation in micro-CT studies is typically very small, here
we used cubic samples with an edge length of 1 cm and 0.5 cm, such small samples might
be below the size of the representative elementary volume (REV). In addition, the micro-CT
image can be acquired at different sizes and resolutions, which affect the petrophysical
values derived from the digital image data.

Since both, the Berea sandstone and the Mt. Gambier limestone have microporosity
below the micro-CT resolutions used in this paper, that part of the pore-size distribution is
entirely missing from the digital images at both the resolutions. The micro-porosity missing
from the digital images might not be isolated and could potentially impact the permeability
estimation. In some cases, a significant portion of the sub-resolution microporosity would
not contribute to the permeability calculation if the flow is governed by the larger pores. In
other cases, the sub-resolution pores even though do not significantly affect the porosity,
might provide key connectivity, and hence change the permeability of the rock. It is
also relevant for different processes such as diffusion and surface reactions. There have
been several studies which compared the digital image data to laboratory techniques. A
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comparative study found that for sandstone rock type at lower resolutions (~5.38 um),
image-based throat radii was comparable to the throat radii distribution obtained from
MICP experiments but even at higher resolution (2.56 um) the microporosity part of the
distribution was completely missing from the limestone rock type [45]. Research has also
shown that for a well-connected porous rock such as the Berea sandstone, a resolution
of 5.96 um is enough to study the fluid flow through the sample [66]. Another study
concluded that a resolution of 5-10 pm was enough to determine the flow properties in
high permeability sandstones [46]. These findings are consistent to the results presented in
this paper with a comparable distribution at a resolution of 7 pm for the rock types.

Pore-scale modelling involves construction of the finite element mesh derived from
the micro-CT images. This conversion for natural rocks requires using a large number of
elements for proper representation of the pore space. This limits the size of the pore scale
domain as a very high number of elements makes the simulations too computationally
expensive. An increased computation power would potentially increase the scale of 3D
simulations by use of bigger datasets for simulating flow and transport, as the image sizes
that can be achieved with the current hardware resources outstrip the computational capac-
ity of normal workstations. The velocity field distribution from the pore scale modelling
for the two rocks at different resolutions and image sizes provides quantitative insight
into the heterogeneity of the flow field. The image resolution was a major influence on the
flow field of the Berea sandstone. The areal proportion of higher flow velocity increased as
more features of the sandstone were resolved at the higher resolution, this improved the
connectivity within the pore space. For the Mt. Gambier limestone, the velocity distribution
was similar at both image resolutions for the larger (500 and 400 voxel®) image sizes. At
smaller image sizes, however, large differences in the velocity field were observed, which
is attributed to an insufficient REV.

The calculation of the Péclet number for the homogeneous Berea sandstone shows
a switch from a predominantly diffusion-controlled regime at lower resolution to a pre-
dominantly advection-controlled regime at higher resolution at a given pressure difference.
Smaller pores are more clearly imaged and might show a higher degree of connectivity
at the higher image resolution. Consequently, a larger volume is advection-dominated.
For the Mt. Gambier limestone, advection remains the dominating transport process at
both the lower and the higher resolutions at the given pressure gradient. This is due to
the larger pore sizes and much higher connectivity of the rock which do not restrict the
flow to any part of the pore geometry. This is significant for reactive transport models
where heterogeneous dissolution/precipitation would change the evolving pore structure
dependent on the local flow regime within a pore space.

Porosity is derived based on the micro-CT images and compared to the NMR and the
water saturation method data. There was a difference in the estimated porosity from NMR
and triple weighting water saturation methods. A potential reason for this could be that
the rock types were weighted three times immediately after they were taken out of the
vacuum. In contrast, some time was required between the rock types being taken out of
the vacuum and put in the NMR instrument for analysis; though they were completely
saturated with fluid and wrapped in paraffin paper to minimise loss of fluid during that
time. Nevertheless, some loss of fluid from the pores of the samples could have occurred
before samples were run on the NMR instrument. For the Berea sandstone, the micro-CT
porosity is within 10% of the porosity measured from the water saturation method. The
porosity remains relatively un-changed at the two resolutions with a slight increase in the
higher resolution images as more features are resolved and the pore geometry is further
revealed. For the highly heterogeneous bioclastic Mt. Gambier limestone as well, the
porosity remains within 10% of the laboratory measured values but there are outliers
within the sampled images (300 Voxel® at 2.5 um and 300 Voxel® at 7 pum). The micro-
CT porosity fluctuations illustrate the high dependence on the local heterogeneity of the
limestone as only small sample volumes were investigated.
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The permeability measurement for the two rock types is also compared at the two
resolutions and at different image sizes. For the Berea sandstone, the simulated perme-
ability increases with the increased resolution as more features are detected in the higher
resolution image leading to more connected flow pathways. For the sandstone rock type,
the simulation-derived permeability at 7 um resolution are much closer to the laboratory
measured value with an image size of 400 voxel® simulating the closest permeability value.
The higher resolution makes the detection of pores and their connectivity much more
accurate but reduces the field of view. In this study, the higher resolution led to an in-
creased permeability for the sandstone but as the field of view is decreased, the results are
overestimated when compared to the core derived results. At the core scale, the pores and
pore connectivity resolved by the high-resolution images might be forming a small part of
the major flow pathway but are not representative of the fluid flow within the core. The
flow path is more accurately represented with a lower resolution and a larger field of view.
The other image sizes at 7 pm resolution result in much higher permeability, for example, a
500 Voxel® image resulted in a permeability four times higher than the laboratory measured
value. This can be attributed to the local heterogeneity within the rock type which can
change the simulated permeability depending on the simulation area selected from the
digital image. For the Mt. Gambier limestone, the permeability simulations showed very
large variations at different image sizes at 7 um image resolution. There is also a great deal
of inconsistent variation in the permeability between the higher resolution images. The
simulation-derived permeability results for the limestone at 2.5 pm resolution are better
than for the sandstone and much closer to the laboratory measured values. This can be
explained by the large number of isolated elements which might not be clearly imaged
at lower resolutions, leading to misinterpretation of connected pore space. At the higher
resolution, however, the isolated pores are clearly distinguishable as isolated and do not
form part of the major flow paths, thus decreasing the permeability. For both porosity and
permeability, the results do not seem to have a clear relation to the size of the images. This
can be due to the local heterogeneity within the rock types.

5. Conclusions

We investigated two rock types with very different mineralogy and pore space proper-
ties. For an accurate representation of the rock types, our approach combines results from
different methods to characterize the samples. For porosity determination, two laboratory
techniques were used, and the NMR-derived porosity was lower than the water saturation-
derived porosity by approximately 3% for both the rock types. When working with a
homogeneous rock type, the image resolution only has very minor effect on the estimated
porosity. However, if the rock type is heterogeneous, even though the overall resolution ef-
fect is minimum, there might be outliers or exceptions to the measured porosity depending
on where the sub section is taken from. A resolution of 7 um is recommended for both the
homogeneous and the heterogeneous rock types to obtain representative distribution of the
pores. In contrast, a higher resolution might lead to false results for the pore size distribu-
tion. Higher resolution images can capture pore sizes more accurately and the thresholding
can be performed with more certainty. However, the trade off is having a smaller field of
view and a narrower range of the pore sizes. Consequently, higher resolution images are
not representative of the pore size distribution of a larger sample. The image resolution
affects the dominant transport regime derived from flow simulations in low permeability
rocks. However, in rocks with a very high porosity and permeability the resolution did
not affect the dominating transport regime. Simulation-derived permeability based on
an image resolution of 7 um in Berea sandstone for an image size of 400 Voxel® matched
the laboratory-derived value while the simulation-derived permeability for the Mount
Gambier limestone was closest to the laboratory-derived value at a higher resolution of
2.5 um for a 300 Voxel® image size.

For a reliable characterization of the pore space, advantages and disadvantages of the
different methods used in this paper are highlighted. NMR is a useful tool for investigating
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the pore size distribution and provides the pore volume information. However, assump-
tions of the surface relaxivity and surface to volume ratios must be made in order obtain
pore size distributions. In this study, a surface to volume ratio is of 2, which increases
the calculated average pore radius and the maximum pore radius in the distribution as
compared to a surface to volume ratio of % (Figure 6). The surface relaxivity (w) also had a
large impact on the estimated distribution. Increasing the value of w increases the average
and the maximum pore-size derived from the NMR analysis (Figure 7). Obtaining digital
images using micro-CT imaging is a powerful tool for characterizing different rock types.
However, several parameters need to be considered including the sample size, image
resolution and micro-CT operating parameters, all of which affect the estimation of the
properties of the rock types. For the images studied, the algorithms used to construct the
pore network do not produce a unique network, with more pores and throats revealed as
the resolution is increased. For the rather homogeneous sandstone rock type, the increased
resolution led to an increase in the permeability calculated using numerical simulation,
while for the heterogeneous limestone rock type, the increased resolution led to a decrease
in the permeability calculated using simulations. Numerical simulations using the pore-
scale approach avoids the assumptions required in continuum scale models with dynamic
flow field calculations. The number of cells required to define a pore domain and the
computation resources required for the simulations are some of the limiting factors of this
method. In this study, an image resolution of 2.5 um and more than 2 million elements
were used to fully resolve the pore space for the image size of 500 Voxel® for both rock types.
This meant a much higher computation time was required for the respective simulations.

Image-based static properties such as porosity are often comparable to results derived
from laboratory experiments whereas flow properties such as permeability vary greatly
between sub-sections of the same digital image. Overall, the inherent physical heterogeneity
of a rock type determines the representativeness and the accuracy of properties derived
from the digital image analysis. Solely relying on the data acquired from a digital image and
assuming it to be representative of the bulk sample at plug size might not be accurate. Only
by using multiple characterization techniques can a complex pore space be fully described.
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Appendix A. Experimental Porosity Calculation by Water Saturation Technique of the
Berea Sandstone and the Mt. Gambier Limestone

Experimental porosity was measured in the bulk cores (L = 10.0 cm: D = 3.81 cm) of
the two rock types. The cores were oven-dried at 50 °C (Contherm Digital Series) for 48 h
to ensure they had dried completely and then the dry mass (M) in grams was measured.
Thereafter, the rock types were immersed in DI water in a closed vacuum chamber and
connected to a high vacuum pump (Edwards RV8). The core was submerged for 24 h at
—70 kPa and then wet mass (M, ) in grams was measured.



Geosciences 2021, 11, 500 19 of 23
Table A1. Dry and wet weights of the two rock types.
Dry Weight (g) Wet Weight (g) Net Pore Weight (g)
Mt. Gambier limestone 124.64 181.04 56.4
Berea sandstone 228.06 251.33 23.27
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The connected pore volume, V), of the cores was calculated using the following equations:

v, = Mo M (A1)
P
p is the density of the saturating fluid. Here, 0.5 M NaCl solution is used for the
saturation with a density of p = 1.01710 g/cm?. Therefore, the connected pore volume of
Mt. Gambier limestone is calculated as 55.45 cm® and Berea sandstone as 22.8 cm®.
Bulk volume of the cylindrical core is calculated as shown in Equation (A2).

Vh = 71'1’2 (AZ)

where r and h are the radius and the height of the core in cm, respectively. The bulk volume
of the cores is calculated as 114.01 cm3.
The porosity (&) of the core is calculated as percentage using Equation (A3).

Yy
@ = — x 100 (A3)
Ve
The calculated porosity of Berea sandstone is 20% and for the Mt Gambier Limestone
is 48.6%

Appendix B. NMR Calibration for the Two Rock Types Using 15 mL Brine Solution

Figure Al shows the raw signal of the NMR distribution and the corresponding
equivalent volume of the fluid, i.e., 15 mL. The left axis shows the raw output from
the measurement, while the right axis shows how the output has been used to obtain a
calibration from the 15 mL fluid. This frequency was then associated with the frequency
obtained from the rock types and the equivalent volume was interpolated.
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Figure A1. NMR signal for 0.1 M brine for calibration for (a) Berea sandstone, (b) Mt. Gambier limestone.

Appendix C. Pressure and Velocity Distribution

The velocity (Figure A3) and pressure distribution (Figure A2) from the pore scale
flow simulations for the Berea sandstone and the Mt. Gambier limestone.
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Figure A2. The distribution with a pressure difference of 100 Pa applied across the domains for (a) Berea sandstone and
(b) Mt. Gambier limestone.

Figure A3 shows the velocity distribution of the Berea sandstone and the Mt. Gambier
limestone on 2D slices within the volume of the rocks along the X-direction.
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Figure A3. The velocity field is plotted on 10 slices in the x-direction across (a) the Berea sandstone and (b) the Mt.
Gambier limestone.
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