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Abstract

Using a combination of a porous plate, micro-computed tomography, and differential
imaging, the differential imaging porous plate (DIPP) method was employed to monitor
spatial fluid distribution and measure capillary pressure between oil and water in an oolitic
limestone, Ketton. Based on geological interpretation, mercury intrusion capillary pressure
(MICP), and scanning electron microscopy (SEM), the pores were classified into macropo-
res, intermediate-size pores, and micropores. Macropores are formed by the intergranu-
lar packing of ooid spheres, micropores are found within the intragranular porosity of the
ooids, and intermediate-size pores arise from interstitial particles filling the macropores.
This multiscale classification was validated by observing the fluid distribution patterns dur-
ing drainage. A comparison with MICP showed that DIPP tends to yield lower capillary
pressure values even after correction for fluid properties, consistent with previous studies
on laminated sandstones. The results suggest that porous plate measurements using oil and
water provide a more representative characterization of capillary pressure than MICP.
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1 Introduction

Multiphase flow in porous media plays important roles in hydrogeology (Bear 1972; Blunt
2017), groundwater contamination and remediation (Jo et al. 2010; Hu and Xia 2018), car-
bon sequestration (Bashir et al. 2018), and geological hydrogen storage (Heinemann et al.
2021).

One of the most critical measurements is capillary pressure (Vavra et al. 1992),
defined as the pressure difference across the interface between two immiscible fluids.
Characterizing capillary pressure is essential for predicting fluid distribution (Porter
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et al. 2010), relative permeability (Cheng et al. 2024), and subsequent fluid displace-
ment (Andersen 2020). The capillary pressure as a function of saturation can be obtained
through various methods, including the porous plate method (Falode and Manuel 2014),
mercury intrusion capillary pressure (MICP) (Jiao et al. 2020), and centrifuge methods
(Ayappa et al. 1989). Each method has its own advantages and disadvantages.

Among these techniques, the porous plate method is regarded as the most reliable;
however, it requires samples on the order of centimeters and can take months to com-
plete the measurements. In contrast, MICP delivers results relatively quickly, often
within days, but its representativeness can be questionable. This is due to the use of
mercury in a vacuum rather than pairs of reservoir fluids, which prevents the generation
of irreducible saturation. Additionally, the rapid measurement of MICP raises concerns
about whether the injection time is adequate for mercury to penetrate smaller pore sizes
effectively. The centrifuge method introduces a pressure gradient during centrifugation,
which can lead to inaccuracies in measuring pressure differences. Despite these limita-
tions, it is important to note that none of these methods provides a spatial fluid distribu-
tion within the sample, which is crucial for understanding the multiphase flow physics
in multiscale porous media.

Over the past few decades, X-ray micro-computed tomography (micro-CT) has
become a vital tool for visualizing multiphase flow in porous media (Patmonoaji et al.
2021; Porter et al. 2010) because it offers in situ imaging. However, since the pore sizes
may range over several orders of magnitude, it is challenging to resolve all the pore
structure while retaining a representative field of view. To address this challenge, Lin
et al. (2016) incorporated differential imaging, originally used to assess saturation at
the cm-scale (Akin and Kovscek 2003), into pore-scale visualization with micro-CT,
thereby enabling the assessment of spatial fluid distribution without voxel size limita-
tions. Therefore, by integrating micro-CT imaging with differential imaging and the
porous plate method, a new capillary pressure measurement technique capable of moni-
toring spatial fluid distribution in any pore size was developed (Lin et al. 2017; Lin et al.
2021; Zhang et al. 2023), called differential imaging porous plate (DIPP). This method
facilitates the measurement of capillary pressure functions and spatial fluid distributions
without the constraints imposed by the micro-CT voxel size. Additionally, DIPP utilizes
smaller sample sizes, on the order of millimeters rather than centimeters in conventional
measurements, which significantly reduces measurement time from months to just a few
weeks (Lin et al. 2017).

Earlier studies utilizing DIPP were conducted on multiscale porous media, specifi-
cally laminated sandstone, featuring throat size distributions spanning up to two orders
of magnitude, from 100 microns to 1 micron, as measured by MICP (Lin et al. 2017).
Comparisons between DIPP, the porous plate method, and MICP revealed that the capil-
lary pressure functions obtained from DIPP and traditional porous plate measurements
on larger samples were in agreement although both were consistently lower than those
derived from MICP. This discrepancy was attributed to the parallel lamination of the
sample with respect to the flow direction, which was suggested to pose access difficul-
ties for MICP measurements.

In this work, we conduct capillary pressure measurements with DIPP on Ketton lime-
stone, which is an oolitic limestone (Diaz and Eberli 2019; Harris and Diaz 2019), with
a throat size distribution from MICP spanning up to four order of magnitudes from 10
nanometers to 100 micrometers. (1) We characterize a porous medium with four orders of
magnitude variation in pore size, (2) monitor the displacement of multiphase flow distribu-
tion, and (3) compare the capillary pressure function obtained with DIPP to MICP.
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2 Materials and Methods
2.1 Materials

Geologically, Ketton limestone was formed during the Middle Jurassic period (Hudson
and Clements 2007). It is primarily composed of calcium carbonate and classified as an
oolitic limestone that is composed of spherical grains known as ooids. These ooids are
formed through the accumulation of calcium carbonate around a nucleus (Bruckmann
1721). The formation process begins with a tiny core or nucleus, which may be a small
fragment of shell, a sand grain, or another type of debris. As these particles are rolled
around by water currents, calcium carbonate precipitates from the water and coats the
nucleus. The ooid gradually grows by adding layer upon layer of calcium carbonate,
creating concentric rings around the core (Batchelor et al. 2018). Due to this formation
mechanism, the centers of the ooids tend to be more porous. The spaces between the
ooids are typically filled with interstitial particles and materials, which can be intro-
duced during rock formation or later through diagenetic processes. Common intersti-
tial particles include microcrystalline calcite (micrite), crystalline calcite (sparite), and
small detrital particles such as fine sand or silt (Coogan 1970). The porosity of Ketton
limestone arises from three primary sources: the interparticle space among ooids, the
spaces between interstitial particles within the packing of the ooids, and the intraparti-
cle porosity within the concentric rings of the ooids formed during precipitation.

In this work, a Ketton limestone sample with a diameter of 6 mm and a length of
24 mm was used. The measured porosity, determined using a helium porosimeter,
was 0.239 + 0.008, while the absolute permeability measured from the single-phase
flow pressure difference was 2.27 + 0.23 Darcy. The capillary pressure as a function
of saturation and the derived throat diameter from MICP (Tanino and Blunt 2012) are
presented in Fig. la. The capillary pressure and derived throat diameter exhibit three
regions with different gradients: (a) a low gradient at a saturation of about 0.55—1.0, (b)
a high gradient at a saturation of around 0.35—0.55, and (c) another low gradient at a
saturation of approximately 0—0.35. A low gradient represents a large change in satura-
tion with capillary pressure and hence a large volume associated with a given pore size.
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Fig. 1 a The capillary pressure function (black line) and the derived distribution of throat diameter of Ket-
ton limestone from MICP (red line) (Tanino and Blunt 2012) with three characteristic categories: macropo-
res (blue), intermediate-size pores (green), and micropores (red). b A two-dimensional cross-section of a
three-dimensional micro-CT image and SEM images at different magnifications focusing on different char-
acteristic categories of ¢ macropores, d intermediate-size pores, and e micropores
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Additionally, a cross-section obtained from micro-CT imaging is displayed in Fig. 1b,
while microstructure images captured using a scanning electron microscope (SEM) are
shown in Figs. 1c—e. With a magnification of 200x, the ooid sphere packing is visible
(Fig. 1c), and at further 3000x magnification (Fig. 1e), the ooid surface also exhibits gran-
ular structure that comes from the precipitation process. The interstitial particle filling the
ooid granular packing was also scanned with 1000x magnification and demonstrated crys-
tal like structure with voids in between (Fig. 1d).

Based on the geological interpretation, MICP, and SEM observations, the pores are cat-
egorized into three groups: macropores (in the blue region), intermediate-size pores (in the
green region), and micropores (in the red region), as illustrated in Fig. 1a. The macropores
correspond to the spaces created by the intergranular packing of the ooid spheres, while
the micropores refer to the intragranular pores of the ooid spheres resulting from minerali-
zation and ooid formation. In contrast, intermediate-size pores represent the intergranular
packing spaces filled by interstitial particles. According to the throat diameter derived from
the MICP data, the throat size of macropores ranges from approximately 10 to 100 pm,
intermediate-size pores range from 0.1 to 10 um, and micropores range from 0.01 to 0.1
um.

For the fluids, brine was prepared by doping deionized water with 30 wt% potassium
iodide (KI), alongside decane. This doping concentration was determined to be optimal, as
it provides significant contrast between decane, the solid matrix, and brine, while maintain-
ing an acceptable X-ray attenuation value to prevent beam hardening (Lin et al. 2017; Lin
et al. 2021; Zhang et al. 2023; Lin et al. 2016). The density and viscosity of the brine were
measured as 1263 kg/m® and 0.82 mPas, respectively (Zhang et al. 2023). The non-wetting
(oil) phase was decane (n-decane, Acros Organics) with density 730 kg/m®, and viscosity
0.838 mPa-s (PubChem open chemistry database). The interfacial tension between brine
and decane is 0.047 N/m (Zhang et al. 2023).

For imaging, a Zeiss XRM-510 X-ray computed tomography scanner was employed.
The X-ray detector assembly of objective 0.4X was used, and the X-ray energy was set
at 80 keV, with a power output of 7 W. Each scan had an exposure time of 2 s and a total
of 3201 projections, resulting in a scanning duration of approximately 4 h. The arrange-
ment of the X-ray source, sample, and X-ray detector was configured to achieve an image
with a voxel size of 4 um. Given the 3D image size of approximately 2000 x 2000 x 2000,
each scan covered a volume of approximately 8 x 8 x 8 mm?. To capture the entire 24 mm
length of the sample, a total of 4 scans were performed along the sample’s length, with an
overlap of 1.6 mm at both the bottom and top of the sample. This overlap facilitated the
stitching of the individual scans into a single cohesive 3D image for subsequent image pro-
cessing. The micro-CT scanning locations are illustrated in Fig. 2.

The sample was encased in a Viton sleeve and placed inside a carbon fiber Hassler-type
core holder. A 6-mm diameter water-wet porous plate, with a thickness of 5 mm and a
mean pore size of 0.08 microns, corresponding to an entry pressure of 3.55 MPa, was posi-
tioned at the outlet. This water-wet porous plate served as a barrier to oil during drainage,
preventing oil from flowing through it as long as the pressure difference remains below the
entry pressure. During oil injection, the pressure difference increased, allowing oil to dis-
place brine from the pore space and push it through the water-wet porous plate. To control
the flow rate and pressure, four high-pressure syringe pumps (Teledyne D-Series Pumps)
were used: One pump maintained the confining pressure of the core holder, another reg-
ulated the back pressure, while the remaining two pumps injected oil or brine into the
sample. All flow lines were assembled using 1/16-inch (1.6 mm) polyether ether ketone
(PEEK) tubing, which is chemically inert. The pressure difference was monitored using a
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Fig.2 The experimental apparatus using a Hassler-type core holder, a water-wet porous plate, a pressure
transmitter, four high-pressure syringe pumps, and a micro-CT scanner with the four vertical locations used
for imaging

Keller PD-33X series pressure transmitter, which has a pressure range of 0 to 5 MPa. The
overall schematic of the apparatus is illustrated in Fig. 2.

2.2 Experimental Methods
The step-by-step procedure was as follows:

1. A confining pressure of 2000 kPa above the backpressure and injection pressure was
always applied and maintained within the core holder to compress the Viton sleeve
around the sample, preventing fluid bypass.

2. The sample containing only air was then imaged, resulting in a dry scan.

3. CO, gas was injected into the sample to displace air, and then the sample was vacuumed
to remove the remaining CO,. Any CO, remaining in the sample after vacuuming will
dissolve in the brine, ensuring complete saturation.

4. Brine was then injected into the sample at 5000 kPa pressure difference for several
hours, corresponding to 100 pore volumes (PV) to ensure complete brine saturation.
This high pressure was required since the water-wet porous plate had a low permeability
of approximately 1.8 uD obtained from measuring the pressure difference during this
process.

5. This brine-saturated sample was imaged, resulting in the brine-saturated scan.
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6. Afterward, the drainage experiment was started by injecting decane at elevated pres-
sures difference of 10, 50, 200, 1000, 2000, and 3000 kPa. For each scan, pressure was
maintained at least for 24 h before changing the pressure to ensure sufficient time to
reach equilibrium for each scan. Throughout the experiments, pressure fluctuations of
about + 9 kPa with a period of around 24 h were observed. This fluctuations did not
come from the pressure transducer uncertainty but could be the response of the system
with the porous plate.

2.3 Image Processing and Data Analysis

The 3D images from four different scanning locations were stitched together to create a
cohesive 3D image. To ensure uniform brightness and contrast across the images, normali-
zation of the gray scale values was conducted using the Viton sleeve and confining water
as references for adjusting brightness and contrast, as illustrated in Figure 3a. As shown in
Fig. 3b, the gray values of the sleeve (green) and confining water (blue) at lengths 2 and 4
differed significantly, likely due to mineral impurities with high X-ray absorption at those
locations. After normalization, the image was successfully normalized along the entire
length, as indicated by the similar gray value of the sleeve (dark green) and confining water
(dark blue lines) along the sample. Subsequently, 3D image registration was performed
using the bottom image as the anchor for the registration positions. After stitching, a 3D
image of 2000 x 2000 x 5000 voxels, corresponding to a physical size of 8 x 8 x 20 mm?,
was obtained. This process was applied to all images captured during various conditions,
including dry scans, brine-saturated scans, and scans at pressures of 10 kPa, 50 kPa, 200
kPa, 1000 kPa, 2000 kPa, and 3000 kPa.

After stitching, further registration and normalization still need to be performed again
from all the images to register and normalize the images from different scans. Registration
was performed by anchoring to the dry images, and normalization again used the Viton
sleeve and confining water as the guides with the dry images as the anchor. As the final
step before differential imaging, a non-local means filter was applied to remove the noise
but still preserve the edges (Buades et al. 2007). As shown in Fig. 3c, the gray scale value
histogram after filtering is more concentrated at the peaks, indicating lower standard devia-
tion due to effective noise removal.
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Fig.3 a A two-dimensional cross-section of a three-dimensional image from the dry scan with black and
gray as void and solid, whereas the blue and green lines are the Viton sleeve and confining water as the
guidance for gray scale value normalization. b The gray scale value of the Viton sleeve and confining water
in four scanning positions before and after normalization. ¢ The gray value histogram before and after filter-
ing
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Differential imaging was then performed by subtracting the dry from the wet images, as
illustrated in Figs. 4a—c. Subtracting the dry scan from the brine-saturated image produces
a differential image representing the porosity distribution, whereas subtracting the dry scan
from any image during drainage generates a differential image representing the brine frac-
tion distribution at the given pressure difference. In addition, the brine saturation can also
be measured from the porosity and brine fraction. Porosity, brine fraction, and brine satura-
tion are expressed mathematically as follows:

d’ — _voi 1
Ve M
Vbri
S .= —
bri le (2)
Vb i 5b i
Sori = % — = ?n (3)
void

with V as volume, ¢ as porosity, é as fluid fraction, S as saturation, and subscripts tot, bri,
and void as total, brine, and void, respectively.

The generated differential images, however, still require segmentation into resolved
pores, unresolved pores, and solid, as shown in Fig. 4d, indicated by the blue, red, and gray
regions, respectively. For gray values above the resolved threshold, the brine fraction is set
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Fig. 4 Example images of a the brine-saturated scan, b the dry scan, and c the differential imaging results.
d The differential image histogram is divided into resolved pores, unresolved pores, and solid marked as
blue, red, and gray regions, respectively. e The throat diameter distribution measured from MICP with three
classifications of macropores (blue background), intermediate pores (green background), and micropores
(red background). In addition, the lines correspond to the threshold guidance based on minimum throat
diameter of 4, 8, and 16 pm are also given, respectively, by green, blue, and red lines
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to one, while for gray values below the solid threshold, the brine fraction is set to zero. For
gray values that fall between the solid and resolved thresholds, the brine fraction varies
linearly: Gray values closer to the solid threshold yield a low brine fraction, whereas those
closer to the resolved threshold result in a high brine fraction (Akin and Kovscek 2003).
These conditions can be expressed mathematically as follows:

6bri,so| =0 for CT < CTy, 4)
5bri,res =1 for CTres <CT (5)
CT - CT,, )
Otri,unr = TC}Z@] with 0 < ¢, <1 for CT,, < CT < CT,, (6)

with CT as the gray value, and the subscripts res and unr correspond to resolved, and unre-
solved, respectively. When the brine-saturated image is used, 6,,; becomes ¢ since the cal-
culation results in the porosity distribution.

Since selecting thresholds for segmentation can be subjective, we used porosity data
from the helium porosimetry and derived throat diameter data from MICP (Tanino and
Blunt 2012) (Fig. 4e) as guides. First, the total porosity from the thresholding should match
the helium porosimeter data. Second, the ratio of resolved-to-unresolved porosity should
align with the MICP data. By following the distribution of throat diameter, the ratio of
resolved-to-unresolved porosity can be selected based on the assumption of the smallest
throat diameter at the given voxel size.

In this work, for example, the voxel size from micro-CT is 4 um, and the pore-to-throat
size ratio in Ketton limestone is 1.5 (Tanino and Blunt 2012). Therefore, given that the
smallest pore identified through image processing is generally three voxels in diameter or
larger (Dong and Blunt 2009; Patmonoaji et al. 2020), we assumed the smallest resolved
pore size to be 12 um. Considering the pore-to-throat size ratio in Ketton limestone, the
smallest throat diameter is estimated to be 8 pm. This throat size in the MICP data corre-
sponds to a ratio of 0.47 for resolved porosity and 0.53 for unresolved porosity. As a result,
the threshold values for solid (CT,) and resolved pores (CT,,,) were adjusted to match the
total porosity from the helium porosimeter and the ratio of resolved-to-unresolved porosity
corresponding to the smallest throat diameter from MICP.

This method can then be applied to measure the brine fraction from all drainage data
using the same thresholds. However, since the dry images contain gas and solid, while the
drainage images contain oil, brine, and solid, there is a difference in the gray value between
gas and oil. Oil has a higher gray value than gas due to its greater density. As a result, when
calculating the brine fraction distribution, the solid threshold value is adjusted by adding
this gray value difference to account for the presence of oil.

For sensitivity analysis and error estimation, other assumptions for throat sizes of 4 um
and 16 ym were also considered, as shown by the green and red lines, respectively. The
assumption of a 4 um throat size yielded a resolved-to-unresolved porosity ratio of 0.5 to
0.5, while considering 16 um gave a ratio of 0.38 to 0.62.

This porosity map is also used to distinguish between micro-, intermediate-, and
macropores. The classification is based on masks derived from the porosity distribution,
where a porosity value of one represents macropores, values below 0.25 correspond to
micropores, and intermediate-size pores fall within the remaining range. As a result, the
brine fraction in each category can be quantified.
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3 Results and Discussion
3.1 Porosity Map

Axial images from the dry scan and brine-saturated scan are shown in Fig. 5a and b, where
dark represents void, gray represents solid, and bright represents brine. Although interme-
diate-size pores are distributed throughout the sample, more intermediate-size pores can be
observed within the green circle, located between 8 mm and 18 mm from the inlet. Aside
from this localized intermediate pore accumulation, the porous media structure appears to
be generally homogeneous, demonstrated by the uniform ooid size and distribution.

After processing with differential imaging, image segmentation was performed distin-
guishing three categories: solid (black), unresolved pores (red), and resolved pores (blue),
as shown in Fig. 5c. This segmentation was based on the threshold values from equa-
tions 4-6. In the region of the green circle, which represents the accumulation of interme-
diate-size pores, no resolved pores were observed. In contrast, in other regions, resolved
pores are uniformly distributed, corresponding to the intergranular packing of the ooids.

By assigning the porosity values from equations 4-6, a porosity map was generated, as
shown in Fig. 5d. In the porosity map, resolved pores are white (porosity equal to one),
solid is shown in black (porosity equal to zero), and unresolved pores are represented
by the remaining colors. The porosity distribution for intermediate-size pores is present
in both resolved and unresolved pores, as interstitial particles can sparsely fill the inter-
granular spaces, creating relatively larger pore sizes. This results in a wide porosity range,
between 0.2 and 1. Consistent with Fig. 5c, no resolved pores are observed in the green
circle due to the accumulation of intermediate-size pores in that region. The porosity
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Fig.5 Axial cut of a the dry scan, b brine-saturated scan, and ¢ segmented images into three categories
(black as solid, red as unresolved pore, and blue as resolved pore). d Porosity map as shown by the color
bar and the red, orange, yellow, and pink circles focusing on ooids with higher porosity in the center. e
Porosity distribution for all, resolved, and unresolved along axis of flow with resolved and unresolved ratio
of 0.468 and 0.532, corresponding to a minimum resolved throat size of 8 um. The green circles focuses on
the intermediate pore regions due to accumulation of interstitial particles
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distribution of micropores, on the other hand, is confined to the unresolved pores and is
located in the radial concentric layers of the ooids, with porosity values ranging from 0.1
to 0.2. However, some ooids show high porosity at their centers, as highlighted by the red,
orange, yellow, and pink circles in Fig. 5d. This is possible because the ooid was originally
formed from a fragment of shell, sand grain, or other debris before precipitation, as dis-
cussed previously. Thus, macropores are represented by the resolved pores, while micropo-
res are represented by the unresolved pores. Intermediate-size pores, however, include both
resolved and unresolved pores and are easier to invade than micropores.

The quantitative values of all, resolved, and unresolved porosity are shown in Fig. Se,
as a cross-sectional average along the sample axis. At the location of the green circle
(approximately 8 to 18 mm from the inlet), the resolved porosity is lower, while the
unresolved porosity is slightly higher, resulting in a lower total porosity. The average
total porosity is 0.24, which is consistent with the helium porosimeter measurement of
0.239 + 0.008, with a resolved-to-unresolved porosity ratio of 0.468 and 0.532, respec-
tively. This ratio closely matches the resolved and unresolved ratio obtained from MICP
for a minimum throat diameter of 8 um, demonstrating consistency with the image pro-
cessing method described in Sect. 2.

3.2 Brine Fraction Map Throughout Drainage

The axial cut images at various pressure differentials are shown in Fig. 6a—f. At the
beginning of oil injection at 10 kPa, decane has already displaced most of the brine from
the macropores, leaving brine primarily in the intermediate-size pores and micropores.
The brine within the green circle becomes barely visible and continues to fade until 200
kPa, indicating its gradual displacement by oil. Beyond this pressure, up to 3000 kPa,
no significant changes are observable in the gray images.

(a) 10 kPa (b) 50 kPa (c) 200 kPa (d) 1000 kPa (e) 2000 kPa () 3000 kPa

Fig.6 Axial cut of the images at pressure differences of a 10, b 50, ¢ 200, d 1000, e 2000, and 3000 kPa
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(c) 200 kPa (d) 1000 kPa |} (e)2000kPa _ | (f) 3000 kPa

N

Fig.7 Axial cut of brine fraction maps at pressure differences of a 10, b 50, ¢ 200, d 1000, e 2000, and
3000 kPa with the green circles indicating intermediate-size pores, while the red, orange, yellow, and pink
circles highlight the porous center of ooids

(a) Brine saturated & - oA N () 200 kP2 Brine
S s A v p . 2 Fraction

100

Fig. 8 Axial cut of brine fraction maps focusing on the intermediate-size pores when a brine saturated and
at the capillary pressure of b 10 kPa, ¢ 50 kPa, and d 200 kPa

In contrast, the brine fraction maps in Fig. 7a—f clearly highlight the brine displace-
ment through color changes. Overall, the brine fraction diminishes as the pressure differ-
ence increases, indicating that brine is progressively displaced from the pores and flushed
through the porous plate. The green circles highlight the displacement of the accumulated
intermediate-size pores, whereas other smaller circles in red, orange, yellow, and pink
focus on the displacement of water from the center of ooids with high porosity.

The brine displacement from the intermediate-size pores within the green circle
(Fig. 7a—f) was significant up to a pressure difference of 200 kPa. Figure 8a—e provides a
closer look at this intermediate-size pore region under pressure differences ranging from 10
kPa to 200 kPa. At the initial brine-saturated condition, brine also occupied the macropo-
res. However, with a slight pressure increase of just 10 kPa, brine was flushed from the
macropores, leaving the remaining brine primarily within the intermediate-size pores. As
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the pressure increased to 50 kPa, brine in the intermediate-size pore region was partially
displaced. At 200 kPa, the brine was displaced almost completely from the intermediate-
size pores, and thus, the remaining brine is only in the concentric layers of the ooid spheres.

Significant brine displacement in the micropores predominantly occurred after 200 kPa.
Interestingly, the displacement within the high-porosity cores (Fig. 7a—f) varied across dif-
ferent pressure levels, ranging from 1000 kPa to no displacement even at 3000 kPa. For
instance, the displacement in the red circle occurred after 2000 kPa, whereas the displace-
ment in the orange and pink circles took place after 200 kPa and 1000 kPa, respectively.
However, in the yellow circle, brine persisted even at 3000 kPa. This suggests that the high-
porosity centers of the ooid spheres can only be accessed via the surrounding micropores
of the concentric ooid layers, which require higher pressure differences to penetrate. Fig-
ure 9a—e presents the brine fraction maps of an ooid within the orange circle, under brine-
saturated conditions and varying pressure differences. Initially, the ooid was surrounded by
brine in the macropores, but the brine was rapidly displaced at just 10 kPa. No significant
changes were observed until 200 kPa, after which the brine within the ooid was finally dis-
placed at 1000 kPa.

The brine saturation in resolved pores, unresolved pores, and all pores during drainage is
illustrated in Fig. 10. Most of the brine fraction in resolved pores was displaced early at 10
kPa, resulting in near-zero resolved saturation along the sample. Conversely, the brine satura-
tion in unresolved pores decreased with increasing pressure difference, indicating displace-
ment of brine by oil. Overall, the brine saturation distribution along flow direction remained
relatively homogeneous throughout drainage, except at the initial stages at 10 kPa and 50 kPa.
Higher brine saturation was observed at the inlet distance of 10 to 14 mm, corresponding to
brine accumulation in the intermediate-size pores. For the remaining pressures, where most
of the brine was located within the ooid spheres, saturation tended to be uniform, suggesting

Brine Fraction
100

75

50

200 kPa 1000 kPa 0

Fig.9 Brine fraction maps focusing on an ooid sphere when a brine saturated and at the capillary pressure
of b 10 kPa, ¢ 50 kPa, and d 200 kPa, and e 1000 kPa
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Fig. 10 The cross-sectional average of brine saturation in resolved pores (blue line), unresolved pores (red
line), and all pores (black line) throughout drainage

uniform brine distribution in the ooid spheres. By the end of drainage at 3000 kPa, not all
brine had been displaced by oil with residual brine located in the ooid spheres.

3.3 Capillary Pressure

Figure 11 presents the average brine saturation across the entire sample at various capillary
pressures. The brine saturation is divided into three categories: resolved pores (blue line),
unresolved pores (red line), and all pores (gray line). For comparison, the MICP adjusted
decane-brine system is also included (black line). The adjustment of the MICP was made
using the fluid parameter ratio, based the Young—Laplace equation, as follows:

Capillary Pressure (kPa)
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0.4
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0.6

Fig. 11 The capillary pressure as a function of brine saturation in resolved pores (blue line), unresolved
pores (red line), all pores (gray line), and MICP adjusted to decane and water from equation 7 (black line)
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with P, as capillary pressure, o as interfacial tension, 6 as contact angle, and the subscripts
dec, mer, and vac are decane, mercury, and vacuum, respectively. e vy 1S taken as 0.48
N/m. Oyec i a0d Opyer /vy are assumed to be 20 (Duffy et al. 2021) and 140 degrees (Ellison
et al. 1967; Darling 2005; Good 1981), respectively.

Consistent with the imaging results, brine in the macropores is displaced almost imme-
diately, leading to near-zero resolved pore saturation throughout drainage. In contrast,
the brine saturation in unresolved pores gradually decreases as the pressure difference
increases. As a result, the overall brine saturation declines mainly due to the displacement
of brine from unresolved pores. The imaging data shows that at 10 kPa, the macropores
were already drained, and by 200 kPa, the intermediate-size pores were mostly invaded. At
higher pressure differences, up to 3000 kPa, the remaining brine was still being displaced
from the micropores, as indicated in Fig. 11.

The gradient of the capillary pressure function is also consistent with the MICP data.
However, due to pressure fluctuations of 9 kPa, measurements below 10 kPa are not avail-
able, leading to the observation of only two distinct gradients. Between pressure differ-
ences of 10, 50, and 200 kPa, the reduction in brine saturation with increasing pressure is
less pronounced compared to the higher pressure differences of 1000, 2000, and 3000 kPa.
This shift in gradient reflects the transition from brine displacement in the intermediate-
size pores to that in the micropores.

The capillary pressure function for each pore size category is shown in Fig. 12. This
measurement was performed using masks derived from the porosity distribution, where
porosity values of one represent macropores, values below 0.25 represent micropores, and
the intermediate-size pores fall within the remaining range. Consistent with the resolved
pore observations in Fig. 11, macropores are fully drained at a capillary pressure of 10
kPa. Micropores were accessed at pressures above 1000 kPa. Intermediate-size pores, how-
ever, show the most significant saturation drop at 1000 kPa or less, with some saturation
persisting even at 3000 kPa. Since the intermediate pore region is identified by selecting
areas with porosity values between 0.25 and 1.0, this category also includes the high-
porosity regions within ooids. Consequently, substantial brine displacement occurs as ooid
intrusion begins, and residual saturation remains at higher pressures due to the need for a
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0 0.2 0.4 0.6 0.8 1

Brine Saturation
Fig. 12 The capillary pressure as a function of brine saturation in all pores (gray line), macropores (blue

line), intermediate-size pores (green line), micropores (red line), and MICP adjusted to decane and water
from equation 7 (black line)
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high-pressure difference to displace brine from within the ooids. Thus, at high capillary
pressure, intermediate-sized pores continue to be accessed with micropores due to fluid
displacement from the ooid centers.

To check the uncertainty and sensitivity of the DIPP results, the capillary pressure
measured by assuming a minimum resolved throat diameter of 4, 8, and 16 pum is given
in Fig. 13. The vertical uncertainty is due to local pressure fluctuations of approximately
9 kPa. Since this fluctuation is constant, it only shows significant effect at low-pressure
difference.

As shown in Fig. 13, the measurement with DIPP demonstrates overall lower brine satu-
ration than MICP at the same capillary pressure, or a lower capillary pressure for the same
saturation. This difference can likely be attributed to the nature of MICP measurements.
Since mercury in a vacuum is used to represent the fluid pair, there is no irreducible satura-
tion. Additionally, the rapid measurement process of MICP may not allow sufficient time
for mercury to fully penetrate pores, particularly smaller ones.

In laminated sandstone, capillary pressure measured using DIPP was also lower than
MICP (Lin et al. 2017), confirming that the lower capillary pressure observed in DIPP is
not merely a phenomenological effect of the porous media structure. Since the fluid pair
of interest is used, these findings suggest that employing fluid-based methods alongside
porous plate techniques provides a more representative assessment of capillary pressure
and pore structure in multiscale porous media compared to MICP.

4 Conclusions

We classified the pores in Ketton limestone into three categories: macropores, interme-
diate-size pores, and micropores, based on geological insights, micro-CT imaging, MICP
measurements, and SEM analysis. Macropores are formed by the intergranular packing of
ooids, micropores are attributed to the intragranular porosity within the ooids, and interme-
diate-size pores arise from interstitial particles filling the macropores. This classification
is further supported by fluid distribution observations during drainage using DIPP, where
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— —e—Mid value from DIPP
o 1000 4
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Fig. 13 The capillary pressure function for drainage measured with different assumed minimum resolvable

throat diameters of 4, 8, and 16 um, representing the minimum (green line), mid-range (blue line), and max-
imum (red line) values, respectively. MICP adjusted decane—water is also given as comparison (black line)
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displacement occurred progressively from the largest to the smallest pore sizes: from the
intergranular packing, to interstitial particles, and finally to the intragranular ooid pores.

We improved the DIPP method by incorporating helium porosimetry, MICP, and micro-
CT voxel size to determine threshold values for unresolved and resolved porosity. Helium
porosimetry served as the anchor for total porosity, while MICP and micro-CT voxel size
guided the ratio of unresolved-to-resolved porosity based on the assumed minimum iden-
tifiable pore diameter. Uncertainty bounds derived from this method can be assessed by
varying the minimum identified pore diameter.

The capillary pressure was compared with MICP, revealing that DIPP results generally
exhibit lower values. This trend is consistent with previous findings by Lin et al. (2017) for
laminated samples, indicating that it is not merely a phenomenological effect of the porous
media structure. This study suggests that for complex porous media with a wide pore size
distribution, combining imaging with a porous plate for capillary pressure measurements
offers a more reliable and accurate approach. This method allows the use of the fluid pair of
interest while enabling spatial monitoring of fluid distribution across different pore sizes.

This method presents an alternative approach to capillary pressure measurement using
digital rock physics technology, complementing conventional measurement techniques
such as MICP, porous plate, and centrifuge. With DIPP, spatial fluid distribution can be
monitored throughout the capillary pressure measurement, offering pore-scale insights into
the location of trapped oil or contaminants at a given capillary pressure. As a result, effec-
tive injection strategies can be designed based on better-informed decisions.

Future work could extend this method to a wider range of samples, and be applied using
a hydrophobic (oil-wet) porous plate to study imbibition and waterflooding.
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