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The elevated level of atmospheric carbon dioxide (CO,) has caused serious concern of the progression
of global warming. Geological sequestration is considered as one of the most promising techniques
for mitigating the damaging effect of global climate change. Investigations over wide range

of length-scales are important for systematic evaluation of the underground formations from
prospective CO, reservoir. Understanding the relationship between the micro morphology and the
observed macro phenomena is even more crucial. Here we show Synchrotron based X-ray micro
tomographic study of the morphological buildup of Sandstones. We present a numerical method to
extract the pore sizes distribution of the porous structure directly, without approximation or complex
calculation. We have also demonstrated its capability in predicting the capillary pressure curve in

a mercury intrusion porosimetry (MIP) measurement. The method presented in this work can be
directly applied to the morphological studies of heterogeneous systems in various research fields,
ranging from Carbon Capture and Storage, and Enhanced Oil Recovery to environmental remediation
in the vadose zone.

The elevated level of atmospheric carbon dioxide (CO,) has caused serious concern of the progres-
sion of global warming, which could result in severe outcomes such as rising of sea levels and climate
changes'. While great efforts have been invested in the research for new inexpensive, reliable and sus-
tainable energy source?, strategies to manage the atmospheric CO, concentration have been proposed®.
Geological sequestration is considered as one of the most promising techniques for mitigating the dam-
aging effect of global climate change.

It is well known that the geologic carbon storage (GCS) is a scientific subject that needs to be investi-
gated at a wide range of length-scales due to the heterogeneity of the underground geological formations
over broad length-scales. A large amount of laboratory experimental studies are performed at (sub-) core
scale*, providing important understanding of the behavior of the geological samples at this length-scale,
such as the multiple phase flow phenomena. However, the origin of the observed phenomena at (sub-)
core scale is not very understood, and needs more information at finer length-scales for further inter-
pretation.

Thanks to the advances in the experimental techniques, e.g. synchrotron based micron-scale X-ray
tomography, fine 3D morphology of the specimens can be retrieved with good quality at good resolution®.
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The synchrotron based micron-scale X-ray tomography provides insight into the morphological buildup
of rocks, and allows the extraction of various pore space properties, such as porosities, capillary pressures
and relative permeabilities. This has also led to a tremendous increase in interest in doing pore scale
modeling®. The existing methods for doing the modeling have, however, various shortcomings.

The numerical approaches can be divided into two broad categories, direct simulation algorithms and
pore-network algorithms. Direct simulation algorithms generally solve the governing equations of flow
and transport directly on the micro CT image itself. Among the most common and successful methods
in this category are particle-based methods, such as the Lattice Boltzmann method’~'*. This very power-
ful method provides access to a large set of pore space properties, is applicable to even highly complex
pore geometries and is relatively straightforward to implement'%, but is computationally rather expensive
and parallelized versions running on computer clusters are required for the simulation. In addition,
application of constant-pressure and no-slip boundary conditions is rather challenging'>-"7.

Another common method consists of directly solving the Navier-Stokes equation (which reduces to the
Stokes equations at slow flow) on a discretized grid®!®. Manwart et al.'® showed that Lattice-Boltzmann
and Navier-Stokes based simulations produce similar results at similar computation times; however, the
Lattice Boltzmann approach requires in their case about 2.5 times more memory. Given the large size of
the micro CT data, this can lead to major constraints with respect to practical application of the method.

Further—less common—methods are the Smoothed Particle Hydrodynamics method?’, Level set
method?!, Volume of fluid method?, and Density functional modeling®.

For the second category of models, the pore network modeling approaches, first a topologically rep-
resentative network is extracted from the micro CT image. The network is then used for computation
of the relevant displacement and transport equations. Pore-network models require therefore extensive
image pre-processing (network generation) to discretize the pore space into simple geometrical objects
(typically nodes and bonds). Each extracted geometrical object will then be represented by effective
physical parameters and simplified versions of the respective transport equations will be solved. This
technique has been applied to a large amount of reservoir rocks and predictions of capillary pressure and
relative permeability are possible?*-33.

Blunt et al.** subdivide network models into several groups. Grain-based approaches® start by scan-
ning for alleged pores based on their distance to the grain center. According to Blunt et al.*, this approach
works particularly well for pore networks extracted from object-based simulation of grain packing and
diagenesis, but is less suitable for networks from micro CT images. This shortcoming is particularly
pronounced for rocks with complex pore-grain geometries, such as carbonates.

Erosion-dilation is an approach tailored for identifying the skeleton of the pore space, which forms a
virtual line connecting the centers of the connected pores and pore throats*®*’. Blunt et al.** argue that a
major shortcoming of this method is its constrained ability to unambiguously distinguish between pores
and pore throats.

The maximal-inscribed-spheres method*** uses the micro CT image and characterizes the pore space
by growing spheres, centered in the voids, in its binarized equivalent. Smaller spheres contained in larger
ones are subsequently eliminated, which results in a chain of spheres, where larger ones identify the
larger pores and smaller ones the pore throats. Sphere radii can then be related to capillary pressures by
means of the Laplace-Young equation.

As reviewed above, current pore network models can provide reasonable values for computed mul-
tiphase flow properties, but independent verification is still indispensable. Moreover, due to their simpli-
fication of the pore space a unique representation of the latter cannot be guaranteed.

In this paper we propose a new approach that can predict capillary pressures without complex simu-
lation, solely using the rock morphology given by synchrotron based micro CT data. Our approach does
neither require solving conservation equations, nor does it depend on the extraction of pore-networks or
simplification of process-controlling physics. In this paper we present the methodology underlying our
new approach and demonstrate its potential at the example of a capillary pressure curve of heterogene-
ous sandstone. We also expect that the proposed method can be applied directly to the morphological
studies of heterogeneous systems in various research fields, ranging from Carbon Capture and Storage,
and Enhanced Oil Recovery to environmental remediation in the vadose zone.

Results and discussion

The Heletz structure has been selected as a test site for a prospective CO, reservoir and for the MUSTANG
injection experiment based on the analysis of the available geological, geophysical and borehole data
from various areas of Israel®’. In this study, the Sandstone samples were collected from one of the Heletz
deep injection wells and screened using medical CT for identifying areas of greatly differing capillarity
before small volumes (1 cm in size) of the sample were extracted. The samples of interest were then inves-
tigated using synchrotron based micro tomography technique, which provides direct visualization of the
three-dimensional (3D) internal morphology at micro-scale (see the 3D rendering shown in Fig. 1a). The
details of the experiment are described in the method section.

The representativeness. The ultimate goal of this study is to understand the relationship between
the micro morphology and the phenomena observed at a larger length-scale, the experimental data of
the well-known mercury intrusion porosimetry method. We also aim to develop a method capable of
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Figure 1. The 3D rendering of a typical reconstructed volume is presented in panel (a); the intensity
histogram plot of the corresponding 3D volume is presented in panel (b), showing well separated peaks for
the pore space (blue) and the solid voxels (red). The scale bar in panel (a) is 1 mm.
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Figure 2. The plots of porosity versus the sample volume for all the 3D matrixes (as indicated by different
colors in the plots) investigated in this study. The differential plots are presented in panel (b) with the dash
line indicates the convergence and the minimum representative volume at about 3 mm?.

predicting the macroscopic behavior (the capillary pressure curve) of the Sandstone samples using the
fine morphology retrieved from the synchrotron based micro tomography experiments. In this attempt
to correlate the information at very different length scales (the difference at 3 orders of magnitude or
larger), it is essential to make sure the representativeness of the relatively small regions investigated, in
order to guarantee that the conclusions are meaningful and scalable. In this study, we determine the
minimum representative volume by evaluating the porosity as a function of the sample volume®*!. As
shown in Fig. 2 (the plots of porosity versus volume for all the 3D matrixes reconstructed in this study)
the starting porosity value varies a lot (depending on the position of the starting voxels). However, it is
convergent upon growth of the sample volume. The differential plot (Fig. 2b) indicates that the minimum
representative volume is at about 3 mm?, which is smaller than the size of the 3D matrixes we studied.

The solid expansion method. The good image contrast achieved is represented by the relatively well
separated peaks in the histogram plot (Fig. 1b), which make it straightforward to determine a threshold
value to perform segmentation of the data for determining the 3D pore network in the sample. However,
the complexity in the morphology of the sample makes it difficult to understand and evaluate the pore
structure quantitatively. It has been shown that the porosity is not solely responsible for the single-phase
(e.g. permeability) and multi-phase behavior (e.g. capillary pressure curve) of the samples*2. The effect of
the pore structure/morphology, especially of the pore throat structure, is not very well understood and
lacks direct quantitative visualization and evaluation. In this study, we present a mathematic method, in
which the solid phase is expanded numerically layer by layer, in order to evaluate the pore throat size
distribution with statistics.

As shown in the schematic drawing in Fig. 3a-d, the well-connected pore (Fig. 3a) is divided into
several isolated pieces as the solid phase is expanded numerically. Isolated pores are formed upon the
expansion of the solid phase, caused by closing of the pore throat(s) (Fig. 3b-d, as indicated by the red
arrows). Eventually, the pores will disappear, because all the void space will be occupied by the (numeri-
cally expanded) solid voxels. It is naturally expected that the number of isolated pores will increase then
decrease upon numerical expansion of the solid phase.
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Figure 3. Diagrammatic sketch of the solid (white) expansion method is shown in panels (a) to (d). Panel
(a) shows the starting geometry, which is a well-connected pore. Panels (b) to (c) show the isolated pore(s)
is/are formed upon the numerical expansion of the solid phase. The red arrows in panels (b) to (d) point
to the isolated pores formed by closing of the pore throats. Panel (e) is the plot of the percentage of the
solid volume over the entire 3D space as a function of the solid layer expansion. Panel (f) is the plot of
the number of isolated pores versus the number of voxel layers expanded numerically. The error bar is the
standard deviation of the data from more than 70 of the 3D matrices.

The above described method is applied to the tomography data on the sandstone samples. As shown
in Fig. 3f, the number of isolated pores did increase and then decrease upon numerical expansion of the
solid phase. There are two separated peaks in this plot shown in Fig. 3f, which indicate the presence of
two types of pore throats in the sample, the primary pore throat (pore throats at fine length scale com-
parable to the spatial resolution in this study) and the secondary pore throat (at a larger scale). We also
show in Fig. 3e the percentage of the solid volume over the entire 3D space as a function of the expanded
layer thickness. As more and more space is occupied by the “solid” voxels, this plot goes toward 100%
upon numerical expansion.

Solid expansion and contraction method. The solid expansion method described above provides
an intuitive evaluation of the size distribution of the pore throats. However, we realize that the quan-
titativeness of this method is questionable because the accumulative volume of those surface voxels is
considerable comparing to the total volume of the void space within the sample due to the complexity
of the pore structure. For predicting the pressure curve quantitatively, we present here an improved
approach in which selected numerical solid contraction is performed, in addition to the solid expansion
described above, to overcome the problem discussed above.

As schematically shown in Fig. 4a,b, the solid expansion of voxel layer(s) is/are followed by the same
amount (same amount of voxel layer(s)) of solid contraction, but, over the largest connected pore (the
main pore). The detailed description of the solid expansion/contraction algorithm can be found in the
supplementary information. By doing this, the amount of surface-caused volume loss in our numerical
approach is compensated. This procedure is conducted iteratively on the largest connected pore to quan-
titatively calculate the saturation percentage (the normalized accessible pore volume, S) versus the pore
throat radius (r) as shown in Fig. 4c, and the corresponding derivative data shown in Fig. 4d. It is useful
to mention that it takes less than a minute to complete this calculation for a volume of 500 x 500 x 500
voxels using a standalone workstation with 64 GB of ram and 12 processors.

Comparison with the traditional method. As described in the section above, the capillary pressure
curve can be generated by the calculation following the definition (dS/d (log(r)) versus r, where S is the
saturation volume and r is the pore through size), as shown in Fig. 5a. For better evaluation of the pro-
posed method, we compare our result with the experimentally measured capillary pressure curves on a
few sandstone cylinders of the same kind, which are studied using the conventional mercury intrusion
method® (Fig. 5a).
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Figure 4. Schematic illustration of the quantitative evaluation of the pore structure using the proposed
solid expansion and contraction method is shown in panels (a) and (b). Panel (c) shows the plot of the
normalized accessible pore volume (the saturation percentage) versus the pore throat. The differential plot
of panel (c) is shown in panel (d). The error bar is determined by analyzing the standard deviation of the
experimental data from the tomographic measurement of different areas of the sample.
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Figure 5. Panel (a): The comparison of the capillary pressure curves generated by the solid expansion and
contraction method (the black curve with the error bar indicated in red) and by the mercury intrusion
experiments (the colored curves). Panels (b) and (c) illustrate the different methods used to calculate the
effective pore throat radius in the Young-Laplace approach and the solid expansion and contraction method
respectively.

In a Mercury intrusion experiment the mercury is progressively forced into the porous structure
under stringently controlled pressures. The required equilibrated pressure is directly related to the size
of the pores. From the pressure and the saturation volume, the pore size distributions (capillary pres-
sure curves) are generated using the Young-Laplace equation, in which the cylinder approximation is
included®.

In General, the curve generated using the solid expansion and contraction method shows the two
peaks of capillary pressure curves (Fig. 5a), which indicates that there are two types of pore throats in the
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Figure 6. A change of wetting angle translates into a shirt of the computed pore throat radius distribution
towards smaller radii. Given in blue is the curve computed form experiment 1 (Fig. 5) using a wetting angle
of 140 degree. The red curve uses the same experimental values, but employs a wetting angle of 115 degree
in the Laplace-Young equation. The values coming from the solid contraction and expansion method are
given in green.

specimens. These two types of pore throats are at different length scales (the primary pore throats at ~1
micron and the secondary pore throats at ~10 microns), which is in good agreement with the capillary
pressure curves generated from the mercury intrusion experiments. However, there is a considerable shift
(by a factor of ~2) of the second peak representing the secondary pore throats to smaller value.

This is likely caused by the difference in the ways pore throat size is calculated in these two methods.
As illustrated in Fig. 5b, the cylinder approximation in the Young-Laplace equation uses the circular
cross-section with comparable area to approximate the radius value, which could be significantly off in
reality because of the complexity in the pore morphology. On the other hand, the solid expansion and
contraction method (proposed in this work) takes the pore structure into consideration and yields the
radius value that relates to the narrowest part of the pore throat geometry (Fig. 5¢). In other words, the
cylinder approximation is likely to overestimate the effective pore throat radius, while the solid expansion
and contraction method may be a more reasonable alternative.

In addition to the cylinder approximation, further simplifying assumptions are made when using
the Laplace-Young equation to compute pore throat radii from capillary pressure measurements. First,
a surface tension value for mercury of 0.485Nm™" is generally used. According to Giesche, 2006%, this
value is widely accepted and not subject to significant variation at 25 degree C. Second, a contact angle of
140 degree is employed. As studies have shown, however, this value can vary by over 10 degrees even for
the same material**. Figure 6 shows that a wetting angle of 120 degree shifts the dS/log(dr) values (curve
expl from Fig. 5a) towards smaller pore throat radii, which can explain the difference between the new
Solid Expansion & contraction method and the Mercury Intrusion Porosimetry method.

Figure 7 compares the different capillary pressure curves measured by mercury intrusion (in color)
and computed by our new method (shown in black are the curves for our measurements). The curves
clearly overlap at high saturations, but diverge between 0.6 and 0.4. MIP measurements indicate a smooth
change in capillary pressure (indicative for a more heterogeneous pore throat distribution), while the
computed profile is rather flat with a steep increase in capillary pressure at a saturation of 0.37. Both
methods seem to converge at a similar value for the irreducible wetting phase saturation. Furthermore
the capillary measurements by MIP exhibit a kink at around 30 psi, which results from a manual change
in pressure chamber used for the mercury injection.

Another factor possibly contributing to the difference between the two methods lies in the segmenta-
tion procedure used for generating a binary image (pore versus rock phase) from the original grey-scale
micro CT image. A small shift in the threshold value distinguishing the two phases can lead to consid-
erable over-/underestimations of the size of pore space and therefore contribute to a noticeable error
particularly in the case of small pores and pore throats. This uncertainty together with the technical
error inherent in the method at the resolution limit of the micro CT imaging method can also cause the
difference in the results.
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Figure 7. Comparison of the capillary pressure curves as computed by mercury intrusion (colored
curves) and solid contraction and expansion method (black curves, the solid and the dotted curves are the
measurement over different sub-volumes of the sample).

Summary and conclusion

We developed a (numerical) surface expansion and contraction method to evaluate the pore sizes dis-
tribution of a porous structure using synchrotron based micro tomography data and demonstrated its
capability in predicting the capillary pressure curve of heterogeneous morphology. The proposed method
is simple, intuitionistic, and capable of providing pore throat radius distributions directly without any
approximation or complex calculation that required large computation time. Comparison of the pro-
posed method and the conventional experimental method shows reasonably good agreement. The origin
of difference in the result is also discussed.

The proposed method provides good understanding of the micro structure and macro behavior. It is
capable of predicting the macro behavior of the sample by analyzing the micro structure. The proposed
method can be applied directly to the morphological studies of heterogeneous systems in various research
fields, including Carbon Capture and Storage, Enhanced Oil Recovery, Environmental Remediation in
the vadose zone, Heterologous Catalysis and beyond. It is also important to mention that the numerical
method is independent to the imaging platforms. As a result, we expect this method to be extendable
and scalable for more complicated heterogeneous system at different length scales by using the imaging
results from different instruments as input to our method (especially with the developments of advanced
X-ray focusing optics*>*S that enables the X-ray microscopy at much finer length scales).

Methods

Synchrotron based micro-tomography experiments were performed at the beamline 2-BM-B of the
Advanced Photon Source at the Argonne National Laboratory. In this experiment, monochromatic X-rays
with energy of 31keV were used for imaging. The choice of X-ray energy is made with consideration of
the tradeoft between the penetration capability and the image contrast. On one hand, the requirement
of the representativeness has set the lower limit of the sample size and, thus, the lower limit of the X-ray
energy. On the other hand, X-rays at lower energy tend to provide better absorption contrast. We choose
X-rays at 31keV to ensure good quality (as evidenced by the well separated peaks in the histogram plot,
indicating good Signal to Noise ratio) of the imaging data over meaningful sample size. In general, phase
contrast, which is a routine imaging mode at synchrotron imaging facilities, can be utilized to further
alleviate the contrary requirements to x-ray energy from penetration and contrast considerations. The
objective lens employed provides a magnification of 2.5, resulting in a field of view (FOV) of 3 x 6 mm?
and spatial resolution of about 2.96 x 2.96 micron?. In a tomography scan, 1501 images were collected
over an angular range of 0°-~180°, which allows tomography reconstruction (using standard Filtered Back
Projection algorithm*, the FBP) with good quality. For sub-pixel accuracy in the numerical analysis (to
be presented in this paper), we perform bi-cubic interpolation of the data which results in a voxel size
of 1.88 x 1.88 x 1.88 micron®.

For better statistic, multiple samples were scanned in this study. More than 70 of the 3D matrixes (size
at 710 x 710 x 550 voxels; volume at ~6.5mm?’) were reconstructed using an in-house developed soft-
ware package known as TXM-Wizard*. The rendering of a typical 3D volume is presented in Fig. 1a. As
shown in Fig. 1a, the micro tomography image resolves the fine features in the scanned area and provides
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good image contrast for further analysis and segmentation of the solid phase versus the void space (the
pores), as indicated by the well separated peaks in the intensity histogram plot (Fig. 1b).

References

1.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.
40.

Stern, N. H. & Treasury, G. B. The Economics of Climate Change: The Stern Review. (Cambridge University Press, 2007).

2. Chu, S. & Majumdar, A. Opportunities and challenges for a sustainable energy future. Nature 488, 294-303 (2012).
3.
4. Perrin, J.-C. & Benson, S. An Experimental Study on the Influence of Sub-Core Scale Heterogeneities on CO2 Distribution in

Lackner, K. S. Climate change. A guide to CO2 sequestration. Science 300, 1677-1678 (2003).

Reservoir Rocks. Transport Porous Med. 82, 93-109 (2009).

. Wang, Y. et al. A High-Throughput X-ray Microtomography System at the Advanced Photon Source. Rev. Sci. Instrum. 72,
8; g ghp y graphy Sy

2062-2068 (2001).

. Mostaghimi, P, Bijeljic, B. & Blunt, M. Simulation of flow and dispersion on pore-space images. Paper presented at SPE Annual

Technical Conference and Exhibition, Florence, Italy. doi:10.2118/135261-MS (2010, September 19-22).

. Gunstensen, A. & Rothman, D. Lattice-Boltzmann studies of immiscible two-phase flow through porous media. J. Geophys. Res.

98, 6431-6441 (1993).

. O'Connor, R. M. & Fredrich, J. T. Microscale flow modelling in geologic materials. Phys. Chem. Earth Pt. A 24, 611-616 (1999).
. Pan, C,, Hilpert, M. & Miller, C. Lattice-Boltzmann simulation of two-phase flow in porous media. Water Resour. Res. 40,

WO01501 (2004).

Jin, G, Patzek, T. W. & Silin, D. B. Direct Prediction of the Absolute Permeability of Unconsolidated and Consolidated Reservoir
Rock. Paper presented at SPE Annual Technical Conference and Exhibition, Houston, Texas. doi:10.2118/90084-MS (2004,
September 26-29).

. Kang, Q, Lichtner, P. C. & Zhang, D. Lattice Boltzmann pore-scale model for multicomponent reactive transport in porous

media. J. Geophys. Res. B: Solid Earth 111, B05203 (2006).

Knackstedt, M. A. et al. Digital Core Laboratory: Properties of reservoir core derived from 3D images. Paper presented at SPE
Asia Pacific Conference on Integrated Modelling for Asset Management, Kuala Lumpur, Malaysia. doi: 10.2118/87009-MS (2004,
March 29-30).

Pan, C., Hilpert, M. & Miller, C. T. Pore-scale modeling of saturated permeabilities in random sphere packings. Phys. Rev. E 64,
066702 (2001).

Piller, M. et al. Analysis of hydraulic permeability in porous media: From high resolution x-ray tomography to direct numerical
simulation. Transport Porous Med. 80, 57-78 (2009).

d’Humiéres, D. & Ginzburg, 1. Viscosity independent numerical errors for Lattice Boltzmann models: From recurrence equations
to “magic” collision numbers. Comput. Math. Appl. 58, 823-840 (2009).

Noble, D. R., Chen, S., Georgiadis, ]. G. & Buckius, R. O. A consistent hydrodynamic boundary condition for the lattice
Boltzmann method. Phys. Fluids 7, 203 (1995).

Genabeek, O. van & Rothman, D. H. MACROSCOPIC MANIFESTATIONS OF MICROSCOPIC FLOWS THROUGH POROUS
MEDIA: Phenomenology from Simulation. Annu. Rev. Earth Planet. Sci. 24, 63-87 (1996).

Silin, D. B. & Patzek, T. W. Predicting Relative-Permeability Curves Directly From Rock Images. Paper presented at SPE Annual
Technical Conference and Exhibition, New Orleans, Louisiana. doi: 10.2118/124974-MS (2009, October 4-7).

Manwart, C., Aaltosalmi, U., Koponen, A., Hilfer, R. & Timonen, ]. Lattice-Boltzmann and finite-difference simulations for the
permeability for three-dimensional porous media. Phys. Rev. E 66, 016702 (2002).

Tartakovsky, A. M. & Meakin, P. A smoothed particle hydrodynamics model for miscible flow in three-dimensional fractures
and the two-dimensional Rayleigh-Taylor instability. J. Comput. Phys. 207, 610-624 (2005).

. Prodanovi¢, M. & Bryant, S. L. A level set method for determining critical curvatures for drainage and imbibition. J. Colloid

Interface Sci. 304, 442-458 (2006).

Hirt, C. W. & Nichols, B. D. Volume of fluid (VOF) method for the dynamics of free boundaries. . Comput. Phys. 39, 201-225
(1981).

Dinariev, O. Y. Description of a Flow of a Gas-Condensate Mixture in an Axisymmetric Capillary Tube by the Density-Functional
Method. J. Appl. Mech. Tech. Phys. 44, 84-89 (2003).

Qren, P-E., Bakke, S. & Arntzen, O. J. A Priori Prediction of Relative Permeability and Capillary Pressure from Pore-Scale
Modelling. Paper presented at the 9th European Symposium on Improved Oil Recovery, Hague, Netherlands. doi: 10.3997/2214-
4609.201406766 (1997, October 20-22).

Bakke, S. & Qren, P.-E. 3-D Pore-Scale Modelling of Sandstones and Flow Simulations in the Pore Networks. SPE J. 2, 136-149
(1997).

Qren, P. E. & Bakke, S. Reconstruction of Berea sandstone and pore-scale modelling of wettability effects. J. Petrol. Sci. Eng. 39,
177-199 (2003).

Blunt, M. J., Jackson, M. D., Piri, M. & Valvatne, P. H. Detailed physics, predictive capabilities and macroscopic consequences
for pore-network models of multiphase flow. Adv. Water Resour. 25, 1069-1089 (2002).

Valvatne, P. H. Predictive pore-scale modeling of two-phase flow in mixed wet media. Water Resour. Res. 40, W07406 (2004).
Al-Futaisi, A. Impact of wettability alteration on two-phase flow characteristics of sandstones: A quasi-static description. Water
Resour. Res. 39, 1042 (2003).

Lerdahl, T. R,, Oren, P.-E. & Bakke, S. A Predictive Network Model for Three-Phase Flow in Porous Media. Paper presented at
SPE/DOE Improved Oil Recovery Symposium, Tulsa, Oklahoma. doi: 10.2118/59311-MS (2000, April 3-5).

Piri, M. & Blunt, M. J. Three-dimensional mixed-wet random pore-scale network modeling of two- And three-phase flow in
porous media. I. Model description. Phys. Rev. E 71, 026301 (2005).

Piri, M. & Blunt, M. J. Three-dimensional mixed-wet random pore-scale network modeling of two- and three-phase flow in
porous media. II. Results. Phys. Rev. E 71, 26302 (2005).

Svirsky, D. S., van Dijke, M. L. J. & Sorbie, K. S. Prediction of Three-Phase Relative Permeabilities Using a Pore-Scale Network
Model Anchored to Two-Phase Data. SPE Reserv. Eval. Eng. 10, 527-538 (2013).

Blunt, M. J. et al. Pore-scale imaging and modelling. Adv. Water Resour. 51, 197-216 (2013).

Qren, P. E. & Bakke, S. Process based reconstruction of sandstones and prediction of transport properties. Transport Porous Med.
46, 311-343 (2002).

Lindquist, W. B. & Venkatarangan, A. Investigating 3D geometry of porous media from high resolution images. Phys. Chem.
Earth Pt. A 24, 593-599 (1999).

Lindquist, W. B., Venkatarangan, A., Dunsmuir, J. & Wong, T. Pore and throat size distributions measured from synchrotron
X-ray tomographic images of Fontainebleau sandstones. J. Geophys. Res. 105, 21509 (2000).

Silin, D. & Patzek, T. Pore space morphology analysis using maximal inscribed spheres. Physica A 371, 336-360 (2006).

Dong, H. & Blunt, M. J. Pore-network extraction from micro-computerized-tomography images. Phys. Rev. E 80, 036307 (2009).
Niemi, A. et al. Small-scale CO2 injection into a deep geological formation at Heletz, Israel. Energy Procedia 23, 504-511 (2012).

SCIENTIFIC REPORTS | 5:10635 | DOI: 10.1038/srep10635 8



www.nature.com/scientificreports/

41. Guan, Y. et al. The study of the reconstructed three-dimensional structure of a solid-oxide fuel-cell cathode by X-ray
nanotomography. J. Synchrotron Radiat. 17, 782-785 (2010).

42. Krause, M., Perrin, J.-C. & Benson, S. Modeling Permeability Distributions in a Sandstone Core for History Matching Coreflood
Experiments. SPE J. 16, 768-777 (2011).

43. Giesche, H. Mercury porosimetry: A general (practical) overview. Part. Part. Syst. Char. 23, 9-19 (2006).

44. Adamson, A. W. Physical chemistry of surfaces. (Wiley, 1990).

45. Chang, C. & Sakdinawat, A. Ultra-high aspect ratio high-resolution nanofabrication for hard X-ray diffractive optics. Nat.
Commun. 5, 4243 (2014).

46. Yan, H., Conley, R., Bouet, N. & Chu, Y. S. Hard x-ray nanofocusing by multilayer Laue lenses. J. Phys. D: Appl. Phys. 47, 263001
(2014).

47. Beylkin, G. Discrete radon transform. IEEE Trans. Acoust. 35, 162-172 (1987).

48. Liu, Y. et al. TXM-Wizard: a program for advanced data collection and evaluation in full-field transmission X-ray microscopy.
J. Synchrotron Radiat. 19, 281-287 (2012).

Acknowledgement

EY. and Y.L. would like to dedicate this work to the memory of Professor Ziyu Wu. Y.L. gratefully
thanks Dr. Joy C. Andrews and Dr. Piero Pianetta (SLAC) for valuable discussions. EEH. and S.M.B.
acknowledge the support from The Global Climate and Energy Project (GCEP) at Stanford. Portions
of this research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE)
Office of Science User Facility operated for the DOE Office of Science by Argonne National Laboratory
under Contract No. DE-AC02-06CH11357. Stanford Synchrotron Radiation Lightsource is a Directorate
of SLAC National Accelerator Laboratory and an Office of Science User Facility operated for the U.S.
Department of Energy Office of Science by Stanford University. Z.W. was supported by the Science
Fund for Creative Research Groups, NSFC (Grant Number: 11321503), the National Basic Research
Program of China (Grant Number: 2012CB825801), and the Knowledge Innovation Program of the
Chinese Academy of Sciences (Grant Number: KJCX2-YW-N42).

Author Contributions

Y.L., S.M.B. and M.ET. designed the project; EY., X.X. and Y.L. performed the synchrotron experiment;
EEH. performed the laboratory measurement; EY., EEH., Y.L. and Z.W. analyzed the data; EY. and EEH.
wrote the manuscript; all the authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yang, F. et al. Extraction of pore-morphology and capillary pressure curves
of porous media from synchrotron-based tomography data. Sci. Rep. 5, 10635; doi: 10.1038/srep10635
(2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10635 | DOI: 10.1038/srep10635 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Extraction of pore-morphology and capillary pressure curves of porous media from synchrotron-based tomography data
	Introduction
	Results and discussion
	The representativeness
	The solid expansion method
	Solid expansion and contraction method
	Comparison with the traditional method

	Summary and conclusion
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Extraction of pore-morphology and capillary pressure curves of porous media from synchrotron-based tomography data
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10635
            
         
          
             
                Feifei Yang
                Ferdinand F. Hingerl
                Xianghui Xiao
                Yijin Liu
                Ziyu Wu
                Sally M. Benson
                Michael F. Toney
            
         
          doi:10.1038/srep10635
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10635
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10635
            
         
      
       
          
          
          
             
                doi:10.1038/srep10635
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10635
            
         
          
          
      
       
       
          True
      
   




