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Abstract

Low permeability of coals has been a constant obstacle to economic production from coalbed
methane reservoirs, and liquid nitrogen treatment has been investigated as one of the
approaches to address this issue. This study thus examines cryogenic N> fracturing of a
bituminous coal at pore scale through 3D X-ray micro-computed tomography. For this purpose,
a cylindrical sample was immersed into liquid N2 for 60 minutes. The micro-CT results
obviously suggest that rapid freezing of the coal with liquid nitrogen generates fracture planes
with large apertures rooting from the pre-existing cleats in the rock. This treatment also
connected original cleats with originally isolated pores and micro-cleats, thereby increasing
pore network connectivity. Moreover, SEM imaging highlighted the appearance of continuous
wide conductive fractures with the maximum opening size of 9 um. Furthermore, Nano-
indentation technique was used to test the effect of liquid N2 on coal mechanical properties.
The indentation moduli decreased by up to 14%, which was attributed to the increase in the
cracked rock compressibility, thus considerable fracturing efficiency of the liquid N2
treatment. Therefore, through in-situ microscopic visualization and surface investigation, this

study quantified the pore structure and connectivity evolution of the rock based on the
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morphological alteration, and proved the promising effect of liquid N2 freezing on bituminous

coals fracturing, aiding coalbed methane production.

1. Introduction

The significance of coal seams as a reliable source of energy is now manifest to the oil and gas
industry. The global coalbed methane reserve has been estimated to exceed 8000 Tcf, and
during the recent decades, the extraction of this source of energy has experienced an upward
trend (Dong et al. 2012; Bahadori 2018). Production from these hydrocarbon resources is
currently the intention of gas producing companies, although owing to the unique structure of

coals, enhanced recovery is an inevitable stage in CBM exploitation.

Coals are fractured reservoirs in essence, and the cleat network plays the main role in the flow
of fluids. The bulk of the gas is stored in matrix blocks, and the storage mechanism in coals is
adsorption in such medium compared to compression in conventional reservoirs
(Bedrikovetsky et al. 2012). Therefore, the permeability of a CBM is substantially affected by
the permeability measure of cleat network (Seidle 2011). Accordingly, cleat permeability in
coals has been vastly regarded to as the most influential factor in the production of the reservoir
as well as economic evaluation of the field development (Shi and Durucan 2005; Connell et al.
2010; Pan et al. 2010; Pan and Connell 2012; Keshavarz et al. 2014; Keshavarz et al. 2016;

Akhondzadeh et al. 2018).

However, owing to typical low Young’s modulus of coals plus fracture mineralisation
phenomenon, the permeability of coals is originally low, especially in deeper seams and higher
rank coals (Rogers Rudy 2007). Furthermore, exclusive to coals, the permeability measure of
coal reservoirs at any time in the production profile is a function of effective stress as a result

of reservoir pressure drop, and matrix shrinkage as a result of gas desorption (Harpalani and



Chen 1995; Siriwardane et al. 2009). Therefore, techniques to increase the coal permeability

have placed in the lime light of gas producers from coal seams.

Accordingly, in order to increase the chance of having a promising fluid flow rate in CBM
exploitation, the fracture network is to be stimulated, being viable through inducing new
fractures. This application has been implemented for decades through hydraulic fracturing
(HF), which is basically injecting water to the reservoirs with pressures higher than the rock’s
breaking pressure. Although proved to be an efficient application, HF has its drawbacks in
some cases, including technical or environmental obstacles, rendering some projects
unsuccessful (Bahrami et al. 2012; Aguilera et al. 2014; Boudet et al. 2014). Li et al. (2015)
suggested that although HF could result in a large-scale fracturing, clay swelling and huge
water consumption would remain the issues (Li et al. 2016). In terms of environmentally
friendly practices, due to generation of a large amount of contaminated water, application of
this technology has been strictly banned by some states in the U.S. and a number of European
countries (Nicot and Scanlon 2012; Middleton et al. 2015). The mentioned factors have drawn
the attention of unconventional gas producers and researchers to anhydrous fracturing
approaches such as using liquid nitrogen as the fracturing fluid (Cai et al. 2014b; Cha et al.

2014).

Liquid nitrogen (LN2) injection has considerable benefits compared to injecting nitrogen in
gaseous phase with the aim of fracturing the rock. LN boiling point is at -196 °C at atmospheric
pressure, and such vaporization generates the latent heat of 5.56 kJ/mol, that in turn result in
an expansion of this gas to 696 times in the form of gas at 21 °C. Moreover, in water-bearing
coals, the freezing of water provides another source of energy to fracture the rock (Qin et al.
2018). Therefore, the feasibility and efficiency of LN fracturing has been the matter or

research recently.



Reporting the results of five field applications, Mc.Danial et al. (1997) suggested that for
formations with a medium depth, LN fracturing using the thermal shock is possible, and such
application does not damage the pipes, specially the casing. They put forward that the extent
of shrinkage in coals plus their low thermal conductivity, generates fractures and micro-
fractures with a perpendicular angle to the original fractures (McDaniel et al. 1997).
Grundmann et al. (1998) injected liquid nitrogen into a shale reservoir, and reported that such
approach is able to successfully increase the fractures via exceeding the rock’s thermal tensile
strength, although no adequate post-treatment flow results were reported (Grundmann et al.

1998).

Through subjecting three different types of rock, in dried and saturated states, to liquid
nitrogen, Cai et al. (2014) suggested that pore structure is enhanced in general due to the
thermal shock, and more importantly, the generated fractures make a considerable contribution
to the effective porosity of the rock, because the micro-cracks branches from the pre-existing
fractures (Cai et al. 2014b). Later in 2014, Cai et al. compared the fracturing capability of liquid
nitrogen in a sandstone rock and a coal medium. They concluded that using liquid nitrogen as
the hydraulic fracturing fluid is more promising in coals compared to sandstones. They also
observed that when subjected to liquid nitrogen, the mechanical strength of the coal decreased,

and the damage was positively correlated to water saturation. (Cai et al. 2014a)

Cai et al. (2015) submerged some dry coal samples in LN2. While they observed surface cracks
along the macro-fractures, the experiments revealed an increase of up to 34% and 93% in the
compressive strength and permeability of treated samples, respectively (Cai et al. 2015).
Conducting uniaxial compression tests and SEM, and investigating energy evaluation laws for
dry coal samples treated with LN2, Cai et al. (2016) observed micro-fractures in the rock (Cai
et al. 2016). A new fracturing process, taking advantage of in-situ liquid nitrogen gasification,

was introduced by Li et al (Li et al. 2016).



Shi et al. (2017) examined LN fracturing effect on mechanical properties alteration and pore
structure evolution for several rocks. They observed that the Young’s modulus and unconfined
compressive strength of the coal samples reduced considerably, suggesting a considerable
fracturing capability of liquid nitrogen in such medium (Shi et al. 2017). Qin et al. (2018)
explored the potential of freeze-thaw cycling of LN2 application in increasing the permeability
and porosity of coals. They discussed that treating the rock with LN2 for one hour would
generate fractures with the maximum aperture of 100 um, and such long freezing duration
contributes to a larger number of cross-linked-fractures, thereby increasing the apparent

permeability (Qin et al. 2018).

While the mentioned studies have presented some noticeable information in LN fracturing of
rocks, the coal stimulation through such method yet requires better understanding to be
practically encouraging. Therefore, any approach providing more detailed results would be a

boon in this new research field, especially through 3D analysis.

Due to providing an illustrative 3-dimentional picture, Micro-Computed Tomography (micro-
CT) has been relied on as a significant means of evaluating rocks in several processes, and has
been used in coal studies as well (Iglauer and Lebedev 2017). Zhang et al. (2016) used micro-
CT coupled with Scanning Electron Microscopy (SEM) in an attempt to explore the effect of
water adsorption-related swelling of coal on the porosity and permeability reduction of the rock
(Zhang et al. 2016). Zhang et al. (2017) investigated the fracturing mechanisms associated with
supercritical CO; injection in a coal rock, using micro-CT and Nano-indentation experiments
(Zhang et al. 2017). The effect of water adsorption on the mechanical properties alteration in
coals was also investigated in a study by Zhang et al. (2018), in which micro-CT along with
SEM and Nano-indentation tests were the means of evaluation (Zhang et al. 2018b). Micro-CT
also benefitted a study aimed at characterizing the microstructure of a sub-bituminous coal
applied by Zhang et al. (2018) (Zhang et al. 2018a). Karimpouli et al. (2017) combined micro-
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CT images with a particular algorithm in order to more reliably reconstruct the heterogeneities

and cleat network inside coal rocks (Karimpouli et al. 2017).

This paper is thus aimed at visualizing the morphological alteration of a bituminous coal rock
in liquid nitrogen treatment through micro-CT imaging, and quantitatively analysing the data
to measure the induced fractures and damages to the rock as the result of the treatment. The
results of the micro-CT section would be then compared to scanning electron microscopy and
Nano-indentation tests, to investigate the effect of this approach from different aspects, and

verify the results.

2. Methodology

2.1 Coal sample preparation process

The rock used in this study was a bituminous coal buried in Morgantown, U.S., which was
provided by Ward's Natural Science, USA, in the shape of chunk. The fixed carbon content of
the coal is 88.7% and its volatile matter is 4.8%, and the mineral content composes of quartz,
carbonate, clays and pyrite. The coal analysis was performed by Bureau Veritas - Minerals Pty
Ltd, Australia. The coal block was drilled by a diamond coring bit with the internal diameter
of 5 mm. The cylindrical sample was then polished on the both bases by 400 and 1200 grit
sandpapers, sequentially. To provide a true cylindrical sample (in bases), we used a cuboid-
shaped glass, and drilled a hole with the sample diameter, and put the coal sample inside the
hole during polishing. The sample length following to the process was 10 mm. Such
preparation of the sample guarantees reliable results in the experiments accomplished in this

study. The process is illustrated in fig. 1.



2.2. Experimental procedure

To examine the fracturing potential of LN2 on the rock, the coal was investigated through all
the analysis before and after freezing. Preceding to start the tests, the prepared sample was
vacuum dried at 60 °C for 4 hours in an oven. The sample was then X-ray scanned with micro-
computed tomography (Xradia Versa-XRM) at a resolution providing the voxel size of 1.37

pum?,

Afterwards, the sample was scanned in a Hitachi SU3500 Scanning Electron Microscopy
machine to acquire a base of comparison for post-treatment SEM images. The images, being
from both the bases and the side of the cylindrical sample, were qualitatively compared, and
for quantification purpose of the fractures’ aperture size, ImageJ program was used. As the last
pre-treatment test, the coal mechanical properties were examined at ambient condition (24 °C)
through an Ultra Micro Indentation System (UMIS), for which a Berkovich Nano-indenter was
selected. The considered grid network (measure point array) was 4x4 in the Nano-indentation
test with 200 um spacing between each two adjacent indentation points, hence an area coverage
of 0.8x0.8 mm2. In this test, two tests with maximum forces of 10 mN and 35 mN were
performed with 10 unloading points. The selected output of this test was Indentation modulus,
the data of which was exported to IBM SPSS 25 statistics software for further data analysis.
The Nano-indentation technique is described elaborately in (Zhang et al. 2018b). The sample
was then submerged in liquid nitrogen for 60 minutes, whereas the treatment carried out in
room temperature (24 °C). A cryogenic container with the height of 40 cm was filled with LN>
up to 30 cm, and obviously no noticeable change was observed in the height following the one
hour. Subsequently the sample was tested through all the mentioned experiments to get the

results the results for the treated rock.



2.3 Digital image analysis

The acquired 2D images through micro-CT tests were reconstructed to shape the 3D image of
the scanned volume of the coal sample. The software used for image analysis was Thermo
Scientific Amira-Avizo version 11.3.0. As the noise reduction technique, median filter with 3D
interpretation was applied in the reconstructed volume. Median filter is a non-linear digital
filtering method, which is considered to preserve the edges during noise reduction. Median
filter is commonly applied as the pre-processing consideration for boosting the quality of image
analysis methods such as segmentation and edge detection (Lore 2018). Subsequently, the
watershed segmentation technique was applied to shape the four phases existing in the
reconstructed images: exterior (the area around the sample cylinder), void space, organic
matrix and mineral, in ascending order of colour intensity. Following to the segmentation, each
of the defined phases consists of a number of different sized particles, based on which the
quantitative data analysis is formed. It should also be mentioned that to have a better
visualization on the segmented phases, a threshold (10° mm?) was defined for the volume of
all phases, below which no particles was shown. Please note that each particle is defined as one
or a combination of voxels (pixel in 3D) that are surrounded by other phases, or in other words

disjoint regions.

3. Results and discussion
3.1 Micro-Computed Tomography results

The segmentation process with watershed algorithm desirably distinguished the four defined
phases in the 1.37 um? voxel size micro-CT images of pre- and post-treatment with LN, as

seen in Fig. 2 for a 2D cross section of the pre-treatment image.



Additionally, Fig. 3 illustrates a cross section of the original and treated digital rock. In order
to conduct a reliable comparison, it was attempted to locate the same cross section in the
reconstructed digital rocks of pre- and post-treatment images. Comparing the two top images
(pre-treatment) with the below ones (post-treatment) in Fig. 3, reveals the promising efficiency
of cryogenic liquid nitrogen to induce fracture in the treated rock. While the original rock did
not contain any fractures with an opening larger than 10 um was seen in the original rock, the
largest fracture aperture size was observed to be 13 um in the frozen sample. Additionally,
another feature observed in this figure is that the induced fractures are interconnected to the
pre-existing cleats, hence enhancing the apparent permeability of the rock, a phenomenon

which would be further discussed in the 3D analysis section below.

The 3D analysis of the micro-CT images further reveals the efficiency of LN> fracturing. At
first, the 3D images of the matrix phase in the rock in both before and after freezing states are
to be discussed. The post-treatment image of the matrix phase of the digital rock highlights a
new fracture, the extent of which is not clear on this image, as marked on Fig. 4. In order to
visualize the extent of this fracture, the 3D phase of the pore distribution in the digital rocks

should be evaluated.

Fig. 5 illustrates the volume of minerals and pore space for the original and the treated rock.
Please note that the mentioned volume threshold filter (10> mm?d) is applied in this figure in
order to get a better visualization on the cleat network and mineralization. These images prove
the promising fracturing potential of liquid nitrogen approach through 3D analysis. While no
noticeable fracture has appeared in the mineral phase after freezing, a considerable evolution

is seen in the pore space of post-treatment. It is of a great importance to mention that the



fracture marked | on the post-treatment images is not a totally newly-induced crack that has
happened due to the treatment. This volume is made up of isolated pores and fractures that are
now connected to the cleat network plus some new fractures. The reason it is being seen in this
figure is that the interconnection of those volumes to the cleat network has pushed their volume
size over the threshold, thus their appearance here. However, the fracture marked Il in the post-
treatment images of Fig. 5 is a totally new fracture, which is clearly rooted in the original cleats.
Interestingly, this fracture is the one marked | in Fig.4. Therefore, not only LN2 fracturing
induce new fractures, but also interconnects previously isolated pores and fractures with the

original cleat network.

3.2 Scanning Electron Microscopy

Apart from the in-situ 3D morphological alteration analysis of the coal rock through micro-CT
scan, the effect of cryogenic liquid nitrogen on the surface of the rock was also investigated.
This investigation was performed at the bases and along the side of the sample, in pre-treatment
and post-treatment states, as shown in Fig.6. Whereas no noticeable fracture is seen in the SEM
images of the pre-treatment in the sample base and sides, the maximum fracture opening
subsequent to the freezing was 9 um, and fractures appeared in both bases and the sides, thus
a new broad fracture network inside the whole rock, as verified by micro-CT results. Moreover,
another critical feature of the post-treatment images is how the new fractures are thoroughgoing
and generate a network, as seen in Fig. 6 (b). Therefore, SEM images are in consistency with
the results of micro-CT, suggesting a considerable fracturing potential of this approach in

bituminous coals.

10



3.3 Mechanical properties measurement through Nano-indentation

Mechanical properties examination of a fractured rock, could provide a further proof to the
efficiency of the fracturing technique. Therefore, in this study, we used Nano-indentation to
explore the damage occurs in a coal through liquid nitrogen fracturing. The results revealed

that liquid nitrogen fracturing of the coal rock damages the rock inside.

Fig. 7 and Table 1 suggest that the indentation modulus (and in turn Young’s modulus) of the
coal though 10 mN and 35 mN indentation forces decreased by 5.1% and 14.4%, respectively.
This reduction in the strength of the rock against an applied force is in line with the other

findings of this study, because a fractured rock has a less strength and Young’s modulus.

4. Conclusion

This study investigated the efficiency of liquid nitrogen fracturing of a bituminous coal through

a 3D analysis. The over results are as follows:

Micro-CT results provide a visual understanding of the mechanism associated with liquid
nitrogen fracturing. The 3D analysis suggests that not only this treatment generates new
fractures in the rock (which are mostly rooted in the original fractures), but also interconnects

the isolated pores and fractures with the original cleat network.

Moreover, the results of scanning electron microscopy provided evidence of the effect of liquid
nitrogen fracturing on the surface of a coal rock. The images highlighted appearance of

thoroughgoing fractures with the maximum opening size of 9 um.

Finally, the mechanical properties analysis through Nano-indentation model verified the other

findings of this study. The indentation modulus (which has a direct relationship with Young’s
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modulus) decreased by up to 14.4%. Such considerable reduction reveals the existence of

considerably extended new fractures inside the rock.
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Fig. 1. Polishing process and the coal sample
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Fig. 2. Watershed segmentation of a 2D slice in the pre-treated rock: raw image (left) and
segmented image (right). Light blue: exterior (the area around the rock), dark blue: pore, red:

matrix and yellow: minerals.
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Fig. 3. A selected 2D slice of the rock: pre-treated raw (a) pre-treated segmented (b) post-
treated raw (c) and post-treatment treated (d). Light blue: exterior, dark blue: pore, red: matrix
and yellow: minerals.
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Fig. 4. Organic matrix phase of the coal before (left) and after treatment

21



Fig. 5. Mineral and pore volume illustration of the digital rocks: pre-treatment (left) and post-

treatment (right). Blue: void space and yellow: mineral phase.
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Fig. 6. SEM images of the coal sample: before freezing base (a) after freezing base (b) before

freezing sides (c) and after freezing sides (d)
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Fig. 7. Mechanical properties measurement by Nano-indentation technique: 10 mN pre-

treatment (a) 10 mN post-treatment (b) 35 mN pre-treatment (c) 35 mN post-treatment (d)
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Table 1. The summarized results of the Nano-indentation tests

Mean indentation modulus (Gpa)

Indentation modulus

Intentation Force | Original rock Treated rock reduction rate
10 mN 7.04 6.68 5.1%
35mN 5.98 5.12 14.4%
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