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Abstract: Cryogenic fracturing has been explored in recent years as a waterless fracturing method
for well stimulation to avoid issues encountered in water-based hydraulic fracturing. Cryogenic
stimulation using liquid nitrogen applies large thermal gradients on reservoir rocks to induce fractures.
This study investigates the initiation and proliferation of cryogenic fractures from boreholes under
external stress on specimens. We flowed liquid nitrogen through boreholes drilled through the
center of transparent PMMA cylinders under uniaxial stress and monitored fracture proliferation,
temperatures, and borehole pressures. Our results show that the effect of stress resembles that of
hydraulic fractures such that fractures propagate more in the direction of the stress. Under loading
perpendicular to the borehole axis, a cloud of annular and longitudinal fractures extends more in the
direction of loading. Under loading parallel to the borehole axis, longitudinal fractures dominate, and
annular fractures become more suppressed and more sparsely distributed than those of unconfined
specimens. Even if fractures are driven to initiate against the influence of stress, such as those from a
boundary edge of a high stress concentration, they gradually deflect in the direction of stress, similar
to hydraulic fractures from perforation holes that curve toward a direction perpendicular to the

minimum stress direction.

Keywords: cryogenic fracturing; thermal fracture; fracture propagation; liquid nitrogen; thermal
shock; thermal stress; hydraulic fracturing; well stimulation; unconventional reservoir; hot dry rock;
enhanced geothermal system

1. Introduction

To increase hydrocarbon mobility in low-permeability reservoirs, most wells are
completed with well stimulations. Multistage hydraulic fracturing in horizontally drilled
wells has been the most popular method for well stimulation. The large amount of water-
based fracturing fluid in hydraulic fracturing, however, creates water-related problems such
as potential impacts on the environment and groundwater, formation damage resulting
from capillary retention and clay swelling, and the high level of consumption of freshwater,
placing demands on local water supplies. Consequently, to avoid or minimize these water-
related issues, the research and development into waterless or reduced-water fracturing
methods have been active in recent years [1-5]. Cryogenic fracturing has been researched
as a potentially effective waterless fracturing method.

In cryogenic fracturing, a cryogen, typically liquid nitrogen (LN), is applied on a
much warmer rock under downhole conditions, exerting a very large thermal gradient and
thermal stresses on reservoir formation to initiate and propagate fractures [6]. Laboratory
and numerical studies have been conducted to understand cryogenic fracturing and its
implications for the field [7]. Cryogenic treatments increase the pore size in saturated
sandstone and expand micro-fissures resulting from thermal stress and frost force [8]. The
shale pore structure undergoes significant alteration after freeze-thaw cycles, and some
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micro-pores are aggregated to form micro- and macro-cracks [9]. LN cooling increases
permeability [10-12], although it is less effective on sandstone than on other sedimentary
rocks [13,14]. Conductive cracks, the size and number of which increase with the initial
temperature, are also generated on the surface and near the wellbore of shale [10,15]. After
LN treatment, the strength and brittleness of shale decline, which reduces the initiation
and propagation pressure of reservoir stimulation [9,16,17].

Nevertheless, we still do not understand how cryogenic fractures initiate and prolifer-
ate from boreholes over time. Consequently, Cha et al. [18] studied the process of cryogenic
fracture proliferation from wellbores of transparent PMMA samples under no external
confining stress. They revealed that annular fracture, longitudinal fracture, and exclusion
distance are unique patterns of cryogenic fractures in the early stage. In addition, while
cryogenic stimulation produces tortuous fractures, higher borehole pressure promotes
straighter growth. Cha et al. [18], however, did not apply external stress to the specimens.

Therefore, in this follow-up study, we investigated the proliferation of cryogenic
fractures from boreholes under external stress. For comparison, we applied two uniaxial
loading schemes: (1) loading perpendicular to the borehole axis and (2) loading parallel
to the borehole axis. Like Cha et al. [18], this study focused on pure thermal shock with
negligible borehole hydraulic loading during the coolant flow. We flowed LN through
boreholes drilled through the center of transparent PMMA blocks to visualize fracture
initiation and propagation. Fracture propagation, temperature, and borehole pressure were
recorded during the flow to assess cryogenic fracturing processes and behaviors.

2. Laboratory Study
2.1. Devices and Procedure

LN was supplied from a Dewar and transported through a vacuum-jacketed hose to
the specimen and injected into the borehole and then directed to an outlet (Figure 1). This
configuration allowed liquid nitrogen (LN) to be continuously flushed, which maximized
thermal shock and the thermal gradient on borehole walls and thus cooled the rock around
the borehole as rapidly as possible. For the flow of LN through the borehole, we applied a
coaxial flow design in which LN entered the borehole through the central smaller-diameter
inlet tubing (blue tubing and arrow—Figure 1a), which passed through a larger-size cross-
shaped fitting. Warmed nitrogen exited through the annulus between the inlet tubing
and the casing, and then through the space in the cross-shaped fitting (orange arrows—
Figure 1a). Cryogenic fracturing was carried out via pure thermal shock; the pressure
inside the boreholes was less than 50 kPa during the LN flow. A small diameter (30 AWG)
of T-type thermocouple wires (TT-T-30 from Omega Engineering, Norwalk, CT, USA) was
selected for fast thermal responses (<0.1 s) and access to the borehole. More information
about the equipment and measurements appears in Cha et al. [19] and Lu and Cha [20].

Uniaxial loading schemes include (1) loading perpendicular to the borehole axis and
(2) loading parallel to the borehole axis (Figure 1 and Table 1). Loading perpendicular to
the borehole axis was attained via vertical stress on a horizontal well, in which a loading
was applied along a strip due to the cylindrical shape of the specimens used in this study
(Figure 1b). The loading parallel to the borehole axis was achieved using vertical stress on a
vertical well, in which case, uniform stress was applied over the whole end faces (Figure 1c).
Unlike triaxial loading, uniaxial loading enabled real-time visual monitoring because the
sides perpendicular to the other two axes were exposed. Teflon sheets placed between the
specimen and loading platens uniformly distributed the loading and minimized friction.

2.2. Specimens

We conducted the experiments in poly(methyl methacrylate) (PMMA), a transparent,
thermoplastic polymer, with the advantage being that one could visually observe fracture
proliferation. Researchers have used PMMA for hydraulic fracturing tests because of
its known properties and proximity to shale in terms of certain mechanical properties,
including fracture toughness and brittleness [21-23]. Table 2 summarizes the mechanical
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and thermal properties of PMMA at both room temperature and cryogenic temperature, for
it exhibits temperature-dependent properties. We used three cylindrical PMMA specimens,
the outer sizes of which were 10.2 cm in diameter, and embedded the casing in the borehole
to a depth of 4.45 cm in all three cases. The full dimensions of each specimen and its
borehole are provided in detail in Figure 2. The stress conditions applied to each specimen
and roughness conditions are listed in Table 1.

(a) Pressure
" sensor
”PR,Y)“ L5 valve i
Outlet
Dewar
Casing
Uniform stress
(c)
LN 1 Inlet tube
Specimen
Figure 1. Experimental setup for the cryogenic stimulation of specimens under stress. (a) Overall
setup without the loading device. (b) Vertical stress on the horizontal well (i.e., stress perpendicular
to the borehole axis). (c) Vertical stress on the vertical well (i.e., stress parallel to the borehole axis).
Table 1. Conditions of externally applied stresses and roughness of borehole surfaces.
Stress Direction Stress Magnitude Borehole Surface
. 101 kPa (average)
Specimen A to tlﬁ;e;iec})rrl;iﬁgllia;xis 191 kPa (peak) Rough
(P =2.35KkN)
. Parallel
Specimen B to the borehole axis 6.9 MPa Rough
. Parallel Rough (upper part)
Specimen C to the borehole axis 3.45 MPa Smooth (lower part)
Table 2. Properties of liquid nitrogen and PMMA (Updated from Cha et al. [18]). Properties of shale,
gas nitrogen, and water are shown for comparison.
Properties PMMA @ PMMA (Low-T) ® Shale ©
Density (g/cm?) 1.18-1.19 - 2.39
Unconfined compressive strength (MPa) 90-120 250 (—40 °C) 54.6
Tensile strength (MPa) 55-76 100-110 (—40 °C) 8.48 (Splitting)
Static Young’s modulus (GPa) 24-3.3 5.1 (—173°C) 414
Surface energy (dyn/cm) 41 - 46.6
Fracture toughness Kjc (MPa-m?3) ~1.5 0.59-0.96 (—80 °C) 1.5
Poisson’s ratio 0.35-0.4 - 0.27
Specific heat capacity (J/(kg-K)) 1450 450 (—196 °C) 990
Thermal conductivity (W/(m-K)) 0.18-0.19 0.14 (—196 °C)

Linear thermal expansion coeff. (K~1) (60-80) x 107° 26 x 1070 (=196 °C) 11 x 1076
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Table 2. Cont.

Liquid nitrogen @ Gas nitrogen © Water ©
Viscosity (cP) 0.158 1.76 x 1072 1.002
Density (g/mL) 0.807 0.0012 0.998
Surface tension (dyn/cm) (against air) 8.85 - 72.8
Specific heat (k] / (kg-K)) 2.04 1.04 418
Thermal conductivity (W/(m-K)) 0.140 0.025 0.591

@ At20°C and 1 atm. From manufacturers except the surface energy [24] and fracture toughness [25]. ® At low
temperatures [26-30]. © At 20 °C and 1 atm. Niobrara shale data from Cha et al., 2018 [17], except the surface
energy [31] and fracture toughness [32] for Barnett shale. @ At —196 °C (77 K) and 1 atm. © At 20 °C and 1 atm.

D=10cm D=10cm
A A + \ N * i —
Casing Casing
4.45¢cm 4.45¢cm h
y_ v
Borehole ¢
Borehole =14 cm
=19.3cm
H=
18.4cm
H= v
23cm
h y v
=1.3cm
\4
(a) Specimen A (b) Specimen B (c) Specimen C

Figure 2. Dimensions of PMMA specimens and placement of the stainless-steel casings and inlet
tubes.

3. Results and Interpretations
3.1. Temperature and Pressure

With the introduction of LN, the borehole temperatures of the specimens dropped
rapidly and reached the boiling point of nitrogen in 3.14 min for Specimen A, 3.32 min for
Specimen B, and 2.4 s for Specimen C (Location 1 and 2 of Figure 3). The temperature at the
outer surfaces, however, remained high, above 0 °C, and also depended on their proximity
to the cracks, resulting from the entrance of LN into the crack apertures (Location 3, 4, and
5 of Figure 3). As Location 5 was the farthest from the cracks, the temperature remained
the highest. When the LN flow stopped, the temperature at Location 4 recovered because
the LN evaporated from the apertures of adjacent cracks, so the area began to warm up.
At Location 3, however, the temperature continued to decrease because of its proximity to
the region of higher crack density and the steel loading block, the temperature of which
was low due to contact with the flow tubing and leaked LN. This temperature distribution
demonstrates the effect of the presence of cracks on temperature propagation. During the
flows, the AT between the borehole surface and the outer surface remained above 200 K,
creating an average thermal gradient between the borehole and the outer surfaces of about
46.0 K/cm.
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Figure 3. Typical data of the temperature evolution at various locations during the flow of LN
(Specimen C). The colored dots in the left figure show the locations of temperature sensors.

As LN was directly transferred from the Dewar to the borehole, the pressure inside
the borehole remained closely associated with the pressure inside the Dewar. The pressure
measured at the borehole fell in the range of 90-100 kPa for Specimen A, 20-80 kPa for
Specimen B, and 30-60 kPa for Specimen C (Figure 4a). Unlike Specimen A, Specimen
B and C had leakage, which reduced the borehole pressure. In fact, because of excessive
leaking, we terminated the experiment for Specimen C.
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Figure 4. (a) Typical borehole pressure and (b) vertical stress responses controlled by the oil pres-
sure of the hydraulic actuator, indicating the shrinkage of the specimen during the flow of LN
(Specimen C).

Global, longitudinal contractions of specimens were indicated by pressure responses
of the hydraulic system (Figure 4b). That is, when the specimen was cooled down, the
specimen shrank and the pistons in contact with the specimen decompressed, which
decreased the hydraulic pressure. In Figure 4b, each jump represents a manual adjustment
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that made up for pressure decay in the hydraulic lines to maintain the vertical stress at
around 3.45 MPa.

3.2. Fracture Propagation

Behaviors observed in unconfined specimens still held under uniaxial stresses. Frac-
tures started orthogonally from the borehole surfaces, and initial cracks developed primar-
ily in two patterns—fractures perpendicular to the borehole axis (annular fractures) and
fractures parallel to the borehole axis (longitudinal fractures)—which were governed by
simple pre-crack stress components: circumferential thermal contraction and longitudinal
thermal contraction. While the fractures initiated from the borehole perpendicular to the
borehole surface, they soon curved one way or another. Fracture growth was characterized
by abrupt starts and stops, and as the fracture propagated outward, the growth appeared
to be more continuous.

Specimens A, B, and C took 1.83 min, 2.17 min, and 0.5 min, respectively, for the initial
cracks to emerge after the initial flow. The average speeds of radial fracture propagation
were quantified from time-lapse photos using the longest cracks. The average speeds of
fracture propagation in the radial direction were 6.4 mm/min for Specimen A, 7.9 mm/min
for Specimen B, and 5.7 mm/min for Specimen C. As Specimen C had a major fracture
with consistent curvature, its lengthwise crack speed was 7.1 mm/min. These crack speeds
were slightly faster compared to those in the unconfined test [18]. As fractures propagate
radially, the fracture propagation rate tends to decrease.

3.3. Effect of Stress
3.3.1. Loading Perpendicular to the Borehole Axis (Specimen A)

Annular fractures emerged slightly earlier than longitudinal fractures and at a quasi-
equal distance (final distance between the fractures ~ 2.5 cm) (Figures 5 and 6). Longitudi-
nal fractures followed about 15 s after and tended to initiate mainly from the top (ceiling)
and bottom parts of the borehole, oriented vertically, which was the effect of externally
applied stresses.

Loading Y4y ¥V ¥y i i i iy iiiivvvy

S

Lo sl -

" Vv vy

Longitudinal crack (parallel to borehole axis)

Crack development

Figure 5. Selected steps of crack development in Specimen A.
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Front

Top

Back

Bottom

Figure 6. Crack view from the four sides after completing the experiment on Specimen A.

Although silicone pads were placed to distribute the load a bit, the configuration,
not including the borehole, resembled Brazilian tests (Figures 1c and 7a). In Brazilian test
loading, compressive stress occurs along the loading direction within the specimen, while
tensile stress occurred perpendicular to the loading direction, which is a favorable stress
distribution for vertical crack initiation and propagation. Figure 7b shows that the axial
loading created the compressive stress of 191 kPa on the horizontal plane at the center
of the disk and the tensile stress of —64 kPa on the vertical plane. Although the tensile
stress was far below the tensile strength 65 MPa of PMMA (Table 2), it still contributed
to preferential fracture propagation along the direction of the loading axis by creating a
relative difference between the stresses of the two directions.

(@)

Load
distribution

Figure 7. (a) Schematic of the approximate radial extent of fractures observed in Specimen A (cross-
sectional view). (b) Stress distribution within a cylindrical specimen under Brazilian-test-type
loading.

Overall, both annular and longitudinal fractures extended more in the direction of the
loading (Figures 6 and 7a). The likely explanation for why the fractures did not propagate
all the way to the end was the sharply increasing compressive stress near both ends
(Figures 6 and 7).
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Following the initiation of the annular fractures, longitudinal cracks initiated from
and/or formed between the annular fractures, as pre-existing defects (i.e., annular fractures)
act as stress concentrators (Figure 5).

3.3.2. Loading Parallel to the Borehole Axis (Specimen B)

For Specimen B, vertical stress of 6.9 MPa was applied on the vertical borehole
(Table 1). Longitudinal fractures appeared first, and then, after about 50 s (which is signifi-
cant), annular fractures followed. Longitudinal fractures remained dominant throughout
the stimulation, and the annular fractures in Specimen B were more suppressed and more
sparsely distributed (final distance between the fractures ~ 3.5 cm) than those in Specimen
A (Figure 8). After all, unlike in an unconfined borehole, in which cooling immediately
creates tension longitudinally and circumferentially, the wall of the vertical borehole was
initially under compressive stress longitudinally due to the external loading. With con-
tinued LN flow, cooling reduced the compressive stress and then created tensile stress.
Unlike Specimen A, in which fractures propagated preferentially in the direction of loading
(Figure 7a), the radial propagation of the fractures in Specimen B were roughly equally
distributed without a preferential direction (Figure 9).

Longitudinal crack !

(} (parallel to-hole axis) ’
-

Front Right Back Left
Figure 9. Crack view from the four sides after completing the experiment in Specimen B.

3.4. Effect of the Distribution of Surface Defects on Crack Initiation

It was observed that during drilling, due to the elevated temperature, borehole surfaces
underwent plastic deformation and developed a rough texture. In addition, residual
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stresses may have existed near the borehole walls because of the cooling of the hot surface
during drilling, although this was not verified using such tools as photoelasticity. On the
other hand, the smooth or “flawless” surface was created when the temperature of the
materials was kept low by slow drilling and a sufficient supply of cooling fluid. Therefore,
different levels of surface roughness existed (Figure 2).

The upper part of Specimen C, where the casing was embedded, had a rough surface
but a smooth surface below (Figure 2c). All of the fractures in this specimen initiated
from the rough surface, but no fractures initiated from the smooth/polished surface
(Figures 10 and 11). A major fracture initiated from the circumference (green arrow—
Figure 10) where the hole diameter changes abruptly (the diameter of the hole for the
embedded casing was slightly larger). As fractures only occurred on the rough surface in
the upper part, they reached the top boundary, causing leakage (Figure 10).

»I»I

Figure 10. Selected steps of crack development in Specimen C.

Side Back

Figure 11. View of cracks from the sides after completing the experiment in Specimen C.

Hence, it follows that the uniformly rough surface provided a random distribution
of defects, which acted as stress concentrators when tensile stress was applied, and thus
served as spots for the nucleation of cracks. Conversely, polished/flawless surfaces do
not have defects (or have defects on a much smaller scale) and thus do not facilitate crack
nucleation as readily as rough surfaces. Thus, surface roughness lowers threshold stress for
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crack initiation, as predicted using the critical stress at the tip of a defect/crack required for
propagation, given by Griffith’s criterion [33]

Of = 4/ 27]5—; for plane stress, and (1a)

2Ey

o= ma(1l — v2)

for plane strain, (1b)
where a is the depth of a micro crack on the surface, 7 is the surface energy per unit area,
and v is Poisson’s ratio. With crack length 2 = 0.1 mm and other properties in Table 2, we
obtain o = 0.86 MPa for the plane stress condition and oy = 0.93 MPa for the plane strain
condition. Also, Irwin’s criterion for crack propagation in terms of fracture toughness
is [34] X
Ic

=Y/
where K. is the fracture toughness of the material, and Y is a dimensionless geometric
factor that depends on the shape and size of the crack. Applying a value of Y = 1.3 for a
semi-elliptical surface crack [35] and the fracture toughness of 0.78 at —80 °C (Table 2), we
obtained oy = 33.6 MPa.

While Griffith’s criterion yields a much lower value than Irwin’s criterion, both predict
lower threshold stresses for initiating a crack than the tensile strength of 55-76 MPa of
PMMA. Incidentally, the change in the tangential tensile stress induced by temperature
changes on the wellbore wall estimated using o431, = %a - AT was calculated to be 67 MPa
with the specimen properties in Table 2 (E = 2.85 GPa, « = 70 x 107°/K, and v = 0.38)
and AT = 210 °C. Overall, the formulas indicate the role of defects in lowering the stress
required to initiate fractures. The difference between the depth of roughness of the rough
and smooth surfaces was at least one order of magnitude, which effectively prevented
crack initiation on the smooth surface.

Therefore, it follows from the observations that if the borehole is rough throughout,
then the distributed fractures with exclusion distance occur (Specimen A and B). However,
if a polished surface exists, cracks occur outside the polished area such as rough surfaces or
weak boundaries (Specimen C).

These observations suggest that the initiation and pattern of cryogenic fractures from
a wellbore in the field would be significantly influenced by surface characteristics such as
drilling-induced textures or naturally existing cracks.

@

3.5. Cryogenic Fracture vs. Hydraulic Fracture: Effect of Stress

The orientation of a hydraulically induced fracture is dependent on the in situ stress
state (magnitude and orientation). Hydraulic fractures form perpendicular to the mini-
mum stress direction (Figure 12a). Under the same stress states as those applied in this
study, Figure 12 shows the schematics of the expected orientation of hydraulically induced
fractures from an open borehole. As no stresses were present in either horizontal direction
(albeit not a realistic condition), this particular situation would have created a vertical
fracture in any lateral direction (Figure 12b,c). Hydraulic fracturing exhibits one major
fracture plane (per stage in staged fracturing) (Figure 12), although complex features can
arise locally if a reservoir formation contains natural fractures. In addition, boundary
effects may exist in laboratory specimens.

On the other hand, cryogenic thermal shock with a negligible influence of borehole
hydraulic loading induces multiple initiations (vs. the bi-wing initiation of hydraulic
fracturing) and curved propagation (vs. the straight propagation of hydraulic fracturing). If
stress is applied uniaxially, in addition to manifesting these two features, the effect of stress
resembles that of hydraulic fractures such that fractures propagate more in the direction of
maximum stress (Figures 5-9).



Processes 2023, 11, 2028

11 0f 16
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any lateral direction

Hydraulic fractures propagate
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of minimum stress (o)

Vertical fracture in
any lateral direction

t

Figure 12. Expected orientation of hydraulically induced fractures. (a) General principle. (b) The
case of horizontal wells with o7 # 0 and o = 03 = 0 (Specimen A). (c) The case of vertical wells with
01 # 0 and o = 03 = 0 (Specimen B and C).

Unlike in the cases that present a regular fracture pattern nucleated from randomly,
homogeneously distributed defects (Specimen A and B), in Specimen C, a major annular
fracture was driven to initiate perpendicular to the surface of the ringed edge because of a
large stress concentration there even though the specimen was under loading parallel to
the borehole axis. However, the annular fracture gradually became vertical (the direction
of stress), which was clearly the influence of the applied stress (Figures 10 and 11).

Similar behaviors occur in hydraulic fracturing in perforated holes. After hydraulic
fractures are forced to initiate at the tip of perforation holes, they curve toward the direction
perpendicular to the minimum stress direction [36-39]. Figure 13 displays an idealized
diagram of the influence of the stress ratio o3/ 0, and the injection rate.

Decreasing injection rate
or pressure (for oy/0,>1)

Increasing oy /oy,

" Perforation

Figure 13. Idealized diagram of the effect of the stress ratio o;/ 0}, and the injection rate on hydraulic
fracturing from perforated holes.

3.6. Cooling Rate of the Borehole Surface

The cooling rates of the borehole surfaces from the initial introduction of LN to
about —190 °C, where the temperature quickly stabilizes, were 1.09 °C/s for Specimen
A, 1.03 °C/s for Specimen B, and 90.8 °C/s for Specimen C (Figure 3). Thus, the thermal
transfer was much more facilitated in Specimen C.

According to the results of previous studies on the cooling of a concrete borehole [17,19],
the cooling rates of Specimen A and B were comparable to cases in which the film boiling
regime is relevant, where an insulating vapor film is created between the liquid and a
hot surface, which slows heat transfer (i.e., the Leidenfrost effect). On the other hand,
the magnitude of the cooling rate in Specimen C was comparable to that of the contact
boiling regime, which allows much more rapid cooling. In Cha et al.’s study [17], rapid
cooling with contact boiling was achieved in the high-pressure LN flow through a borehole,
probably due to suppressed vapor film under high pressure.
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In pursuit of an explanation for the significantly different cooling rates in our study,
although the roughness level of the specimens is a factor affecting boiling regimes, a variety
of other surface properties also affect boiling regimes. Many studies have reported that
roughness destabilizes the vapor film or elevates the Leidenfrost point, thus enhancing
heat transfer [40-42]. On the other hand, some studies have reported that certain texture
patterns reduce the Leidenfrost point [43,44]. Other surface properties such as wettability
and porosity affect the boiling regime [45,46]. A further complexity in our study was the
rapid flow condition, which has not been reported in the literature.

A high initial cooling rate is favorable for inducing thermal shock because it creates
high local thermal gradients transiently. However, the distribution of pre-existing surface
defects appears to be a more dominant factor in fracture initiation.

4. Discussions
4.1. Crack Spacing: Exclusion Distance

A tendency toward regularly spaced annular fractures was displayed in Specimen A
and B (Figures 5 and 8). Regular crack spacing or an exclusion distance is present because
major cracks cannot form closer than a certain length due to the limited amount of thermal
contraction. The crack spacing pattern or exclusion distance has also been reported and
modeled in thermal cracking in simple two-dimensional media [47-49].

For the geometry of a slab subjected to cooling on one face, the spacing and penetration
of the cracks in a regular array depends on the following dimensionless quantity:

L (aAT)’EL 3
Lo Gr
where L is the slab thickness, L. is the characteristic length (or Griffith crack length) of a
shrinking solid, and Gr is the fracture energy of crack propagation (N/m). L. is based on
thermal tensile stress (0,), Young’s modulus (E), and fracture energy:

Gr  GfE

L =
T (aAT’E

)

The significance of L. is that cracking will occur when the diffusion of heat has
penetrated the slab to a depth of roughly L.. As L/L; increases, cracking starts earlier,
the final crack spacing decreases, and penetration increases [50,51]. From the equation,
increasing AT accelerates the trend. In the 3D borehole environment, where fractures
at later stages begin to interact in a complex manner, the exclusion distance of annular
fractures is more obvious in the early stages (Figures 5 and 8).

4.2. Fracture Tortuosity

A non-dimensional fracture toughness (k) was introduced to categorize the pattern of
tortuosity or waviness of thermally induced crack propagation in brittle solid [52]:

e Kie
aEATV 7’

where « is the linear thermal expansion coefficient, and b is crack spacing. Cracks propagate
straight when « is relatively large, while they may form wavy paths for relatively small
x values. In our experimental results, x was 0.141, categorized as “wavy”. Although the
classification based on simple glass plates may not allow quantitative comparison with our
results from borehole geometry, the equation predicts that smaller fracture toughness and
larger AT induce more wavy fractures, supported by simulation results. High temperature
differences induce high T-stress, which may lead to the turning of the crack. When its local
propagating direction becomes normal to its macroscopic propagation direction, it is likely

©)
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to be arrested because further development of the cooled layer does not increase the stress
intensity factor (Kj) [52].

The pattern and degree of tortuosity and fracture merging as observed in the borehole
geometry of this study were more complex than those observed in the simple geometries
of previous thermal shock studies [53-55]. Possible causes for fracture tortuosity and the
merging observed in this study were the geometry of the borehole and the flow of cryo-
genic liquid nitrogen in fracture apertures, driving complex, dynamic thermo-mechanical
conditions and crack propagation. In fact, we observed that LN flowed almost to the tip of
a crack in its liquid state assisted by its low viscosity and surface tension (see Table 2) even
though no permeation into the materials occurred.

The curvatures in this study exhibited similarities to “caged fractures” around under-
balanced wellbores, where fractures curl around wellbores within a fracture cage [56,57],
within which, the principal deviatoric compressional stress follows concentric rings, not
the far-field stress. From the principle of a crack following the path of least resistance, the
tendency of the fractures curved to be contained within a cylindrical volume rather than
propagated outward was induced by the rotation of the local principal stress caused by
changes in the internal stress field.

4.3. Effect of Rock Types

PMMA was selected for this study because of its transparency for observations of
real-time fracture processes, and PMMA has been used in the literature as a surrogate for
rocks in borehole fracturing experiments owing to its similarity to shale regarding certain
mechanical properties [21-23]. Among rock formations, the closest counterpart of PMMA,
which is glassy and impermeable, is shale. In Cha et al.’s study [17], breakdown tests after
cryogenic thermal shock on fine-grained shale specimens with low permeability revealed
distinct curvatures in fractures even though penetration was limited due to large triaxial
stresses.

On the other hand, fractures created via cold-water thermal shock on hot concrete
specimens under negligible borehole pressure exhibited a rough fracture surface without
consistent curvature [20]. Porous sandstone also exhibited a fracture surface similar to
that of concrete, but penetration was significantly less than that of concrete even in an
unconfined condition in our unpublished work.

Two differences between fine-grained rock and coarse-grained /porous rock related
to thermal fracture patterns can be pointed out. Coarse-grained or porous rocks such as
concrete specimens and sandstone are characterized by significant porosity and large grain
sizes. Fluid permeates into the porous formation, affecting the temperature field differently
from that in a non-permeation condition. Large grains can divert or bifurcate cracks in
grain scales, possibly affecting subsequent crack propagation as well. For the latter aspect
of large grain sizes, laboratory specimens may not be large enough to reduce the relative
effect of grain size and manifest curvature patterns in a greater scale.

4.4. Limitations

Although the degree of the locality of the thermal process was sufficient to create the
level of fractures observed in this study, thermal contractions around boreholes were not
fully local, since we observed some global contraction in Figure 4b. In a large-scale test or
field-scale test where the volume influenced by the thermal process is significantly smaller
than the surrounding volume, the locations of measurement or the boundary would be
sufficiently far from the thermal influence; thus, measurement would take place under
fixed displacement, and global contraction would be negligible. The findings are applicable
to open holes.

5. Conclusions

In this study, we performed cryogenic fracturing tests in the boreholes of transpar-
ent PMMA specimens under external stresses and directly observed dynamic cryogenic
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fracturing processes and morphology with time in the borehole geometry. Salient, unprece-
dented observations of cryogenic fracture proliferation from boreholes under stresses are
summarized below.

The major differences between cryogenic fracturing and hydraulic fracturing are that
cryogenic thermal shock induces multiple initiations (vs. the bi-wing initiation of hydraulic
fracturing) and curved propagation (vs. the straight propagation of hydraulic fracturing).
If external stress is applied uniaxially, while still manifesting these two features, the effect
of stress resembles that of hydraulic fractures such that fractures propagate more in the
direction of the stress.

Specifically, in the case of loading perpendicular to the borehole axis, the cloud of
annular and longitudinal fractures extends more in the direction of loading than it does
in the case of an unconfined specimen. In the case of loading parallel to the borehole axis,
longitudinal fractures are dominant, and annular fractures are more suppressed and more
sparsely distributed than they are in the cases of loading perpendicular to the borehole axis
or the unconfined specimen.

Even if an annular fracture is driven to initiate from a boundary under the loading
parallel to the axis because of high stress concentration, it gradually deflects in the direction
of stress, much as hydraulic fractures initiated at the tip of perforation holes curve toward
the direction perpendicular to the minimum stress direction.

The roughness of a borehole surface lowers the threshold stress for the initiation of
cryogenic fractures. On a borehole surface with uniform roughness, distributed fractures
with an exclusion distance will occur. If a surface presents various roughness levels,
cracking is focused on rougher surfaces or boundaries. Therefore, in the field, the initiation
of cryogenic fractures would be greatly influenced by surface characteristics such as drilling-
induced texture or naturally existing cracks.
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