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Macro/microbehavior of shale rock under the
dynamic impingement of a high-pressure

supercritical carbon dioxide jet
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This paper focuses on the damage of shale rock impacted by a high-pressure supercritical carbon dioxide
(SC-COy,) jet. A well-designed apparatus was used to conduct experiments with a high-pressure SC-CO, jet
impacting shale core plugs. The damage, including the macrofailure and the microchanges of shale
samples, was analyzed. The results show that the shale cores develop grid-like fractures on the top

surface, while many layered fractures were observed inside the shale cores by means of computed
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tomography scan. The maximum broken depth of the shale core plugs is dependent upon the combined

actions of jet pressure, jet temperature and target distance. The scanning electron microscope images
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1. Introduction

Shale gas is one of the most important alternative sources of
conventional natural gas. It is known that shale gas reservoirs
are characterized by low porosity and low permeability. Reser-
voir reconstruction must be carried out to extract shale gas.
Currently, hydraulic fracturing technology is the main method
for reforming shale reservoirs. However, some disadvantages
may restrict the wide use of this method: (i) the high content of
clay minerals in shale may cause hydrophilic expansion,* which
will cause drilling tools to jam; (ii) the shortage of water
resources is another disadvantage; and (iii) the pollution of
groundwater by fracturing fluid may cause harm to the envi-
ronment.”> To overcome the above disadvantages, some special
fracturing fluids, such as polymer microsphere emulsion® and
bio-degradable oligo,* have received increasing attention.
SC-CO, is a type of material in an unconventional phase
state. Its density is close to liquid, while its viscosity is close to
gas.® It does not cause clay expansion in the absence of water.
Meanwhile, the shale samples absorb SC-CO, more easily than
methane gas. This will cause the sequestration of carbon
dioxide and desorption of natural gas.® Due to the foregoing
advantages, SC-CO, is considered to be an ideal fluid for jet
fracturing the shale gas reservoir.”® Therefore, the failure laws
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along with the X-ray diffraction results indicate that the shale samples are eroded by the SC-CO; jet.
This erosion may further lead to the macrodamage of shale samples by reducing their mechanical strength.

of shale subjected to the SC-CO, jet are of great scientific
significance.

Kolle used SC-CO, jets to assist coiled tubing drilling
experiments. His results revealed that the SC-CO, jet can
effectively reduce the threshold pressure for rock breaking.® Du
carried out experimental studies on the fracturing of rock with
the SC-CO, jet. The results also showed that the SC-CO, jet can
effectively reduce the rock breaking threshold pressure and
cause massive rock crushing.'® Wang conducted the same
experiments."* His results demonstrated that pump pressure,
jet temperature, confining pressure, jet distance, rotary speed of
core samples and jet time are the main factors influencing the
rock-breaking performance and efficiency. Except for the
physical impacts, the research results of Li and Jing"” indicated
that SC-CO, immersion will cause damage to the rock and
reduce the rock's physical strength. Guo et al.** found that the
mechanical properties of shale rock soaked with SC-CO, were
largely dependent upon the pressure of SC-CO,. Zhang et al.**
conducted simulation experiments on SC-CO, fracturing in
shale. They found that fracturing using SC-CO, can reduce the
pressure needed to initiate fractures by more than 50%. This
subject was also studied by Hu et al.*> Lu et al.*® conducted
experimental studies on the swelling of shale in supercritical
carbon dioxide, which has important consequences with regard
to the production of shale gas and the sequestration of CO, in
shale formations. Zhang et al.'” found that significant surface
structural changes occurred in shale after saturation with CO,
and brine, and an obvious decrease in the uniaxial compressive
strength of shale was observed.

Most of the above studies put their weight on the changes of
shale rock subjected to static SC-CO, fluid. Although some
studies have been conducted to research the impact of high-
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pressure SC-CO, jet on the changes of rock samples, few studies
take shale rock as the experimental sample. This paper plans to
study the failure mechanism of shale samples impacted by a SC-
CO, jet at both the macroscopic and microscopic levels.

2. Materials and methods

2.1. Shale samples

Typical shale samples were collected from the Longmaxi
Formation of Sichuan Basin's lower Silurian series in the
southeastern Chongqing area of China. To keep in line with the
actual engineering conditions, the shale samples were tested
under undrained conditions. The combined test results of total
organic carbon (TOC), thermal maturity (R,) and porosity of the
shale in this region indicate that the reservoir is rich in shale
gas.'® Moreover, this region has been widely considered to be
China's largest and most favorable area for shale gas accumu-
lation."** X-ray diffraction (XRD) analysis shows that the
mineral components of the shale mainly consist of quartz, lay
minerals (including chlorite, kaolinite and illite), calcite and
dolomite. The mass percentages of these components are 52%,
27%, 11% and 9%, respectively.

The shale samples were first collected from the outcrop, and
then the core plugs were drilled with water from these large blocks
of shale. The size of the core plug is 100 millimeters in diameter
and 150-250 millimeters in length. Computerized tomography
(CT) can be utilized to obtain the internal characteristics of the
rock in a nondestructive manner.”* Fig. 1 shows the CT images of
the shale core plugs. According to the CT images, it can be
observed that the bedding of the shale is well developed. Multiple
bedding planes are approximately parallel to each other.

2.2. SC-CO, jet impacting rock apparatus

The experimental SC-CO, jet breaking rock apparatus consists
of four independent units: a storage unit, a modulation unit,
a rock breaking unit, and a recovery unit. The storage unit
mainly consists of a CO, tank and a CO, supplement device. It is
used for the long-term storage of liquid CO,. The CO, pressure
in the container is kept in 3.0-5.0 MPa. The temperature in the
tank is kept within a range of —15 to 5 °C. The CO, supplement
device can complement the loss of CO, during the experiments.
The modulation unit mainly consists of a plunger pump and
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a heater. First, the liquid CO, is pumped out from the tank and
pressurized to the experiment's required pressure. Then, it is
heated to the required temperature. Using the above procedure,
supercritical CO, can be created. The experimental unit is
illustrated schematically in Fig. 2. It is primarily used to form
the SC-CO, jet and to conduct rock breaking experiments. After
modulation, the supercritical CO, enters the main unit of the
rock breaking system through the wellbore inlet. Then, the SC-
CO, is jetting out from the nozzle. The SC-CO, jet will impact
the rock cores at the bottom. Finally, the SC-CO, will flow into
the next unit through the outlet. The recovery unit consists of
a solid separator, a liquid separator and a refrigerator. Its main
functions are to separate CO, from the rock debris mixture after
the experiments (i.e., to remove debris, water and other impu-
rities). Then, the clean CO, is converted to liquid form and
transported back to the CO, tank.

2.3. Experimental procedure

This experiment is mainly intended to study the influence of the
pump pressure on the rock-breaking performance. Based on the
threshold pressure®® required for rock breaking, pump pres-
sures of 30, 35, 40, 45, 50, and 55 MPa are selected as the
experimental pressures. To maintain the supercritical phase of
CO,, the temperature of the heater is a variable ranging from
35 °C to 80 °C. The nozzle with an outlet diameter of 2 milli-
meters is selected. An optimal target distance range of 1 mm to
12 mm is selected according to the findings of Du et al.*® The
experimental time was set to 3 minutes for each experimental
pressure. Fig. 3 shows the pump pressure changing processes
over time. This demonstrates that each experimental pressure
sustains approximately 3 minutes. Plunger pump 1 is selected
to pressurize the liquid CO,. In this experiment, we assume that
the embedded depth of shale rock is about 400 m and the mean
density is about 2000 kg m™>. So a confinement pressure of
8 MPa is selected to monitor the deep condition of shale rock.
The detailed test parameters are listed in Table 1.

Firstly, the shale core was wrapped with a Teflon tube. A heat
gun was used to shrink the Teflon material in order to keep the
shale core wrapped tightly enough. Then the wrapped core was put
into the core holder as shown in Fig. 2. Plenty of hydraulic fluid
was pumped into the gaps between core holder and Teflon tube
until the confinement pressure climbed to ~8 MPa. This

Fig. 1 CT images of shale core plugs.
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Fig. 2 Schematic diagram of the SC-CO, jet impacting rock apparatus.
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Fig. 3 The changing curves of pump pressures over time.

confinement pressure can prevent the incursion of SC-CO, of
which the pressure in the annular space was measured much
lower than ~5 MPa. Thirdly, the baffler was withdrawn and the SC-
CO, jet impacted onto the top surface of shale core. After the
impacting, the wrapped shale core was taken down for further test.

3. Results and discussions
3.1. The macrofailure of shale

Fig. 4 and 5 show the pictures of shale core plugs impacted by the
SC-CO, jet. It presents a grid-like fragmentation phenomenon on
the top surface. When the pump pressure is 30 MPa, no crack

Table 1 Summary of the test constant and variables
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appears on the core's end face. Increasing the pump pressure to
over 35 MPa, some tiny cracks form in the central area. These
initial cracks then extend along the radial direction to the free
surface. Multiple cracks connect to each other during crack
propagation. Then, cracks in the grid pattern appeared, as shown
in Fig. 4. This grid-crack phenomenon becomes increasingly
obvious with increasing pump pressure. Finally, shale core plugs
may suffer from grid-like massive fracture morphology. From the
macroscopic phenomenon in Fig. 4, it can be obtained that the
threshold pressure of the shale breaking by the SC-CO, jet is
approximately between 30 and 35 MPa.

Computed tomography (CT) scan images show that multiple
transverse cracks are generated inside the shale cores shown in
Fig. 5. These cracks are parallel to the shale bedding. It is
analyzed that they may be caused by the stress waves induced by
the impact of the SC-CO, jet. Once the transverse cracks extend
through the rock, the shale debris will be peeled off. Then, the
shale core plugs will present what is known as the mass-broken
morphology shown in Fig. 4. This morphology is identical to
that described in the existing literature.®**

Giving a certain pump pressure, the rock damage will
roughly extend to a maximum depth (A#). Fig. 6 indicates that
the damage depth increases linearly with the increasing pump
pressure. A linear relationship between A/ and pressures can be
described as follows:

Ah = —64.4+22P (1)

where P is the pump pressure. The fitting correlation coefficient
of the formula is R* = 0.9878. From eqn (1), it can be inferred

Jet pressure  Calculated peak  Core Core Impacting Target Temperature Confining
No. (MPa) pressure (MPa) diameter (mm)  length (mm) time (min)  distance (mm) (°C) pressure (MPa)
1# 30 191 100 150-200 3 6 50 8
2H 35 210 100 150-200 3 6 50 8
3# 40 229 100 150-200 3 6 50 8
an 45 247 100 150-200 3 1/3/6/9/12 50 8
S5# 50 264 100 150-200 3 6 35/40/45/50/55 8
614 55 282 100 150-200 3 6 50 8

This journal is © The Royal Society of Chemistry 2018
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Grid-like fractures

Fig. 4 Pictures of head faces of shale-cores impacted by SC-CO, jet with different pump pressures.

Layered
fractures

Fig.5 Failure of shale cores on the side face: (a) is the picture and (b) is
the CT image.

that the critical pump pressure for shale breaking is approxi-
mately 29.3. As comparison, the experimental results by Wang
et al.'* and Du et al.* are also presented in Fig. 6. For the same

pressure of SC-CO, jet, the broken depths of shale cores are
much larger than those of marble cores but much smaller than
those of man-made cores. It's analysed that this discrepancy is
mainly caused by the combined actions of the mechanics
strength and micro structures. In detailed, the compressive
strength of the shale sample in this paper is about 45 MPa
which is just between that of the man-made sample (25 MPa)
and the marble sample (~65 MPa). In addition, the micro
structure, such as the bedding and the grain composition, etc. is
another key factor. On the whole, the broken depths are all
approx-linearly increasing with the pressures of SC-CO, jet. On
the other hand, the contrast experiments in Fig. 6 present that
the broken depth of man-made cores by water jet is quite
smaller than that by SC-CO, jet at the same pressure, which
indicates that the rock breaking ability of SC-CO, jet is much
more obvious than that of the water jet.

60 -
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50 - < Man-made cores by water jet by Du et al.,, 2012 /
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Fig. 6 Curves of broken depth and broken volume vs. pump pressure.
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Fig. 7 illustrates the influence of target distance and tempera-
ture on the maximum broken depth of shale core plugs. Here, the
target distance is defined as the axial distance between the SC-CO,
jet outlet and the head surface of the shale core. The special
experimental temperature is controlled by attemperation of the
heater. A linearly increasing relationship between the maximum
broken depth and the temperature is exhibited in Fig. 7. This trend
indirectly indicates that the impact performance of the SC-CO, jet
is positively dependent upon the temperature of the supercritical
fluid. The maximum broken depth initially increases sharply with
increasing target distance. However, it climbs to a peak value when
the target distance increases to approximately 6 mm, above which
the broken depth decreases with the target distance. This
nonlinear relationship reveals that there may exist an optimal
target distance giving a certain nozzle diameter. The impact
performance of SC-CO, is most obvious at this distance. This trend
can be explained by the structure of submerged jet. As known, the
SC-CO, jet in this paper is a submerged jet. Its edge diffuses
outwards after jetting from nozzle exit. Hence the diameter of jet
will increase along the jet axis. On the other hand, the mean
velocity of jet decreases from nozzle exit. Then the impact force is
the product of cross-sectional area multiply by jet pressure which is
proportional to the square of mean velocity. Giving the condition
of jet diameter increasing while mean velocity decreasing at the
same time, there may exist a point where the impact force is most
large. In this experiment, a distance of about three times of the
nozzle outlet diameter is found to be the optimal one. But this
optimal target distance can be changeable with the jet diameter.

3.2. The microchanges of shale

Fig. 8 shows the scanning electron microscope (SEM) images of
the shale samples before and after erosion with a magnification
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of 2000 times. According to the SEM images, quartz, calcite and
some other minerals compose the basic skeleton of the shale.
The clay minerals and other organic matter fill the voids. A small
number of medium and large pores with sizes between 0.1 and 5
pum are observed (Fig. 8(a)). After erosion by the SC-CO, jet, the
microscopic structure of the shale is significantly damaged. In
detail, the amounts of clay mineral, organic matter and other
filling materials are significantly reduced. The original pores are
no longer obvious. Overall, the shale sample shows a disordered
microstructure after erosion by SC-CO, jet (Fig. 8(b)).

Two factors may account for the microstructure change.
First, the impact load of the SC-CO, jet acts as a key factor. The
process of high-speed fluids impacting solids can be divided
into two typical stages: the water hammer pressure stage and
the stagnation pressure stage.”* The water hammer pressure is
usually dozens of times the stagnation pressure and is generally
accepted as the cause of crack initiation. It can be described by
the following expression without consideration of the tiny
deformations of the solid:*®

Py, = pCv (2)

where P, is the water hammer pressure in MPa, and p, C and v
are the fluid density, the velocity of the shock wave and the fluid
velocity, respectively. According to eqn (2), the water hammer
pressure of the SC-CO, jet can reach a magnitude of nearly
200 MPa when the pump pressure is 30 MPa (Table 2). This
huge impact pressure is sufficient to crush the shale's mineral
structure, resulting in physical damage to the original ordered
microstructure. Therefore, the impact pressure may be the
main factor for the disorder of shale's microstructure.

Second, CO, is corrosive in the presence of water. SEM
studies show that CO, can cause significant corrosion damage
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Fig. 7 Curves of broken depth vs. target distance and temperature.
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Fig. 8 SEM images of original shale (a) and eroded shale (b).
Table 2 The percentage component of shale samples by means of X-ray fluorescence method
Shale samples SiO, Al,O4 Fe, 05 K,O MgO TiO, SO; CaO
Original shale 71.0364 14.9380 5.5275 3.9739 2.1151 1.1079 0.5372 0.3345
Eroded shale 70.0282 14.0077 5.4708 4.2188 1.6983 1.2722 0.5847 1.7832

to shale samples in high-pressure environments.*® This shows
that CO, mainly acts on clay minerals and organic matter. The
literature*” shows that the organic matter inside the shale
decomposes upon exposure to SC-CO,. Finally, the decompo-
sition ingredients may block the original medium/large pores.
Another literature®® also shows that SC-CO, acts on the kerogen
and causes the decomposition of organic debris during the
extraction of petroleum from oil shale by means of supercritical
fluid extraction. It is known that the activity of SC-CO, can be
greatly enhanced in a high-temperature and high-pressure
environment. This may promote the decomposition of organic
matter in the shale while blocking the original pores and thus
reducing the physical strength of the shale.”® A contrast exper-
iment was conducted to measure the mechanics change
between natural and SC-CO, eroded shale samples at the same
condition as in this paper.*® It's presented that the tensile
strength of shale sample eroded by SC-CO, decreases by 18.3%
and the triaxial compressive strength by 8.3% respectively.
Hence, it can be inferred that the erosion of SC-CO, fluid can
reduce the mechanics strength of shale sample by changing its
microstructure.

According to the above references, the clay minerals in shale
may decompose as a result of the corrosion of SC-CO,. Fig. 9
shows the XRD spectra of the shale samples. After erosion by the
30 MPa SC-CO, jet for 3 min, there was no change in the clay
contents; after erosion by the 55 MPa SC-CO, jet for 3 min, the
contents of illite and clinochlore decreased significantly, as
shown in Fig. 9a. The CO, reacted with the pore water, and the

38070 | RSC Adv., 2018, 8, 38065-38074

carbonic acid generated. Under high-temperature and high-
pressure conditions, the acidic environment will cause the
decomposition of illite and clinochlore.** In addition to the
decomposition of clay minerals, an obvious decrease of dolo-
mite can be observed according to the XRD spectra, as shown in
Fig. 9b.

In natural shale gas reservoirs, the decomposition reaction
of clay minerals affected by CO, may take a long time, even as
long as several years. In this experiment, the decomposition
duration of the clay minerals is significantly shortened. First,
the physical impact of the high-speed SC-CO, jet may lead to the
rapid decomposition of clay minerals. Then, the high temper-
ature can accelerate the reaction of CO, with clay minerals.*>*
However, due to the relatively short duration of the experi-
ments, the decomposition of the clay minerals may not be
complete, and changes of other minerals are not observed by
semiquantitative XRD analysis.

X-ray fluorescence was used to analyze the changes of the
shale components before and after the SC-CO, jet impacting. The
exact percentage of some major component of shale samples is
illustrated in Table 2. Fig. 10 is the histogram showing the
contrast of components in shale samples before and after the SC-
CO, jet impacting. The obvious decreases of aluminum oxide and
magnesium oxide are observed in the histogram. These two
oxides are the main components of clay minerals. The changes of
these two oxides further strengthen the finding of clay mineral
decomposition after the SC-CO, jet impacting. However, a large
increase in calcium oxide is observed in Fig. 10. This increase has

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Bulk XRD plot of the original shale and the eroded shale.

a close connection with the adsorption of carbon by shale
samples, which is discussed in detail in the following section.

3.3. The adsorption of carbon on the shale surface

According to Fig. 4, multiple radial cracks were generated on the
top surface. Along the radial cracks, multiple samples were
selected equidistantly to test the carbon content. The relation-
ship between the carbon content and the radial distance is
shown in Fig. 11. A nonlinear fitting of the test data is shown in
Fig. 11. It can be expressed as follows:

7.24

P = 0 20 x (/70 — 0.43))

(3)

where ris the radial distance and r, is the radius of the shale core.
The fitting correlation coefficient of the formula is R = 0.9687.
According to the changing tendency of carbon content, the top
surface can be divided radially into three areas. The circle from
center to 0.25r, is Area I. The average carbon content in this area
is relatively high (i.e., as high as 8%). It decreases slightly with
increasing radial distance. Then, the annulus from 0.25r, to 0.6r,
is Area II. The average carbon content in this area decreases

This journal is © The Royal Society of Chemistry 2018

rapidly with increasing radial distance. The annulus from 0.6r, to
To is Area III. The average carbon content in this area is relatively
low. Within Area III, the carbon content tends to be a constant.
The change in carbon content indicates that the shale can
absorb CO,. A large number of studies have shown that shale has
sequestration characteristics for supercritical, gaseous and liquid
CO,.***% In previous experimental studies, CO, acted on shale
in static form. The action duration of the CO2 was relatively
longer. However, in this experiment, CO, was in the form of
supercritical jets. In Fig. 10, Area I is the direct erosion area of the
SC-CO, jet. Area 1I is the action area of the SC-CO, radial jet.
Lastly, Area III is the action area of the SC-CO, back flow.
According to the test data, the carbon content increases signifi-
cantly when subjected to the direct erosion of the SC-CO, jet. This
indicates that the interaction between the SC-CO, jet and the
shale sample contributes to the adsorption of CO, in shale.

4. Discussion

According to the studies by Kolle and Du et al., the method of
rock breaking by SC-CO, jet has the advantages of low threshold

RSC Aadv., 2018, 8, 38065-38074 | 38071
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pressures and volume breakage.®'® It is inferred that the
combined action of three main factors may cause the shale-
breaking phenomenon. They are the jet impact load, the
corrosion properties of CO, at high-temperature and under
high-pressure conditions, and the bedding characteristics of
shale.

First, the impact load of the SC-CO, jet is the dominant
factor leading to shale breakage. It is known that the water

38072 | RSC Adv., 2018, 8, 38065-38074

hammer pressure induced at the initial stage by the impact load
spreads radially in the form of stress waves. These waves
include the Rayleigh wave and the body wave (i.e., longitudinal
and transverse waves).***” According to eqn (2), the water
hammer pressure can reach a magnitude near 0.2 GPa (Table 2).
On the shale surface, the Rayleigh waves produce a shear stress
component and a tensile stress component.*® These large shear
stress components and tensile stress components first induce

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 SEM images of fracture surface of shale samples; (a) and (b) are the surface of transverse fractures with the magnification of x100 and
x500; (c) and (d) are the surface of longitudinal fractures with the magnification of x300 and x300.

the generation of initial cracks on the shale surface. As a result,
the propagation of Rayleigh waves may account for the grid-like
fragmentation phenomenon on the shale surface.

Second, the water hammer pressure spreads inside the shale
in the form of spherical stress waves. It is known that the
reflection of waves could enhance the tensile stress in certain
areas inside the shale. The tensile strength of the shale is much
lower than the compressive strength (Table 1). Therefore, initial
cracks will be generated in these enhanced areas. Then, it can
be observed that multiple beddings are nearly parallel to each
other from the CT images in Fig. 1. These beddings further
weaken the tensile strength of the shale sample and cause the
initial cracks to extend along the bedding planes under tensile
stress. This is the direct cause for the macroscopically visible
transverse cracks seen in Fig. 5. The SEM method is applied to
investigate the foregoing assumptions. It can be observed from
the SEM images that the surfaces of transverse cracks are
stratified. This stratification agrees with the typical character of
tensile fracture (Fig. 12(a) and (b)). On the other hand, the
surfaces of longitudinal cracks are disordered (Fig. 12(c) and
(d)). These cracks may be the result of shear stress.

Third, from the SEM images and XRD semiqualitative anal-
ysis, it can be seen that SC-CO, fluid has changed the micro-
scopic structures and the component compositions of shale
material. Therefore, it can be inferred that the physical and
mechanical strength of shale samples could be weakened after
erosion. Shale erosion occurs in the area where it is directly
subjected to the SC-CO, jet. Thus, the breakage of shale samples
in this area is much easier. The grid-like fragmentation
phenomenon may be the result of erosion.

5. Conclusions

According to the experimental studies, SC-CO, jet could effec-
tively promote the decomposition of clay minerals. Meanwhile,
the jet impact could change the microstructures of shale
samples. According to the change laws of carbon content on the
shale surface, the shale sample could absorb supercritical CO,.
The shale sample takes on the phenomenon of massive layered
breakage subjected to the SC-CO, jet. This could be caused by
the following key factors. First, the stress wave induced by the
dynamic load of the SC-CO, jet impact is the dominant factor.

This journal is © The Royal Society of Chemistry 2018

Then, the erosion of shale samples by SC-CO, under high-
pressure and high-temperature environments is an auxiliary
factor. Third, the parallel bedding feature of the shale sample is
the internal factor. However, due to the restrictions of the core
plug sizes and the pump pressures, the above findings may have
certain limitations. Subsequent experimental studies will be
conducted to supplement the existing results. Overall, the
method of SC-CO, jet breaking shale is valid and feasible.
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