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CO2 drilling is a promising underbalance drilling technology with great advantages, such as lower cutting
force, intense cooling and excellent lubrication. However, in the underbalance drilling, the mechanism of
the coupling CO2 jet and polycrystalline-diamond-compact (PDC) cutter are still unclear. Whereby, we
established a coupled smoothed particle hydrodynamics/finite element method (SPH/FEM) model to sim-
ulate the composite rock-breaking of high-pressure CO2 jet & PDC cutter. Combined with the experimen-
tal research results, the mechanism of composite rock-breaking is studied from the perspectives of rock
stress field, cutting force and jet field. The results show that the composite rock-breaking can effectively
relieve the influence of vibration and shock on PDC cutter. Meanwhile, the high-pressure CO2 jet has a
positive effect on carrying rock debris, which can effectively reduce the temperature rising and the ther-
mal wear of the PDC cutter. In addition, the effects of CO2 jet parameters on composite rock-breaking
were studied, such as jet impact velocity, nozzle diameter, jet injection angle and impact distance. The
studies show that when the impact velocity of the CO2 jet is greater than 250 m/s, the CO2 jet could
quickly break the rock. It is found that the optimal range of nozzle diameter is 1.5–2.5 mm, the best injec-
tion angle of CO2 jet is 60�, the optimal impact distance is 10 times the nozzle diameter. The above studies
could provide theoretical supports and technical guidance for composite rock-breaking, which is useful
for the CO2 underbalance drilling and drill bit design.
� 2022 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Petroleum and natural gas resources are the main energy
sources in today’s human society, it affects people’s livelihood
and national defense security. With the continuous improvement
of petroleum and natural gas exploration and development, the
number of deep and ultra-deep wells has gradually increased, the
geological conditions have become more and more complex [1].
Conventional drilling and completion methods are more and more
restricted, making it difficult to meet the requirements of eco-
nomic development [2]. Therefore, efficient and low-cost drilling
technology has become a research hotspot in the petroleum
industry.

The drilling medium plays a dominant role in the drilling pro-
cess, which is essential for efficient drilling. Compared with water,
carbon dioxide (CO2) fluid is used in gas drilling due to its low vis-
cosity, high diffusion coefficient and high solubility. At the same
time, the shortage of water resources, the urgent demand for shale
gas exploration and the greenhouse effect caused by a large
amount of CO2 produced by the coal chemical industry have
become prominent [3]. CO2 has wide application prospects in the
industrial field due to its advantages of low manufacturing cost,
stable chemical properties and high safety [4]. In the resource
development field, CO2 has become a new rock breaking medium
and its potential application value is being further developed. For
example, CO2 is used as the fracturing fluid, using supercritical car-
bon dioxide (SC-CO2) hydraulic jet fracturing technology to
improve the oil recovery rate and storge of CO2 [5–9]. Another
example is that CO2 fluid is used as drilling fluid in gas drilling.
With the development of underbalance gas drilling technology,
low-temperature jet rock breaking of gas drilling fluid is expected
to open up a new way of jet rock breaking [10]. In 2000, Kolle et al,
took the lead in the experiment of SC-CO2 jet assisted coiled tubing
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drilling. The results show that SC-CO2 jet can effectively reduce the
threshold pressure of rock breaking [11]. SC-CO2 jet-assisted radial
drilling is regarded as a potential alternative drilling method,
because SC-CO2 jet has higher efficiency in rock-breaking than
water jet [12]. And SC-CO2 (304.1 K, 7.38 MPa) is much easier to
be generated than other common materials. It has a density of
approximate 0.75 g/cm3 under the bottom-hole condition of
353 K and 20 MPa, not much less than that of the water
(1 g/cm3). Thus, it can provide sufficient torque for the down-
hole motor while drilling. The density of CO2 fluid decreases con-
tinuously as it rises to the ground and a certain section of CO2 in
the annulus is gaseous. As both underbalance or overbalance dril-
ling conditions can be controlled by adjusting the opening of the
throttle valves at the wellhead, it is expected to improve the dril-
ling rate markedly [13]. At the same time, when CO2 jet impacts
the rock surface, it is easier for CO2 than for water to expand into
the micropores and microcracks, leading to large damage distribu-
tion for the rock. After volume expansion and pressure relief, a rel-
atively large tensile stress can be formed around the rock crushing
pit, which reduces the threshold pressure of rock breaking and
improves the rock breaking efficiency [14]. The strong permeability
and low temperature cooling effect of gas jet can enhance the rock
breaking efficiency [15]. With the development of jet drilling tech-
nology, a large number of experts have carried out a lot of research
on water jet rock breaking [16], SC-CO2 jet rock breaking [17] and
single PDC cutter cutting [18,19]. By using arbitrary lagrange euler-
finite element method (ALE-FEM) [20], SPH-FEM [21,22] and other
coupled method, the simulation study of the jet rock breaking
mechanism is carried out. However, there are relatively fewer
researches on the composite rock-breaking of high-pressure CO2

jet & PDC cutter, which would limit the development and applica-
tion of CO2 drilling in future exploitation.

Therefore, we propose the composite rock-breaking of a high-
pressure CO2 Jet & PDC cutter [23]. Combined with the completed
research [24], it can be found that the composite rock-breaking of
high-pressure CO2 jet & PDC cutter can effectively inhibit the heat
generation of PDC cutter, reduce the thermal wear rate of the PDC
cutter, and also improve the capacity of drill bit cleaning and debris
carrying. Through the preliminary experimental research, the
experiment of composite rock-breaking was designed, and the
principle of the experiment is shown in Fig. 1. We also established
Fig. 1. Schematic of the composit

1116
the model of the composite rock-breaking of high-pressure CO2 jet
& PDC cutter by using a novel SPH/FEM method. Combined with
the experimental and numerical studies, the mechanism of com-
posite rock-breaking is explored from the perspectives of rock
stress field, cutting force and jet field. The influence of CO2 jet
parameters on composite rock-breaking is further explored, such
as jet impact velocity, nozzle diameter, jet injection angle and
impact distance. The optimal nozzle arrangement and working
parameters are obtained through the research to improve the
rock-breaking efficiency of composite rock-breaking. This study
could provide theoretical support and technical guidance for com-
posite rock-breaking of high-pressure CO2 jet & PDC cutter, which
is useful for the CO2 underbalance drilling and drill bit design.

2. Coupled SPH/FEM method and numerical model

2.1. Coupled SPH/FEM method

In the rock breaking by using CO2 jet impingement, both fluid
flow injection and high-amplitude shock waves are involved. The
large deformation and high strain rate of CO2 exist in the rock
breaking process by CO2 jet impacts. The calculation would easily
terminate due to the mesh distortion while adopting the conven-
tional Lagrangian finite element method (FEM). Smoothed particle
hydrodynamics (SPH) is a mesh-free particle method in the Lagran-
gian frame, the mesh distortion can be well avoided due to no
structural mesh among these particles [25]. Therefore, it is a pow-
erful method to solve the problems of multi-physics flow and large
deformation. In this paper, the coupled SPH/FEM method was
adopted to simulate the rock fragmentation process induced by
the CO2 jet impacts [26]. The basic idea is to combine the charac-
teristics of the SPH method suitable for large deformation and
the advantages of the high efficiency of FEM to improve the calcu-
lation accuracy and efficiency of the numerical algorithm [27]. The
coupled SPH/FEM method consists of two models, the rock model
is established by FEM and the CO2 jet model is established by SPH.

2.1.1. Theory of SPH and model of CO2 jet
As the CO2 jet shows the feature of drastic volume expansion in

the free field, the SPH method is well suited for its numerical mod-
eling [21,22]. The SPH method, which is based on the interpolation
e rock-breaking experiment.
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theory, allows any function to be expressed at a set of disordered
points which represents particle positions via smooth kernel
function.

For the function value of a particle in any domain X, it can be
expressed by smooth kernel function W(x�x0,h) as follows:

f ðxÞ ¼
ð
X
f ðx0ÞWðx� x0; hÞdx0 ð1Þ

where f(x) is a three-dimensional coordinate function of x; (x�x0) is
the distance between two particles; and h the smooth length that
defines the supporting domain of the particle.

Using the divergence theory to transform the above equation
into the spatial derivative of the kernel function:

rf xið Þ ¼
ð
X
rf x0ð Þ½ �W x� x0;hð Þdx0 ð2Þ

The discretized differential form at point i can be respectively
expressed as follow:

rf xið Þ ¼
Xn

j¼1

mj

qj
f xj
� � � riWi;j ð3Þ

where mj is the mass of particle j; qj the density of particle j; n the
total number of particles; and Wij the smooth kernel function,
Wij=W(xi�xj,h).

The equations of conservation governing the evolution of
mechanical variables can be expressed as follows (Eqs. (4)–(6)):

Conservation of mass:

dqi

dt
¼

Xn

j¼1

mjvb
ij

@Wi;j

@xbi
ð4Þ

where vijb is the relative velocity between two particles in b direc-
tion; and xi

b the coordinate of particle i in b direction.
The momentum conservation equation in Lagrange form is:

dUa

dt
¼ � 1

q
@P
@xa

þ 1
q
@sab

@xb
þ Fa ð5Þ

where U is the velocity vector; P the pressure; sab the viscous
stress; Fa the exogenic force; and a and b the contravariant indexes.

The discretization form of Eq. (3) can be obtained as follows:

dUa
i

dt
¼ �

Xn

j¼1

mjðPi

q2
i

þ Pj

q2
j

Þ @Wi;j

@xai
þ
Xn

j¼1

mjðlie
ab
i

q2
i

þ lje
ab
j

q2
j

Þ @Wi;j

@xaj
ð6Þ

where l is the viscosity coefficient of fluid; and eiab and ejab the
strain tensor of particles i and j.

The energy conservation equation is expressed as follows:

dE
dt

¼ � p
q
@vb

@xb
þ l
2q

eabi e
ab
j ð7Þ

where E is the internal energy.
The discretization form of Eq. (5) can be obtained as follows:

dEi

dt
¼ 1

2

Xn

j¼1

mjðPi

q2
i

þ Pj

q2
j

Þvb
ij

@Wi;j

@xai
þ l
2q

eabi e
ab
j ð8Þ
Fig. 2. Geometric model of composite rock-breaking of high-pressure CO2 jet & PDC
cutter.
2.1.2. Coupled SPH with FEM
Since the coupling problem of SPH/FEM is a three-dimensional

problem, the discrete analog of Eq. (1) was needed [25]:

f ðxÞ ¼
X
I

Wðx� xIÞf ðxIÞDVI ð9Þ

where DVI the measure of the domain surrounding node I. In this
computation, the initial volume of particles was:
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DVI ¼ mI

qI
ð10Þ

where mI is the mass of node I; and qI the density of node I.
Then the approximation can be written in a recognized form as

in finite element:

f ðxÞ ¼
X
I

/IðxÞf ðxIÞ ð11Þ

/IðxÞ ¼ Wðx� xIÞDVI (12)

The function /I(x) is the shape function of SPH. The SPH element
could be regarded as a special element, which was controlled by
node (particle) number and mass. The coupling of SPH and FEM
was realized using the penalty method to make the force of parti-
cles acting on the finite elements. Thus, the node-to-surface con-
tact was applied in the coupling method of SPH/FEM. In the
process of SPH/FEM coupling, particles in SPH were defined as
the slave node, while finite elements were defined as the master
surface.

2.2. Numerical model

Based on the composite rock-breaking experiment of high-
pressure CO2 jet & PDC cutter, a coupled SPH/FEM numerical model
is firstly established, as shown in Fig. 2. The rock model was estab-
lished by the FEM method and the CO2 jet model was established
by the SPH method. To simulate the experimental case, the numer-
ical rectangular block sample of sandstone with dimensions of
100 mm�100 mm square and a height of 10 mm was established.
The rock FEM model has an element size of 2 mm. To accurately
observe the rock stress of the cutting region, the cutting region
was subdivided from the whole rock sample and the element size
of the cutting region was re-meshed again by using finer element
size at 0.5 mm which is 1/4 times of the original rock element size.
As shown in Fig. 2, the diameter of the CO2 jet is Dj, the jet impacts
the rock surface at a certain angle (/), and the impacting point
which is the center point of the impacting region on the rock sur-
face is made in Fig. 2. The distance from the impact point to the
PDC cutter is the impact distance (d). The jet would move along
the cutting direction with the PDC cutter together at a constant
cutting speed (Vc) while impacting obliquely with the rock surface
at a certain angle (/). The rake angle (h) of PDC cutter is 20� (Fig. 3).



Fig. 3. Mechanical model of single cutter cutting and composite rock-breaking.
Note: Fc0 is the cutting force without jet; Ft0 the tangential force without jet; Fa0 the axial force without jet; Fcj the cutting force with jet; Ftj the tangential force with jet; Faj the
axial force with jet; u0 the interface friction angle without jet; and uj the interface friction angle with jet.
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The interface friction angle (u) characterizes the frictional interac-
tion between the cutter’s rake face and the rock [28].

The problem of mesh deformation can be effectively avoided by
using the SPH method, therefore, the flow field and expansion of
high-pressure CO2 jet can be effectively simulated. In the SPH
model, the NULL material model and the Mie-Grueisen equation
of state are used to define the high-pressure CO2 jet particles.
Based on the variation of CO2 fluid [29], the material parameters
of the high-pressure CO2 jet are set as shown in Table 1.

The material properties were gained through experiments, as
shown in Table 2. The Holmquist-Johnson-Concrete (HJC) material
model is applied to the rock model, which can accurately simulate
the damage and fracture generation in the rock model. The two
common failure modes, tensile stress failure and compressive
stress failure, are fully considered in rock cutting simulation. The
rock element is simulated by the FEM algorithm, and relatively
accurate damage characteristics can be obtained. The material
properties of the sandstone constitutive model are shown in
Table 3. Three failure criteria in the HJC model are utilized: tensile
stress failure, tensile strain failure and shear strain threshold
failure.

Eroding-nodes-to-surface is defined as a contact mode for the
CO2 jet (SPH) and rock (FEM). The SPH particles are used as the
slave, and the rock elements are used as the master. At the same
time, the PDC cutter is defined as a rigid model. Eroding-surface-
to-surface is used as a surface contact mode between the PDC cut-
ter and rock element [16]. According to the experimental model,
the bottom boundary of the rock is fully constrained (completely
fixed). Apart from the cutting surface (upper surface of the rock),
other surfaces are defined as transmission boundary conditions.
The comparison between experimental and numerical results in
composite rock-breaking is shown in Fig. 4.
Table 1
Material properties of the high-pressure CO2 jet state equation.

Parameters P (MPa) TC (K) qj (g/mm3) C

Value 5–40 300 0.879�10�3 1

Note: P is the pressure of CO2 jet; TC the temperature of high-pressure CO2; Cs the spee
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3. Results and discussion

Based on the results of numerical simulation, the stress field of
rock, the cutting force of PDC cutter and the flow field of CO2 jet
composite rock-breaking by high-pressure CO2 jet & PDC cutter
are studied. The effects of CO2 jet parameters on composites rock
breaking were further studied and discussed, such as jet impact
velocity, nozzle diameter, jet injection angle and impact distance.
Finally, the optimal nozzle arrangement and working parameters
are obtained through the researches to improve the rock-
breaking efficiency of composite rock-breaking.
3.1. Stress field of rock

The stress field in the rock and the composite rock-breaking
process are shown in Fig. 5 (DT represents the time interval
between the graphs under the same experimental conditions).
Before analysis, three points on the top rock surface are selected,
which are respectively point A, point B and point C. Point A is the
rock element in front of the PDC cutter, point C the impacting
point, and point B the midpoint between points A and C. By extract-
ing the effective stress of points A, B, and C, respectively, it can be
found that the effective stress of the point C under composite rock-
breaking is larger than that under single PDC cutter cutting. But the
effective stress of point B under composite rock-breaking is lower
than that under single PDC cutter cutting. The main reason is that
two stress waves in opposite directions are superimposed in this
region. At the same time, the cutting action of the PDC cutter is dis-
continuous. The PDC cutter first cuts into the rock and forms sev-
eral small chips by crushing the rock until these small chips
accumulate and become large enough to form another major chip
[18]. Under the condition without jet, the stress concentration
s (m/s) S1 S2 S3 c0

480 2.56 �1.986 0.2286 0.4934

d of sound in CO2; and S1 S2 S3 and c0 the constants in the equation of state.



Table 2
Material properties of sandstone sample.

Types of rocks Density (g/mm3) Compressive strength (MPa) Tensile strength (MPa) Poisson’s ratio

Sandstone 2.26�10�3 77.24 4.56 0.20

Table 3
Parameters of HJC material model.

q0 (g/mm3) fc (MPa) T (MPa) G (MPa) A1 B1 C1 N Smax D1 D2

2.26�10-3 22.79 1.95 1.189�104 0.32 1.76 0.0127 0.79 5 0.013 1

EFmin K1 (MPa) K2 (MPa) K3 (MPa) Pcrush (MPa) lcrush Plock (MPa) llock e0(s�1) FS

0.01 8.1�104 9.1�104 8.9�104 25.3 0.00167 800 0.00167 1 0.5

Note: q0 is the density of rock; fc the quasi-static uniaxial compressive strength; T the maximum tensile hydrostatic pressure; G the shear modulus; A1 the normalized
cohesive strength; B1 the normalized pressure hardening; C1 the strain rate coefficient; N the pressure hardening exponent; Smax the normalized maximum strength; D1 and
D2 the damage constants; EFmin the amount of plastic strain before fracture; K1 K2 and K3 the pressure constants; Pcrush the crushing pressure; lcrush the crushing volumetric
strain; Plock the locking pressure; llock the locking volumetric strain; e0 the reference strain rate; and FS the failure type.

Fig. 4. Comparison between experiment and simulation results in composite rock-breaking.
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region on the rock begins at the root of the PDC cutter and forms a
crushed zone [19]. With the further cutting of the PDC cutter, the
Fig. 5. Comparative analysis of rock stress field during single PDC cutter cutting and
composite rock-breaking.
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stress concentration region extends from the crushed zone to the
rock surface. When the stress value increases to the tensile limit
of the rock, the rock chip is peeled off from the main body
(Fig. 3). Both under composite rock-breaking and single PDC cutter
cutting, the effective stress of point A in the figure is 0 MPa, the
main reason is that this point is located on the chip and does not
directly contact the PDC cutter.

When the jet impacts rock, the stress wave effect induced by
the jet impacting is the dominant factor for the fracture generation
[30]. It can be found from the study that when the CO2 jet impacts
the top rock surface at the speed of 150 m/s, the rock at impact
point C cannot observe obvious fragmentation. The main reason
is the diffusion and expansion of the high-pressure CO2 jet, which
makes the high-pressure CO2 jet non-continuously ejecting from
the nozzle and finally reduces the impact load on the top rock sur-
face. Under the jet impingement, the quasi-static pressure of the
jet plays a major role in rock breaking [31]. There are two failure
criteria in the rock by high-pressure jet impact, respectively,
named as shear failure and tensile failure. The shear failure is
mainly concentrated below the jet impacting point. Tensile failure
mainly occurs in the area far from the jet impacting point, and it
dominates the initiation and propagation of radioactive cracks
and layered cracks [32]. Damage of the micropores and the
microfractures have been found in rock in the later period of rock
breaking. Since CO2 is more likely to invade into micropores and
microfractures, large tensile stress forms around the rock crushing
pit after volume expansion and pressure relief. This process is the



Fig. 6. Dynamic analysis of cutting force on PDC cutter.

Fig. 7. Analysis of particle velocity of CO2 jet in the process of composite rock-
breaking.
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main reason for the threshold pressure reduction of jet rock break-
ing and the improvement of the rock breaking efficiency [14].
3.2. Cutting force of PDC cutter

Comparing the cutting force (Fc) of the PDC cutter between
single PDC cutter cutting and high-pressure CO2 jet & PDC cutter
collaborative cutting by numerical simulation, the dynamic anal-
ysis diagram of the cutting force on the PDC cutter is drawn as
shown in Fig. 6. During the PDC cutter cutting, the fluctuation of
cutting force is the characteristic symbol to reflect the variation
of cutting load and rock failure [33]. In addition, the cutting
force, an important indicator of the rock cutting processes, is
capable of revealing the intrinsic mechanisms of rock breaking
quantitatively [34]. By calculating the mean cutting force of sin-
gle cutter cutting, it can be found that the mean cutting force is
383 N. The variance of the cutting force is 57199 N2. Under the
combined action of the high-pressure CO2 jet & PDC cutter, the
mean cutting force on the PDC cutter reduces to 348 N, and
the variance of the cutting force is 42661 N2. The cutting force
of composite rock-breaking reduces by 9.1% compared with sin-
gle cutter cutting. And the cutting force variance of composite
rock-breaking correspondingly reduces by 25.4%. It can be found
that the vibration amplitude of cutting force under composite
rock-breaking is lower than that under single cutter cutting.
When the vibration amplitude is large, it means that the
dynamic load on the cutter is also giant, easily resulting in
dynamical damage for the PDC cutter. At the same time, the lar-
ger the dynamic load, the more significant volume of rock frag-
ments is created. The cutting force of composite rock-breaking
fluctuated more frequently and is smaller than that of single
PDC cutter cutting. These results indicate that the rock is more
easily broken during the composite rock-breaking process, and
the volume of debris will be smaller, which can prevent the
PDC cutter from being impacted by a great dynamical load.
The results show that in the process of composite rock-
breaking, the mean cutting force, the peak cutting force and
vibration amplitude of the PDC cutter are significantly reduced,
which can effectively relieve the influence of vibration and shock
on the PDC cutter, and greatly prolong the service life of the PDC
cutter.
1120
3.3. Flow field of CO2 jet

The CO2 jet particle flow characteristics during the composite
rock-breaking process are shown in Fig. 7. It can be seen that when
the high-pressure CO2 jet impacts the top rock surface at an incli-
nation angle of 45�, the jet particles spread radially around. The
particles with approximately constant speed move toward the
PDC cutter surface in a fan pattern at the angle of 76�. After the
jet impacts the surface of the PDC cutter, the flow is divided into
two parts: the first part flow to the sides of the PDC cutter, taking
away the most cutting debris; the second part flow to the top of the
PDC cutter, generating a back-flow. So that the debris generated
during the rock breaking process can be quickly and timely carried
away from the PDC cutter. In this way, there will be no accumula-
tion of large amounts of debris in front of the PDC cutter. This is
why the peak cutting force of the PDC cutter reduces significantly
compared with single cutter cutting in Section 3.2. Meanwhile, the
velocity of the jet particles at the position between the PDC cutter
and the rock decreases significantly, forming a stagnation region.
The jet enters this stagnation region under the action of pressure,
which can effectively reduce the temperature rising of the PDC
cutter.

By comparing the high-speed photography images and the ther-
mal infrared photography of composite rock-breaking and PDC
cutter cutting (Fig. 8), it can be found that the rock debris con-
stantly splashes and accumulate in front of the PDC cutter during
single cutter cutting. In the process of composite rock-breaking,
the jet impacts the rock surface and continues to clean the PDC cut-
ter. After the debris is separated from the rock block, they are
quickly carried away from the stagnation region at the front of
the PDC cutter. It can decrease the accumulation of chips in front
of the PDC cutter, and avoid the energy loss caused by secondary
crushing. In Fig. 8, the maximum center temperature of the PDC
cutter has decreased from 26 to 12 �C. The jet can effectively
reduce the maximum center temperature of the PDC cutter, and
prevent the frictional heat generating between the PDC cutter
and the rock fragments. Finally, a CO2 jet can both effectively
decrease the thermal wear of the PDC cutter and prolong its service
life of the PDC cutter [35]. In conclusion, the high-pressure CO2 jet
has a positive effect on carrying rock debris during the composite



Fig. 8. Results of high-speed photography and thermal infrared photography in the experiment of composite rock-breaking.
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rock-breaking, which can effectively reduce the temperature rising
and the thermal wear of the PDC cutter.
3.4. Influence of CO2 jet parameters

In order to analyze the influence of different CO2 jet parameters
on the composite rock-breaking, the numerical simulation of rock
breaking without CO2 jet was carried out first. When the cutting
velocity is 0.46 m/s constantly, the cutting depth is 2 mm, the
mean cutting force of the PDC cutter is 383 N and the interface fric-
tion angle (u) is 0.9�, the effects of jet parameters, such as impact
velocity, nozzle diameter, jet injection angle and impact distance,
on the cutting force were discussed respectively.
3.4.1. Impact velocity of CO2 jet
The variation of mean cutting force (Fm) and interface friction

angle (u) under the different jet velocity are shown in Fig. 9. It
can be seen that the values of Fm and u change slightly when the
impact velocity is between 50 and 250 m/s. This is because under
the impact of jet, the rock is still in the elastic deformation stage,
and even there is a plastic deformation stage and the micro-
fracture initiation, it has not completed failure [12]. However,
when the impact velocity of the CO2 jet is greater than 250 m/s,
the mean cutting force decreases significantly. And the contribu-
tion of a high-pressure CO2 jet for composite rock-breaking is obvi-
ous. When the CO2 jet impacts the rock surface, a large number of
microfractures is created under the impacting surface, and finally
propagates to break the rock into blocks after 1000 ls. Finally, a
crushing pit is formed on the rock surface.

It can be seen from the simulation results that the interface
force of the jet (Fi) and the effective stress of point C (rc) increase
with the increase in the impact velocity. As the larger the impact
velocity of the CO2 jet, the greater the kinetic energy load on the
rock surface. The stress wave generated by the jet impacting is con-
tinuously transmitted along the direction of the PDC cutter and
superimposed with the stress wave generated by the PDC cutter.
1121
Eventually, both the effective stress of the rock and the influence
range of the stress wave increase. Therefore, in the process of com-
posite rock-breaking, the rock is more likely to reach the failure
strength, and the cutting force of the PDC cutter would reduce
obviously. Interface friction angle (u) characterizes the frictional
interaction between the cutter’s rake face and the rock (Fig. 5).
The larger the u is, the more likely the chips would stick to the rake
face of the PDC cutter. However, the u under impact of the CO2 jet
is larger than that without the CO2 jet, and it increases with the
increase in the impact velocity. The reason is that after the jet
impacts the rock surface, a layer of pressure water film is formed,
which attaches to the rock surface and prevents the tensile failure
of rock chips [36].
3.4.2. Nozzle diameter
When the impact velocity of the CO2 jet is 150 m/s, it can be

seen from Fig. 10 that with the increase in nozzle diameter (Dj),
the values of mean cutting force, both Fi and rc decrease corre-
spondingly. It shows that with the increase in the jet diameter,
more energy of the jet load on the rock surface, leading to greater
superimposed stress in the rock at the front of the PDC cutter. This
made the rock easy to be broken and reduced the cutting force of
the PDC cutter. Therefore, it is concluded that increasing the nozzle
diameter could reduce the cutting force. When the nozzle diameter
is 1 mm, the decrease of cutting force is not obvious. The main rea-
son is that the high-pressure CO2 jet has high diffusivity and
expansion [17], which rapidly reduces the impacting kinetic
energy on the rock surface. However, with the increase in nozzle
diameter (Dj), the interface friction angle (u) increases. The main
reason is that with the increase in energy, the pressure of the wall
jet attached to the rock surface also increases, which hinders the
shear failure of rock chips (i. e., the Fa is relatively increased).
Therefore, the larger nozzle diameter would provide more severe
damage to the rock, but it also results in serious energy loss for
the jet. It is found that the optimum range of nozzle diameter is
1.5–2.5 mm.



Fig. 9. Variation of mean cutting force and interface friction angle under different impact velocity (No jet when the impact velocity of CO2 jet is 0 m/s) (Vc=0.46 m/s, h=20�,
Dj=2 mm, /=45�, d=10 mm).

Fig. 10. Variation of mean cutting force and interface friction angle under different nozzle diameter (No jet when the diameter of CO2 jet is 0 mm) (Vc=0.46 m/s, h=20�,
Vj=150 m/s, /=45�, d=10 mm).
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3.4.3. Injection angle of CO2 jet
The variation of the mean cutting force and the interface friction

angle under different injection angles is shown in Fig. 11. It can be
seen that in the process of composite rock-breaking, the mean cut-
ting force is greatly reduced compared with that without assisting
jet. Especially, when the injection angle of the CO2 jet is 60�, the
mean cutting force is the smallest compared with other injection
angles. At this time, the effective stress of the rock at the impact
point is larger than other injection angles, and an obvious shear zone
is also formed at the impact region. This is because when the injec-
tion angle is large, the impact energy of the jet can effectively
destroy the rock. When the injection angle is less than 60�, the
impact energy of the jet cannot be fully transferred to the rock sur-
face. Therefore, the effective stress at the impact point is smaller
than that at the other large injection angle. It can be concluded that
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the jet with a smaller injection angle has a weaker effect on rock
damage [32]. However, when the injection angle is greater than
60�, the mean cutting force increases stably, which is mainly due
to the rapid expansion and dispersion of the CO2 jet after impacting
the rock surface. Only a small part of the jet fluid flows to the PDC
cutter, which decreases the possibility of rock tensile failure in front
of the PDC cutter and reduces the capacity of debris-carrying.

With the increase in the injection angle, the interface friction
angle also increases. We observed that the increasing interface fric-
tion angle is attributed to the increase in thickness of the wall jet
which would prevent the rock chips generation and removing from
rock block. In summary, in the process of composite rock-breaking
by high-pressure CO2 jet & PDC cutter, the optimal injection angle
of CO2 jet is 60� [37], the cutting force at this time is the smallest,
and the effect of carrying rock debris is the best.



Fig. 11. Variation of mean cutting force and interface friction angle under different injection angle (No jet when the injection angle of CO2 jet is 0�) (Vc=0.46 m/s, h=20�,
Vj=150 m/s, Dj = 2 mm, d=10 mm).

Fig. 12. Variation of mean cutting force and interface friction angle under different impact distance (No jet when the impact distance of CO2 jet is 0 mm) (Vc=0.46 m/s, h=20�,
Vj=150 m/s, Dj = 2 mm, /=45�).
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3.4.4. Impact distance of CO2 jet
When the impact distance of the CO2 jet is 2.5 and 10 times the

nozzle diameter (Dj=2 mm), the mean cutting force is smaller and
the interface friction angle is larger than that of other impact dis-
tance (Fig. 12). When the impact distance of the CO2 jet is 5 mm,
the cutting force is the smallest. This is because when the impact
region is closer to the PDC cutter, the impingement force of the
jet can largely increase the maximum stress of the rock on the front
of the cutter edge and improve debris-removing on the front of the
cutter surface. Moreover, when the impact distance of the CO2 jet
varied from 10 to 15 mm, the mean cutting force increases. The
reason is that the jet formed a layer of pressure CO2 film on the
rock surface at this time, which prevented the rock from breaking
away. In this case, the mechanical cutter cannot perform to its full
potential [36]. Although the jet at a distance of 2.5 times of the
nozzle diameter can offer great support for the composite rock-
breaking, this distance is too small to be applied in the rock bit
1123
design. This would make the placement of the nozzle very difficult
and the nozzle also would block the upward movement of the rock
debris. Therefore, considering the nozzle shape and arrangement
space, the optimal impact distance is 10 times of the nozzle
diameter.
4. Conclusions

Combining experiments and numerical simulations, this paper
adopts the coupled SPH/FEM method to study the mechanism of
composite rock-breaking from the perspective of rock stress field,
cutting force and jet flow field. And the effects of CO2 jet parame-
ters on composite rock-breaking were further studied and dis-
cussed, such as jet impact velocity, nozzle diameter, injection
angle and impact distance. The main conclusions are presented
as follows:
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(1) In the process of composite rock-breaking, CO2 is more likely
to invade into micropores and microfractures, and large ten-
sile stress forms around the rock crushing pit after volume
expansion and pressure relief. This process can reduce the
threshold pressure of jet rock breaking and improve the rock
breaking efficiency. Under the action of the CO2 jet, the
stress value of the rock is more likely to reach its tensile
limit, resulting in the chips being peeled off from the main
body more easily.

(2) The results show that the cutting force of composite rock-
breaking reduces by 9.1% compared with single cutter cut-
ting. And the cutting force variance of composite rock-
breaking correspondingly reduces by 25.4%. These results
fully prove that in the process of composite rock-breaking,
the mean cutting force and vibration amplitude of the PDC
cutter have a significant reduction, which can effectively
relieve the influence of vibration and shock on the PDC cut-
ter, and greatly prolong the service life of the PDC cutter.

(3) By comparing the high-speed photography images and the
thermal infrared photography of composite rock-breaking
and PDC cutter cutting, it can be found that the maximum
center temperature of the PDC cutter has decreased from
26 to 12 �C. The main reason is that the high-pressure CO2

jet has a positive effect on carrying rock debris during the
composite rock-breaking. Which can effectively reduce the
temperature rising and the thermal wear of the PDC cutter,
and prolong the service life of the PDC cutter.

(4) In the process of composite rock-breaking, when the impact
velocity of the CO2 jet is less than 250 m/s, there is a large
reduction in the mean cutting force, although the CO2 jet
has not directly broken the rock. The optimal range of nozzle
diameter is 1.5–2.5 mm, and the best injection angle of CO2

jet is 60�. Considering the nozzle shape and arrangement
position, the optimal impact distance is 10 times the nozzle
diameter. The above studies could provide theoretical sup-
port and technical guidance for composite rock-breaking of
high-pressure CO2 jet & PDC cutter, which is useful for the
CO2 underbalance drilling and drill bit design.
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