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Abstract: Supercritical carbon dioxide (Sc-CO2) jet rock breaking is a nonlinear impact 
dynamics problem involving many factors. Considering the complexity of the physical 
properties of the Sc-CO2 jet and the mesh distortion problem in dealing with large 
deformation problems using the finite element method, the smoothed particle 
hydrodynamics (SPH) method is used to simulate and analyze the rock breaking process 
by Sc-CO2 jet based on the derivation of the jet velocity-density evolution mathematical 
model. The results indicate that there exisits an optimal rock breaking temperature by Sc-
CO2. The volume and length of the rock fracture increase with the rising of the jet 
temperature but falls when the jet temperature exceeds 340 K. With more complicated 
perforation shapes and larger fracture volumes, the Sc-CO2 jet can yield a rock breaking 
more effectively than water jet, The stress analysis shows that the Sc-CO2 rock fracturing 
process could be reasonably divided into three stages, namely the fracture accumulation 
stage, the rapid failure stage, and the breaking stabilization stage. The high diffusivity of 
Sc-CO2 is identified as the primary cause of the stress fluctuation and W-shaped fracture 
morphology. The simulated and calculated results are generally in conformity with the 
published experimental data. This study provides theoretical guidance for further study 
on Sc-CO2 fracturing mechanism and rock breaking efficiency.  
  
Keywords: Supercritical carbon dioxide jet, rock breaking, SPH, stress distribution, erosion 
morphology. 

1 Introduction 
Supercritical carbon dioxide (Sc-CO2) is a special fluid with a gas-like viscosity and a 
liquid-like density, which facilitate fracture initiation and propagation and improve 
reservoir permeability compared to ordinary water jets [Middleton, Carey, Currier et al. 
(2015); Middleton, Viswanathan, Currier et al. (2014); Zhi and Elsworth (2016); Jia, Lu,  
Elsworth et al. (2018)]. Currently, Sc-CO2 has become a research hotspot in the field of 
unconventional oil and gas reservoir development for its good prospects in improving 
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single well production [Heller and Zoback (2014); Zhi and Elsworth (2014); Zhang, He,
Li et al. (2019); Makhanov, Habibi, Dehghanpour et al. (2014); Abedini and Torabi 
(2014); Zhi, Elsworth and Liu (2019); Zhou, Liu, Jiang et al. (2016); Ranathunga, Perera, 
Ranjith et al. (2016)]. A larger number of studies [Ishida, Aoyagi, Niwa et al. (2012); 
Kizaki, Hiroharu, Katsushi et al. (2012); Inui, Ishida, Nagaya et al. (2014)；Liu, Zhu, 
Wei et al. (2018); Kolle (2002); Zhang, He, Li et al. (2019); Cai, Kang, Wang et al. 
(2019)] have demonstrated that the a smaller initiation pressures for Sc-CO2 fracturing, 
and a more complicated fracture pattern with higher rock-breaking efficiency when using 
Sc-CO2 fracturing. The results of Sc-CO2 rock breaking experiments showed that the low 
viscosity makes Sc-CO2 easier to flow into the micropores and microcracks, causing the 
rock damage via shear and tensile failure [Wang, Li, Tian et al. (2015); Chen, Nagaya 
and Ishida (2015)]. The current Sc-CO2 rock breaking mechanism studies have been 
investigated by analysis of experimental macroscopic morphology, while many effects 
such as fluid-solid coupling effect, microscopic failure, and particle trajectory have not 
been studied yet.  
Considering phase transition of Sc-CO2 and its special physical properties, it is relatively 
difficult to conclude the influence of Sc-CO2 physical properties on the rock breaking by 
experiments alone. Li et al. [Li, Feng, Han et al. (2016)] studied the fracturing initiation 
pressure of the liquid CO2, water and N2, and derived the calculation formula of the 
initiation pressure for cylindrical shale. Lu et al. [Lu, Ao, Tang et al. (2016)] established 
the adsorption equation for the rock volume changing and derived the mathematical 
model of Sc-CO2 fracturing volume expansion in shale. Based on the improved SIMPLE 
segmentation algorithm, Zhou et al. [Zhou, Lu, Tang et al. (2017)] established a 
numerical model of the impacting flow field of Sc-CO2 in the shaft bottom, and obtained 
the pressure, temperature and physical parameters of the Sc-CO2 flow field. The 
numerical simulation method of computational fluid dynamics was also applied to the 
study of the Sc-CO2 flow field characteristics, revealing the impacts of the velocity and 
pressure on the Sc-CO2 flow field [He, Li, Wang et al. (2016); Wang, Li, Tian et al. 
(2015)]. However, the recent simulation studies only focused on the characteristics of the 
post-flow field of supercritical carbon dioxide jet. Due to the complexity of the coupling 
fluid-solid effect between the jet and rock, few coupling simulations and analyses were 
conducted on Sc-CO2 rock fracturing. 
Ni et al. [Ni, Wang and Zhang (2005)] used the finite element method to simulate the 
rock breaking process of the high pressure water jet, and studied the influence of the 
water jet parameters on rock breaking effect. Sun et al. [Sun, Wang, Yu et al. (2005); 
Chen, Li, Gao et al. (2015)] studied the impacts of the water jet parameters and rock 
properties on the rock fracturing efficiency, based on nonlinear finite element method and 
Hoffman failure criterion. Liu et al. [Liu and Si (2011); Si, Xie and Yang (2011); Xiong, 
Lv and He (2017)] used the ALE coupled finite element method to simulate and analyze 
the impacts of the water jet parameters on the internal damage of rock. However, the 
main limitation of the traditional finite element method is that the mesh distortion reduces 
the accuracy of the calculation when dealing with a large deformation in the Lagrange 
method. The Smooth Particle Fluid Dynamics (SPH) algorithm is a novel meshless 
particle algorithm and could effectively cope with the large deformation and stress and 
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strain localization without need for finite element mesh. Liu et al. [Liu, Liu and Ji (2015)] 
used the SPH method to establish a numerical model of the rock breaking by the water jet, 
and studied impact pressure and rock breaking efficiency at different diameters and 
speeds of the water jet. Das et al. [Das and Cleary (2010)] used the SPH method to 
simulate the damage and the fracture of rock by water jet, and verified the ability of SPH 
method to predict rock fracture comparing with the experimental results. Hedayati et al. 
[Hedayati and Vahedi (2017)] investigated the penetration in ceramic/aluminum targets 
using SPH method, and confirmed the target efficiency would be enhanced by increasing 
the ceramic thickness and decrease of aluminum thickness. Fan et al. [Fan and Li (2017)] 
couplinged the state-based Peridynamics model with a modifed SPH model, which 
successfully achieved the large scale simulation of explosive fragmentation of soil up to 
fve million particles. However, there is still limited literature on the analysis of the Sc-
CO2 rock breaking process by the SPH method. 
Based on the derivation of Sc-CO2 dynamic evolution equation, the Sc-CO2 rock 
breaking simulation model is established with SPH algorithm to study the internal stress 
and damage of the rock. Thus, the rock breaking mechanism by Sc-CO2 jet is revealed. 

2 Physical model of Sc-CO2 
2.1 Jet speed 
A common cylindrical nozzle is used in the model, and the Sc-CO2 jet is regarded as the 
adiabatic friction tube flow [Chen, Cai, Deng et al. (2000)]. The fluid micro-element 
satisfies the mass conservation equation along the nozzle axis:  
𝑑𝑑(𝜌𝜌𝜌𝜌𝜌𝜌) = 0                                                                                                                       (1) 
where 𝜌𝜌 is the fluid density, 𝜌𝜌 is the fluid flow velocity, 𝜌𝜌 is the Nozzle cross-sectional 
area. Ignoring the heat exchange between the fluid and the outside, the fluid micro-
element satisfies the one-dimensional steady adiabatic flow energy conservation equation 
[Tong, Kong and Deng (2012)]: 

𝑑𝑑 �𝐻𝐻 + 𝑢𝑢2

2
� = 0                                                                                                                 (2) 

where 𝐻𝐻 is the fluid enthalpy. The fluid satisfies the momentum conservation equation 
considering friction which is given by: 
𝑑𝑑𝑑𝑑
𝜌𝜌

= −𝜌𝜌𝑑𝑑𝜌𝜌 − 2𝑓𝑓𝑢𝑢2

𝑑𝑑
𝑑𝑑𝑑𝑑         (3) 

where 𝑝𝑝  is the fluid pressure,  𝑑𝑑  is the nozzle diameter;  𝑓𝑓  is the carbon dioxide flow 
friction coefficient calculated as [Wang, Sun, Wang et al. (2014)]:  
1
�𝑓𝑓

= −2.34 𝑙𝑙𝑙𝑙 � 𝜀𝜀
1.72𝑑𝑑

− 9.26
𝑅𝑅𝑅𝑅

𝑙𝑙𝑙𝑙 �� 𝜀𝜀
29.36𝑑𝑑

�
0.95

+ �18.35
𝑅𝑅𝑅𝑅

�
1.108

��         (4)  

where 𝜀𝜀 is the inwall roughness of the nozzle, 𝑑𝑑 is the nozzle diameter, 𝜌𝜌 is the fluid 
density,  𝑅𝑅𝑅𝑅  is the Reynolds number calculated as  Re = 𝑢𝑢𝑑𝑑𝜌𝜌

𝜇𝜇
,  𝜇𝜇  is the hydrodynamic 

viscosity could be calculated by the Vesovic-Wakeham model [Vesovic, Wakeham and 
Olchowy (1990)]. 
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For the slow changing of the horizontal flow velocity ( du ≈ 0) in any micro-element, 
then Eqs. (2) and (3) could be simplified as:  
𝑑𝑑𝐻𝐻 = 0                                (5) 
𝑑𝑑𝑑𝑑
𝜌𝜌

= −2𝑓𝑓𝑢𝑢2

𝑑𝑑
𝑑𝑑𝑑𝑑                                     (6) 

The physical properties of carbon dioxide are solved by the carbon dioxide equations 
given by Span et al. [Span and Wagner (1996)]:  
𝑝𝑝(𝛿𝛿, 𝜏𝜏) = 𝜌𝜌𝑅𝑅𝜌𝜌(1 + 𝛿𝛿ф𝛿𝛿𝑟𝑟 )               (7) 
𝐶𝐶2(𝛿𝛿,𝜏𝜏)
𝑅𝑅𝑅𝑅

= 1 + 2𝛿𝛿ф𝛿𝛿𝑟𝑟 + 𝛿𝛿2ф𝛿𝛿𝛿𝛿𝑟𝑟 − �1+𝛿𝛿ф𝛿𝛿
𝑟𝑟−𝛿𝛿𝜏𝜏ф𝛿𝛿𝛿𝛿

𝑟𝑟 �
2

𝜏𝜏2�ф𝜏𝜏𝜏𝜏0 +ф𝜏𝜏𝜏𝜏𝑟𝑟 �
           (8) 

where C is the carbon dioxide sound velocity;  𝛿𝛿 is the conversion density, calculated 
as 𝛿𝛿 = 𝜌𝜌𝑐𝑐 𝜌𝜌� ，𝜌𝜌𝑐𝑐  is the critical density of carbon dioxide, 𝜏𝜏 is the inverse conversion 
temperature, 𝜌𝜌  is the temperature of carbon dioxide, R is the gas constant of carbon 
dioxide; ф0 , ф𝑟𝑟 , ф𝛿𝛿𝑟𝑟 , ф𝜏𝜏0  and ф𝜏𝜏𝑟𝑟  are the dimensionless Helmholtz free energy function 
and its partial derivatives. 
Therefore, the sound velocity of the inlet flow velocity 𝐶𝐶1 could be calculated by Eqs. (7) 
and (8), then the inlet flow velocity is calculated as: 
𝜌𝜌1 = 𝐶𝐶1𝑀𝑀1                        (9) 
where 𝑀𝑀1 is Mach number. According to the conservation condition at the cylindrical 
section of the nozzle, the flow velocity of the node 𝑖𝑖 could be obtained by the Eqs. (3), 
(5), (6) and (9): 
𝜌𝜌𝑖𝑖 = 𝜌𝜌𝑖𝑖−1𝑢𝑢𝑖𝑖−1

𝜌𝜌𝑖𝑖
                                           (10) 

where the 𝑝𝑝𝑖𝑖  is the pressure of the node 𝑖𝑖. 

2.2 Jet density 
The density 𝜌𝜌 is dynamic in the Sc-CO2 velocity model, and it could be solved by the P-R 
equations as [Peng and Robinson (1976)]: 

𝑃𝑃 = 𝑅𝑅𝑅𝑅
𝑉𝑉−𝑏𝑏

− 𝑎𝑎
𝑉𝑉(𝑉𝑉+𝑏𝑏)+𝑏𝑏(𝑉𝑉−𝑏𝑏)          (11) 

𝑏𝑏 = 0.08664𝑅𝑅𝑅𝑅𝑐𝑐
𝑃𝑃𝑐𝑐

                             (12) 

𝑎𝑎 = [1 + (0.48 + 1.574𝜔𝜔 − 0.176𝜔𝜔2   )(1 − 𝜌𝜌𝑐𝑐0.5)]2               (13) 
where P is the fluid pressure, R is the gas constant, T is the absolute temperature, and V is 
the molar volume of gas; 𝜌𝜌𝑐𝑐 is the critical temperature and 𝑃𝑃𝑐𝑐 is the critical pressure, 𝜔𝜔 is 
the eccentric factor. For supercritical carbon dioxide, 𝜌𝜌𝑐𝑐 = 304.2 k，𝑃𝑃𝑐𝑐=7.376 MPa，
𝜔𝜔=0.225, and the P-R equation of Sc-CO2 could be obtained by Eqs. (11)-(13): 
𝑃𝑃𝑉𝑉3 + (26.667𝑃𝑃 − 8.314𝜌𝜌)𝑉𝑉2 − (2133.39𝑃𝑃 + 443.42𝜌𝜌 − 𝛼𝛼)𝑉𝑉 + 18963.6𝑃𝑃 + 
5912.326𝜌𝜌 − 26.667 = 0          (14) 
So the molar volume of carbon dioxide can be obtained by the Eq. (14), and the density 
could be calculated according to the molar volume as: 
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𝜌𝜌 = 𝑉𝑉
22.4𝐿𝐿/𝑚𝑚𝑚𝑚𝑚𝑚

         (15) 

3 Numerical methodology 
3.1 SPH algorithm 
The SPH method bases on the difference algorithm theory, whose particle approximation 
function is defined as [Lin, Lu, Tang et al. (2014); Libersky and Petschek (1993)]: 
𝛱𝛱𝑚𝑚𝑓𝑓(𝑑𝑑) = ∫ 𝑓𝑓(𝑑𝑑)𝑊𝑊�𝑑𝑑 − 𝑦𝑦，𝑙𝑙�𝑑𝑑𝑦𝑦             (16) 
where W is the kernel function defined by the auxiliary function θ as: 

𝑊𝑊(𝑑𝑑, 𝑙𝑙) = 1
𝑚𝑚(𝑥𝑥)𝑛𝑛 𝜃𝜃(𝑑𝑑)             (17) 

where 𝑛𝑛 is the spatial dimension and 𝑙𝑙 is the smooth length. Cubic B-spline function is 
commonly used as the smooth kernel function in SPH which is summarized as: 

𝜃𝜃(𝑅𝑅) = 𝐾𝐾 ×  �
 1 − 3

2
𝜌𝜌2 + 3

4
𝜌𝜌3         |𝑅𝑅| ≤ 1

    1
4

(2 − 𝜌𝜌)3             1 ≤ |𝑅𝑅| ≤ 2 
0                             2 ≤  |𝑅𝑅|

         (18) 

where K is a normalized constant determined by the spatial dimension,𝑅𝑅 = 𝑥𝑥−𝑦𝑦
𝑚𝑚

. 

The Lagrange function for particle motion is stated as: 
𝑑𝑑𝑗𝑗 = 𝑑𝑑𝑗𝑗(𝑑𝑑𝑖𝑖, 𝑡𝑡)             (19) 
where 𝑑𝑑𝑖𝑖 is the coordinates of the particle at the initial moment, and 𝑑𝑑𝑗𝑗 is the coordinates 
of the particle at time 𝑡𝑡. The particle motion position equation is: 
𝑑𝑑𝑥𝑥𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑣𝑣𝑖𝑖                 (20) 

where 𝑣𝑣𝑖𝑖 is the velocity of the particle. 
The mass conservation equation is: 
𝑑𝑑𝜌𝜌(𝑥𝑥𝑖𝑖)
𝑑𝑑𝑑𝑑

= ∑ 𝑚𝑚𝑗𝑗
𝑁𝑁
𝑗𝑗=1 �𝑣𝑣�𝑑𝑑𝑗𝑗� − 𝑣𝑣(𝑑𝑑𝑖𝑖)�∇𝑖𝑖𝑤𝑤𝑖𝑖𝑗𝑗            (21) 

The momentum conservation equation is: 
𝑑𝑑𝑑𝑑(𝑥𝑥𝑖𝑖)
𝑑𝑑𝑑𝑑

= ∑ 𝑚𝑚𝑗𝑗 �
𝜎𝜎𝛼𝛼𝛼𝛼�𝑥𝑥𝑗𝑗�
𝜌𝜌𝑖𝑖2

− 𝜎𝜎𝛼𝛼𝛼𝛼(𝑥𝑥𝑖𝑖)
𝜌𝜌𝑗𝑗2

+ 𝛱𝛱𝑖𝑖𝑗𝑗�𝑊𝑊𝑖𝑖𝑗𝑗,𝛽𝛽                                 𝑁𝑁
𝑗𝑗=1    (22) 

The energy conservation equation is: 
𝑑𝑑𝑑𝑑(𝑥𝑥𝑖𝑖)
𝑑𝑑𝑑𝑑

= −∑ 𝑚𝑚𝑗𝑗 �𝑣𝑣�𝑑𝑑𝑗𝑗� − 𝑣𝑣(𝑑𝑑𝑖𝑖)� × �𝜎𝜎
𝛼𝛼𝛼𝛼(𝑥𝑥𝑖𝑖)
𝜌𝜌𝑖𝑖2

+ 1
2
𝛱𝛱𝑖𝑖�𝑁𝑁

𝑗𝑗=1 𝑊𝑊𝑖𝑖𝑗𝑗,𝛽𝛽 + 𝐻𝐻𝑖𝑖          (23) 

where 𝜌𝜌(𝑑𝑑𝑖𝑖) is the density of the particle, 𝑚𝑚𝑗𝑗 is the quality of the particle, 𝜎𝜎𝛼𝛼𝛽𝛽 is the stress 
tensor, 𝑣𝑣(𝑑𝑑𝑖𝑖) is the speed of the particle, E(𝑑𝑑𝑖𝑖) is the internal energy per unit mass of the 
particle, 𝛱𝛱 is a viscous force, 𝑊𝑊 is kernel function. 𝐻𝐻𝑖𝑖  is the enthalpy of the particle. 
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3.2 Materials and models 
The constitutive equation of the Sc-CO2 jet is described by the NULL model in the LS-
DYNA material library. And the compressible fluid state of the high-speed impact 
process is described by the Gruneisen equation as: 

𝑝𝑝 =
𝜌𝜌0𝑐𝑐2𝜇𝜇�1+�1−

𝛾𝛾0
2 �𝑑𝑑−

𝑧𝑧
2𝜇𝜇

2�

�1−(𝑠𝑠1−1)𝜇𝜇−𝑠𝑠2
𝜇𝜇2
𝜇𝜇+1−𝑠𝑠3

𝜇𝜇3
(𝜇𝜇+1)2�

+ (𝛾𝛾0 + 𝑧𝑧𝜇𝜇)𝐸𝐸         (24) 

when the material is stretched, p could be expressed as: 
𝑝𝑝 = 𝜌𝜌0𝑐𝑐2𝜇𝜇 + (𝛾𝛾0 + 𝑧𝑧𝜇𝜇)𝐸𝐸                                          (25) 
where 𝑐𝑐 is the stress wave velocity, 𝜇𝜇 is the particle velocity, 𝜗𝜗𝑑𝑑 is the intercept of the 
curve of 𝑐𝑐 and µs;  𝜌𝜌1,𝜌𝜌2, 𝜌𝜌3 are constants, 𝛾𝛾0 is the Gruneisen coefficient, and 𝑧𝑧 is the 
first order volume correction factor of γ0 . The parameters of the Sc-CO2 jet [Wang 
(2013)] are shown in Tab. 1. 

Table 1: Physical and mechanical parameters of Sc-CO2 jet 

𝜌𝜌/(g. cm3) 𝜇𝜇/(Pa. µs) 𝐶𝐶/(cm.µs−1) 𝜌𝜌1 𝜌𝜌2 𝜌𝜌3 𝛾𝛾0 𝑎𝑎 
1.112 0.0015 0.136 2.56 1.986 0.2268 0.11 0 

The H-J-C model is used to describe the constitutive relationship of rock with large 
deformation and high strain rate. The equivalent stress σ∗ could be calculated as follows 
[Polanco, Hopperstad, Borvik et al. (2008)]: 
𝜎𝜎∗ = [𝐴𝐴(1 −𝐷𝐷) + 𝐵𝐵𝑃𝑃∗𝑁𝑁](1 + 𝐹𝐹 𝑙𝑙𝑛𝑛 𝜀𝜀∗)                    (26) 
where 𝐴𝐴 is a normalized adhesion strength, 𝐵𝐵 is normalized compression coefficient, 𝑃𝑃∗ 
is dimensionless pressure,  𝜀𝜀∗̇  is dimensionless strain rate, N is the compression 
enhancement index, F is the strain rate coefficient, and the rock damage factor D is 
expressed as: 

𝐷𝐷 = ∑∆𝜀𝜀𝑃𝑃+∆𝜇𝜇𝑃𝑃
𝜀𝜀𝑝𝑝
𝑓𝑓+𝜇𝜇𝑝𝑝

𝑓𝑓                                                        (27) 

where 𝜀𝜀𝑑𝑑
𝑓𝑓 is the equivalent plastic strain, 𝜇𝜇𝑑𝑑

𝑓𝑓 is the equivalent volume strain, ∆𝜀𝜀𝑃𝑃 is the 
increment of the equivalent plastic strain, ∆𝜇𝜇𝑃𝑃 is the increment of the equivalent volume 
strain. The rock parameters are shown in Tab. 2. 

Table 2: Material parameters of rock 
ρ 
/(g/cm3) 

E0 

/GPa 
G 
/GPa 

A B 𝜌𝜌𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 N 𝛾𝛾𝐹𝐹𝑚𝑚𝑖𝑖𝑛𝑛 𝜌𝜌𝑠𝑠
/GPa 

𝑃𝑃𝑐𝑐𝑟𝑟𝑢𝑢𝑠𝑠ℎ
/GPa 

𝜇𝜇𝑐𝑐𝑟𝑟𝑢𝑢𝑠𝑠ℎ 𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐𝑙𝑙
/GPa 

𝜇𝜇𝑚𝑚𝑚𝑚𝑐𝑐𝑙𝑙 𝑘𝑘1
/GPa 

𝑘𝑘2
/GPa 

𝑘𝑘3
/GPa 

2.44 35.7 14.68 0.79 1.6 7.0 0.61 0.01 0.004 0.016 0.001 0.80 0.1 85 -171 208 

Note: E0 is the elastic modulus, G is the shear modulus, 𝜌𝜌𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚  is the normalized 
maximum strength; 𝛾𝛾𝐹𝐹𝑚𝑚𝑖𝑖𝑛𝑛  is the allowed plastic strain; 𝜌𝜌𝑠𝑠  is the maximum hydrostatic 
tensile strength;  𝑃𝑃𝑐𝑐𝑟𝑟𝑢𝑢𝑠𝑠ℎ , 𝜇𝜇𝑐𝑐𝑟𝑟𝑢𝑢𝑠𝑠ℎ  are the compressive stress and volumetric strain by 
uniaxial test,  𝑃𝑃𝑚𝑚𝑚𝑚𝑐𝑐𝑙𝑙  is the locked pressure;  𝑘𝑘1 , 𝑘𝑘2 , 𝑘𝑘3  are the material parameters.
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A three-dimensional model of the Sc-CO2 jet rock breaking was established in LS-DANA 
(Fig. 1). The radius of Sc-CO2 jet is 4mm, and the symmetry plane is constrained by SPH 
Symmetry Plane. The rock size is set as 50 mm×50 mm×30 mm. The rock boundary is 
constrained by a non-reflective boundary condition, while a free boundary is adopted for 
the fluid. 

 

 Figure 1: The rock breaking model of Sc-CO2 jet  

4 Results and discussion 
4.1 Morphology of rock breaking 
The simulations of Sc-CO2 and water jet rock breaking are carried out under the conditions 
of initial temperature 330 k and pressure 60 MPa. The results show that the fractured rock 
volume by Sc-CO2 jet is greater and more irregular than that by water jet. Moreover, the 
rock breaking morphology of two kinds of jet is different (Fig. 2): The rock breaking 
morphology by Sc-CO2 jet presents a “W-shaped” section (Fig. 2(a)), while the rock 
breaking morphology by water jet is similarly a “V-shaped” section (Fig. 2(b)).  

 
(a)                                                                 (b) 

Figure 2: The comparison of rock breaking morphology by Sc-CO2 and water jet 
(Temperature=330 K, Pressure=60 MPa). (a) Rock breaking morphology by Sc-CO2 jet, 
(b) Rock breaking morphology by water jet 
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The analysis results also show that the Sc-CO2 jet forms a unique plum blossom shape 
fracture morphology on the rock surface (Fig. 3), which is consistent with the results of 
the Sc-CO2 rock fracturing experiment in the literature [Wang, Li, He et al. (2018)]. 

 
Figure 3: The rock impacting morphology by Sc-CO2 jet. (a) Side view of the rocks 
impacting by Sc-CO2, (b) Top view of the rocks impacting by Sc-CO2, (c) The 
experimental photograph of the rocks impacting by Sc-CO2 

4.2 Influence of temperature  
4.2.1 Fractured volume 
The rock breaking processes by Sc-CO2 jet at the temperature of 320 K, 330 K, 340 K, 
350 K and 360 K under the pressure of 60 Mpa were simulated and analyzed, and the 
variation of the rock fractured volume with temperature was thus obtained (Fig. 4). It is 
shown that the rock fractured volume increases with the rising of the Sc-CO2 jet 
temperature at the beginning, while it decreases with the increasing temperature after its 
peak at 340 K. Sc-CO2 jet. Although higher temperature is helpful for the rock breaking 
[Han, Fang, San-Roman-Alerigi et al. (2019)], too high temperature would reduce the 
pressure and density of the Sc-CO2 jet, which will reduce the rock breaking ability of the 
jet impacting. The result indicates that there exists an optimal temperature for the rock 
fractured volume.  
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Figure 4: The fractured rock volume at different temperatures  

4.2.2 Fractured length 
The rock fractured lengths of the Sc-CO2 jet at the temperatures of 320 K, 330 K, 340 K, 
350 K, and 360 K are demonstrated in Fig. 5. It shows that the rock fractured length 
begins to increase linearly as the temperature increases, and the fractured rock reaches the 
maximum length at 340 K. After the maximum, the fractured length decreases with the 
increasing temperature. 

 

Figure 5: The rock fractured length at different temperatures 

4.3 The rock breaking mechanism of Sc-CO2 jet 
4.3.1 Rock breaking speed 
The statistical analysis of the cumulative failure unit number with the impact time under 
the condition of 340 K and 60 MPa is conducted. The rock breaking speed presents a 
stepped rising trend under the impacting of Sc-CO2 jet which could be clearly divided 
into three stages: the fracture accumulation stage, the rapid failure stage and the breaking 
stabilization stage (Fig. 6).  
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Figure 6: The rock breaking speed by Sc-CO2 jet 

In the fracture accumulation stage (i: 100-200 μs), the Sc-CO2 jet begins to impact the rock 
and the fracturing energy gradually accumulates, the matrix particles on the rock surface 
begin to loosen and peel off. In the rapid failure stage (ii: 200-400 μs), the rock energy 
accumulates rapidly, reaching the maximum rock fracture stress, and then the rock begins to 
break rapidly and massively. Eventually, in the breaking stabilization stage (iii: >400 μs), the 
impact kinetic energy of the Sc-CO2 jet is reduced, and the rock breakage ceases as due to 
the lack of sustainable energy supply and the resistance along the path. 

4.3.2 The movements of the breaking rock particles  
The evolution of rock stress distribution and the fractured morphology by the Sc-CO2 are 
shown in Fig. 7. Initial stress is formed in the rock when the jet begins to impact on the 
rock surface (Fig. 7(a)). With the continuous jet impacting, the rock stress rises rapidly 
and the rock deformmation initiates, showing compression in the normal direction and 
tensile in the tangential direction. The particles are broken from the rock surface, and the 
initial perforation is formed as shown in Fig. 7(b). The rock deformation energy around 
the contact surface is continuously accumulated, causing a rise in the stress and a 
concentration of the affected area. Then, the impacting stress continues to propagate, as 
the influence area gradually expands and the particles in axial direction are firstly peeled 
off (Fig. 7(c)). Due to the impacting of the high-speed Sc-CO2 jet in the axial direction, 
the axially fractured particles could be expelled upwards along the two sides rather than 
the axis and conduct shear effects on the surrounding particles (Fig. 7(d)). The expelled 
fractured particles continue to move upwards, and some of them accumulate in the high-
stress areas on both sides, which conduct compression effects on the particles of the side 
high-stress area. Finally, the particles on both sides of the axis spall and splash on a large 
scale under the impact stress, shear stress and compressive stress (Figs. 7(e)-7(h)).  
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 Figure 7: The evolution of the stress distribution and breaking particles in the rock 
(Temperature=340 K, Presure=60 MPa)  

Rock particles continue to fail and peel off under the impacting of Sc-CO2 jet, resulting 
in the increasing of the width and depth of the fractured pit, as shown in Fig. 8. The 
fractured pit begins to form at 110 μs, then the depth of the pit increases linearly. At 240 
μs, the depth reached 1.36 cm. The width of the pit increases rapidly during 110 μs to 160 
μs, climbing to 0.51 cm. And then the width increases smoothly, the width of the pit 
reaches to 0.6 cm at 240 μs. The overall simplified motion trajectories of the breaking 
particles are shown in Fig. 9. 

 
Figure 8: The evolution of the width and depth of the rock breaking by Sc-CO2 jet 

(a)120 μs (b)130 μs (c)145 μs (d)165 μs 

(e)175 μs (f)195 μs (g)215 μs (h)235 μs 
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Figure 9: Schematic diagram of the motion trajectory of the breaking rock particles 
based on the simulation results 

4.3.3 Evolution of stress and formation in the rock breaking  
Three typical measuring points A (0 cm, 0 cm, 0.5 cm), B (0.5 cm, 0 cm, 0.5 cm), C (0 
cm, 4.5 cm, 0.5 cm) on the XOY section was selected to study the stress evolution of 
rock damage field. The stress variation of each point with time is shown in Fig. 10. 

 

Figure 10: Diagram of the evolution of effective stress in the rock 

In the beginning of the jet impacting (180-210 𝜇𝜇𝜇𝜇), the high-stress core region in the rock 
begins to appear by Sc-CO2 jet (Fig. 10(I)). The stress of the three measuring points rises 
simultaneously, and the breaking energy continues to accumulate until the rock breaks. 
Subsequently, the earliest rock fracture occurs in the axial direction and forms an erosion 
pit under the continuous axial stress. Besides, due to the high diffusivity of Sc-CO2, the 
rock is also subjected to horizontal stress, and the erosion pit begins to appear horizontal 
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expansion (Fig. 10(II)). At this time, due to the rock fractures in all directions, the 
accumulated energy of each point is released, the stress shows a decreasing trend, 
entering the stress unloading stage (210 𝜇𝜇𝜇𝜇-220 𝜇𝜇𝜇𝜇). 
As the jet impacting continues, the fractured rock particles are expelled out, and the 
accumulated energy of the bare rock is continuously replenished. At this time, stress of 
the measuring point enters the secondary loading stage (220 𝜇𝜇𝜇𝜇-235 𝜇𝜇𝜇𝜇), and oblique 
micro-cracks occur at the top of the rock erosion pit (Fig. 10(Ⅲ)). Subsequently, the 
oblique micro-cracks rapidly expand and fracture by the impact and high diffusivity 
effects of the Sc-CO2 jet, and oblique erosion pits begin to appear in the two wings of 
the jet, entering into the secondary unloading stage (235 𝜇𝜇𝜇𝜇-250 𝜇𝜇𝜇𝜇). In this stage, the 
axial particles of the same height are firstly fractured and unloaded, causing the 
particles to loosen and splash at point A. Therefore, the stress of A is lower than B and 
C. The jet then flows towards the high-stress areas along the wing sides, causing the 
stress of B and C to rise until the rock particles loosen and splash. Afterwards, the 
fracure further expands the oblique pit, and finally forms the “W -shape” fracture 
morphology as shown in Fig.10(IV). Therefore, with the continuously jet impacting, 
the rock suffers cyclical effects of loading-unloading-secondary loading-secondary 
unloading, which increases the length and volume of the rock breaking steadily.

5 Conclusions 
Based on the derivation of the Sc-CO2 jet velocity-density evolution mathematical model, 
the Sc-CO2 rock breaking simulation model is developed with SPH algorithm to study the 
internal stress and damage of the rock. Both morphology of rock breaking and the impact 
of temperature are throughly examined to define rock breaking mechanism by Sc-CO2 jet. 
The numerical results are also validated with the reported experimental phenomena. The 
following conclusions could be drawn: 
(1) The velocity-density evolution mathematical model of the Sc-CO2 jet is derived. The 
numerical model of the Sc-CO2 fracturing is established based on the smoothed particle 
hydrodynamics (SPH) method, which effectively avoids the mesh distortion in the finite 
element method. The numerical results are in good consistency with the experimental 
observations. 
(2) The volume and length of the rock fractured by Sc-CO2 jet are obviously greater 
than that of the water jet. The rock failure morphology is also distinct from the water jet. 
The fracture morphology of Sc-CO2 jet is “W-shaped”, while the sectional surface 
erosion morphology presents a “plum-shaped”. 
(3) Jet temperature has a significant influence on the rock breaking by the Sc-CO2 jet.  
There exists an optimal rock breaking temperature. Under the condition of 60 MPa, both 
the volume and length of the rock erosion gradually increase with the rising of the 
temperature of the Sc-CO2 jet. However, it falls when the jet temperature exceeds 340 K, 
at which the maximum is reached. 
(4) The rock breaking speed presents a stepped rising trend under the impacting of Sc-CO2 
jet. This trend could be clearly divided into three stages: the fracture accumulation stage, 
the rapid failure stage, and breaking stabilization stage. The cyclic loading effects on the 
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rock exist in both axial and horizontal direction simultaneously, resulting in the axial and 
horizontal rock fracturing and expanding. The high diffusivity of Sc-CO2 is the main cause 
of the stress distribution characteristics and special W-shaped rock breaking morphology. 
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