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Abstract: Carbon dioxide phase transition blasting (CO2-PB) technology is an effective and econom-
ical technology used for breaking rocks. The use of CO2-PB can significantly reduce the vibration
damage to surrounding rocks. There is little research on the shockwave generated by the CO2-PB,
and simulation can better show the flow field characteristics. In order to clarify the mechanism of its
blasting load process, a theoretical analysis and a numerical model were developed to study the flow-
field characteristics and the impact pressure of CO2-PB. Our results show that the CO2 absorbs heat
from the surrounding environment, producing a significant low-temperature area. The overpressure
is significantly lower than the driving gas pressure to the ambient pressure, limiting the maximum
over-pressure that can be obtained. When the pressure in CO2-PB reaches 100 MPa, the shockwave
is about 4.25 MPa. As the distance increases, the peak value of the shockwave decays rapidly. As
the dimensionless distance increases from 1 to 5, the dimensionless overpressure decreases from 1
to 0.23. Under the same blasting pressure, increasing the filling pressure and increasing the filling
volume slightly reduce the initial pressure of the shockwave. In the shock stage, strong compression
is formed on the surface of the shockwave, resulting in a higher peak pressure value. Meanwhile, the
stable pressure is influenced by the target distance, blasting pressure, and CO2-PB length.

Keywords: carbon dioxide phase-transition blasting; simulation; shockwave

1. Introduction

Safely and efficiently breaking rock is significant for tunnel excavation, road construc-
tion, and mining. Explosive blasting has been widely used for rock breaking, due to its low
cost and high efficiency. However, explosive blasting-induced ground vibration, flames,
and toxic gases have become severe issues in engineering, which may lead to air pollution
and damage to the surrounding rocks [1]. Therefore, the application of explosive blasting
has been restricted to mining and subway construction [2]. Carbon dioxide phase transition
blasting (CO2-PB) technology comprises a nonexplosive rock-breaking technique. It was
first designed in the 1940s and has recently been widely used in projects sensitive to vibra-
tion, such as subway and nuclear power plant construction [3–5]. CO2-PB is characterized
by low vibration levels and the release of no toxic gases, which can reduce damage to the
surrounding rocks [6–9]. In this respect, CO2-PB can be considered superior to explosive
blasting techniques. Although CO2-PB has been widely used, the mechanism of CO2 phase
transition is still unclear.

As shown in Figure 1, a CO2-PB system is composed of an air compressor, a buffer tank,
a heating tube, a storage tube, and a control system. First, CO2 is transferred from the gas
phase to a high-pressure liquid by the air compressor. Then, it is injected into the storage
tube through the buffer tank. By starting the detonator, special chemicals in the heating
tube begin to react, and a lot of heat is released instantly to heat the liquid carbon dioxide
in the liquid storage tube. Under the effect of the heating element, the CO2 is transformed
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to a high-pressure supercritical state quickly. The blasting device is broken when the
pressure reaches the threshold pressure. The high-pressure CO2 is suddenly injected into a
lower-pressure gas through an orifice, leading to the highly unsteady under-expanded jet.
During the instantaneous process of the under-expanded CO2 jet, high-energy gas and a
shockwave are generated to impact the rock. Considering the under-expanded jet from the
high-pressure vessel, the first significant load on the wall would be induced by the blasting
shockwave [10]. Jaimes et al. experimentally determined that a transient pressure pulse,
similar to the typical explosive shockwave, was formed in the process of CO2 blasting [11].
This shockwave produces a strong instantaneous force when initially contacting a rock
surface. The high-energy CO2 in the vessel produces a continuous jet that carries high
kinetic energy, thus forming a constant impact on the blast-hole [12,13]. Under such high
blasting power, the rock mass is damaged and numerous crack networks are generated [3].
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Figure 1. Schematic diagram of a CO2-PB system.

The blasting efficiency of CO2-PB is closely related to the impact of the dynamic
loading on the rock. A number of researchers have reported the loading characteristics
of CO2-PB through theoretical derivation and experimental tests. Based on the mecha-
nism of phase transition kinetics, Ke et al. calculated the jet velocity and pressure [14].
Zhang et al. calculated the initial pressure of the CO2-PB shockwave and the crushing
range of cracks through the use of spherical shockwave models. They developed a blasting
experiment under free-field conditions, and their results showed that the failure modes
of the specimens are mainly due to the stress wave and gas wedge effect [11]. Wang et al.
theoretically studied the fracturing process of CO2-PB. They established a mathematical
model for the fracturing pressure of a coal seam and calculated the fracturing influence
range [15]. Shang et al. found that the most extensive shock crushing range appeared
for the combination of blasting parameters having the highest blasting pressure, medium
filling level, and the largest release orifice [3]. Zhou et al. established a small-scale experi-
mental system, revealing the phase state influence on the initiation of CO2-PB. The 8 mm
and 15 mm orifice sizes were two critical parameters under different burst pressures [16].
Lei et al. reported that the peak pressure decreases exponentially with increasing distance
from the orifice [17]. Recent evidence has suggested that the blasting pressure, the diameter
of the orifice, and the filling volume substantially affect the CO2 impact pressure. The
shock over-pressure increases with the increase in blasting pressure. The distance of the
shockwave decreased with an increase in filling pressure [18,19]. However, previous studies
have mainly focused on the propagation of rock cracks and the maximum peak pressure of
CO2-PB. The generation of shockwaves under different initial parameters remains unclear.
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Due to the high pressure and temperature levels, developing direct experimental
approaches for observing the pressure and flow field is challenging. Computational fluid
dynamics (CFD) simulation has become a valuable method to study the flow field of the
under-expanded CO2 jet. For instance, Zhang et al. [20] established a numerical model
to investigate the dynamic oscillation characteristics of SC-CO2. Zhou et al. [21] devel-
oped a numerical model to study the flow field characteristics of an SC-CO2 impacting
jet at the well bottom. Their results showed that the model could accurately predict
the temperature and pressure fields of SC-CO2 impacting the jet. Wang et al. [21] stud-
ied the near-field structure and flow characteristics of the high-pressure CO2 released
from the pipeline, where the P-R equation of state (EOS) and the shear stress transport
k–ω model were applied to simulate the physical parameters of the under-expanded jet.
Yang [22] presented a synthetic simulation of the impact pressure of swirling-round super-
critical CO2 jet flow. They concluded that distance is essential to obtain the perfect impact
pressure. However, the studies mentioned above applied static flow fields for the CO2;
therefore, dynamic simulation of the jet impacting is still needed, in order to reveal the rock-
blasting mechanism.

The choice of EOS is crucial at high pressure for numerical simulation, due to the
thermodynamic properties of CO2 being likely to change significantly as the temperature
and pressure change slightly [23–25]. Raman et al. analyzed the influence of EOS selection
on S-CO2 modeling, using six different EOS candidates. Their results showed that the
shockwave forms are susceptible to the different EOSs. Wareing et al. found that the
real gas EOS was considerably superior to the ideal gas EOS in predicting the near-field
temperatures of CO2 jets. Span and Wagner [26] proposed an EOS for CO2 based on
the Helmholtz free energy, by reviewing the empirical formula obtained from data of
previous research on CO2, especially for values near the critical point, which were shown
to have high accuracy. The fluid density and thermal conductivity error could be controlled
within 0.05% and 1.50%, respectively, which are widely used in the calculation process for
gas–liquid CO2 and SC-CO2.

For this study, we aim to analyze the theoretical pressure in CO2-PB and establish
a dynamic numerical model for the whole process. The results of the simulation under
different initial CO2-PB parameters are detailed, and the effect factors are analyzed. The
calculation analysis simulation uses the real gas model based on the S-W EOS. Our results
provide a reference for understanding the mechanism of CO2-PB blasting, guiding its
application in the field.

2. Methods and Models
2.1. Computational Simulation Domain and Boundary Conditions

Figure 2 demonstrates the three-dimensional geometric model for the CO2-PB simula-
tion. Based on the process features of CO2-PB, a geometric model was established, using
simplified conditions for the flow field. The radius of CO2-PB was set as 50 mm, and the
length L was 50–200 mm. The length of free space D was 300 mm. In the supersonic flow
field, the complex wave mechanism causes a large span of different spatial and temporal
scales, requiring high grid refinement. Due to the flow properties of CO2, different mesh
densities were set for the various regions. The local grid area was refined with a large
pressure gradient in the calculation.

In addition, grid independence was utilized, in order to ensure the accuracy of the
numerical method. As shown in Figure 3, when the grid size increased from 1.7 million
to 3.4 million cells, the pressure along the axis profile showed only a tiny deviation, and
the shockwave front was captured accurately. Therefore, a grid size of 1.7 million was
considered sufficient for our purposes.
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2.2. Governing Equations of the Simulation

As a compressible fluid, developing a supercritical CO2 fluid involves heat transfer.
Therefore, the continuity, momentum, and energy equations must be solved. In addition,
this study assumes that the influence of gravity can be ignored. Thus, the conservation
equations for mass, momentum, and energy are given by:
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where t denotes time, ρ denotes density, P denotes static pressure, ui denotes the ith
component of the time-averaged velocity, and xi represents the ith co-ordinate (i = 1, 2, 3).

For simulation of the high-speed impacting jet, the realized k–ε model is generally
written as:

ρ
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∂xi
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C3εGb. (5)

In this case, the model constants in the model equation are set as C1ε = 1.44, C2ε = 1.91,
C3ε = 0.09, σk= 1.0, and σε = 1.3. These values have been determined from experiments for
fundamental turbulent flows. They have been found to work fairly well for a wide range
of flows.
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2.3. Real Gas Model for CO2

The EOS for the CO2 is even more critical than the turbulence model for compressible
fluids [20]. In the trans-critical state, the state parameters of CO2 vary drastically, especially
in the shockwave. The required physical parameters can be accurately obtained using the
S-W state equation. The standard software provides built-in EOSs, such as critic EOSs
and more complex EOSs from the NIST REFPROP; however, there is a tiny area below the
triple point, in some cases. The UDF (user-defined function) embeds un-defined physical
property parameters, such as density and capacity, in the software. Polynomial fitting was
used to calculate the thermal conductivity k, and Sutherland’s viscosity law was used to
calculate the viscosity. The state equation of S-W, as can be found in the relevant literature,
predicts the properties of CO2 with higher accuracy in gaseous and supercritical states. The
S-W EOS is described by:

A(ρ, T)
RT

= ϕ(δ, τ) = ϕ0(δ, τ) + ϕγ(δ, τ), (6)

where δ = ρ/ρc and τ = Tc/T, with ρc = 467.6 kg/m3 and Tc = 304.13 K. The formulations
that describe the Helmholtz energy’s ideal-gas energy are given in Equation (7), and the
residual part of the Helmholtz energy is Equation (8):

φ0(δ, τ)= ln(δ)+a0
1 + a0

2τ + a0
3ln(τ) +

8

∑
i=4

a0
i ln
[
1− exp(−τθ0

i )
]

(7)

φτ(δ, τ) =
7

∑
i=1

niδ
di τdi +

34

∑
i=8

niδ
di τdi e−δci

+
39

∑
i=35

niδ
di τdi e−ai(δ−εi)

2
+

42

∑
i=40

ni∆
bi δe−ci(δ−1)2−Di(τ−1)2

(8)

In the formulation, ∆ =

{
(1−τ)+Ai

[
(δ− 1)2

]1/(2βi)
}2

+ Bi

[
(δ− 1)2

]ai
, δ is the (di-

mensionless) density, and τ is the (dimensionless) temperature. The coefficients a0
i and θ0

i
are given in Table 1.

Table 1. Coefficients of the correlation equations in Equation (7).

i a0
i θ0

i i a0
i θ0

i

1 8.37304456 5 0.62105248 6.11190
2 −3.70454304 6 0.41195293 6.77708
3 2.50000000 7 1.04028922 11.32384
4 1.99427042 3.15163 8 0.08327678 27.08792

2.4. Simulation Methodology

The CFD software FLUENT was used to simulate the CO2 jet process. After blasting,
due to the decrease in pressure, SC-CO2 is transformed into gaseous CO2. During the non-
expansion of CO2 released from CO2-PB, the phase transitions from liquid to supercritical
and supercritical to gaseous throughout the simulation process. The entire process is
considered to be continuous, regardless of the influence of phase transition enthalpy. In
some cases, the local solidification phenomenon has a negligible effect on the whole,
and can be ignored in the calculation. The solver used the double-precision density-
based coupled solver. No-slip velocity and adiabatic boundary conditions were set at the
wall boundaries.

The schematic diagram of the whole CO2-PB process is shown in Figure 4. As can be
seen from the figure, the whole process can be divided into heating and release stages [27].
In the heating stage, the filling pressure (P0) of CO2 in the tube was about 1–10 MPa. The
initial parameters (P4 and T4) of CO2 during the phase transition blasting were obtained in
the simulation process by the EOS of S-W (Equations (6)–(8)). When the filling pressure
(P0) was 7 MPa and the blasting pressure (P4) was about 100 MPa, the instantaneous
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temperature was about 549 K. The shockwave is mainly affected by the initial state of the
CO2-PB, the genomic structure, and the orifice-to-target distance. The atmospheric pressure
was set to standard atmospheric pressure in the simulation.
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2.5. Calculation of the Shockwave

The critical problem in CO2-PB is obtaining the relationship between the pressure and
the time course. In the early stage, when the highly unsteady under-expanded jet occurs,
the pressure potential energy of SC-CO2 entering the near-field is quickly transferred into
other energy forms, such as kinetic energy and sound energy, due to the enormous gap
between the pressure in the vessel (P4) and that in the ambient environment (P1). The
one-dimensional well-known shock tube equation for an ideal gas is as follows [28]:

P4

P1
= [1 +

2γ1

γ1 + 1
(M2

s − 1)][1− γ4 − 1
γ1 + 1

a1

a4
(Ms −

1
Ms

)]
− 2γ4

γ4−1
, (9)

P2

P1
= 1 +

2γ2

γ2 + 1
(M2

s − 1), (10)

where α is the speed of sound, γ is the specific heat ratio, MS is the maximum Mach
number, and other primary data were calculated using the S-W EOS. Equation (9) gives the
maximum MS in the flow field produced by the pressure.

After the energy-releasing sheet is destroyed, it does not immediately form a shock-
wave locally, but accumulates at a certain distance from the outlet. The initial distance of
the shock is represented by the symbol Rso. The pressure orifice is assumed to be completely
ruptured when it reaches this specification. The initial position of the shockwave in the
direction of the pressure port can be calculated as follows [29]:

RSO =

[
3LC(1− f )Vtube

4πL0

]1/3

, (11)

where Vtube is the volume of CO2-PB, LC is the diameter of the pressure relief port, L0 is the
tube length, and f is the filling volume fraction of liquid carbon dioxide. When the initial
shockwave is formed, it decays rapidly as time and distance increase. When the shockwave
decays in a hemispherical shape in free space, according to this model, the attenuation is
calculated as:

∆Ps

∆Pst
= [

R
R0

]

n

, (12)

where n is the attenuation coefficient. The one-dimensional shock tube equation can
determine the over-pressure in the near-field, and the attenuation index of the shock-
wave intensity is determined by the spherical method. The intensity of the shockwave
and its attenuation intensity with distance can be calculated through use of the methods
mentioned above.
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3. Result and Discussion
3.1. Development of the Free CO2 Flow
3.1.1. Starting Transient Evolution and the Shockwave

In the early stage, the first significant fluid load on the rock surface is induced by a
blast shockwave within a short period [30]. According to the simulation results, the flow
field structures are similar at different flow conditions. A set of working conditions were
selected for analysis.

Figure 5 shows the jet density, temperature, pressure, and velocity curve, in the initial
stage, along the centerline. At the transient start of the jet, due to the strong compression,
the local temperature, density, and pressure increase dramatically close to the exit. When
the ratio of vessel pressure to ambient pressure P4/P1 is equal to 1000, the initial shockwave
and the position of the compression wave can be seen at about 6 µs, which gradually
diffuses in a hemispherical shape with the advance of time. The leading shockwave is
extreme at the beginning, and the initial shockwave is similar to the ideal shockwave.
Previous research obtained the location and development process of shockwave through
simulation and experiment. The CO2 flow out of the nozzle rapidly becomes supersonic
after release. The flow becomes stronger until it reaches the Mach disk where it is changed
to subsonic flow. Considering multi-dimensional expansion of the gas, the peak value
of the shockwave moves and decays rapidly. It travels a distance of 4 cm in 45 µs and
compresses backward at the same time. A feature of this result is that the shockwave is
significantly lower than the driving gas pressure to the ambient pressure (P4/P1), limiting
the maximum shockwave over-pressure that can be obtained. As shown in Figure 5b, when
the pressure in CO2-PB reaches 100 MPa, the shockwave P2 is about 4.25 MPa. At the same
time, the temperature can reach 950 K, as shown in Figure 5c. The temperature, density,
and velocity of flow decrease with the dramatic pressure change across the shockwave.
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3.1.2. Development of the Free CO2 Flow Field Structure

Figure 6 shows the flow field of the CO2 jet at t = 80 µs and t = 200 µs. The structures of
the pressure, temperature, density, and velocity fields are similar. The shockwave spreads
downstream as the divergence angle increases, and the outline is no longer streamlined.
The CO2 along the jet leads to highly complex vortex rings and complex interacting shocks.
Shortly after release, a Mach disk and a barrel shock appear, and the flow pattern remains
the same. The Mach disk and the barrel shock exist similarly.
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When t = 200 µs, the structure of the entire flow field can be divided into several
apparent regions. The area behind the leading shockwave is the mixing zone of the
expansion products. The gas near the shockwave is compressed to generate aerodynamic
heat, and the temperature and pressure increase significantly. With gradual diffusion, the
increase in volume reinforces the shockwave intensity, while the temperature is rapidly
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weakened. As shown in Figures 5c and 6, the temperature reaches a peak at about 9 µs,
then begins to decline rapidly. Therefore, the temperature at the front is not very high after
a few microseconds. Behind the mixed area, a large Mach number is formed, due to the
high-speed expansion of the gas, reaching a maximum value at the front of the outer ring.
The conversion of supercritical CO2 into gaseous carbon dioxide and its expansion process
mainly occurs in this area, while its temperature, density, and pressure gradually decrease.
The excessive expansion in this area leads to the absorption of a lot of heat from the
surrounding environment, thus producing a significantly low-temperature area [23]. With
a low initial temperature, dry ice may even be lower than the triple point, and a negative
pressure area may be generated at low pressure. Under the considered working conditions,
it can be seen that the low-temperature area gradually expands, with about 290 K after
200 µs appearing in the outer marginal region. Previous experimental and simulation
studies have reported similar structures at the transient start of a highly under-expanded
jet [31].

Unlike the large amount of explosion heat generated by the blasting explosives, CO2-
PB produces a low-temperature region in the expansion area, due to the heat absorption
effect, making the entire temperature field lower, which is also one of the characteristics
of physical blasting. Through experimental tests, Tian [32] also obtained an instantaneous
low temperature during the blasting process.

3.1.3. Mach Disk Stabilization

In the next stage, the flow structure consists of an initial curved shock region, where
the slip line of the expanding jet flow is curved back to the axis, due to a reflected shock.
The Mach disk forms at a stable location. Figure 7 shows the development of the flow field
near the CO2-PB releasing sheet. As time progresses, the jet flow develops and gradually
spreads downstream. The Mach disc is the symbol of the under-expanded jet. At about
600 µs, the Mach disk forms, the flow field near the energy-releasing sheet exit almost
finishes, and vortices become characteristic of the flow (instead of shocks). The evolution
of the jet has come to a dynamically stable state, and lasts for some time. Due to the high
P4/P1 value, the Mach disk becomes convex [31]. It can be seen that the Mach disk oscillates
back and forth at a stable location. The location of the Mach disk can be calculated as:

xm = 0.6455de

√
P4

P1
, (13)

where de is the diameter of the nozzle, P4 is the stagnation pressure, and P1 is the ambient
pressure. The distance xm and the diameter de increase as the stagnation pressure is raised.
Figure 8 gives the location in the simulation against the result, as calculated by Equation (9).
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The results show that the Mach disk increases with an increase in stagnation pressure,
and that the simulation and theoretical results are in good agreement. The simulated value
is slightly smaller than the calculated value, while the difference in xm decreases rapidly
as the stagnation pressure increases. The simulation result is capable of representing
under-expanded CO2 jets, showing a realistic flow structure. After the steady jet continues
for about 0.3 ms, the Mach disk gradually becomes smaller, indicating that the pressure
gradually decreases as the jet continues.

3.1.4. Factors Influencing the Pressure Characteristics

As shown in Figure 9a, the trend of the initial pressure ratio vs. the over-pressure value
is close to linear. When the value of P4 increases from 20 to 150 MPa, ∆P/P1 increases from
11 to 56. The blasting pressure is critical in the process under the same initial conditions.
Increasing the initial pressure value before the CO2-PB blast can significantly increase the
peak value of the shockwave. Under the same initial filling conditions, the CO2-PB pressure
drop plays a significant role in the kinetic energy of the jet, which directly influences
the characteristics of the jet’s impact. As the ambient pressure is constant, the pressure
generated by blasting is dependent on the specifications of the energy-releasing device.
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Increasing the filling volume reduces the peak shock pressure, to a certain extent.
A lower filling volume requires a higher temperature under the same pressure, making
the initial shockwave pressure more significant. At the same time, the increase in filling
pressure is negatively correlated with the increase in shockwave formation distance. When
the filling volume increases from 50% to 100%, the peak fracturing is reduced by 20.2%. An
increase in the filling pressure leads to a decrease in the impact distance, thus making the
impact range smaller.
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Only the distance and the peak over-pressure combination can provide a meaningful
comparison and evaluation of blast shockwave hazards. A comparison between the calcula-
tion and simulation results is shown in Figure 10. The analysis is based on a physics model,
not only a curve fitting. Generally, n ranges between −0.9 and −1.2. The results show that,
when n is between −1.05 and −1, the theoretical value can better match the simulation
results. This calculation does not require an analysis of the energy or other loss adjustment
factors [25]. As the distance increases, the peak value of the shockwave decays rapidly. The
data suggest that, as the distance increases from 1 to 5, the dimensionless overpressure
decreases from 1 to 0.23 (i.e., by 77%). For comparison, under the condition of rupture
device filling, this distance is about 5–10 cm, and the effective crushing range of reinforced
concrete caused by shockwave over-pressure is in the range of about 0.1–0.2 MPa [3,33].
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3.2. Stagnation Properties of CO2 Impacting Jet

The jet fluid dynamic pressure is converted into static pressure at the impact wall. The
fluid is strongly compressed near the wall. When t = 1 ms, the pressure field of CO2 jet
distributions on the wall is shown in Figure 11a. The initial pressure P4 is 20 MPa. The
reflected shockwave can be clearly seen. Due to the compressibility of the CO2 fluid, the
wave reflected from the impact surface is superimposed. Due to the continually compressed
and expanded CO2, pressure oscillations occur. The temperature of the jet on the wall is
shown in Figure 11c, with the jet impacting the wall generating an obvious thermal effect.
The velocity field, pressure field, temperature field, and density field are similar.

As shown in Figure 12, monitoring points on the centerline near the surface were set,
in order to obtain the pressure–time curve in different cases. In the early stage, strong
compression is formed at the surface of the shockwave, resulting in a high-pressure peak
value (Figure 12b). When t > 0.4 ms, the jet stagnation pressure (Ps) ultimately stabilizes, at
about 17 MPa. After about 0.45 ms, it gradually decreases and oscillates within a specific
range. When the initial pressure (P4) is increased from 10 MPa to 20 MPa, the jet produces
a higher apparent peak value near the wall, increasing from 0.68 MPa to 3.64 MPa. This is
due to the generated shockwave being repeatedly reflected and superimposed on the near-
wall surface, resulting in a higher shock pressure peak. In the stable stage, the stagnation
pressure in the center remains at a certain level for some time, with an average value
of 8.37–17.25 MPa. Increasing the pressure produces a higher impact peak value and a
higher pressure value throughout the stage, significantly improving the blasting efficiency.
Increasing the filling volume can allow the pressure on the wall to last for a longer time at
a higher stagnation pressure, significantly increasing the rock-blasting efficiency of the jet.
When the CO2-PB length (L) increases from 5 to 10 cm, the time of the stable jet increases
from 0.45 to 1.05 ms. The CO2 filling volume is a critical factor in ensuring a longer duration
of cracking.



Energies 2022, 15, 8599 12 of 15

Energies 2022, 15, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 10. Over-pressure of CO2-PB at different distances. 

3.2. Stagnation Properties of CO2 Impacting Jet 
The jet fluid dynamic pressure is converted into static pressure at the impact wall. 

The fluid is strongly compressed near the wall. When t = 1 ms, the pressure field of CO2 
jet distributions on the wall is shown in Figure 11a. The initial pressure P4 is 20 MPa. The 
reflected shockwave can be clearly seen. Due to the compressibility of the CO2 fluid, the 
wave reflected from the impact surface is superimposed. Due to the continually com-
pressed and expanded CO2, pressure oscillations occur. The temperature of the jet on the 
wall is shown in Figure 11c, with the jet impacting the wall generating an obvious thermal 
effect. The velocity field, pressure field, temperature field, and density field are similar. 

 
Figure 11. Simulation result of the jet: pressure (a), velocity (b), temperature (c), and density (d). 

As shown in Figure 12, monitoring points on the centerline near the surface were set, 
in order to obtain the pressure–time curve in different cases. In the early stage, strong 
compression is formed at the surface of the shockwave, resulting in a high-pressure peak 

Figure 11. Simulation result of the jet: pressure (a), velocity (b), temperature (c), and density (d).

Energies 2022, 15, x FOR PEER REVIEW 13 of 16 
 

 

value (Figure 12b). When t > 0.4 ms, the jet stagnation pressure (Ps) ultimately stabilizes, 
at about 17 MPa. After about 0.45 ms, it gradually decreases and oscillates within a specific 
range. When the initial pressure (P4) is increased from 10 MPa to 20 MPa, the jet produces 
a higher apparent peak value near the wall, increasing from 0.68 MPa to 3.64 MPa. This is 
due to the generated shockwave being repeatedly reflected and superimposed on the 
near-wall surface, resulting in a higher shock pressure peak. In the stable stage, the stag-
nation pressure in the center remains at a certain level for some time, with an average 
value of 8.37–17.25 MPa. Increasing the pressure produces a higher impact peak value and 
a higher pressure value throughout the stage, significantly improving the blasting effi-
ciency. Increasing the filling volume can allow the pressure on the wall to last for a longer 
time at a higher stagnation pressure, significantly increasing the rock-blasting efficiency 
of the jet. When the CO2-PB length (L) increases from 5 to 10 cm, the time of the stable jet 
increases from 0.45 to 1.05 ms. The CO2 filling volume is a critical factor in ensuring a 
longer duration of cracking. 

 
Figure 12. Fluid pressure versus time during the simulation at different conditions. Figure 12. Fluid pressure versus time during the simulation at different conditions.



Energies 2022, 15, 8599 13 of 15

The orifice-to-target distance is also an essential factor affecting the pressure on the
wall. Figure 12c shows the pressure curve when Djet = 2. Due to the effect of the shockwave,
a peak (in terms of pressure value and speed) is generated at the front, especially when
the distance is relatively close. The shockwaves cause an intense fluid peak pressure at the
surface of the blasting hole, reaching 27 MPa with an initial pressure of 20 MPa.

The stagnation pressure at the center of the wall is obtained under different initial
conditions. Figure 13 uses the dimensionless Djet (ratio of the distance to the orifice
diameter) as the abscissa. When the dimensionless distance Djet increases from 1 to 9,
the results show that the jet impacting pressure decreases from 17.9 MPa to 8.01 MPa at
the blasting pressure of 20 MPa, and decreases from 8.2 MPa to 2.42 MPa at the blasting
pressure of 10 MPa.
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4. Conclusions

In this paper, simulation and theoretical analysis were conducted to study the initial
pressure load and the evolution of CO2-PB. The blasting over-pressure and stagnation
pressure under the effects of different parameters were calculated. Our main conclusions
are as follows:

1. During blasting, the CO2 absorbs heat from the surrounding environment and pro-
duces a significant low-temperature area. The pressure due to the shockwave is
significantly lower than the driving gas pressure to the ambient pressure, limiting the
maximum shockwave over-pressure that can be obtained.

2. The blasting pressure is the critical parameter of the shockwave. When the value of P4
increases from 50 to 150 MPa, the ∆P/P1 value increases from 17 to 56. Furthermore,
when the filling volume increases from 50% to 100%, the peak fracturing is reduced
by 20.2%. The one-dimensional shock tube hypothesis can be used, which can better
predict the peak value and attenuation of shockwave over-pressure in the near-field.

3. The impact process can be divided into three stages, considering the dynamic pressure
curves for the centerline of the jet: A shock stage, a stable stage, and an attenuation
stage. In the shock stage, strong compression is formed on the surface of the shock-
wave, resulting in a higher peak pressure value. Meanwhile, the stable pressure is
influenced by the target distance, blasting pressure, and the CO2-PB length.
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