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ABSTRACT

High-energy plasma jet rock-breaking technology is regarded as a very promising new drilling approach
for deep hard rock, attributed to its high energy density, high rock-breaking efficiency, absence of me-
chanical wear, and capability to drill high-hardness rocks. However, the thermal characteristics and rock-
breaking mechanism of plasma jet remains unclear. This study thoroughly investigates the internal
temperature distribution characteristics of granite and the thermal removal mechanism of plasma jet
with combined experimental and numerical approaches. The spallation temperature of granite is
calculated based on the Weibull statistical theory of tensile failure. A numerical model of the thermal
melting process of granite is developed to obtain the erosion morphology and temperature distribution
characteristics during the rock-breaking process. The results indicate that the spallation temperature
induced by the plasma jet is approximately 557 °C, and the experimentally obtained hole profile on the
upper surface coincides with the isotherm corresponding to the spallation temperature from the
simulation. The temperature gradients of granite in the radial and axial directions of plasma arc oper-
ation can reach up to 38.79 and 66.13 °C/mm, respectively. And the heat-affected region expands with
increasing current. The optimal removal efficiency can be achieved between 20 and 30 s under various
plasma current conditions, with the maximum value of 1188 mm?/s at a current of 300 A. The plasma jet
rock-breaking process can be characterized into three stages: dominant spalling in the early rock-
breaking stage, followed by the coexistence of hot melting and spalling in the middle stage, and
dominant high-temperature melting removal in the later stage. The results of this study provide theo-
retical guidance for engineering application of high-energy plasma jet rock-breaking drilling.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

approximately 4.95 trillion tons of standard coal, which is nearly 30
times the total global fossil energy reserves (Aghahosseini and

As the development of conventional oilfield enters its later
stages and the global shifts towards green energy, the focus is
increasingly directed towards unconventional and clean energy
sources, such as deep oil, shale gas, and geothermal energy etc.
(Pink et al., 2023; Sambo et al., 2023). Currently, the globally proven
recoverable unconventional oil and gas resources are estimated at
4.29 x 10" tons and 2.27 x 10" m?, respectively, with abundant
reserves (Dai et al., 2014). Moreover, global terrestrial hot dry rock
(HDR) energy, a form of geothermal energy, amounts to
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Breyer, 2020). However, these resources are mostly stored in
ultradeep reservoirs characterized by high temperature and stress.
Reservoir rocks are mainly composed of metamorphic and crys-
talline rocks, such as granite, posing significant drilling challenges
due to their high strength, high tightness, and low permeability (Li
et al, 2020; Jia et al, 2023). High geopathic stresses, high
geothermal and other extremely complex conditions will lead to
problems such as low drilling speed and severe drill bit wear when
drilling deep hard rock by traditional mechanical drilling. The tool
replacement time can exceed 30% of the construction time, and
may even hinder the implementation of the project during the
drilling process (Rossi et al., 2020; Baruffati and Ngueguim, 2023;
Jing et al., 2024). Breaking through the technical bottleneck of deep
hard rock drilling is the key to promoting the development of
geothermal energy (Gao et al., 2022).
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To address the problem of mechanical bit wear and replacement
during hard rock drilling, some new noncontact rock-breaking
methods have been developed. These methods can be classified
into three categories: impact rock-breaking, thermal stress rock-
breaking and erosion wear rock-breaking. High-pressure water jet
rock-breaking primarily occurs through impact pressure and the
water wedge effect, which are combined with breaking and cooling
lubrication to enhance rock-breaking efficiency (Li et al., 2017).
However, when breaking hard rock, extremely high water pressure
(>200 MPa) is required, and the energy consumption is 40—70
times higher than that of mechanical rock-breaking (Wang et al.,
2023). Particle impact rock-breaking is caused by erosion and
wear, through high-speed particle impact on the rock, resulting in
impact stress wave breaking, low energy consumption and high
efficiency. However, the existence of underground rock confining
pressure inhibits fracture expansion and reduces the effectiveness
of rock-breaking (Fang et al., 2022). Laser rock-breaking, microwave
rock-breaking and flame jet rock-breaking induce local thermal
stress in the affected region of the rock and reduce its strength (Bai
et al., 2022). Rock-breaking by thermal stress has the advantage of
concentrated energy input and avoids the serious wear problem of
traditional drilling tools. But each method has some limitations and
has not yet been applied in engineering. Laser energy attenuation in
transmission is serious, rock-breaking energy consumption is high
and it is not suitable for mining environment with high dust (Guo
et al., 2022). The microwave generator is complex, and the effect
varies significantly when breaking rocks of different compositions.
So it is necessary to determine the wavelength and frequency ac-
cording to the composition of the rock (Wei et al., 2019). Flame jet
uses air combustion flame to break the rock, but the heat carried by
air is limited and the density is low. Rock is mainly removed by heat
spalling, resulting in lower rock-breaking efficiency (Wang et al.,
2024a). The high-energy plasma rock-breaking technology in this
study has high rock-breaking efficiency and low energy consump-
tion by directly impacting and melting the rock through the high-
energy-density plasma jet, so that the rock undergoes thermal
spalling and melting removal. During operation, thermal energy is
used for rock removal without macro drilling force and mechanical
friction loss, therefore, a complex ground rotary power system is
not required. Plasma drill bit can operate in both gaseous and liquid
environments. A circle of air nozzles designed around the plasma
drill bit forms an air barrier that isolates the plasma jet from the
surrounding liquid environment (Sun et al., 2023). The fracture-
creating effect of plasma arc can significantly increase perme-
ability and weaken rock strength (Bazargan et al., 2017). Han et al.
(2024) experimentally found that the plasma jet is more likely to
cause the overall fragmentation of the rock sample. Sun et al.
(2023) systematically investigated the influence of plasma param-
eters and confining pressure on the efficiency and specific energy of
rock-breaking, and the results showed that plasma jets can achieve
efficient removal regardless of whether hard or soft rock is broken.
Moreover, under confining pressure conditions, the morphology of
the crushing pit changes significantly, the efficiency is greatly
improved, and the specific energy is approximately 0.5 times that
under no confining pressure conditions.

Although plasma jets, flame jets, and lasers use high-
temperature media to remove rocks, the rock-breaking process
with plasma jets is complex. This process is characterized by spal-
ling induced by thermal stress and melting caused by thermal en-
ergy. To understand the mechanism of plasma jet rock breaking, it is
essential to examine the phenomena of heat spalling and melting
separately. The plasma jet exerts very high heat flux on the rock
surface to generate thermal stresses. The process in which thermal
stress induces the expansion of rock cracks, forcing disc-shaped
rock cuttings to eject violently from the surface is called thermal
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spallation. The critical condition that induces thermal spallation of
rock is the spallation temperature. Early studies established a
foundation for understanding the thermal spalling mechanism,
focusing on the process of spalling formation, heat transfer, and
determining the spalling temperature through model development
(Weibull, 1951; Tester et al., 1994). Rauenzahn and Tester (1989)
employed Weibull’s brittle failure statistical theory to explore the
relationship between chip spalling and rock heterogeneity. Kant
et al. (2016) determined the minimum boundary conditions
required for rock chip spalling under hydrothermal injection con-
ditions by using rock surface temperatures and heat transfer co-
efficients. The thermal melting removal method has primarily been
studied through experimental analyses. Researchers such as Li and
Rui used the finite element software ANSYS to simulate the thermal
melting process, but the surface heat source applied in the simu-
lation had limitations. It failed to accurately reflect the depth-wise
loading of the heat source (Li et al., 2018; Rui and Zhao, 2021).

In summary, high-energy plasma jet rock-breaking is an inno-
vative and highly efficient technology. The breaking process in-
volves different interacting removal methods. There is a lack of
coupled research on different thermal removal methods in the
existing literature. Therefore, it is necessary to study the rock-
breaking process of plasma jet systematically to elucidate its
mechanism. In this study, the temperature rise characteristics of
granite during rock-breaking are studied, the spalling temperature
is estimated based on Weibull statistical theory, and a numerical
simulation of thermally melted granite is performed. A systematic
analysis is conducted to compare the experimental results by
integrating the spalling and melting processes. This study aims to
reveal the mechanism of plasma jet rock-breaking, examine the
thermal effects of plasma jets, and provide a theoretical foundation
for engineering applications of plasma jet rock-breaking
technology.

2. Experimental studies
2.1. Experimental apparatus and procedures

Fig. 1(a) shows the self-developed high-energy plasma jet rock-
breaking rig with temperature measurement experimental system.
The temperature of granite during plasma jet rock-breaking at at-
mospheric pressure was measured. The high-energy plasma power
supply can provide direct current ranging from 30 to 350 A. The
positive and negative poles are connected to the anode and cathode
of the plasma drill bit, respectively, forming a closed circuit. Fig. 1(b)
illustrates a schematic diagram of the plasma drill bit with an outer
diameter of 40 mm and an anode nozzle aperture of 10 mm. The
compressed air is adjusted and stabilized using the flow valve and
electromagnetic flow meter before being channeled into the
plasma torch electrode chamber, serving as the medium for
generating arc plasma. The cooling system utilizes a water tank
equipped with a circulating pump to cool the plasma drill bit. The
plasma drill bit is clamped by a height-adjustable experimental
bench, aligning the geometric center of the granite with the axis of
the plasma drill bit. The distance between the granite surface and
the terminal face of the plasma drill bit is maintained at 40 mm.
Precision armored K-type thermocouples (WRNK-191, China,
3 mm x 100 mm) are inserted into the prepared holes of the rock
sample. The temperature signals are transmitted through the
thermocouple wire (OMEGA, USA, temperature measurement
range —40—1200 °C, accuracy +0.5 °C) to the temperature recorder
(JK350, China, 0.01—200 Hz), with the data subsequently stored on
the computer.

To ensure stable temperature data acquisition, the temperature
logger is activated 30 min prior to the experiment for
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Fig. 1. Plasma jet rock-breaking experimental rig (a), plasma torch schematic (b), and photograph of the rock-breaking process (c).

acclimatization to room temperature, and the acquisition frequency
is set at 10 Hz. Then, the plasma power supply, air supply system,
and water-cooling system are activated. The plasma current is
configured, the compressed air gas flow rate is adjusted to 40 L/
min, and the water circulation system is subsequently inspected.
The arc ignition is activated and maintained for 30 s. Subsequently,
the temperature logger continues to record data for an additional
10 s for accuracy. After the granite cooled to room temperature, the
hole radius and depth were measured using digital vernier calipers,
and the rock samples were weighed using electronic scales. The
drilling depth per unit time is defined as the rate of penetration
(ROP), the amount of rock removed per unit time is the removal
efficiency, and the energy output from the plasma power supply
required to remove unit mass of rock is the specific energy (SE). The
plasma output energy is measured by an electrical energy sensor.
Fig. 1(c) presents a photograph captured during the rock-breaking
process.

2.2. Experimental sample

At present, the hot dry rock reservoirs developed by enhanced
geothermal systems are almost entirely composed of granite, with
depths ranging from 1.9 to 4.4 km and temperatures from 150 to
200 °C. They are characterized by high temperature, high stress, and
low permeability (Li et al., 2020; Zhu et al., 2023; Wang et al., 2024b).
In this study, the granite collected in Rizhao, China was selected as
the research object. The thermodynamic parameters of rock samples
were tested, and the results are shown in Table 1. The test results
show that the rock sample has a drillability level of 9-10, a
compressive strength of 165 MPa (a confining pressure of 20 MPa),
and is almost seamless, making it suitable as research object. The
sample dimensions were set at 100 mm x 100 mm x 100 mm. Five

Table 1

Thermodynamic parameters of granite.
Parameter Symbol Value Unit
Density ) 2.68 x 10° kg/m?
Young's modulus E 5.295 x 10% MPa
Axial strength ao 77 MPa
Compressive strength ap 165 MPa
Poisson’s ratio v 0.233 -
Drillability level Kq 9-10 -
Specific heat capacity G 960 JJ(m3-°C)
Thermal conductivity K 2.84 W/(m-°C)
Coefficient of thermal expansion 6 7.8 x 1076 1/°C
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holes was drilled on the rock sample with configurations illustrated
in Fig. 2(a) and (b). The test points along the radial direction of the
plasma arc operation were designated as R1, C1, and R2, and the
three test points along the axial direction of the plasma arc were
labeled as C1, A1, and A2. The experimental comparison reveals that
the presence of the temperature measuring hole has almost no effect
on the rock-breaking effect under the action of plasma jet. Therefore,
the influence of drilling on the strength of the rock sample during the
rock sample preparation process can be ignored. The mineral com-
positions of the granite samples were analyzed for their using an X-
ray diffractometer (PANalytical X'Pert3 Powder, Netherlands), with
the findings presented in Fig. 2(c). The physical properties of the rock
samples used in this study were tested and the results are shown in
Table 1.

2.3. Experimental results analysis

At the C1 hole, the temperature variation of granite under five
different plasma current conditions was monitored, with the re-
sults depicted in Fig. 3(a). The plasma jet started to break the rock at
10 s and end at 40 s. As the plasma current increases, the rate of
temperature increase in the granite accelerates, resulting in higher
final temperature values. Given the high specific heat capacity of
granite, the temperature of granite begins to change only after 10 s
from the beginning of rock-breaking. Furthermore, the higher the
plasma current, the earlier the temperature change occurs. Fig. 3(b)
shows the final temperatures measured at the five test points with
plasma currents of 100 and 300 A. The C1 point, located nearest to
the center of the plasma arc, has the highest temperature. The
temperature decreases in the axial direction away from the rock
surface. Radially, the temperature is approximately symmetrical
along the central axis. Notably, R1 and A1 are equidistant from C1,
each at 20 mm. However, the temperatures at R1 and R2 are higher
than that at A1, which indicates that the temperature gradient in
the radial direction is smaller than that in the axial direction.

The rock chips generated during the rock-breaking process were
collected, as shown in Fig. 4(a). This process yields three main types
of rock chips: disk-shaped fragments, powdered particles, and
vitreous enamel solidified from molten magma. The varied rock
chip morphologies reflect distinct removal mechanisms. Two
hundred manipulable rock chips were screened from the disk-
shaped fragments, and statistical analysis was initiated. The
maximum length (L), maximum width (W) (as shown in the sche-
matic of a single rock chip in Fig. 4(a)), and thickness (H) of the rock
chips were measured. The equivalent diameters (D), calculated as
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De = 2-(L-W/)®>, and the aspect ratio (Cy), defined as G, = De/H,
were employed to describe the shape of the rock chips. Fig. 4(b)
shows the statistical results, indicating that the aspect ratio ranging
from 2.76 to 23.91, with average value of 8.53. These temperature
and rock chip characteristic data will be utilized in Section 3 to
calculate the spallation temperature and validate the accuracy of
the plasma jet rock-breaking model.

3. Thermal effects of different removal methods for granite
3.1. Temperature conditions for the occurrence of thermal spalling

3.1.1. Theoretical model

Weibull proposed a statistical theory of failure that argued that
inherent flaws within materials lead to both microscopic and
macroscopic decomposition of laboratory samples (Weibull, 1951).
The Weibull failure criterion has two main features: (1) it assumes
the existence of defects within the material, yet disregards the
quantity, size, and shape of the material, implying that the material
properties and loading manner do not affect the results; (2) it
employs a distribution of the failure strength derived from
repeated testing rather than a single value. This is consistent with
the hypothesis that tensile failure of brittle materials is based on
macroscopic fractures caused by the most critical defects. Conse-
quently, it is reasonable to use Weibull statistical theory model to
describe thermal shock experiments. The spallation temperature of
granite broken by a plasma jet is calculated by the following
equation (Weibull, 1951):

- J ((%)mdv} —1—exp(-])

where G represents the cumulative probability of damage to the
rock at stress levels below ¢. m takes a value between 0O to oo, with a
higher value indicating that the rock is more spatially homoge-
neous. When m = oo, the material is perfectly homogeneous. ¢
denotes the applied load, and damage to the material occurs when
d = dp, which can be considered the rock strength per unit volume.
Under median spalling conditions, the cumulative failure proba-
bility G takes the value of 0.5 (I = 0.6390). If the relevant parameters
are known, the spallation temperature can be predicted.

As the plasma jet acts on the surface of the granite, heat is
transferred to the granite interior. The heat balance equation can be
obtained using the following equation (Steen and Mazumder,
2010):

G(o)=1—exp (1)

°T

072

Kk 0T

— —vgop — K
o 9z ROP

q- (2)
where T(z,t) is the temperature of the granite at distance z from the
surface at time t, °C, obtained by the temperature sensor in Section
2.3; q is the heat flow density, W/m?; vgop denotes the drilling
speed, m/s; k represents the thermal conductivity of granite, W/
(m-°C); ais the thermal diffusivity of granite (a = k/(pCp)), m?/s; pis
the density of granite, kg/m>; Cp is the specific heat capacity, J/
kg-°C. Given that the radial influence range of the plasma jet (about
60—100 mm) significantly exceeds the axial penetration range
(rock chip thickness 0.39—3.2 mm), Eq. (2) can be simplified as a
one-dimensional heat transfer equation (Steen and Mazumder,
2010):

(3)

T(z,t) = % Vatierfc 25& _20s _\/?)VROP Vitierfc Z\jﬂ

where T; is the spalling temperature, °C; To is the initial
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temperature of the granite, °C. ierfc(x) denotes to the residual
complementary error function.

In the calculations, the temperature jump that occurs when rock
chips are thrown from the matrix is ignored. Considering the flaked
rock chips as regular geometrical shapes, the differential volume dV
is converted into 7(Ciz/2)?dz, where z represents the distance from
the granite surface, correlating to the thickness of each disk-shaped
chip (Walsh and Lomov, 2013). Integration of Eq. (1) under median
spalling conditions, where G(¢) = 0.5, yields:

0.693 — <i> [
(4] Jo

Upon the incursion of a one-dimensional temperature wave into
a rock mass, the compressive stress parallel to the surface is pro-
portional to the temperature rise at that depth:

mTCC]_Z
4

my
z? exp( - %z) dz

(4)

BE(T —To)
1-v

(5)

where § is the coefficient of thermal expansion, 1/°C; E is the
Young’s modulus of granite, MPa; and the dimensionless v denotes
the Poisson’s ratio of rock. The spallation temperature prediction
equation can be obtained by substituting Eq. (5) into Eq. (4) and
integrating:

1/m

1—v muRoppcp>3/m 2 x 0.639
Ts=To + 6
S 0 (70( ﬂE )( K 'TCCE ( )

3.1.2. Result analysis

The result shown in Fig. 5 is obtained by substituting the data
from Section 2.3 into the equation in Section 3.1.1. As illustrated in
Fig. 5(a), the spallation temperature increases with an increase in
plasma current, and the increasing rate decelerates once the cur-
rent exceeding 200 A. The overall temperature spans from 452.60
to 594.02 °C. This phenomenon can be attributed to the inherent
characteristics of the plasma jet. As the plasma current increases,
the plasma arc column elongates and intensifies, leading to a sig-
nificant increase in the heat flux density, which instantaneously
impacts the granite surface. The substantial temperature differen-
tial between the center of jet action and the surroundings causes
the natural cracks in the granite to grow rapidly. Then, the rock
breaks rapidly under the large currents. And the rock achieves a
higher temperature compared to those with lower currents.
Fig. 5(b) presents the spallation temperature deduced from tem-
perature data obtained at the five test points under conditions of
high current (300 A) and low current (100 A). Compared to Al, the
spallation temperature at A2 diverges more significantly from that
at C1, which may be due to the greater distance of A2 from the
granite surface, the limited thermal diffusivity of the granite, and
possible error in temperature measurement. The elevated tem-
perature at R1 and R2, compared to A1, can be attributed to their
location within the heat-affected region of the loose arc tail of the
plasma jet rather than the direct impact zone at the center of the
arc column with larger energy density. Consequently, the plasma jet
exerts a diminished impact on these regions, necessitating higher
temperatures to initiate dispersion. The average thermal spalling
temperature value is about 557 °C. Additionally, the heat flow
density for each operating condition has been calculated and is
utilized in Section 3.1.3 for comparison with corresponding data
from the literature.
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Fig. 5. Thermal spalling temperature: (a) different plasma current, (b) different test point.

3.1.3. Comparison and verification of plasma jet spalling
temperature with other rock-breaking methods

To verify the reliability of the spallation temperature derived in
this study, the results are compared with data from literatures
(Rauenzahn and Tester, 1989; Wilkinson and Tester, 1993; Kant
et al., 2016; Beentjes et al., 2019). Fig. 6 shows the spallation tem-
peratures of plasma jets and other rock-breaking methods, pre-
senting a consistent trend. This congruence substantiates the
validity of the spallation temperature derivation for plasma jet rock
breaking, thereby confirming its reasonableness and reliability.

The spallation temperature obtained in this study exhibits an
approximately linear relationship with heat flux density, and the
values are generally lower than those reported for flame and laser
spallation methods in the literature. At similar spallation temper-
atures, plasma jets require a lower heat flow density than both
flames and lasers to break rock. The variation in spallation tem-
peratures across different rock-breaking methods can be attributed
to two primary factors. Firstly, the discrepancy in granite types
between this study and those cited in the literature, along with
variations in physical property parameters, contributes to the
observed differences in spallation temperatures. Secondly,

1200
@ This study
—— Linear regression through this data
- ==~ Weibull based theory--90% probability envelope (Wilkinson, 1989)
1000 4~ Weibull based theory--Mechanical test (Wilkinson, 1989)
+ Laserinduced spallation (Wilkson, 1989)
O Flame jets spallation (Kant et al., 2016) +
(&) O Flame jets spallation (Rauenzahn and Testg_r, 1989) +
° *  Flame jets spallation (Wilkson, 1989) 4
o 800 A +
=
3
=
©
g
g
£ 600 -
@
400 +
200 T T T T T T

Heat flux, MW/m?

Fig. 6. Comparison of data from this study with published data of differeft rock-
breaking methods (Kant et al., 2016; Rauenzahn and Tester, 1989; Wilkinson, 1989).

although both methods employ high-temperature media to
interact with the rock surface, the distinct characteristics of arc
plasma set it apart from flames and lasers. The temperature at the
exit of the plasma torch can reach 10,000 °C, and the energy density
can reach 10> MW/m?. The temperature gradient from the core to
the periphery of the plasma arc is significant. The gas medium
exerts a substantial expansion force within the body torch. The gas
is further compressed as it passes through the nozzle outlet. This
compression forces the charged particles to be expelled from the
nozzle at high velocities, generating a significant impact force. At
this point, the jet velocity can reach the speed of sound (300 m/s)
(Sun et al., 2020; Liu et al., 2023). The combination of these prop-
erties interacting on the rock surface leads to differences in
breaking effectiveness.

3.2. Numerical simulation of the thermal melting process of plasma
jet rock breaking

3.2.1. Finite element modeling

Plasma jet rock-breaking employs a high-temperature medium
for thermally removing rock. It is meaningful to study the tem-
perature field within granite. In this study, the finite element
software COMSOL Multiphysics (version 6.2) is utilized to numer-
ically simulate the plasma jet rock-breaking process. Fig. 7(a) shows
a photograph of a plasma jet, where regions of higher brightness
correspond to areas of increased energy density. Considering the
characteristics of the plasma arc, a Gaussian cone heat source is
selected. A rotating body heat source whose radius decreases with
depth has a peak heat flow density that does not decay in the depth
direction and a radius of action that decreases with depth. The
formula is expressed as follows (Beentjes et al., 2019):

9nUIe3 —3r2
= 7
Q m(e3 — 1)(he — hy) (re2 + Ter; +172) exp( ro? ) )
h—h;
ro(z)=Ti + (Te *ri)ﬁ (8)
1

where Q is the bulk heat flow density, W/m?; 7 is the thermal ef-
ficiency, dimensionless; U and I are the plasma current and voltage,
respectively, V and A, respectively. r is a function of x and y, rp is the
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Fig. 7. Plasma jet photographs and heat source models (a) and quarter granite model (b).

heat distribution coefficient with respect to the depth h, re and rj are
the maximum and minimum radius with values of 18 and 13 mm,
respectively. he and hj are the maximum and minimum values in
the z-direction at a depth h of 35 mm. The parameters are obtained
through experimental data and iterative debugging of simulation.
The heat source model is shown in Fig. 7(a). Researchers usually set
the energy utilization rate of plasma arc between 0.5 and 0.8. This
study sets 7 to 0.7 after comprehensive consideration (Duan et al.,
2023; Yang et al., 2024).

At present, there is no engineering model for plasma drilling
technology to refer to. Therefore, the following assumptions are
given to simplify the model. (1) The target rock formation is granite,
which is a homogeneous and isotropic material. (2) The effect of
confining pressure on thermal melting of granite is ignored. (3) The
chemical reactions during the melting process are ignored. Exper-
imental observations reveal that the drilling depth achieved by the
plasma jet within 30 s does not exceed 50 mm, thereby deter-
mining the model dimensions to be 100 mm x 100 mm x 50 mm.
Fig. 7(b) displays a quarter section of the simulation model. The
physical properties of the material used the tested results of the
rock sample in Section 2.1, as shown in Table 1. Since the arc column
primarily impacts the center of the granite surface, the mesh is
refined in the area close to the z-axis. The total number of grid cells
is 15360, and the average grid quality is 0.8588, which meets the
calculation accuracy requirements. Heat conduction is mainly
considered during the plasma action, and the “Solid Heat Transfer”
module is used to realize transient heat transfer calculations in the
model. The initial temperature of granite is 20 °C. Due to the poor
thermal conductivity of granite, the bottom and sides are set as
thermally insulating boundaries. The upper surface is the plasma
jet action surface, and the boundary conditions are set to the heat
source heat flux and phase change heat flux. The generation and
change of granite holes are realized through the “Deformation
Geometry” module, and the entire domain is set to “free defor-
mation”. Specify the normal grid movement speed of the upper
surface as v = Q/(p-Hs), where Hs is the latent heat of phase change,

KJ/kg.

3.2.2. Model validation

To validate the accuracy of the model, numerical simulations
were compared with experimental results, as shown in Fig. 8. The
rock samples with a plasma current of 200 and 300 A and rock-
breaking time of 30 s were cut. Photographs showing both the
top and cross-section views of samples were obtained. The com-
parison between the hole morphology and the contour plot from
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numerical simulation shows a general agreement. However, the
experimental hole size is larger than the numerical value. This is
because while the granite undergoes thermal melting, the plume of
the plasma jet induces spalling over a broader area of the granite.
The experimental hole profile matches with the 557 °C isotherm in
the simulation. Axially, the hole depth observed in the experiment
is smaller than that predicted by the simulation. The anisotropy of
granite significantly contributes to the difference between the
simulation and the experiment, representing a challenge in accu-
rately modeling the rock-breaking processes. Fig. 8(b) presents a
comparative analysis of temperature data collected from the C1
hole thermocouples against simulation results under different
plasma currents. The good agreement between numerical pre-
dictions and experimental data indicates the right selection of
model parameters.

3.2.3. Analysis of granite temperature field simulation results

Fig. 9 shows the temperature distribution cloud plots of the
upper surface and lateral cross-section of granite when the plasma
current is 300 A and the rock breaking time is 5—30 s. Owing to
temperatures higher than the melting temperature, the rock ma-
terial inside the hole is removed in a molten manner, resulting in
the creation of a bowl-shaped hole. The temperature distribution
on the upper surface and cross-section of the rock shows sym-
metrical characteristics. It can be seen that the region exposed to
the center of the plasma jet exhibits quite high temperatures, with
peak temperatures occurring at the boundaries of the hot melt
holes. Thermal diffusion and heat conduction within the granite is
relatively slow, and the isothermal density around the holes is very
high and the temperature gradient is large. The isotherms become
sparser as the distance from the holes increased. The radius and
depth of the melt hole increased with time. The expansion of
molten hole leads to an expansion of the temperature rise-regions
in the rock. In particular, the temperature and hole morphology of
the rock changes significantly during the first 25 s, which indicates
that the plasma jet has the most significant thermal removal effect
on the rock at this stage.

Fig. 10 illustrates the variation of the internal temperature
curves of the granite over time. The temperature along the radial
coordinates on the upper surface of the granite for intervals of
2—30 s is presented in Fig. 10(a). The radial position of the peak
temperature expands over time, indicating the increase of the
molten hole. With increasing in time, the temperature profiles
become steeper, reflecting an intensifying temperature gradient
near the melt hole. Despite the enlargement of the melt hole, the
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radial extent of thermal influence does not increase proportionally
to the melt hole radius. In Fig. 10(b), the axial temperature change
curve for long breakout times (such as t = 30 s) slows down
compared to that for short times (such as t = 2 s). It suggests that in
the later stages of rock-breaking, the axial thermal influence of the
granite expands, and the axial temperature gradient decreases. It is
consistent with the phenomenon observed in Fig. 9.

In this paper, the directional temperature distribution within
the granite was investigated at time of 30 s and a plasma current of
300 A. Five temperature monitoring lines (X1—Xs) were taken along
the radial direction of plasma jet action and five monitoring lines
(Z1—Z5) were also taken along the axial direction. The temperature
monitoring lines positions and coordinates are shown in Fig. 7(b).
The extracted temperature data curves are shown in Fig. 11. The
radial temperature distribution patterns at different depths of the
granite exhibit a consistent, with decreasing temperature with
increasing radius, as illustrated in Fig. 11(a). The absence of data
corresponds to the region of the molten hole. Temperatures are
higher closer to the upper surface of the granite and decrease with
depth at any given radius. As depth increases, the area experiencing
a temperature rise shifts inward along the radius. It is attributed to
the conical shapes of the holes, which are wider at the top and
narrower at the bottom, causing the heat transfer area to align with
the contours of the hole walls. When the depth is —22 mm, the
granite is not perforated, so a complete temperature curve is pre-
sented. However, the temperature still reaches the maximum value
at the center position. Fig. 11(b) shows the temperature distribution
along the z-axis at varying radial positions. The axial temperature
decreases with increasing radial coordinates. Locations closer to the
radial origin experience a deeper penetration of the heating effect
into the rock, resulting in higher temperatures at equivalent depths.
This phenomenon is attributed to the Gaussian distribution of the
energy of the plasma jet. At any given moment, areas closer to the
radial origin receive more energy, leading to deeper penetration of
heat into the rock via the hole walls. Consequently, as depicted in
the figure, areas nearer to the radial center exhibit a steeper tem-
perature gradient with depth, indicating a more pronounced axial
temperature gradient.

Fig. 12 illustrates the internal temperature field of the granite
subjected to plasma jet rock-breaking for 30 s under different
plasma currents. Fig. 12(a) depicts the temperature along the radial
direction on the upper surface of the granite. With an increase in
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current, the heat-affected region expands, and the isotherm of
melting temperature shifts outward from the center. The heating
area inside the rock is distributed around the borehole wall, and the
size and depth of the heating area become larger as the current
increases. The temperature profiles of the rock along the z-axis
under various currents are depicted in Fig. 12(b). The axial tem-
perature distribution exhibits a consistent pattern at different
currents. The peak temperature, corresponding to the molten point
of the rock, is observed at the borehole wall, with a gradual
decrease in temperature as the depth increases. As the current in-
creases, the temperature at the same depth increases. It may be
because that with increasing current, the diameter of the plasma
arc column and the concurrent increase in energy density. Conse-
quently, an augmented energy input at a constant rate accelerates
the heating process of rock, resulting in a more pronounced tem-
perature increase.

3.2.4. Effect of plasma jet rock-breaking at different initial
temperatures

At present, the temperature of the developed HDR formations
are usually in the range of 150—200 °C. In this section, the variation
of rock-breaking effect of granite at initial temperatures of 150 and
200 °C is investigated. Fig. 13 shows the temperature cloud plots of
two initial temperatures of granite under the action of plasma jet.
The temperature distribution of granite with different initial values
is consistent. The highest temperature occurs near the pit, and the
heat-affected area is relatively limited. The higher the initial tem-
perature, the sparser the isotherms near the pit. Fig. 14 shows the
comparison of radius and removal volume of pits at different initial
temperatures. In the early stage of rock-breaking (first 10 s), the
values of hole radius and removal volume are larger and grow faster
when the initial temperature is higher. Because the higher the
initial temperature, the easier it is for granite to reach its melting
point and undergo phase transition removal under the thermal
shock of plasma jet. Moreover, whether after heat treatment or
under real-time high temperature conditions, the internal cracks of
granite further develop, leading to a weakening of the thermody-
namic properties of the rock (Yin et al., 2016; Qin et al., 2020). High-
temperature granite is more likely to be removed under the
instantaneous impact of plasma jet. After 10 s of rock-breaking, the
values of hole radius and removal volume are almost equal for
granites with different initial temperatures. This is because the
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Fig. 11. Granite internal temperature at different monitoring lines: (a) axial variation, (b) redial variation.
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thermal conductivity of granite is poor. Even though the initial achievable through numerical simulations. Experiments are con-
temperature is high, the transfer of heat provided by the plasma jet ducted for various rock-breaking durations (10, 15, 20, 25 and 30 s)
inside the granite is limited in case the position of the plasma drill is utilizing a plasma current of 300 A. The radius of the granite hole
fixed. The results and trends of melting removal by plasma jet are observed in the experiments was compared with the radius of the
consistent for both room-temperature and high-temperature spallation temperature isotherm and the radius of the melted holes

granite. derived from numerical simulations, as depicted in Fig. 15(a).
During the initial stage of rock-breaking (t = 0—10 s), the radius of
3.3. Analysis of the heat removal effect of plasma jet rock breaking the granite aperture closely aligns with the radius of the spallation

temperature isotherm. In middle stage (t = 10—20 s), the granite
It is challenging to capture the granite removal effect at each aperture remains close to the spallation temperature isotherm. The
instant during the rock-breaking process, however, it is readily rate of increase in the radius of the melting point isotherm is similar
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to the rate of increase in the radius of the granite pore. After the
rock-breaking time reaches 20 s, the growth rate of granite pore
size and spalling temperature isotherm pore size slows down, but
the radius of the melting point isotherm still maintains a relatively
rapid growth rate. The radius of the melt hole begins to approach
the radius of the granite. It can be predicted that if the rock-
breaking time is extended, the melting point isotherm will be
closer to the actual hole profile than the spallation temperature
isotherm. Comparing the three curves suggests that within the
initial 10 s of rock-breaking, the heat of the plasma jet instanta-
neously impacts the rock surface, elevating the temperature to the
spalling threshold. Then, the rock begins to spall off and be
removed in fragment. The heat conducted into the rock accumu-
lates with time to reach the latent heat of melting of the granite.
The thermal melting process proves to be significantly more effi-
cient than thermal spallation, with the extent of thermal melting
exceeding that of spallation. After the rock-breaking time reaches
20 s, the spread of the spalling temperature isotherm is nearly
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stagnant due to the limitation of the radial influence range of the
plasma jet heat source. Due to “overheating”, the rock no longer
breaks owing to different thermal expansion coefficients, and
thermal melting becomes the dominant removal mechanism.
Fig. 15(b) illustrates the variation of molten pore size and spallation
temperature isotherms of granite over time under different plasma
currents. During the middle to late phases of rock-breaking
(t > 10 s), the expansion rate of the thermal melted hole radius
markedly exceeds that of the spallation temperature isotherm. The
plasma jet may provide sufficient energy to heat the granite surface
of the holes to the melting point, resulting in initial melting.
Nonetheless, the low specific heat capacity of granite significantly
restricts the internal heat transfer. Despite continuous heat deliv-
ered from the plasma jet, the expansion of the heat-affected zone
reaches a stable state.

A comprehensive examination of the plasma jet rock-breaking
mechanism is essential for improving rock-breaking efficiency.
Fig. 16(a) shows the comparison of the removal volume between
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experiment and simulation. The removal efficiency is determined
using the following equation:

_Vi-Vig

_ (i=1,2,...,30
ti—tiq ( )

(9)

where y is the removal efficiency, mm?>/s; V is the removal volume,
mm?>; t is the time, s.

Within the initial 25 s, the actual removal volume observed in
the experiment exceeds that obtained from the simulation. This
discrepancy is attributed to the jet impact on the granite, which
induces a transient thermal shock, causing a pronounced contrac-
tion of thermal stresses within the rock mass. This initiates a rapid
spalling phase, while the intense heat density simultaneously
causes the rock to undergo a melting removal. Hence, due to the
synergistic effects of both removal mechanisms, the volume of rock
removed in the initial 25 s of rock-breaking surpasses the simulated
value that only account for thermal melting. During the 25—30 s of
rock breaking, spalling removal gradually stops, and the magma
accumulated in the melt hole increases. The substantial distance
between the plasma torch and the bottom of the pit make it diffi-
cult to expel all magma from the bottom of the pit. The molten
magma continuously and repeatedly absorbs the heat energy of the
jet, causing the experimental value to be lower than the simulated
value under ideal conditions. Since the removal volume values in
the first 10 s were not obtained experimentally, the removal effi-
ciency value in the 10th s has no reference significance. The
experimental values of removal efficiency follow the same trend as
the simulated values after 15 s. Maximum removal efficiency occurs
in the later stages of rock-breaking (20—30 s). Consequently, the
removal efficiencies during the later stages of rock-breaking ob-
tained through modeling are examined in detail in Fig. 16(b). The
appearance of the maximum removal efficiency value is earlier
with lower plasma currents because smaller plasma currents
generate shorter plasma arcs, which in turn have a relatively
limited axial reach on the rock. The plasma arc rapidly melts the
granite to a certain depth, where the thermal melting capacity
decreases, and similar to the removal efficiency. Overall, the plasma
jet reached its maximum removal efficiency between 20 and 30 s of
rock breaking. The drilling speed can be set accordingly to achieve
higher breaking efficiency and lower energy consumption.
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4. Discussion

High-energy plasma jets use high-temperature media to heat
rock. The removal process is accompanied by a variety of complex
phenomena, so it is crucial to study rock-breaking mechanisms in
depth. Taking a plasma current of 300 A as an example, the
mechanism of plasma jet rock breaking was analyzed and discussed
based on the experimental phenomena and simulation results.
Fig. 17(a) shows the schematic diagram of the different stages of the
rock-breaking process, and Fig. 17(b) shows the photographs of the
granite fragmentation morphology at the corresponding stages. In
the first stage of rock-breaking, the damage area expands rapidly
due to the instantaneous high-temperature impact of the plasma
jet. The experimental data shows that the hole radius of 29.7 mm is
close to the radius of the spallation temperature contour in the
simulation of 30.19 mm. The temperature gradients in the radial
and axial directions of the simulation reached 38.79 and 66.13 °C/
mm, respectively, and the huge temperature gradients caused the
granite to undergo spalling. Then, in the second stage, the energy
provided by the plasma arc reaches the latent heat of melting of the
granite, and thermal melting of the rock begins to occur in the
central region where the jet acts. Meanwhile, the upper surface of
the granite continues to increase in the area where spallation oc-
curs under the thermal influence of the plasma arc column. The
thermal molten area grows rapidly and the radius expands by
7.89 mm, while the range of the spallation temperature isotherm
slows down. At this stage, spallation removal is still the dominant
method, thermal melting removal begins. Black particles formed by
magma solidification appear in the granite holes. In the third stage
of rock breaking, the area where the rock is melted is further
expanded and the molten magma is discharged to the borehole
wall by the strong airflow blowing action of the plasma jet. The
exposed pit floor is removed continuously by the jet. At this time, in
the radial direction, the heat-affected zone of the plasma arc col-
umn may have “overheated” the rock. The range of thermal spall-
ation (radius of 40.61 mm) has no longer expanded, and the hole
radius of the rock has reached 37.2 mm. This stage provides efficient
removal of rock by thermal melting with removal efficiencies up to
1188 mm?>/s. Ring-shaped black glassy material appears on the side
wall of the granite hole, and macro cracks appears on the upper
surface. As the drilling depth increases and enters the fourth stage,
the distance between the bottom of the pit and the plasma torch is
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so large that it is beyond the range of action of the arc column with
its concentrated energy density. Only the arc tail with dispersed
energy and insufficient “stiffness” remains in contact. Meanwhile,
an increasing amount of melted magma in the hole gradually ac-
cumulates at the bottom of the pit, making it no longer possible to
increase the depth. As shown in the photographs, the inside of the
granite hole is completely covered with solidified magma and the
number of cracks is rapidly increasing. The total mass of rock
removed, the mass of rock fragments, and the mass of magma so-
lidified material in the four stages were experimentally counted
and analyzed as a percentage, as shown in Fig. 17(c). Consistent
with the results of the above analysis, in Stage I, removal is carried
out by spalling and no hot melting occurs. After entering Stage II,
hot melting begins to occur, with a gradual increase in the per-
centage, and the mass of disc-shaped fragments tends to stabilize.
The specific energy and rate of penetration of the plasma jet
breaking rock are shown in Fig. 17(d). The SE of thermal spallation is
the lowest in Stage I and increases after thermal melting occurs in
Stages II and III. Since the position of the plasma drill bit is fixed in
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the experiment, the plasma jet cannot continue to break the rock
when the granite hole reaches a certain depth. Thus, the ROP be-
comes a decreasing trend. In Stage IV, the ROP is lowest and the SE
shows a steeper upward trend due to deeper hole depths and
repeated melting of magma by the plasma jet.

The findings indicate that granite presents thermal spallation
under the action of plasma jets with short duration and at low
energies. Whereas granite will undergo high-temperature melting
under the continuous action of the jet with high energy. The plasma
jet expands the rock fragmentation area in the radial direction by
thermal spallation and quickly and efficiently increases the hole
depth in the axial direction by thermal melting using an arc column
with substantial energy density (Duan et al.,, 2023; Wu et al., 2024).
The significant radial temperature gradient of the plasma jet results
in the formation of a heat-affected zone with a pronounced tem-
perature gradient within the granite despite its low specific heat
capacity. Consequently, the plasma jet rock-breaking method pos-
sesses the advantages of an extensive breaking area and a high
breaking rate.
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5. Conclusions

This study combines experimental and numerical simulations to
investigate the thermal spalling and thermal melting processes of
high-energy plasma jets breaking rock. The threshold temperature
for granite spalling induced by plasma jet was deduced, the tem-
perature rise characteristics and breaking performance of granite
during the thermal melting process were simulated, and the rock-
breaking mechanism of plasma jet was discussed. The following
conclusions are drawn from the analysis and discussion of the
results:

(1) The average spalling temperature of plasma jet is 557 °C, and
the spalling temperature shows an upward trend with the
increase of plasma current. The temperature at which
spallation occurs in the central area, where the plasma jet arc
column acts, is lower than the area where the plasma plume
acts. The threshold temperature of plasma jet-induced
thermal spalling of granite is lower than that of the laser
beam and flame jet reported in most studies.

(2) Plasma jets can quickly heat the surface of granite, creating a
huge thermal gradient within the rock. The temperature
gradient along the axial direction of plasma jet action in
granite is always greater than that in the radial direction. The
temperature rise area inside granite expands with increasing
plasma current and time. The plasma current is a key factor
affecting the temperature field distribution inside granite.

(3) The maximum removal efficiency of granite by plasma jet
occurs between 20 and 30 s of rock-breaking time. When the
plasma current is 100—300 A, the maximum removal effi-
ciency is 697—1188 mm’/s.

(4) Plasma jet rock breaking can be divided into three stages. In
the first stage, the granite is removed by spalling, and the
product is rock chips. The hole diameter expands rapidly. In
the second stage, thermal melting begins, and the mass
proportion of molten magma particles produced is 14.82%. In
the third stage, thermal melting is the main removal method.
The removal efficiency reaches the maximum, and many
obvious macro cracks appear in the granite.

Future studies will investigate the thermal effects of plasma jets
from a microscopic perspective, aiming to explore how various
mineral compositions within rocks impact the spalling and thermal
melting mechanism. Additionally, the impact of natural cracks on
the heat transfer capabilities of plasma jets will be examined.
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