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Thermal jet rock breaking technology refers to the use of high temperature medium 
such as supercritical water for a rapid local heating of rocks to break the rocks. 
Because of the low thermal conductivity of the rock matrix, thermal stress will only 
form on the rock surface. When the temperature stress exceeds the strength of the 
rock, micro-cracks will appear in the rock, and continue to expand, resulting in 
the thermal cracking on the rock surface, which will cause the rock surface to fall 
off from the body and break the rock. Based on thermal-solid coupling theory, a 
pyrolysis drilling model was established, and the distribution law of temperature 
field and temperature stress of bottom hole rock during pyrolysis was obtained by 
using a finite element method. The results show that during the pyrolysis drilling 
process, the temperature of the heated part of the rock increases rapidly, producing 
temperature gradients in radial and axial directions. The expansion of the heated 
volume is affected by compressive stress in the radial direction, buckling in the 
axial direction and shear stress. This is very important to the field application of 
pyrolysis drilling.
Key words: drilling, thermal jet, thermal cracking, temperature field,  

temperature stress

Introduction

Rotary drilling technology, which began around 1900, has become the most widely 
used method of rock breaking in the oil field [1]. In the 21st century, with the rapid develop-
ment of modern society and economy, the demand for energy continues to increase. With the 
increasing difficulty of oil and gas exploitation, the number of deep Wells, complex Wells, and 
unconventional Wells gradually increases [2]. During the 12th five-year plan period, the change 
of the number of deep Wells and ultra-deep Wells of PetroChina is shown in fig. 1 [3]. It can be 
seen from the figure that during the past ten years, the growth rate of deep Wells and ultra-deep 
Wells has increased by a large margin, almost more than three times.

Accordingly, the increase in well depth leads to higher and higher well construction 
costs and initial cost input, which greatly limits the development and utilization of both tradi-
tional and new energy sources (such as geothermal energy) [4]. This is because the traditional 
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mechanical rock crushing method relying on 
drill bits requires a huge amount of energy [5, 
6], but only less than 1% of the energy is com-
pletely used to break the rock [7]. Most of the 
energy in this process is converted into noise 
and heat [8], resulting in a huge waste of en-
ergy. On the other hand, various factors in the 
mechanical drilling process such as operating 
environment, fluid rheology and formation 
characteristics [9] may lead to longer non-pro-
ductive time and lower penetration rates, fur-
ther increasing drilling costs. Especially in the 
deep strata, the rock hardness is high, the drill-
ing ability is poor, and the bottom hole energy 
utilization is low. Since the 12th five-year plan, 
China national petroleum corporation has sys-

tematically tackled the problem of ultra-deep well drilling, continuously improving and opti-
mizing the drilling technology with new technologies and new equipment, but the drilling cost 
remains high, mainly because of the low rate of mechanical drilling and long drilling cycle, as 
is shown in tab. 1 [3].

Table 1. Main drilling indicators of the 12th five-year plan in front  
of Tarim Kuqa mountain 

Year Drilling depth [m] Drilling cycle [day] Rate of penetration [mh–1]
2011 6774 478 1.49
2012 6318 330 2.26
2013 6480 270 2.45
2014 6897 320 2.38
2015 7341 330 2.71

The problems of the low drilling speed, short drilling tool life, long drilling cycle and 
high drilling cost are common in deep well and hard rock drilling. Generally speaking, the cost 
incurred in the drilling process, that is, the rock breaking stage, has accounted for more than 
50% of the total investment in the whole oil and gas production process [10], and its importance 
is self-evident. Therefore, it is of great significance to the development of society to develop 
new ways of rock breaking to save cost and reduce capital input, reduce risk factors in the pro-
cess of rock breaking and protect the environment.

In modern mining engineering, the use of heat to assist the breaking of rock has a 
history of nearly a century [11, 12]. Since the 1940s, Union Carbide (UC) began to use thermal 
cracking technology to mine iron flintstone ore, that is, thermal cracking of rocks with high tem-
perature jet tools, and mechanical cutting teeth to break rocks that could not be cracked [13]. 
With conventional drilling, the relationship between the cost and depth increases geometrically, 
but with pyrolysis drilling, the relationship between cost and depth is only linear [14]. In 1947, 
the Linde company used pyrolysis technology as the primary method of rock breaking, which 
was already capable of producing boreholes thousands of feet deep in iron ore deposits [15]. 
Compared with traditional mechanical drilling methods, which rely on invading the rock matrix 
to cut the rock, thermal fracturing means that the rock surface breaks up into small pieces under 

Figure 1. Changes in the number of deep  
and ultra-deep Wells of PetroChina during  
the 12th five-year plan period
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local heating conditions and breaks off from the rock mass, thus achieving the purpose of break-
ing the rock. Thermal jet has the advantages of a less energy dissipation and input concentra-
tion, while traditional rotary drilling technology has a low energy transfer rate due to the torque 
loss caused by the drill string [16]. Experiments have proved that the rate of mechanical drilling 
in granite, quartzite and tight sandstone can reach more than twice that of conventional mechan-
ical drilling by cracking rocks with thermal cracking method [17]. In Los Alamos national labo-
ratory, thermal jet rock breaking tests were conducted, and the drilling rate in granite can reach  
6~7.5 m/h, but in new Mexico’s geothermal drilling, the drilling rate in granite layer using 
conventional drilling methods is only 1.2~3 m/h [18]. Browning et al. [19] drilled a 330 m deep 
hole in the granite formation in New Hampshire by thermal cracking, with an average mechani-
cal penetration rate of 15.8 m/h and a maximum of 30 m/h. In general, thermal cracking drilling 
in hard formations can achieve a mechanical drilling rate of 5-10 times that of conventional 
rotary drilling [14]. In 1998, the Massachusetts institute of technology [20] proposed the use 
of supercritical high temperature fluid (T ≥ 375 ℃, P ≥ 22.1 MPa) [21] to achieve continuous 
drilling in the formation. In 2005, the USA department of energy conducted research on high 
temperature fluid pyrolysis drilling as an efficient method for caving underground gas reser-
voirs [22]. In 2008, Potter Drilling, an American company, co-operated with the Massachusetts 
institute of technology, conducted an indoor evaluation experiment on fluid thermal cracking 
technology, designed corresponding equipment and methods [23], and conducted a ground ex-
periment [4] in 2012 to evaluate the rock-breaking effect of thermal cracking. The research 
results in 2014 have obtained the relevant laws of cuttings morphology and size distribution in 
the process of pyrolysis and rock breaking of high temperature fluid [24], which can provide 
a basis for cuttings migration and well cleaning in the process of drilling. In addition, with the 
thermal jet method, the drilling tool does not come into contact with the rock surface, so there 
is no such problem as the wear and failure of the drill tool in the traditional mechanical drilling 
process, which reduces the time to replace the new drill tool. In particular, with the increase of 
well depth, the superiority of thermal jet drilling method becomes more obvious, greatly reduc-
ing the impact of well depth on drilling cost [14].

Therefore, the rock-breaking mode of 
thermal jet is a drilling method with a very 
broad application prospect in hard and brittle 
formations [4]. At present, the implementation 
of this method is different pipe-lines are set in 
the drill pipe, and fuel, oxygen and water are 
injected into the hole along different pipe-lines. 
The transmission system is shown in fig. 2 [25].

The injected mixture is ignited in the re-
action chamber at the bottom of the well so that 
the fuel reacts with oxygen, resulting in a high temperature and high pressure environment. In 
this environment, the water will be in a supercritical state (T ≥ 375 ℃, P ≥ 22.1 MPa) [21], such 
not only can accelerate the reaction rate of fuel and oxygen, and can form a kind of high tem-
perature of supercritical CO2 and water medium, inhomogeneous expansion of thermal stress 
is generated in the rock to rock forming micro-fracture and extending continuously, continuous 
heating can be realized under the condition of the thermal cracking of the rock broken [26], the 
whole process can be summarized as: 

 – when the heat transfer to the rock surface, due to the poor thermal conductivity of rock ma-
terial, rock surface will produce high temperature stress, 
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Figure 2. High temperature pyrolysis drilling 
transmission system
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 – as the temperature stress increases, the vol-
ume of the heated part of the rock surface ex-
pands, so the whole heated part is affected by 
compressive stress; when compressive stress is 
applied to the primary cracks in the rock near 
the surface, the width of the cracks will expand 
and the length will be extended; finally, these 
cracks will merge, 
 – with the further increase of temperature, 

the rock surface begins to buckle, and 
 – the end face of the buckling part is subjected to 

the action of tensile stress, resulting in the failure of 
the material, that is, the formation of thermal crack-
ing fragments on the rock surface and then peeling 
off and detachment from the rock surface. 

The pyrolysis drilling system and rock- 
-breaking mechanism are shown in fig. 3 [27].

At present, the research on pyrolysis drilling mainly includes two methods: experi-
ment and numerical simulation. However, the response analysis of rock under thermal shock in 
the thermal jet process, including the distribution of temperature field and temperature stress in 
the rock matrix and the crack propagation process, is rarely studied. In this paper, a pyrolysis 
drilling model is established, and the distribution of field and temperature stress under pyrolysis 
shock in rock matrix is obtained. On this basis, extended finite element method (XFEM)  is used 
to simulate the crack propagation in rock under thermal shock.

Model building

Model description

During pyrolysis drilling, with the continuous jet of supercritical water from the noz-
zle to the rock surface, the rock breaks under the action of temperature shock. It is known that 
the rock matrix is locally heated during pyrolysis drilling, so the supercritical high temperature 
fluid ejected from the nozzle is taken as the known heat source. Because of the short time 
interval, the heat loss due to radiation, reflection and other reasons can be ignored. On the 

calculation area, the high temperature jet noz-
zle radius and wellbore radius set to 5 mm and  
25.4 mm, respectively, [28], because of rock 
under the action of high temperature pyrolysis 
time is short, and the rock on the surface of the 
heated area is far less than the total surface area 
of the rock, will pit outside as formation, name-
ly in the process of calculation can be treated 
as an unbounded region. Based on the afore-
mentioned assumptions, a 3-D transient heat 
conduction model during pyrolysis drilling is 
established, as is shown in fig. 4.

Because of the entire model only subjected to by high temperature jet medium and 
heat transfer characteristics on the surface of the rock and the influence of the thermal phys-
ical properties on the surface of the rock, so the upper surface part of the wellbore in con-
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tact with the high temperature jet medium in 
the model is set as Robin boundary, namely 
the third kind boundary condition, charac-
terization of forced convection heat transfer 
between rock surface and supercritical fluid, 
as shown in fig. 5. The other boundary condi-
tions are set as adiabatic boundary conditions, 
namely Neumann boundary conditions. This is 
because the thermal conductivity of the rock 
matrix is so low that no heat will diffuse to 
the outer surface of the rock during the calcu-
lated time interval [29]. For the convenience 
of experimental verification, the temperature 
at time t = 0 is taken as the initial temperature 
and set to room temperature.

Temperature calculation 

The thermal conduction control equation [30] is adopted. Because the pyrolysis pro-
cess takes a short time, the variation of rock properties with temperature is ignored for the sake 
of simple calculation, and the following equation can be obtained:

( ) ( ) ( ) ( )P
T T T TC T k T k T k T
t x x y y z z

ρ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂   = + +    ∂ ∂ ∂ ∂ ∂ ∂ ∂    

(1)

In order to solve eq. (1), initial conditions and boundary conditions need to be deter-
mined in the computational domain.

The initial condition is set as the formation temperature of the rock, expressed by T0, 
which can be defined:

0( , , ,0)T x y z T= (2)
where T0 is the for the convenience of comparison with the experimental results in the following 
text, set to room temperature of 20 °C.

Within the diameter of the thermal jet nozzle, the third type of boundary condition, 
namely Robin boundary condition, is adopted to set the heat transfer coefficient between the 
high temperature fluid and the rock surface and the formation temperature where the rock is 
located (which can be expressed by the initial temperature), which is expressed:

( ) ( )in 0i
i

Tk T n h T T
x
∂

− = −
∂

(3)

As is mentioned previously, the formation outside the wellbore is treated as an infinite 
field. Because the thermal conductivity of the rock matrix is very low, it is generally believed 
that heat will not spread from the wellbore to the formation in a short time, which can be regard-
ed as an adiabatic boundary. Therefore, the wellbore is set as the second boundary condition, 
namely Neumann boundary condition:

( ) 0i
i

Tk T n
x
∂

− =
∂

(4)
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The spatial region is discretized into a finite number of volume units, and the tempera-
ture, T, distribution of each point in each unit can be obtained by interpolation of the tempera-
ture of the unit nodes. Add up the integral of each unit to get:

1 1 1
d d d 0

e e

e e ee e eM M M
e ei i i

x y z i i
e e e qe

N N NT T Tk k k N Q N q
x x y y z z= = =Ω Ω Γ

 ∂ ∂ ∂∂ ∂ ∂
 + + Ω− Ω+ Γ =
∂ ∂ ∂ ∂ ∂ ∂  

∑ ∑ ∑∫ ∫ ∫ (5)

The heat conduction matrix, K, of the element can be expressed:

d d
qe

e

e e ee e e
j j je e ei i i

ij x y z i j

N N NN N N
K k k k hN N

x x y y z z Γ
Ω

 ∂ ∂ ∂∂ ∂ ∂
= + + Ω+ Γ 

∂ ∂ ∂ ∂ ∂ ∂  
∫ ∫ (6)

The thermal load matrix,  f, can be expressed:

d d
e

e e e
i i f i

qe

f N Q hT N
Ω Γ

= Ω + Γ∫ ∫ (7)

The rock types are set as sandstone, shale and granite, which are commonly encoun-
tered in the drilling process. The thermophysical properties and mechanical parameters are 
shown in tab. 2 [31].

Table 2. Thermophysical properties and mechanical parameters of three kinds of rocks

Rock types Density
[kgm–3]

Young  
modulus 

[GPa]

Poisson’s 
ratio

Linear  
expansion  

coefficient [K–1]

Specific heat 
capacity

[kJkg–1K–1]

Thermal 
conductivity
[Wm–1K–1]

Sandstone 2000 15 0.12 5.6 ⋅ 10–6 0.9 4.4

Granite 2700 70 0.3 8.3 ⋅ 10–6 0.8 2.6

Shale 2850 47 0.2 19 ⋅ 10–6 1.1 1.3

Thermal stress calculation 

Temperature stress is caused by a change in the temperature of an object. In the pro-
cess of pyrolysis drilling, Thermal Shock effect [32] will cause the temperature to rise rapidly 
within a short period of time in the jet region, and due to the poor thermal conductivity of the 
rock, the temperature distribution in the rock is uneven, resulting in a huge temperature gradient 
in the rock matrix. Therefore, the thermal deformation of each part of the rock are also different, 
resulting in temperature stress. Under the action of temperature stress, cracks occur in the rock 
and the cracks continue to expand, resulting in the final cracking of the rock.

When the temperature of an object increases from T1 to T2, if its deformation is not 
restricted, its thermal strain can be calculated:

( )2 1= T T Tε α α− = ∆ (8)
Granite was selected as the research object, and its thermophysical properties are 

shown in tab. 2. For the sake of convenience, the rock matrix is still assumed to be continuous, 
homogeneous, isotropic, and completely elastic. Specifically, in the analysis of temperature 
stress, the object will not only be subject to external forces and boundary constraints, but also to 
temperature stress caused by temperature gradient. Under the action of these common factors, 
the stress state of rock matrix can be analyzed, thus:
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 – Equilibrium differential equation:
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 – Geometric equation:
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 – Physical equation (representing strain as stress and temperature gradient:
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=
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=

(11)

 – The displacement boundary condition is adopted for the boundary condition. Since the heat-
ed area on the rock surface is much smaller than its surface area, the wellbore is considered 
to be surrounded by an infinite far field without displacement. Then the displacement at the 
wellbore can be written:

0
0
0

x

y

z

u
u
u

=
=

=
(12)
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By solving eqs. (1)-(11) according to the displacement, the stress is expressed as strain 
and temperature difference Tυ:

( )

( )

( )

1 1 2 1 2

1 1 2 1 2

1 1 2 1 2

2 1

2 1

2 1

x x

y y

z z

xy xy

yz yz

xz xz

E TE e

E TE e

E TE e

E

E

E
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ν

αµσ ε
µ µ µ

αµσ ε
µ µ µ

αµσ ε
µ µ µ

τ γ
µ

τ γ
µ

τ γ
µ

 
= + − + − − 

′ 
= + − + − − 

′′ 
= + − + − − 

=
+

=
+

=
+

(13)

were e is the volume strain, which can be expressed:
x y ze ε ε ε= + + (14)

Crack propagation analysis under temperature shock

At present, there are two main views on crack propagation, namely energy balance 
(such as Griffith theory) and stress field strength (such as Irwin theory). From the aforemen-
tioned two views derived from the energy release rate and stress intensity factor the two me-
chanical quantities. However, when the previous two methods are used to solve the crack prop-
agation under the action of temperature stress, they are limited by the singularity of the crack 
tip, resulting in the error of the calculation results. The XFEM [33], whose computational grid 
is independent of the geometric or physical interface inside the structure, can effectively solve 
various discontinuous problems such as crack propagation, and the crack can extend inside of 
the element without being affected by the boundary. Therefore, XFEM can be used to analyze 
the crack propagation evolution in rock matrix under temperature shock. The displacement 
function of XFEM can be expressed [33]:

( ) ( )
4

1
( ) ( ) ( )

cr tip

h
I I j j k l kl

I N j N k N l
u x N x u N x h x a N x bψ

∈ ∈ ∈ =

 = + +  
 

∑ ∑ ∑ ∑ (15)

In eq. (15), the first term on the right is the traditional finite element method to de-
scribe the node displacement, the second term is used to describe the characteristics of the upper 
and lower surfaces during the crack propagation process, and the third term is used to describe 
the singularity of the crack tip in the form of polar co-ordinates.

The h(x) is used to describe the upper and lower surfaces of cracks and can be expressed:

( ) ( )*1 0

1 otherwise

x x n
h x

 − ≥= 
−

(16)

where ψ(x) is the used to define the crack tip displacement discontinuity and singularity, polar 
co-ordinates are used to indicate commonly, can be written:
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( ) = sin , cos , sin cos , sin cos
2 2 2 2 2

x r r r rθ θ θ θ θψ θ 
   (17)

Equations (16) and (17) are graphically 
described, as shown in fig. 6. In the figure, the 
yellow part represents eq. (16), and the purple 
part represents eq. (17). It can be seen from the 
figure that eqs. (16) and (17) can completely 
describe the morphology of a crack.

Duflot [34] wrote the temperature field 
as XFEM in the same way, and discretized the 
temperature at a certain time to obtain:

( ) ( ) ( ) ( ) ( )2
cr tip

h
n i j j k k

n N j N k N
T x N x T N x h x c N x dψ

∈ = ∈

= + +∑ ∑ ∑ (18)

2 sin
2

TK rT θ
λ

 = −  π  
(19)

Therefore, based on the calculation of tem-
perature field and temperature stress in pyrolysis 
drilling, the obtained temperature stress distribu-
tion can be applied to the rock matrix as a pre-
stress field, and a crack can be preset inside the 
rock. In conclusion, a 2-D XFEM model under 
temperature shock during pyrolysis drilling can 
be established, as is shown in fig. 7. The red part 
in the figure shows that the rock is impacted by 
thermal jet, and a horizontal crack with a length 
of 7 mm is preset at 6 mm away from the rock 
surface. Fixed boundaries are adopted around the 
rock. It is assumed that the rock type is granite 
and the matrix is isotropic, and its thermophys-
ical properties are shown in tab. 2. The incident 
temperature of the thermal jet is 600 °C. In the 
calculation of XFEM, the failure criterion of rock 
matrix needs to be defined. In general, granite is regarded as a quasi-brittle material, and the 
maximum principal stress is used as its failure criterion, set as 10 MPa [32]. At the same time, 
the damage softening criterion of granite was defined and its fracture energy was set at 70 J/m2 

[35]. The initial crack angles were set as 0°, 15°, 30°, 45°, 60°, and 90°, respectively, to study 
the crack propagation law over time and the influence of the initial crack angle on the crack 
propagation under thermal shock. After calculation, the crack propagation law of granite sub-
jected to temperature shock during thermal cracking can be obtained.

Experiments

According to the concept of rock breaking by high temperature jet impact, in order to 
realize the process of high temperature jet drilling, it is necessary to generate combustion ener-
gy to break rock. The whole process includes spraying high temperature medium to the bottom 

Figure 6. Schematic diagram of crack 
morphology (for color image see journal web site)
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of the well during the downflow of nozzle and rock breaking under high temperature action. 
Therefore, the test device shall have the following functions:
 – during the test of drilling, the sprinkler head will go down,
 – the nozzle does not need to rotate during the test drilling,
 – provide combustion conditions and produce high temperature gas,
 – it has the control function, and can effectively control the down speed of sprinkler head, the 

fuel gas used for combustion and the amount of combustion-supporting gas, and
 – it has the function of safe operation, and the test device can stop in case of emergency.

Figure 8 shows the combustion chamber 
profile of the injector used in the experiment. 
As is shown in the figure, oxygen and com-
bustible gas are injected into the chamber in a 
certain proportion make it burn in the chamber. 
Electric spark ignition method is adopted for 
ignition, that is, the gas and auxiliary gas enter-
ing the ignition chamber are ignited by electric 
spark to form a combustionrch, and then the gas 
and auxiliary gas in the combustion chamber of 
the torch point are used to complete the igni-
tion process. At present, electric spark ignition 

is widely used in automobile engines and other equipment. The technology is mature. The flow, 
pressure and mixing ratio of gas and auxiliary gas in the igniter can be adjusted in a wide range, 
which can meet the requirements of ignition and repeated ignition operation under various 
working conditions. The bypass is connected to the high pressure cooling water interface, and 
the high pressure tap water is used instead of the cooling drilling fluid. Figures 9 and 10 shows 
the experimental system for the combustion temperature test of the whole thermal jet device.

Control system
Core holder

Thermal
couple

Cooling
water inlet

Oxygen
inlet

Cooling
water regulator

Fuel inlet

    
Figure 9. Schematic diagram of thermal jet 
experimental temperature test 

Figure 10. Schematic diagram of thermal jet 
experimental temperature test nozzle

Results analysis and discussion

Temperature field calculation results

After programming, the cloud diagram of temperature distribution on the XY plane 
can be obtained as is shown in fig. 11. It can be seen that with the increase of the incident time, 
the rock temperature in the heat flow region increases rapidly in a short time, but the rate of 
temperature rise keeps decreasing. However, the thermal conductivity of the rock matrix is 
poor. Even after the jet time reaches 20 seconds, the high temperature area is still limited to the 
jet range of the nozzle, thus causing a large temperature gradient inside the rock.

As can be seen from fig. 12, when the jet media just touches the rock surface, there is 
a huge temperature gradient between the surrounding environment and the rock surface. Within 

Figure 8. Schematic diagram of combustion 
chamber

Oxygen
inlet

Fuel inlet
Cooling water inlet
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0~0.1 second, the temperature at the hole center increases sharply, rising more than 300 ℃, 
and the slope of the curve is almost 90°. Within 1 second, the highest temperature on the rock 
surface is 90% of the temperature of the hot fluid. Within 10~20 seconds, the slope of the curve 

Figure 11. Cloud diagram of temperature field changes with time in pyrolysis drilling  
(incident temperature is 600 ℃; (a) t = 0.01 s, (b) t = 0.1 s, (c) t = 1 s, (d) t = 5 s, (e) t = 10 s,  
and (f) t = 20 s 
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gradually flattens, and the temperature only increases 
by about 30 ℃. This indicates that during the process 
of rock heating, the temperature at the borehole cen-
ter increases with the increase of jet time, but the rate 
of temperature increase decreases. This is due to the 
poor thermal conductivity of the rock matrix. With 
the continuous accumulation of incident heat, the 
heat exchange efficiency between the incident high 
temperature fluid and the rock surface is reduced, re-
sulting in a slower and slower increase rate of the 
rock surface temperature.

Take the XY plane and calculate the radial and 
axial temperature distribution in the pyrolysis drill-
ing process, respectively. The results are shown in 
figs. 13 and 14. As can be seen from the figure, as the 

heating time on the rock surface increases, the temperature in the nozzle diameter area increases 
rapidly, and the temperature begins to transfer from the center of the well to the surrounding 
area. But because of the poor thermal conductivity of the rock itself, the rate of temperature 
propagation is very low. As can be seen from fig. 6, in the radial direction, the center tempera-
ture is the highest, and the further away from the hole center, the lower the temperature. With 
the increase of the heating time, the temperature gradient along the radial direction also increas-
es gradually, that is, the temperature wave range is limited, which can form a large temperature 
gradient and temperature stress inside the rock, resulting in rock cracking. As can be seen from 
fig. 7, in the axial direction, the further away from the hole surface, the lower the temperature. 
With the increase of the heating time on the rock surface, the distance of temperature propa-
gation is further, and the temperature can produce a larger temperature gradient in the axial 
direction than in the radial direction.
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Figure 13. Diagram of radial temperature 
change with time in pyrolysis drilling

Figure 14. Diagram of axial temperature  
change with time in pyrolysis drilling

Rock type is the biggest factor influencing the efficiency of high temperature pyrolysis 
drilling [19]. It can be seen from fig. 15 that rock types have a great influence on the tempera-
ture field. The higher the specific heat of rock is, the stronger its ability to absorb heat is, and the 
higher the surface temperature is in the same heating time. The higher the thermal conductivity 
of the rock, the stronger its ability to transmit heat, so the wider the temperature spread. The 
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smaller the thermal conductivity of the rock, 
the slower the temperature transmission speed, 
the higher the slope of the curve, the larger the 
temperature gradient can be formed. In general, 
the thermophysical properties of the three types 
of rocks shown in the figure are relatively close, 
but the temperature field is still very different, 
so the influence of rock types on the thermal 
cracking effect cannot be ignored.

Results of temperature  
stress calculation

During pyrolysis drilling, the rock sur-
face will buckle under the influence of thermal 
shock and eventually peel off the rock surface. 
Under the condition of cylindrical co-ordinates, 
the stress of rock is studied. It can be seen from fig. 16 that during the pyrolysis drilling process, 
the rock matrix is affected by compressive stress in the radial direction, and the compressive 
stress at the center of the well is the largest. This is mainly because of the poor thermal conduc-
tivity of the rock after being heated, resulting in a large temperature gradient, the volume in the 
high temperature area expands rapidly, which is caused by the compression of the surrounding 
rock. The higher the temperature, the greater the volume expansion and the more severe the 
compression. Therefore, the greater the compressive stress and the farther away from the heated 
region, the faster the compressive stress decreases. With the increase of the heating time, the 
compressive stress in the center of the wellbore increases rapidly. The compressive stress can 
reach the maximum 142.5 MPa within 1 second. Since then, the peak compressive stress hardly 
increases, and only the area of maximum compressive stress expands with the transfer of heat. 
Due to the symmetry of the model, it can be seen from fig. 17 that the change of circumferential 
stress along the hole radius over time has the same characteristics as the change of radial stress.
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Figure 17. Diagram of stress changes with 
time along the radius of the hole in the 
circumferential direction of pyrolysis drilling,  
t = 1 s 

It can be seen from fig. 18 that during the pyrolysis drilling process, the shear force 
on the rock matrix is symmetrically distributed along the hole radius in the borehole plane, but 

Figure 15. Bottom-hole temperature  
changes of different rock types (t = 1 s)  
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the absolute value of shear force is very small, less than 0.4 MPa. This is because in the process 
of heating the rock, assuming that the physical properties of the rock matrix are uniform and 
isotropic, the rock has the same volumetric strain in all directions along the radial direction, so 
it is almost unaffected by shear stress on the borehole plane. However, as is shown in fig. 19, it 
is evident that the rock is subjected to great shear in the axial direction. This is because during 
the process of rock heating, the rock matrix in the hot zone at the center will buckle when it is 
squeezed after thermal expansion, resulting in the strain along the Z-axis, that is, perpendicular 
to the borehole plane, as is shown in fig. 13. The stress state is compared with the strength of 
the material, and the average shear strength of granite is 10 MPa as its strength limit [13]. It can 
be seen that rock failure occurs within 0.1 second.
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Figure 18. Diagram of shear stress changing 
with time along borehole radius in pyrolysis 
drilling hole plane, t = 1 s, (for color image see 
journal web site)

Figure 19. Diagram of axial shear stress  
changes with time along the radius of the  
well in pyrolysis drilling, t = 1 s, (for color  
image see journal web site)

Crack propagation calculation results

As can be seen from figs. 20 and 21, along the radial direction, buckling occurs almost 
only on and near the surface of the heated area, while almost no displacement occurs far away 
from the heated area. The numerical simulation results are in good agreement with the stress 
and buckling responses of rocks [20].

When the rock is subjected to thermal shock (previous analysis of temperature stress 
shows that the change of rock surface temperature tends to be flat after 1second heating due to 
the decrease of temperature difference), the cracks in the rock extend along the direction with 
the maximum temperature gradient. As can be seen from fig. 22, with the increase of heating 
time, the area of the crack increases continuously, and the change law of the crack area with 
time is similar to the change law of temperature stress with time, that is, the change rate is large 
within the initial heating time, and then decreases gradually as the temperature field tends to 
be stable.

As can be seen from fig. 23, with the increase of incident temperature, the length and 
width of cracks in the rock increase. This is because when the incident temperature increases, 
the temperature difference between the incident temperature and the rock surface increases, and 
the convection heat transfer becomes stronger. In the same contact time, more heat can be trans-
ferred to the rock, so that greater temperature stress and temperature gradient can be generated 
in the rock matrix, increasing the degree of rock failure.
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Figure 20. Variation of radial buckling displacement along the borehole with time  
in pyrolysis drilling; (a) t = 0.01 s, (b) t = 0.1 s, (c) t = 1s, (d) t = 5 s, (e) t = 10 s, and (f) t = 20 s  
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Figure 22. Crack evolution under temperature shock; (a) t = 0 s and (b) t = 1 s 

Figure 21. Variation of radial 
buckling displacement along 
the borehole with time in 
pyrolysis drilling 
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Analysis of experimental results

The jet state diagram with different reactant ratio can be obtained by thermal jet com-
bustion test. The specific ratio of combustion parameters is shown in tab. 3. The experimental 
results are shown in fig. 24.

Table 3. Combustion parameters table
Injector serial number Oxygen [Ls–1] Acetylene [Ls–1] Total flow [Ls–1] The water pressure [MPa]

1 16.5 10 26.5
2 12.5 12.5 25 –
3 25.0 12.0 37 20
4 18.5 18.5 37 20

It can be seen from figs. 24(a) and 24(b) that with the increase of fuel flow, effective 
jet length increases. However, as the fuel concentration increases, the jet gradually changes to a 
pure flame form, which is not conducive to rock fragmentation. Therefore, in order to enhance 
the rock-breaking effect of thermal jet, it is necessary to control the flow ratio of oxidizer and 



Wang, G., et al.: Analysis of Rock Cracking Characteristics During Pyrolysis ... 
THERMAL SCIENCE: Year 2021, Vol. 25, No. 5A, pp. 3377-3397 3393

Figure 23. Influence of different incident temperatures on fracture propagation;  
(a) T = 300 °C, (b) T = 350 °C, (c) T = 400 °C (d) T = 500 °C, (e) T = 600 °C, and  
(f) T = 700 °C 

(b)(a)

(c) (c)

(e) (f )

fuel. Experimental results show that the optimal ratio of fuel to oxidizer flow should be con-
trolled at about 1/3. As can be seen from figs. 24(c) and 24(d), when a certain proportion of wa-
ter is injected into the combustion chamber, the flame form changes from pure flame to thermal 
jet, which is more conducive to rock breaking.
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As is shown in fig. 25, the tempera-
ture field test data of the injector are drawn 
as a comparison diagram. The test results 
show that the higher the content of acetylene 
in the fuel, the higher the temperature at the 
nozzle outlet will be. When the reaction ma-
terial flow is sufficient, the jet temperature 
generated by No. 1 and 2 injectors is above 
1500 ℃, which is enough to meet the needs 
of thermal cracking and rock breaking, and 
the jet temperature changes little at different 
jet distances. After the injection of a certain 
flow of water, the temperature field generated 
by the injector rapidly drops below 500 ℃,  
which is an important method to control the 
temperature of thermal jet. From the nozzle to 
the point of 60 mm, the outlet temperature of 
No. 3 and 4 injectors (adding water) decreased 
linearly. After the spray distance reaches  
60 mm, the temperature drops to below 500 ℃. 
If the injection amount of water is increased, 
the jet temperature can further decrease.

The ratio of fuel and oxidizer was adjust-
ed, and the temperature at the nozzle outlet was 
controlled to be 600 °C. Granite was used as 
the experimental sample and the test time was 
20 seconds. The temperature at the center point 
of the rock sample was tested and compared 
with the calculated result in 4.1, as shown in 

fig. 26. As can be seen from fig. 26, during the pyrolysis experiment, when the calculation 
time is very short, the experimental data is in good agreement with the calculated results. With 

Figure 25. Exit temperature diagram of 
injection under different reactant ratios

Figure 26. Comparison between experimental 
data and calculated data of rock center 
temperature
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the increase of calculation time, the calculated 
results deviate from the experimental data. This 
is because in the process of model calculation, 
the heat loss of the high temperature fluid in 
the process of heat transfer to the rock is not 
considered, including its reflection on the rock 
surface and heat transfer to the air. However, 
due to the limited conditions, the experimental 
rock samples are not placed in the simulated 
wellbore, but in the air, so there will be errors.

Figure 27 shows the comparison between 
the experimental temperature measured in the 
axial direction of the rock matrix and the numer-
ical solution obtained from the pyrolysis model 
established in section Results of temperature 
stress calculation. It can be seen that the two are in good agreement, and the error is mainly 
caused by the heat transfer to the air.

Conclusions

 y During the pyrolysis drilling process, due to the poor thermal conductivity of the rock ma-
trix, the non-uniform temperature field is formed, and the temperature gradient will be gen-
erated in the radial and axial directions, thus forming the temperature stress.

 y During pyrolysis drilling, the rock matrix is subjected to compressive stress in the radial 
direction (without considering confining pressure), with the maximum value reaching 142.5 
MPa and the maximum compressive stress at the center of the well.

 y The heated part in the center of the rock will buckle under the action of high temperature, 
resulting in strain perpendicular to the plane direction of the borehole, and the shear stress 
(excluding confining pressure) in this direction is close to 20 MPa, which exceeds the shear 
strength of the granite, causing the rock surface to peel off from the rock matrix under the 
action of high temperature.

 y Under thermal shock, when there is a preset crack or a weak surface in the rock, the crack 
will expand along these paths.

 y With the increase of fuel flow, effective jet length increases. However, with the increase of 
fuel concentration, the jet will gradually change into pure flame form. In order to enhance 
the rock-breaking effect of thermal jet, it is necessary to control the flow ratio of oxidizer 
and fuel, and the optimal flow ratio of fuel and oxidizer should be controlled at about 1/3. 
When a certain proportion of water is injected into the combustion chamber, the flame form 
changes from pure flame to thermal jet, which is more conducive to rock breaking.

 y The higher the content of acetylene in the fuel, the higher the temperature at the nozzle 
outlet. When the reaction material flow is sufficient, the jet outlet temperature generated by 
the injector is above 1500 ℃, which is enough to meet the needs of thermal cracking and 
rock breaking, and the jet temperature does not change much with the jet distance. After the 
injection of a certain flow of water, the jet temperature of the injector rapidly drops to below 
500 ℃, which is an important method to control the temperature of thermal jet.

Figure 27. Comparison between experimental 
data and calculated data of rock center 
temperature
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Nomenclature

Cp  – heat capacity at constant pressure, [J°C–1]
h  – convective heat transfer coefficient,  

[10 kWm–2°C–1]
k  – thermal conductivity, [Wm–1°C–1] 
T – temperature, [°C] 
n  – the unit vector at x*, [–]
ni – unit outward normal vector, [–]
Tin  – incident temperature of high temperature 

fluid, [°C]

X  – integral point, [–]
x*  – the point closest to x on the fracture  

surface, [–]

Greek symbols

γij  – shear strain, [–]
εi  – normal strain, [–]
ρ  – density, [kgm–3]
τij  – shear stress, [MPa]
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