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ABSTRACT

A hot dry rock (HDR) has a high potential for thermal energy. However, caused by its high temperature (150°C~650°C), high strength
and abrasiveness, breaking HDR is difficult. The problem of low penetration rate, rapid abrasion of a drill bit, long well construction
time and high drilling cost seriously restrict the economic exploitation of an HDR. Hence, a highly efficient rock breaking method is
urgently needed to drill the HDR. In this paper, we propose an innovative cryogenic drilling method in which liquid nitrogen (-195.8
°C) is used as the drilling fluid to assist in PDC bit drilling. To determine the feasibility of this kind of drilling method and the effects
of critical parameters such as rocks temperature, drilling speed and liquid nitrogen pressure on the rock-breaking efficiency, a series
of laboratory experiments were carried out on the rock (granite sample at 25°C~400°C) breaking performances by water and liquid
nitrogen assisted PDC bit. The experimental results show that liquid nitrogen assisted PDC bit can efficiently break HDR. The weight
on bit (WOB) and drilling torque decrease with the temperature of the rocks increasing. The efficiency of drilling with water and
liquid nitrogen is enhanced with the increase of rock temperature and drilling speed. Under this research conditions, the mechanical
specific energy (MSE) of drilling with liquid nitrogen is higher than that of drilling with water, which means that the efficiency of
drilling with liquid nitrogen is lower than water. It is mainly because that liquid nitrogen could not efficiently clean the bottom hole,
leading to repeated cuttings broken, thereby the drilling efficiency is decreased. Besides, it also cannot be ignored that liquid nitrogen
has a lower capability to lubricate the contact surface of the cutter and granite. Furthermore, it can be found that increasing the liquid
nitrogen pressure can obviously improve the drilling efficiency because larger thermal stress could lead to serious damage rocks.
Therefore, liquid nitrogen assisted PDC bit breaking HDR is expected to become an effective method for solving HDR drilling
challenges if we improve the pressure of liquid nitrogen. The key findings of this study are valuable to provide theoretical guidance
and laboratory basis for efficient HDR well drilling.

1. INTRODUCTION

A hot dry rock (HDR), which is usually buried at a depth of 3-10 km with the temperatures of 150°C~650°C (Agemar et al., 2014;
Liu, 2017), is a kind of geothermal resource having great capability to produce electricity (Johnston et al., 2011; Lund, 2008). HDR
energy, as no COz emission, wide distribution, sustainable and renewable natural resource, has more advantages over conventional
fossil fuel (Lu, 2018; Zhu et al., 2015). The enhanced geothermal system (EGS), at present, is considered as the most feasible method
to efficiently exploit the thermal energy stored at HDR (Majer et al., 2007; McClure and Horne, 2014). The EGS was first proposed
by Los Alamos National Laboratory in the 1970s (Breede et al., 2013; Johnston et al., 2011). This includes three main processes:
drilling into the HDR reservoir, using stimulation methods to form numerous interconnected fractures, and injecting cold water then
heated by high temperature rocks and producing hot water to generate electricity. It can be noted that drilling well is the cornerstone
of exploration and development of HDR resources (Zhang et al., 2018b).

The HDR formations usually have characteristics of high temperature, high pressure, and high compressive strength and abrasiveness,
which poses huge challenges for drilling well (Liu, 2017; Lukawski et al., 2014). The drilling well for HDR is very difficult.
Nowadays, the major geothermal drilling methods is the rotary drilling, which has been widely used in petroleum drilling (Teodoriu
and Cheuffa, 2011). The roller cone bits are the most common drilling bits in geothermal drilling due to their great durability in hard
and fractured rocks (Xu, 2014). But for HDR drilling, high temperatures make roller cone bits suffering from the problems of damaged
seals, worn bearings and bit failure (Huang et al., 2013), which will reduce footage, increase tripping time, lower penetration of rate
(ROP) and increase drilling costs. In recent years, polycrystalline diamond compact (PDC) bits are being used more often in HDR
drilling due to no moving parts, bearings, seals and the improvement of manufacture technologies of PDC cutters (Vollmar et al.,
2013). While the ROP of drilling HDR using PDC bits is still low and the heat damage and abrasive wear of PDC cutters limits the
bits life (Bybee, 2005). Therefore, we proposed a new drilling method in which the liquid nitrogen is taken as drilling fluids to assist
PDC bits breaking hot dry rocks.

Liquid nitrogen has been widely used in drilling and completion operations since its first application in the Gulf Coast of the United
States in 1959 (McDaniel et al., 1997). It is a kind of cryogenic fluid, which boiling temperature is -195.8 “C at atmospheric pressure.
Cryogenic liquid nitrogen can not only efficiently cool the PDC drilling bits reducing the heat damage of PDC cutters, but also
deteriorate the mechanical properties of rocks due to the huge thermal stress (Wu et al., 2019b). These can significantly extend the
bit life and increase ROP and lower drilling costs. Therefore, liquid nitrogen assisted PDC bits drilling method is expected to be more
suitable for HDR drilling than other conventional drilling methods.

In order to study the damage of rocks submerged in liquid nitrogen, a large number of immersion experiments were conducted.
McDaniel et al. (1997) observed that a coal sample could generate obvious shrinkage and be broken into small cubical units when it
contacts with liquid nitrogen. Cai et al. (2014) used scanning electron microscopy (SEM) and nuclear magnetic resonance (NMR) to
investigate the pore structure changing of sandstone, marble, and shale samples after cooling by liquid nitrogen. The results showed
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that liquid nitrogen cooling could reduce the volume of pores and produce numerous micro-cracks inside the rocks, which can improve
the rock-breaking efficiency. Cai et al. (2015) also investigated the damage of coal treated by liquid nitrogen. The permeability was
increased by 48.89%~93.55% and the compressive strength was decreased by 16.18%~33.74% after the coal sample contacting with
liquid nitrogen. In addition, Wu et al. (2019a) studied the damage characteristics of high-temperature granite cooled by liquid
nitrogen. Liquid nitrogen could significantly reduce the strength of granite and large number of inter-granular cracks could be induced
by thermal stress at the boundaries of quartz. As the temperatures of rock increase, the damage of granite become more obvious after
treated by liquid nitrogen.

Some researchers investigate the liquid nitrogen jet breaking rocks. Wu et al. (2018) conducted liquid nitrogen jet breaking coal
sample experiments and the rock-breaking efficiency of liquid nitrogen jet was compared with that of the water jet. Liquid nitrogen
jet displays better performance than water jet on breaking coal, which can generate larger coal erosion volume and lower energy
consumption than those of water jet. There is no doubt that liquid nitrogen jet can efficiently break low strength coal, but whether it
can break high compressive strength rock, such as granite, Zhang et al. (2018a) carried out relative researches. They take the conjugate
heat transfer method to simulate the thermal stress distribution when the liquid nitrogen jet impacts at the downhole rocks surface.
And a series of liquid nitrogen jet impact high-temperature granite experiments have been carried out to investigate the thermal
cracks. The simulation and experiment results show that the surface of granite can generate numerous visible fractures. But there is
difficult to form erosion volume at the granite surface only depending on liquid nitrogen jet.

The above literature has proven that liquid nitrogen can significantly deteriorate the mechanical properties of rocks and make them
easily be broken. But to our best knowledge, there is no experimental research on liquid nitrogen assisted PDC bits breaking high-
temperature granite, and the rock-breaking efficiency of this new drilling method is still unclear. In order to validate the feasibility
of liquid nitrogen assisted PDC bits breaking hot dry rocks and investigate the high-temperature granite breaking efficiency of this
new drilling method, we carried out a series of laboratory drilling experiments using micro-PDC bits and the drilling fluid was liquid
nitrogen and water respectively.

2. LABORATORY DRILLING EXPERIMENT

2.1 Experimental apparatus

In order to carry out the laboratory experiments of liquid nitrogen assisted PDC bits drilling hole, we designed and built a special
apparatus. Figure 1 shows the configuration of this setup, which consists of three parts: drilling system, rock fixing device and data
acquisition system. The drilling system contains a drilling motor, a rotary motor, a drilling pipe, and a micro-PDC bit. The drilling
motor provides the power for a micro-PDC bit moving down. The rotary motor drives the micro-PDC bit to rotate. A stainless steel
pipe makes the drill pipe. The outside diameter is 40 mm. The inside diameter is 7 mm. The length is 400 mm. The micro-PDC bit
used in this experiment is shown in Figure. 2. Its diameter is 32 mm, and the nozzle diameter is 5 mm. The diameter and thickness of
the PDC cutter are 13 mm and 4 mm respectively. The cutters back rake angle is 15° and its side angle is 0°. The sensors can measure
the drilling displacement, WOB, drilling torque, and rotary speed in real-time and the data can be transmitted to the computer storage.
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Figure 1: Schematic diagram of a laboratory drilling experiment setup.
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Figure 2: Micro-PDC bit used in the experiment.

2.2 Rock samples

Granite is one of the major rock types of HDR formations. So we choose the granite as the experimental rock sample. In this
experiment, the granite was collected from the Shandong province in China. The physical and mechanical properties of this type
granite are shown as follows: its cohesive strength is 44.84 MPa, and its internal friction angle is 48.74° , and its tensile strength is
10.02 MPa, and its uniaxial compressive strength is 121.91 MPa.

2.3 Experimental procedures

In order to investigate the drilling efficiency of liquid nitrogen assisted PDC bit, we designed two groups drilling experiments using
liquid nitrogen and water-assisted PDC bit respectively. The experimental procedures are shown as follows:

®  The 200 x200 x200 mm granite cubes are put into a muffle furnace and heated to target temperature (100°C, 200°C, 300°C,
and 400C) respectively with a heating rate of 5 °C/min and then kept at the target temperature for 20 h.

®  After taking the hot granite from the muffle furnace, it is wrapped by a layer of insulating material and then mounted on the
drilling apparatus by the fixing device quickly.

®  Taking the high rotary speed and low drilling speed drills a shallow pilot hole. Then changing the drilling parameters to the
target value begins the drilling experiment. Table 1 shows the drilling parameters used in each temperature group.

®  In each drilling experiment, the WOB and drilling torque are recorded in real-time.

Table 1 Drilling parameters.

Drilling speed Rotary speed

Drilling fluid Temperature ('C Pressure (MPa
Liquid nitrogen 25, 100, 200, 300, 400 0.1,0.7 50 1,2
Water 25,100, 200, 300, 400 0.1,0.7 50 1

3. EXPERIMENTAL RESULTS

3.1 Experimental data processing

Figure 3 shows the WOB and drilling torque vary with time during drilling. It is obvious that the WOB and drilling torque shows a
similar trend. The WOB and drilling torque increase first and after that, it has an approximate constant with the increase of time. At
the beginning of the experiment, the contact areas between the PDC cutter and rock are very small. It only needs a small force to
penetrate rock and break it. As the experiment continues, the contact areas increase and reach the maximum at last. So the WOB and
drilling torque increases gradually and then remains constant. In this paper, we extract the data at a stable stage to calculate the
average value of the WOB and drilling torque. The average value is used to represent the WOB and drilling torque in this experiment
conditions.
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Figure 3: The typical WOB and drilling torque curves (50 r/min of rotary speed, 0.1 mm/s of drilling speed, drilling with
water).
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Mechanical specific energy (MSE) is often used to describe the rock breaking efficiency (Pessier and Fear, 1992). The ratio of energy
consumption to the volume of broken rock is defined as MSE. During the drilling process, the energy of drill bit breaking rock is
supplied by a rotary motor and drilling motor, which can be calculated by

E, ZIOOOMnt 1)
9549
E, = Fvt 2

Where E: is the energy supplied by rotary motor, J; M is the drilling torque, N'm; n is the rotary speed, 7/min; ¢ is the drilling time, s;
Eq is the energy supplied by drilling motor, J; F' is the WOB, N; v is the drilling speed, m/s. The rock breaking volume can be
calculated by

V =nrivt (3)
So the MSE can be calculated by
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Where 7 is the radius of drilling hole, m; Eu is the mechanical specific energy, J/m>.

3.2 Drilling with liquid nitrogen

Figure. 4 shows the experimental results of micro-PDC bit drilling assisted with liquid nitrogen in different temperature granite. It
clearly shows that the WOB and drilling torque decrease with the increase of rocks temperature. The reduction in WOB and drilling
torque may be attributed to the deterioration of the physical and mechanical properties of rocks, especially for the strength of the
rocks (Karfakis, 1985; Wu et al., 2019a; Wu et al., 2019b). When the liquid nitrogen contacts with the hot granite rock, there will
induce high thermal stress in rocks due to the huge temperature difference between the liquid nitrogen (-195.8 C) and the hot rock
(25°C~400 °C). The thermal stress can cause the microcracks and reduce the strength of the rocks, which is contributed to the PDC
cutter biting into the rocks and breaking it.

At the same rotary speed (50 rpm), the WOB and drilling torque at different temperatures at 0.7 mm/s of drilling speed are larger
than those at 0.1 mm/s of drilling speed. This phenomenon can be explained from the biting depth per revolution of PDC cutters.
When the rotary speed is constant, the biting depth per revolution increases with the increase of drilling speed. The biting depth of
the cutter is positively correlated with the WOB. So the higher the drilling speed is, the larger the WOB is required. In addition, the
increase in biting depth means the increase of interaction area between the PDC cutter and the rock. And the more rocks are needed
to be removed in each revolution, which can result in the increase of cutting force and drilling torque.
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Figure 4: The WOB and torque of drilling with liquid nitrogen at different temperatures.

3.3 Drilling with water

The experimental results of drilling with water at different temperatures are shown in Figure 5. The variation trend of the WOB and
the drilling torque of drilling with water is similar to those of drilling with liquid nitrogen. This variation trend may also result from
thermal stress. Although the temperature of the water is distinctly lower than that of liquid nitrogen, there still exists a temperature
difference between the water and hot granite and the thermal stress still can be formed in rocks. When the drilling speed is 0.7 mm/s
and the temperature rises from 25°C to 100°C, the WOB and the drilling torque drop sharply, with a decreased amplitude of 43.24%
and 35.53% respectively. The WOB and drilling torque decreases more slowly in the temperature range from 100°C to 400 C
compared to 25°C to 100 ‘C. There is no thermal stress produced in the rock when the temperature of the rocks is 25°C. The thermal
stress begins to appear and gradually increases with the increase of rocks temperature.
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Figure 5: The WOB and torque of drilling with water at different temperatures.
4. DISCUSSION

4.1 The MSE of drilling with liquid nitrogen and water

In order to compare the rock-breaking efficiency of drilling with liquid nitrogen and water, The MSE was calculated according to the
Eq. (4). The calculation results are shown in Figure. 6. It is clearly shown that the MSE decreases with the rise of granite temperature
at all drilling parameters. These trends can be attributed to the increase of thermal stress as the rocks temperature increase, the damage
of rocks becomes more serious, and the rocks are more easily to be broken. Figure. 7 shows the pictures of a granite sample after the
drilling experiment with liquid nitrogen at the pressure of 1 MPa. The rotary speed is 50 r/min and the drilling speed is 0.7 mm/s.
Since the hot crack will close when the sample is cooled to room temperature, we use red lines to outline the cracks in the figure, so
that the hot crack can be more clearly shown. When the temperature of the rocks is 25°C, there are no macro-cracks on the rock
surface. With the increase of granite temperature, more complex cracks are formed on the rock surface. The cracks induced by thermal
stress can sharply decrease the strength of rocks and make them more vulnerable to fracture. This may explain why MSE decreases
with the increase of rocks temperature.
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Figure 6: The MSE of different drilling parameters at different temperatures.
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Figure 7: The cracks distribution on the granite sample after drilling with liquid nitrogen at different temperatures.

With the same drilling fluid and rotary speed, the MSE decreases with the increase of drilling speed at all temperatures. This is
because the biting depth per revolution at high drilling speed (0.7 mm/s) is larger than that at low drilling speed (0.1 mm/s), which is
conductive to form large cuttings and improve the rock-breaking efficiency. According to the theory of Rittinger (1867), it is well
known that it takes more energy to break the rock into smaller pieces than larger pieces. Figure 8 shows the cuttings of granite at
different drilling rates when the temperature is 200°C. As shown in Figure 8 (a), the wellbore is surrounded by a large number of
cuttings of large size, with almost no powder cuttings. In contrast, there is a large number of fine or powder cuttings and little large
size debris when the drilling feed is 0.1 mm/s, as shown in Figure. 8 (b). The rock breaking mode is a shear failure when the biting
depth is large, which is considered as a more efficient rock failure mechanism than the scraping rock failure at small biting depth.

(a) Drilling speed: 0.7 mm/s (b) Drilling speed: 0.1 mm/s

Figure 8: The cuttings of drilling with liquid nitrogen (200°C of rock temperature).

At the same drilling speed and rotary speed, it can be found that the MSE of drilling with liquid nitrogen is higher than that with
water in Figure. 6. It means that the rock-breaking efficiency of drilling with liquid nitrogen is lower than that of drilling with water
in our experiment. This result is opposite to the general knowledge that liquid nitrogen can induce huge thermal stress, lead to rock
damage and improve the rock-breaking efficiency. It should be emphasized, however, that drilling is a complex process. The drilling
efficiency is influenced not only by the physical and mechanical properties of the rocks but also by the type of drilling fluid and
bottom-hole cleaning. Theoretically, liquid nitrogen can significantly reduce rock strength and improve drilling efficiency due to its
extremely low temperature, which damages the rocks more seriously than water. However, at our experiment conditions, liquid
nitrogen is easily vaporized and the viscosity of nitrogen gas is very low, which leads to the fact that cuttings at bottom-hole could
not be carried away in time. The cuttings are repeatedly broken in the bottom hole, which can reduce drilling efficiency. In contrast,
the water can efficiently clean the bottom hole and avoid repeated fragmentation of cuttings. In addition, water also has a certain
lubrication effect on the contact surface of the cutter and granite, which can improve drilling efficiency.

4.2 Influence of liquid nitrogen pressure on rock breaking

The pressure of liquid nitrogen has a great influence on the thermal stress and the bottom hole cleaning, which can directly affect the
drilling efficiency. In this section, the influence of liquid nitrogen pressure on drilling efficiency is investigated. The rotary speed is
50 r/min, the drilling speed is 0.1 mm/s and the temperature of the rock is 25 “C. The experimental result is shown in Figure. 9. With
the increase of liquid nitrogen pressure from 1 MPa to 2MPa, the WOB and drilling torque decreased by 20.3% and 21.9%
respectively and the MSE also decrease by 21.8%. This means that increasing the pressure of liquid nitrogen can be conductive to
the rock breaking and improve the drilling efficiency. On one hand, increasing the pressure of liquid nitrogen can increase the heat
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transfer rate on the rock surface, rapidly cool the rock, and generate greater thermal stress. On the other hand, the liquid nitrogen jet
velocity increases with the increase of liquid nitrogen pressure, which can improve the bottom hole cleaning efficiency and reduce
the repeated breaking of cuttings.
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Figure 9: The parameters of drilling with liquid nitrogen at different pressure.

5. CONCLUSION

A novel laboratory apparatus of liquid nitrogen assisted PDC bits drilling hole was designed and built. A series of laboratory drilling
experiments were carried out. The feasibility of liquid nitrogen assisted micro-PDC bits drilling hole was studied. The influence of
rocks temperature, drilling fluid types, and the pressure of liquid nitrogen on drilling efficiency was researched. Key conclusions can
be obtained:

(1) Liquid nitrogen assisted PDC bit is a feasible method to break the hot dry rock. Increasing the temperature of the rock can
decrease the WOB and drilling torque and improve the rock-breaking efficiency.

(2) Under the conditions of this article, the efficiency of drilling with water is higher than that with liquid nitrogen. This is because
the cuttings cannot be carried away in time due to the easy vaporization of liquid nitrogen and the low jet velocity. In addition,
liquid nitrogen has a lower capability to lubricate the contact surface of the cutter and granite.

(3) Improving the pressure of liquid nitrogen can significantly decrease the WOB and drilling torque and improve drilling
efficiency. This is because thermal stress and bottom hole cleaning efficiency are improved with the increase of liquid nitrogen
pressure.

(4) This paper only investigates the low-pressure liquid nitrogen assisted micro-PDC bits breaking hot granite. The high-pressure
liquid nitrogen assisted PDC bit drilling experiments need further research to prepare for the field application of this new drilling
method.
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