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Abstract

Warm ice at temperatures close to the pressure melting point is often encountered in deep ice-
core drilling. The heat generated by rotary cutting can melt ice chips, which seriously threatens
the safety of drilling if the chips refreeze on the drill bit or barrel. Lowering the cutting heat is an
effective method to reduce the melting of ice chips. In this study, a general theoretical model was
established based on heat transfer theory and the cutting mechanism to calculate and analyze the
cutter temperature during the circulation of the drilling fluid. The model was validated by a series
of experiments, which demonstrated reasonable agreement between the calculated data and
experimental results, with a maximum error of <16%. The factors that contribute to the rise
in the cutter temperature during warm ice drilling were investigated. Results suggest that the dril-
ling fluid has excellent cooling performance, and its type and flow rate have minimal impact on
the cutter temperature. To mitigate the cutter temperature rise, maximizing the rake angle and
thermal conductivity of the cutter, while minimizing the rotation speed of the drill bit, cutting
depth, cutter width and friction coefficient between the ice and cutter is recommended.

1 Introduction

Deep polar ice preserves valuable records of paleoclimate information, along with information
pertaining to the impact of human activities on the natural environment and information on bio-
geochemical cycles, volcanic activities, cosmic events, biological activities and vegetation evolu-
tion over different periods (Beer and others, 1988; Yao and others, 2008; Steinhilber and others,
2012; Cao and others, 2018; Zhong and others, 2021). However, drilling deep into ice using an
electromechanical drill often presents significant challenges, commonly known as the warm
ice problem (Talalay and others, 2015; Cao and others, 2020). In warm ice, where the temperature
is close to or at the pressure melting point, the heat generated during the drilling process can easily
melt or partially melt ice chips. If these chips refreeze on the cutters and shoes of the drill bit, it can
severely deteriorate the drill performance, leading to a reduced penetration rate, obstructed dril-
ling fluid circulation and potentially hazardous situations, such as a stuck drill (Pattyn, 2010;
Kotlyakov and others, 2013). The above-mentioned difficulties during drilling in warm ice
have been encountered in numerous ice drilling projects such as NorthGRIP in Greenland
(refrozen ice stuck to the drill bit at 2984 m), Dome Fuji in Antarctica (the temperature of ice
reached —2.0°C, and the ice refroze at over 3034 m) and Aurora Peak (the cutters were packed
with water-bearing ice chips), as illustrated in Figure 1 (Truffer and others, 1999; Takeuchi
and others, 2004; Matoba and others, 2014; Talalay, 2016; Motoyama and others, 2021).

Cutting heat is a direct factor that affects the melting of ice chips during warm ice drilling.
An effective approach for cooling the cutters is drilling fluid circulation, which can also carry
ice chips out of the borehole bottom and balance the pressure. This method is often employed
in other areas such as metal and rock cutting (Shokrani and others, 2012; Debnath and others,
2014). Several studies pertaining to metal cutting (Mia and Dhar, 2018; Fang and others, 2020;
Lu and others, 2020; Javidikia and others, 2021) have revealed that the coolant plays a vital role
in reducing the cutting temperature, decreasing cutter wear and improving its durability.
Kishawy and others (2005) studied the effects of dry cutting and flood coolant on the surface
roughness and cutting force, and verified the lubricating and cooling effects of the coolant dur-
ing the cutting process. However, the cutting temperature and heat exchange were not consid-
ered in their work. Zhang and others (2020) analyzed the distribution of temperature and
stress fields on polycrystalline diamond compact (PDC) bits during rock breaking using the
finite-element method, while they ignored drilling fluid circulation. Gorman and others
(2014) proposed a method for determining the temperature within a borehole and surround-
ing rock and discovered that the coolant temperature varied at different locations within the
borehole. Che and others (2012) analyzed the temperature rise, stress distribution and force
issues related to cutting rocks with PDC bits based on a theoretical investigation and verified
them experimentally using thermocouple temperature measurements under dry cutting con-
ditions. Appl and others (1993) measured cutter forces and temperatures separately under
air jet, air mist and water jet conditions through tests and demonstrated that the fluid flow
exhibited cooling and friction-reducing properties. However, the mechanism of the cooling
process has not yet been analyzed or discussed in sufficient detail.
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Figure 1. Drilling problems in warm ice drilling. (a) Drill bit accumulated with ice during warm ice drilling, Dome C, Antarctica. (b) Refrozen chips adhered to the
cutter, NorthGRIP-2 borehole. (c) Refrozen chips of subglacial water on cutter mounts at depths of 3035.22 m, Dome Fuji.

In previous studies, research on cutting temperatures has been
primarily focused on simulations and experiments. However,
theoretical calculations have not been employed that often.
Komanduri and Hou (2000, 2001a, 2001b) conducted a theoret-
ical analysis of the shear and frictional heat under dry metal
cutting conditions, which provided a foundation for calculating
the cutting temperature in the presence of coolant circulation.
Li (2006) proposed a fundamental heat transfer equation for con-
vective heat transfer of the coolant during the cutting process
without considering specific analysis. A predictive thermal
analytical model incorporating multisurface two-phase fluid con-
vection was established to calculate the cutting temperature of
Ti-6Al-4V under liquid nitrogen cooling (Wang and others,
2020). Nevertheless, the model could not be utilized in the ice
drilling process as heat transfer in ice cutting was only analyzed
on the rake side of the cutter, disregarding other surfaces that
come into contact with the ice core and borehole. Ortega and
others (1984) established a PDC bit temperature prediction
model for drilling-fluid circulation based on experimental data.
Convective heat transfer coefficients used in the model were
obtained solely based on the test results, and therefore, the appli-
cation of the model was restricted under other cutting conditions.
Hence, the above-mentioned studies cannot be applied to ice dril-
ling directly.

Furthermore, recent studies have primarily focused on the cut-
ting temperature in ice-core drilling under dry conditions rather
than under drilling fluid circulation. Azuma and others (2007)
proposed a theoretical model of cutting temperatures without
drilling fluid and revealed the primary sources and factors affect-
ing the cutting temperature. Cao and others (2015) conducted
experimental tests on temperature variation during cutting and
analyzed the effects of various factors such as the drill bit pres-
sure, rotation speed and rake angle of the cutter on the cutting
temperature. Although an in-depth analysis was not performed,
they surmised that the drilling fluid demonstrated a cooling effect.
To investigate the impact of the drilling fluid on cutting heat and
cutter temperature, a theoretical model was developed based on

heat transfer theory and previous research on metal and rock cut-
ting. The model focuses on heat dissipation in a single cutter due
to drilling fluid. To validate the theoretical model, a series of
experiments were conducted. The analysis process includes con-
sideration of several factors such as material properties and dril-
ling parameters.

2 Theoretical analysis

A single cutter of the drill bit was selected as the research object to
simplify calculations; to that end, this study made the following
assumptions:

(1) Ice is assumed to possess isotropic and uniform physical
properties.

(2) The influence of heat on the physical properties of ice and the
cutter is ignored.

(3) All energy consumed during the drilling process is converted
into heat.

(4) The heat generated by friction between the flank surface of
the cutter and ice is negligible.

2.1 Cutting heat

The analytical model used to estimate the heat transfer between
the single cutter and ice during the drilling process is illustrated
in Figure 2. The cutting model of the drill bit shown in
Figure 2a was simplified to obtain the cutting model of a single
cutter, as shown in Figure 2b. The cutting heat primarily results
from shear deformation and frictional heat between the ice chip
and cutter (Komanduri and Hou, 2001c¢):

Q= Qs+ Qp, (1)

where Q., Qs and Qr denote the heat generated by the cutting pro-
cess, shearing and friction, respectively.

Py

Cutter Px

Figure 2. Mechanical and heat transfer models of a single cutter: (a) cutting model of the drill bit, (b) simplified cutting model of a single cutter and (c) mechanical

analysis of a single cutter. See main text for an explanation of the quantities shown.
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Based on the mechanical analysis shown in Figure 2¢ (Shan and
others, 2019; Veiga and others, 2021), the calculation formula
for each heat component can be expressed as follows:

Qs = Fsvs
__mn(r + R) cos acos(¢p + & — a)(Px cos 8 — Py sin 9) @
N 60 cos(¢ — a)cos(a — 26) ’
amn(r + R)sin ¢[Pxsin 28 — 2Py (sin 8)°
Q=FV, = ( )sin ¢[Px ¥ ( )]) 3)

120 cos(¢p — a)cos(a — 26)

where F, and F; respectively denote the shear force and friction in
N; Vi and V; respectively denote the shear velocity and moving
speed of ice chips in ms™'; Py and Px respectively denote the
axial and horizontal cutting forces in N; #n denotes the rotation
speed in rmin~'; R and r respectively denote the outer and
inner diameters of the cutter in m; ¢ denotes the angle between
the horizontal and shear plane (i.e. shear angle) in rad; o denotes
the rake angle in rad; § denotes the surface friction angle in rad.

2.2 Relationship between cutting heat and temperature

According to the correlation formula for ice cutting under dry
conditions (Azuma and others, 2007), the temperature rise of
the cutter can be expressed as

0.754 s
R Q

ATy= —————=Ri -, 4)
kh/ V08h/4)\i 12b (
.377R
0.377R, Q¢ )

AT = 270
C T kb Vil AN,

where AT, and AT¢ respectively denote the temperature rise
caused by shearing and friction in °C, k; and k; respectively
denote the thermal conductivities of the cutter and ice in
W (m °C) ~!, b denotes the width of the cutter in m, I; denotes
the contact length between the ice chips and cutter in m, A;
denotes the thermal diffusion coefficient of ice in ms™, R, and
R, represent proportional coefficients of heat transfer to the cut-
ter, h denotes the cutting depth in m; € denotes chip deformation,
which is dimensionless and the other parameters are as previously
described.

Therefore, the temperature of the cutter T. can be given by
T.=T =AT + Ty = AT, + ATs + Ty, (6)

where T; and T, denote the temperature of ice chips and ambient
temperature in °C, respectively.

2.3 Heat exchange and temperature of the cutter under drilling
fluid circulation

Heat exchange occurs when drilling fluid flows on the surface of a
cutter. This can be simplified as convective heat transfer on a 1-D
swept flat plate. Assuming that the drilling fluid is an incompress-
ible Newtonian fluid with no internal heat source and constant
physical properties, heat dissipation caused by viscous friction
appears negligible. According to Fourier’s law of heat conduction
and the differential equations of convective heat transfer, the heat
transfer coefficient of the cutter surface, y, can be obtained as
follows:

1/2 1/3
b = 0.664 %0 (Vdflc> <” dfcdf) , )

I\ v kqe
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where k4¢ denotes the thermal conductivity of the drilling fluid in
W (m°C) ', Vg4 denotes the flow rate of the drilling fluid in
m s~', I. denotes the length of the cutter in m, v4 denotes the kine-
matic viscosity of the drilling fluid in m®s™', ug4 denotes the
dynamic viscosity of the drilling fluid in Pas and c4¢ denotes the
specific heat capacity of the drilling fluid in J (kg °C) .

Based on Newton’s law of cooling, the amount of heat
removed by the drilling fluid from the cutter per unit of time is
described as follows:

qr = Y(Tc — Tgp)A. (©)]

The heat exchange area A between the drilling fluid and cutter
is simplified as

A=1b. ©))

The heat exchange time ¢ between the drilling fluid and cutter
is described as

le

t= .
Vit

(10)

The heat Q, absorbed by the drilling fluid in ¢ time is calcu-
lated as follows:

Q= qst

kit ( Vgl 2 13 I
:0.664ﬂ( df ) <M> (T — Ta)lb——. (11)
I \ vg kat Var

According to the heat transfer theory, the heat Q, eliminated
by the drilling fluid at ¢ time is given as follows:
Qr = carmas ATy (12)
The mass of the drilling fluid on the cutter surface is as
follows:
mgar = pdflcbds: (13)
where T4¢ denotes the drilling fluid temperature in °C, p4¢ denotes
the density of the drilling fluid in kg m™>, d; denotes the average
thickness of the drilling fluid on the cutter surface in m and the
other parameters are as previously described.

The average temperature rise of the drilling fluid on the cutter
surface can be deduced from Eqns (11)-(13):

ATy =

0.664(kar /1) (Vagle) /vae) "> (g car) /kae) > (Te — Ta) e/ Vag) -
cdf Pards

(14)

The average temperature of the drilling fluid on the cutter
surface after heat absorption is expressed as

Tar = Taro + ATge = Taro

" 0.664(kar /1)(Vaele) /vae) /> ((magcar) /kae) ' (Te — Tae)(/ Vag)
Cdfpdfds

15)

where Tyg denotes the initial temperature of the drilling fluid on
the cutter surface in °C.
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The heat transfer process can be regarded as flat-wall steady-
state heat conduction with steady heat transfer owing to the
relative stability of the two heat sources under stable conditions.
In addition, the temperature change during the cutting process
primarily occurs along the thickness direction of the cutter
instead of the length and width. Thus, it can be regarded as a
1-D heat conduction problem formulated with reasonably simpli-
fied boundary conditions based on a realistic cutting process. So
the following equation can be given as

ot
— = 16
e (16)
Substituting conditions wherein temperature T ranges from Ty¢
to T. when x ranges from 0 to d into Eqn (16) yields
x
Te=Ta — (Tas = T) 5 17)
where T, denotes the temperature at an arbitrary point in the cut-
ter in °C, x denotes the coordinate value of an arbitrary point in
the cutter in m and d denotes the thickness of the cutter in m.
The average temperature of the cutter in the presence of the

drilling fluid can be obtained by calculating the definite integral
of Eqn (17):

o JoTedx (5 [Tar = (Tar = TOCe/d))dx _ Tar + T
ac — d — d - P

. (18)
Substituting Eqn (6) and Eqn (15) into Eqn (18) yields

Tac =

1
=| T,
2|: dfo +
0.754 Qs

T ——R
Tt Vh

0.664(kar /1) (Vagle) /vae) /> (g car) /kae) (T — Tar)
Cdfpdfds

Q. 0377RQn
26 kb Vi AN |

19

The average temperature rise AT, of the cutter in the presence
of drilling fluid during drilling is expressed as

AT. = Ty — To. (20)

The relevant parameters in Eqn (19) can be expressed as
follows:

' 14133/ e/ Voh
_ 0.377Qf/(bkh/ Vllf/4)\i) + AT, (22)
27 (Qe/bkIA + 0.377Q¢ /(bki/ViE /AN
Ccos o
€= in pcos(¢p — a)’ 23)
¢:g+a—& (24)
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3\v) 3\2r " b 2l

__hsin(¢p+ 06— a)
" sin¢cosd

» (25)

Ie (26)

where A represents the shape factor of a moving plane heat
source, and it is dimensionless; and the other parameters are as
described above.

Through the mathematical description of the theoretical
model, the intrinsic heat transfer mechanism between the drilling
fluid and cutter during the process of ice cutting can be eluci-
dated. According to the model, various factors such as the drilling
parameters, drilling fluid parameters, environmental factors and
geometric dimensions of the cutter can influence the cutting
heat. The flow rate of the drilling fluid and its thermophysical
parameters are closely related to the cooling process.

3 Experimental equipment
3.1 Experimental device

Figure 3 depicts a schematic of the experimental device used to
monitor the temperature during rotary cutting. A single cutter
fixed to the guideway can be moved horizontally and is controlled
by an electric draw stem with a maximum stroke of 550 mm. The
displacement and speed of the draw stem are continuously mon-
itored using an MT pull-wire displacement sensor, which has a
range of 0-1000 mm and an accuracy of 1 mm. The motor drives
the rotation of the ice core connected to the motor via a flange.
The rotation speed is monitored by the GM8905 rotation speed
sensor with an accuracy of 0.1 rmin~". The drilling fluid, circu-
lated by a pump placed in a reservoir under the ice core, continu-
ously cools the cuter at a flow rate of 20 Lmin~'. The fluid

Figure 3. (a) Schematic and (b) image of the measurement apparatus: (1) motor; (2)
drilling fluid; (3) reservoir; (4) guideway; (5) ice; (6) pipe; (7) cutter; (8) electric draw
stem; (9) base frame; (10) ice chip; (11) screen; (12) pump.
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Figure 4. (a) Layout and (b) image of the cutter thermoresistor: (1) cutter; (2) sensor probe; (3) silicone grease; (4) insulation glue; (5) sensor wire.

carrying the ice chip falls back to the reservoir under gravity. The
reservoir is equipped with a screen to filter the ice chips.

To measure the cutting temperature, a PT100 thermoresistor is
used, which has an accuracy of 0.1°C and a temperature range of
—50 to 200°C. It is placed in a hole filled with silicone grease and
close to the rake face of the cutter, which records temperature
during the experimental procedure (Fig. 4). Similar applications
of this silicone grease have been carried out in temperature meas-
urement processes in other fields (Xu and others, 2020), demon-
strating that the impact on temperature monitoring can be
disregarded. The diameter and depth of the hole are 3 mm and
half of the cutter length respectively, and the wall thickness
from the rake face is 0.5 mm. The inner and outer diameters of
the cutter are 60 and 100 mm, respectively.

The above parameters were monitored during the cutting
process in real time.

3.2 Ice sample preparation

The ice sample investigated in this study was prepared from puri-
fied water in circular steel tubes. The steel tubes contained a cen-
tral cylinder with steel sheets, which could maintain a coaxial
connection between the ice core and the motor. The steel sheets
could increase the bonding strength between the ice core and
cylinder. The preparation procedure for the ice core is presented
in Figure 5. To prepare the ice samples, purified water was poured
into steel tubes sealed by rubbers, which were then placed in a
cold room with an adjustable temperature range of 0 to —30°C
and an increment of 0.1°C. Once the water was completely frozen,
the steel tubes were removed from the cold room and placed in an
outdoor environment with a temperature of 20°C for several min-
utes to allow the ice surface to melt. Subsequently, the ice samples
were taken from the steel tubes, and the samples were then placed
in the cold room again to cool them to the desired test tempera-
ture. This procedure allowed for easy removal of the ice samples
from the steel tubes while maintaining their structural integrity.

Central €3 Steel pipe /‘
—_—
cylinder @D — (=D —
Rubber 2 Water
<—
Ice
Rubber 1

ASSEMD]Y m Water injection s Frozen =——m Ice sample

Figure 5. Preparation procedure of ice samples with 100 mm in diameter and 400
mm in length.
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The diameters and lengths of the samples were 100 and
400 mm, respectively.

3.3 Testing procedure

The experiment was conducted in the cold room. After installing
the ice core, we adjusted the rotation rate of the motor and the
feeding speed of the electric draw stem to maintain it at a fixed
value. Following this, we carried out a series of experiments on
cutting ice cores with different cutters using the aforementioned
device (Section 3.2) to validate the reliability of the theoretical
model. It was necessary to maintain an interval of 30 min between
each group of tests to lower the temperature of the cutter, which
increased owing to an increase in the temperature during the cut-
ting process. During the experiments, the drilling fluid was circu-
lated on the surface of the cutter, and data acquisition software
was used for real-time monitoring.

Aviation kerosene was utilized as the drilling fluid at a flow rate
of 20 L min~". The thermophysical parameters of the drilling
fluid, ice and cutters are listed in Table 1. A dash sign means
that the property is not applicable to the material. A total of 55
test groups were executed, incorporating the factors detailed in
Table 2, and each group of tests was repeated at least three
times to obtain accurate results. The cutter parameters that we
used in the theoretical and experimental analysis are shown in
Table 3.

4 Results and discussion
4.1 Freezing and cooling time for ice samples

To ensure complete freezing of purified water and temperature
equilibration with the environment during testing, it is necessary
to determine the freezing time and cooling rate by means of an ice
sample thermometry test, as shown in Figure 6. Figure 7a shows
the temperature variation during freezing at —10°C, measured
with a thermocouple placed near the central cylinder of the
water sample.

Owing to the interface instability and the influence of surface
energy, the water in contact with the central cylinder and steel
pipe froze earlier than that in the middle position. This process
with an approximately constant temperature corresponded to
the initial stage of the curve, which took ~15 h. A phase transition
occurred within 15h, and the temperature decreased sharply to
ambient temperature. Previous studies (Cao and others, 2020)
have proven that the freezing rate of ice increases with a decrease
in the temperature, and the properties of the ice core remain
unchanged with an extension in the freezing time after complete
freezing. Therefore, the ice core used in subsequent tests was
frozen for at least 40 h.

The cooling time of the ice sample from room temperature to
the test temperature was measured using the same method, as
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Table 1. Thermal properties of the cutter, ice and drilling fluid
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Density Specific heat Heat conductivity coefficient Thermal diffusion coefficient Dynamic viscosity
Materials kgm™ Jkgec) * W (m°cC) ~* mm?s~! Pas Thermal diffusivity
Cutter 1500 230 30 - - 1.185x107°
Ice 920 2078 2.29 12x107° - 1.24x107°
Drilling fluid 870 1625 0.14 - 0.013 -
Table 2. Experimental parameters source was primarily concentrated on the tool nose and rake
X face of the cutter, and the heat was transferred to the interior rap-
Test temperature: °C 10 - —20 - idly owing to the initial significant temperature difference. This
Rake angle: ° 15 30 45 60 process, which is affected by the ambient temperature, is referred
Rotation speed: rmin™ 80 110 140 170 200 to as the informal state stage of unsteady heat conduction, as illu-
Penetration rate: mm s~ ! 15 2 25 strated in region I in Figure 8, and it corresponds to the primary
stage of the curve. The subsequent process is referred to as the
regular state stage of unsteady heat conduction, wherein the tem-
Table 3. Cutter parameters perature distribution of the cutter is primarily affected by the heat
Th . exchange boundary conditions, as illustrated in region II in
ermal Friction K R K L R
penetration Rotation conductivity Cutting Cutter coefficient Figure 8. Finally, the cutting heat reaches equilibrium with the
Rake rate speed  of the cutter depth width betweenice  heat carried away by the drilling fluid, and this corresponds to
angle® mms™ rmin™t  W(mec) ! mm mm  and cutter the end stage of the curve.
45 15 110 60 0.8 20 0.06 The temperature rise of the cutter is influenced by several fac-

shown in Figure 7b. Initially, the temperature of the ice sample
decreases rapidly due to the large temperature difference, and
then the cooling rate slows down as it approaches the ambient
temperature. After ~4 h, the temperature of the ice sample reaches
equilibrium with the ambient temperature. Therefore, to minim-
ize the influence of the initial temperature, the ice samples were
cooled in the testing environment for a minimum of 4 h. All ice
samples were held at the test temperature for 5 h prior to testing.

4.2 Validation of the theoretical model

4.2.1 Data processing

The temperature change of the cutters during the drilling process
at —10°C is presented in Figure 8. The data derived from the ther-
moresistor were quite noisy owing to ambient noise and sensor
accuracy (0.1°C). The experimental data were fitted using a two-
phase exponential association equation embedded in the Origin
code. The fitted curve agrees well with the scatter data, as illu-
strated in Figure 8. It can be seen that the temperature rise of
the cutter increases gradually with time, and the heating rate
decreases until stabilization, which conforms with the general
law of unsteady heat transfer (John and John, 2006). The heat

Figure 6. Test to determine the temperature of the ice sample.
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tors, such as the rake angle of the cutter, the rotation speed of the
drill bit and the penetration rate, which will be discussed in detail
later in this study.

4.2.2 Validation of the theoretical model

To confirm the accuracy of our theoretical model, we selected the
point at which the temperature of each set of experiments reached
stability in order to investigate the temperature rise of the cutter
during the drilling process under various conditions, as illustrated
in Figure 9. The results of both the experiments and calculations
show that the temperature rise of the cutter increases as the tem-
perature of the ice sample decreases. This is because lower-
temperature ice has greater shear strength, which produces
more heat during cutting. The calculated and experimental results
demonstrate a strong agreement, with a temperature difference of
<0.4°C and differences of <16%. A few errors may be caused by
the accuracy of the thermoresistor (0.1°C), the minor temperature
differences in the ice sample and the way the surface of the cutter
is flowed over by the fluid instead of being immersed in it.

Furthermore, Figure 9 illustrates that the temperature increase
of the cutter is inversely proportional to its rake angle and directly
proportional to the penetration rate and rotation speed of the
drill bit.

We investigated the effect of the rake angle a of the cutter on
its temperature rise AT, and cutting heat Q. during drilling using
the proposed theoretical model. The results are shown in
Figure 10, which demonstrate that both AT, and Q. decrease as
the rake angle o increases, decreasing from 37.6 to 18]s™! and
from 2.5 to 2.1°C respectively, when o increases from 15° to
60°. The reason for this phenomenon is that increasing o reduces
both the shear heat Q; and the temperature rise AT; of the cutter,
as indicated by Eqns (2) and (4). On the other hand, « has little
impact on the friction heat Q; of the cutter, as stated in Eqn (3).
However, the temperature rise ATy is positively correlated with a
because the proportional coefficient R, of frictional heat transfer
to the cutter is related to @, as shown in Eqn (22). Since the mag-
nitude of AT is greater than that of ATy AT. decreases as o
increases. Therefore, increasing the rake angle of the cutter can
reduce the cutting temperature. However, a larger rake angle of
the cutter corresponds to a thinner thickness, which may affect
its strength. It is recommended that the rake angle should be
increased as much as possible while maintaining the strength of
the cutter. In addition, according to the force analysis of the cutter
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Figure 7. Temperature measurement curve of the ice sample at —10°C: (a) freezing time and (b) cooling time.
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Figure 8. Variation of cutter temperature increase with time during the cutting process: (a) rake angle of the cutter, (b) rotation speed of the drill bit and (c) pene-

tration rate of the drill bit.

(Azuma and others, 2007), the torque decreases with the increase
of the rake angle when other parameters are constant, which is
favorable for the improvement of the penetration rate.

Figure 11 illustrates a positive correlation between the penetra-
tion rate of the drill bit and both the cutting heat Q. and the tem-
perature rise AT, of the cutter. Increasing the penetration rate
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from 1 to 2.5 mms~" leads to a significant increase in both Q.
and AT, values from 16.0 to 40.0]s™" and from 2.0 to 2.5°C,
respectively. The study found a positive correlation between the
penetration rate and cutting depth / during drilling when the
rotation speed of the drill bit remains constant. An increase in
the value of h results in a higher amount of ice being broken
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Figure 9. Comparison of test and theoretical calculation results with drilling fluid at —10, —15, —20 and —25°C, respectively: (a) rake angle of the cutter, (b) pene-
tration rate of the drill bit and (c) rotation speed of the drill bit.

per unit of time. The increase in the value of & leads to an increase
in the horizontal cutting force Py of the cutter, resulting in an
increase in Q, Qp ATy and ATy values as per Eqns (2)-(5).
Thus, it is recommended to decrease the cutting depth of the
drill bit when drilling in warm ice.

40
35
30

25

-1
Q,és

15

10

—a— o
¢
+Q

c

[ ]

P Py

15 30 45 60
Rake angle a, °

Figure 12 demonstrates a positive correlation between the
value of cutting heat Q. and the temperature rise AT, of the cutter
with the rotation speed n of the drill bit. The values of Q. and AT,
increase from 17.4t0 43.6 ] s~ and from 2.0 to 2.6°C, respectively, as
the # value increases from 80 to 200 r min~'. An increase in the value
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Figure 10. Model cutting heat and temperature rise vs rake angle of the cutter (—10°C): (a) cutting heat and (b) temperature rise of the cutter.
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of nleads to alargeramount of ice broken per unit of time, resulting in
larger values of Q;, Qg AT, and AT, as per Eqns (2)-(5). Thus, appro-
priate reduction of the rotation speed of the drill bit is required to
lower the cutting temperature. However, the penetration rate
decreases as the rotation speed decreases. It is recommended that
the rotation speed should be reduced as much as possible while the
penetration rate meets the requirements.

4.3 Influence factors on the temperature rise of the cutter

The parameters that may affect the cutting heat Q. and tempera-
ture rise AT, during the drilling process were discussed in the
context of drilling fluid at a temperature of —10°C, which is simi-
lar to the temperature of warm ice.

4.3.1 Drilling fluid

Figure 13a presents the temperature rise of the cutter with and
without drilling fluid based on the theoretical model. Kerosene,
ethylene glycol and silicon oil are three types of low-temperature
drilling fluids generally used in ice drilling. The results indicate
that drilling fluids can effectively reduce the temperature rise of
the cutter, and the type and flow rate of the fluid have a negligible
impact on this reduction. This can be attributed to the efficient
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Figure 12. Model cutting heat and temperature rise vs rotation speed of the drill bit:
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dissipation of cutting heat by the drilling fluid even at lower
flow rates while increasing the flow rate beyond ~2Lmin~"
does not yield substantial benefits, as shown in Figure 13b.
Nevertheless, it is recommended to use the highest possible flow
rate to enhance the carrying capacity of fluid. Otherwise, ice
chips may accumulate near the drill bit, leading to reduced pene-
tration rates and an increased risk of a stuck drill.

4.3.2 Cutter width

Figure 14 presents the influence of cutter width on Q. and AT,
which are critical parameters in the design of drill bits and cutters.
As shown, Q. and AT, increase with an increase in cutter width.
Specifically, as the cutter width increases from 10 to 30 mm, Q.
increases from 10.5 to 40.5]s™! and AT. increases from 2.0 to
2.3°C. This is because a larger cutter width results in a greater
amount of ice broken per unit of time, leading to higher values
of Q. and AT.. Therefore, in order to reduce cutting heat, the cut-
ter width should be minimized. However, reducing the cutter
width will reduce the thickness of the drill bit body, which will
affect its strength. And it is not conducive to the installation of
other mechanisms such as core catchers (Talalay, 2014). It is
recommended to reduce the cutter width based on the actual
design requirements.
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25 — aly
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o
o
™
<
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(a) cutting heat and (b) temperature rise of the cutter.
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Figure 16. Model cutting heat and temperature rise vs friction coefficient between ice and the cutter: (a) cutting heat and (b) temperature rise of the cutter.

4.3.3 Thermal conductivity of the cutter

The effect of the thermal conductivity variation of the cutter on
the cutting process and heat transfer efficiency is investigated in
this study. Figure 15 illustrates that while the values of Q,, Q¢
and Q. remain unchanged, an increase in the thermal conductiv-
ity of the cutter results in a decrease in the values of AT;and AT..
This decrease in temperature rise is due to the improved heat
transfer efficiency. Therefore, it is recommended to use cutters
with higher thermal conductivity in order to improve the heat
transfer efficiency and lower the temperature rise during the cut-
ting process.

4.3.4 Friction coefficient between ice and the cutter

Figure 16 demonstrates that the friction coefficient between the
ice and the cutter during drilling is positively correlated with
the values of AT, and Q.. When the friction coefficient increases
from 0.02 to 0.1, AT, and Q. increase from 23.1 to 24.9]s™ ! and
from 1.6 to 2.7°C, respectively. This is because an increase in the
friction coefficient leads to a higher Qg value, which, in turn,
increases Q., T. and Tt. The properties of ice and the cutting pro-
cess are not affected by changes in the friction coefficient; thus,
the values of Q, and AT, remain almost constant. As a result, it
is recommended to minimize the friction coefficient between
the ice and the cutter to reduce the cutting temperature.

5 Conclusions

A theoretical model was developed to investigate the cutting heat
and the temperature of the cutter in the presence of drilling fluid
during ice-core drilling. A series of tests were conducted to valid-
ate the theoretical model, and the maximum error between the
experimental and the calculated results was <16%.

The drilling fluid can effectively reduce the temperature rise of
the cutter, while its type and flow rate have little effect on the
cutter temperature.

Increasing the rake angle and thermal conductivity of the cut-
ter is recommended when drilling in warm ice since they have a
negative correlation with the cutting heat and temperature.

The rotation speed of the drill bit, cutting depth, cutter width
and the friction coefficient between the ice and the cutter are posi-
tively correlated with the cutting heat and temperature. Therefore,
it is recommended to minimize their values.

Data. The data used for this study will be made available upon request. Please
send all requests to yingilei@jlu.edu.cn.
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