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Abstract

Hot-point drills have been widely used for drilling boreholes in glaciers, ice caps and ice sheets.
A hot-point drill melts ice through the thermal head at its bottom end. Penetration occurs
through a close-contact melting (CCM) process, in which the ice is melted, and the meltwater
is squeezed out by the exerted force applied on the thermal head. During the drilling, a thin
water film is formed to separate the thermal head from the surrounding ice. For the hot-point
drill, the rate of penetration (ROP) is influenced by several variables, such as thermal head
shape, buoyancy corrected force (BCF), thermal head power (or temperature) and ice tempera-
ture. In this study, we developed a model to describe the CCM process, where a constant power or
temperature on the working surface of a thermal head is assumed. The model was developed
using COMSOL Multiphysics 5.3a software to evaluate the effects of different variables on the
CCM process. It was discovered that the effect of thermal head shape and the cone angle of con-
ical thermal head on ROP is less significant, whereas the increase in the BCF and the power (or
temperature) of the thermal head can continuously enhance the ROP.

Nomenclature

Ap area at the working surface of the thermal head, m”
o thermal diffusivity, m*s™"

Ay area at the water-ice interface, m*

P density, kgm™

c heat capacity, J kg™ K™*

1) thickness of the melt film, m

F axial load, N

u dynamic viscosity of water, Pas™"

F* buoyancy corrected force, N

n efficiency of thermal head

g acceleration of gravity, m s>

@ angular position, see Figure 1

H height of water column in melted borehole, m
T circumference ratio

k thermal conductivity, Wm™ K™
(0-xy) Cartesian coordinate system

L maximum heat disturbance distance, m
(0'-hs) local coordinate system

L, latent heat of melting, J kg™

Iy working surface of the thermal head

p pressure in the melt film, Pa

ry, outflow boundary of the melt film

P input power, W

r, water-ice interface

Py power used for ice melting, W

T; non-heat-disturbed isothermal virtual surface in ice

Py power loss, W

Gn heat flux of the thermal head, Wm™
R radius of the thermal head, m

T Temperature, K

Th temperature of the thermal head, K
T; ice temperature, K
T
T
u

2

melting point temperature, K
average temperature of the melt film, K
tangential velocity, m s

Umex ~ Maximum value of the tangential velocity, ms™
v normal velocity, ms™"

Vv penetration rate, ms

Subscripts

water W (Dy» Gy k> Oy)
ice i (pi> Ci> ki) ai)

P
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1. Introduction

Since hot-point drills were first proposed by Weinberg (1912),
they have been widely utilized in drilling boreholes in glaciers,
ice caps and ice sheets for installing ablation sticks, determining
ice thickness, locating englacial and subglacial streams, and meas-
uring the temperature and other internal features of glaciers
(Nizery, 1951; Gerrard and others, 1952; Sukhanov and others,
1974; Gillet, 1975; Hooke, 1976). In recent years, hot-point drills
were also proposed for exploring ice-covered aquatic systems in
Antarctica and on extraterrestrial planets, such as Saturn’s
moon, Enceladus, and Jupiter’s moon, Europa (Lorenz, 2012;
Stone and others, 2014; Talalay and others, 2014; Horne, 2017;
Dachwald and others, 2020).

Without coring, a hot-point drill melts a borehole in ice by the
thermal head at its bottom tip. A thermal head could be heated
through electricity or a hot fluid. In the former case, the electric-
ally heated element can be a cartridge heater, coil heater or silicon
carbide heater (LaChapelle, 1963; Wirtza and Hildebrandt, 2016).
In the latter case, the thermal head is heated using circulating hot
water or an antifreeze, as it is set out in Swiss Federal Institute of
Technology Zirich (ETH) hot point and IceCube firn drill
(Kasser, 1960; Benson and others, 2014). A material with a high
thermal conductivity, such as silver or copper, is usually used in
manufacturing an electrically heated thermal head, which uni-
formly distributes the heat generated from the heaters to this
working surface. The input power on the working surface of the
thermal head remains constant during the drilling process, and
the heat flux remains equal on all the parts of the working surface.
This working condition is known as a power-driven condition
(PDC). Alternatively, the temperature on the working surface of
the hot-fluid-heated thermal head can be considered to be con-
stant; this working condition with an isothermal working surface
on the thermal head is called a temperature-driven condition
(TDC). It should be noted that PDC and TDC can only be iden-
tified based on the condition of the working surface of the ther-
mal head instead of the heat medium applied through the
thermal head. For example, in some cases, the working surface
of an electrically heated thermal head can also be isothermal
and works in TDC mode (Shreve, 1962). Based on this classifica-
tion, the working state for different thermal heads can be
described better, and the details are given below.

The following parameters influence the rate of penetration
(ROP) of a thermal head: power or temperature of the thermal
head, buoyancy corrected force (BCF) on the thermal head, ice tem-
perature, distribution of heaters, and material and shape used for
producing the thermal head (Talalay and others, 2019). Currently,
there is no standard guidance for designing optimal thermal
heads, and several researchers have relied on experimental methods
in identifying the optimal configuration of thermal heads and for
investigating the drilling performance in the field, which is expen-
sive and time-consuming (Treffer and others, 2006; Weiss and
others, 2008; Talalay, 2020). Therefore, it is necessary to apply the-
oretical modeling techniques in evaluating the ice drilling-melting
process before producing and testing an actual thermal head.

During the drilling process using hot points, ice is melted, and
the melted water is then squeezed out by an exerted force applied
on the thermal head. Consequently, a thin water film is formed
between the thermal head and the borehole bottom, resulting in a
complex heat transfer between thermal head and ice. The first theor-
etical method used to study this heat transfer system was based on a
simple macro-scale power balance method (Aamot, 1967). Later,
more accurate close-contact melting (CCM) phenomena were used
to describe the ice-melting process (e.g. Zotikov and others, 1974).

A CCM phenomenon usually occurs when a solid heat source
is pressed against a phase change material (PCM) with a lower
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melting point temperature (Mayer and Moaveni, 2008). The
CCM process can be caused by a temperature rise in the PCM
(Chen and others, 2008) or a decreased PCM melting point
under high pressure (Bejan and Tyvand, 1992; Chen and others,
2005). The CCM phenomenon commonly occurs in several appli-
cations (Moallemi and Viskanta, 1985). For example, the ‘self-
burial’ of nuclear waste materials and the ‘melt-down’ of reactor
cores in the nuclear industry are typical cases of CCM processes
(Jansen and Stepnewski, 1973; Logan, 1974). Another similar situ-
ation occurs during hot welding (Jackson, 1965; Toshiyuki and
Giedt, 1982). In the field of geology, magma flow in the Earth’s
interior can be regarded as a CCM process (Birth, 1975; Marsh,
1978). Additionally, a thermal storage system with a PCM can
also be seen as a CCM phenomenon (Roy and Sengupta, 1987;
Hirata and others, 1991; Hu and others, 1999; Kumano and
others, 2005a).

CCM theories have been established in the past decades, and
various models have been developed to describe the CCM process
by considering the heat source configurations, such as a flat sur-
face (Moallemi and others, 1986; Yoo, 2000), a sphere (Emerman
and Turcotte, 1983) and even an elliptical cylinder (Roy and
Sengupta, 1990). However, a few models can be used to describe
the CCM processes that are directly related to ice drilling. Shreve
(1962) investigated the CCM process in ice drilling by assuming
an isothermal working surface on a thermal head. In Shreve’s
model, a shape factor and a drilling performance number were
given to evaluate the drilling performance of the thermal head.
However, the effect of a single variable, such as thermal head tem-
perature, BCF or ice temperature, was not considered. Later, add-
itional models of the CCM process were developed to optimize
the shape of the thermal head (Salamatin and others, 1984;
Pudovcin and others, 1988; Fomin and Cheng, 1991). In these
models, more attention was paid to the shape of the thermal
head, but the effects of other variables were neglected. More
recently, Schiiller and Kowalski (2019) investigated the effect of
power, BCF and ice temperature on the drilling performance by
analyzing the CCM process with respect to extraterrestrial ice.
In their study, the shape effect of the thermal head was not con-
sidered, and the developed model could only be applied to PDCs.

In general, the ice-melting process was not comprehensively
discussed in previous CCM models in terms of variation in para-
meters such as water-film thickness, distribution of pressure and
flow velocity in melt films, heat loss and range of heat disturb-
ance. In addition, the effects of thermal head shape, cone angle
of conical thermal head, input power, BCF and ice temperature
on ROP were not evaluated fully.

In this paper, we present a new approach by combining the
conventional CCM model with a macro-scale power balance
method established by Aamot (1967). An analytical-numerical
hybrid method is applied to solve the model using COMSOL
Multiphysics 5.3a software. The ice-melting process of the ther-
mal head is analyzed to determine the effects of the thermal
head shape, cone angle of conical thermal head, BCF, power (or
temperature) of the thermal head and ice temperature on ROP
under both PDC and TDC. The variation in water-film thickness,
distribution of the pressure and flow velocity in the melt film,
temperature (heat flux) distribution of the thermal head, heat
loss and the range of heat disturbance in ice are also evaluated.

2. Model development
2.1. Physical model

The CCM process of thermal drilling in ice is illustrated in
Figure 1. A thermal head is heated setting constant temperature
Ty, or constant power P at its outer surface I}, to melt the
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Fig. 1. Schematic of the CCM process during thermal drilling in ice.

surrounding ice. Then, the meltwater is squeezed out by applying
an axial load F acting on the thermal head. Consequently, a thin
water film with a thickness of 6 is formed, and the thermal head is
separated from the ice by the water film. With the water film flow-
ing out from its boundary I'y, the thermal head starts to decent in
ice at a velocity of V. The temperature at the interface between the
water film and ice I', is equal to the melting point temperature of
the ice Ty,. The water pressure p on the outflow boundary of the
water film T',, equals to hydrostatic water pressure in the borehole.
During the ice-drilling process, the ice around the thermal
head is first heated before being melted. An isothermal virtual
surface I';, which is the border of the heated ice at the temperature
of T;, exists at a specific distance from the bottom. The distance
between the isothermal virtual surface and the water-ice interface
just below the center of the thermal head L can be used to evaluate
the heat disturbance range in the ice caused by the thermal head
during the drilling process. We define a Cartesian coordinate sys-
tem (0-xy) and a local coordinate system (0’-hs) in our model to
describe the CCM process. The origin of the Cartesian coordinate
system is fixed at the center of the thermal head, while that of the
local coordinate system changes along the outer surface of the ther-
mal head. The parameters u and v are the velocity components of
the water film in the h-direction and s-direction, respectively.
Some assumptions have been made regarding the behavior of
the physical process in melt films: (1) the melting process is
quasi-steady (Yoo and others, 1998; Groulx and Lacroix, 2003);
(2) the flow in the melt film remains laminar (Groulx and
Lacroix, 2003, 2007); (3) the melt film is very thin compared
with the diameter of the thermal head, § < R, and a lubrication
theory is valid for describing the melt film (Chen and others,
2008; Schiiller and Kowalski, 2017); (4) viscous forces are domin-
ant in the melt film, and 0%0h®><« 0%ds®> (Chen and others,
1994); (5) the pressure in the melt film is uniform in the
s-direction (Batchelor, 1967; Kumano and others, 2005b); (6)
heat transfer in the melt film is dominated by conduction, and the
heat transported through convective flow is negligible (Bahrami
and Wang, 1987; Chen and others, 1994); (7) the temperature distri-
bution in the melt film is linear (Groulx and Lacroix, 2003; Schiiller
and others, 2016); (8) the distribution of water velocity in the
h-direction is paraboloidal; (9) the buoyancy force is ignored.

2.2. Mathematical model

Based on assumptions (1) to (5) above, the governing Navier—
Stokes equation for the melt film is simplified, and the

https://doi.org/10.1017/a0g.2021.16 Published online by Cambridge University Press

Yazhou Li and others

conservation equation of continuity/momentum can be written
as follows:

ou ﬁ_

%-i' %= 0, (D
Pu  dp
Koz =an )

The energy equation of the water film can also be simplified
based on assumptions (1) and (6):

T
Oy W == O) (3)

where a,, = ky/(p,cy) is the thermal diffusivity of water. At the
water-ice interface I', (s = 8), an energy-balance equation or
Stefan condition exists, which is

—kv7=| = pyV[Lln + cw(Tm — Ti)]cose. 4)
Js =8
During the drilling process, the axial load acting on the ther-
mal head is always balanced by the pressure built in the water
film. The force-balance equation is expressed as follows:

F= ” pdA,. (5)
2,

Boundary conditions are required for the velocity and tem-
perature of the water film to enclose the model. At the working
surface of the thermal head T, we have a no-slip, zero-inflow
condition and a constant power input or constant temperature:

u=v=0, (6)

oT p
— = — PDC), 7
5l =g PO )

T =T, (TDC). 8)

At the phase interface I';, we also have a no-slip condition in
the h-direction, which is

u=0. )

Considering the density variations owing to the phase change,
the velocity component of the water film in the s-direction is

v=— Lt Vcose. (10)

Pw

As mentioned above, the temperature at the phase interface I',
remains the melting point of ice, and the pressure in the outflow
boundary of melt film I';, equals to hydrostatic water pressure in
the borehole:

1)

12)
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The governing equation for ice can be expressed using a steady
advection-diffusion equation:

T aT
+ Vcose

— — =0, 13
“ 9s? ds (13)

in which o = ki/(p,c;) is the thermal diffusivity of ice. The
boundary conditions for Eqn (13) are expressed as follows:

(14)

T(s — o) =T;. (15)

In the view of the macro-scale power energy balance, the
energy input from the thermal head can be divided into two
parts. The first part is used to increase the initial temperature
of the ice to the melting point temperature and then, transform
the solid ice into liquid water, which can be calculated as follows:

Py = aR*Vp,[Lm + (T — Ty)]. (16)

The second part is lost when the melting ice flows out through
the small gap between the thermal head and the ice. The lost
power can be calculated by integrating the outflow boundary of
the water film:

®
P, = 27Rp,,cy j u(T — Ty)ds.

0

7)

Assumptions (7) and (8) are adopted to simplify Eqn (17).
Therefore, the average temperature in the melt film is expressed
as follows:

Ty =3 (T + T, (18)

The integration of the velocity component u in the outflow
boundary becomes

)
2
juds = 3 Umnax O- (19)
0
Hence, Eqn (17) is rewritten as follows:
2
P = g WRprwumaxs(Th - Tm) (20)

Based on assumption (7) and Eqn (3), the temperature of the
thermal head under the PDC is

P8
Ty = T 21
h Ahkw + Iy ( )
Thus, the lost power becomes
P, = 2 R & (22)
L — 3 TPy, Cw Umax Ahkw .

Under TDC, the lost power is represented using Eqn (20). The
heat flux at the working surface of the thermal head can be
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evaluated as follows:

oT
qh = kwi

_ (Th - Tm)kw
ds|_o '

(23)
s=0 o

By integrating Eqn (23), the input power under TDC can be

calculated as follows:
pP= J:[ qndAy.
o

Regardless of the type of boundary condition used for the
working surface of the thermal head, the macro-scale power bal-
ance equation is expressed as

(24)

P =Py + Py. (25)

This study mainly focuses on ice-melting process below ther-
mal head. To eliminate the influence of water column in the
melted borehole on the drilling process, the pressure in the out-
flow boundary of melt film can be set as zero and Eqn (12)
becomes

p=0. (26)
In this situation, the force balance equation (5) should be

rewritten as
F = ” pdA,.

3

(27)

where F* is the BCF named by Schiiller and Kowalski (2019) and
can be expressed as:

F*=F — wR%pgH. (28)
In ice drilling engineering, the efficiency of a thermal head is

defined, as expressed in Eqn (29), to evaluate the energy efficiency
when drilling downward:

(29)

2.3. Model solution

An analytical-numerical hybrid method implemented into com-
mercial software, COMSOL Multiphysics 5.3a, was developed to
solve the model. As shown in Figure 2, the calculation process
involves five steps:

(1) The values of the water-film thickness and ROP were initially
assumed. The water-film thickness is in pm, and the ROP can
be estimated using Eqn (16) if PDC is applied.

(2) The conservation equation of continuity/momentum and
force balance equations are solved numerically by coupling
a thin-film flow (shell) module and a solid mechanics module
in the software. Subsequently, the updated values of the
water-film thickness, flow velocity and pressure distribution
in the water film can be obtained.

(3) As the updated value of the water-film thickness is known,
the energy equation can be solved analytically. Eqn (21) is
then used to calculate the temperature of the thermal head
(PDC), whereas Eqns (23) and (24) can be used to estimate
the input power of the thermal head (TDC).
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‘ Initial guess of § and V }4—
|
v v

Solve continuity/momentum ‘Coupled‘ Solve force balance equation (27)
equation (1), (2) (numerical) (numerical)

{

Solve energy equation (3)
(analytical)

*

Solve macro-scale power balance equation (25)
(analytical)

Adjust V

Get P, (Pg)

@

Solve advective-diffusion equation (13)
(numerical)

‘.

Fig. 2. Flow diagram for calculating the proposed model.

(4) The power loss is computed, and the macro-scale power
equation is then evaluated. If the macro-scale power equation
is balanced, we can go to the next step. Otherwise, the initial
V should be adjusted, and the steps above should be repeated
until the equation becomes balanced.

(5) The advection-diffusion equation in ice is solved numerically to
observe the temperature distribution in the ice column and to
evaluate the range of heat disturbance. In the calculations, the
ice is moved at a velocity V' with respect to the thermal head.

In steps (2) and (5), the governing equations are solved numeric-
ally and a spherical thermal head, which is shown in Figure 3, is
used as an example to demonstrate the meshes used in the two
steps. In both the meshes, the ice block is divided into two
parts: the active ice layer near water-ice interface and the inactive
ice layer far from it. The active layer has a smaller mesh size than
the inactive layer. The thickness of the active ice layer is chosen to
be 20 mm. In step (2), the spherical surface is water film while it is

+ Water film

Active
ice layer

223

XBOFC

222

25

==
INNN]
ININININT
S
55

2

X b K o
RN B 9 0 o

T SR S0 v b A A . N Y

ﬁnnni@ktxsl‘i‘;féi‘lﬁym Bkl ey Inactive S 12

RO OIS = SRR g

RO Polae bl ice laver ™ [QRARRIEY

g IS 0 R R
ORI RN

N KNI K %
DRI R R
N 4;» KBGE> 75:;5:55;5:’,a

D00k
5K LR

)57
KK
50

Fig. 3. Examples of the meshes used in the calculation process with COMSOL
Multiphysics 5.3a: (a) step (2); and (b) step (5).
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ice in step (5). To calculate the accurate distance of heat disturb-
ance, the mesh in step (5) is recalculated to be smaller than the
mesh used in step (2), especially in the active ice layer. In
Figure 3a, the active ice layer contains 5220 pentagonal prism
mesh elements while the inactive ice layer contains 55174 tetrahe-
dron mesh elements. With finer mesh, the active ice layer in
Figure 3b contains 58788 pentagonal prism mesh elements and
the inactive ice layer contains 105347 tetrahedron mesh elements.
The software COMSOL Multiphysics 5.3a was run on a computer
with Windows 10 platform. The computer has a CPU of Intel (R)
Core (TM) i5-3230M and its RAM is 8 GB. Depending on the
shape of the thermal head, the calculation time for step (2) varies
from 10 to 15 min while the calculation time for step (5) is in the
range of 3-6 min. The total time consumed by all five steps is
~40-60 min.

In our calculations, the physical properties of water and ice are
assumed to be constant, as listed in Table 1.

2.4. Models comparison

To validate our model, our calculating results are compared with
the analytical solutions given by Aamot (1967) and Schiiller and
Kowalski (2019). The initial conditions are taken from Schiiller
and Kowalski (2019) where a cylindrical thermal head with a
radius of 6 cm is used to drill ice in the vicinity of Enceladus’
tiger stripes. During drilling, the power of the thermal head
changes from 1000 to 5000 W while BCF is 0.1, 10 and 1000 N.

Aamot (1967) ignored the power loss, so the ROP increases
linearly with input power and the BCF had no influence on it
(Fig. 4a). The maximum ROP for a predetermined power input
calculated by Aamot’s method is higher than our estimates. The
ROP calculated in our model is a little higher than that in
Schiiller and Kowalski (2019) except for the case where the BCF
is 0.1 N. In the case of 0.1 N, the ROP starts to become lower
than the results calculated by Schiiller and Kowalski (2019)
when power is more than 2500 W. Generally, the discrepancy of
ROP becomes bigger with increasing power. The maximum dif-
ference in ROP is 8% when BCF is 0.1 N while it is only ~2%
if the BCF increases to 10 N or 1000 N.

The difference in temperature of the thermal head is shown in
Figure 4b. Similar to ROP, the temperature of the thermal head in
our model is also higher than the value calculated by Schiiller and
Kowalski (2019), but both models have the same trend in the tem-
perature of thermal head. With the decrease of BCF, the discrep-
ancy in the temperature of thermal head increases from 1.2 to
3.7%. This indicates a good agreement of our model with the ana-
lytical solution. Schiiller and Kowalski (2019) assumed that the
heat transported by convective flow affects temperature distribution
and a quadratic polynomial Ansatz for the temperature field in s
direction was taken. This is the main reason which leads to the dif-
ference between our results and the analytical solution.

Table 1. Physical properties of water and ice

Properties Value Unit

Pw 1000 kgm™

Cw 4218 JkgT K!
K 0.6 Wm Kt
u 0.0013 Pas™!

L 334000 Jkg™*

T 273.15 K

i 917 kgm™

G 2050 JkgT K!
ki 2.38 Wm K
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Fig. 4. Model validation by comparing with the analytical solutions given by Aamot (1967) and Schiiller and Kowalski (2019): (a) ROP; (b) temperature of thermal

head.

3. Results and discussion
3.1. Effect of thermal head shape

Four thermal heads with cylindrical, spherical, paraboloidal and
conical shapes, respectively (Fig. 5), were applied to investigate
how the shape of the thermal head influences the thermal drilling
process. The radius of each of the thermal heads was 6 cm. The
area of the working surface for the spherical, paraboloidal and
conical thermal head was the same, whereas that for the cylin-
drical thermal head was one-half of the others. This difference
indicates a double heat flux for the cylindrical thermal head
under PDC. In the calculations, only a quarter of the thermal
heads were used owing to their axisymmetric property.

3.1.1 PDC

All the thermal heads were used to drill into —30°C ice with a
power of 5000 W and a BCF of 1000 N. The distribution of the
film thickness is shown in Figure 6a. The film thickness is even
for the cylindrical and conical thermal heads. The paraboloidal
thermal head had the highest difference in film thickness, and
the film thickness decreased gradually from the center of the
working surface to the outer edge. At the center of its working
surface, the film thickness was close to 126 um The cylindrical
thermal head had the smallest film thickness.

Figure 6b shows the pressure distribution in the water film.
From the center of the working surface to the outer edge, the
water pressure under the cylindrical thermal head varied from
175 to 0 kPa. For the other thermal heads, the change in pressure
was not as significant as that of the cylindrical thermal head. The
temperature values of the cylindrical and conical thermal heads
were comparatively more uniform, and the paraboloidal thermal
head had the highest temperature difference (Fig. 6¢). With the
input power of 5000 W, the working surface of the paraboloidal

Cylinder

Sphere

thermal head reached 46.4°C at its center. For the spherical and
paraboloidal thermal heads, the temperature decreased gradually
from the center of the working surface to its outer edge.

In Figure 6d, the maximum tangential velocity of the melt film
Upmay 18 shown, and the flow direction is marked using red arrows.
Irrespective of the thermal head type, the flow velocity increased
from the center of the working surface to its outer edge, and the vel-
ocity at the center remained zero. At the outflow boundary of the
melt film, the order of the flow velocity was as follows: cylinder >
sphere > paraboloid > cone. The maximum flow velocity at the
outflow boundary of the water film was 0.74 m s™', which means
that the water was squeezed out as jetting.

The temperature distribution in the active ice layer is shown in
Figure 6e. The range of the heat disturbance is narrow, and the
non-heat-disturbed isothermal virtual surface had almost the
same profile as the thermal head. For the spherical thermal
head and the paraboloidal thermal head, the temperature gradient
became smaller with increasing distance from the center of work-
ing surfaces.

As shown in Figure 7, the order of ROP for the thermal heads at
the same power is as follows: sphere > paraboloid > cone > cylinder.
However, the difference in ROP was minimal; for example, the
spherical thermal head could only drill 3.6% faster than the cylin-
drical thermal head. The difference in ROP between the parabol-
oidal and conical thermal heads was even smaller, namely <0.7%.
It can also be observed that a higher ROP always indicates a lower
power loss fraction, which is the ratio of lost power to input
power. Correspondingly, the thermal head with higher ROP has
higher efficiency. The conical thermal head had the smallest
heat disturbance range, whereas the cylindrical thermal head
had the broadest range. From the results reported above, a ther-
mal head with a spherical shape should be used for drilling
under PDCs.

Paraboloid Cone

SwvVYy

Fig. 5. Four thermal heads with different shapes (working surfaces of the thermal heads are marked by red).
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Fig. 6. Influence of thermal head shape on (a) film thickness; (b) pressure in melt film; (c) temperature of thermal head; (d) flow velocity of melt film; (e) tem-
perature distribution in the active ice layer under PDC.

For an electrically heated thermal head, its shape usually influ-  3.1.2 TDC
ences the distribution of heaters, which consequently influences  Ice at —30°C was modeled for drilling using the four thermal heads
the heat distribution on the thermal head. Thus, in designing a  at 20°C to evaluate the shape effect of the thermal head under TDC.
thermal head, the fitting shape of the thermal head can only be  The BCF had a constant value of 1000 N throughout the drilling
determined by considering both the shape effect and the heater  process. Similar to the case under PDC, the cylindrical and conical
distribution. thermal heads had a uniform film thickness, and the cylindrical
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thermal head had the smallest film thickness (Fig. 8a). The spherical
thermal head had a higher difference in film thickness than the
paraboloidal thermal head, which was different from the situation
under the PDC. The largest film thickness existed at the center of
the working surface in the spherical thermal head.

As shown in Figure 8b, the pressure distribution under TDC
was entirely similar to that under PDC. Figure 9c displays the
heat flux of the thermal head under TDC. The heat flux in the
cylindrical thermal head was more uniform and significantly
higher than that of the other thermal heads. The spherical ther-
mal head had the most significant difference in terms of heat
flux, and the value increased from 11.6 to 23.8 W cm™2. The
heat flux of the conical thermal head was also evenly distributed
and was ~18 W cm ™2,

As depicted in Figure 8d, the distribution of the maximum
tangential flow velocity under TDC was similar to that of PDC.
The flow velocity increased from zero at the center of the working
surface to its maximum value at the outflow boundary, and the
maximum velocity was obtained for the cylindrical thermal
head. Figure 8e illustrates the temperature distribution in the
active ice layer. By comparison, it can be seen that there is an
insignificant difference in the ice temperature distribution,
regardless of the heat condition type applied to the thermal heads.

When a constant temperature of 20°C was applied to the working
surface of the thermal heads, the order of the penetration rate was as
follows: cone > paraboloid > sphere > cylinder (Fig. 9). The conical
thermal head could melt ice at a velocity of 3.33 mh™", whereas
the cylindrical thermal head could only drill at a penetration rate
as high as 279 mh™". The order of the calculated input power is
the same as the penetration rate, which suggests that a higher
ROP requires a higher input power. For all the thermal heads, the
efficiency was 92.8%. In contrast to the penetration rate, the heat dis-
turbance distance for the cylindrical thermal head was the longest,
whereas that of the conical thermal head was the shortest.

3.2. Effect of cone angle

Cone is the most widely used shape for thermal heads. To study
how the cone angle affects the thermal drilling process, the conical
thermal heads with cone angles varying from 20 to 180° were inves-
tigated under both PDC and TDC. All the conical thermal heads
have a radius of 6 cm. With increasing cone angle, the working sur-
face area of the thermal heads gradually decreases. The decreasing
rate is high at the beginning, and then, it becomes lower.

3.2.1 PDC
The thermal heads with different cone angles were modeled with
input power of 5000 W, BCF of 1000 N and ice temperature of
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—30°C. The thickness, pressure and flow velocity of water film
increase with the increase of cone angle, while the temperature
of thermal head decreases (Fig. 10a). The changing rate of the
parameters has the same trend as the working surface area of
the thermal heads. With the increase of cone angle, the differences
in the water-film thickness and thermal head temperature become
smaller. For example, the difference in film thickness decreases
from 20 to 1 um when cone angle increases from 20 to 180°. As
shown in Figure 10b, the penetration rate and efficiency of conical
thermal head decrease with cone angle. However, it should be
mentioned that the decreases in ROP and efficiency are quite
small. For example, the ROP and efficiency only decrease 0.189
mh™" and 4.4%, respectively, when cone angle increases from
20 to 180°. The power loss increases with the increase of cone
angle, while the range of heat disturbance in ice first decreases
quickly and then increases a little. When cone angle is 60°, the
thermal head has the minimum heat disturbance on ice.

3.2.2 TDC

The working surfaces of the conical thermal heads with different
cone angles were assumed to be 20°C to investigate the effects of
cone angle under TDC. In thermal modeling, BCF on the thermal
heads is 1000 N and ice temperature remains —30°C. Under TDC,
the variation of the parameters shown in Figure 1la, such as
thickness, pressure and flow velocity of the melt film, has the
same trends as the case under PDC. The heat flux of thermal
head increases with the increase in cone angle, while the differ-
ence in heat flux decreases. As shown in Figure 11b, the ROP
decreases quickly when cone angle is small. When cone angle
becomes bigger, the reduction rate of ROP becomes smaller.
Correspondingly, the input power also decreases with the increase
of cone angle. Cone angle has no influence on thermal head effi-
ciency. The change of heat disturbance distance with cone angle
under TDC is the same as the case under PDC.

Generally, the decrease in cone angle can lead to the increase
of ROP, but the increase is quite small. In designing a conical
thermal head, it is suggested that the cone angle, material con-
sumption, heater distribution and other factors should be consid-
ered together. It is not worthy to pursue a small cone angle for
just a little improvement in ROP by sacrificing other factors.

3.3. Effect of buoyancy corrected force

Compared with other thermal heads, the calculation time for the
cylindrical thermal head was shorter based on the output using
COMSOL Multiphysics 5.3a. Hence, in the following sections,
only the cylindrical thermal head is reported in analyzing the
effects of the BCF, thermal head power (or temperature) and
ice temperature.

3.3.1 PDC

The cylindrical thermal head with a power of 5000 W was mod-
eled for drilling ice at —30°C, and the BCF varied from 1 to 10000
N. As shown in Figure 12a, the maximum pressure and flow vel-
ocity of the water film increased with BCF, while the film thick-
ness and thermal head temperature decreased. With the
increase in BCF, the differences in the water-film thickness and
thermal head temperature, respectively, become higher. For
example, the thermal head temperature was uniformly distributed
when the BCF was <1000N, but the temperature difference
increased to 6.3°C when the BCF reached 10000 N. The higher
the BCF, the faster the penetration rate (Fig. 12b). However, it
should be mentioned that the rate of increase in ROP significantly
reduces with the increase in the BCF. For example, ROP increased
1.32mh™" from 1 to 100 N, whereas it only increased 0.26 mh™"
from 1000 to 10000 N. The efficiency of the thermal head showed
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Fig. 8. Influence of thermal-head shape on (a) film thickness; (b) pressure in melt film; (c) heat flux of thermal head; (d) flow velocity of melt film; (e) temperature

distribution in the active ice layer under TDC.

a similar trend as the ROP because the power loss decreases as the
BCF increases. The range of the heat disturbance decreased grad-
ually with the increase in BCF. This trend occurred because the
cylindrical thermal head drilled faster with increased BCF, and
there was no enough time to warm up the surrounding ice.

3.3.2 TDC
The modeled cylindrical thermal head was heated at 20°C to deter-
mine the effect of the BCF under TDC. Other working conditions
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were the same as those in the previous section. As depicted in
Figure 13a, the water-film thickness decreased as the BCF increased.
The pressure and flow velocity in the water film increased with BCF.
Similar to PDC, the difference in the film thickness increased with
BCF. Correspondingly, the difference in heat flux also increased. For
example, when the BCF was 10000 N, the maximum heat flux
on the working surface of the cylindrical thermal head could be
18.7W cm™ higher than the minimum value of the heat flux.
Under TDC, the heat flux of the thermal head increased with


https://doi.org/10.1017/aog.2021.16

Annals of Glaciology

1004 3.5 4500~ 16
IROP (mh?) | Input power (W)
[T Efficiency (%) Heat disturbance (mm)
96 3.3 +4200+14
92 3.1 B +3900+12
884 2.9 360010
84 2.7 33008
80- 2.5- 3500-6
Cylinder Sphere Paraboloid Cone
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BCE. Consequently, the power input on the thermal head and the
ROP also increased (Fig. 13b). The BCF did not influence the effi-
ciency of the thermal head under TDC, and the efficiency was
maintained at 92.8%. Just as in the previous case for PDC, the
heat disturbance distance decreased with the increase in BCF.
Generally, the ROP of a thermal head increases with BCF,
which is provided by the weight of the hot-point drill.
Therefore, it is better to add a dead weight on a light hot-point
drill to increase the axial load acting on the thermal head. For a
heavy hot-point drill, its weight in water is usually enough to
achieve a high ROP, and the addition of an extra dead weight
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only increases the ROP slightly and makes the hot-point drill
complex. It should be noted that in practice, adding a very high
axial load on the thermal head may tilt the hot-point drill.

3.4. Effect of power (or temperature)
3.4.1 PDC

The cylindrical thermal head with power ranging from 1000 to
5000 W was used to analyze the effect of power on the drilling
process. During the drilling process, the ice temperature was
assumed to be —30°C, and a constant BCF of 200 N acted on
the thermal head. The results are presented in Figure 14a. The
thickness and the flow velocity of the water film increased
with the power. It is worth noting that the temperature of the
thermal head increased linearly with input power. Both differ-
ences in the thermal head temperature and film thickness
remained the same when the input power increased. The max-
imum pressure in the water film did not vary with the input
power. As depicted in Figure 14b, the ROP continued to increase
as the input power increased. This trend occurred because the
increasing quantity of input power was significantly higher
than that of heat loss. As an example, when input power
increased from 1000 to 5000 W, the power loss only increased
from 25 to 870 W. As a result, the efficiency of the thermal
head decreased almost linearly from 97.5% at 1000 W to
82.6% at 5000 W. The distance of the heat disturbance initially
decreased rapidly and then slowly.

b
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Fig. 10. Influence of cone angle on (a) film thickness, temperature of thermal head, maximum pressure and flow velocity in melt film; (b) ROP, efficiency of thermal

head, power loss fraction and distance of heat disturbance under PDC.
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3.4.2 TDC

The temperature of the cylindrical thermal head was assumed to
change from 5 to 40°C to evaluate the effect of the thermal head
temperature on the drilling process. Similar to the effect of the
input power, the maximum flow velocity and water-film thickness
increased with thermal head temperature (Fig. 15a). The heat flux
of the thermal head increased almost linearly with the tempera-
ture, which means that a higher input power is required to obtain
a higher temperature on the working surface of the thermal head.
The temperature of the thermal head did not influence the pres-
sure in the water film. As shown in Figure 15b, the ROP increases
with the thermal head temperature. Similarly, the input power
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also increased. However, the efficiency of the thermal head
decreased from 98.1% at 5°C to 86.6% at 40°C. As previously
highlighted, a higher ROP reduces the heat disturbance distance;
therefore, the range of the heat disturbance under TDC decreased
with the increased thermal head temperature.

3.5. Effect of ice temperature

3.5.1 PDC

We assume that the cylindrical thermal head had an input power
of 5000 W and a BCF of 200 N to study the effect of ice tempera-
ture on the drilling process under PDC. The ice temperature
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varied from —60 to 0°C. All the parameters displayed in
Figure 16a increased with the ice temperature, except for the pres-
sure in the water film, which remained constant. Combined with
the discussion above, we suggest that only the thermal head
shape and the BCF influence the pressure distribution in the
water film. Similar to the effect of input power, the differences in
water-film thickness and thermal head temperature did not change
with ice temperature.

The variation of the penetration rate is shown in Figure 16b,
and the ROP increases with ice temperature. However, the
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increase in ROP caused by the ice temperature was smaller than
that caused by the BCF and input power. For instance, the max-
imum increase in ROP caused by the ice temperature was only
0.89 mh™', whereas the value increased to 2.01 and 2.77 mh™"
for BCF and input power, respectively. The power loss fraction
also increased with ice temperature, and consequently, the effi-
ciency of the thermal head decreased. When ice temperature
was lower than —5°C, the heat disturbance distance decreased
gradually. However, when the ice temperature was above —5°C,
it decreased rapidly.
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3.5.2 TDC

To evaluate the effect of ice temperature under TDC, the drilling
condition was set to be the same conditions as under PDC, except
that the working surface of the cylindrical thermal head was
heated by applying a constant temperature of 20°C. As shown
in Figure 17a, both the thickness and maximum flow velocity of
the water film increased when the ice temperature increased
from —60 to 0°C. As ice temperature increased, the heat flux on
the thermal head decreased, while the pressure in the water film
remained constant. Figure 17b shows the variation of the ROP,
thermal head efficiency, input power and heat disturbance dis-
tance with ice temperature. In Figure 17b, only the ROP increases
with increased ice temperature. Consistent with the variation in
heat flux, the input power of the thermal head decreased as ice
temperature increased. This result means that less power is
required to maintain the working surface of the cylindrical ther-
mal head at 20°C when ice becomes warmer. For the heat disturb-
ance distance, the variation under TDC was similar to the case
under PDC.

Under both PDC and TDC, the ROP always increased with ice
temperature. In the Antarctic ice sheet, the ice temperature usu-
ally increases with depth, so a hot-point drill will penetrate faster
with increasing borehole depth. More power is required to reach
the desired ROP for cold glaciers than for temperate glaciers.
Similarly, drilling in extraterrestrial planets, such as Saturn’s
moon, Enceladus, and Jupiter’s moon, Europa, will consume
more energy in warming the ice to its melting point than for dril-
ling in a terrestrial environment.

In summary, thin water film, low flow velocity and low water-
film temperature can always result in a high penetration rate and
small heat disturbance range. However, the BCF, thermal head
power (or temperature) and ice temperature have mixed influence
on the variables mentioned above. For example, an increase in
BCF under PDC can result in a thinner water film and lower
water-film temperature, which helps to increase ROP. Conversely,
increasing the BCF can also lead to a faster flow velocity. The
increase in ROP with BCF is the combined effect of these variables.

4. Conclusions

In this study, a thermal model was developed to evaluate the dril-
ling performance of hot-point drills in ice. Under both PDC and
TDC, the model was implemented using COMSOL Multiphysics
5.3a software to determine the effects of thermal head shape, cone
angle, BCF, thermal head power (or temperature) and ice tem-
perature. Based on the obtained calculation results, the following
conclusions are summarized:

(1) The desired shape of the thermal head for the highest ROP is
sphere under PDC and cone under TDC. The effect of thermal
head shape on ROP is significantly lower compared with that
of other variables; thus, the shape of the thermal head is not
a critical factor to consider in the design of hot-point drills.

(2) A thermal head with a long cone shape is more aggressive
than a thermal head with a short cone shape, but the increase
in ROP is not big. In designing a conical thermal head, small
cone angle can only improve the ROP a little.

(3) The ROP increases with BCF, but the effect of BCF decreases
with the increase in BCF. It is recommended that a dead
weight should be added to a lightweight hot-point drill while
the axial load of a heavy hot-point drill should be reduced to
prevent the tilting of the borehole. Typically, a specific BCF
of 35N cm™ is high enough to achieve the desired ROP.

(4) The increase in power (under PDC) or temperature (under
TDC) of the thermal head leads to an increase in ROP.
Hence, in engineering practice, increasing the power or
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temperature of the thermal head is the most common and
simplest method to apply for obtaining a high ROP.

(5) Irrespective of the heated boundary condition used for ther-
mal heads, the ROP increases with increasing ice temperature.
Ice temperature is an uncontrollable environmental factor
that exists during drilling. It is reasonable to use a hypothet-
ical ice temperature profile of targeted glaciers or ice sheets to
design and manufacture hot-point drills, so that the required
power of the thermal head and the ROP of the hot-point drill
during the actual drilling can be estimated more precisely.
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