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Abstract: Hot-water drilling in ice with near-bottom circulation is more advantageous than traditional
hot-water drilling with all-over borehole circulation in terms of power consumption and weight.
However, the drilling performance of this type of drill has been poorly studied. Initial experiments
showed that drilling with single-orifice nozzles did not proceed smoothly. To achieve the best drilling
performance, nozzles with different orifice numbers and structures are evaluated in the present study.
The testing results show that a single-orifice nozzle with a 3 mm nozzle diameter and a nine-jet
nozzle with a forward angle of 35° had the highest rate of penetration (1.7-1.8 m h~1) with 5.6-6.0 kW
heating power. However, the nozzles with backward holes ensured a smoother drilling process and a
larger borehole, although the rate of penetration was approximately 13% slower. A comparison of
the hollow and solid thermal tips showed that under the same experimental conditions, the hollow
drill tip had a lower flow rate, higher outlet temperature, and higher rate of penetration. This
study provides a prominent reference for drilling performance prediction and drilling technology
development of hot-water drilling in ice with near-bottom circulation.

Keywords: near-bottom circulation; nozzles; hot-water drilling; thermal tip

1. Introduction

Currently, hot-water drill systems are effectively used to provide access holes for the
observation of ice shelf anisotropy, the recovery of sub-ice seabed samples, the investigation
of interior ice structures, video imaging, temperature logging, estimations of distortion
inside the ice, assurance of basal sliding speed, clean access to subglacial lakes, and numer-
ous other scientific goals [1-3]. In these systems, the hot water required is usually heated
at the surface through large boilers, which are then pumped at high pressure through
borehole hoses into nozzles to melt the ice. In most cases, an additional pump is installed
to pump water from the borehole to the surface tank for recycling. This structure results in
traditional hot-water drills being bulky, heavy, and extremely power-hungry.

To reduce the heat losses, weight, and power consumption of the system, it is reason-
able to move the heating source from the surface down to the base and circulate hot water
in the open loop near the bottom. For this situation, there is no need to utilize long, weighty
hoses and high-pressure surface pumps. Furthermore, heat losses in the hot water flow are
avoided before they reach the lowest part of the hole.

The first small-diameter ice drilling system with near-bottom hot water circulation,
Electrochaude (French translation: Electro-hot), was designed by the Laboratoire de
Glaciologie et G’eophysique de ’Environnement in Grenoble, France in the 1980s [4].
The drill housed an electromagnetic pump and filter. Inside the drill, a ceramic tube was
placed, comprising a nichrome twisting that warmed with a dispersing power of 1.6 kW. In
excess of 1200 m of boreholes were penetrated with Electrochaude in the Blanc, Bossons,
Argentiere, Mer de Glace, and Mont de Lans glaciers in the Alps. At the Mer de Glace,
the maximum rate of penetration (ROP) of 14 m h~! was achieved with a 1.2 mm nozzle
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at the tip; even debris layers were met. The water jet temperature was approximately
30—40 °C. Nevertheless, a few issues were experienced from the power shortages of the
drill. Experiments with drilling in ice using hot-water near-bottom circulation were carried
out at the Jet Propulsion Laboratory, California Institute of Technology [5], and Stone
Aerospace [6]. Both showed a promising outlook of the so-called active heater, a source to
melt ice through a hot-water jet nozzle at the drill tip. The active heater formed a melt zone
with a parabolic shape in front of the drill, and it penetrated faster through the thick ice
than the conventional solid penetration tip (passive heater).

Recently, RECoverable Autonomous Sonde, a new type of hot point, was developed
at Jilin University to investigate and sample subglacial lakes in Antarctica [7]. During the
experiments, the penetration rate, however, was reduced owing to dust accumulation on
the bit while drilling through dirty ice [8]. To solve this problem, an ice drilling system
with near-bottom hot-water circulation was considered instead of a solid thermal tip [9]. In
the initial experiments at a water flow rate of 3.0 L min~!, the highest ROP of 2.5-3.1 m
h~1 was achieved with a nozzle diameter of 3.0 mm. However, because the diameter of the
drill is 160 mm, the drilling process under the single-orifice nozzle is very unstable because
of the initial tight borehole, resulting in stepped oscillations of the drilling process. The
most crucial part of the near-bottom circulation is the nozzle structure/diameter, which
determines the speed and spread of the melting process. Thus, to solve the problem of
discontinuous penetration, it is necessary to optimize the structure of the drill tip and
nozzle that can produce a borehole large enough to enter the drill at once.

Nozzles commonly used in hot-water drilling systems can be divided into two types:
single-orifice and multi-orifice nozzles. Traditionally, hot-water drilling systems use a
single-orifice nozzle with a high water-flow rate (>10 L min~!) and high injection pressure
(1-6 MPa). Taylor experimented with different nozzles and concluded that a single-orifice
nozzle is very important in forcing a turbulent stream of water ahead of the advancing
nozzle [10]. The maximum ROP was observed when the diameter of the single-orifice
nozzle was 3.05 mm at a flow rate ranging from 3.3-10 L min~! and water temperature
of 20-50 °C. Thorsteinsson et al. [11] tested drilling tips with seven 0.8-mm-wide orifices
and one with a single 1.5-mm-wide orifice. In both cases, the ROP was similar, but the
multi-orifice melting tip appeared to increase the probability of deviations from the vertical
drilling direction.

In this study, the influence of multiple water jets and thermal drill tip structures
on the ice-melting performance was experimentally studied. Guidelines for choosing a
multi-orifice nozzle for thermal ice drilling systems with near-bottom hot-water circulation
are proposed.

2. Experimental Methodology

To compare the jet performances of the different nozzles, a prototype hot-water
drill with near-bottom circulation and replaceable drill tips and nozzles was developed
(Figures 1 and 2). The water heater was KDR-18H with a nickel-chromium wire heating
element. We used an ultrasonic flow meter measuring 165 x 67 x 87 mm to meet the
system integration requirements. The parameters of the pump are listed in Table 1.
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Total length: 1255mm

Figure 1. A 3D model of the hot-water drill prototype with near-bottom circulation.

Figure 2. The internal (a) and external (b) structures of the drill assembly.



Water 2022, 14, 127

40f13

Table 1. Main pump parameters.

Tvoe Rated Head =~ Maximum Flow Weight Rated Power Inlet Size
P (m) Rate (L min—1) (kg) (kW) (mm)

Screw pump 35 16.6 6.4 0.37 12.5

The drill was designed with an open-loop melting unit, and water from the clearance
between the drill and the borehole wall was pumped down by a downhole pump into the
direct-flow water heater. The hot water, at that point, flows through the drill tip and jets
out from the nozzle on the ice face [9]. At the beginning of drilling, a certain amount of
tap water is added to the ice well up to the drill pipe inlet. During drilling, the weight on
bit (WOB) is regulated by adjusting the frequency of the frequency converter to control
the speed of the servo motor rotation. In this control system, there are two control modes
of drilling speed: a manual mode and an automatic mode. The automatic mode means
that a reference value can be preset for weight on bit. When the WOB changes, the motor
speed is adjusted automatically according to the set frequency. Just make sure that the drill
tip is in the same position each time drilling starts and that the WOB is modulated in the
same manner before drilling starts. When the initial position of the drill tip is correctly
adjusted, the weight on bit is set to 20% of the total weight of the drill, and the data
acquisition system is started. The water pump is then turned on, and the heater is switched
on when the water pump is running properly. When the drill tip is fully in the ice, the WOB
setting value is adjusted to 30% of the total weight of the drill to achieve stable drilling.
To detect the temperature of the intake water entering the built-in pump and the nozzle
ejection temperature, Pt100-type thermoresistors with an accuracy of 0.1 °C (sensor size:
@3 x 10 mm) were installed at the drill casing inlet and the drill tip outlet to monitor
the temperature.

Tests were performed in an ice drill testing facility that permits the testing of various
mechanical and thermal ice drills throughout the year [12]. The facility includes an ice well
(12.5 m deep and 1 m diameter) with a minimum ice temperature of —30 °C. A testing
stand comprising a mast with a frame, a transformer, a winch, and a control system was
installed on the top of the ice well (Figure 3). The stand and the monitoring system have
been described in detail by Talalay et al. (2021) [9].

(b)

Figure 3. Overview of the experimental platform (a) and the control system (b).

During the experiment, we tested 20 different nozzles (Figures 4 and 5, Table 2) and
investigated the influence of several important design features of nozzles on the drilling—
melting performance. These include the orifice diameter dy and the number (index) of the
orifices nf + N + 1y, where nyis the number of forward orifices, n. is the number of center
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orifices, and 1y, is the number of backward orifices (there was only one center orifice along
the axis of the tip). Another important parameter is the angle « between the nozzle axis
and the forward or backward orifices (0 < « < 90° for forward orifices and 90 < « < 180°
for backward orifices).

Center orifice

7
\ e

Backward orifice

Figure 5. Nozzles used in the experiments: (a) photograph showing all tested nozzles; (b) water jet
shape of the nozzle #13; (c) photograph showing the backward orifices in the nozzles.
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Table 2. Structural parameters of the nozzles used in the experiments.

Number ng+ ne + np dp (mm) o (deg)
1 6+1+0 1.0 15
2 8+1+0 1.0 15
3 12+0+0 1.0 15
4 12+1+0 1.0 15
5 6+1+0 1.0 35
6 8+1+0 1.0 35
7 12+0+0 1.0 35
8 12+1+0 1.0 35
9 6+1+0 1.0 45
10 8+1+0 1.0 45
11 12+0+0 1.0 45
12 12+1+0 1.0 45
13 0+1+0 1.5
14 0+1+0 2.0
15 0+1+0 3.0 0
16 0+1+0 4.0
17 0+1+3 1.5 135

18 0+1+4 15 135
19 0+1+6 1.5 135
20 0+1+0 Spiral nozzle 0

Designations: Tf+fc + Myt 1 is the number of forward orifices, 1, is the number of center orifices, and 7y, is the
number of backward orifices; dj is the orifice diameter; « is the angle between the nozzle axis and the orifices.

To test the influence of the heat transfer area on the efficiency of ice melting, two
types of drill tips were designed and tested (Figure 6). One tip has a shape similar to a
hollow-ware article with a large inner surface area; another tip was manufactured as a
solid piece.

“Temperature sensor

(a) (b)

Figure 6. The 3D models of the drill tips used in the experiments: (a) hollow thermal tip; (b) solid
thermal tip.
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3. Results and Discussion

A total of 60 tests were conducted in the laboratory of the Polar Research Center in
Changchun (Figure 7). The penetration ranged from 0.7 to 1.2 m, and the ice temperature
was maintained at approximately —20 °C. The power of the water heater was in the range
of 5.6-6.0 kW.

(b)
Figure 7. Test overview: (a) drill before drilling begins; (b) the ice well after tests.

3.1. Effect of the Orifice Number and the Forward/Backward Orifice Axial Angle « on the ROP

The angle « of the forwarding orifices primarily decides the extent of jet velocity in
different directions. Thus, this angle affects the jet coverage area and jet distance. If the
axial angle is too large (45°), the jets are extremely scattered and the jet distance is short. In
this case, the higher the number of nozzle orifices, the lower the melting efficiency. When
the axial angle was small (15°) and the number of nozzle orifices was also small, the jet flow
was more concentrated, resulting in the highest ROP. Under the experimental conditions of
this study, we determined the optimum orifice number and axial angle for multi-orifice
nozzle #6, with indices 8 + 1 + 0 and « = 35° (Figure 8).

18 T ~ I - T
=15
- —@-a=35° |

< 17 —A-a=45°
I_C —9— Nozzles with backward orifices
£ 16 i
=} #4
5 #19
= 1.5 _
©
—
©

1.4 i
C
o #12
o
45 13- -
Q #17 .
T 1.2 #18 i
e

1.14 =

| ' I % | 4 I . | 2 | % I
6+1+0 8+1+0 12+0+0 12+1+0 O0+1+3 O0+1+4 0+1+6

Orifice number n

Figure 8. Average ROP vs. the orifice number of nozzles.
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Flow rate(L min'1)

The ROP of nozzles with backward orifices was slower than that of nozzles with only
forward orifices. Nozzle #19, with six backward orifices, had a faster ROP than nozzles
with three (#17) and four (#18) backward orifices (Figure 9). The results show that although
the flow rate increases with the number of backward orifices, the jet velocity does not
increase significantly, and in some of them, it actually decreases.

Temperature('C)
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—— #1B:0+1+4 (b) = sl
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20 - =]
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Time(s) Time(s)

Figure 9. Penetration curves of the nozzles with backward orifices: (a) flow rate vs. time; (b) jet
velocity vs. time; (c) temperature vs. time; (d) depth vs. time.

Some portion of the energy from nozzles with backward orifices is applied to expand
the hole, so the diameter of the borehole drilled by these nozzles is larger than that of the
other nozzles. Nozzles with a small number of orifices produced very uneven borehole
walls, and there were many narrow parts around the borehole (Figure 10). The following
causes may be responsible for uneven borehole shapes. On the one hand, with a larger
number of backward orifices, the distribution of jet energy is more uniform, and the
borehole shape is even more uniform. On the other hand, the poor thermal conductivity of
the drill tip may also cause the irregular shape of the drill hole.

The change in the flow rate and outlet water temperature during drilling for nozzles
with backward orifices is shown in Figure 11a,c. The higher the number of backward
orifices, the higher the flow rate. Because of the use of instantaneous heating, the higher
the flow rate, the lower the outlet temperature. Consistent with the results of the nozzles
having backward orifices, there is no obvious correlation between the jet velocity and the
drilling speed. Although the decrease in the diameter of the orifice leads to an increase in jet
velocity, the increase in jet velocity also leads to a decrease in the water heating temperature.
That is illustrated by the curves in Figure 11.
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Flow rate(L min™1)

Temperature(C)

Figure 10. Borehole shape obtained by drilling with different nozzles.
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3.2. Effect of the Orifice Diameter of the Single-Orifice Nozzle (0 + 1 + 0) on the ROP

The diameter of the forward orifice straightforwardly decides the energy conveyed to
the ice face. Therefore, it would be interesting to study the influence of the orifice diameter
of the single-orifice nozzle on the ice-melting efficiency. When the diameter of the orifice
is too large, the energy yield from a single jet is feeble and generally limited. Thus, the
drill cannot provide a sufficiently high ROP. With a decreased orifice diameter, the jet flow
increases such that the effect of the jet is stronger and the ice-melting capacity is improved.
However, a small orifice diameter results in severe pressure loss. Furthermore, the power
of the instantaneous heater is constant, and the temperature of the hot water decreases
with an increasing water flow rate, as shown in Figure 12. The optimal orifice diameter
was 3.0 mm, at which the highest ROP of 1.78 m h~! was reached (Figure 13).

1200

100 T g T T T

98 r . 1000
S 96 .
R %1 A #15 1
o 944 # AN — 8004
E 1 7 \ ] —
o 92 N\ i = -
o o] 1 £
2 90+ \ . =600
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> ] \ #19 2
2 g5 e i 400
8 ~ J ]
[$] T~
= 84 .
© q =#20 o
o 82 ‘ . 1
= j

80 i

78 T T T T T T T 0_ !
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Figure 12. Results of comparison between nozzles of different types: (a) average efficiency vs. nozzle
type; (b) penetration curves.



Water 2022, 14, 127

110f13

50 10
51 (a) (b)
—~4.0- 8
2T -~
S T T~~~ |
= £
130+ R
T =y W/
- 2.5 (5]
=20+ Q 4
-9 -—
u 1.5 4 — #6:8+1+0 2 —#6:8+1+0
#15:0+1+1 ——#15:0+1+1
"0 —#19:0+146 25 ——#10:0+1+6
0.5 ——#20:0+1+0
0.0 T T T T T T 0 T T T T T T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
60 Time(s) 20 Time(s)
(c) (d)
Tl B ws
iy I
= .
9 E
~— [y 4
o 8 164 St #19
2 ®© %
© -— AN
— @ AN
@ c \,
g- @ 144 N
@ 20 —#6:8+1+0 N \
= ——#15:0+1+1 °
——#19:0+1+6 T 124 .
104 ——#20:0+1+0 o W #20
0 J T T g T g T E 1.0 T : T E T y T T
o} 500 1000 1500 2000 2500 8+1+0 0+1+0 0+1+6 0+1+0
Time(s) shape of nozzles

Figure 13. Drilling parameters comparison between nozzles of different types: (a) flow rate vs. time;
(b) jet velocity vs. time; (c) temperature vs. time; (d) rate of penetration vs. time.

3.3. Effect of the Nozzle Type on the ROP

The number and arrangement of the orifices are important factors that influence the
speed of jet ice melting. The nozzle structure directly affects the flow rate, the temperature,
the outlet pressure of the water jet, and jet velocity, thereby affecting the intensity of
convective heat transfer at the ice-water interface. Figure 13 presents the experimental
results of drilling with different types of nozzles (single-orifice nozzles and multi-orifice
nozzles with downward and backward orifices) that enable the highest ROP in their own
classes. Dirilling results with a spiral nozzle were also added to the graph. However,
because of the special injection form of the spiral nozzle and its very slow ROP, the curve
of jet velocity was not added. There was no significant difference in jet velocity in the other
nozzles. Nozzles #6 and #15 were practically identical in terms of ROP, while the ROP
of nozzle #19, with backward orifices, was slightly lower. Spiral nozzle #20 exhibited the
worst performance. Except for nozzle #19, which could maintain a constant speed during
drilling, the penetration of other types of nozzles was not stable (Figure 12b).

To estimate the thermal efficiency of each nozzle, an energy balance formula at the
bottom of the borehole was used. The thermal energy imparted by the hot water balanced
by that required to melt a given volume of ice can be written as

My Cow (Tw — Tf) = mz-Lf +m;C;(0 — Ti) + m;Cy (Tf - 0), 1
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where 11, is the mass flow through the drill tip; Cy, is the heat capacity of water at constant
pressure (4190 ] kg ~! K~1); T, is the temperature at the drill tip; Tfis the temperature of the
water after equilibrium is reached in the borehole; m; is the ice melting mass at the bottom
of the bore; T; is the temperature of the ice; Cy, is the heat capacity of water at constant
pressure (2100 J kg~! K—1).

The results of thermal efficiency estimations of different nozzle types, according to
Equation (1), are shown in Figure 12a.

3.4. Effect of the Drill Tip on the ROP

To accelerate the heat transfer rate between the sidewall of the drill tip and the circu-
lating water in the borehole and thus increase the drill tip drilling ability, the performances
of the hollow and solid drill tips were compared experimentally (two types of drill tips are
shown in Figure 6). Under the same experimental conditions, the hollow drill tip had a
lower flow rate, higher outlet temperature (Figure 14a), and higher ROP (Figure 14b). The
most likely reason is that the hollow tip increases the heat transfer rate between the tip
wall and the ice because of the thinning of the wall (5 mm); the existence of the drill tip
cavity slows down the heat loss of the circulating water. In addition, cold spots may occur
during drilling due to different drill tip designs, resulting in impediments to progress [10].
A hollow drill tip can transfer heat through the sidewall to the ice, unlike a solid drill tip,
and is important for removing unpredictable cold spots. Because of the use of opaque ice,
it was not possible to see the actual drilling process.
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Figure 14. Results of comparison testing of the hollow drill tip and the solid drill tip: (a) outlet
temperature and flow rate vs. time; (b) penetration depth and power vs. time.

4. Conclusions

Hot-water drilling with near-bottom circulation is a type of ice drilling technology.
The drills provide better performance in terms of both the number of boreholes and the
portability of equipment than traditional hot-water drills. The critical components of this
technology are the structure of the nozzle and the drill tip. Owing to high-pressure jets,
single-orifice nozzles are most commonly used in traditional hot-water drilling systems.

In the present study, the physical parameters (diameter, number, and axial angle of the
orifices) of the nozzle that affect the ice-melting properties of the drill tip were investigated.
According to our experiments, the ice-melting efficiency of single-orifice and multi-orifice
nozzles with forward orifices is much higher than that of those with backward orifices.
Under the experimental conditions accepted in this study, the optimal multi-orifice nozzle
with index 8 + 1 + 0 had eight downward orifices with an axial angle of 35°. For a single-
orifice nozzle, the optimal orifice diameter is 3.0 mm. However, drilling large-diameter
holes (160 mm) with these nozzles is unstable. Nozzles with backward orifices can be used
to effectively solve this problem. The larger the number of backward orifices, the more
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even the shape of the borehole. Although the ROP with this nozzle is 13% lower than that
of the fastest nozzle with downward orifices, it would be a better choice because of the
smoother drilling process. To increase the heat transfer efficiency between the drill and the
ice face, the use of a hollow drill bit is recommended.

Our findings could not provide a universal model for nozzles with each diame-
ter/number/angle orifice. Notwithstanding, they are a noticeable reference for the forecast
of penetrating performance in glaciers and ice sheets using hot-water drills with near-
bottom circulation. To study the process qualitatively, visualization experiments with
transparent ice will be conducted in the near future. In addition, mathematical modeling of
hot-water drilling with near-bottom circulation is underway. The internal reasons affecting
the ROP are complex and need to be further studied with the help of the forthcoming
mathematical model.
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