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Abstract. There are numerous subglacial lakes in Antarctica,
typically covered by thick ice sheets. Qilin Subglacial Lake
is one of the largest subglacial lakes in Antarctica, lying be-
neath approximately 3600 m of ice. The exploration of this
unique environment is of considerable scientific importance.
RECoverable Autonomous Sonde (RECAS) has been pro-
posed for exploring Qilin Subglacial Lake. However, drilling
into the lakes with such probe may be impeded by volcanic
ash or small rock clasts within the ice sheet. In addition, RE-
CAS is incapable of withstanding the extreme hydrostatic
pressure existing in the Qilin Subglacial Lake. To address
these challenges, the thermal head of RECAS was redesigned
and fabricated. Compared with the original RECAS thermal
head, the updated thermal head has extra water circulation
unit. Laboratory test validated that the redesigned RECAS
thermal head can operate at water pressures of up to 40 MPa.
Moreover, its rate of penetration (ROP) improved by 22 %
in clean ice, by 41 % in dust-laden ice, and by 253 % in ice
with debris-rich ice. The updated RECAS thermal head is
expected to be utilized to drill Qilin Subglacial Lake in the
coming Antarctic work season.

1 Introduction

Glaciers, ice caps, ice sheets and permafrost are widely dis-
tributed in the polar regions of the Earth (Tsytovich, 1975;
Cuffey and Paterson, 2010; Kutasov and Eppelbaum, 2018;
Eppelbaum and Kutasov, 2019), Antarctica, located in the
southernmost part of the Earth, is largely covered by massive
ice sheets (Fretwell et al., 2013). In the 1970s, the presence
of subglacial liquid water in Antarctica was first discovered
(Robin et al., 1970; Oswald and Robin, 1973). With contin-
uous international exploration, hundreds of subglacial lakes
have been identified in Antarctica (Livingstone et al., 2022).
Antarctic subglacial lakes preserve key information regard-
ing ice sheet dynamics and paleoclimatic changes, serving
as natural platforms for exploring extremophilic life, the
deep biosphere, and extraterrestrial habitability (Priscu et al.,
1999; Siegert, 2000; Christner et al., 2014).

In recent years, a large subglacial lake named Qilin has
been discovered by geophysical surveys in Princess Eliza-
beth Land, East Antarctica (Fig. 1). This lake is covered by
approximately 3600 m-thick ice sheet, has been isolated from
the surface for millions of years, and exhibits unique mor-
phological and sedimentary characteristics (Yan et al., 2022,
2025; Li et al., 2026b; Lu and Chen, 2026). Further inves-
tigation of Qilin Subglacial Lake and the advancement of
deep-drilling technologies will promote interdisciplinary po-
lar research.

Published by Copernicus Publications on behalf of the European Geosciences Union.



238 Y. Li et al.: Updating thermal head of RECAS for Qilin Subglacial Lake exploration

Figure 1. Location of the Qilin Subglacial Lake in Antarctica (Yan
et al., 2022, modified).

Subglacial lake drilling methods can be divided into
mechanical drilling and thermal drilling. The mechanical
drilling conducted by Russia at Subglacial Lake Vostok is
a typical early example. Although this method obtained sub-
glacial lake water samples for the first time, the use of hydro-
carbon drilling fluids inevitably introduced chemical and bi-
ological contamination, significantly reducing the scientific
value of the recovered samples (Bulat, 2016). To achieve
clean sampling, the focus of global research has gradually
shifted toward thermal drilling technologies (Talalay, 2020).
In December 2012, a British team attempted to explore Sub-
glacial Lake Ellsworth using a clean hot-water drilling sys-
tem; however, the effort did not succeed (Siegert et al.,
2012, 2014). In January 2013, the U.S. Whillans Ice Stream
Subglacial Access Research Drilling (WISSARD) project
employed filtered and sterilized hot-water drilling technol-
ogy, successfully collecting uncontaminated samples and di-
rectly confirming the existence of subglacial microorgan-
isms (Christner et al., 2014). In December 2018, the U.S.
Subglacial Antarctic Lakes Scientific Access (SALSA) team
adopted a hot-water drilling system similar to that used in the
WISSARD project and successfully obtained water and sed-
iment samples from Subglacial Lake Mercer (Priscu et al.,
2021).

Thermal melt probes, which use electrically heated ther-
mal heads to melt through ice, are considered one of the
cleanest drilling tools for exploring subglacial lakes and
similar aquatic environments under subglacial oceans on
extraterrestrial planets. Accordingly, several thermal melt
probes, such as IceMole, IceShuttle Teredo, TRIPLE, have
been designed (Dachwald et al., 2014; Wirtz and Hilde-
brandt, 2016; Heinen et al., 2021). RECAS is a recoverable
thermal melt probe designed for both downward and upward
drilling and has been proposed for exploring Qilin Subglacial
Lake (Talalay et al., 2014; Zhou et al., 2024). Field tests in
Antarctica have demonstrated that RECAS prototype oper-
ates reliably (Sun et al., 2024). However, RECAS was de-
signed only for drilling in clean ice. In practice, ice sheets
usually have dusty ice layers, which typically contain vol-

cano ash (Delmonte et al., 2002; Narcisi et al., 2017; Kohno
et al., 2004). For example, 26 ash layers with thickness vary-
ing 1–24 mm were found in a 2503 m deep ice core from
Dome Fuji station (Kohno et al., 2004). Moreover, rock clasts
are often present at the base of the ice sheet, which can sim-
ilarly impede the penetration of thermal melt probe (Gow et
al., 1979; Leitchenkov et al., 2007, 2016).

Domestic tests of the RECAS prototype indicate that solid
particles, such as dust and sand, tend to accumulate on the
thermal head during drilling in dusty ice, thereby impeding
heat transfer and reducing the ROP. The existing dust col-
lection device, mounted above RECAS lower thermal head,
can only mitigate particle deposition rather than fundamen-
tally solving this limitation, resulting in a persistent discrep-
ancy between the actual and expected ROPs (Li et al., 2020).
Additionally, the hydrostatic pressure imposed by the over-
lying ice sheet on Qilin Subglacial Lake is approximately
36 MPa, which exceeds the pressure tolerance of the existing
RECAS thermal head (Li et al., 2020). In conclusion, the ex-
isting RECAS thermal melt probe is insufficient to fulfill the
exploration needs of Qilin Subglacial Lake.

Hot-water drills with downhole self-circulation
(HWDDSC) can heat and circulate meltwater in situ at
the borehole bottom. Characterized by a high ROP and
contamination-free operations, HWDDSC can provide
critical technical support for efficient drilling in ice con-
taining dust or solid rock clasts. Since the first HWDDSC
was developed in 1980s, a wide range of such drilling
systems have been developed and deployed globally (Rado
et al., 1987). The Cryobot, initially conceived in 1998,
combined electric heating with a hot-water jet system
to improve cleaning and drilling efficiency in polar and
extraterrestrial ice environments (Zimmerman et al., 2001,
2002). Recent developments in melt probe combining hot-
water jetting, including VALKYRIE and SPINDLE, have
demonstrated the feasibility of combining thermal melting
and bidirectional hot-water jetting to improve penetration
performance and operational robustness in debris-rich ice
environments (Stone et al., 2014, 2018). A drilling system
with near-bottom hot water circulation was developed in
Jilin University, and it can remove fine dust from borehole
bottom by meltwater jetting, thereby improving drilling
performance in ice containing dust (Zhao et al., 2022). How-
ever, its low-pressure tolerance precludes it from meeting
the stringent pressure requirements of Qilin Subglacial Lake
exploration. Additionally, technologies to make thermal
head melting curvilinearly was also developed to avoid rock
clasts (Schüller et al., 2016; Sysoev et al., 2025). However,
this technology requires precise advance detection of rock
clasts and involves rather complex operations.

In this study, the RECAS thermal head was redesigned
by introducing extra water-jetting component and filtration
component. Then, the hydrostatic pressure test and drilling
test in clear ice, in dust-laden ice and in debris-rich ice were
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Table 1. Technical requirements of the updated RECAS thermal
head.

Aspects Requirements

Diameter 180 mm

ROP > 2 m h−1

Hydrostatic pressure ≥ 40 MPa
resistance

Working voltage 650 V

Drilling capacity Clean ice
Dust-laden ice
Debris-rich ice

conducted to evaluate the performance of the updated RE-
CAS thermal head.

2 General concept

2.1 Technical requirements

To successfully penetrate the ice sheet and access Qilin Sub-
glacial Lake, the improved RECAS thermal probe must with-
stand a hydrostatic pressure of no less than 36 MPa. There-
fore, its rated pressure is set to 40 MPa to ensure an ade-
quate safety margin. In addition, to achieve efficient drilling
and sampling, the target ROP is required to exceed 2 m h−1.
The thermal probe is designed to match the outer diameter of
the RECAS drilling system, which is 180 mm. In order to be
compatible with the entire RECAS system, the new thermal
head is required to operate at a voltage of no less than 650 V
during heating.

The probe is expected to operate stably under various ice
conditions, including clean ice, dust-bearing ice, and debris-
rich ice, while maintaining a relatively constant ROP. This
ensures continuous and reliable drilling performance and sig-
nificantly improves the capability for subglacial lake explo-
ration and sampling. The overall technical specifications of
the improved RECAS thermal probe are summarized in Ta-
ble 1.

2.2 Conceptual model

Based on the technical requirement and the previous research
foundation of the RECAS thermal head, an updated design
that integrates thermal melting drilling with downhole melt-
water self-circulation was proposed to achieve better drilling
performance in Qilin Subglacial Lake exploration. As shown
in Fig. 2, the updated RECAS thermal head still uses car-
tridge heaters inserted into its body to generate heat for melt-
ing ice, and a pressure housing above the thermal head pro-
tects the cartridge heaters from high water pressure. A pump
is installed above the pressure housing to generate water flow

Figure 2. Schematic diagram of the updated RECAS thermal head.

near the bottom of the borehole. To protect the pump from
damaged by solid particles in the borehole, a filter should be
installed at the pump inlet. When the pump starts, water is
drawn from the annulus between the RECAS thermal head
and the borehole wall, conveyed along a water channel at
the center of the thermal head, and finally jetted out through
a nozzle at the tip of the thermal head body. If dust particles
are deposited at the bottom of the borehole, the water jet from
the nozzle is expected to wash them away from the bottom
and collect them in the internal cavity of the thermal head.
The filter allows only water to pass through while blocking
solid particles.

When drilling in clean ice, the pump is not usually used;
melting relies solely on the heat generated by the cartridge
heaters. Of course, the pump can also be operated during
clean ice drilling to enhance heat transfer between the ther-
mal head and the surrounding ice. When drilling in dust-
laden ice, the pump must be started. In this way, the adverse
effects of impurities on the heat transfer of the thermal head
can be mitigated, thereby optimizing heat distribution and
energy utilization, and ultimately enhancing drilling perfor-
mance in complex ice conditions. In field applications, the
RECAS probe is equipped with built-in sensors that measure
the penetration rate in real time and transmit the data to the
surface. When the operator observes a significant decrease
in the penetration rate, it can be inferred that dust-laden or
debris-rich ice is present. In this case, the operator can send
a command to the RECAS melt probe to start the pump.
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Figure 3. Calculation of power consumption.

3 Design of the updated RECAS thermal head

3.1 Calculation of power consumption

In this study, the empirical formula from previous research
was adopted to quantitatively calculate the heating power of
the thermal head as a function of the ROP (Li et al., 2020).
In the calculations, the thermal head diameter was set as
180 mm, and three typical ROPs of 2, 2.5 and 3 m h−1 were
selected as operating conditions and the thermal drilling ef-
ficiency was assumed to be 85 %. Based on estimated ice
temperature from the overlying 500 m ice sheet above Qilin
Subglacial Lake, the ice temperature was determined to be
>−16 °C (Li et al., 2026a). The calculated power consump-
tion for the different conditions is presented in Fig. 3.

The results indicate that the required heating power has
a significant negative correlation with ice temperature; that
is, a higher ice temperature corresponds to a lower heating
power. The temperature of the upper ice sheet in the drilling
site reaches its minimum of approximately −16 °C, result-
ing in the maximum heating power demand. Under this low-
temperature condition, the required heating power is 6.9 kW
at a ROP of 2 m h−1 and rises to 10.4 kW when the rate in-
creases to 3 m h−1. Taking into account long-term stable op-
eration and a sufficient safety margin, the rated heating power
of the thermal head was ultimately determined to be 7 kW for
required ROPs above 2 m h−1.

3.2 Determination of pump flow rate

The flow rate of the pump is a critical design parameter, as
it determines the water velocity in the borehole and, in turn,
whether dust particles can be flushed out of the bottom. The
following presents numerical and experimental methods used
to determine the pump flow rate.

3.2.1 Numerical investigation

During dust particles movement, the actual velocity of dust
particles is the vector sum of water flow velocity va and par-
ticle settling velocity vt. The annular flow inside the gap be-
tween thermal head and borehole wall is generally upward,
which is mainly controlled by the flow rate of the built-
in pump. Dust particles in the borehole exhibit three mo-
tion modes: rising, suspension and settling. Settling parti-
cles driven by gravity tend to accumulate at the thermal head
tip, impeding heat transfer and reducing thermal efficiency.
Based on the principle of velocity superposition, the vertical
upward direction is taken as positive, with va> 0 and vt< 0.
The motion state of a particle is determined by the resultant
velocity: it rises when va+ vt> 0, remains suspended when
va+vt= 0, and settles when va+vt< 0. Therefore, the mini-
mum water velocity should be bigger than the setting velocity
of particles, namely, va >−vt. Consequently, the minimum
flow rate to prevent solid particles accumulate at borehole
bottom can be calculated by following expression

Q=−Aavt (1)

Aa =
π

4

(
D2
− d2

)
(2)

Where Q is the fluid flow rate passing through the annulus,
m3 s−1; Aa is the area of the annulus cross section between
thermal head and ice borehole wall, m2;D and d are borehole
diameter and thermal head diameter, respectively, m.

In this study, a numerical model was developed to calcu-
late the particle settling velocity. In the model, the steady
settling velocity is obtained by simulating the motion of a
single dust particle in the annular flow field. Considering
the axisymmetric characteristic of the annulus and the dust
particle, the three-dimensional model can be simplified to a
two-dimensional one, which effectively reduces the compu-
tational complexity. The simplified two-dimensional physi-
cal model for simulating setting velocity of single dust parti-
cle is shown in Fig. 4. In the model, the water is assumed to
flow upward at a gradually increasing velocity until the dust
particle can remain stably suspended.

This numerical model is based on fluid mechanics theory.
The Navier–Stokes equation can be used to describe water
flow

ρ
∂u

∂t
−∇ ·µ

(
∇u+ (∇u)T

)
+ ρu · ∇u+∇p = F (3)

∇ ·u= 0 (4)

where ρ is the water density, 1000 kg m−3; t is time, s;
u is the water velocity, m s−1; µ is the water viscosity,
1.51× 10−3 N s m−2; and p is the fluid pressure, Pa. F is
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Figure 4. Physical model for simulating setting velocity of single
dust particles.

volume force density and can be expressed as

Fr = 0 (5)
Fz =−ρ(a+ g) (6)

where a is the acceleration of dust particles, m s−2; and g is
the gravitational acceleration, 9.81 m s−2.

The force balance equation of dust particles adopts an or-
dinary differential equation

m
d2x

dt2
= Fg+Fz (7)

where m is the mass of dust particles, kg; x represents the
particle position, m; Fg is the gravitational force, and Fz is
the z-component of the force that the water exerts on parti-
cles. The expression of gravitational force is given as follows

Fg =−ρgVgg (8)

where Vg is the volume of dust particles, m3; and ρg is the
particle density, 2600 kg m−3.

The force that the water exerts on the grain could be calcu-
lated by integrating the normal component of the stress ten-
sor over the surface of the particle.

Fz = 2π
∫
S

r ẑ
[
−pI+µ

(
∇u+ (∇u)T

)]
ndS (9)

where r is the radial coordinate, ẑ is the unit vector in the z-
direction, I denotes the second-order unit tensor (or identity
matrix), and n denotes the normal vector on the dust parti-
cle surface. S represents the entire external surface of a sand
grain.

Figure 5. Temporal evolution of simulated settling velocity for
100 µm particles.

The initial values for position and velocities are

u0 = v0 = x0 =
dx0

dt
= 0 (10)

At the particle’s surface, the water velocity relative to the
particle is zero, that is

u= 0 (11)

At the inlet of the water domain the velocity equals the falling
velocity:

u=

(
0,

dx
dt

)
(12)

Furthermore, a neutral condition describes the outlet, which
is

n ·
[
−pI+µ

(
∇u+ (∇u)T

)]
= 0 (13)

The aforementioned equations can be numerically solved in
COMSOL Multiphysics 6.1 software. As an example, Fig. 5
illustrates the time-dependent settling velocity of 100 µm par-
ticles obtained from simulations. The velocity stabilizes at
approximately 0.015 s, and this steady value (0.045 m s−1) is
defined as the terminal settling velocity for 100 µm dust par-
ticle.

The settling velocities of dust particles with diameters
from 10 to 300 µm were calculated from simulations, with
results presented in Fig. 6. For particle sizes below 75 µm,
the settling velocity increases slowly with increasing diame-
ter; beyond this threshold, the velocity rises almost linearly
with size, reaching 0.0325 m s−1 at 300 µm. In Antarctica ice
sheet, the size of dust particles is usually less than 100 µm.
Therefore, a water velocity of 0.0054 m s−1 is enough to sus-
pend the dust particle. Based on previous experience with the
RECAS thermal head, the borehole diameter in dirty ice is
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Figure 6. Effect of particle size on settling velocity.

typically 20–25 mm larger than that of the thermal head (Li
et al., 2020). Therefore, it is reasonable to assume that the
updated RECAS thermal head will produce a borehole 200–
205 mm in diameter. Using Eqs. (1) and (2), the minimum
pump flow rate is estimated to be 1.93–2.44 L min−1.

3.2.2 Experimental study

To validate the numerical results, a test was conducted to
determine the required pump flow rate (Fig. 7). In the test,
an acrylic tube with an inner diameter of 200 mm was em-
ployed to mimic the borehole wall and a base made of foam
was installed at the bottom of the acrylic tube to simulate the
borehole bottom. Notably, the foam base has an inner con-
cave conical base that is similar as the thermal head. During
testing, a simulated thermal head with an outer diameter of
180 mm was placed at the center of the acrylic tube, creat-
ing an annular space between the head and the tube for dust
particle movement. The simulated thermal head has the same
dimensions and shape as the real one described in Sect. 3.4.
The tip of the simulated thermal head is equipped with two
interchangeable nozzles, with diameters of 2.5 and 3 mm, re-
spectively. During testing, the simulated thermal head was
suspended by a forklift. Two diaphragm pumps, each with a
rated flow rate of 5 L min−1, were used to supply water flow.
The pumps are powered by a DC power supply, and their
flow rate can be adjusted by varying the input voltage from
0 to 24 V. A flowmeter and a pressure gauge were integrated
into the testing system to monitor fluid resistance and flow
rate. The flowmeter is a digital turbine type with a range of
0–20 L min−1, a pressure rating of 0.5 MPa, and an accuracy
of±0.5 % full scale. The pressure gauge is a digital type with
a range of 0–0.6 MPa and an accuracy of ±0.2 % full scale.
In the experimental setup, clean water was stored at a blue
water bucket, and an external red water bucket was used for
collecting overflowing dust-laden water.

Before testing, dust-laden water was prepared in the
acrylic tube by placing commercially available river sand at

Figure 7. Experimental setup for determining required pump flow
rate.

the bottom of the tube. Three size fractions of dust particles
were used in the tests: 50–100, 100–150, and 150–185 µm. In
each test, 30 g of particles were uniformly distributed. Once
the dust-laden water was ready, the diaphragm pumps were
powered on to draw clean water from the blue water bucket
and jet it through the nozzle at the tip of the simulated ther-
mal head, washing the dust particles away from the borehole
bottom. During testing, the flow rate was increased stepwise
from 1.0 L min−1 in increments of 0.5 L min−1 until the dust-
laden water in the acrylic tube became clear and no visible
particles remained at the simulated borehole bottom (Fig. 8).
This flow rate was then taken as the minimum pump flow rate
required to wash away dust particles of the corresponding
size. Testing results shows that the required pump flow rates
for particles with size ranges of 50–100, 100–150, and 150–
185 µm were 2.5, 6, and 9 L min−1, respectively. As noted
earlier, dust particles in Antarctica ice sheet are typically
smaller than 100 µm; therefore, a flow rate of 2.5 L min−1

was determined to be sufficient for the updated RECAS ther-
mal head. In comparison with the numerical predictions, the
experimentally obtained flow rate is marginally larger.

Additional tests were performed with nozzles of 2.5 and
3 mm in diameter under a constant flow rate. The results in-
dicated that nozzle diameter had no significant impact on the
removing efficiency the dust particles. To obtain higher water
flow velocity at borehole bottom, a nozzle with diameter of
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Figure 8. Visual comparison of dust-laden water: (a) before testing;
(b) after testing.

2.5 mm was preferred to be used in updated RECAS thermal
head.

3.3 Estimation of pump pressure

Due to the small nozzle diameter, inevitable pressure loss
occurs during water flow. According to the study results in
Sect. 3.2, the flow rate of the built-in pump in updated RE-
CAS thermal head is determined to be 2.5 L min−1. It is nec-
essary to estimate the pressure loss under this flow condition
to determine the pump pressure.

The total pressure loss during water flow mainly consists
of frictional pressure loss and local pressure loss, and can be
expressed as follows

1P =
∑

1Pf+1Pl (14)

where 1P is the total pressure loss, Pa; 1Pf is the frictional
pressure loss, Pa; 1Pl is the local pressure loss on filter, Pa.
In our case, frictional pressure loss contains two parts, which
are frictional pressure loss 1Pf1 in water channel inside the
thermal head and the frictional pressure loss1Pf2 in annulus
between thermal head and ice borehole, Pa.

The Darcy–Weisbach equation is adopted to calculate the
frictional pressure loss

1Pf = λ
Le

de

ρv2
a

2
(15)

where λ is the friction coefficient;Le is the effective length of
water pathway, m; de is the hydraulic diameter of water path-
way, mm. When water flow in the channel inside the ther-
mal head, Le is assumed to be 1 m and de is assumed to be
5 mm. If borehole diameter near the thermal head is 200 mm,
the hydraulic diameter in the annulus can be calculated by
de =D− d = 20 mm. In our case, we can also assume that
the effective length in the annulus is 1 m.

The flow velocity can be determined by following expres-
sion

va =
4Q
πde

2 (16)

When water flow is turbulent, the friction coefficient can be
estimated by (Zhang, 1999)

λ= 0.3164Re−0.25 (17)

where Re is Reynolds numbers and can be calculated by the
following expression

Re=
vade

µ
(18)

However, when Re is < 2000, the friction coefficient should
be calculated by (Zhang, 1999)

λ=
64
Re

(19)

The local pressure loss at the nozzle can be calculated by

1Pl = ζ
ρva

2

2
(20)

in which ζ is the local resistance coefficient. When water
is discharged from a nozzle with central cylinder hole, the
flow suddenly goes from a small, confined space into a very
large space. In this case, the local resistance coefficient can
be taken as 1.0.

Based on the Eqs. (14)–(20), the total pressure loss can
be estimated. As shown in Table 2, the estimated total pres-
sure loss is about 51 639 Pa, which is quite small. Obviously,
most pressure loss comes from local pressure loss at the noz-
zle, and frictional pressure loss in annulus between thermal
head and ice borehole can be neglected. To maintain stable
water flow under extreme working conditions and reserve a
sufficient safety margin, the rated water head of the pump
should be at least more than 10 m.

3.4 Structure design

3.4.1 Overall structure design

As illustrated in Fig. 9, the updated RECAS thermal head
consists of two primary components: the water circulation
subsystem and the thermal melting subsystem. The former
produces a water jet at the lower tip of the thermal head,
whereas the latter melts ice via applied heating power. The
water circulation unit is mounted directly above the ther-
mal melting unit, and they are connected by an adapter. The
adapter is provided with threads at both ends. One end is
connected to the central rod of thermal melting unit, and the
other end matches the central hole of the filter plate in wa-
ter circulation subsystem, which is axially clamped and fixed
by lock nuts. The assembly structure is compact and reliable.
The updated thermal head has an overall length of 760 mm
and an outer diameter of 180 mm.
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244 Y. Li et al.: Updating thermal head of RECAS for Qilin Subglacial Lake exploration

Table 2. Estimation of pressure loss.

Parameter Q Le de va Re λ ζ 1P

(L min−1) (m) (mm) (m s−1) (Pa)

1Pf1 2.5 1 5 2.1 7073 0.035 – 15 576
1Pf2 2.5 1 20 0.007 92 0.69 – 0.84
1Pl 2.5 – 2.5 8.5 – – 1 36 061

Figure 9. Updated RECAS thermal head: (a) photograph; (b) 3D model.

3.4.2 Thermal melting unit

The newly designed thermal melting unit has similar struc-
ture to the original RECAS thermal head (Li et al., 2020). For
example, it has conical shape and was protected by pressure
chamber from outer water. Nevertheless, some improvements
have been made to the new thermal head.

To satisfy the 40 MPa pressure resistance specification, the
present design adopts a solid structure for the thermal melt-
ing unit, with no ring groove on the thermal head body. In
addition, the material of thermal head body was changed
from pure copper to chromium-zirconium copper, which of-
fers greatly improved strength and comparable thermal con-
ductivity.

The new thermal head was required to operate at high volt-
age of approximately 650 V. To prevent a short circuit be-
tween the neutral and live wires under high voltage condi-
tions, two wire baffles made of polytetrafluoroethylene are

added to the pressure chamber to isolate the neutral wires
from the live wires of cartridge heaters. Additionally, fuses
are installed on the live wires to prevent voltage surges to
the entire drill system in the event of a cartridge heater short
circuit. Both wire baffles are fixed on the central rod, while
the fuses are mounted on the lower one. Similar to the pre-
vious design, the updated RECAS thermal head uses a self-
developed 800 VAC solid-state regulator. This regulator em-
ploys cycle power regulation, controlling the conduction of
50 sinusoidal half-cycles per second to adjust the effective
power, thus enabling full-power or reduced-power operation
to match different penetration rate requirements (Yu et al.,
2021)

In contrast to the original RECAS thermal head, the im-
proved design incorporates a nozzle equipped with a 2.5 mm-
diameter cylindrical central hole. The nozzle is threadedly
attached to the tip of the thermal head. Furthermore, a cor-
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Table 3. Parameters of cartridge heater.

Parameter Long cartridge Short cartridge
heater heater

Diameter (mm) 6 6
Length (mm) 200 170
Resistance (�) 218 263
Rated voltage (V) 400 400
Rated power (W) 734 608
Operating voltage (V) 295 355
Operating power (W) 480 400

responding central hole is machined through both the central
rod and the thermal head body.

Similar as original RECAS thermal head, the newly de-
signed one uses cartridge heaters as heating elements. In to-
tal, 16 cartridge heaters are arranged inside the bit, includ-
ing eight long cartridge heaters and eight short cartridge
heaters. The long and short cartridge heaters are arranged
in a staggered, symmetrical pattern and are positioned par-
allel to the outer surface of thermal head body. All car-
tridge heaters were manufactured by Hangzhou Liangdong
Automation Equipment Co., Ltd., with a 10 mm cold sec-
tion reserved at both the upper and lower ends. The detailed
technical parameters of the cartridge heater are listed in Ta-
ble 3. The 16 cartridge heaters are divided into 8 groups, each
group comprising a long and a short heater connected in se-
ries, while the eight groups are wired in parallel. With a sup-
ply voltage of 650 V, the thermal head achieves a total heating
power of 7040 W. Importantly, the voltage across each heater
stays below the 400 V rating, which guarantees both elec-
trical safety and operational robustness under high-voltage
conditions.

3.4.3 Water circulation unit

The water circulation unit mainly contains a pump and a fil-
tration system. The pump and the filtration system are tightly
fastened with the lower thermal melting unit by fixing plates,
support rod, bolts and threaded connections. Additionally, an
outer tube was installed above the thermal melting unit to
protect the pump and the filtration system.

In the new design, the pump plays an important role in
improving the drilling performance in dust-laden ice. In this
study, we adopted a miniature magnetic gear pump cus-
tomized by Shanghai Suofu Industrial Co., Ltd. Its main per-
formance parameters are listed in Table 4.

Given that magnetic gear pumps impose extremely high
requirements on medium cleanliness during operation and
consider that the thermal head may operate in dust-laden ice,
a filtration system was designed at the water suction port of
the pump. The filtration system comprises upper and lower
filter plates, gasket, and filters, and is integrally connected to
the thermal melting unit via an adapter and lock nuts. The

Table 4. Main parameters of the magnetic gear pump.

Parameter Value

Rated voltage (V) 48
Rated flow rate (L min−1) 2.5
Rated water head (m) 30
Water pressure resistance (MPa) 40
Rated power (W) 300
Maximum diameter (mm) 80
Length (mm) 150

upper and lower filter plates are fixed together by bolts, and
the clearance between them is sealed with a silicone gasket.
Upon assembly of the upper and lower filter plates, an in-
ternal channel is created, through which the water can flow.
The filter is a cylinder with an outer diameter of 33 mm and
a length of 85 mm. Fabricated from 400-mesh stainless steel
wire screen; it is secured to the lower filter plate by means of
a threaded connection. Nevertheless, a real risk of filter clog-
ging does exist. To mitigate this, the contact area between
the filter and the water was increased through a double-layer
design. The two-layer screen provides approximately twice
the contact area of a single layer. Five such filters are em-
ployed in total, and they are alternately disposed with the
waterproof connectors of the thermal melting unit to enhance
space utilization. In the future, other methods to prevent fil-
ter clogging, such as water flushing, should be explored. The
inlet and outlet of the magnetic gear pump are connected
via flexible rubber hoses. During operation, meltwater passes
through the filters, enters the pump, and then flows through
the adapter and the central channel of the thermal head body
before being discharged from the nozzle.

In the design of the upgraded RCEAS thermal head, dust
is intended to accumulate in the internal cavity, defined as the
void space within the outer tube after the installation of other
components. The outer tube is cylindrical, with an inner di-
ameter of 160 mm and a length of 570 mm. Assuming that
half of this internal volume is occupied by other hardware,
the theoretical cavity volume is approximately 5727 cm3.
In polar ice sheets, dust-laden layers are typically less than
20 mm thick. With a borehole diameter of 220 mm, the cor-
responding dust volume would be less than 757 cm3. Conse-
quently, overfilling the cavity would necessitate the accumu-
lation of eight such layers, which is uncommon in polar ice
sheets.

4 Test of the updated RECAS thermal head

4.1 Water pressure resistance test

Water pressure resistance tests of the magnetic gear pump
and the thermal melting unit were conducted independently
in a high-pressure chamber. During testing, the water pres-
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Figure 10. Water pressure resistance test of the magnetic gear pump
and the thermal melting unit.

sure in the high-pressure chamber gradually increased to
40 MPa at a rate of 2 MPa min−1. It was then held at this
pressure for about 1 h, after which it was gradually reduced
to 0 MPa at the same rate (Fig. 10). Notably, when the pres-
sure in the high-pressure chamber reached 40 MPa, the mag-
netic gear pump was activated with no load, and its status
was checked by monitoring the operating current. It was con-
firmed that the pump can operate stably in 40 MPa water,
drawing an input current of 0.6 A. After testing, the magnetic
gear pump and thermal melting unit were extracted from the
chamber, and no structural deformation or water leakage was
observed. The test results demonstrate that both the thermal
melting unit and the magnetic gear pump function properly
under a water pressure of 40 MPa.

4.2 Drilling performance in clean ice

The updated RECAS thermal head was first tested in clean
ice. As shown in Fig. 11, the test was conducted on the
same test stand used previously (Talalay et al., 2019; Li et
al., 2020). Notably, in the test, the original transformer was
replaced by a larger one with maximum input voltage of
1000 V. Furthermore, a bucket served as the water storage
container. The clean ice samples were fabricated in a freez-
ing container at −20 °C. During fabrication, tap water was
frozen layer by layer in a 1 m iron barrel. This method pre-
vents freezing-induced deformation and produces uniformly
clear ice with no bubbles or cracks.

In the test, the heating power of the thermal head was set
to 7000 W, and the weight on thermal head was stabilized
at approximately 150 N. The ice sample was maintained at
−20 °C. The magnetic gear pump was operated at its rated
flow rate of 2.5 L min−1. The test process can be divided into
two stages. In the first stage, the magnetic gear pump was
deactivated, and the ice was penetrated solely by the thermal
melting drilling method, hereafter referred to as TMD. Dur-

Figure 11. Test stand of the updated RECAS thermal head.

ing the second stage, the magnetic gear pump was turned on
to extract borehole water and discharge it through the noz-
zle. The drilling process thus combines TMD with meltwater
jetting. Herein, this method is designated as thermal melting
drilling with water jetting (TMDWJ).

As shown in Fig. 12a, the thermal head drilled about
0.15 m in ice with the method of TMD and then changed
to drill by TMDWJ method until the drilling depth reached
about 0.5 m. The results show that the average ROP in TMD
mode was 1.74 m h−1 (Fig. 12b). After meltwater injection
was enabled, the average ROP increased to 2.12 m h−1, in-
dicating that water circulation enhanced heat transfer be-
tween the thermal head and the surrounding ice, leading to
an increase of approximately 22 % in ROP. During the entire
drilling process, the meltwater temperature in the borehole
remained between 2.5 and 5 °C, with an average of 3.5 °C.
After testing, the borehole diameter was measured at approx-
imately 200 mm. Overall, these results confirm that meltwa-
ter jetting can effectively improve the ROP in clean ice.

4.3 Drilling performance in dust-laden ice

Dust-laden ice samples were prepared following the proce-
dure described by Li et al. (2020). In preparation, dust parti-
cles with size ranging from 250 to 425 µm were selected to
ensure conservative and reliable test conditions, as this size
exceeds the typical particle sizes found in Antarctic ice sheet.
The dust-laden ice layer was prepared using river sand, which
consists primarily of silicon dioxide (SiO2). With a thickness
of approximately 2 cm and mass fraction of approximately
21 %, the dust-laden ice layer was located about 30 cm be-
low the ice surface. The dust-laden ice sample was frozen
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Figure 12. Variation of: (a) drilling depth; and (b) ROP with time during drilling in clean ice.

at −15 °C. To ensure comparability of the experimental re-
sults, the operational parameters were kept consistent with
those used in the clean ice tests. Specifically, the weight on
thermal head stabilized at 150 N, the heating power was set
to 7 kW, and the ice sample temperature was maintained at
−15 °C. The same as mentioned in Sect. 4.2, both the TMD
and the TMDWJ methods were used for ice drilling. When
drilling in TMDWJ methods, the flow rate of the magnetic
gear pump remained at 2.5 L min−1.

In the test, the borehole was first deepened to 0.2 m using
TMD and then drilled to 0.7 m using the TMDWJ method
(Fig. 12a). Notably, in Fig. 13, time zero corresponds to the
moment when the thermal head reaches the dust-laden ice
layer. As shown in Fig. 13b, the average ROP in dust-laden
ice is 1.46 m h−1, which was 16 % lower than that in clean
ice. Benefiting from the scouring effect of circulating melt-
water, the TMDWJ method can effectively remove dust at-
tached to the thermal head surface and enhance heat transfer
between the thermal head and the ice. Consequently, the av-
erage ROP increased to 2.06 m h−1, which is nearly identical
to that observed in clean ice. Overall, the TMDWJ method
achieved a 41 % increase in ROP when applied to dust-laden
ice drilling. After drilling, the borehole diameter was mea-
sured to be 217 mm in the upper part and 203 mm in the lower
part.

Notably, multiple dust-laden ice layers may exist within
the ice sheet, and their potential hindering effects on ice pen-
etration may accumulate. In this study, the updated RECAS
thermal head was tested only in a single dust-laden ice layer;
therefore, its drilling performance in multiple dust-laden ice
layers should be carefully assessed.

4.4 Drilling performance in debris-rich ice

In addition to fine ash particles, Antarctic ice may also con-
tain rock clasts, which severely reduce ROP of thermal head.

To simulate such extreme conditions, test was carried out on
debris-rich ice. Before testing, ice samples were prepared us-
ing tap water in the same barrels as in previous tests. During
preparation, each barrel was first filled with tap water to 50 %
of its volume and frozen at −15 °C for 24 h to form a dense
ice layer. Five pebbles with diameter of 0.5–1.5 cm were then
evenly placed at the center of this ice layer. Finally, tap water
was slowly added to reach 80 % volume to avoid displacing
the pebbles, followed by continuous freezing for 48 h to en-
sure firm bonding between the pebbles and the ice.

In the test, the weight on thermal head and the heating
power remained consistent with previous tests. Additionally,
the debris-rich ice sample was maintained at a temperature
of −15 °C. The whole test was divided into four stages. In
the first stage, the thermal head was used to drill clean ice
using the TMD method. In the second stage, the thermal head
continued drilling in debris-rich ice with the same method. In
the third stage, the thermal head was lifted slightly to allow
trapped pebbles to fall to the borehole bottom, and then it was
reinserted into the hole. This stage is referred to as “tripping”.
In the final stage, the magnetic gear pump was activated to
resume drilling with the TMDWJ method.

As shown in Fig. 14, the testing results show that the ROP
of the thermal head remained at about 1.98 m h−1in clean
ice. When the thermal head contacted hard pebbles, the ROP
suddenly dropped to nearly zero. However, continued heat-
ing of the thermal head warmed the water beneath it, leading
to slow melting of the underlying ice. This gave a ROP of
0.65 m h−1, which was only 33 % of that observed in clean
ice. After thermal head was lifted and the magnetic gear
pump was activated, the average ROP in last drilling stage
recovered to 2.05 m h−1, which is comparable to the perfor-
mance in clean ice.

After drilling, the meltwater in the borehole was
drained, and the borehole morphology was replicated using
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Figure 13. Variation of: (a) drilling depth; and (b) ROP with time during drilling in dust-laden ice.

Figure 14. Variation of: (a) drilling depth; and (b) ROP with time during drilling in debris-rich ice.

polyurethane foam. Further inspection of the borehole mor-
phology indicates that the jetting meltwater formed a local
enlarged cavity beneath the tip of the thermal head. This cav-
ity is believed to have provided accommodation space for
fallen pebbles, thereby preventing persistent blockage of the
melting interface by pebbles. This explains why the ROP re-
covered after the TMDWJ method was applied in debris-rich
ice. In conclusion, the combined strategy of periodic lifting
and meltwater jetting enables the thermal head to drill effi-
ciently in debris-rich ice containing rock clasts.

To clearly observe the formation of the water
cavity, a transparent ice block with dimensions of
1 m× 0.5 m× 0.5 m was used for supplementary drilling.
In the secondary test, the pump of the updated RECAS
thermal head was first activated to drill through clean ice
and observe water cavity formation. The pump was then
switched off, and drilling continued by thermal melting until

the cavity disappeared. The thermal head was subsequently
lifted, and 10 pebbles (0.5–1.0 cm in diameter) were placed
at the bottom of the borehole. Finally, the updated RECAS
thermal head was lowered back to the borehole bottom, and
the pump was restarted to observe the reformation of the
water cavity. In the second test, the weight on the thermal
head was stabilized at 150 N, the heating power was set to
7 kW, and the ice sample temperature was maintained at
−15 °C. Additionally, the flow rate of the magnetic gear
pump remained at 2.5 L min−1.

As shown in Fig. 15a, a water cavity formed during drilling
in clear ice, with both its depth and maximum diameter ap-
proximately 60 mm. After the pebbles were added, the cav-
ity still existed, and all the pebbles settled at its bottom
(Fig. 15b). In this case, the water cavity had almost the same
dimensions as the one without pebbles. Clearly, the forma-
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Figure 15. Photograph of the water cavity: (a) without pebbles; (b)
with pebbles.

tion of a water cavity is the main reason for eliminating the
influence of pebbles on ice drilling.

Notably, the updated RECAS thermal head was designed
only for debris-rich ice with low pebble mass fractions and
small pebble sizes. It would be difficult for the thermal head
to drill through thick debris-rich ice with large rock clasts, as
at Byrd Station (Gow et al., 1979), where the layer is 4.83 m
thick and the largest clast is 8 cm. In the future, dedicated re-
search could be conducted to optimize the flow rate and noz-
zle structure to create a desired water cavity that can collect
as many rock clasts as possible.

5 Conclusions

In this study, the original RECAS thermal head was re-
designed and tested to improve its pressure resistance and
drilling performance in dust-laden and debris-rich ice. The
main conclusions are as follows.

1. A water circulation unit, consisting mainly of a mag-
netic gear pump and a filtration system, was added
above the original RECAS thermal head to achieve bet-
ter drilling performance in dust-laden ice and debris-
rich ice. The updated RECAS thermal head has an over-
all length of 760 mm and an outer diameter of 180 mm.
To achieve a ROP of no less than 2 m h−1, the newly
developed thermal head was designed with a heating
power of 7000 W at 650 V.

2. To maintain suspension and upward transport of dust
particles smaller than 100 µm, the rated flow rate of the
magnetic gear pump was determined to be 2.5 L min−1.
Theoretical calculations further indicate that the pump
head should be no less than 10 m to compensate for
pressure losses in the circulation loop.

3. Experimental results verified that the magnetic gear
pump could operate stably under a water pressure of

40 MPa. In addition, the updated thermal head was also
capable of withstanding such high pressure, achieved
by replacing the head material from pure copper to
chromium-zirconium copper and adopting a solid con-
struction.

4. The TMDWJ method improved the ROP compared
with the TMD method. In clean ice, the ROP reached
2.12 m h−1 with the water circulation system activated,
which is 22 % higher than that of thermal melting
drilling. In dust-laden ice, the ROP was 2.06 m h−1 us-
ing TMDWJ method, representing an efficiency im-
provement of 41 %. In debris-rich ice, the ROP could
recover to 2.05 m h−1 from 0.65 m h−1 by combining
intermittent tripping and meltwater circulation.

Overall, the updated RECAS thermal head can operate under
a water pressure of 40 MPa and achieve improved drilling
performance in complex ice layers, such as dust-laden ice
and debris-rich ice. However, the updated RECAS thermal
head has never been deployed in a real ice sheet overlying
a subglacial lake. For future work, tests with multiple dust-
laden ice layers and significantly higher debris concentra-
tions, with larger volumetric fractions and larger rock sizes,
are recommended to better approximate the extreme basal
ice conditions above subglacial lakes. The updated RECAS
thermal head is expected to be deployed for drilling into Qilin
Subglacial Lake in the coming Antarctic season.
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