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Experimental Investigation on the Feasibility and Optimal Frequency of Ultrasonic
Assisted Ice Drilling Method

Chen WANG, DaJun ZHAO*, Xin FANG

Abstract: Exploitation of polar resources and scientific research require efficient ice drilling technology. Thermal drilling is a common method for polar ice drilling, and is
similar to the principle of ultrasonic assisted drilling; both are drilled by melting ice layers, but improving energy utilization has always been a challenge. In order to improve
energy utilization and drilling efficiency, this paper proposes a method for ice drilling with ultrasonic frequency vibration. The mechanism of ultrasonic vibration drilling into
ice was analyzed, the solid theoretical foundation for the application of ice melting efficiency under ultrasonic frequency vibration was determined and a series of indoor
experiments were conducted. According to experimental data obtained, two conclusions were provided. First, different frequencies have distinct influence on power density,
drilling speed and melting rate, and the optimum range excitation frequency for ultrasonic ice drilling is at least 30~32 kHz, under which the ice melting efficiency and drilling
speed reached the peak value. Second, ultrasonic assisted drilling was verified to have the ability of improving the efficiency of ice breaking by comparing to thermal drilling
under the same power density under 30 kHz. As an environmentally friendly and efficient drilling method, ultrasonic assisted ice drilling has great application prospects in
the field of polar exploration. By using Ultrasonic assisted drilling, we demonstrate a strategy for a faster and more efficient drilling method, which is important for humankind.
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1 INTRODUCTION

The vast polar region includes glaciers and ice shelves,
which are mainly located in Antarctica and Greenland. The
glacier stores a large amount of orderly data, with long
record sequences, large amount of information, and
features of high fidelity and high resolution. Researching
on these data is an important method to reveal the earth's
climate changing and predict the laws of future
environmental changes. Moreover, it is also an effective
way to understand historical natural disasters and explore
new life forms [1]. This is why researching on polar
glaciers is of great economic and humanistic significance.
The most important step is to obtain ice cores or sub-ice
cores. How to quickly open holes using drilling systems to
the core ice layer is the prerequisite for obtaining ice cores
effectively. The rate and efficiency of opening holes
directly affect the speed and quality of cores. However, the
harsh environment conditions in polar regions have forced
drilling systems to meet great challenges such as high
altitude, low temperature and high wind speed. The lowest
temperature in the polar regions can reach —89.5 °C, and
the geological conditions at the bottom of the ice sheets are
extremely complex, including snow-packed layers, ice-
snow, brittle ice, warm ice layers, ice-rock interlayers, and
sub glacial bedrock layers [2, 3]. For these reasons, drilling
tools must meet the requirements of low temperature
resistance, low energy consumption, light weight and
environmental protection.

Thermal drilling method was first proposed in 1963. It
is a drilling method that uses resistive elements or thermal
fluids to heat the drill bit, melting the bottom ice and
achieving ice melt drilling. In the drilling process, the
melted water from the melting ice at the bottom flows
upward along the outer surface of the bit under the drilling
pressure, thus forming a thin film of water between the bit
and surrounding ice. The heat generated is continuously
transferred to ice layer through this water film, enabling
continuous melt water drilling, and a degree of heat loss
occurs. As a result, significant energy consumption occurs,
and thermal fusion drilling efficiency as well as drilling
speed is low. This leads to problems such as hole shrinkage
that can easily be triggered during polar drilling open hole

work, increasing exploration costs. Furthermore, due to the
flow and heat transfer characteristics of the thin film, it is
impractical to calculate the energy consumption accurately.
This has resulted in empiricism in drilling practice, and a
lack of a more unified theoretical guidance yet. The
diameter of these drilling bits varies from 18 mm to 150
mm, the power ranges from 0.22 kW to 7.8 kW, and the
maximum drilling speed exceeds 20 m/h, while the
minimum drilling speed is less than 0.25 m/h [4]. In 2020,
academics compared the actual drilling speed of 27 hot
melt drill bits with the theoretical drilling speed calculated.
The theoretical drilling speed was found to be significantly
higher than the actual drilling speed [5].

In view of the above shortcomings of Thermal Drilling
method, the concept of ultrasonic assisted drilling provides
an attractive option for improving the performance of the
rig and enhancing its drilling speed. Ultrasound is a
mechanical vibration wave with a frequency of 20
kHz~10'" kHz [6]. The reason why choose Ultrasonic
Assisted Drilling to speed up drilling efficiency is that
ultrasound de-icing technology has been gradually applied
to the de-icing of ice-covered high voltage transmission
lines, roads and highways and mechanical parts such as
paddles and helicopter rotor, it has the characteristics of
fast, efficient, convenient operation and is enable to protect
the vulnerable environment [7, 8]. In order to verify
whether the method is feasible, this paper analyzed the
mechanism of ultrasonic ice drilling, established a
mathematical calculation, and designed experiments to
verify whether the method could be applied to large-scale
practice. It will have a significant and far-reaching impact
on conducting in-depth exploration of polar regions and the
future study of global climate issues.

2 ULTRASONIC DRILLING MECHANISM ANALYSIS AND
COMPUTATIONAL MODELING

Ice is low in density and has a low strength open
structure with low melting point. Based on its deicing
principle, ultrasonic ice drilling mechanism includes
thermal mechanism and non-thermal mechanism; the latter
can be divided into mechanical mechanism and cavitation
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mechanism. These are the theoretical bases to analyze the
law of action that changes with the frequency.

2.1 Thermal Mechanism of Ultrasonic Drilling

The thermal mechanism has an ice-melting effect, and
the heat generated accelerates the melting of ice. Using the
ultrasonic welding principle as a theoretical basis, it is
known that the source of heat mainly includes energy
storage conversion heat, high-frequency vibration friction
heat and cavitation effect accompanying heat [9, 10].

1) Physical vibrational deicing

Theoretically, based on the pressure-strain energy
storage mechanism of medium, the high-frequency
stretching and squeezing of the ultrasonic drill bit causes
the vibration of the ice mass, generating physical
vibrational elastic energy and deforming the ice crystal
structure [11]. This deformation energy is subsequently
converted into endothermic energy of water molecules.
The energy transformation and accumulation in drilling
process leads to the increase of lattice energy between
water molecules, resulting with a degree of thermal motion
disorder in the system gradually increasing [12, 13]. With
the force of water molecules destroyed, the orderly
arrangement of water molecules inside the ice is gradually
disordered, as well as the temperature of solid ice rises and
thus melts into liquid water. At the same time, the high-
frequency vibration of the ultrasonic drill bit effectively
agitates the liquid in the bore hole and increases its flow
rate when the mass transfer power of water molecules from
the ice crystal surface to the fluid increases occurs,
destroying the heat transfer boundary and enhancing the
heat transfer between liquid water and the ice layer of pore
wall [14].

2) Frictional heat generation

The surface of the ultrasonic drill bit has a certain
roughness. In the process of vibration, the bit contacts and
rubs with the surrounding ice layer, and contact friction
occurs. The heat energy generated by this friction process
is absorbed by surrounding ice, which destroys the
hydrogen bond and reduces the connecting force in water
molecules [15]. Under the condition of constant amplitude,
the internal frictional motion of the ice mass is
strengthened when frequency increases, leading the mass
transfer rate to increase and the conversion rate of
endothermic energy to accelerate. Among a certain
frequency range, thermal effect and the rate of destruction
are enhanced with the increase of frequency.

However, if vibration frequency is beyond this range,
the excessive friction rate makes the roughness of the
surrounding ice decrease. In this situation, the frictional
force between the ice and the drill bit decreases, thereby
reducing the frictional heat energy, resulting in a decrease
in the melting rate, and weakening the effect of the thermal
mechanism. Therefore, in order to make the thermal effect
reach the optimum, it is important to explore the
appropriate ultrasonic vibration frequency range.

3) Ultrasonic-enhanced heat transfer

When the drill starts working, the high-frequency
vibration of the bit effectively stirs the fluid in the borehole,
increasing the flow rate of the fluid. The mass transfer
power of water molecules migrates from the surface
between ice crystal and fluid, and the heat transfer
boundary is destroyed. As a result, the heat transfer rate
between the water and the ice [16]. As the output frequency
of the drill bit increases, the intensity of fluid disturbance

becomes larger, and the detachment rate of the ice layer is
subsequently enhanced, reinforcing the effect of the
thermal mechanism.

2.2 Non-Thermal Mechanism of Ultrasonic Drilling

1) Fatigue failure

When ultrasonic mechanical shock is applied on the
ice surface, the ice layer is subjected to this continuous
steady-state forced vibration excitation, and the response is
generated in a limited area and depth. The amplitude of the
ice layer changes and gradually reaches to the maximum.
Inside ice layers there are series of kinds of micro-defects,
such as inside-bubbles and micro-cracks. Under the
excitation of ultrasonic vibration, these structures
gradually expand and penetrate, increasing in number and
size, and undergoing irreversible evolution. This micro-
behavioral evolution leads to a decrease in the strength of
the ice layer until it reaches the fatigue damage limit, and
a macroscopic deformation and large-scale of
fragmentation occurs finally.

The whole process of the above amplitude-frequency
relationship is divided into three stages [17, 18]. When the
excitation frequency is below the ice inherent frequency,
the ice response is in the static deformation process, and it
is in reversible deformation. When the excitation
frequency is higher than the ice inherent frequency, the ice
cannot catch up with the high frequency vibration rate of
the drill due to inertia, and the ice is only broken in a small
area. When the excitation frequency is close to the intrinsic
frequency of the ice, the ultrasonic vibration system forms
resonance with the ice in a certain range of area and depth.
At this time, the ice is under a resonance state, and the
response displacement amplitude, steady-state response
speed and acceleration of the ice will reach the maximum.
The ice layer is easy to occur in a large area effectively
broken.

2) Cavitation effect

The ultrasonic cavitation mechanism is brought into
effect when a liquid environment is formed in the borehole
under the action of the thermal mechanism. There are many
tiny vesicular nuclei in the liquid medium, which
undergoes a series of kinetic processes of oscillation,
growth, contraction and collapse under the action of
periodic positive and negative ultrasonic pressure waves
triggered by the ultrasonic vibration. As a result, the
cavitation effect assists in ice sheet breakup process [19].
The detailed process is described below. When the
ultrasound is in the negative pressure phase and reaches a
certain intensity, the original integrity of the liquid
structure is destroyed. Holes and cavities begin to appear
in the liquid and gradually increase in size to form
cavitations bubbles [20]. The tension on bubble surface
causes the internal air pressure increasing and
accumulating until it reaches the bubble tolerance limit.
Then these bubbles rupture, and the energy is released
instantaneously, producing a transient high temperature
(> 5000 K) and high pressure (> 500 GPa) effect [21]. The
output ultrasonic frequency magnitude is related to the
rapidity of the positive and negative change cycles of the
acoustic pressure. It has a direct relationship with the
violent and complex motion process of the bubbles. With
the increase of ultrasonic excitation frequency, the
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cavitation bubble closure phase becomes increasingly
faster, then cavitation bubbles burst [22]. At the same time,
the strong shock wave and jet effect make the ice crystal
nuclei within the borehole ice layer splitting into many
discrete tiny ice crystals, which strengthens the effect of
the thermal effect [23]. In addition, due to the high velocity
gradient and viscous stress on the surface of the vibrating
bubble, the growth and fragmentation of the cavitation
bubbles cause fluid circulation, resulting in fluid
perturbation and accelerating the erosion and stripping of
the surrounding ice [24]. Thus, the cavitation effect, as a
non-thermal mechanism, acts in conjunction with the
thermal effect to assist in the breakup of the ice and further
increases the ice drilling rate.

In summary, the optimal frequency exists for
ultrasonic ice drilling due to the melting effect of thermal
effect and the fatigue damage mechanism of mechanical
effect. Therefore, the ultrasonic excitation frequency is
used in this article as a variable to explore the law of the
effect of above factors on ice drilling.

2.3 Theoretical Formulation of Ultrasonic Drilling
Mechanism and Effects

Numerical model ultrasonic deicing effects

According to the above analysis of the ultrasonic ice
drilling mechanism, it is clear that under the static pressure
condition without rotary cutting, the ultrasonic drill bit
drills in the way of melting ice. Therefore, the theoretical
study of drilling rate is established with the average power
density, drilling speed and ice melting efficiency as the
analytical benchmark.

1) Average power density

Physics refers to the work done by an object under a
combined external force as total work, which is defined as
the work done per unit time as power. Power is a physical
quantity that represents the speed at which an object does
work. The sum of instantaneous power within a certain
time range is the total amount of work done during this
time period. According to the principle of calculus, the
total input electrical energy and average input power of the
ultrasonic transducer during the operating time period 7 are
calculated as follows. Eq. (2) is derived from Eq. (1).

T
W=jogdt (1)
= W 1T
P:?=?joptdt (2)

W is the total input electrical energy of the ultrasonic
vibration system (J), calculated by integrating the power
displayed by the drive power supply in real time against the

working time 7. P is the average input electrical power of
the ultrasonic vibration system (w). P; is the instantaneous
power of the ultrasonic vibration system (w). T is the
working time (s).

Average power density is the input power of ultrasonic
vibration system per unit area, which indicates the
efficiency of the input energy of the vibration system. It is
the ratio of the average input power to the cross-sectional
area of the borehole during the drilling time. Eq. (3) can be
obtained from Eq. (2).
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where [ is average power density (w-cm™), 4 is borehole
cross-sectional area (cm?) and d is borehole diameter (mm).
2) Drilling speed
Drilling speed is the ratio of drilling depth to drilling
time, as shown in Eq. (4).

3.6h
y =220 4
7 (4)

where V is drilling speed (m-h™").

3) Ice melting efficiency

When drilling completes, the difference in mass before
and after drilling of the ice sample needs to be calculated.
At this point, the borehole is cylindrical in shape. The
formula for calculating the volume of a cylinder is shown
in Eq. (5). Therefore, the melting mass of ice sample is the
product of the volume of the borehole and the density of
the ice at that temperature, as shown in Eq. (6).

2 2
V:Sh:n(i] =" (5)
2 4
2
Am=pV = ph%xlo‘3 (6)

where Am is the melting mass of ice sample (g), p is the
density of ice at that temperature (0.917 g-cm™), 4 is the
drilling depth (mm), and S is the the cross-sectional area of
the borehole (mm).

Let the heat absorbed by the ice phase change process
be Q. and the heat absorbed by the non-phase change
process be O during the working time 7'[25-27]. Substitute
into Eq. (6) to obtain Eq. (7) and Eq. (8).

2
Qc:Amxchszh%xchTxlo* 7

nd?

O, =Amx L=ph 2 xLx107° (8)

where Q. and O are the heat absorbed by ice warming to
the melting point and ice melting to water at the same
temperature (J), respectively. AT is the temperature
difference before and after ice melting, which is the
difference value between the melting temperature of ice
273.15 K (i.e., 0 °C) and the temperature of frozen ice
sample 258.15K (i.e. =15 °C). C is the specific heat
capacity of ice (i.e., 2100 J-kg™'K™") and L is the latent heat
of liquefaction of ice (3.36x10° J-kg ™).

The sum of Q. and Q; is the minimum heat required for
ice melt drilling, expressed as effective work O, as shown
in Eq. (9).

0=0,+0 =Am(CxAT +L)=

2 ©)
:,;h%(cxﬂu)xlo*6
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Based on the above derivation (9), the formula for
calculating the efficiency of ultrasonic drilling for ice
melting is derived as Eq. (10).

0 Am(CxAT+L)

w 4J';Ptdt

n

(10)

phnd® (Cx AT +L)x107°
- T
4[0 Pdt

3 EXPERIMENTAL MATERIALS AND PROCEDURES
3.1 Testing Equipment

The tests were completed with four sets of intelligent
piezoelectric ceramic ultrasonic vibration generators. The
main components are the driving power supply, electrical
energy piezoelectric ceramic transducer, amplitude rod and
tool head (as shown in Fig. 1).

Static load

Bracket
Transducer

Driving power Amplitude rod

Tool head

Figure 1 The piezoelectric ceramic ultrasonic vibration generator

These generators can make real-time response to its
own frequency according to the change of ultrasonic
vibration system parameters, and the generated frequency
automatically tracks and matches the resonant frequency of
the transducer vibration system to ensure that the system is
always in the best resonance state and obtains the
maximum amplitude. The working process of ultrasonic
generator is as follows. First, the driving power supply
converts the 220 V, 50 Hz AC signal into an ultrasonic
frequency electrical oscillation signal and is subsequently
converted into mechanical vibration by the transducer.
Then the variable amplitude rod amplifies the mechanical
amplitude, displacement and velocity to gather energy to
reduce the loss of ultrasonic energy wave from
transmission to the load. Finally, the tool head connected
with the rod contacts with the sample directly with its
bottom side.

Instrument model and parameters are shown in Tab. 1.

Table 1 Main parameters of ultrasonic vibration generators

Frequency / kHz Gra\gitgf /Ol\f] drill Diameter of tool head / mm
20 53.9 26.88
30 24.5 27.00
35 24.5 26.58
40 24.5 26.90

From the data shown above, the weight of drill bit and
length of tool head with different frequencies are distinct.
In order to control the variables and make the experimental
conditions consistent, the bits need to add bob-weight to
make the loading weight on bit consistent. Therefore, a
pressure plate with a gravity of 29.4 N was placed on the

ultrasonic transducer of 30, 35 and 40 kHz, keeping the
pressure applied to the ice sample equal to the gravity of
the ultrasonic wave at 20 kHz (i.e., 53.9 N).

3.2 Ice Sample Preparation

Ice samples were frozen in test chamber. The internal
temperature was set at —15 °C. Then researchers filled the
round table-shaped mold with degassed pure water and
placed them in the test chamber, together with the
ultrasonic vibrator. The mold was taken out after 24 hours,
and the upper and lower surfaces were polished and tested
with a level to ensure the stability of the tool head during
the test. The diameters of the top and bottom surface of the
sample after grinding were 40 mm and 60 mm respectively,
and the height was 80 mm. The temperature of both the ice
sample and the ultrasonic oscillator surface is —15 °C,
which could minimize the error caused by heat loss.
Parameters of samples are shown in Tab. 2.

Table 2 Parameters of samples

Parameters Unit Value
Sample temperature °C 15
Top diameter of sample mm 52
Bottom diameter of sample mm 70
Sample height mm 70
Compressive strength MPa 3

3.3 Experimental Procedure

The main steps of the experiment were as follows.

1) Firstly, place the ice sample smoothly under the drill
bit.

2) Secondly, press the tool head on the surface of the
ice sample smoothly.

3) Thirdly, press the power switch while start timing,
until the tool head was completely plunged into the sample
(Fig. 2). Record the input power and operating time. Then
turn off the power and stop drilling.

4) Measured the borehole diameter and depth of the ice
sample and recorded.

Parallel tests were performed at each frequency and six
sets of valid data were obtained, for a total of 40 sets of
valid data. Noticeably, the whole process was carried out
in the chamber.

Figure 2 Drilling procedures
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4 RESULTS AND DISCUSSION

During the experiment, it was observed that no cracks
were visible to the naked eye within the ice, and the tool
head dropped steadily in the ice, and liquid water was
flowing out of the borehole. After drilling, the ice sample
formed regular circular holes, and its diameters were
similar to the borehole. The above experimental
phenomena indicated that ultrasonic vibration is not
dominated by mechanical fatigue crushing drilling, but by
melting under the effect of cavitation and thermal effect.
Therefore, drawing on the evaluation method of hot-melt
drilling tools, it was feasible to evaluate the drilling effect
by taking the average power density as the independent
variable while taking the melting ice efficiency and drilling
speed as the dependent variable indicators.

Based on the deduction of the formulas above, the
experimental data under different ultrasonic frequency
excitation were calculated separately, and then averaged as
shown in Tab. 3. In particular, the input power and
operating time of the ultrasonic generator were shown and
recorded by the display.

Table 3 Average results under different frequencies

[f'lletcrlii(;rg; Power Density Drilling speed Iggﬁrgzlflg;g
20 kHz 38.90 w-cm 1.98 m-h! 47.7%
30kHz 25.85w-cm™ 2.29 mh! 83.0%
35 kHz 22.53 weem 2 1.76 m-h”! 73.3%
40 kHz 16.01 w-cm™ 1.18 m'h! 69.0%

Using Origin software, the sample curves were plotted
and fitted by Gaussian function approximation. Gaussian
fitting has the feature of fast and accurate calculation, so it
was used for the analysis of the experimental data. [28] The
changing trends were obtained as shown in Fig. 3, Fig. 4
and Fig. 5.

- u-- Power density
—— Gauss Fit of Power density

=
=
L

J

e

Power density (wfcmz)

10 T T T
20 40

30
Frequency (KHz)
Figure 3 Ultrasonic ice drilling frequency sample strips and fitted curves (/-f)

4.1 Average Power Density

Average power density originated from the concept of
thermal drilling, referring to the ratio of the system output
power to the area of the tool head. It indicates the efficiency
of input power and reflects the energy consumption rate of
this drilling method. The above graph illustrates that in the
range of 20~22 kHz, the average power density decreases
linearly with the increase of frequency, and remains

constant beyond 22 kHz. It indicates that with the increase
of ultrasonic excitation frequency, using 22 kHz as the
input frequency node, the input power of ultrasonic
vibration system per unit area first decreases and then
stabilizes, and the energy consumption during drilling
gradually remains constant. It means that when the output
frequency exceeds 22 kHz, the higher the vibration
frequency, the more the energy consumption tends to be
stabilized when the working condition allows. When the
vibration output frequency is higher than 22 kHz,
continuing to increase the vibration frequency will not
increase too much energy consumption, which has guiding
significance for selecting the optimal vibration frequency.

4.2 Drilling Speed

The Gaussian curve shown above has the same trend
as the actual working curve, but there is some degree of
delay. In terms of the degree of delay at the peak, the peak
frequency of the Gaussian fitted curve is about 3 kHz
higher than the actual curve. Combined with the actual
situation and equipment on site, there are two reasons for
this phenomenon. First, the ultrasonic generator is
produced long ago, its variable amplitude rod and tool head
design for a molding. With the using time increased,
resonant frequency produces tiny errors, and its frequency
is no longer precisely matched. Second, when starting the
ultrasonic instrument, the piezoelectric ceramic transducer
needs a certain amount of time to adjust the vibration field
to adapt, and this frequency fluctuation caused by starting
is inevitable. Therefore, the experimental results of the
Gaussian curve are more in line with the ideal situation.

According to the Gaussian curve, the drilling speed
gradually increases with the increase of frequency and then
decreases, reaching the peak at 32 kHz, indicating that 32
kHz is the optimal excitation frequency for ultrasonic ice
drilling in terms of drilling speed under the current
experimental conditions. It may be related to the natural
vibration frequency of the ice sample. When the applied
ultrasonic frequency vibration reaches the range of the self
vibration frequency of the ice sample, resonance occurs
between the two, causing cracks to form in the ice sample.
The cracks fuse and break into smaller fragments, thereby
accelerating the melting speed.

---a--- Drilling Speed
—— Gauss Fit of Drilling Speed

254

g
=]
1

Drilling Speed (m/h)

1.0 T T T T T
20 40

30
Frequency (KHz)
Figure 4 Ultrasonic ice drilling frequency sample strips and fitted curves (n-f)
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4.3 Melting Rate

The melting rate is a more visual demonstration of the
thermal effect from the heat conversion perspective. With
the increase of frequency, the ice melting efficiency shows
a trend of gradually increasing and then decreasing, and
reached the maximum at 30 kHz, which means that 30 kHz
was the optimal excitation frequency for ultrasonic ice
drilling in terms of ice melting efficiency. Comparing
Fig. 5 with Fig. 4, it can be seen that as the melting rate
increases, the drilling speed also increases, indicating a
positive correlation between the melting rate and the
drilling speed. In Fig. 4, the ultrasonic vibration frequency
corresponding to the peak drilling rate is 32 kHz. In Fig. 5,
when the peak melting rate is reached, the applied
ultrasonic vibration frequency is 30 kHz, which is 2 kHz
earlier than the ultrasonic vibration frequency that reaches
the highest drilling rate. Gaussian fitting curve from the
graph above shows the effect of thermal energy conversion
under ideal conditions. Therefore, this difference indicates
that in ultrasonic vibration ice layer drilling, in addition to
the method of melting the ice layer, mechanical vibration
also assists in drilling to a certain extent.

---m-- Melting Rate
Gauss Fit of Melting Rate

804

~
=]
1

Melting Rate (%)
7]
(=]

504

20 30 40
Frequency (KHz)

Figure 5 Ultrasonic ice drilling frequency sample strips and fitted curves (V-f)
5 CONCLUSIONS

Based on the experimental phenomena and
summarizing the trends shown in the above three images,
the main results of the current research are analyzed as
follows.

1) From the observed experimental phenomena, it
could be seen that the ice sample did not break up in large
volume and there was water flowing out of the borehole
under drilling pressure. Combining with the experimental
phenomena and drilling mechanism analyzed, it is known
that ultrasonic drilling is mainly characterized by melting
ice, so the melting ice efficiency was taken as the main
evaluation index and the calculation formula was deduced.
The melting rate is positively correlated with the drilling
speed, but there are differences between the two. A high
melting rate indicates a high efficiency in thermal energy
conversion. According to the experimental results, the
ultrasonic vibration frequency corresponding to the peak
drilling rate is delayed by 2 kHz compared to the ultrasonic
vibration frequency applied when the peak melting rate is
reached. This experimental phenomenon indicates that in
ultrasonic vibration ice layer drilling, in addition to melting

the ice layer, mechanical vibration also assists in drilling to
a certain extent.

2) It is worth noting that ice in a solid state belongs to
a hard brittle solid with a certain range of self vibration
frequencies. There is a certain correlation between the
mechanical crushing effect and the ultrasonic frequency.
When the applied ultrasonic frequency vibration reaches
the range of the self vibration frequency of the ice sample,
the two resonate, causing cracks to form in the ice. The
cracks fuse and split into smaller sized fragments.
Moreover, due to the characteristic of the first melting
point, small fragments melt faster.

3) The optimal value of ultrasonic ice drilling exists in
the range of 30~32 kHz. In this range of frequency
excitation, compared with the average power density, the
drilling speed and ice melting efficiency of ultrasonic ice
drilling were maximized, and the drilling was most
economically efficient. The above experimental results
were compared and analyzed with the data related to hot
melt drilling. The conventional thermal melting drilling
tool has a drilling speed of 2.18 m/h and an average thermal
efficiency of 59% at an average power density of 25.85
w-cm 2. And the above experimental calculation results
show that the drilling speed and thermal efficiency of
ultrasonic ice melt drilling with a frequency of 30 kHz are
5% and 40.7% higher respectively, indicating that the
ultrasonic drilling method is theoretically feasible and
more efficient.
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