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To solve the problem of ice forming on the top of the tunnel and achieve more efficient and convenient de-icing, we designed a tunnel 
laser de-icing device. First, Solidworks software was used to create a 3D model of the laser de-icing device, namely the track module, the 
base platform, and the work platform. Then, ANSYS simulation software is used to simulate the process of laser de-icing. When the initial 
temperature of the icicle is -5 °C, -10 °C, -15 °C and -20 °C, the distance between the laser and icicle is 1.5 m, 2 m, 2.5 m, and 3 m, and 
the wind speed is 2 m/s, 3 m/s, 4 m/s and 5 m/s, respectively. The depth of 200 s of laser irradiation and the time of full penetration were 
simulated under three variables. It is concluded that the higher the initial temperature, the closer the distance and the smaller the wind speed, 
the lower the de-icing energy consumption. Finally, the experiment results are consistent with the simulation results, which further verifies the 
accuracy of the simulation. The laser de-icing detection device studied in this paper provides a certain theoretical basis and reference value 
for the application and development of intelligent de-icing equipment in tunnels.
Keywords: tunnel engineering, laser de-icing, energy consumption analysis, simulation analysis

Highlights
•	 A non-contact laser de-icing inspection device is designed to automatically inspect, identify, and remove the icicle on the tunnel 

top wall on the track of the tunnel side wall.
•	 The simulation analysis of the laser de-icing process is carried out with ANSYS software, which lays a foundation for the 

subsequent experiment. 
•	 A prototype of the laser de-icing inspection device was built. The device's de-icing energy consumption was tested by changing 

the initial icicle temperature, the distance between the laser and the icicle, and the ambient wind speed.
•	 The higher the initial temperature, the closer the distance, and the smaller the wind speed, the lower the de-icing energy 

consumption.

0  INTRODUCTION

With the rapid improvement of science and technology, 
the railroad and highway businesses have ushered 
in a peak period of development [1]. At present, the 
routine maintenance of tunnels has become one of the 
key points of the overhaul of railroad [2] and highway 
facilities [3]. Due to the ageing of the tunnel's top and 
the emergence of cracks leading to water seepage 
from time to time, in alpine regions, the top wall of the 
tunnel is prone to condense into icicles [4]. This icicle 
will continue to increase with the continuous seepage 
of water, posing a serious threat to tunnel equipment 
and the safe operation of vehicles [5]. Therefore, 
removing the icicle from the tunnel roof wall has 
become the first task in the routine maintenance of 
tunnels [6].

Currently, there are two main solutions for dealing 
with ice and snow coverage in tunnels: anti-icing and 
de-icing [7]. Anti-icing measures are primarily used 
in areas with low ice-carrying capacity or where 
large-scale ice disasters may occur. They are applied 
during the initial stage of ice formation to prevent or 
reduce the accumulation of ice, thus avoiding serious 
ice disasters [8] and [9]. De-icing refers to the use of 

specific tools and methods to remove as much ice as 
possible. These methods are typically employed in 
localized areas after ice disasters or snowstorms [10]. 
Since the 1980s, the de-icing methods have developed 
from the initial rolling method and short-circuit 
heating method to 15 different de-icing technologies 
by 1998 [11]. In summary, de-icing technology 
can be divided into two categories: active de-icing 
technology and passive de-icing technology. Among 
them, active de-icing technology refers to the direct 
removal of ice by using external energy, such as 
thermal energy, electrical energy, mechanical energy, 
etc., usually including thermal de-icing technology 
[12], mechanical de-icing technology [13], and 
chemical de-icing technology [14], ultrasonic de-icing 
technology [15], microwave de-icing technology [16], 
and laser de-icing technology [17], which have the 
characteristics of fast response and high efficiency. 

However, due to diminishing resources and 
a significant increase in energy consumption, 
particularly in refrigeration and related fields, the 
global energy sector is facing significant challenges. 
Within the de-icing technology domain, challenges 
such as high operating costs, complex system 
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maintenance [18], and significant energy requirements 
are prevalent. 

Passive de-icing technology relies on the 
characteristics or design of the material itself 
and can achieve anti-icing or reduce ice adhesion 
without external energy. Common passive de-icing 
technologies include hydrophobic coatings [19], low-
adhesion surfaces, and heating resistors [20], etc., are 
designed to reduce the adhesion of ice so that natural 
forces (such as gravity or air flow) can more easily 
remove the ice layer, are simple to maintain, and 
generally have lower maintenance costs and energy 
requirements [21], but in some cases In extreme 
weather conditions, the effect of passive de-icing 
technology may not be as significant as active de-icing 
technology, and there are great technical limitations. 
Among them, laser de-icing requires no contact with 
the surface of snow and ice, featuring extremely high 
precision in positioning and control [22]. It adapts to 
various snow and ice types, produces no pollutants, 
and is environmentally friendly and efficient. This 
also renders it a versatile and efficient solution [23].

Researchers carried out experiments on the long-
distance removal of surface icing of materials by laser, 
using two different wavelengths of laser, 1060 nm and 
694.3 nm, to remove the surface icing of six different 
materials, such as asphalt, brass, concrete, etc., and 
verified the feasibility of the method [24]. Lee [25] 
conducted simulation research and experiments on the 
propagation process of coin-shaped cracks generated 
under internal pressure after the interface between the 
ice cube and the substrate was irradiated by a laser 
beam during the de-icing process [26]. Long et al. 
[27] invented a de-icer that used microwave energy 
to remove ice from roadways. However, due to the 
poor heat absorption performance of road paving 
materials under the action of microwaves, the de-icing 
effect is poor, and the test results are unsatisfactory 
[28]. Loth et al. [29] published a study on aircraft ice 
protection systems and discussed a variety of de-icing 
technologies, including chemical, electrothermal and 
mechanical methods. Stolfi and Swift [30] published 
a study on wind turbine blade de-icing systems and 
discussed electric heating and coating technology. 
Hopstock [31] discovered that iron oxides have good 
absorption of microwave energy, and such oxides 
are abundant in taconite, so taconite was added to 
asphalt concrete, and one road was paved to conduct 
microwave de-icing experiments. Experimental results 
show that the new pavement material combined with 
taconite has greatly improved microwave absorption 
performance, significantly increased de-icing 

efficiency and can meet the requirements for rapid de-
icing [32].

Xiao et al. [33] simulated the transient temperature 
distribution of the ice under laser irradiation as well as 
the thermal stress field using finite element software 
and analysed it by comparing the experiments with 
the results of the laser de-icing and the simulation. 
Researchers simulated and analysed the temperature 
and stress distribution on the surface of the ice body 
by using finite element analysis software to irradiate 
the ice with a laser [34] and [35]. Qi [36] discussed 
the icing situation on transmission lines, further 
studied the application of laser de-icing technology 
in high-voltage line de-icing, and proposed the 
theory of surface heat sources and body heat sources. 
Cheng et al. [37] made a systematic analysis of the 
principle of microwave de-icing in tunnels based on 
the microwave heating theory. According to the laws 
of thermodynamics, they derived the conduction 
equation inside the concrete after the microwave 
energy is converted into heat energy. At the same time, 
the thermal boundary conditions are given; under 
the given working conditions under the assumed 
conditions, the software is used to establish a tunnel 
microwave de-icing model for simulation calculations. 
By analysing the temperature distribution of the 
internal structure of the ice and the required heating 
time, the optimal microwave de-icing efficiency is 
obtained. [38]. Liu et al. [39] designed a laser from 
an optical perspective that can automatically adjust 
the spot diameter according to the distance between 
the laser and the ice. At the same time, they also 
measured the spot diameter, laser focal length, 
and the distance between the laser and the ice and 
analysed their relationship. Zhong [40] combined six 
aspects of electromagnetic thermogenesis theory, heat 
transfer theory, and fluid mechanics. They gave the 
quantitative calculation equation of the thermal effect 
of the laser, derived the transmission characteristics 
and characteristic parameters of common Gaussian 
beams in the atmosphere, developed a prototype of a 
de-icing machine, and carried out the corresponding 
experiments [41] and [42].

This paper proposes a new non-contact laser 
de-icing device for removing icicles from the roofs 
of tunnels. The device uses laser de-icing to remove 
ice faster and more efficiently without the use of 
chemicals or large amounts of energy, reducing the 
negative impact on the environment. It also uses 
non-contact technology that eliminates the need for 
physical contact with the ice surface, making it ideal 
for different types of tunnels. The structure and ice 
layer have high applicability. This paper provides 
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theoretical and data references for the research of 
environmentally friendly and efficient de-icing 
technology.

1  TUNNEL LASER DE-ICING PATROL UNIT STRUCTURAL 
DESIGN

1.1  Laser De-Icing Patrol Unit Overall Program Design

The overall assembly of the laser de-icing inspection 
device is shown in Fig. 1.

Fig. 1.  Overall assembly diagram of laser de-icing inspection 
device

The designed de-icing inspection device's 
mechanical structure mainly consists of three parts: the 
tracking module, foundation platform, and working 
platform. The tracking module comprises the track, 
slider, rack plate, and rack; the base platform includes 
the power supply module and transmission module; 
and the working platform incorporates the connection 
module and specific working parts. This laser de-icing 
inspection device is designed to be independent of 
each component, ensuring that they do not interfere 
with one another. It is easy to disassemble [43], which 
facilitates subsequent maintenance and allows for 
structural optimization if needed [44].

1.2  Overall Assembly of Rail Module

The laser de-icing inspection device uses a rack and 
pinion for transmission. The rack needs to be fixed 
in the track module so that the base platform and the 
rack can maintain relative motion [45]. The overall 
assembly of the track module is shown in Fig. 2. The 
laser de-icing inspection device's track module utilizes 
a dual rail running mode to save materials. It involves 
applying several discontinuous rack plates fixed 
between the two rails. These rack plates are secured 
to the side wall together using bolts and rails. The rack 
itself is fixed on the platform, specifically on the rack 
plates.

Fig. 2.  Overall assembly diagram of track module

1.3  Design of the Base Platform for Laser De-Icing and 
Inspection Devices

Due to the different voltages required by the drive 
motor as well as the servo, the modular power supply 
method is used [46], and a double battery compartment 
design is carried out, using two batteries to power 
the drive motor as well as the servo respectively, as 
shown in Fig. 3a. The motor requires a higher voltage 
and a larger battery volume, so it goes into battery 
compartment 1. In contrast, the servo requires a 
smaller voltage and a reduced volume, so it goes into 
battery compartment 2. The two battery compartments 
open in opposite directions, and each has its own end 
cap for installation.

a) 

b) 
Fig. 3.  Schematic diagram of drive module structure;  

a) driving body, and b) protective shell

The motor compartment is fixed on the lower 
surface of the abutment, and the motor is placed inside 
it. The motor is connected to the gear using the top 
wire, and the gear meshes with the rack through the 
square hole on the lower surface of the abutment. 
When the motor rotates, it drives the gear to rotate. 
Because the gear meshes with the fixed rack, the 
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torque generated moves the overall device. End 
caps are installed to prevent the gear from becoming 
entangled with the wire during rotation, thereby 
safeguarding the wire. Additionally, a display screen 
is installed on the top plate of the abutment. This 
screen can monitor and display real-time information 
such as the device's running speed, the temperature 
and humidity of the surrounding environment, and 
relevant parameters when the device encounters an 
obstacle in its running path, including the distance 
between the device and the obstacle.

The schematic diagram of the protective shell is 
shown in Fig. 3b. Due to the device's special working 
environment, situations like water leakage may occur 
from time to time. To prevent electrical wires and 
other energized devices from being affected by leaks 
and other circumstances in the external environment, 
the abutment is designed with an additional protective 
shell to prevent such occurrences. The protective 
shell takes the form of a shell to achieve the purpose 
of explosion-proofing and to protect the abutment 
surroundings. We added collision sensors and fill 
lights on both sides of the protective shell to provide 
real-time feedback on relevant information in the 
tunnel to prevent unexpected situations. At the same 
time, the protective shell is used as a steering gear 
support platform of the working platform to place the 
steering gear and achieve a rotating degree of freedom 
for the rotating platform.

1.4  Laser De-Icing Patrol Unit Overall Program Design

A two-degree-of-freedom rotating platform is used to 
connect the laser and camera to ensure that the laser 
de-icing inspection device effectively covers the 
entire tunnel roof area. This platform can be flexibly 
adjusted to various horizontal and tilt angles. The 
structure of the connection unit is shown in Fig. 4.

The L-type horizontal rotating abutment is 
securely fastened to the horizontal plane of the 
protective shell using the rudder plate and the 
horizontal rotating platform, allowing the working 
platform to rotate freely in the horizontal direction. 
The vertical rotating platform is fixed in the vertical 
plane of the L-type horizontal rotating platform, 
connected with the C-type vertical rotating platform 
by the rudder plate to realize the free rotation of the 
vertical direction of the working platform. Both the 
horizontal rotating servo and vertical rotating servo 
have a rotation angle of 180°. The laser is positioned 
within the square slot hole, while the binocular camera 
is firmly mounted on the vision board.

2  ANALYSIS OF THE MECHANISM OF LASER ACTION ON ICE

2.1  Laser Power Distribution

Lasers are a type of Gaussian beam [47]. Due to 
the highly focused energy of the laser beam, its 
extremely high power density enables lasers to 
deliver a large amount of energy in a very short 
period, thereby achieving efficient heating [48]. Their 
power distribution is generally described using a 
Gaussian function. At the centre of its cross-section, 
the laser intensity reaches its maximum, and the 
farther away from the centre, the weaker the light 
intensity becomes, decreasing exponentially with 
the square of the distance. Considering that ice is a 
solid form of water, the thickness, density, structure, 
and other characteristics of the ice layer can affect 
the transmission and absorption efficiency of laser 
power, thus influencing the effectiveness of de-icing 
[49], the thermal effect of the laser on the icicle can 
be visualized as occurring within an infinitely thin 
region. In this context, the laser can be treated as a 
surface heat source, as illustrated in Eq. (1), since the 

Fig. 4.  Structure of the connection unit
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absorption of the laser primarily takes place on the 
surface of the ice:
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where I denotes the laser power density [W/m2]; 
P1 denotes the laser power [W]; A denotes the laser 
absorption rate [-]; r denotes the distance from the 
centre of the laser spot [m]; R denotes the radius of the 
laser spot [mm].  

2.2  Temperature Distribution of Laser Heating

In the process of studying the internal temperature 
distribution of the material after laser irradiation, we 
need to make the following assumptions about the 
material and its thermophysical properties: 

It is assumed that the size of the material under 
study is infinite and that the solid remains solid during 
heating by the laser;

There is no effect of the temperature on the 
thermal properties of the material;

The heat loss generated by the action at the 
surface is neglected.

Then, the variation of the solid surface 
temperature field under the action of a stationary laser 
beam can be expressed as Eq. (2):
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where T and T0 denote the temperatures after and 
before heating, respectively, [°C]; t denotes the 
heating time [s]; α denotes the thermal diffusion 
coefficient [m2/s]; k denotes the thermal conductivity 
of the material in [W/(m·°C)]; where 'u t t= −  and 
t –t′ denotes the time increment [-]; x, y, and z are the 
coordinates of the laser irradiation point. 

From Eq. (2), the temperature at the centre of the 
laser spot (x = y = z = 0) with the time change rule can 
be expressed as Eq. (3): 
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Under laser irradiation, the surface of the material 
is rapidly heated as the laser beam makes contact. 
However, the surrounding area, centred on the focal 
point, does not have enough time to reach a stable 
temperature state. Consequently, the heat absorbed 
on the surface continues to be conducted towards the 

inner layers of the material, facilitating thermal fusion 
within the material's core.

2.3 Calculation of De-Icing Energy Consumption Based on 
the Law of Conservation of Energy

The law of conservation of energy, also known as 
the first law of thermodynamics, clearly illustrates 
the principle of energy transfer. In other words, 
energy cannot be created or destroyed; it can only be 
transferred from one object to another or converted 
from one form to another [50]. Throughout this 
conversion or transfer process, the total amount of 
energy in a closed system remains constant. This is 
because any heat transfer process must comply with 
the law [51].

According to the law of the conservation of 
energy, the relationship between the energy E 
consumed by the laser and the time of laser irradiation 
t is expressed as Eq (4).

 E P t= ⋅ , (4))

where P represents the laser power [W]. Using 
this formula, we can calculate the total laser energy 
required to remove the ice body, thus enabling the 
calculation of de-icing energy consumption, that is, 
the laser energy needed to remove a unit volume of ice 
(J/mm3). This, in turn, forms a theoretical foundation 
for further analysis of the energy consumption 
involved in laser de-icing.

3  SIMULATION ANALYSIS OF LASER DE-ICING PROCESS

We used the Fluent module in ANSYS software to 
simulate the de-icing process under laser irradiation, 
analysed the energy consumption changes of laser de-
icing, and simulated the energy consumption changes 
under three variables, laying the foundation for 
subsequent experiments.

Due to the complex geometry of icicles, 
unstructured meshes can more easily adapt to the 
geometric characteristics of the model and provide 
greater flexibility while reducing the overall element 
count without sacrificing accuracy, effectively 
utilizing computing resources. We conducted a grid 
independence study. By gradually refining the grid, 
we compared the simulation results under different 
grid densities. Through the grid independence study, 
we can ensure the validity of the simulation results.

Before conducting the simulation analysis, it is 
essential to simplify the design of the icicle model. 
In practical de-icing scenarios, the icicle to be treated 
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often has a certain length, and its central vertical 
cross-section closely resembles an isosceles triangle, 
as depicted in Fig. 5.

Fig. 5.  Schematic vertical cross-section of icicle centre

During the de-icing process, the laser is injected 
from below diagonally and acts close to the root of the 
icicle. As a result, in the simulation, it is unnecessary 
to model the entire icicle; only a certain length of the 
icicle close to its base needs to be considered. The 
icicle's cross-section at this length is theoretically 
trapezoidal. However, due to its nearly 90° bottom 
angle, for simplicity in calculations, the simulation 
model assumes an equal-length cylinder with a 
diameter of 60 mm and a height of 100 mm. The laser 
incidence point is set at the lower-left corner with an 
angle of 45°, as depicted in Fig. 6.

Fig. 6.  Diagram of the icicle model

In ANSYS software, the system can automatically 
divide the grid according to the physical size of the 
model, but the accuracy of the grid after automatic 
division is low, and the accuracy of the simulation 
data is poor. To ensure the accuracy of simulation 
data, it is necessary to manually divide the grid, 
especially in the place of laser irradiation, which is the 
main part of heat transfer, and the grid division needs 
to be more precise and detailed. The meshing results 
are illustrated in Fig. 7.

Fig. 7.  Grid division results

During the actual de-icing process, when the 
laser heats the icicle, a phase transition from solid 
water to liquid water occurs. Dealing with this 
transition in simulations can be very complex, as it 
involves numerous parameter changes, which can be 
challenging for accurate calculations. To circumvent 
these complexities and avoid the phase transition in the 
simulation process, a technique known as the “kill the 
grid” method is employed, which involves discarding 
the portion of the model where the heat causes melting 
and transforms ice into water. By doing this, the 
simulation proceeds with the laser directly irradiating 
the next layer of ice, and so on, without considering 
the phase transition. This approach not only simplifies 
the computational aspect but also offers more intuitive 
observations of the laser de-icing simulation results.

3.1  Simulation Results Under Temperature Variation

According to the delineated grid model, its de-icing 
under different ambient temperatures is analysed. The 
distance between the laser and the icicle is set to be 
2 m, the wind speed of the outside environment is 
selected to be 2m/s, and the initial temperatures of the 
icicle are -5 °C, -10 °C, -15 °C, and -20 °C. The icicle 
was irradiated with a laser for 200 seconds at four 
different temperatures, and its internal temperature 
distribution is shown in Fig. 8.

In Figs. 8 to 13, "MN" and "MX" represent 
the minimum value (Minimum) and the maximum 
value (Maximum), respectively. These indicators are 
used to identify the range and extreme values of the 
temperature distribution within the simulation area.
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Fig. 8.  Temperature distribution inside the icicle at four 
temperatures with laser irradiation for 200 s

In the Fig. 8, the blue area represents the non-
melted portion of the icicle. The closer the area is to 
the warm colour, the higher the heating temperature. 
The grey area represents the cavities formed when 
the ice melts into the water at temperatures above 5 
°C. The depth of the grey area reflects the extent of 
laser penetration into the icicle, with deeper grey areas 
indicating more extensive ice melting and a more 
effective de-icing outcome.

As can be seen from Fig. 8, within the same 
duration of laser exposure, the variation in melt-
through depth formed by laser irradiation under 
four initial temperatures is significant. Measured 
using software, the depths of melt-through are 
approximately 19.1 mm, 14.6 mm, 10.9 mm, and 8.6 
mm, respectively. This indicates that the closer the 
initial temperature of the icicle is to 0 °C, the deeper 
the laser penetrates the model and the better the de-
icing effect.

Using lasers, the icicles were heated at four 
outside temperatures until they were completely 
melted through, as shown in Fig. 9. The time taken 

to achieve complete melting was recorded to calculate 
the de-icing energy consumption, and the results are 
presented in Table 1.

Fig. 9.  Temperature distribution inside the icicle at four 
temperatures for complete laser melting through the icicle

Table 1. Effect of different temperatures on de-icing energy 
consumption

De-icing volume [cm3] 13.139
Temperature [°C] –5 –10 –15 –20
Time required [s] 476 545 651 849
De-icing energy consumption [J/mm3] 1.45 1.66 1.98 2.58

The de-icing volume in Table 1 can be measured 
in SolidWorks. As can be seen from Table 1, in the 
removal of a fixed amount of icicle, the lower the 
external temperature, the longer the laser irradiation 
time required; on the contrary, the higher the external 
temperature, the shorter the laser irradiation time 
required, the less heat consumption, that is, the lower 
the de-icing energy consumption.

In practical applications, due to the gravity of 
the icicle itself, in the process of melting through a 
certain point of the icicle, with the diffusion of laser 
energy in the icicle, the adhesion between the icicle 
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experimental laser and the icicle is pre-set to be 1.5 
m, 2 m, 2.5 m, and 3 m, with corresponding spot sizes 
of 12 mm, 14 mm, 16 mm, and 18 mm, respectively. 
Heating simulations are conducted for the icicle 
with these four different spot radii, and the internal 
temperature distributions when heated up to 200 
seconds are shown in Fig. 10.

As observed from Fig. 10, as the distance 
increases, the melting hole becomes larger. 
Simultaneously, the dispersion of laser energy 
due to the larger spot size leads to energy being 
distributed over a broader area on the icicle’s surface. 
Consequently, the depth of the melting hole becomes 
shallower. The measured depths of the melt-through 
are 16.1 mm, 14.6 mm, 12.3 mm, and 10.2 mm, 
corresponding to the distances of 1.5 m, 2 m, 2.5 
m, and 3 m. This means that the closer the distance 
between the icicle and the laser, the deeper the melting 
hole’s depth within the icicle.

Lasers are used to heat the icicles at four different 
distances until they are completely melted through, as 
shown in Fig. 11.

Furthermore, the time taken for the laser to 
completely melt through the icicle was recorded to 

and the tunnel wall is also reduced, so that the icicle 
is separated under the action of its own gravity, so as 
to achieve the effect of de-icing. If the icicle does not 
break free under its own gravity, it can be de-iced a 
second time at a nearby point until the icicle falls off. 
In this study, only one icicle melting penetration test 
was carried out during the simulation and subsequent 
experiments.

3.2  Simulation Results Under Distance Variation

During the simulation process, directly reflecting the 
distance between the icicle and the light source is not 
feasible, and the laser in the air is scattering, resulting 
in larger spot sizes at farther distances. Therefore, the 
change in distance can be reflected by the size of the 
diameter of the spot. For the simulation, the initial 
temperature of the icicle is set to -10 °C, the ambient 
wind speed is 2 m/s, and the distance between the 

Fig. 10.  Temperature distribution inside the icicle during 200 s of 
laser irradiation at four distances

Fig. 11.  Temperature distribution of the laser completely melting 
through the icicle at four distances
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calculate the de-icing energy consumption. The results 
are shown in Table 2.

Table 2.  Effect of different distances on de-icing energy 
consumption

De-icing volume [cm3] 13.139
Distance [m] 1.5 2 2.5 3
Time required [s] 422 545 701 921
De-icing energy consumption [J/mm3] 1.58 1.66 1.77 1.96

It can be observed that under the condition 
of melting through the same volume of an icicle, 
the required laser irradiation time increases with 
the distance. That is, as the distance between the 
laser emitter and the icicle increases, the required 
irradiation time becomes longer, resulting in higher 
de-icing energy consumption. Conversely, as the 
distance decreases, the irradiation time becomes 
shorter, leading to lower de-icing energy consumption.

3.3  Simulation Results Under Wind Speed Variation

In this study, the initial temperature of the icicle is 
set to –10 °C, the distance between the laser and the 
icicle is fixed at 2 m, and the wind speeds are set to 2 
m/s, 3 m/s, 4 m/s, and 5 m/s. Each laser irradiates the 

icicle for 200 seconds under these four different wind 
speeds, and the distribution of its internal temperature 
is illustrated in Fig. 12.

As can be seen from Fig. 12, in the same laser 
irradiation time, the four different wind speeds result 
in varying depths of melting through the ice. Higher 
wind speeds lead to shallower depths of melting 
through, with measurements corresponding to 
approximately 14.6 mm, 14.2 mm, 13.8 mm, and 13.3 
mm, respectively. In other words, lower wind speeds 
yield a more effective de-icing outcome.

Continue heating the icicles at the four wind 
speeds until they are completely melted through, as 
illustrated in Fig. 13. Then, statistical analysis are 
conducted on the time taken for the laser to fully melt 
through the icicle in order to calculate the de-icing 
energy consumption. The results are presented in 
Table 3.

Fig. 13.  Temperature distribution of laser completely melting 
through the icicle at four wind speeds

As observed from Table 3, under the same 
conditions of melting through the same volume of 
icicles, the laser irradiation time increases with an 
increase in wind speed. In other words, higher external 
wind speeds result in longer laser irradiation times and 

Fig. 12.  Temperature distribution inside the icicle during 200 s of 
laser irradiation under four wind speeds
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higher energy consumption. Conversely, lower wind 
speeds lead to shorter irradiation times and reduced 
energy consumption for clearing the same unit volume 
of ice, resulting in lower de-icing energy consumption.

Table 3.  Effect of different wind speeds on de-icing energy 
consumption

De-icing volume [cm3] 13.139
Wind speed [m/s] 2 3 4 5
Time required [s] 545 562 585 605
De-icing energy consumption [J/mm3] 1.66 1.71 1.78 1.84

4  TUNNEL LASER DE-ICING PATROL DEVICE EXPERIMENT 
AND ENERGY CONSUMPTION ANALYSIS

4.1  Laser De-Icing Patrol Device Test Prototype 
Construction

To further investigate the effectiveness of the laser 
de-icing inspection device and validate the accuracy 
of the simulation calculations, a test prototype is 
prepared based on the established device model, as 
illustrated in Fig. 14. The device comprises three 
main components: the rail module, the base platform, 
and the working platform. Electrical appliances are 
connected to the battery through wires, with most of 
the wires placed within the base platform. The wires 
are wrapped in a protective shell to ensure the device's 
safety, avoiding damage and preventing issues such as 
wire rupture and electrical leakage.

Fig. 14.  Test prototype of laser de-icing inspection device

A detailed analysis of laser de-icing energy 
consumption was carried out in the laboratory using 
the prepared test prototype, with the findings being 
compared to simulation data.

4.2  Experimental Testing of Laser De-Icing

In the experimental test, the initial step involves the 
laser melting through the icicle. In practical de-icing 
operations, if the first melt-through fails to make the 
icicle at the top of the tunnel fall off under its own 
gravity, the laser can be directed to other locations 
on the icicle for a second melt-through. This process 
allows the laser energy to continue diffusing inside the 
icicle until the icicle eventually detaches.

4.2.1  Experimental Results Under Temperature Variation 

The distance between the laser and the icicle is set to 
be 2 m, the wind speed of the outside environment is 
selected to be 2 m/s, and the initial temperatures of 
the icicle are –5 °C, –10 °C, –15 °C, and –20 °C, as 
depicted in Fig. 15.

Fig. 15.  Setting of environmental conditions under temperature 
change

When the icicle is heated at different initial 
temperatures for 200 s, stop heating, and the melt-
through depth is measured. The results, depicted in 
Fig. 16, show melt-through depths of 17.77 mm, 
13.43 mm, 10.58 mm, and 7.83 mm, respectively, 
for initial temperatures of –5 °C, –10 °C, –15 °C, 
and –20 °C. Comparing these measurements with the 
simulation results, it is evident that the depth of laser 
melt-through for each temperature is slightly smaller 
than that of the simulation results. However, the trend 
of melt-through depths for the four temperatures 
remains consistent. Subsequently, the laser heating 
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is resumed at the same angle and distance from the 
previous melting site, and the timing is restarted until 
the icicle is completely melted through. The timing 
is then stopped, and the previous 200 s are added to 
calculate the total laser heating time. The results of the 
melt-through icicle are shown in Fig. 17.   

Fig. 16.  Experimental results of laser heating of icicle for 200 s at 
four temperatures

Fig. 17.  Laser melting through icicles

As the laser incidence angle cannot be guaranteed 
to be the same during the experimental process, 
even a slight difference can lead to variations in 
the de-icing volume. A weighing method is used to 
calculate the amount of ice removed accurately. By 
measuring the mass before and after laser penetration 
and calculating the difference between the two, the 
volume of ice removed is determined. The de-icing 
energy consumption is then calculated, and the results 
are shown in Table 4.

The experimental environment is configured 
based on the conditions of the simulation setup. The 
initial temperature of the icicle is set to –10 °C, while 
the ambient wind speed is maintained at 2 m/s. The 
distances between the laser and the icicle are set at 1.5 
m, 2 m, 2.5 m, and 3 m, as illustrated in Fig. 18.

Table 4.  Experimental results of de-icing energy consumption at 
four temperatures

De-icing volume [cm3] 12.2 13.6 13.3 12.8
Temperature [°C] –5 –10 –15 –20
Time required [s] 467 592 755 906
De-icing energy consumption [J/mm3] 1.53 1.74 2.27 2.83

Fig. 18.  Setting of environmental conditions under distance 
variation

4.2.2  Experimental Results Under Distance Variation
The laser was directed into the icicle from the 
lower left at a 45° angle. However, due to varying 
distances, the size of the laser spot on the icicle 
differed, as depicted in Fig. 19. To evaluate the depth 
of melt-through at 200 seconds of laser irradiation, 
measurements were taken at four different distances. 
The results are illustrated in Fig. 20. Continued heating 
and melting through the icicle after measurement. Due 
to the different sizes of the light spots, the size of the 
fused holes also changed. The result of the fused hole 
is shown in Fig. 21.

Fig. 20 shows that the depths of melt-through 
were 14.52 mm, 13.43 mm, 11.51 mm, and 8.93 
mm. The corresponding melt-through durations are 
recorded and summarized in Table 5.

Table 5.  Experimental results of de-icing energy consumption at 
four distances

De-icing volume [cm3] 11.7 13.6 14.9 20.1
Distance [m] 1.5 2 2.5 3
Time required [s] 538 592 630 763
De-icing energy consumption [J/mm3] 1.84 1.74 1.69 1.52
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Fig. 19.  Spots on the icicle presented by the laser at different 
distances

Fig. 20.  Experimental results of laser heating of icicles for 200 s 
at four distances

Fig. 21.  Results of icicle melt-through at different distances

4.2.3  Experimental Results Under Wind Speed Variation

The experimental environment is designed to match 
the conditions of the simulation setup. The initial 
temperature of the icicle is set to –10 °C, and the 
distance between the laser and the icicle is fixed at 2 
m. Additionally, the wind speeds tested are 2 m/s, 3 
m/s, 4 m/s, and 5 m/s, as illustrated in Fig. 22. 

Fig. 22.  Setting of environmental conditions  
under wind speed variation

Fig. 23.  Experimental results of laser-heated icicles  
for 200 s at four wind speeds

The laser is consistently injected into the icicle 
from the lower left at a 45° angle, and its spot size 
remains constant irrespective of the distance. 
Consequently, the laser irradiation effect on the icicle 
is similar to that under the initial temperature change. 
To measure the melting depth, the laser was irradiated 
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at the icicle for 200 s at various wind speeds. The 
results of these measurements are presented in Fig. 23.

Table 6.  Experimental results of de-icing energy consumption 
under four wind speeds

De-icing volume [cm3] 13.6 13.1 13.2 13.7
Wind speed [m/s] 2 3 4 5
Time required [s] 592 577 598 648
De-icing energy consumption [J/mm3] 1.74 1.76 1.81 1.89

The depths of melt-through were 13.43 mm, 
13.21 mm, 12.75 mm, and 11.90 mm. Subsequently, 
we proceeded to further melt through the icicle using 
the aforementioned method of heating. The melt-
through effect was found to be similar to that observed 
during the initial temperature change of the icicle. The 
duration of the melt-through was recorded, and the 
results are presented in Table 6.

5  COMPARISON ANALYSIS OF EXPERIMENTAL  
AND SIMULATION RESULTS

The experimental data were meticulously organized 
and analysed in conjunction with the simulation 
results.  The melt-through depth of the laser at 200 s 
and the corresponding de-icing energy consumption 
data for the three variables were represented as line 
graphs, illustrated in Figs. 24 to 26, respectively.

In this experiment, the wavelength is not within 
the test range, and all wavelengths are the same. The 
CO2 laser we use operates at a wavelength of 10.6 
µm. The device's de-icing energy consumption was 
analysed by changing three variables: the icicles' 
initial temperature, the distance between the laser and 
the icicles, and the ambient wind speed.

When considering a single variable, if the initial 
temperature of the icicle decreases at a constant 
distance and wind speed, the depth of the laser's 
melting penetration in the same amount of time 

a)                b) 
Fig. 24.  Effect of temperature change on de-icing energy consumption;  

a) comparison of ice melt depth in 200 s, and b) comparison of de-icing energy consumption

a)                b)   
Fig. 25.  Effect of distance variation on de-icing energy consumption;  

a) comparison of ice melt depth in 200 seconds and b) Comparison of de-icing energy consumption
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becomes shallower, and the energy consumption for 
de-icing increases. This is because a lower initial 
temperature of the icicle demands more energy to 
reach the melting point after heating, resulting in 
longer laser action time per unit volume of ice.

Under the condition of constant initial temperature 
and wind speed, when the distance between the 
light source point and the icicle is continuously 
lengthening, the depth of laser melting penetration 
in the same period will also become shallower and 
shallower, but its overall de-icing energy consumption 
is decreasing. This is due to changes in the distance 
caused by changes in the radius of the spot irradiated 
on the icicle; the farther the distance, the larger the 
spot, the larger the heated area on the icicle, and the 
energy is more dispersed, to remove the volume of ice 
increased at the same time reduce the speed of melting 
ice. However, from the point of view of the decreasing 
energy consumption of de-icing, the rate of increase 
of de-icing volume is greater than the rate of increase 
of heating duration, so the energy required to remove 
the unit volume of ice decreases with the increase in 
distance, resulting in a more efficient de-icing process.

Under the condition of constant initial 
temperature and distance, when the ambient wind 
speed increases, the melting depth of the laser will 
keep getting shallower at the same time, and its 
overall de-icing energy consumption continues to 
increase. This is because, as wind speed increases, 
the effect of airborne particles on the laser intensifies, 
leading to greater energy loss. In the experimental 
setup, compared to simulations, the wind speed causes 
a continuous impact of new particles on the laser, 
resulting in greater energy loss in the air. Therefore, 
the energy required to remove a unit volume of ice 
increases with the increase in wind speed.

Although there is a slight difference between 
the experimental and simulation results, the overall 
trend remains consistent. This further validates the 
accuracy of the simulation and confirms its reliability 
in predicting real-world outcomes. Analysing the 
comparison results of the three variables in conjunction 
with practical scenarios, it becomes evident that 
the temperature range exhibits more significant 
fluctuations, making it a key factor influencing the 
laser's energy consumption for de-icing. Wind speed, 
except in special cases, generally remains within a 
fixed range. Additionally, the distance between the 
laser and the icicle can be controlled within a certain 
range according to the height of the tunnel.

7  CONCLUSIONS

Aiming at the problem that icicle removal is not 
convenient, a laser de-icing device is designed, and its 
energy consumption is analysed as follows:
(1)  A modularized design approach is utilized 

to develop a tunnel laser de-icing inspection 
device, comprising three major modules: the 
track module, the base platform, and the working 
module.

(2)  The laser de-icing process was simulated and 
analysed using ANSYS simulation software. The 
melting depth of laser irradiation for 200 s and the 
time taken for complete melting were simulated 
when the initial temperature of the icicle was –5 
℃, –10 ℃, –15 ℃, –20 ℃, the distance between 
the laser and the icicle was 1.5 m, 2 m, 2.5 m, 3 
m, and the wind speed was 2 m/s, 3 m/s, 4 m/s, 
and 5 m/s, respectively, under the three variables 
of laser irradiation. It is concluded that the higher 
the initial temperature, the closer the distance, 

a)                b) 
Fig. 26.  Effect of wind speed variation on de-icing energy consumption;  

a) comparison of ice melt depth in 200 s, and b) comparison of de-icing energy consumption
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and the lower the wind speed, the lower the 
energy consumption of de-icing.

(3) A prototype tunnel laser de-icing inspection 
device was assembled, and its de-icing energy 
consumption was experimentally analysed. In the 
same laboratory environment as the simulation 
setting, the laser irradiation depth at 200 s 
and the time taken for complete melting were 
measured. A comparison with the simulation 
results reveals that the experimental melting 
depth at 200 s is slightly smaller, and the time 
required for complete melting is slightly longer. 
Consequently, the energy consumption for laser 
de-icing in the experiment is slightly higher than 
in the simulation. The comprehensive analysis 
shows that the trend of the experimental results 
and the simulation results are consistent, which 
also makes the experimental results and the 
simulation results mutually verified.
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