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ABSTRACT: High-speed trains operating in freezing rain are highly susceptible to severe ice accretion in the
pantograph region, which compromises both power transmission efficiency and dynamic performance. To elucidate
the underlying mechanisms of this phenomenon, an Euler–Euler multiphase flow model was employed to simulate
droplet impingement and collection on the pantograph surface, while a glaze-ice formation model incorporating wall
film dynamics was used to capture the subsequent growth of ice. The effects of key parameters—including liquid
water content, ambient temperature, train velocity, and droplet diameter—on the amount and morphology of ice were
systematically investigated. The results show that ice accumulation intensifies with increasing liquid water content,
decreasing ambient temperature, and rising train speed. In contrast, larger droplet diameters reduce the overall ice
mass but promote localized accretion on major structural elements. This behavior arises because larger droplets, with
greater inertia, are less susceptible to entrainment by airflow into the pantograph’s base region. During extended
operation, substantial ice buildup develops on the pantograph head and upper and lower arms, severely impairing
current collection from the overhead line and hindering the pantograph’s lifting and lowering motions.

KEYWORDS: High-speed train; pantograph; supercooled droplets; icing parameters

1 Introduction

When trains operate in freezing rain environments, ice tends to form on the pantograph surface,
thereby affecting the pantograph power transmission characteristics. Research on pantograph icing is of
vital importance for preventing ice formation on pantograph heads that can impact power transmission.
In addition, after pantograph icing, its dynamic performance is compromised, leading to poor contact
between the pantograph and the overhead catenary system, and thus affecting the normal operation of
trains [1]. When high-speed trains run in cold regions, pantograph icing is often influenced by supercooled
large droplets. At present, research on supercooled large droplets is mainly concentrated in the aviation
field. Zabaleta et al. [2] have employed the Lagrangian particle method to investigate the impact of large
supercooled droplets on aircraft wings. Blake et al. [3] investigate ice adhesion properties and anti-icing
applications through simulations of supercooled droplet impact and solidification on cooled substrates. Wang
et al. [4] explored the mechanism of supercooled droplet impingement and freezing through experiments.
They developed a predictive model, revealed how freezing parameters influence aircraft icing, and offered a
foundation for studying the impact of supercooled droplets on icing. Lindner et al. [5] studied the influence
of supercooled droplet icing on the aerodynamics of drone wings and tail units. Freschi et al. [6] adopted a
2D formulation of a multi-step stochastic model for in-flight icing simulation, providing new insights into
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supercooled droplet icing research. Kozelkov et al. [7] employed a three-dimensional numerical simulation
approach to investigate the influence of supercooled droplet diameter and other environmental factors on
ice accretion morphology over aircraft wings.

In recent years, the icing issue of high-speed trains has gained attention, with research primarily
focusing on the icing of bogies. Zhang et al. [8] experimentally investigated the snow and ice accumulation
in the bogie area using an ice and snow wind tunnel. WANG et al. studied the influence of wheelset
rotation [9] on snow particle accumulation. Du et al. [10] studied the snow accumulation problem in the
bogie region by establishing a snow-wind multiphase flow model. Clifton et al. [11] applied salted snow
particles to the study of bogie snow accumulation by comparing simulation results with wind tunnel tests.
Bae et al. [12] conducted a numerical study on snow accumulation on trains by simulating the saltation of
initially moving snow blown from the ground. Kim et al. [13] reduced the ice-snow accretion mass in the
bogie region by installing fairings, offering a novel approach for bogie anti-icing research.

Current research on pantograph icing mainly explores catenary icing and anti-icing measures for
pantographs, with limited focus on pantograph icing itself. Bruni et al. [14] reviewed the state-of-the-art in
pantograph research, providing a theoretical foundation for investigating pantograph icing. Yao et al. [15]
analyzed icing using equivalent density and uniform load methods, compared the two approaches, and
examined their differences. Zhang et al. [16] created an ice-accretion model based on collision, capture,
and freezing rates, investigated ice growth under various climates, monitored icing conditions with
route meteorological data, and supported anti-icing technology for pantographs and catenaries to ensure
high-speed rail safety. Lotfi et al. [17] developed a novel approach for studying icing on pantograph-catenary
systems by simulating ice accumulation mass on different conductors under varying environmental
conditions. Ohishi et al. [18] proposed a novel polymeric coating to reduce ice accretion mass on pantograph
surfaces, providing new insights for ice mitigation on pantographs.

At present, research efforts are primarily devoted to the study of supercooled liquid droplet freezing
on catenary systems, and the wind-snow flow characteristics around bogies along with snow particle
accumulation on their surfaces. Nevertheless, there has been a relative paucity of investigation into the
icing mechanisms within the pantograph region. Additionally, minimal attention has been directed towards
comprehending the impact of ambient air droplet concentration and temperature on the icing processes
that occur in the pantograph area. The icing of the pantograph region, which is influenced by supercooled
droplets, can lead to a buildup of ice over time. This accumulation can degrade the electrical contact quality
between the pantograph and the overhead catenary system, resulting in inefficient power transmission.
Additionally, the added icemass can alter themechanical properties and dynamic behavior of the pantograph,
potentially leading to operational disruptions and affecting the overall performance and safety of the train’s
operation. To address these issues, this paper employs the Eulerian multiphase flow model to analyze the
distribution of supercooled liquid droplets in the bogie area. Also, a quasi-transient method is used to study
the icing of the pantograph region. The impacts of key parameters like the liquid water content in the air,
droplet size, ambient temperature, and train speed on pantograph icing are evaluated. This study offers a
foundation for understanding and preventing pantograph icing.

2 Computational Method

2.1 Continuous Phase

The selection of flow field control equations is essential for flow field calculation. As high-speed trains
usually run at speeds below 350 km/h, the surrounding air forms a low-speed flow (Ma < 0.3). Hence, the
flow field can be regarded as in-compressible. The governing equations for this flow are as follows:
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where, 𝑢𝑖 is Velocity components of a flow field; 𝑥𝑖 and 𝑥𝑗 are the Cartesian coordinate components; 𝑢𝑗 and
𝑢𝑖 are time component of air velocity; 𝜌 is air density; 𝑝 is the pressure; 𝜏𝑖𝑗 is viscous stress; −𝜌𝑢′𝑖𝑢′𝑗 is
Reynolds stress; 𝑆 is source item.

In this paper, 𝑆 represents the interphase drag force. The droplet is modeled as equivalent to a spherical
particle, and its governing equation is:
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where, 𝐶𝑑 is drag coefficient; 𝛼g is volume fraction; 𝜌𝑙 is liquid density; 𝑑𝑔 is particle diameter; →𝑢𝑙 is droplet
velocity; →𝑢𝑔 is air velocity.

During high-speed train operation, a complex turbulent flow field surrounds the train. Given that the
Realizable 𝑘-𝜀 turbulence model has demonstrated superior accuracy in calculating aerodynamic forces
around the train in existing research [19], this paper employs the Realizable 𝑘-𝜀 model to simulate the
turbulent characteristics of the airflow beneath the train.

The turbulent kinetic energy 𝑘 equation:
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The turbulent dissipation rate 𝜀 equation:
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where, 𝒖 is velocity vector; 𝑘 is turbulent kinetic energy; 𝜇 is fluid dynamic viscosity coefficient; 𝜀 is
turbulent dissipation rate; 𝜇𝑡 is turbulent viscosity coefficient; 𝜎𝑘 and 𝜎𝜀 is Prandtl number, they are 1.0
and 1.2 respectively; 𝐶1 and 𝐶2 is constant, 𝐶1 = max[0.43,

𝜂
𝜂+5], 𝜂 = 𝑆 𝑘

𝜀 , 𝑆 =
√
2𝑆𝑖𝑗𝑆𝑖𝑗 .

2.2 Particle Control Equation

For simulating supercooled droplet motion, common methods are the Euler-Lagrange and Euler-Euler
approaches. The Euler-Lagrange method, treating supercooled droplets as discrete particles and solving
trajectory equations for individual droplets in the airflow, suits sparse droplet groups. The Euler-Euler
method, viewing droplets as a continuous pseudo-fluid, supports complex 3D geometries. To improve
computational accuracy, this study adopts the Euler-Euler method for supercooled droplet motion
analysis [20].

In the Euler-Euler model, the control equations for supercooled droplet motion consist of the mass
conservation equation and momentum conservation equation, which are specifically as follows:

𝜕(𝛼𝑙𝜌𝑙)
𝜕𝑡

+ ∇ ⋅ (𝛼𝑙𝜌𝑙𝒖𝑙) = 0 (6)
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where, 𝜕𝑙 is volume fraction; 𝜌𝑙 is the density of the droplet phase; 𝒖𝑙 is the velocity of the droplet phase; 𝑝
is the pressure; 𝑇𝑙 is stress tensor; 𝒈 is the gravitational acceleration;𝑴𝑙 is momentum exchange.

To better explain the energy changes during the motion of particles, the thermodynamic process
equation for droplet motion is introduced:

𝜌𝑐𝑝
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𝜕𝑡

+ 𝜌𝑐𝑝𝒖 ⋅ ∇𝑇 = ∇ ⋅ (𝑘∇𝑇 ) + 𝑄 (8)

where, 𝑐𝑝 is specific heat capacity at constant pressure; ∇ is del or gradient operator; 𝑄 is the heat source
term representing the latent heat released during droplet freezing.

2.3 Ice Growth Governing Equation

The majority of icing models employed today are graze ice models that account for water film flow. By
mitigating the formation of unrealistic ice angles at icing limits, these models enhance prediction accuracy.
The governing equations for mass and energy conservation in icing models are as follows:
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(10)

where, 𝜌𝑤 is water density; ℎ𝑓 is water film thickness; 𝑢 is average velocity of the flow; 𝑈∞ is flow velocity;
𝛽 is ice nucleation rate; 𝒎𝑖𝑐𝑒 is freezing amount; 𝒎𝑒𝑣𝑎𝑝 is evaporation capacity; 𝐶𝑤 is specific heat capacity
of water; 𝑇 is water film temperature; 𝜎 is constant; 𝐶𝑖𝑐𝑒 is specific heat capacity of ice; 𝑇∞ is free stream
temperature; 𝑇 is surface temperature; 𝐿𝑊𝐶 is liquid water content; 𝐿𝑓 𝑢𝑠𝑖𝑜𝑛 is latent heat of fusion; 𝐿𝑒𝑣𝑎𝑝
is latent heat of evaporation; 𝐿𝑠𝑢𝑏1 is latent heat of sublimation; 𝑄ℎ is convection heat transfer; 𝑄𝑐𝑜𝑛𝑑 is
condensation heat transfer.

3 Computational Model

3.1 Geometry Model

The Euler-Euler flow model demands substantial computational resources. To reduce this requirement
without altering the model’s fundamental structure, this study employs a computational model comprising
the front and rear train heads and the intermediate car body. The pantograph is positioned on the
intermediate car body’s top, ensuring the flow field around it matches that of the actual train. The
car body has a length of 29.25 m, a width of 3.4 m, and a height of 5.25 m, as shown in Fig. 1a. As shown in
Fig. 1b, the pantograph is composed of seven main components: the base frame, insulator, pantograph head,
upper arm rod, push rod, upper guide rod, and lower arm rod, which are respectively named as Part 1–7.
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(a) 

 
(b) 

Figure 1: Computation model. (a) Train model. (b) Pantograph model.

3.2 Computational Domain and Boundary Conditions

As shown in Fig. 2, the computational domain has a length, width, and height of 210 m, 80 m, and
40 m, respectively. The bogie is positioned 60 m in front of the velocity inlet, with equal distances to the
left and right boundaries. The train body is 0.376 m above the ground, as depicted in Fig. 2. The inlet is
designated as a velocity inlet, and the outlet as a pressure outlet. The ground is modeled as a moving wall,
while other walls are defined as symmetry boundaries.

Train-surface icing is influenced by wall temperature, so varied wall temperatures are set in the
computational region for better icing effects, with the pantograph-surface temperature fixed at 273.15 K. Air
density is 1.395 kg/m3 [21], specific heat at constant pressure is 1004.68 J/(kg⋅K), air viscosity µ is 1.68 × 10−5
kg/(m⋅s), and thermal conductivity λ is 0.023 W/(m⋅K).

The flow field was solved using the SIMPLE algorithm. The gradient terms were discretized with a
cell-based least squares format, the temporal terms adopted a first-order implicit scheme, while pressure,
momentum, turbulent kinetic energy, and turbulent dissipation rate all employed the second-order upwind
scheme [22].

Figure 2: Computational domain.
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3.3 Mesh and Validation

A hybrid meshing method was used to generate the mesh. Two encrypted areas around the train
body and pantograph were created to better reflect the flow characteristics and improve accuracy. The first
refinement zone surrounds the vehicle body, with dimensions of 20 m × 8 m × 7.5 m and a mesh size of 175
mm, while the second refinement zone, located near the pantograph, measures 4m × 3m × 2m with a mesh
size of 88 mm. Ten layers of boundary layer mesh were placed on the train body and bogie surfaces, with a
first-layer height of 0.01 mm and a growth rate of 1.2. The total mesh count is around 10 million. Fig. 3
presents the computational mesh.

Figure 3: Computational mesh.

To verify the mesh independence and ensure mesh accuracy, three different meshes were created for
an independence test. Based on Table 1, the difference in pantograph drag between simulations using 10
million and 14 million meshes is less than 0.1%, while the difference in lift coefficient is below 5%. Both
variations fall within the acceptable margin of experimental error. After balancing computational resource
requirements with simulation accuracy, this study employs a 10-million-cell mesh configuration for all
simulations.

Table 1: Mesh independence verification.

Computational
Mesh

Simplified Train
Surface Mesh (mm)

Pantograph Surface
Mesh (mm)

Mesh Total
(Million)

Drag
Coefficient

Lift
Coefficient

Coarse mesh 58 13 6 1.038 0.052
Medium mesh 45 10 10 1.036 0.049
Fine mesh 34 7 14 1.035 0.047

3.4 Icing Simulation Method Validation

Few wind-tunnel experiments have been conducted on pantograph icing. Most studies on supercooled
droplet icing focus on aircraft wing icing. To validate the computational model’s accuracy, this study
performs ice-accumulation simulations on an NACA0012 wing and compares the results with the
experimental data from Wright [23]. The experimental parameters are summarized in the Table 2.
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Table 2: Wing icing parameters.

Parameter Numerical Value

Angle of attack 4◦
Aircraft chord length 0.5334 m
Droplet diameter 20 µm
Air velocity 102.8 m/s
Ambient temperature 250.73 K
LWC 0.00055 kg/m3

Icing duration 420 s

Fig. 4a presents the aircraft simulation model, featuring finer meshing at the wing’s leading and trailing
edges to enhance computational accuracy. Fig. 4b offers a comparison of the icing shape on the aircraft
wing. Due to the wing’s 4◦ angle of attack, icing primarily forms on the lower half. The comparison between
the simulation and wind tunnel curves shows minor differences at z = −0.02 but a largely consistent overall
shape, confirming the reliability of the numerical simulation method.

 
(a) 

 
(b) 

Figure 4: Model validation. (a) Wing model. (b) Wing icing shape.

4 The Flow Field around the Pantograph Region

To understand the motion of supercooled liquid droplets in the pantograph region, the flow field around
the pantograph region must be analyzed first, with special attention given to the pressure distribution on
the pantograph surface.
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Fig. 5 presents the streamlines around the pantograph at different train speeds. As the train speed
increases, so does the flow velocity in the pantograph region. In the pantograph base area, higher speeds
make the under-pantograph vortices more turbulent. This causes supercooled droplets to accumulate more
readily, increasing ice formation there.

 
(a) (b) (c) 

Figure 5: Streamline plots around pantograph at different train speeds. (a) V = 200 km/h. (b) V = 250 km/h. (c) V =
300 km/h.

Fig. 6 presents a pressure contour plot on the pantograph surface. As train speed rises, the pressure
on the windward side of the pantograph increases. When supercooled droplets in the airflow hit the
pantograph surface, their collision kinetic energy grows. This can break up the droplets, causing splashing.
Driven by the flow field, some droplets may move to the back of the pantograph, affecting its surface icing.

(a) (b) (c) 

Figure 6: Pressure contour plot on the pantograph surface. (a) V = 200 km/h. (b) V = 250 km/h. (c) V = 300 km/h.

5 The Impact of Droplet Concentration and Diameter on Icing

5.1 The Impact of Droplet Concentration on Pantograph Icing

This section explores the impact of liquid water content in the air on pantograph icing. The train
speed is set to 200 km/h, the ambient temperature is −5◦C, and the droplet diameter is 100 µm. Based on
the liquid water content reference for droplet icing [24], the LWC values are set at 0.5, 1, 1.5, and 2 g/m3,
with an icing duration of 1200 s.

Fig. 7 shows the droplet concentration distribution on the pantograph surface. As the environmental
droplet concentration increases, so does the concentration on the pantograph surface. This is because
more supercooled droplets in the air adhere to the pantograph when they collide with it. The most
significant increases are on the windward sides of the pantograph head and the upper and lower arms. If
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not addressed, this can compromise icing quality and may even affect the pantograph’s raising/lowering
and current-collection functions.

(a) (b) 

 
(c) (d) 

Figure 7: Pantograph surface droplet concentration distribution map. (a) LWC = 0.5 g/m3. (b) LWC = 1 g/m3. (c) LWC
= 1.5 g/m3. (d) LWC = 2 g/m3.

Fig. 8 schematically shows the droplet collection coefficient on the pantograph surface. As the
environmental liquid water content increases, the overall droplet collection coefficient of the pantograph
shows an increasing trend. This is because when the droplet diameter is 100 µm, the Stokes number (St ≈
1.2) is in the inertial collision efficient zone. At this time, the droplet trajectory is weakly affected by the air
flow entrainment effect, and the probability of droplets colliding with the surface increases linearly with
the concentration. In addition, the increase in concentration leads to droplet clusters disturbing the airflow
and promoting the spread of droplets towards the surface. As a result, the area of droplet distribution on
the pantograph surface increases, further affecting the ice distribution on the pantograph surface. It can
be seen from the figure that the components with a larger droplet collection coefficient are the windward
surfaces of the pantograph head, upper and lower arm rods, push rod, and guide rod. These components
are also the main ice-forming positions and can affect the performance of the pantograph.

Fig. 9 schematically shows the ice-accumulation rate on the pantograph surface. As the environmental
droplet concentration increases, the ice-accumulation rate on the pantograph surface also increases. This is
because a higher droplet concentration in the environment increases the droplet concentration and collection
efficiency on the pantograph surface. When supercooled droplets collide with the pantograph surface, they
quickly freeze. The pantograph head is the area with the most obvious change in ice-accumulation rate. So
variations in droplet concentration significantly affect ice formation here.

Fig. 10 shows the icing of the pantograph at different LWC. When a train runs in a supercooled
environment, the pantograph head is covered with ice, affecting power supply. In extreme cases, it can
fail to supply power. Under the four conditions, the pantograph icing mass is 7.94 kg, 11.88 kg, 14.13
kg, and 15.47 kg. As ice mass gradually increases, the ice accretion rates decrease to 49.62%, 18.94%, and
9.48%, respectively. High droplet concentrations may temporarily raise the substrate temperature, reducing
subsequent droplet supercooling and slowing freezing. As shown in Fig. 11, the most ice forms on the
pantograph head, upper and lower arms, guide rod, and push rod. Under increasing LWC, the icing mass
was recorded as follows: on the panhead, 2.52 kg, 3.07 kg, 3.36 kg, and 3.61 kg; on the lift rod, 1.01 kg,
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1.30 kg, 1.41 kg, and 1.49 kg; and on the lower arm rod, 1.59 kg, 2.51 kg, 2.97 kg, and 3.33 kg, respectively.
In the raised state, these parts are directly exposed to supercooled droplets, so they accumulate more ice.

 
(a) (b) 

 
(c) (d) 

Figure 8: Droplet collection coefficient distribution on pantograph surface. (a) LWC = 0.5 g/m3. (b) LWC = 1 g/m3.
(c) LWC = 1.5 g/m3. (d) LWC = 2 g/m3.

 
(a) (b) 

 
(c) (d) 

Figure 9: Schematic of ice-accretion rate on pantograph surface. (a) LWC = 0.5 g/m3. (b) LWC = 1 g/m3. (c) LWC =
1.5 g/m3. (d) LWC = 2 g/m3.
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(a) (b) 

(c) (d) 

Figure 10: Schematic of ice formation on pantograph surface. (a) LWC = 0.5 g/m3. (b) LWC = 1 g/m3. (c) LWC = 1.5
g/m3. (d) LWC = 2 g/m3.

Figure 11: Statistics of pantograph component icing mass under different LWC conditions.

5.2 The Influence of Droplet Diameter on Pantograph Icing

When a high-speed train runs in a supercooled environment, the droplet diameter affects the
pantograph’s icing. Based on the experimental conditions of maintaining a vehicle speed of 200 km/h,
an ambient temperature of −5◦C, and an LWC of 1 g/m3, this section investigates the impact of droplet
diameters at 50 µm, 100 µm, and 150 µm [25,26] on pantograph icing.

Fig. 12 illustrates the droplet concentration distribution around the pantograph under varying droplet
diameter conditions. As the droplet diameter increases, the droplet concentration in both the pantograph
bogie region and the insulator area progressively decreases, as clearly shown in the close-up view of Fig. 12.
This phenomenon occurs since larger droplet diameters reduce the droplets’ flow-following capability.
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Consequently, airborne droplets cannot readily penetrate into the pantograph bogie region, leading to the
observed reduction in droplet concentration within these specific areas.

 
(a) (b) (c) 

Figure 12: Droplet concentration distribution on pantograph surface for different droplet diameters. (a) D = 50 µm.
(b) D = 100 µm. (c) D = 150 µm.

Fig. 13 presents the contour maps depicting the droplet collection coefficient on the pantograph surface
under varying droplet diameters. As illustrated in the figure, the droplet collection coefficient manifests
a decreasing trend with increasing droplet diameter. This phenomenon occurs due to the fact that as
the droplet diameter increases, the inertial force (proportional to the square of the diameter) causes an
imbalance in the ratio between the adhesive force and the shear force exerted by the high-speed airflow.
This imbalance prevents complete adhesion upon impact, leading to droplet detachment. The close-up
view in Fig. 13 reveals that regions exhibiting higher droplet collection coefficients are primarily located at
the pantograph head and the upper/lower arm rods. Consequently, these specific areas are predisposed to
greater ice accretion mass.

(a) (b) (c) 

Figure 13: Schematic of droplet collection coefficient on pantograph surface for different droplet diameters. (a) D =
50 µm. (b) D = 100 µm. (c) D = 150 µm.
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Fig. 14 illustrates the ice accretion rates on the pantograph surface under varying droplet diameters. As
shown, increasing droplet diameter reduces the ice accretion rate across the pantograph surface, with the
most significant decline observed on the panhead, as clearly highlighted in the close-up view of Fig. 14. This
occurs because larger droplet diameters reduce internal heat transfer rates, slowing droplet solidification.
Furthermore, prior simulation results indicate that increased droplet diameter decreases both LWC and
collection coefficient on the pantograph surface, thus further suppressing ice accretion rates.

(a) (b) (c) 

Figure 14: Schematic of ice-accumulation rate on pantograph surface for different droplet diameters. (a) D = 50 µm.
(b) D = 100 µm. (c) D = 150 µm.

Fig. 15 presents the icing on the pantograph surface for different droplet diameters. As the droplet
diameter increases, the icing area on the pantograph base and insulator decreases. Larger droplets are
less easily transported to the pantograph base area by the airflow, resulting in a reduction of the icing
area. Under the three conditions studied, the icing masses are 14.16, 11.88, and 10.54 kg, respectively. With
increasing droplet diameter, the icing mass decreased by 16.10% and 5.39%, respectively. This trend is due
to the decrease in droplet concentration, collection coefficient, and icing rate on the pantograph surface as
the droplet diameter increases, leading to a reduction in overall icing mass. Fig. 16 shows the ice accretion
mass on selected components of the pantograph, indicating that the icing mass on the pantograph base and
insulator decreases significantly with increasing droplet diameter. The icing mass on the pantograph base
frame was recorded as 3.92 kg, 2.27 kg, and 1.91 kg, while that on the insulators was 2.06 kg, 1.48 kg, and
0.40 kg, respectively.

 
(a) (b) (c) 

Figure 15: Schematic of icing on pantograph surface for different droplet diameters. (a) D = 50 µm. (b) D = 100 µm.
(c) D = 150 µm.
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Figure 16: Statistics of pantograph component icing mass for different droplet diameters.

6 The Influence of Train Speed and Ambient Temperature on Pantograph Icing

6.1 The Impact of Train Speed on Pantograph Icing

When running in different regions, high-speed trains operate at varying speeds, affecting pantograph
icing. To study this effect, the train speed is set at 200, 250, and 300 km/h [27], while keeping the ambient
temperature at −5◦C, the LWC at 1 g/m3, and the droplet diameter at 100 µm.

Fig. 17 shows the droplet concentration distribution on the pantograph surface at different train
speeds. As the train speed increases, the droplet concentration on the pantograph surface tends to rise,
but the distribution range is somewhat reduced. At lower speeds, droplets move slowly in the air, with a
smaller relative speed between the pantograph and droplets. This makes it easier for droplets to spread
and distribute over a wider area on the pantograph surface due to aerodynamic and inertial forces. As
the train speed increases, the relative airflow speed quickens. Driven by the combined effect of inertial
and aerodynamic forces, droplets are rapidly pushed onto the pantograph surface. The impact frequency
between droplets and the pantograph surface increases, thus raising the droplet concentration there.

Fig. 18 shows the ice-formation rate on the pantograph surface at different train speeds. The
ice-formation rate rises with increasing train speed. When the speed increases from 200 km/h to 250 km/h,
the droplet collision efficiency rises significantly. More droplets adhere to the pantograph surface per unit
time. The latent heat release rate also increases, lowering the surface temperature and accelerating ice
thickening. When the speed increases from 250 km/h to 300 km/h, the ice-formation rate still rises, but the
growth rate slows. This is due to the increasing aerodynamic shear force and thermal resistance at higher
speeds, which restrict rapid ice thickening.

(a) (b) (c) 

Figure 17: Droplet concentration distribution on pantograph surface at different train speeds. (a) V = 200 km/h. (b) V
= 250 km/h. (c) V = 300 km.
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(a) (b) (c) 

Figure 18: Schematic of ice-accretion rate on pantograph surface at different train speeds. (a) V = 200 km/h. (b) V =
250 km/h. (c) V = 300 km.

Fig. 19 shows the 2D diagram of icing on one side of the pantograph bowhead under different train
speeds. As illustrated, the ice volume on the pantograph bowhead surface increases with rising speeds, but
with a limited growth rate. This occurs because water droplets attached to the surface are prone to splash
under high-speed airflow, thereby restricting ice accumulation.

 

Figure 19: 2D diagram of pantograph bowhead icing under different speeds.

Under three test conditions, the ice accretion masses were 11.88 kg, 13.60 kg, and 15.42 kg, respectively.
As ice mass gradually increased, the ice accretion rates decreased to 14.48% and 13.38%, indicating a
slowdown in ice growth—consistent with the causes analyzed previously. Fig. 20 presents the statistics
of icing mass on pantograph components at different train speeds. It can be observed that the icing mass
on windward components increases with the train speed. However, the icing mass on the pantograph
base decreases. This is attributed to the strong flow-following property of droplets. As the air flow speed
increases, it becomes more difficult for droplets to be carried into the pantograph base area.

Figure 20: Icing mass statistics of pantograph components at different train speeds.
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6.2 The Impact of Ambient Temperature on Pantograph Icing

To explore how ambient temperature affects pantograph icing, this study maintains a train speed of
200 km/h, an LWC of 1 g/m3, and a droplet diameter of 100 µm, while varying the ambient temperature
at −5, −10, and −15◦C [28,29]. As ambient temperature significantly impacts the icing rate, this section
focuses on analyzing the icing rate and effectiveness on the pantograph surface.

Fig. 21 shows the ice-accretion rate on the pantograph head at different ambient temperatures. As
the ambient temperature decreases, the ice-accretion rate on the windward side of the pantograph head
increases significantly. This is due to the larger temperature difference between the droplets and the
pantograph head surface, which accelerates the release of latent heat during freezing. Consequently, more
droplets freeze per unit time, increasing the ice-accretion rate. However, when the temperature drops
from −10◦C to −15◦C, the ice-accretion rate on the sides and back of the pantograph head decreases. At
temperatures below −10◦C, the freezing time of droplets shortens significantly. Upon frontal impact with
the pantograph head, droplets with high supercooling freeze rapidly, marking the start of a fast-freezing
phase. Supercooled droplets in the airflow struggle to reach the sides and back of the pantograph head,
thus reducing the ice-accretion rate in these regions.

(a) (b) (c) 

Figure 21: Schematic of ice-accretion rate on pantograph head at different ambient temperatures. (a) T = −5◦C.
(b) T = −10◦C. (c) T = −15◦C.

Fig. 22 presents the icing on the pantograph head at different ambient temperatures. The results show
that as the ambient temperature decreases, the ice thickness on the windward side of the pantograph head
increases, and the ice surface becomes more rough, which is consistent with the previous analysis. Under
three operating conditions, the icing masses were 11.88 kg, 16.45 kg, and 19.64 kg, with ice accretion rates
of 38.47% and 19.39%, respectively. The icing mass increased as ambient temperature decreased. Fig. 23
shows the statistics of icing mass on each pantograph component, indicating that the icing mass on the
main components of the pantograph increases with decreasing ambient temperature.

(a) (b) (c) 

Figure 22: Schematic of icing on pantograph head at different ambient temperatures. (a) T = −5◦C. (b) T = −10◦C.
(c) T = −15◦C.
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Figure 23: Statistics of pantograph component icing mass at different ambient temperatures.

Fig. 24 presents a 2D icing diagram of the pantograph head. Ice primarily forms on the windward side
due to direct impact and freezing of supercooled liquid droplets carried by airflow. Additionally, lower
ambient temperatures increase ice volume by accelerating convective heat transfer and droplet solidification.

 

Figure 24: 2D diagram of pantograph head icing under different temperatures.

7 Conclusions and Prospects

This study uses the Euler-Euler flow model to analyze the distribution of supercooled droplets in
the pantograph region. It focuses on how droplet concentration, diameter, train speed, and ambient
temperature affect icing. A glaze-ice model is adopted to investigate ice-accretion characteristics there. The
study calculates ice mass under different conditions and draws the following conclusions:
(1) The ice accretion mass on the pantograph surface increases with higher LWC, with total masses

recorded as 7.94 kg, 11.88 kg, 14.13 kg, and 15.47 kg, respectively, showing a gradual rise. Conversely,
as droplet diameter increases, the ice mass on the base frame decreases to 3.92 kg, 2.27 kg, and
1.91 kg, while the ice mass on insulators decreases to 2.06 kg, 1.48 kg, and 0.40 kg. Meanwhile, other
components exhibit increased ice accretion.

(2) The icing condition on the pantograph surface is also influenced by train speed. As the speed increases,
the icing masses are recorded as 11.88 kg, 13.60 kg, and 15.42 kg, respectively. The total icing mass on
the pantograph rises, while the ice accretion rates decrease to 14.48% and 13.38%. This occurs because
heightened airflow velocity intensifies shear forces on the ice layer and amplifies thermal resistance
effects, thereby restricting rapid ice thickness growth.
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(3) As ambient temperature decreases, the icing mass on the pantograph increases to 11.88 kg, 16.45 kg,
and 19.64 kg under three temperature conditions. The lower temperature intensifies the supercooling
degree of droplets, accelerating the release rate of latent heat during freezing and thereby augmenting
ice accumulation.

(4) When a train runs in a supercooled environment, the pantograph head is prone to icing, which can
affect the train’s power supply. Icing on components like the upper and lower arms can also alter the
pantograph’s dynamic performance. To ensure the pantograph operates efficiently and stably in such
conditions, it’s crucial to account for the impact of supercooled droplets on icing.
Research indicates that components prone to ice accretion primarily include the pantograph head,

upper arm, and lower arm. Based on these findings, when ice forms on the pantograph head, it impedes
normal current collection from the overhead line, adversely affecting train operation. Therefore, installing
heating de-icing devices on the pantograph head or developing novel anti-icing coatings is recommended.
Conversely, ice accumulation on components such as the upper and lower arms may interfere with the
pantograph’s normal raising and lowering functions. To ensure reliable train operation, particular attention
should be paid to monitoring the pantograph’s lifting pressure to facilitate periodic de-icing of these critical
areas.
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Nomenclature

𝑢𝑖 Velocity
𝑥𝑖 Cartesian coordinate components
𝑢𝑗 and 𝑢𝑖 Time component of air velocity
𝜌 Density
𝑝 Pressure
𝜏𝑖𝑗 Viscous stress
−𝜌𝑢′𝑖𝑢′𝑗 Reynolds stress
𝑆 Source item
𝑘 Turbulent kinetic energy
𝜇 Fluid dynamic viscosity coefficient
𝜎𝑘 and 𝜎𝜀 Prandtl number
𝐶1 and 𝐶2 Constant
𝜕𝑙 Volume fraction
𝜌𝑙 Density of the droplet phase
𝒖𝑙 Velocity of the droplet phase
𝑇𝑙 Stress tensor
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𝒈 Gravitational acceleration
ℎ𝑓 Water film thickness
𝑈∞ Flow velocity
𝛽 Ice nucleation rate
𝒎𝑖𝑐𝑒 Freezing amount
𝒎𝑒𝑣𝑎𝑝 Evaporation capacity
𝐶𝑤 Specific heat capacity of water
𝑇 Water film temperature
𝐶𝑖𝑐𝑒 Specific heat capacity of ice
𝑇∞ Free stream temperature
𝑇 Surface temperature
𝐿𝑊𝐶 Liquid water content
𝐿𝑓 𝑢𝑠𝑖𝑜𝑛 Latent heat of fusion
𝐿𝑒𝑣𝑎𝑝 Latent heat of evaporation
𝐿𝑠𝑢𝑏1 Latent heat of sublimation
𝑄ℎ Convection heat transfer
𝑄𝑐𝑜𝑛𝑑 Condensation heat transfer
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