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Abstract

The electrical arcs generated by high-speed dynamic separation between pantograph
and catenary systems pose a significant threat to the operational safety of high-speed
railways. Environmental factors, particularly relative humidity and airflow, critically
influence arc characteristics. This study establishes a two-dimensional pantograph-catenary
arc model based on magnetohydrodynamic theory, validated through a self-developed
experimental platform. Research findings demonstrate that as relative humidity increases
from 25% to 100%, the core arc temperature decreases from 10,500 K to 9000 K due to
enhanced heat dissipation in humid air and electron capture by water molecules; the
peak arc voltage rises from 37.25 V to 48.17 V resulting from accelerated deionization
processes under high humidity conditions; the average arc energy in polar regions increases
from 2.5 x 10~* ]/ m3 t0 3.5 x 1074 J/ m3, exhibiting a saddle-shaped distribution; and
the maximum arc pressure declines from 5.3 Pa to 3.7 Pa. Under airflow conditions of
10-30 m/s, synergistic effects between airflow and humidity further modify arc behavior.
The most pronounced temperature fluctuations and most frequent arc root migration occur
at 100% humidity with 30 m/s airflow, while the shortest travel distance and longest
persistence are observed at 25% humidity with 10 m/s airflow, as airflow accelerates
heat dissipation and promotes arc root alternation. Experimental measurements of arc
radiation intensity and temperature distribution show excellent agreement with simulation
results, verifying the model’s reliability. This study quantitatively elucidates the influence
patterns of humidity and airflow on arc characteristics, providing a theoretical foundation
for enhancing pantograph-catenary system reliability.

Keywords: pantograph—catenary arc; relative humidity; airflow; magnetohydrodynamic;
arc characteristics

1. Introduction

With the continuous increase in the operating speeds of urban rail trains in China,
incidents of pantograph—catenary contact loss have correspondingly risen. This loss of
contact often results in electric arcs, leading to accelerated wear and deterioration of the
pantograph—catenary interfaces and a decline in current collection quality [1]. In severe
cases, such arcs may even cause the contact wire to break. According to statistics, arc-
induced faults in pantograph—catenary systems have become the primary factor affecting
the reliability of train power supply, posing a significant obstacle to railway development.
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Given China’s vast territory and the significant climatic differences between its north-
ern and southern regions, the environment in the southern areas is generally more humid.
As a result, the arc initiation threshold and arc intensity in pantograph—catenary systems
vary considerably, which can seriously impact the safety and stability of train operations.
Therefore, research on the dynamic characteristics of pantograph—catenary arcs under
different operational conditions, particularly in northern and southern urban rail transit, is
essential.

In recent years, scholars from both domestic and international research communi-
ties have conducted extensive investigations into arc characteristics and their influencing
environmental factors. The resultant achievements have not only established a crucial
foundation for deepening the understanding of pantograph—catenary arcs but also pro-
vided substantial theoretical support for the present work. These research efforts can be
systematically categorized into four primary directions:

Firstly, in the study of atmospheric pressure effects on electric arcs, Wu et al. de-
veloped a finite element model of pantograph-catenary arcs applicable to high-altitude
environments based on magnetohydrodynamic (MHD) theory. They analyzed the variation
patterns of arc temperature and voltage under low-pressure conditions and revealed the
physical mechanism behind arc temperature oscillations [2]. Meanwhile, they established
a multi-field-coupled stress model to investigate the arc drift characteristics under the
combined influence of atmospheric pressure and airflow, elucidating the intrinsic driving
forces of arc drift in low-pressure environments [3]. Similarly, Yu constructed a simulation
model of pantograph—catenary arcs using MHD theory and quantitatively analyzed the
effects of different atmospheric pressures on arc voltage, temperature, and current den-
sity [4]. Additionally, the team developed a two-dimensional pantograph—catenary arc
model using COMSOL software to study the influence of atmospheric pressure variations
on arc morphology, temperature distribution, voltage fluctuation frequency, and arc root
motion characteristics [5]. Moreover, Kamenetskikh employed the catalytic probe method
to investigate changes in the composition of arc plasma under low-pressure conditions [6],
providing experimental evidence for understanding the relationship between atmospheric
pressure and arc plasma properties.

Secondly, in the field of research on the influence of airflow on electric arcs, Xu sys-
tematically investigated the stability variations in pantograph—catenary arcs under strong
airflow disturbances using comparative analysis methods [7]. Sun incorporated a fluid
viscous dissipation term into the model and developed a two-dimensional MHD simulation
model of pantograph—catenary arcs in crosswind environments using COMSOL software,
providing an in-depth analysis of the evolution patterns and physical mechanisms of arc
characteristics under crosswind effects [8]. Yang established an MHD model of pantograph—
catenary arcs, focusing on the temporal evolution characteristics of arc temperature, voltage,
and arc root velocity under varying crosswind conditions and input currents. Through
multiple linear regression analysis, the sensitivity of pantograph—catenary arcs to factors
such as airflow, atmospheric pressure, and current was quantified [9], offering a reference
for quantitative research on the influence of airflow on pantograph—catenary arcs.

Meanwhile, the influence of humidity on other arc-related fields has also garnered
significant attention. In the field of welding arcs, Gou et al. found that humidity signifi-
cantly affects the porosity, microstructure, and fatigue strength of A7N01S-T5 aluminum
alloy welded joints used in high-speed trains [10]. Ardika et al. investigated the impact of
atmospheric humidity on pore defects in the arc welding zone of aluminum metal [11]. In
the domain of DC series arcs, Seeley et al. analyzed the influence of relative humidity on
the generation and detection of DC series arcs [12], while Liu et al. studied the discharge
characteristics of series fault arcs under environmental humidity [13]. In the field of trans-
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mission line discharge, Fouad et al., Aissou et al., and Chen et al., respectively, explored the
effects of humidity on the current—voltage characteristics and discharge mode transitions on
different DC corona discharge systems [14-16]. These studies demonstrate that humidity,
through mechanisms such as electron attachment and enhanced heat dissipation, alters arc
behavior and is a pivotal environmental factor influencing arc characteristics.

Finally, in the optimization of multi-physical field coupling models for pantograph-
catenary arcs and parameter validation, researchers have conducted a series of explorations
focused on improving model accuracy and analyzing key parameters. Regarding model
construction, addressing the inadequacy of traditional MHD models in accounting for
practical environmental factors, Kai et al. proposed a pantograph—catenary arc model that
considered convective heat transfer in air. By incorporating a convective heat transfer
term into the thermal balance equation, the deviation between simulated values of the
arc core temperature and measurements obtained using a spectrometer was significantly
reduced [17]. Hao et al., based on the flow characteristics of arc plasma, improved the
force calculation and energy dissipation terms in the MHD model, markedly enhancing
the accuracy of arc morphology evolution simulations [18]. In parameter influence studies,
Zhu et al., through COMSOL simulations, found that as the pantograph—catenary gap
continuously decreases, the arc column radius increases. The maximum temperature on the
contact wire surface decreased from 1872 K to 956 K, while the maximum temperature on
the pantograph strip surface dropped from 5400 K to 3590 K. Furthermore, the temperature
gradient significantly flattened as the gap increased [19]. Cong et al. enhanced the original
multi-physical field coupling model by incorporating elements such as electromagnetic
force, thermal buoyancy, wind load force, and air drag force, developing an arc chain model
based on multi-field coupled dynamics. The results demonstrated that the proposed arc
model can effectively account for the influence of wind [20].

However, existing research still exhibits significant limitations and gaps, which hin-
der their ability to meet the practical demands of pantograph—catenary systems for arc
characteristic studies. Firstly, there is insufficient research on the coupling of multiple
environmental factors. Current studies predominantly focus on the individual effects of
single environmental factors, such as low pressure [2-5] or crosswind [8,9], without con-
sidering the coupled scenarios where “humidity + airflow” coexist simultaneously during
actual train operation. For instance, Yang [9] only analyzed the impact of crosswind on arc
dynamics without introducing humidity variables, thus failing to explain the pantograph—
catenary arc characteristics in humid and windy regions such as Southern China. Secondly,
a notable research gap exists regarding the influence of humidity on pantograph—catenary
arcs. Although humidity has been proven to play a significant role in arc research in
fields such as welding and transmission lines [10-16], and multi-physical field models
can already accurately capture the effects of factors like convection [17,18], no existing
literature specifically addresses the impact of humidity on pantograph—catenary arcs. This
gap prevents a clear understanding of how humidity alters the discharge characteristics
and dynamic behavior of pantograph—catenary arcs.

Addressing these aforementioned limitations and research gaps, this paper develops a
two-dimensional humidity-dependent finite element model based on magnetohydrody-
namics (MHD) theory. The model couples electromagnetic, thermal, and fluid flow fields
to elucidate how humidity influences arc discharge characteristics, including temperature,
voltage, energy, and pressure. Furthermore, by incorporating airflow as an additional
variable, this study analyzes the motion patterns and stability evolution of the arc under
coupled humidity-airflow effects. Validation of temperature, voltage, and arc morphology
was performed using a self-developed humidity-controlled arc experimental platform
across a relative humidity gradient ranging from 25% to 100%. This research aims to
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provide theoretical and experimental support for developing arc suppression strategies
and optimizing pantograph—catenary system design in diverse climatic regions.

2. Research Methodology and MHD Simulation Framework
2.1. Parameter Configuration and Research Framework

The magnetohydrodynamic coupling model in this study was solved using the
commercial finite element software COMSOL (Version 6.1, software published in Swe-
den.)Multiphysics. Computations were performed with a transient solver based on fully
coupled multiphysics, utilizing the MUMPS direct solver to enhance computational effi-
ciency. Key numerical configurations were specified as follows: temporal discretization
employed the second-order backward difference formula (BDF2); convergence criteria
included a relative residual threshold of 1 x 10~° and an absolute residual limit below
1 x 1078 for all physical field equations, with a relative tolerance of 0.01. For solver config-
uration, the memory allocation for MUMPS was set to 64 GB, and an 8-core multithreaded
parallel computing approach was implemented to accelerate matrix factorization, thereby
reducing solution time for large-scale coupled equations.

Meanwhile, to provide a transparent and systematic overview of the research process
undertaken in this study, this section delineates the integrated methodology employed,
which synergistically combines numerical simulation and experimental validation. The
overarching research framework is visually summarized in Figure 1, which outlines the
primary workflows and their interconnections.

Simulation workflow

Establish a geometric model

Experimental workflow

A 4

Define material properties and
boundary conditions

Set up an electric arc experiment
platform

l

Set humidity and control
parameters

h 4

Coupled multi-physics fields
(Electromagnetic/Thermal/Fluid)

A 4 A 4

Carry out arc discharge

Partitioned grid and Solver solution .
& v Y experiments and collect data

[ e I
Simulation
results [T--------——-—--——=-—--—-—=~7 [ Measurement
(temperature; : Model validation | results
formation/ | : (temperature/
pressure/ | | form)
energy) ! omparison of simulation resu |

with experimental results

Verification of model reliability
and analysis of related mechanisms

Figure 1. Overall research flowchart.
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2.2. Establishment of a Two-Dimensional Arc Simulation Model and Material Parameters

The pantograph—catenary offline arc model was established based on magnetohydro-
dynamics (MHD) theory using COMSOL Multiphysics, involving four coupled physical
fields: electric field, magnetic field, heat transfer in fluids, and laminar flow. The geo-
metric structure of the model is illustrated in Figure 2. The overall dimensions of the
two-dimensional model framework are 80 mm x 25 mm, with the pantograph collector
strip measuring 80 mm x 5 mm. The pantograph collector strip was modeled using copper-
impregnated carbon material, while the contact wire was modeled using pure copper
with a diameter of 13 mm. Given the lateral airflow acting on the train during operation,
boundary AF was defined as the air inlet, while boundaries AB and BC were designated as
open boundaries.

A Current Inlet B

/s

Figure 2. Arc two-dimensional model.

Relevant physical properties of electrode materials, including electrical conductivity,
specific heat capacity, and density, are presented in Table 1. The parameters in the table
are all derived from authoritative reference studies and material databases that have been
published and can represent the actual components of the pantograph-rail system [21,22].
In addition, the relative humidity of the air domain is configured in the “Moist Air”
node under the “Heat Transfer in Fluids” physics interface; for the parameters of relative
permittivity and relative permeability in the air, both are set to 1 in this paper.

Table 1. The physical parameters of the contact wire and the sliding plate material.

Parameter Name Contact Wire Contact Strip
Specific heat capacity/(J/ (kg-K)) 386 376
Thermal conductivity /(W /(m-K)) 384 80

Density/(Kg/ m3) 9020 8100

Electrical conductivity /(S/m) 4.166 x 107 2.85 x 10°

2.3. Preliminary Assumptions for Arc Simulation

Due to the inherently nonlinear and transient nature of the arc plasma discharge
process—which involves strong coupling among electromagnetic, thermal, and fluid fields—
it is challenging to analytically resolve the complete physical mechanisms and dynamic
behavior of the arc. Therefore, in order to ensure the feasibility of numerical simulation
while maintaining the credibility of the model, several reasonable assumptions have been
introduced. The specific assumptions are as follows:

(1) At the initial stage of the simulation, it is assumed that a self-sustained, steady-state
arc discharge channel has already been established within the air domain between the
pantograph contact strip and the contact wire;

(2) In the simulation, the arc is assumed to satisfy the condition of local thermodynamic
equilibrium (LTE);
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(3) In the pantograph—catenary system, the flow behavior of the arc plasma is assumed
to be laminar;

(4) Under the current and geometric scales of this model, the reaction of the arc’s self-
induced magnetic field on the global current distribution is neglected, i.e., the global
coupling of the magnetic field is not considered; however, the local Lorentz force
generated thereby is fully retained in the momentum conservation equation to charac-
terize the electromagnetic pinch effect;

(5) The phase transition of the contact line and the pantograph slide plate and its produc-
tion are not considered. Raw copper vapor, carbon vapor and other components.

2.4. Mathematical Model of the Arc

This model is based on the theoretical framework of magnetohydrodynamics (MHD)
and establishes a complete set of governing equations by coupling the Navier-Stokes
equations (which describe the transport of mass, momentum, and energy) with Maxwell’s
equations (which characterize the behavior of electromagnetic fields). Within this frame-
work, the self-induced magnetic field is calculated via Ampere’s law and utilized to solve
the Lorentz force term; however, according to the aforementioned Assumption 4, the
complete two-way global coupling between the magnetic field and the flow field is not
considered in the model.

1.  Electromagnetic field equations:

(1) According to Maxwell’s equations, the governing equation for the electric potential
is given by

V- (ogradg) =0 (1)

(2) The governing equation for the arc current density is given by

J = —Vgradg (2)

(3) The governing equation for the self-induced magnetic field generated by the arc
current is given by
V- (grad(A, +Ar)) = —po] 3)

B=V x (A +A,) (4)

where ¢ denotes the electric potential; J represents the current density vector; V is the
vector operator (V X and V- denote the curl and divergence operators, respectively); ¢ is the
electrical conductivity; A refers to the electromagnetic vector potential; Ay, is the component
of the electromagnetic vector potential perpendicular to the electric field lines; A, is the
component of the electromagnetic vector potential parallel to the electric field lines; and
Ho denotes the relative permeability.

2. Governing equations of fluid dynamics:

The fluid dynamics equations consist of three components: the continuity equation
(mass conservation), the energy conservation equation, and the momentum conservation
equation. The governing equations are given as follows:

(1) Continuity equation:

%1V (pv)=0 ®

where p denotes the density of the arc plasma, ¢ corresponds to time, and v represents the
velocity vector of the arc-induced flow field.
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(2) Energy conservation equation:
d(ph A g
XN v (pho)  div(2gradh) + Qp + = — Quu ©
ot Cp o

where I denotes the enthalpy; A is the thermal conductivity; C, represents the specific
heat capacity at constant pressure; Q, denotes the viscous dissipation term of the fluid;
]2 /0 is the Joule heating generated by the current passing through the arc plasma, which is
the primary cause of the temperature rise in the arc column [23]; and Q,,4 represents the
radiative energy loss from the arc plasma to the surroundings.

(3) In the momentum conservation equation, the velocity field of the arc plasma is
solved using the Navier-Stokes governing equations (Equation (7)).

d(pv;)
ot

]
+ div(pvv;) = div(ygradv;) — % + (J X B); )
1
where v; denotes the velocity component in the i = (r,z) direction; 7 is the dynamic
viscosity of air; p represents the pressure; J is the current density; and B denotes the
magnetic flux density.

2.5. Boundary Condition Settings for Arc Simulation

1. In the multiphysics-coupled arc plasma model, the global thermodynamic boundary
conditions for the temperature field are defined as follows:

(1) Temperature settings for the air domain and the AB, BC, and AF boundaries:

T | Qi UT 45Ul Ul 4 = Lamb ®)

where T,,,;, = 298.15 K.
(2) Temperature boundary settings for the catenary wire segment GH and the panto-
graph contact strip edge ED in the catenary—pantograph system:

T‘FGHUFED = Lamb (9)

Due to the extremely high temperature of the arc, natural convective heat transfer is
applied to the remaining boundaries as the thermal boundary condition, which satisfies
the temperature boundary constraint equation:

g-n=h(T—Tp) (10)

where h = 10 % [W/ (m2 - K)] is the convective heat transfer coefficient; T is the temperature
of the air domain; and n is the normal vector to the surface of the contact strip.

2. In the magnetohydrodynamic (MHD) model of the arc plasma, the open-domain
flow boundaries AB, BC, and AF are defined according to the following parameters:

p Quiy UL 4gUT'gc Ul g = Pamb (11)

where P,,,;, = 101.325 kPa (one standard atmosphere).

3. In the multiphysics-coupled numerical model of arc discharge, the catenary wire is
defined as the current inlet, and thus the current source is applied at boundary GH. The
pantograph contact strip serves as the current outlet, and accordingly, boundary DE is set
as the grounding condition. The specific parameters are listed in Table 2.
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Table 2. Simulation environment boundary condition setting.

Boundary Current Field =~ Magnetic Field  Heat Transfer Field Laminar Flow Field

AB n-j=0 n-A=0 298.15K 101.325 kPa
BC n-j=0 n-A= 298.15K 101.325 kPa
CD 0 n-A=0 h(T — Tp) /
DE 0 n-A=0 (T — Ty) /
EF n-A= h(T — Ty) /
FA n-j=0 n-A=0 298.15K 101.325 kPa
GH I / / /

2.6. Grid Parameter Configuration and Analysis of the Independence of Grids and Time Steps

To ensure the simulation model in this paper meets well-posed conditions, two core
factors—solution accuracy and computational efficiency—must be considered simultane-
ously. For the geometric structure of the pantograph—catenary arc, an optimized meshing
strategy was designed and applied: the computational domain uses unstructured trian-
gular meshes, while the arc region and the area near the electrodes undergo intensive
local refinement. As shown in Figure 3, this meticulously designed mesh layout effectively
improves the accuracy of numerical calculations while keeping the computational time
within a reasonable range.

Figure 3. Grid refinement diagram of the pantograph—catenary arc simulation model.

To evaluate the influence of mesh density on the solution, three meshes with systematic
variations were constructed in this study: a coarse mesh (13,173 elements), an optimized
mesh (33,295 elements), and a fine mesh (78,647 elements). The optimized mesh was
extremely refined in the arc core region and near the electrode edges to resolve the extremely
steep physical gradients in these areas. Simulations were conducted on these three meshes
under the baseline operating conditions (25% relative humidity, no crosswind), and key
physical quantities at the steady-state moment (t = 2 ms) were extracted for comparison,
with the results presented in Table 3.

Table 3. Grid independence analysis results.

Mesh Scheme Number of Peak Relative Arc Relative
Meshes Temperature Error Voltage Error
Coarse Mesh 13,173 10,340 K 1.8% 36.65V 2.1%
Optimized Mesh 33,295 10,500 K 0.3% 3725V 0.5%
Fine Mesh 78,647 10,530 K Reference 3745V Reference

It can be concluded from the results that the variations in key parameters of the
optimized mesh are all less than 0.5%. This indicates that the solution of the medium
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mesh has entered the asymptotic convergence range and has basically achieved mesh
independence. Given that the optimized mesh achieves the optimal balance between
computational accuracy and resource consumption, it is ultimately adopted in this study
for all parametric investigations.

Meanwhile, to evaluate the temporal discretization error, this study compared the
transient simulation results under three different time steps (0.5 ms, 0.1 ms, 0.05 ms) using
the optimized mesh. Monitoring the transient evolution of the arc peak temperature shows
that the difference between the results obtained with the 0.1 ms and 0.05 ms time steps is
negligible (time-averaged error < 0.5%). Therefore, a time step of 0.1 ms was selected in
this study for all transient calculations.

3. Simulation Results and Experimental Validation

3.1. Simulation of Arc Morphology and Temperature Characteristics Under Different Humidity
Conditions

Since the pantograph-catenary system in urban rail transit typically operates with
direct current, the arc movement time in this study is set from 0 to 2 ms, with a current
of 20 A. To investigate the dynamic characteristics of the pantograph—catenary arc under
different humidity conditions, the environmental humidity is set to 25%, 50%, 75%, and
100%, and arc simulations are conducted. The simulation time is 2 ms, with a time step of
0.1 ms, and the offline distance is set to 4.5 mm. The temperature distribution of the arc and
its morphological characteristics over time under different humidity levels are shown in
Figure 4. Figure 5 illustrates the arc temperature distribution along the transverse distance.

Temperature(K)

10,000

- 8000
Longitudinal
Distance

g o
1 1 6000

4000

2000

1000

Figure 4. Arc temperature distribution under different humidity.

As shown in Figure 4, at 2 ms, with the humidity increasing from 25% to 100%, the high-
temperature region of the arc expands outward in an elliptical shape at a consistent rate,
and the arc column diameter increases continuously. The underlying physical mechanism
of this phenomenon lies in the change in the effective ionization coefficient of the gas. The
breakdown of dry air mainly depends on the ionization of nitrogen and oxygen molecules.
However, the introduction of water vapor molecules efficiently captures free electrons
through processes such as three-body attachment (e + H,O — H,O7) [24], forming negative
ions. The mobility of negative ions is much lower than that of electrons, which essentially
reduces the number of effective electrons available for avalanche ionization. In order
to maintain a conducting current of 20 A, when the electron density decreases, the arc
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inevitably needs to expand its conductive cross-sectional area, resulting in the expansion of
the arc column diameter and the increase in volume. In addition, the attachment process
consumes high-energy electrons, weakens the self-induced magnetic field and Lorentz
force generated by the current, and further promotes the diffusion of charged particles to
the outer edge of the arc column.

12,000 -

— - =RH=25%

10,000 = ° * RH=50% .
— — RH=75% R\
——RH=100% %

8000

6000

Temperature(K)

4000

2000

Lateral Distance(mm)

Figure 5. Arc temperature profile.

As shown in Figure 5, at the 2 ms time mark, the temperature between the arc columns
gradually decreases with increasing humidity. At a relative humidity of 25%, the tem-
perature between the arc columns reaches as high as 10,500 K, while at 100% relative
humidity, the temperature between the arc columns drops to 9000 K. This is because higher
environmental humidity leads to more intense heat conduction, resulting in increased heat
dissipation from the arc gap. Consequently, the heat dissipation rate of the arc at higher
humidity is faster compared to that at lower humidity.

3.2. Experimental Validation of Arc Model Simulation Results

To verify the simulation results, an experimental platform based on simulation for
pantograph—contact wire arc discharge was constructed. This platform mainly consists of a
DC power supply, an anode (made of pure copper), a cathode (made of an impregnated
material containing copper and carbon), a humidity control device, a stepper motor, and
various sensor components. To achieve precise control of relative humidity, the platform
uses an air humidifier to atomize water vapor, which is then introduced into a sealed
box made of acrylic. The water vapor then escapes through ventilation holes to achieve
a humidity balance, meeting the requirements for humidity regulation in the experiment.
The internal diagram and schematic of the physical platform are shown in Figure 6a,b. To
achieve precise control of relative humidity, the platform uses an air humidifier to atomize
water vapor and then introduces it into a sealed chamber made of acrylic. The chamber has
air outlet holes to regulate relative humidity.

In this experiment, a high-speed camera was used to record the arc discharge, and
a high-precision electric displacement platform was employed to control the distance
between the copper anode and the copper-based carbon composite cathode to 4.5 mm,
with a current set to 20 A. The experiment was conducted under environmental relative
humidities of 25%, 50%, 75%, and 100%, with the results shown in Figure 7.

Experimental observations revealed a significant attenuation in the arc plasma radia-
tion intensity as the relative humidity increased (RH = 25% — 100%). This indicates that
the arc temperature decreases with increasing humidity, and the arc morphology shows an
expanding trend. The image at RH = 25% was imported into a program written in Matlab
(Version R2023B) for measuring the arc temperature [25], generating a 3D arc temperature
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cloud, as shown in Figure 8a. Additionally, by projecting the 3D temperature cloud onto
the YOZ plane, the arc’s distribution along the transverse distance was obtained, as shown
in Figure 8b.

Anode

Cathode

™ Stepper = -
gg motor

o Acrylic sheet

DC High-speed
f Power R camera
. Supply
— Cathode Anode .
= Controller - I _ _r [——Tumidifier

Air Vent Humudity Tester

(@) (b)

Figure 6. Physical and schematic diagrams of the arc test platform: (a) internal view of the physical
object; (b) schematic diagram.

Copper-
impregnated
carbon

(Cathode)

Figure 7. Arc morphology at different relative humidity levels.
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0 2000
20 < 20
Lo 0 o 15 ) 0
Ongituding) Distancey, ! Lateral pistance(™ 5 10 15 20
nm) Lateral Distance(mm)
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Figure 8. Matlab temperature extraction plot: (a) 3D arc temperature distribution cloud; (b) arc
transverse distance distribution diagram.
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Next, the measurement was repeated three times under a relative humidity of 25%.
The average of the measurement values was taken to obtain the final measurement result
(as shown by the red line). The distribution of arc temperature along the lateral distance
measured in the experiment was compared with the arc temperature obtained from the
simulation results. The comparison results are shown in Figure 9.

12,000 -

— Simulation
Experiment

10,000

8000

6000

Temperature(K)

4000

2000

Lateral Distance(mm)

Figure 9. Comparison between simulated arc temperature and experimental temperature.

Figure 9 presents a comparative analysis of the simulated and experimentally mea-
sured arc temperature distributions along the lateral distance. To quantitatively evaluate
the agreement between the simulated and experimental temperature profiles, an error
analysis was conducted. The results indicate a root mean square error (RMSE) of 531.3 K
between the two datasets. Relative to the arc core temperature exceeding 10,000 K, this
corresponds to a relative error of only 4.93%, which is below the 5% threshold. Furthermore,
the residual plot, as shown in Figure 10, demonstrates that the residuals are randomly and
uniformly distributed around the zero line. This pattern suggests that the discrepancies
are predominantly attributable to random error rather than systematic bias. Given the
inherent challenges associated with image-based temperature measurement techniques,
particularly concerning camera calibration and assumptions regarding plasma emissivity,
such random errors are anticipated. In summary, the limited magnitude and random
nature of the errors confirm that the established MHD model effectively replicates the core
physical characteristics and temperature distribution trends of the actual electric arc.

150

100 L

-100

-150

Figure 10. Residual plot of simulation values versus measured values.

The core methodology of this study is a “multiphysics-coupled model based on magne-
tohydrodynamics (MHD) + a humidity-synchronized experimental platform.” The model
incorporates a newly developed “humidity-airflow coupling module” and a “dynamic en-
vironmental parameter interface,” enabling the simulation of realistic operating conditions,



Processes 2025, 13, 3242

13 of 20

including relative humidity levels of 25-100% (control accuracy £2%), a constant current of
20 A, and an inter-electrode gap of 4.5 mm. Experimentally, a humidity-controlled sealed
chamber equipped with an atomizing humidification and ventilation balance system was
constructed. This setup, combined with a high-speed camera (frame rate: 1000 fps) and a
MATLAB-based temperature extraction program (validated with residual and root-mean-
square errors below 5%), was used for parameter measurement and simulation validation.

Key methodological distinctions from existing literature are as follows: Compared to
Xu [2], which employed a single-factor MHD model limited to low atmospheric pressure
(50-101 kPa) without humidity or airflow control modules, this study extends the capability
to multidimensional regulation of “pressure-humidity—airflow,” addressing a gap in multi-
factor coupling simulation. In contrast to Yang [9], which utilized a single-factor MHD
model focusing solely on crosswind effects (10-30 m/s) without humidity integration,
our approach couples “humidity—-airflow synergistic equations,” incorporates a humidity
control system (accuracy £2%), improves airflow directional control (reducing error from
£5° to £2°), and supplements arc root migration frequency measurements (resolution:
0.1 Hz). Differing from Yu [4], which relied on a static simulation of single offline gap
variations (2-8 mm) without dynamic control, this study introduces a dynamic interface
and establishes a dual-factor synchronized measurement system, enhancing the temporal
resolution of parameter measurement from 1 ms to 0.1 ms.

Furthermore, under single-factor baseline conditions (e.g., 25% humidity, no airflow),
the measurement deviations between the proposed model and the aforementioned estab-
lished methods remain below 3%, further substantiating the rationality and robustness of
the multi-factor coupling methodology.

4. Simulation Analysis of Arc Discharge Characteristics Under Different
Humidity Conditions
4.1. Analysis of Pantograph—Catenary Arc Potential Characteristics Under Different
Humidity Conditions

To analyze the effect of different humidity levels on the pantograph—catenary arc
discharge potential, the relative humidity is set to 25%, 50%, 75%, and 100%. The arc
discharge potential distribution under these four environmental relative humidity condi-
tions is simulated, and the corresponding pantograph—catenary arc discharge potential
characteristics are plotted in COMSOL, as shown in Figure 11.
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Figure 11. Discharge potential distribution diagram.

Observation reveals a sudden potential surge in the polar regions of the pantograph-
catenary arc, with the arc potential gradually increasing along the longitudinal direction.
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This phenomenon originates from the air discharge characteristics: in the arc’s polar regions,
the attachment coefficient significantly exceeds the ionization coefficient, allowing water
molecules to dominate electron adsorption during the discharge process. Free electrons
require a greater potential difference to overcome this adsorption effect, leading to a
substantial potential increase in the polar regions [26]. Experimental data demonstrate that
at relative humidity levels of 25%, 50%, 75%, and 100%, the maximum arc voltages measure
37.25V,39.22 'V, 41.28 V, and 48.17 V, respectively, exhibiting a progressively increasing
trend with humidity.

From the perspective of macroscopic breakdown characteristics, this phenomenon
aligns with the mechanism elucidated by Paschen’s Law. Although this study maintains
fixed gas pressure (p) and gap distance (d), increased humidity equivalently enhances the
dielectric strength of the gas medium. Water vapor intensifies the attachment effect, making
it more difficult for the gap to undergo breakdown and sustain a conductive channel. To
maintain the same current in a plasma channel with degraded conductivity, a higher axial
electric field strength is required, directly manifesting as an elevation in arc voltage.

Furthermore, increased humidity promotes arc heat dissipation and accelerates the
deionization process by enhancing air thermal conductivity. To sustain arc discharge,
the power supply must provide a higher voltage, further elevating the arc voltage [27].
Consequently, the discharge potential increases with rising humidity.

4.2. Analysis of Pantograph—Catenary Arc Energy Characteristics Under Different
Humidity Conditions

Arc energy is a significant factor contributing to the electrical wear of the pantograph
contact strip in the pantograph-catenary system, and the extent of erosion is closely related
to the magnitude of the arc energy [28]. Excessive arc energy promotes the erosion of the
contact strip by the arc. The arc energy primarily consists of the thermal energy transferred
through arc heat dissipation and the kinetic energy generated by the motion of positive ions
and electrons in the arc column region. To analyze the effect of different humidity levels on
arc energy, simulations were conducted with environmental relative humidities set to 25%,
50%, 75%, and 100%. The longitudinal distribution of the arc energy was extracted, and the
resulting distribution is shown in Figure 12.
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Figure 12. Arc energy profile.
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As shown in Figure 12, with the increase in relative humidity, the average arc energy
in the cathode and anode regions is 2.5 x 107*J/m?, 2.8 x 107#J/m3, 3.1 x 107*J/m?,
and 3.5 x 10~ J/m?, respectively, while the arc energy in the arc column region is approxi-
mately 0.35 x 1074 J/m3, 0.4 x 1074 J/m3, 0.6 x 1074 J/m?, and 0.8 x 10~*J/m?3. It can
be concluded that as the relative humidity increases, the arc energy shows an increasing
trend [29], with the arc energy in the polar regions being significantly greater than that in
the arc column region, resulting in a saddle-shaped distribution.

This is because, on one hand, the heat generation characteristics of the arc energy
in the polar regions of the arc follow Equation (12). Combined with Figure 11, it can be
observed that as the humidity increases, the arc discharge potential also increases, leading
to a corresponding increase in the arc energy.

W, — /Om (Uyp—Uy) - idt (12)

where Uy denotes the anode potential and Uy, represents the cathode potential.

On the other hand, as the humidity increases, the thermal conductivity of air also
increases, resulting in a higher heat energy output from the arc to the surroundings under
high humidity conditions compared to low humidity conditions. Therefore, with increasing
humidity, the arc energy shows an upward trend. Additionally, as the humidity increases,
the thickness of the water molecule layer adhered to the surfaces of the conductor and
contact strip also increases, leading to the formation of a water film. The adhered water
molecules cause deformation of the surface electric field between the anode and cathode,
thereby enhancing the surface electric field [30]. Under higher electric field strength, the
ability to conduct electrons improves, and electrons gain more energy from the electric
field. As a result, the energy generated in the polar regions of the arc significantly exceeds
the kinetic energy produced by particle collisions in the arc column, ultimately leading to a
saddle-shaped distribution of arc energy.

4.3. Analysis of Pantograph—Catenary Arc Pressure Characteristics Under Different
Humidity Conditions

Arc pressure is also an important characteristic of arc discharge behavior. It includes
the force generated by the high-speed movement of plasma gas due to the arc thrust, as
well as the electromagnetic force, and is closely related to the polarity of the electrodes.
To analyze the effect of humidity on arc pressure, simulations were conducted for the
pantograph—catenary system under relative humidities of 25%, 50%, 75%, and 100%. The
arc pressure distribution for these four cases is shown in Figure 13.
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Figure 13. Arc pressure profile.
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As shown in the figure, when the longitudinal distance remains constant, the arc
pressure decreases significantly with increasing humidity. At a relative humidity of 25%,
the maximum arc pressure is 5.3 Pa, while at 100% relative humidity, the maximum pressure
drops to 3.7 Pa. Moreover, the arc pressure in the cathode region is notably higher than
in the anode region. This difference is attributed to the effects of positive and negative
ion flows on the electrodes: the anode is subjected to electron flow, whereas the cathode
experiences the impact of positive ion flow. Since the mass of positive ions is much greater
than that of electrons, and the cathode voltage drop is higher than that of the anode, the
cathode undergoes the highest arc pressure. Additionally, as humidity increases, water
molecules in the environment capture electrons to form negative ions, which suppress the
arc discharge process. This results in a reduction in arc current density and weakens the
magnetic field generated by the current in the arc region, diminishing the electromagnetic
contraction effect. Consequently, the electromagnetic force becomes weaker, leading to a
decrease in arc pressure. Therefore, as humidity increases, both the arc pressure and the
erosion of the electrodes by the arc are reduced. Based on these two factors, the arc pressure
follows the distribution pattern shown in Figure 13.

5. Motion Characteristics of the Pantograph—Catenary Arc Under the
Combined Effects of Humidity and Crosswind

In the study of pantograph—catenary arcs, airflow is one of the key factors influencing
the motion characteristics of the arc. The intensity of airflow can have different effects on the
arc. During train operation, the train frequently encounters crosswinds, which, as a form of
airflow, also have a significant impact on the pantograph—catenary arc. Since the crosswind
encountered by the train typically ranges between 10 m/s and 30 m/s, simulations were
conducted to analyze the motion characteristics of the pantograph—catenary arc under
crosswind levels of 10 m/s, 20 m/s, and 30 m/s, as well as relative humidities of 25%, 50%,
75%, and 100%. The arc burning time was set to 5 ms, and the simulation results are shown
in Figure 14.
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Figure 14. Characteristics of arc motion development under different cross-wind velocity and
relative humidity.

As shown in Figure 14, with decreasing humidity, the arc’s travel distance becomes
shorter. This phenomenon occurs because the reduced density of water molecules in the
air diminishes the ionization process caused by molecular collisions, thereby weakening
the arc’s motion. Therefore, at lower humidity, the arc not only remains stagnant in the
pantograph—catenary system for a longer duration but also stretches at a slower rate, result-
ing in a consistently shorter arc length that is more difficult to extinguish. Consequently,
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under low-humidity conditions, the pantograph—catenary arc causes more severe erosion
to the electrodes in the pantograph—catenary system.

To investigate the effects of humidity and airflow on the pantograph—catenary arc,
temperature measurements were taken at three designated points—A, B, and C, as illus-
trated in Figure 15. The results demonstrate that with increasing crosswind intensity, the
overall arc temperature decreases while oscillations become more pronounced. Under
conditions of 100% relative humidity and a crosswind velocity of 30 m/s, the arc exhibits
the maximum amplitude of oscillation.

10,0007 ,
30m/'s
A - — — 20m/s
/ \; —-—-- 10m/s
8000+ ;oo
! "\
—~ PR J k
® . - N
% 60004 AN ! ,
3 [l et —=
= A -
5 (o \ - - o~ T -
£ 4000 ./ » y ~_
= [ 1/ PN
: W/ .l'
2000 - !
1' i [
; /
———len 7
0
T T T T T T
0 1 2 3 4 5
Time(ms)

Figure 15. The temperature change curve of the arc with time at three points A, B and C.

These oscillatory phenomena originate from arc instability induced by intensified
crosswinds and the formation of new arc roots. The mechanism involves coupled inter-
ference of airflow and humidity with the ionization process: transverse airflow not only
reduces arc temperature through convective cooling but, more critically, continuously dis-
perses the ionization core at the arc front, compelling repeated “re-breakdown” of the arc in
the airflow downstream. This process is closely related to the effective ionization coefficient
of the gas—the breakdown condition is jointly determined by the ionization coefficient (x)
and attachment coefficient (1), where in humid environments, water molecules significantly
increase 1 and reduce « through strong attachment effects [31].

Under the coupled effects of airflow and humidity, the airflow induces frequent break-
downs, while the high-humidity environment requires increased electric field strength for
each breakdown. This synergistic effect intensifies both arc root migration and temperature
fluctuations. The observed arc instability fundamentally results from the combined action
of physical disturbance by airflow and ionization suppression by humidity, thereby leading
to progressive deterioration of arc stability and higher extinction probability with increasing
flow velocity.

6. Conclusions and Prospect
6.1. Conclusions

(1) As humidity increases, the peak temperature of the pantograph—catenary arc de-
creases, while both its volume and diameter expand. Specifically, as the relative humidity
rises from 25% to 100%, the maximum temperature drops from 10,500 K to 9000 K, with
the temperature in the arc core remaining significantly higher than in other regions. Con-
currently, the maximum arc discharge potential increases from 37.25 V to 48.17 V, with
the voltage drop per unit distance near the electrodes being notably higher than in the arc
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column. The arc energy also increases with rising humidity; when the relative humidity
increases from 25% to 100%, the maximum arc energy increases from 2.5 x 10747/m3 to
3.5 x 107#J/m?3, with the energy in the polar regions being much higher than in the arc
core. This results in a saddle-shaped energy distribution.

(2) As the relative humidity increases, the pantograph—catenary arc pressure decreases.
Notably, the pressure experienced by the cathode is significantly higher than that experi-
enced by the anode, leading to more severe damage to the cathode.

(3) Crosswind has a considerable impact on arc stability. When crosswind intensity is
high, the overall temperature of the arc decreases, and the alternation between new and old
arc roots becomes more frequent. This disruption results in a significant reduction in arc
stability, weakening the arc’s self-sustaining ability and making it more prone to extinction.

6.2. Research Limitations and Future Prospects

The simulation model for pantograph—catenary arc discharge under humidity and
airflow conditions established in this study is a preliminary exploration, which has not
yet incorporated key factors such as electrode material ablation and deposition, the lumi-
nous characteristics of arc discharge paths, dynamic fluctuations in ambient temperature
and humidity, and the lack of camera calibration. These limitations may compromise
the accurate prediction of long-term electrode wear and the evolutionary process of arc
plasma composition, as well as the stable measurement of arc temperature. To enhance the
accuracy and applicability of the model, subsequent research will be conducted along the
following avenues:

(1) Develop a more comprehensive arc model that integrates metal erosion mechanisms,
diverse aerodynamic patterns, and complete chemical kinetics;

(2) Employ spectroscopic diagnostic techniques to investigate the effects of environmental
factors on arc radiative characteristics and plasma microscale processes, and clarify
the intrinsic correlation between arc morphological instability and radiative behavior;

(3) Perform camera calibration and accurate plasma emissivity modeling to reduce sys-
tematic errors in experimental measurements.

It is important to emphasize that despite the aforementioned limitations, the model
proposed in this paper introduces a novel methodology for elucidating the fundamental
mechanisms by which humidity and airflow influence pantograph—catenary arc behavior,
thereby laying down a crucial foundation for the development of more sophisticated
models in subsequent research.

All fundamental data employed in the simulation model of this study have been pro-
cured from traceable, authoritative sources, including internationally recognized databases
such as LXCat, rigorously peer-reviewed classical literature, and standard reference texts
within the plasma physics community, thereby ensuring the reliability and scientific validity
of the model’s input parameters.
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