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1 | INTRODUCTION

Abstract

Pantograph-catenary arc fault is the primary factor threatening the stability of the power
transmission for high-speed railway. The motion characteristics of the pantograph-
catenary arc under low air pressure and strong airflow is significantly different from
the case under atmospheric pressure. In this paper, an experimental platform of panto-
graph-catenary arc was built to investigate arc root position-time and arc column lon-
gitudinal drift height-time characteristic curves under different air pressures and airflow
velocites. Via analysing the corresponding results, it can be found that there are different
arc root—arc column traction mechanisms at different stages of arc development. The
arcing time and arc root stagnation time under low air pressure are significantly longer
than the case under atmospheric pressure, resulting in more serious electrode ablation.
The arc column longitudinal drift velocity and height are greater with the increase of
airflow velocity. Two typical irregular arc motion phenomena—atc root jumping and arc
reignition are observed. To clarify the internal mechanism of the above phenomenon, a
magnetohydrodynamics (MHD) model of the pantograph-catenary arc was lauched, the
influence mechanism of the pantograph-catenary arc temperature and voltage are studied,
and the physical process of arc temperature oscillation is analysed. The research results
provide theoretical support for arc protection in high-altitude areas.

the arc occurs frequently, the interaction between the electrode
and the arc ablates the electrode seriously. According to sta-

As a critical power transmission intermedia, the carbon-copper
electrode pairs have high electrical conductivity, impact resis-
tance, excellent self-lubricating properties, etc. As sliding
electrical contact materials, they are widely applied in the
pantograph-catenary systems, grounding brushes, collector
rings, and so on for high-speed railway [1-5]. The pantograph-
catenary system plays a key role in the enery supply for high-
speed trains. During the dynamic process of high-speed trains,
the carbon-copper electrode of the pantograph-catenary sys-
tem is subjected to vibration impact and rigid-point impact,
which breaks the contact state of the electrodes frequently. As

tistics, the fault caused by the pantograph-catenary arc has
become the primary factor threatening the power supply safety
of high-speed railways, and caused serious losses [6-9]. For
high-speed trains operate under low air pressure and strong
airflow, in the developing Sichuan—Tibet Railway in China for
example, the frequency of arc occurrence will be higher, and
the arc ablation will be more serious. Moreover, the longitu-
dinal drift of the arc column will cause the arc to develop to the
bus bar, which may lead to the flashover of the supporting
insulator [10]. However, the characteristics and influencing
factors of the arc root motion, arc root jumping, arc root
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stagnation, and arc column longitudinal drift characteristics in
low air pressure and strong airflow are still unclear. Therefore,
it is of great significance to investigate the motion character-
istics of the pantograph-catenary arc under strong airflow
condition with low air pressure to reduce arc appearence and
consequent erosion.

So far domestic and foreign scholats' research on the
development and movement characteristics of the arc under
atmospheric pressure mainly focusses on switching electric arc
and low-voltage circuit breaker arc [11-15], and the main
characteristics ate obtained. Meanwhile the research on the arc
movement characteristics under low air pressure mainly
focusses on the arc of vacuum circuit breaker and the arc under
extremely low air pressure (<0.3 atm) environment [16—19];
the characteristics of arc movement in a vacuum environment,
and extremely low air pressure are explained. Although the
above-mentioned research on arc movement characteristics in
low air pressure environments is carried out in extremely low
air pressure (<0.3 atm) environments for switching gears, it is
still unclear if there is difference in the arc movement char-
acteristics in low air pressure environments (0.5—1 atm). Plus,
the switching electrical arc is in a closed container, and the arc
is thermally insulated from the outside, but the pantograph-
catenary arc is completely exposed to the strong airflow
formed by the high-speed travelling wind, and the two elec-
trodes of the pantograph-catenary arc are in the state of high-
speed tangential sliding and normal vibration. It is safe to say
the development of the arc motion is completely different
from the switching electrical arc.

The research on the influence of airflow velocity on arc
motion characteristics mainly focusses on the UHV secondary
arc and partial arc of high-altitude DC insulators [20-22]. The
influence of different airflow velocitied on motion character-
istics of UHV secondary arc is focused in [20, 21]; however, it
considers that the aitflow velocity (about 5 m/s) is very
different from the airflow velocity of the pantograph arc
(about 30 m/s), and the atc motion characteristics and influ-
ence mechanism are significantly different from those under
low air pressure and strong airflow. Zhang et al. [22] estab-
lished a chain model for the partial arc of high-altitude DC
insulators and studied the arc drift characteristics under multi-
field stress. However, the arc current of the pantograph-
catenary is about 10" times that of the partial arc current of
the insulator, so the motion characteristics of the arc are also
quite different from that of the pantograph-catenary arc. In
terms of pantograph-catenary arc motion characteristics, the
related studies mainly focus on arc motion characteristics and
electrode ablation in the process of lowering the pantograph
under atmospheric pressure [23—29]. However, the arc root
motion characteristics, arc column longitudinal drift charac-
teristics, and their influencing mechanism have not been
studied in low air pressure (0.5-1 atm) and strong airflow.

In this paper, the experimental platform of the
pantograph-catenary arc under strong airflow condition with
low air pressure is built in this study, meanwhile the arc root
position-time and arc column longitudinal drift height-time
characteristic curves under different air pressure and airflow

velocities were established to explore the characteristics of arc
motion. The phenomenon of arc root jump and arc reignition
and its influence mechanism under low air pressure are ana-
lysed. A magnetohydrodynamics (MHD) model was estab-
lished to analyse the influence of different air pressures and
airflow velocities on the temperature and voltage of the
pantograph-catenary arc. The research results provide theo-
retical support for reducing pantograph-catenary arc faults and
realizing arc control under low air pressure.

2 | THE PHENOMENON OF ARC ROOT
JUMPING AND ARC REIGNITION
UNDER LOW AIR PRESSURE AND
STRONG AIRFLOW

2.1 | Experiment platform and test method
An experiment platform of pantograph-catenary arc under
strong airflow condition with low air pressure was built. The
main experimental devices include a power supply, low air
pressure tank, arc generator, high-speed camera, oscilloscope,
and a current limiting resistor as shown in Figure la. The arc
generator is composed of the copper—carbon electrode,
displacement controller, and precision displacement stage
controlled by the stepping motor;

The power supply is a constant current DC power supply,
and the output current is 0—150 A, which is consistent with the
traction current through a single pantograph when a high-
speed train is running. At the beginning of the experiment,
the copper electrode and the carbon electrode were fixed on
the precision table. Meanwhile, the carbon-copper electrodes
were in contact with each other at a distance of 0 mm. Then,
the precision displacement table was operated to separate the
carbon and copper electrodes, thus, the pantograph-catenary
arc is produced. A Hall current sensor (WHK LB5S2) and an
active voltage probe (Tektronix TAP0250) were used to record
the arc current, and a digital oscilloscope (Tektronix
MDO3024, bandwidth frequency of 200 MHz) was used to
record the voltage waveform. The current came from the
constant current DC source, passing through a current limiting
resistor, copper—carbon electrode pairs, and finally back to the
power supply. A high-speed camera (FASTCAM Nova S6) is
used to capture the arc motion process. A stepless speed
regulating fan was used in the experiment, and the wind speed
could continuously be adjustable from 0 to 60 m/s. The fan
outlet is fixed 10 cm away from the electrode, and the central
axis of the fan outlet is parallel to the contact point of the
carbon-copper electrode to ensure that the fan airflow is par-
allel to the electrode streamline. During the experiment, the
switch of the fan was adjusted to control the wind speed, and
the precision anemometer was used to measure the wind speed
at the electrode. The average value was repeated five times to
eliminate the error to determine the wind speed at the elec-
trodeposition of 10, 20, and 30 m/s, respectively.

Figure 1b shows the schematic diagram of the arc root
position and the arc column longitudinal drift height, defining
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FIGURE 1 The pantograph-catenary arc experiment platform and test
method under low air pressure (a) The pantograph-catenary arc test and
diagnosis platform (b) Schematic diagram of the arc root position and the
arc column longitudinal drift height

the arc column longitudinal drift height as the distance be-
tween the highest point of the arc column and the upper
surface of the carbon slide plate. In Figure 1b, L, b, and d are
the arc root position, arc column longitudinal drift height,
and contact line diameter measured from the arc image at
time 1, respectively; selecting the actual diameter d; of the
contact line as the reference; then the actual arc root
displacement /; and arc column longitudinal drift height A, at
time t; are

L dil

h=7 )
dib

=T @

In the same way, the arc root displacement I, and the arc
column longitudinal height 5, at #, can be calculated according
to the arc image; then the arc root movement velocity v; and
the arc column longitudinal drift velocity v, can be calculated

as follows:
12 - Zl
v =— 3
=T 3)
b, — by
== 4
U2 L1 (4)

2.2 | Development process of the
pantograph-catenary arc

A high-speed camera is used to photograph the development
process of pantograph-catenary arc movement when the air
pressure is 60 kPa and the airflow velocity is 20 and 30 m/s,
respectively, as shown in Figure 2a. It can be found that with
the increase of airflow velocity, the arc develops faster, and the
arc column longitudinal drift is more intense.

It is worth noting that the airflow velocity has a great in-
fluence on the migration of the arc root, and the arc root
movement speed under low airflow velocity is lagging. For
example, when the aitflow velocity is 30 m/s, the arc root
moves to 16.01 mm away from the copper electrode in 5 ms,
and the moving distance of the arc root is 1.68 times of that
when the airflow velocity is 20 m/s.

Figure 2b shows the arc voltage and current waveform
when P = 60 kPa and V' = 30 m/s. In the initial stage of atc
burning, the arc voltage is relatively stable with a small
amplitude change. When the arc develops to about 50 ms, the
arc voltage increases gradually and the voltage fluctuation is
obvious. At the end of arc burning, the arc oscillates frequently,
and the arc stability is poor.

Via analysing the voltage and current waveforms, it is
found that the waveform mutation occurs in the late stage of
arc burning. Combined with the analysis of arc burning images,
it is found that arc reignition occurs at the waveform mutation.
It can be seen from Figure 2b that when the arc is extin-
guished, the voltage between the electrodes is restored to the
power supply voltage, meanwhile, the arc voltage curve rises
sharply. When the arc is reignited, the arc voltage curve drops
sharply and the voltage between the electrodes becomes the arc
voltage. Thus, an oscillation process on the voltage waveform
represents an arc reignition process.

2.3 | The influence mechanism of arc root
jumping under low air pressure

To explore the arc root jumping phenomenon of the
pantograph-catenary arc under low air pressure and strong
airflow found in the experiment, combined with the arc devel-
opment process, the arc root motion characteristic curve at
P = 60 kPa and V = 20 m/s is analysed. A descending-
stagnating-rising period of the arc root curve was a complete
arc root jump process as shown in Figure 3. Atz =181.64 ms, the
arc root is at point B, which is 10.5 mm from the contact line.
When the arc develops to t = 186.32 ms, the arc column has an air
breakdown with the anode at point A, which is 5.1 mm from the
contact line. At this time, a bright spot can be seen at point A.
Until £ = 191 ms, it is completely broken down and a new arc
root is formed. At this time, two arc roots coexist for a short
time. Because the original arc root resistance is relatively large
and the current is relatively small, it is not enough to maintain a
stable arc. Therefore, when the arc develops to t =200.36 ms, the
original arc root is gradually extinguished and finally replaced by
the new arc root. At this point, the arc root jump is completed.
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FIGURE 2 Experimental arc burning image and the arc voltage and
current waveform. (a) Arc development process under different airflow
velocities at p = 60 kPa, (b) Arc voltage and current waveform when

p =060 kPa and V' =30 m/s

2.4 | Arc reignition characteristics under the
combined action of low air pressure and strong
airflow

The high-speed camera is used to capture images of the
arc reignition process when the arc develops to around
t = 160 ms under the condition of P = 60 kPa and
V = 30 m/s as shown in Figute 4. Via analysing the cot-
responding results, it can be found that at £ = 150 ms, the atc
column is stretched violently and the longitudinal drift under
the combined action of the transverse wind load and the
vertical upward thermal buoyancy, the arc length reaches the
maximum value before extinguishing, The stretching and
longitudinal drift of the arc column aggravate the heat loss,
and the recombination and diffusion of electrons and positive
ions are enhanced, which accelerates the de-ionization pro-
cess of the arc. The temperature of the arc column gradually
decreases and the arc begins to extinguish. When the arc
develops to t = 156.9 ms, the arc is completely extinguished.
However, it can be observed that the cathode and anode
have a “bright spot” respectively. At this time, the air insu-
lation strength has not yet fully recovered. At ¢t = 159.2 ms, it
can be seen that the “purple arc” starts to develop from the
arc root to the cathode arc root until it is completely broken
down and the arc reignites. After the arc reignites, it develops
rapidly. When the arc develops to ¢t = 161.5 ms, it starts
to burn violently and quickly returns to the state before
extinguishing,

It can be found that arc reignitions are more frequent
under low air pressure and strong airflow. There are two
possible reasons for this phenomenon: on the one hand, the
strong airflow makes the arc column stretch seriously, and the
arc heat loss is aggravated, which speeds up the arc de-
ionization; the convection heat dissipation between the
pantograph-catenary arc and the surrounding air is acceler-
ated under the action of strong airflow, leading to decrease in
the arc temperature, and also promotes the de-ionization
process of the arc, making it easier to extinguish. On the
other hand, the air breakdown voltage is lowered under low
air pressure, and after the arc is extinguished, it is easier to
break down again in the original arc channel, causing the arc
to reignite.

3 | MOTION CHARACTERISTICS OF
THE PANTOGRAPH CATENARY ARC
UNDER LOW AIR PRESSURE AND
STRONG AIRFLOW

3.1 | Arc root motion characteristics under
different air pressures and airflow velocities

The air pressure has a significant influence on the arc move-
ment as shown in Figure 5a. The arc root motion at different
airflow velocities can be divided into the initial stage, the rapid
development stage, and the terminal frequent jumping stage. In
the initial stage of the arc, the electromagnetic force plays a
major role in the arc movement; however, the electromagnetic
force at the arc root is relatively large [20, 21], and the
movement velocity of the arc root is greater than that of the
arc column, meanwhile, the traction mechanism of
pantograph-catenary arc movement is shown as arc root
traction arc column movement. With the development of the
arc, the wind on the arc column begins to play a leading role.
At this time, the traction mechanism of arc movement is
shown as arc column traction arc root movement, and the arc
root movement velocity exceeds any time before; the greater
the airflow velocity, the greater the arc root motion accelera-
tion. In the later stage of arc development, the arc root-time
curve has frequent periodic oscillation. The arc root moves
slower under low air pressure than that under atmospheric
pressure. This is because the diameter of the arc column be-
comes larger under low air pressure. As the air pressure de-
creases, the dynamic viscosity of the air decreases, resulting in a
decrease in the arc root movement speed under the traction of
the arc column. In addition, the arc root jumping frequency
varies greatly under different air pressures. When the air
pressure is 60, 80, and 101 kPa, the number of arc root
jumping is 5.2 times, 2.9 times, and 1.8 times, respectively. It
shows that the arc stability under low air pressure is worse.
It can be seen from Figure 5b that the average oscillation
frequency is 1.9, 3.1, and 4.2 at the airflow velocity of 10, 20,
and 30 m/s, and the oscillation frequency at 30 m/s is higher
than that of the lower airflow velocity; this is because an
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FIGURE 3 Arc root jumping under low air pressure

oscillation period represents a complete process of the arc
root jump. In the later stage of arc development, the stability
of the arc decreases, and the arc root jumps more frequently.

The arc jumping frequency is higher under low air pressure
and strong airflow. There are two possible reasons for this
result: on the one hand, the arc column approaches the anode,
the temperature of the air near the anode rises rapidly, the air
insulation strength is weakened, and air breakdown is more
likely to occur. On the other hand, the air breakdown voltage
threshold is lowered under low air pressure, so that the arc
column and the anode pole's uneven electric field are broken
down, forming a new arc root. Therefore, the arc root jumps
more frequently under low air pressure.

It is worth noting that with the decrease of air pressure, the
stagnation time of atc roots increases significantly. The total
stagnation time of arc roots when the air pressure is 60, 80, and
101 kPa are 145.31, 93.75, and 65.63 ms, respectively. Long-
term residence of the arc root causes severe ablation of the
electrode. In addition, the arcing time is longer under low air
pressure, which exacerbates the ablation of the electrode.

3.2 | Motion characteristics of arc column
under different air pressures and airflow
velocities

To further investigate the influence of air pressure and airflow
velocity on the movement of the arc column, the arc column
longitudinal drift height-time characteristic curve under
different air pressures and airflow velocities is established to
characterise the arc longitudinal motion characteristics.
Figure 6 shows the changing law of the arc column longitudinal
drift height-time curve under different air pressures and airflow
velocities. Figure 6a shows the change of the arc column
longitudinal drift height in the whole process of arc develop-
ment under different aitflows at P = 60 kPa. In the eatly stage
of arc development, the arc column moves under the traction

of the arc root, meanwhile the wind load and thermal buoyancy

are small, and the horizontal stretching and longitudinal drift of
the arc column are slow. At this time, the airflow velocity has
almost no effect on the arc column longitudinal drift height. In
the middle stage of arcing, the arc begins to develop rapidly,
and the faster the airflow velocity, the greater the arc longi-
tudinal drift velocity. For example, when the air velocity is 10,
20 and 30 m/s, the arc column longitudinal drift velocity is
1.69, 2.13 and 3.35 m/s, respectively. The above phenomenon
is caused by the rapid stretching and bending of the arc column
due to the blowing of the airflow; the wind load and thermal
buoyancy of the arc column increased rapidly, and the atrc
column moved faster in the transverse and longitudinal di-
rection, which also proved that the traction mechanism of the
arc root—arc column changed at this time.

It is found from the analysis of Figure 6b that the arc
column longitudinal drift height is higher under low air pres-
sure. In the eatly stage of arc development, the arc height in-
creases slowly, and there is no difference in the longitudinal arc
drift velocity and height of the arc column under different air
pressure levels. In the middle and late stages of arc develop-
ment, the influence of air pressure on the arc column longi-
tudinal drift height is more obvious, and the longitudinal arc
drift degree of the arc column is more serious under low air
pressure. Therefore, it is easier for the arc to float to the rigid
catenary bus bar under low air pressure, causing the flashover
of the supporting insulator string.

It was found that the frequent oscillation of the arc height-
time characteristic curve is in the later stage of arc develop-
ment under low air pressure and strong airflow. The arc col-
umn longitudinal drift height dropped from the peak to zero in
an instant and then quickly recovered to the peak. Combined
with the arc development image, it can be seen that an oscil-
lation period indicates the process of arc extinguishment and
reignition. Under the same experimental conditions, the
experiment was repeated 5 times and the average value was
calculated: when P = 60 kPa, and V' = 10, 20 and 30 m/s, and
the arc reignition frequency was 0, 3.1, and 4.2, respectively.
When V' = 20 m/s, and P = 60, 80, and 101 kPa, the arc
reignition times are 3.2, 1.8 and 0, respectively. This shows that
the arc reignition frequency is higher under low air pressure
and strong airflow, and the arc is more difficult to extinguish,
with the electrode ablation being more setious.

4 | MHD MODEL OF THE
PANTOGRAPH-CATENARY ARC UNDER
LOW AIR PRESSURE AND STRONG
AIRFLOW

4.1 | Geometric model and material
parameters

In this paper, a geometric model of the pantograph-catenary
system under low air pressure and strong airflow is established,
as shown in Figure 7. The calculation area includes air domain,
contact wire, and pantograph slide strip. The contact wire ma-
terial and radius used in the model are consistent with the actual
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FIGURE 4 Arc reignition under low air pressure and strong airflow

wire parameters. The bottom contour radius of the contact wire
is 6.5 mm. The length of the carbon slide strip is 150 mm and the
thickness is 20 mm. The initial length of the pantograph-catenary
arcis setto 4 mm [30]. Table 1 lists the specific parameter settings
of the pantograph and catenary materials in the model.

4.2 | Physical model and the governing
equation

The development process of arc plasma involves the multi-
field coupling of the electric field, magnetic field, thermal
field, force field, and airflow field. Its physical parameters
include thermal conductivity, temperature, specific heat ca-
pacity, pressure, and electrical conductivity. In the simulation
calculation process, the following basic assumptions are used
to simplify the simulation of arc plasma:

(1) At the beginning of the simulation, the pantograph-
catenary arc plasma has steadily existed between the con-
tact line and the pantograph slide plate and is in a state of
local thermodynamic equilibrium (LTE);

(2) The plasma is electrically neutral and there is no space
charge;

(3) The phase transition between the contact line and the
pantograph slide plate and the composition of copper
vapour and carbon vapour produced by it are not
considered;

(4) The flow property of pantograph-catenary arc plasma is
laminar low;

The governing equations of the physical model described
before [30, 31], include mass conservation equations, energy
conservation equations, momentum conservation equations,

and electromagnetic field equations. The governing equations
are as follows:

(1) Mass conservation equations:

op

o, TV (r)=0 (5)

p is the arc density; ¢ is the time; p is the fluid movement
speed.

(2) Energy conservation equations:

o(pT)
ot

+ V- (pvT) =div (ci VT) + 87 (6)
14

St is the source term of the enetgy consetvation equation,
which can be expressed as:

]2
ST:Vw+;—QR (7)

T is the temperature; Vg €, and A are the fluid velocity,
specific heat capacity, and thermal conductivity, respectively,
which depend on temperature and pressure and are taken
from literature [32]; V7, is the fluid viscous dissipation terms; J
and o are the current density and electrical conductivity of the
arc plasma, respectively. Qg is the arc radiation energy soutce
term through thermal radiation [30]. In the simulation model,
the volume net emissivity is used to characterise the arc ra-
diation energy dissipation, and Qg can be expressed as
follows:

Qg = 4mer (8)

&g 1s the volumetric net emissivity [31, 33, 34|

(3) Momentum conservation equations:

The solution of the velocity field in the momentum conset-
vation equation in the model is described by Navier—Stokes
equations [35], and its expression is

d(pvi)
ot

%)
+ V- (pvju) =V - (n Vv;) — % +8 (9

S.; is the source term of the momentum conservation
equation, which can be expressed as

Su=( x B); +pg (10)

v; is the velocity component in the (2 = x, y) direction, 77, P
J and B are the dynamic viscosity coefficient, pressure, atc
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FIGURE 5 Variation of the arc root position of the pantograph-
catenary arc with time under different (a) air pressures and (b) airflow
velocities

current density, and magnetic induction, respectively, and g is
the acceleration of gravity.

(4) Electromagnetic field equations:

The arc current density is

J=oE (11)
E=—-Vg (12)
V-(cVp)=0 (13)
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FIGURE 6 The arc column longitudinal drift height varies with time
under different (a) airflow velocities and (b) air pressures

The arc magnetic field is
B=VxA4 (14)

VA = —p,0E (15)

E. and ¢ ate the electric field strength, electric potential,
and magnetic vector potential, respectively; f,, is the vacuum
permeability.

The top surface of the contact wire is set as a current
density inlet, and the bottom surface of the pantograph strip is
regarded as ground. The near-electrode sheath voltage fall
between the arc and the electrode is taken into consideration in
the pantograph-catenary arc model because the near-electrode
sheath voltage fall would affect the energy transfer from the
arc to the electrode. The near-electrode sheath on the surface
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of the contact wire is represented by a thin layer, whose
electrical conductivity is expressed as below [31]:

HAwsheath

c.=] U. (16)

Here, o, is the electrical conductivity of the near-electrode
sheath. AWg,e, is the thickness of the plasma sheath, whose
value is set as 0.1 mm. U, is the neat-clectrode sheath voltage
fall, the value of U, is the neat-electrode sheath voltage fall,
and the value of U, is 14.5 V in this paper [15, 36]. The neat-
electrode sheath between the pantograph slide plate and arc is
dealt via the LTE-diffusion method, and the thickness of the
near-clectrode sheath is set as 0.1 mm.

The boundary conditions are set as follows: the carbon
skateboard and the catenary are set as anode and cathode,
respectively; the lower boundary of the anode is set to ground,
and its potential is zero. The input condition of the electric
field is set as the current density boundary according to the
Neumann boundary condition. The electric field boundary at
the bottom of the catenary is based on the Gaussian distri-
bution current density as the current input. The Gaussian
current density distribution function is given in Ref. [31]:

J = Jonas eXP<—ﬁ- \/x2+y2) (17)

Jmax and P represent the current density and constant at the
centre of the cathode spot, respectively; /x> 4 > represents
the distance between the desired point and the cathode spot. The

air domain

airflow entrance airflow exit

current density boundary
contact wire_»
—— <«—arc column =

grounding

Pantograph slide plate(anode)

FIGURE 7 Schematic diagram of the geometric model of the
pantograph-catenary system

TABLE 1 Physical parameters of the catenary and pantograph
contact strip [30, 31]

Pantograph-
Physical parameter Catenary contact strip
Thermal conductivity (W/(m*K)) 398 80
Density (10°kg/m”) 9.02 8.1
Specific heat capacity (J/(kg*K)) 384 376
Resistivity (u€2-m) 0.024 0.35

left and right boundaries of the air domain are set as the inlet and
outlet boundary conditions of the airflow, respectively. In addi-
tion, the simulation model ignores the moment of arc initiation
and sets a high-temperature area between the catenary and the
carbon skateboard. The calculation area and the initial temper-
ature of the arc column are set to 300 and 6000 K respectively.

5 | SIMULATION AND ANALYSIS OF
THE PANTOGRAPH-CATENARY ARC
UNDER LOW AIR PRESSURE AND
STRONG AIRFLOW

Based on the above 2-D mathematical model of the
pantograph-catenary arc, this study uses the Comsol Multi-
physics multi-physics coupling analysis software for calculation
and uses the Comsol Multiphysics software's own physics
control grid for dissection; the grid contains 5892 elements, the
minimum mass is 0.2387, and the average mass is 0.8867. A
transient solver is used to calculate the dynamic characteristics
of the pantograph arc under different air pressures and air-
flows. The arc current is set to 100 A, the air pressure is 101,
80, and 60 kPa, respectively, and the airflow is 10, 20, and
30 m/s, respectively. The time step is set to 9.5205 ps.

5.1 | Temperature distribution
characteristics of the pantograph-catenary arc
under different airflow velocities

To investigate the influence mechanism of air velocity on
pantograph-catenary arc movement at the low air pressure, this
study simulates the temperature field distribution of the
pantograph-catenary arc when the air pressure is 60 kPa and
the air velocity is 10, 20, and 30 m/s respectively, as shown in
Figure 8.

The airflow velocity has a significant effect on the tem-
perature field distribution of the pantograph-catenary arc. In
the initial stage of arc development, the arc develops slowly,
and the relative displacement of the arc root movement is
about 0 mm. At this stage, the air velocity has almost no effect
on the migration movement of the arc root. With the devel-
opment of the arc, the motion velocity and relative displace-
ment of the arc root at low airflow velocity are lagging. For
example, when the aitflow velocity is 30 m/s, the arc root
moves to a position 18.15 mm from the contact line in 5 ms,
and the moving distance of the arc root is 1.84 and 2.87 times
when the airflow velocity is 20 and 10 m/s, respectively. This
shows that the increase of the airflow velocity can reduce the
degree of ablation of the carbon electrode, but the ablation
area of the carbon electrode is larger.

In addition, with the increase of airflow velocity, the atc
column longitudinal drift is more serious, and the arc column
tension is more severe. For example, when the air velocity is
10, 20, and 30 m/s, respectively, the atc column longitudinal
drift height is 8.51, 11.01, and 16.12 mm when the pantograph-
catenary arc is developed to 5 ms.
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FIGURE 8 The development characteristics of pantograph-catenary arc movement under different airflow speeds

To further investigate the influence of airflow velocity on
the arc root movement and the longitudinal drift behaviour of
the arc column, the arc root movement velocity and the arc
column longitudinal drift velocity in the stable arc burning
stage (3—7 ms) are calculated, and the results are shown in
Figute 9. When the aitflow velocity is 10, 20, and 30 m/s, the
arc root movement velocity is 1.59, 2.11, and 3.63 m/s,
respectively, and the arc column longitudinal drift velocity is
1.72, 2.21, and 3.22 m/s, respectively, which is also consistent
with the experimental results. With the increase of airflow
velocity, the longitudinal arc drift velocity and height of the arc
column increase, which also shows that the arc is easier to drift
to the bus bar under low air pressure and high-speed airflow,
which seriously threatens the supporting insulator.

Figure 10a shows the maximum temperature change of
the pantograph-catenary arc under different airflow velocities
when the air pressure is 60 kPa. It can be seen from the
figure that the temperature of the pantograph-catenary arc is
significantly negatively correlated with the air velocity. When
the air velocity increases from 10 to 30 m/s, the maximum
temperature of the pantograph-catenary arc decreases from
about 14500 to 13,100 K. In the initial stage of arc devel-
opment, the maximum temperature of the pantograph-
catenary arc has a sharp rise stage and then reaches a rela-
tively stable stage.

It is worth noting that in the stable arc burning stage, the
maximum temperature of the pantograph-catenary arc ap-
pears to be periodically oscillating at different airflow veloc-
ities. The oscillation periods are about 5.52, 2.03, and 1.25 ms,
respectively, when the air velocity is 10, 20, and 30 m/s. To
further reveal the reason why the temperature oscillation
period decreases with the increase of airflow velocity, the arc
motion image of the arc network is cut off at the air velocity

4~

- Arc root movement velocity i
- Arc column longitudinal drift velocity

Velocity/(m/s)
N
T

30

20
Airflow Velocity/(m/s)

FIGURE 9 Variation of arc root movement velocity and arc column
longitudinal drift velocity under different airflow velocities (air pressure is
60 kPa)

of 30 m/s, and it is found that the atrc root jump occuts at the
highest temperature oscillation of the arc, and the arc tem-
perature drops suddenly during the process of the old arc
root transition to the new arc root after the new arc root is
formed; The arc channel gradually resumes conduction and
the arc temperature increases rapidly; thus an arc temperature
oscillation cycle is completed. This also theoretically explains
that the arc root jumps more frequently, the stability of arc
burning is worse and the arc is easier to extinguish under
strong airflow.

It can be seen from Figure 10b that the airflow velocity
has a significant effect on the pantograph-catenary arc
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FIGURE 10 Variation curve of (a) pantograph-catenary arc
temperature and (b) voltage under different air velocities (air pressure is
60 kPa) and (c) comparison diagram of the experimental voltage waveform
and simulation voltage waveform

voltage. When the airflow velocity increases from 10 to
30 m/s, the arc voltage increases from about 150 V to about
300 V. There are two possible reasons for this result: first,

60 80 101
Air pressure/kPa

FIGURE 11 Variation of arc root movement velocity and arc column
longitudinal drift velocity under different air pressures (airflow velocity is
20 m/s)

with the increase of airflow velocity, the arc column tension
intensifies, and the arc voltage increases significantly with the
increase of arc column length; second, the convection heat
dissipation between the pantograph-catenary arc and air re-
gion is accelerated by the influence of airflow, which causes
the arc temperature to decrease; thus the resistance and
voltage of the arc increases.

Figure 10c is the comparison between the experimental
voltage waveform and simulation voltage waveform at the
arc igniton stability stage when P = 60 kPa and
V = 30 m/s. It can be secen from the figure that the
variation trend of the simulation voltage waveform and
experimental voltage waveform is basically the same, and
the fluctuation period is 1.77 and 1.80 ms, respectively,
based on the ignoring random error in the experiment
process. It can be considered that the fluctuation cycle of
the two is also consistent. The peak values of both
experimental voltage waveform and simulation voltage
waveform are about 300 V, which also verifies the accuracy
of the simulation.

5.2 | Influence of different air pressures on
pantograph-catenary arc motion
characteristics

In this study, the arc root movement velocity and the
longitudinal arc drift velocity of the arc column in the stable
arc burning stage (3—7 ms) under different air pressures are
calculated when the aitflow velocity is 20 m/s as shown in
Figure 11. When the air pressure is 101, 80, and 60 kPa, the
arc root movement velocity is 3.19, 2.56, and 1.88 m/s,
respectively. At low air pressure, the arc root moves slowly,
resulting in a more serious ablation of a carbon electrode
and a larger diameter and depth of the ablation pit.
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FIGURE 12 Variation curve of (a) pantograph-catenary arc
temperature and (b) voltage under different air pressures (airflow velocity is
20 m/s)

Moreover, the arc burning time is longer under low air
pressure, which further deepens the ablation degree of the
catbon slide plate. When the air pressure is 101, 80, and
60 kPa, respectively, the arc column longitudinal drift ve-
locity is 2.10, 3.01, and 4.20 m/s, respectively, which in-
dicates that the longitudinal arc drift height of the arc
column is higher under low air pressure, and it is easier for
the arc to move to the catenary bus bar and cause flashover
of the supporting insulator.

The curves of maximum temperature and arc voltage of
the pantograph-catenary arc under different air pressures are
extracted as shown in Figure 12. Generally speaking, the arc
temperature at low air pressure is slightly lower than that at
high pressure. When the air pressure decreases from 101 to
60 kPa, the maximum temperature of the pantograph-catenary
arc decreases from 14100 to 13,800 K. It is worth noting that

the maximum temperature of the arc oscillates with different
frequencies at different air pressures. With the decrease of air
pressure, the oscillation frequency decreases, which is consis-
tent with the conclusion that the arc root jumps more
frequently at low air pressure.

It can be seen from Figure 12b that the voltage of the
pantograph-catenary arc increases with the decrease of air
pressure. When the air pressute decreases from P = 101 to
60 kPa, the arc voltage increases from about 105 V to
about 270 V. Combined with Figure 11 analysis, it can be
seen that under the condition of fixed air velocity, the
longitudinal arc drift phenomenon of the arc column of the
pantograph-catenary arc column is serious under low pres-
sure, and the length of the arc column is long, which leads
to a significant increase of arc column voltage of the
pantograph-catenary arc. In addition, the longer arc column
leads to the increase of heat loss, the decrease of arc
temperature, the increase of arc resistance, and the increase
of arc voltage.

6 | CONCLUSION

(1) The traction mechanism of the arc root-arc column
movement of the pantograph-catenary arc under low air
pressure and strong airflow are summarized. The arc root
movement is divided into the initial stage, rapid develop-
ment stage, andterminal frequent jumping stage. In the
initial stage, the arc movement form is the arc root traction
arc column, which accounts for about one-third of the total
arc burning time. The stagnation duration of the arc root
determines the degree of electrode ablation. However, in
the rapid development stage and terminal frequent jumping
stage, the traction mechanism of arc movement is the arc
column traction arc root. In these two stages, the arc
movement forms are mainly the longitudinal drift move-
ment and the frequent jump of the arc root.

(2) When the pantograph-catenary system is placed under low
air pressure, arc burning duration and arcing root stagna-
tion duration increase dramatically. Arc burning time and
arcing root stagnation time at 60 kPa are 1.73 and 2.21
times of those at atmospheric pressure, respectively, which
leads to more serious electrode ablation under low air
pressure. Along with the air velocity increasing, the arc
stability gets worse, meanwhile the arc is easier to extin-
guish. However, the longitudinal drift velocity and height
of arc column are greater; arc burning duration and arc
column longitudinal drift velocity when the airflow velocity
is 30 m/s is 0.5 and 2.51 times of that when the airflow
velocity is 10 m/s, respectively. The longitudinal drift of
the arc column is likely to lead to flashover of the sup-
porting insulator.

(3) Two typical irregular arc motion phenomena under low air
pressure and strong airflow found during the process of arc
burning: arc root jumping and arc reignition. The arc root

5U80| 7 SUOWWIOD 8AIa.D 3|qeol(dde auy Ag peusenob ae Ssole YO @SN JO S3|ni Joj A%Iq1T 8UIIUO AB]IA UO (SUORIPUCD-PUR-SLLBYWO0D" A3 | 1M AReaq 1 Ul ju0//SdNY) SUORIPUOD PUe Swiie | 8L} 88S *[£202/T0/9T] U0 A%eiqi auljuo AB|IM ‘08TZT ZeAU/6F0T OT/I0p/L00 A8 | Aeiq 1 pulJUO"yo Ressaie1//Sdny Wwo.y papeojumod ‘Z ‘2202 ‘Y92LL6€T



380

XU ET AL.

)

jumps more frequently under low air pressure. When the air
pressure is 60 kPa, 80 kPa, and 101 kPa, the average number
of arc root jumps are 5.2, 2.9, and 1.8, respectively; the arc
reignition frequency increases with the increase of airflow
velocity when the air pressure is 60 kPa, the airflow velocity
is 10, 20, and 30 m/s; meanwhile the arc reignition fre-
quency is 0, 3.1 and 4.2, respectively; the physical expla-
nation of arc root jumps and arc reignition is provided.

The influence of different air pressures and airflow ve-
locities on arc temperature and voltage of the pantograph-
catenary arc is calculated. The arc temperature under low
air pressure and strong airflow decreases, and the periodic
oscillation phenomenon appears. The oscillation period
decreases with the increase of the airflow velocity. The arc
voltage increases significantly under low air pressure and
strong airflow, and the fundamental reason for arc voltage
variation is found from arc length, arc diameter, and arc

temperature.
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