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The acoustic effects of gas discharge plasma have received much attention. Previous studies have shown that cold
plasma and thermal plasma have different principles of sound generation. In this paper, the differences in the acoustic
characteristics of DC bias alternating arc plasma (thermal plasma) in different gas environments (argon, helium, and nitro-
gen) are investigated by combining experiments and simulations. Many processes in industrial machining involve this arc
plasma. It was found that the acoustic characteristics of the arcs of these three gases are significantly different. The two key
parameters, electrical and thermal conductivity of the gas, determine the acoustic characteristics of the arc by influencing
the electric power of the arc and the heat dissipation through the anode. At the same drive current, the nitrogen arc has the
largest voltage drop and the helium arc has the highest electroacoustic conversion efficiency. This results in the acoustic
pressure amplitude being helium, nitrogen, and argon in descending order. The research contributes to a deeper understand-
ing of the vocalization mechanism of arc plasma and provides theoretical guidance on gas selection for arc acoustic wave

applications.

Keywords: arc discharge, gas discharge and plasma, arc acoustic wave, acoustic characteristics
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1. Introduction

When the internal state of a gas discharge plasma changes
(e.g., when the energy injected into the plasma changes due to
fluctuations in the discharge current or voltage), it is often ac-
companied by the generation of sound waves.!!! The acoustic
process of the discharge plasma can be analogized to that of a
mechanical loudspeaker, as shown in Fig. 1. In the mechanical
loudspeaker, the audio current through the coil generates an al-
ternating magnetic field that vibrates the magnet, driving the
diaphragm to push the air to vibrate. This gas pressure change
propagates from the sound source in the form of sound. If the
mechanical system is replaced by ionized gas, the plasma can
be regarded as the sum of coil and magnet. When the current
injected into the plasma changes, the energy or momentum
of charged particles will be transferred to the surrounding air
molecules, resulting in air vibration. This gas pressure change
can also be propagated from the plasma in the form of sound
waves. %!

The acoustic phenomenon of gas discharge plasma was
first found in radio frequency spark discharge,®! and then
people have successively detected acoustic wave generation
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in various discharge forms such as corona discharge, glow
discharge, and arc discharge.!*-%! Discharge plasma acoustic
waves have a wide range of applications, including plasma
loudspeakers, pulsed sound sources, corona noise monitoring
of transmission lines, plasma arc cutting status monitoring,
arc welding and arc furnace combustion status monitoring, arc
ultrasonic emission, substation and electric aircraft fault arc
diagnosis.["-11]

Discharge plasma sound Mechanical loudspeaker

Power supply Power source

Gl,lcuric energy Electric Clll'll‘lll@
Charged particle Coil

Gl Ieat/momentum  Electromagnetic fm‘cc@
Neutral particle Magnet/diaphragm

Acoustic wave

Fig. 1. Technical principle of discharge plasma sound and mechanical
loudspeakers.

Discharge plasma can be divided into cold plasma and
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12,131 The plasma with low ionization degree

thermal plasma.!
of gas is usually cold plasma, and its electron temperature is
high (up to tens of thousands), while the temperature of heavy
particles (ions and gas particles) is low and close to room tem-
perature, that is, the components of the plasma are in a non-
thermal equilibrium state.['*l On the contrary, plasma with
high ionization degree of gas is usually thermal plasma, and
its constituent particles have the same and higher temperature
(thousands or even tens of thousands of degrees), that is, the
constituent particles of plasma are in thermal equilibrium. ']
Whether it is a cold plasma or a thermal plasma, as long as the
electric energy injected into the plasma changes, sound waves
can be generated. However, the principle of sound waves gen-
erated by the two types of plasma is different, which is re-
flected in the fact that the energy or momentum of charged
particles in the plasma is transferred to the surrounding air
molecules differently. At present, it is believed that there are
two sound generation mechanisms in the discharge plasma:

(i) The momentum transfer from charged particles to
gas particles causes sound waves./'®! This momentum trans-
fer mainly comes from the elastic collision between moving
charged particles and gas particles, which is usually called
“momentum modulation”.

(i1) The energy transfer from charged particles to gas par-
ticles causes sound waves,!'”] which are often referred to as
“energy modulation”.

In general, momentum modulation is dominant in cold
plasma. In thermal plasma, only energy modulation is gener-
ally considered.

This study mainly focuses on arc plasma (thermal plasma)
sound. The processes of welding, spraying, and smelting in the
field of industrial processing involve time-varying arc plasma,
which generates acoustic waves that can be hazardous to the
hearing health of workers. In addition, its acoustic properties
can also reflect the performance of the process to a certain
extent. Therefore, the acoustic properties of time-varying arc
plasma have been widely concerned. The current research on
arc plasma acoustic wave has primarily emphasized its diverse
applications,['8-2%1 but there is insufficient investigation into
the inherent characteristics and physical processes of the arc
acoustic wave itself.

Because different gases have different electrical and ther-
modynamic properties, !l they may have different effects on
the discharge plasma acoustic wave. In 1987, Mazzola et al.
compared the acoustic frequency response of air, argon and he-
lium when studying the acoustic wave of DC glow discharge,
and found that the intensity of the acoustic wave generated
by glow discharge was argon, air, and helium in order.[??!
However, glow discharge produces cold plasma, while arc dis-
charge produces thermal plasma. The mechanism of sound
waves produced by the two kinds of plasma is different. There-

fore, the influence of background gas on glow discharge sound
wave may be different from that on arc sound wave. Up to
now, there is no research report on the influence of background
gas on arc sound wave.

In this paper, the acoustic characteristics of DC bias alter-
nating arcs in argon, helium, and nitrogen, which are widely
used in industry, are studied through experiments and numeri-
cal simulation, and the effects of gas conductivity and thermal
conductivity on the sound characteristics are summarized, and
the physical explanation is given.

2. Experimental setup

“Pure AC arc” means the arc in which the current wave-
form is symmetrical and oscillates periodically, with the cur-
rent crossing the zero point once per half cycle.!!! If the above
“pure AC arc” current superimposed on a DC component, so
that the total current waveform does not pass through the zero

point, it is called “DC bias alternating arc”.1??

11t can solve the
problem of the arc “extinguished by zero point”. Its advantage
is that it is easy to stabilize the combustion, even with a small
current of about 100 A, can maintain a long (10 mm or so)
arc. Therefore, we chose the TIG welding machine WS-315
produced by Zhejiang Hufeng Brand to generate DC-biased al-
ternating arc. The typical current waveform of the DC-biased
rectangular wave alternating current output from this power
supply is shown in Fig. 2. Ipc and Isc are the DC and AC
components of the current respectively. The adjustment range
of DC component and AC component is 0-100 A and 0-80 A
respectively, and the adjustment range of AC component fre-
quency is 20 Hz-250 Hz. When adjusting the current, only
need to control Ipc > Iac, it can realize that the current is al-
ways greater than zero, avoiding arc quenching.

1404 —— N
Ixc

ic/ 120+ .

< Ipc

2 100

b

3

O 80 4
60 A .

0 2 4 6 8

Time (ms)

Fig. 2. Current waveform.

The equipment arrangement is shown in Fig. 3. The
cathode is the tungsten needle of the welding torch, which
emits gas to protect the cathode and stabilize the combustion.
The anode is the grounding electrode. The anode is made of
graphite for the following reasons: firstly, graphite is resis-
tant to ablation, and secondly, graphite has a low hardness, so
that if ablation occurs (e.g., after a prolonged discharge), the
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abraded area can be removed by simple wiping. It is important
to note that although graphite is relatively ablation-resistant,
its structure undergoes some changes (from a circular cone to
a circular truncated cone) after many discharges. This means
that its top will become flat, so we use a tip-plate geometry in
the subsequent simulation model.

. Slide Calibrated scale

=,

AARAARARGAR

Electrode

Pointer

Fig. 3. Equipment arrangement.

Current waveforms are measured using the Lecroy CP150
current probe, which can measure a maximum continuous cur-
rent of 150 A with a bandwidth of 10 MHz to meet the mea-
surement requirements. The voltage waveforms are measured
using the Lecroy PP009 voltage probe, which can measure a
maximum voltage of 500 V with a bandwidth of 500 MHz.
The acoustic waveforms are measured using an RST6000 mi-
crophone from RSTECH (BEIJING) Co., Ltd. The micro-
phone is aligned to the center of the arc axis and arranged at
15 cm from the arc axis. The microphone bandwidth is 20 Hz
to 16 kHz and the sensitivity is 33.15 Pa/mV.

3. Numerical model

Establishing and solving the numerical model is done in
COMSOL Multiphysics. The default solver is used for the so-
lution. The criterion for convergence is that the variables reach
stability. Mesh-independence tests are also performed to en-
sure the reliability of the results.

3.1. Arc plasma model

Arc plasma is essentially a magnetic fluid and can be de-
scribed mathematically using hydrodynamics and electromag-
netism. The mathematical equations for arc plasma are gener-
ally based on the following assumptions given below.

(i) The arc plasma is in local thermodynamic equilibrium
(LTE).?* The electromagnetic and thermodynamic parame-
ters of the arc are considered to be functions of temperature
and pressure.

It should be noted that practically full thermodynamic
equilibrium can only be reached in a blackbody cavity. In

an arc plasma, important parameters include temperature and
particle density. As long as their gradients are satisfied to be
small, the arc plasma can be considered to be in LTE. (23]

(ii) The arc is two-dimensional (2D) axisymmetric and
can be solved by establishing a 2D axisymmetric model in a
cylindrical coordinate system./?®! This is due to the fact that
the electrode structure used is axisymmetric, and then the arc
should also be axisymmetric without considering other factors.

(iii) The arc is optically thin. This is because the reab-
sorption of radiation is insignificant compared to the total ra-
diation loss at all wavelengths.[>]

(iv) The arc is in a stable combustion state without con-
sidering the process of arc initiation.!!! This is due to the fact
that only stable combustion state is studied in this paper.

(v) The arc is in a laminar flow state with no
turbulence.>*! The reason for this is that the flow state of an
arc in a stable combustion state is relatively steady.

(vi) The effect of gravity and heat dissipation due to vis-
cosity in the arc are small and negligible.

Based on the above assumptions, the equations to be
solved are as follows:

(D) Current continuity equation

dj: +la(”jr)

Jdz r Or

where j, and j, are the radial and axial current densities, re-

=0, ey

spectively.
(II) Ohm’s law

. deo . J¢
JZ_GTZ’ .]r_cﬁa

where ¢ and @ are conductivity and potential, respectively.

@)

(IIT) Ampere circuital theorem

e
=B [ e, )

where 1 and By are the magnetic permeability and magnetic
induction, respectively.
(IV) Mass conservation equation

ap  dpw  1(pm) _
8t+ 0z +r or =0, “)

where u, v, and p are the axial and radial velocity components

and mass density, respectively.
(V) Momentum conservation equation

n du du
”at pus TPV,

0 () 10 (, on
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v
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where p and 7 are the pressure and viscosity, respectively.

®)

(VI) Energy conservation equation

oT oT oT
pCv; +pCvu(9—Z +pva§
AT 19 (3T\ j2+j?
=Aoa e <a> s
S5ky (. 0T . oT
e (JZBZ +Jrar) — SR, (6)

where Cy, T, A, Sg, k, are the heat capacity at constant vol-
ume, the temperature, the thermal conductivity, the thermal
radiation term, and the Boltzmann constant, respectively.

The mass density can be expressed by the ideal gas state
equation as follows:

pM
P="pr )

where M is the molar mass of air and R is the gas constant.

The thermal radiation term of the arc can be expressed as
follows:

Sg =4ak (T* - T)), (8)

where k=13 (p/po) m~! (po = 1 atm, 1 atm=1.01325x 10° Pa)
is the absorption coefficient, ¢ is the Stefan—Boltzmann con-
stant with a value of 5.67x107% W/(m*K*), and Ty is the
ambient temperature with a value of 300 K.

In the numerical simulation of arc plasma in this paper,
the field-circuit coupling calculation method is used. The arc
and electrode parts are modelled by magnetohydrodynamics,
and the electrode boundary is connected to the external circuit
as a port (U-I port).

A B C D E

4 Tungsten electrode
- « 2: Air
g 2
E
g
= 0
B
o
[a
) F
4: Graphite electrode
] ] ] ]
H
0 2 4 6 810G

Position (mm)

Fig. 4. The arc and electrode calculation domain.

The arc and electrode calculation domain selected in this
paper is shown in Fig. 4. For the convenience of describing
the spatial location, r is defined as the radial coordinate, z is
the axial coordinate, and the coordinate origin is located at the
center of the arc. The regions 1 and 2 are the initially set arc

region and air region, respectively. The arc length is 4 mm.
region 3 is the tungsten electrode part (cathode) and region 4
is the graphite electrode part (anode). The axial coordinates
of the anode surface I-F are z = —2, and the axial coordinates
of the cathode tip J are z = 2. A-B and H-G are connected
as ports to the external circuit. B—C is the protective gas in-
flow interface (Ilength 2 mm), C-D is the nozzle wall (Ilength
2 mm), and D-E-F is the air interface.

A non-uniform grid is used for the computational domain.
Since region 1 is an arc region with large temperature and cur-
rent density variations along the axial and radial directions,
a higher mesh density is used to obtain an accurate numeri-
cal solution. Whereas in other regions where physical quan-
tities vary less, lower grid densities are used. A reasonable
balance between the accuracy and the amount of calculation is
achieved.

The external circuit is shown in Fig. 5 and includes the
power supply, resistance, and inductance. The same arc cur-
rent waveform as the experiment can be obtained by adjusting
the circuit parameters.

Inductance

(100

Resistance

—1 1

(\* Power supply Arc

Fig. 5. The external circuit.

The various boundary conditions in the numerical calcu-
lations are shown in Table 1. Although there may be slight
differences between the defined boundary temperature values
and the actual boundary temperature values, they are relatively
small compared to the high temperatures of tens of thousands
of Kelvins at the center of the arc. Therefore, the tempera-
ture error on the boundary will not have a significant effect on
the arc temperature characteristics. The rate of the protective
airflow was set to 40 L/min in the experiment.

After defining the boundary conditions, the initial values
of the physical quantities need to be given. Among them, po-
tential, velocity, and pressure can be set to zero. The setting of
the temperature physical quantity is more complicated. In the
air region, the initial temperature can be set to 300 K. The ini-
tial value for the temperature in the arc region is set to 10* K.
This is because the conductivity of the arc starts to increase
significantly above 5000 K. If the initial value is set too low,
the arc channel will not be able to conduct electricity at the be-
ginning. The initial temperature in the electrode region is set
to 2000 K. The actual temperature distribution in these regions
will be obtained through simulation.
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Table 1. Boundary conditions.

AH AB BC CD DE EF FGH IF  BJ
evV) =0 circuit 92=0 9 W=0 ®=0  circuit - -
u (m/s) % =0 = Ugas - - -

v (m/s) 0 - 0 - - -

p (atm) - - - 1 1 - - -
T®K  2L=0 5000K  1000K  1000K  1000K  1000K  2000K - -

3.2. Acoustic model

Due to the small amplitude of the arc acoustic wave (gen-
erally less than 140 dB), the sound field can be mathemati-
cally described by the small amplitude acoustic wave equation,
which is generally based on the following assumptions:

(i) The medium is an ideal fluid without viscosity.

(i1) During the propagation of sound waves, the contin-
uous compression and expansion of the medium causes tem-
perature fluctuations, resulting in differences in temperature
at different spatial locations. Since the vibration frequency of
the medium is relatively high during the propagation of sound
waves, it is too late for heat exchange to take place between
different regions. In other words, the propagation of sound
waves is adiabatic (isentropic process).

(iii) The amplitude of sound waves is so small that the
propagation of sound waves can be analyzed using linear
acoustic methods.

Based on the above assumptions, the equations to be
solved are as follows:

(I) Continuity equation

ap du  Jv\
81‘+p0<8z+r5r>_0’ 9

where p’ is the mass density perturbation, equal to p—p, and
Po is the static mass density in the absence of perturbation.
(IT) Motion equations
Jdu dp dv dp

03t+3z =0, Poor T o = 0, 10)

where p’ is the pressure perturbation, equal to p—pg, and py is
the ambient air pressure. According to the definition of sound
pressure, p’ is the sound pressure.
The general form of the acoustic wave equation can be
obtained from Egs. (9) and (10):
25/
aat’; — V2. (11)

(IIT) Equation of state

In the region outside the source, sound waves are consid-
ered adiabatic processes (isentropic processes). The density is
then only a function of the pressure

p=f(p) 12)

However, the arc region does not fulfil the adiabatic (isen-
tropic) condition. Its density is not only a function of pressure,
but also of entropy s (entropy change is generated by the heat
fed into it):

p=1r(ps). 13)

According to the full differential equation and the small
perturbation condition, equation (13) can be derived as

0 0
p'= (a';) p’+(7€)p8'
(r?p) p_m 1

dp Yp Ypo c?’
ap Tap
ds »

where c is the speed of sound, C,, is the heat capacity at con-

oaT )
> c,’ (14)

stant pressure.
The entropy change is related to the heat fed into the
medium as:

ds=dH/T, H= pCVaT (15)

a b
where H is the heat transferred to the microelement.
The full-domain acoustic equation for the arc acoustic

wave can be derived from the above equations:

V2 , 13 y-1dH
P=2792 =772 o

where 7 is the adiabatic coefficient, equal to C,,/Cy.

(16)

In the region outside the arc where there is no heat
feedthrough H is 0, i.e.,
equation.

the common passive acoustic wave

The sound pressure calculation domain is a sphere in di-
ameter of 30 cm in 30 cm centred on the arc, as shown in
Fig. 6. The initial sound pressure is relative to the ambient
pressure and is set to 0. The outside boundary is defined as
an acoustic impedance matching boundary with an acoustic
impedance of 413 Pa-s/m, calculated using the formula

Zs = poco, 17

where Z; is the acoustic impedance, and py and ¢ are the air
density and speed of sound at 20 °C, with values of 1.2 kg/m?
and 344 m/s, respectively.
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Finally, it must be explained here that the fluid is com-
pressible in the arc plasma model and incompressible in the
acoustic model. The different descriptions are used because
the spatial scales of the arc plasma model and the acoustic
wave model are different. The arc model is concerned with
spatial scales on the order of millimeters, while the acoustic
wave model is concerned with spatial scales on the order of
decimeters. Therefore, an approximation is taken in order to
calculate far-field acoustic waves. The pressure perturbation
caused by the arc after stabilization is not significant (as can
be seen from the acoustic pressure) and the approximation can
be considered reasonable.

/
Sound wave

Fig. 6. Sound field calculation domain.

4. Results and discussion

In previous studies we have compared the model calcu-
lations with experimental results to show that the model is
reliable.[!]

In order to investigate the effect of different gas media on
the acoustic characteristics of the arc, the arc current and arc
length were fixed in the experiment. The arc parameters are
set as follows: arc current DC component Ipc is 100 A, AC
component Iac is 40 A, arc length L is 4 mm, and frequency f
is 240 Hz.

4.1. Comparing arc acoustic waves

Figure 7 illustrates the sound pressure waveforms of arc
sound measured at 15 cm from the center of the arc in argon,
helium, and nitrogen. It can be observed that the morphol-
ogy of the three arc sound pressure waveforms is basically the
same. The waveform quality of the nitrogen arc sound pres-
sure is poorer, which is caused by the fact that the arc com-
bustion in nitrogen is not as stable as in argon and helium. In
terms of sound pressure amplitude, argon arc sound pressure
amplitude is the smallest, about 0.78 Pa. Nitrogen arc sound
pressure amplitude is slightly higher than that of argon arc,
about 0.83 Pa, for argon arc sound pressure 1.06 times. The
helium arc has the highest sound pressure amplitude of about
1.41 Pa, which is about 1.81 times the sound pressure of the
argon arc.

2 T T T T
— Ar
— He
— —N,
Y -
(]
-
5
12}
8 01 .
-
a
el
z
5 11
9]
_2 T T T T
0 2 4 6 8

Time (ms)

Fig. 7. Sound pressure waveforms of arc acoustic waves in three gases.

The physical process of the arc to generate sound waves
can be divided into three stages:

Stage 1 Arc current to generate arc power.

Stage 2 Arc power heating arc.

Stage 3 The expansion and contraction of the arc to gen-
erate sound waves.

Therefore, the factors affecting the arc sound wave also
correspond to the following three aspects.

(i) Arc voltage

It determines the amount of electric power that can be
produced for the same arc current.

(ii) Electric-thermal efficiency

It determines the amount of thermal power that can be
produced by the same electric power.

(iii) Thermal—acoustic efficiency

It determines the strength of the arc sound wave produced
by the same thermal power.

From Eq. (16), the thermal—acoustic efficiency is always
the same. Therefore, the intensity of the sound waves of dif-
ferent gas arcs depends on the voltage and electric—thermal ef-
ficiency. The higher the voltage, the higher the electric power,
the larger the sound wave produced. The higher the thermal
efficiency, the higher the internal energy power in the arc col-
umn, and the larger the sound wave generated. In addition,
the electric—thermal efficiency is difficult to calculate because
the physical quantity of arc thermal energy is not easy to mea-
sure. Therefore, the electric—acoustic efficiency, i.e., the ratio
of the acoustic pressure to the AC component of the arc power,
was measured directly in the experiment. Since the thermal-
acoustic efficiency is always constant, the electric—acoustic ef-
ficiency is equivalent to the electric—thermal efficiency.

4.2. Comparing arc voltage

As the arc sounding characteristics are closely related to
the electrical power deposited in the arc channel, the electrical
characteristics of three gas arcs need to be discussed.

Figure 8 shows the voltage waveforms of the three gas
arcs. It can be noted that for the same current waveform, the
nitrogen arc has the highest voltage, the helium arc has the
middle voltage and the argon arc has the lowest voltage. The
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average voltages of the three arcs were calculated. The arc
voltage drop (average value) for the argon arc is about 13 V
or so. The arc voltage drop (average value) for the helium arc
is about 19 V or so, which is about 1.5 times that of the argon
arc. The arc voltage drop of the nitrogen arc is about 31 V or
so, which is about 2.4 times that of the argon arc.

40 T T

" —Ar
— He
— N,

10 T T

Time (ms)

Fig. 8. Voltage waveforms of arcs in three gases.

z (mm)

r (mm)

To explain this phenomenon, numerical simulations of
each of the three arcs were performed. Figure 9 shows the
spatial distribution of the conductivity of the three arcs ob-
tained by numerical simulation. It can be found that the max-
imum value of the conductivity of the three arcs does not dif-
fer much, but the argon arc has the widest distribution area of
high conductivity and the nitrogen arc has the smallest distri-
bution area of the highest conductivity. Equation (18) is the
formula for the conductance, where G is the total conductance
of the medium, ¢ is the specific conductance of the medium,
S is the cross-sectional area, and [ is the total length. From
the formula, it can be known that the total conductance of
the medium is directly proportional to the cross-sectional area.
The argon arc has the widest distribution of high conductivity,
i.e., the largest cross-sectional area, so the total conductance is
the largest and the arc voltage drop is the lowest. Nitrogen arc

18 vice versa.

z (mm)

Conductivity (103 S/m)

r (mm)

Fig. 9. Spatial distribution of conductivity of the arc in the three gases.

The reason for the different conductivity distributions of
these three arcs can be explained by Fig. 10. As can be
noted, the helium conductivity curve is much lower than that
of argon, so the high conductivity region of the helium arc is
smaller than that of the argon arc. Although the conductivity
curve of nitrogen is close to that of argon, the high-temperature
region of the nitrogen arc is smaller than that of the argon arc
(as will be given in the temperature distribution below), so the
high-conductivity region of the nitrogen arc is smaller than
that of the argon arc.

G=0S/l. (18)
2.0 . ; . <
r
. ----He
E ........ N,
= 151
<
S }
» 1.0
= ]
g
T 0.5
g ]
O
0 ; . : :
0 0.5 1.0 1.5 2.0 2.5

Temperature (104 T)

Fig. 10. Variation of conductivity with temperature for the three gases.

Figure 11 shows the temperature distribution of the arc
under the three gases. It can be observed that the temperature
distribution of the arc under the three gases is quite different.
The temperature distribution of the argon arc presents a “bell-
shaped”, that is, near the cathode, the high temperature region
is very narrow, while near the anode, the high temperature re-
gion is wider. And from the cathode to the anode, the temper-
ature shows a decreasing trend. The temperature distribution
of the helium arc is “pear-shaped”, i.e., near the anode, the he-
lium arc has a more obvious contraction, and the overall tem-
perature of the helium arc is lower than that of the argon arc.
And from the cathode to the anode, the temperature shows a
trend of decreasing and then increasing. The temperature dis-
tribution of the nitrogen arc shows a “boot-shaped”, similar in
shape to the argon arc. However, near the cathode, its high
temperature region is narrower than that of argon arc.

Figure 12 shows the morphology of the three gas arcs
captured with the camera. It can be compared to see that the
morphology of the experimentally captured arcs is roughly the
same as the morphology of the arc temperature distribution
obtained from the numerical simulation. The accuracy of the

experiments and simulations are corroborated by each other.
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Fig. 11. The temperature distribution of the arc under the three gases.

Fig. 12. The morphology of the arcs captured under the three gases.

The temperature distribution characteristics!?®1 of the
arc are mainly determined by the thermal conductivity of the
gas. The amount of heat transferred per unit area of gas by
thermal conduction (also known as heat flow density) can be

expressed as

¢ = —KVT, (19)

where ¢ is the heat flow density, &’ is the thermal conductivity,
and T is the temperature.

When the thermal conductivity is large, the gas heat flow
density is large and the gas dissipates heat very quickly. In
order to ensure the balance between heat production and heat
dissipation, the gas must reduce the heat dissipation power by
reducing the heat dissipation area. For the arc with columnar
distribution, the way to reduce the heat dissipation area is to
reduce the radius of the arc channel. Its performance in the arc
temperature distribution graph is the arc area is narrow.

The variation of thermal conductivity with temperature
for the three gases is shown in Fig. 13. Since the thermal con-
ductivity of helium is much larger than that of argon, the arc
channel radius of helium is smaller than that of argon. In the
temperature range above 10* K, the thermal conductivity of
nitrogen is slightly larger than that of argon, which makes the
nitrogen arc narrower than the argon arc in this temperature
range. And in the interval of gas temperature of 0.5 x 10* K—
1.0 x 10* K, nitrogen thermal conductivity is very large, mak-
ing the nitrogen arc in this temperature interval is very narrow.
But in the 5000 K below, the nitrogen thermal conductivity is
reduced to very low, almost the same as argon, which makes
the nitrogen arc in this temperature interval is wider. As can
be seen in Fig. 11, the temperature distributions of argon and
helium arcs are relatively similar in the region of » > 6 mm
(where the temperature basically drops below 5000 K).

15 T
— Ar

Thermal conductivity (W/(m-K))

1.0 15 20

0 05
Temperature (10* T)

2.5

Fig. 13. The variation of thermal conductivity with temperature for the
three gases.

4.3. Comparing electric-acoustic efficiency

Electric—acoustic efficiency is the intensity of sound
waves that can be produced per unit change in electric power.
Arc voltage and arc sound pressure have been measured exper-
imentally above. Since the currents are the same, the electric—
acoustic efficiency can be directly defined as the ratio of sound
pressure to arc voltage. The electric—acoustic efficiencies of
the argon, helium and nitrogen arcs were calculated to be ap-
proximately 0.052 Pa/V, 0.075 Pa/V, and 0.027 Pa/V, respec-
tively. So, at the same arc current, helium arc has the highest
electric—acoustic efficiency, argon arc is second and nitrogen
arc is the lowest.
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It has been pointed out above that electric—acoustic effi-
ciency is equivalent to electric—thermal efficiency. Thus, we
next discuss the differences in the electric—thermal efficien-
cies of the three arcs, i.e., the different internal energy pow-
ers produced by the same change in electric power. The arc
electric power P is equal to the sum of the arc internal energy
power H and the arc heat dissipation power Q. The internal en-
ergy power can be calculated by Eq. (15). Figure 14 illustrates
the variation of the internal energy power and heat dissipation
power of the three arcs during the variation of electric power,
where the electric power is normalized (minimum value is O
and maximum value is 1). It can be seen that for the same
change in electric power, helium has the highest internal en-
ergy power, argon the next highest and nitrogen the lowest.

It can also be noted from Fig. 14 that for the same change
in electric power, the magnitude of the internal energy power
of the arc depends on how fast or slow the heat dissipation
power responds to the change in electric power. The faster the
response of the heat dissipation power, the smaller the internal
energy power, and vice versa. Nitrogen arc has the fastest re-
sponse of heat dissipation power and helium arc has the slow-
est. Thus, the nitrogen arc has the smallest internal energy
power and the helium arc has the largest.

T T T T

1.004 — Ar |
— He
— N,

0.75

0.50 J

0.254 J

Electric power

— Ar

1.00
0.75 1
0.50 |

0.25

Heat dissipation power

—0.25 1

Internal energy power
=)

—0.50 1

0 2 4 6 8
Time (ms)

Fig. 14. Thermal processes inside the arc of the three gases.

The fundamental reason for this phenomenon is as fol-
lows: when the electric power is constant, the electric power

and the heat dissipation power will reach an equilibrium state,
in which the internal energy power is zero and the gas temper-
ature remains constant. When the electric power changes, the
heat dissipation power will change with the electric power, but
relative to the electric power has a certain lag, and will even-
tually be consistent with the electric power, so as to achieve a
new equilibrium state. During this change in equilibrium, in-
ternal energy power is generated, which is also responsible for
the change in temperature. The magnitude of the internal en-
ergy power depends on how quickly the heat dissipation power
responds to changes in electrical power. If the heat dissipation
power response is especially fast (i.e., as soon as the injected
electrical power is increased, it is immediately dissipated), the
internal power generated in the arc channel is small, and vice
versa.

Since the heat dissipation of the arc mainly depends on
the heat dissipation of the anode, we will discuss the speed
of the anode heat dissipation response in different gases. The
speed of anode heat dissipation response is mainly influenced
by two factors: (i) the heat dissipation area on the anode sur-
face; (ii) the magnitude of thermal conductivity of the gas in
the vicinity of the anode.

When the heat dissipation area on the anode surface is
large, the heat dissipation is easy and the heat dissipation re-
sponse is fast, and vice versa. The temperature gradient dis-
tribution of the three gas arcs is shown in Fig. 15. Since the
temperature gradient represents the heat flow trend, the wider
the range of high temperature gradient region on the anode
surface, the larger the heat dissipation area and vice versa. As
can be seen from the figure, the helium arc has a very narrow
range of high temperature gradient region due to its obvious
contraction near the anode, and therefore the heat dissipation
area is very small. This leads to the difficulty of helium arc
heat dissipation through the anode and the slow response of
heat dissipation power. The argon arc and nitrogen arc have
a wide range of high temperature gradient region, so the heat
dissipation area is very large, the heat dissipation is easier, and
the heat dissipation power response is fast.

Heat at a certain distance from the anode first needs to be
transferred to the surface of the anode through the gas medium,
and then dissipated through the anode, hence the gas thermal
conductivity also has a large impact on heat dissipation. The
distribution of the thermal conductivity of the three gas arcs is
shown in Fig. 16. As can be seen from the figure, the thermal
conductivity of the argon arc is the lowest overall, followed
by the helium arc, but the higher thermal conductivity region
of the helium arc is mainly concentrated near the axis of the
arc (the area of helium arc with thermal conductivity higher
than 2 W/(m-K) is even smaller than that of argon arc). The
thermal conductivity distribution region of the nitrogen arc is
much larger than that of the argon and helium arcs, which re-
sults in a fast power response of the nitrogen arc to dissipate
heat.
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Fig. 15. Temperature gradient distribution of the three gas arcs.
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Fig. 16. The thermal conductivity distribution of the three gas arcs.

Combining the two factors discussed above, the nitrogen
arc has the fastest heat dissipation response (both high ther-
mal conductivity and large heat dissipation area), the argon arc
is second (low thermal conductivity but large heat dissipation
area), and the helium arc is the slowest (too small heat dis-
sipation area). Therefore, in the same electric power change
process, helium arc internal energy power is the largest, argon
arc is the second, nitrogen arc is the smallest. This results in
the helium arc producing the strongest sound waves, the argon
arc the next strongest, and the nitrogen arc the smallest.

5. Conclusion

In this paper, DC bias alternating arc sound waves in three
gases (argon, helium, and nitrogen) are investigated experi-
mentally and by simulation. It is found that there are large dif-
ferences in the arc sound waves of different gases. The reasons
for the differences mainly depend on two factors: the voltage
drop of the arc and the electric—acoustic conversion efficiency.
The voltage drop of the arc determines the magnitude of the
electrical power within the arc channel. The electric—acoustic
conversion efficiency determines the amount of internal en-
ergy power in the arc channel. Under the same driving current,
the voltage drop is nitrogen arc, helium arc, argon arc in de-
scending order, and the electric—acoustic conversion efficiency
is helium arc, argon arc, nitrogen arc in descending order. This
research deepens the understanding of the physical processes
involved in arc acoustic waves and contributes to the selection
of gas environments for arc acoustic applications.
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