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Abstract. This paper briefly introduce research work examples of non-equilibrium studies in switching
arcs. In understanding arc behavior, one often assumes local thermodynamic equilibrium (LTE)
condition in the arc plasma. However, actual arc plasmas are not completely and not always in LTE
state because of strong temperature change temporally and spatially, and high electric field application
etc. Recently, we have a collaboration work in numerical simulations and experimental approaches
for decaying arcs without LTE assumption. First, our numerical model is presented for decaying arcs
without chemical equilibrium assumption. Secondly, two experimental methods are introduced for
measuring electron density in decaying arcs without LTE assumption: Laser Thomson Scattering
method and the Schack-Hartmann method. Finally, comparison results is shown between the LTE
simulation, the chemically non-equilibrium simulation, and the above experimental measurements.
Keywords: Local thermodynamic equilibrium, chemically non-equilibrium, thermally non-equilibrium,
electron density measurement.

1. Introduction
Thermal plasmas/arc plasmas are widely used for various applications such as plasma spray coating, rapid
surface modification, fabrication of functional films,
plasma arc cutting, nanopowder synthesis, and carbon nanotube synthesis etc. Switching arcs are also
important applications of arc plasmas in an electric
power transmission system. In understanding the behavior of thermal plasmas/arc plasmas, local thermodynamic equilibrium (LTE) models have been widely
adopted. This LTE model assumes the same temperatures for kinetic energies of electrons and heavy
particles. The LTE model also assumes chemically
equilibrium condition, which corresponds to extremely
high reaction rates for all reactions including ionization, electronic, vibrational and rotational excitations.
Therefore, the LTE assumption is equivalent to onetemperature chemically equilibrium (1T-CE) model.
Such the LTE model is greatly useful to predict the
mass and energy transport in thermal plasmas or arcs
for a conventional use, and it successfully interprets
behaivor of the thermal/arc plasmas. However, more
detailed understanding of the distributions of chemical
species in arcs and thermal plasmas has been required
for advanced thermal plasma materials processes, as
well as switching arcs.
One phenomenon which causes chemically nonequilibrium effects is high spatial gradient in number

density at medium-temperature or low-temperature
region of arcs and thermal plasmas. In medium or
low temperature regions, which are always present
surrounding the high-temperature region of the arcs,
the LTE assumption cannot always be established. It
is necessary to account for chemically non-equilibrium
effects in this case [1, 2]. Another important phenomenon for deviation from chemical equilibrium condition is a rapid change in time, i.e., a transient phenomenon in arcs and thermal plasmas. For example, switching arcs or modulated induction thermal
plasmas [3, 4] are fundamentally under transient conditions. To study the transient state in arcs and
thermal plasmas, attention should be paid to chemically non-equilibrium effects. On the other hand, a
deviation from thermal equilibrium condition may be
due to high electric field application. In switching
arcs, the transient recovery voltage (TRV) is applied
to a residual arc between the electrodes after current
zero. Such a high voltage application may increase
the electron temperature, leading to two-temperature
state in residual arcs. To elucidate the aforementioned
phenomena in detail, non-equilibrium effects must be
considered.
This paper briefly introduces an example of nonequilibrium modeling in arc plasmas [5, 6]. In addition,
some recent experiments will be introduced for decaying arcs with a detailed control of applied voltage
225

Y. Tanaka, K. Tomita, Y. Inada et al.
and injected current using some power semiconductors [7]. In the experiments, two measurement methods were adopted to determine the electron density
without LTE assumption: the laser Thomson scattering method [8] and the Shack-Hartmann method [9].
Finally, we compare results between the LTE simulation, the chemically non-equilibrium simulation, and
the above experimental measurements [6].

2. Non-equilibrium effects for
switching arcs
For simulation of switching arcs, the LTE or onetemperature chemical equilibrium (1T-CE) models has
been adopted. However, the following non-equilibrium
effects may be taken into account for its further understanding:
(a) Chemically non-equilibrium effects: In
arc plasmas, there are lots of reactions including
molecular dissociation, association, ionization, recombination, attachment and detachment. Any reaction
requires a certain finite time to reach its chemical
equilibrium because the rate coefficients of reactions
are also finite. On the other hand, switching arcs are
essentially under transient state, and they have steep
gradients in densities of chemical species. Chemically
equilibrium (CE) in the switching arcs is therefore
achieved only if the relaxation time for any reaction is
much shorter than the characteristic time of diffusion
on the particle composition as well as the transient
time of the states. In other words, a rapid time change
and steep gradient in switching arcs may involve chemically non-equilibrium (non-CE) state.
(b) Thermally non-equilibrium effects: In
high pressure arcs, the electron temperature Te becomes close to the heavy particle temperature Th if
the electron sufficiently transfers its kinetic energy to
the heavy particle through elastic collisions compared
to the energy gained from the external electric field.
Establishement of thermal equilibrium state needs
much less electron energy gain by the electric field
than the thermal energy of electrons. Otherwise a
thermal non-equilibrium condition Te >> Th can be
obtained. In switching arcs, the off-axis region has
relatively lower temperature and lower electron density, which results in lower collision frequency between
electrons and heavy particles. At the same time, the
electric field is applied to the off-axis region as well
as on-axis region in the arc. This situation may offer thermally non-equilibrium state. Furthermore, to
the switching arcs, a high transient recovery voltage
(TRV) is applied after current zero. This high voltage
application may lead residual arcs to ones in thermally
non-equilibrium state.
(c) Non-Boltzmann distribution for a population of excited particles: The population of excited particles does not follow the Boltzmann distribution if the population is more influenced by processes
such as the radiative de-excitation than by thermal
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excitation and de-excitation. This concept is important particularly for investigating a physical state
in thermal plasmas from spectroscopic observation
results.
(d) Non-Maxwellian energy distribution
function: The electron energy distribution function
(EEDF) cannot be Maxwellian if the electron–electron
energy relaxation time is much longer than the electron acceleration time by an external electric field,
or if the vibrational and rotational excitation cross
section is comparable with the momentum transfer
cross section by the electron impact. In such cases,
the Boltzmann equation should be solved considering such cross sections with an applied electric field.
This situation appears in prediction of arc re-ignition
phenomena in a circuit breaker.
The present paper only focuses (a) chemically nonequilibrium (non-CE) effects.

3. Numerical approaches: Modeling on
chemically non-equilibrium effects
3.1. Mass conservation equation
Among various non-equilibrium effects, this section
treats chemically non-equilibrium (non-CE) effects
because the non-CE effects affect the behavior of arc
plasmas. In non-CE state, it is difficult to adopt an
LTE assumption with the mass action law such as the
Guldberg–Waage and Saha equations to obtain the
particle composition distribution and its transient evolution. In these cases, the following mass conservation
equation for each of species j should be solved considering convection and diffusion effects and reaction
rates to determine the time evolution in the particle
composition distribution:
∂(ρYj )
+ ∇ · (ρuYj − ρDj ∇Yj ) = Sj
∂t
N
L
N
X
Y
Y
βf
βr
r
f
ni i`
− βj`
) α`f
ni i` − α`r
Sj = mj
(βj`
`=1

i=1

i=1

(1)
!

(2)
where Yj signifies the mass fraction of species j, ρ
stands for the mass density of the bulk plasma, Dj
denotes the effective diffusion coefficient of j, α`f and
α`r respectively stand for the rate coefficients of forward and backward reaction `; also, ni is the density
f
r
of species i, βi`
and βi`
are the stoichiometric coefficient in reaction ` for forward and backward directions
for species i, and N and L respectively denote the
number of species and reactions considered. Thermodynamic and transport properties of plasmas should
be calculated at each position at each time using the
calculated temperature, pressure and particle composition combined with the collision integrals between
the species.
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3.2. Examples of chemically non-equilibrium
modeling for SF6 and N2 arcs
Some research efforts have been undertaken to treat
such chemically non-equilibrium effects in high-P and
high-T plasmas for a long time [10]−[14]. Some nonequilibrium effects of SF6 arc plasmas were studied
theoretically or numerically from the 1990s [15]–[31].
Among these studies, chemically non-equilibrium modelling on SF6 arcs had been conducted by Gleizes et
al. [16]–[20] and the present authors [5],[23]–[31] .
Here, two examples of our recent non-CE modeling
is introduced for SF6 and N2 arcs [5, 6].
3.2.1. Assumptions
The developed model assumes the following things in
the decaying arc plasma for simplicity: (i) The arc
plasma has the axisymmetric structure. (ii) The gas
flow is laminar flow, thus the turbulent effect is neglected. (iii) The optically thin condition is assumed
for radiation. (iv) All the temperatures including
electron temperature, heavy particle temperature and
excitation temperatures are identical. (v) Electrons,
ions and neutral species have the same flow velocity.
(vi) Electrode surface phenomena such as electron
emission from the electrodes and surface recombination of ions were not considered for simplicity. (vii)
Evaporation of the electrode and the nozzle was neglected. (viii) For SF6 arcs, 19 species SF6 , SF5 , SF4 ,
+
−
+
SF3 , SF2 , SF, S2 , F2 , S, F, SF+ , S+
2 , F2 , SF , S ,
+
−
−
−
F , S , F and e were taken into account as constituents in SF6 arc plasmas. On the other hand, N2
arcs were assumed consisting of 5 species N2 , N+
2 , N,
N+ and e− . (ix) Quasi-neutrality for electronic charge
is established.
3.2.2. Governing equations
The following equations were solved to simulate
an SF6 decaying arc plasmas on the basis of the
assumptions in the previous section as follows:
Mass:

Dρ
= −ρ(∇ · u),
Dt

(3)

Du
= −∇p + ∇ · τ ,
Dt

(4)
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The equation of state:
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T

where ρ: mass density, t: time, u: gas flow vector, p:
pressure, τ : stress tensor, η: viscosity, eij : unit tensor,
δij : Kronecker delta, T : temperature, Cv : effective
specific heat at constant volume, λtr : translational
thermal conductivity, Dj : effective diffusion coefficient, hj : enthalpy of species j, Yj : mass fraction of
species j, Prad : radiation power, ∆Q` : heating power
from reaction heat of reaction `, mj : mass of species
j, βj` : stoichiometric coefficient of species j for reaction `, k`f,r : reaction rate coefficient for reaction
`, nj : density of species j, κ: Boltzmann constant,
D
∂
Dt = ∂t + u · ∇ is the Lagrangian derivative. Solving (10) calculates the particle composition in the
arc plasma considering reaction rate, convection and
diffusion effects.
For N2 arc plasmas, a similar set of governing equations was solved but in forms of Fluent [6].
3.2.3. Properties and rate coefficients for
reactions
The thermofluid calculation for arc plasmas needs
the thermodynamic and transport properties such as
mass density ρ, specific heat Cv , enthalpy hj , translational thermal conductivity λtr , viscosity η, Prad .
These properties were calculated using the particle
composition and the temperature computed and the
collision integrals at each position at each calculation step. The calculation of the transport properties
were carried out by the first order approximation of
Chapman-Enskog method.
For SF6 arcs, 64 forward reactions including the
electron impact ionization, the electron attachment,
the electron impact dissociation, and other chemical
reactions were taken into account as well as their
backward reactions [5]. These temperature-dependent
coefficients were obtained in literatures [16]−[20]. In
the present work, ion-ion recombination reactions such
as SF+ + F− + F → SF + F + F, SF+ + F− + F
→ F2 + S + F, and SF+ + F− + F → F2 + SF
were also taken into account to study the effects of
these reactions on the composition in residual arcs,
especially ion remaining between the electrodes. For
N2 arcs, totally 22 reactions were taken into account
including 11 forward reactions and their backward
reactions. The rate coefficients for these reactions
were obtained in literatures [6].
Figure 1 depicts the calculation space. This space
was divided into 153×170 grids for the r-z two dimensional space. This configuration is the same to that in
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3.3.1. SF6 arcs: Transient distribution of F- with
and without ion-ion recombination reactions
Figure 2 indicates time evolutions in F− density distribution under free recovery condition. We here treat
transient behavior of F− because F− production is
related to the electron density and may influence electrical conduction just around current zero [5]. In
addition, we study non-CE effects on ion remaining
between the electrodes. The upper panels in this figure thus show the results with consideration of ion-ion
recombination reactions such as SF+ + F− + F →
SF + F + F, SF+ + F− + F → F2 + S + F, and SF+
+ F− + F → F2 + SF, whereas the lowers are the
results without consideration of ion-ion recombination
reactions. By comparing the upper panel and the
lower panel, we can investigate influence of ion-ion
recombination reactions. At t = 0 µs, F− has higher
density about 1020 m−3 around the boundary between
the arc and cold SF6 gas flow. At t = 5 µs, F− density
increases rapidly with time around the fringe of the
arc plasma. In particular, the arc fringe has higher
F− density more than 1021 m−3 around the nozzle
throat inlet, i.e. positions 55 < mm z < 75 mm. This
rapid increase in F− density arises mainly from twobody dissociative attachment reactions with diatomic
molecules F2 + e → F− + F and SF + e → F− + S
just after the current down. After that, F− density is
still high around 1021 m−3 around the nozzle throat
inlet until t = 10 µs. Even at t = 50 µs, F− becomes
distributed with 1021 m−3 in whole arc region.
Consideration of the ion-ion recombination reactions influences transient behavior of F− density distribution. At t = 5 µs, F− remains around nozzle
throat inlet but in inner region. The density of F−
becomes lower at the fringe of the arc plasma. This
is attributed to the contribution of the ion-ion recombination reactions considered. At t = 10–50 µs
F− density is predicted to be lower with the ion-ion
recombination. However, it is noteworthy that F−
still remains with densities of 1020 m−3 . This implies

2

(a) t = 0 µs

3.3. Examples of calculation results
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(c) t = 50 µs

Figure 2. F− density distribution in an SF6 arc at
10 µs after free recovery condition initiation. The upper panel: with ion-ion recombination; the lower panel:
without ion-ion recombination.[5]

that F− is one of the key charged species for electrical
conduction in an SF6 residual arc.
3.3.2. N2 arcs: Temperature and composition
change by chemically non-equilibrium model
We calculated N2 arc behavior in the same arc device
using a similar non-CE model [6]. Figure 3 presents
the time variations in the temperature at axial position of nozzle throat at the center axis under free
recovery condition. This figure includes two results
by the LTE model and the non-CE model. During
t = 0–15 µs, the temperature decay calculated by the
non-CE model is similar to that by the LTE model.
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The reason is that at the high temperature region
more than 11000 K, the reaction rates are enough
high and all the reactions tend to reach their equilibrium. At t = 15–25 µs, the LTE model predicts a
more rapid temperature decay than the non-CE model.
After t = 50 µs, the temperature in the non-CE model
decreases with a higher decrease rate. After t = 55 µs,
the temperature in the non-CE model is lower than
that by the LTE model. The above difference in the
temperature decreases by the LTE model and the
non-CE model is attributed to reaction rates [6].
Figure 4 shows the time evolution in particle composition at nozzle throat in N2 arcs under free recovery
condition. Solid curves are the results by the non-CE
model, whereas the dashed curves are the results by
the LTE model. From t = 0 to 10 µs, two kinds of
results hardly have deviation from each other. This is
because the temperature is still higher than 10000 K,
and thus the reaction rates for dominant reactions are
high. However, at t = 10–25 µs, the electron number
density, as well as the N+ number density, decreases
more slowly in the non-CE model than those in the
LTE model. This higher electron density is due to
the larger amount of exothermic recombination reactions. At t > 25 µs, N2 density predicted by the
non-CE model recovers more slowly than that by the
LTE model. This arises from the delay in association
reaction N + N + M→N2 + M.

Figure 4. Time evolution of particle composition at
nozzle throat in N2 arcs [6].

Nozzle

Figure 3. Time evolution in the temperature at nozzle
throat in N2 arcs [6].
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Figure 5. Configuration of the electrodes and the nozzle.

and the electrodes have a cylindrical axis-symmetric
structure. The tip of the electrodes were made of
copper-tungsten alloy. The lower electrode is fixed,
while the upper electrode can move. The distance
between the electrodes is 50 mm in open position. Between these electrodes, the arc plasma is formed. The
nozzle is made of polymethyl methacrylate (PMMA),
and then the visible light from the arc plasma can be
observed through the nozzle. The nozzle throat width
and length are 10 mm and 10 mm respectively. At the
nozzle throat outlet, there is a observation hole with
10 mm × 6 mm for measuring the electron density in
arc plasmas by laser Thomson scattering method. Gas
flow is supplied from the downer side along the lower
nozzle to the arc plasma axially.
Figure 6 depicts the experimental setup including
the arc device and the electrical circuit. The nozzle
and the electrodes in Fig. 5 are located inside a chamber made of stainless steel. Gas flow is supplied from a
high-pressure gas tank to the lower side of the arc device. The upper electrode can open for a 50 mm stroke
in about 80 ms by high-pressure air. The arc device
was connected with a dc inverter current source. This
229

Y. Tanaka, K. Tomita, Y. Inada et al.

Plasma Physics and Technology

Cylinder

vCT1
Current source

vCT2

Nozzle

Chamber

CT

isource

iarc

IGBT

gas

iIGBT

vCT3
va
CT

Arc plasma
Voltage
divider

Electrode
Gas flow
gas

Figure 6. Experimental setup for decaying arc discharges.

inverter current source is originally used for plasma
cutting arcs, and it is rated at 450 V/ 300 A. In parallel
to the arc device, an insulated gate bipolar transistor
(IGBT) semiconductor was connected. Switching on
the IGBT commutates the source current from the
arc device to the IGBT element to make the arc under free recovery condition. In the experiment, we
measured the source current isource , the arc current
iarc , the IGBT current iIGBT using the current transducers (CT). The arc voltage was measured with a
CR potential divider. At different specified timing
after current commutation, the electron density at the
nozzle throat was measured using a laser Thomson
scattering method [8].
4.1.1. Laser Thomson scattering method
Laser Thomson scattering (LTS) is well used for precise measurements of electron density in arc plasmas.
When a laser light is injected to an arc plasma, free
electrons in the arc plasma are excited by electromagnetic field of the laser light, resulting in the light
scattering. This is called Thomson scattering. The
LTS method yields local electron density and electron
temperature in plasmas with high spatial and temporal resolutions without LTE assumption. In case
of the arc plasma which has a short Debye length, a
incident laser light with a wavelength larger than the
Debye length is often used from the electron term to
determine the electron density and electron temperature. We have measured the electron density in an
arc under free recovery condition for our arc device
depicted in Fig. 5 without LTE assumption by LTS
method [8]. In this study, the second harmonic light
of an Nd:YAG laser at a wavelength of 532 nm was
used for LTS. The 90° scattered light from the laser
path was detected.
Figure 7 indicates an example of LTS spectrum from
the arc in Ar/20% SF6 at a flow rate of 100 L/min [8].
We used an 2D-ICCD camera as a detector, the LTS
spectra along the laser path, corresponding the radial
direction of the arc, were simultaneously obtained as
230

Figure 7.
Laser Thomson scattering spectrum
measured for Ar/SF6 arcs and theoretical fitting
curves [8].

indicated in Fig. 7 (a). Figure 7 (b) shows the measured LTS spectrum at the center of the arc, and the
theoretical curves of LTS for different electron densities. In this case, the electron density and the electron
temperature were estimated to be 4.5×1022 m−3 and
1.6 eV, respectively, by fitting the theoretical curve to
the measured spectrum.
Figure 8 presents the time evolutions in the measured electron density at the center position in nozzle
throat region in Ar/SF6 arcs under free recovery condition. The electric current was changed from 50 A
to 0 A at t = 0 µs. The gas flow rate of Ar/SF6 is
100 L/min. As seen, the electron density reaches to
8×1022 m−3 at 50 A at t = 0 µs. After current down
to 0 A at t > 0 µs, the electron density decays almost
exponentially. In particular, the 100%SF6 arc has a
most rapid decay in the electron density with a time
constant of 10 µs. In this way, the electron density
could be determined for decaying arcs at different
gas mixture and different gas kinds without LTE assumption. The comparison of the results by such LTS
method with the theoretically calculated result in time
evolution in the electron density will be introduced in
later section.
4.1.2. Shack-Hartman method
Recently, two-dimensional distribution of electron density in a plasma is measured by Shack-Hartmann type
laser wavefront sensor [9]. Figure 9 shows the basic concept of a Shack-Hartmann sensor for measuring electron density distribution in an arc plasma.
A Shack-Hartmann sensor is composed of an image
sensor, e.g. an ICCD camera, and a sheet of microlens arrays. Micro-lens arrays convert the localized
wavefront gradients of a laser beam into the shifts
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Figure 8. Temporal evolution in measured electron density in Ar/SF6 (40, 60, and 80% SF6 ) arcs current commutation
under free recovery condition [8].

of the focal spot positions. A laser beam with the
flat wavefront is irradiated to the arc plasmas. The
laser wavefront profile through the plasma is locally
distorted by different refractive indexes from the local electron density in the plasma. This distorted
wavefront makes the shifted focal spot positions by
the micro-lens array. This shifted spot positions were
measured by the imaging sensor. This shifted displacement depends on the gradient in electron density.
Thus, the electron density profile can be obtained
without LTE assumption.
Figure 10 indicates the two-dimensional electron
density distribution at t = −10, 10, 30 and 50 µs after
current commutation from 50 A to 0 A to produce
free recovery condition. The two-dimensional region
of 4.5 mm × 4.5 mm in the nozzle throat was taken
as a region for electron density measurement. The
CO2 gas is supplied from the lower region at a flow
rate of 100 L/min. At t = −10 µs, the dc arc with
an electric current of 50 A is established between the
electrodes. As seen in this figure, at t = −10 µs, a
two-dimensional high electron density area can be
obtained with magnitudes above 1023 m−3 from upstream (lower) to downstream (upper). After a current down to 0 A at t > 0 µs, the electron density
decreases with time under free recovery condition,
and the high electron density region becomes narrower. At t = 30 µs, the electron density decreases
to 3×1022 m−3 . At t = 50 µs, the upstream portion
has the decreased electron density less than 1021 m−3
Such a two-dimensional electron density distribution
can be obtained by Shack-Hartmann method.
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(k-2)th
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Tk-3(λ)

image sensor

Figure 9. A schematic of a Shack-Hartmann type laser
wavefront sensor for measuring electron densities in a
plasma [9].

4.2. Comparison of measurement results by
Laser Thomson scattering with results
calculated by chemically non-equilibrium
model
The electron density measured by laser Thomson scattering (LTS) method was compared with those calculated by the non-CE model and the LTE model [6].
Figure 11 shows the comparison for a N2 decaying arc
under free recovery condition from 50 A to 0 A. As
seen in this figure, at t = 0–10 µs, the measurement
results fairly agree with both those by the non-CE
model and the LTE model. At t > 10 µs, the LTE
model predicted a rapid decay in the electron density.
However, at t > 10 µs, the electron density measured
by the LTS method is higher than that by the LTE
model. On the other hand, the non-CE model predicted the electron density fairly agreeing with that
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Figure 10. Two-dimensional electron density distribution in a CO2 decaying arc plasma at t = (a) 0.1, (b) 10, (c) 30
,
and (d) 50 µs [9].
µ

3

ρ

µ

v
(

µ

/τ )

works
for electron densityc measurement
without LTE
−3 −1
6000
assumption. Results indicates an importance of chemically non-equilibrium
T effects in a switching arc.

(t )

τ

c

µ

µ
µ

µ

3

1

Figure 11. Comparison of electron density measurement results by laser Thomson scattering with calculation results of electron density predicted by chemically
non-equilibrium model [6].

by the LTS method. The difference in electron density
by the non-CE model from that by the LTE model
is due to consideration of reaction rate of N+
2 + e →
N + N. This implies a validity of the non-CE model,
and an importance of considering non-CE effect in
decaying arcs.

5. Conclusions
This paper briefly summarizes one recent approach
for switching arcs in Japan: a modeling work of arc
plasmas considering non-equilibrium effects in highpressure high-temperature plasmas, and experimental
232
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