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Chapter 1 Introduction

1.1 Duties and functions of circuit breakers

In the face of ever increasing electric power energy demand, electric power systems have
considerably grown in size. For example in Japan, by the vear 1996 itself. the total
generating capacity and the total electrical energy output have reached to the remarkable
fipures of 233 737 MW and 1 009 349 GWh, respectively |[1}. To cope up with these
orowths, the nominal line voltage of the underlying EHV/UHV transmission networks
has been raised from time to time from the view point of economic reasons. The highest
nominal voltage over the world is in Russia where the network rated at 1150 kV has been
in operatation since 1985 [2|. In Russia. the transmission line length for 1150 kV has
already reached 2500 km including the lines under construction. In the United States,
experimental transmission lines for 1500 kV were constructed around Chicago in 1976,
and experimental investigations have been carried out [2|. In Japan, the highest nominal
line voltage of transmission networks has been raised to 500 kV since 1973. Transmission

lines rated at 1000 kV has already been built from Shin-Imaichi to Higashi-Yamanashi via

Nishi-Gumma although it is being operated at 500 kV [3]. The plan to construct another
transmission systems rated at 1000 kV is underway.

On the other hand. besides the economic factors, the high quality and high reliability
of electric power are required for ensuring steady voltage and frequency as well as avoiding
any kind of blackouts. These requirements arise, for example, from the dramatic increase

in the computer applications to industrial as well as other sectors. since these computer

equipment cannot normally operate if the electric power supply is cut off for a few hundred

milliseconds. Under such circumstances, the duties imposed on a circuit breaker become
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Figure 1.1. Current flowing through a circuit breaker [6].

severe mn maintaining high reliability.

The circuit breaker has main four duties : (1) to switch electrical power networks on.
(2) to allow to flow current without impediment in a network under normal operating
conditions, (3) to interrupt the flow of excessive current in a faulty network, and (4) to
interrupt load current under various circumstances |4, 5]. It is also required to insulate
one contact from the other in the ‘open’ state. Furthermore, it is necessary to perform
these duties in a time as short as possible with high reliability. Figure 1.1 indicates the
typical current which a circuit breaker must interrupt in different cases [6]. In this fizure,
the power factor based current classification is given. It should be noted that a circuit
breaker must be able to interrupt currents in extremely wide range.

T'he most severe and important duty of a circuit breaker is to interrupt short-circuit
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Figure 1.2. Short-circuit currents in ac transmission network in Japan [7).

currents. The severity of this duty imposed on circuit breakers has increased immensely
as a result of growth in network size. Figure 1.2 shows the continuous increase in short-
circuit current on 500 kV transmission network over the years in Japan [7]. It should
be pointed out that the short-circuit current has exceeded 50 kA since 1990. With the
increase in the short-circuit current. an interruption capability of a circuit breaker has
also steadily increased. In 1993, a one-break SFy puffer circuit breaker rated at 550 kV-63

kA was developed in Japan |[7].

1.2 Alternating current interruption

One of the duties of a circuit breaker i1s to switch off a faulty part of the network. The

circuit breaker is tripped by a protection system. As soon as the contacts open, an electric

-hf.
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arc 1§ formed across the electrodes. hrough the arc, the current continues to pass without
cetting interrupted, The Aowing current heats the are as a result of joule heating, making
Lhe arc temperature 10 U00-20 000 K during high current phases. Such high-temperature
arcs are usually considered to be under local thermal equilibrium condition where heavy
particles and electrons have an identical temperature, since the circuit breaker has internal
pressures above (),1 MPa. From this pomt of view, the arc i a circuit breaker is identified
as a kind of thermal plasmas

The are with temperatures above 10 000 K has a high electrical conductivity above
3000 § m~' Under the certain conditions, the are is established until a natural current
zero of the alternative current waveform is reached. At current zero, the I]rmh* hI[u'LI.iu_j_'1
effect turns out to be zero. If the loss power in the arc at current zero is hich enough to
decline temperature and electrical conductivity of the are, the arc¢ 15 guenched and the
Howing current 1s interrupted.

It has been recognized that an electric arc is a switching element for high-current
interruption, sinee the are can change its resistance not only very rapidly, but also au-
tomatically and synchronously with the change in the alternating current. Thus. the
high-current interruption is to control the resistance of the arc plasma.

High-voltage circuit breakers have two types of current interruption failure. One is
a thermal fallure, and the other is a dielectric failure. These two types of failures are
interpreted as follows ; At current zero. there remains hot gas with temperatures about
G000 K between the contacts, This hot gas 18 referred to as a post-are channel. 1t has still
higher electrical conductivity than SFy gas at a temperature of 300 K. On the other hand,
Lhe network reacts o this circuit interruption by transient oscillations which cause a so-
called transient recovery valtage TRV across the cireuit breaker. During the imposition
of high TRV, the current, occasionally with a few amperes, passes through the post-arc
channel. This current is called a post-arc current. If the post-arc current reduces to zero.

the current interruption is achieved.

However, when the rate of rise of the TRV, dv/dl, frequently abbreviated as RRRV. is
greater than a critical value, the post-arc current cannot reduce (o zero and the decaving
arc channel is re-established by joule heating immediately after current zero. This failure
15 called a thermal failure. This failure can be determined only after a lapse of several

microseconds following current zero. Thus, this period is referred to as a thermal failure

mode, which is controlled by the energy balance. Figure 1.3 shows test oscillograms of

voltage across the electrodes for the case which were taken for an SFs circuit breaker at
72 kA [4.  The rate of rise of the TRV after current zero is about 2 kV us™'. The
oscillogram (a) shows a sucecessful interruption, whilst (b) represents a thermal failure.
As shown in Fig. 1.3 (b), the voltage across the electrodes deviates from the TRV in the
case of (a) at about 2 ps after current zero and become equal to the arc voltage after a
time period of several micro-seconds,

After a successful thermal interruption. the TRV may reach such a high peak value
that the circuit breaker gap fails through dielectric breakdown. This is called a dielectric
failure in the peak region of recovery voltage. Figure 1.4 shows test oscillograms of voltage
across the electrodes for this mode. The oscillogram in Fig. 1.4 (a) shows a successful
interruption, while that in (b) depicts the occurrence of a breakdown close to the peak. It
s noted that the voltage decay occurs so fast that it cannot be resolved on the oscillogram.
This is a typical feature of the dielectric failure.

The existence of these two basic failure modes, each having different properties. has
nmportant consequences to the range of application of a circuit breaker. Among the wide
variety of possible fault locations and network conditions. only those types of faults are
of interest, which produce the highest stresses owing to the two crucial parameters dv/di
and a peak value of the TRV together with the level of the short-circuit current.

IFor the thermal interruption mode, the eritical fault is the one which occurs on a line

al a certain distance from the cirenit breaker. The most severe stresses in TRV oceur in

the case of relatively short lines a few kilometers in length, since TRV has a waveform
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(a) Closed position
One of the effective techniques for interrupting high current is to blow the gas along :
E - Pressuring SFg
the axial direction of the arc discharge. Figures 1.5 (a) (b) and (¢) illustrates the eross | C
; : W d. Ll _ ; , Puffer
section of a gas-blast circuit breaker schematically. The circuit breaker consists of a puffer piston Nozzle
chamber. The moving contact has the shape of a hollow tube. When the contacts separate.
Moving contact
an electric arc is formed across the arcing contacts as shown in Fig. 1.5 (b). The presence Stationary

arcing contact

Puffer |

of the arc produces a blocking effect on the nozzle preventing gas from flowing freely out it
' ' piston |

of the pufter chamber. Hence, the gas pressure inside the puffer chamber increases to a

<«

high value, depending on the current intensity. At natural passage through current zero,

(b) Opening process

the gas pressure will reach a value sufficient to produce a gas blast across the arc space

in the axial direction. The gas blast with high velocity may remove a significant portion

. C
of heat in the arc. thereby leading to a quench of the arc. As a medium of the gas blast .
3 24 i EFels ast. Puﬂﬂr
silfur hexafluoride (SFy) gas is widely adopted in many gas-blast circuit breakers because : piSion | =
of its excellent arc quenching ability. <
" - ) Stati
Pure SFy gas is colorless, odorless, tasteless, non-toxic and non-flammable. It is also - - tationary
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' | - - : 6
chemically stable, so it neither decomposes nor attacks ordinary materials of construction piston J_ J
Al y
i ” - = ﬁ
at temperatures below 425 K. It gets dissociated under the high-temperature are column.
however, the components recombine so that the net amount of tlt-?{‘mH;mﬁil.mn products (c) Contact separation g
formed is actually verv small. The electrical properties including the voltage withstand T’i;:,'lll‘{:' 1.5. Sequence of an opening operation in a H%L"-'--hle”sﬁt circuit breaker, i

and are quenching capabilities are very important for its use in high-voltage circuit break-

ers. The remarkable performance of SFy as an interrupting medium is largely due to its
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ability to recover dielectric strength quickly alter the arc current passes through zero. One
of the important performances of an arc-quenching medium is represented by its thermal
time constant at the instant when the arc current passes through zero. In accordance
with Frind ef al. , the thermal time constant was found to be only 1 us for SF; arcs, as
compared to 100 us for nitrogen arcs (8],

The use of SFy gas with such excellent properties permits the drastic development of
a gas-blast circuit breaker. At present, one-break gas-blast circuit breakers rated at 550

kV-63 kA have been developed.

1.4 A survey of research works on SF; gas-blasted arc quench-

ing process

The current interruption phenomenon has not yvet been elucidated completely because of
its complexity, Therefore. many engineers and researchers have concentrated their works
on both the experimental and theoretical investigations relating the current interruption
processes. In this section. the survey of recent investigations on SFy ares 1= made from

the viewpoints of both experimental and theoretical approaches.

1.4.1 Experimental approach

Numerous experimental investigations have been carried out to measure only macroscopic
parameters such as the voltage applied between the contacts and the current flowing
through a circuit breaker around current zero. However, recent investigations have been
tocused to obtain physical information concerning an arc itself. for example. arc diameter.
temperature, pressure, electron density and/or radiation transfer [9]-[26].

Lewis ef al. have measured diameters of ares across the Cu-W electrodes for 78 Hz

current in a model SFg gas-blast circuit breaker [15]. Figure 1.6 shows typical are diameter

variations near nozzle throat with time during the 10 ps before eurrent zero for three
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Figure 1.6. Arc diameter variations near nozzle throat in a model SF; gas-blast circuit

breaker for three current decay rates; <, 15 A us™' ; (O, 16.5 A us™' ; A, 20.5 A ps™1 [15].

different current decay rates di/dt of 15, 16.5 and 20.5 A ps™'. It is indicated that an arc

diameter increases proportionally with the absolute value of current decay rates di /dt.

Lewis et al. also have measured arc temperature around current zero for current fre-
quency of 78 Hz by the two-line method of Cu spectral lines at wavelengths of 515.3 and
510.5 nm [16]. Figure 1.7 represents the variations of radially averaged arc temperature
at current zero with di/di. There 1s an evidence of a distinct increase in the average arc
temperature above a di/dt of about 20 A ps™*.

lkeda et al. have measured radial radiation distribution of S, F and Cu spectral
lines [17]. From the analysis of profiles of these spectral lines, it was found that the
temperature was less at the center of the arc than at the edge due to an increase in the
copper vapor concentration around the center of the arc during peak current phase of 30

kKA.
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Figure 1.7. Average arc temperature at current zero in a model SF; gas-blast circuit

breaker |16

The pressure, which is significant for gas-blast effect, in a puffer chamber in a gas-
blast circuit breaker has been measured. Mori et al. have measured pressure in the
putfer chamber in a model gas-blast circuit breaker rated at 50kA [21]. They compared
pressure rises in the chambers of gas-blast circuit breakers in different cases : the one
with an additional nozzle, what is called an inner-nozzle, on the end of the movable arcing
contact and the other without inner-nozzle. Figure 1.8 shows the pressure rises during
SLF interruption of 90% of rated interrupting current. In Fig 1.8, it can be seen that the
pressure rise in the model gas cireuit breaker with an inner-nozzle is 1.24 times higher
than that without an inner-nozzle, and the circuit breaker is improved enough to interrupt
a current of 63kA by installing the inner-nozzle. They concluded that the installation of
the inner-nozzle for the pressure rise successfully contributed to the improvement of the
SLF interruption performance.

During the peak current phase, a sufficient amount of power is dissipated to produce

With inner-nozzle (current 63kA)
| O:success
f-' @®:fuilure

L

= \_/
E Without inner-nozzle
‘5 (current SOkA)
o, 0.5 /N\success
A failure
0L | : L | |
0.5 0.6 0.7 (.8 ().9 ]
Arcing time (pu)

Figure 1.8. Pressure rise at SLF 90% interruption in a model gas-blast circuit breaker [21].

substantial evaporation of the electrode material. The metallic vapor may affect the
mterrupting capability of a circuit breaker, because it enhances the electrical conductivity.
Jones et al. carried out spectroscopic observations between the Cu-W electrodes in a model
SFg gas-blast circuit breaker in a wavelength range of 510-516 nm [23|. Figure 1.9 depicts
the correlated results between the occurrence of W spectral lines and the failure of eurrent
interruption at a upstream pressure of 4.25 bar. They found the approximate correlation
between the occurrence of W line emission at the critical instant of current zero and a
deterioration in the current interrupting ability of the circuit breaker.

Maftoul et al. have observed a sustained current conduction in the breaking chamber
rom measurements of post-arc current across an SFg puffer circuit breaker after a current

interruption for peak current of 36 kA [25), They concluded that the conduction was due

13
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Figure 1.9. Correlation between the occurrence of W lines and failure of current interrup-

tion in a model SFg circuit breaker. Upstream pressure is 4.25 bar absolute [23].

to mainly S; and found that the temperature of the conducting gas was about 2000 K
after bms from current zero.

In the region after current zero, however, the radiation intensities of spectral lines
are too low to be detected even with high sensitive equipment. Therefore, few research
papers on diagnosis of a post-arc channel after current zero have been published in the

open literature.

1.4.2 'Theoretical and numerical approach

['heoretical calculations for an arc can be distinguished as follows : one is to theoretically
calculate fundamental data on SFg properties including radiation transfer, composition,
relaxation time, transport and thermodynawmic properties [27]-[33], and the other is to

simulate dynamic behavior of the are and hot gas using the fundamental data by means
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Figure 1.10. Electrical conductivity of SFs-Cu mixture at a pressure of ().1 MPa as a

function of temperature [27].

of computer fluid dynamics techniques [34]-{56].

Chervy ef al. have calculated the equilibrium composition and transport and ther-
modynamic properties of SFg-Cn mixture in a wide temperature range of 300-30 000 K,
taking mto account the contamination with Cu vapor injected from the electrodes in a
circuit breaker |27|. Figure 1.10 illustrates the electrical conductivity of SFg-Cu mixture
as a function of temperature at a pressure of 0.1 MPa. 1t is revealed from this figure that
electrical conductivity increases remarkably in proportion to Cu vapor concentration.

An arc radiates extreme insensitive light. The quantity of light emission is one of the
important factors to formulate the energy balance in the arc. Gleizes et al. have calculated
the net emission coefficient radiated from cylindrical SFg-Cu arc column [30]. Figure 1.11
shows the calculated results. The emission radiated at the center of an arc is absorbed at

Its cool edees. Therefore. the net emission coefficient decreases with increasing arc radius.
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They also pointed out that the decrease in emssion radiated outside leads to a change in
temperature profile of an arc.

Recent developments in computer Huid dynamics techniques enable the transient arc
plasma to be simulated. The flow velocity and temperature profiles of SFs in a circuit
breaker have been attempted to be computed by solving simultaneous equations, i.e. the
mass, momentum and energy conservation equations on the assumption of local thermal
equilibrium LTE.

For the prediction of thermal failure, many researchers have calculated arc behav-
1or before and after current zero. Fang et al. have analyzed arc behavior such as arc
temmperature, mass density, pressure and How velocity in a model SFg gas-blast circuit
breaker |50)|. The turbulent effect on the are cooling was taken into account using Prandtl

mixing length model. Figure 1.12 demonstrates the calculated radial temperature distri-
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Figure 1.12. Comparison between caleulated and measured temperature profiles at nozzle
throat for Aachen nozzle : A experimental results. Stagnation pressure (.9 MPa, peak
value of current [,=1000A, di/di=16A pus'. Instantaneous current (1) 600 A ; (2)100

A [50].

bution in an SFg arc at a stagnation pressure of 0.9 MPa at the nozzle throat in Aachen
nozzle. Taking the turbulent effect into account leads to the calculation results that agree
with experimentally obtained temperature profiles. They pointed out in their paper that
the turbulent cooling effect dominated the temperature decay in downstream region.
Further developments have been made in computational tools and in arc modeling
methods. Trepanier et al. have developed a computational fluid dynamics tool capable
of calculating self-induced magnetic field [51]. Tong et al. have analyzed the arc and
hot gas behavior during current interruption not only in the thermal mode but also in

-
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Figure 1.13. Decay of relative particle concentrations. The denominator is the density of

the partial diatomic equilibrium |58].

the dielectric mode of an SF; cirenit breaker [55|. Blundel et al. have investigated the
similarity and scaling law of arc in a circuit breaker [56].

In the computation of are behavior with a fluid model, local thermal equilibrium LTE
15 assumed to be established in the arc. However, LTE may not always be established
In a transient arc or in an arc under high electric field [57|. Recently, many calculations

of particle compositions have been seen in the open literature, considering these non-

equilibrium effects [58]-67].
When an arc temperature decays too rapidly compared with the time taken in chemical

reactions. chemical equilibrium may not exist in a post-are channel. Brand and Kopainsky

have used reaction kinetics to analyze time variation in particle densities without applying

recovery voltage |58|. Figure 1.13 illustrates decay of relative particle concentrations with
a rapid temperature decrease. 1t 1s concluded that during about 100 us after current

zero there is a strong deviation from the equilibrium and the overpopulation of electron

density. Similar analyses have been made by Gleizes et al. [59] and Adamee et al. [67)
for particle compositions of SFg plasma under non-chemical equilibrium conditions.
During the post-arc phase in SFg gas-blast circuit breakers, high electric field strengths
are applied to the post-arc channel, originating from the recovery voltage. Such high elec-
tric field strength elevates the kinetic energy of the electrons. Furthermore, electrons may
have non-Maxwellian distribution functions depending on the electric field strength. Tak-
g non-maxwellian effect in electron energy distribution functions into account, Gonzalez
et al. have investigated the effects of the electric field on the electrical conductivity of SFy
plasma in a model circuit breaker |61]. Figure 1.14 shows time variations of the post-arc
current for RRRV=7 kV us~' while taking into account the influence of electric field
strength on the electrical conductivity. The results show that the presence of the elec-

tric field increases the electrical conductivity generally and thus decreases the caleulated

interruption capability.

1.5 Purposes and composition of the dissertation

1.5.1 Purposes of the dissertation

As mentioned in the preceding sections, many investigations have been performed on the
arc phenomena before current zero. This 18 due to the fact that the spectral lines can be
readily measured to analyze an arc. However, few research work on the post-arc channel
after current zero have been performed since the diagnosis of a post-are channel is very
difficult. Therefore it is desirable to measure the post-arc parameters such as a post-

arc temperature, metallic vapor concentration and electron density in an SkFg post-arc

channel.

-




One of the purposes of the present study is to experimentally elucidate transient
variations in physical parameters such as temperature, metallic vapor concentration and
electrical resistivity in an SFg gas-blasted arc both before and after current zero during
current interruption processes. In order to attain these purposes. a method for measuring
transient temperature below 6000 K in a post-are channel with spectroscopic techniques is
{JUUI"‘: 1d -EHI I_‘ TI i::. a1~ 'ad : h i 1 = - + X ol s . a2 . ’

sed |05). Using the devised method, the arc temperature is measured along the nozzle
axis in a flat-type SF; gas-blast quenching chamber |68, 69|. Furthermore, a new method

lor estimating metallic vapor concentration in a post-are channel is developed [70]-{72]. In

n =
F RRRV=7kV Ls .
addition, a new interpretation is given to the arc interruption processes from the viewpoint
4_ . " - - AL —y e
ol an increase in electrical resistivity |73, 74/,
. 8 Anothe : e : - -
e e Another purpose of this study is to derive fundamental data on SF; plasma under
E
& 3l the non-thermal equilibrium. A post-arc channel is exposed to high electric field. The
o , 5 - . . ; :
high electric field elevates kinetic energy of electrons in a post-are channel, resulting in
| - : . _ :
o e a rise of electron temperature 7, even if at a high pressure of 0.1 MPa. As a result.
§) . 1 J : o 1. mayv become greater than gas temperature 7. In such a two-te srabure situat
0 0.0 02 03 04 05 06 a; TE an ge pe . ch a two-temperature situation,
Time (&) the particle composition may differ from that under the thermal equilibrium. Thus, the

particle composition is revealed theoretically on the basis of second law of thermodynarmics
for two-temperature SFg plasmas |75, 76).
Figure 1.14. Variations of the post-arc current for RRRV=7 kV ps ', with (full curves)

_ - | o 1.5.2 Composition of the dissertation
and without (dotted curves) taking into account the influence of electric field strength on

electrical conductivity [61]. The present dissertation is composed of the following six chapters :
| Chapter 1 is the introduction of this dissertation. The survey of the progress and

the remaining problem for elucidation of SFs gas-blasted arc interruption phenomena is

_— =

described

Il chapter 2, an estimation of transient axial temperature distribution in a post-arc '

- - —\—1—="

channel in a flat-type SFs gas-blast quenching chamber is described |68, 69]. In order

—-._.—'.n.-_-—l_

to decide two spectral lines for estimating post-arc temperature by the two-line method.
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emission coefficients for 132 Fe spectral lines are calculated together with those for spectral

lines of particles concerned with SFy gas and electrode materials. These calculations show

that Fe spectral lines at wavelengths of 426.0 and 442.7 nin have much higher emission
coeflicients than S*. F or Cu at temperatures below 5000 K, and these two speetral lines
are suitable for the temperature estimation below 5000 K. In the practical experiment.
iron is intentionally used as the electrode material in a flat-type SFy gas-blast quenching
chamber. Measurements of radiation intensities of these two Fe spectral lines make 1t
possible to estimate post-arc temperature below 3500 K at 100 us after current zero in
the chamber. Owing to these temperature estimation. axial temperature distribution is
acquired.

In chapter 3. the axial distribution of iron vapor concentration X in a SFs post-
arc channel in a flat-type SFg gas-blast quenching chamber with iron electrodes is de-
scribed [T1, 72|. A method for estimating Xp. is developed on the basis of spectrascopy.
which utilizes the relative radiation intensity of background spectra at 455.0 nm to Fe
spectral line at 426.0 nm. As the method requires theoretical data on emission coeffi-
cients of background spectra and Fe spectra, the coefficients are thus calculated. From
these caleulations, it is observed that the background spectra at 455.0 mm have not only
continuous contribution but also those of Sy spectra [70]. It is shown that the method is
capable of estimating iron vapor concentration Xg. up to 100 us after current zero. It is
also found that Xy, is of the order of 0.01% around current zero along the arc axis in the
chamber.

In chapter 4, a new concept of ‘thermal plasma contacts’ is described in order to
interpret the behavior of a post-arc channel from the viewpoint of transient axial electrical
resistivity distribution in a post-arc channel [73]. It is represented that fictitious ‘thermal
plasma contacts’ are present in front of the practical metallic electrodes. The thermal
plasma confacts are found to open in the axial direction during arc quenching period. It

is also revealed that the fictitious contacts have the opening velocity exceeds 100 m s .

|
=
ot

Furthermore, behavior of the thermal plasma contacts applied TRV of the order of 2 or
3V pus™' was discussed |74]. From these discussions, an interpretation on thermal failure
and successful interruption is given [74|.

In chapter 5, particle compositions and electrical conductivity of SFg plasmas are cal-
culated considering the non-equilibrium effect, i.e. two-temperature effect |75, 76/. In the
calculation of particle compositions, eflective excitation temperature is newly introduced
in order to express the populations of the internal states of heavy particles in high-pressure
and high-gas temperature plasma in two-temperature steady state. From the calculation
results, the effect of an increase in electron temperature is described on the variation in
particle composition and electrical conductivity of 5Fg plasmas.

In chapter 6, the conclusions of the present dissertation are summarized and the scope
for the future research work is also given.

References are listed cumulatively at the end of each chapter.
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Chapter 2 Transient behavior of axial temperature

distribution in an SF; post-arc channel

2.1 Introduction

[n an SFs gas-blast circuit breaker, an ac arc discharge between the electrodes is extin-
guished at current zero following a peak current of several thousands of amperes. After
current zero, a post-arc with temperatures below about 6000 K still remains between the
electrodes. Diagnosis of the post-arc in the transient state is therefore of great importance
for understanding of the arc quenching process.

Arc temperature i1s considered to be one of the important factors for the arc quenching
process. To estimate the temperature of the SFy; gas blasted are. a spectroscopic obser-
vation method is often adopted. In the spectroscopic method, spectral lines emitted from
atoms and/or ions such as 5, S* and F have frequently been observed [1|-|6|. However,
observations have been performed only during peak current phases of a few hundreds of
amperes or above.

As is well known, metallic vapar is injected into the arc from the electrodes in the arc
interruption process [T|-|11|. For example. by observing spectral lines emitted from Cu
in the SFy gas arc between copper electrodes, Lewis et al. estimated the arc temperature
at a few micro-seconds before current zero [9],

The radiation intensities of the above-mentioned spectral lines are extremely low in
the post-arc channel after current zero and thus are scarcely detectable even with high
sensitive photomultiplier tubes. This is because the temperature of the post-are decays to
magnitudes below 6000 K and then the radiation intensities of the spectral lines reduced
markedly. Consequently. a good deal of research work has been centered on ways to

measure the temperature of the post-arc channel after current zero.
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Iy this chapter, the author describes decaving behavior of temperature of a post-arc

channel after current zero around nozzle (hroat in a Hat-type SFy gas-blast quenching

chamnber with iron electrodes. The temperature was determined from the radiation inten-
sities of the spectral lines of Fe oniginating from the iron electrodes. Firstly, theoretical
caleulations were made of the emission coefficients of 132 main spectral lines for Fe in the
wavelength range of 400.0 to 700.0 nm. The enussion coefhicients of particles concerning
ST, F and Cu were also calculated. From these calculation results, the author found that
several spectral lines radiated from Fe have higher emission coefficients than those radi-
ated from S' or Cu at temperatures below 5000 K. Two Fe spectral lines at wavelengths
126.0 and 442.7 nm were selected from the 132 lines to estimate the post-are temperature
by means of the two-line method. Secondly. experiments were performed concerning the

post-arc in a flat-type SFy gas blast quenching chamber, In these experiments, the two Fe

spectral lines were observed at each of five axial positions around the nozzle throat, The
radiation intensities of the Fe spectral lines were successfully detected with photomulti-
plier tubes up to an elapsed time of 100 ps after current zero. Finally. from the detected
radiation intensities, transient distributions ol temperature in the post-arc channel along
the nozzle axis were estimated. From the results, the post-are temperature at the nozzle

throat was found to decrease markedly after current zero. becoming much lower than

temperatures at the other axial positions.

2.2 Calculation of emission coefficients of Fe spectral lines

It is widely known that iron has wmany bright spectral lines. Therefore, it might be
expected that there are several ol these spectral lines having high intensity even in SIg
post-arc channel with temperature below 6000 K. and that they can be utilized for the
estimation of post-arc temperature. Then, the author calculates emission coeflicients of

many Fe spectral lines in SFg-Fe mixture and investigate whether Fe spectral lines can be
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used for estimation of post-arc femperature or not.

—

2.2.1 Equilibrium composition of SF;-Fe mixture

Calculation of emission coeflicients requires the number density data. However. the calcu-

lation result of SFg-Fe mixture composition can hardly be found in the open literatures.

T'hus, considering the molecular, atomic and ionized species SF5, SFy, SFs, Fa. So. F

S, F', S', F=*, 8" F~. S, Fe, Fe', Fe*' and the electron. the author computed the
equilibrium composition by solving simultaneous equations : Guldberg-Waage's equations
for dissociation reactions, Saha's equations for ionization reactions. the charge neutrality
equations, Dalton's law of partial pressures and iron vapor concentration. In this disser-
tation, the iron vapor concentration Xp. in percentage was defined as the ratio of the sum

of mass of Fe, Fe' and Fe*' to the sum of those of all heavy species as follows

Mpe(VpelT) + Npet (T) + Npe2+ (T))

"l-i =)~ Vi) = An
E HFJ, .-"-JJ{ .H
J

< 10N, (2:1)

where N;(1') is the number density of species j, my 15 the mass of species j. Figure 2.1
shows the calculated particle composition in the temperature range of 3000-8000 K at a
pressure of 0.1 MPa. The iron vapor concentration Xy, i1s taken to be 0.01%.

Recently, Chervy et al. have computed the equilibrium composition of high-temperature
oF s gas, taking account of more molecules : SFz, §F4, 55F,, FSSF, Fi. 55, SF and
SF~ [12|. The composition for a pure SFy gas calculated by the author is in general
agreement with that by Chervy ef al. , althoush these molecules were neglected in the
present calculation. This is because the number densities of the above molecules SF;.
SF4, 58F,, FSSF, F;. 5, and SF~ are very much lower than those of the other particles

at temperatures above 3000 K.
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Figure 2.1. Equilibrium composition of 99.99% SFs— 0.01% Fe mixture at a pressure of

(.1 MPa : bold curve. number density of Fe.
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2.2.2 Method for calculating emission coefficient of Fe spectral line

I'he emission coefficient £,,, of the Fe spectral line as a function of temperature T is

expressed by

he NialT) R U _ ;
Epm " (s -'.!urr.- s Gk — - Hll'lql" “3 I i ‘.L.-F
TR e Lt i v LR S %)

where Ug,(7') 1s the internal partition function of Fe. the subscripts n and m refer to the
upper and lower energy levels respectively, g, is the statistical weight for the upper energy
level 7, Ay, is the transition probability, A, is the wavelength of the spectral line, £,
15 the energy of the upper level n ., and h, ¢ and k are Planck’s constant. the velocity
of light and Boltzmann’s constant, respectively [13, 14|. The calculation of the emission
coefficient =, from equation (2.2) requires numerical data for Npo(T'), UgslT). gn. Apim

and A,m. The numerical data were obtained in the following ways.

(1) Number density Ny (T'). The number density Nu(T') has theoretically been
obtained as seen in Fig. 2.1. In this figure, the number density of the Fe was

indicated by the bold curve.

(2) Internal partition function Up.(T'). The internal partition function of Up,(T)

was caleulated from the following expression [15]:

Ui T') Z{EJ + 1) exp (— Ai;) : (2.3)

where J is the quantum number of the energy level of the Fe, and E; is the cor-
responding energy level of excited states. The values of J and E; are given by

Moore [16],

(3) Atomic constants g,. A,... Anm and E,. The values of g,. Ay, Aum and E,
with respect to each of the Fe spectral lines are experimantally given by Fuhr et al.

117] and Bridges and Kornblith [18].
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Table 2.1. Emission constants for Fe spectral lines at wavelengths of 426. 430), 433, 438.

140), 442 and 443nn.

Wavelength Upper energy level gA-value
Arn i1 I, [eV] OnAnm[% 107
126.047 5.3085 3.02 |7
130.790 1.4367 3.06  [17]
132.576 4.4732 35  |17]
138.354 1.3124 550  [17
140.475 4.3713 2475 [17
141.512 4.4153 0.833 |IT
142.731 2.8512 0.0108 [18]

2:2.3 Calculation results of emission coefficients of Fe spectral lines

Corliss and Bozman show that Fe emits usually 132 main spectral lines in the wavelength
range rom 400.0 to 700.0 nm [19]|. For each of these 132 spectral lines, the author caleu-
lated the emission coefhicients in the temperature range of 3000-8000 K by substituting
the data for Ne(T). g, Awm. A and E, into equation (2.2). The calculation results
revealed that the spectral lines at wavelengths of 426.0. 430.8. 432.6, 438.4. 440.5. 441.5
and 442.7 nm have much higher emission coefficients than those at the other wavelengths
at temperature 4000 K. Table 2.1 summarizes the atomic constants gn, Aum, Anm and Fy,
for the seven spectral lines. Figure 2.2 shows the calculated emission coefficients &puq.

E A3 ERsd3, “Feddss SFeddlls € Fedqe |LH[] E Fodd 3 H!- !.h“ SOCVEn hi]‘l'l"lrﬂ[ “Hl"':"u as 4 f”ﬂ('[.ll”] Hj-
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temperature at an iron vapor concentration Xge of 0.01%

In a similar way. the emission coefficients oyt Eourrr and “cuazo Of Cu spectral lines
at. wavelengths of 510.6, 515.3 and 529.3 nm were also calculated in the case of a copper
vapor concentration X, of (0,01%, in order to permit a comparison with those of the
Fe spectral lines. These Cu spectral lines have habitually been observed to measure the
temperature of the arc between the copper electrodes [9]-[11], The author also caleulated
emission coefficients £gie30 and £g454: of ST spectral lines at wavelengths of 532.1 and
5454 nm and spgeq of a F spectral line at 623.9 nm. These spectral lines of F and S
have frequently been measured to determine the temperature of the SF; gas are during
peak current phases [1|-|6]. Figure 2.2 also indicates ccys11. Ecysis. ECuz29, Eg+532: Ectnis
and £ggeq as a function of temperature.

From the data thus obtained it is possible to compare the emission coefficients of the
seveni Fe spectral lines with those of the F and S' spectral lines. As can be seen in
Fig. 2.2, the emission coefficients of the F and S* are much lower than those of the Fe.
For example, the emission coefficient zrg04 has a magnitude of 85107 W m= sr! at
o000 K, and eg+530 and sg+545 attam magnitudes of less than 3.5x107® W m=2 sr! at
S000 k.

Next compare Fe spectral lines with those of Cu. It can be verified from Fig. 2.2 that
the seven Fe spectral lines have much higher emission coefficients than the Cu spectral
lines at 515.3 and 529.3 nm at temperatures below 5000 K. For example, at 4000 K
=custs and £oysog are 3.1 and 1.2x107° W ™ sr!, respectively. In contrast, ez is

2.5x10'W m~* sr~' at 4000 K. That is. this emission coefficient £peiaa is eight times as

h]ﬂh a5 Eusl5-

o m
P
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Figure 2.2. Emission coefficients of spectral lines emitted from various species for a 99.99%

SFs—0.01% metallic vapor mixture at a pressure of (0.1 MPa as a function of temperature. :

full curves, Fe spectral lines ; broken curves, Cu spectral lines

spectral lines.

s

- chain curves, S* and F

2.2.4 Selection of spectral lines suitable for determination of post-arc tem-

perature

The two-line method is frequently used for determination of the arc temperature from
the ratio of radiation intensities of two spectral lines at different wavelengths [4, 5. 20].
By rewriting equation (2.2) for the two cases £; and 4. the following equation can be

obtained :

E1 {1 .'!||.f “a f;'l — h',_.'
. Lol i o et ) 5
oy e G (24)

where subscripts 1 and 2 refer to the spectral lines at wavelengths A, and A;, respectively.
Solving equation (2.4) for T, we obtain

t Fs
B e (2.5)

g1 A i-::z £1
klln= — In —
( G221 -t‘-_r)

Fquation (2.5) demonstrates that measurement of the radiation intensities of two spectral

lines at different wavelengths Ay and A; enables us to determine the arc temperature T
without any knowledge of the number density and internal partition function of the Fe.
[n order to easily detect the radiation intensities of two Fe spectral lines after current
7ero and to determine arc temperature with high accuracy by the two-line method, two
suitable Fe spectral lines need to be selected from among the 132 lines. The following

four criteria were then taken to select the two suitable spectral lines.

(1) The two spectral lines should have high emission coefficients at temperatures below
6000 K. This is in order to allow the radiation intensities of spectral lines to be

easily detectable even for the post-arc after current zero.

(1i) The spectral lines should not be resonance lines. The reason for this criterion is that
a resonance line has a self~absorption function, the effect of which greatly reduces the
radiation intensity emitted toward the outside of the arc. The measurement of the
radiation intensity of a resonance line thus leads to a large error in the determination

of the temperature.
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(111) The two spectral lines selected should display a sufficiently large difference between
their upper energy levels. This 15 in order to permnit higher accuracy in the deter-

mination of the temperature in the post-arc channel.

(iv) The two spectral lines should have emission coefficients of the same order at tems-
w helow 6 = her words. the emission coefficie atio of the two »

peratures welow 6000 K. In other words. the emission coellicient ratio of the two 10~ \

spectral lines should be in the range of 0.1-10 at such temperatures. This is to I

ensure that both the emission coefficients can easily be measured using detectors

2

10!

with the same sensitivity.

[t now needs to be verified which two Fe spectral lines best satisty the above four

Criteria.

10YE

(1) As described earlier. seven Fe spectral lines, at wavelengths 426.0, 430.8, 432.6, .
: € Fed443/ € Fe426

438.4. 440.5, 441.5 and 442.7 nm. have much greater emission coefhicients than

f emission coefficient € {/

i " . r -5 |
the remaining 125 lines at temperatures below 6000 K, Consequently, these seven T ] s e e e A S S R e T AR .
o - |
. : L = ! . ; 1 et ke i : |
spectral lines satisfy criterion (i). Therefore the discussion is limited to these seven 5 i i : ;
| ]
. : o i -
spectral lines. : - 3500K ' 4900K ' BODOK
| , '
—_ |'||||||‘|l|_llv4{!llllllllllllllllIlIIIIIIII1W/
- - | 5 i : .
12) None of the above seven spectral lines is a resonance line. 3 4 D 6 7 8
Temperature 7 (K) [ X 1(13]
(3) Twenty-one pairs may be formed among the seven spectral lines. 1t may be noted
from Table 2.1 that the pair of lines Feyog and Fegqn has the largest difference of 2.45
eV in upper energy levels.
1
(4) Figpure 2.3 shows the calculated ratio of epaas tO E6ei0s as a function of temperature. - = ; : »_ i § ; 2 , '
| e ‘ f ol R e et Figure 2.3. Ratios of emission coefficients of Fe spectral line and Cu spectral lines as a }
[t can be see : @ Tatio Epeqan/ Eregog 15 10 the range 0.1 to 10 for temperatures . : l
! an b n that the ratio cpeqan/Ereass 15 10 the range o 10 for temperature fimctt of Maeratueg.
I| between 3500 and 8000 K. In other words, emuission coefficients epugqa and €peang
{
. in the temperature range 3500-8000 K can easily be observed using two detectors
|
I| with the same sensitivities. Figure 2.3 also represents the emission coeflicient ratio
| “cuata/Ecuntr for the Cu spectral lines at wavelengths 510,60 and 5153 nm. These
40 8
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Cu spectral lines are frequently observed in order to determine the arc temperature
by means of the two-line method |6, 10}, The intensity ratio far exceeds ten at

temperatures below 4900 K.

As discussed above in points (1)-(4). the two spectral lines at wavelengths 426.0 and
142, 7 nm were thus selected to determine the temperature of the post-arc channel after
current zero. This two-line method enables us to determine the arc temperature without

knowledge of the iron vapor concentration.

2.3 Observation of Fe spectral lines

2.3.1 Flat-type SF; gas-blast quenching chamber

Figure 2.4 presents a general view of a flat-type SFy gas-blast quenching chamber and
the arrangement of the experimental apparatus. Adoption of the fat-type quenching
chamber facilitates observation of the are around the nozzle throat. Iron was intentionally
used as the electrode material in the quenching chamber. The distance between electrodes
was adisted to 50 mm. The flat nozzle was made of polytetrafluoroethylene (PTFE) with
a thickness of 10 mm. The nozzle throat was 10 mm in width and 10 mm in length. This
fat nozzle was sandwiched between two ceramic plates. These ceramic plates are heal-
resistant, mainly comprising Si0,. Al,O3 and Cal).

The PTFE nozzle is ablated by the heat of the arc. However, the presence of PTFE
vapor at concentrations below 80 % has little influence on the electron number density
and the electrical conductivity of SFg plasma [21|. The electrical conductivity is one of
the most important factors in the are interruption phenomena. On the other hand, the
ceramic plates are hardly ablated by the heat of the arc. This was confirmed by another
spectroscopic observation. The observation result showed that little spectral lines from
Si. Al, Ca and () were observed around current zero for 5 kA ares.

Sulfur hexa-Huornde gas was supplied through tubes along the cathode to blow in the
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Figure 2.4. Experimental arrangement
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axial direction to the arc. The flow rate was adjusted to 50 liters min— before arc ignition
\ damping sinusoidal current with a frequency of 60 Hz was supplied from a condenser
bank (with capacitance C' of 3580 uF) through a reactor (with inductance L of 1.9 mH).
Peak value of the current was adjusted to 5 kA.

One of the PUTPOSES of this research work is to elucidate the de day Process of the POGT-
arc temperature i the free-recavery state after current zero. Hence, an amxaliary circuit
breaker (VCB) was mtentionally connected in series with the Hat-type quenching chamber,
interrupting the sinusoidal current at the first current zero, No transient recoverv voltage
(TRV) was applied between the electrodes, so that the temperature of the post-arc channel

gracually decreased after current zero

2.3.2 Spectroscopic observation around nozzle throat

Spectroscopic observation was carried out to measure the lemperature of the post-are
channel after the current zero. The radiation [rom the are was observed at five points
along the nozzle axis at intervals of 7 mm. The five observation positions are shown by
the symbols L, M, N, P and Q in Fig. 2.4(b). Observation position N corresponds to the
nozzle throat.

At each of these observation positions, one of the ceramic plates sandwiching the flat
nozzle has an almost rectangular hole 4 mm wide and 1 mum high. Through the hole, the
arc radiation was observed by means of a bundle of four optical fibers made of quartz glass.
1'hese optical fibers are capable of transmitting light in the wavelength range from 200.0 to
1300.0 mum with little attenuation in radiation intensity. Each fiber has a core of diameter
(.8 mm. a cladding of diameter 1.0 mm and a numerical aperture of 0.2. The receiving
ends of the hibers were located at a distance of 6 mm from the are chamber. Hence. the
bundle of fibers detected arc radiation from a region with spatial dimensions of 4.3 mm x
1.8 mm. Such optical fiber techniques are widely used in the plasma diagnosis [22]-{25].

tach bundle of fibers transmits the arc radiation from the observation point to the

]

entrance slit of a monochromator with a reciprocal dispersion of 0.8 nm mm-='. An
electromagnetic shutter was placed at the front of the entrance slit of the monochromator.
to prevent intense arc radiation from entering the monochromator during peak current
phase. A multi-channel detector with photomultiplier tubes was fitted on the focal plane
at the exit of the monochromator. Use of this detector permits a simultaneous observation
at three different wavelengths. The observation width of each channel corresponds to (0.6
nm in wavelength.

The time variations of the intensity signals were recorded with a digital wave-memory
unit, l'he relative spectral sensitivity of the overall optical system was measured using
a standard tungsten-halide lamp. Then, the calibration was carried out for above three
signals

As mentioned in section 2.2.4, Feyo and Fegge-lines were selected to estimate the tem-
perature of the post-arc channel after eurrent zero. Therefore. the author observed the
radiation intensities [},4 and [, in the wavelength ranges 426.0+0.3 nm and 442.7+0.3
nm respectively, by means of the multi-channel detector. The observed radiation in-
tensities [y and [§,4 include radiation intensity of background spectra. Therefore. the
radiation intensity /455 was simultaneously observed in the wavelength range of 455.0 +
.3 mm. This wavelength range are free from overlapping line spectra of atoms and ions.
Numerical subtraction of [z from [y, and )4 vielded net radiation intensities [p.oq

E:I.Ild Jlr[-}_.; 13-

2.4 Measurement of temperature in post-arc channel

2.4.1 Decay process of temperature in post-arc channel

Figure 2.5 (a) shows a typical oscillogram of radiation intensities [, /1,4 and Iy
These intensities were measured around current zero at observation position P. It should

be noted that these three radiation intensities could be detected up to the time of 100 us
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alter current zero. As mentioned above, numerical subtraction of /55 from [i36 80d Ty
yielded the net radiation intensities lpeeg and lgaqqa. From the net intensities [ peqne and
Ivuia3, the temperature was estimated using equation (2.5). Figure 2.5 (b) represents the

decay process of the temperature thus estimated. As seen in this figure, the temperature

was 4900 K at current zero. It can be seen that the temperature decreased gradually to

—
‘;:1.
E ) reachi 3500 K at 100 ps after current zero. This result demonstrates that it is possible
E) ~om
g8 2 through observation of the Fe spectral lines to measure the temperature of the post-arc
= B
= 5 channel after current zero. Such a low temperature of 3500 K has never been measured
" I
g o | | . . |
= by the observation of the spectral lines emitted from other species such as sulfur ions or
I fluorine atoms.
: (a) Radiation intensity /
5500 : 2.4.2 'Transient distribution of temperature along nozzle axis
|
|

At the same observation position. five measurements of the temperature were made just

5000

before and after current zero. From the five femperature measurements, an average

4500

temperature was numerically derived corresponding to each of a series of selected points

l'emperature 7' (K)

'|IIIII11|IFFI:II|II

4000 : : :
- Chpeant of time. In this way. the decay process of the average temperatures was obtained at each
l/__,xzem
- | i i i i i | i i s ] i : - P i
3500 —<0 : 0 o 30 : 700 of the observation positions L—Q) along the nozzle axis. Figure 2.6 represents the axial
Time from current zero £ (K s) distribution of the arc temperature around current zero. The time ¢ from current zero

(b) Temperature 7

15 taken as a parameter. Each circle shows the average temperature obtained from five

measurements. The temperature fluctuation among the five measurements was not more

than 500 K at any time from —60 to 100 us. In Fig. 2.6, the fluctuations appearing among
i y . e _ - the five measurements are indicated for the time of —60us from current zero, as examples.
Figure 2.5. Decay process of radiation intensities and derived temperature T' around
| g 4 From Fig. 2.6, the following features are apparent :
current zero at observation position P in 5kA arcs.

(1) During the period from —60 to 0 ps from current zero, the temperature distribution

shows a local maximum value at the position N, i.e. at the nozzle throat. The curve

fl’

of the axial distribution of temperature has the form of the letter W.
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Figure 2.6. Transient axial distribution of arc temperature around current zero (peak

value of current. 5kA ; SFy gas flow rate, 50 liters min—').
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(2) However. it should be noted that the decav rate of the temperature is much higher
at the nozzle throat N than at the other positions L, M, P and @ in the periods

both before and after current zero.

(3) As a result, the temperature at the nozzle throat N drops to a lower magnitude
than the temperatures at the other observation positions during the period from 40
to 100 ps after current zero. In this period, the curve of the axial distribution of

temperature had the form of the letter U

(4) At 100 ps after current zero. the temperature at the nozzle throat N becomes about

3000 K.

The results shown in Fig. 2.6 lead to the conclusion that the temperature at the nozzle
throat decreases markedly with the passage of time in the period around current zero. be-
coming much lower in magnitude than at the other axial positions. This is one important

point that requires emphasizing,

2.4.3 Energy loss estimation

Since it is considered that energy balance in a post-are channel determines whether suc-
cessful interruption is achieved or not, energy loss estimation is very significant for in-
vestigation of arc interruption process. Temperature variation in a post-arc channel is

considered to follow a energy balance equation :

o1 [ : 5
.I”rrl'[l ””f — o B lnss ﬂffi}

where py, is the mass density, (', the specific heat at constant pressure, F the electric field
strength, f the time, M. the energy loss including the losses due to radiation, convection
and conduction.

Since no TRV is applied between the electrodes in the experiment as described pre-

viously. no electric field strength originates in a post-are channel. In this case. equation
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(2.6) can be rewritten into the following form for the time after current zero. i.e. by
setting fv=0,
i

L E.h
T (2.1)

I‘i,_l!,;._' 4|'*'||L1"r

[f temperature decay rate d7 /0t and heat capacity p,;(}, at constant pressure per unit
volume are given, F. can be estimated through equation (2.7). The quantities JT' /M

and p,C, were obtained as follows :

(1) Temperature decay rate 9T /dt. Figure 2.7 shows temperature decays obtained
at each of observation positions in the fat-type SFy gas-blast quenching chamber.
I'hese correspond to the evolution in Fig. 2.6. It 1s noted that the temperature
decays are almost in proportion to the time. For t'}Ze‘LIH[JlE‘., o1’/ can be estimated

to be —15.5 K us—' at position N by method of least squares.

(2) Heat capacity p,,C,,. Frost and Liebermann have computed mass density p,, and
enthalpy of pure SFg gas at a pressure of 0.1 MPa [26]. From these data, py, (', was
calculated. Figure 2.8 shows the theoretical data of p,,C;, for pure SF; al a pressure
of 0.1 MPa as a function of temperature. The quantity p,,C, rises with decreasing
temperature. It is known that pg, ', is hardly influenced by iron vapor concentration
less than 17. As seen in later chapter, iron vapor concentration around current zero

s estimated to be of the order of 0.01%.

Substitution of the obtained values T/t and p,, (", into equation (2.7) yielded the
energy loss P, Figure 2.9 represents the axial distribution of loss with time ¢ alter
current zero as a parameter. At nozzle throat P 1s 0.8 GW m ™ at { = 0 ps, while
it is 28 GW m~ at { = 100 us. Energy loss P« declines with increasing axial distance
from nozzle throat. At a distance of +14mm. i.e. at position P, Pl 1s 0.35 GW m ™
which is 0.125 times as high as that at nogzle throat. The obtained value of energy loss is

much lower than those in a practical circuit breaker. where it was calculated to be about

all
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T= 10 GW m " at the center of an arc |27, This low energy loss proves a low current

interruption capacity of the fat chamber

2.5 Discussion

2.5.1 Radiation intensity measured by means of a bundle of optical fibers

As described 1 section 2.3.2, a bundle of four optical fibers was intentionally arranged
with a spatial resolution of 4.3 mm x 1.8 mum. While measuring the radiation intensity
by means of this bundle of fibers, the author does not assume that the are column is
uniform in the observation region. The reason for the use of the bundle of fibers is that
the arc radiation can always be detected by the hibers. It seemns highly probable that the
arc channel around current zero is very thin and is also distorted [28]. It follows that it
cannot necessarily be assumed that the arc s to be found along the center axis of the
nozzle. Therefore, a single optical fiber located on the center axis of the nozzle would
have great difficulty in detecting the radiation from the arc around current zero. On the
other hand. the bundle of four fibers will be suecessful in detecting the radiation fromn the
arc channel, even if the channel shifts from the center axis of the nozzle.

The temperature estimated from the measured intensities lpags and fpgss 18 almost
equal to the highest temperature in the observation region. i.e. within the spatial resolu-
tion of 4.3 mm x 1.8 mm and the depth of 10 mm of the are chamber. The detailed ex-
planation is as follows. The measured radiation intensities [pog0s and lug4s are integrated
mtensities over the whole observation region. On the assumption that the temperature
custribution has a parabolic shape in a given cross-section of the arc, a calculation was
made of the intensity integrated over the observation region. The calculation results show
that the integrated intensity is almost equal to the intensity at the location with the
highest temperature in the cross-section. This is because the emission coefficient of the

l'e spectral line decreases drastically with a reduction of temperature in the range below

10 DOOK. From the calculation results. the difference between the highest temperature in
Lhe cross-section and the temperature derived from the integrated intensities was found to
be below 10%. The above discussion leads to the conclusion that the measured intensities
may be taken as an approximation of those existing at the point of the highest tempera-
ture in the ebservation region. and that the temperature estimated from these intensities

corresponds to almost exactly the highest temperature in the observation region.

2.5.2 Estimated temperature

[n the present mvestigation, the temperature was estimated from the radiation intensities
of the Fe injected from the electrodes. Strictly speaking, the estimated temperature is
the excitation temperature of the Fe on the assumption that the populations of excited
states follow the Boltzmann distribution. However. the author regards the estimated tem-
perature as representative of bulk are temperatures. The reasons are as follows. Firstly,
as is well known, local thermal equilibrium(LTE) is generally considered to obtain in the
arc |20],[29|-132|. This is mainly because the mean free path of the electron is small and
the electric lield strength of the arc is low. Moreover. in the present experiments. no
transient recovery voltage was applied to the post-arc after the current zero, and thus
the electric field strength of the arc was zero. In consequence, the temperature of each
particle in the arc may be considered almost the same. Secondly, the temperatures for
the metallic vapors injected from the electrodes are the same as thase for gas species as
explained below. Sakuta observed N, spectral lines and Cu spectral lines radiated from
a wall stabilized air arc burning between copper electrodes, then estimated the temper-
ature from the radiation intensities (33|, As a result, the temperature estimated from
Lhe radiation intensities of Cu spectral lines proved to be in good agreement with that
estimated from Nj spectra. For the above reasons, the author concludes that the iron

vapor temperatures are representative of the bulk arc Lemperature,




2.5.3 FError in determining of arc temperature
2.5.3.1 Line broadening and shifting

[n the present experiment, the spectral lines of e were observed with the multi-channel
detector. The observation width ol each channel corresponds to 0,6 nm in wavelength.
This wavelength width of (1.6 nm is much greater than the broadening and shifting of the
e spectral line caused by mechanisms such as Stark effect [34. 35|. Consequently, the
errors of radiation intensities introduced by the broadening and shifting are negligible,

and thus the errors of temperatures resulting from these mechamsms are also negligible,

2.5.3.2 Uncertainty in transition probability

The uncertainties of the transition probabilities of the two spectral lines causes the uncer-
tainty m temperature in determimation by the two-line method, The relative uncertamty

AT/T i temperature 1s given by the following expression (36| :

Paly i A Aina A T
_ 20 DAwg\ K (2.8)

f f ( Agag Agaz / Biyos — Egag

where A is the transition probability, AA is the uncertainty of the transition probability,
I+ 18 the upper energy level and & is Boltzmann's constant. The seript numbers denote
the wavelengths in nano-metoers,

The transition probability for the Fe spectral line at 420.0 nm have an uncertainty
AAyas/ Agog of £25 % [17]. whilst an uncertainty A A4/ Ays for Fe spectral line at 442.7
nm is +7.5 % [18]. Substituting the above values Fis=42816 cin™', E4,3=22997 cmi~" and
1" into equation (2.8) yields the relative uncertainty AT /T, For example, at a temperature
000 K. AT /T is estimated to be £0.057 (AT = 4284 K). The quantity AT'/T increases

linearly with T

ol

2.5.4 Temperature distribution along nozzle axis around current zero

As seen in Fig, 2.6, the temperature distribution along the nozzle axis shows a local
maximum at the nozzle throat in the arcing period of =060 to 0 us from current zero. This
resull can be explained as follows

By solving simultaneously the mass conservation and the Navier-Stokes equations, the
author calculated SFy gas flow velocity in a flat-type quenching chamber under conditions
of absence of the are. Figure 2.10 indicates the distribution of the calculated flow velocity
along the nozzle axis. In this hgure, the positions of spectroscopic observation are
denoted by the symbals L, M, N, P and Q. As seen in Fig. 2.10, the velocity is greater at
the nozzle throat N than at the other positions. This relation probably continues to hold
sood under conditions of the arc’s presence around current zero.

Before current zero, the arc column is much thinner at the nozzle throat than af
the other axial positions [37]. This seems to be mainly because the velocity of SFy; gas
flow is greater at the nozzle throat N than at the other axial positions. Therefore the
arc has a higher current density at the nozzle throat than at the other positions. This
drastically increases joule heating of the are column at the nozzle throat. thus leading to
the temperature rise of the arc at the nozzle throat,

OUn the other hand, alter current zero the temperature becomes lower at the nozzle
throat than at the other observation positions. This result can be interpreted as follows.
in the experunent, no transient recovery voltage was applied between the electrodes after
current zero, since the aim of the research is to elucidate the decay process of the tem-
perafure in the post-arc channel. Therefore, in the post-arc channel, there was no ohmic
heating but only the energy loss. The energy loss may be assumed much higher at the
nozzle throat than at the other axial positions. This is because the SF; gas flow velocity
15 highest at the nozzle throat, so that the convection loss is much greater than losses

through conduction and radiation [37]|. This causes the temperature at the nozzle throat
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Figure 2.10. Velocity distribution of SFg gas flow along nozzle axis in flat-type SFy gas-

blast quenching chamber under condition of absence of arc.

to decrease markedly.

2.5.5 Comparison of the experimental results with theoretical ones

Few experimental data on the arc temperature around current zero have been reported in
the open literature. However, recent papers have deseribed theoretical calculation results
for the arc temperature around current zero. For example. by solving three conservation
equations of mass, momentum and energy, lkeda et al. analyzed the axial distributions
of the arc temperature before current zero in a puffer SFy gas circuit breaker [38]. This
calculation result shows that the arc temperature was higher at the nozzle throat than at
the other axial positions in the time period from 50 to 0.1 ps before current zero. Fang
et al. also caleulated the arc temperature distribution along the nozzle axis in the time
periods both before and after current zero in a model gas circuit breaker [39]. Their work
revealed that the temperature decreases more rapidly at the nozzle throat than at the
other positions. The experimental result shown in Fig. 2.6 indicates the similar pattern
to those calculated by lkeda and Fang, although their caleulation was intended for a
practical circuit breaker

In the experiment in this work. the author obtained the temperature decay rate of
—15.5 K s~ ! at position N in the chamber. On the other hand. Ikeda and Fang abtained
those of the order of —10° K pus™' from their calculation for the practical circuit breaker,
This difference in the temperature decay rate may arise from much smaller flow rate and

loss in the Hat-chamber than the practical cireuit breaker as shown in Fig. 2.9,

2.5.6 The lowest temperature determinable by the spectroscopic observation

method

Many papers have appeared reporting the temperatures of SFy pas-blasted ares measured
by means of spectroscopic observation methods [1|-[10]. For instance, by observing both a

ST spectral line at the wavelength of 545.4 nin and a F spectral line at 623.9 nm, Airey et
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al. measured radial distributions of are temperatures for an ac current with a peak value
of 10kA by means of the two-line method [1|. In the radial distribution thus obtained.
temperatures above 12 000 K in the arc central region were measured, while temperatures
below 12 000 K i the periphiery of the are central region were no longer measurable. In
other words, as Airey suggested. the lowest limit of measurable temperature is around
12 000 K in the case where temperature 15 estimated from the radiation intensities of 5
and F spectral lines. He also explained the reason as follows : the radiation intensities
of these spectral lines are quite low at temperatures below 12 D00 K. thus being scarcely
detectable even with a photomultiplier tube.

Leseherg and Pletsch also measured radial distributions of temperatures for an Skg gas
are with a current of 1800 A [3]. They observed two S' spectral lines at the wavelengths
of 532.1 and 545.4 nm. and then determined the temperatures from the ratio of these two
radiation intensities. As a result, the lowest limit of measurable temperature proved to
be approximately 12 000 I

['he research work carried out by Lewis ¢t al. is of great interest. because the spec-
troscopic observation for an SFy arc was made at a few micro-seconds before current zero
with an optical multi-channel analyzer [9]. In the experiment, Cu speciral lines at the
wavelengths of 510.6 and 515.3 nm emitted from the are were observed in order to mea-
sure the are temperature. Judging from the results shown in the paper. it appears that

the lowest limit of measurable temperature for this spectroscopic observation is 7400 K.

On the other hand. as far as the experimental results shown in Fig. 2.6 are concerned.
the lowest limit of measurable temperature is approximately 3500 K for the observation of
Fe spectral lines. This is another point deserving emphasis. The observation of these Fe
spectral lines also makes it possible to measure the temperature of the post-are channel
up until the time of 100 pus after current zero for a sinusoidal current with peak value ot

5 kA 1t 15 to be noted that experimental data on the decay process of the temperature

in the post-arc channel after current zero have scarcely been published until now.

)

2.6 Conclusions

The experiment has elucidated the decay process of the temperature in the post-arc chan-
nel up to 100 ps after current zero using measurements taken at five axial positions around
the nozzle throat in a flat-type SFy gas blast quenching chamber. In the experiment. peak
value of current and SF; gas flow rate was adjusted to 5kA and 50 liters min ", respec-
tively, At each of the live positions, the temperature was estimated from the radiation
intensities of two I'e spectral lines at the wavelengths of 426.0 and 442.7 nm. Even after
current zero, the Fe spectral lines proved to have high radiation intensities detectable with
photomultiplier tubes. The experimental results showed that the post-arc temperature
decayed markedly at the nozzle throat in comparison with temperatures at the other axial
positions. As a result, at 40us after current zero the temperature at the nozzle throat
becomes the lowest in the are, and then continues to decrease to about 3500 K at 100 pus.

Energy lass was estimated from the temperature decay rates experimentally obtained.
[t was found that the energy loss at the nozzle throat reached to 2.8 GW m™" at 100us

after current zero. This value is much greater than those at the other axial positions. From

these results, it was suggested that nozzle throat 1s essential for current interruption.
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Chapter 3 Axial distribution of metallic vapor

concentration in an SF; post-arc channel

3.1 Introduction

An arc discharge usually burns between two metallic electrodes in a cireuit breaker during
the high-current interruption process. As is widely known, metallic vapor is injected into
the arc column from the electrodes |1|-[12|, The presence of much metallic vapor increases
the number density of [ree electrons in an arc column. The increase in electron number
density causes a marked enhancement of the electrical conductivity of the arc, resulting
in a decrease in the interruption capability of the circuit breaker [12|. The diagnosis of
the metallic vapor contamination is thus very important for an understanding of the arc
condition.

Several papers have described experimental approaches to studying the arcs contami-
nated with metallic vapors [1|-[4]. In these experiments, spectroscopic observation tech-
niques have often been performed to estimate the metallic vapor concentration or the
nimber density of metallic particles in the are column. Usually, both a spectral line
emitted from the metallic vapor and that from a gas species have been observed. For
example, for an a.c. 20 kA SFg gas arc burning between copper electrodes, Airey has

measured the radiation intensities of Cu and 5 spectra. hinding that the copper vapor

concentration reaches 40 7% during high current phase |1, 2|. For a de 30 A air arc burning
between copper electrodes, Sakuta ef al. have measured the radiation intensities of Ny

molecular spectra and a Cu spectrum to obtain the arc temperature and copper vapor
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concentration [6]. Sakuta ef al. concluded that the copper vapor concentration is about
0.5 %. For an ac 300 A air arc between copper electrodes, Kito et al. have measured the
transient radial distribution of the copper vapor concentration up to (0.3 ms before current
zero [7]. Kito et al. pointed out that copper vapor concentration at (.3 ms before current
zero reached to 0.02%

However. there have been few research works on the measurement of the metallic vapor
concentration in an SFs post-are channel after current zero. This is mainly because the
radiation intensities of spectral lines emitted from ions and atoms such as 5. ¥ or Cu are
no longer detectable in the post-arc channel after current zero even with high sensitive
photomultiplier tubes.

On the other hand. as stated in the previous chapter, the author measured the radi-
ation intensities [ypies and fruas of Fe spectral lines at wavelengths of 426.0 and 442.7
nm. as well as the radiation intensity [i; at 455.0 nm as background spectra. These
spectroscopic measurement allowed the determination of the temperature of a post-arc
channel up to 100 ps after current zero in the flat-type SFy gas-blast quenching chamber.

In this chapter. a novel method for estimating iron vaper concentration Xg, in mass
percentage from the radiation intensities of the above two Fe spectral lines and that of
background spectra was developed. First. emission coeflicient of background spectra at
455.0 nm was theoretically calculated for temperatures of 3000-6000 K considering contin-
uous spectra as well as S, spectra. The calculated results reveal that continuous spectra
dominates background at temperatures above 4000 K. while S» does at temperatures be-
low 4000 K. Also. the emission coefficient of backeround spectra proved to agree with that
obtaimed in the experiment in temperature dependence. Secondly. the developed method

was applied to the post-arc after current zero. The method was capable of determining

)

Ape up to 100 ps after current zero. Finally, axial distribution of Xy around nozzle throat

in the post-arc channel was estimated. As a consequence, it was found that Xp. along
- i k . il L . =

nozzle axis maintained a magnitude around 1x 107 % during the time around current

210,

3.2 Theoretical calculation of emission coefficients

3.2.1 Emission coefficient of background spectra

As described in the previous chapter, in order to estimate post-arc temperature. the
author measured the radiation intensities in three wavelengths : two of which include Fe
spectral ines and background spectra, and the other only background spectra. The author
considers that the radiation intensity of background spectra is utibized for the estimation
of iron vapor concentration, For the use of radiation intensity of background spectra, the
detailed understanding of the characteristics of background spectra is required. Then. the

ermmission coefficient of background spectra is calculated in this section.

3.2.1.1 Emission coefficient of continuous spectra

Backeround is usually considered to consist only of continuous spectra especially at tem-
peratures above 6000 K. Further, the calculated result of emission coefficient of continuous
spectra in temperature range below 6000 K can be rarely described in the open literature.
'hug in this section, the emission coefficient of the continuous spectra is calculated for
temperature range 3000-8000 K.

In general, continuous emission by plasma is due to the superimposition of several
continuous spectra caused by different mechanisins. In this calculation. four radiative
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mecharnisms were taken into account : (1) recombination radiation. (2) radiation by elec-
tron attachment. (3) bremsstrahlung and (4) radiation by collision between electron and

neutral species |13|-{19].

(1) Recombination radiation. Under thermal equilibrium conditions, the integrated
omission coefficient =, in W m ° st due to recombination radiation in a wave-

length range from A to A-+AN 1= given by

r 1"!{';!,-5' hf' A - - f“_} ZII.?HJ \I‘,L ?1} . e :l'_l}l, e
-' | —— |1 —exp | — > A —
w =g 1o (75 2 STy v g e
, | 167¢®
Gy = —

(4meg)?® 3¢3(6mmdk)z
where 7' is the temperature, e the electronic charge, m, the mass of an electron, /
Planck’s constant, ¢ the velocity of light. & Boltzmann’s constant. g;; the statistical
weight of the ground state of species j, and U;(7") the internal partition function of
species J. The quantities N.(7') and N,(7') are the number densities of the electron
and the species j, respectively. Zyg; is the eflective 1onic charge of the species j and

£,(A\, T) is the Bibermann-Schlitter factor for non-hydrogenic particles [16]-[19].

To calculate equation (3.1), the author obtained numerical data concerning the
above guantities in the following way. The numerical data on N(T') and N(T')
have been obtained in the previous chapter. The internal partition funection U,(7')
has also been already obtained in the calculation of equilibrium composition. The
effective charge Z.; for an ionic particle was taken to be equal to its actual charge

number [20]. The Bibermann-Schliiter factor £;(A,T') was assumed to be 1.0 for

SFg, because &;(A, 1) is close to unity for most of particles in the wavelength range

of 400.0-500,0 nm [16{-{19].

(2)

(3)

Since the radiation intensity of the continuous spectra within waveleneth width
of 455.0+0.3 nm were measured, the wavelength A and wavelength width AX are

taken to be 455.0 nm and 0.0 nm respectively

Radiation by electron attachment. Electron attachment involves light emission
with the integrated emission coefficient 4404, given by

2he he Y O A | _
“attach — ;\L" AP (" I{l'fi) Z‘ *"\"J 'IL"Ir ;I'-rT,h,Ut / ) ,.-1||.-:' . (a.2)

where N;7(7') is the number density of negative ion j, 04,,,(7T') is the photo-detachment

cross sections for negative ions j.

In an Sl plasma. negative ions F~ and S~ are produced through the electron at-
tachment mechanism much more than the other negative ions such as SF~. Further.,
because of the existence of the absorption edges, the attachment continuum of F
occurs at wavelengths below 364.6 nm [21|, whilst that of S~ at wavelengths below
614.4 nm |22]. Thus, at a wavelength of 455.0 nm, S~ emits the attachment con-
tinuum. Therefore, the author calculated the emission coefficient of the attachment
continuum of S at the wavelength of 455.0 nm. In the calculation. the values of
the photo-detachment cross section o, given by Robinson and Geltman [23] was

lsed.

Bremsstrahlung. The free-free transition of an electron in a Coulomb field leads
to the emission of the continnous spectra. The integrated emission coefficient eg
corresponding to this mechanism on the assumption of thermal equilibrium is given

by the following expression :

NL(T) he el e a0t »
= ff = ( I_!|_ [‘:‘-{]‘_}(_Ffﬁ_) -'IHZH:'J '*-JI-J..HI-'J(IIf[lff[..:\._ .I'l J Az [131‘“
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where Gg(\, T') is the temperature-averaged free-free Gaunt factor. which is close
to unity for a hydrogenic approximation |18, 19, 24|, In this calculation for SFg gas.

it was assumed that Gg(A, T') was 1.0.

(4) Radiation by collision between electron and neutral species. Collisions be-

tween electron and neutral species also result in radiation of the continuous spectra.

The corresponding integrated emission coefficient £, is expressed as follows |13, 14| :
P he = LY. A _
o= Gl AN T )expl —= Y, N(DGui(MNT) (3.4)
KTA J{neutral ) A®

I " ey h-f‘ :
Gni(AT) = Qeng(T) |1+ (l 2 a-'m)

where (Jun,(T') is the elastic collision cross section between electron and neutral
species j. For the cross sections of e-SFy, e-SFy, e-SF,. e-F, and e-5;. the hard-
sphere approximation values given by Frie (25| were utilized. For e-S and e-F, the

values calculated by Robinson and Geltman |23] was adopted, For e-Fe, this cross

section was regarded as ‘Ramsauer cross section’ |26).

Figure 3.1 shows four kinds of integrated emission coefficients in pure Skg gas as a
function of temperature at a pressure of 0.1 MPa. At temperatures below 8000 K., £;acn
is very much higher than eg,, eg and £,,. For example, at a temperature of 5000 K, &5ya0n
15 more than 130 times greater than the values by the other three processes.

Summing up €p. Sauach. £ and ., vields the integrated emission coefficient £.,y of

the continuous spectra as follows :

£ eont £t + Eartach T+ Ef 4 —en - [il]
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Figure 3.1. Four kinds of integrated emission coefficients of continuous spectra in wave-
length range from 454.7 to 455.3 nm in pure SF; gas as a function of temperature at
(.1 MPa. Rec., by recombination ; Attach., by electron attachment ; Brem.. by free-free

transitions of electrons : Col.. by collision between electron-neutral species.
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Figure 3.2. Integrated emission coefficient of continuous spectra .., in wavelength range

from 454.7 to 455.3 nmn 1n SF; gas as a function of temperature at (1.1 MPa. Iron vapor

concentration Xge 10 mass percentage 1s taken as a parameter.
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Figure 3.2 indicates £, as a function of temperature 7' at a pressure of 0.1 MPa. In
this Agure. iron vapor concentration Xy, is taken as a parameter. As can been seen in this
igure, £coy rises with Xy, at a given temperature 7. For instance, at T=4000 K, 2.,
for Xp=0.1 7% is 2.42 times higher than that for 0,01 %, Furthermore, e for Xp.=1.0
70 is about 7.52 times higher than that for 0.01 %. These results can be interpreted as
tollows : Iron has a lower ionization potential than S or F [27|. Hence. an increase in Xp,
results in a rise of the number density of the electron. This increase causes remarkable
clectron attachment to S | raising the radiation. Remember that the radiation £,.0n by
electron attachment account for more than 99 % of the total continuous spectra .., at

temperatures below 6000 K. Therefore, the increase in Xy, raises

=t

3.2.1.2 Comparison of calculated emission coefficient of continuous spectra

with measured radiation intensity of background spectra

Now compare theoretically derived £, with [y measured in the experiment. Although
not being able to directly compare values of [iz; with the absolute values of £.n. One
is able to compare the temperature dependence of [;5; with that of £, Figure 3.3
lustrates an example of the measured radiation intensities and the temperature obtained
at. position M. Use of this hgure permits one to obtain /455 as a function of temperature.
Open circles in Fig. 3.4 indicate the temperature dependence of yz; corresponding to
Fig. 3.3. The intensity [y55 decreases with temperature from 5000 to 4600 K, whilst fyz-
increases slightly with a reduction of temperature from 4600 to 4100 K.

In Fig. 3.4, the temperature dependence of .o, theoretically derived is also shown with
full curves. It should be noted that the temperature dependence of £¢. greatly differs

from that of fi5;. This result represents that background spectra must include other
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sienificant spectra besides the continuous spectra in the temperature range of 3000-6000

K.

3.2.1.3 Emission coefficient of S, spectra due to B°Y —X"Y transition

In the temperature range of 3000-6000 K, SF; plasmas contain the molecules such as 5o,
I5 and SF4. Spectral radiation from these molecules may not be negligible for background.
Therefore. the author caleulates the emission coefficient of spectra from molecules in an
SF; arc. In this dissertation, a particular attention was paid only to 5S¢ spectra. 'L'he
reason is given below : (1) SFs has much lower number density than Ss, (2) Fa emits
band spectra with marked low intensity because Fy has much higher electronic energy of
upper state than Sq |28|.

Sulfur molecules Sy emit the band spectra mainly through B°Y -X™ Y, transition [29].
The transition involves emission of many spectra in the wavelength range of 455.0x0.3
nmn. The emission coefficient £g, in W m™ sr™' for B°Y[ -X"¥_ transition of S, is given

by the following expressions :

he
Eg. -I\.Tn"ll". '[ -"“]-'llln"r.l"!"r"'. o L 3[-};
: 'l.."-}'.“',.“,_--',."_;'.,r" Ir i {
| ; Ne TN B+ B+ B
Noiosr gt (T === (2l 1) ex ‘ . : 3.7
s Us, (1 ]II, ) exp ( T ) (3.7)
G bt By Sy
Aptattgt g - B'™ |“gurn—— (3.8)
T L Sy T

where n, v, J are the quantum numbers concerning electronic, vibrational and rotational
. 2 % - I . t NN

state respectively. The prime ' denotes the upper state. the double prime “ the lower state.

The quantities £, E. and E are the electronic. the vibrational and the rotational energy

levels of upper state, respectively. Then, A, prprerp o 18 the wavelength, A, o0 e the

TG

transition probability. |27 ™ | the matrix element of the electric dipole moment due to
the transition from n' to n". g Frank-Condon factor and S, the line strength. In
addition, Ng,(T') and Us,(T') are the number density and the internal partition function

of Sy respectively. The numerical data on the above variables were obtained as follows -

The vibrational energy level I, is approximately expressed by

foo = RCW; (J | i) + hew.x, E.' | j)~ (3.9)

On the other hand. the rotational energy level £, is given by :

B ='"WeB. 000 4- 13 = hel), J3 074 1)2. (3.10)
3 : ’ L |
By = B.—ay (v 2)‘ (3.11)
W
D= DA .-;,.(J.- Fs ) (3.12)

where w, and w,r, are vibrational constants, B.. I).. a. and 3. are rotational constants.
T'hese constants were obtained from the table summarized by Herzberg |28]. Using these
energy level indicated by equations (3.9)-(3.12). the wavelength A, mryrr o is expressed

by the following equation :

he
(B! + B!+ B — (B! + B 4 EY)

LB L

"Hn'r.l""'l'“."'.f" — f-%lj]

The matrix element |R"™"| of the electric dipole moment can be estimated by the
magnitude of the radiative lifetime of the transition. The radiative lifetime of B*Y;
X%, of Sy was measured by Smith [30],

Frank-Condon factors ¢ of So B*E. -X*% transition are given by Smith and

e

Liszt |31] and Herman and Felenbok [32]. These values are available for the calculation

of equation (3.8).




The line strength S is formulated by Honl and London on the basis of old quantum

33]. In accordance with their formulae, the line strengths S%.. S5 and S% for P,

theory

Q) and R branch of the ¥-¥ transition are expressed by [33]

.H‘Il;n — .r+ t‘jli]ll
So=0 (3.15)

and
S =J' 1 (3.16)

In the above calculations. the vibrational transitions (¢'.¢")=(0.0). (0.1). (0.2). - --
(12,25). (12,26) were taken into account. For each of the vibrational transitions, the rota-
tional transitions for P and R branches with J'=0. - - -, 500 were taken into consideration.

For each of the combinations (v', v”,

J'). the wavelength A, 0t 00 were calculated using
equations (3.9)-(3.13).

The integrated emission coefficient zg,455 in the wavelength range of 455.04+0.3 nm

was expressed as follows :

ERgss Z £s, (3.17)

4550041, 3nm

T'he summation sign 4= giganm 10 equation (3.17) mdicates that all the emission
coeflicients of spectra in the wavelength range of 455.0+0.3 nm should be summed up.

Iigure 3.5 represents £g,455 at a pressure of (.1 MPa as a function of temperature
for iron vapor concentration Xp. from 0 to 10 %. It can be seen that for a given
temperature, £s,455 is almost independent of X in range of 0 — 107%. In addition, 5,455

decreases gradually with increasing temperature, For example, £5,45; has a magnitude of

19.8 Wm “sr ! at 3000 K, while £q.455 15 5.39 W m s~ ! at 8000 K.
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range from 454.7 to 455.3 nm in SF; gas as a function of temperature at 0.1 MPa. Iron

vapor concentration Xg. is taken as a paramieter.




3.2.1.4 Total emission coefficient at wavelength of 455.0 nm

Adding £5,455 10 £eont, the author obtained the total emission coefficient £455 at 455.0 nmn,

L

il S s (3.18)

In Fig. 3.6. bold curves represent =455 as a function of /" at a pressure of 0.1 MPa.

Dotted and broken curves show £s,455 and 2.,y respectively. At temperatures above 600()
K. £455 1s dominated by e for all Xp.. While at temperatures below 4500 K, £455 18
predominated by £5,455 for all X, It is also noted that =455 for X below 107 % 1s kept

constant in the temperature from 4000 to 5000 K.

3.2.1.5 Comparison of calculated total emission coefficient with measured

radiation intensity of background spectra

Figure 3.7 shows comparison of the calculated total emission coefficient £455 with the
meastred radiation intensity [4z5 at 455.0 nm in temperature dependence. Bold curves
represents the total emission coefhicient at 455.0 nm as a function of temperature with
referenice to vertical axis on the right hand. Open circles in this Agure indicates the
temperature dependence of /455 with reference to the vertical axis on the left hand. These
data are the same as those in Fig. 3.4. It should be noted that the temperature dependence
of 2455 for Xpe=0-0.01 % agrees fairly well with that of [;55. This agreement indicates
that the radiation intensity at 455 nm mainly consists of not continuous spectra but S,

spectra through B°Y| — X*3 transition at temperatures below 4500 K.
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Figure 3.7. Comparison of total emission coefficient of background spectra with measured

radiation intensity at 455.0 nm.

3.2.2 Emission coefficient of Fe spectral line

As described in section 2.2.2. The absolute emission coefficient £,,, (in W m=2 sr!) of

an Fe spectral line is given by:

(3.19)

—Trm

hr ‘w["*‘ll '.“:I Un ':'!TJH! : f‘elpi )
- Am E ‘i""l: 1) ":Il‘nm ey ( #TI :

where Np.(T') and Up.(T) are the number density and the internal partition function of
Fe respectively |34, 35|. The subscripts n and m denote the upper and lower energy
levels respectively, g, is the statistical weight of the upper state n, A,.., is the transition
probability, Ay, is the wavelength of the spectral line and E, is the potential of the upper
level n with respect to the ground state. The atomic constants of g,. Aum. A\ and E,
of Fe spectral lines are given by Fuhr ef al. as summarized in Table 2.1 [36]. On the basis
of the above data, the author calculated the emission coefficient epu0s of Fe spectral line
at a wavelength of 426.0 nm. Fipure 3.8 shows £pu26 as a function of temperature T at a
pressure of (0.1 MPa for various X.. As can be seen in Fig. 3.8, £pao increases with a

rise of temperature T for all Xp.. For a given T, as Xy increases, £p.49; also increases

3.2.3 Ratio of emission coefficient of Fe spectrum to that of background

spectra

From £455 and £peqs, the ratio epeine/E455 was derived. Figure 3.9 shows the £gens/Eass

at .1 MPa as a function of T' with X;. as a parameter. Use of this figure allows

the determination of Xy. in the arc channel. The next section will explain the detailed

procedure.
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3.3 Method for deriving iron vapor concentration from spec-

troscopic observation

Figure 3.10 indicates a flow chart of the procedure for estimating Xy, in the experiment.

The detailed procedure is given below.

(1) Temperature estimation. As described in chapter 2, the radiation intensities
[io6: Thas and fys5 at wavelengths of 426.0. 442.7 and 455.0 nimn are measured. The
radiation intensity fis5 i1s free from spectral lines of atoms and ions. Therefore.
munerical subtraction of [ys; from [§,; and [§,; directly produces the net radiation
intensities lpegog and [pagqa of Fe at 426.0 and 442.7 nm. From lpagse and Jpeas.
the post-arc temperature 7' is determined by the two-line method. Use of this

method makes 1t possible to determine temperature without knowledge of particle

composition.
(2] Intensity ratio. The ratio of lgue to [4z5 1s estimated.

(3) Iron vapor concentration. In Fig. 3.9, a measured point is plotted at a position
with co-ordinates | and [fgeq26/ f455. The iron vapor concentration Xy, is estimated

rom the location of that point,

As an example, let us assume the temperature 7' and the intensity ratio lpuos/liss to
be 4874 K and 4.2 respectively. One can plot a filled circle at the position marked with A

n Fig. 3.9. From the location of the filled circle, the iron vapor concentration is estimated

to be 1.3 % 10°% %.

e i e R e S
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. +W :
: ty o < '
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| I : Temperature i
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Figure 3.10. Flow chart of procedure for determination of iron vapor concentration.




3.4 Axial distribution of iron vapor concentration around cur-

rent zero

['he method for estimating Xg, was actually applied to the post-arc channel in the flat-
type SFg gas-blast quenching chamber with gas flow rate of 50 liters min~'. Figure 3.11
mdicates the time variation in Xp. around current zero at position M derived from the
waveforms shown in Fig. 3.3 (a). It can be noted in this figure that X mostly remains
to be constant with the lapse of time, In this case, X, was estimated to be about 1 x10°=
7 both before and after current zero. Figure 3.11 clearly demonstrates that the proposed
method is capable of deriving X, In a post-arc channel after current zero. This is one
importance lactor the author should emphasize — until now, metallic vapor concentration
has been hardly measured by spectroscopic observation in a post-arc channel.

ln a similar way, the author measured Xp,. at each of the observation positions on the
nozzle axis. At any position. the iron vapor concentration Xp. was also mostly constant
during the period from —60 to 100 us. Figure 3.12 shows the axial distribution of Xp.
during the time around current zero. Each triangle designates the average X, of five
measurements from —060 ps to 100 us after current zero. The fluctuations in Xp. are also
given by the error bars. It should be noted in Fig. 3.12 that Xy, values at all observation

¥ . ] a - ¥
positions are around 1x 107 % during the time around current zero.

3.5 Discussion

3.5.1 Advantages of new estimation method

o

The proposed method has the following four advantages
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Figure 3.11. Time variation in iron vapor concentration Xy, around current zero (peak

value of current, 5 kA ; SFy gas flow rate, 50 liters min~! ; observation position, M.)
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(1) The observed two Fe spectral lines and the background spectra have radiation in-

(2)

(3)

tensities enough to be detected with photomultiplier tubes even up to 100 us after

current zero. Thus, the iron vapor concentration Xg. can be estimated up to this

time.

T'he ron vapor concentration Xy, is estimated from T and Iegs/ Jass. The temper-
ature 7" is obtained from the ratio of [pyya/freas. Hence, the author's estimation

method does not require the absolute radiation intensities Jpaog, Jreas and lyss.

Several papers have reported on the metallic vapor concentration in an arc during
high current phase [1|-[4]. In these works, a spectral line emitted from gas species
such as S and F was observed together with a spectral line emitted from the
metallic vapor species. However, it should be noted that the new method does not
require the measurement of spectral lines emitted from gas particles but only three

spectral lines required in estimation of temperature.

Concerning the SFg gas arc burning between the iron electrodes. the author de-
scribed the new method for determining metallic vapor concentration. The author's
method seems to be applicable to ares burning other materials such as copper. How-
ever, the measurement of other metallic vapor concentration is restricted to the arc
during high current phases. This is because the radiation intensity reduces to a low

magnitude around current zero.

Y1




3.5.2 Error in estimating iron vapor concentration
3.5.2.1 Uncertainty caused by the uncertainty in temperature

As seen in previous chapter, the measured femperature has an uncertainty due to uncer-
tainties of transition probabilities. This uncertainty induces an uncertainty in determining
the iron vapor concentration Xgp.. Figure 3.13 represents spuge/€455 derived theoretically
as a function of T' for the estimation of Xg,, namely, the same curves as those shown in
[Fig. 3.9. Let us take 7" = 5000 K and [pes26/ [155=1.0 as an example. In this case. Xp.
is estimated to be 2.5x107°% from the position of the corresponding filled circle. Recall
that the temperature has an uncertainty of £284 K. In Fig. 3.13, the open triangle lies at
the location corresponding to 4716 K. whilst the open square 5284 K. From the positions
of the open triangle and square, Xy, values are estimated to be 4.0x 1079 and 1.9x 10 7%,
respectively. Thus, the relative uncertainties AXp./Xpe at T = 5000 K is found to be

+0.6 and —0.23. These uncertainties are nearly constant irrespective of lyuios/ liss.

3.9.2.2 Pressure rise

In the process of determining the iron vapor concentration, the gas pressure around the
nozzle throat was assumed to be 0.1 MPa. In the quenching chamber. however. the
pressure around current zero might be higher than 0.1 MPa. The author thus measured
the pressure at the nozzle throat around current zero in the Hat-type quenching chamber
with a pressure transducer. The pressure at the nozzle throat around current zero was
found to be 0.12 MPa.

The ratio pegos/e455 as a function of temperature was theoretically calculated under

the condition with a pressure of 0.12 MPa. The calculation results show that no remark-
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Figure 3.13. Uncertainty in estimating iron vapor concentration by uncertainty in tem-

perature.
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able difference in £pw06/£45; was found between cases at pressures of .12 MPa and 0.1
MPa. Consequently, a slight rise in the gas pressure causes little error in determining the

lron vapor concentration.

3.5.3 Use of iron electrodes

[n the present experiment, iron was intentionally used as an electrode material in the
Hat-type quenching chamber because Fe spectral lines at 426.0 and 442.7 nm much have
higher emission coefhicients than that of an S7. F or Cu particles. Measurement of radi-
ation intensities of the two Fe spectral lines makes it possible to determine the post-arc
temperature after current zero, as seen in previous chapter. Furthermore, iron vapor
concentration even after current zero can be estimated by the method described in the
present chapter,

In a practical SFg gas-blast circuit breaker, not iron but another metal, e.g. copper-
tungsten alloy, is usually used as an arcing contact. As is known. iron has different melting
and boiling temperatures from those of copper-tungsten. Accordingly, the metallic vapor
concentration i a chamber with iron electrodes is not necessarily same to that in a
chamber with other metallic electrodes.

However, the author carried out experiments to find out that the iron vapor concen-
tration was only of order 1072 % around current zero. Theoretical calculations of particle
composition showed that high-temperature SF; gas with an iron vapor concentration of
only 10~* % has almost the same properties as the pure SFs gas. Let us take electron den-
sity as an example. Figure 3.14 shows the electron number density in high-temperature
SFs gas contaminated with iron vapor as a function of temperature. Iron vapor con-

centration Xg, 1s taken as a parameter. As seen in the figure, the electron density for
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Xpe=10"% % is as high as that for Xp.=0 %, namely the pure SF; gas. For instance.

L

* for pure SFg gas. while 7.4x10" m—2

at 5000 K. the electron density i1s 6.8x 10" m
for SFs gas with Xp=107* %. Above calculation results also suggest that the electrical
conductivity of the SFg gas with Xg. of 107* % is almost equal to that of the pure SF;
gas. This is because the electrical conductivity depends chiefly on the electron density.
Thus, it seems that use of 1ron electrodes gives no influence on post-are characteristics
after current zero in the chamber. As a consequence, the decaying process of post-are in

this experiment can be regarded as that in pure SF; gas. although the iron electrode was

used

3.6 Conclusions

A method for deriving metallic vapor concentration in an arc column was developed on
the basis of spectroscopic method ; backeround radiation was utilized. For this purpose,
emission coefficient of background spectra at a wavelength of 455.0 nm was theoretically
calculated for temperature range 3000-8000 K. In this calculation, S; spectra due to
B XY as well as the continuous spectra was taken into account. The calculation
revealed that the background spectra is dominated by the continuous spectra at tempera-
tures above 4500 K, whilst by the S, spectra at temperatures below 4500 K. The calculated
coefficient was compared with the measured radiation intensity of background spectra at
t99.0 nm in temperature dependence. The comparison shows that the calculation result
of emission coefficient fairly agrees with the experimental result of the radiation intensity.

The method was applied to the post-arc channel after current zero in a flat-type
SFg gas-blast quenching chamber with iron electrodes as an example. From the radiation

intensities measured at each of five positions, the iron vapor concentration was successfully
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estimated up to 100 pus after current zero. Furthermore, the axial distribution of iron vapor
concentration was also estimated around current zero. The iron vapor concentration at
all observation positions along the nozzle axis had a magnitude of 1x10~*° % during the

time around current zero.
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Chapter 4 The opening process of thermal plasma

contacts in an SF; post-arc channel

4.1 Introduction

In chapter 2, decay aspect of the axial temperature distribution in the post-are channel
around the nozzle throal was [ound up to 100 ps after current zero. The temperature
decreases more rapidly at the nozzle throat than at the other axial positions. In chapter
3. the author has described iron vapor concentration Xp. in the post-arc channel in the
quenching chamber. At any observation position along the nozzle axis, Xy, was estimated
to be 0.01 % during the period around current zero.

In the present chapter, an increase of electrical resistivity pres of the post-are channel up
to 100 ps after current zero in a flat-type SFy gas-blast quenching chamber is described.
First, pres Of Sy gas contaminated with the iron vapor is calculated as functions of
temperature I and iron vapor concentration Xg.. Secondly, using this theoretical data.
the axial distribution of pn. of the post-arc channel is estimated from 71" and X given
previously. The results demonstrate that p.. increases more rapidly at the nozzle throat
than at the other axial positions. Thirdly, in terms of the increasing aspect of the axial
distribution of p., a concept of 'thermal plasma contacts’ is proposed to interpret arc
quenching processes. Finally, the behavior of the thermal plasma contacts is numerically
discussed in the case that a transient recovery voltage was applied between the electrodes

in the flat-type SF; gas-blast quenching chamnber
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4.2 Electrical resistivity of high-temperature SF; gas contam-

inated with iron vapor

4.2.1 Calculation procedure

Electrical resistivity pres of high-temperature SFy gas contaminated with iron vapor can
hardly found in the open literatures. Therefore, the author newly calculated it as a
function of T' under the condition of thermal equilibrium. Using the first order approx-
imation of Chapman-Enskog method simplified by Yos, the electrical resistivity pres of

high-temperature gas can be computed 1. The expression is given by

Hreg— =
[§

kT nar- &

—j_"'l,-_ Z .ﬁ'lr_ll.*l:.l,l. td. 1]
L

where

- f F T
(1 3 211110 = (1.1
Ay = 2\ =iy, (4.2)
- .i\r k' (me + m;) "

I' is the temperature, N, is the electron density, N, is the number density of species 5.
e 1s the mass of electron, e is the electronic charge, & is the Boltzmann's constant. The
, _umity - A . |
quantity =£1,,"" is the diffusion cross section between the electron and the particle of the
species 7. Strictly speaking, this quantity is the collision integrals. In equation (4.1), the
sign ¥, designates the summation of N;A' for all species exc br |
5 ; designate: P summation ot VA 1or all specles except the electron, i.e. excepl
] =e.
, S N TN ! . g . ’ - a
Caleulation of p by equations (4.1) and (4.2) requires the numerical data on N.,. N

(1.1) 1 . -
and n{),;"". The anthor obtaimed these data as described below

(1) Number density N, and IN;. The equilibrium composition of high-temperature
SFg gas contaminated with iron vapor has already been calenlated theoretically to
obtain number densities N, and N, in chapter 2.
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[able 4.1. Radii for Skg, SFa, Fo, Ss [2].

Species Radii (x10""m)

SFg 2.94
SE 2.06
SF, 2.31
Fy 1.88
S, 2.25

~(1

" L] " - = I. T 55 .
(2) Diffusion cross section 7{),; '. Frie has reported radii of the neutral molecules

SFg, SFy, SFs, Fa and So as summarized in Table 4.1 [2]. From these radii.
the author caleulated approximately the diffusion cross-sections between the above

neutral molecules and the electron on the basis of the hard-sphere method.

For the reaction between the electron and F as well as that between the elec-
tron and S, Robinson and Geltman have calculated the elastic cross sections as a
function of electron energy [3|. From these data, the author calculated the diffusion
cross sections as a function of temperature in accordance with the method given by

Chapman and Cowling [4].

The diffusion cross section between the electron and Fe was assumed to be ‘Ram-
sauer cross section’ |5, 6], The diffusion cross sections between the electron and ions

were caleulated from Gvosdover cross sections for Coulomb collisions [7].
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Figure 4.1 shows the diffusion cross sections ?rﬂ.-_; ' between the electron and vari-
ous species as a function of temperature. Let us compare the diffusion cross section
) of e-Fe with 7#0%Y) of o=F and O ! &

Tisa_pe Ol €-F€ WIth Wi, _p oOf e-F and w{l, "¢ of e-S, since the high-temperature
SFy; gas mainly consists of S and F species in the temperature range of 3000 to 8000
o ) I -l -

K. The cross section 7€), . is much higher than those of L f_-' and wQ. L' At

r o - . = 5 ; ) - . : :
F=5000 K. for example, 7, "5 is 2.0x10° "% m?. whilst m U F is 0.019% 1078 m?

(1.1 i

and 7€2."'s is 0,063 1018 1n2.

4.2.2 Dependence of electrical resistivity of SF4-Fe mixture on temperature

and on iron vapor concentration

Substituting the derived data on N,, N; and :rﬂf:','“ into equations (4.1) and (4.2) allowed
the calculation of pre. Table 4.2 presents the thus calculated fres Of pure SFy plasma at
U.1 MPa for six values of 7. In Table 4.2, g, values given by Frost and Liebermann
and by Chervy et al. are also summarized for comparison with the present calculation
results [8, 9]. Note that py. calculated by the author shows good agreement with those
performed by Frost and Liebermann and by Chervy et al. .

Figure 4.2 shows the caleulated p. at a pressure of 0.1 MPa in the temperature range
from 3000 to 8000 K. Iron vapor concentration Xy, is taken as a parameter. As shown in
Fig, 4.2, pres Increases significantly with a decrease in 7' for all values of Xpe. For instance,
Pres for Xpe = 0.1 % rises from 0.0020 to 0,164 Qm with a reduction of T from 6000 to
4000 K.

An increase in Xpe from 0 to 0.01 % results in no variation in p at temperatures
above 5000 K, while at temperatures below 5000 K. a rise of Xg. from 0 to 0.01 % causes

a slight decrease in ps. Furthermore, an increase in Xg. from 0.01 to 10 % markedlv
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Figure 4.1. Diffusion cross sections between electron and various species at (0.1 MPa as a
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a function of temperature. Iron vapor concentration Xy is taken as a parameter.
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[able Jo 2. 'i.nnuurhnal of electrical FESISEIVICY of [ALrE HT'-“ Fas al 1). ] HI"u 21VEn 1_}}' various

researchers.

lemperature (K) tilectrical resistivity (£2m)

The author Frost and Liebermann [8] Chervy et al [9]

35010) 0,38 6.7

1000 (). 500 (),310 (), 160

5000 1.34x107= 1.20x10°* 1.35% 102
G000 222 ¥1FY 267107 2.60 <10
7000 0.898x107 1.16 10~ 0.971 =10~

<000 B/51 x10=Y B3 %105 5.29 %10~

reduices e at temperatures below 8000 K, For example, Pres Al T=4000 K decreases from
.36 to 0,080 £2m with increasing Xg, from 0.01 to 10 %. This reduction in p.. mainly
results from the following mechanism. Iron has an ionization potential of 7.90 eV. This
potential is much lower than that of the gas particles such as S or F (S : 10.357 eV. F
17.42 V) |10, Iron is thus ionized more easily than the other gas particles. Consequent ly.

as Xy rises to 10 %, the electron density increases and thus p. decreases.

4.2.3 FError in theoretical calculation of electrical resistivity

: U . (1.1)
In the theoretical caleulation of p.. the diffusion cross seetion m{l. . between the electron

o + ! I I I L 5 e . . L &
and Fe was used. The quantity =€), ;. was assumed to be ‘Ramsauer cross section' in

LOX

- - , = (1.1) . =
the present dissertation. The cross section 7(2 i has an uncertainty of +30 %

5, 6].
This uncertainty causes an uncertainty Appe in pree. Figure 4.3 shows Apres/ pres at 0.1
MPa as a function of 7" with Xy, as a parameter. The absolute value of the uncertainty
| & pres/ Pres| decreases markedly with decreasing Xy, in the temperature range from 3000
to 8000 K., For Xp.=0.01 %, |Apes/ Pres| is lower than 1.2x 1072 in this temperature ranee.
For instance, Apres/ res was found to be £5.2 x 10~ at al00 K, Xp was estimated to be
around 0.01% in the experiment. as indicated in Fig. 3.12. Therefore, the uncertainty in

=il 1) . . . ; : : f .
m{). r. gives no significant uncertainty in pes for estimation of p,.s in the chamber.

4.3 Electrical resistivity of post-arc channel

4.3.1 Increase in electrical resistivity of post-arc channel

T'he above-mentioned theoretical data on g were used to estimate Pres Of the post-arc
channel from the measured 7" and X, shown in Figs. 2.6 and 3.12. Figure 4.4 represents
the axial distribution of the p... around the current zero. The time { [rom current zero
is taken as a parameter. From this figure, the following feature are noted.

(1) During the period from | = —G0 to 0 s, p.es values at all five observation positions
increase slightly with the lapse of time, being about 0.01 Qm.

(2) During the period from t = 0 to 100 us. i.e. after the current zero. res S at all the
observation positions grows markedly with time. In particular, p,.. rises very much more
rapidly at the nozzle throat N than at the other observation positions. As a result, pre is
the highest at the nozzle throat among at the observation positions during the time from
40 to 100 us.

(3) At 100 pus after the current zero, pres at the nozzle throat increases to 4.3 Om which
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Figure 4.3. Relative uncertainty in electrical resistivity of SFs gas contaminated with
| =i Figure 4.4. Increase aspect of axial distribution of electrical resistivity in SFg are around
iron vapor caused by uncertainty in x§), ', between electron and Fe. Total pressure is
current zero (peak value of current, 5 kA ; SF; gas flow rate, 50 liters min™!).
0.1 MPa. '
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is about 340 times as high as that at the current zero.

4.4 ‘Thermal plasma contact’

4.4.1 Opening process of ‘thermal plasma contacts’

[t is convenient to use the quantity ‘z’ to refer to the abscissa of Fig. 4.4. To explain the
post-arc behavior shown in Fig, 4.4, let us take a certain value of p.... Being able to take
any value of g of the order of 107* Qm, the author used a magnitude of 0.05 Qm since
adopting this value facilitated the explanation as follows :

In the case of {=+40 us, the positions where pes is less than 0.05 Qm are found in
Fig. 4.4 to be 2 < —3.1 and z > 47.6 mm. Figures 4.5 (a).(b),(¢),(d) and (e) illustrate
the roughly estimated positions with pr below 0.05 Qm at 20, 40, 60, 80 and 100 us
after the current zero respectively. The positions at 100 us was estimated by means of
extrapolation of pu.. to the directions of iron electrodes. In each of these figures, the
bold line with an arrow head designates the axial positions with pr. <0.05 Qm.

The behavior shown in Fig. 4.5 is interpreted as follows : Just after an arc is extin-
guished at current zero, the low-py regions represented by the bold lines are present in
the overall space between the electrodes. The low-pes regions begin to separate at the
nozzle throat around 30 ps after current zero. Fronts of the two low-p,. regions move
along the direction of the nozzle axis. The gap length between the two low-ppes regions
increases lrom 10.7 to 19.1 mm from 40 to 60 us after the current zero. Such behavior of
the low-py regions resembles opening behavior of contacts in a circuit breaker. Thus. it
s possible to regard the low-p,. regions as the ‘contacts’. The low-p,. regions are thus

named “thermal plasma contacts’ in the present dissertation.
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Post-arc channel (unit : mm)
( region with electrical resisitivities )
below 0.05 Om

[ron Position of Iron
electrode nozzle throat electrode

Time after current zero

v z

>

Figure 4.5. Opening process of ‘thermal plasma contacts’ with electrical resistivities below

0.05 £2m in SF; post-arc channel.
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In the above discussion, the author dealt with the behavior of thermal plasma contacts
with pres=0.05 m as one example. The *contacts’ was defined by a different criterion of
fres Of the order of 107 Q. Then, it was seen that these ‘thermal plasma contacts’ also
keep opening after the current zero. Thus, the ‘thermal plasma contacts’ model deseribed

here is applicable to the case for all g of the order of 107 Qm.

4.4.2 Opening velocity of ‘thermal plasma contacts’

Let us define the opening velocity v of the thermal plasma contacts as the increment of
the gap length between the contacts per second. The opening velocity v was estimated
tor the thermal plasma contacts defined as the area with p,e below 0.05 Qm. Figure 4.6

represents time variation in the estimated v. From the figure, v exceeds 100 m s~ at any

time after the current zero. Next. the quantity v was estimated for the thermal plasma

Opening velocity of ‘thermal

plasma contact' U (m 5_])

103;

contacts defined by different criterion of g in the range from 0.01 to 0.1 Om. These

estimations enabled the author to confirm that ‘contacts’ for different p.es have as high [

a v as that for 0.05 £2m. It should thus be noted that the v values estimated above are | | I i | | I
103020 30 60 70 B0 90 100

very much higher than the opening velocity of mechanical contacts in practical gas-blast Time from current zero ¢ (/)

circuit breakers. Judging from the above discussion, the opening operation of a thermal
plasma with a high velocity may achieve high current interruption.

The arc quenching chamber used in the experiment is small-scale and the post-arc
channel in the quenching chamber seems to behave much more slowly than that in a 1 ) : : i ‘ T,

Figure 4.6. Opening velocity of ‘thermal plasma-contacts’ with electrical resistivities

practical circuit breaker. As described in chapter 2, the temperature decay rate and loss Below 0.05 O
. ' ) . a 4 - - "
in the quenching chamber is 107* times than those in a practical circuit breaker, In spite

of these facts. the opening velocity v of thermal plasma contacts in the chamber reaches

more than 100 m s™. It may be found in a practical circuit breaker that there are ‘thermal
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plasma contacts’ opening with more rapid velocity.

4.5 Numerical simulation of behavior of thermal plasma con-

tacts exposed to a transient recovery voltage

4.5.1 Assumptions and analysis procedure

In a practical circuit breaker, a transient recovery voltage TRV is applied between the
electrodes after current zero. When rate of rise of the recovery voltage RRRV is smaller
than a certain critical value, current interruption is succeeded. However, RRRV is larger
than the critical value, current interruption is failed. Whether current interruption is
succeed or not may depend on transient distributions of temperature and electrical re-
sistivity. Thus, in this section, a transient axial distribution of electrical resistivity is
estimated when a TRV is applied to the flat-type SFg gas-blast quenching chamber which
attempts to interrupt the current of SkA,..x with SFy gas flow rate of 50 liters min—',
From the results. behavior of thermal plasina contacts in the successful interruption and
thermal failure is discussed.

In this analysis, time variations in temperature 7' and electrical resistivity pr in a
post-arc channel was assumed to follow a simple energy balance equation :

s o E?
s = ';H d -”il'l::ﬁ

=% lﬂln.-m [1*”

where pp, is the mass density, (', the specific heat at constant pressure. The quantity
Ploss is a total enerey loss including a convection. conduction and radiation losses. [ is
electric field strength, t is time. For the sake of simplicity, one dimensional model along
the nozzle axis was used in this analysis. In addition, the diameter of a post-arc channel

al any position along the nozzle axis was assumed to be identical. Voltages due to a TRV
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were assumed to be divided in proportion to the pne values at each of axial positions. On

the basis of these assumptions, electric field strength /(2. 1) was expressed as follows

E(zt) = —g——V (1) (4.4)
/. : J"n-.:-'ff':

where V(1) is a TRV i.e. voltage applied across the iron electrodes. 2 the distance of nozzle
throat along nozzle axis.

Equations (4.3) and (4.4) were simultaneously solved for different given 'RV on the
following additional assumptions : (i) local thermal equilibrium is established, (ii) total
pressure is (.1 MPa, (i) a TRV is a ramp function which has a certain rate of rise of
recovery voltage (RRRV), (iv) the initial temperature distribution is the same as that
obtained in the experiment in chapter 2. (v) the current density j is identical along the
nozzle axis. (vi) energy loss P, depends only on ternperature, although real energy loss
also does on temperature gradient, gradient of temperature gradient and flow velocity,

and (vii) energy loss is the same as those estimated in chapter 2.

4.5.2 Current density

From the calculated p. and F. post-are current density j can be calculated through
equation j = F/pqe, Figure 4.7 shows time variation of the post-arc current density.

Rate of rise of recovery voltage (RRRV) was taken as a parameter. In the case of
RRRV=2.0 V pus™*, the current density j increases with time from () to about 35 JIS,
while ) decreases with the passage of time from 40 to 100 ps. Judging from such a
convergent aspect of j. the author regarded that the flat chamber achieved the successful
interruption in this case. On the other hand. at RRRV>2.5 V pus !, 4 rises exponentially

with time. This case was regarded that the chamber failed to interrupt the current, This

117




Post—current density j (A mm_z)

0.15r 59 4.0V us~! /3.0vV ps!
V U s~
2.5V 1s!
0.1f /
-2.0V ps]
: -1
[}[}5 B / l-jv li"E S

1.0V us~!
0.5V s

: | | | | -
0 10 20 30 20 30 &0 0 80 90 100

Time from current zero ¢ (/L)

Figure 4.7. Time variation of the post-arc current density.

calculated interrupting capability was confirmed to have the same order as that derived

experimentally.

4.5.3 Transient distribution of axial temperature and electrical resistivity

4.5.3.1 Case of successful interruption

Figures 4.8 and 4.9 indicate axial distributions of temperature and electrical resistivity,
respectively, at a RRRV=2.0 V us~'. The temperature along the nozzle axis declines with
a lapse of time, Corresponding to the temperature declines. electrical resistivity pres at
any positions along the nozzle axis continues to rise with time.

Following the previous section, let us regard the regions in which pres is lower than
0.05 f2m as ‘thermal plasma contacts’. Figure 4.10 indicates behavior of the thermal
plasma contacts. As seen in this figure. one can find that the thermal plasma contacts
start opening at 20-40 us after the current zero. At 40 us, the distance [ between the
thermal plasma contacts reaches to 11.0 mm, whilst at 100 ps 1t reaches 25.7 mm. This
represents the fact that thermal plasma contacts are formed in fronts of the electrodes
and are in the opening state at least up to 100 us after current zero. In the case that
current interruption is succeeded, one can see that the thermal plasma contacts continues
opening,

Figure 4.11 shows the distribution of electric potential between the electrodes at 100
ps after current zero. It should be noted that above 93% of TRV was applied between
the ‘thermal plasma contacts™ at 100 s after the current zero. In other words, almost all
the voltage applied between the metallic electodes is applied between the ‘thermal plasma

contacts’.
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4.5.3.2 Case of thermal failure

'. The tempera-

Figure 4.12 shows axial temperature distribution at a RRRV=3.0 V us
ture along the nozzle axis decreases with time up to 60 pus, while from 60 us it increases
dramatically. [Migure 4.13 indicates the axial p.s distribution. The values p.. at any
position along the nozzle axis rise with time up to 60 us. On the other hand, they decay
with time from 60 ps rapidly. Figure 4.14 shows behavior of the thermal plasma contacts
defined by the value of 0.05 £2m. The thermal plasma contacts open at 20-40 us after
current zero. At 60 pus alter current zero, the distance D between the thermal plasma
contacts is 9.3 mm. However, from 60 ps the thermal plasma contacts begin to close and

then [) decreases. At 80us D becomes zero. As seen in this figure, the thermal plasma

contacts cannot continue to separate. leading to a failure of the current interruption.

4.6 Discussion

Figure 4.15 indicates the electrical conductivity of SFs gas contaminated with iron va-
por as a function of temperature in the range up to 20 000 K. As seen in this figure.
the electrical conductivity of SFg gas increases almost linearly with temperatures above
about 5000 K. The electrical conductivity is very much lower at temperatures below 4000
I\ than at temperatures above 5000 K. At temperatures of 4000-5000 K, the electrical
conductivity varies remarkably with temperature. Thus, SF; gas is roughly regarded as
an insulator at temperatures below about 4000 K and as a conductor at temperatures
above about 5000 K. At temperatures of 4000-5000 K. SF gas changes drastically from
an insulator to a conductor. In other words, there is a boundary between insulator and

conductor at temperatures of 4000-5000 K. In this temperature range, SFg gas has an
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electrical resistivity pres of about 0.01-0.1 Qm as shown in Fig. 4.2. On the other hand.
as seen in section 4.4.1, thermal plasma contact is defined by Pres Of the order of 102 Om.
That is, thermal plasma contact is regarded as a kind of conductor. From this point of

view, the author compared the opening velocity of thermal plasma contacts and that of

10000 mechanical contacts.
9000
—~ R000F 4.7 Conclusions
i
E 7000- de B s e o, W -
) Iime variations in electrical resistivity of a post-arc channel under the free recovery
= 6000
- condition was measured at five observation positions on nozzle axis in a Hat-type SF4
e
2 5000+ | N W | o Lr g :
B gas-blast quenching chamber. The axial distribution of electrical resistivity was estimated
s
E 4000
g 40 up to 100 ps after current zero at all the observation positions. It was noted that the
0 / p
S 30001 - T -
& electrical resistivity increased more dramatically at the nozzle throat than at the other
3
7 2000 axial positions. At 100 us after the current zero. the electrical resistivity at the nozzle
1000 _ throat increased to 4.3 Qm. It was found that low electrical resistivity regions were present
-~ 0-0.1 %
i i i i I ] | 1 J. 1 A L I v " - [ s "
St 5 10 15 20 in front of each of the iron electrodes. The distance between the regions increased with
" - 3
l'emperature 7' (K) [<107] time. This process was regarded as the opening of fictitious ‘contacts’ made of the thermal
plasma. The opening velocity of ‘thermal plasma contacts’ was estimated to more than |
100 m s~" which is very much higher than the opening velocity of the mechanical contact
in a practical circuit breaker.
Figure 4.15. Electrical conductivity of SFg gas contaminated with iron vapor at 0.1 MPa The behavior of the thermal plasma contacts in the flat-type SF;; gas-blast quenching
as a function of temperature. Iron vapor concentration X, is taken as a parameter. chamber were simulated numerlcally in a case of application of a transient recovery voltage

across the iron electrodes. If rate of rise of the recovery voltage is smaller than 2 V ps—,
then post-arc current converged at zero. In this case, the thermal plasma contacts continue

opening, this leading the post-current to the convergence at zero. On the other hand. rate
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of rise of the recovery voltage above 3 V pus™' results in impossible separation of thermal
plasma contacts. These results lead to the conclusion that SFg gas-blast circuit breaker

interrupts high current through the opening process of ‘thermal plasma contacts’.
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Chapter 5 Particle composition and electrical con-
ductivity of high-pressure SFy; plasma
with electron temperature greater than

gas temperature

5.1 Introduction

In an SFg gas-blast circuit breaker, detailed investigations on a post-arc channel with
temperatures below 6000 K after current zero are essential for a proper understanding of
current mterruption process,

In chapters 2. 3 and 4, the temperature, metallic vapor concentration and electrical
resistivity in post-arc channel in flat-type SFy gas-blast quenching chamber were measured
im the case that no transient recovery voltage (TRV) was applied between the electrodes,
In section 4.5 the axial distributions of temperature and electrical resistivity of the post-
arc channel in the chamber were discussed in the case that TRV having rate of its rise of

' were applied between the electrodes.

the order of 2 0r 3 V us

However, i1 a practical circuit breaker, much higher transient recovery voltage (TRV)
s applied between the electrodes during the time after current zero. As a result, the post-
arc channel is exposed to high electric field originated from the TRV. The high electric
field elevates the kinetic energy of electrons in the post-are channel and then increases
the electron temperature T,. As a result, T, may become higher than gas temperature
I, in the post-arc channel even at a pressure of (0.1 MPa [1]-[3]. An increase in T, may

change the properties of the post-arc channel such as particle composition, transport

and thermodynamic properties from those under the condition of thermal equilibriumn.
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It 1s therefore greatly important to investigate the properties of the post-are channel in
lwo-temperature states where 75, is greater than T},.
Several papers have so far dealt with the particle compositions and transport prop-

erties of Ar, H; or Ny plasma in two-temperature state

3|-16]. In the calculation of the
compositions in some of the papers, multi-temperature Saha's equation (MSE) is usually
adopted to express chemical equilibrium in two-temperature state. However. it has been
pointed out in recent works that MSE is invalid since it is not satisfied with the second
law of thermodynamics [7, §|.

In this chapter, calculations were made to obtain the particle composition and electri-
cal conductivity of SFg plasma in two-temperature steady state at a pressure of 0.1MPa
on the basis of the second law of thermodynamics. Firstly, in order to express the popula-
tions of the internal energy states of heavy particles, effective excitation temperature was
introduced. Secondly, using the effective excitation temperature, relation equations for
lonization and dissociation equilibrium in two-temperature state were induced. Thirdly.
particle compositions of SF; plasmas in Iwo-temperature state were theoretically calcu-
lated at a fixed T, above 3000 K as a function of T,. Finally, from the commposition
data thus derived, the author computed electrical conductivity of two-temperature SF,
plasma, since electrical conductivity of an arc is one of the most essential properties for

mterrupting capability of a circuit breaker.
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5.2 Particle composition of SF; plasma in two-temperature

state

5.2.1 Equations for calculating particle composition of SF; plasma in two-

temperature state

In the present calculation, the author assumed that SFy plasma is in the following condi-

Llons :

(1) The plasma i1s homogeneous. Although it is possible to expect the disturbance of
homogeneity in the SFy decomposition products in practical situation, homogeneous

SFs plasma is discussed as the fundamental approach in this dissertation.
(ii) Total pressure is 0.1 MPa.
(iii) Electrons and heavy particles have Maxwellian energy distribution functions.
(iv) Temperatures of all the heavy particles are identical to gas temperature T},.
(v) Electron temperature 7, is greater than 7.

(vi) The populations of the internal energy states of the heavy particles follow Boltz-

mann's law.

(vil) Chemical equilibrium between the particles is established.

5.2.1.1 [Effective excitation temperature of heavy particle

Let the author discuss the occupations of the internal energy states of heavy particles
such as atoms, molecules and ions. This is because the internal energy states of the heavy

particles have great influence on chemical reactions such as ionization and dissociation.
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On the basis of Boltzmann's law. the population of the internal energy states of the heavy

particle *A’ is given by

'”“” { Eau— &
A u ti {
LB '; w 1 5+|.

where the scripts u and [ denote the excitation levels, g : statistical weight. ¢ : exci-
tation potential, k : Boltzmann constant. The quantity 13* is the so-called excitation
temperature of the particle ‘A’. The excitation temperature is considered to be close to
I, in low-pressure and low-temperature plasmas. where the excitation of the heavy parti-
cles results mainly from collisions with electrons. However, in high-pressure and high-7,
plasmas, the excitation of the heavy particle nighly seems to result from collisions not
only with electrons but also with heavy particles. In such plasmas, Ty* depends on both
of 1. and Ty. Thus, the author will newly express 75 in termns of 7 and I as described
below.

Figure 5.1 depicts excitation process through collisions. As seen in Fig. 5. l{a), a heavy
particle ‘A’ obtains energy of AT, Keavea per second through collisions with electrons
in excitation process. where K,z and 1.5 are the collision loss factor and the collision
frequency between an electron and the particle ‘A’, respectively. In a similar manner.
as shown in Fig. 5.1 (b), the particle *A’ also acquires energy of ¥, 4 SkTy K av;a per
second through collisions with various kinds of heavy particles, where K;x and v;, are
the collision loss factor and the collision frequency between j and ‘A’, respectively. As a

result, total energy E% that the particle ‘A’ obtains is given by

e 3 1 3 Y
Bt = kT, Kouthsn—+ img Y Kjavia. (5.2)

2 el
This total energy BX determines T3* of the particle ‘A’. Let us relate ET¢ to T3

Without distinction of electron and heavy particles colliding with ‘A’, they can be regarded
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Figure 5.1. Excitation process of heavy particles through collisions
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itious particle has kinetic energy

as one kind of fietitious particle. Assume also that the fict
. The assumptions enable

skT3* and collides with ‘A’ with a frequency of Vea + X (520 VA

one to set up the following equation :
(5.3)

— e

T
KT K (vea+ 3 via) = BT,

" Jiy7e)
where K is the collision loss factor between fictitious particle and *A’. The collision loss
factors usually depend on the temperatures and species of interest. However, there have
been few experimental data available on the factors so far. Then. for the sake of simplicity.

it was assumed that K. Kja and K are the same, although this assumption is rough and

results in underestimation of the effect of collision with electrons. substituting equation

(9.2) into (5.3) and rewriting equation (5.3) vields
.}.E-x = “t".-"LT;.' T ZJ[J:J’["]' HJJ\T]!, fr ..”
_.-'i' == = i .1}' i
Ve + zj{_j,ir:] Via

This equation expressing 7% in terms of 7. and 7 g 18 newly proposed in this dissertation.
The author named T3* as “effective excitation temperature”. The effective excitation

temperature greatly affects chemical reactions, as will be shown later.

f_ =

.:'._.l."'l. e

8kTy(m; + ma) 2
TSI :
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The collision frequencies 1,4 and ja can be estimated by
FepA = JH"";JQL':";{T:_-H’H (9.9)
I';j-rﬂi = h}@;hiié}f’yl {5‘6]
1
8kT.\*
?___'{: — (— ﬂ) {5?}
T
(9.8)

where m. and m; are the mass of the electron and of species j respectively, Qea and Q4

are the collision cross section between the electron and species A and that between species




J and A respectively. In this dissertation. the author used the diffusion cross sections as
(.4 and Q4 as follows.

(1) Neutral molecule-neutral molecule interaction. The cross section between

neutral molecules were obtained by the hard-sphere method using the radii of the

molecules.,

(11) Neutral atom-neutral atom interaction. For interaction of F-F and S-S,
Abrahamson has given the parameters of Born-Mayor-Type interatomic potential

9]. Using the parameters, the diffusion cross sections of F-F and

for ground state
5-5 were obtained through the table given by Monchick [10]. For interaction of F-S,

the cross section was calculated on the basis of empirical combining law [11].

(111) Neutral particle-charged particle interaction. The diffusion cross sections
of F-F', F-F~, §-8§*, 5-87, Fo-F and 5,-5] were obtained considering the effect
of resonant charge exchange [12|. For the cross sections between neutral particle
and charged particles except above. it was assumed that they coincide with that for

neutral-neutral interactions.

(iv) Electron-neutral interaction., The cross sections between the electron and
neutral molecule were calculated by the hard-sphere method. For the interaction
of e-F and e-5, Robinson and Geltman have calculated the elastic cross sections as
a function of kinetic energy of electron [13]. From these data, the diffusion cross
sections of e-F and e-S were calculated as a function of temperature in accordance

with the method given by Chapman and Cowling [14].

(v) Interaction between charged particles. The cross sections between charged

particles were calculated from Gvosdover cross section for Coulomb potential [15].
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9.2.1.2 Equations for chemical equilibrium in two-temperature state

Table 5.1 indicates ten dissociation and ten ionization equilibrium reactions taken into ac-
count in the present calculation. The magnitude of dissociation and ionization potentials

are also listed in this table [16]-{18]. Equations for the reactions will be derived below.

9.2.1.2.1 lonization equilibrium Let us discuss the ionization equilibrium in two-
temperature state :

A+M=AY4+e + M, (5.9)

where M is an electron or a heavy particle colliding with *A’. For this ionization equilib-
rium, the following expression is established on the basis of the second law of thermody-

namics [7. 8] :

HA | HM At He | Pim

= —_t T S
fﬁ Y fg 4 I

(9.10)

where the temperature Ty of M is T, when M is an electron, while Ty is T, when M is
a heavy particle. Also, pu,(r=e, A, A" or M) is the chemical potential of each species.
Using this relationship, the author will introduce the basic equation expressing ionization
equilibrium in two-temperature state.

The chemical potential ji, is expressed in terms of partition function {/,. number

density N, and volume of plasma V :

e pin( e
~ &m(ﬁw)' (5.11)

Special attention was paid to the partition function of *A*'. The partition function of A"
with reference to the ground state of ‘A" is expressed as U x exp|—(Ex — AE) /KT,
where Ej4 is the ionization potential of ‘A" and AFE represents a lowering of ionization

potential, This is because the populations of the excited states of ‘A’ follow Boltzmann
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law for the temperature of 75*. By substituting equation (5.11) into (9.10), the author

Table 5.1. Chemical reactions taken into account in the calculation. ‘M’ indicates an gets
; *ﬁ'"r:*ﬁ":ﬁ" LFI;: L"r:"k ' / I‘..-ﬂl - AE A"
electron or a heavy particle. N O exp (_ R ) . (5.12)
- AE [eV] =6.96 x 10~%(N,|m=3))3. (5.13)

SFg +M+= SF;+F + M /( 4.00 eV[16])

&

For the derivation of number densities through equation (5.12). the calculation of partition
SFs +M= SFs+F + M 2.27 eV|[16])

functions Up, U+ and U, is necessary. The author will therefore discuss the dependence

SFy +M= SF;3+F + M ( 347 eV[16])

of the partition functions on 7, T, and T%* as follows.
oFy + M= SF:4+F + M ( 2.92 eV[16])

SF, +M= SF +F + M ( 4.01 eV[16)) (1) Partition function for electron U,. Translational motions of electrons depend
SF +M= S +F +M( 352eVI16]) only on T, because 7, indicates the kinetic energy of electrons. Thus, U, in two-
SSFy + M= SF,+S + M ( 3.90 eV[i6]) lemperature state is expressed as a function of 7},

FSSF + M= SF + SF 4+ M ( 3.71 eV[16]) U, = 2U — 2V (2"”;:3**""3) - (5.14)

L | 2 V] — . " ;'1 . } .-V ].fj - " -kl 2 i : 5

2 HM Bl =M 1,60 1 where U;" is the translational partition function of the electron. h is Planck’s con-
1! ! —_— i y }'h" '.'J'.- :.i_' -1..; I ﬁ i
S, + M S +8 +M{ s ) stant and m, is the mass of an electron.

F rM= F 4e + MI( 3.40eV[16])

(2) Partition function for heavy particle Uy and Up+. Heavy particles have three

S + M= § +e +M/( 2.08eV[16])

_ energy states : translational. rotational-vibrational and electronic states. Transla
F + M= F" +e¢ +M (174 eV[IT])

tional motions of heavy particles depend on T,,. Translational partition function Uy
q tM= 5" +e + M (104 V1T

. | is thus calculated using 7}, :
F M= F**+e +M(356 eV[17])

(5.15)

" ;[ 2ema kT, 2
St FM= S** +e +M(234 eV[IT]) Us =¥ 2 .

3 i —— st : . 2\ i . . : .
Fy EM= F; +e” +M(158 eV[18]) The author assumed that rotational-vibrational motions of heavy particles depend

D3 FM= 8, +e +M( 830eV[18]) on /g, because these motions are due to the kinetic motions. In this case. rotational—
SF +M= SF*+e +M(101 eV[18])

vibrational partition function UY’ is written by

SF- + M= SF 4+e +M/( 210 eV[16])
r= Ui’ = U5, (5.16)
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The partition functions U} for diatomic molecules and for polyatomic molecules
were calculated in accordance with the methods suggested by Burhorn [19] and
Herzberg [20]. On the other hand, since the internal energy state of ‘A’ is governed

by T5*, electronic partition function U5 is obtained as a function of T§* :

€; e
'f-"r.i]ﬂ - .[_;'}-;h:{a '!13‘ | = Zf}'i exp (_ﬂ.‘r”‘:_x) 3 {E‘ | l}
A

L
where g; and ¢; are statistical weight and excitation potential, respectively. These
values are given by Chase ef al. for polyatomic molecules [16|, by Herzberg for
diatomic molecules |18 and by Moore for monatomic particles [17]. Use of equations

(5.15). (5.16) and (5.17) induces one to have

r.-tf"'( M_ﬂ) UR(T)US(TF). (5.18)

h?

In a similar manner, the partition function for the ion ‘A"’ can be expressed as

h?

2T »'.Ji-"_ 1, j ;
[y == '(ZT”‘”"— - ‘rb) U (T USS (T2 ) (5.19)

Finally, substitution of equations (5.14), (5.18) and equation (5.19) into (5.12) vields

an expression !

NeNao o (2makTs) * UR (T)URE (TR
N h? UR(Tg)URH(TRY)
Ey— AF |
X exp (— ﬂHH ) (9.20)
A

T'his 1s the equation that the author newly developed for ionization equilibrium in two-
temperature state. Note that equation (5.20) includes the effective excitation tempera-
ture. Equation (5.20) was applied to express each of ten ionization equilibrium shown in

Table 5.1.
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©.2.1.2.2 Dissociation equilibrium Let us discuss the following dissociation equi-

librium :

A+M=B+C+M, (5.21)

where A is a molecule, B and C are heavy particles, and M is an eleetron or a heavy
particle. In a similar way as the procedure for deriving (5.20), the following expression

can be obtained

,-'v!'] ahflf_"_ =l ETTT."F,H TFL{':A:TE :'i
Na mah®
Ug (T U (Ty) Uge (T8 US(13)
UR(T)  U§(IR)

o
X exp -;E{-Tﬁx : (5.22)

d

where I3 is the dissociation potential of *A’. Above expression was adopted to express

each of dissociation equilibrinm shown in Table 5.1.

9.2.1.3  Other governing equations for two-temperature plasma

Besides the above-mentioned equations (5.20) and (5.22), three equations for Dalton’s law
of partial pressure, charge neutrality and conservation law of stoichiometric equilibrium

were set up. The equation for Dalton’s law in two-temperature state is written by

P4+ AP = NkT, + Y N;kT,, (5.23)
7(a+#¢)
ks et [N 22{; N :
&‘I“’ = e o & ! a j____'.f 5.9
Hi#e) &

where P is the total pressure, AP the pressure correction term resulting from the electro-
static interactions (21|, zeq; the effective charge number, =4 the permittivity of vacuum, e

the electronic charge.
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Table 5.2. Equations for caleulating particle composition of two-temperature SFy

95.2.2 Calculation procedure

plasmas.
Table 5.2 summarizes the governing equation for calculating the particle composition of :
" i 5 €4 & P F Nsp, N (Errrh,; mrﬁ.f )JI Hg}{m"‘{?"‘} ( .f;‘lgl,ﬁ )
N : 1 . R eXP | — e (5.25
two-temperature SF; plasmas. These twenty three simultaneous equations were Nsry Sk 2 Hh“ﬁj “T‘:"t}f‘,-. j]
solved through following procedures : Nse,Np _ ( 2nmgp, mpk "rze; Usy .” UE=(T§¥) Edp,
e = ) CAP| e (0.26)
Nsr  msph? H,J kTex
SFs
(i) 7, and Ty are given. NseyNp (}-rmg,f JpkTy ) b (TR)UR(TFY) Egp,
F - r- i & B L 5 FJE-*'
hﬂi'| . Imsr -I'h ‘:; (f } ;.. ""g:l:.;‘# |:J IJ
(i) Initial values of number densities N, of each of species are given. : %
f_\lgpz NE : (ETT??II:.,; 5 THE _1‘”. 2 ft,; fIL}L{LIF{T“'!,} i*-‘{fp.i e
Nsr, mgp, h2 ) R TR e (5.28)
3

(1ii) T7* is derived using equation (5.4) and AF is also calculated by equation (5.13).

NepNp 2rmgpmpkTy i Uk (T)L L[L{T"F}E "*]*[ ) Eﬁ;’;.; .
. : . ‘ . : . : . Nap. mar. h2 ) T (- “EXP | — Trex (5-29)
(1v) The obtained T7* and AFE are substituted into twenty simultaneous equations for &t SEa/f sk, (1g) SFa
. N7 = e Bt WL E - :
1onization and dissociation equilibrium corresponding to equations (5.20) and (5.22). VSN _ (ET”“H’”'F" ‘rg) 3 f’“"'{ IS )URe(TE) el Eg. e
N mgph? S (T ) UE 'L{T;.*;] kTE \B2)
(v) All of twenty-three simultaneous equations are solved using Newton-Raphson method Nsi,Ns [ 2rmsp,mskT, 2 US (T, HJ_rFr;ﬂr:{T;;fx} ' quth
| -’ Nssp, Msse, h2 — Uz [Tj ~€XP | — e (5.31)
to newly derive number densities N,. Fz SSFy
_ | & . 2rmspkTy \ 2 ' (ST ) USE(T85))? g _’E'E'HHF s
(vi) Procedures of (iii)—(v) are iterated until 77* and AFE converge. Npssr mpsseh? L’,_“fﬁ, f Lj e kT ()
é N'rf‘- = (TmrﬁT )% [:’'*‘ﬂ""{‘}"““’"HE ' B )
5.2.3 Calculation results Nr, h2 Ug (To) Uge(Ter) exp ThTE (5.33)
_ - | . e , . - 2 : rele (-1 d
Figure 5.2 shows the calculated particle composition of SFs plasma as a function of 7, at N (E“‘_!‘ﬂ) [U§*(T8%))? a5 f Eg, (5,34
NS:; h2 rrl.r{r}r }L;tli ('f ﬂx} J;'.I:‘:-: J.od)
fixed T, =3000 K. The composition at 7,=3000 K corresponds to that under the condition :
NeN. (:;-mﬂw;, ) U8 (T8*) br_ M,
of thermal equilibrium at 3000 K. An increase in 7., from 3000 to 20 000 K brings about Ng- h2 U,':J'E'{'I;’;“;’E | o (5.35)
the little change mn the composition. Figure 5.3 shows the derived 17 of each of the NsNe  (2mmekT, 2 EU‘IEIT“” L»q- ~ &L
Ne- —\ h2 ) Tde(rex) =P (9:36)
heavy particles as a function of T, under the same condition as that on Fig. 5.2. Al e
; , h NpeNe _ (2rmekTe\ 2 2U (T2  Er—AB
of fj'“ almost equal T,. The results shown in Figs 5.2 and 5.3 arise from the following Nr = ( hlz ) TF_ELFEE{I}E exp [““ (5.37)
tact : At 7, = 3000 K, the electron density N, is as low : he ; 1T m—3 ;
T ron density /¥, 1s as low as of the order of 10'7 m—3. Ne, N, kT & £ ouel (120) s — AF
i ’ AN y Iir‘E Ll [7 el (X E€Xp ;.:,r'n: E5~35]
Thus, collision frequencies between heavy particles and electrons are very much lower g /5" (45%)
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Table 5.2. Equaitons for calculating particle composition of two-temperature SFg Table 5.2. Equaitons for calculating particle composition of two-temperature SF;

plasmas (continued). plasmas (continued),
o : 9 rllr ex Y, s . 2 2
mjruw (_ ) 20 1 (TS 1}Exp (_Ll.,rm.&L) (5.501 T _&[%, 2emi N
Ng+ U “(f KIS ' Ab  fo \KT. &= KT
MNi#e)
Jl."b -|-.II.|'I'r J.n'.-;i .i'l!' 'l.‘! I':l{.rlll.. {f;:fr_] :-151 _J'II—I\‘E." - !
—E;f-‘ ) LE“;;—G'P *——gjﬁ—“ (0.40) AEeV] =6.96 x 107* N2 (5.48)
‘ML’* Ne 2mmek, 2 }{'rv “r JU II"[1 [‘IIF"'_; Fp, — AF Tex ““-J?:i‘ T E:irm!i “':-j]r-ﬁ [ ] 1.2 22) (5.49)
¥ : ) (et = i = e J=12p0052 5.
N, ( Rz ) ToUgere) P\~ kT 741) " Vej + Lifire) Vi j
N+ Ny T, “ Usi 'g}lf L]'*ff ¥) By — AE where 7 the gas temperature, T, the electron temperature. N. the number density. UMY the
- . - o | E i -
Ne, ( U “'{f }f“"“{.““j o ST (5:42) |
S g Sa rotational-vibrational partition function, /¢ the internal electronic partition function, F; the
fe N 9 39 \[Jele T W : bl s + T } .
Ngp+ Ne L] ( <TTMe ” ) 2Ugk+ (Tg)Ugp. (T35 ,}' exp | — Esy — AE (5.43) dissociation or jonisation potential, m; the mass of species zeffi the effective ionic charge of
NsF h? UL (Ty)U ﬂtq%%; KTEE »
S F\LSF SF
) species i, h Planck’s constant, k : Boltzmann'’s constant. e the electronie charge, =y the dielectric
NsrNe (zmnt.m ) : WE(TUSE(TS) [ Esp-—AE (5.44)
= D | — 0,4 : .
Ner— 12 rw ” ) Ugle_(Tex_) : KTex_ constant of a vacuum
Np/Ng =6 (5.45)
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Figure 5.3. Effective excitation temperature of various species in two-temperature SF;
Figure 5.2. Particle composition of two-temperature SFg plasma at 0.1 MPa as a function
plasma at 0.1 MPa as a function of electron temperature. Gas temperature is fixed at
of electron temperature. Gas temperature is fixed at 3000 K.
3000 K.
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than those between heavy particles. In other words, the heavy particles collide more
frequently with the other heavy particles than with electrons. As a result. 17> of the
heavy particle remain 7 regardless of T... As a consequence, 7). hardly affects dissociation
and lonization reactions, resulting in insignificant change in the composition.

Figure 5.4 represents the obtained particle composition at fixed 7}, = 6000 K as a func-
tion of 7.. No significant change in composition are found with increasing T, from 600()
to 8000 K. In contrast to this, raising 7, to temperatures above 9000 K leads to marked
dissociation and ionization of heavy particles, causing the composition to differ from that
under the condition of thermal equilibrium. For example. N, rises from 6.24x10% to
9.24x10° m™3 with a grow of T, from 6000 to 12 000 K. It can be also seen in Fig. 5.4
that V. is almost equal to S density at T, <15 000 K. This indicates that the ionization
of S mainly produces the electron.

Figure 5.5 represents derived 77* as a function of 7,. Let us discuss 75 of S that
mainly produce the electron. As seen in Fig. 5.5, T¢* is almost as high as 1y at T < 9000
K, while 7Tg* agrees with T, at T, >10 000 K. The results shown in Figs. 5.4 and 5.5 are
interpreted as follows : At T, <9000 K, N, is as low as the order of 10%® m—? so that S
s excited or ionized mainly by collision with heavy particles. Thus, T8* is kept constant
at I;. On the other hand, Since N, exceeds 10*2 m~ at T, >10 000 K. S is excited or
lonized mainly by collision with electrons and thus 78 increases to 7, Consequently. the
particle composition depends on 7}, markedly and differs from that under the condition
of thermal equilibrium.

Figure 5.6 shows the particle composition at fixed 7,=9000 K as a function of 7.
As can be seen in this figure, an increase in 7}, induces the dissociation and ionization

of all particles, thus causing the number densities of the particle to vary greatly. Figure
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5.7 represents T __":”‘ at. T,=09000 K. The effective excitation temperatures of almost all the
species rise linearly with 7. This indicates the particle composition depends almost only

on 1.

Figure 5.8 shows electron density at constant 7 of 6000 K as functions of electron

temperature and pressure. It should be noted that there are two region in Fig. 5.8 : One ;
3 « . - — B
Is the region electron density has values of the order of 10°' m™, and another is the region L &
e
i : + L
with electron density greater than 10 m~. = sk
e L
2
E =
2.3 Electrical conductivity of two-temperature SF; plasma £ i
5 L
= 10
5.3.1 Calculation method 2 .
5
2
Using the particle composition data thus derived, electrical conductivity of two-temperature E y
=
SFg plasma can be calculated. In this calculation, electrical conductivity o was computed E o
2 L
Tk
: . : : (0 =
on the basis of the third order approximation of Chapman-Enskog method as follows [22]:
1 -
00 (il (2 i I 1 i | i i i i | i i i i | i i i i |
o 30 1 112 ST 00 g 10 15 20
3¢N2/ 2r \3 |9 4 )
Bt ( e ) X A I (5.50) Electron temperature T, (K) [X107]
2 mekT, ) g2
" g2 g

where ¢" is the matrix elements concerning the collision integrals. Expressions on these

elements are given by Devoto [22

Figure 5.7. Effective excitation temperature of various species in two-temperature SFg

5.3.2 Calculation results plasma at 0.1 MPa as a function of electron temperature. Gas temperature is fixed at

9000 K.
Figure 5.9 shows ¢ of two-temperature SFg plasma at P=0.1 MPa as functions of 7, and

Iy. The bold curves designate the dependence of o on 7. at fixed 7 «=3000, 6000 and

9000 K.
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At a hxed 7,=3500 K, o slightly increases with 7.. For instance, at 7,=20 000 K,
o is 5.82 8§ m~', which is 3.55 times as high as that under the condition of thermal
equilibrium at 7, = 1,=3500 K. In the case of 7,=6000 K, a rise of T, from 6000 to 8000
K yields to the gradual development of o. Increasing T, from 83000 to 9000 K enhances
o drastically. This is responsible mainly to the encouragement of the 1onization of S due
to very frequent collisions with electrons. At 7.=20 000 K, 7 reaches to 1.36x10* S m !
At a ixed 7,=9000 K. ¢ gradually rises with 7. from 9000 to 20 000 K.

Let us now discuss the dependence of o on 7} in the case that T} is fixed. For example
at a fixed 7.=20 000 K, o is almost independent of a change in 7, from 6000 to 20 000 K.
1'he similar dependence of o on T is found at fixed T, from 9000 to 20 000 K. The above
results reveal that o is predominated almost entirely by 7, in the range of 7, >6000 K
and 7. =9000 K.

Figure 5.10 demonstrates the dependence of ¢ at fixed T,=6000 K on T, and P. The
bold curves in Fig. 5.10 denote o at a fixed T,=10 000 and 15 000 K. At a fixed 7. below
10 000 K, rising I reduces . This arises from the following fact that the pressure rise at
1 <10 000 K causes the greater collision frequency between heavy particles than those
between the electron and heavy particles. This leads to the dominance of T} in IT to
decline the ionization reactions. On the other hand at T, above 12 000 K. higher P

clevates o. This is because the at T, >12 000 K the higher P produces maore n,.

5.4 Conclusions

Particle composition of SFg plasma above (.1 MPa in two-temperature state was theoret-
ically calculated, in which electron temperature 7, is higher than gas temperature 7. In

order to simply express the populations of the internal energy states of heavy particles,

e

}"F_=6UUHK

L

10

Electrical conductivity o(S m'])

Figure 5.10. Electrical conductivity of SFg plasma in two-temperature state as functions

of electron temperature and total pressure. Gas temperature is fixed at 6000 K.
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the effective excitation temperature was proposed considering collision frequency. At fixed
1, 1 the range of 6000-9000 K at a pressure of 0.1 MPa, a rise of T, from 9000 to 20 000
K encourages the dissociation and ionization of particles, resulting in the composition
of SFg plasma to differ markedly from the composition under the condition of thermal
equilibrium.

[lectrical conductivity o was computed for two-temperature SFy plasma using the
composition data thus derived. Electrical conductivity o is one of the most important
lactor dominating arc interruption. At a fixed 7, <4500 K or T, >9000 K. ¢ increases
gradually with 7, up to 20 000 K. On the other hand, at a fixed 7}, in range from 4500
Lo B000 K, o drastically elevates in a certain range of 7,. finally having the maginitude
of the order of 10* S m™" at T.=20 000 K. Therefore. increasing 7. greatly affects on o
In this gas temperature range in SFy plasma, resulting in a decrease in the mterrupting
capablility of a circuit breaker. This may be very serious for an arc interruption, since a

post-arc channel usually has temperatures around 6000 K just after current zero.
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Chapter 6 Conclusions

6.1 Introduction

In an SF; gas-blast circuit breaker, an ac arc discharge burns between the electrodes during
current mterruption processes. The are discharge is extinguished at current zero following
a peak current of several thousands of amperes. After current zero. there remains a post-
arc channel with a temperatures of about 6000 K between the electrodes. The diagnosis of
physical state in the post-arc channel is therefore greatly important for the understanding
of arc quenching processes.

Several papers have described experimental approaches to study SFg gas-blast arcs. In
these experiments, the spectroscopic observation techniques have often been performed
to estimate arc parameters such as temperature, electron density and metallic vapor
concentration. However, these experiments were limited to peak current phase. On the
other hand. few research studies on the post-are channel after current zero have been
published. This is mainly because the radiation intensities of spectral lines emitted from
ions and atoms such as S*, F or Cu are hardly detectable in the post-arc channel.

In the present dissertation, a post-arc channel after current zero was investigated
fundamentally in a flat-type SFg gas-blast quenching chamber with a gas flow rate of 50
liters min ', First, the post-arc temperature was measured using the radiation intensities
of two spectral lines emitted from Fe. Iron was intentionally used as an electrode material.
The time variation in temperature of post-arc channel for peak current of 5 kA was

estimated, and transient axial temperature distribution up to 100 us after current zero
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was discussed. Secondly, a method for estimating the metallic vapor concentration in
a post-arc channel was developed. The use of this method permitted the estimation
of the iron vapor concentration up to 100 us after current zero. Thirdly, the electrical
resistivity of a post-arc channel was obtained. From this result, a new concept about the
thermal plasma contacts was introduced in order to interpret the arc quenching processes.
Behavior of these thermal plasma contacts were discussed. Finally, a post-arc channel
exposed to high electric field originating from a transient recovery voltage was numerically
mvestigated considering non-local thermal equilibrium effects i.e. two-temperature effects.
The particle composition and electrical conductivity of SFy plasma in two-temperature
state were theoretically calculated.

The results derived in this dissertation are summarized in the following sections.

6.2 Measurement of axial temperature distribution in post-arc

channel

In chapter 2, the following facts were found :

(1) Theoretical calculations were made for emission coefficients of 132 main Fe spectral
lines in SFg gas at a pressure of 0.1 MPa as a function of temperature under the
condition of thermal equilibrium, The calculated results reveal that Fe spectral lines
at wavelengths of 426.0 and 442.7 nm have much higher emission coefficients than

S*. F or Cu at temperatures below 5000 K.

(2) In the experiment. a flat-type SFg gas-blast quenching chamber was adopted. Adop-
tion of a flat-type chamber facilitates measurement of arc radiations and discussion

of arc quenching processes. Iron was intentionally used as an electrode material for
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the injection of iron vapor into a post-arc channel. The radiation intensities leq06
and fpeq43 of the two Fe spectral lines at 426.0 and 442.7 nin were measured along
the nozzle axis. These spectral lines were detectable up to 100 us after current zero
under the condition that the peak current is 5 kA and SFg gas flow rate is 50 liters
min~". Furthermore, the use of the two-line method to the Fe spectral lines enabled
the author to determine the temperature in the post-arc channel, The temperature

decay could be estimated up to 100 us after current zero.

(3) The radiation intensities of the two Fe spectral lines were measured at five positions
along the nozzle axis in the flat-type SFg gas-blast quenching chamber. At each of
the five positions. these spectral lines could be detected up to 100 pus after current
zero. From the radiation intensities of these spectral lines. the axial temperature
distribution was obtained. The results revealed that the temperature in the post-
arc channel decreased more rapidly at the nozzle throat than at the other axial
positions. The temperature at the nozzle throat decays from 5000 to 3500 K from

U to 100 us after current zero.

6.3 Method for estimating metallic vapor concentration in post-

arc channel and its axial distribution
In chapter 3. the following facts were obtained

(1) In the spectroscopic observation. the radiation mntensity /455 of background spectra
at a wavelength of 455.0 nm was simultaneously measured. The reason Was as
follows : since measured radiation intensities [,; and 143 at 426.0 and 442.7 nm

were found to contain the background radiation, so the subtraction of [iz5 from [},
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(3)

(4)

and /i, was required to obtamn the net radiation intensities [reg26 and [ruas.

For the estimation of metallic vapor concentration using these radiation intensity of
background spectra, emission coefficient of continuous spectra has to be calculated.
Therefore. emission coefficient ., of continuous spectra at 455.0 nm in SFg gas
was theoretically calculated in the temperature range of 3000-6000 K. However, the
temperature dependence of .., is found to show no agreement with that of [4 In

the temperature range from 3000 to 5000 K.

Emission coefficients £s,455 of Sp spectra due to B*Y; - ,\’H'EI_; transition at 455 nm
in SFg gas were theoretically calculated as a function of temperature. The total
emission coefficient £455 of background spectra was derived by summing £q,455 and
=cont- 1 he temperature dependence of £455 agreed fairly well with that of 455, From

the results, 1t is found that the background spectra at 455.0 nm is dominated by

not continuous spectra but molecular spectra at temperatures below about 4500 K.

A method for estimating metallic vapor concentration was developed : a radiation

intensity ratio of background spectra to Fe spectral line was utilized.

This method was applied to the post-are channel in the flat-type SFg gas-blast
quenching chamber with the iron electrodes. From the measured radiation intensi-
ties, iron vapor concentration was successfully estimated up to 100 ps after current

ZEeT0.

An axial distribution of iron vapor concentration was also obtained around current
zero. From the results, the iron vapor concentration was found to have a magnitude
of 0.01% at all observed positions along the nozzle axis during the time around

current zero.
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6.4

Thermal plasma contact

In chapter 4, the following facts were found.

(1) An electrical resistivity prs of SFg gas contaminated with iron vapors was theo-

(2)

(4)

retically calculated by the first order approximation of Chapman-Enskog method.
Using the theoretical data, p.. was estimated from the measured temperature and
iron vapor concentration, The result showed that Pres MCreases more drastically at
the nozzle throat than at the other axial positions. At 100 jis after current zero fres

at the nozzle throat became 4.3 m which is about 340 times higher than that at

current zero.

T'he low electrical resistivity regions were found in front of the electrodes. The
distance between these regions is observed to increase with time. This Increasing
process was regarded as an opening process of fictitious ‘contacts’ made of thermal
plasma. Furthermore, the opening velocity of these ‘thermal plasma contacts’ was
estimated to be higher than 100 m s™'. This value is very much higher than the
opening velocity of mechanical contacts in a practical circuit breaker. These results
led to the conclusion that SFy gas-blast circuit breakers may mterrupt high currents

through the opening process of these thermal plasma contacts.

The transient temperature, electrical resistivity and current density were computed
when a transient recovery voltage was applied across the electrodes in a one dimen-
sional axial model. In this calculation. the rate of rise of recovery voltage RRRV
was taken as a parameter. At RRRV=2.0 V ps~!, the current density is found to
converges to zero and this was regarded as to denote the success of current inter-

ruption. OUn the other hand, the divergence of current density at RRRV=3.0 V us~!
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was considered to be the failure of current interruption. In both cases. behavior
of thermal plasma contacts were discussed. In the case of the success of current
interruption, the thermal plasma contacts continue to move apart during the arc
quenching process. However, in the case of the failure of current interruption, the

thermal plasma contacts are unable to keep up the opening pProcess.

6.5 Particle composition and electrical conductivity of two-

temperature SF; plasma

In practice, after current zero. the post-arc channel across the electrodes in a circuit
breaker is subjected to TRV. The post-arc channel is therefore exposed to high electric field
strength due to TRV. The high electric field elevates the kinetic energy of electrons in the
post-arc channel and thereby increases the electron temperature T,. As a result, T, can be
higher than gas temperature T} in the post-arc channel. In these two-temperature states.
fhe properties of SFg plasmas such as particle composition, transport and thermodynamic
properties may differ from those under the condition of thermal equilibrium. Thus. the
composition and electrical conductivity of SFg plasmas in two-temperature states were
calculated in chapter 5.

In the caleulation of particle compositions, in order to express the populations of the in-
ternal energy states of heavy particles, effective excitation temperature was proposed. The
effective excitation depends on both T.. and I,. The equations defining the ionization and
dissociation equilibrium were developed for two-temperature SFj plasmas. The Newton-
Raphson method was adopted to derive the particle composition of two-temperature SF;

plasmas. Using the composition data thus derived. an electrical conductivity was also
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computed for two-temperature SFy plasmas, From these caleulations. the following facts

were found -

(1) At a constant 7} of 3000 K and 7, in the range of 3000 to 20 000 K, there is slight
change in particle composition. thus the electrical conductivity increases slightly
with 7.. This is mainly because the electron density is as low as of the order of
10'" m~3. Therefore. heavy particles excited through collisions mainly with heavy

particles,

(2) At a constant 1,=6000 K, no significant change in the composition is found with
an increase in 7;, from 6000 to 9000 K. In contrast to this. Ly above 9000 K leads
to a marked dissociation and ionization of heavy particles, causing the composition
to differ from that under the condition of thermal equilibrium. This drastic change
develops the number densities of charged particles. thus enhancing the electrical
conductivity remarkably. An enhanced electrical conductivity arising from higher
electron temperature than gas temperature can result in the lower mterrupting

capability of a circuit breaker.

(3) In the case of a constant 7,=9000 K, an increase in 7, encourages the dissociation
and ionization of all particles, thus causes the composition to vary, This results in

the gradual enhancement of the electrical cond uctivity.

6.6 Scope for the future research

In the present work, the facts mentioned in the previous sections were derived. How-
ever, much more investigations are necessary in order to understand fully arc quenching

phenomena.
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In chapters 2 and 3, the methods for estimating temperature and iron vapor con-
centration in a post-arc channel were devised. These methods were adopted to the arcs
in a flat-type SFy gas-blast quenching chamber. It was found that the nozzle throat is
a significant position for an arc imterruption process in the adopted Hat-type SFg gas-
blast quenching chamber. However, the physical reason for this has not been revealed
completely. Some effects such as the velocity distribution of gas flow, pressure, energy
balance as well as the nozzle ablation are considered. Therefore. theoretical approaches
on this point should be performed, for example, using the computational fluid dynam-
ics. It is of interest to measure the temperature distribution of post-arc channel under
different conditions for pressure, gas flow rate, interrupting current and nozzle shape. Fur-
thermore. both experimental and theoretical understanding of the relationship between
arc behavior in the small-scale chamber used in this work and that in the practical cir-
cuit breaker is very important problem, although it is extremely diffult problem to solve,
These approaches would prove helpful to fundamentally understand the arc quenching
phenomena.

[n chapter 5, particle compositions of SFg plasmas in non-thermal equilibrium, 1.e. two-
temperature state were calculated. The author believes that this is a novel approach for
¢lucidation of the arc interruption phenomena. In the calculation. it was assumed that
chemical equilibrium exists although the electron temperature becomes higher than gas
temperature. For the next step, the calculations of transport properties including thermal
conductivities, viscosity and diffusion coefficients should be performed. The use of these
properties would likely to enable one to simulate arc in two-temperature state. These
calculations are going to be helpful to clarify systematically the two-temperature effects

on arc imterruption,
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An electric arc is often diagnosed and simulated on the assumption of local thermal
equilibrium, as indicated in the present dissertation. This assumption is generally valid
lor a stationary arc or for a slow transient arc. However, for a transient arc with very rapid
decay such as in a circuit breaker, the assumption of LTE may not always be valid when
the gas pressure is above 0.1 MPa. Even chemical equilibrium may not occur because the
chemical reactions such as ionization, dissociation and their reverse reactions require non-
zero time of the order of 107%s. For this reason, plasma diagnosis and plasma simulation
without the assumption of LTE should be used.

Furthermore, arc interruption phenomena involve a large number of physical processes
such as nozzle ablation, electrode evaporation, recombination, electron attachment. dis-
soclation, charge exchange and so on. The role of each of these elementary processes in
arc quenching should be investigated for elucidation of the arc interruption phenomena,
although numerous data on various cross sections, reaction rates have to be amassed.

T'he author believes that these fundamental approaches will reveal the mechanism of

arc interruption.
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